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Abstract

We present new sedimentological, petrographical, palaecontological and detrital
zircon U-Pb data on late Oligocene-early Miocene sedimentary rocks of the thin-
skinned thrust belt of East Carpathians. These data were acquired to reconstruct
the sedimentary routing system for two compositionally different turbidite fans
made of the regionally extensive Kliwa and Fusaru formations. On the eastern
margin of the Moldavides foreland basin, large low-gradient river systems draining
the East European Platform provided well-sorted quartz-rich sand forming deltas
on wide shallow shelves and thick Kliwa submarine fans. Due to the westward
subduction of a thinned continental plate, the western basin margin was
characterized by short, steep-gradient routing systems where sediment transport
to deep water was mainly through hyperpycnal flows. The Getic and Bucovinian
nappes of the East Carpathians and the exhumed Cretaceous-Early Palacogene
orogenic wedge fed Fusaru fans with poorly sorted lithic sand. The Fusaru
fans trend northwards in the foredeep basin having an elongate depocentre,
interfingering and then overlapping on the distal part of the Kliwa depositional
system due to the eastward advance of the Carpathian fold-and-thrust belt. A
smaller sediment input is supplied by southern continental areas (i.e. Moesian
Platform, North Dobrogea and potentially the Balkans). In general, the sandstone
interfingering between distinct basin floor fan systems is less well documented
because the facies would be similar and there are not many systems that have
a distinct sediment provenance like Kliwa and Fusaru systems. This case study
improves the understanding of regional palaecogeography and sedimentary
routing systems and provides observations relevant here or elsewhere on the
interfingering turbidite fan systems.
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1 | INTRODUCTION

Many clastic sedimentary systems contain four main
segments from source to sink: river catchment area;
continental shelf; continental slope and submarine fan
(Allen, 2017; Nyberg et al., 2018; Semme et al., 2009). The
deposits preserved within orogenic belts rarely display
the complete sedimentary record of typical source-to-
sink systems because of erosion or burial of one or several
segments. Ancient sediment routing systems are usually
reconstructed by the means of petrography and heavy
minerals analysis coupled with facies modelling. Using
the extent of modern routing systems that are controlled
by similar tectonic and climatic regimes as analogs offer
additional constraints.

The Romanian Carpathians (Figure 1a) represents a col-
lage of tectonic units (Tisza, Piennides, East-Vardar, Dacia,
Ceahldu-Severin and Moesia-Danubian, Figure 1b,c)
that were gradually assembled during the closure of East
Vardar and Ceahldu-Severin oceanic basins that can be
linked to the evolution of the Neotethys and Alpine Tethys.
The Oligocene deposits of the external thin-skinned
nappes of the East Carpathians, namely the Moldavides
(Sandulescu, 1984) comprise mainly deep-water facies (sub-
marine fan and pelagic basin floor), thus the link to their
source areas is poorly understood. Floored by a thinned
continental crust, the Moldavides Basin represents the east-
ern part of the Ceahldu-Severin Ocean, which opened in
the Middle Jurassic (Schmid et al., 2008). The Ceahliu sec-
tor was progressively shortened after the onset of subduc-
tion in the latest Early Cretaceous and during an episode of
Palaeogene-Pliocene continental collision, involving the
downgoing European plate and the overriding Dacia mega-
unit (Matenco, 2017; Sdndulescu, 1984; Schmid et al., 2008,
2020; Van Hinsbergen et al., 2020). After isolation from the
Mediterranean Sea in the Early Oligocene (Rogl, 1999;
Rusu, 1988), the Moldavides foreland basin became part
of the Central Paratethyan Domain, and developed anoxic
conditions depositing organic-rich shales with TOC >2%
(Sachsenhofer et al., 2015, 2018). These bituminous shales
form hydrocarbon source rocks, and their deposition con-
tinues up to the Early Miocene (Dicea, 1996; Popescu, 1995;
Sdndulescu, 1988). Oligocene anoxia conditions alternated
with gravity-driven sedimentation in the form of mass-
transport deposits and sandy turbidites sourced from oppo-
site margins of the foreland basin (Anastasiu et al., 1994;
Micldus et al., 2009; Schieber et al., 2019). Several publica-
tions focused on the Polish Outer Carpathians described
shallow-water facies co-eval to deep water deposits and
interpreted on the basis of storm-generated structures and
palaeontological data (e.g. Dziadzio et al., 2016). Previous
works (i.e. Grasu et al., 1988; Vinogradov et al., 1983)
showed that the texturally mature, quartz-rich sandstone
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of the Kliwa Formation was sourced from the eastern mar-
gin, while the poorly sorted lithic clastic material of the
Fusaru Formation was fed from the Carpathian Orogen
on the western margin. Numerous studies on the East
Carpathians’ Oligocene deposits focused on hydrocarbon
exploration and production. However, up-to-date sedimen-
tological, petrographical, biostratigraphical and geochro-
nological studies are needed to better describe the origin
as well as the spatial and temporal relationship between
Fusaru and Kliwa formations, the main Oligocene turbid-
ite units of the East Carpathians.

This work aims to answer the following questions: (i)
Were the Kliwa and Fusaru formations deposited simul-
taneously? (ii) Which were the controllers for the low
textural maturity of the Fusaru Formation, and the high
textural maturity, of the quartzous composition of the
Kliwa Formation? (iii) What were the potential sediment
source areas and routing systems that lead to the deposi-
tion of these shallow to deep source-to-sink sedimentary
systems? (iv) Was the sedimentation controlled by climate
or tectonics? To answer these questions, we acquired and
interpreted new sedimentological, petrographical, bio-
stratigraphical and zircon DZ geochronological data that
allowed us to construct a clearer image of the Oligocene
source-to-sink system and its deep-water component pre-
served in the East Carpathians.

2 | GEOLOGICAL SETTING
2.1 | Tectonics and stratigraphy of the
East Carpathian fold and thrust belt

Following the Middle Jurassic-Early Cretaceous open-
ing and enlargement of the Ceahldu-Severin Ocean, the
latest Early Cretaceous-Eocene tectonic compressional
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FIGURE 1 (a)The location of the Carpathians in the European Alpine belt and the relationship with the Teisseyre-Tornquist Zone
(TTZ) and the edge of the East-European Platform (after Mazur et al., 2018). The inset is the location of b; (b) The simplified tectonic map of
the Romanian Carpathians (after the Geological Institute of Romania—GIR maps; Matenco, 2017 and references therein). The location of
cross sections I-I’ and II-II" are shown in c. The inset is the location of Figure 2; (c) W-E cross sections across the Transylvanian Basin, East
and South Carpathians and their foreland, slightly modified from (Matenco, 2017; Tilitd et al., 2018).

inversion led to the formation of thick-skinned nap-
pes (Getic/Bucovinian nappes, part of Dacia mega-unit;
Figure 1b,c) and to the Severin and Ceahlau nappe com-
plex, an oceanic suture accreted to the Dacia mega-unit
(Sdndulescu, 1984; Schmid et al., 2020; Stefanescu, 1976).
The Ceahldu nappe complex of the East Carpathians
(Figure 2) contains only upper Middle Jurassic-
Cretaceous sediments and some mafic magmatic rock
fragments interpreted as ophiolites (Sdndulescu, 1984,
1988). A major event is recorded during the late Eocene
when large scale uplift took place in the external orogenic
wedge (Figure 3a), as an effect of the continental collision
between the Tizsa-Dacia block and the thinned continen-
tal European plate (including distal Moesia/Danubian),
after the Ceahldu Ocean consumption (Necea et al., 2021
and references therein), resulting in the formation of the
Moldavides foreland basin (sensu DeCelles & Giles, 1996).

The forelandward deformation, trench migration and
exhumation process continued during the Oligocene-
Pliocene interval (Matenco & Bertotti, 2000; Rdbdgia
et al., 2011).

The Moldavides Nappes (Sindulescu, 1984) com-
prise the Inner Moldavides (Teleajen, Macla and Audia
nappes) and the Outer Moldavides (Tarcdu, Vrancea and
Subcarpathian nappes), (Figures 2 and 3b). The inner
Moldavide units contain deep-water sediments of Lower
Cretaceous (Valanginian)-Eocene age (Roban et al., 2017,
2020; Stefdnescu et al., 2006). The incorporation of the
inner Moldavide thin-skinned Teleajen, Macla and Audia
nappes took place in the late Oligocene-early Miocene
(Figure 3a-c), based on unconformities and geometric rela-
tionships with post-tectonic deposits (Rabégia et al., 2011;
Stefdnescu et al., 2006). The deformation of these units
was coeval with the initiation of the rapid Vrancea slab
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FIGURE 2 A detailed fragment of the tectonic map displayed in Figure 1b, focusing on the East Carpathians, after Geological Institute

of Romania maps, Matenco (2017) and references therein. The black line shows the location of the geological section from Figure 3b. The
red line indicates the sections from Figure 5: FN (Fusaru North—Tarc#u locality); KN (Kliwa North—Sihla locality); FS (Fusaru South—
Siriu Dam Lake), KS (Kliwa South—Buzdu Valley, Setu rail station) and KFS (Kliwa and Fusau South—Vinetisu locality) are the locations

of the sections described in this study.

roll-back (Figure 1c) and trench retreat accompanied by
shortening in the Moldavides Basin and back-arc exten-
sion in the Pannonian Basin at around 20Ma (Horvath
et al., 2015). The shortening continued during the Middle
Miocene and formed the Tarciu and Vrancea nappes
(Matenco & Bertotti, 2000; Sandulescu, 1988). These
are mostly composed of deep-water Lower Cretaceous
to lower Miocene deposits (Stefdnescu et al., 2006). The
largest proportion of Oligocene deposits is found within
the Tarciu Nappe, which was analysed in this work
(Figure 4). The ages of the Oligocene sediments were

assigned based on calcareous nannofossil biostratigraphy
because other macro-and micro-fossils are mostly lacking
(Figure 5). The Eocene-Oligocene boundary (Figure 4)
is situated above the Globigerina Marls level, coincident
with the occurrence of the ‘Bituminous Marl’ Formation
(NP21 biozone) (Melinte, 2005; Stefinescu et al., 1979).
The Rupelian-early Chattian (NP22—base of NP24) is
composed of organic-rich hemipelagic deposits (shales-
dysodiles and dark cherts-menilites), while sandy turbid-
ites (Fusaru and Kliwa formations) were deposited during
the upper Oligocene (Chattian, NP24-NN1 biozone,
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FIGURE 3 (a)The exhumation/burial time peak intervals of the East Carpathian tectonic units based on high-resolution low-

temperature (apatite fission-track and U-Th/He) thermochronologic data (after Necea et al., 2021). During the Cretaceous-Quaternary

interval, the exhumation advanced to the east; (b) Geological cross section through the East Carpathians after (Merten et al., 2010). The

thrust faults bounding the nappes are coloured according to their timing, which correlates with the exhumation intervals displayed in a;

(c) Simplified tectono-stratigraphical chart of the East Carpathians illustrating the depositional and structural relationships of the east-

vergent nappes, and depositional environments, modified after Sindulescu, Kriutner, et al. (1981); Sdndulescu, Stefanescu, et al. (1981);
1:50,000 and 1:200,000 geological maps published by the Geological Institute of Romania, and Merten et al. (2010); Matenco (2017); Roban
et al. (2020). Post-tectonic sedimentation overlying nappes are not displayed.

Figure 5). The Vrancea Nappe, located eastward of the
Tarcdu Nappe (Figure 2), has roughly the same Oligocene
stratigraphy (Figure 4), with the addition of a conglom-
eratic unit (Piatra Geamana Formation) dominated by
low-grade metamorphic green clasts which might indi-
cate a source area located at the edge of the East European
Platform (Roban et al., 2020). The incorporation of the
Subcarpathian Nappe (Figures 2 and 3c) into the orogenic
system took place during middle-late Miocene times (12

to 8 Ma), with deformation being gradually transferred
backward into the internal fold-and-thrust belt units
(Stefdnescu et al., 2006). This nappe contains a thick tur-
biditic succession that transitions laterally into shallow-
water deposits of the Eocene to late Miocene age. The
calculated minimum amount of shortening of the East
Carpathian fold-and-thrust belt in the Miocene increases
northward from 140 to 160km in the East Carpathian
Bend Zone to 220-240km in the Polish Carpathians
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FIGURE 4 Eocene-lower Miocene stratigraphy of the Tarcdu and Vrancea nappes, modified after Sindulescu, Stefanescu, et al. (1981);

Stefanescu et al. (2006). Ages of nannofossil zones (NZ) after Gradstein et al. (2004). Ages of the lithostratigraphical formations (Fm.)

after Melinte (2005). On the right side, is the summary of Oligocene benthic foraminiferal 530, and global sea-level records (after Miller

et al., 2020).

(Ellouz & Roca, 1994; Gagata et al., 2012; Morely, 1996;
Roure et al., 1993). The 15 to 11 Ma exhumation event
(Necea et al., 2021) recorded in all the external nappes is
related to limited out-of-sequence deformation affecting
the internal nappes. The post 8 Ma exhumation event is
associated with the emplacement of the Subcarpathian
Nappe and locking of the Pericarpathian leading thrust
(Matenco et al., 2010). The later event was recorded
mostly in the external nappes and in the western flank of
the Focsani foredeep basin, which contains a large propor-
tion of Miocene-Quaternary sediments with thicknesses
greater than 13km (Tarapoancd et al., 2003) deposited
in shallow water, deltaic and continental environments
(Andreescu et al., 2013). The 5 km Plio-Quaternary short-
ening recorded in the western flank of the Focsani Basin
(Hippolyte et al., 1996; Leever, Bertotti, et al., 2006; Leever,
Matenco, et al., 2006) is coeval with the small-scale exten-
sion recorded in the internal part of the East Carpathian
Bend Zone, as proven by the presence of the Bragov-Targu
Secuiesc intra-mountainous basins (Figure 2). The reac-
tivation of pre-existing deep, high-angle faults (Matenco
et al., 2010) and slab pull are processes considered re-
sponsible for the rapid, asymmetric, deeper to the west
subsidence of the Focsani Basin, involving the eastward
migration of the depocentre and differential uplift re-
corded by thin-skinned nappes (Necea et al., 2021). The
Miocene (~15Ma) to the Quaternary volcanic arc is located
at the western margin of the East Carpathians (Figure 2)
and is composed of andesites with some basalts and rhy-
olites (Seghedi et al., 2011). The volcanic chain is related
to the subduction and subsequent rupture of the Vrancea
Slab (i.e. Ducea et al., 2020; Seghedi et al., 2011). Apatite
(U-Th)/He and fission-track data (Merten et al., 2010;
Necea et al., 2021) suggest that at least the Bucovinian
and Ceahldu complex nappes have been uplifted during
Oligocene, providing the source for the internal part of the
Moldavides Basin deposits (Figure 3a,b).

2.2 | Review of the zircon U-Pb
geochronology of the main source areas
around to Moldavides Basin

The Oligocene Moldavides foreland basin-fill sediments
are most likely sourced from the adjacent continental
areas, the thick-skinned thrust sheets of the Dacia mega-
unit together with the Ceahldu-Severin Suture (Figure 3b)
which was already exhumed during the Oligocene (Necea
et al., 2021). Underlying the post-Carboniferous sedimen-
tary cover of the Dacia mega-unit is a basement composed
of Neo-proterozoic to Silurian islands arc terranes. Some of
them underwent metamorphism immediately after their
formation (Ordovician to Silurian), whereas others were
metamorphosed during the Variscan Orogeny, between
350 and 320 Ma (Ducea et al., 2016; Medaris et al., 2003).
Ordovician age peaks (Balintoni & Balica, 2013; Balintoni,
Balica, Ducea, et al., 2010) mark a significant magmatic
flux at around 465 Ma (Stoica et al., 2016). Other important
peaks are present at 520, 540, 580 and 600 Ma (Balintoni
etal., 2014). However, the overall amplitude of the density
curve decreases towards 750 Ma, typical of peri-Gondwana
terranes of central and East Europe and metamorphics of
Anatolia, Iran and the Caucasus (Stern, 1994). A less pro-
nounced peak at 325-340Ma can be correlated with the
Variscan orogeny, coinciding with a period of regional
metamorphism (Ducea et al., 2018) although most zir-
cons of that age are magmatic (Figure 6a,b). The Albian
deposits covering the front of the Getic Nappe (Bucegi
Conglomerates; Sandulescu, 1984) and the ones within
the Teleajen-Audia nappes (Figure 6a,b) show similar age
distribution profiles and U/Th pattern to those of the Dacia
mega-unit (Roban et al., 2020, 2022; Stoica et al., 2016).
Bounding the Oligocene Moldavides Basin to the
south and east, the European realm represents a collage
of tectonic units (Figure 1b) assembled at the end of
the Palaeozoic comprising a Precambrian to Palaeozoic



ROBAN ET AL.

7
sace-WILEY-

FIGURE 5 Lithostratigraphical logs of the southern profile across the East Carpathians along the Buzdu River. The location of the
sections is marked in Figure 2. Note the Fusaru and Kliwa formations interfingering zone (central-southern section, Vinetisu Valley left
tributary of the Buzdu Valley) was redrawn after (Stefdnescu et al., 1993). Calcareous nanoplankton (NP) biozones after Melinte (2005);

Stefanescu et al. (2018) and this paper.

basement overlain by sedimentary deposits: (i) the East
European Platform, which has a Precambrian basement
and a Neo-proterozoic to Quaternary sedimentary cover;
(ii) the Scythian Platform, considered to be the SE mar-
gin of the East European Platform, which was affected
by repeated deformation cycles during the Proterozoic-
Peleozoic interval (Saintot et al., 2006); (iii) the Moesian
Platform, which has an Proterozoic-Cambrian basement
(Balintoni, Balica, Ducea, et al., 2011; Oaie et al., 2005) out-
cropping in Central Dobrogea (part of Moesia) and a their
sedimentary cover; (iv) North Dobrogea, located between
the Scythian Platform and Central Dobrogea thought as
a part of the Cimmerian Orogen, containing high-angle
thrust sheets which also include elements of the Variscan
Orogen (Seghedi, 2001); (v) the Danubian Unit, part of the
European margin (Moesia), which were deformed mainly

during the Cretaceous and subsequently exhumated in
the Eocene, as a result of the Dacia-Moesia continental
collision (Matenco & Schmid, 1999; Seghedi et al., 2005).
Caution is needed when referring to these units, including
the western margin of the East European Craton, as legiti-
mate platform areas since they were subjected to deforma-
tion and/or magmatic activity throughout most of Earth's
history (Ducea et al., 2018). For instance, the western part
of the Moesian Platform contains Carboniferous igneous
structures (Paraschiv, 1979) poorly documented. Another
example is the Teisseyre-Tornquist Zone (TTZ, Figure 1a),
which represents a transition between the thick crust of
the East European Craton (EEC) and the thinner crust of
the Palaeozoic Platform to the SW (Mazur et al., 2016).
For a long time, TTZ has been considered a fossil plate
boundary of the EEC corresponding to the limit of early
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FIGURE 6 (a)KDE (Kernel Density Estimate) age probability diagrams corresponding to Carpathian and foreland zircons, compiled
from various published sources; (b) U/Th ratios of the samples used for DZ. U/Th <5 are of igneous origin. Internal Dacia mega-unit and
accreted units (Ceahldu and internal thin-skinned nappes) are with red lines and dots. Foreland units, North Dobrogea and the Danubian

Unit are shown in blue.
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Palaeozoic palaeocontinent Baltica. The new geophysical
data suggest the continuation of the Precambrian base-
ment of the EEC and its Lower Palaeozoic cover towards
the SW underneath the Palaeozoic Platform. Moreover,
Krzywiec et al. (2017) found that the Pre-Permian depos-
its overlying the thinned Eastern European basement,
along the TTZ, were involved in Variscan shortening.
Notably, the Oligocene deposits are absent in the foreland
units, either due to erosion or lack of deposition (Saulea
et al., 1969). U-Pb ages and U/Th rations provided by zir-
cons (Figure 6a,b) within the European units are differ-
ent from the ones corresponding to the Dacia mega-unit.
The post-Variscan age signatures (245-310Ma) of the
Danubian Unit (Balintoni, Balica, Seghedi, et al., 2010,
2011; Balintoni et al., 2014; Duchesne et al., 2008, 2017)
and the ones of North Dobrogea (248-310 Ma—Balintoni
& Balica, 2016; Balintoni, Balica, Seghedi, et al., 2010) are
indicated by post-collisional granitoids found in the Peri-
Gondwanian basement (Von Raumer et al., 2013). Similar
age signatures are found in magmatic intrusions within
the Balkans (Carrigan et al., 2005; Peytcheva et al., 2018)
and the Bohemian Massif (Tichomirowa et al., 2019).
The dominant ages of the Danubian Unit and North
Dobrogea lie within the 565-585Ma interval, while the
overall age frequencies display a general decrease towards
800Ma (Balintoni, Balica, Seghedi, et al., 2011; Balintoni
et al., 2014). The Danubian unit is characterized by a met-
amorphic sequence derived from ¢.800 Ma old protoliths
of island arc origin that were intruded by Neoproterozoic
plutons (Liégeois et al., 1996). Furthermore, ages >1 Ga are
quite abundant within the Moesian Platform (Balintoni
et al., 2011; Krézsek et al., 2017; Zelazniewicz et al., 2009)
and North Dobrogea (Balintoni & Balica, 2016). The ex-
posed basement in the Ukrainian Shield contains zir-
cons that yield mainly Proterozoic and Neo-archean ages
(c. 1500, 2000 and 2700Ma, Bibikova et al., 2013, 2015;
Shumlyanskyy et al., 2012, 2015). This signature is also
recognizable in the western Neo-proterozoic sedimen-
tary cover of the East European Craton (Francovschi
et al., 2021; Roban et al., 2020; Zelazniewicz et al., 2020).

3 | DATA AND METHODS

We analysed five key outcropping sections of the Fusaru and
lower Kliwa formations from Tarcdu Nappe (Supporting
Data SD 1): Fusaru North (FN), Fusaru South (FS), Kliwa
North (KN), Kliwa South (KS) and Kliwa-Fusaru South
(KFS) (Figure 2). Each section measuring about 20-30m,
was evaluated by using standard sedimentological tech-
niques (SD 1). The facies analysis workflow (Miall, 2000)
used lithologies for separating each individual facies and in-
terpreting depositional hydrodynamic regimes (Lowe, 1982;

9
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Mulder & Alexander, 2001) followed by mapping of se-
quences in terms of architectural elements specific to
deep-water systems (i.e. channels, levees and splays/lobes)
(Posamentier & Walker, 2006). Four to six shale samples
were collected from each section for calcareous nannofos-
sils age dating (SD 2). The nannofossil biostratigraphy fol-
lows Gradstein et al. (2004). Four to six sandstone samples
were collected from each studied section for determining
their petrographical composition (SD 3). The method used
involved a quantitative analysis of 28 thin sections (i.e. point
counting method). This method allows the determination
of petrographical signatures that correspond to various tec-
tonic facies by plotting the results of the quantitative analysis
in ternary diagrams (i.e. Dickinson, 1985; Garzanti, 2019).

The U-PDb detrital zircon dating (SD 4) was undertaken
on four samples, two from the quartzous Kliwa sandstone
and two from the lithic Fusaru sandstone. For this purpose,
3 kg from each sample were crushed and sieved to separate
the <300pm fraction. The <300pum heavy mineral mass
was separated with a high-density liquid (diiodomethane
with 3.3 gcm™ density), followed by a further magnetic
separation using a Frantz Magnetic Barrier Separator. The
separated zircons were mounted in epoxy resin along with
other zircon specimens of known age. The U-Pb isotopic
analyses were performed on polished individual grains
using laser ablation at the Arizona LaserChron Center, on
an Element2 high-resolution single collector inductively
coupled plasma-mass spectrometer (LA-ICP-MS) equipped
with a 193nm Excimer laser with a beam diameter of 30 pm
(Gehrels et al., 2008). The random selection of 100 crystals
ensured an analysed sample representative of the entire
zircon population (Gehrels, 2014). Every five crystals of un-
known age are bracketed by a known standard (SD 4); our
primary standards for this study were Sri Lanka and R33
zircons, which have ages similar to most of our unknowns.
Ages that are <90% concordant (discordance between
206ph/23¥ and *’Pb/**°U ages) were discarded from further
analysis. For ages younger than 1.4 Ga, the *°Pb/***U age
was reported and used, whereas for ages older than 1.4 Ga,
we use the **°Pb/**’Pb age. The obtained results were plot-
ted by IsoplotR using the same Kernel bandwidth (15) and
histogram binwidth (15). Maximum Likelihood Estimation
(MLE) was used to evaluate the maximum depositional age
(SD 5) of sedimentary formations (Vermeesch, 2021).

4 | RESULTS

4.1 | Sedimentology and stratigraphy

The analysed sections (Figures 5 and 7) enclose sandstone
bodies, some with thicknesses in excess of 10m, alternat-
ing with packages composed of grey and black shales with
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FIGURE 7 Sedimentological characteristics of the measured sections for Fusaru Formation (a,b); Lower Kliwa Formation (c,d), and the
interfingering zone (e).
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silt or cm-thick sandstones. According to the result of the
calcareous nanoplankton analysis (SD 2), all sections be-
long to the upper Oligocene (upper Chattian) depositional
interval (NP25-NN1 biozones), except the FS section
(Figure 5), where the Fusaru Formation reaches the lower
Aquitanian (NN1-NN2 biozones).

4.1.1 | Sedimentary facies

In the measured sections (Figure 7), facies specific to high
density (R2, R3, S1, S2, S3, Lowe, 1982) and low-density
turbiditic currents (Th-e, Bouma, 1962) were identified.
In the case of high-density turbiditic currents (9%-35%
volumetric sediment concentration), the main sediment
support mechanism is turbulence, however, higher sedi-
ment concentrations near the base of flows are supported
by grain-to-grain interactions (Lowe, 1982; Mulder &
Alexander, 2001). Normally graded gravelly sands (R3) or
sands (S3) are the result of settling from the dense turbu-
lent body (Figure 8a), while laminated facies suggest dep-
osition from traction carpets (S2, Figure 8b). In the case
of low-density turbiditic currents, a fining upward bed
comprising five terms (Ta-e), or sometimes part of the five
terms of succession, express the progressive decrease in
current density and tractive power. The Ta, (Bouma, 1962)
is equivalent to the S3 facies (Lowe, 1982) and it is thought
to be a high-density component, while the final term (Te)
is an expression of the fine sediment settling from the tur-
bulent suspension cloud, together with hemipelagic and
pelagic sediments (Figure 8c,d). In addition to the classi-
cal turbiditic facies, Sylvester and Lowe (2004) described
the outcrop located in the immediate vicinity of the FS
section (Fusaru Formation), indicating the presence of
hybrid facies resulting from slurry flows.

4.1.2 | Facies associations

Meters thick sandy facies with common erosional/sharp
base beds (S1-S3, secondary R3, S2) and a fining upward
tendency, are interpreted as channel-fill deposits (CH)
(Figure 7). The deposits dominated by fine facies (7d-Te,
with Tcintercalations) are interpreted as levee (LV) depos-
its that are genetically related to channel-fill deposits. The
coarsening and thickening upward sequences (expression
of progradation) suggest frontal splay (lobe; FrS) or cre-
vasse splay architectures (CS). When the levees of mean-
dering channels are broken due to higher energy flows,
crevasse splays or lateral lobes can form. The lateral or
frontal splays or channel complex deposits are formed in
the distal part of the leveed channel systems (Posamentier
& Walker, 2006).
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4.1.3 | Fusaru formation

The northern section FN (Figure 7a) shows channel-fill
features, containing incomplete and amalgamated beds
(Lowe, 1982). The amalgamated units up to 12-m-thick
dominated by gravelly sandstone (R3) and sandstones
(S3), displaying water-escape structures were interpreted
as high-density flows deposited in channels. The gravel
clasts range between granules and pebbles at the base of
beds (Figure 8a,e). The 0.7 m thick, fine-grained domi-
nated facies intercalation (Td-e beds) with bituminous
shales and silts are interpreted as deposited from sus-
pension and could represent the inter channel-levee de-
posits. Flute casts indicate an NNE palaeoflow direction
(Figure 7a). The southern FS section (Figure 7b) shows a
coarsening and thickening upward tendency, interpreted
as the transition from splay associations to channel-fill de-
posits and levees, consisting of grey and bituminous shales
alternating with low-density unconfined turbidites. In FN
and FS sections, the sandy facies often preserve flute and
bounce casts on the soles of the beds. The measurements
(60 degrees azimuth) confirmed the directions of palaeo-
currents mainly towards the present-day NE (Figure 7b)
according to (Contescu et al., 1966). These authors found
that the thick Fusaru sandstone layers (channel deposits)
have a predominantly northern direction, while the thin-
ner beds (splay and levee deposits) have a more variable
palaeoflow orientation towards NW and NE.

4.1.4 | Lower Kliwa formation

The northern KN section (Figure 7c) shows a general
thickening upward trend. In the first 11 m, dm thick
sandstone beds (Ta/S3 facies), alternating with cm
thick sandstones (Th-Tc) and bituminous shales, are in-
terpreted as splay deposits. The top of the sequence is
characterized by channel-fill associations dominated by
amalgamated S3 facies. Tractive facies (SI and S2 facies
containing pebbles and granules; Figure 8b) was iden-
tified towards the top of the section. Calcareous nano-
plankton associations were assigned to the NP25-NN1
biozones (SD 2). The southern section KS (Figure 7d) is
interpreted to be an alternation of channel-fill (domi-
nated by sandstones) and levees (Figure 8f) composed of
bituminous shales (Te) and thinner sandstone intervals
(Tb-Tc).

The Oligocene deposits from the Vinetisu Valley, in the
South East Carpathians, are over 850m thick (Figure 5).
The lower 500 m exposes bituminous shales overlayed by
Kliwa sandy Formation, while the upper 350 m shows fea-
tures of Fusaru Formation ($tefdnescu et al., 1993, 2018).
The KFS (Figure 7e) describes the upper part of the Fusaru
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Formation where the alternation of cm to dm-thick lithic ~ plain facies (Figure 8g). Palaeocurrent measurements
sandstones (Ta-c) with grey and black shales (Td-e) and of the Fusaru sandstone beds indicate a NE direction
marls could suggest distal frontal splay and possibly basin ~ (Figure 7e). A few smaller Kliwa channel-fills embedded
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FIGURE 8 Individual facies and facies associations of the analysed sedimentary formations. (a) Erosional boundary between facies

S3—normally graded sandstones with water escape (we) structures, and facies R3 (Lowe, 1982)—normally graded conglomerates (pebbles
and granules). Fusaru Fm., FN section; (b) Normally graded gravelly sandstone (SI) and stratified gravelly sandstone (S2) intercalated
between S3 facies. Lower Kliwa Fm., KN section; (c) The Bouma bed has the first three divisions: normally graded sandstone (Ta), parallel
horizontally laminated (Tb) and cross-laminated sandstone (Tc). Fusaru Fm. near the FS section. (d) Fine turbiditic facies (Tc-e divisions;
Bouma, 1962) identified between thick sandstone levels. Lower Kliwa Fm., KS section; (¢) Channel-fill (CH) association specific to the
Fusaru Fm., FN section. Mainly S3 facies in alternation with SI and R3. In this location, fine facies are rare; (f) Levees (LV) association,
specific to the Kliwa Fm., KS section, consisting of the finest facies (Th-Te, Bouma). The association lies between channels of metric
thickness; (g) Frontal splay association (FrS), Fusaru Fm., KFS section; (h) Kliwa channel embedded in frontal splay associations and

possible basin plain facies specific to the Fusaru Fm., KFS section.

in the Fusaru Formation were identified based on their
lithological character and NW palaeocurrent direction
(Figure 8f). This lithostratigraphical relationship suggests
an interfingering zone between the Kliwa and Fusaru for-
mations in this area.

4.2 | Petrology

421 | Fusaru formation

The samples from the northern (FN) and southern (FS)
sections show similar textural and compositional features
in thin sections (SD 3). The grain size generally ranges be-
tween medium and coarse sands but gravels can be iden-
tified as well. The sandstones are texturally immature,
displaying poor sorting and a subangular to subrounded
contour. Matrix (Figure 9a) dominates the coarser facies
(i.e. gravelly sandstones) and is composed of clay minerals,
while carbonate cement is present within sandstone facies.
Metamorphic lithoclasts are dominant (i.e. gneiss frag-
ments and schists; Figure 9b) and are lithologically similar
to metamorphic rocks found in the Getic and Bucovinian
nappes (Roban et al, 2020 and references therein).
Sedimentary lithoclasts (i.e. micritic limestones, siliciclas-
tic claystone and siltstone fragments) were also identified,
along with weathered volcanic rock fragments (Figure 9c).
Well-preserved vesicular volcanic glass fragments were
found (Figure 9d). In addition, the analysed samples con-
tain monocrystalline (Qm) and polycrystalline quartz (Qp),
mica and feldspar granoclasts. The Qm/Qp ratio varies be-
tween 0.5 and 1.5, arguing the immature character of these
sands. According to the classification of Garzanti (2019),
the analysed samples are litho-quartzose and feldspatho-
litho-quartzose arenites (Figure 10a). After McBride (1963),
the rocks are (sub)litharenite/(sub)feldspathic litharenites
(Figure 10b). If the matrix exceeds 15% the sandy rocks are
lithic wackes (sensu Dott, 1964). Plotting the relevant clast
proportions on tectofacies ternary diagrams indicates that a
recycled orogen (QtFtLt diagram, Figure 10c) or a recycled
transitional orogen (QmFtLt+Qp diagram, Figure 10d)
might be a potential source area.

4.2.2 | Lower Kliwa formation
The samples are fine sandstones (average = 0.125mm)
which are better sorted than Fusaru Formation. The
grains are more rounded, although populations with dif-
ferent degrees of roundness were observed (Figure 9e,f).
The proportion of quartz granules reaches 98%, and the
monocrystalline category is dominant. Qm/Qp ratio (SD
3) suggests a very high textural maturity. Secondary feld-
spar and mica granules were identified. The gravelly R3
facies from the base of the KN section (Figure 7c) contains
a large proportion of low-grade green metamorphic litho-
clasts (granules and pebbles) and a well-sorted quartz-
rich matrix cemented with calcite and silica (Figure 9g).
Another characteristic is the presence of authigenic glau-
conite granules. The sandy clasts are held together by sili-
ceous cement (Figure 9f), which is sometimes pigmented
with iron oxides (Figure 9g). In general, the samples are
quartz arenites (Figure 10a,b). Note that the thicker sand-
stone beds (i.e. channel-fills) are well-sorted and free of
matrix, containing grains bonded exclusively by siliceous
cement, while the thinner layers (levees and splays) con-
tain carbonate cement, in addition to a higher matrix
content (Figure 9h). The tectofacies classification mainly
indicates a cratonic source area (Figure 10c,d).
Furthermore, seven petrographical samples from the
KFS section at Vinetisu Valley (Figure 7e) indicate that
three samples belong to the Kliwa Formation, located
at the base of the section, while the other samples have
Fusaru sandstones characteristics (Stefinescu et al., 1993).
The petrographical analyses separate the quartzous char-
acter of the Kliwa sandstones and the predominantly lithic
composition of the Fusaru sandstones and suggest the in-
terfingering of the two petrographically distinct sandstone
types. The samples collected from the Kliwa-type channel
found in the Fusaru Formation (Figure 7e) confirm the
quartzose composition. This demonstrates that at times
Kliwa quartzous sand dominated deposition in the over-
all Fusaru depositional environment and the interfinger-
ing of the two different types of sediments in the deeper
part of the basin. In addition to the main craton source
for the Kliwa samples in sections KS, KN and KFS, the
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recycled quartz orogen (Figure 10d) is supported by the =~ more matrix, mica and metamorphic lithoclasts (SD 3),
polycrystalline quartz granules and the green fragments. suggesting a mixture of the two types of sands (Fusaru
Some Kliwa samples in the KFS section appear to have and Kliwa).
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FIGURE 9 Thin section images illustrating the petrography of Fusaru and Kliwa sandstones. (a) General aspect of Fusaru sandstone:
polycrystalline and monocrystalline quartz and plagioclase feldspars granoclasts. Phyllosilicate and carbonate matrix and cement.

Poor sorting, FN locality; (b) Metamorphic fragment surrounded by a phyllosilicate matrix, FN locality; (c) Volcanic, sedimentary and
metamorphic lithoclasts, FS locality. Top left: volcanic lithoclast with a feldspar phenocrystal that has undergone clay and carbonate
replacement processes. In the centre of the image: volcanic lithoclast with plagioclase feldspar crystals, FS locality; (d) Vesicular vitroclast
displaying a well-preserved structure, FN locality; (e) Typical Kliwa facies: well-sorted quartz sandstone with an intergranular porosity

of 15%-20%. In the centre: a plagioclase feldspar granoclast, KN locality; (f) Quartzose sandstone with a predominantly siliceous cement.
Monocrystalline quartz granoclasts with different degrees of roundness, from angular to rounded, are dominant, KS locality; (g) R3 facies,
Kliwa sandstone, KN locality. Metasedimentary lithoclasts (silt and clays weakly metamorphosed in the greenschist subfacies). These
fragments are bounded by a matrix resembling the typical Kliwa quartz arenite, with siliceous and ferruginous cement; (h) Quartzous
sandstone, Ta facies, KS locality. The quartzous composition and carbonate cement are noticeable. Cc, carbonate cement; Fk, potassium
feldspar; Fp, plagioclase feldspar; Lm, metamorphic rock fragment; Lms, metasedimentary lithoclast; NII, parallel nicols, N+, crossed nicols;
P, porosity; Qm, monocrystalline quartz; Qp, polycrystalline quartz; V, vitroclast.

FIGURE 10 Petrographical data plots. (a) According to Garzanti (2019) classification, Kliwa sandstones are quartzose and Fusaru
sandstones are lithic and feldspatho-litho quarzose; (b) The classical classifications (McBride, 1963) show that quartzose arenite and
subordinate sub-feldspathic or sub-lithic arenite are typical for Kliwa samples while Fusaru sandstones is characterized by litharenite; (c)
QtFtLt diagram of Dickinson (1985), shows the tectonic framework of an inner craton (Kliwa sandstones) and recycled orogen (Fusaru
sandstones); (d) QmFt Lt+ Qp diagram (Dickinson, 1985) suggests a craton interior and quartzose recycled orogenic fields: recycled
quartzose for Kliwa sandstones and transitional to lithic recycled orogen fields for Fusaru sandstones.
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4.3 | Detrital zircon geochronology
Two samples collected from the Fusaru Formation show
similar U-Pb (DZ) age distributions and U/Th patterns,
and they are different from the ones identified in the two
samples from the Kliwa Formation (Figure 11a,b).

4.3.1 | Fusaru formation

The samples (FNO and FSO) acquired from the ana-
lysed sections (Figure 7a,b) display an age spectrum
spanning between 21.3 and 2893 Ma (Figure 11a), with
the highest peak corresponding to the Ordovician (c.
450 Ma). The peaks become less pronounced, recording
values in the Neo-proterozoic (c. 600 and c. 765Ma).
The age distribution profiles resulting from KDEs
for the two Fusaru samples are similar to the ones
displayed by zircons from the Getic and Bucovinian
thick-skinned nappes (Balintoni et al., 2014) and the
inner thin-skinned nappes (Roban et al., 2020; Stoica
et al., 2016), (Figure 6a,b). One age cluster that peaks
at 290-330Ma can be associated, based on zircon U/
Th ratios (Figure 11b), with two possible sources: a
magmatic (U/Th<5) and a metamorphic (U/Th>5),
(Hoskin & Schaltegger, 2003). This characteris-
tic is also found in rocks from the Ceahldu (Roban
etal., 2022), Teleajen, Audia and Tarcdu nappes (Roban
et al., 2020), suggesting a mix between magmatic and
metamorphic sources derived from the Dacia and the
Danubian units (Figure 6b). Another shared a peak at
72 Ma (Late Cretaceous, Campanian stage) is attributed
to subduction magmatism associated with the nearby
closure of the Neotethys (Gallhofer et al., 2015). Lastly,
the two Fusaru samples reveal two intriguing peaks at
~25Ma which are less noticeable than the Cretaceous
ones, albeit still distinctive. Maximum Likelihood
Estimation (Vermeesch, 2021) at 22.22+0.20Ma, in
the Early Miocene, was found in the FS section (SD 5),
and it might be the youngest depositional age of the
Fusaru Formation. These data confirm the results of
the calcareous nannofossils analysis indicating that the
top of the Fusaru Formation is younger than the top
of the Lower Kliwa Formation. The youngest zircons
are probably linked to vitroclasts and lithic fragments
of volcanic origin contained in the Fusaru Sandstone,
which are confirmed in thin sections. Their presence is
not surprising since some of the earliest manifestations
of regional calc-alkaline magmatism (typically tuffs
and other forms of explosive magmatism of rhyo-dacitic
compositions) are late Oligocene to early Miocene in
age (Cvetkovi¢ et al., 2007; Vldsceanu et al., 2021 and
references therein).

4.3.2 | Lower Kliwa formation

The samples (KNO and KSO0) acquired from the analysed
sections (Figure 7c,d) show a broader age range (i.e. from
114 to 3250 Ma). One distinctive feature is the dominance
of grain clusters with ages >800Ma. Additionally, these
ages, including those >800Ma, are possibly derived from
foreland units (Moesian Platform, Eastern European
Platform/Craton and North Dobrogea; Figure 6a,b).
Cambrian-Neo-proterozoic ages (c. 500-570Ma) were
identified in the sedimentary cover of the East European
Platform (Francovschi et al., 2021). The c. 430-670 Ma age
cluster could represent internal sediment sources corre-
sponding to the Getic and Bucovinian domains. Most no-
table are the peaks of Carboniferous age (c. 300-320 Ma)
within the KSO sample (Figure 11a,b). The zircons yield-
ing these ages have a U/Th ratio < 5 (Figure 11b), suggest-
ing a magmatic origin specific to Variscan post-collisional
granitoids within the foreland units Moesian Platform,
Danubian Unit and North Dobrogea and possibly the
Balkan and Sredna Gora units (Balintoni et al., 2014;
Carrigan et al., 2005; Duchesne et al., 2008, 2017;
Jovanovi¢ et al., 2019). This Carboniferous age cluster is
absent from the KNO sample (Figure 11a,b), and a similar
situation is encountered in the case of Albian sediments
enclosed by the Vrancea Nappe on the same northern
alignment (Roban et al., 2020). Furthermore, the zircons
contained in the KNO sample, which are associated with
a Permian peak (265Ma), could be sourced from North
Dobrogea magmatic intrusions (Balica, unpublished zir-
con U-Pb data).

5 | DISCUSSION: PROVENANCE
AND SEDIMENTARY ROUTES

The integration of the new sedimentological, biostrati-
graphical, petrological and DZ U-Pb geochronologi-
cal data and existing palaeo-tectonic reconstructions
(Barrier et al., 2018; Van Hinsbergen et al., 2020) and
lithofacies maps (Popov et al., 2004; Saulea et al., 1969),
allowed us to reconstruct the sedimentary routes of
the Oligocene-lower Miocene depositional interval.
During this time, the Moldavides foreland basin was
shortened as the Carpathian Orogen advanced over
the East European, Scythian and Moesian platforms;
after the consumption of the Ceahldu oceanic domain,
which led to continental collision starting in the Eocene
(Necea et al., 2021 and references therein). By this
time, the Getic-Bucovinic (Dacia) units and part of the
Cretaceous wedge (Ceahlau) were already exhumed,
forming the active western margin of the Moldavides
foreland basin (Figure 12a,b). The Moldavides basin
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FIGURE 11 (a)Age distribution of U-Pb ages determined on detrital zircons. (b) U/Th ratios of the analysed samples. From each
sample, 110 detrital zircons were analysed. The age distribution of Fusaru detrital zircons (orange) is markedly different from that of Kliwa

sandstone zircons (yellow).

was narrow and asymmetric, with an NW-SE oriented
axis, a 250 km width (Roure et al., 1993), and an 800 to
900 km length, considering its continuation to the NW,
stretched from the Moesian Platform to the Bohemian
Massif, and has different names (see Oszczypko, 2006
for regional reconstructions and different local names
of the units). The maximum water depth of 1000 m
was established based on microfaunas of the Rupelian
Lower Dysodiles and Lower Menilites (Figures 4 and 5)
containing benthonic foraminifers (genus Cyclammina,
Chilostomella, Eponides; Ksigzkiewicz, 1975 and ref-
erences therein) and fish remains (i.e. Argyropelecus
sp., Scopeloides sp., see Bddescu, 2005 and references
therein). The benthonic foraminifera (i.e. Rhabdamina
abyssorum, see Badescu, 2005; Bulimina elongate, see
Ksigzkiewicz, 1975) discovered in the Fusaru and lower
Kliwa formations suggest an average water depth be-
tween 200 and 700 m (Badescu, 2005). Feeding the Kliwa
and Fusaru depositional systems, two main sources of

clastic material located in the eastern and western parts
of the basin and an additional southern source were
identified (Figure 12a).

The Kliwa depositional system was active during the
late Rupelian-late Chatian time interval and contains
high-density turbidites forming amalgamated channels
(1 to 15m thick) in alternation with low-density turbid-
ites, levees and distributary frontal or crevasse splay fa-
cies associations. Palaeocurrent measurements suggest
an NW direction. The high quartz content and textural
maturity of the Kliwa sandstones fit the East European
Platform/Craton origin suggested by the tectofacies of
Dickinson (1985). This is additionally supported by palae-
ocurrent measurements (Contescu et al., 1966, this study)
and by detrital zircon ages well over 1 Ga (Figure 11a,b),
common for rocks of the East European Platform/
Craton (i.e. Bibikova et al., 2015; Francovschi et al., 2021,
Shumlyanskyy et al., 2015). These characteristics and the
presence of green clasts (e.g. Roban et al., 2020) place
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FIGURE 12 (a)Palaeogeographical reconstruction during Oligocene illustrating the possible drainage routes associated with the
depositional systems Fusaru and Kliwa, as well as the turbidites morphology in the Moldavides Basin, based on the integration of the current
study results and the previous comprehensive studies: litho-stratigraphical (Kovac et al., 2017; Popov et al., 2004; Salata & Uchman, 2019;
Saulea et al., 1969) tectono-stratigraphical (Barrier et al., 2018; Van Hinsbergen et al., 2020—grey lines framework) and thermochronological
(Fiigenschuh & Schmid, 2005; Kounov & Schmid, 2012; Merten et al., 2010; Necea et al., 2021; Sanders et al., 1999). The turbidites system
configuration has been interpreted based on sedimentological and palaeocurrents measurements acquired during this study and completed
with those of (Contescu et al., 1966; Jipa, 1966); (b) Sketch showing the basin configuration during Oligocene-Miocene times, illustrating

the advancing of the Carpathian indenter over the subducting plate. The basin depth is estimated based on micropalaeontological studies
(see Badescu, 2005 for more references). The active Western margin is dominated by the Fusaru system, which supplies the basin with lithic
sand from the uplifted and eroded Getic-Bucovinian basement and the Cretaceous accretionary wedge; the Kliwa system feeds the basin
with quartz-rich sand from the Eastern European Platform. A minor input is supplied by southern domains, (Moesian Platform, North
Dobrogea Orogen or even the Balkan Orogen). The reconstruction does not extend further than Romania's border with Ukraine and Poland
due to data availability. CS, Ceahldu-Severin Unit; Dan, Danubian Unit; FN, Fusaru North; FS, Fusaru South; GD, Getic Depression; Ge,
Getic Unit; KN, Kliwa North; KS, Kliwa South; Sge, Supragetic Unit; KFS-Kliwa-Fusaru South is the location of the analysed sections on this
reconstruction.
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the Kliwa depositional system on the eastern margin of
the Moldavides Basin, specifically the foredeep and fore-
bulge depozones. The quartz enrichment of these sand-
stones can be the result of (i) weathering processes (e.g.
Lorentzen et al., 2020; Suttner et al., 1981) during clast
transport through long river systems (>400km) across
the East European Platform (Figure 12a), or (ii) multi-
ple deposition-erosion recycling stages, as suggested by
high Qm/Qp ratios (SD 3). The abundance of metamor-
phic polycrystalline quartz grains indicating quartz recy-
cled orogenic tectofacies for some Kliwa samples raises
the question of whether recycled or peneplenized oro-
gens may be present in the western margin of the East
European Craton in addition to batholiths. Processes such
as hypopycnal flows (e.g. Semme et al., 2009) associated
with deltaic deposition on the wide shelves of the East
European and Scythian platforms could have contributed
to the sorting of the Kliwa sandstone by separating low-
density fine sediments (surface plume) from higher den-
sity coarser sand. Wave action is another possible sorting
agent that involved the reworking of deltaic sands, how-
ever, to what extent this basin was subject to high wave en-
ergy remains unknown, since making any assumptions in
this regard would partly require an analysis of Oligocene
shallow-marine deposits. Nevertheless, longshore currents
could have led to the development of strandplains, where
aeolian dunes usually form. Quartz enrichment is some-
times attributed to sand reworking by aeolian processes.
However, the presence of aeolian deposits, as well as their
extent (local, restricted to strandplains or regional, extend-
ing further inland) are uncertain. Sediment transport to
the shelf edge during forced regressions and related grav-
ity flows led to the transport and deposition of deep-water
sand. During the turbidity flows sand is concentrated in
the lower part of the flow where it is confined by channel
walls (Posamentier & Walker, 2006). Meanwhile, finer sed-
iments travel unconfined in the upper part of the flow and
are shed out of the flow-through spills over levees. This
is the main mechanism that separates channel-fill clean
sands from finer deposits of thinly bedded sandstones and
mudstones associated with levees and overbanks (Nilsen
et al., 2007). The coarse green schist clasts identified in
Kliwa channel fill (Figures 8b and 9g) suggest a more prox-
imal source, and an intra-basin ridge located in the eastern
part of the depositional system could source these clasts. A
topographical ridge could represent the uplifted forebulge
(Figure 11b), although assumptions related to the basin's
flexural wavelength need to account for the subducting
plate's flexural rigidity, which controls the lateral extent
of the forebulge and the distance between its crest and
the foredeep cratonic margin. Furthermore, Oligocene
sediments are absent from the East European platform
based on wells and palaeogeographical reconstructions in
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the context of the Late Cretaceous-Palaaeogene inversion
(Gedl & Worobiec 2020; Jarosinski et al., 2009; Krzywiec
& Stachowska, 2016), which indicates an uplifted area
acting as a catchment for rivers flowing westward.
Considering the shape of the basin and tectonic evolution
it is convenient to assume that sediment accommodation
in the Moldavides Basin was primarily controlled by tec-
tonic forces rather than eustatic related to the flexure of
the subducting plate (Rogl, 1999). The flexural subsidence
as a result of orogenic loading and/or unloading cycles
during the Oligocene is not well documented in this area,
and even if tectonism might have been the primary con-
trol on deep-water deposition, the sea level changes would
likely have a significant contribution to stratigraphy ar-
chitecture. The early Oligocene records a slight rising of
the sea level after a significant (60 m) fall at the Eocene-
Oligocene boundary (Miller et al., 2020, Figure 4), as the
effect of climate variability. At the Rupelian-Chattian
transition, a second sea-level fall takes place, followed by a
new rise during the main deposition interval of Kliwa and
Fusaru systems. If the basin had been temporarily isolated
and intermittently connected to the Global Ocean, then
the Chattian Fusaru and Kliwa formations would have
deposited during a more than 5 Ma extended highstand,
obviously influenced by higher frequency and smaller am-
plitude sea-level cycles.

5.1 | The Fusaru depositional system

Developed on the western active basin margin during
the late Rupelian-early Aquitanian (Figure 11a,b). We
reconstructed a series of coalescent drainage systems
connecting the source area with the deep-water sector
of the basin through the wedge top depozone. In the
foredeep depozone, the sediment routing directions
take a sharp turn towards the north, parallel with the
advancing orogen and along the basin axis, where the
basin deep-water depocentre was most likely located
(Figure 12a). The Fusaru sandstones undoubtedly have
a Carpathian source based on the dominance of meta-
morphic rock fragments, palaeocurrent directions and
abundance of Ordovician detrital zircons (Figure 11a,b),
similar to those from the Bucovinian nappe basement
and Cretaceous orogenic wedge (Figure 6a,b). The tex-
tural and compositional immaturity of the Fusaru sand-
stones suggests a short routing system, 50 to 150 km long,
defined by a narrow shelf deeply incised by canyons,
where high-energy and long-lived hyperpycnal flows fed
deep-water fans (Semme et al., 2009). The main control
on basin accommodation within the foreland basin was
the uplift of the Carpathian nappes pushed by the Dacia
mega-unit indenter, coupled with high subsidence rates



ZO_I_WI LEY- Basin EAGE

ROBAN ET AL.

in the foredeep basin due to orogenic loading under-
thrusted plate.

5.2 | The facies mixture zone

The interaction and interfingering of the Kliwa and
Fusaru depositional systems in the central part of the
basin is displayed in the KFS section. A thick package of
stacked Kliwa channels, levees and frontal splays depos-
its are overlain by Fusaru frontal splays and basin plain
deposits (Figure 7e), containing embedded Kliwa-type
channels. A similar stratigraphy and petrography (see
Figure 10d) are described 270km north of our section
by Gigliuto et al. (2004). A plausible cause for this strati-
graphical relationship involves an initial stage of eastern
Volhynian (Figure 12a) realm uplift, and a significative
regression, which triggered the onset of the Kliwa deep-
water system during the late Rupelian-early Chattian,
prior to any major orogenic uplift. Subsequently, as the
orogenic build-up led to increased exhumation rates
along the western margin, the Fusaru system was initi-
ated and prograded, eventually reaching the distal part
of the Kliwa system during the late Oligocene-early
Miocene, when intermittent sediment inputs from the
east led to the interfingering of the two units. This hy-
pothesis is supported by new biostratigraphical data
on calcareous nannofossils (i.e. the NN2 biozone) and
geochronological data (MLE at 22.2 Ma) which place
the top of the Fusaru Formation in the Early Miocene.
The Lower Kliwa sandstones contain detrital zircons of
460-430 Ma age, which proves the orogenic influence
on the Fusaru depositional system. As an alternative,
Ordovician zircons within the Kliwa sandstones might
have been derived from a North Dobrogea (Figure 6)
or recycled orogen of the edge of the East European
Platform. The newly interpreted Variscan fold-and-
thrust belt (Krzywiec etal., 2017) overlying the Teisseyre-
Tornquiste Zone could have supplied Palaeozoic zircons
and polycrystalline quartz, thus justifying the recycled
orogen as a secondary source for the Kliwa sandstone
(Figure 10c,d). Unfortunately, the U-Pb chronologi-
cal data from the Variscan Fold and Thrust Belt (FTB)
deeply concealed under the Romanian Carpathians
area is not available at the moment to test this hypoth-
esis. In contrast, the Fusaru sandstones do not contain
convincing cratonic-derived zircons (e.g. >1 Ga). The
basin floor interfingering of the deep-water fans can be
speculatively explained by the alternation in sediment
fluxes from one system to another with little sediment
mixing by deep-water currents. Further evidence may
be brought by subsequent geochronological studies on
the interfingering areas along the nappes.

5.3 | The Southern depositional system
Late Carboniferous-Permian (320-265Ma) detrital zir-
cons of magmatic origin, collected from the southern
sections of Kliwa and Fusaru outcrops (Figure 11a,b),
suggest a sedimentary input from the Moesian Platform
(Balintoni, Balica, Ducea, et al., 2011), North Dobrogea
(Balintoni & Balica, 2016) or even the Danubian Unit
(Balintoni, Balica, Seghedi, et al., 2011; Duchesne
et al.,, 2017), hence sedimentary routes from these
source areas towards the foredeep of the Moldavides
Basin and the laterally-equivalent Getic Depression
were suggested (Figure 11a). Some recent DZ analy-
ses (Roban et al., 2022) show that the Danubian and
Dacia units fed the Lower Cretaceous depositional sys-
tems of the Ceahldu-Severin Ocean (Sinaia Formation)
with Variscan and post-Variscan magmatic and meta-
morphic zircons. These deposits were deformed dur-
ing Late Cretaceous (Ceahldu Nappe), becoming later
the recycled source for the Fusaru system, explaining
the prominence of the 290-330 Ma peaks, especially in
the FS section. Alternatively, the middle Eocene north-
ward thrusting of the Balkanides over the Moesian
Platform formed a narrow foredeep basin and an associ-
ated flexural bulge (Burchfiel & Nakov, 2015; Doglioni
et al., 1996; Vangelov et al., 2013) which acted as a bar-
rier preventing Balkan-derived sediments from enter-
ing the Moldavides Basin through river systems. This
is supported by the presence of middle Eocene shallow
marine sediments deposited on the Moesian Platform,
at the bulge location (Vangelov et al., 2013). The lack of
Oligocene deposits in the western part of the Moesian
Platform can be linked to subaerial exposure and ero-
sion leading to the formation of a large-scale northward
drainage system. Within this system, canyons developed
(Paraschiv, 1979; Tardpoanci et al., 2004), transferring
sediments towards the Moldavides Basin from the up-
lifted (during 44 to 30 Ma interval) Balkanides (Kounov
et al., 2017). This could explain why detrital zircons
associated with Carboniferous intrusions (Carrigan
et al., 2005) in the West Balkans are present within the
Fusaru and Kliwa South sandstones.

Fusaru-type small catchments and high-energy
drainage systems can be found on the modern southern
coast of the Black Sea (Pontides), where the shelf is nar-
row (Jipa et al., 2020). Modern Kliwa analogues of long
drainage systems, crossing weathered cratonic areas and
providing quartz-rich sands from both primary mag-
matic and recycled sources are described in the African
Craton, the Congo River (Garzanti et al., 2019) or Parana
River, South America (Garzantietal., 2021). An analogue
basin developed in similar tectonic conditions where
black shales are followed by sandy deposition could
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be the Late Ordovician Appalachian Basin (Ettensohn
& Lierman, 2015). Another possible analogue is the
Magrebian flysch basin situated between Africa and a
continental Mediterranean block during the Oligocene-
Miocene times (Martin-Martin et al., 2020). Basin floor
deposits deflection by bathymetry in narrow basins with
active tectonics has been documented in confined tur-
bidite systems (Joseph & Lomas, 2004) such as in the
Apennine foredeep basin in Italy (Tinterri & Muzzi
Magalhaes, 2011), or Tyee forearc basin in Oregon, USA
(Santra et al., 2013). However, sandstone interfinger-
ing between distinct basin floor fan systems is less well
documented because the facies (deep-water turbidites)
would be similar and there are not many systems that
have a distinct sediment provenance like Kliwa and
Fusaru. In deep lake basins which form basin floor fans
such as Miocene of Dacian (Fongngern et al., 2016) and
Pannonian (Sztano et al., 2013), interfingering, multi-
directional sediment sourced basin floor fans were in-
ferred from seismic data. In the case of our documented
Kliwa and Fusaru interfingering systems, despite the
lack of seismic data, further studies can quantify the de-
gree of interfingering preserved in the stratigraphy along
the basin and infer the tectonic evolution of source-to-
sink sedimentary systems during the Oligocene.

6 | CONCLUSIONS

The new sedimentological, petrographical and palaeon-
tological quantitative data, coupled with the U-Pb chro-
nology of detrital zircons, led to the reconstruction of
the main sedimentary routing systems of the Moldavides
foreland basin and associated source areas during the late
Oligocene to early Miocene time.

Based on the analysis of thick deep-water deposits, two
main sedimentary systems feeding sediments to the basin
floor from opposite eastern and western margins of the
foreland basin were interpreted. A third southern system
is inferred to be sourced in the south, also on the foreland
side of the convergent margins.

The Moldavides Basin, with Fusaru and Kliwa turbid-
ites, is likely typical for marine foreland basins in an active
tectonic setting where source-to-sink sedimentary systems
will be asymmetrical with different characteristics from
fluvial to deep-water fans on the tectonically active and tec-
tonically ‘passive’. The eastern quartz arenite Kliwa turbid-
itic systems were fed by large and low-gradient rivers from
the East European Platform/Craton and possibly its west-
ern margin was involved in the Variscan deformations.

The Kliwa-type sediments interfingered on the basin
floor with the western lithic arenite Fusaru turbidites sys-
tem, fed by short steep-gradient rivers, from the basement

Research

of the Dacia mega-unit (Bucovinian and Getic nappes),
and especially by recycling the Cretaceous deposits of the
Ceahldu, Teleajen and Audia nappes, already incorpo-
rated in the internal thin skin nappes of East Carpathians.

The eastward migration of the East Carpathian oro-
genic belt front forced the Fusaru system to overlap the
top of the Kliwa system during the late Oligocene—early
Miocene time based on calcareous nannoplankton bio-
zones NP25-NN1 (Chattian for Lower Kliwa Formation)
and maximum depositional age of detrital zircons
(22.2 Ma) and the NN2 biozone (Aquitanian for top
Fusaru Formation). The youngest clusters of detrital zir-
cons from the Fusaru Formation (21.32-26.67 Ma) suggest
that regional arc volcanism started in the latest Oligocene,
slightly older than published age data.

The main control factor affecting source-to-sink sed-
imentary systems must have been the late Palaecogene-
Miocene collision, which affected the geometry of the
western active margin of the foreland basin, as well as the
back bulge area on the opposite eastern side.

Since these stratigraphical units are continuous along
much of the East Carpathian’s front, our model and inter-
pretations are likely valid further north in similar Oligo-
Miocene deposits in Ukraine and the Polish Carpathian.
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