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Abstract

Palaeozoic (Silurian and Devonian) bedded cherts from the Balkan Terrane in western Bulgaria occur in three tectonic
units: Svoge, Lyubash-Golo Bardo, and Morava. The Silurian and Devonian ages of the chert-bearing lithostratigraphic suc-
cessions have been determined by conodonts and graptolite macrofauna. The silica source and depositional settings of the
cherts have been interpreted based on the received mineralogical, petrographic, and geochemical (major, trace, and rare earth
elements) data. The presence of radiolarian tests, the Si/Si+Al+Fe+Ca ratios, and Al-Fe—Mn diagram plotting at the non-
hydrothermal field, testify that the source of silica in the studied rocks is mostly biogenic or both biogenic and terrigenous in
origin. Differential thermal analysis results suggest that the Silurian and Devonian siliceous rocks were presumably formed
in predominating anoxic oceanic conditions and only sporadically in oxic waters. The MnO/TiO, ratio and received Al,O;,
Fe, 03, TiO,, La,, and Ce, contents indicate that the studied cherts have been deposited in continental margin environments.
Most probably, they have been formed in slope and outer-shelf settings on the passive margin of northern peri-Gondwana.
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Introduction

Silurian and Devonian bedded cherts are cropping out in
the Srednogorie (Svoge and Lyubash-Golo Bardo units)
and the Morava-Rhodope (Morava Unit) zones (Dabovski
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and Zagorchev 2009) of the Balkan Terrane (Yanev 1997a,
2000) in western Bulgaria (Fig. 1a, b). In these units, the
siliceous deposits commonly occur in close association
with shales, sandstones, siltstones and rare carbonates.
Litho- and biostratigraphy of the Palaeozoic chert-bearing
successions have been studied and described by numerous
authors (TencCov 1965; Parvanov 1967; Spassov 1960a, b,
1973; Yanev 1985; Yanev and Spassov 1985; Sacanski 1993;
Boncheva and Yanev 1993; Sachanski and Tenchov 1993;
Zagorchev 2001; Sachanski and Boncheva 2002; Lakova and
Sachanski 2004; Milovanov et al. 2006a, b, c; Angelov et al.
2010a, b; Boncheva et al. 2010; Boncheva and Sachanski
2016; Sachanski 2017). Most of these Palaeozoic siliceous
sediments are regarded as biochemical marine deposits
(Yanev 1985, 19914, b). A hydrothermal origin has also been
suggested for some of the cherts from Svoge and Lyubash-
Golo Bardo units (cf. Yanev 1991a). Macro- and micro-
petrographic features of the Palaeozoic cherts from western
Bulgaria have been previously described by Spassov (1960a,
b) and Yanev (1985). The only published geochemical data
(major element geochemistry) of Silurian and Devonian
siliceous rocks are also presented in these works (Spassov
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«Fig. 1 a Alpine tectonic subdivision of Bulgaria by Dabovski and
Zagorchev (2009) with location of the study area: / Moesian Plat-
form; South Carpathian orogenic system: 2 Kraynenska Zone; 3 Kula
Zone; Balkan orogenic system: 4 Balkan Zone; 5 Srednogorie Zone;
6 Moravo-Rhodope Zone; 7 Intra-orogenic basins (post-tectonic): a
Neogene—Quaternary; b Paleogene; b Simplified tectonic map with
location of the studied samples (after Angelov et al. 2010a, b, 2011;
Marinova et al. 2010a,b; Milovanov et al. 2006b,c): coordinates
WGS84 Svl — N 42°53'10.8", E 023°26'17.0"; Sv2 — N 42°53'54.5",
E 023°14'38.1"; Sv3 — N 42°53'46.7", E 023°14'30.9"; Krl — N
42°3728.9", E 022°42'34.5"; Kr2 — N 42°42'18.5", E 022°45'02.4";
Kr3 — N 42°42'18.4", E 022°45'02.8"; Kr4 — N 42°44'43.8", E
022°33'35.5"

1960a, b; Yanev 1985). However, the interpretations of the
obtained geochemical results are very scarce.

The aims of this study are to investigate the source of
silica and the depositional environment (continental mar-
gin, pelagic, or ridge-proximal) of the Siliurian-Devonian
cherts, based on the received mineralogical, petrographic,
DTA, and geochemical (major, trace, and rare earth ele-
ments) data. Additionally, some new conodont and graptolite
data are also recorded from the chert-bearing successions in
Lyubash-Golo Bardo and Svoge units.

Geological background

The Palaeozoic rock successions from western Bulgaria
are referred by Yanev (1997a, 2000) to the Balkan Terrane.
The latter consists of Palaeozoic volcano-sedimentary and
marine deposits as well as continental sediments (Yanev
et al. 2005). The studied chert-bearing sequences are crop-
ping out in the Srednogorie Zone and the Moravo-Rodope
Zone of the Alpine Orogenic Belt (after the tectonic scheme
of Dabovski and Zagorchev 2009) in three tectonic units:
Svoge, Lyubash-Golo Bardo and Morava units (Fig. 1a,
b). The lower Palaeozoic deposits of these units have been
affected by tectonic events during the Variscan (Hercynian)
and Alpine orogenies.

The description of the tectonic units in this work follows
Ivanov (2017), Dabovski et al. (2002), and Dabovski and
Zagorchev (2009).

Svoge Unit

The Svoge Unit is a relatively wide, north-vergent alloch-
thonous plate. It is composed of lower Palaeozoic (Ordo-
vician, Silurian, and Devonian) marine sediments (shales,
siltstones, quartzites, and cherts) covered by transgressive
alluvial and coal-bearing upper Carboniferous and Permian
siliciclastic deposits. The Palaeozoic basement of the Svoge
Unit displays several NW-vergent fold structures that have
been formed in pre-Westphalian times.

The Mesozoic cover of this unit consists of Triassic,
Jurassic, and Lower Cretaceous epicontinental shallow-water
sediments. Rare Upper Cretaceous siliciclastic, clayey-car-
bonate, and carbonate sedimentary successions interbedded
with volcano-sedimentary and volcanic rocks occur as well.
The Mesozoic sedimentary cover is characterised by numer-
ous kilometer-scale north-vergent fold structures with east-
west axis direction.

Lyubash-Golo Bardo Unit

The Lyubash-Golo Bardo Unit is a fault-bounded structure
also belonging to the Srednogorie Zone. This unit consists
of Silurian and Devonian dark grey or black shales (locally
containing graptolite macrofauna), marls, thin-bedded
cherts, and flysch deposits. The Upper Devonian flysch suc-
cession is unconformably overlain by Stephanian-Permian
continental sediments (breccias, conglomerates, sandstones,
and siltstones). The Silurian—Devonian, and Stephanian-
Permian deposits have been strongly deformed forming a
number of SW-vergent fold structures.

The Mesozoic cover (Triassic, Jurassic, and Lower
Cretaceous sequences) is composed of shallow-water con-
tinental and marine siliciclastic and carbonate deposits.
The Upper Cretaceous rocks are rarely exposed and include
Turonian coal-bearing siliciclastic sediments and Conian-
cian-Santonian marls and limestones.

Morava Unit

The Morava Unit represents a system of nappes. The latter
were trusted over the Struma Unit of the Moravo-Rodope
Zone during the mid-Cretaceous time. This unit is composed
of a Precambrian basement of metamorphites (gneisses and
migmatites) which is overlain by Silurian—-Devonian suc-
cessions (shales, cherts, carbonates, and flysch siliciclas-
tic deposits). The pre-Mesozoic basement is covered by
Eocene-Oligocene volcano-sedimentary sequences.

Silurian—Devonian depositional setting
and palaeogeography of the Balkan Terrane

The previous sedimentological and palaeogeographic inter-
pretations concerning the Silurian and Devonian sequences
from the Balkan Terrane in western Bulgaria suggest that
they have been formed on a passive shelf margin of north-
ern peri-Gondwana (cf. Yanev 1985, 1993, 1996, 1997a,
b, 2000; Lakova and Sachanski 2004; Yanev et al. 2005;
Boncheva et al. 2007; Boncheva et al. 2010, Fig. 2), where
the chert deposits were part of flysch and open-shelf facies
associations. According to these authors, the Silurian chert
succession of Svoge Unit is regarded as deposited in a deep
marine setting during the upper Hirnantian post-glacial
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«Fig. 2 Silurian—Devonian palaecogeographic reconstruction by Scotese
(2014a, b) with the location of the Balkan Terrane and chrono-
stratigraphic positions of the studied cherts

sea-level rise. A continuous sedimentation took place
from the Silurian to the Devonian (Boncheva et al. 2007,
Boncheva et al. 2010). During the Lochkovian and Pragian,
sedimentation took place in an open-shelf environment.
The Emsian age is characterised by the differentiation of
the depositional settings. Open-shelf settings predominated
in Svoge Unit whereas turbiditic sedimentation started in
Lyubash-Golo Bardo Unit and continued until the end of the
Devonian. In Svoge Unit turbiditic successions have been
deposited during Givetian age. A thick flysch sequence was
formed during the Late Devonian. In the Mora Unit, Early
Devonian sedimentation is characterised by the deposition of
nodular limestones formed in a shelf settings (cf. Boncheva
et al. 2010). There, flysch sedimentation occurred during the
Givetian and continued to the Late Devonian. A carbonate
flysch sequence has been deposited during Famennian and
Tournaisian.

Material and methods
Samples

In the present work, we have studied Palaeozoic cherts from
Svoge Unit (Saltar Formation — Sv1 and Katina Formation
— Sv2 and Sv3), Lyubash-Golo Bardo Unit (Parchar For-
mation — Kr2 and Tumba Formation — Kr3) and Morava
Unit (Kosovo Formation — Kr4 and Zdravkovtsi Formation
— Krl). The sampling locations are shown in Fig. 1b and
Fig. 3. Conodont samples have been prepared by standard
preparation methods, described in details by Ta et al. (2022).
Sample material is stored in the Geological Institute of the
Bulgarian Academy of Sciences under repository numbers:
SR.1.2023.1.1-SR.1.2023.1.7.

Analytical methods
X-ray diffraction analysis (XRD)

The mineral composition of the cherts was determined by
X-ray diffraction analysis (XRD). It was carried out on an
X-ray diffractometer BRUKER D2 Phaser in the University
of Mining and Geology “St. Ivan Rilski”, Sofia.

Differential thermal analysis (DTA)
Differential thermal analysis (DTA) and Thermogravimetric

analysis (TGA) of the cherts have been carried out in the
Geological Institute of the Bulgarian Academy of Sciences

on 500 mg samples heated in air at a programmed rate of 10
°C/min up to 1000 °C, TG sensitivity 200 mg.

Geochemical analysis

Whole-rock major element analyses of the cherts by X-ray
fluorescence (XRF) were performed on EDXREF, Epsilon
3XLE, Omnian 3SW instrument at the University of Sofia
“St Kliment Ohridski”. XRF analyses were conducted on
fused disks of powdered material from the chert samples.
The fused pellets were prepared by mixing approximately
1g of sample with 3g of lithium metaborate (LiBO,) and 6g
of lithium tetraborate (Li,B,0,) flux. Analytical errors for
major oxides are within the range of 1 %.

Trace elements and rare earth elements (REE) were per-
formed on broken and polished fragments of the same fused
pellets, using the laser ablation system New Wave UP193FX
coupled with an ICP-MS PerkinElmer ELAN DRC at the
Geological Institute of Bulgarian Academy of Sciences,
Sofia. Every analytical block consisted of measuring two
external standards (NIST-610) at the beginning and end, and
unknown analyses in-between. Every sample was measured
with three spot analyses and the average was taken as the
result. The diameter of the crater was 100 pm, with a fre-
quency of 10 Hz. The measured specters were recalculated
to element concentrations using the software of Guillong
et al. (2008) with SiO, as an internal standard from the XRF
major element analyses.

Stratigraphy of the Silurian and Devonian siliceous
successions from western Bulgaria

In the present work, we have studied siliceous successions
from several lithostratigraphic units: Saltar and Katina
formations (Svoge Unit), Parchar, and Tumba formations
(Lyubash-Golo Bardo Unit), and Kosovo and Zdravkovtsi
formations (Morava Unit) (Fig. 1b, Fig. 3 and Fig. 4a—g).

Saltar Formation (Svoge Unit)

The sediments of the Saltar Formation (Sachanski and
Tenchov 1993) are cropping out in a section near the village
of Batouliya, Sofia Region (Fig. 1b). It consists of a 30
m-thick sequence of dark grey to black shales containing
common graptolite macrofauna and black thin-bedded
cherts (Fig. 3 and Fig. 4f). The siliceous rocks predominate
in the lower parts of the unit. Rich and diverse graptolite
fauna clearly determined a late Hirnantian—early Telychian
age (Metabolograptus persculptus—Torquigraptus tullbergi
graptolite zones) of the Saltar Formation (Sacanski 1993;
Sachanski and Tenchov 1993).
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«Fig. 3 Lithological logs of the marine Paleozoic rocks of the studied
tectonic units with stratigraphic position of the chert samples: Mile-
vets nappe / basal psammites, 2 Cheshlyantsi metamorphic complex
(Parvanov 1967; Zagorchev 1993, 2001) or Cheshlyantsi Metasedi-
ments (Milovanov et al. 2006a); Penkyovtsi nappe / Kosovo Forma-
tion (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); Palaeozoic in the klippen (Spassov 1973; Milovanov et al.
2006a and references therein) [ argillite formation, 2 argillite-car-
bonate formation, 3 Vrabcha Formation, 4 Zdravkovtsi Formation, 5
Staychovtsi Formation, 6 Tranovdol Formation, 7 Beraintsi Forma-
tion; Lyubash-Golo Bardo Unit (Spassov 1973; Yanev and Spassov
1985; Sachanski 2015) 7 argillite formation, 2 argillite-carbonate for-
mation, 3 Gradishte Formation, 4 Parchar Formation, 5 Tumba For-
mation, 6 Propalnitsa Formation; Svoge Unit (Sachanski 2015 and
references therein) / silty-clayey metaformation, 2 Grohoten Forma-
tion, 3 Tseretsel Formation, 4 Sirman Formation, 5 Saltar Formation,
6 Mala Reka Formation, 7 Yabukov Dol Formation, 8§ Ogradishte
Formation, 9 Romcha Formation, /0 Katina Formation. Abbrevia-
tions: Llandov. Llandovery; Wen. Wenlock; Lud. Ludlow; Pr. Pridoli;
Carb. Carboniferous; Miss. Mississippian; E. Early

We have studied the lowermost parts of the Akidograp-
tus ascensus graptolite Zone (Fig. 5). The first occurrence
(FO) of Ak. ascensus Davies has been recorded 1 m above
the boundary between the Sirman and Saltar formations,
together with the FOs of Neodiplograptus lanceolatus Storch
and Serpagli, (1993) and Normalograptus trifilis (Manck).
The latter species are characteristic of the uppermost part of
the ascensus Zone and the lower part of acuminatus Zone.
Metabolograptus persculptus (Elles and Wood) and has been
recorded 50 cm below them, and the FO of Parakidograptus
acuminatus (Nicholson) was found 20 cm higher (Sacanski
1993; Lakova and Sachanski 2004). A new sampling of
the section has documented that the first occurrence of Ak.
ascensus Davies is 20 cm lower than previously known, i.e.
at 80 cm above the boundary between the Sirman and Saltar
formations.

Katina Formation (Svoge Unit)

The Katina Formation (Tencov 1965) is represented by fly-
sch deposits which have a total thickness of 700 m. Light
grey bedded cherts, siltstones, sandstones, and shales built
up the lower part of the unit. The upper part of the Katina
Formation consists of shales, sandstones, bedded cherts,
conglomerates, and rare carbonates. Two intervals of sili-
ceous rocks have been studied from the Katina Formation
from section Tzarichina (Fig. 1b). The first interval (Fig. 3
and Fig. 4d) is from the base of the unit and has a thickness
of 40 m. The second chert sequence (30 m in thickness)
crops out 150 m higher in the section (Fig. 4a). The age of
the unit is Late Devonian (Boncheva and Yanev 1993; Yanev
et al. 2005; Angelov et al. 2010a). Conodont fauna extracted

from two limestone layers indicate the upper linguiformis
Zone (uppermost Frasnian) and the lower triangualris Zone
(lowermost Famennian).

Parchar Formation (Lyubash-Golo Bardo Unit)

The Parchar Formation (Yanev 1985; Yanev and Spassov
1985) represents a flysch succession (>700 m thick) com-
posed of an alternation of siliciclastic deposits (siltstones,
sandstones and shales). A bedded chert sequence (5 m in
thickness) occurs at the base of the unit (Fig. 3 and Fig. 4e)
and overlies black shales containing Lochkovian grapto-
lites (Yanev and Spassov 1985; Sachanski 2017). Sporadic
limestone layers are also presented in the lower part of the
unit. They contain conodonts with Emsian—early Eifelian to
early Famennian age (Yanev and Spassov 1985; Sachanski
and Boncheva 2002; Boncheva et al. 2010). The established
conodont fauna (upper linguiformis Zone and triangularis
Zone) indicate the late Frasnian and early Famennian age
(Frasnian/Famennian boundary) (Sachanski and Boncheva
2002).

In this study, two sections of the Parchar Formation were
sampled for conodonts: Berende and Stanyovtsi (Fig. 1b).
The section near the village of Berende contains a conodont
fauna dominated by the genus Ancyrodella. The presence of
Ancyrodella joides and Ancyrodella africana indicates the
end of the Frasnian stage according Liao and Valenzuela-
Rios (2012). The extracted conodont fauna from the lower
part of the Parchar Formation in section Stanyovtsi belongs
to expansus Zone, while in the upper part of the unit the low-
ermost Famennian stage — triangularis Zone was recorded
(Fig. 6).

Tumba Formation (Lyubash-Golo Bardo Unit)

The Tumba Formation (Yanev and Spassov 1985) consists
of bedded cherts alternating with shales, siltstones, and
sandstones. The thickness of this unit varies from 170 m
to 250 m. The age of the sediments of the Tumba Forma-
tion is most probably Famennian (Yanev and Spassov 1985),
post-Annulata Event (Boncheva et al. 2015). In this work,
the chert sediments from the section near Stanyovtsi village
were sampled (Fig. 1b, Fig. 3, and Fig. 4c).

Penkyovtsi nappe (Morava Unit)

The siliceous deposits of the Penkyovtsi nappe from the
allochthonous Morava Unit are assigned to Vrabcha For-
mation (Spassov 1973) by Marinova et al. (2010a, b). This
sequence is 185 m thick and consists of an alternation of
shales, black bedded cherts, and light grey argillaceous
limestones. Based on conodonts and tentaculites the age of
this unit is determined as Ludlow to Early Devonian and
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«Fig. 4 Field photos of the studied intervals with bedded cherts: a
Katina Formation, sample Sv3; b Kosovo Formation, sample Kr4; ¢
Tumba Formation, sample Kr3; d Katina Formation, sample Sv2; e
Parchar Formation, sample Kr2; f Saltar Formation, sample Svl; g
Zdravkovtsi Formation, sample Kr1

early Eifelian (Spassov 1973; Boncheva 1991; Sachanski
et al. 2005; Boncheva et al. 2007, 2010). The late Silu-
rian (Ludlow and Pridoli) have been proven by graptolites
(parultimus-ultimus Zone) and conodonts (siluricus Zone)
(Boncheva et al. 2007). The Silurian/Devonian boundary has
also been identified by conodont fauna (the last occurrence
of Ozarkodina remscheidensis eosteinhornensis and the first
occurrence of Icriodus woschmidti (Boncheva et al. 2007,
2010) (Fig. 6). Other recognied Early Devonian and earliest
Eifelian conodont zones include postwoschmidti, deltape-
savis, sulcatus, dehiscens, gronbergi-perbonus, laticostatus,
serotinus, costatus patulus and costatus partitus zones by
Klapper and Johnson (1975; cf. Boncheva et al. 2007; 2010).

According to other authors, the strongly deformed sedi-
ments of the Penkyovtsi nappe are referred to the Kosovo
Formation (Parvanov 1967; Zagorchev 2001) or Kosovo
metasediments by Milovanov et al. (2006a, b, c). Their
lithostratigraphic subdivisions are applied in this work.
These metasediments contain carbonate layers of Early
Devonian, Late Devonian, and Carboniferous ages (Spassov
1973). The siliceous deposits in section Elovitsa are studied
herein (Fig 1b, Fig. 3, and Fig. 4b). The conodont associa-
tions indicating the upper Famennian expansa Zone, the last
Famennian praesulcata Zone, and the first Carboniferous
sulcata Zone, according the standard conodont zonation by
Ziegler and Sandberg (1990). The sulcata Zone corresponds
in part to the Protognathodus kockeli Zone (Corradini et al.
2017; Spalletta et al. 2017).

The dating of Devonian sediments in the studied sections
is based on the dominant presence of three characteristic
conodont genera Polygnathus, Palmatolepis, and Sipho-
nodella. Three taxa have been identified within the early
range of the genus Siphonodella: Siphonodella praesulcata,
Siphonodella duplicata, and Siphonodella sulcata. These
species are used in the conodont zonal divisions as the main
markers in the definition of the Early Carboniferous.

Zdravkovtsi Formation (Morava Unit — klippen)

The Zdravkovtsi Formation (Spassov 1973) has a thickness
up to 100 m and is composed of dark grey to black shales
interbedded with thick packages of folded cherts. The Eifelian
age of this unit is based on its lithostratigraphic position, rather
than base on well-defined biostratigraphy. The chert deposits
from the Vonski klippe near Mureno village are studied in this
work (Fig. 1b, Fig. 3, and Fig. 4g).

Mineralogy and petrography of cherts
X-ray diffraction analyses

X-ray diffraction analyses of whole rocks show that the
cherts of the studied sections are mainly comprised of quartz
and muscovite (sericite) (Fig. 7), which confirms micro-
scopic observations. Feldspars (plagioclases and one case
of potassium feldspar) are represented in samples Sv1, Sv3,
Krl, and Kr3. Clinochlore appears in samples Kr2 and Sv2,
and hematite only in sample Krl. A minimum amount of
kaolinite occurs in the samples Kr2 and Kr3.

Petrography

Based on the type and abundance of siliceous organic con-
stituents the investigated cherts are referred to bedded radio-
larian cherts (cf. Boggs 1995). Two main petrographic varie-
ties can be distinguished based on microscopic observation:
non-laminated radiolarian cherts and laminated radiolarian
cherts.

Non-laminated radiolarian cherts

These cherts are represented in all studied units: Svoge
(samples Sv1 and Sv3), Lyubash-Golo Bardo (samples
Kr2), and Morava (samples Krl and Kr4), (Fig. 1b). They
are composed of microcrystalline quartz groundmass with
dark brown or black colour and various amounts of radio-
larian tests (Fig. 8a—e). The latter consist of chalcedony, or
rarely of polycrystalline quartz. A part of them are strongly
deformed (Fig. 8e) or replaced by black opaque minerals.
In some samples, the rock matrix is characterised by higher
organic content. Silt- to sand-sized clastic quartz and feld-
spar grains are also locally observed.

Laminated radiolarian cherts

The laminated cherts occur only in two samples from Svoge
(sample Sv2) and Lyubash-Golo Bardo (samples Kr3) units
(Fig. 8b). Under the microscope, these cherts display clear
millimeter-scale lamination (Fig. 8f-h), consisting of an
alternation of fine-grained (dark brown) and more coarse-
grainy (light grey) laminas. The fine-grain laminas are com-
posed predominantly of microcrystalline quartz and sericite.
Silt-sized clastic quartz and feldspar grains as well as mus-
covite (sericite) are observed within coarse-grained laminas.
Radiolarians are variably presented and some of them are
characterised by deformed chalcedonic tests. Sometimes
some laminas consist almost completely of concentrated
chalcedonic radiolarian tests. Black or dark brown opaque
minerals are also locally noted.
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Fig.5 Lithostratigraphic column of the Ordovician/Silurian boundary sedimentary succession in Saltarski Dol section with position of the sam-

ple Sv1 and first occurrence of some important graptolite species

Differential thermal analysis (DTA) data

Cherts have been submitted to Differential Thermal analysis
(DTA) to assess the presence and ignition temperature of the
organic matter. Following exothermic peaks are registered
on the DTA curves (Fig. 9) — at temperatures 280 °C-390
°C (Kr2 and Kr3) and the interval 490 °C-560 °C (Kr4, Svl1,
and Sv3). These peaks represent the ignition temperature of
the organic matter (OM).

The endothermic peaks at 110 °C and the interval of 480
°C to 560 °C could be referred to the weight loss respec-
tively of unbounded water (dehydration) and bounded or
constituent water (dehydroxilation) of clay minerals and
chlorites (Phillips 1963; Jozanikohan et al. 2015).

Comparing the loss on ignition after chemical analysis
with weight loss on the TG curve after Thermal analysis
shows similar quantities. The weight loss is referred to

@ Springer

the exclusion of H,O, loss of hydroxyl group (OH) from
clay minerals, and the oxidation of the organic matter. The
higher ignition temperatures of the organic matter reflect the
higher degree of it’s diagenetic alteration. Thus, the amount
of organic matter in the cherts from the Svoge Unit is higher
than in the other units, and is more diagenetically altered.

Geochemical data

Geochemical characteristics of cherts are typically used for
interpretation of their origin, material provenance, and depo-
sitional setting (Murry et al. 1991; Murry 1994; Halamic
et al. 2005; Yan et al. 2009; Hara et al. 2010; Thassana-
pak et al. 2017; Lu et al. 2019; Men et al. 2020; Xu et al.
2021). In this work, we analysed major, trace, and rare earth
elements.
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Major elements

The results of geochemical analyses of the Silurian and
Devonian cherts from western Bulgaria are listed in Table 1.
The SiO, content varies from 76.06% to 96.02%. It is lower
in laminated cherts in samples Sv2 and Kr3 (76.06% and
78.04%) and higher in the non-laminated radiolarian cherts
in samples Sv1, Sv3, Krl, Kr2, and Kr4, which range from
89.86% to 96.09% (average 92.13%). SiO, content shows a
negative correlation with the other major elements. Al,0O;
content ranges from 1.95% to 10.92%, with an average of
5.23%, and demonstrates a positive correlation with TiO,
and K,O. It should be noted, that the laminated radiolarian
cherts have higher Al,05 (8.72% and 10.92%), TiO, (0.41%
and 0.49%) and K,O (1.15% and 1.85%) values in com-
parison with the non-laminated radiolarian cherts - Al,O;
(1.95-4.48%), TiO, (0.08-0.20%) and K,O (0.32-0.89%).
The total Fe,O; content (TFe,05) of the laminated radio-
larian cherts is 4.87% and 5.84% and varies from 0.34%

to 2.13% in the non-laminated radiolarian cherts. Other
major elements show similarities in chert samples and are
less concentrated: MgO (0.11-2.11%, average 0.63%) MnO
(0.00-0.13%, average 0.04%) and Na,O (0.02-0.38%, aver-
age 0.19%). Only the Kr1 chert sample is distinguished with
a higher concentration of CaO (1.11%) and P,05 (0.63%) in
comparison with the other cherts, where CaO varies from
0.01% to 0.09%, and P,O5 ranges from 0.01% to 0.04%.
Most probably, it is related to the carbonate component in
the bedded radiolarian cherts, because in the section they are
closely associated with limestones (Fig. 3).

The Si/(Si+Fe+Al+Ca) ratio is often used to deter-
mine the content of non-detrital (biogenic) silica in com-
parison with aluminosilicates, ferruginous and calcium
minerals (Ruiz-Ortiz et al. 1989). In the studied cherts Si/
(Si+Fe+Al+Ca) ratio ranges from 0.79 to 0.97 (average
0.90). Laminated radiolarian cherts (Sv2 and Kr3) are char-
acterised by lower Si/(Si+Fe+Al+Ca) values (0.79 and
0.81) than the non-laminated radiolarian cherts (0.92-0.97).
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Fig.7 X-ray diffraction patterns of studied chert samples

Trace elements

Geochemical results of analysed trace elements of Silurian
and Devonian cherts from western Bulgaria are presented
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in Table 2. A positive correlation consists of lithophile ele-
ments Rb, Zr, Th, Nb, and Hf with TiO, and Al,O;. These
elements are mostly related to the supply of clastic material
and their concentration could be used as an indicator of the
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distance of the depositional setting from the continent (cf.
Marchig et al. 1982; Halamic et al. 2005). Co and Ni also
show a positive correlation with Rb, Zr, Th, Nb, Hf, TiO,,
and Al,O;. Sr is most probably connected with carbonate
components (cf. Halamic et al. 2005) and has the highest
concentrations in sample Kr 1 from Kosovo Formation.

Rare Earth Elements (REE)

The REE data obtained from the radiolarian cherts are listed
in Table 3. The total REE content (ZREE) is variable and is
relatively high in laminated radiolarian cherts (101.68 ppm
and 117.28 ppm) and lower in non-laminated radiolarian
cherts which ranges from 22.89 ppm to 70.39 ppm. REE
analytical data are shown as Chondrite and PAAS (Post-
Archean Australian shales)-normalized plots in Fig. 10.

The studied cherts exhibit a slightly negative or no Ce
anomaly (Ce/Ce*) from 0.82 to 1.11, (average 0.95). The
Ce anomaly was calculated following Taylor and McLen-
nan (1985): Ce/Ce* = (Cen)/[(Lan X Prn)1/2], where REE
were normalized to PAAS (Post-Archean Australian shales)
(McLennan 1989).

The estimated ratios of La /Ce, in the cherts vary from
0.91 to 1.07. The La,/Ce, concentrations in the chert sam-
ples were normalized to NASC (North American shale com-
posite) using values given by Gromet et al. (1984).

Discussion
Sources of Silica

Under the microscope, all studied cherts contain various
amounts of radiolarian tests which suggest the non-hydro-
thermal (biogenic) origin of these rocks. The received geo-
chemical data also support this assumption. The calculated
Si/(Si+Fe+Al+Ca) ratio in the Silurian and Devonian
cherts ranges from 0.79 to 0.97 (average 0.90, Table 1) and
indicate that most silica is biogenic in origin. According to
Ruiz-Ortiz et al. (1989), typical radiolarian cherts have Si/
(Si+Fe+Al+Ca) ratio values between 0.8 and 0.9. In this
study, laminated radiolarian cherts (Sv2 and K3) from Svoge
and Lyubash-Golo Bardo units) are distinguished with lower
Si/(Si+Fe+Al+Ca) ratio values in comparison with the non-
laminated radiolarian cherts (see Table 1). These values
could be explained by a possible mixed biogenic and ter-
rigenous (clastic) source of silica in these samples.
Generally, the contents of Al,O5 and TiO, in siliceous
sediments are supplied from terrigenous input (Murry 1994).
K,0, Na,0, Rb, Zr, Hf, Nb, and Th are also good indicators
of a clastic supply in the rocks (cf. Murry et al. 1991; Hara
et al. 2010). The received values of these elements are rela-
tively high in laminated radiolarian cherts of samples Sv2

and Kr3 (Table 1 and Table 2) and testify that terrigenous
components were important during their formation. The
well-distinguished lamination fabric (Fig. 8f-h) is also inter-
preted as a result of fluctuating input of detrital material.

The Al/(Al+Fe+Mn) ratio is another indicator of the
hydrothermal or non-hydrothermal origin of the cherts
(Adachi et al. 1986). According to Adachi et al. (1986), the
Al/(Al+Fe+Mn) > 0.5 are indicative of terrigenous prov-
enance of siliceous rocks and lower values (less than 0.35)
testify hydrothermal influence on the chert formation. The
Silurian and Devonian cherts from western Bulgaria are
characterised by values from 0.52 to 0.85 (Table 1) and are
interpreted as non-hydrothermal in origin.

The Al-Fe—Mn ternary diagram is proposed by Adachi
et al. (1986) and Yamamoto (1987) for the characterisation
of the origin (hydrothermal and non-hydrothermal) of sili-
ceous rocks. All of the studied chert samples are plotted
in the field of non-hydrothermal cherts or close to Al-apex
(Fig. 11).

Based on the received petrographic, mineralogical, and
geochemical data we can conclude that the source of silica in
the studied cherts is mostly biogenic in origin. In laminated
radiolarian cherts (from Svoge and Lyubash-Golo Bardo
Units) the input of terrigenous material was also important
and a mixed biogenic/clastic source of silica can be sug-
gested. A part of the cherts contains clastic quartz, feld-
spars, and clinochlore grains. The latter is formed during
low metamorphic or hydrothermal processes (Bevins and
Rowbotham 1983). However, the geochemical calculations
plotted on Al-Fe—Mn triangle diagram (Fig. 11) by Adachi
et al. (1986) show that the cherts are not hydrothermally
influenced. Thus, the origin of clinochlore in these sedi-
ments is interpreted to be a result of weathering effects of
older rocks.

Depositional environments

A set of depositional chemical criteria have been proposed
for recognising continental margin, pelagic, and ridge-prox-
imal chert environments (Murry et al. 1991; Murry 1994).
The variations in the concentration of Al,O5, TiO,, and
Fe, 0, in cherts are used as important indicators because they
remain relatively unaffected by diagenesis (Murry 1994). As
mentioned above, Al,O5 and TiO, contents are indicative
of terrigenous input and Fe,0j; is enriched in metalliferous
ridge-proximal sediment settings. However, on the Fe,0,/
TiO, vs. Al,05/(Al,05+Fe,0;) discrimination diagram
continental margin field overlapped with the pelagic setting
field Murry 1994). On the other hand, the three depositional
regimes can be distinguished by their rare earth elements
geochemistry (Murry 1994). Thus, the proposed La,/Ce, vs.
Al,0;/(Al,03+Fe,0;) diagram has the best resolution and
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«Fig.8 a Non-laminated chert with dark brown organic-rich matrix
containing radiolarian tests (yellow arrows). Sample Svl, Svoge
Unit, PPL; b Non-laminated chert with organic-rich matrix and com-
mon radiolarians (yellow arrow) composed of chalcedony aggregates.
Sample Sv3, Svoge Unit, CPL; ¢ Non-laminated chert with common
radiolarians (yellow arrows). Sample Kr2, Lyubash-Golo Bardo Unit,
PPL; d Non-laminated chert containing radiolarians with deformed
tests. Sample Krl, Morava Unit, CPL; e Strongly deformed chert
cross-catted by quartz veins with various thickness and orientation.
All radiolarian tests are strongly deformed (yellow arrows). Sample
Kr4, Morava Unit, PPL; f Laminated chert composed of alternation
of fine-grainy (dark brown) and more coarse-grainy (light grey) lami-
nas. Rare radiolarians (yellow arrow) are also observed. Sample Sv2,
Svoge Unit, PPL; g Laminated argillaceous chert. Some radiolarian
tests consist of chalcedony (yellow arrow). Sample Sv2, Svoge Unit,
CPL; h Laminated chert composed of fine-grainy dark brown lami-
nas and lighter chalcedony laminas. Some radiolarian test can be dis-
tinguished (yellow arrow). Sample Kr3, Lyubash-Golo Bardo Unit,
CPL. Note: PPL plane polarized light; CPL crossed polarized light

allows differentiating of continental margin from pelagic
environments.

In this study, all cherts plot into the field of the continen-
tal margin sediment settings on both Fe,05/TiO, vs. AL,O5/
(Al,05+Fe,0;) and La,/Ce, vs. Al,04/(Al,05+Fe,0;) dia-
grams (Fig. 12a, b).

Murry et al. (1991) studied numerous chert samples from
different marine depositional settings and concluded that
siliceous sediments deposited near spreading ridges have
low Ce/Ce* average values (~0.29) and these deposited in
a pelagic setting without metalliferous or terrigenous influ-
ence have Ce/Ce*average values ~0.58. The highest Ce/Ce*
average values (~1.03) have been recorded in chert samples
originating from marine settings located close to the conti-
nents. Silurian and Devonian cherts from the Balkan Ter-
rane are characterised by Ce/Ce* values ranging from 0.82
to 1.11 (average 0.95) (Table 3) suggesting deposition on a
continental marginal setting.

A comparison with the total REE content of the Post-
Archean Australian Shale average (183 mg/kg; Taylor and
McLennan 1985) and the North American Shale Composite
(173 mg/kg; Gromet et al. 1984) demonstrate that the stud-
ied cherts are characterised with considerably lower ZREE
values (Table 3). They are higher in laminated radiolarian
cherts (101.68 ppm and 117.28 ppm) and lower in non-lam-
inated cherts, which range from 22.89 ppm to 70.39 ppm.
These values most probably reflect a stronger terrigenous
influence over laminated radiolarian cherts in comparison
with non-laminated radiolarian cherts.

According to Sugisaki et al. (1982) and Kunimaru
et al. (1998), the MnO/TiO, ratio in cherts lower than
0.5 is related to the continental shelf and slope depos-
its, while the values higher than 0.5 are characteristic
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Fig.9 TG-DTA curves of the analysed chert samples
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Table 1 Major element data
(wt. %) of the analysed cherts
from western Bulgaria and
major element ratio values used
in this study

Table 2 Trace element data
(ppm) of the studied cherts from
western Bulgaria

@ Springer

Major element (wt.%) Svl Sv2 Sv3 Krl Kr2 Kr3 Kr4
Sio, 89.86 78.04 92.9 91.01 90.81 76.06 96.09
TiO, 0.20 0.41 0.12 0.15 0.14 0.49 0.08
Al O, 4.48 8.72 334 3.41 3.79 10.92 1.95
Fe,04 0.15 2.73 0.07 0.88 1.80 3.29 0.04
FeO 0.56 2.80 0.32 0.38 0.30 1.43 0.27
MgO 0.21 2.11 0.13 0.20 0.37 1.31 0.11
MnO 0.00 0.13 0.00 0.04 0.01 0.11 0.00
CaO 0.01 0.08 0.03 1.11 0.07 0.09 0.03
K20 0.89 1.15 0.59 0.60 0.67 1.85 0.32
Na,O 0.28 0.38 0.10 0.16 0.04 0.36 0.02
P,05 0.02 0.02 0.02 0.63 0.04 0.04 0.01
LOI 3.27 3.11 2.34 1.39 1.93 3.87 1.05
Sum 99.94 99.69 99.96 99.95 99.96 99.82 99.97
Fe,0; (Total) 0.77 5.84 0.42 1.30 2.13 4.87 0.34
AL, 04/(AL,O; + Fe,0;) 0.85 0.60 0.89 0.72 0.64 0.69 0.85
Fe,0,/TiO, 3.85 14.24 3.50 8.67 15.21 9.94 4.25
Si/(Si+Fe+Al+Ca) 0.94 0.81 0.95 0.92 0.92 0.79 0.97
Al/(Al+Fe+Mn) 0.81 0.52 0.85 0.66 0.57 0.62 0.81
MnO/TiO2 0.00 0.32 0.00 0.27 0.07 0.22 0.00
Trace element SV1 SV2 Sv3 Krl Kr2 Kr3 Krd
(ppm)

Be <28.84 <55.41 <67.41 <51.99 <62.90 <65.15 <42.67
Sc 6.28 9.69 <6.43 <7.25 <7.66 13.13 <6.00
A\ 230.71 79.87 163.79 70.94 68.04 112.56 122.67
Cr 322.31 297.18 213.23 197.48 252.51 350.52 213.51
Co <222 20.27 <2.09 15.16 6.23 22.93 <2.67
Ni <13.45 7741 20.06 55.15 53.29 44.35 <18.60
Cu 18.15 39.99 7.86 52.57 56.48 46.48 12.32
Zn <17.80 108.17 17.86 60.41 91.62 65.31 26.92
As 17.84 8.19 <7.23 <11.24 <9.13 <11.95 <12.86
Rb 39.89 55.05 29.63 30.95 33.93 80.02 13.94
Sr 13.12 61.50 30.87 78.36 19.33 42.61 10.49
Y 18.97 15.75 2.88 9.95 4.68 17.48 8.48
Zr 39.16 103.24 17.25 20.28 21.55 89.04 14.34
Nb 5.86 10.07 2.20 2.55 3.40 7.62 3.46
Mo <5.67 <5.00 <6.80 <9.02 <7.52 6.69 <9.10
Ag 2.61 <1.14 <2.49 <2.69 <2.75 <1.83 241
Cd <10.59 7.17 13.35 <8.48 <13.12 <10.15 <13.59
Cs 1.57 3.69 3.35 1.36 1.12 2.77 1.81
Ba 275.50 269.75 201.80 782.34 493.27 405.69 107.84
Hf 1.29 2.31 <1.87 <2.10 2.34 3.18 <2.13
Ta <0.72 0.85 0.62 0.68 0.45 0.67 <0.56
W <2.76 6.78 <2.64 <2.3064 2.53 3.03 3.52
Pb 24.48 13.92 11.56 9.49 7.68 15.79 9.66
Bi 0.46 0.42 <0.56 <0.48 <0.43 <0.63 <0.65
Th 1.71 7.14 1.40 1.27 143 5.42 1.02

U 291 1.40 1.95 1.23 1.26 1.42 1.65
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Table 3 Rare earth elements REE (ppm) svl Sv2 Sv3 Krl Kr2 Kr3 Kr4

(ppm) of the analysed chert

samples from western Bulgaria 5 12.57 23.39 4.62 8.92 5.14 20.69 6.25

f}‘l‘l‘: iffyra“o values used in Ce 258 5232 10.93 2036 10.89 41.99 13.12
Pr 3.58 5.03 1.22 2.86 1.38 4.88 2.09
Nd 15.49 18.14 4.50 11.54 4.44 15.69 5.81
Sm <225 4.92 <2.40 3.14 <3.71 3.53 <2.05
Eu 0.91 0.95 <0.53 <0.70 0.60 0.89 1.02
Gd 4.35 4.43 <1.84 <3.63 2.66 4.14 <371
Th 0.43 0.44 <0.45 <0.42 <0.50 0.59 0.52
Dy 3.04 2.29 <1.62 1.82 2.46 2.69 1.43
Ho 0.56 0.63 <0.46 <0.44 <0.58 0.59 <0.433
Er 1.67 227 <1.01 1.21 <1.98 2.29 1.36
Tm 0.50 0.25 <0.31 <0.39 <0.51 0.45 <0.29
Yb 2.02 1.80 1.62 1.73 1.72 3.27 2.14
Lu <0.37 0.41 <0.27 <0.34 <0.40 <0.37 <0.52
REE Sum 70.39 117.28 22.89 51.58 29.30 101.68 33.74
(La/Ce)y 1.07 0.96 0.91 0.94 1.02 1.06 1.03
Ce/Ce* 0.86 1.11 1.06 0.91 0.98 0.96 0.82
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Fig. 10 Chondrite and PAAS normalized REE distribution diagrams
for analysed bedded cherts (PAAS values are after McLennan 1989)

of deep basin settings. All studied cherts have MnO/
TiO, lower than 0.5 (Table 1), indicating deposition in

continental shelf or slope environments. The obtained
DTA data show that most of the cherts (Svl, Sv3, Kr2,
Kr3 and Kr4) contain preserved organic matter sug-
gesting deposition in predominating anoxic oceanic
water conditions. On the other hand, two chert samples
(Sv2 and Krl) do not contain organic matter and most
probably were formed in a mainly oxic oceanic water
environment.

We can only presume that a part of the Silurian
cherts from the Balkan Terrane could be formed under
anoxic oceanic conditions related with global climatic
and extinction events. As mentioned above, the Silurian
cherts of Saltar Formation (Svoge Unit) have been depos-
ited during the upper Hirnantian post-glacial sea-level
rise (after the Hirnantian glacial event) (cf. Lakova and
Sachanski 2004). The latest Hirnantian—early Rhudda-
nin is also widely recognised as a period of rapid global
warming and widespread oxygen depletion (cf. Wilde
et al. 1991; Melchin et al. 2013). According to Melchin
et al. (2013) during this time the oceanic anoxia in the
peri-Gondwana region resulted from several main factors:
melting ice sheets, increased nutrient input and changes
in moisture transport. On the other hand, the organic-
rich Devonian cherts can be a result of various factors:
hydrographical setting of the marine basin, changes in
sea level and climate, rate of nutrient input into oceans,
rate of nutrient recycling within oceans, atmospheric
oxygen levels and changes in the biosphere are among
them (Melchin et al. 2013). However, considerably more
research is needed for more precise interpretation of the
occurrence of the Devonian anoxic depositional settings
in the Balkan Terrane.

@ Springer
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Fig. 11 a Al-Fe-Mn diagram (after Adachi et al. 1986) of the Silurian and Devonian cherts from western Bulgaria; b Major element contents of

the studied siliceous rocks
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Fig. 12 a Fe,0; /TiO, versus Al,O5/(Al,0; + Fe,0;) and b La,/Ce,
versus Al,03/(Al,05 + Fe,05) discrimination diagrams (after Murray
1994). In both diagrams the Silurian-Devonian radiolarian cherts are
plotted in continental margin field. Note: red circles laminated radio-

larian cherts; blue circles non-laminated cherts
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Conclusions

Present biostratigraphic, petrographic, mineralogical, DTA
and geochemical data of the Silurian and Devonian bedded
radiolarian cherts from the Balkan Terrane suggest the fol-
lowing interpretations:

1.

4.

The section of the Parchar Formation near the village
of Berende contains conodont fauna (mostly the genus
Ancyrodella) indicating the end of the Frasnian stage.
The determined conodont fauna from the lower part of
the Parchar Formation in section Stanyovtsi belongs to
the expansus Zone, while the upper part of the unit to
the triangularis Zone (the lowermost Famennian stage);
A new sampling of the section near the Batouliya vil-
lage indicates that the first occurrence of Ak. ascensus
Davies is 20 cm lower than previously known, i.e. at
80 cm above the boundary between the Sirman and
Saltar formations.

The non-laminated radiolarian cherts of Svoge, Lyubash-
Golo Bardo, and Morava units have a high content of
Si0O, (average 92.13%) indicating that most silica is bio-
genic in origin. The presence of radiolarian tests, the esti-
mated Si/Si+Al+Fe+Ca ratios, and Al-Fe-Mn diagram
plotting in a non-hydrothermal field, also support this
suggestion. In laminated radiolarian cherts (from Svoge
and Lyubash-Golo Bardo units) the input of terrigenous
material was also important and a mixed biogenic/clastic
source of silica can be suggested. The well-distinguished
lamination fabric of these cherts is also interpreted as a
result of fluctuating input of detrital material;

Ce anomalies as well as Fe,05/TiO, vs. Al,O5/
(Al,034Fe,05) and La,/Ce, vs. Al,05/(Al,05+Fe,0;)
diagrams indicate sedimentation in the continental
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margin environment. The estimated MnO/TiO, ratios
are typical for the continental shelf and slope deposits;

5. The obtained DTA data suggest that the Silurian and
Devonian siliceous rocks were presumably formed in
predominating anoxic oceanic conditions and only spo-
radically in oxic waters. It could be only supposing that a
part of the Silurian cherts from the Balkan Terrane were
formed under anoxic oceanic settings related with the
rapid global warming and widespread oxygen depletion
after the Hirnantian glacial event;

6. Based on the received geological data and the previously
published studies we can conclude that the Silurian and
Devonian cherts from the Balkan Terrane in western
Bulgaria were deposited in continental shelf and slope
settings on the passive margin of northern peri-Gond-
wana.
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