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Abstract Reconstructing orogenic systems made up dominantly by sediments accreted in trenches is
challenging because of the incomplete lithological record of the subducted oceanic domain and its
attached passive continental margin thrusted by collisional processes. In this respect, the remarkable
~600 km long continuity of sediments exposed in the Eastern Carpathian thin‐skinned thrust and fold belt
and the availability of quantitative reconstructions for adjacent continental units provide excellent
conditions for a paleogeographical study by provenance and sedimentological techniques constraining
sediment routing and depositional systems. These sediments were deposited in the Ceahlău‐Severin branch
of the Alpine Tethys Ocean and over its European passive continental margin. We report sedimentological,
paleomagnetic, petrographic, and detrital zircon U‐Pb data of Lower Cretaceous sediments from several
thin‐skinned tectonic units presumably deposited in the Moldavides domain of the Eastern Carpathians.
Sedimentological observations in the innermost studied unit demonstrate that deposition took place in a
deepwater basin floor sheets to sandy turbidite system. Detrital zircon age data demonstrate sourcing from
internal Carpathian basement units. The sediment routing changes in more external units, where black
shales basin floor sheets to sandy mud turbidites were sourced from an external, European continental area.
Although some degree of mixing between sources located on both margins of the ocean occurred,
constraining a relatively narrow width of the deep oceanic basin, these results demonstrate that the
internal‐most studied unit was deposited near an Early Cretaceous accretionary wedge, located on the
opposite internal side relative to the passive continental margin domain of other Moldavides units.

1. Introduction

Quantitative paleogeographic reconstructions of orogenic domains are challenging because of the large
amounts of oceanic and continental materials lost by subduction processes, which are only partly recycled
in magmatic arcs or accreted during convergence (e.g., DeCelles et al., 2009; Handy et al., 2010; Menant
et al., 2016). The situation is even more challenging when the orogenic system contains mostly sediments
accreted in trenches, with little to no direct record of the geometry and composition of the subducted litho-
sphere of the ocean and its attached passive continental margin thrusted by collisional processes (e.g.,
Marshak, 1988; Pfiffner, 2006; Roure, 2008). In such situations, one optimal technique to quantify deposi-
tional environments and sediment routing is integrated provenance and sedimentological studies in
thin‐skinned thrust belts that take advantage of advanced geochronological techniques (e.g., Bush et al., 2016;
Pastor‐Galán et al., 2013; Pecha et al., 2018). The power of such techniques is enhanced by the availability of
regional quantitative reconstructions, where the evolution of large continental units is more precisely
derived from the higher resolution record of continental breakup and oceanic drifting available in surround-
ing areas (e.g., Gaina et al., 2013; Torsvik et al., 2010; van Hinsbergen et al., 2020).
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One interesting place to understand the geometry of the subducted ocean and its attached passive
continental margin is the Carpathians system of Central Europe (Figure 1a). The Carpathians and their
transition into the Balkanides Mountains represent a highly curved orogenic system that formed in
response to the opening and closure of an oceanic domain that was kinematically linked to the
Alpine Tethys Ocean (e.g., Favre & Stampfli, 1992; Plašienka, 2018; Schmid et al., 2008). Building on
numerous previous studies, the Jurassic to Miocene evolution of surrounding continental units has been
more precisely and quantitatively reconstructed by accounting for the record of continental breakup,

Figure 1. (a) Location of the Carpathians in the European system of mountain ranges. The inset is the location of
Figure 1b; (b) Tectonic map of the Romanian Carpathians (after Mațenco, 2017 and references therein). I to XIV are
the locations of the samples and outcrops described on this study; NTF ‐ North Trotuș Fault, TF ‐ Trotuș Fault, PCF ‐

Peceneaga‐Camena Fault, SG ‐ Sfântu Gheorge Fault; IMF ‐ Intra‐Moesian Fault, CF ‐ Cerna Fault, TF ‐ Timok Fault.
A–A′ is the location of the cross‐section in Figure 1c. (c) NW to SE cross section across the Transylvanian Basin,
Southeastern Carpathians and their European foreland (slightly modified from Schmid et al., 2008).
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drifting, subduction, and collision in the larger Mediterrean domain (van Hinsbergen et al., 2020, and
references therein). We know that the Middle to Late Jurassic opening of the Ceahlău‐Severin
branch of the Alpine Tethys Ocean in the Romanian segment of the Carpathians was followed by its
closure, when orogenic deformation peaked during two late Early and latest Cretaceous events and
was followed by an Oligocene‐Miocene period of prolonged collision (e.g., Csontos & Vörös, 2004;
Mațenco, 2017; Săndulescu, 1988, 1994; Schmid et al., 2008). In terms of paleogeography, sediments pre-
sently exposed in the Ceahlău and Severin nappes of the Eastern and Southern Carpathians, respec-
tively, were deposited in a domain (the External Dacides of Săndulescu, 1984) characterized by
oceanic basement (and hence the name of the ocean), whose mafic remnants are scarcely exposed in
these nappes. However, despite numerous sedimentological and tectonic studies (e.g., Olariu et al., 2014;
Roban et al., 2017; Schmid et al., 2020, and references therein), the routing and nature of the basement
underlying the Lower Cretaceous sediments observed in more external Moldavides nappes (sensu
Săndulescu, 1984), in terms of oceanic or (hyper)extended continental lithosphere, is still not
understood (e.g., Mațenco, 2017, and references therein). This lack of understanding owes to the poor
knowledge of the extent of the later subducted European‐derived passive continental margin, which
likely followed roughly the present‐day curved geometry of the Carpathians contact with their
foreland platform units (Figure 1b) (e.g., Schmid et al., 2008; Tari, 2005; Ustaszewski et al., 2008).
Understanding the paleogeography of this passive continental margin has wide ranging implications,
from subduction mechanics to the oceanic to continental mantle nature of the Vrancea subducted slab,
presently observed by teleseismic tomography studies beneath the south‐eastern Carpathians (for geo-
metry and details, see, for instance, Balázs et al., 2017; Bokelmann & Rodler, 2014; Martin &
Wenzel, 2006).

Previous studies showed that the Severin part of the oceanic lithosphere was already subducted in the
Southern Carpathians segment by late Early Cretaceous times (~110 – 100 Ma) (e.g., Schmid et al., 2008,
and references therein). Coeval thrusting occurred in the Bucovinian and Getic basement nappe system of
the Eastern and Southern Carpathians, respectively, which formed the upper plate continental margin in
respect to the subduction of the Ceahlău‐Severin oceanic basin (Figures 1b and 1c) (e.g., Iancu et al., 2005a;
Kräutner & Bindea, 2002; Săndulescu, 1994). These nappes contain basement rocks that were previously part
of a system of Neoproterozoic to Paleozoic peri‐Gondwanan arc and back‐arc terranes, which were meta-
morphosed during Paleozoic times (Figures 1b and 1c) (e.g. Balintoni et al., 2011a; Balintoni et al., 2014;
Ducea et al., 2016; Iancu, Berza, Seghedi, Gheuca, & Hann, 2005a; Iancu et al., 2005b). On the other conti-
nental margin of the former Ceahlău‐Severin Ocean, provenance studies have shown that the units of the
stable European foreland contain essentially Late Proterozoic basement ages and are derived from both
European and Gondwana margins, most probably amalgamated by the end of Paleozoic times (the East
European, Moesian, and Scythian platforms; Figures 1b and 1c) (e.g., Săndulescu & Visarion, 1988;
Seghedi et al., 2005; Vaida et al., 2005; Visarion et al., 1988).

The different early and inherited evolution of the continental basement units located on both sides of the
Ceahlău‐Severin Ocean open up the possibility of combining sedimentological and geochronological stu-
dies to establish the provenance of sediments deposited in the oceanic basin and its European continental
passive margin. By taking advantage of the remarkable continuity of stratigraphy along 600 km orogenic
strike of the Eastern Carpathians, we performed a study of the Valanginian‐Albian black shales and
sand‐prone succession in a number of key locations of the Moldavides nappe system that are correlated
by extensive descriptions available in previous studies (e.g., Contescu, 1974; Melinte‐Dobrinescu &
Roban, 2011; Roban et al., 2017; Roban & Melinte‐Dobrinescu, 2012) (see supporting information,
Figure S1). Furthermore, we analyze the balance between sourcing from the two margins of the ocean
and intrabasinal source areas inferred to have been inherited from the pre‐orogenic evolution of the
European passive continental margin (the platform ridges of Filipescu & Alexandrescu, 1962;
Grigorescu & Anastasiu, 1976; Murgeanu, 1937). Our main approach is a combination between a deposi-
tional model that uses the principles of facies analysis based on outcrop studies and petrographic and det-
rital zircon (DZ) U‐Pb data. These investigations allow constraining the source areas during the Lower
Cretaceous deposition. Additionally, these data are combined with available plate tectonic reconstructions
to infer the geometry and extent of the Ceahlău‐Severin Ocean and its former European passive continen-
tal margin.
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2. Geological Setting
2.1. The Eastern Carpathians in the Regional Tectonic Framework

The Romanian segment of the Carpathians is made up by a collage of tectonic units that were gradually
assembled during the closure of two main oceanic domains that are kinematically linked with the evolution
of the Neotethys and Alpine Tethys (Schmid et al., 2008; Stampfli & Borel, 2002).

The Middle‐Late Jurassic opening of the Ceahlău‐Severin Ocean separated the Dacia tectonic mega‐
unit (the Bucovinian and Getic basement nappes in the studied area, or the Median Dacides of
Săndulescu, 1994) to the west from the European foreland to the east (Figures 1b and 1c) (e.g., Csontos &
Vörös, 2004; Săndulescu, 1988). The Early Cretaceous subduction peaked at ~110– 100 Ma, when thrusting
associated with the emplacement of these basement nappes (Iancu, Berza, Seghedi, Gheuca, & Hann, 2005a;
Kräutner & Bindea, 2002) closed the Severin segment of the ocean in the Southern Carpathians and thrusted
internal thrust sheets (the Baraolt and Black Flysch units) of the Ceahlău nappe system in the Eastern
Carpathians (often referred to as External or Outer Dacides, Figures 1b and 1c) (Bădescu, 1997;
Săndulescu, 1975; Ștefănescu, 1976). The nappe contacts of these units are often sealed by Albian shallowwater
to alluvial massive sandstones and conglomerates that are syn‐ to post‐kinematic (the Ceahlău Conglomerates,

Figure 2. Simplified tectono‐stratigraphic chart of the Eastern Carpathians illustrating depositional and structural
relationships of the east‐vergent nappes, simplified litho‐stratigraphy and sedimentary environments, modified after
Săndulescu et al. (1981a, 1981b); geological maps 1:50,000 and 1:200,000 published by the Geological Institute of
Romania; Mațenco et al. (2007); Merten et al. (2010) and after the data presented in this study. Post‐tectonic sedimen-
tation (generally fore‐arc deposition) overlying nappe contacts is not displayed.
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Figure 2) (Jipa&Olariu, 2018; Olariu et al., 2014; Patrulius, 1969). Given the dominant sedimentation of pelagic
anddeepwater syn‐contractional turbidites, rarely intercalatedwith a highly dismembered ophiolitic sequence,
mostly altered basalts and dolerites observed in the Southern Carpathians, published studies generally assume
that the lateMiddle Jurassic‐Aptian sediments of the Ceahlău and Severin nappeswere originally deposited in a
domain characterized by oceanic crust (e.g., Bădescu, 1997; Săndulescu, 1984; Ștefănescu, 1983). Sediments
deformed in all more external tectonic units of the Eastern Carpathians (the Moldavides nappes and their
foredeep, Figure 2) are thought to have been deposited largely over thinned continental crust of the
European passive continental margin (e.g., Roban et al., 2017; Săndulescu, 1984, and references therein). The
late Early Cretaceous deformation was also associated with the eastward emplacement of a structurally higher
unit that thrusted the Bucovinian and Getic basement nappe system, now found in parts of the Apuseni
Mountains, in the pre‐Neogene basement underlying the Transylvanian Basin and as klippen in the Eastern
Carpathians. This structurally highest unit (the Transilvanides or the Eastern Vardar Ophiolites, Figures 1b
and 1c) comprise ophiolitic sequences that are remnants of another ocean (theNeotethys),whichwas paleogeo-
graphically located west and south of the Dacia continental mega‐unit (Săndulescu & Visarion, 1978, Schmid
et al., 2008; see also Kounov & Schmid, 2013; Reiser et al., 2017).

Deformation peaked a second time during the latest Cretaceous (late Campanian‐early Maastrichtian,
~80 – 70 Ma), when the Ceahlău nappe system was emplaced in the Eastern Carpathians over the internal
part of the Moldavides. The age of this thrusting is documented by syn‐ to post‐kinematic deposition of
hemipelagic to pelagic sediments covering the nappe contacts (latest Cretaceous marine red beds of the
Gura Beliei Formation, Figure 2) (Melinte‐Dobrinescu & Jipa, 2007; Săndulescu, 1984). In the Southern
Carpathians, coeval SE‐ward directed thick‐skinned thrusting of the Getic basement nappes led to the
coupling with the European foreland by the incorporation of the Moesian‐derived Danubian nappes in
the orogenic system (Figure 1b) (e.g., Berza et al., 1983; Mațenco & Schmid, 1999; Schmid et al., 1998).

The Cretaceous stages of thrusting were followed by continued Paleogene‐Neogene deformation in the
Eastern and Southern Carpathians associated with up to 90° clockwise rotation of the Dacia
mega‐tectonic unit during its subduction of the remainder of the oceanic domain and its European passive
continental margin (i.e., the Carpathians embayment) (Balla, 1986; Ustaszewski et al., 2008). The Southern
Carpathians (Figure 1b) recorded a stage of Paleocene‐Early Oligocene orogen‐parallel extension, followed
by the activation of the 100 km cumulated dextral offset along the curved Late Oligocene Cerna‐Jiu and
Early Miocene Timok faults systems (Figure 1b, Berza & Drăgănescu, 1988; Fügenschuh & Schmid, 2005;
Kräutner & Krstić, 2002; Krézsek et al., 2013). The foredeep of the Southern Carpathians was subsequently
docked by dextral transpression against the Moesian platform during Middle to Late Miocene times
(the Getic Depression, Figure 1b) (Krézsek et al., 2013; Răbăgia et al., 2011). The Eastern Carpathians
recorded the successive activation of the individual thin‐skinned Moldavides nappes. These nappes were
thrusted over various units of the Carpathians foreland and over variable distances between 140 and
180 km (Krézsek & Bally, 2006; Morley, 1996; Roure et al., 1993). Deformation peaked at times that become
generally younger eastwards, from Oligocene‐Early Miocene in the internal nappes, such as Teleajen
(Convolute), Macla, and Audia (the Internal Moldavides of Săndulescu, 1988), earliest Miocene in the
Tarcău and Vrancea (Marginal Folds) nappes, and Late Miocene in the Subcarpathian Nappe (the External
Moldavides of Săndulescu, 1988), while the thin‐skinned thrusting ceased at ~8 Ma (Figures 1b, 1c, and 2)
(e.g., Mațenco et al., 2016; Merten et al., 2010). The contraction resumed during Pliocene‐Quaternary times
by thick‐skinned thrusting that cross‐cuts the nappe system and is restricted to the SE Carpathians area (e.g.,
Leever et al., 2006; Mațenco et al., 2007). This later deformation is presently active and most probably related
to the evolution of high‐velocity Vrancea anomaly observed beneath the SE Carpathians, interpreted to be
the remnant of the Carpathians subduction slab (e.g., Ismail‐Zadeh et al., 2012, and references therein).
Some geophysical studies (e.g., Bokelmann&Rodler, 2014, and references therein) suggested that the seismi-
cally active Vrancea zone, associated with a positive Pwaves teleseismicmantle anomaly located beneath the
southeastern Carpathians (for geometry and details, see Ismail‐Zadeh et al., 2012; Martin &Wenzel, 2006), is
derived from descending relict oceanic lithosphere, implying that the 140 – 180 km of Miocene shortening is
related to the subduction of oceanic lithosphere. However, this suggestion is in contrast with other geophy-
sical and geological interpretations that propose a thinned‐continental origin of at least the external part of
Carpathians embayment forming the European passive continental margin, (e.g., Miclăuș et al., 2009;
Roban et al., 2017, and references therein).
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2.2. Tectonic Evolution and Zircon Ages of Continental Units
Adjacent to the Ceahlău‐Severin Ocean and Its
Continental Margins

Despite large gaps in quantitatively understanding the geochronology of
basement rocks in the Carpathians and surrounding areas, a fairly com-
prehensive database of zircon provenance exists to date (see Ducea
et al., 2018). This database demonstrates that the two basement units bor-
dering both sides of the Ceahlău‐Severin Ocean at the time of Early
Cretaceous oceanic subduction show distinct features regarding prove-
nance zircon radiometric ages.

The Dacia mega‐unit located on the western side of the orogenic system in
the current geometry (Figure 1b) consists of latest Proterozoic to Silurian
island arc basement terranes metamorphosed to various degrees either
immediately after their formation (Ordovician‐Silurian) in the case of
low grade terranes (Ducea et al., 2016) or during the Variscan orogeny
in the case of higher grade rocks (Medaris et al., 2003). A Permian to
Lower Cretaceous sedimentary cover overlies these units. The details
regarding pre‐Mesosoic island arc formation and assembly remain poorly
resolved petrologically and structurally, but sufficient zircon chronology
data are available (Balintoni et al., 2010b, 2014; Balintoni &
Balica, 2013; Ducea et al., 2016, for a review) to fingerprint potential deri-
vation from the Dacia mega‐unit using zircon Kernel Density Estimate
plots (Ducea et al., 2018) of sedimentary rocks deposited in the former
Ceahlău‐Severin oceanic basin. A major Ordovician peak at 458 –
472 Ma represents the culmination of a high‐flux magmatic event
(Stoica et al., 2016) that is distinctive for the Dacia mega‐unit. Other sig-
nificant zircon peaks are found at 520, 540, 580, and 600 Ma trailing
toward slightly older ages (Figures 3a and 3b) but not beyond 750 Ma
(Ducea et al., 2018). They may represent the ages of a nearby continental
fragment or possibly the age of a thinned continental crust in which these
arcs were emplaced. Older inherited zircons make up a small Grenvillian
peak, and few ages older than 2.0 Ga are interpreted to have been derived
from a landmass close to the island arcs. A less pronounced peak at
325 – 340 Ma indicates a Variscan event and is believed to record a period
of regional metamorphism (Ducea et al., 2018). The Albian sedimentary
cover of the Getic unit shows similar features (Figure 3c), having the most
dominant peaks at 460 and 600 Ma, which shows a South Carpathians
basement provenance (Stoica et al., 2016).

The European foreland of the eastern and southern side of the Ceahlău‐
Severin Ocean comprises a collage of tectonic units assembled by the
end of Paleozoic times that contains a dominantly Precambrian basement
overlain by a younger sedimentary cover affected by different degrees of

deformation (Figures 1b and 1c). The Scythian platform, located immediately east of the Eastern
Carpathians, represents the SE margin of the East European craton affected by repeated deformations dur-
ing latest Proterozoic to Early Paleozoic times (Saintot et al., 2006). At farther distances to the east, from
northern Crimea to north of the Caucasus, observations and detrital zircon studies demonstrate the presence
of a wide Triassic volcanic arc buried below the Cenozoic sedimentary cover of the Scythian platform (Okay
& Nikishin, 2015; Tikhomirov et al., 2004). The Moesian platform located south and west of the Dobrogea
orogen is separated by two crustal scale faults (Figure 1b, the Intramoesian and Capidava‐Ovidiu faults) into
three subunits (from WSW to ENE, the Valachian, South and Central Dobrogea; Visarion et al., 1988). The
Moesian platform comprises an uppermost Precambrian to lowermost Paleozoic basement exposed in
Central Doborgea and contains parts of a Neoproterozoic volcanic arc, foreland basin sediments, and
ophiolites (e.g., Mărunțiu et al., 1997; Oaie et al., 2005; Săndulescu, 1988; Seghedi et al., 2005). In the

Figure 3. KDE (Kernel Density Estimate) detrital zircon age probability
diagrams of Dacia tectonic mega‐unit and foreland zircons compiled
from various published sources. Dacia mega‐unit (Getic and Bucovinic
nappes) and the Albian post‐tectonic cover are shown in red color (a, b, c).
Danubian and foreland units are shown in green color (d, e, f, g); East
European craton (h) and their sedimentary covers (i) are represented for
comparison in brown.
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Valachian part of the Moesian platform and the neighboring Balkans, older basement units are overlain by
up to 4 km of Upper Cambrian‐Upper Carboniferous clastic and carbonate sediments containing a Lower
Paleozoic fauna that has a northern Gondwana affinity (Vaida et al., 2005). Thick Devonian turbidites and
Middle‐Upper Carboniferous regressive sequences are generally interpreted to be an effect of Variscan oro-
geny (Seghedi et al., 2005; Tari, 2005). Low amplitude deformation of the Upper Triassic‐Jurassic sedimen-
tary cover is generally interpreted to be related to a larger orogenic event associated with the closure of the
Paleotethys Ocean (the Cimmerian event of Tari et al., 1997). The Central Dobrogea exposes parts of the lat-
est Proterozoic‐earliest Paleozoic Moesian basement, where low‐grade greenschist facies metamorphism has
affected a turbiditic to distal orogenic sedimentary sequence (Oaie et al., 2005). The North Dobrogea orogen
is located between Scythia and Central Dobrogea (Moesia) and is bordered by Peceneaga‐Camena and
Sfântu Gheorghe faults (Figure 1b). It is exposed in North Dobrogea, continuing to the NW, beneath the
Neogene cover of the Carpathians foredeep basin. This unit consists of several Cimmerian nappe structures
(Săndulescu, 1984) or high‐angle thrusts, which involve relics of a Variscan orogen (Seghedi, 2001; Seghedi
et al., 1999, 2004) and contain metamorphic, sedimentary, and igneous rocks. The Danubian unit (included
in the Marginal Dacides of Săndulescu, 1984) was part of the European margin (Moesia) and was scraped off
during the Late Cretaceous deformations in response to the strong coupling between the orogen and the
lower Moesian plate (Seghedi et al., 2005).

The limited data available from a few regions where this basement crops out together with subsurface data
indicate that there is a common genealogy of these foreland domains that makes them at least distinctive
in terms of U‐Pb chronology patterns, that is, distinctive from the mobile belts found at the other end of
the orogen (Dacia mega‐unit). Late Variscan (250 – 310 Ma) signatures of the Danubian and the North
Dobrogea units (Figures 3d and 3e) are represented by postcollisional granitoids commonly found elsewhere
in the Peri Gondwanian basement of Europe (Balintoni et al., 2010a; Balintoni & Balica, 2016; Balintoni,
Balica, Ducea, & Stremţan, 2011a; von Raumer et al., 2013) but not in the Dacia mega‐unit, where the
Variscan peak, 320 – 350 Ma, is predominantly metamorphic. The dominant age peak of the foreland units
(Nord Dobrogea and Danubian) is Neoproterozoic, at 565 – 585 Ma, with progressively fewer ages toward
~800 Ma. In the Danubian tectonic unit, Neoproterozoic plutons are intruded into a metamorphosed
sequence of 800Ma old island arc rocks (Liégeois et al., 1996). Presumably, a similar scenario could be applied
to less exposed units of the foreland (i.e., Moesia basement and Neoproterozoic low‐ to sub‐greenschist facies
metamorphic rocks; Figure 3f). The Aptian‐Albian sedimentary cover of South Dobrogea (Figure 3g) inherits
the characteristics of the basement, but also younger ages typical of post‐Variscan intrusions at
245 – 255 Ma have been found in North Dobrogea (Krézsek et al., 2017). The other distinctive feature of
the foreland units and North Dobrogea is the relatively abundant older ages exceeding 1 Ga (Ducea
et al., 2018). The cratonic basement exposed in the Ukrainian shield is characterised by Proterozoic and
Late Archean Zr ages (i.e., ~1,500, 2,000, and 2,700 Ma) (Bibikova et al., 2013, 2015; Claesson et al., 2006;
Lobach‐Zhuchenko et al., 2018; Shumlyanskyy et al., 2012, 2015), except someNeoproterozoic igneous intru-
sions (Shumlyanskyy et al., 2015) (Figure 3h). The East European Neoproterozoic sedimentary cover
(Figure 3i) shows the same Archean peaks except a small Neoproterozoic one. Cambro‐Silurian peaks (with
a distinctive age around 465 Ma), which are common in the Getic‐Bucovinian nappes, do not exist in
Carpathian Foreland, Danubian, and North Dobrogea units (Ducea et al., 2018).

3. Materials and Methods

Taking into account key tectonic positions and outcrop quality, 14 localities (I to XIV) of Lower Cretaceous
sediments from the thin‐skinned Moldavides nappes (Figure 1b) were chosen for studies of sedimentology,
anisotropy of magnetic susceptibility (AMS), petrography, and DZ U‐Pb chronology (see supporting infor-
mation, Figures S2, S3, and S4 and Table S1). Depositional systems were analyzed by using facies analysis
principles (Miall, 2000; Walker, 1992). Source areas were analyzed at first by using paleocurrent data sup-
plied by sedimentary structures such as flute casts (see supporting information and Table S2), corrected in
stereographic projections by following the methodology of Tucker (2011). We furthermore used the aniso-
tropy of magnetic susceptibility (AMS) at localities VIII, X, XII, XIII, and XIV (Figure 1b), where no sedi-
mentary structures were observed. The methodology and data of this AMS analysis are presented in
supporting information, Figures S5, S6, S7, and S8 and Table S3. More than 100 thin sections from Lower
Cretaceous sediments and potential source areas were analyzed with a petrographic microscope Nikon
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Eclipse 50i. Eight DZ samples (N1 to N4 and S1 to S4) were collected along two transects (see also
supporrting information and Data Set S1) from the Moldavide units: a northern one in localities I, VIII,
XII, and XIII and a southern one in localities V, X, XI, and XIV (Figure 1b). Along these transects, we
collected one Lower Cretaceous sample from each of the Teleajen, Audia, Tarcău, and Vrancea nappes.
Single zircon grains were subjected to in situ U‐Pb isotopic analyses using laser ablation at the
Arizona LaserChron Center, on a Nu Plasma multicollector inductively coupled plasma‐mass
spectrometer (LA‐ICP‐MS) equipped with a 193 nm Excimer laser with a beam diameter of 30 μm (Gehrels
et al., 2008). We used the same workflow that is already described in Stoica et al. (2016). The extended
dataset is available in the supporting information and Data Set S1. The best ages were plotted with Density
Plotter (http://www.ucl.ac.uk/~ucfbpve/densityplotter/) using Kernel Density Estimate (KDE) mode and a
logarithmic scale from 200 to 3,300 Ma.

4. Results and Interpretation
4.1. Lower Cretaceous Lithofacies Analysis of the Moldavides
4.1.1. Lithofacies and Sedimentary Processes
Nine types of lithofacies were separated by petrographical and sedimentological criteria as an expression of
turbidity flows, suspension settling, and digenesis (Table 1).
4.1.1.1. Shales
Black shales (Figures 4a and 4b) are representative for the Hauterivian‐Barremian interval in the western-
most nappes of the Moldavides (localities II and III) and Valanginian‐upper Albian for the eastern nappes
(localities VII‐XIV) (Figure 4d). These are observed as intercalations between thicker Albian sandstone
levels, commonly with horizontal parallel laminations. Total Organic Carbon (TOC) ranges from 0.5% to
3% up to 8% (Balteş et al., 1984; Filipescu et al., 1966; Melinte‐Dobrinescu & Roban, 2011; Roban et al., 2017;
Roban &Melinte‐Dobrinescu, 2012). The Hauterivian to Aptian interval is mainly composed of shales inter-
bedded with thin sandstones (Figure 4b), while gray shales are associated with black shales and sandstones
within the Albian (Figure 4c). These shales suggest pelagic or hemipelagic suspension settling in anoxic or
dysoxic environment.
4.1.1.2. Sandstones
Thin (max. 10 cm) (Figures 4a and 4g), medium (max. 30 cm) (Figure 4d), to thick (max. 250 cm) sandstones
were observed (Figure 4f). The Hauterivian‐Aptian interval is dominated by lithic thin siliciclastic

Table 1
Lithofacies Described in This Study, Occurrences, and Interpretation in Terms of Sedimentary Processes

Lithofacies Interpretation (processes)

Localities (occurrences)

I II III IV V VI VII VIII IX X XI XII XIII XIV

Shales (black) Suspension settling (anoxic) xxx xxx xxx xxx xxx xxx xxx xxx xxx xx
Shales (gray) Suspension setting (dysoxic) x x x x x x x x x x x x x x
Sandstones
(siliciclastic, thin units)

Low‐density turbidite currents xx x x xx xx xx x x x x x x x x

Sandstones
(siliciclastic, medium and
thick units)

Concentrated flow
(high‐density turbidite currents)

xxx xxx xxx xxx x x x x x

Sandstones
(carbonate, medium and
thick units)

Concentrated flow
(high‐density turbidite currents)

xxx x

Gravelly sandstones
(thick units)

Concentrated flow
(high‐density turbidite currents)

xx x

Breccia
(thin units)

Concentrated flow
(high‐density turbidite currents)

x x

Marls and argillaceous limestones
(thin units)

Suspension settling x xx

Siderites
(lenses, nodules)

Early digenesis x x x xx xx x

Note. x ‐ low frequency, xx ‐ medium frequency, xxx ‐ high frequency.
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sandstones having horizontal parallel and ripple cross laminations (I, II, and VI). These are the expression of
low‐density turbidite currents (sensu Lowe, 1982). The Albian quartzous sandstones and graywackes in the
central studied area (localities VIII, IX, X, XI and XII) are up to 1 m thick (Figure 3d). The Albian decimeters
thick carbonate sandstones (Figure 4e) from the eastern part of the Moldavides are rich in bioclasts. In the

Figure 4. Lower Cretaceous lithofacies associations of the nappes of Moldavides thin‐skinned thrust and fold belt.
(a) Association A, basin floor sheets and lobe fringes intercalations, Audia Nappe, Barremian (location XII), black
and gray shales, siderites, and thin sandstones; (b) Association A, Audia Nappe, Aptian, (location VIII), black and gray
shales; (c) Association B, basin floor sheets and lobe fringes, Vrancea Nappe, Albian (location XIV), marls, argillaceous
limestones, and gray shales; (d) Association D, turbidite lobes or frontal splays, Audia Nappe, Albian (location X),
sandstones, black and gray shales; (e) Association E, calcareous turbidite channels and levees, Vrancea Nappe Albian,
(location XIII); (f) Association F, siliciclastic turbidite channels and levees, Teleajen Nappe, Albian (location I);
(g) Association F, levees, Teleajen Nappe, Albian (location VI); (h) Association G, gravely sandstone turbidite channels,
Teleajen Nappe, Albian. All key locations labelled with Roman letters are marked in Figure 1.
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western part, the lithic sandstones are thicker, up to 250 cm (Figure 4f). Massive and water escape structures
suggest granular flows (Lowe, 1982) or hypeconcentrated density flows (sensu Mulder & Alexander, 2001).
Normal grading of medium and thick sandstones suggests concentraded density flow (Mulder &
Alexander, 2001) or high‐density turbidite flow (Lowe, 1982).
4.1.1.3. Conglomerates
These are observed in the western part of Moldavides, that is, the Albian of the Teleajen Nappe (locality I).
Grain size varies from gravel to sandy gravel or gravelly sand, where metamorphic and carbonate clasts are
abundant. The thickness is up to few meters (Figure 4h). The internal unorganized structure is the result of
hypeconcentrate density flows. The normal grading or large‐scale cross stratification suggests high‐density
turbidite currents. In the eastern Moldavides, some Albian decimeter‐thick conglomerate (locality XIII)
bearing green clasts of schists are the result of high‐density turbidite currents.
4.1.1.4. Breccias
This lithology is scarce, but rather intriguing due to its unusual composition. In the Aptian‐Albian of the
Audia Nappe (localities X and XI) centimeter‐thick breccia levels with angular clasts are composed mainly
of red granodiorites, rhyolites, basalts, and limestones. These levels are associated with black and gray shales
and even with the upper part of quartzous sandstone beds. Beside chaotic structure, a crudely normal grad-
ing was observed (Figure 8e). In the eastern part of the Moldavides, the Aptian of the Vrancea Nappe (local-
ity XIII) is characterized by few centimeter‐thick levels of lens shape, rich in green metamorphic and
carbonate clasts. The normal grading tendency suggests a turbulent component of flow, while the associa-
tion with shales suggests a mixed hydrodynamic genesis. A close intrabasinal source area of a continental
basement was interpreted to supply the observed lithic red fragments (Grigorescu & Anastasiu, 1976;
Murgeanu, 1937).
4.1.1.5. Marls and Argillaceous Limestones
Centimeter‐thick layers of this lithology dominate the Albian deposition in the eastern part of Moldavides
(locality XIV) (Figure 4c). The CaCO3 ranges from 35% to 70%. Beside carbonates, illite, chlorite, quartz,
albite, and feldspars observed (Roban et al., 2017). Some levels are abundant in carbonate bioclasts. These
features suggest hemipelagic and pelagic suspension settling.
4.1.1.6. Siderites
Lenses (Figure 4a) or bed shapes of decimeter‐thick siderite occur in the Valanginian‐Barremian interval in
the eastern part of Moldavides, (localities VIII, IX, X, XII, XIII and XIV). In these rocks, the
Fe2O3 ranges from 25 to 30%, (Grasu et al., 1988; Melinte‐Dobrinescu & Roban, 2011; Roban & Melinte‐
Dobrinescu, 2012). The siderite is observed as cement around the siliciclastic or carbonate grains. This
cementation is a secondary effect during the early diagenesis stage in a methanic nonsulphidic environment
(Berner, 1981), associated to the black shale deposition.
4.1.2. Lithofacies Associations and Sedimentary Architecture
Seven types of Lower Cretaceous lithofacies associations were interpreted for a deep‐sea deposition in basin
plain sheets, turbiditic lobes, and channels (Table 2).

Association A dominates the Valanginian‐Aptian interval in the eastern (localities VII–XII) and easternmost
Moldavide nappes (localities XIII and XIV, Figure 1b). A typical section is presented in Figure 5, log A, and
details are shown in Figures 4a and 4b (locality XII, Figure 1b). The section of Figure 5, log A, mainly exposes
black and gray shales, thin sandstone intercalations, and siderites. The shale‐sandstone ratio varies from 3:1
to 9:1. In the Aptian, the percentage of gray shales increases, while the siderite content decreases. This asso-
ciation is interpreted in terms of basin plain sheets with lobe fringes (sensu Mutti & Ricci‐Lucchi, 1972;
Walker, 1992) or frontal splays (sensu Sprague et al., 2005; Posamentier & Walker, 2006) intercalations,
where the thin sandstones increase in abundance.

Association B is representative for the Albian of the Vrancea nappe in the eastern part of the Moldavides
(locality XIV, Figure 1b; Figures 4c and 5, log B). It contains black shales, marls, and some argillaceous lime-
stones with bioclasts. The centimeter‐thick, sometimes decimeter‐thick, sandstone intercalations are rare.
The association is characteristic for basinal plain sheets with frontal splays influences (Roban et al., 2017).

Association C is also specific for the eastern part of the Moldavides such as observed in the Vrancea
nappe (locality XIV, Figure 1b) and was observed within the Hauterivian‐Aptian interval. This association
is made by black and gray shales and thin sandstones. The percentage of thick sandstones is higher
when compared with Association A. The shale/sandstone ratio varies from 1:1 to 4:1 (Figure 5, log C).
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The presence of small channels and slumps suggests lower slope to basin floor environments, levee, and
crevasse splay architectures.

Association D is typical for the Albian of the Audia and Tarcău Nappes (localities VIII, IX, X, XI, and XII;
Figure 1b). It consists of decimeter‐ to occasionally meter‐thick sandstones with black and gray shales inter-
layered with thin sandstones. The sandstones are massive or normal graded (Figure 5, log D), while the
centimeter‐ to decimeter‐thick ones show cross‐laminations. This association is typical for the architecture
of turbiditic lobes or frontal splays of basin floor channels (sensu Posamentier & Walker, 2006).

Association E (Figures 4e and 5, log E) was observed within Albian deposits in the northern part of the
Vrancea nappe (locality XIII, Figure 1b). At the base of the decimeter‐thick massive or normal graded car-
bonate sandstones or carbonate sandstone, rare conglomerates are present. The intercalations occurring
between massive sandstones are composed of thin sandstones but also black and gray shales. These deposits
of high‐density turbiditic currents indicate the transition from slope to basin floor channels and levee.

Association F is typical for the Albian sediments of the innermost (western) nappe of the Moldavides,
that is, the Teleajen unit (localities I, II, IV, V, and VI; Figure 1b). In this association, fining‐upwards
sequences of decimeter‐ up to meter‐thick massive or normal graded sandstones and conglomerates at
the base occur, capped by cross‐laminated and convolute centimeter‐thick sandstones, alternating with
black and gray shales (Figures 4f, 4g, and 5, log F). These sequences are typical for slope channel fill
and levee architectures.

Association G has a restricted areal occurrence (locality I, Figure 1b), in the northern part of the
Teleajen nappe (Figures 4h and 5, log G), having 60–70 m stratigraphic thickness in deposits of upper
Aptian‐upper Albian age. It contains clast to matrix‐supported conglomerates to coarse sandstones, mainly
situated in metric organized units with normal grading and cross stratifications. These characteristics sug-
gest a submarine channel fill.

The overall correlations between the composite sections across each tectonic nappe interpretations are pre-
sented in Figure 6. This correlation shows a significantly larger thickness of the Aptian‐Albian deposits in
the westernmost Moldavides unit, that is, in the Teleajen Nappe.

Table 2
Identified Lithofacies Associations, Their Occurrences and Architectural Interpretation

Lithofacies associations Interpretation (architecture)

Localities (occurrences)

I II III IV V VI VII VIII IX X XI XII XIII XIV

A
(mainly black shales and
thin sandstones)

Basin floor sheets and lobe fringes (frontal splays)
of mud‐rich and mixed (mud and sand) fans
(mainly anoxic)

x x x x x x x x x

B
(mainly gray shales, marls
and thin sandstones)

Basin floor sheets and lobe fringes (frontal splays)
of mud‐rich and mixed (mud and sand) fans
(mainly dysoxic to oxic)

x

C
(thin sandstones, black
and gray shales)

Basin floor sheets and crevasse splays of mud‐rich
and mixed (mud and sand) fans (mainly
anoxic)

x

D
(thin to medium sandstones
and black shales)

Lobes or frontal splays of mixed (mud and sand)
fans

xx xx x x xx

E
(mainly medium to thick
carbonate sandstones
and gray shales)

Channels and levees of mixed (mud and sand)
fans

x

F
(thin to medium sandstones
and gray shales)

Channels and levees of sandy fans x x x x

G
(mainly thick gravelly
sandstones)

Channels of sandy fans x x

Note. x ‐ low frequency, xx ‐ medium frequency, xxx ‐ high frequency.
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Figure 5. Sedimentary logs of encountered lithofacies associations. (A) basin floor sheets and lobe fringes or frontal
splays, Vrancea Nappe, Valanginian‐Aptian (location XII); (B) carbonate rich basin floor sheets and lobe fringes,
Vrancea Nappe, Albian (location XIII); (C) Basin floor sheets and crevasse splays, Vrancea Nappe, Hauterivian‐Aptian,
Vrancea Nappe (location XIII); (D) siliciclastic turbidite lobes or frontal splays, Audia Nappe, Albian (location X);
(E) carbonate rich turbidite channels and lobes, Vrancea Nappe, Albian (location XIII); (F) Siliciclastic turbidite
channels and levees, Teleajen Nappe, Albian (location VII); (G) turbidite siliciclastic channels, Teleajen Nappe, Albian
(location I). M ‐ mud; S ‐ sand; G ‐ gravel. Legend: 1 ‐ black shales; 2 ‐ gray shales; 3 ‐ sandstones; 4 ‐ conglomerates;
5 ‐ breccia; 6 ‐ carbonate sandstones; 7 ‐ marls; 8 ‐ siderites; 9 ‐ ripple laminations; 10 ‐ horizontal parallel laminations;
11 ‐ large scale cross stratifications; 12 ‐ deformational convolute laminations; 13 ‐ water escape structures, 14 ‐ diagenetic
silicifications; 15 ‐ diagenetic nodules. All key locations labelled with Roman letters are marked in Figure 1. S4, S2,
N4, and N1 indicate the position of the DZ samples.

10.1029/2019TC005780Tectonics

ROBAN ET AL. 12 of 28



4.2. Paleocurrent Data and Petrography
4.2.1. Paleocurrent Analysis
4.2.1.1. Teleajen Nappe (Westernmost Moldavides)
As shown in Figure 7, the Hauterivian‐Aptian sedimentary structures (mostly flute casts) from lobe fringe
associations (locality III) indicate transport directions towards ESE (average azimuth 100o). At locality II,
the Aptian flute casts indicate transport directions towards ESE (average azimuth 110o). The Albian channel
fills deposits from locality I indicate transport directions towards NE (average azimuth 45o), while the levees
showmainly NNW directions (azimuth 350o). The Albian flute casts from channels from locality IV indicate
transport directions towards ESE currents (azimuth 110°), while the levees are directed to ENE (azimuth
75° – 80°).
4.2.1.2. Audia and Tarcău Nappes (Central Part of the Moldavides)
TheHauterivian‐Aptian flute casts and ripples cross‐laminations indicate transport directions towards south
in locality VII (azimuth 170° – 190°, Figure 7), while in locality XII the AMS data indicate SW directions
(azimuth 220°, supporting information, Figure S5). In the northern part (locality VII), the directions of
the Albian flute casts in the turbiditic lobe associations indicate transport directions towards S and SSW
(azimuths 182° and 192°). The AMS data from locality VIII indicate WNW direction (azimuth 280°; see also
supporting information, Figure S6). In the southern sector of the Eastern Carpathian (locality X, supporting

Figure 6. Composite sedimentary lithological logs for the nappes of the Moldavides representing lithofacies associations
(capital letters) explained in Figure 4, for the Valanginian‐Turonian interval. Legend: 1 ‐ conglomerates; 2 ‐ sandstones;
3 ‐ black shales; 4 ‐ gray shales; 5 ‐ red and green shales; 6 ‐ marls; 7 ‐ carbonate sandstone; 8 ‐ siderites; 9 ‐ cherts,
radiolarites; 10 ‐ sponge spicules; 11 ‐ diagenetic silicification; 12 ‐ deformational convolute laminations; 13 ‐ diagenetic
nodules (siderites). All key locations labelled with Roman letters are marked in Figure 1.
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information, Figure S8), the Albian sedimentary structures indicate a higher dispersion pattern, the trans-
port directions being mainly oriented towards NE and NW (azimuth 50°, 75°, and 340°).
4.2.1.3. Vrancea Nappe (Eastern Moldavides)
We have measured sedimentary structures in one location in this eastern part of the Moldavides (locality
XIV, Figure 7), where the Barremian‐Aptian lobe fringes associations indicate transport directions towards
N and NW (azimuth 280° to 350°, Figure 7; see also supporting information, Figure S7). These data are also
confirmed by AMS measurements (azimuth 352°‐2°). Neither measurable sedimentary structures nor con-
clusive AMS data were observed or measured in Albian sediments.
4.2.2. Petrography and Detrital Zircon (DZ) U‐Pb Chronology
Aptian‐Albian sandstones were analysed for determining whether they were sourced from the Dacia
mega‐units or the European foreland, as well as to shed light upon their supposed intrabasinal source.
4.2.2.1. Teleajen Nappe (Westernmost Moldavides)
Sample N1 was collected from a turbiditic channel fill complex in Albian sediments (locality I, Figure 1b) of
the northern part of the Teleajen Nappe (Figures 4h and 5, log G). Petrographically, it is a matrix‐supported
conglomerate made up of round to subround granules and pebbles, up to 2 cm in size. Lithic clasts comprise

Figure 7. Map showing paleocurrents directions within the thin‐skinned thrust belt of the Eastern Carpathians (Moldavides nappes) and a compilation of
literature data (rose diagrams displayed to the left and the right of the map). The arrows in the map denote data derived from sedimentary structures and
the anisotropy of magnetic susceptibility (AMS) measured during this study. I ‐ Teleajen Nappe, Albian; II ‐ Teleajen Nappe, Aptian; III ‐ Teleajen Nappe,
Barremian; IV ‐ Teleajen Nappe, Aptian‐Albian; VII ‐ Audia Nappe, Hauterivian‐Albian; VIII ‐ Audia Nappe, Hauterivian‐Albian; IX ‐ Audia Nappe,
Hauterivian, Abian; X ‐ Audia Nappe, Albian; XII ‐ Tarcău Nappe, Albian; XIV ‐ Vrancea Nappe, Berriasian‐Albian. The localities for the histograms based on
the data procured from the Moldavides are as follows: P1 ‐ Teleajen Nappe, Hauterivan‐Albian; P2 ‐ Audia Nappe, Hauterivian‐Aptian; and those from the
External Dacides are: P3 ‐ Ceahlău Conglomerates, Ceahlău Nappe, Albian; P4 ‐ Ciucaș Conglomerates, Ceahlău Nappe, Albian; P5 ‐ Bucegi Conglomerates,
Albian; P6 ‐ Ceahlău Nappe, Berriasian. All key locations labelled with Roman letters are marked in Figure 1 and some of the histogms showing literature data
refer to the areas around these key locations.
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K‐feldspar gneisses, schists, and rarely sedimentary carbonate rock fragments (Figure 8a). The grains are
monocrystalline and polycrystalline quartz, muscovite, biotite, chloritized biotite, and heavy minerals
such as garnets and zircons. The 99 separated zircon grains have a distinctive peak at 457 Ma and other
two at 532 and 614 Ma, with an insignificant number of grains older than 1 Ga. The age distribution
probability density curve has two small peaks at 308 and 340 Ma (Figure 9a).

Sample S1 was collected from Albian sediments of the southern part of the Teleajen Nappe (locality V,
Figure 1b), which comprises metric sandy turbiditic channels. The sample is made up by fine to medium
subrounded lithic sandstones, containing monocrystalline quartz, micas, and subordinate feldspars. Lithic
fragments are sparse and of metamorphic origin. The sample contains both carbonate and phyllosilicate
cement, as well as a clay‐based matrix. Out of the 97 zircons, the age distribution is very similar to that of
sample N1 described above. The most prominent peak in sample S1 is at 462 Ma, then gradually decreases
in frequency, with other peaks at 599 and 789 Ma (Figure 9b).
4.2.2.2. Audia and Tarcău Nappes (Central Part of the Moldavides)
Sample N2 was taken from the northern Audia Nappe and is a quartzous sandstone with a turbiditic lobe
architecture (locality VIII, Figure 1b). It is a massive, fine‐ to medium‐grained arenite with poor parallel
lamination observed in its upper parts. Subordinate minerals are mica and peloid glauconite (Figure 8b).
DZ analyses on 103 zircons yield an age range from 234 to 2,600 Ma. The maximum peak is at 326 Ma,

Figure 8. Petrotypes of samples used for U‐Pb DZ analysis. (a) Sample N1 (location I), Albian conglomerate, Teleajen
Nappe; (b) Sample N2 (locationVIII), Audia Nappe, Albian quartzous sandstone, carbonate cement and phyllosilicate
matrix; (c) Sample N3 (location XII), Tarcău Nappe, Albian quartzous/lithic graywacke bearing glauconite, phyllosilicate
matrix with recrystallized silica. (d) Sample N4 (location XIII), Albian carbonate sandstone bearing greenschist clasts;
(e) Hand specimen S3 (location XI), breccia level with red granodiorite, Audia Nappe, Albian/Aptian. Alongside red
clasts, limestones, marls and weathered basalts appear; (h) Close‐up of a red clast, granodiorite with altered plagioclase
feldspars stained with iron oxide (Sample S2). On the right, a highly weathered basalt fragment with chloritized glass.
mRF = metamorphic rock fragment; sRF = sedimentary rock fragment; iRF = igneous rock fragment;
Qm = monocristaline quartz, Fp = plagioclase feldspars; Mx = matrix, gl = glauconite; s‐cem = siliceous cement; c‐
cem = carbonate cement. All key locations labelled with Roman letters are marked in Figure 1.
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while others are clustered at 402, 458, and 533 Ma. Less prominent peaks are found at 969, 1,219, 1,476,
1,714, and 2,020 Ma (Figure 9c).

Sample N3 is an Albian turbidite lobe from the northern region of the Tarcău Nappe (locality XII, Figure 1b).
It is compositionally similar to sample N2, with a siliceous and phyllosilicate matrix containing calcite gran-
ular aggregates (Figure 8c). Glauconite makes up as much as 7%. DZ spectrum consisting of 98 zircon grains
is dominated by a 334 Ma peak. Secondary peaks are found at 612, 1,046, and 1,612 Ma (Figure 9d).

Samples S2 and S3 are from the southern region of the Audia Nappe. Aptian‐Albian breccia levels with red
clasts were found at two locations, approximately 100 km apart, S2 in locality X, and S3 in locality XI
(Figure 1b). The facies association is that of turbidite lobes. The sample was taken from a massive to normal
grading polymict breccia with plutonic, metamorphic, volcanic, and sedimentary rock fragments
(Figure 8e). The matrix is made up of phyllosilicates, but there is a significant amount of calcite cement.
An abundance of celadonite cement was observed, formed from volcanic clast weathering. Plutonic lithic
fragments are composed of granodiorites with weathered iron oxide stained plagioclase (Figure 9f). There
are frequent intergrowths between quartz and K feldspar. Volcanic clasts consist of basalts partly

Figure 9. Kernel Density Estimate (KDE) of U‐Pb age distribution of detrital zircons (DZ) from the thin‐skinned
Moldavides thrust belt of the Eastern Carpathians. (a) Sample N1, Teleajen Nappe, Albian conglomerate (location I);
(b) Sample S1, Teleajen Nappe, Albian sandstone location (V); (c) Sample N2, Audia Nappe, Albian sandstone (location
VIII); (d) Sample N3, Tarcău Nappe, Albian graywacke (location XII); (e) Sample S2, Audia Nappe, Aptian‐Albian,
breccia level with red clasts, (location X); (f) Sample S3, Audia Nappe, breccia level with red clasts (location XI);
(g) Vrancea Nappe, Sample N4, Aptian‐Albian, carbonate sandstone bearing gravely greenschist clasts (XIII);
(h) Sample S4, Vrancea Nappe, Aptian‐Albian sandstone (location XIV). All key locations labelled with Roman letters
are marked in Figure 1.
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chloritized and weathered feldspar. Gneissic clasts often show chloritized biotite. Samples contain also frag-
ments of Jurassic limestone with Calpionellids and marl fragments. Both samples showed almost identical
DZ age patterns, with a maximum peak at 604 and 609 Ma and a subordinate peak at ~340 Ma
(Figures 9e and 9f).
4.2.2.3. Vrancea Nappe (Eastern Moldavides)
Sample N4 was collected from the northern region of the Vrancea Nappe from the Albian channel‐levees
associaltion. The sample is a normal graded clast‐supported conglomerate containing predominantly clasts
of greenschists (Figures 5, log E, and 8d) and metagraywacke or metasiltstone fragments, both with second-
ary chlorite. Some fragments appear deformed, while others do not show any deformation. There are also
micrite limestone fragments as well as carbonate bioclasts. Typical occurrences are sponge spicules and sili-
cification. The cement consists of carbonate with abundant pyrite. The 67 analyzed zircons have peaks at 554
and 605 Ma. Secondary peaks are visible at 1,079, 1,615, and 2,052 Ma (Figure 9g).

Sample S4 was collected from an Aptian sandstone located in the southern part of the Vrancea Nappe
(Figures 1b and 5, log C). It is a laminated sandstone containing phyllosilicate minerals, single grain quartz,
and abundant lithic fragments of low‐grade metamorphic. Micrite limestone, carbonate fossils, silt sedimen-
tary rocks, and graywackes fragments are also found. Glauconite is common, and the cement is carbonatic.
Siderite forms some crystals clusters. The DZ age range is broad, with peaks at 600 and 326 Ma. Other sig-
nificant are peaks at 1,120, 1,502, 1,989, and 2,679 Ma (Figure 9h).

Most zircons from all the samples have U/Th < 5 and are thus of igneous origin (Hoskin &
Schaltegger, 2003). However, there are some DZ peaks in both the Carboniferous (320 – 340 Ma) and
Ordovician (450 – 470 Ma) populations (Figures 10a, 10b, 10c, 10d, and 10h) that are of metamorphic origin.
These findings are in agreement with existing data, which demonstrate both Ordovician and Carboniferous
metamorphism in the Dacia mega‐unit (Ducea et al., 2016; Medaris et al., 2003).

5. Discussion

The combined sedimentological and detrital zircon analyses demonstrate that the studied Lower Cretaceous
sediments presently exposed in the Moldavides thin‐skinned belt of the Eastern Carpathians have
been sourced from both the Dacia mega‐unit basement and from the European foreland. Given the
140 – 160 km minimum original width of the Moldavides basin (Figure 11) prior to the Miocene shortening
(Krézsek & Bally, 2006; Morley, 1996; Roure et al., 1993), it is likely that the Early Cretaceous sedimentation
took place in a narrow basin, where paleobathymetries were in the 600 – 2,500 m range (Melinte‐Dobrinescu
et al., 2015). This previous inference is in agreement with recent regional quantitative Mediterranean recon-
structions that account for the kinematics of nappe emplacement in the Carpathians (Figures 12a and 12c)
(van Hinsbergen et al., 2020). These reconstructions assume the existence of a wide passive continental mar-
gin during the Early Cretaceous, which was connected with the European foreland units and was subducted
(Figures 11a and 11b) or accreted to the Dacia tectonic upper plate during the subsequent Late
Cretaceous‐Miocene tectonic events (e.g., Mațenco, 2017; Mațenco et al., 2010; Săndulescu, 1988).

5.1. Audia‐Vrancea Deep‐Sea Depositional System Supplied by the European Foreland

The European passive continental margin accommodated low energy, mostly pelagic sedimentation during
the Valanginian‐Aptian, in a domiprovidednantly anoxic environment, particularly well observed in the
external (eastern) Audia, Tarcău, and Vrancea nappes. Basin floor sheets with thin lobe fringes intercala-
tions of muddy‐rich submarine fans (Association A) (Figure 11a), with a high dispersion pattern of paleocur-
rents (Figures 12a and 12b) are typical in the distal part of the basin relative to the European foreland source
areas. Crevasse splays of basin floor channels are also common in the more proximal eastern and southern
sectors (Association C).

Turbidite lithofacies of sandy‐mud fans were more abundant in the Albian (Figures 11b, 11c, and 12d). In
addition to basin floor associations (Associations A and B), typical carbonate sandstones dominating chan-
nels and levee associations (Association E) are common in the proximal eastern area of theMoldavides basin
and are most likely supplied by a mixed carbonate‐siliciclastic source. In the more distal sectors, siliciclastic
lobes or frontal splays of sandymud fans (Association D) might be connected to the siliciclastic delta systems
of the European foreland, possibly during sea‐level low stands.

10.1029/2019TC005780Tectonics

ROBAN ET AL. 17 of 28



Beyond the evidence provided by paleocurrent directions (Figures 7, 12a, 12c), eastern European foreland
sources are also evident from petrographic composition and DZ ages of analyzed samples. The abundance
of the Albian sandstones bearing greenschist clasts of low metamorphic grade and sedimentary carbonate
fragments in the external Vrancea Nappe (Figure 8d) suggests an European foreland provenance
(Anastasiu, 1984). The main DZ peaks of the analyzed samples from Audia, Tarcău, and Vrancea nappes
are at 320–340 Ma and 570–610 Ma, but also Precambrian ages between 1 and 2 Ga are relatively common.
The 570–610 Ma peak is best exemplified by the exposures of the Danubian basement in the South
Carpathians (Figure 3d) (Balintoni, Balica, Ducea, & Stremţan, 2011a) and North Dobrogea (Figure 3e)
(Balintoni & Balica, 2016). The correlation is valid because, paleogeographically, the Danubian unit was part
of Moesia before the late Early Cretaceous (e.g., Seghedi et al., 2005, and references therein) and, therefore,
belongs to the European foreland. Furthermore, many other areas of the European foreland contain the
same age cluster: Neoproterozoic deposits of Histria Formation in the Central Dobrogea that consist of

Figure 10. U/Th ratios of the samples used for DZ. U/Th < 5 are of igneous origin. (a) Sample N1, Teleajen Nappe, Albian conglomerate (location I); (b) Sample
S1, Teleajen Nappe, Albian sandstone (location V); (c) Sample N2, Audia Np., Albian sandstone, (VIII); (d) Sample N3, Tarcău Nappe, Albian graywacke,
(location XII); (e) Sample S2, Audia Nappe, Aptian‐Albian, breccia level with red clasts, (location X); (f) Sample S3, Audia Nappe, breccia level with red clasts,
(location XI); (g) Vrancea Nappe, Sample N4, Aptian‐Albian, carbonate sandstone bearing gravely greenschist clasts (location XIII); (h) Sample S4, Vrancea
Nappe, Aptian‐Albian sandstone (location XIV). All key locations labelled with Roman letters are marked in Figure 1.
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low‐grademetamorphic schists (Figure 3f) (Balintoni et al., 2011b; Oaie et al., 2005; Zelazniewicz et al., 2009)
and the Albian sedimentary cover from South Dobrogea, which is also part of the Moesian platform
(Figure 3g) (Krézsek et al., 2017, and references therein).

Proterozoic and late Archean peaks (i.e., ~1,500, 2,000, and 2,700 Ma) found in the eastern Moldavides
nappes are characteristic for the foreland units of the Carpathian orogen: the East European platform base-
ment (Figure 3h), the East European Neoproterozoic sedimentary cover (Figure 3i), the Moesian platform
(Figure 3f), and North Dobrogea (Figure 3e). The igneous and metamorphic Carboniferous peaks of
320 – 340 Ma (Figures 10a, 10b, 10c, 10d, 10e, and 10h) are rare among the studied basement of the
Carpathians and foreland units of Romania (Ducea et al., 2018) but are characteristic for some other areas
of themobile Paleozoic Europe, such as the igneous rocks from the BohemianMassif (Jastrzębski et al., 2018),
among several others. This interval, broadly referred to as Variscan, is when major Barrovian collisional
metamorphim took place in the Dacia mega‐unit and contains only limited, low temperature leucogranitic
magmatism (Balintoni et al., 2014). Potential sources for this magmatic peak are either yet to be resolved
plutons in the basement (poorly covered by geochronologic studies) or a higher basement thrust sheet
(potentially now eroded) in the Dacia mega‐unit. Notably, these 320 – 340 Ma ages are also found in the
Jurassic sandstones of the Moesian platform (G. Tari personal communication to M. Ducea), suggesting thus
a foreland origin of this Variscan magmatic event.

An intrabasinal “Cuman” ridge or uplifted areas situated between Teleajen and Audia depositional sectors
(Figures 11b and 12d) have long been interpreted to provide local sources along the European passive con-
tinental margin (Grigorescu & Anastasiu, 1976; Murgeanu, 1937), in order to explain the provenance of exo-
tic red granodiorite clasts dominating the thin breccia levels of the Aptian‐Albian deposits from the Audia

Figure 11. Cross‐section sketch reconstructions of the Ceahlău‐Severin Ocean and its continental passive margin showing depositional systems during
Barremian‐Aptian and Albian. (a) Reconstruction of the depositional systems for the Barremian‐Aptian interval. The western area depicts Barremian to early
Aptian sandy turbiditic systems having the Dacia mega‐unit as their source area, overliying the deposits of the acretionary wedge formed by the sediments of the
Ceahlău‐Severin Ocean (Middle Jurassic to Hauterivian). The eastern area shows muddy turbiditic systems, levees, crevasse splay and distal turbidite lobes
sourced from the European foreland; (b) Reconstruction for late Aptian‐Albian time when the Dacia mega‐unit further overthursts the deposits of the
Ceahlău‐Severin Ocean creating a major subsidence that leads to the formation of sandy and gravelly depositional systems (Bucegi, Ciucaș conglomerates and
Teleajen Formation). The eastern part depicts sandy‐mud rich fans with channels and levees and distal turbidite lobes that have a European source. See
Figures 12a and 12c for the location of sections A–A′ and B–B′; (c) lithological logs of Lower Cretaceous deposits from the Moldavides (Vrancea, Tarcău, Audia,
and Teleajen nappes) correlated with the Lower Cretaceous of the Middle and External Dacides. The distance between the logs are calibrated by balanced
cross‐section reconstructions in the Eastern Carpathians (Krézsek & Bally, 2006; Roure et al., 1993).
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Nappe of the Moldavides (localities X and XI) (Figures 8e and 8f). The S2‐S3 samples from these breccia
levels have a DZ age distribution with a ~600 Ma peak, which is most likely associated to the foreland
units rather than the Dacia basement nappes (Figures 9e and 9f). The same samples also contain
a 340 Ma peak. This compositional mixing between granodiorite‐rich breccias with angular basalt
fragments, weathered trachytes of unknown origin, or age and Upper Jurassic‐Lower Cretaceous
limestones infers reworking of Mesozoic sediments and a direct provenance from the Moesian basement.
The postulated ridge was either a rift horst (possibly inverted) or was generated by flexural bulging of the
lower plate in response to Cretaceous thrusting events. The same red granodiorite fragments were found
locally in the southern area of Teleajen Nappe, supporting the location of a ridge in the area between
Audia and Teleajen units. The interpretation of such intrabasinal sources is not unique in the
Carpathians. Many continental fragments or ridges have been interpreted in the Western Carpathains
(e.g., Czorsztyn and Silesian) with a relatively similar structure (Golonka et al., 2006; Oszczypko, 2006;
Plašienka, 2018). The Silesian Ridge was active starting with the Upper Cretaceous and contains gneissic
fragments with a peak DZ age of 530–570 Ma and Albian sandstones with a peak DZ age of 600 – 630 Ma,
as well as distinctive older peaks from 1,250 to 2,740 Ma (Budzyń et al., 2011; Michalík et al., 2006), not
found in the internal Carpathian units such as the Dacia Block. These data suggest an European origin of
both Silesian and Cuman ridges. However, this intrabasinal ridge interpretation is still speculative simply

Figure 12. Sedimentary system reconstruction for the Barremian‐Albian in the Romanian Carpathians area. The tectonic reconstruction of continental units,
oceans, and passive margins is re‐drawn from van Hinsbergen et al. (2020). (a) Ceahlău‐Severin Ocean, European passive continental margin and surrounding
units: Dacia mega‐unit and European foreland. Paleocurrents directions during the Barremian‐early Aptian time; (b) Paleogeographical reconstruction and
location of the Barremian‐lower Aptian muddy‐rich fans; (c) The paleocurrent directions during late Aptian‐Albian; (d) Gravel and sand‐rich fans supplied by the
Dacia mega‐unit and the sand‐muddy rich fans sourced from the European foreland. The paleocurrent directions for the Bucegi (P5), Ciucaş (P4), and
Ceahlău (P3) conglomerates were corrected considering the post Albian clock‐wise rotation of the Dacia block (~90°). The traces of sections A–A′ and B–B′ refer to
the profiles in Figure 11. The key locations labelled with Roman letters are marked in Figures 1 and 7. A, B, C, and so forth refer to the litofacies associations
shown in Figure 5. The paleogeographical reconstruction of the surrounding area is after Świdrowska et al. (2008) ‐ East European and Scythian platforms
and Costea et al. (1978) ‐ Moesian platform.
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because it cannot completely exclude far transported high‐density turbidites deposited from an external
European foreland source or from temporary storage areas situated in a more distal position relative to this
foreland, similar with what is observed in other turbidite systems (e.g., Postma et al., 2014; Strachan
et al., 2013).

5.2. Ceahlău‐Teleajen Deep‐Sea Depositional Systems Supplied by Dacia Mega‐Unit

The low energy pelagic sedimentation and muddy turbidite systems found along the European passive con-
tinental margin were laterally replaced in the western part of the basin, located close to the subduction zone
beneath the Dacia continental unit (i.e., the Ceahlău‐Teleajen depositional domain in Figures 12b and 12d),
by high energy channels and levees (Associations F and G) of the sandy systems, deposited during late
Aptian‐Albian times, as observed in the Teleajen nappe (Figures 11b, 11c, and 12d). Our data demonstrate
that source areas of these Teleajen nappe deposits were exclusively those of the basement of the Dacia con-
tinental mega‐unit, which is in concordance with previously published paleocurrent data (Figures 7 and 12c)
(Anastasiu & Jipa, 1983; Dinu, 1985; Mihăilescu & Contescu, 1966; Štrba, 2012). The DZ of the two Albian
samples (Figures 9a and 9b) from the Teleajen Nappe are dominated by igneous and metamorphic
Ordovician peaks (460 Ma), characteristic for the basement of the Getic nappes of the Dacia continental
mega‐unit (Ducea et al., 2018) (Figures 3a and 3b). These source areas were likely reactivated by the closure
of the Severin ocean segment in the South Carpathians (Figures 11b, 11c, and 12d) and the Cretaceous
thrusting of the Dacia thick‐skinned napes over the inner part of the Ceahlău nappe sediments in the case
of the Eastern Carpathians (Iancu, Berza, Seghedi, Gheuca, & Hann, 2005a; Kräutner & Bindea, 2002;
Săndulescu, 1994). This thrusting has exhumed the basement of the Dacia unit and the internal‐most part
of the Ceahlău accretionary wedge (e.g., Merten et al., 2010; Sanders et al., 1999), while more external parts
of this wedge were overlaid by the thick sequences of gravel‐rich submarine fans (Figures 11b, 11c, and 12d)
of Bucegi (locality P5), Ciucaș (locality 4), and Ceahlău (locality P3) conglomerates (Figure 12c) (Olariu
et al., 2014). The restoration of previously published paleocurrent directions (Figure 7) (Anastasiu &
Jipa, 1983; Dinu, 1985; Jipa, 1994; Jipa & Olariu, 2018; Olariu et al., 2014) by the post‐Cretaceous 90° clock-
wise rotations of the Dacia mega‐unit (Figure 12c) demonstrates that the gravel‐rich submarine fans were
laterally connected with the more distal high‐density sandy turbidite systems observed in the Teleajen
Nappe (see also Figures 11b, 11c, and 12d). It is likely that the overall contractional event created both flex-
ural loading and subsidence in the lower plate combined with uplift and high rates of erosion in the thrust-
ing front of the Dacia nappes. We were not able to identify an intrabasinal source area located west of the
Teleajen depositional domain for the high‐density turbiditic fan system, such as a flexural bulge of the lower
European plate, created by the late Early Cretaceous thrusting, as previously proposed (e.g., Bădescu, 2005;
Săndulescu, 1984). The dominant U‐Pb ages for the Dacia sourced Teleajen nappe sediments suggests that
the Albian conglomeratic system overlying the internal part of the accretionary wedge was rather
directly connected with the turbiditic system of the Teleajen nappe in the original depositional domain
(Figures 11b and 12d).

5.3. Mixing of Sources

The distribution of paleocurrents during the Hauterivian‐Barremian interval in the internal Teleajen Nappe
(Figures 1 and 7, locality P1) and during the Valanginian‐Aptian time in themore external Audia and Tarcău
nappes (Figures 1 and 7, localities VIII and P2) show opposite transport directions, both to the E and W.
Since these directions were measured in the basin floor sheet and turbidite frontal splay or lobe fringe asso-
ciation, the high grade of dispersion is understandable (Figure 12b). Alternatively, the opposite directions
could suggest different source areas and turbidite systems mixing the sediments in the middle part of the
basin (Figure 12b).

During the Albian, the internal Teleajen Nappe of the Moldavides shows that paleocurrents from channels
and levee associations had N and NW orientations (Figures 7 and 12c, localities I, II, P6), while in the exter-
nal Audia and Tarcău nappes, the frontal splay associations indicate southward directions in the northern
sector (Figures 7 and 12c, localities VII, XII, IX) and northward directions in the southern one (Figures 7
and 12c, locality X). These data suggest the convergence and alignment of currents in the median sector
of the basin parallel to the strike of the Albian thrust belt in the west. In the deposits sourced from the
European foreland, two samples (N2 and S4) show among typical European ages (330 Ma, 600 Ma, and
>1 Ga) a small peak in the distribution of DZ ages at 460 Ma (Figures 9c and 9h). This observation
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suggests the mixing of sediments with a different provenance, since the 460Ma DZ age is typical of the Dacia
mega‐unit. Furthermore, Albian carbonate sandstones form Vrancea Nappe contain graywacke fragments
(Figure 7d), typical for the Albian of Tarcău and Audia nappes (Figure 8c). However, sandstones and gray-
wackes of Audia and Tarcău nappes contain greenschists and sedimentary carbonate fragments abundant in
the more eastern Vrancea Nappe. One other possible cause of sediment mixing in the center of the basin is
reworking by bottom marine currents of sediments derived from the distal turbidite facies. Therefore, we
conclude that a certain degree of sediment mixing derived from both the Upper Dacia tectonic mega‐unit
and the lower European continental plate is observed and suggests a narrow width of the sedimentary basin.

6. Conclusions

The formation and evolution of the Eastern Carpathians thin‐skinned thrust and fold belt in Central Europe
has hidden, by subduction and subsequent collision, most direct evidences of the geometry of the former
Ceahlău‐Severin oceanic lithosphere and its attached European passive continental margin. Based on new
sedimentologic, paleomagnetic, petrographic, and detrital zircon U‐Pb data for Lower Cretaceous sediments
cropping out in the Moldavides part of this thin‐skinned belt, correlated with quantitative reconstructions of
the surrounding continental units, we show that these deposits were supplied from both, the inner Dacia
continental mega‐unit, in an upper plate position and, from the external European foreland, located east
and south of the basin. These sediments were part of a deep‐sea depositional systems that overlied both
the domains of oceanic lithosphere and the passive continental margin.

Although we cannot precisely quantify the extent, composition, and geometry of these domains, it is rather
clear that the European foreland sourced the external Moldavides nappes (i.e., the Audia, Tarcău, and
Vrancea nappes) during Valanginian‐Aptian times with sediments deposited over its passive continental
margin (the Audia‐Vrancea depositional domain in Figures 12b and 12d). This sedimentation was low‐
energy, mainly pelagic settling, associated with low‐density turbidite currents, while basin energy increased
during the Albian, in response to the onset of Carpathians thrusting at the front of the Dacia continental
mega‐unit. The sourcing is demonstrated by paleocurrent directions and detrital zircon ages with peaks at
550–620 Ma and over 1 Ga, which is characteristic for the European foreland. Breccia bearing red granodior-
ite fragments having detrital zircon peaks at 600 Ma and 330 Ma could also be sourced by intrabasinal ridges
of European origin or could have been transported at farther distances by high‐density transport via inter-
mediate storage areas.

In contrast, our study demonstrates for the first time that Lower Cretaceous sediments of the westernmost
nappe attributed to the Moldavides system (i.e., Teleajen) were deposited in the immediate vicinity and to
the opposite side of the basin sourced by the Dacia continental basement. These sediments must have been
part of the same accretionary sedimentological system together with the more internal Ceahlău nappes. In
order to differentiate this innermost part of theModavides from the External Dacides, which refers strictly to
Ceahlău‐Severin nappe system, we defined a Ceahlău‐Teleajen depositional domain (Figures 12b and 12d).
The late Early Cretaceous thrusting changed the depositional style of sediments observed in the Teleajen
Nappe to progressively higher energy sandy turbidite systems supplied by the Dacia continental basement,
as indicated by paleocurrents and typical 460 Ma detrital zircon age clusters observed in Albian lithic sand-
stones. The relatively narrow nature of the oceanic basin during Early Cretaceous time has facilitated an
occasional mixing of sources in the sediments deposited on the basin floor, as indicated by high paleocur-
rents dispersion and Ordovician detrital zircon ages of 460 Ma typical for the Dacia mega‐unit observed in
sandstones of more external Moldavides nappes.

It is important to differentiate the depositional domain of sediments from the emplacement of nappes in
which these sediments are incorporated later during the evolution of thin‐skinned thrust and fold belts.
Despite the fact that sediments observed in the Ceahlău and Teleajen nappes were part of the same
depositional system during Early Cretaceous times, Cretaceous thrusting affected only the Ceahlău nappes.
Thrusting continued by foreland migration until the Oligocene‐early Miocene, when the Teleajen nappe
was ultimately emplaced. The latter times are also when thrusting emplaced sediments deposited in the
domain of the distal European passive continental margins (Audia and Macla nappes). Deformation
continued by foreland migration during the middle and late Miocene thrusting in more proximal
regions of the European passive continental margins emplacing the remainder of the Moldavides nappes
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(Tarcău, Vrancea, and Subcarpathian). Our findings are in agreement with the previous interpretations of a
200 – 250 km wide European passive continental margin during Early Cretaceous times that must have been
subducted or accreted at high depths beneath the orogen during the subsequent Cretaceous‐Miocene short-
ening events. This interpretation is in direct contrast with an oceanic lithosphere nature of the subducted slab
beneath the southeastern Carpathians. An explanation is beyond the scope of our study, but it may be related
to the exact nature of the ocean and its passive margin, such as the presence of previously not described
hyper‐extended continental lithosphere, or to mechanisms of subduction that still need to be investigated.

These findings demonstrate that the combination between sedimentological and provenance techniques has
the ability to provide critical constraints in thin‐skinned thrust and fold belts for understanding the deposi-
tional systems of subducted oceanic domains and their attached continental margins thrusted by collisional
processes in areas where quantitative reconstructions of adjacent continental units are available.
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