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Mid dle Tri as sic de pos its in the Velebit Mts. of the Ex ter nal Dinarides in Croatia show strong dif fer en ti a tion of sed i men tary en -
vi ron ments and fa cies. In the area of Donje Pazarište, a 90 metre thick sec tion in cludes six dif fer ent fa cies, each with its spe -
cific ge netic char ac ter is tics (Flysch-like Fa cies; Car bon ate Shale Fa cies; Pyroclastic Den sity Cur rent Fa cies; Platy
Lime stone with Pyroclastics Fa cies; Lime stone Brec cia Fa cies and Slumped Lime stones with Pyroclastics and Chert Fa -
cies). In the same area, in the nearby Top of Donje Pazarište sec tion, a Pyroclastic Flow Fa cies was de fined, and this was
also rec og nized ~15 km to south-east, in the area of Brušane Vil lage, in the foot hills of Vinac. Through out the area and sec -
tion in ves ti gated, the ef fects of in tense tec tonic and vol ca nic ac tiv ity can be traced. The pro nounced dif fer ences in the fa cies
de ter mined fa cies are in ter preted as con se quences of syntectonic and vol ca ni cally in flu enced sed i men ta tion in a
graben/half- graben depositional sys tem. 

Key words: Ex ter nal Dinarides, Velebit Mts., syn-tec tonic de po si tion, Mid dle Tri as sic, volcaniclastics, fa cies.

INTRODUCTION

In the Mid dle Tri as sic the Ex ter nal Dinarides were sit u ated
in the west ern part of the Tethyan Ocean, on the north ern coast
of the Palaeotethys Ocean, and were in flu enced by subduction
to wards the north, re lated to the open ing of the Neotethys that
had started in the Perm ian (Haas et al., 1995; Stampfli and
Borel, 2002, 2003; Scotese, 2002; Schmid et al., 2008). Ev i -
dence of vol ca nic ac tiv ity in the Dinarides, re lated to Neotethys
open ing, was pres ent al ready in the Perm ian (Hinterlacher -
-Ravnik, 1965) while the ma jor tec tonic and mag matic ep i sodes 
in the Dinaridic area oc curred in the Mid dle Tri as sic. The global
rift ing of the Neotethys greatly in flu enced the west ern Tethyan
coast and caused a pro nounced dif fer en ti a tion of the sta ble
shal low ma rine en vi ron ments that per sisted through out the
Early Tri as sic, dom i nated by mixed car bon ate-clastic sed i men -
ta tion and Early Anisian car bon ate plat form sed i men ta tion on
the south ern shelf (Vlahović et al., 2005; Aljinović et al., 2018).
For merly an ex ten sive shal low ma rine en vi ron ment, the area of
the pres ent day Dinarides came to be com posed of up lifted and

sub sid ing tec tonic blocks. The up lifted blocks were prone to
subaerial erosio and dis so lu tion of older car bon ate strata, lead -
ing to the for ma tion of baux ite (Sokač et al., 1976; Marković,
2002), while the sub sid ing blocks be came ma rine bas ins show -
ing char ac ter is tics of pe lagic sed i men ta tion. Tec tonic move -
ments were ac com pa nied by vol ca nism re sult ing in the for ma -
tion of ef fu sive vol ca nic and volcaniclastic rocks, with geo chem -
i cal char ac ter is tics sug gest ing magma or i gin in the subduction
zones (Pamić, 1984; Garašić et al., 2006), as also re ported
from the sur round ing area of the West ern Tethys (Ferrara and
Innocenti, 1974; Castellarin and Rossi, 1981; Crisci et al., 1984; 
Castellarin et al., 1988; Obenholzner et al., 1991). Ob ser va -
tions have been made of var i ous vol ca nic and volcaniclastic
rocks in the Mid dle Tri as sic of the South ern Alps (Crisci et al.,
1984; Castellarin et al., 1988; Obenholzner et al., 1991), the In -
ter nal Dinarides (Pamić, 1984; Dimitrijević, 1997) and the
Transdanubian Range and Bükk Mts. in Hun gary (Szoldán,
1990; Harangi et al., 1996; Velledits, 2004, 2006; Velledits et
al., 2017). Vol ca nic and volcaniclastic rocks in the Velebit Mts.
are lo cally dom i nant and ex hibit ge netic dif fer ences. There fore,
their in ter pre ta tion serves as a use ful tool for un der stand ing
sed i men ta tion pro cesses in the Mid dle Tri as sic. Sim i lar and
broadly co eval palaeoenvironment vari abil ity, mag matic his to -
ries and vol ca nic-volcaniclastic fa cies are vis i ble across the sur -
round ing ar eas of the south ern shelf of the West ern Tethys
(Brandner and Bechstädt, 1970; Velledits, 2004, 2006, 2009;
Kóvacs et al., 2010; Celarc et al., 2013; Velledits et al., 2017). 
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GEOLOGICAL SETTING

The Dinarides are a part of Al pine oro gen et ic belt strik ing
from Slovenia in the north-west to Al ba nia in the south-east.
They are usu ally sub di vided into the In ter nal and Ex ter nal sub -
units. The belt of high moun tain area along the coast of the
Adri atic Sea is termed the Ex ter nal Dinarides, while the lower
re lief part in the north-east is the In ter nal Dinarides. The Ex ter -
nal Dinaridic sub unit con sists mainly of car bon ate de pos its from 
Ju ras sic to Cre ta ceous in age, de pos ited at a time when the
area ex isted as a wide car bon ate plat form (Adri atic Car bon ate
Plat form; Vlahović et al., 2005). The pre-plat form de pos its, Pa -
leo zoic and Tri as sic strata, crop out along ma jor thrusts and
faults or as the cores of anticlines (Herak, 1974; Chorowitz,
1977). Pamić (1984) sug gested that these de pos its crop out
along the edges of the Ce no zoic car bon ate plat form. 

The lo cal i ties in ves ti gated are all sit u ated in the Velebit
Mts., a dom i nant tec tonic struc ture of the cen tral part of the Ex -
ter nal Dinarides, which con sists of sev eral overthrusted zones
com pris ing strata rang ing from Car bon if er ous to Eocene in age. 
The ar eas in ves ti gated ar eas are lo cated on the NE slope of the 
cen tral part of the Velebit Mts., near the vil lages of Donje
Pazarište and Brušane (Fig. 1). 

The de pos its de scribed in this study are a part of the over -
thrusted zone bor der ing the Brušane Anticline, that is dis sected
by two ma jor faults, in the SW and NE (Fig. 1). The strata have
typ i cal Dinaridic ori en ta tion, strik ing from NW to SE (Fig. 1). To
the south-west, the Pa leo zoic and Tri as sic strata are in con tact
with Ju ras sic and Eocene de pos its, while in the north-east the
Mid dle Tri as sic strata in ves ti gated are bor dered by Up per Tri as -
sic and Lower Ju ras sic de pos its. Mid dle Tri as sic de pos its are
rep re sented by Anisian to Ladinian car bon ates ac com pa nied by
clastic, volcaniclastic and vol ca nic rocks, rang ing in age from
Early to Late Illyr ian (Smirčić et al., 2018). The volcaniclastic and
vol ca nic rocks rep re sent a ge net i cally dif fer ent unit out crop ping
be tween the Mid dle Tri as sic car bon ates (Fig. 1). In the core of
the Mid dle Tri as sic suc ces sion in ves ti gated, two mi nor domes of
ol iv ine bas alts were re corded (Sokač et al., 1974; Lugović et al.,
1998). On the for est road lead ing from Popovača Creek to the lo -
cal top o graphic high, south-west of the vil lage Donje Pazarište,
the sec tion of that name with var i ous de pos its, in clud ing volcani -
clastics, was re corded (the be gin ning of the sec tion has the co or -
di nates 44°37’39.75’’N, 15°08’54.25’’E). In the broader area in -
ves ti gated, in the vi cin ity of Donje Pazarište and in the same tec -
tonic unit, ge net i cally dif fer ent volcaniclastic rocks oc cur. Be -
cause of their sim i lar geo chem i cal char ac ter is tics they were also
in ves ti gated and be low, as the Top of Donje Pazarište sec tion
and the foot hills of Vinac (co-or di nates 44°30’43.20"N
15°15’30.27"E) (Fig. 1). 

METHODOLOGY

Rocks from three lo cal i ties have been in ves ti gated: the
Donje Pazarište (DP) sec tion rep re sents an al most con tin u ous
92 m thick suc ces sion of volcaniclastic and sed i men tary rocks.
Sam ples were col lected for petrographic anal y sis. The sec ond
lo cal ity, named Top of Donje Pazarište, shows a dis tinc tive
volcaniclastic fa cies closely re lated to the DP sec tion. A third lo -
cal ity with ex posed rocks has been in ves ti gated near Brušane
vil lage (foot hills of Vinac) and re veals sim i lar petrographic and
geo chem i cal fea tures to the volcaniclastics of the Top of Donje
Pazarište sec tion. Thin-sec tions from 138 rock sam ples were

pre pared with the stan dard pro ce dure and stained by Alizarine
Red S and K-ferri cyanide. For clas si fi ca tion of the volcaniclastic 
rocks, a ge netic ap proach was used, based on their ge netic dif -
fer ences. This com bines the clas si fi ca tion of McPhie et al.
(1993) and the term Pyroclastic Den sity Cur rent as used by
DiCapua et al. (2016) for all syn-erup tive de pos its di rectly set -
tled dur ing an erup tive ep i sode by a pyroclastic den sity cur rent
(PDC). This clas si fi ca tion in cludes both vol ca nic and sed i men -
tary pro cesses and de scribes their ge netic dif fer ences and
char ac ter is tics. Vol ca nic and volcaniclastic rocks of dif fer ent fa -
cies were se lected for fur ther geo chem i cal anal y sis. The pelitic
sam ples from the DP sec tion were ground to pow der and ana -
lysed us ing a Phillips ver ti cal X-ray goniometer (type X’pert)
equipped with Cu tubes and a graph ite crys tal mono chro ma tor.
Min er als were iden ti fied us ing PANalytical X’Pert HighScore
soft ware with stan dard ized Pow der Dif frac tion Files of the In ter -
na tional Cen tre for Dif frac tion Data (New ton Square, PA, USA). 
Vol ca nic and volcaniclastic sam ples from all lo cal i ties in ves ti -
gated were se lected for whole rock geo chem i cal anal y sis. Sam -
ples were ground to pow der us ing an ag ate mill and ana lysed in
the ACME Lab o ra tory, Van cou ver, Can ada. ICP-ES anal y sis
was used for the de ter mi na tion of ma jor el e ment ox ide con tent
and ICP-MS anal y sis for mi nor and trace el e ments. 

DONJE PAZARIŠTE SECTION

The sec tion rep re sents con tin u ous de po si tion from the Illyr -
ian to the Fassanian (Smirčić et al., 2018). In the up per part of
the sec tion an un ex posed in ter val oc curs, but de spite this the
sec tion is con sid ered con tin u ous on the ba sis of a con tin u ous
cono dont biostratigraphy (Smirčić et al., 2018). Six fa cies are
rec og nized (Fig. 2):

FLYSCH-LIKE FACIES (FF)

The be gin ning of the sec tion com prises an 18 metre thick
in ter val de fined as Flysch-like Fa cies. The fa cies con sists of
brown sand stones and shales (Fig. 3A). The sand stones are
feldspathic and lithic greywackes (Fig. 3B), the lithic frag ments
dom i nantly be ing of ef fu sive and in tru sive ig ne ous rocks. The
sand stone lay ers are centi metres to decimetres thick and rarely 
show par al lel and cross-lam i na tion or nor mal grad ing. Shale
lay ers are ho mo ge neous and thicker (up to a metre) than the
sand stones. Con tin u ous tran si tions from sand stone to shale
are com mon. Gut ter casts oc cur rarely on the soles of the sand -
stone lay ers. In the up per part of this in ter val the sand stones
be come coarser grained. 

XRD anal y sis de ter mined the pre dom i nance of illite -smectite
ma te rial in the shales. Lithic clasts in the sand stones are of mag -
matic or i gin, mostly ba saltic or gra nitic in com po si tion. The sand -
stones are feldspathic or lithic greywackes with ma trix that is ex -
clu sively pol i tic, in clud ing sub mi cro scopic ma te rial.

Fa cies in ter pre ta tion: the Flysch-like Fa cies rep re sents
the only dom i nantly siliciclastic fa cies in the DP sec tion. These
de pos its were de ter mined as “flysch-like de pos its” by ear lier re -
search ers (Sokač et al., 1976) or “Anisian flysch” in other ar eas
of the Dinarides (Dimitrijević, 1997). Sokač et al. (1976) sug -
gested that the siliciclastic ma te rial ac cu mu lated in a calm low
en ergy ma rine, pos si bly re duc ing, en vi ron ment, prior to fur ther
redeposition by tur bid ity cur rents. The ap par ent lack of pyro -
clastic ma te rial sug gests de po si tion in a time in ter val with out
sig nif i cant vol ca nic ac tiv ity (cf. Fisher and Schmincke, 1984;



McPhie et al., 1993). The pre dom i nance of ba salt and gran ite
lithoclasts in di cates ero sion of ig ne ous rocks in the source
area. Feld spars from vol ca nic rocks might have been in tensely
weath ered, caus ing the ac cu mu la tion of large amounts of clay.

Interbedding of sand stones and shales, grad ing, hor i zon tal
and cross-lam i na tion in sand stones, to gether with grad ual tran -
si tions from sand stone to shale in di cate de po si tion from grav ity
flows, pos si bly low-den sity tur bid ity cur rents. Thick ho mo ge -
neous shale lay ers ap par ently rep re sent depositional in ter vals
with weak en ing grav ity cur rents. The pres ence of turbidites in -
di cates trac tional trans port along an un der wa ter slope, and
redeposition into deep, pos si bly suboxic, basinal ar eas (as
stated by Sokaè et al., 1976). Per sis tent bed thick ness and uni -
formly rhyth mic sand stone-to-shale changes sug gest de po si -
tion on the dis tal part of a sub ma rine fan. Coars en ing of the
sand stones to wards the top of the FF in ter val may be in ter -
preted as rep re sent ing shallowing of the en vi ron ment.

CARBONATE SHALE FACIES (CS)

The Flysch-like Fa cies is con form ably over lain, with grad -
ual tran si tion, by the Car bon ate Shale Fa cies which forms a
ho mo ge neous in ter val 28 m thick. The fa cies is dom i nated by
car bon ate shales with beds of ho mo ge neous white to pale yel -
low, crystaloclastic and al tered vitriclastic tuff up to 10 cm
thick. The car bon ate-bear ing shales con tain thin-shelled bi -
valves and rare ammonoids that en abled de ter mi na tion of the
Illyr ian age (Smirèiæ et al., 2018); they are dark grey to black
with vary ing amounts of car bon ate and siliciclastic (clayey)
com po nent (25 to 70%), and with gen er ally in creas ing car bon -
ate con tent up wards (Fig. 3C). The car bon ate com po nent is
rep re sented dom i nantly by lime mud with sub or di nate thin -
-shelled bi valve frag ments, calcitized radio lar ians and rare cri -
noid frag ments (Fig. 3D). In places, the shales in clude a small
amount of silt-sized quartz and feld spar grains or clasts of
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Fig. 1. Re gional geotectonical map of the Dinarides and the Alps ac cord ing to Schmid et al. (2008)
and part of the Ba sic Geo log i cal Map 1:100,000 sheet Gospiæ with a geo log i cal pro file

across the area in ves ti gated, mod i fied af ter Sokaè et al. (1974)

Green as ter isks mark the lo cal i ties in ves ti gated
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Fig. 2. Lithological col umn of, and fa cies re cog nized in, the in ves ti gated Donje Pazarište sec tion

The col umn rep re sents time in ter val rang ing from the Illyr ian to the Fassanian (mod i fied af ter Smirèiæ et al., 2018)



hyaline vol ca nic or i gin. Oc ca sion ally, the lime mud con tains
star-, nee dle- or ir reg u larly shaped molds that re sem ble glass
shards. 

The crystaloclastic tuffs con sist of hipidiomorphic to idio -
morphic feld spar crystaloclasts em bed ded within lime mud.
Rare al tered vitriclastic tuffs have fine ash vitriclastic par ti cles
(al tered to microcrystalline quartz), al tered plagioclase crystalo -
clasts and rare shard-shaped molds. 

Fa cies in ter pre ta tion: the continous tran si tion from the
Flysch-like Fa cies to the Car bon ate Shale Fa cies in di cates de -
creas ing siliciclastic in put and a sub se quent prev a lence of car -
bon ate sed i men ta tion in ma rine con di tions. The pres ence of
thin-shelled bi valves, radio lar ians, cri noids and ammonoids in
the car bon ate shales in di cates an un re stricted, deep ma rine
pe lagic en vi ron ment. Thin interlayers of pyroclastic de pos its
within the car bon ate shale sug gests a com mence ment of vol -
ca nic ac tiv ity with brief vol ca nic erup tions and lim ited avail abil ity 
of volcaniclastic ma te rial. Thin vitriclastic and crystaloclastic tuff 
lay ers are in ter preted as air- to wa ter-fall de pos its, set tled from
sus pen sion in deep/pe lagic ma rine ar eas above the CCD.

PYROCLASTIC DENSITY CURRENT
 FACIES (PDC)

The 28 metre thick CS is con form ably over lain by a 12
metre thick in ter val of the Pyroclastic Den sity Cur rent Fa cies.
This fa cies con tains centi metre- to metre-thick yel low crystalo -
clastic (Fig. 4A) and fine-grained pale green vitriclastic units.
Some units show cross- and/or hor i zon tal lam i na tion. The tran -
si tion from crystaloclastic to vitriclastic units is mostly con tin u -
ous. Crystaloclastic units dom i nantly con tain well-sorted coarse 
sand-sized feld spar crystaloclasts and sub or di nate lithic frag -
ments, bi o tite crystaloclasts and sco ria frag ments. Feld spars
are pre dom i nantly euhedral plagioclase, with sub or di nate
sanidine (Fig. 4B). Three types of lithic frag ments are de ter -
mined: hyaline, an de site and rare lime stone frag ments, some
with fos sil al gae. Ex cep tion ally rare accretionary lapilli were ob -
served, spher i cal, con sist ing of microcrystalline quartz cores
and fine ash rims.

Pale yel low to pale green vitriclastic units of the PDC con sist 
of ho mo ge neous (rarely lam i nated) fine-grained glass shards,
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Fig. 3. Field pho to graphs of the fa cies de ter mined in the Donje Pazarište sec tion and ac com pa ny ing
mi cro pho to graphs of the spe cific rock types

A – Flysch-like Fa cies con sists of brown shales interbedded with dm-thick lithic and feldspathic greywackes; B –
mi cro pho to graph show ing con tact be tween shale and feldspathic greywacke (sam ple DP-1/5); C – field pho to -
graph of the Car bon ate Shale Fa cies com posed dom i nantly of grey car bon ate shales (stick for scale 1 m); D – mi -
cro pho to graph of car bon ate shale in CS (sam ple DP-1/16); note the abun dance of thin-shelled bi valves,
radio lar ians and some feld spar grains in a lime-pelitic ma trix



rare pum ice frag ments and crystaloclasts (Fig. 4C). Glass
shards ex hibit dif fer ent shapes (X, Y, curviplanar, platy) and are 
devitrified and al tered to chlorite, cal cite and opaque min er als.
Crystaloclasts are rep re sented by plagioclase, sanidine and
quartz. In places, the vitriclastic ma te rial is ce mented with
sparry cal cite (Fig. 4D).

Fa cies in ter pre ta tion: the PDC re flects in ten si fy ing vol ca -
nic ac tiv ity. The dif fer ences in clast size rang ing from lapilli to
fine ash, the pres ence of idiomorphic (an gu lar) crystalo clasts,
as well as the monomictic com po si tion of crystaloclastic units
in di cate prox im ity to vol ca nic cen tres. The pres ence of accre -
tio nary lapilli sug gests its pri mary for ma tion via subaerial vol ca -
nic erup tion. As in ter preted by Fisher and Schmincke (1984),
Boul ter (1987), McPhie et al. (1993), Sigurdsson (2007) and
Cunningham and Beard (2014), accretionary lapilli are gen er -
ated by ac cu mu la tion of fine vol ca nic ash in the outer zone of a
pyroclastic cloud, and the same au thors state that pri mary
lithification of lapilli oc curs on land. There fore, their pres ence in
ma rine strata sug gests their resedimentation. The pres ence of
pyroclastics with a cal cite ce ment/ma trix and the con tacts of
this fa cies with car bon ate de pos its (Car bon ate Shale Fa cies at
the base, and Platy Lime stone with Pyroclastics Fa cies at the
top) im ply that the de po si tion took place in a ma rine en vi ron -
ment. Cross- and hor i zon tal lam i na tion in crystaloclastic units
in di cates that the volcaniclastic de tri tus was sub jected to trac -
tional trans port. The pres ence of cross-lam i na tion that trans -
forms up wards to plane par al lel lam i na tion, large amounts of

hipidiomorphic plagioclase, the pres ence of pum ice frag ments
and the superpositional tran si tion from crystaloclastic to vitri -
clastic units, sug gests interpretion in terms of rese dimenta tion
of pyroclastic ma te rial, pos si bly by grav ity cur rents. The clear
seg re ga tion of crystaloclastic (coarser – coarse ash to lapilli)
from vitriclastic (finer – me dium to very fine ash) ma te rial in di -
cates sep a ra tion in a grav ity (tur bid ity) flow, as pyroclastic
turbidites (Bull and Cas, 1991; Sulpizio et al., 2014; Di Capua et
al., 2016; Di Capua and Groppelli, 2016). Hor i zon tal lam i na tion
in the vitriclastic units, com posed of fine ash, in di cates de po si -
tion by sus pen sion set tling from di lute low-den sity turbidites.
There fore, it is as sumed that the pri mary ac cu mu la tion of
erupted pyroclastic ma te rial took place on land, or in a shal low
ma rine en vi ron ment, af ter which the pyroclastic ma te rial was al -
most im me di ately resedimented to deeper parts of the sed i -
men tary ba sin by den sity cur rents. Thus, the term Pyroclastic
Den sity Cur rent is used to de scribe these pyroclastic de pos its
(Sulpizio et al., 2014; Di Capua et al., 2016). The shapes of the
glass shards (bub ble-wall, X and Y – ac cord ing to Heiken,
1974; Izett, 1981) and the pres ence of sco ria frag ments in di -
cate a large amount of volatiles in the vol ca nic sys tem, that in -
creased explosivity, prob a bly due to wa ter in flow to the vol ca nic
sys tem, ei ther on land or in the shal low wa ter ma rine ar eas,
near to where rocks of the PDC were fi nally de pos ited (Sheri -
dan and Wohletz, 1981; Wohletz, 1983, 1986; Kokelaar, 1986;
Val en tine et al., 2014; Di Capua et al., 2016; Di Capua and
Goroppelli, 2016).
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Fig. 4. Pyroclastic Den sity Cur rent Fa cies com posed of two dis tinc tively seg re gated units;
crystaloclastic coarse-grained beds with cross- and hor i zon tal lam i na tion and beds

com posed ex clu sively of fine ash size glass shards

A – a metre-thick crystaloclastic unit with hor i zon tal lam i na tion of the PDC (lower part of the pho to graph); B –
a mi cro pho to graph of the crystaloclastic unit of the PDC com posed of euhedral, un al tered plagioclase crys tals
(sam ple DP-1/27); C – field pho to graph of the ho mog e neous pale green vitriclastic unit of the PDC; D – sam ple
DP-1/31 of the PDC predominantely com posed of glass shards ce mented with sparry cal cite



PLATY LIMESTONE
WITH PYROCLASTICS FACIES (PLP)

A short (1.5 m thick) un ex posed in ter val di vides the de po si -
tion of the PLP  from the un der ly ing Pyroclastic Den sity Cur rent
Fa cies. The fa cies con sists of mod er ately thick grey platy lime -
stone beds interbedded with pyroclastic de pos its. The lime -
stones are usu ally in tensely si lici fied (Fig. 5A), lo cally in the
form of ir reg u lar nod ules. Pyroclastic ma te rial reg u larly oc curs
in the lime stones (up to 10%). Var i ous types of lime stone are
pres ent: 

– wackestones with pe lagic biota con sist ing of lime mud with
thin-shelled bi valves and radio lar ians (some bioclasts are
si lici fied) (Fig. 5B); 

– packstones with pe lagic and shal low-wa ter biotas dom i -
nated by tightly packed thin-shelled bi valves, radio lar ians
and cri noids, and also frag ments of shal low-wa ter fos sils
(al gae and foraminifera) and clasts of pure micrite or micrite
with fine feld spar crystaloclasts (Fig. 5C); 

– lithoclastic lime stones (sensu Flügel, 2004) con tain ing
lithoclasts of dif fer ent shal low-wa ter lime stone types and
scarce pyroclastic ma te rial (Fig. 5D). 

Lime stone de bris in the lithoclastic lime stones is char ac ter -
ized by the prev a lence of poorly sorted, in places graded
sand-sized car bon ate clasts, con tain ing fos sils of al gae, fora -

minifera, bi valves and rare oncoids. The clasts are ce mented
with mo saic sparry cal cite. The lime stone beds are or ga nized in 
dm-scale cy cles where wackestones with pe lagic biota are
over lain by packstones with mixed biota, fol lowed by lithoclastic
lime stone.

The pyroclastic lay ers are up to 5 cm thick, and com monly
wavy or ir reg u larly bed ded. The pyroclastic ma te rial oc curs as
vitri- and crystaloclastic lay ers, some of which con tain sig nif i -
cant amounts of accretionary lapilli (Fig. 6A). 

Fa cies in ter pre ta tion: the fos sil as so ci a tions in the lime -
stone in di cate de po si tion in a ma rine en vi ron ment, while the
pyroclastic ma te rial con tin ues to have char ac ter is tics of
subaerial ex plo sive erup tions (large amounts of glass shards
and accretionary lapilli). Dif fer ent lime stone types sug gest de -
po si tion in en vi ron ments with pro nounced bathymetric vari a -
tions, the depositional depth pos si bly chang ing due to tec tonic
ac tiv ity. The pres ence of thin-shelled bi valves, radio lar ians and
cri noids in the wackestones, to gether with pe lagic biota, in di -
cates an open, deep ma rine to pe lagic en vi ron ment (Flügel,
2004) while lime mud was slowly de pos ited in low en ergy con di -
tions, with out the in flu ence of ma rine cur rents or waves. 

Packstones in this fa cies show mix ing of pe lagic biota
(thin-shelled bi valves and radio lar ians) with shal low ma rine
biota (al gae and foraminifera). Micritic clasts, con tain ing fine
crystaloclastic feld spars, likely formed in very shal low ma rine
ar eas in flu enced by air-fall pyroclastic ma te rial. Pyroclastic ma -
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Fig. 5. Pho to graphs of the Platy Lime stone with Pyroclastics Fa cies

A – field pho to graph of the PLP; grey lime stone beds (tens of centi metres thick) are interbedded with yel low ish
pyroclastic de pos its; ir reg u lar yel low nod ules are con sid ered diagenetic; B – biomicrite/wackestone lime stone va -
ri ety con tains radio lar ians and thin-shelled bi valves (sam ple DP-1/32); C – packstone va ri ety of the PLP con sists
of intraclasts and fos sils; note the spe cific intraclast type con tain ing small plagioclase crys tals (ar rows) (sam ple
DP-2/38); D – lithoclastic lime stone con sists of intraclasts and shal low ma rine ben thic or gan isms (foraminifers),
PLP (sam ple DP-2/42)



te rial was prob a bly de pos ited in shal low ma rine ar eas where it
was in cor po rated into lime mud and then resedimented into a
some what deeper en vi ron ment as clasts. The resedimentation
oc curred due to ma rine cur rents or waves that also moved skel -
e tal clasts of shal low ma rine or gan isms into deeper ar eas. 

The lithoclastic lime stones, usu ally over ly ing wackestones
and packstones, sig nify in tense resedimentation from shal low
ar eas, pos si bly by turbidite-like cur rents, and there fore have the 

char ac ter is tics of allodapic lime stones. The dif fer ent com po si -
tion of the lithoclasts in di cates that they were formed in shal low
ma rine ar eas and sub se quently resedimented. Sparry calcitic
ce ments in the lithoclastic lime stone in di cate higher en ergy
con di tions where lime mud was un able to ac cu mu late. 

The pres ence of pyroclastic ma te rial in di cates vol ca nic in -
flu ence through out the lime stone de po si tion. Dis tinct pyro -
clastic lay ers in di cate erup tions, and air-trans ported ma te rial.
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Fig. 6. Field pho to graphs and mi cro pho to graphs of the fa cies de ter mined

A – a pyroclastic bed rich in cm-scale accretionary lapilli (up per bed ding plane – sam ple DP-LAP; B – mi cro pho -
to graph of the sam ple DP-LAP, show ing con tact of two accretionary lapilli; lapilli are com posed of thin
concentrical laminae of fine ash, devitrified to chlorite; ma trix be tween the lapilli is com posed of plagioclase crys -
tals and fine vitric ma te rial; C – accretionary lapilli found in the lime stone; the cores of the lapilli are calcitized
whereas the rims are com posed of fine ash, devitrified to microcrystalline quartz (sam ple DP-2/39); D – field pho -
to graph of the LB; note the poor sort ing of the clasts found in the dark grey ma trix con sist ing of lime mud and frag -
mented fos sils; E – sam ple DP-2/51 of the LB con tain ing var i ously sized clasts of biomicritic and micritic
lime stones; ben thic foraminifers, cri noids and ammonoids are also pres ent; F – metre-scale depositional cy cles
con sist of lime stone brec cia (dark blue bar), over lain by pyroclastic lay ers and platy lime stones with pyroclastics
(light blue bar); there are three such al ter na tions in the up per part of the Donje Pazarište sec tion; field pho to graph
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The pres ence of accretionary lapilli sug gests erup tions in sub -
aerial con di tions and the for ma tion of lapilli in subaerial vol ca nic 
clouds by ag glu ti na tion of fine ash par ti cles (Soh et al., 1989;
Ayres et al., 1991; Marci et al., 1991; McPhie et al., 1993).
These were pri mar ily de pos ited on land where they be came
com pletely lithified. Af ter their pri mary de po si tion and com plete
lithification they were resedimented to deeper ma rine, pe lagic
ar eas and may be found even in the lime stones (Fig. 6B, C).
The size of the lapilli and their com plete lithification pre vented
their dis in te gra tion dur ing trans port and en abled ac cu mu la tion
in deep wa ter (Boul ter, 1987; Cunningham and Beard, 2014).
The dom i nance of crystaloclastic or vitriclastic frag ments in in -
di vid ual lay ers can be in ter preted as seg re ga tion of the
pyroclastic ma te rial through wa ter-set tled air-fall. This ev i dence 
sup ports the hy poth e sis that the pyroclastic ma te rial was
wind-blown and trans ported in the erup tion cloud from a con ti -
nent to a ma rine en vi ron ment, and resedimented from shal -
lower to some what deeper sea. 

LIMESTONE BRECCIA FACIES (LB)

The LB re peat edly oc curs in the up per part of the sec tion
form ing 3–6 metre thick in ter vals (Fig. 2). The lime stone brec -
cias con sist mainly of an gu lar un sorted lime stone clasts (cm- to
m-scale) in cor po rated in a ma trix of finer frag ments (Fig. 6D).
Grad ing can be ob served lo cally, and clast round ness and
sphe ric ity vary. The clasts rep re sent var i ous lime stone types,
most com monly biomicritic and intras paritic, while the rar est are 
oncomicrites. The skel e tal frag ments cor re spond to shal low
ma rine or gan isms. Some lime stone clasts show dis so lu tion
cav i ties. Be tween brec cia clasts, a some what darker ma trix
con tain ing ammonoid, cri noid and thin-shelled bi valve de bris is
dis tin guished (Fig. 6E). Three mas sive brec cia beds ap pear in
the up per part of the sec tion, as in ter vals within the Platy Lime -
stone with Pyroclastics Fa cies (Fig. 6F). 

Fa cies in ter pre ta tion: the un sorted brec cia frag ments
and ma trix-sup ported struc ture sug gest the de po si tion of the
brec cia by de bris flows. The lime stone clasts cor re spond to
shal low-wa ter lime stones (with al gae, oncoids, and dis so lu tion 
cav i ties) and pri mary de po si tion in a shal low ma rine set ting
(plat form/ramp), pos si bly on up lifted tec tonic blocks. Strong
tec tonic ac tiv ity might have caused frag men ta tion of the shal -
low-wa ter lime stones and redeposition by de bris flows to a
deep ba sin (as so ci ated with sub sid ing blocks). The pres ence
of thin- shelled bi valves and cri noids in the brec cia ma trix
shows that de po si tion oc curred in a deep ma rine, pe lagic en vi -
ron ment. The tec tonic in flu ence can be en vis aged as up lift ing
or sub sid ing blocks, pos si bly ac com pa nied by the vol ca nic ac -
tiv ity. Pe ri ods of ac tive tec ton ics could have trig gered av a -
lanches of the lime stone clasts, now rec og nized as brec cias.
De po si tion of lime stones within the PLP in ter spersed with the
brec cias in di cates tec tonic ces sa tion at least three times, in
the up per part of the sec tion. The lithoclastic lime stones from
the PLP could have formed sim i larly to the brec cia layer, by
de po si tion from de bris flows which be came di luted and en -
riched in finer par ti cles. 

SLUMPED LIMESTONE WITH PYROCLASTICS 
AND CHERT FACIES (SLP)

The top of the re corded sec tion con sists of a 15.6 metre
thick Slumped Lime stone with Pyroclastics and Chert Fa cies
(Fig. 7A). In the lower in ter val of the fa cies coarser grained

pyroclastic ma te rial pre vails, while in the up per part it be comes
fine-grained and less com mon. 

The grey lime stone beds of this unit range in thick ness from
2 to 20 cm and are interbedded with vitriclastic and rarely
crystaloclastic tuffs and microcrystalline cherts. Thicker lime -
stone beds show trough cross-bed ding (Fig. 7B), vis i ble due to
dif fer ences in the amount and/or grain size of the pyroclastic
com po nent (from ash to lapilli size). Three lime stone types are
dis tin guished: 

1 – wackestone with pe lagic biota;
2 – packstone with shal low ma rine and pe lagic biota; 
3 – lithoclastic lime stones (sensu Flügel, 2004). 

The lime stone com po si tion is sim i lar as in the PLP, dif fer ing
only in the sig nif i cantly in creased con tent of radio lar ians.

The pyroclastic de pos its (tuffs) are hor i zon tally and cross-
 lam i nated. As in the lime stones, lam i na tion is vis i ble due to the
pres ence of dif fer ent amounts of vitriclastic to crystaloclastic
ma te rial and dif fer ences in grain size of the laminae (Fig. 7C).
Com pared with the pre vi ously de scribed fa cies: the amount of
pum ice frag ments and quartz crystaloclasts is sig nif i cantly in -
creased (Fig. 7D).

The crystaloclastic tuffs con sist pre dom i nantly of crys tals
with a small amount of vitriclasts. Among crys tals, plagioclase
pre vails while al kali feld spar and quartz are pres ent in lesser
amounts. Plagioclase and al kali feld spar are usu ally hipidio -
morphic, rang ing in size from me dium- to coarse-grained sand.
Quartz crys tals are mostly anhedral, with oval, spher i cal and el -
lip ti cal cav i ties in the cen tre. Pum ice frag ments are elon gated to 
platy and devitrified to mi cro- and cryptocrystalline quartz ag -
gre gates. Crys tals are sup ported by fine ash, lime mud (Fig. 7E) 
or sparry cal cite. The vitriclastic tuffs are com posed of glass
shards of var i ous shapes, most com monly X, Y and bub ble-wall 
shards. Spo rad i cally, very fine ash with ir reg u lar shapes is
a dom i nant com po nent.

The cherts are ho mo ge neous, and pre dom i nantly com -
posed of microcrystalline quartz. Oc ca sion ally, radio lar ians can
be ob served. Grad ual tran si tions be tween all lithotypes de -
scribed were ob served. 

Fa cies in ter pre ta tion: abun dant radio lar ians found in the
rocks of this fa cies in di cate de po si tion in an open ma rine pe -
lagic en vi ron ment. At the same time, pe lagic de po si tion was in -
flu enced by vol ca nic activitiy doc u mented by interlayers of tuff.
The pres ence of pyroclastic par ti cles in the lime stone beds sug -
gests their fall through air and wa ter. Radiolaria-bear ing lime -
stones and cherts rep re sent the back ground sed i ment of the
pe lagic en vi ron ment. Slump struc tures (Fig. 7B), char ac ter is tic
of this fa cies, in di cate plas tic rock de for ma tion on an un sta ble
ba sin slope that steep ened due to tec tonic ac tiv ity, per haps
fault ing, the for ma tion of a graben-like deep ma rine depositional 
en vi ron ment be ing in ferred. All rock types found in this fa cies
were slumped, sug gest ing their dis place ment down the steep
slope. Ac cu mu lated lime mud in di cates de po si tion of ma te rial
from sus pen sion, be low storm wave base. The three lime stone
types rec og nized (the same as in the Platy Lime stone with
Pyroclastics Fa cies) in di cate de po si tion in low en ergy deep ma -
rine ba sin (wackestone with pe lagic biota) in ter rupted by the in -
put of de tri tus from shal low ma rine ar eas (packstone with shal -
low and pe lagic biota and lithoclastic lime stones). 

The pres ence of pyroclastic de bris in di cates con stant vol ca -
nic ac tiv ity. The crystaloclastic tuffs are en riched in quartz, al -
bite, al kali feld spars and pum ice, in di cat ing an acidic magma
com po si tion. The or i gin of the pyroclastic ma te rial im plies pow -
er ful erup tions on land and sub se quent air-fall sed i men ta tion or
in stant resedimentation pro cesses. Quartz crys tals with oval
cav i ties in di cate that vol a tile-rich erup tions pro duced the pyro -



clastic ma te rial (McPhie et al., 1993) and mix ing of this with
lime stones sug gests their fi nal de po si tion in the ma rine area.
The hor i zon tal lam i na tion in the vitriclastic tuffs that are com -
posed pre dom i nantly of ash par ti cles, interlayered with
crystalo clastic tuff laminae and cherts (Fig. 7E), in di cates slow
sus pen sion-set tling in low en ergy ma rine con di tions (pe lagic
deep ma rine), while the cross- and hor i zon tal-lam i nated tuffs
and lithoclastic lime stones in di cate pos si ble resedimentation by 

grav ity cur rents and trac tional trans port. Tex tur ally un mod i fied
crys tals and the ab sence of epiclastic ma te rial in the crystalo -
clastic tuffs sup port the hy poth e sis of syneruptive resedimenta -
tion of pyroclastic ma te rial.

Cherts lack ing radio lar ians in di cate a dif fer ent gen e sis. With 
the as sump tion of con stant vol ca nic erup tions, the ac cu mu la -
tion of vol ca nic ash par ti cles is pos si ble here. Since vol ca nic
ash is very re ac tive, high sil ica con cen tra tions can be pres ent in 

Mid dle Tri as sic syntectonic sed i men ta tion and vol ca nic in flu ence in the cen tral part of the Ex ter nal Dinarides, Croatia... 229

Fig. 7. Field and mi cro pho to graphs of the rocks 
in the Slumped Lime stone with Pyroclastics and Chert Fa cies (SLP)

A – a pe cu liar fea ture of the SLP is the oc cur rence of a slump struc ture as marked in the pho to graph (red line); B
– field pho to graph of the SLP; decimetre-thick grey lime stones are interbedded with cm-scale yel low ish
pyroclastic and red chert lay ers; note the wavy bed ding in the lower part of the pho to graph, as well as the
cross-lam i na tion in the ~30 cm thick lime stone layer with pyroclastic de bris in the up per part of the pho to graph; C
– sam ple DP-3/5 ex hib it ing the con tact of crystaloclastic and vitriclastic grains, oc ca sion ally seen as faint lam i -
na tion; note that the vitric ma te rial is en tirely al tered and devitrified to microcrystalline quartz, mak ing it dif fi cult to 
dis tin guish from microcrystalline cherts; D – crystaloclastic tuff of the SLP, com posed of feld spar and quartz
crys tals and glass shards (sam ple DP-3/1); E – al tered feld spar crys tals in lime stone of the SLP, as ev i dence of
pyroclastic ac tiv ity dur ing de po si tion of car bon ates in the en vi ron ment (sam ple DP-3/16)
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the en vi ron ment. As vol ca nic ash is dis solved, its pri mary char -
ac ter is tics are de stroyed and a col loi dal SiO2 com po nent is pre -
cip i tated in a ma rine en vi ron ment as interlayers be tween the
car bon ate and pyroclastic beds. Cherts that con tain poorly pre -
served radiolarian tests sig nify the in flu ence of vol ca nism and
an in creased abun dance of radio lar ians in the pe lagic en vi ron -
ment (Vishnevskaya, 1996; Shi et al., 2016; Wang et al., 2019).

TOP OF DONJE PAZARIŠTE SECTION 

PYROCLASTIC FLOW FACIES (PF)

In the vi cin ity of the DP sec tion, af ter ~50 m of an ex posed
in ter val, pyroclastic rocks of an other fa cies crop out. This fa cies 
was in ves ti gated at the Top of DP sec tion and en ables clearer
in sight into the vol ca nic/tec tonic evo lu tion of the area. It was de -
ter mined as Pyroclastic Flow Fa cies, com pris ing white, grey
and pale red rocks with clastic struc ture. Imbrication of elon -
gated pum ice frag ments – fiamme – can be ob served in some
parts of the ex po sure. Dark, oval, el lip ti cal forms re sem bling
macroperlitic tex ture were ob served (Yamagashi and Goto,
1992). Con tact of the rocks sam pled with the sur round ing
lithologies is not ex posed, but lat er ally, mas sive grey lime -
stones and lime stone brec cias with a red ma trix oc cur. This
pyroclastic fa cies is com posed of crystaloclastic and vitriclastic
grains, with a vari able ra tio be tween these two com po nents.
Vitriclastic ma te rial is pres ent in the form of glass shards and
pum ice frag ments. Var i ously shaped glass shards oc cur (platy,
curviplanar, X and Y shaped, bub ble-wall). They are devitrified
and al tered. Finer shards are com posed of microcrystalline
quartz, while coarser shards are com posed of mo saic quartz
and al bite. Micropetrographic anal y sis shows that the dark oval
and el lip ti cal shapes rep re sent glass shards devitrified to
opaque min er als (Fig. 8A). As can be seen in Fig ure 8B, pum -
ice frag ments are elon gated, up to 2 mm in size, and oc ca sion -
ally have cen tral large cav i ties, pos si bly lithophysae (Ross and
Smith, 1955; McPhie et al., 1993; Sigurdsson, 2007). Pum ice
frag ments are of ten plas tic ally de formed in con tacts with crys -
tals (Fig. 8B). The most com mon crys tals are quartz and feld -
spars. Quartz crys tals vary in size and are usu ally rounded, with 
cav i ties in the cen ter. Feld spars are dom i nated by al bite
(~80%), and to a lesser ex tent K-feld spar. They are usu ally
subhedral and frac tured. Thin ir reg u lar, wavy lam i na tion of
densely-com pacted vitroclastic ma te rial can be seen, in di cat ing 
flow of pyroclastic ma te rial and in places even weld ing. 

BRUŠANE SECTION 
(FOOTHILLS OF VINAC)

In the foot hills of Vinac Hill, near Brušane vil lage, ~20 km
from the DP sec tion, an ex po sure of pyroclastic rocks (Fig. 8C)
oc curs in im me di ate con tact with Ladinian diploporan lime stone
(ac cord ing to Salopek, 1942). There are ob vi ous sim i lar i ties
with the PF from the Top of DP sec tion and there fore this oc cur -
rence was also sam pled and ana lysed. 

The pyroclastic rocks are grey-green with an ap par ently co -
her ent tex ture (Fig 8C). The rocks are com posed of crys tals and
pum ice frag ments, in al most equal amounts, with sub or di nate
glass shards. The crys tals are predominantely al bite of hypidio -

morphic shape, and ir reg u lar quartz with sphe roi dal cav i ties.
Some quartz crys tals show re sorp tion rims. Crys tals are of ten
frac tured with jig-saw fit ting be tween them. The pum ice frag -
ments are ve sic u lar, ir reg u lar, discoidal and elon gated. Usu ally,
they are of lapilli size (>2 mm; Fig. 8D). Be tween the clasts, glass
shards of curviplanar, elon gated, X and Y shapes pre vail. Pum -
ice frag ments and glass shards are of ten plas tic ally de formed in
con tacts with crys tals. Also, weak imbrication of elon gated clasts, 
es pe cially pum ice frag ments, can be ob served (Fig. 8D). The PF
in the DP area is very sim i lar to this one ob served in the foot hills
of Vinac near Brušane Vil lage. The only dif fer ence is the ab -
sence of the oval and el lip ti cal pat tern of the opaque glass shards 
in the Vinac sam ples. There fore, these rocks were also de ter -
mined as Pyroclastic Flow Fa cies.

The lime stones ad join ing the pyroclastic rocks are white to
grey in ten sively si lici fied bioclastic packstones to float stones
and intraformational lime stone brec cias (Fig. 8E, F). Bioclastic
de bris in packstone/float stone va ri et ies con sists mostly of al -
gae, with less com mon foraminifera. The lime stone brec cias
are com posed of white to grey lime stone clasts from 2 to 6 cm in 
size, de rived from bioclastic packstones/float stones and lam i -
nated stromatolites, tightly packed, the mm-scale spaces be -
tween them be ing filled with red dish ma trix. 

Fa cies in ter pre ta tion: the Pyroclastic Flow Fa cies is de ter -
mined as dacitic in com po si tion. Crys tals of al bite and quartz
dom i nate, sug gest ing or i gin from acidic vol ca nic erup tions.
Glass shards of X and Y shape and bub ble-wall shards as well
as the large amount of pum ice frag ments sug gest der i va tion
from acidic, vol a tile-rich magma. The imbrication of elon gated
clasts, fiamme struc ture and plas tic de for ma tion of pum ice frag -
ments in con tact with crys tals and jig-saw fit crys tal struc ture im -
plies or i gin from pyroclastic flow (McPhie et al., 1993). The tight
com pac tion of the glass shards, duc tile de for ma tion of pum ice
frag ments around the crys tals, as well as the pres ence of quartz 
crys tals with re sorp tion rims, all in di cate ma te rial still hot dur ing
em place ment. The oval/rounded pat tern of glass shards al tered 
to opaque min eral ag gre gates can be in ter preted as al ter ation
zones, formed by hydration of glass shards. This pat tern re -
sem bles a macroperlitic tex ture. The pe cu liar perlitic tex ture is
formed by the hydration of the de pos its in the later stages of
cool ing (Allen, 1988; Yamagashi and Goto, 1992). The bulk
pyroclastic ma te rial was trans ported in a pyroclastic flow and
emplaced prob a bly in a shal low ma rine area, as sug gested by
the pres ence of al gal lime stones and lime stone brec cias with a
red ma trix, in di rect con tact or in the vi cin ity. Af ter de po si tion,
the ma te rial re mained warm for a cer tain pe riod of time, and
was hy drated in its late cool ing stage thus form ing the dark pat -
tern in ter preted as macroperlitic tex ture. The hydration could
have been caused by the con tact with sea wa ter. The sea level
os cil la tion and subaerial ex po sure due to tec tonic ac tiv ity was
in ter preted, in the de scribed sec tions of Donje Pazarište, in
terms of the PLP, LB and SLP. Tak ing this into ac count, the em -
place ment of warm/hot pyroclastic flow de pos its into a shal low
ma rine en vi ron ment seems plau si ble. 

The same fa cies char ac ter is tics (Pyroclastic Flow Fa cies)
were de ter mined near Brušane, in the foot hills of Vinac.
There fore, their sim i lar gen e sis is sup posed. Min er al og i cal
sim i lar i ties, com po si tion, and sim i lar i ties of REE con cen tra -
tions (Smir čić, 2017) al lows the cor re la tion of these de pos its
with the same fa cies at the Top of DP sec tion. The only dif fer -
ence is the lack of oval/round al ter ation pat terns that can be in -
ter preted as re flect ing no hydration of the de pos its in the
Brušane area. 
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DISCUSSION

The va ri ety of sed i men tary and volcaniclastic fa cies de -
scribed in the DP sec tion and nearby ex po sures of volcani -
clastic rocks is re lated to a vol ca nic ac tiv ity tak ing place in the
Ex ter nal Dinaride dur ing the Up per Anisian (Illyr ian). The area
was char ac ter ized by both deep and shal low ma rine realms, in -
ter preted as a con se quence of strong tec tonic ac tiv ity (likely

block fault ing) ac com pa nied by vol ca nism. The char ac ter is tics
of the rocks in ves ti gated, es pe cially the volcaniclastic rocks,
also in di cate a vari able gen e sis. Fa cies were de fined on the ba -
sis of their macro- and micropetrographic prop er ties, their po si -
tion within the suc ces sion, as well as their min er al og i cal and
geo chem i cal com po si tion (ma jor and trace el e ments). The sec -
tion re corded in the area of Donje Pazarište shows char ac ter is -
tics of sed i men ta tion in a deep ma rine (pe lagic) en vi ron ment.
Near the sec tion re corded, Sokač et al. (1976) re ported Mid dle

Fig. 8. Pho to graphs and mi cro pho to graphs of the Pyroclastic Flow Fa cies

A – mi cro pho to graph of the DP-IGB 2 sam ple from the PF of the Top of DP sec tion. Glass shards are devitrified to
opaque min er als, due to fluid cir cu la tion caus ing chem i cal al ter ation; B – mi cro pho to graph of the sam ple DP-IGB
4 with quartz and feld spar crys tals and pum ice frag ments with cav i ties (ar rowed); C – PF in the foot hills of Vinac;
note the joints in the pyroclastic de posit per pen dic u lar to the ori en ta tion of the ham mer; D – mi cro pho to graph of
sam ple VI-8 show ing elon gated pum ice frag ments aligned as fiamme in di cat ing their flow gen e sis (pum ice frag -
ment is out lined by the red line in the mi cro pho to graph); E – intraformational lime stone brec cias with red dish ma -
trix are ex posed near the rocks of the PF; F – pro nounced sili ci fi ca tion of diploporan lime stone caused by di rect
con tact with pyroclastic flow; foothills of Vinac



Tri as sic ol iv ine pil low bas alts, also sug gest ing a deep ma rine
realm. Geo chem i cal char ac ter is tics of those bas alts (re gard ing
trace el e ments) show a strong pos i tive geo chem i cal cor re la tion
with the pyroclastic rocks from the DP sec tion, and the Top of
DP sec tion and foot hills of Vinac, near Brušane (Lugović et al.,
1998; Smirčić, 2017). Al though the strict age of the bas alts has
not been de ter mined it is as sumed that these, as well as the
pyroclastic de pos its de scribed, rep re sent con tem po ra ne ous
mag matic ac tiv ity sim i lar to those as cribed to rift ing mod els in
mod ern and an cient ma rine realms with re lated subaerial ter -
res trial ex plo sive coun ter parts pro duc ing pyroclastic ma te rial
(Ellis and King, 1991; Jack son et al., 2008; Hnylko et al., 2015).
Large pyroclastic erup tions may have been lo cated las far as
tens of kilo metres away, on land or in shal low sea. Pyroclastic
ma te rial in the sec tion in di cates vol a tile-rich erup tions. Lapilli
and lapilli frag ments found in the PLP and SLP show char ac ter -
is tics of ter res trial erup tions or at least pri mary sed i men ta tion by 
air-fall on land and sub se quent resedimentation in a ma rine
area. The vol a tile con tent of the erupted magma may have
been in creased due to in flux of sea wa ter into the magma
cham ber through frac tured crustal rocks. Thus, the vol ca nic
vents may have been sit u ated near shore or in shal low ma rine
ar eas as in ferred for the pyroclastic de pos its in DP sec tion
(from PDC, PLP and SLP), Top of DP sec tion and Brušane sec -
tion (PF).

The change in compostion of the pyroclastic ma te rial
through out the sec tion, from andesitic in the PDC to dacitic in
the SLP and PF, in di cates that the magma be came more acidic
with time. This is a com mon de vel op ment in a closed magma
sys tem with no in put of new magma to the magma cham ber. 

SEDIMENTARY MODEL 
OF THE DONJE PAZARIŠTE SECTION

The DP sec tion rep re sents con tin u ous de po si tion from the
early to late Illyr ian (Smirčić et al., 2018) and in di cates that the
depositional ma rine en vi ron ment was strongly in flu enced by
vol ca nism and tec ton ics. The six fa cies rec og nized sig nify de -
po si tion in the fol low ing time in ter vals: 

– Flysch-like Fa cies – Pelsonian or Early Illyr ian; 
– Car bon ate Shale Fa cies – Early Illyr ian; 
– Pyroclastic Den sity Cur rent Fa cies - Early Illyr ian; 
– Platy Lime stone with Pyroclastites Fa cies – Early Illyr ian;
– Lime stone Brec cia Fa cies – Early to Late Illyr ian; 
– Slumped Lime stone with Pyroclastics and Chert Fa cies –

Late Illyr ian (Smirčić et al., 2018).  

The de po si tion in the DP sec tion be gan in a rel a tively deep
ma rine basinal en vi ron ment. The sand stones and mudstones
of the Flysch-like Fa cies were de pos ited via tur bid ity cur rents
and rep re sent the only fa cies with out pyroclastic in flu ence, in di -
cat ing that de po si tion com menced with out sig nif i cant vol ca nic
ac tiv ity af fect ing this ter rain, where ter res trial, shal low and deep 
ma rine (pe lagic) en vi ron ments co ex isted. The pre dom i nance of 
volcanogenic sand stones in di cate chem i cal and me chan i cal
ero sion of ig ne ous or volcaniclastic rocks in the hin ter land (Fig.
9A). Siliciclastic de bris was pos si bly de rived from the pres -
ent-day NNW where up lifted blocks were prone to ero sion and
the ma te rial was de pos ited by tur bid ity cur rents in the ma rine
area (as noted by Sokač et al., 1976; Dimitrijević, 1997), thus
rep re sent ing volcanogenic de pos its (McPhie et al., 1993). The
oc cur rence of tur bid ity cur rents in di cate the ex is tence of an un -

der wa ter slope along which ma te rial was trans ported to deeper
basinal ar eas. De tri tal ma te rial ini tially ac cu mu lated in the shal -
lower parts of the ba sin and sub se quently resedimen ted down
the slope. 

De po si tion of the Car bon ate Shale Fa cies shows a dom i -
nance of car bon ate sed i men ta tion, in ter rupted by short pe ri ods
of vol ca nic erup tions (pyroclastic interlayers). A de crease in
siliciclastic in put in di cates re duc tion in in land ero sion and sub -
se quent prev a lence of car bon ate sed i men ta tion. Slow but con -
tin u ous shallowing and pos si ble ces sa tion of tec tonic ac tiv ity is
in ferred. De po si tion oc curred in a deep ma rine pe lagic en vi ron -
ment (shown by thin-shelled bi valves, radio lar ians, cri noids and 
ammonoids – Fig. 9B). The compositional and struc tural char -
ac ter is tics of the vitriclastic and crystaloclastic tuffs sug gest or i -
gin of the pyroclastic ma te rial in subaerial con di tions and de po -
si tion through air and wa ter in deeper/pe lagic ar eas.

On set of the Pyroclastic Den sity Cur rent Fa cies in di cates in -
ten si fied vol ca nic ac tiv ity shown by pyroclast-rich andesitic ex -
plo sive erup tions where ex clu sively pyroclastic lay ers (crystalo -
clastic and vitriclastic units) were de pos ited. The tex tural and
struc tural char ac ter is tics of the pyroclastic units sug gest that
much of the pyroclastic ma te rial (accretionary lapilli, vitriclasts
and crystaloclasts) orig i nated on land or in shal low sea by pow er -
ful erup tions prior to resedimentation into a deep ma rine area by
rel a tively brief trac tional trans port, pos si bly by tur bid ity cur rents.
The sep a ra tion of crystaloclastic from vitri clastic ma te rial may
have hap pened dur ing trans port in the tur bid ity cur rent due to
rhe o log i cal and grav i ta tional ef fects (Fig. 9C).

The oc cur rence of the Platy Lime stone with Pyroclastics Fa -
cies in di cates pro longed shallowing due to prev a lence of car -
bon ate sed i men ta tion with in ter mit tent vol ca nic ac tiv ity (Fig.
9C). The chem i cal com po si tion of the pyroclastic ma te rial in di -
cates the same source as in the above-men tioned fa cies
(Smirčić, 2017). Tuff lay ers in PLP are much thin ner than in the
PDC Fa cies. That can be in ter preted as a tem po rary ces sa tion
of the vol ca nic ac tiv ity, or as re flect ing a greater dis tance to the
ac tive vol ca nic cen tres. The pyroclastic ma te rial was pri mar ily
de pos ited via air-fall pro cesses and resedimented from ter res -
trial ar eas. Accretionary lapilli ac cu mu lated in some interlayers
in di cat ing their subaerial or i gin, with sub se quent sed i men ta tion
in a ma rine en vi ron ment (Fig. 9C), as in ter preted by Marci et al.
(1991). The fa cies char ac ter is tics of the inter bedded lime stones 
also in di cate redepositional pro cesses of shal low wa ter lime -
stones into a deep pe lagic en vi ron ment, in di cat ing dis in te gra -
tion of pre-ex ist ing shal low ma rine ar eas, pos si bly a plat form
en vi ron ment as de scribed by Krobicki et al. (2014) and Krobicki
(2018) for the Ju ras sic-Cre ta ceous volcani clastic rocks of the
Carpathians. At the same time, vol ca nic ac tiv ity, gen er at ing
pyroclastic ma te rial, had per sisted in subaerial con di tions, as
well as resedimentation of the pyroclasts into deeper ma rine ar -
eas. The co-existance of shal low ma rine ar eas and pe lagic bas -
ins, as well as redepositional pro cesses by grav ity cur rents, im -
ply dif fer en ti a tion into a graben-like depo sitional en vi ron ment
(with sub sid ing or up lift ing tec tonic blocks). The en hanced tec -
tonic ac tiv ity was prob a bly re lated to the ac com pa ny ing vol ca -
nism. 

The tec tonic ac tiv ity is best wit nessed by the oc cur rence of
the Lime stone Brec cia Fa cies that interfingers with the PLP.
The brec cia ma te rial was de rived from shal low ma rine ar eas
and re de pos ited as de bris flows in a deeper depositional en vi -
ron ment (Fig. 9D). Tec tonic move ments trig gered the rede -
positional pro cesses. Packstone, wackestone and lithoclastic
lime stone va ri et ies of the PLP interbedded with the Lime stone
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Brec cia Fa cies in di cate the redeposition of brecciated lime -
stone frag ments into the pe lagic realm. Three cy cles with LB at
the base and PLP above were rec og nized. The oc cur rence of
each LB in di cates the be gin ning of tec tonic ac tiv ity and ter rain
up lift whereas the de po si tion of wackestone with a pe lagic biota 
sug gest pe lagic con di tions for depositon of the LB (Fig. 2).
Clasts of shal low ma rine lime stone can be found in the litho -
clastic lime stones of the PLP and in lime stone brec cias. The
shal low ma rine lime stones could have been formed in ad ja cent
shal low seas. At some point they could have been tec toni cally
up lifted and sub se quently eroded, thus form ing clasts. These
clasts were then trans ported to the deeper graben/half- graben -
-like struc tures, where lime stone brec cias and litho clastic lime -
stones of the PLP were de pos ited.

Each oc cur rence of PLP starts with the de po si tion of litho -
clastic lime stones that are in ter preted as the prod ucts of de po -
si tion from di luted de bris flows (Fig. 9D). Sea level os cil la tions
wit nessed by the oc cur rence of wackestones and packe stones
may have been a con se quence of in ter mit tent tec tonic move -
ments that caused sub si dence in some ar eas, and up lift in oth -
ers (Fig. 9D). The up lifted ar eas were prone to chem i cal and
me chan i cal ero sion (Fig. 9D). In the sub ma rine grabens/half-
 grabens, lime stone brec cias were de pos ited, and are com -
posed of the ma te rial from the up lifted blocks (Fig. 9D), as in
other Mid dle Tri as sic ar eas of the Ex ter nal Dinarides (Salopek,
1942; Grimani et al., 1972; Ivanović et al., 1973; Šušnjar et al.,
1973; Sokač et al., 1976; Korolija et al., 1979; Bukovac et al.,
1983, Šćavničar et al., 1984). The interbedding of the lime stone 
brec cias and platy lime stones in di cates pro nounced tec tonic
sub si dence and de po si tion of slumped and/or brecciated ma te -
rial (Fig. 9C). The tec tonic move ments, prob a bly re lated to
mag matic and vol ca nic ac tiv ity, trig gered grav ity flows with the
ma te rial ac cu mu lat ing in the shal lower, mar ginal parts of the
ba sin. These short-lived events were fol lowed by res to ra tion of
pe lagic con di tions, with pe lagic lime stone va ri et ies de pos ited
to gether with the pyroclasts. Sim i lar sit u a tions have been re -
corded in ar eas of the Julian Alps in Slovenia (Celarc et al.,
2013), and in other South ern Al pine ar eas (Farabegoli et al.,
1984, 1985; De Zanche et al., 1993; Gianolla et al., 1998;
Venturini, 2006; Berra and Carminati, 2010). Celarc et al.
(2013) in di cated the ex is tence of shal low troughs that were
filled with megabreccias (so-called “Uggowitza brec cias”),
which were sedimented via de bris cur rents or av a lanches from
top o graph i cally higher up lifted blocks. In the DP area, af ter ev -
ery brec cia in ter val, crystaloclastic and vitriclastic tuffs oc cur.
That im plies that the tec tonic ac tiv ity was closely re lated to the
pe ri ods of pyroclastic erup tions. The oc cur rence of accretio -
nary lapilli in lime stone lay ers over ly ing brec cias, as well as in
the pyroclastic lay ers, seem ingly in di cates subaerial vol ca nic
erup tions and resedimentation of pyroclastic ma te rial (Fig. 9D). 

Con tin u ous tec tonic ac tiv ity caused the steep en ing of the
slopes thus re sult ing in in sta bil ity and slump ing of sed i ment in
grabens or half-grabens (Fig. 9E). The Slumped Lime stone
with Pyroclastics and Chert Fa cies, found in the top most part of
the DP sec tion, in di cates sed i men ta tion of ma te rial on un sta ble
sub ma rine slopes within the pe lagic en vi ron ment. This fa cies is
com posed of thin lay ers of lithoclastic/allodapic lime stones, pe -
lagic lime stones, pyroclastic de pos its and cherts. Resedimen -
ted pyroclastic ma te rial was con stantly trans ported to the pe -
lagic sed i men tary en vi ron ment, while part of it was sedimented
via air-fall from the vol ca nic cloud. The ex is tence of pro nounced 
un der wa ter to pog ra phy could have en hanced the chan nel ling
of nu tri ent-rich wa ters along the slopes to the shal lower parts,
caus ing radiolarian blooms, in di cated by abun dant radio lar ians
in lime stones and cherts (Goričan et al., 2015). 

On the up lifted blocks, shal low ma rine car bon ates were
de pos ited as mas sive al gal float stones and packstones. Pyro -
clastic ma te rial found in con tact with or in the vi cin ity of these
lime stone types has been in ter preted as de pos ited by sub -
aerial pyroclastic flows (as de ter mined for the Pyroclastic Flow 
Fa cies). The Pyroclastic Flow Fa cies of dacitic com po si tion
con sists en tirely of pyroclasts and in di cates vol a tile-rich erup -
tions. The fa cies was de ter mined at two lo cal i ties ~20 km
apart, but were cor re lated based on com po si tion, struc tural
and tex tural char ac ter is tics, geo chem i cal prop er ties and sur -
round ing lithologies, thus in di cat ing a dis tinc tive pyro clastic
flow de posit. The lithologies from the vi cin ity of the both ex -
posed PF rocks sug gest their shal low ma rine de po si tion, and
there fore the em place ment of the PF in a shal low ma rine or
even con ti nen tal en vi ron ment. Al though the strati graphic po si -
tion of this fa cies is still not cer tain, its geo chem i cal com po si -
tion can be di rectly cor re lated with all of the volcaniclastic fa -
cies noted (Smirčić, 2017). Due to con stant tec tonic ac tiv ity
and sea level os cil la tions, the de pos its of the PF may have
been in flu enced by sea wa ter to var i ous de grees. The oval/el -
lip ti cal al ter ation pat terns of the macroperlite struc ture found in 
the PF from the Top of DP sec tion in di cates the hydration of
the de pos its dur ing the later stage of cool ing (Ross and Smith,
1955; Allen, 1988; Yamagashi and Goto, 1992). Since the PF
of Brušane sec tion lacks these fea tures it is thought that it was
de pos ited far ther from ma rine in flu ence (Fig. 9D, E). 

MIDDLE TRIASSIC SYNTECTONIC
SEDIMENTATION IN THE TETHYAN AREA

Early Tri as sic en vi ron ments were sim i lar across the whole
West ern Tethyan realm, be ing char ac ter ized by shal low ma rine 
sed i men ta tion across an ex ten sive epicontinental-like ramp
(Hips and Pelikán, 2002; Perri and Farabegoli, 2003; Haas et
al., 2004; Kolar-Jurkovšek et al., 2011; Brandner et al., 2012;
Aljinović et al., 2018). Pro nounced dif fer en ti a tion of the area be -
gan in the Anisian with vol ca nic ac tiv ity, re lated to re gional tec -
tonic move ments (open ing of the Tethyan Ocean). Dif fer en ti a -
tion be came more pro nounced, with de vel op ment of sub sided
(pe lagic) and up lifted (shal low ma rine/subaerially ex posed)
blocks/ar eas (Sokač et al., 1976; Sakač, 1992; Dimitrijević,
1997; Balini et al., 2006; Kovács et al., 2011), form ing graben,
half-graben and sim ple graben struc tures across the en tire
West ern Tethyan area (Ex ter nal Dinarides – Belak, 2000;
Celarc et al., 2013; Goričan et al., 2015; South ern Alps –
Bechstädt et al., 1978; Gianolla et al., 1998; and in the Trans -
danubian range of Hun gary; Haas and Budai, 1995; Velledits,
2004, 2006; Budai and Vörös, 2006; Velledits et al., 2011; Péró
et al., 2015).

Deeper ma rine ar eas were char ac ter ized by dif fer ent sed i -
ment types, in clud ing volcaniclastic de pos its (Sokač et al.,
1976; Brusca et al., 1982; Cros and Houel, 1983; Sakač, 1992;
De Zanche et al., 1993; Dimitrijević, 1997; Balini et al., 2006;
Kovács et al., 2011). Af ter the de po si tion of shal low ma rine car -
bon ates of the Gracilis For ma tion (Bithynian-Pelsonian age) in
the South ern Alps, the on set of deeper ma rine and pe lagic con -
di tions took place in ox y gen-de pleted realms, with the ac tiv ity of 
tur bid ity cur rents (Kustatscher and Roghi, 2006), sim i lar to
those re flected by the FF de pos its in the DP sec tion. In Hun -
gary, Anisian basinal en vi ron ments were filled with marls, tuffs,
feldspathic sand stones, resedimented volcaniclastic de pos its,
radiolarites and lime stones with cherts (Velledits, 2000, 2004).
The old est deep ma rine strata in the Ex ter nal Dinarides com -
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prise the Flysch-like Fa cies of the DP sec tion (Pelsonian or
Lower Illyr ian), while at the same time in the rest of the Ex ter nal
Dinarides shal low ma rine lime stones and dolostones with oc ca -
sional volcaniclastic in fluxes were de pos ited (Sokač et al.,
1976; Pamić, 1984; Vlahović et al., 2005). 

In the Ex ter nal Dinarides, shal low ma rine en vi ron ments
with con tin u ous de po si tion per sisted through out the Early Tri -
as sic but be came mark edly di verse due to tec tonic and vol ca -
nic ac tiv ity in the Anisian. In tense tec tonic move ments led to the 
for ma tion of graben/half-graben struc tures dom i nated by
deeper ma rine sed i men ta tion and co ex ist ing with nearby
subareally ex posed (or ep i sod i cally ex posed) ar eas char ac ter -
ized by the for ma tion of bauxites in the Lika Re gion, Croatia
(Sokač et al., 1976; Marković, 2002; Vlahović et al., 2005), and
subaerially emplaced vol ca nic vents. Lower Tri as sic de pos its
were eroded and re de pos ited in ma rine en vi ron ments in the
form of the “Otarnik brec cias” on Svilaja Mt. (Šćavničar et al.,
1984; Marjanac, 2000; Jelaska et al., 2003), while some of the
ar eas re mained shal low ma rine and were char ac ter ized by the
de po si tion of al gal lime stones and dolostones (Herak, 1974;
Grgasović and Sokač, 2003; Kóvacs et al., 2011). Deeper ma -
rine ar eas ex isted at the same time and were filled with cherts
and shales (Kóvacs et al., 2011), “flysch de pos its” (Sokač et al., 
1976; Dimitrijević, 1997), nod u lar lime stones with a pe lagic
fauna (Kolar-Jurkovšek, 1983; Sakač, 1992; Balini et al., 2006), 
marls and fine- to coarse-grained siliciclastic de pos its (Kolar-
 Jurkovšek, 1983, 1990; Petek, 1998) and with var i ous volcani -
clastic de pos its (Kolar-Jurkovšek, 1983, 1990). A sim i lar pat -
tern of deep ma rine de pos its can be traced in the Trans -
danubian Range of Hun gary, where the on set of lime stones
with chert be gan in the Anisian (Budai et al., 2003).

In the West ern Dolomites, Lower Tri as sic de pos its are
found in con tact with the Richthofen con glom er ates (Brandner
and Bechstäldt, 1970), stratigraphically cor re lated with the
Uggowitza brec cias (Celarc et al., 2013). The mech a nism of
for ma tion of the Uggowitza brec cias (Celarc et al., 2013) is sim -
i lar to that of the Lime stone Brec cia Fa cies of the DP sec tion (cf. 
Smirčić et al., 2018). The Late Anisian was char ac ter ized by
global sea level rise and drown ing of car bon ate en vi ron ments
(Buser, 1989; Petek, 1998; Buser at al., 2008; Kóvacs et al.,
2010, 2011; Sudar et al., 2013). In Hun gary also, lo cal coarse -
-grained clastic de pos its ap pear as the “Szebevisz con glom er -
ates” in con tact with Anisian lime stones (Vozár et al., 2010),
rep re sent sim i lar pro cesses as in the Ex ter nal Dinarides and
the south ern Alps. 

Basinal de pos its of nod u lar lime stones with cherts and
marls of the South ern Alps, the Ambata For ma tion, were de -
pos ited in the Late Illyr ian to Early Ladinian (Preto et al., 2009).
The typ i cal Buchenstein For ma tion or Livinallongo For ma tion,
char ac ter ized by nod u lar lime stones with cherts and volcani -
clastic strata, were de pos ited from the Up per Anisian to the
Ladinian (Brusca et al., 1982; Cros and Houel, 1983; De
Zanche et al., 1993) in the basinal ar eas of the South ern Alps,
thus re sem bling the PLP of the DP sec tions.

CONCLUSIONS

All the lo cal i ties in ves ti gated lo cal i ties be long to the cen tral
part of the Velebit Mts. They are found 15 km apart and were
de pos ited from the Late Anisian to the Early Ladinian. The fa -
cies dif fer in their ge netic char ac ter is tics, re flect ing avail able
eroded ma te rial, the ex tent of ero sion, bathymetric dif fer ences,
ba sin mor phol ogy, vol ca nic ac tiv ity and tec tonic ac tiv ity. On the
ba sis of fa cies changes ob served in the lo cal i ties in ves ti gated,
de po si tion in the Mid dle Tri as sic in di cates a va ri ety of sed i men -
tary en vi ron ments, in flu enced by the con stant tec tonic move -
ments and al most per ma nent vol ca nic ac tiv ity, as in di cated in
the sur round ing south ern coast of the West ern Tethyan area. 

Lithological cor re la tion of the volcaniclastic de pos its in the
area in ves ti gated is dif fi cult. Nev er the less, the volcaniclastic
de pos its ex hibit the same geo chem i cal char ac ter is tics in di cat -
ing the same ma jor magma source and the same geotectonic
suite (Smirčić, 2017). 

De pos its of the DP sec tion in di cate the ex is tence of sev eral
ep i sodes of vol ca nic/pyroclastic ac tiv ity on land and in shal low
seas. The pyroclastic ma te rial was syn-erup tively resedimented
into the deeper pe lagic ba sin. The up per part of the DP sec tion
in di cates ces sa tion of the vol ca nic ac tiv ity or mov ing away of the
vol ca nic cen tres and the pre dom i nance of car bon ate sed i men ta -
tion in a rel a tively shal low ma rine area. The oc cur rence of the
Pyroclastic Flow Fa cies above the DP sec tion de scribed in di -
cates the con tem po ra ne ous pres ence of ter res trial erup tions and 
in land or shal low ma rine emplacemant of pyro clastics. The de -
po si tion of the rocks re corded in the DP sec tion took place when
the tec tonic move ments oc curred and per sisted through out the
Late Anisian and Early Ladinian in the wider West ern Tethyan re -
gion. The oc cur rence of the lime stone brec cias in di cates pe ri odic 
tec tonic ac tiv ity (earth quakes), which caused the ero sion and

 

Fig. 9. Sed i men tary model of the Donje Pazarište sec tion

A – de po si tion of the FF via tur bid ity cur rents in the dis tal part of the ba sin; there is no ev i dence of con tem po ra ne ous vol ca nic ac tiv ity dur ing
de po si tion of FF rocks. B – de crease in the siliciclastic in flux en abled the de po si tion of car bon ate-bear ing shales in the CS with pe lagic fos -
sils (in clud ing ammonoids). C – in ten si fied vol ca nic ac tiv ity pro duc ing pyroclastic ma te rial that was pri mary de pos ited in the shal lower ar eas
of the depositional en vi ron ment and then resedimented to deeper parts of the ba sin as pyroclastic den sity cur rents. De pos its of the PLP
were de pos ited in slightly shal lower parts of the ma rine ba sin, likely on the gently in clined slope. The vol ca nic ac tiv ity was ep i sodic and
pyroclastic ma te rial was de pos ited within the lime stone lay ers. Tec tonic ac tiv ity and rise of sea level caused the cy clic sed i men ta tion man i -
fested as al ter na tions of wackestones (plw), packstones (plp) and lithoclastic lime stones (pll). D – the abrupt tec tonic ac tiv ity dif fer en ti ated
the area and caused con tem po ra ne ous up lift and sub si dence in the ter rain. The newly formed grabens/half-grabens were infilled with lime -
stone clasts de rived from the up lifted ar eas. The LB was formed by de bris flows or av a lanches. A pe lagic fauna in the ma trix in di cates de po -
si tion in an open-ma rine en vi ron ment. Lithoclastic lime stones (pll) were de pos ited from di luted de bris flows that trans formed to low-den sity
tur bid ity cur rents, thus con sid ered allodapic in or i gin. Af ter infill of the grabens/half-grabens, lime stone sed i men ta tion con tin ued with a con -
stant pyroclastic in flu ence ac com pa nied by ma rine trans gres sion and de po si tion of the PLP. Mean while, on the shal low ma rine and
subaerially up lifted blocks, pyroclastic flows oc curred as a con se quence of vol ca nic ac tiv ity on land. E – en hanced tec tonic move ments
formed the un sta ble sub ma rine slope and pro voked the de po si tion of the Slumped Lime stone with Pyroclastics and Cherts Fa cies



trans port of shal low and deeper ma rine car bon ate par ti cles and
fi nally their de po si tion as the LB Fa cies. Prob a bly, the tec tonic
ep i sodes were con tem po ra ne ous with the vol ca nic erup tions,
since the pyroclastic de pos its fol low each oc cur rence of lime -
stone brec cia. The sed i men tary ba sin was not ex cep tion ally
deep but it was prob a bly clearly dif fer en ti ated from the shal lower
ar eas and sep a rated by a pro nounced slope. The en tire area
may be in ter preted as graben or half-graben struc ture. Deeper
ar eas of the ba sin were filled with the avail able ma te rial rel a tively
quickly, partly be cause of the ex ten sive ero sion, and prob a bly
also be cause the graben and/or half-graben struc tures were
small. Slump tex tures, found at the top of the DP sec tion, in di cate 
con tin u a tion of tec toni cally un sta ble con di tions in flu enced by dis -
tal ex plo sive erup tions. 

The Pyroclastic Flow Fa cies was formed due to ac cu mu la -
tion of pyroclastic ma te rial around the vol ca nic cen tre and pos -
si bly by col lapse of a subaerial pyroclastic col umn. The ma te rial 
was emplaced in a shal low sea, and pos si bly in con ti nen tal ar -
eas, sup ports the in fer ence of tec tonic ac tiv ity on land. A
pyroclastic flow de posit in the vi cin ity of Brušane Vil lage, in the
foot hills of Vinac, re sem bles the fa cies rec og nized at the Top of
DP sec tion, 15 km away. De po si tion is in ter preted to have been 

by pyroclastic flow. The only dif fer ence is the lack of an oval/no -
d u lar al ter ation pat tern in the Brušane pyroclastic de pos its,
which can be in ter preted as an ab sence of early hydration of the 
de pos its upon em place ment. This sug gests that the em place -
ment of the pyroclastic flow de pos its in the DP oc curred in a
shal low sea, while the same fa cies was emplaced on land in the 
Brušane area. The oc cur rence of intraformational lime stone
brec cias with a red ma trix in con tact with the Brušane pyro -
clastic de pos its also sup ports this in ter pre ta tion. 

A com mon evo lu tion of the magma sys tem, start ing with ba -
sic and evolv ing to more acidic char ac ter, can be traced in the
DP sec tion (the PDC is of andesitic com po si tion, and the youn -
ger SLP and PF have dacitic com po si tions). 
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