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Abstract. U-Pb analyses of detrital zircons from sandstones of the Devonian flysch successions of the Parchar
(Lyubash-Golo Bardo Unit) and Tranovdol (Morava Unit) formations in western Bulgaria provide new constraints
on their sediment sources and paleogeographic evolution. Zircon age spectra show main clusters between the
Ordovician and Ediacaran (=450-700 Ma) and subordinate Meso- to Paleoproterozoic groups, indicating deriva-
tion from igneous protoliths with limited high-grade metamorphic input. Comparative analysis with zircon popu-
lations from the Ordovician Grohoten and Devonian Katina formations (Svoge Unit) suggests a common detrital
source during the Middle Devonian, followed by a shift in sediment supply likely related to probable recycling
of Ordovician material. The results support a provenance model involving input from a peri-Gondwanan passive
continental margin basin, with limited contribution from contemporaneous mafic volcanism (in Kraishte region)
during the flysch sedimentation.
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Introduction

The marine Paleozoic sedimentation in Western
Bulgaria ends with Devonian flysch deposition.
These deposits are represented within three Alpine
tectonic units (after tectonic scheme of Dabovski
and Zagorchev, 2009): the Svoge Unit (Western
Balkan Mts), and the Lyubash-Golo Bardo and
Morava units (Kraishte region) (Fig. 1a). The Devo-
nian flysch successions are subdivided into several
formal lithostratigraphic units (Fig. 1b): the Katina
Formation (Svoge Unit), the Parchar, Tumba, and
Propalnitsa formations (Lyubash-Golo Bardo Unit)
and the Tranovdol Formation (Morava Unit — nap-
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pes and klippen). According to Yanev (1991), the
Kraishte section (the ,.klippen* of the Morava Unit)
reflects deposition adjacent to a fore-arc zone,
whereas the section to the northeast of Sofia (Svoge
Unit) was formed in a back-arc environment condi-
tions.

Recently, Zak et al. (2023) reported new U-Pb
detrital zircon ages from several pre-Darriwilian
low-grade units in Bulgaria, as well as from the
overlying Darriwilian Grohoten and Frasnian—Fa-
mennian Katina formations of the Svoge Unit.

The present study aims to analyze U-Pb detrital
zircon ages of Devonian flysch sequences from the
Lyubash-Golo Bardo and Morava units (SW Bul-

https://bgd.bg/review-bgs


https://doi.org/10.52215/rev.bgs.2025.86.3.41

MoRAVA UNIT MORAVA UNIT
(NAPPES) (KLIPPEN)
PENKYOVTSI VONSKI KLIPPE

fault
sericite-chlorite,
albite-sericite-chlorite
and actinolite schists
¥ with metadiabases

4 calc-schists,
A marbleized limestones

ﬁ and marbles

1 schists, phyllites

and slates

thrust

limestone

lydite and siliceous shale
calcareous shale
pale-coloured shale
black shale

siltstone

BARDO UNIT

1500

bivalves
brachiopods
clymeniids
conodonts

crinoids

graptolites

Ziveo08

—==tentaculitids

9 trilobites
()

LYuBASH-GOLO

) conglomerate

sandstone and qurtzite \W} land plant

2o nodules

SVOGE UNIT

Late

I
Ordovician

]t:ar!;]Period

Devonian

| Liandovery _|Wenlock|Ludiow}Pridoli|
Silurian

4

[ INeogene-Quaternary sediments

[_]Paleogene igneous rocks

Paleogene sediments

[ Paleozoic flysch sediments

[ Paleozoic pre-flysch sediments
Balkan Zone

[ West Balkan Unit
Srednogorie Zone

[ svoge Unit

Il West Srednogorie Unit

[ yubash-Golo Bardo Unit

Il Velovete Unit
Morava-Rhodope Zone

[ Struma Unit

Il Morava Unit (klippen)

Il Morava Unit (nappes)

Paleozoic flysch sediments in Morava Unit (klippen)
Paleozoic flysch sediments in Morava Unit (nappes




<«—

Fig. 1. a, Alpine tectonic subdivision of Bulgaria by Dabovski and Zagorchev (2009) with location of the study area; b, Simpli-
fied tectonic map (after Milovanov et al., 2006b, c; Angelov et al., 2010a, b; Marinova et al., 2010b, c; Angelov et al., 2011) and
location of geochronology samples: coordinates WGS84 P — N 42°42'18.5", E 022°45'02.4"; T — N 42°37'27.3", E 022°42'31.2".
Samples BG55 and BG56 were studied by Zak et al. (2023); ¢, Lithological logs of the marine Paleozoic rocks of the studied tec-
tonic units with stratigraphic position of the samples: Penkyovtsi nappe (1) Kosovo Formation (Parvanov, 1967; Zagorchev, 2001)
or Kosovo Metasediments (Milovanov et al., 2006a), (2) Bazovitsa Formation (Parvanov, 1967; Zagorchev, 2001) or Bazovitsa
Metasediments (Milovanov et al., 2006a), (3) Tranovdol (Melna) Formation (Parvanov, 1967; Zagorchev, 2001); Palacozoic in the
klippen (Spassov, 1973; Milovanov et al., 2006a and references therein) (1) argillite formation, (2) argillite-carbonate formation,
(3) Vrabcha Formation, (4) Zdravkova Formation, (5) Staychovtsi Formation, (6) Tranovdol Formation; Lyubash-Golo Bardo
Unit (Spassov, 1973; Yanev, Spassov, 1985; Marinova et al., 2010a) (1) argillite formation, (2) argillite-carbonate formation, (3)
Gradishte Formation, (4) Parchar Formation, (5) Tumba Formation, (6) Propalnitsa Formation; Svoge Unit (Sachanski, 2015 and
references therein) (1) silty-clayey metaformation, (2) Grohoten Formation, (3) Tseretsel Formation, (4) Sirman Formation, (5)
Saltar Formation, (6) Mala Reka Formation, (7) Yabukov Dol Formation, (8) Ogradishte Formation, (9) Romcha Formation, (10)
Katina Formation. Abbreviations: Carb. — Carboniferous; Miss. — Mississippian; Field photographs to show principal features of

the sampled levels of the: d, Parchar Formation, sample P; e, Tranovdol Formation, sample T.

garia) and additionally to compare them with the
Darriwilian and Upper Devonian deposits from the
Svoge Unit in an effort to constrain potential source
areas and refining paleogeographic reconstructions.

Geological setting

The description of the tectonic units in this work
follows the last subdivision proposed by Ivanov
(2017) and takes in account Dabovski et al. (2002),
Dabovski and Zagorchev (2009).

The Svoge Unit represents a relatively wide,
north-vergent allochthonous plate. It is composed
of Lower to Middle Paleozoic marine successions
(Ordovician, Silurian, Devonian) including shales,
siltstones, quartz arenites, and cherts, that are over-
lain by transgressive Upper Carboniferous—Permi-
an alluvial and coal-bearing siliciclastic deposits.
Its Paleozoic basement records NW-vergent folds
formed in pre-Westphalian times. The Mesozoic
cover consists of Triassic, Jurassic, and Lower Cre-
taceous epicontinental shallow-water successions.
Sporadic Upper Cretaceous siliciclastic, clayey-
carbonate, and carbonate deposits interbedded with
pyroclastic and volcanic rocks are also presented.
The Mesozoic sediments have been deformed in kil-
ometer-scale north-vergent folds with E-W trending
axes.

The Lyubash-Golo Bardo Unit is a fault-bound-
ed structure. It consists of Silurian—Devonian dark
grey or black shales (locally graptolitic), marls, thin-
bedded cherts, and flysch siliciclastic deposits, un-
conformably overlain by Stephanian—Permian con-
tinental successions (breccias, conglomerates, sand-
stones, and siltstones). These Paleozoic sequences

are strongly deformed, forming SW-vergent folds.
The Mesozoic cover (Triassic-Lower Cretaceous)
is composed of shallow-water continental and ma-
rine siliciclastic-carbonate deposits. The Upper Cre-
taceous sediments (including Turonian coal-bearing
siliciclastic rocks and Coniacian—Santonian marls
and limestones) only sporadically occur.

The Morava Unit (Zagorchev, 2001) represents a
nappe system emplaced over the Struma Unit of the
Moravo-Rhodope Zone during the mid-Cretaceous.
It consists of a Precambrian gneiss-migmatite base-
ment overlain by Silurian—Devonian shales, cherts,
carbonates, and flysch deposits. Their Paleozoic age
is confirmed by micro- and macrofauna (Spassov,
1973; Boncheva et al., 2010). To the east of the
erosional front of the Penkyovtsi nappe (part of the
Morava Unit), numerous klippen (some of them
exceeding 10 km? in size) are presented above the
Tithonian—Berriasian sequence of the Struma Unit.
There, a Paleozoic stratigraphic succession is partly
preserved, in contrast to the highly deformed low-
grade metamorphic rocks of the Penkyovtsi nappe.
The pre-Mesozoic basement is unconformably
overlain by Eocene—Oligocene volcano-sedimenta-
ry deposits.

The Devonian flysch successions from all these
units are distinguished by different depositional fea-
tures (Fig. 1¢). Thus, the Katina Formation (Tencov,
1965) in the Svoge Unit is up to 700 m thick and
consists of a light grey cherts and siliceous shales
(lower member), and a turbiditic succession (up-
per member) composed of shales, sandstones, con-
glomerates, and dark shales with rare carbonate and
chert interbeds. The Late Devonian age of this unit
is confirmed by macrophytofossils and conodonts
(Boncheva, Yanev, 1993).
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A thick flysch succession (>1400 m) includes
the Parchar, Tumba, and Propalnitsa formations in
the Lyubash-Golo Bardo Unit. These deposits dis-
play some similarities with the Katina Formation
sequence. However, they are distinguished from the
Tranovdol Formation (Morava Unit) by the lack of
conglomerates.

The Parchar Formation (770 m in thickness)
consists of rhythmic alternations of sandstones, silt-
stones, and shales. Cherts also occur in the lower-
most part of the unit. Dark grey micritic limestone
layers are only rarely presented and some of them
contain Emsian—Famennian conodonts. On the
other hand, the studied miospore assemblages indi-
cate that the beginning of the turbiditic deposition
was during the Late Emsian—Early Eifelian time
(Boncheva et al., 2010). Additionaly, bivalves and
clymeniid fossils have been also studied (Spassov,
1960; Boncheva et al., 2015).

The Tumba Formation (130 m in thickness) is
composed of alternating cherts, shales, and subordi-
nate sandstones and siltstones, containing radiolar-
ian fragments and macroflora. The age of this unit
is determined as Early Famennian.

The Propalnitsa Formation (>540 m thick) con-
sists mostly of sandstones alternating with siltstones
and shales. The Late Famennian age of these de-
posits is based on macroflora data (Remy, Spassov,
1959; Yanev, Spassov, 1985).

The Tranovdol Formation (Spassov, 1973) has
variable thickness (between 300 and 400 m). It repre-
sents a turbiditic sequence, composed of conglomer-
ates (in the lower part of the unit) and rhythmic alter-
nation of shales and sandstones (in the upper part).
The stratigraphic range of the Tranovdol Formation
is most probably Givetian—-Lower Famennian. This
age of the unit is assumed only from its stratigraphic
position between the Givetian Staychovtsi Formation
and the Famennian Beraintsi Formation.

Materials and methods

Petrographic and zircon geochronology studies were
carried out on two sandstone samples (P and T; see
Fig. 1b, c¢). Sandstones were examined under stand-
ard petrographic microscope. They were collected
from the base of the Parchar Formation (Lyubash-
Golo Bardo Unit) near the Stanyovtsi village (sam-
ple P, coordinates N 42°42'18.5", E 22°45'02.4") and
from the base of the Tranovdol Formation (Morava
Unit) near the Mureno village (sample T, coordinates
N 42°3727.3", E 22°42'31.2") (Fig. 1d, e).
Sandstone samples collected for detrital zircon
U-Pb geochronology were taken from fresh rocks
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with weight of about 6 kg each. Zircon grains were
separated by standard gravimetric and isodynamic
magnetic techniques. After that, the separated zir-
cons were embedded in epoxy resin and polished to
expose sections through their centers. Cathodolumi-
niscence (CL) images were collected prior to zircon
analyses to identify inherited cores, cracks and in-
clusions. U-Pb isotope analyses of particular zircon
zones were carried out using a New Wave Research
(NWR) Excimer 193 nm laser-ablation system at-
tached to a Perkin-Elmer ELAN DRC-e inductively
coupled plasma mass spectrometer (LA-ICP-MS)
at the Geological Institute, Bulgarian Academy of
Sciences. The spatial resolution was 35 pm and the
frequency — 7 Hz. Measurement procedure involved
calibration against an external zircon standard GJ-1
(~60443 Ma; Jackson et al., 2004) at the begin-
ning, middle part and at the end of the analytical
block and crosscheck with secondary zircon stand-
ard — Plesovice (~337.13+£0.37 Ma; Slama et al.,
2008). This technique allows a suitable correction
for instrumental drift along with the minimization
of elemental fractionation effects. Raw data were
processed using lolite software (Paton et al., 2011).
Optimal signal intervals for the background and ab-
lation data were selected for each sample and auto-
matically matched with the standard zircon analy-
ses. U-Pb Concordia ages and Probability density
plots were calculated and plotted using ISOPLOT
(Ludwig, 2012).

Results

Petrographic study (Fig. 2a—h) along with U-Pb de-
trital zircon dating analyses (Fig. 3a, b), using the
LA-ICP-MS technique, were performed:

Sample P (Parchar Formation,
Lyubash-Golo Bardo Unit)

The sample is composed of poorly sorted angular
to subrounded quartz and feldspar grains as well as
lithic fragments and muscovite flakes (Fig. 2d-f).
Most clastic grains are characterized by point-grain
and elongated contacts, but some grains float within
the rock matrix. Quartz grains are mostly monocrys-
talline with uniform or rarely undulose extinction,
but polycrystalline grains are also observed. Feld-
spar grains are represented by plagioclase (Fig. 2d)
and K-feldspar and are often replaced by clay min-
erals. The lithic fragments include both igneous and
metamorphic (gneisses and slates, Fig. 2f) rocks.
The sandstone matrix consists of clay minerals and
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Fig. 2. Microphotographs of sandstone samples: a, Quartz grain with abraded quartz overgrowths (yellow arrow), Tranovdol
Formation, sample T; b, Lithic fragment originated of igneous rocks (yellow arrow), Tranovdol Formation, sample T; ¢, Feldspar
grain partly replaced by clay minerals (yellow arrow). Elongate, concave-convex and microstylolithic grain contacts are locally
presented, Tranovdol Formation, sample T; d, Plagioclase detrital grain (yellow arrow), Parchar Formation, sample P; e, Well-
preserved mica flake exceeding 1 mm of size, Parchar Formation, sample P; f, Lithic fragment of mica slate (yellow arrow), Par-
char Formation, sample P. Probabaility density and Concordia plots of: g, Parchar Formation; 4, Tranovdol Formation. Note: All
photomicrographs in cross-polarized light; Scale bar: (a—d) = 100 pm; (e and f) =200 pm.

sericite. Mica flakes (Fig. 2e) are relatively com-
mon and some of them exceed size of 1 mm.

One hundred five spot analyses predominantly
on rims (occasionally on cores) of the zircon crys-
tals were performed. Eighty-one of the analyses were
concordant and used for the plots and interpretations.
The zircons are represented by whole crystals or
fragments often with oval shapes due to sedimen-
tary transport, typically 100-250 um in size. They
are clear, medium to short prismatic. Some of them
show well-expressed, while others have unclear os-
cillatory zonation with resorption and presence of
inherited cores. The ages form several clusters be-
tween (Fig. 2g): Ordovician to Ediacarian 446 to
700 Ma, Mesoproterozoic 1336-1402 Ma (2 grains)
and Paleoproterozoic (ca. 1750-2170 Ma and 2270—
2836 Ma). Most of the analyses exhibit Th/U ratio
between 0.13 to 2.11 corresponding to igneous proto-
lith source and only a few are 0.06 to 0.09 suggesting
limited high-grade metamorphic influence.

Sample T (Tranovdol Formation,
Morava Unit)

The sandstone sample consists of moderately to
poorly sorted angular to subrounded clastic grains

including quartz, feldspars and lithic fragments
(Fig. 2a—c). Elongate, concave-convex and mi-
crostylolithic grain contacts are locally presented
(Fig. 2¢). Quartz grains (monocrystalline or rarely
polycrystalline) are abundant. Some of them are
cracked. Others display wavy extinction. Single
well-rounded quartz grains represent reworked sed-
imentary quartz and are characterized by abraded
quartz overgrowths (Fig. 2a). The feldspar detrital
grains (K-feldspars, Fig. 2c and plagioclase) are of-
ten partly or completely replaced by clay minerals.
Lithic fragments originated mainly from igneous
rocks (Fig. 2b). Chert grains are also sporadically
noted. The rock matrix is represented by clay min-
erals and sericite. Locally, the intergranular poros-
ity is filled by dark brown or black opaque minerals.
The latter also replace some of the clastic grains.
Ninety-six spot analyses predominantly from
the rims of the zircon crystals were performed.
Seventy-nine of the analyses were concordant and
used for the plots and interpretations. The zircons
are represented by fragments and whole crystals,
often with oval shapes due to sedimentary trans-
port, typically 50-250 pm in size. They are clear,
long to short prismatic. Most of them show unclear
oscillatory zoning but well-expressed can also be
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observed. Some of them show signs of recrystal-
lization and new overgrowth. The ages form sev-
eral clusters (Fig. 2h). The most pronounced one
is Ordovician to Ediacaran between 462—-664, but
also individual grains between 763—-1584 Ma and
peaks between 1729-2175 and 2253-2661 Ma were
observed. Most of the analyses exhibit Th/U ratio
between 0.12 to 2.15 corresponding to igneous pro-
tolith source.

Discussion and conclusions

The studied sandstones from the Devonian fly-
sch successions of the Lyubash-Golo Bardo and
Morava units (samples P and T) are characterized
by poor to moderate sorting and angular to sub-
rounded grains, suggesting limited transport and
short distance from the source area. Sandstone of
sample T (Tranovdol Formation) contains common
monocrystalline quartz, together with polycrystal-
line grains and lithic fragments originated mainly
from igneous rocks that testify to most possible plu-
tonic source area. Well-rounded quartz grains with
abraded quartz overgrowths are only sporadically
observed and suggest restricted supply of mature
sandstone provenance.
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In contrast, the sample P (Parchar Formation)
contains common monocrystalline and polycrys-
talline quartz grains, mica flakes, and igneous and
metamorphic lithic fragments reflecting possible
sediment supply from both igneous and metamor-
phic sources.

The heavy mineral assemblages are character-
ized mostly by detrital zircon. The geochronologi-
cal analyses of both samples show similarities with
major age cluster peak between Ordovician and
Ediacarian, but also several Meso- to Paleoprotero-
zoic clusters are distinguished. The youngest dated
zircons of both samples (451 Ma and 462 Ma) pre-
cede by approximately 60 Ma and 80 Ma, respec-
tively, the age of the sediments determined by fos-
sil fauna and stratigraphic position (Becker et al.,
2020). This indicates that no active intermediate to
acid magmatism likely contributed to the detrital
component during sedimentation. The Th/U ratio in
the zircons shows that the detritus is mainly from
rocks with magmatic protoliths or recycled igneous
supplied sediments and the high-metamorphic com-
ponent is low.

An attempt for statistical comparison (Fig. 3a,
b) between the studied samples (P and T) and the
sandstones of Grohoten (Darriwilian) and Katina
(Frasnian—Famennian) formations of the Svoge

1=98)
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Dim 2

r /6)
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Fig. 3. Detrital source analyses of Ordovician and Devonian successions in the Lyubash-Golo Bardo and Morava units and Svoge
Unit using statistical methods: a, Kernel density pltots; b, Multi-dimensional scaling (MDS); Samples BGS5 and BG56 from Zak
et al. (2023); Samples A7 and J4 from Georgiev et al. (2022); sample BG43 from Zak et al. (2022).
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Unit is made using Kernel density plots and multi-
dimensional scaling (MDS). Both samples from De-
vonian flysch of Lyubash-Golo bardo and Morava
units show similar detrital source with the middle
levels of the Devonian Katina Formation. On the
other hand, they are distinguished from the upper
levels of Katina Formation and the detrital zircon
of the Ordovician Grohoten and Sirman formations.
These show that till a certain time in, some parts
of the Devonian basin the supplying material has
common source, while in other parts of the basin
at the upper levels the source was changed and
can be related to probable recycling of Ordovi-
cian sediments. According to Zak et al. (2023) the
post-Darriwillian units with multimodal zircon age
distributions (Katina Formation in the Svoge Unit)
suggest a rearrangement of the sediment-supplying
drainage system to allow a sustained delivery of the
cratonic detritus into the basins. The authors report
multimodal zircon age spectra together with the
clastic shelf lithofacies (Middle Ordovician quartz-
ites, Hirnantian diamictites, and Lower Silurian
black shales). That indicates deposition on the peri-
Gondwanan passive margin, which was presumably
supplied by an extensive fluvial system such as that
referred to as the ‘Gondwana super-fan’ and then
into a Devonian foreland basin marking the onset of
the Variscan orogeny. The large gap of the youngest
dated detritus zircons and the stratigraphic age of
the Devonian sediments can lead to the speculation
for stronger cratonic input of passive margin (e.g. of
the contemporaneous back-arc basin of the Devo-
nian Carpathian Balkan ophiolite; see Plissart et al.,
2017; Kiselinov et al., 2017 and ref. therein) than
active volcanic arc margin basin with related con-
temporaneous acid to intermediate igneous activity.
Nevertheless, in some parts of the Devonian suc-
cession in Kraishte region, basalt lavas are reported
(Zagorchev, Boncheva, 1988), which provides an
evidence for mafic igneous activity during the sedi-
mentation. The lack of contemporaneous zircons in
the detrital population can be also attributed to the
mafic composition, where the zircon crystallization
is not abundant or absent.
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