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{ ABSTRACT |

For the first time, few detrital augite and pigeonite crystals have been found in the Eocene flysch basins of Istria
(Trieste-Koper basin; Italy, Slovenia, Croatia) and Krk Island (Croatia). Their chemistry suggests that they are
related to subalkaline rocks (within-plate tholeiites) crystallized at a pressure between 0 and 5 kbar. As a possi-
ble source, the nearby basaltic andesites of Ljuba¢ have been taken into consideration. The argument for a ?Late
Tertiary age of the Ljubac volcanics is that no detrital pyroxenes have been found in the Eocene flysch and Oli-
go-Miocene molasse deposits of the area (Lugovic et al., 1998). Radiometric data are not available until now.
The detection of detrital pyroxene could be an indication of an older age of the Ljubac¢ volcanics. The presence
of similar pyroxenes in the Trieste-Koper and the Krk Island flysch and their absence in Brkini flysch suggest

that the basin of Krk was linked with the Istrian basin rather than the Brkini basin.
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INTRODUCTION

Mineralogy and petrography of flysch successions
provide important information on the composition and
role of source rocks and, consequently, on the general
paleogeography of basins. In the framework of this type
of research, several authors studied in a first stage the
heavy mineral assemblages in order to define the paleo-
geography of different basins (e.g. Wildi, 1985; Winkler
and Slaczka, 1992, 1994; Faupl et al., 1998; Von Eynatten
and Gaupp, 1999; Lenaz et al., 2001; Yoshida and
Machiyama, 2004). A second stage of investigation is the
study of the chemistry of heavy minerals to get more
detailed information about the source rocks. Such studies
were performed on Cr-spinels (e.g. Pober and Faupl,
1988; Arai and Okada, 1991; Cookenboo et al., 1997;
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Sciunnach and Garzanti, 1997; Lenaz et al., 2000, 2003),
garnets (Morton, 1985a; Di Giulio et al., 1999; Von
Eynatten and Gaupp, 1999), and pyroxenes (Nechaev and
Isphording, 1993; Ernst and Shirahata, 1996; Schweigl
and Neubauer, 1996; Acquafredda et al., 1997; Krawinkel
et al., 1999). Clinopyroxene is quite unstable in weathe-
ring profiles, it shows low mechanical stability to abra-
sion and low resistance to intrastratal solution (Morton,
1985b). Nevertheless, in a paleogeographic reconstruction
based on detrital minerals, it is one of the most meaning-
ful heavy minerals because its chemistry may vary with
the geodynamic environments in which it is formed (Le
Bas, 1962; Leterrier et al., 1982).

In Istria (Slovenia, Croatia) and Krk Island (Croatia)
Paleogene flysch deposits occur. The heavy mineral
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assemblage comprises pyrite, ilmenite, zircon, tourma-
line, garnet, rutile (Malaroda, 1947; Wiesender, 1960;
Magdaleni¢, 1972), anatase, monazite (Wiesender, 1960),
staurolite, brookite, chloritoid, glaucophane (Magdaleni¢,
1972), and Cr-spinel (Wiesender, 1960; Magdalenic,
1972; Lenaz and Princivalle, 1996; Lenaz et al., 2003).
This paper reports on the first discovery of detrital
clinopyroxene from three outcrops located in the Trieste —
Koper (Ko$tabona, Slovenia, and Koslovici, Croatia) and
Krk Island (Croatia) flysch with the goal to find out their
possible source. Microprobe analyses of clinopyroxenes
have been used to determine the magmatic affinties of the
source rock and progressive evolution of the volcanic
source as well as to contribute to the unravelling of the
tectonic history of this part of the Adria plate.

GEOLOGICAL SETTING

In Early Mesozoic times the Apulian plate was
formed as a minor entity between the Proto-Mediter-
ranean and the Western Tethys. The continental rifting
caused a Triassic volcanism in the Periadriatic region.
Along the Northeastern margin of the Apulian platform,
the rifting cycle came to an end during the later part of
the Late Triassic (Pamic et al., 1998). The Jurassic period
was characterized by seafloor spreading to the west and
north of the Adria plate, causing the subduction of
Tethys along the eastern border of the Adriatic promon-
tory (Robertson and Karamata, 1994). In Early and Mid-
dle Cretaceous times further seafloor spreading occurred
so that island arcs and parts of the eastern microplate
collided, resulting in two suture zones from which
Dinarides originated. In Late Cretaceous, subduction of
oceanic crust occurred in the north of the Adria plate
followed by collision and formation of ophiolitic com-
plexes. Closure culminated in Late Cretaceous to Early
Eocene times (Lawrence et al., 1995; Channell and
Kozur, 1997). As a consequence, a nearly continuous
belt of Upper Cretaceous to Miocene flysch successions
extends from the Southern Alps along the entire outer
margin of the External Dinarides.

The Istrian flysch is spread over Italy, Slovenia and
Croatia (Fig. 1). It seems that this flysch is divided into
two sub-basins: the Trieste-Koper and the Pazin basins
are partially separated by the E-W trending Savudrija-
Buzet anticline (Bonazzi et al., 1996). The flysch
deposits of the Trieste-Koper basin accumulated in a
narrow short-living deep-sea trough. Sedimentation
started during Lutetian time in the north-western area
whereas in the south-east it started in the Late Eocene.
A mixed calcareous-terrigenous detritus is more abun-
dant than a pure siliciclastic one. The flysch successions
are about 300-350 m thick and are dominated by thin to
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medium-bedded turbidites in the lower and middle parts,
and by medium- to thick-bedded turbidites in the upper
part (Marin¢ic et al., 1996). MarinC€i¢ et al. (1996) sug-
gest that feeding of the trough was from the NW.

The flysch deposits of the Pazin basin are mainly
represented by calcareous-terrigenous turbidites and, to
a lesser extent, by carbonatic megabeds. According to
the faunal association, the flysch sequence is assigned to
the Middle Eocene (Magdaleni¢, 1972). A supply from
the SE has been established by measurements of linear
directional structures; but a lateral sediment input can
also be assumed from the lands situated north and north-
east of the flysch trough (Magdaleni¢, 1972).

The relationship of the Krk Island flysch to the Istri-
an and / or Brkini flysch is not clear. The age of the Krk
Island flysch is Upper Lutetian to Priabonian (Bonazzi
et al., 1996). According to detrital Cr-spinel chemistry it
seems that it could be preferably linked with the Istrian
flysch (Lenaz et al., 2003; Lenaz and Princivalle, 2005).

The Brkini flysch basin (Lower — Middle Eocene;
Slovenia, Croatia) covers an area between the Julian
basin (Maastrichtian — Middle Eocene; Italy and Slove-
nia) and the Istrian basin (Middle — Upper Eocene; Italy,
Slovenia and Croatia). The ratio of marlstone to sand-
stone bed thickness changes as does the average thick-
ness of the beds and also lithology and sedimentary
structures change, sometimes significantly, throughout
the stratigraphic column. The sandstone beds are silici-
clastic turbidites, the matrix of the usually well sorted
sandstones is carbonate (Lenaz et al., 2001 and refer-
ence therein).

L
Brkini flysch basin ; 0 &
D Istrian and Krk Island flysch basin ADRIATIC

-'\\Major thrust S EA g\

FIGURE 1| Sketch map of the Istrian, Krk Island and Brkini flysch
basins. Open circles: sampling localities, 1: KoStabhona; 2: Koslovici;
3: Krk Island; In the inset: A: Ljubat late Tertiary volcanics; B: Bovec
conglomerate; C: Dinarides; D: Medvenica Mts; E: PozeSka gora Mt.
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Based on the heavy mineral associations of Istrian fly-
sch, Magdaleni¢ (1972) concluded that a large part of the
detrital material was derived from the Alps, with only
minor contributions from the Dinarides. However,
Marint¢ic et al. (1996) proposed that the entire clastic
material was derived from the Dinarides and explained
axial flow directions by flow deflection. Lenaz et al.
(2003) and Lenaz and Princivalle (2005), according to
chemistry and structural parameters of Cr-spinels, sug-
gested that Cr-spinels derived from the Dinarides. How-
ever, clinopyroxene was never recognized. This is the first
description of detrital clinopyroxenes in flysch sediments
from the Trieste-Koper basin and the Krk Island.

METHODS

Several samples were selected from medium-grained
sandstones from the flysch sequences cropping out. Pyrox-
enes have been found only in three samples from
Kostabona, Koslovici and in the Krk Island. The most
unweathered material was crushed and the 63-200 um frac-
tion was obtained by sieving. The heavy minerals were
examined under the microscope. Only very few pyroxene
crystals could be detected. All of them (about 50) were
handpicked, mounted in epoxy resin and analysed by elec-
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tron microprobe using the Cameca/ Camebax electron
microprobe (15kV accelerating voltage, 10 nA beam cur-
rent) at the University of Padova (Italy). Synthetic oxide
standards (SiO,, Al,O3, TiO,, MgO, FeO, MnO, CaO,
Na0, Cr,03,) were used. Results are considered accurate
to within 1-2% for major and less than 5% for minor ele-
ments. Raw data were reduced by PAP-type correction
software provided by CAMECA. Some selected analyses
are presented in Table 1.

RESULTS

All the rocks sampled for this study are classified as
lithic graywackes. The main constituents are quartz and
calcite; plagioclases, clay minerals and dolomites are of
minor content. K-feldspars (microcline), muscovite, chlo-
rite, and biotite are very rare.

The analysed clinopyroxenes from the Istrian and Krk
Island basins, detected in the heavy mineral associations,
fall in the augite and pigeonite field (Fig. 2). Few varia-
tions in the chemistry of augites can be evidenced, even if
they show a weak zonation. By comparison, the fields of
pyroxenes from Ljubac (Lugovic et al., 1998) and from
volcanic clasts in the Cretaceous conglomerates of Bovec

TABLE 1 | Selected chemical analyses of the studied detrital pyroxenes. Analyses No. 1 — 5 from Krk Island; 6 — 8 from Kostabona (Istrian basin); 9 —

13 from Koslovici (Istrian basin). For locations see Figure 1.

Sample IBkpk-a  1Bkrk-3  IBkrk-c  IBkRk-D Bkrk-e  IBkost-a

1 2 3 4 5 6
Si0, 51.97 52.37 52.44 52.60 52.65 52.87
Al,03 2.11 1.96 1.79 1.68 1.74 0.89
TiOp 0.51 0.45 0.42 0.45 0.36 0.28
Mg0 17.09 17.34 17.10 17.27 17.84 23.55
Feo03 2.09 1.46 1.47 1.1 1.23 0.82
FeO 7.80 8.22 8.91 9.00 9.37 16.88
MnO 0.22 0.15 0.30 0.23 0.31 0.33
Ca0 18.21 18.06 17.46 17.63 16.36 4.45
Na,0 0.17 0.13 0.22 0.15 0.18 0.00
Cro03 0.01 0.01 0.05 0.00 0.09 0.01
Sum 100.18 100.15 100.16 100.12 100.13 100.08
Si 1.917 1.929 1.936 1.941 1.940 1.947
AV 0.083 0.071 0.064 0.059 0.060 0.039
AV 0.008 0.014 0.014 0.014 0.016 0.000
Ti 0.014 0.012 0.012 0.012 0.010 0.008
Fed+ 0.058 0.041 0.041 0.031 0.034 0.023
Mg 0.940 0.952 0.941 0.950 0.980 1.293
Fe2+ 0.240 0.253 0.275 0.278 0.289 0.520
Mn 0.007 0.005 0.009 0.007 0.010 0.010
Cr 0.001 0.000 0.001 0.000 0.003 0.000
Ca 0.720 0.713 0.691 0.697 0.646 0.176
Na 0.012 0.009 0.016 0.011 0.013 0.000
Wo 37.88 37.16 36.22 36.21 33.73 8.83
En 49.46 49.64 49.36 49.36 51.18 65.02
Fs 12.66 13.21 14.42 14.43 15.08 26.14
Mg# 79.62 78.98 77.38 77.38 77.24 71.32
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Bkosts  IBrost-p  IBkosi-a  1Bkosi-8 IBkost-c  IBkost-D  IBkosi-E
7 8 9 10 1 12 13
54.03 51.92 51.49 51.95 51.71 51.44 51.77
0.89 1.92 2.68 2.37 2.34 2.62 2.83
0.09 0.62 0.77 0.58 0.73 0.82 0.77
24.06 15.96 16.61 16.80 17.49 15.45 15.98
0.53 1.33 1.08 0.61 1.09 1.31 0.09
15.78 10.23 10.15 11.93 11.55 8.75 11.40
0.39 0.25 0.28 0.35 0.30 0.24 0.22
417 17.67 16.58 15.17 14.50 19.09 16.65
0.06 0.23 0.21 0.21 0.19 0.27 0.25
0.05 0.00 0.26 0.09 0.21 0.13 0.04
100.05 100.13 100.11 100.06 100.11 100.12  100.00
1.973 1.930 1.909 1.930 1.917 1.909 1.924
0.027 0.070 0.091 0.070 0.083 0.091 0.076
0.011 0.014 0.026 0.033 0.019 0.024 0.048
0.002 0.017 0.021 0.016 0.020 0.023 0.022
0.015 0.037 0.030 0.017 0.030 0.036 0.003
1.309 0.885 0.918 0.930 0.967 0.855 0.885
0.482 0.318 0.315 0.371 0.358 0.272 0.354
0.012 0.008 0.009 0.011 0.009 0.008 0.007
0.001 0.000 0.008 0.003 0.006 0.004 0.001
0.163 0.704 0.658 0.604 0.576 0.759 0.663
0.004 0.017 0.015 0.015 0.014 0.019 0.018
8.35 36.92 34.82 31.70 30.30 40.26 34.85
67.00 46.39 48.54 48.84 50.86 45.33 46.53
24.66 16.69 16.65 19.46 18.84 14.41 18.62
73.10 73.55 74.46 71.51 72.97 75.88 71.42
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FIGURE 2 Fields of the studied detrital pyroxenes in the diagram
CazSio0g-Mg2Siz06-Fe2Sio0p with the nomenclature of Morimoto
(1988). Dotted line: Trieste-Koper basin pyroxenes; dashed line: Krk
Island basin pyroxenes; solid line: pyroxenes of the Ljubat volcanics
after Lugovic et al. (1988); grey fields: Bovec conglomerate pyrox-
enes after De Min et al. (2007).

(Slovenia; De Min et al., 2007) are also plotted. The lat-
ter differ from the here analysed detrital pyroxenes so
that they will not be plotted in the further figures.
According to Le Bas (1962), using a SiO;-Al,O3 covari-
ation diagram with the position of boundaries between
subalkaline, alkaline and peralkaline magma types, all
the pyroxenes plot into the subalkaline field (Fig. 3).
This implies that the studied clinopyroxenes were
derived from an evolved basaltic magma such as within
plate tholeiites (WPT), ocean floor basalts (OFB) or vol-
canic arc basalts (VAB). In the simplified eigenvector-
based discrimination diagram of Nisbet and Pearce

57
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53
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49 Alkaline
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FIGURE 3| Si0, wt. % - Al,03 wt. % covariation diagram for discrimi-
nating subalkaline, alkaline and peralkaline source magma types
using clinopyroxene (after Le Bas, 1962); S: subalkaline; A: alkaline;
P: peralkaline. Dotted line: Trieste-Koper basin pyroxenes; dashed
line: Krk Island basin pyroxenes; solid line: pyroxenes of the Ljubat
volcanics after Lugovic et al. (1998).
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(1977) these samples plot in the WPT field (Fig. 4). In
Figs. 3 and 4 fields of pyroxenes from the Ljuba¢ vol-
canics are also reported (see discussion below). Accord-
ing to Leterrier et al. (1982), using a Ti-Al and a Ti-
(Ca+Na) covariation diagram the studied pyroxenes fall
in the calcalkaline basalts field (Fig. SA and B).

Nimis (1995, 1999) modeled the crystal structure of
more than 200 experimentally synthetized and igneous
clinopyroxenes from electron microprobe data. Then,
the crystal chemical response of basalt clinopyroxene to
increasing pressure was investigated under experimental
conditions pertaining to Earth’s crust and uppermost
mantle and a variety of fo, values and mineral assem-
blages. The general internal consistency of the simula-
tion data permitted the construction of an empirical geo-
barometer based on the relationship of cell volume vs.
M1-site volume. According to the geobarometric formu-
lation of Nimis (1995), the pressure of formation of the
studied clinopyroxenes ranges between O and 5 kbar.

ON THE SOURCE ROCKS OF THE DETRITAL
CLINOPYROXENES

Previous works on detrital Cr-spinels revealed that
the flysch sediments of the Istrian basin bear lherzolite
and backarc-related spinels as well as reworked spinels
(from the Julian and Brkini basins; both located to the
north of the Istria peninsula) from the suprasubduction
zone of the Vardar Ocean (peridotite spinels with
harzburgite affinity, volcanic spinels from back-arc,

FI
1.0 0.9 0.8 0.7 06 0.5
2.3
VAB
OFB 2.4
WPT
WPA OFB B8
25
F2
WP 27
238
o & las

FIGURE 4| Simplified plot of eigenvector-based discriminant func-
tions F1 versus F2 (after Nishet and Pearce, 1977). VAB: volcanic arc
basalts, OFB: ocean floor basalts, WPT: within-plate basalts; WPA:
within-plate alkali basalts. F1: -0.012 x Si0; — 0.0807 x Ti02 +
0.0026 x Al,03 — 0.0012 x Fe0 — 0.0026 x MnO + 0.0087 x Mg0 —
0.0128 x Ca0 — 0.0419 x Na,0; F,: -0.0496 x Si0, — 0.0818 x Ti0; —
0.0212 x Al;03 — 0.0041 x Fe0 - 0.1435 x Mn0 - 0.0029 x Mg0 -
0.0085 x Ca0 + 0.0160 x Na0. Dotted line: Trieste-Koper basin
pyroxenes; dashed line: Krk Island basin pyroxenes; solid line: pyrox-
enes of the Ljubat volcanics after Lugovi¢ et al. (1998).
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FIGURE 5| A) Ti (atoms per formula unit; apfu) - Al (apfu) covariation
diagram for discriminating source magma types using clinopyroxene
(after Leterrier et al., 1982). B) Ti (apfu) - Ca+Na (apfu) covariation
diagram for discriminating source magma types using clinopyroxene
(after Leterrier et al., 1982). For line patterns see Figure 4.

island arc and intraplate extrusive rocks) (Lenaz et al.,
2003; Lenaz and Princivalle, 2005).

In this paper, a terrigenous supply into the Trieste-
Koper and Krk Island flysch basins from the N-NE areas
will not be considered because in the heavy mineral
assemblages of the Julian and Brkini basins such kind of
clinopyroxenes have not been recognised. Only om-
phacite has been found in the Julian basin (Lenaz and
Princivalle, 2002). Therefore, as a possible source for the
detrital clinopyroxenes, the ultramafic rocks with their
associated amphibolites, and/or some volcanic rocks in
south-eastern regions of the Dinarides could be consi-
dered.

In the ultramafic rocks of the Dinarides diopside or
Cr-diopside have been recognised by Pami¢ and Mayer
(1977). In the associated amphibolites the clinopyroxenes
are diopside and diopside with jadeite-acmite content
(Pamic et al., 1973).

Volcanic activity has been assumed to be restricted to
a few isolated occurrences in the Internal Dinarides near
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to the Pannonian Basin (Pami¢, 1993) and in two unique
occurrences of the External Dinarides, in Ljubat and
Donje PazariSte (Lugovic et al., 1998). As a consequence
of subduction of Tethyan oceanic crust, clastic sediments
and volcanic rocks were affected by metamorphic condi-
tions of the upper pumpellyite-actinolite to lower green-
schist facies during the Eo-Hellenic orogenic phase
(160—120 Ma), as well as by a very low to low-grade
metamorphism during the late Early Cretaceous (120-100
Ma, Austrian orogenic phase). An island-arc source has
been suggested for magmatic rocks in Medvenica Mts.
(Croatia). Greenschists from the same areas revealed that
an intra-oceanic island arc of possible Jurassic age might
have been involved in these tectonics (Lugovi€ et al.,
2006). Recently, De Min et al. (2007) described the
occurrences of volcanic clasts in the Upper Cretaceous
conglomerate of Bovec (Slovenia). These clasts are
tholeiites with a strong arc-type signature showing a
chemical affinity to the tholeiites from the Internal Dinar-
ides, as well as to all the Jurassic arc magmatism of the
Dinaridic-Carpathian region. The pyroxenes of those
clasts are mainly represented by micro-phenocrysts of
augite (Wo39.42 Engj.48 Fs11-20), quite homogeneous in
composition, and rare unaltered pigeonites (Wo;3 Engsg.49
Fs37.38) (Fig. 2).

Upper Cretaceous-Paleogene within-plate tholeiites
crop out on the southern margin of the Pannonian Basin
(PoZeska Gora Mt; Fig. 1). These basalts were affected by
hydrothermal metamorphism (Belak et al., 1998). Augite
is one of the major constituents of these basalts (Belak et
al., 1998).

In the volcanic rocks of Ljubat the clinopyroxene are
Al-augite with Al-diopside rims. In these rocks pigeonites
were also recognised (Lugovic et al., 1998). According to
the geobarometric formulation of Nimis (1995), the pres-
sure of formation of these clinopyroxenes ranges between
0 and 5 kbar. In the location of Donje PazariSte, pyrox-
enes show diopsidic compositions.

Chemical analyses (Table 1) show that the studied
pyroxenes are pigeonites and weakly zoned augites. By
comparison with literature data the detrital clinopyrox-
enes found in the Istrian Basin are similar to the pyrox-
enes of the so-called post-collisional volcanic rock of
Ljubat (Lugovit et al., 1998). Moreover, the location of
Ljubat in northern Dalmatia is very close to the studied
area of the Krk Island (Fig. 1).

Under these circumstances, ultramafic rocks and asso-
ciated amphibolites can be excluded as possible sources

for the detrital pyroxenes.

The remaining possibilities are as follows:
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1. The clinopyroxenes are supplied from volcanic
rocks of the Internal Dinarides; these rocks, as seen
above, were sometimes affected by Cretaceous low-
grade metamorphism; unaltered clasts, probably
derived from these rocks, show a pyroxene chemistry
different from that observed in the studied pyroxenes.

2. The clinopyroxenes were supplied from small
occurrences of rocks similar to those cropping out in
PozeSka gora Mt. and are now completely eroded
and/or lately metamorphosed (Fig. 6).

3. The clinopyroxenes are supplied from volcanic
rocks of the External Dinarides, such as Ljubat vol-
canics. Unfortunately, Lugovi¢ et al. (1998) have not
performed a radiometric age of these volcanic rocks.
The assumed Late Tertiary age has only been deter-
mined following the consideration that neither the
Eocene flysch nor the Oligocene-Miocene molasse
of the region contain clasts of volcanic rocks (Tari-
Kovac¢i¢ and Mrinjek, 1994). Therefore, if the
Ljubac¢ volcanics are assumed as a possible source
for the detrital pyroxenes in the Istrian and Krk
Island flysch, as it is strongly indicated by their
chemistry and pressure estimation, then, the age of
the volcanics has to be definitely older than Late
Tertiary as has been previously supposed by Lugovi¢
et al. (1998).
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FIGURE 6| Eocene plate reconstruction of the
studied region (modified after Csontos and
Vorods A., 2004 and De Min et al., 2007). BGB:
Bihor-Getic block; DHK: Dinaric High Karst mar-
gin; Rho: Rhodope mountains; Mo: Moesia; WA:
Western Alps; WC: Western Carpathians.

CONCLUSIONS

1. For the first time, detrital augite and pigeonite crys-
tals are recognised in the Trieste-Koper and in Krk Island
Eocene flysch basins.

2. These pyroxenes are related to subalkaline parent
rocks (within-plate tholeiites; calcalkaline basalts) crys-
tallized at a pressure between O and 5 kbar.

3. According to their chemistry it seems possible that
their source could be the basaltic andesites of Ljubac in
northern Dalmatia. In this case, the assumed Late Tertiary
age of these volcanics have to be re-evaluated as probably
7Upper Cretaceous-Paleocene (Fig. 6).

4. An alternative hypothesis is that these pyroxenes
are related to within-plate tholeiites similar to those, actu-
ally altered, cropping out in PoZeSka gora Mt. In this
case, these pyroxenes are the only unaltered representa-
tives of this volcanism (Fig. 6).

5. The presence of similar pyroxenes detritus in Tri-
este-Koper and Krk Island flysch and their absence in
Brkini flysch suggest, as has already been stated in the
case of detrital Cr-spinels, that the basin of Krk was
linked with the Trieste-Koper basin rather than with Brki-
ni basin.
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6. Due to the scarcity of detrital pyroxenes it could be
suggested that the source rocks had a very limited areal
distribution.
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