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ABSTRACT. The basement of the Moesian Platform is extremely heterogeneous, including rocks ascribed to the Archean,
Palacoproterozoic and Neoproterozoic. Largely concealed by the Palaeozoic to Cenozoic platform cover, the basement exposed
in the tectonic block of Central Dobrogea contains mainly Neoproterozoic-Eocambrian turbidites (the Histria Formation),
deformed under very low grade metamorphic conditions at the end of the Neoproterozoic, in the “Cadomian” or “Baikalian”
events. The Histria Formation includes channelized, midfan turbidites and distal, outer fan turbidites, forming two sandstone
dominated, upward coarsening and thickening sequences, separated by a much thinner, upward fining and thinning sequence.
Sedimentological, mineralogical and petrological studies are consistent with the model that the turbiditic basin was sourced by
a continental margin dominated by an active volcanic arc. From various lines of evidence, a foreland basin as the tectonic setting
for the turbiditic sedimentation is favoured, although a forearc origin was also proposed. The paper presents an overview of the
main sedimentological, mineralogical and petrographical data on the turbidites, and discusses the palacogeographic and

geodynamic significance of the succession in a wider context of the southern margin of the East European Craton.
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1. Introduction

A belt of Neoproterozoic-Early Cambrian turbidites is lying
at the western margin of the East European Craton, extending
NW from the Black Sea shore in Romania to the Malopolska
Massif in Poland (Murgoci, 1911; Glowacki & Karnkowski,
1962; Glowacki et al., 1963; Unrug et al., 1999) (Fig. 1A).
This belt of turbidites, with a width of 40-50 km in outcrop
and a total length of about 800 km, abuts to the NW against
Far Eastern Avalonia, which represents the easternmost part
of the Avalon terrane from Central Europe (Winchester et al.,
2004, 2005). The belt is largely concealed, being covered by
younger deposits or by the outer East Carpathian nappes. The
only outcrops of these turbidites occur in Central Dobrogea,
an elevated tectonic block at the northern margin of the
Moesian Platform (Fig. 1A). The turbidites from Central
Dobrogea were referred to as “the Green-schists series”, due
to their dominant green coloration (Mrazec, 1910, 1912;
Murgoci, 1911; Mirdutd, 1964, 1965, 1969; Sandulescu,
1984; Visarion et al., 1988). As turbidites show no greenschist
facies metamorphism, nor a metamorphic foliation or
schistosity, the name of Histria Formation (Seghedi & Oaie,
1995) will be used further to designate this turbiditic
succession. The continuity to the NW of the turbidite belt is
indicated by several lines of evidence, as follows: (a)
Geophysical, especially magnetic information, suggests that
the belt of turbidites from Central Dobrogea prolongates NW
underneath the Cretaceous-Tertiary nappes of the East
Carpathians (Gavat et al., 1963; Airinei, 1980); (b) Boreholes
in the Outer Carpathians from Poland intercepted turbidite
rocks at depths between 778 and 2760 m (Glowacki et al.,
1963); (c) A comparative study of the turbiditic successions
from borehole cores in Malopolska and exposures in Central
Dobrogea revealed similarities in their sedimentology,
petrography, provenance and structural features (ZelaZniewicz
et al., 2001a, b); (d) Miocene mollasses from the East
Carpathians nappes rework green clasts of these ancient
turbidites, exotic to the Carpathian area (Mrazec, 1910;
Murgoci, 1911; Atanasiu, 1940; Sandulescu, 1984). The
source delivering exotic clasts was assumed to be a cordillera
located in the foreland of the East Carpathians (Murgoci,
1911; Atanasiu, 1940). Sedimentological studies indicate

that these exotic clasts were delivered from an eastern source
(Marunteanu, 1987), confirming the foreland location of this
source. We suppose that this eastern source area, now buried,
possibly represented the forebulge of the East Carpathians
Foredeep in Palacogene and Miocene times, and both Central
Dobrogea and Malopolska block were parts of it.

This paper presents an overview of the available
sedimentological, petrographic, structural and provenance
information on the Histria Formation turbidites from Central
Dobrogea and discusses the geodynamic significance of the
turbidite succession.

2. Geological and tectonic framework of Moesia

The Moesian Platform represents a lowland area, surrounded
to the north and west by the Alpine belt of the South
Carpathians and to the south by the Balkans (Fig. 1B). The
Eastern platform margin is represented by the Peceneaga-
Camena Fault (Mrazec, 1912), which runs NW from Lake
Razelm on the Black Sea shore to the Vrancea zone of the
East Carpathians bend zone and juxtaposes the exposed
Neoproterozoic platform basement against the Triassic and
Jurassic sediments of the Cimmerian North Dobrogea orogen
(Figs 2A & 2B). Seismic data indicate that a 10 km step of
the Moho occurs along this fault (Radulescu er al., 1976).

The Moesian Platform consists of two segments
separated by the Intramoesian Fault: East Moesia, with a
Neoproterozoic (“Baikalian-Cadomian™) and Caledonian
(“Ardennian)” cratonization, and West Moesia with a
Variscan cratonization of the basement (Raileanu et al., 1968;
Murgeanu & Patrulius, 1973). East Moesia is bounded by
two NW-SE trending crustal faults: the Peceneaga-Camena
Fault to the NE and the Intramoesian Fault to SW (Sandulescu,
1984; Sandulescu & Visarion, 1988; Visarion et al., 1988)
(Fig. 1B). To the NW, East Moesia is underthrusted beneath
the East Carpathians bend zone along the Pericarpathian
Fault (Airinei, 1982). Eastward, East Moesia continues in the
Black Sea offshore, as indicated by geophysical and borehole
data (Romanescu et al., 1972; Sandulescu, 1980, 1984;
Catuneanu, 1992, 1993) (Fig. 3).
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Figure 1. Location of Moesia and
Central Dobrogea. A) Geological sketch
map of the basement structure of Europe,
showing the location of the
Neoproterozoic turbidite basin at the
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Massif. B) Location of Central Dobrogea
within the Moesian Platform. The
Neoproterozoic-Eocambrian  basement
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Black Sea. Drillholes have reached this
basement beneath Ordovician clastics
(NW of the Danube) and beneath Late
Jurassic limestones (in the Black Sea).
PCF: Peceneaga-Camena Fault; COF:
Capidava-Ovidiu Fault; IMF:
Intramoesian Fault.
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The only outcrops of pre-Cenozoic rocks from East
Moesia occur east of the Danube in the Dobrogea highlands.
Central and South Dobrogea, the main tectonic blocks
separated by the Capidava-Ovidiu Fault, show a different
geological constitution. Central Dobrogea represents an
uplifted block, exposing the Neoproterozoic Moesian
basement (Figs 1B & 2B). In South Dobrogea, the complex
Precambrian basement is concealed by the Phanerozoic cover
and only Cretaceous and Cenozoic formations are exposed.

West of the Danube, the rocks exposed in Central and
South Dobrogea plunge beneath the platform cover. Between
the Peceneaga-Camena and the Capidava-Ovidiu Faults,
boreholes west of Central Dobrogea intercepted the basement
overstepped by Ordovician or Silurian sediments at depths of
about 2200 m, dipping steeply to NW (Murgeanu & Spasov,
1968) (Fig. 1B).

The structure of East Moesia is characterised by NW-
SE trending faults, largely known from gravity and magnetic
data. Apart from the main crustal faults, other faults affecting
the East Moesian basement are shown in Fig. 2A: the Ostrov-

Sinoe, the Istria and the Horia Faults in Central Dobrogea
and the Agigea and Eforie Faults in South Dobrogea (Botezatu
& Bacioiu, 1957; Gavatet al., 1965, 1967; Barbu & Vasilescu,
1967; Barbu, 1973; Airinei, 1980; Paraschiv, 1982; Botezatu
et al., 1984; Visarion et al., 1988, 1990).

3. Metamorphic rocks of the East Moesian
basement and relationship with the Histria Fm.

3.1. The basement of Central Dobrogea

In Central Dobrogea, metamorphic rocks of the Altin Tepe
Group are exposed directly south of the Peceneaga-Camena
Fault, forming an antiform which closes periclinally to SE
beneath the Histria Formation (Figs 2 & 6). The metamorphic
succession includes metapelites and metabasites with an
amphibolite facies metamorphism in staurolite grade
conditions (Muresan, 1972).

K-Ar ages in the Altin Tepe Group range from 696-
643 Ma (yielded by biotite from micaschists, Giusca et al.,
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Figure 2. A) Mesozoic subcrop map of East Moesia, showing the distribution of the basement rocks and of Palaeozoic overstep successions. The
basement of Histria Formation is affected by WNW-ESE running faults, known from various geophysical data (Miriugi, 1969; Visarion et al., 1979,
1988, unpublished data 1986). SGF: Sfantu Gheorghe Fault; PCF: Peceneaga-Camena Fault; COF: Capidava-Ovidiu Fault; IMF: Intramoesian Fault.
B) Schematic geological cross-section across the eastern part of Central Dobrogea and the NE part of South Dobrogea (modified after Visarion et al.,
1988 and Krautner er al., 1988). Inset is the simplified geological map of Dobrogea. Line of cross-section is shown in red on the inset map. The
progressive southward sinking of the metamorphic basement of Central Dobrogea shown in the geological section is indicated by the A Ta magnetic map
(Visarion et al., 1988; Dimitriu, 2001). The presence of the Palazu and Altin Tepe Groups in the basement of Central Dobrogea is inferred on the basis
of magnetic anomalies, produced by sources located in the basement of the Histria Formation (Airinei, 1967, 1980; Romanescu et al., 1972; Visarion et
al., 1988, unpulished data 1986; Dimitriu, 2001). The presence of the Ovidiu Group gneisses in the same area is inferred from gravity and magnetic data
(Botezatu & Bacioiu, 1957; Botezatu et al., 1984), correlated with the physico-chemical properties of rocks from outcrops and borehole cores (Visarion
et al., 1979, 1988; Sandulescu & Visarion, 1988). ND: North Dobrogea; CD: Central Dobrogea; SD: South Dobrogea; SGF: Sfantu Gheorghe Fault;
PCF: Peceneaga-Camena Fault; COF: Capidava-Ovidiu Fault; IMF: Intramoesian Fault.



SEDIMENTOLOGY AND SOURCE AREA FOR THE NEOPROTEROZOIC-EOCAMBRIAN TURBIDITES, EAST MOESIA 81

Dealul Peclic Coiumpunar

Coltanii de piatra hioars
i p Sibioara Member Beidaud Member

Sibioara Member

Valea cu Piatra 47

2018 20 Beidaud Member
154 15 15
|
10 10 | 10
|
|
|
|
|
|
|
|
|
i, |
5 | 5
|
S|
|
|
|
|
|
|
S|
|
|
0m 0 m | 0m

LEGEND

BN Starved ripples in mudstone - F,

siltstone, massive mudstone (Tcde beds) - F,

Horizontal laminations in sandstone - F,
m Cross-bedded sandstone - F
Graded bedded sandstone - F,

Fine-grained massive sandstone - F,
Medium-grained massive sandstone - F,

Graded bedded or massive conglomerates/
¢~~eJ microconglomerates

823259 Conglomerate - F-F,; intraclasts (black)

! Ripple laminated sandstone, horizontal laminated

Fine sandstone grading to mudstone (Tae beds) - F

1967) to 526 Ma (on hornblende from amphibolites, Krautner
et al., 1988) (all ages recalculated by Krautner et al., 1988).
Based on these K-Ar data, the metamorphism of the Altin
Tepe Group was ascribed to the Late Proterozoic (Giugca et
al., 1967; Codarcea-Dessila et al., 1966; Mirauta, 1969), or
to the Early (Giusca er al., 1969) or Middle Proterozoic
(Krautner & Savu, 1978; Krautner et al., 1988). Krautner et
al. (1988) interpreted the Neoproterozoic ages of the Altin
Tepe rocks as indicating partial Ar loss during their regional
retrogression, connected to the very-low grade Cadomian
metamorphism of the Histria Formation. A common
metamorphism affecting both successions might suggest that
the Histria Formation was lying on top of the Altin Tepe
Group before this metamorphic event. The presence of the
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Altin Tepe rocks beneath the turbidites is confirmed by
boreholes along their contact (Seghedi & Oaie, 1993). From
magnetic data it is inferred that the Altin Tepe Group extends
southward in the basement of the Histria Formation at least
to the Ostrov-Sinoe Fault (Fig. 2B) (Visarion et al., 1988;
Dimitriu, 2001 and references therein). From this geometric
position it might be inffered that the Histria Formation
accumulated in a basin floored by metamorphic rocks of
Altin Tepe type.

The contact between the Altin Tepe Group and the
Histria Formation is tectonic, marked by a zone of ductile,
greenschist facies mylonites, which formed on the Altin Tepe
micaschists and paragneiss protoliths (Muresan, 1971;
Seghedi & Oaie, 1993). In the antiformal closure area, the
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mylonites display a gently SE plunging stretching lineation.
This mylonitic zone was interpreted as evidence for the
nappe of the “Greenschists” (Histria Formation), overthrusting
the Altin Tepe Group, which is here exposed in a tectonic
window (Muresan, 1971). However, this tectonic contact is
not necessarily related to contractional deformation
(Sandulescu, 1984). It might be as well related to extensional
deformation at mid-crustal depths, consistent both with the
geometry and the type of deformed rocks developed along
the contact: olderrocks with a pervasive ductile mylonitization
in greenschist facies conditions, forming the core of an
anticline, overlain by younger rocks with only brittle
deformation. The presence of mica fishes, as well as of
extended amphiboles in the Altin Tepe mylonites along the
contact, is also consistent with a low-angle extensional
detachment. Possibly, the exposures of Altin Tepe rocks in
the anticline core are the result of unroofing of a metamorphic
core complex (Seghedi et al., 1999). The nature of the
tectonic relationships between Altin Tepe Group and Histria
Formations is important for establishing the basement of the
Histria Formation. In case the Histria Formation overthrusts
the Altin Tepe Group, the latter is not necessarily the basement
of the former. In case of an extensional detachment, the Altin
Tepe Group represents, at least partly, the basement of the
turbidites.

According to Sandulescu (1984), the age of the
tectonic discontinuity between the Altin Tepe Group and the
Histria Formation can be at least coeval with the deformation
of the latter in very low-grade metamorphic conditions. The
tectonic discontinuity was superimposed on the surface of
the former stratigraphic unconformity, separating the two
rock complexes prior to the metamorphism of the former.

3.2. The basement of South Dobrogea

In the subsurface of South Dobrogea, the cratonic oldest
basement was pierced by boreholes SE of the Capidava-
Ovidiu Fault at depths between 430 and 800 m. The basement
consists of orthogneisses (the Ovidiu Group) and an iron-

bearing formation (Palazu Group) (Giusca et al., 1976;
Visarion et al., 1979; Krautner et al., 1988) (Fig. 2). Based
on detailed petrographic and mineralogical studies, as well
as on geochronological data, these metamorphic rocks were
correlated to the Archaean gneisses and the Early Proterozoic
banded iron formation (Krivoy Rog) from the Ukrainian
Shield (Ianovici & Giuscd, 1961, Giusca et al., 1967, 1969,
1976; Visarion et al., 1979). The oldest K — Ar ages range
between 1777 Ma (on K feldspar) and 1620 Ma (on
muscovite) (Giuscad ef al., 1967). A second age group includes
Neoproterozoic ages (867 Ma whole-rock age on micaschist
and 729-644 Ma on K feldspar from granite gneiss) (all ages
recalculated by Krautner et al., 1988). A later, greenschist
facies retrogression, was correlated with the late Cadomian
very low-grade metamorphism of the Late Proterozoic cover
(Cocosu Group) (Krautner et al., 1988).

A volcano-sedimentary succession, situated on top of
the Palazu Group and known as the Cocosu Group (Giugca et
al., 1967; Visarion et al., 1979; Krautner et al., 1988),
includes syn-rift alkaline mafic volcanics and volcaniclastics
with intraplate affinities (Seghedi et al., 2000), overlain by a
terrigenous member of fine-grained green and purple clastics.
Petrographic studies indicate that the entire succession of the
Cocosu Group shows a very low-grade, subgreenschist facies
metamorphism. Details on the Cocosu Group are given in
Seghedi et al. (this volume). A Neoproterozoic age was
proposed for the Cocosu Group by correlation with the
Histria Formation, based on their very low-grade
metamorphism (Mirdutd, 1965, 1969; Giusca et al., 1967).
However, the precise age of the Cocosu Group is unknown.
Whole rock K-Ar ages of 550 Ma indicate an end
Neoproterozoic age of its subgreenschist facies deformation
(Giusca et al., 1967; Krautner et al., 1988). Even if
stratigraphic relations indicate an Upper Proterozoic age, it is
not known if the Cocosu Group is coeval with the Histria
Formation, or if it is older, Lower Vendian or Ediacaran
(Riphean). Importantly, petrographic studies indicate
significant differences in lithology and tectonic setting
between the Histria Formation and the Cocosu Group.

Grain size Facies code | Facies characteristics Interpretation Depositional mechanisms
(Mutti, 1992)
Very coarse F, Lenticular and massive beds, erosive base, rip-up clasts, clasts at Channellized Dense turbidite current
grained the top, mudstone matrix, weak sorting debris-flows
sandstones and | F, Lenticular beds, erosive base, conglomerates to very coarse Concentrated flows
conglomerates sandstones, rip-up clasts and clasts at the base of the bed, Channellized
sandstone or siltstone matrix;,weak sorting, clast imbrications, debris-flows
(Facies A of normal graded bedding, unclear laminations
Mutti & Ricci- | F, Lenticular bed, erosive base, clast-supported conglomerates to High density flows
Lucchi, 1972 microconglomerates, sandstone matrix, massive or graded bedding | Channel fill
F, Amalgamated beds of coarse sandstones, shaped bases and tops,
sometimes flame structures in the bases, poorly sorted, rip-up Channel fill Supracritic flows
Coarse grained clasts at base, laminations marked by clasts, graded bedding,
sandstones discontinuous parallel lamination marked by gravel size clasts
Fs Lenticular beds, amalgamated, irregular and erosive bases, coarse
(Facies B, of sandstones to microconglomerates, poorely to well sorting, with Channel fill Supracritic flows
Mutti & Ricci- massive structure, normal graded bedding, rich in mudstone and
Lucchi, 1972) sandstone intraclasts
Fs Tabular cross bedding with lateral continuity, flat bases, coarse Channel fill Subcritical regime flows
sandstones, massive or as megaripples, well sorting, flat top
F; Tabular beds, flat bases or marked by flame structures, coarse to
medium sandstones; parallel laminations and normal graded Channel fill on Subcritical regime flows
Fine grained bedding; disseminated pebbles midfan
sandstones Fs Medium to fine-grained sandstones; good sorting, parallel
laminations and normal graded bedding (T, Bouma divisions), Depositional lobes | Subcritical flows in primary phase
sometimes with Tege, Tae, Toe Bouma divisions
Fy Very fine-grained sandstones to siltstones (Tcqe, Tqe, Te Bouma Depositional lobes | Subcritical flows (deposition from
Facies C,D & divisions), well sorted, graded to massive structures on distal fan to suspension)
E of Walker & abyssal plain
Mutti, 1973 Fo, Very fine-grained sandstones to siltstones; Teqe, Tqe, Te, € Bouma | Depositional lobe- Low-density current in subcritical
divisions, well sorted, starved ripples abyssal plain regime (deposition from the dilute tail
sediments of the turbidity current)
Fop Less clear sedimentary structures and coarser rocks than Fo; Overbank deposits | Low-density current; the bed-load
weaker sorting (?) transported by dragging or saltation

Table 1. Facies characteristics of the Histria Formation and their interpretation (modified after Oaie, 1999).
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SE of the Capidava-Ovidiu Fault, green clastics
ascribed to the Histria Formation were intercepted in two
boreholes at Palazu beneath the Ovidiu gneisses (Figs 2A &
2B) (Visarion et al., 1979 and references therein; Krautner et
al., 1988). Both borehole and integrated geophysical data
show that the Precambrian metamorphic basement overthrusts
the Histria Formation clastics along the Palazu Thrust
(Visarion et al., 1979 and references therein; Visarion et al.,
1988; Krautner et al., 1988) (Fig. 2B). The amplitude and
spatial development of the Palazu Thrust is difficult to
estimate. The age of thrusting is considered to postdate the
deformation of the Histria Formation (Sandulescu, 1984). In
this idea, there are several possible interpretations of the age
of thrusting: (a) a Cambrian age, older than the oldest
(Ordovician) member of the Palacozoic cover, consequently
corresponding to the Late Cadomian or Early Caledonian
deformation (Sandulescu, 1984); (b) a Lower Paleozoic,
possibly Silurian age, based on borehole data in the Bordei
Verde area, where one borehole intercepted the Ordovician
above the Silurian deposits (Paraschiv & Paraschiv, 1978).
However, the possibility that the age of thrusting is connected
to the accumulation of the Histria Formation cannot be
precluded. This hypothesis is consistent with the
mineralogical, petrografic and provenance data existing on
the Histria Formation, which indicate a source area
composition and age partly similar to the basement of South
Dobrogea.

4. Sedimentology of the Histria Formation

The Histria Formation is a thick succession of clastics,
including coarse, sandstone dominated lower and upper
members, separated by a thinner, middle member of pelitic-
siltitic lithologies (Seghedi & Oaie, 1995; Oaie, 1999). Based
geological and seismic data, an overall thickness of about
5000 m was estimated for the entire turbiditic succession
(Mirduta, 1969; Visarion et al., 1988; Pompilian et al.,
1991).

The succession is extremely rich in sedimentary
structures, well preserved over large areas, both inside beds
and on bed surfaces. They include various ripple
morphologies, load casts, current lineations, etc. Occasionally
trace fossils are preserved, ranging from simple, silt-filled
burrows and irregular burrowing, to meandering trails on bed

surfaces, suggesting Nereites ichnofacies (Oaie, 1992, 1999)
(Plate 1B).

4.1. Lithofacies types

Sedimentological studies show a large facies range, and
detailed descriptions of facies and facies associations are
presented in Oaie (1999), using the facies codes of Mutti
(1992), Mutti & Ricci-Lucchi (1972), Walker (1979) and
Walker & Mutti (1973). Descriptions of the main facies and
their interpretation is given in Tab. 1.

Very coarse facies (equivalent to facies A of include
three main types of conglomerates to microconglomerates,
with lenticular bedding and erosional bases (Figs 3A & 3B).
Poorly sorted, massive conglomerates, with a pelitic matrix
(F)), represent deposition from mass-flows in channels on
submarine turbiditic fans. Conglomerates with internal
structure (normal grading, laminations, clast imbrication,
etc.) and a sandstone matrix (F,) represent products of mass
deposition from superconcentrated turbidite flows in channels
located on the upper fan. Clast supported conglomerates to
microconglomerates with a sandstone matrix (F,), often
grading to coarse sandstones, represent the infill of supra-
cone channels, deposited from the bed-load of turbiditic
currents.

The coarse facies is formed by sandstones representing
the bed-load of the turbidity currents in an upper flow regime,
accumulated in channels on the middle fan (equivalent to
facies B of Mutti & Ricci- Lucchi, 1972; Walker & Mutti,
1973) (Figs 3C, 3D & 3E). Poorly sorted coarse sandstones,
with discontinuous laminations marked by gravel sized
clasts, form laterally continuous beds with sharp bases and
tops (F,); both the base and top may be flat or undulated, with
flame structures due to differential loading. Coarse sandstones
to microconglomerates, poorly or well sorted, massive or
normal graded (F,), form lenticular beds with irregular,
erosive bases and flat tops, rich in mudstone or siltstone
intraclasts. These represent typical channel fills of middle
fans. Well-sorted coarse sandstones, with tabular cross
bedding or mega-ripples (F,), represent sediments of low
density turbiditic flows accumulated in channels on the
middle or lower fan (Fig. 4E). Coarse to medium sandstone
beds, showing parallel lamination or normal grading (F,),
represents channel deposits from traction carpets (Tab. 1).
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CHANGES OF SEA LEVEL
RISING 0 FALLING
Late Ordovician

Sibioara Member
600-700 m

Haidar Member
300-500 m

Beidaud Member
2000-2500 m

Altin Tepe Group

Figure 5. Schematic stratigraphic log of the Histria Formation (not to
scale). The coarse lower and upper members (Beidaud and Sibioara
members) are sandstone dominated, middle-fan turbidites; the middle
Haidar member separating them consists exclusively of fine-grained,
distal fan — abyssal plain turbidites. Turbidites show a tectonic
relationship with the underlying Altin Tepe Group metapelites and
amphibolites and are unconformally overlain by Ordovician fine-grained
clastics (only in boreholes NW of the Danube ).

Medium to fine-grained sandstones, with good sorting,
normal grading or horizontal laminations (F,) represent T
Bouma divisions, and only seldom T, ., T or T Bouma
divisions (classical turbidites of Walker & Mutt1 1973) (Fig.
4D). The fine-grained facies includes fine-grained distal
turbidites (facies association D and E according to the
classification of Mutti & Ricci-Lucchi, 1972, classical distal
turbidites of Walker & Mutti, 1973).

Very fine-grained sandstones to siltstones, well sorted,
with parallel, cross or convolute lamination display base-
missing Bouma sequences; typically T ,_and T, are dominant,
but T, and T, beds also occur (F, ) (classical distal tubidites;
Mutti, 1992) (Fig. 4). Depositional mechanisms imply
sediment transportation as bedload, or in diluted suspension,
as a turbiditic cloud.

A specific feature, almost ubiquitous in the middle
member of the Histria Formation, is represented by the e,
lithofacies typically occuring in the Te Bouma divisions
(Oaie, 1994, 1998). Lithofacies €, and its associations are
illustrated in Fig. 4. The e, lithofacies consists of Te pelitic
beds showing at the top fine, discontinuous parallel
laminations, represented by an alignment of elongated, flat
microclasts, evenly disseminated or clustered as discontinuous
bands and lenses, within a matrix of similar grain-size,
usually mudstone. The microclasts are up to 1-3 mm long
and show a pelitic composition (mudstone), similar to that of
the Te Bouma divisions (Oaie, 1998). They can be
distinguished from the mudstone matrix by shape and shine.
In the standard sequence of the fine-grained turbidites of
Stow & Shanmugam (1980), facies e, lies at the top of their
T, division (ungraded mud + silt) (Fig. 4). The thickness of

the e, interval ranges from a few millimetres to several
centimetres. Where ¢, is interbedded in more complete
sequences, usual thicknesses vary from 2-5 mm to 1-3 cm.
Where amalgamated T, subdivisions reach thicknesses of
several meters or more, the thickness of the e, interval may
attain 8-10 cm. Development of facies e, is directly related to
the evolution of the distal parts of turbiditic fans (Oaie,
1998). The fine-grained, semi-consolidated bottom sediments
can be eroded by bottom currents and re-sedimented as tiny
aggregates instead of clay particles. Suspension or re-
suspension of the sediment occurs when the water current
velocity exceeds a threshold value which depends on the
density, size and degree of cohesion of the particles (West,
2003). Near-bottom currents, with velocity > 6 cm/s, can
suspend the sediments in form of individual particles, as
flocculated material (Poulos & Drakopoulos., 2004), or as
millimetric flat mud microclasts (Oaie, 1998). The local
bottom currents are capable to transport in suspension
particles up to 12 um, in concentrations of 0.5-5 mg/l
(Shepard et al., 1977). If microclasts from the Histria
Formation are derived by erosion of the upper parts of distal
turbidites, the presence of lithofacies e, represents a good
indicator of a distal, lower fan turbiditic environment.

4.2. Facies associations and stratigraphy

The main vertical facies associations in the coarse members
of the Histria Formation occurring at outcrop scale are shown
in Fig. 3. Both thinning- and fining-upward and thickening-
upward trends are defined by vertical facies associations.
Thinning- and fining-upward cycles are commonly used to
recognize channel deposition. Thinning-upward trends are
the consequence of the progressive channel abandonment
(Figs 3A, 3C & 3F). In the Histria Formation, a common
thickness of a channel association may reach 1-15 or 20 m,
comparable to other ancient submarine fan channel deposits.
Superimposed channel associations may attain 100-300 m.
The deposits display successions of amalgamated sandstone
beds, from 10 to 100 m, frequently associated with graded
conglomerates and separated by thin interchannel deposits.

Depositional lobes (a term usually restricted to ancient
fans, Shanmugam & Moiola, 1988), consist of fine-grained,
distal turbidites (Tcde-Tde Bouma divisions), associated
with sandstones and displaying thickening- and coarsening-
upward trends; other characteristics include: absence of basal
channelling, sandstone grain-size varying from coarse to
fine, sheet-like geometry and common thicknesses ranges of
3-15 m (Mutti & Ricci-Lucchi, 1972; Ricci-Lucchi, 1975;
Mutti, 1977; Mutti & Normark, 1987). In the Histria
Formation, the thickening-upward cycles of 10-15 m,
interbedded with thin sandstone beds (1-2 m) are interpreted
as depositional lobes (Fig. 5D). Thickening-upward lobe-
cycles are a result of simultaneous vertical aggradation at
bedform scale and basinward progradation, especially in
active margin settings (Shanmugam & Moiola, 1988).

Earlier studies on the thick succession of clastics
exposed in Central Dobrogea interpreted them as a
Neoproterozoic (“Assyntian”) flysch (Atanasiu, 1940;
Mirdutd 1964, 1965, 1969; Jipa, 1970). The sedimentological
record indicates that the turbidites of the Histria Formation
can be defined as submarine fans, representing channel and
lobe complexes formed from sediment-gravity flows in a
deep-sea environment, as defined by Shanmugam & Moiola
(1988). Their features suggest active margin fans. As studies
of eustatic control on submarine fan development suggest
that channelization and related fan growth seem to occur
mainly during periods of low sea level (Shanmugam et al.,
1985), it is possible that the coarse members of Histria
Formation have formed during such periods.

Based on sedimentological information and geometric
relations, the Histria Formation can be separated into three
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Figure 6. Palacoflow directions measured
in Tcde Bouma divisions of the Histria
Formation, superimposed on a Mesozoic
subcrop map showing the distribution of

I:I Sibioara Member the three members in the Histria
. Formation.

- Haidar Member
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Black Sea

members (Seghedi & Oaie, 1995; Oaie, 1999). The
establishment of the overall vertical facies distribution for
each member is difficult, due to the discontinuity of the
outcrop areas, the possibility of lateral facies variation and
folding. A schematic stratigraphic log is presented in Fig. 5,
and the areal distribution of the three members is shown in
Fig. 6.

The lower, sandstone dominated member, up to 2500
m thick (Beidaud Member), consists of channelized, coarse-
grained middle fan turbidites, associated with depositional
lobe deposits of the lower fan. In the area between the
Peceneaga-Camena and Ostrov-Sinoe Faults, almost all
outcrop areas consist of this lower, sandstone dominated
member, occupying the hinge of a large, open anticline. On
the southern limb of the anticline, scarce exposures of the
middle member are locally found.

The middle, Haidar Member, of maximum 500 m
thickness, consists of purple and green siltstones and
mudstones, forming amalgamated Tcde, Tde and Tce Bouma
divisions. Thin, centimetric beds of fine-grained sandstones
exceptionally occurr. The great thickness of these fine-
grained successions and their facies associations suggest

distal turbidites (Seghedi & Oaie, 1995; Oaie, 1999),
representing lower fan lobe fringe and basin plain sediments.
A probable explanation for this lithological change is a rise in
sea level.

The upper, Sibioara Member, is again coarse-grained
and sandstone-dominated, interpreted as channelized middle
fan turbidites, associated with conglomerates representing
upper fan channels. This member always starts with a very
coarse-grained conglomerate facies of the upper fan, directly
overlying the fine grained, thinly laminated distal turbidites
of the Haidar member.

The existence of a fourth member of the Histria
Formation is possible, but still difficult to prove. Offshore in
the Black Sea, borehole 19 Vadu (Fig. 2A) penetrated the
Histria Formation on 36 m. The top of the turbidite succession,
intercepted at 2113 m depth, is overlain by late Jurassic
limestones, like in Central Dobrogea. Based on lithological
and sedimentological descriptions (Almasan er al.,
unpublished data 1989), this succession appears to represent
distal, lower fan turbidites, overlying a coarse - grained,
conglomerate facies (Oaie, 1999). Because the gravity map
shows the eastward uplift of the basement of Central
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Dobrogea (Botezatu & Bacioiu, 1957; Airinei, 1980;
Dimitriu, 2001 and references therein), the turbidites from
the Black Sea offshore could lie in a lowermost stratigraphic
position. However, in the absence of other geological and
geophysical data, the stratigraphic position of these turbidites
remains uncertain.

4.3. Palaeocurrent directions

Due to the very large scale of folding, the open style of folds
and the very low-grade of metamorphism, the bedding
surface represents the main detachment plane in the turbidites
of the Histria Formation. A large variety of sedimentary
structures is very well preserved on bed surfaces, as well as
inside the beds. Most of the primary sedimentary structures
have a mechanic, erosive origin (flute casts, rill marks,
groove and chevron marks), including erosion channels
marked by the presence of soft, rip-up clasts (intracalsts or
intraformational remobilisations) (Figs 3A & 3B).

Constructional sedimentary structures are represented
by the orientation of conglomerate elements along the main
flow direction. Continuous or discontinuous vertical grain-
size grading displays both fining- and coarsening- upward
sorting. In coarse-grained layers, grain-size grading can be
slightly contoured. Parallel or cross stratification and
laminations, usually with sharp limits, are common in most
of the outcrop areas. Sometimes deformational sedimentary
structures, such as resulting from differential loading are
found, mainly at the base of coarse-grained layers (Plate 2A,
B, O).

In the coarse-grained facies, parallel bedding is in
most cases absent or diffuse. Cross bedding, at mm to dm
scale, appears either isolated (e.g. starved ripple) or grouped
in sets and co-sets. The areas of ripple-type bedding may
have straight or curved crests (Plate 3 A, B). Convolute
bedding is rare, forming beds up to 10 — 15 cm thick. Rill
marks, groove and chevron marks and current lineations are
often found superimposed on top of pre-existing rippled
surfaces (Jipa, 1970; Oaie, 1999). Several such structures are
shown in Plates 2 (D) and 3 (B, C).

Palaeoflow measurements over the entire outcrop area
of the turbidites, both on bedding surfaces (rill marks,
chevron marks, ripple marks), as well as on sedimentary

structures preserved inside the beds (imbrications, ripples),
have been performed in all three members of Histria
Formation (Jipa, 1968, 1970; Oaie, 1999). The palacoflow
directions measured in the fine-grained facies (Tcd Bouma
divisions) of the three members are shown in Fig. 6. A
dominant E-W flow pattern and W directed flows are observed
in the largest part of the outcrop area. In the Sibioara member,
palaeocurrent directions show a radial pattern, indicating
dominantly NW, N and NE directed flows, typical for fan
environments. In the Beidaud Member EW directions seem
to be dominant, but NW, N and even WE directions also
occur. The N, NE or NW directed flows, measured in the
coarse-grained facies, represent the lateral transport directions
from the source area into the basin.

Palaeocurrent directions indicate that the main
transport in the basin of Histria Formation was E-W, with
sediments delivered by a southerly or SE located source area
(Jipa, 1970; Oaie, 1999). The N, NW and NS directions in
the fine-grained Haidar Member suggest local conditions
which induced a change in palacoflow. Considering that
seafloor morphology deflects the bottom currents around
obstructions and funnels water through sills, it is suggested
that these local conditions in the case of Histria Formation
might have been structural highs. The presence of faults in
the basement of Central Dobrogea (Fig. 2), indicated by
geophysical data, supports the possibility of submarine highs
in the sedimentary basin of the turbidites.

5. Mineralogy and petrology of the Histria
Formation

Detailed mineralogical, geochemical and petrologic studies
on the Histria Formation have not been done yet. Preliminary
data on the scale of the entire formation provided information
on the mineralogy and geochemistry of coarse- and fine-
grained members, which were used to characterise the
geological composition of the source areas. A vertical
variation in sandstone composition within each coarse
member was not observed, due to still limited petrographic
information. A summary of the provenance data will give in
addition information regarding the age and affinity of the
source areas.
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Figure 7. Petrofacies of coarse grained members of the Histria Formation. A) QFL (QmFILt) plot for detrital modes of sandstones from the Histria
Formation, indicating contributions from continental block, volcanic and plutonic sources and recycled clasts; Abbreviations: Qm = metamorphic +
magmatic quartz; F (Fl) = total feldspar; Lt = total lithics, L = lithics; Qp = polycrystalline quartz; B) Tectonic discrimination diagram for sandstones,
based on composition of lithics (Dickinson & Suczek, 1979; Dickinson & Valloni, 1989). The Histria Formation sandstones have a composition of
mixed orogenic sands. Lv — volcanic lithics, Lm — metamorphic lithics, Ls — sedimentary lithics.
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5.1. Composition of sandstones and conglomerates

5.1.1. Mineralogy

Coarse-grained member mineralogy consists of quartz (both
embayed, volcanic quartz and subangular, undulose vein
quartz), weathered plagioclase and K-feldspar, detrital
phyllosilicates (muscovite, chlorite and biotite), epidote and
various lithic fragments. Detrital epidote frequently forms
large, rounded grains, consisting of prismatic or needle-like
crystals either as fan-shaped, fibrous aggregates, or as
granoblastic masses, suggesting a hydrothermal or
metamorphic origin. Lithic clasts include fragments of
magmatic, metamorphic and sedimentary rocks. Their
petrography is illustrated in Plate 4. Magmatic clasts consist
of granites, rhyolites, dolerites and basalts. Metamorphic
rock clasts indicate a source area composed of gneisses,
micaschists and quartzites, corresponding to the Precambrian
basement composition of South Dobrogea. Red or black
cherts (Grigoras & Déne,t, 1961; Anastasiu & Jipa, 1984) are
reworked in the upper member and might suggest derivation
from an accretionary wedge.

The petrofacies of the 24 samples from the coarse-
grained members was defined using the parameters of the
QFL plot (Fig. 7). Sandstone petrofacies suggest
feldspatholithic and lithofeldspathic sandstones, with high
P/F (ratios of plagioclase feldspar to total feldspar), low V/L
(ratios of volcanic fragments to total unstable lithic clasts)
and high M (mica contents). According to the QFL diagram,
the major sources delivering detritus to the Histria basin were
represented by a continental block and a plutonic basement
— volcanic arc source (Seghedi et al., 2000). Only a few
samples plot in the field of recycled orogen and mixed
petrofacies. Such sandstone compositions occur in continental
margins dominated by active volcanic arcs. Prevalence of
rounded and subrounded lithic clasts indicates either a long
distance of transport to the depositional basin, or, more
probably, reworking in several sedimentary cycles.
Coexistence of both subangular and subrounded quartz clasts
indicates mixing of sediments from different sources.

In order to evaluate the tectonic context of the
sandstones, the tectonic discrimination diagram based on
composition of lithics was used (Dickinson & Suczek, 1979;
Dickinson & Valloni, 1989). The Histria Formation
sandstones plot in the central part of the QpLvLmLs diagram,
in the field of mixed orogenic sands, and partly in the fields
of arc orogen sources and collision/fold/thrust belt sources
(Fig. 7B).

The sandstone composition indicates that the Histria
Formation turbidites are highly immature lithic arkoses and
volcanic arenites, rich in unstable components. Textural and
mineralogical immaturity indicate quick sediment transport
and burial, which prevented decomposition of feldspars and
pyroxenes. The coarse-grained member composition suggests
that a continental margin delivered terrigenous clasts into the
basin. The presence of acid and basic volcanic clasts, together
with pyroxenes, indicates a volcanic source, active at least
periodically, along with a source area dominated by
metamorphic rocks and granites. Source areas with such
composition characterize continental margins dominated by
active volcanic arcs (Seghedi et al., 2000, 2001).

Considering the great thickness of the Beidaud and
Sibioara Members, it is obvious that a considerably larger
number of samples should be analyzed in order to obtain
reliable interpretation of source area composition and tectonic
setting of the Histria Formation. As the basalt-rhyolite
association is common both in convergent, subduction or
collision-related settings, and in extensional or transtensional
settings, chemical analyses of the volcanic clasts would be
necessary, or at least of sandstone samples, would help to
discriminate the tectonic setting of the turbidite sources.

5.1.2. Heavy mineral assemblages

In coarse-grained facies rocks, heavy minerals assemblages
are disseminated throughout the bed. In Tc Bouma division
of turbidites, heavy minerals are disseminated or concentrated
along parallel or cross laminations and show good sorting,
with both rounded and subangular-angular shapes. This
suggests that erosion and transport of heavy minerals took
place from source areas located at various distances to the
sedimentary basin, some of them possibly intrabasinal, by
reworking below sea level. The heavy mineral assemblages
from Histria Formation sandstones were studied by Codarcea
(in Seghedi et al., 2000), and the conclusions of these studies
are presented below.

The heavy mineral fraction is rich in metastable
minerals. Considering their frequency, heavy minerals
include: pyrite, magnetite, ilmenite, hornblende, epidote,
zoisite, Kyanite, biotite, zircon, pyroxene, titanite, garnet,
staurolite, monazite, tourmaline, rutile, chloritoid, sillimanite,
brookite, apatite (Seghedi et al., 2000). The heavy mineral
assemblages identified are kyanite + epidote + zoisite +
hornblende + pyroxene in sandstones, epidote + zoisite +
hornblende + zircon in siltstones and kyanite + epidote +
zoisite + hornblende in mudstones. The widespread
assemblage of hornblende + epidote + zoisite + kyanite
indicates that the source area consists largely of metamorphic
rocks. The presence of pyroxenes in the heavy mineral
assemblages suggests the presence of magmatic rocks in the
source area.

5.2. Composition of pelites

Mineralogical studies by XR diffraction of pelitic fraction («
2 p) were performed on 40 samples of pelites from all three
members of Histria Formation. The mineralogy of the pelitic
fraction is characterized by quartz, illite, albite and chlorite.
Mineralogical studies point out that the clay mineral fraction
is dominated by illite (65 - 75 %) and chlorite (25 — 35 %)
(Radan, unpublished data). Montmorillonite, smectite and
kaolinite may occur occasionally. Values of 2-3 for the illite-
chlorite ratio indicate a source area rich in acidic rocks
(Kukal, 1965).

The chemical composition of 14 pelites sampled from
all three members of Histria Formation is shown in Tab. 2.
Major element geochemistry shows that the fine-grained
sediments of the Histria Formation are rich in SiO, (58.80 —
69.00 %), AL,O, (13.75 — 17.70 %), and Na,O (2.46 — 3.68
%). High FeO/Fe,O, ratio (0.6-6.1%) indicates either an
initial reducing depositional environment, or the subsequent
reduction of iron and its inclusions in the lattices of silicates
during diagenesis. A significantly low K,O/Na,O ratio
suggests high albite content in the rocks and a long distance
of pelitic sediment transport (Kukal, 1965; Englund &
Jgrgensen,1973).

The chemical classification system of Englund &
Jgrgensen (1973), based on the abundance of major elements,
was used to characterize the weathering conditions within
the source area of the material supplied to the palaecobasins
(Fig. 8). On this diagram, the pelitic rocks of the Histria
Formation show the composition of unweathered sediments
or of sediments with weak chemical weathering, rich in
feldspars, micas and chlorite, with subordinate contents in
montmorillonite and kaolinite (Englund & Jgrgensen, 1973).
The field of the Histria Formation overlaps with the field of
black shales, mainly Scandinavian alum shales, as well as
that of the Late Proterozoic-Eocambrian turbidites (Brgttum
Formation) from southern Norway (Fig. 8). The Brgttum
Formation is a thick, monotonous alternation of greywacke
sandstones and shales, assumed to be deposited from turbidity
currents, from Precambrian source rocks of granitic to
gabbroic-anorthositic composition. The mineralogy of the
clay fraction, similar to that of the Histria Formation pelites,
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LOI
2,10
2,00
3,22
2,55
3,13
3,40
5,53
1,55
2,61
1,94
6,23
2,61
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5,33

F203 tot

4,74
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6,57
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10
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0,06
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CO,
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40
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0,11
0,12
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0,12
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0,11
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0,26
0,44
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Sc

17.5

21
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NaQO

2,58
3,24
3,27
3,85
3,42
3,08
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87
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K,0
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10,88
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Cr

39
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CaO
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6,47
2,66
7,27
6,31

Co
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MnO | MgO
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0,20
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Mo

traces
traces
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FeO
2,38
2,26
2,89
2,64
4,21
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2,56
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3,10
4,01
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Ga
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1

8.5
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Sn
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Pb
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Cu
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7
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35/95
4711

B
4784

16
12
17

MVS85

8

V1

13

Location

V. Siriu

V. Nuntasi

V. Casimcea
V.Siriu

Nr.

1
2
1
4
5

7

10

11

12
13

14

Sample

4557

4538

4567
4554

includes quartz, illite, albite and subordinate
amounts of chlorite (Englund & Jgrgensen,
1973).

The trace element contents of 4
samples of pelites from the Haidar member
(Tab. 3) are comparable to the “average shale”
values of Turekian & Wedepohl (1961), but
their abundances are generally lower for Cu,
Pb, Zn, Sn, Ni, Co, Cr, V and La, and a little
bit higher for Sc, Y, Yb and Zr. The variation
and the mean values of the analysed trace
elements suggestthe influence of aterrigenous-
volcanic source area dominated by more or
less weathered acidic rocks (Kukal, 1965).
The La/Sc ratio ranges from 1.36 to 2.38; this
value is characteristic for shales derived from
the Upper Continental Crust, in agreement
with the above mentioned hypotheses
Turekian & Wedepohl (1961). This is also
consistent with data from the Vendian pelites
in Malopolska from Jachowicz et al.
(unpublished data 2002), who established that
on discriminant diagrams, characteristic ratios
of index elements (Th-La-Sc, Sc-Th-Zr/10,
Ti/Zr-La/Sc, La/Y-Sc/Cr, K,0/Na,0O, TiO,-
Ni) indicate a supply from a continental arc
which was dominated by felsic rocks.

5.3. Provenance data

U-Pb SHRIMP analyses on zircons, performed
on samples from all three members of the
Histria Formation from Central Dobrogea
(Zelazniewicz et al. 2001a, b) yielded:
Archean (2.8 Ga), Grenvillian (1.2-1.0 Ga)
and Neoproterozoic (720-550 Ma) age groups.
The oldest Neoproterozoic magmatic zircons
are interpreted to mark the onset of rifting
along the Teisseyre-Tornquist margin of
Baltica at 720-680 Ma, while younger igneous
zircons and metamorphic overgrowths may
indicate collisional orogenic events in a
continental arc setting at 640-580 Ma
(Zelazniewicz et al., in preparation). The
Grenvillian-aged zircons suggest derivation
of the source area from the 1.3-0.9 Ga
Grenvillian belt within the supercontinent
Rodinia (Zelazniewicz et al., 2001a), which
was formed by Laurentia, the Sunsas part of
Amazonia and the Sveconorwegian part of
Baltica (Nance & Murphy, 1994; Friedl et al.,
2000; Murphy et al., 2000; Casquet et al.,
2001). The same age groups were yielded by
the coeval turbidites in the Malopolska block,
but there a Palacoproterozoic age group is
also present (Zelazniewicz et al., 2001a, b).

Oczlon et al. (2005) provide an
alternative interpretation of the zircon data
presented above, favouring a peri-Gondwanan
provenance. The detrital zircon spectrum
from the Histria Formation is suggested to
indicate a  contemporaneous  active/
accretionary margin and Archean/Grenvillian
sources unrelated to Baltica, probably related
to Avalonia.

Table 2. Chemical composition of pelites from the
Histria Formation.

Table 3. Trace elements in pelites from the Histria
Formation (Haidar Member).
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Figure 8. Englund & Jgrgensen (1973) diagram used to characterize the
chemical composition of pelites analysed from the Histria Formation.
The variation in the degree of weathering is expressed as M, =
FeO+MgO+ALO,/K,0+Na,0/Ca0 and M, = Al O,/FeO+MgO.
Unweathered sediments have low values of M1 and M2, while more
weathered sediments have higher values.

6. Age of sedimentation

In outcrops in the southern part of Central Dobrogea, above
an erosional unconformity at the top of the Histria Formation,
discontinuous patches of Middle — Upper Jurassic limestones
occur. They represent remnants of a largely eroded carbonate
platform cover (Fig. 4). Erosion of the older, Palaeozoic
cover strata from the top of the Histria Formation in Central
Dobrogea took place at least before the Bathonian, as
turbidites are overlain by scarce remnants of a kaolinitic
weathering crust, preserved in places below the Bathonian
clastics of the platform cover (Radan, 1994).

The Late Proterozoic-Early Cambrian age of
deposition is constrained by stratigraphic relations in
boreholes and by palynological associations yielded by
turbidites. In several boreholes west of the Danube, the
folded turbidites are unconformably overlain by flat-lying
Ordovician quartzitic sandstones and shales dated with
graptolites (Murgeanu & Spasov, 1968; Iordan, 1981, 1992,
1999). This indicates a pre-Ordovician age of sedimentation
and deformation of the Histria Formation (Mirdutd, 1965).

Palynological assemblages of Acritarchs, from the
entire outcrop area, indicate a Late Proterozoic — Early
Cambrian age. The palynological association identified in
the upper member of the turbiditic succession includes
(Iliescu & Mutihac, 1965; Vaida, unpublished data):
Protosphaeridium sp., P. tuberculiferum Tim., 1966, P.
densum Tim., 1966, Polyedrosphaeridium bullatum Tim.,
1966, Turuchanica sp., Podoliella irregulare Tim.,1973,
Stictosphaeridium sp., S. sinapticuliferum Tim., 1966, Sym-
plassosphaeridium sp., Orygmatosphaeridium sp., Favosos-
phaeridium sp., F. favosum Tim., 1966, Zonosphaeridium
sp., Micrhystridium sp., Synsphaeridium sp., S. sorediforme
Tim., 1959, S. conglutinatum Tim., 1959, Kildinella
hyperboreica Tim., 1966, K. tschapomica Tim., 1966,
Trachysphaeridium sp., T. laminaritum (Tim., 1966) Vidal,
1974, T. levis (Lopukh., 1971) Vidal, 1974, Trematos-
phaeridium sp., Tetraedrixium elegans Tim., 1973, Dictyos-
phaeridium tungusum Tim., 1966, Pterospermopsimorpha
mogilevica Tim., 1973, Leiomarginata sp., ? Tasmanites sp.,
Cymatiosphaerasp.,Lophosphaeridiumsp.,Baltisphaeridium
sp., Leiosphaeridia sp.

Microspores Leiominuscula rugosa, Margominuscula
rugosa and Lophominuscula prima, indicate a Precambrian

age (Iliescu & Mutihac, 1965), while Protoleiosphaeridium
sp. and Trachyoleiotriletum sp. indicate Early Cambrian, as
in Malopolska (Glowacki & Karnkowsky, 1962). Other
palynomorphs are confined exclusively to the Early Cambrian
(Olaru et al., 1990): Pulvinosphaeridium antiquum,
Leiosphaeridia  culta, L. dehisca, L. pilonifera,
Baltisphaeridium dubium, B. acerosum.

The macrofaunal evidence found in the distal
turbidites of the haidar member is a medusoid imprint
identified as Nemiana simplex, Palij, 1974 (Oaie, 1992). The
trace is slightly elliptical, with maximum and minimum
diameters of 42 mm, respectively 37 mm (Plate 1A). A
comparison to other similar traces, found in Australia (Wade,
1969, 1972), North America, England (Jenkins, 1992) and
the East European Platform (Fedonkin et al., 1983), suggests
that it might represent a very primitive soft-bodied bentonic
producer, bag-shaped and devoid of tentacles, of which
findings are extremely rare. In Ediacaran quartzites, such
form was named “a floating zooid” (Fedonkin et al., 1983).
The existence of Nemiana simplex, Palij, 1974, a form similar
to the Ediacaran Fauna, suggests an Upper Precambrian age
for the Histria Formation (Oaie, 1992, 1999). The deep-water
occurrences of Ediacaran Fauna are known principally in
North America and England (Jenkins, 1992). The rarity of
traces of organic activity found (Plate 1B) also suggests an
age older than the the faunal explosion of the Cambrian,
which occurred at 530 — 515 Ma (Carlovicz, 1997), or 545
Ma (Nash, 1995).

7. Deformation and structure

The main folding system deforming the turbidites consists of
E-W trending, open normal folds (B)) (Mirdutd, 1969),
parallel to the main palaecoflow directions (Fig. 7). Antiformal
B, folds often show periclinal closures toward W. The folds
formlarge, northward verging, westward plunging anticlinoria
and syclinoria, with amplitudes up to thousands of meters
(Mirduta, 1965, 1969). These large-scale structures are
accompanied by secondary folds with amplitudes of hundreds
or tens of meters. Outcrop scale folds are exceptions. Folding
is accompanied by the development of an axial-planar slaty
cleavage (S,) (Mirduta, 1969; Seghedi & Oaie, 1995). The
cleavage is penetrative in fine-grained lithologies, and spaced
or often absent in the coarser, sandstone or conglomerate
members. Cleavage shows a general E-W orientation, with
steep dips (70°-80°) to the north or south, parallel or fanning
in fold hinges.

Locally, a second folding system (B,) with NNW-SSE
trend overprints the B, folds. B, folds show amplitudes of
meters to tens of meters and are well developed on both sides
of the Ostrov-Sinoe Fault.

In several areas, the slaty cleavage is pervasively
deformed by small-scale kink bands and often by crenulations
and crenulation cleavages. These areas typically occur in two
strips of hundreds of meters wide south of the Peceneaga-
Camena Fault and north of the Capidava-Ovidiu Fault, as
well as in the area of Lake Sinoe (Seghedi & Oaie, 1993).
This superimposed deformation may be the result of
reactivation of the main strike-slip faults bordering Central
Dobrogea (Draganescu, personal communication).

The age of the main deformation and very low-grade
metamorphism of the Histria Formation ranges between 573-
518 Ma, as suggested by whole rock K-Ar cooling ages on
pelites from borehole Mihai Viteazu, located on a steep fold
limb in the lower member of the Histria Formation (Giugca
et al., 1967; ages recalculated by Krautner et al., 1988). The
above K-Ar ages indicate that deformation of the turbidites
took place in the Late Proterozoic-Early Cambrian and was
ascribed to the “Assynthan” or “Baikalian” events at the end
of the Neoproterozoic (Giuscd et al., 1967; Mirauta, 1969).

The Neoproterozoic metamorphism took place in
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very low-grade, subgreenschist facies conditions. Values of
the ‘illite crystallinity index’ ranging from 2.3 to 12 and
indicating anchimetamorphic conditions are consistent with
petrographic and structural data. In scarce outcrops in the
lower member south of the Peceneaga-Camena Fault,
chloritoid crystallization in sandstones indicates that lower
greenschist facies conditions were attained locally in the
lower member, in this case in the core of a large, open
anticline.

8. Extent and basement of the sedimentary basin

The eastward extent of the Histria Formation is known from
borehole and geophysical data. In the Black Sea offshore,
one borehole bottomed in Histria Formation turbidites at
depths below 2000 m (Almasan et al., unpublished data
1989) (Fig. 2A). Integration of borehole and seismic data
(Catuneanu, 1992, 1993) indicates a progressive eastward
deepening of the Histria Formation in the offshore area,
where it is overlain by Late Jurassic sediments as in the
outcrop area in Central Dobrogea. The offshore eastward
stepwise deepening of the turbiditic succession is controlled
by a system of N-S trending faults, probably belonging to the
West Black Sea Fault system. It is not precisely known how
far east the turbidites continue into the Black Sea and opinions
vary considerably. Magnetic data suggest that the Moesian
basement suddenly terminates at about 50 km east from the
shore (Romanescu et al., 1972). A larger offshore extent, of
about 100 km east from the shore, is suggested by correlation
of seismic sections with borehole information (Catuneanu,
1993) (Fig. 2A). Sandulescu (1980, 1984) suggests that the
Histria Formation prolongates in the West Black Sea basin
up to the area with basaltic crust, to reappear on the eastern
side of the Black Seain the Dzirula massif of the Transcaucasus
(Fig. 1A).

Geological and seismological data suggest that the
depositional basin of the Histria Formation was floored by a
heterogeneous continental crust. As previously presented,
although in outcrops the contact with the Altin Tepe
Formation is tectonic, magnetic and gravity anomalies
suggest the continuation of the Altin Tepe Group rocks in the
basement of the Histria Formation as far south as the Ostrov-
Sinoe Fault (Visarion et al., 1988). Gravity and magnetic
data indicate that south of the Ostrov-Sinoe Fault the
basement of the turbidites is made up of rocks with densities
comparable to the Ovidiu gneisses from South Dobrogea
(Dimitriu, 2001) (Fig. 2B).

Magnetic anomalies in the Black Sea offshore north
of the COF (Airinei, 1967; Romanescu et al., 1972), contrasts
in electric conductivity revealed by magneto-telluric
soundings at depths of about 4-6 km, along with results of
potential field modelling, all suggest the northward
prolongation of the Palazu banded iron formation in the
subsurface of Central Dobrogea up to the Istria Fault
(Visarion et al., 1988) (Fig. 2B).

9. Discussion

9.1. Eustatic and climatic control on the deposition of the
Histria F ormation

The main factor in the development of a submarine fan is the
global lowering of sea level (Shanmugam & Moiola, 1982,
1984). The major controls on global sea level changes are
tectonism and glaciation (Shanmugam & Moiola, 1982,
1988). Correlating sea level changes (Vail et al., 1977) with
sea-floor spreading and related climate changes, it was
concluded that at the Precambrian/Cambrian boundary the
sea level was 50 m lower than today (Shanmugam & Moiola,
1982; Condie, 1997; Miall, 1984, 1997). An important sea
level rise started in the Late Precambrian and terminated in

the Ordovician (Condie, 1997). The low sea level favoured
the development of marine turbidite systems at global scale
(Shanmugam & Moiola, 1982). The cold climate during this
time-span, correlated with the presence of strong submarine
currents, favoured the development of dominant coarse fans
(Mutti, 1985). The Histria Formation turbidites, accumulated
during Late Precambrian-Early Cambrian, are part of these
coarse turbidite systems. The rarity of traces of organic
activity in Histria Formation turbidites is consistent with a
cold climate during their accumulation.

Strong erosion of the shelf area, tectonic uplift of the
source area and strong submarine currents are the main
controls on turbidite sedimentation (Kolla & Macurda, 1988).
The low-stand favours strong erosion and continuous uplift
of the source area and results in a large amount of sediments
transported in the heads of submarine canyons. Depocenters,
initially emplaced on the coast, prograde to the offshore and
favour the development of submarine fan systems. This
results in episodic sea-level changes, spanning 10.000 to
10.000.000 years (Kolla & Macurda, 1988). In the case of the
Histria Formation, the succession of the three members could
be similarly explained by variations in turbiditic current
activity, influenced by sea level changes, climate and sea-
floor spreading. The coarse-grained Beidaud and Sibioara
Members might be controlled by low-stand, while the fine-
grained Haidar Member suggests a rise in sea-level (Oaie,
1999). In modern ocean basins, such conditions are related to
active continental margins.

The development of dominantly coarse-grained
submarine fans is influenced primarily by lowstands of sea
level in most tectonic settings (Mutti, 1985; Kolla & Macurda,
1988; Shanmugam & Moiola, 1988). In the classification of
the mentioned authors, the Histria Formation would belong
to the turbiditic systems of type I, formed at low sea level, in
conditions of strong hydrodynamical and morphological
gradients, which favour the formation of channels filled with
coarse-grained sediments and of thick, sandy depositional
lobes.

A distinctive feature of the fine-grained turbidites of
the Haidar Member is the variegated colour occurring over
large areas, with a purple colour of the pelitic layers and a
green colour of the thin interbedded ripple-laminated
siltstones or fine-grained sandstones. There are several
possible explanations for the colour changes: (a) they might
reflect pulsations of the turbidity current activity, eroding
source areas with different geochemical composition; (b)
difference in sedimentation rates, knowing that greater
sedimentation rate enables preservation of organic carbon,
mobilization of manganese and reduction of Fe** to Fe** in
order to produce the green coloration of sediments (Kerr,
2001); (c) the degree of bottom water oxygenation (Wagreich
& Krenmayr, 2005), well oxygenated waters determining
red, while less oxygenated waters determining green colours;
in the case of the Haidar Member, the presence of pyrite in
the fine-grained, green sandstones and siltstones suggests
reducing environment.

9.2. Tectonic setting of the Histria Formation
Sedimentological studies indicate that the turbidites of the
Histria Formation can be defined as submarine fans,
representing channel and lobe complexes formed from
sediment-gravity flows in a deep-sea environment. Absence
of carbonates indicates basin depths below the CCD.
Although trace fossils are scarce, the presence of meandering
traces on the surface of pelitic lithofacies resembling the
Nereites ichnofacies suggests deep water environments.

The overall sedimentological features and the
dominance of sandstones suggest that the Histria Formation
turbidites accumulated on a fan developed in an active-
margin setting. Active margin fans are usually small, sand-
rich and show depositional lobes (Shanmugam & Moiola,
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1988). Two models were suggested for the tectonic setting of
the Histria Formation: a forearc basin (Seghedi & Oaie,
1993), or a foreland (foredeep) basin (Seghedi & Oaie, 1994,
1995; Oaie, 1999; Zelazniewicz et al., 2001a).

There are several tectono-stratigraphic attributes of
foreland basin (foredeep) development, as revealed by Ori et
al. (1986): foreland basins migration front of an advancing
thrust pile; thrust highs, with impressive vertical
displacements, can be eroded to produce a local sediment
source; sediment dispersal patterns are mainly parallel to the
long axis of the basin, although lateral supply is important;
segmentation of the foredeep into discrete depocentres as a
result of contemporaneous tectonism and diapirism, probably
due to basement control.

The model of a foreland basin setting of the Histria
Formation turbidites is based on the following: location north
of the northward vergent Neoproterozoic thrust wedge,
preserved in the subsurface of South Dobrogea; overall
upward-coarsening facies association, consistent with a
thrust system prograding towards its foreland; mixed
sandstone petrofacies; dominant axial sediment transport,
parallel to the long axis of the basin, as well as lateral supply.
The presence of blind thrusts in the basin fill, represented by
submarine highs related to thrust fronts which might have
acted as intrabasinal sources, are inferred on the basis of
structural and geophysical data (Fig. 2B). A convergent
setting is indicated by pre-Ordovician deformation of the
basin fill into large, open folds, parallel to the basin axis. The
structural style and the very-low grade metamorphic
conditions of this deformation are consistent with a foredeep
setting. The dominance of sandstone facies suggests that the
basin was effectively oversupplied with respect to its size, a
feature that appears common to many foreland basin
successions (Pickering et al., 1988). E-W fold directions
suggest N-S directed compression. A slightly oblique
convergence is suggested by the NW-SE orientation of the
faults present in the basement of the turbidite basin (Fig.
2B).

A possible younger analogue of the ancient turbidites
of Histria Formation is the lower and middle Eocene Hecho
Group, a submarine fan from the Pyrenees formed in a
foredeep basin with a width comparable to that of Histria
Formation. The deep-marine turbidite facies are well
documented in many papers, among which the best known
are by Mutti (1977, 1985), Mutti et al., (1985) and Labaume
et al. (1985). The eastern part of the Hecho Group comprises
six, deep marine, channel levee complexes, while the western
part consists of fan-fringe and basin-plain deposits. The main
transport path for the clastics was axial and from east to west.
Along the length of the foreland basin, structural highs were
active during sedimentation.

Sandstone petrography and geochemistry of the
pelites indicate that the turbidite basin of the Histria
Formation was sourced by a continental margin. Further
petrological studies are required in order to draw reliable
conlusions relate to the significance of the bimodal volcanic
rocks. They could have been related to an active volcanic arc
(Seghedi & Oaie, 1995; Oaie, 1999), or to an intraplate
volcanism connected to extension.

Zircon provenance data indicate that the source area
was composed of Archaean and Grenvillian age metamorphic
rocks (Zelazniewicz et al., 2001a, b), which is consistent
with petrographic observations. Considering that coeval
turbidites from the Malopolska Massif yielded
Palacoproterozoic zircons, it is possible that more analyses
could document their presence in Central Dobrogea too. The
presence of Grenvillian rocks in the source area suggests that
the active continental margin sourcing the turbidite basin
was probably the Avalonian-Cadomian volcanic arc at the
northern coast of Gondwana.
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Plate 1. Traces of organic activity in Te beds (Haidar Member) of the Histria Formation. A) impression of Nemiana simplex Palij 1974 in fine-grained
turbidites, Casimcea valley north of village Razboieni; B) unidentified meandering trails on the bed surface in pelites, left tributary of Casimcea valley
NE of Casimcea locality (after Oaie, 1999).
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Plate 2. Sedimentary
structures in turbidites (Haidar
Member) of the Histria
Formation. A) Flame
structures developed due to
differential loading at the base
of a sandstone bed overlying
a pelite (Te) bed; B & C) Load
casts; D) Rill marks and
chevron marks (right corner)
on bed surface. Arrows
indicate the flow direction.
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Plate 3. Sedimentary structures on the bed surface in fine-grained turbidites (Haidar Member) of the Histria Formation. A) Large bedding surface with
ripple marks parallel to the current direction; B) Drag mark overprinting ripple marks on a bedding plane; note the fine intersection lineation between
the rippled surface (S ) and the slaty cleavage (S,); C) Chevron marks on a bed surface north of Piatra village; the arrow indicates the palaeoflow
direction.
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Plate 4. Coarse - grained facies of the Histria Formation, Sibioara Quarry (Sibioara member). A) Clast supported orthoconglomerate with coarse,
weakly sorted matrix, overlain by a reverse graded medium to coarse-grained sandstone bed; B) Poorly sorted conglomerate grading upwards into
massive sandstone. Note the abundance of subangular lithic clasts (granites, gneisses, rhyolites).





