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The ages of several Oligocene to Miocene sedimentary formations from the Eastern Carpathians Bend Zone are poorly con-
strained due to palaeoenvironmental factors, reworking of fossils, structural complexity and limited exposure. To help
overcome these issues, this study integrates calcareous nannoplankton and foraminifera biostratigraphy with isotopic age
dating (U-Pb) of volcaniclastic zircons, and sedimentological and structural observations/interpretations. Our study was car-
ried out along an ~6-km-long section made from a series of outcrops along the Bizdidel River which exposes several forma-
tions such as the Pucioasa, Fusaru, Vinetisu, Starchiojd and Slon. We show that the Fusaru Formation consists of
coarse-grained rocks deposited as confined longitudinal channel successions that migrated laterally. It is bounded by the
mud-rich Pucioasa and Vinetisu formations which are lateral equivalents of the Fusaru confined channels deposited as
levee/overbank units. These genetically related formations appear to reach younger ages — of the lower to middle
Burdigalian based on calcareous nannoplankton and foraminifera biostratigraphy — than previously thought (upper
Oligocene to lower Burdigalian). The dominant organic-rich mudstones of the Starchiojd Formation represent
pelagites/hemipelagites deposited in anoxic conditions. Their middle Burdigalian age is established by a 17.41 £0.27 Ma zir-
con U-Pb age of zircons from the Batrani Tuff in the Starchiojd Formation. Based on the similar phenocryst content, zircon
U-Pb age and zircon trace element composition, the source of the tuff is suggested to be the 17.3 Ma Eger ignimbrite-forming
eruption, which has proximal, near-caldera deposits in the Biikkalja Volcanic Field, Hungary. The mud-rich Slon Formation
seems to be related to shelf edge/upslope failure that formed cohesive debrite avalanches resulting from foreland propaga-
tion of compression. The Slon Formation extends in this area to at least the upper part of the lower Miocene to middle Mio-
cene. These results highlight the need to revise ages of those parts of the sequence which are poorly constrained or different
in other parts of the Carpathian Basin. Such revised ages help to better constrain the understanding of the deformation his-
tory of the Carpathians.
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INTRODUCTION

The specific tectonic and palaeoenvironmental conditions
operating during the Oligocene to Miocene in the Eastern
Carpathians Bend Zone (ECBZ; Fig. 1) has led to limitations in
assigning the relative ages of several formations. Traditionally
considered Oligocene to lower Miocene (Marunfeanu, 1999;
Melinte and Brustur, 2008; Melinte and Stoica, 2013), recent
studies carried out in the ECBZ revealed that at least locally
some formations may be younger, up to the middle Miocene;
Tamas, 2018; Filipescu et al., 2020).

One problemin this area is the extensive reworking (Szabo,
2012), hence the traditional biostratigraphy rarely provides reli-
able markers. However, locally, calcareous nannoplankton and
foraminifera may give useful biostratigraphic clues, especially
when long sections are available.

More reliable stratigraphic data and information may be ob-
tained by combining the biostratigraphy and sedimentology with
radioisotopic data, all analysed in a structural context. Also, by
doing this, some lithostratigraphic units can be re-interpreted as
contemporaneous equivalents, rather than as successive units.

The presence of a ~6 kilometres long mildly deformed sec-
tion at Pucioasa, along the Bizdidel Valley (Fig. 2A), where sev-
eral formations crop out (Pucioasa, Fusaru, Vinetisu, Starchiojd
and Slon; Fig. 3) created the opportunity for a re-interpretation
of the stratigraphy and depositional environments. Moreover,
the occurrence of a volcanic tuff intercalation (Batrani Tuff,
Stefanescu et al., 1993) in a regionally developed unit
(Starchiojd Formation) proved to be of great help for strati-
graphic calibration, by using zircon U-Pb age dating. The
source area for the tuff based on petrology, zircon age dating
and trace element composition is also discussed.

Our results, including more precise formation ages and a
revised depositional environment for the Miocene deep marine
formations, will better help to constrain the stratigraphy, tectonic
deformation and palaeoenvironments of the Carpathians.

GEOLOGICAL SETTING

STRUCTURAL OVERVIEW

The Carpathians have a highly arcuate orogen shape
(Fig. 1A) due to their palaeogeographic evolution in relation to
the European/Moesian platforms, and Tisza, Dacia and Alcapa
continental megablocks (Schmidt et al., 2008).

Following an extensional phase between the Triassic and
early Cretaceous (Sandulescu, 1984, 1988), the tectonic his-
tory of the Carpathians is characterized by subsequent
compressional deformation (Sandulescu, 1988; Hippolyte and
Sandulescu, 1996; Matenco and Bertotti, 2000; Leveer et al.,
2006).

The overall thrusting implies a foreland propagating se-
quence (Matenco and Bertotti, 2000) that formed a general
eastwards (i.e. Eastern Carpathians) and southwards (i.e.
South Carpathians) verging nappe system (Schmidt et al,,
2008). The ECBZ (Fig. 1B) represents the transition between
these two systems (Leveer et al., 2006). Based on the age and
style of deformation (thin vs. thick-skinned; Sandulescu, 1984),
different nappes have been described (see Sandulescu, 1984;
1988; Fig. 1C). The thick-skinned nappes consist of pre-Alpine
basement rocks, metamorphosed during the Paleozoic
(Krautner and Bindea, 2002; Medaris et al., 2003; Balintoni et
al., 2014; Ducea et al.,, 2016) and Cretaceous sedimen-

tary/magmatic formations thrusted during the Early and Late
Cretaceous (Sandulescu, 1984; Fig. 1B, C). The Cretaceous to
middle Miocene sequence among the thin-skinned nappes
thrusted during the late Paleogene to middle Miocene
(Sandulescu, 1988; Rabagia et al., 2011; Fig. 1B, C). The
Tarcau Nappe, which represents the subject of our study, was
considered to be emplaced from the early Miocene, with an
intra-Burdigalian onset (Sandulescu 1984; Merten et al., 2010)
or probably even later (middle Miocene; Filipescu et al., 2020).
Also, Schleder et al.,, (2019) suggested that some fold-
ing/thrusting and erosion took place during the intra-Burdigalian
phase in the proximal part of the Tarcau Nappe (Fig. 1D). The
compression continued towards the foreland (Matenco and
Bertotti, 2000; Merten et al., 2010) mostly in a piggyback setting
(e.g., Valea Lunga Syncline, Fig. 1D; Bercea et al., 2016;
Tamas, 2018; Schleder et al., 2019). The latest deformation
(the Wallachian phase — Meotian to Recent; Hippolyte and
Sandulescu, 1996) that affected the ECBZ was related to
crustal-scale shortening through the reactivation of basement
faults and produced uplift/erosion of 4-5 km (Sanders et al.,
1999; Merten et al., 2010). This phase was characterized by mi-
nor deformation under N-S compression. The Wallachian
structures are represented by gentle to open folds (Hippolyte
and Sandulescu, 1996; Schleder et al., 2019).

STRATIGRAPHY AND PRE-EXISTING AGE CONSTRAIN

The Tarcau Nappe consists of Cretaceous to middle Mio-
cene formations. Two different lithofacies have been defined for
the deep marine Oligocene to lower Miocene deposits of the
Tarcau Nappe of the ECBZ (Contescu et al., 1966; Sylvester
and Lowe, 2004; Rabagia et al., 2011; Szabo 2012): an internal
one, of Carpathian origin, of Pucioasa-Fusaru facies, and an
external one, of foreland origin (non-Carpathian), with a bitumi-
nous facies and Kliwa-type sandstones (Sandulescu et al.,
1995); an interbedded zone exists between the two lithofacies
(Patrut, 1955).

The lower Oligocene started in the ECBZ with the deposi-
tion of dark-coloured organic-rich shales/bituminous menilites
of the “lower dysodiles”/“menilites” (Olteanu, 1952; Popescu,
1952; Melinte and Brustur, 2008). The Pucioasa and Fusaru
formations (Mrazec and Popescu-Voitesti, 1914; Olteanu,
1952; Patruf, 1955) were considered as late Oligocene
(NP24-NP25) based on the presence of Pontosphaera
enormis, Triquetrorhabdulus carinatus, Sphenolithus conicus
and S. delphix calcareous nannoplankton (Vinetisu Valley —
ECBZ; Melinte and Brustur, 2008). The Pucioasa-type deposits
consist of dark grey massive/laminated calcareous mudstones,
rare organic-rich mudstones (Patrut, 1955) with thin cross/pla-
nar-laminated very fine- to fine-grained sandstones and
siltstones (Szabo, 2012; Frunzescu, 2013) as well as rare thin
coccolithic limestones (Melinte and Brustur, 2008). The Fusaru
deposits consist of subgreywacke, quartzo-feldspathic calcare-
ous sandstones, conglomerates/breccias and mudstone inter-
calations. They are embedded in the Pucioasa Formation
(Stefanescu et al., 1988; Sandulescu et al., 1995; Sylvester and
Lowe, 2004; Szabo, 2012). The Pucioasa facies was first de-
scribed by Mrazec and Popescu-Voitesti (1912 fide Patrut,
1955) and the Fusaru facies by Popescu-Voitesti (1910 fide
Stefanescu, 1995) from around the town of Pucioasa. In the
Eastern Carpathians, north of the area investigated, based on
the presence of the foraminifer Globoquadrina dehiscens
(Tarcuta River, northern part of the Eastern Carpathians) in the
mudstones of the Fusaru Formation, an age of not older than
Aquitanian was assigned (Belayouni et al., 2007). A Fusaru-like
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Fig. 1A — location of the Romanian Carpathians within the Alpine-Carpathian belt (Krézsek et al., 2013); red circle = Biikkalja Volca-
nic Field; dashed blue rectangle — Fig. 1B; red square — area of interest; B — tectonic sketch of the Romanian Carpathians (modified
from Krézsek et al., 2013 based on Sandulescu, 1988; Badescu, 2005; Schmid et al., 2008), red square — area of interest, arrows —
palaeocurrent directions (p.d.) from different formations (Contescu et al., 1966), black arrows — p.d. for the Corbi/Cheia formations
(Jipa, 1982; 1994 fide Roban, 2008), pink arrows — p.d. from Fusaru deposits (this study), SBC — subsurface Subcarpathian Nappe,
CFB - Carpathians Foredeep basin, IMF — IntraMoesian Fault, ECBZ — Eastern Carpathians Bend Zone; C — nappes of the Romanian
Carpathian area. Age of deformation: J3 — Late Jurassic, K1 — Aptian—Albian, K2 — late Campanian—early Maastrichtian, Pg3?-M1 —
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cross-section from Schleder et al. (2019)
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petrofacies (i.e. Cheia, Corbi formations) was also observed in
the eastern Getic Depression (Roban, 2008; Fig. 1B). Rabagia
et al.,, (2011) considered that this facies migrated in time (early
to late Oligocene) and space (from the Getic Depression to-
wards the ECBZ and EC), being embedded within
Pucioasa-like mudstones (i.e. Bradulet Formation in the Getic
Depression) due to compression from the propagating fore-
land. Recently, Miocene foraminifera (e.g., Trilobatus
quadrilobatus, Globoquadrina dehiscens) and calcareous
nannoplankton (e.g., Sphenolithus belemnos, Helicosphaera
ampliaperta) assemblages were identified by Szabo et al,
(2010) and Szabo (2012) in the Pucioasa and Fusaru forma-
tions along the Pucioasa section (Fig. 2A, B).

The Vinetisu Formation (Grigoras,1951 fide Popescu,
1952; Melinte and Brustur, 1998) consists of grey calcareous
mudstones and some centimetre/metre-thick bentonitic tuffs
(Vinetisu/Gura Vitioarei bentonites, Valenii de Munte/Mlacile
tuffs), (Stefanescu et al., 1993; Alexandrescu et al., 1994;
Frunzescu, 2013; Fig. 3) with interbedded thin convolute
fine-grained and bioturbated sandstones (Popescu, 1952;
Szabo, 2012). Based on calcareous nannoplankton, this forma-
tion was considered uppermost Oligocene to lower Burdigalian
(NP25-NN2) (Vinetisu, Lupa and Teleajen valleys — ECBZ;
Marunteanu, 1999; Melinte and Brustur, 2008).

The following “upper dysodiles” and “menilites” (Olteanu,
1952; Badescu, 2005) or Starchiojd Formation (Popescu, 2002
fide Frunzescu, 2013) consist of dark grey organic-rich shales
(dysodiles) with some menilites and decimetre/metre-thick
argillitized volcanic tuffs such as the Batrani Tuff (Popescu,
1952; Stefanescu et al., 1993; Fig. 3). This formation is consid-
ered lower Burdigalian (Marunteanu, 1999), as it is placed be-
tween the Vinetisu Formation (NN2 Biozone) and Cornu For-
mation (NN3 Biozone).

The Slon Formation (Popescu, 1961 fide Bucur, 1966;
Sandulescu et al., 1995) was considered Oligocene to lower
Burdigalian (Stefanescu, 1995) based on the type of facies
which developed in the Vinetisu, Starchiojd and Cornu forma-
tions (Olteanu, 1952; Stefanescu et al., 1988; Stefanescu,
1995; Frunzescu, 2013; Fig. 3). This facies is characterized by
chaotic deposits with reworked Cretaceous, Paleogene and
lower Miocene age clasts embedded in a black/grey mudstone
interpreted as olistostromes (Stefanescu, 1995) and developed
in the ECBZ (Olteanu, 1952) and EC (Joja, 1952). Stefanescu
(1995) described thick (100 m), massive, convolute sandstones
with fine conglomerates in the upper part of the Fusaru Forma-
tion and suggested that these replace the Pucioasa-Fusaru fa-
cies towards the hinterland.

The deep marine setting was replaced by a shallow marine
setting during the early Burdigalian (Schleder et al., 2019). This
can be observed through the presence of the shallow marine
Cornu Formation with the Sarata Gypsum that has an erosional
contact with the top of the deep marine Pucioasa-Fusaru
lithofacies (Mrazec and Popescu-Voitesti, 1914; Marunteanu,
1999; Schleder et al., 2019; Filipescu et al., 2020; Fig. 3).
These are followed by the unconformable Burdigalian—lower
Badenian coarse-grained deltas of the Doftana Formation
(sensu Stefanescu and Marunteanu, 1980; Marunteanu, 1999).
Recently, Filipescu et al. (2020) suggested that the Cornu and
Doftana formations may be in reality younger (upper Badenian
to Sarmatian).

METHODS

An ~6-km-long section with a series of exposures at
Pucioasa (Fig. 2A) along the riverbed and riverbank of the
Bizdidel Valley (N 45°5'45.80 E 25°26'51.99”) was analysed

by biostratigraphic, radiometric (zircon U-Pb dating on the
Batrani Tuff), structural and sedimentological methods. The for-
mations utilized in this study are based on the 1:50,000
Pucioasa map of Stefanescu et al. (1988; Fig. 2A).

FIELDWORK AND SAMPLE COLLECTION

Detailed structural and sedimentological field observations
and measurements of bedding, faults, fractures, folds and
palaeocurrents were recorded. The structural measurements
were taken using both a 360° Freiberg compass/clinometer and
the FieldMove™ digital mapping application. The sense of fault
movement was determined based on the presence of offset
stratigraphic markers or kinematic indicators such as
slickenlines or slikenfibres. Fault-slip slickenline data were col-
lected in situ from exposed fault surfaces in order to perform a
palaeostress inversion. In this study, the fault data were
analysed using Angelier's (1990) direct inversion method
(INVD) implemented in SG2PS software (Sasvari and Baharev,
2014). This method estimates the reduced stress tensor and
the shear stress magnitudes from fault-slip data (Angelier,
1990). The program also graphically computes the stress re-
gime based on the stress index (R’; Delvaux et al., 1997). Struc-
tural data processing and visualization were carried out using
Stereonet 10 (Allmendinger et al., 2012; Cardozo and
Allmendinger, 2013). The measurements were graphically rep-
resented using both rose diagram plots of azimuth distributions
(at 10° sector angles) and equal area stereonets, lower hemi-
sphere projection using poles to planes where appropriate. The
contouring was calculated after Kamb (1959) at 2 and 3 sigma
standard deviation above a random population.

The cross-section was constructed in Move software suite
following successive steps which includes: georeferencing and
importing the 1:50,000 geological map of Stefanescu et al.
(1988), preexisting cross-sections (e.g., Stefanescu et al., 1988;
Bercea et al., 2016; Schleder et al., 2019) and the Digital Eleva-
tion Model of the area. The structural measurements from the
field (collected with coordinates) were also imported in the project
and projected onto the cross-section. The next step involved the
construction of the cross-section using all the data. In Move, we
mainly used a tool called “horizon” from a template which allows
the construction of the layers by keeping the thickness constant.
The sedimentological data was obtained at centimetre/decimetre
scale and included grain size (10x hand lens, Wentworth grain
size comparator, ruler), lithology, bed contacts and sedimentary
structures. The sedimentological data was grouped into facies
and facies associations. Four synthetic logs were made starting
from the two major anticline hinge lines having a thickness rang-
ing from ~350 to 800 m. A 1 m Jacob staff with a 360° Freiberg
compass was used for the thickness measurements. Quantita-
tive palaeocurrent measurements were obtained and plotted in
SG2PS (Sasvari and Baharev, 2014) software (modified in
CorelDraw2022) although not re-tilted for tectonic dip correction
(bedding dip <= 20°; Collinson et al., 2006). Also, 3 qualitative
palaeocurrent (no dip correction) observations were made to as-
certain the gross direction of flow for some asymmetrical ripples
(Vinetisu Formation).

BIOSTRATIGRAPHY

The biostratigraphy was interpreted based on calcareous
nannoplankton and foraminifera. Forty-one mudstone samples
from the Pucioasa section (Fig. 2A) were analysed for calcare-
ous nannoplankton content. The samples were prepared by the
standard smear slides technique (Bown and Young, 1998) and
examined under a light microscope (Axiolab A) in polarized
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Fig. 3. Synthetic lithostratigraphic chart for the Tarcau (ECBZ) Nappe and this study (light blue color polygon)

Calcareous nannoplankton biozones based on Martini (1971) while the age distribution is from Raffi et al. (2020). Burdigalian division is
based on Grunert et al. (2010). Lithostratigraphy uses information from Stefanescu et al. (1988, 1993, 1995); Marunteanu (1999); Badescu
(2005); Melinte and Brustur (2008); Popescu (2002), fide Frunzescu (2013), Filipescu et al. (2020); UD/M — upper dysodiles and menilites.
Discontinuous dotted red lines represent regional tuffs in the ECBZ/Eastern Carpathians: TVi (Vinetisu Tuff), GVb (Gura Vitioarei
bentonites), TVa (Valenii de Munte Tuff), TMI (Mlacile Tuff), TB (Batrani Tuff), TF (Falcau Tuff; Stefanescu et al., 1993; Alexandrescu et al.,
1994; Frunzescu, 2013). Red star: UPb dated Batrani Tuff = 17.41 £0.27 Ma. Depositional environment based on Contescu et al. (1966),
Stefanescu (1995), Sylvester and Lowe (2004), Szabo (2012), Bercea et al. (2016), Schleder et al. (2019)
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light, at 1000 x magnification. Biostratigraphic and palaeoeco-
logical information provided by foraminifera was interpreted us-
ing the material of Szabo (2012).

ZIRCON U-Pb DATING AND ZIRCON TRACE ELEMENT ANALYSIS
OF THE BATRANI TUFF

U-Pb dating of the Batrani Tuff was done after separating
zircons by heavy liquid density-based and magnetic methods
from the 63—250 pm fractions. The zircon grains were mounted
in 1“ epoxy resin and polished to a 1 um finish. Before dating,
the zircons were checked with optical microscopic and
cathodoluminescence imaging. Cathodoluminescence imaging
was produced using an AMRAY 1830 SEM equipped with
GATAN MiniCL and 3 nA, 10kV setup at the Department of Pe-
trology and Geochemistry, E6tvos University in Budapest. The
in situ zircon U-Pb isotopic and simultaneous trace element
analyses were performed at the Department of Earth Sciences,
ETH Zdirich by laser ablation single-collector sector field induc-
tively coupled plasma mass spectrometry (LA-SF-ICP-MS).
Further instrumental, setup and data processing information
are given in supplementary Appendices 1 and 2. Validation ref-
erence materials, covering an age interval between 1063.5 Ma
and 2.409 Ma, were used to correct the matrix-dependent age
offsets after Sliwinski et al. (2017). The average precision of the
reference materials ranged from 1.2% to 2.3% (2se) in the case
of secondary RM older than 30 Ma, while the youngest has
8.3% (2se) average precision. The Th disequilibrium correction
was performed after alpha dose-correction assuming a con-
stant Th/U partition coefficient ratio of 0.33 +0.063 (1c; Rubatto
and Hermann, 2007) and using the equations of Scharer
(1984). Zircon U-Pb dates were not corrected for common Pb
contents; however, during data reduction, integration intervals
were set to exclude the common Pb-contaminated signal inter-
vals and data were filtered according to their discordance
([(°"Pb/”*°U Age) — (*°Pb/**8U Age)] / (°"Pb/?°U Age) <10 %).
Average uncertainty of the individual zircon dates is given as
2se and is 1.74% (rse). In the case of trace element analysis,
we used NIST610 as primary reference material and zircon
91500 for quality control, and an in-house synthetic reference
material (Synthetic Zircon Blank) to correct the Nb concentra-
tions. Target elements were Si, Zr, REE, Y, Hf, P, Nb, Ta, U, Th,
Ti (see Appendix 2), and Al, Ba were measured for monitoring
glass and apatite inclusions. Si (15.2 wt.% in zircon) was used
as an internal standard for data reduction done by IOLITE. Spot
compositions contaminated with inclusions based on elevated
Al, Ba and La contents were discarded from the interpretation.

RESULTS

The Pucioasa section is ~6 kilometres long and it extends
between the Audia Thrust to the north and the northern margin
of the Valea Lunga piggy-back syncline to the south (Fig. 2A).
This section is along part of the Homoraciu anticline which is
considered a major S/SSE-verging anticline, plunging to the
west (Fig. 2A) and extending for at least 85 kilometres towards
the east (e.g., Murgeanu et al., 1968). The Bizdidel River cuts
the stratigraphy almost perpendicular to the structure of the
Homoraciu/Pucioasa Antiform. The rocks exposed belong pre-
dominantly to the Fusaru, Pucioasa, and Vinetisu formations,
with limited exposure of the Slon and Starchiojd formations to
the north (Fig. 2A, B).

STRUCTURAL AND SEDIMENTOLOGICAL ASPECTS

STRUCTURAL STYLE

Close to the Audia Thrust, the beds dip generally moder-
ately to steeply (~45 to 84°) to the N/NNW, and are highly de-
formed by closely spaced thrusts (a few metres apart) showing
several repetitions of different formations. These thrusts most
likely represent small-scale splays of the main Audia Thrust.

Away from the Audia Thrust, the beds typically dip gently to
moderately (15-20°) to the N/NNW and S/SSE (Fig. 2B, D) and
are deformed into large- (hundreds of metres) to small-scale
(decimetre to metre) folds. Two large-scale anticlines (~1.6 kilo-
metres wavelength), namely the Motaeni and Diaconesti-
Vulcana Bai anticlines (Fig. 2A, B; Murgeanu et al., 1968), are
separated by a syncline named here the Miculesti Syncline
(Fig. 2A, B). These folds are upright (axial plane 80-89°), gentle
to open structures (interlimb angles of ~120-130°) and plunge
shallowly (1-10°) towards the W (Fig. 2C). These folds are in-
ferred to detach on top of the Eocene and be underlain by imbri-
cate units of Eocene and Cretaceous rocks (Schleder et al.,
2019; Fig. 1D). This structure is also called the Pucioasa
Antiform (Fig. 2A; Schleder et al., 2019). Smaller-scale folds
(some of chevron type) of similar orientation to the large-scale
structures are encountered locally (Fig. 4A).

The sequence is cross-cut by numerous shallowly-dipping
thrust planes to high-angle faults and fractures with multiple ori-
entations and kinematics (e.g., Figs. 2F and 4B—F). The shal-
lowly dipping (12-39°) thrust planes are NNW-SSE- and
WSW-ENE-trending (Fig. 2F). The NNW-SSE-trending
thrusts generally display kinematic indicators such as
slickenline lineations showing reverse (slightly) oblique kine-
matics suggesting top-to the NNE movements (Fig. 4B). The
WSW-ENE-trending thrusts generally display top-to-the-S
movements (Fig. 2D). However, in the forelimb of the
Diaconesti-Vulcana Bai Anticline, a hinterland-verging thrust
was encountered. The displacement on these thrusts is gener-
ally difficult to assess due to the lack of stratigraphic markers;
however, some thrusts show displacements of only a few
centimetres to ~1 metre (e.g., Fig. 4C).

The high-angle faults (57-98°) have two main trends
(Fig. 2F): NNW-SSE and NNE-SSW. The NNW-SSE
-trending faults dip steeply towards the WSW (Fig. 2F). Some of
these faults, generally the smaller-scale ones, show tip-dam-
age patterns such as horsetail splay structures, consistent with
dextral slip (Fig. 4B; e.g., Kim and Sanderson, 2006). In addi-
tion, fault planes generally preserved slickenlines also suggest-
ing dextral kinematics (Figs. 2F and 4F). These faults are
sub-parallel with the previously mapped large-scale N-S- to
NNW-SSE-trending dextral faults which offset the fold struc-
tures by up to ~300 m, to the east of the study area (Fig. 2A)
(Stefanescu et al., 1988).

The NNE-SSW-trending faults dip steeply towards the
WNW (Fig. 2F). Some of these faults are associated with wide
(~1 m) damage zones dominated by a network of closely
spaced (centimetre to decimetre) fractures (Fig. 4D). These
fracture populations are consistent with a sinistral strike-slip
Riedel system (Fig. 2G). Moreover, some of these faults often
preserved slickenlines on their fault planes consistent with
sinistral slip (Fig. 4E). Locally, these high-angle strike-slip faults
seem to crosscut the NNW-SSE- trending thrusts (Fig. 4G).

Those two sets, dextral and sinistral, developed at ~60° to
each other, can represent first-order Riedel shear structures
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Fig. 4A — small-scale fold found close to the hinge line of the Diaconesti-Vulcana Bai Anticline; B — horsetail splays with a thrust
showing top-to-the-NNE movement (around Motaeni Anticline); C — thrust with ~1 metre displacement (northern limb of Motaeni
Anticline); D - fractures related to a sinistral strike-slip Riedel system (Motaeni Anticline); E — fault plane with slickenlines related
to sinistral kinematics (Motaeni Anticline); F — fault planes with dextral kinematics (Motaeni Anticline); G — high-angle strike-slip
faults that cross-cut the NNW-SSE-trending thrusts (Motaeni Anticline)
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developing simultaneously, as part of the same dextral
strike-slip system (Fig. 2G). Palaeostress inversion analysis of
these fault slip data yields a N-S compressive stress (Fig. 2F).
The inversion suggests that the faults developed in a strike-slip
to transtensional regime of near-horizontal compressive stress
(o1) with an axis orientated 16/002° and near-horizontal
extensional stress (c3) with an axis orientated 12/268°
(Fig. 2F).

The N-S-directed compressive stress obtained is the same
as the stress field suggested for the Wallachian phase
(Hippolyte and Sandulescu, 1996). This stress field would also
favor the development of the E-W-trending folds and the
WSW-ENE-trending thrust (Fig. 2G). In addition, it is known
that Wallachian folds present in the upper Miocene—lower Pleis-
tocene strata are commonly large (interimb angles of
~70-150°; Hippolyte and Sandulescu, 1996). Although devel-
oped in older stratigraphy, the folds observed in our study area
are also gentle to open structures (interimb angles of
~120-130°). It is very possible that these structures developed
during the Wallachian phase together with the
NNW-SSE-trending dextral faults (and associate Riedel shear
structures) acting as tear faults which partitioned the E-W to
WSW-ENE-trending contractional structures.

The NNW-SSE-trending thrusts identified in the study area
(Fig. 4B, G) are more particular and do not seem to fit with the
previously described (possibly) Wallachian structures. These
thrusts, which are almost perpendicular to the E-W-trending
folds and thrusts, are cross-cut by the high-angle strike-slip
faults (Fig. 4G), suggesting their earlier development. It was
previously suggested that the onset of deformation of the
Tarcau Nappe, including the folds in the study area (Schleder et
al., 2019), took place during the intra-Burdigalian phase
(Sandulescu, 1984). It is possible that these structures are re-
lated to the pre-Wallachian events (intra-Burdigalian or
Badenian-Sarmatian). A further regional study should be car-
ried out to determine the nature and timing of these structures.

SEDIMENTOLOGY

The deposits analysed consist of several lithologies includ-
ing mudstones, sandstones, slightly muddy sandstones, muddy
sandstones, sandy to clast-supported conglomerates/breccias,
muddy sandy conglomerates, muddy mud-clast conglomer-
ates, volcanic tuffs, and organic-rich shales (dysodiles). They
are associated with various sedimentary structures resulting in
the description of 14 facies (F; Table 1). Those facies are
grouped into 4 facies associations discussed below:

FACIES ASSOCIATION 1 (FA1):
MUDSTONES WITH THIN- TO THICK-BEDDED SANDSTONES

The Pucioasa and Vinetisu formations (Figs. 2A, 3 and
5A1-A4) are characterized by F1 with thin-bedded very fine/fine
sandstones (Fig. 6A—C) embedded in centimetre/metre thick
dark/light grey (rare brownish/greenish) massive, laminated,
graded mudstones (F2, Fig. 6D). Black organic-rich laminae are
common in the mudstones. The sandstones are normally
graded, have planar laminations, and asymmetrical and climb-
ing ripples (Fig. 6A), with frequent muddy material on the
foresets. The asymmetrical and climbing ripples can pass later-
ally/upwards into convolute lamination (Fig. 6C). Phytodetritus
is frequent in the sandstones, the bases of which can be ero-
sional to sharp. Rare centimetre-scale synsedimentary faults
were observed. The medium-bedded muddy sandstones (F.3;
Fig. 6E) and medium- to thick-bedded sandstones (F4; Fig. 6B,
F) range from 10 to 80 cm-thick. The medium-bedded muddy

very fine to fine sandstones (F3) are convolute with water es-
cape structures and can have flat, erosional bases with mud
rip-up clasts. F4 medium- to thick-bedded sandstones are nor-
mally graded, amalgamated with erosional to sharp bases and
with asymmetrical ripples, convolutions and planar laminae.
The latter can contain plenty of coalified phytodetritus (Fig. 6F).
Thin structureless sandstone intrusions (F5) develop along
fractures and appear as sill/ldyke composites (Fig. 6G) and
dykes (Fig. 6B).

Interpretation: the above-described deposits were depos-
ited by low-density turbidity currents (F1+F2+F4; Tce, Tde,
Tcde, Tbce; Bouma, 1965), high- to low-density turbidity cur-
rents (F4; Tabce) and slurry flows (F3; Lowe and Guy, 2000).
F1 is characterized by grain-size breaks (bypassed sediments,
Talling et al., 2012) and plenty of distal asymmetrical climbing
ripples (high suspended fallout rates) deposited in non-uniform
flows (Jobe et al., 2011). The closeness of FA1 to the confined
coarse-grained depostis belonging to the Fusaru channel suc-
cessions (discussed in detail below) (Fig. 5A1-A4) can explain
the above structures through a gradient change when flow strip-
ping occurred because of a lack of confinement. Also, the lat-
eral/lupwards change of traction sedimentation into convolute
laminae shows a rapid and active sedimentation environment
(Talling et al., 2012; Tinterri et al., 2016). The sandstone slurry
deposits are transitional flows where turbulence was dimin-
ished by mud content (Lowe and Guy, 2000; Hubbard et al.,
20009). Lofting deposits (Zavala and Arcuri, 2016; Fig. 6F) may
reflect extrabasinal hyperpycnal flow together with the graded
mudstones and coalified phytodetritus. We interpret FA1 as a
deep marine levee/overbank (F1, F2) setting with overbank ele-
ments such as crevasse splay lobes (F3, F4; Fig. 7; Hubbard et
al., 2009). We interpret the structureless sandstone intrusions
as post-depositional injectites over pressured fluidized sand-
stones (Duranti and Hurst, 2004) that may relate to a
contractional regime as found elsewhere in the ECBZ (see
Tamas et al., 2020).

FACIES ASSOCIATION 2 (FA2):
CONFINED SANDSTONES AND CONGLOMERATES

This represents the Fusaru Formation (Figs. 2A, 3 and 5A1,
A2) and consists of very fine to very coarse medium-bed-
ded/graded sandstones, medium/thick-bedded slightly muddy
sandstones and structureless sandstones (decimetre- to
metre-thick) (F6, F7, F8). F6 has normal to reverse graded
sandstones, traction sedimentation structures such as
cross-stratification, planar (Fig. 6H), asymmetrical and climbing
ripple lamination (Fig. 61). Normally graded slightly muddy very
fine to fine sandstones with frequent asymmetrical ripples, pla-
nar and some convolute laminae develop within F7. Normally
graded, amalgamated, structureless sandstones characterize
F8 (Fig. 61-K). The sandstone bases can be flat to erosional or
with load casts (isolated load balls; F8; Fig. 61) and flames.
Mudstone rip-up clasts are frequent, and rarely can reach 80
cm on the long axis (F8; Fig. 6J). Thin F2 beds can be
interbedded between F8-type sandstones (Fig. 6K). Centi-
metre-thick lenses of coarse/very coarse sand and scattered
granules (locally imbricated — (a[p]a[i])) develop in some sand-
stones (F8, F6). The conglomerates can be sandy to clast-sup-
ported (F9; Fig. 6L) or can appear as disorganized muddy
sandy conglomerates (F10; Fig. 6M). The conglomerates can
be structureless (F10) and/or reverse to normally graded (F9;
Fig. 6N) with flat to erosional bases (mudstone rip-up clasts).
They have a grain size ranging from fine pebbles to large cob-
bles and rare boulders (limestones). A few breccias were ob-
served in F9. Deformed mudstone- sandstone couplets charac-
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terize F11 (Fig. 60) that contain mostly F7-type sandstones.
Onlap wedge strata terminations were identified in F11 at
~330 m (Figs. 5A1 and 60). Structureless sandstones and
sandy granules were seen injected (F5) into background
mudrocks as dykes, forming intrusion swarms and abrupt lat-
eral terminations. An interesting feature is some horizon-
tal/sub-horizontal beds of F6, F7 with onlap terminations on ero-
sional surfaces, at around 0-50 m (Figs. 5A1 and 8). These ap-
pear as organized lateral stacking (Funk et al., 2012) architec-
tures (Fig. 8), migrating from south to north, locally with thin
F2-type margin drapes (McHargue et al., 2011). Here
palaeoflow measurements from sandstone flutes show trans-
port to the ESE (Fig. 5A1, B). The last two observations indicate
a gross west to east flow. The lateral stacking packages have
an overall coarsening-upwards trend (Fig. 5A1).

Interpretation: The facies described in FA2 was deposited
by high- to low-density turbidity currents (F2, F6—F9; Fig. 6H-L,
N), cohesive debris flows (Dm2 of Talling et al., 2012; F10;
Fig. 6M), slumping (F11, Fig. 60) and fluidized overpressured
sandstones — injectites (F5). In the low-density turbidity depos-
its, traction sedimentation relates to Tb, Tc and in places with
Td/Te (Bouma, 1962; F6-F8, F2). The high-density turbidity de-
posits are interpreted as R2/R3 sequences of Lowe (1982) (F9;
Fig. 6L, N) for conglomerates, deposited as traction carpets
with rapid fallout sedimentation. For sandstones, S1-S3/Ta se-
quences (Bouma, 1962; Lowe 1982), (F6-F8; Fig. 6H-K) were
interpreted as deposited by traction, traction carpets and sus-
pension sedimentation. Cohesive debris flows (F10; Fig. 6MM)
were deposited through en-masse cohesive freezing (Talling et
al., 2012). F11 (Fig. 60) with deformed strata and synkinematic
sedimentation (onlap/wedge) related to a slump failure on a
levee made from F7/F2. We interpret FA2 of the Fusaru Forma-
tion as confined channel deposits (Sprague et al., 2005; Figs.
5A1, A2 and 7). The horizontal/sub-horizontal (Fig. 8B) beds
between erosional surfaces (Fig. 8C-E) are typical of
cut-and-fill geometries related to channel avulsion (Abreu et al.,
2003).

FACIES ASSOCIATION 3 (FA3):
ORGANIC-RICH SHALES WITH MUDSTONES AND VOLCANIC TUFFS

FA3 describes the Starchiojd Formation with the Batrani
Tuff (Figs. 2A, 3 and 5A1). F12 is composed of organic-rich fis-
sile shales (dysodiles; Fig. 6P) with coalified phytodetritus, sul-
phur, gypsum efflorescences and some F2 mudstone
interbeds. Also, two decimetre-/metre-thick grey-whitish, some-
times with reddish-brown coloured crusts, volcanic argillized
plastic tuff packages (F13; Fig. 6Q) are developed, separated
by 4-m-thick dysodiles. The tuff can be normal graded, massive
or with planar, asymmetrical ripple and convolute laminae,
interbedded with thin F12 rocks. Dark muddy material develops
on the foresets of the asymmetrical ripple laminae (Fig. 6Q).
The palaeocurrent flow (no dip correction) of the asymmetrical
ripple laminae shows a trend to the SW.

Interpretation: The dysodiles were formed due to anoxic
conditions related to basin palaeogeographic isolation
(Amadori et al., 2012). These deposits were considered by
Stefanescu et al. (1993) to be a regional marker that drapes the
older rocks (Fig. 7E). Brief anoxic disruptions are signaled by
the presence of F2-type rocks (Fig. 5A1). The volcanic tuffs
were deposited by low-density turbidity currents, given the nu-
merous asymmetrical ripple laminae. Stefanescu et al. (1993)
interpreted some lower Miocene tuffs with asymmetrical ripple
laminae from the ECBZ as deposited by marine bottom cur-
rents.

FACIES ASSOCIATION 4 (FA4):
CHAOTIC MUDDY CONGLOMERATES WITH ORGANIZED SANDSTONES

This characterizes the Slon Formation (Figs. 2A, 3 and 5A1)
and consists mostly of structureless/disorganized muddy con-
glomerates (F14; Fig. 5A1). Centimetre-thick dysodile clasts
and centimetre- to metre-thick greenish-reddish (Fig. 6R) mud
clasts, originating from the nappes immediately to the north,
were observed in a grey mudstone matrix. Around the base
(~625 m — Fig. 5A1) interbedded non-chaotic metre-thick or-
ganic-rich dysodiles (F12) are present. F6-type metre-thick
amalgamated normally graded sandstones with mud rip-up
clasts, pebbles, asymmetrical ripple laminae and phytodetritus
were identified near the top.

Interpretation: The F4 deposits were interpreted as mass
transport complexes (MTC; Moscardelli and Wood, 2008) re-
lated to active compression tectonics (hinterland nappe stack-
ing) that triggered mass failure of the upper slope/shelf edge
(Fongngern et al., 2018; Fig. 7D, E). This formed cohesive
muddy debris avalanches (Hubbard et al., 2009; Dm2 of Talling
et al., 2012) that settled through en masse cohesive freezing
(Lowe, 1982, Mulder and Alexander, 2001). They were depos-
ited around the base of the slope/basin floor (foredeep or
wedge-top basins). The organized sandstones (F6) were de-
posited by high/low turbidity currents (Tac; Bouma, 1962) prob-
ably by filling the negative topography of (ponding in) the mass
transport complexes. The metre-thick F12 may be a slide block
(olistolith) from FA3, the result of in situ sedimentation disrupted
by mass transport complexes, or a structural repetition. Due to
poor exposure, interpretation is difficult.

BIOSTRATIGRAPHY

CALCAREOUS NANNOPLANKTON

The calcareous nannoplankton assemblages (Table 2) are
characterized by a low to low/medium diversity, fluctuating
abundance, and poor to moderate preservation. Due to the
structural settings and sedimentation that can involve signifi-
cant solids reworking, the identification of certain biozones was
locally difficult. From the Diaconesti—Vulcana Bai Anticline with
Pucioasa Formation deposits (Stefanescu et al., 1988) 16 sam-
ples were collected (PN1-PN11, PN16—-PN20) and two logs
were constructed (Fig. 5A3, A4).

The northern limb samples (PN1-PN11; Fig. 5A3) of this
anticline are of moderate abundance and preservation and
low/moderate diversity. Here, Helicosphaera ampliaperta
(Fig. 9A) was identified in four samples (Table 2). As this spe-
cies has its first occurrence within the NN2 Biozone (base
Burdigalian; Marunteanu, 1999; Raffi et al., 2020) we interpret
log 3 (Fig. 5A3) from the Pucioasa Formation as not older than
Burdigalian (NN2 Biozone).

The southern limb of the Diaconesti—\Vulcana Bai Anticline
(PN16-PN20; Fig. 5A4) is characterized by low abundance and
diversity (Table 2) and poor preservation of the calcareous
nannoplankton compared to the northern limb (Fig. 5A3). The
first occurrence of Helicosphaera scissura (Fig. 9B) and
Reticulofenestra pseudoumbilicus (<7 pm) (Fig. 9C) in the
Paratethys were recorded in the NN1 Biozone and respectively
at the base of the NN2 Biozone of the Aquitanian (Marunteanu,
1999; Melinte and Brustur, 2008; Kovac et al., 2017; Raffi et al.,
2020). Young et al., (2017) proposed the first occurrence of R.
pseudoumbilicus in the NN4 Biozone and the first occurrence of
Helicosphaera scissura in the upper part of the NN2 Biozone.
Therefore, we interpret log A4 (Fig. 5A4) of the Pucioasa For-
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mation as not older than Aquitanian (NN2 Biozone). Log 2 (Fig.
5A2) is situated in the southern limb of the Motaeni Anticline
(PN12—PN15) and was sampled only from mudstones of the
Pucioasa Formation (Stefanescu et al., 1988). It shows low/me-
dium abundance, preservation and diversity (Table 2).
Helicosphaera ampliaperta appears in all the samples investi-
gated, and Sphenolithus heteromorphus (Fig. 9D,E) and
Helicosphaera walbersdorfensis only in one sample (PN14).
The first occurrence for the last two species noted is placed
around the base of the NN4 Biozone (Young et al., 2017,
Boesiger et al.,, 2017), although in the Paratethys realm
Helicosphaera walbersdorfensis has been recorded from the
upper part of the NN4 Biozone (Hohenegger et al., 2009) or
higher , perhaps even in the NN6 Biozone (Marunteanu, 1999).
Based on the co-occurrence of Helicosphaera ampliaperta,
Sphenolithus heteromorphus and Helicosphaera walbers-
dorfensis and the closeness of the samples, we interpret log 2
(Fig. 5A2) of Pucioasa Formation as not older than Burdigalian
(NN4 Biozone).

In the northern limb of the Motaeni Anticline, 8 samples
(PN21-PN28; Fig. 5A1) were taken from the mudstones found
in the Fusaru Formation. These are of It has a low/moderate di-
versity and high abundance. Sphenolithus belemnos was iden-
tified in one sample (PN28) while Helicosphaera ampliaperta
was observed in 4 samples (Table 2). Sphenolithus belemnos
was identified within NN3 Biozone (Marunteanu, 1999) or in the
upper part of the NN2 Biozone (Raffi, 2020). For this exposure
an age not older than Burdigalian (NN2—NN3 Biozones) was in-
terpreted.

The mudstones of the Vinetisu Formation (Fig. 5A1)
showed a high abundance and low/medium diversity of species.
Here, a more consistent appearance of Helicosphaera
ampliaperta was observed (7 samples) together with a few
specimens of Helicosphaera walbersdorfensis (PN30, PN34;
Fig. 9F). Thus, based on the co-occurrence of these species we
interpret this section as not older than Burdigalian (NN4
Biozone). One sample (PN 38) was taken from the Starchiojd
Formation but it proved to be barren. Three samples were taken
from Slon Formation (PN39—PN41) and they contained a few
Miocene species (Reticulofenestra haqii, Reticulofenestra
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pseudoumbilicus) together with some long-ranging taxa
(Coccolithus pelagicus, Sphenolithus moriformis, Discoaster
deflandrei, Reticulofenestra bisecta).

THE BIOSTRATIGRAPHIC RE-EVALUATION OF PUBLISHED CALCAREOUS
NANNOPLANKTON

Even though the formations were interpreted as Oligocene
and Oligo-Miocene on the 1:50,000 geological map of
Stefanescu et al. (1988; Fig. 2A and Table 3), the associated
calcareous nannoplankton may be interpreted differently. The
presence of Helicosphaera ampliaperta in the Fusaru and
Pucioasa formations indicates a Burdigalian age (not older than
NN2 Biozone). The occurrence of Helicosphaera ampliaperta
and Sphenolithus belemnos in the Vinetisu Formation indicates
a Burdigalian age (NN2-NN3 Biozones) while Sphenolithus
heteromorphus was identified only in the Starchiojd Formation
which indicates a Burdigalian age (NN4 Biozone).

FORAMINIFERAL BIOSTRATIGRAPHY

The small number of planktonic foraminifera in most of the
samples investigated and their mixed ages suggest that the
specimens may have been sorted during transport and rework-
ing. Rare local abundances (close to PN31 to PN34 in the
Vinetisu Formation and around PN24 in the Pucioasa Forma-
tion) may be associated with marine flooding events. Two types
of planktonic foraminiferal assemblages were distinguished: i)
those with small globigerinids (Tenuitella, Globigerina — e.g.
around PN20) reflecting eutrophic conditions (Filipescu and
Silye, 2008; Beldean et al., 2012) and ii) those with large
globigerinids (Trilobatus, Globoquadrina — e.g. south of sample
PN32) typical of oligotrophic conditions of transgressive inter-
vals.

The presence of Trilobatus quadrilobatus (e.g. around sam-
ple PN29; first occurrence in the Aquitanian M1a Zone of \Wade
et al., 2011; Fig. 9G), Trilobatus subsacculifer (e.g. around
sample PN29; first occurrence in the Aquitanian M1b Zone;
Fig. 9H), Globoquadrina dehiscens (e.g. around sample PN29,
PN31-PN32; first occurrence in the M1b Zone), and Tenuitella
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Fig. 6A — thin-bedded vf/f sandstones with asymmetrical ripples (F1); B — thin/medium-bedded vf/f sandstones with sandstone
injectite dykes (F1, F4, F5); C — thin-bedded convolute vf sandstone (F1); D — massive/laminated graded mudstones (F2); E - ero-
sional medium-bedded muddy sandstone with convolute and water escape structures (F3); F — thick-bedded normally graded fine
sandstone with coalified planar laminae (F4); G - sill/dyke composite vf sandstone injectites (F5); H — medium-bedded f/m planar
laminated to cross-stratified sandstone (F6); | — medium-bedded and graded f/m sandstones (F6) eroded by thick-bedded
structureless f/m sandstones with imbricated clasts (+ isolated load balls), (F8); J — thick-bedded structureless m/c sandstones
with decimetre-thick rip-up mud clasts (F8); K — normal faulted medium-thick bedded structureless f/m sandstones (F8) with rare
thin F2 interbedding; L — clast-supported conglomerates/breccia (F9); M — disorganized muddy sandy conglomerates (F10); N —
normal to reverse graded sandy vf conglomerates (F9); O — slumped beds with synkinematic sedimentation (red arrows — onlaps),
(F11); P —organic-rich shales (dysodiles), (F12); Q- volcanic tuff with tractional structures (F13); R — chaotic muddy mud-clast con-
glomerates (F14)
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clemenciae (e.g. around sample PN31-PN32; first occurrence
in the Aquitanian M2 Zone) clearly demonstrate the Miocene
age of the Vinetisu Formation. In the northern part of the sec-
tion, corresponding to the Slon Formation (e.g. around sample
PN40), the assemblage contains large planktonic foraminifera
which were considered by Cicha et al. (1998) as ranging from
the top of the early Miocene to mainly middle Miocene
(Badenian): Globigerina concinna, Globigerina diplostoma,
Globigerinella regularis. Other species, with larger ranges, but
common in the Miocene, are present: Globigerina bulloides,
Globigerinella obesa, Globigerinita uvula, Globoturborotalita
ouachitaensis and Tuborotalia quinqueloba.

Although without specific biostratigraphic value, the calcar-
eous benthic foraminifera from the dark grey mudstones of the
Pucioasa Formation (Szabo, 2012; Fig. 3; samples PN20 to
PN30) are of palaeoenvironmental importance. These are
characteristic of outer neritic to bathyal settings (Culver, 1988;
Leckie and Olson, 2003; Gooday and Jorissen, 2012), adapted
to dysoxic conditions (Brizalina alata, Br. pygmaea, Bolivina
dilatata, Bol. molassica, Bol. liebusi, Bulimina elongata,
Cassidulina margareta, Fursenkoina acuta, Globocassidulina
oblonga,  Nonionella  stella, Oridorsalis  umbonatus,
Praeglobobulimina ovata, Pullenia bulloides, Valvulineria
complanata, Virgulinella pertusa etc.) or sometimes reflect oxic
conditons on the substrate (Amphimorphina hauerina,
Elphidium grilli, E. hauerinum, E. reussi, Heterolepa dutemplei,
Melonis pompilioides, Nodosaria elegantissima, Nonion com-
mune etc.).

PETROGRAPHY, ZIRCON U-Pb DATING AND TRACE ELEMENT
COMPOSITION OF THE BATRANI TUFF

The Batrani Tuff is a fine-grained tuff within the Starchiojd
Formation with up to 15-20% plagioclase, quartz and biotite of
magmatic origin (Fig. 10A), the crystals of which are
euhedral-subhedral, some being broken, with a narrow size dis-
tribution of 200250 um. The crystals are embedded in an al-
tered (mostly argillitized) matrix that includes fossil moulds
(Fig. 10A). The heavy minerals separated from the tuff are domi-
nated by biotite, followed by zircon, apatite and ilmenite as mag-
matic crystals. The minerals suggest only minor reworking: zir-
con, apatite and phenocrysts have mostly euhedral or broken
forms with no apparent chemical or mechanical abrasion; biotite
is mostly fresh. The zircon grains have well developed magmatic
zoning in cathodoluminescence images (Fig. 10B and Appen-
dix 3). Data of in situ U-Pb dating is given in the Appendix 1.

We analysed 69 zircon crystal rim and 2 interior spots from
which 61 give concordant results. A few spot analyses give
older dates (interior: ~51 Ma, rims: ~189 Ma, ~240 Ma)
whereas all others are Miocene. Two spot dates were excluded
because of their high uncertainty. The 56 concordant Miocene
dates range between 18.67 +0.42 Ma and 17.09 £0.27 Ma and
they have a weighted mean age of 17.60 +0.08 Ma with a Mean
Squared Weighted Deviation (MSWD) value of 3.9 and three
older outliers above 2 sigma uncertainty. The relatively high
Mean Squared Weighted Deviation suggests more than one
age component within the dates measured, therefore we calcu-
lated the low Mean Squared Weighted Deviation weighted
mean age of the youngest age population, which is interpreted
as the youngest crystallization age of the zircons. The youngest
population with a weighted mean age of 17.41 +0.06/0.27 Ma
(MSWD = 1.5) is given by 32 dates. Therefore, 17.41 £0.27 Ma
(uncertainty also includes external errors) can be regarded as
the closest age to the volcanic eruption represented by the zir-
con crystals. For the chemical characterization of the latest zir-
con crystallization domains we used the rim spots and excluded

the relatively old and inclusion-contaminated data. Rim spots
have 8250-10440 ppm Hf and 510-2727 ppm Y, Th/U ratio
varies from 043 to 0.97 and U contents are between
384-1273 ppm. REE and Y contents show positive correlation
with Th and U contents, while Hf shows negative correlation
with Ti concentrations, which range between 1.5 and 6.8 ppm.

DISCUSSION

AGE INTERPRETATION

The biostratigraphy of the deposits studied needed reevalu-
ation given the structural context and new radioisotopic age. As
the interpreted age of the Batrani Tuffis 17.41 £0.27 Ma, this re-
gional lithological marker of the Starchiojd Formation
(Stefanescu et al., 1993; Figs. 3 and 5A1) must be placed in the
middle Burdigalian (sensu Raffi et al., 2020).

The interval between samples PN21 and PN41 (Fig. 5A1)
from the Fusaru and Slon formations (northern limb of the
Motaeni Anticline) represents the most continuous exposure
(lithostratigraphically and chronologically) the section studied,
ranging from the Burdigalian (NN2—-NN4 Biozones) to middle
Miocene, prior to the deposition of the middle Miocene Cornu
Formation (Filipescu et al., 2020; Figs. 2A and 5A1). In the
southern section, in the Miculesti Syncline (Fig. 2A, B), the
northern limb (Fig. 5A2) falls within the NN4 Biozone (correlat-
ing with the middle part of log 1) whereas the southern limb
(Fig. 5A3) (or northern limb of the Diaconesti-Vulcana Bai
Anticline) was interpreted as falling within the NN2 Biozone. As
the northern limb of the Miculesti Syncline falls within the NN4
Biozone, we consider the equivalent upper part of the southern
Miculesti Syncline limb to fall also within the NN4 Biozone. Due
to exposure gaps that affected the thickness measurements
and some reverse faults (Fig. 5A3), the exact thickness of the
NN4 Biozone in log 3 is difficult to assess, but it may be above
sample PN8. To the west, in the Miculesti Syncline (Fig. 2A),
the younger Vinetisu and Starchiojd formations occur, therefore
the NN4 Biozone for both limbs of the Miculesti syncline from
Pucioasa can be inferred. Nevertheless, in the Miculesti
syncline of the Pucioasa section, Stefanescu et al. (1988) noted
only Pucioasa deposits (Fig. 2A) although convolute sand-
stones, typical of the Vinetisu Formation, were observed
(Fig. 6C). Regarding log 4 (Fig. 5A4) in the southern limb of the
Diaconesti-Vulcana Bai Anticline, the structural rationale sug-
gests that it should have an lower-middle Burdigalian age
(NN2-NN4 Biozones). The deposits belonging to the
Starchiojd/Slon formations were not observed in logs 2, 3 and 4
(Fig. 5A2—A4). This may be due to lateral facies termination (i.e.
Slon Formation) and erosion (Fig. 7E). Our results show that
the age of the formations investigated along the Pucioasa sec-
tion are younger than previously thought. The Fusaru and
Pucioasa formations were previously considered as Oligocene
(Stefanescu et al., 1988; Melinte and Brustur, 2008), and the
Vinetisu Formation as uppermost Oligocene to lower
Burdigalian (NN2 Biozone; Marunieanu, 1999; Melinte and
Brustur, 2008). Here we have an age model of not older than
early Burdigalian (NN2 Biozone) and not younger than middle
Burdigalian (NN4 Biozone) for the three formations. Even if the
Starchiojd and Slon formations were interpreted as lower
Burdigalian (NN2 Biozone; Marunteanu, 1999) we can expect
an age ranging from middle Burdigalian to middle Miocene.

Interestingly, even if the calcareous nannoplankton
zonation used for the 1:50,000 map of Stefanescu et al. (1988)
shows younger ages for the investigated formations, older ages
were still assigned (Table 3).
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crossisection vie

Fig. 8. Example of lateral offset cut and fill channel storeys (dashed red lines) with margin to axis bedsets (South to North)
(Sprague et al., 2005)

A — uninterpreted image; B — Interpreted image; C, D, E — close-up of the erosional channel storey base

DEPOSITIONAL ENVIRONMENT INTERPRETATION

The four logs were arranged as they were mapped, from the
anticline axial planes (Diaconesti-Vulcana Bai, Motaeni) out-
wards (Fig. 5A). This can be helpful in getting a better overview
of the lateral sedimentary transition. We can interpret that the
immediate southern Pucioasa Formation represents an
overbank/levee sub environment (Fig. 5A3). It is difficult to de-
duce if this distributary channel — levee environment is part of a

classical fan oriented perpendicularly to the basin axis
(Posamentier and Walker, 2006; Fig. 7B) or an axial channel
belt parallel to the basin (De Ruig and Hubbard, 20086; Fig. 7C).
The measured palaeocurrents in the Fusaru Formation are to
the ESE (Figs. 5B and 7A — pink arrows), similar to those mea-
sured in Pucioasa Formation (Contescu et al., 1966; Fig. 7A —
grey arrows) in the area. In the eastern part of the area investi-
gated Contescu et al. (1966) noted that the distance covered by

Fig. 9. Representative Miocene biostratigraphic markers

A-F calcareous nannoplankton, G, H foraminifera: A — Helicosphaera ampliaperta (PN5); B — Helicosphaera scissura (PN18); C —
Reticulophaenestra pseudoumbilicus (PN18); D — Sphenolithus heteromorphus — same as E, different orientation (PN14); F —
Helicosphaera walbersdorfensis (PN30); G — Trilobatus quadrilobatus.; H — Trilobatus subsacculifer
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the coarse-grained longitudinal flow deposits of the Fusaru For-
mation was ~200-250 km. They considered that the flows
started in the area of ECBZ between Ploesti and Buzau
(Figs. 1B and 7A) and went northwards parallel to the fold and
thrust belt along what is today the Eastern Carpathians. This
distance in present day configuration covers almost all of the
Eastern Carpathians (Fig. 1B). West of the area investigated, in
the Getic Depression (Fig. 1B), Fusaru-like slope
coarse-grained siliciclastic deposits (Roban, 2008; Corbi and
Cheia formations) were described as having a dominant
SE-wards palaeocurrent direction (black arrows; Figs. 1B and
7A) by Jipa (1982, 1994 fide Roban, 2008). However, this could
have fed some older Fusaru Formation, that now lies at depth in
the area investigated (Fig. 7C, D). As the formations from the
study area are younger than previously interpreted, that
constrast with the rest of the Getic — ECBZ - Eastern
Carpathians stratigraphy, we consider that a regional study is
necessary for age re-evaluation. Nevertheless, the existing
palaeocurrent data can be used, as regardless of age it shows
dominant eastwards/northwards longitudinal (Jipa, 1966) cur-
rent flow. As the palaeoflow in the area of study is to the east,
and appears to be parallel to the orogen, we consider the
Pucioasa and Fusaru formations as part of an axial channel
levee belt (Hubbard et al., 2008; Fig. 7D) that originated in the
west (Getic Depression). It may have flowed north-eastwards,
eastwards (Fig. 7A) and perhaps continued towards the East-
ern Carpathians. Probably it was also fed by transverse flows
from the hinterland (Hubbard et al., 2008) coexisting with classi-
cal transverse fan environments (Contescu et al., 1966; Jipa,
1966; Fig. 7C). It is difficult to say whether the axial channel
levee belt was continuous for hundreds of kilometres and ex-
tended across all of the Eastern Carpathians or whether was
discontinuous. The characteristic convolute sandstones of the
Vinetisu Formation present in the lower and middle part of log 1
disappear upwards (Figs. 2A, 5A1 and 7E) into beds character-
istic of the Pucioasa Formation. Also, in the northern limb of the
Miculesti Syncline, many convolute sandstones developed in
what was interpreted as Pucioasa Formation (Stefanescu et al.,
1988). These sandstones may be equivalent to the convolute
sandstones from the lower-middle part of the Vinetisu Forma-
tion in log 1. We interpret the Fusaru channels as having mi-
grated laterally (Fig. 7E), for instance between the areas of log 1
and log 2 (eroded today). Therefore, the Vinetisu and Pucioasa
formations are lateral equivalents, related to a channel
overbank/levee sub-environment where the Pucioasa Forma-
tion was distal in relation to the Vinetisu Formation. Only 3 quali-
tative palaeoflow measurements were made for some asym-
metrical ripples around samples PN29—PN30 and these have a
roughly eastwards direction (no bed tilt correction). Contescu et
al. (1966) plotted some south and south-west palaeoflows
(green arrows; Figs. 1B and 7A) for the Vinetisu Formation (in
the Eastern Carpathians area) but did not record from where in
the formation the measurements were taken. The only west-

wards-directed palaeoflows observed (no tectonic tilt correc-
tion) relate to ripples from the Batrani Tuff within the restricted
Starchiojd Formation (Fig. 6Q). Stefanescu et al. (1993) consid-
ered the lower Miocene tuffs of the ECBZ as deposited by bot-
tom currents. As the compression migrated in a foreland direc-
tion, the Fusaru channels and associated formations migrated
laterally (Fig. 7E). This can be seen through the presence of the
very thick Slon Formation (Fig. 5A1) related to the active
compressional tectonics. This facies is diachronous
(Stefanescu et al., 1988; Rabagia et al., 2011) given its pres-
ence elsewhere within the Vinetisu and Cornu formations
(Olteanu, 1952; Stefanescu, 1995) and probably follows the
movement of the thrusts. Similar synkinematic deposits have
been documented in the Ukrainian Carpathians (Hnylko, 2014).
The ~100-m-thick massive to convolute sandstones with fine
conglomerates described by Stefanescu (1995) somewhere to-
wards the hinterland should not be interpreted as Slon Forma-
tion as the latter is a cohesive debrite while the sandstones re-
late to high-density gravitational flows. As the younger shallow
marine piggyback deposits of the Valea Lunga Syncline are
considered middle Miocene (Bercea et al., 2016; Filipescu et
al., 2020; Figs. 2A,B and 5A4), then at the time of deposition of
the deep marine exposures investigated, the lateral shallow
marine equivalent was situated somewhere towards the hinter-
land.

ORIGIN OF THE BATRANI TUFF

Early Miocene silicic pyroclastic rocks and volcanic
ash-bearing strata are known at many localities in the
Carpathian-Pannonian region and also in its surroundings as
both proximal and distal facies (e.g., Alexandrescu et al., 1981,
1994; Stefanescu et al., 1993; Szakacs et al., 2012; de Leeuw
et al., 2013; Lukacs et al., 2015, 2018, 2021; Rocholl et al.,
2018; Rybar et al., 2019; Brlek et al., 2020; Sant et al., 2020;
Danisik et al, 2021; Sarinova et al., 2021). The distal
pyroclastic intercalations (usually tuffs) have a great impor-
tance not only in dating sedimentary sections, but also in re-
vealing the nature of the silicic explosive volcanic activity (areal
coverage, volume and explosivity) of that time. Lukacs et al.
(2018) identified four main early Miocene ignimbrite-forming ex-
plosive eruptions in the Biikkalja Volcanic Field, northern Hun-
gary; these are the Csv-2 ignimbrite at 18.2 £0.3 Ma, the Eger
ignimbrite at 17.5 £0.3 Ma, the Mangd ignimbrite at 17.065
+0.014 Ma and the Bogacs ignimbrite at 16.816 +0.059 Ma. Re-
cently, Karatson et al. (2022) and Brlek et al. (2023) refined the
age of the Eger eruption event to 17.3 Ma and the Csv-2
(named as Wind/Kalnik) eruption to 18.1 Ma with <100 ky un-
certainties. The thick Batrani Tuff from the ECBZ represents the
product of one such eruption, which provides indication of a
possible large explosive volcanic event. It was correlated by
Frunzescu (2013), based on lithostratigraphy, with the Falcau
Tuff (Alexandrescu et al., 1981) of the Eastern Carpathians

Table 3

Reinterpreted calcareous nannoplankton from Stefanescu et al. (1988)

Stratigraphy based on Stefanescu et al. (1988)

Age reinterpretation based on calcareous nannoplankton

Starchiojd Formation lower Miocene

Slon Formation

Sphenolithus heteromorphus not older than Burdi?alian

(NN4 Biozone

Oligo—lower Miocene

Vinetisu Formation

Sphenolithus belemnos Burdigalian (NN3 Biozone)

Pucioasa and Fusaru formations Oligocene

Helicosphaera ampliaperta not older than Burdi?alian

(NN2 Biozone
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Fig. 10A - optical microscopic image (4x) of the Batrani Tuff showing angular crystals (feldspar, quartz, biotite), fossil fragments in
altered matrix; B — cathodoluminescence images of zircon crystals separated from the tuff with spots (30 um) of Laser Ablation In-
ductively Coupled Plasma Mass Spectrometry (LA-ICP-MS) analyses. Ages are in millions of years; C — zircon trace element ratios
discriminating the lower Miocene main ignimbrite units of the Biikkalja Volcanic Field after Lukacs et al. (2021). The Batrani Tuff zir-
cons show similar trace element ratios to those of the Eger ignimbrite

(Fig. 3). The homogeneous grain (phenocryst) size distribution,
mineral assemblage, the freshness and un-abraded character
of the magmatic minerals of the Batrani Tuff sample studied
suggest a rapid and relatively short re-sedimentation route, pre-
sumably by low-density turbidity currents/marine bottom cur-
rents after fall deposition. The source of the pyroclastic material
can be inferred using combined geochronological and geo-
chemical correlation (e.g., Lowe, 2011; Lowe et al., 2017;
Pearce et al., 2020; Lukacs et al., 2021; Prentice et al., 2022).

The age of the tuff within uncertainty can be correlated with the
~17.3 Ma Eger ignimbrite-forming eruption of the Bikkalja Vol-
canic Field. The Eger ignimbrite is a ~30 m thick silicic lapilli tuff
proximally (i.e. in the Bukkalja Volcanic Field) with a similar
main mineral assemblage (quartz, plagioclase, biotite). In the
case of the Batrani Tuff studied, the juvenile glass fragments
are not suitable for chemical characterization and correlation
due to their severe alteration. Lukacs et al. (2021) showed that
zircon trace element compositions can be effectively used to
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correlate the main pyroclastic units of the Biikkalja Volcanic
Field (Fig. 1A) with their distal counterparts and suggested that
this geochemical correlation technique could be powerful in
case of altered pyroclastic deposits. In bivariate trace element
and trace element ratio diagrams a striking similarity can be ob-
served between the zircons of the Batrani Tuff and those of the
Eger ignimbrite (Fig. 10C). The distinct chemical composition of
the Eger ignimbrite zircons among the early Miocene ignim-
brites of the Biikkalja Volcanic Field is best visualized on the
Th/U versus Yb/Dy diagram (Lukacs et al., 2021). Zircons of the
Batrani Tuff have a high Yb/Dy ratio for a given Th/U ratio
(Fig. 10C) as shown also by zircon crystals in the Eger
ignimbrite of the Blikkalja Volcanic Field. They share this dis-
tinctive character among the early Miocene pyroclastic rocks
(Fig. 10C). Thus, the similar phenocryst assemblage, zircon
U-Pb age and zircon chemistry all suggest that the Batrani Tuff
as a distal product of the 17.3 Ma Eger eruption.

The pyroclastic suite at Ipolytarnéc (North Hungary),
~75 km away from the proximal BVF deposit, also has a similar
zircon U-Pb and “°Ar/**Ar age and zircon trace element compo-
sition to the Eger ignimbrite as shown by Lukacs et al. (2021),
Sarinova et al. (2021) and Karatson et al. (2022). Brlek et al.
(2023) identified the Eger eruption-related ignimbrite in the Mt.
Kalnik (Croatia) and fall deposits in the Sinj Basin (Croatia),
based on zircon U-Pb dating, glass and zircon geochemistry.
Possible distal counterparts of the Eger eruption were proposed
by Lukacs et al. (2018) west from the Pannonian basin, in the
Northern Alpine Foreland. We propose here that the Batrani
Tuff may be another distal deposit of this eruption event and the
first example demonstrating that pyroclastic fall occurred also
east-southeast of the Biikkalja Volcanic Field, the ash being de-
posited in a deep marine environment.

CONCLUSIONS

This integrated structural, sedimentological and biostrati-
graphic study, coupled with zircon U-Pb dating, provides better
constraints on the age of the stratigraphic sequence investi-
gated. The Pucioasa, Fusaru and Vinetisu formations have an
early to middle Burdigalian age (NN2-NN4 biozones). The age
of a regional lithological marker of the Starchiojd Formation was
obtained by U-Pb dating of the Batrani Tuff, resulting in an age
of 17.41 +0.27 Ma, which falls within the middle Burdigalian.
The re-interpretation of older calcareous nannoplankton data
from Stefanescu et al., (1988) also shows a Burdigalian age
(NN2—NN4 Biozones).

The deposits studied are interpreted as a longitudinal
stacked channels belt (Fusaru Formation) with associated
levee/overbank (Pucioasa, Vinetisu formations) deposits which
are lateral equivalents, sourced from the west. They migrated
laterally as the compression propagated towards the foreland.
This propagation can also be interpreted through the presence
of the diachronous Mass Transport Complexes of the Slon For-
mation, which was formed through the collapse of the upper
shelf due to hinterland nappe stacking. The Batrani Tuff in the
ECBZ with its Eastern Carpathians correlative the Falcau Tuff
(Frunzescu, 2013) may be a distal counterpart of one of the
largest eruptions identified in the Biikkalja Volcanic Field, Hun-
gary, based on their similar zircon U-Pb age and trace element
composition. In this case, the Batrani Tuff is the first identified
pyroclastic fall deposit of the 17.3 Ma Eger eruption event, sev-
eral hundred kilometres east-southeastwards of the Biikkalja
Volcanic Field.

The formations exposed in our study area were most likely
subsequently deformed during the intra-Burdigalian/Badenian
—Sarmatian and the Wallachian phases. The former is most
likely associated with the earlier NNW-SSE-trending thrust,
while the latter is associated with E-W to WSW-ENE-trending
contractional structures. This later event is also associated with
NNW-SSE-trending dextral faults (and associated Riedel shear
structures) acting as tear faults which partitioned the deforma-
tion in the area.

Nevertheless, regional studies including source area analy-
sis, more palaeocurrent data measurements integrated within a
depositional environment interpretation and detailed structural
analysis is required, in order to reach better understanding of
the evolution of lateral depositional environments along this
Carpathians internal foredeep/wedge top setting.
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APPENDIX 1
Zircon U-Pb age dating analyses: summary of reference material analyses and sample data

1 — weighted mean average; 2 — propagated 2SE without Ssys; 3 — MSWD; 4 — no. analyses; 5 — average rel. 2SE of individual analyses

Session GJ-1 Plesovice® 91500 ° AUSZ7-1* AUSZ7-5°

Ref. age: 601.9 Ma Ref. age: 337.15 Ma Ref. age: 1063.5 Ma Ref. age: 38.89 Ma Ref. age: 2.409 Ma

1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5
uncorrected 602 11 0.8 39 119 [339.1 16 1.2 10 1.23 |1056.6 3.6 0.94 11 1.17 |38.29 0.26 0.83 10 2.3 J2.365 0.081 1.5 11 8.6
shift corrected 6016 1.1 083 39 1.17 |337.9 1.2 0.95 10 1.23 |1063 3.6 0.84 11 1.17 |38.63 0.25 0.89 10 2.3 J2.377 0.08 1.5 11 8.5
Th disequilibrium 38.7 025 089 10 23 |245 0.08 15 11 8.2
corrected

' _ Jackson et al. (2004); Horstwood et al. (2016)

2_Slama et al. (2008); Horstwood et al. (2016)

% _ Wiedenbeck et al. (1995); Horstwood et al. (2016)

* _ Kennedy et al. (2014); ID-TIMS dating of University of Geneva: 38.896 +0.05 Ma
® —von Quadt et al. (2016); ID-TIMS dating of ETH, Zirich: 2.4095 +0.0017 Ma
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Lsotopic ratios

Sample Position Duration |Final207_235 |Final207_235_Prop |Final206_238 |Final206_238_|Final207_206 |Final207_206_|Final208_232 |Final208_232
(s) 2SE Prop2SE Prop2SE _Prop2SE
LR_42 RB_1-1 [rim 26.857 0.595 0.049 0.00776 0.00047 0.538 0.019 0.0184 0.0014
LR_42 RB 1-2 |rim 25.891 0.0171 0.00077 0.002631 0.000038 0.0469 0.002 0.000789 0.000046
LR_42 RB_1-3 [rim 22.027 0.0181 0.00086 0.002644 0.000042 0.0497 0.0026 0.000833 0.000051
LR_42 RB_1-4 |rimof5 17.389 0.01729 0.00071 0.002644 0.000062 0.047 0.002 0.000857 0.000054
LR 42 RB_1-5 [interiorof4| 16.037 0.01775 0.0011 0.002715 0.000044 0.0472 0.003 0.000831 0.00005
LR_42 RB 1-6 |rim 15.844 0.01696 0.0012 0.00268 0.000045 0.0466 0.0029 0.000837 0.000074
LR 42 RB 1-7 |[rim 23.959 0.01823 0.00089 0.002733 0.000056 0.0483 0.0021 0.000933 0.000074
LR_42 RB_1-8 |rimof9 18.549 0.01741 0.0009 0.00265 0.000048 0.0477 0.002 0.000815 0.000058
LR 42 RB_1-9 [interior of 8 16.23 0.0222 0.0059 0.00271 0.000098 0.0583 0.012 0.00095 0.00018
LR_ 42 RB_1 - 10 |interior 14.684 0.0529 0.0025 0.00773 0.00033 0.0502 0.0014 0.002032 0.00015
LR 42 RB_1-11 |rim 13.139 0.0187 0.00095 0.002734 0.000046 0.0507 0.0021 0.000788 0.000056
LR_42 RB 1-12|rim 23.379 0.01669 0.00097 0.002648 0.000047 0.0461 0.0028 0.000857 0.000053
LR 42 RB_1-13|rim 26.857 0.1523 0.0066 0.01916 0.00088 0.0573 0.0022 0.00859 0.00052
LR 42 RB_1- 14 |rim 16.23 0.01781 0.0006 0.002687 0.000042 0.0481 0.0015 0.000798 0.000047
LR 42 RB 1-15|rim 26.084 0.01747 0.00067 0.002626 0.000039 0.0483 0.0019 0.000799 0.000057
LR_ 42 RB_1-16|rim of 17 22.799 0.01827 0.00094 0.002728 0.00014 0.0482 0.0017 0.000854 0.000093
LR 42 RB 1-17 |rim of 16 26.857 0.02044 0.00062 0.002669 0.00004 0.0547 0.0016 0.000911 0.000046
LR 42 RB_1-18|rim 22.413 0.01796 0.00087 0.002725 0.000049 0.0477 0.0021 0.000849 0.000057
LR 42 RB 1-19|rim 20.288 0.01676 0.00079 0.002653 0.000046 0.0455 0.0017 0.000815 0.000047
LR 42 RB_1-20 |rim 20.094 0.0192 0.0014 0.00281 0.000047 0.0494 0.0027 0.000912 0.000065
LR 42 RB 1-21|rim 26.897 0.0231 0.0011 0.002707 0.000041 0.0619 0.0028 0.000962 0.000057
LR 42 RB_1-22|rim 20.674 0.0183 0.0012 0.002749 0.000047 0.048 0.0029 0.000908 0.000064
LR 42 RB _1-23|rim 22.799 0.01857 0.001 0.002772 0.000039 0.0489 0.0023 0.000829 0.000055
LR 42 RB_1-24 |rim 22.22 0.01849 0.001 0.00285 0.000064 0.0474 0.0022 0.000863 0.000068
LR 42 RB 1 -25|rim 16.81 0.01763 0.00091 0.002658 0.000064 0.0473 0.0019 0.000816 0.000072
LR 42 RB_1-26 |rim 11.013 0.01775 0.00086 0.002653 0.000044 0.0493 0.0021 0.000874 0.00006
LR 42 RB 1-27 |rim 14.878 0.0184 0.0012 0.002728 0.000058 0.0486 0.0028 0.000816 0.00008
LR 42 RB_1-28|rim 23.186 0.01833 0.00074 0.002739 0.000047 0.0486 0.0017 0.000793 0.000053
LR 42 RB 1-29 |rim 10.24 0.0181 0.0028 0.00265 0.000059 0.0489 0.0068 0.000808 0.0001
LR 42 RB_1-30 |rim 26.896 0.0274 0.0017 0.002744 0.000045 0.0725 0.0039 0.001051 0.000066
LR 42 RB 1-31|rim 17.196 0.0166 0.00091 0.002627 0.000052 0.0458 0.0026 0.000757 0.000051
LR 42 RB_1-32|rim 24.345 0.01701 0.00087 0.002616 0.000044 0.0469 0.0022 0.000816 0.000056
LR 42 RB 1-33[rim 22.606 0.01734 0.00092 0.002693 0.000044 0.0466 0.0022 0.000835 0.000058
LR 42 RB_1-34|rim 26.908 0.066 0.015 0.00314 0.00014 0.146 0.029 0.00211 0.00043
LR 42 RB_1 - 35 |interior 22.606 0.0183 0.0012 0.002814 0.00006 0.0473 0.0032 0.000947 0.000081
LR 42 RB_1-36 |rim 23.186 0.01813 0.00074 0.002651 0.000036 0.0496 0.0018 0.000806 0.000045
LR 42 RB 1-37 |rim 23.766 0.0175 0.001 0.00272 0.000052 0.0463 0.003 0.0009 0.000077
LR 42 RB 1 -38|rim 26.879 0.0329 0.0024 0.002855 0.000044 0.0814 0.0056 0.001381 0.0001
LR 42 RB 1 -39 |rim 13.912 0.2107 0.0058 0.02988 0.00069 0.05146 0.00082 0.00899 0.00048
LR 42 RB _1-40|rim 24.732 0.017 0.00063 0.00262 0.000042 0.047 0.0021 0.000796 0.000052
LR_42 RB 1-41|rim 20.674 0.01706 0.00076 0.002737 0.000043 0.0459 0.0018 0.000839 0.000052
LR 42 RB 1-42|rim 10.434 0.018 0.054 0.002736 0.00047 0.049 0.058 0.000839 0.0016
LR_42 RB_1-43|rim of 44 16.617 0.01859 0.00066 0.002699 0.000042 0.0492 0.0017 0.000803 0.00005




Lsotopic ratios

Sample Position Duration |Final207_235 |Final207_235_Prop |Final206_238 |Final206_238_|Final207_206 |Final207_206_|Final208_232 |Final208_232
(s) 2SE Prop2SE Prop2SE _Prop2SE
LR_ 42 RB_1-44|rim of 43 23.379 0.0182 0.00098 0.002713 0.000044 0.0494 0.0026 0.000817 0.000052
LR 42 RB_1-45|rim 22.606 0.01754 0.00089 0.002737 0.000045 0.0467 0.0022 0.000765 0.00006
LR_ 42 RB 1-46|rim 26.896 0.0273 0.0027 0.002738 0.000058 0.0689 0.0051 0.00121 0.00012
LR 42 RB_1-47 |rim 26.916 0.0174 0.00066 0.002672 0.000037 0.0471 0.0016 0.000811 0.00005
LR__ 42 RB _1-48|rim 18.935 0.01867 0.00062 0.002685 0.000037 0.0494 0.0017 0.000819 0.000047
LR 42 RB_1-49|rim 22.413 0.01752 0.0006 0.002686 0.000034 0.0471 0.0015 0.000822 0.000045
LR_42 RB _1-50|rim 25.118 0.2681 0.0061 0.03803 0.0005 0.05138 0.00087 0.0119 0.00063
LR 42 RB_1-51|rim 21.06 0.0181 0.0013 0.002731 0.000057 0.0478 0.0035 0.000813 0.00008
LR_42 RB 1-52|rim 20.674 0.0184 0.001 0.002713 0.000053 0.0491 0.0029 0.000867 0.000068
LR 42 RB_1-53|rim 26.664 0.01843 0.00068 0.002768 0.00004 0.0481 0.0019 0.000841 0.000049
LR_ 42 RB 1-54|rim 16.423 0.0191 0.00086 0.002738 0.000046 0.0488 0.0021 0.000902 0.000058
LR 42 RB_1-55|rim 22.027 0.01795 0.00073 0.002703 0.000039 0.0481 0.0019 0.00083 0.000054
LR_ 42 RB 1-56|rim 14.298 0.0184 0.0031 0.00272 0.000068 0.0495 0.0077 0.000858 0.000071
LR 42 RB_1-57 |rim 19.515 0.0178 0.00094 0.002685 0.000045 0.0489 0.0024 0.000845 0.000055
LR_ 42 RB_1 - 58 |rim of 59 18.355 0.01797 0.00083 0.002732 0.00004 0.0477 0.0021 0.000836 0.000057
LR 42 RB 1-59 |rim of 58 23.379 0.01708 0.00066 0.002649 0.000041 0.0461 0.0017 0.000866 0.000057
LR_ 42 RB_1 - 60 |core of 58 12.752 0.0204 0.0016 0.002832 0.000063 0.0518 0.0038 0.00079 0.00009
LR 42 RB _1-61|rim 18.162 0.01681 0.00068 0.002645 0.000047 0.0459 0.0019 0.000855 0.000055
LR 42 _RB_1 - 62 |interior 18.162 0.017 0.00086 0.002654 0.000059 0.0455 0.002 0.000814 0.00005
LR 42 RB 1-63|rim 21.833 0.01718 0.00078 0.002735 0.00005 0.0448 0.0022 0.000865 0.000071
LR 42 RB_1-64|rim 28.789 0.01713 0.00079 0.002611 0.000041 0.0473 0.0019 0.000779 0.000051
LR 42 RB _1-65|rim 10.24 0.0182 0.0018 0.002659 0.000057 0.0498 0.0037 0.000857 0.000083
LR 42 RB_1-66 |rim 21.06 0.0196 0.0011 0.0028 0.000044 0.0502 0.0025 0.000882 0.000074
LR 42 RB 1-67 |rim 18.549 0.0183 0.0016 0.002764 0.000057 0.0494 0.0035 0.000848 0.000075
LR 42 RB_1-68|rim 16.423 0.0177 0.00076 0.002696 0.000039 0.0475 0.0018 0.000797 0.000053
LR 42 RB 1-69 |rim 16.617 0.018 0.00099 0.002643 0.000044 0.049 0.0026 0.000812 0.000056
LR 42 RB_1-70|rim 23.186 0.017 0.00094 0.002723 0.000047 0.0455 0.0026 0.000804 0.000059
LR 42 RB 1-71|rim 24.345 0.01758 0.00071 0.002647 0.000052 0.048 0.0018 0.000759 0.000062

Abbreviations
Int — internal
Prop — propagated

Approx — approximate
CPS — counts per second

SE - standard error
s — second

logDose — logarithm of the alpha radiation dose, calculated as given in equations (1) in Sliwinski et al. (2017)
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alpha dose correction. Chemical Geology, 472: 8-21.




/alculated dates

Sample

FinalAge207_235

FinalAge207_235_
Prop2SE

FinalAge206_238

FinalAge206_238_
Prop2SE

FinalAge208_232

FinalAge208_232_
Prop2SE

FinalAge207_206

FinalAge207_206_
Prop2SE

LR_42 RB 1-1 480 32 49.8 3 368 27 4340 55
[R_42 RB 1-2 17.21 0.77 16.94 0.24 15.94 0.94 57 83
LR_42 RB 1-3 18.21 0.85 17.02 0.27 16.82 1 180 110
IR_42 RB 1-4 17.41 0.71 17.02 0.4 17.31 11 62 85
LR_42 RB 1-5 17.86 11 17.48 0.28 16.79 1 70 120
LR_42 RB 1-6 17.07 1.2 17.25 0.29 16.9 15 70 120
LR 42 RB 1-7 18.34 0.89 176 0.36 18.9 15 115 95
LR_42 RB 1-8 17.52 0.89 17.06 0.31 16.46 12 115 87
LR_42 RB 1-9 22.2 57 1745 0.63 19.2 3.7 560 320
LR_42 RB 1-10 52.3 26 49.67 2.1 41 3.1 217 61
LR_42 RB 1-11 18.8 0.94 176 0.29 15.92 11 220 90
LR_42 RB 1-12 16.81 0.97 17.05 0.3 17.31 11 10 110
LR_42 RB 1-13 143.8 58 122.3 56 174.6 11 509 83
LR_42 RB 1-14 17.93 0.59 17.3 0.27 16.12 0.95 105 66
LR 42 RB 1-15 1759 0.67 16.91 0.25 16.15 12 128 86
LR_42 RB 1-16 18.38 0.94 17.56 0.88 17.3 19 110 72
LR 42 RB 1-17 20.55 0.62 1718 0.26 18.4 0.92 391 65
LR_42 RB 1-18 18.07 0.87 17.55 0.32 17.15 11 95 90
LR 42 RB 1-19 16.87 0.79 17.08 0.29 16.46 0.94 2 76
LR_42 RB 1-20 19.3 13 18.09 0.3 18.4 13 150 100
LR_42 RB 1-21 23.2 11 1742 0.27 19.43 12 692 95
LR_42 RB 1-22 18.4 12 17.7 0.3 18.3 13 110 110
LR 42 RB 1-23 18.68 1 17.85 0.25 16.76 11 141 9
LR_42 RB 1-24 18.6 1 18.34 0.41 17.4 14 79 91
LR_42 RB 1-25 17.75 0.91 1711 0.41 165 15 71 83
LR_42 RB 1-26 17.86 0.86 17.08 0.28 17.7 12 160 89
LR_42 RB 1-27 185 12 17.56 0.37 165 16 130 120
LR_42 RB 1-28 18.45 0.73 17.63 0.3 16.02 11 129 78
LR_42 RB _1-29 18.2 2.8 17.06 0.38 16.3 2.1 140 220
LR_42 RB 1-30 275 17 17.66 0.29 21.23 13 1000 120
LR_42 RB 1-31 16.7 0.91 16.91 0.34 15.3 1 20 110
LR_42 RB 1-32 17.28 0.87 16.84 0.28 16.48 11 80 99
LR_42 RB 1-33 17.45 0.91 17.34 0.28 16.87 12 43 98
LR_42 RB 1-34 64 14 20.24 0.9 126 8.7 1810 450
LR 42 RB 1-35 185 12 18.11 0.38 19.1 16 80 140
LR_42 RB 1-36 18.24 0.74 17.07 0.23 16.28 0.91 154 81
LR 42 RB 1-37 176 1 17 51 0.34 18.2 16 40 120
LR_42 RB 1-38 32.8 24 18.38 0.28 27.9 2 1180 130
LR_42 RB_1-39 194.1 49 189.8 43 180.9 9.7 259 39
LR_42 RB 1-40 17.11 0.63 16.87 0.27 16.08 1 61 90
LR_42 RB 1-41 17.18 0.76 17.62 0.28 16.95 1.1 12 81
LR_42 RB 1-42 18.1 46 17.61 3 17 33 150 580
LR_42 RB 1-43 18.7 0.66 17.38 0.27 16.22 1 152 75




/alculated dates

Sample FinalAge207_235 |FinalAge207_235_ |FinalAge206_238 |FinalAge206_238_|FinalAge208_232 [FinalAge208_232_|FinalAge207_206 |FinalAge207_206_
Prop2SE Prop2SE Prop2SE Prop2SE
LR_42 RB_1-44 18.3 0.98 17.47 0.28 16.5 1.1 160 110
LR 42 RB_1-45 17.65 0.89 17.62 0.29 15.46 1.2 48 92
LR_42 RB_1-46 27.3 2.6 17.62 0.37 24.5 2.3 870 160
LR 42 RB_1-47 17.51 0.66 17.2 0.24 16.39 1 64 71
LR_42 RB_1-48 18.78 0.61 17.29 0.24 16.55 0.94 181 73
LR 42 RB_1-49 17.64 0.6 17.29 0.22 16.62 0.91 61 64
LR_42 RB_1-50 2411 4.8 240.6 3.1 239 12 256 40
LR 42 RB_1-51 18.2 1.3 17.58 0.37 16.4 1.6 100 150
LR_42 RB_1-52 18.5 1 17.46 0.34 17.5 1.4 150 120
LR 42 RB_1-53 18.54 0.67 17.82 0.26 16.98 0.99 121 81
LR_42 RB 1-54 19.2 0.85 17.63 0.29 18.2 1.2 170 91
LR 42 RB_1-55 18.06 0.73 17.4 0.25 16.76 1.1 110 80
LR_42 RB_1-56 18.5 3 17.51 0.44 17.3 1.4 160 230
LR 42 RB_1-57 17.91 0.93 17.29 0.29 17.07 1.1 160 100
LR 42 RB_1-58 18.09 0.82 17.59 0.26 16.9 1.2 90 88
LR 42 RB 1-59 17.19 0.66 17.05 0.26 17.49 1.2 19 75
LR 42 RB_1-60 20.5 1.6 18.23 0.4 16 1.8 260 150
LR 42 RB 1-61 16.93 0.68 17.03 0.3 17.3 1.1 18 80
LR 42 RB_1-62 171 0.86 17.09 0.38 16.44 1 0 83
LR 42 RB 1-63 17.29 0.78 17.61 0.32 17.5 1.4 -32 91
LR 42 RB_1-64 17.24 0.79 16.81 0.26 15.74 1 77 80
LR 42 RB 1-65 18.3 1.8 17.12 0.37 17.3 1.7 180 140
LR 42 RB_1-66 19.7 1.1 18.02 0.28 17.8 1.5 190 99
LR 42 RB 1-67 18.4 1.6 17.8 0.37 17.14 1.5 160 140
LR 42 RB_1-68 17.82 0.76 17.35 0.25 16.1 1.1 82 83
LR 42 RB 1-69 18.1 0.98 17.01 0.28 16.4 1.1 150 110
LR 42 RB 1-70 17.11 0.94 17.53 0.3 16.24 1.2 0 110
LR 42 RB 1-71 17.69 0.71 17.04 0.33 15.33 1.2 105 78




/orrected dates

Sample Corrected |CorrectedAge_|Th_corrected |Th_corrected_|logDose |Approx_|Approx_ [Pb206_CPS |Pb206_CPS |Pb207_CPS |Pb207_CPS_|U238_CPS |U238_CPS |Discordance |Th/U
Age* 2SE _Age Age_2SE U_PPM (Th_PPM _Int2SE Int2SE _Int2SE
LR 42 RB_1-1 52.414 3.3798 52.486 3.37979] 17.1211 703 469 1.19E+05| 8.10E+03| 6.26E+04| 6.30E+03|1.63E+07|3.00E+05 89.63| 0.68
LR 42 RB 1-2 17.138 0.253646 17.211 0.254015] 16.9124 1217 1128 70160 670 3260 110] 2.81E+07|4.00E+05 1.57] 0.93
LR 42 RB_1-3 17.22 0.278168 17.293 0.278503| 16.698 760 598 44320 930 2180 110]| 1.76E+07|4.40E+05 6.53| 0.77
LR 42 RB_1-4 17.348 0.419724 17.421 0.419943| 16.8955 1215 870| 6.89E+04| 1.30E+03 3226 95| 2.81E+07| 4.30E+05 2.24|0.72
LR 42 RB 1-5 17.7 0.293198 17.773 0.293516] 16.8042 945] 743.8 53840 820 2520 110] 2.19E+07]| 3.20E+05 2.13] 0.80
LR 42 RB_1-6 17.425 0.29397 17.498 0.294286| 16.4488| 446.6| 230.6 26300 730 1188 75| 1.03E+07| 1.50E+05 -1.05] 0.52
LR 42 RB 1-7 17.826 0.369335 17.898 0.369585| 16.5294 529| 263.9| 3.19E+04| 1.20E+03 1538 92| 1.22E+07]5.80E+05 4.03| 0.50
LR 42 RB_1-8 17.285 0.318626 17.358 0.318918] 16.6812 766 420| 4.50E+04| 2.40E+03 2120 130| 1.77E+07{1.10E+06 2.63| 0.56
LR 42 RB 1-9 17.602 0.628549 17.675 0.628691| 15.7534 84.7 64.2 4980 200 287 50| 1.96E+06| 7.00E+04 21.40] 0.77
LR_42 RB_1-10 51.197 2.26634 51.27 2.26636| 17.3327 1102 958| 1.93E+05| 4.80E+03 9570 480| 2.55E+07| 3.80E+05 5.03| 0.88
LR 42 RB_1-11 17.805 0.303572 17.878 0.303879] 16.6166 593 548.3 36330 780 1780 130] 1.37E+07| 3.40E+05 6.38| 0.94
LR 42 RB_1-12 17.268 0.311884 17.341 0.312183] 16.6844 722 635| 4.24E+04| 3.80E+03 1900 220| 1.67E+07]| 1.40E+06 -1.43] 0.79
LR 42 RB_1-13| 127.106 6.1051 127.178 6.10505] 17.0125] 232.3] 102.3| 9.49E+04| 5.00E+03 5380 280| 5.38E+06]| 1.30E+05 14.95| 0.45
LR 42 RB_1-14 17.522 0.281215 17.595 0.281547] 16.9542 1265 1415] 7.21E+04] 1.60E+03 3380 140| 2.93E+07| 3.20E+05 3.51] 1.13
LR 42 RB 1-15 17.096 0.258627 17.169 0.258988| 16.7486 914 447| 5.19E+04| 1.80E+03 2440 130] 2.12E+07] 9.30E+05 3.87{ 0.49
LR 42 RB_1-16 18.23 0.975381 18.303 0.975466| 16.6773 743 381| 4.32E+04| 1.30E+03 2050 100 1.72E+07| 8.30E+05 4.46| 0.52
LR 42 RB 1-17 17.396 0.267855 17.469 0.268204| 17.1028 1915 1494 1.13E+05| 1.90E+03 6150 200| 4.43E+07]| 1.20E+06 16.40] 0.79
LR 42 RB_1-18 17.785 0.32678 17.858 0.327065| 16.7667 895 546| 5.31E+04| 1.20E+03 2460 120| 2.07E+07| 2.80E+05 2.88] 0.61
LR 42 RB 1-19 17.324 0.308743 17.397 0.309045] 16.938 1316 1036 76650 720 3480 150] 3.05E+07| 5.20E+05 -1.24] 0.79
LR 42 RB_1-20 18.28 0.308176 18.353 0.308478] 16.5143 479 324| 2.89E+04| 1.40E+03 1410 120{ 1.11E+07| 7.50E+05 6.27] 0.67
LR 42 RB 1-21 17.614 0.270571 17.687 0.270916| 16.6554 692 450| 4.09E+04| 2.00E+03 2500 170] 1.60E+07] 9.90E+05 24.91] 0.66
LR 42 RB_1-22 17.92 0.311984 17.993 0.312282] 16.7078 800 367| 4.87E+04| 4.80E+03 2290 240| 1.85E+07] 2.00E+06 3.80] 0.46
LR 42 RB 1-23 18.024 0.257037 18.097 0.2574] 16.6605 658 551 39640 940 1920 120] 1.52E+07| 5.50E+05 4.44] 0.85
LR 42 RB_1-24 18.596 0.421326 18.668 0.421545] 16.4662 435 235| 2.72E+04] 1.70E+03 1280 100{ 1.01E+07| 7.40E+05 1.40| 0.55
LR 42 RB 1-25 17.4 0.426949 17.473 0.427165| 16.6265 629 556| 3.73E+04| 3.10E+03 1690 160| 1.45E+07{1.30E+06 3.61| 0.87
LR 42 RB_1-26 17.29 0.292052 17.363 0.292371] 16.7183 832 463 45020 660 2200 100| 1.92E+07] 5.10E+05 4.37| 0.56
LR 42 RB 1-27 17.77 0.379372 17.843 0.379616| 16.3851 376 207.8 23020 630 1082 97| 8.70E+06| 3.00E+05 5.08| 0.55
LR 42 RB_1-28 17.852 0.311557 17.925 0.311855] 16.6827 707 563| 4.20E+04| 1.50E+03 2003 76| 1.63E+07|8.30E+05 4.441 0.80
LR 42 RB 1-29 17.343 0.394821 17.416 0.395055] 16.7132 786 615| 4.37E+04| 1.40E+03 2120 250] 1.82E+07| 5.40E+05 6.26( 0.79
LR 42 RB_1-30 17.878 0.298279 17.951 0.298591] 16.7007 732 601| 4.38E+04| 2.60E+03 3040 160| 1.69E+07| 1.20E+06 35.78] 0.83
LR 42 RB 1-31 17.147 0.344982 17.22 0.345251| 16.633] 633.9 623 34830 850 1560 100] 1.46E+07| 2.00E+05 -1.26] 0.98
LR 42 RB_1-32 17.04 0.290729 17.113 0.29105] 16.6349 678 465| 3.89E+04| 3.40E+03 1840 160| 1.56E+07| 1.10E+06 2.55] 0.66
LR 42 RB 1-33 17.525 0.289422 17.598 0.289744] 16.5729 555 458 31840 980 1447 75| 1.28E+07] 6.60E+05 0.63| 0.83
LR 42 RB_1-34 20.756 0.94546 20.829 0.945549] 16.4533 360 302| 2.39E+04| 1.10E+03 3030 560| 8.30E+06| 6.80E+05 68.38] 0.83
LR 42 RB 1-35 18.325 0.391994 18.398 0.392229] 16.3662 348 197.3 21560 770 1017 83| 8.02E+06] 3.20E+05 2.11] 0.56
LR 42 RB_1-36 17.254 0.239679 17.327 0.240069| 16.8792 1150 905.7 67020 750 3270 120| 2.65E+07|4.70E+05 6.41] 0.78
LR 42 RB 1-37 17.704 0.340089 17.777 0.340362| 16.423| 409.5] 235.8 24020 350 1089 70] 9.44E+06| 1.50E+05 0.51| 0.57
LR 42 RB 1-38 18.586 0.291118 18.659 0.291438| 16.696 729 431| 4.55E+04| 2.10E+03 3700 400| 1.68E+07|9.30E+05 43.96] 0.58
LR 42 RB 1-39| 188.796 4.22339 188.867 4.22336| 17.9056 1069 914| 7.18E+05| 9.30E+03 36340 710| 2.47E+07] 7.50E+05 2.22| 0.85
LR 42 RB 1-40 17.076 0.27941 17.149 0.279744| 16.775 950 575 54310 900 2456 88| 2.19E+07| 7.00E+05 1.40{ 0.60
LR 42 RB 1-41 17.827 0.285173 17.9 0.285499| 16.728 785| 626.1 46270 910 2042 91] 1.81E+07| 5.90E+05 -2.56] 0.80
LR 42 RB_1-42 19.927 3.87788 20 3.87786] 16.6043 605 411| 3.38E+04| 1.70E+03 1620 100] 1.39E+07| 8.90E+05 2.71] 0.68
LR 42 RB_1-43 17.579 0.278702 17.652 0.279036| 16.742 828| 629.8 50100 820 2421 95| 1.91E+07]4.10E+05 7.06] 0.76




/orrected dates

Sample Corrected |CorrectedAge_ |Th_corrected |Th_corrected_|logDose |Approx_|Approx_|Pb206_CPS |Pb206_CPS |Pb207_CPS |Pb207_CPS_|U238_CPS |U238_CPS |Discordance |Th/U
Age* 2SE _Age Age_2SE U_PPM [Th_PPM _Int2SE Int2SE _Int2SE
LR_42 RB_1-44 17.662 0.290239 17.735 0.29056| 16.6224 652 364| 3.86E+04| 1.10E+03 1830 110| 1.50E+07| 5.30E+05 4.54] 0.54
LR 42 RB_1-45 17.834 0.298402 17.906 0.298714] 16.7067 783| 445.7 46650 700 2136 90| 1.80E+07] 3.90E+05 0.17] 0.57
LR_42 RB_1-46 17.82 0.377903 17.893 0.378148] 16.3218] 324.8| 175.2 19520 660 1240 120] 7.48E+06| 1.70E+05 35.46] 0.54
LR 42 RB_1-47 17.393 0.246363 17.466 0.246742] 16.8712 1166 690| 6.83E+04| 1.70E+03 3180 130| 2.68E+07| 8.60E+05 1.77{ 0.59
LR_42 RB_1-48 17.476 0.246156 17.549 0.246535| 16.8531 1083 783| 6.26E+04| 1.00E+03 3110 120| 2.49E+07| 7.00E+05 7.93] 0.72
LR 42 RB_1-49 17.466 0.226189 17.539 0.226602| 17.211 2457 1836| 1.42E+05| 2.40E+03 6560 200] 5.65E+07| 2.00E+06 1.98| 0.75
LR 42 RB_1-50| 240.369 3.05313 240.439 3.05313| 17.8398 837| 122.8| 6.81E+05| 3.90E+04| 3.44E+04| 1.90E+03|1.93E+07|1.40E+06 0.21] 0.15
LR 42 RB_1-51 17.74 0.368267 17.813 0.368518| 16.1688 228| 1271 13570 760 637 55| 5.25E+06| 3.20E+05 3.41| 0.56
LR_42 RB_1-52 17.668 0.347298 17.741 0.347565| 16.4464 425| 284.7 24740 420 1199 72] 9.78E+06| 2.50E+05 5.62| 0.66
LR 42 RB_1-53 18.027 0.266724 18.1 0.267074| 16.8864 1096 983| 6.51E+04| 1.70E+03 3070 140| 2.52E+07{1.10E+06 3.88| 0.89
LR_42 RB_1-54 17.835 0.304021 17.908 0.304327| 16.6416 654 466| 3.79E+04| 1.00E+03 1891 99| 1.50E+07| 4.60E+05 8.18| 0.70
LR 42 RB_1-55 17.603 0.259904 17.676 0.260263| 16.8701 1140 722| 6.71E+04] 1.50E+03 3130 140] 2.62E+07|4.50E+05 3.65( 0.63
LR_42 RB_1-56 17.726 0.443484 17.799 0.443691] 16.2722| 276.9 219 15350 540 761 80| 6.36E+06] 2.00E+05 5.35| 0.78
LR 42 RB_1-57 17.502 0.298947 17.575 0.299259| 16.7296 811 606 47430 950 2290 110] 1.86E+07|5.70E+05 3.46[ 0.74
LR 42 RB_1-58 17.781 0.264914 17.854 0.265266| 16.7322 839 443| 4.91E+04| 1.50E+03 2300 130| 1.93E+07| 3.40E+05 2.76] 0.53
LR 42 RB 1-59 17.273 0.274639 17.346 0.274979] 16.9842 1523 915| 8.72E+04| 3.70E+03 4070 200| 3.50E+07]2.10E+06 0.81f 0.59
LR 42 RB_1-60 18.437 0.410428 18.51 0.410652| 16.3024 308 129| 1.77E+04| 3.00E+03 880 140| 7.10E+06| 1.30E+06 11.07] 0.40
LR 42 RB 1-61 17.265 0.313928 17.338 0.314224| 16.801 1019 521 57760 960 2620 110] 2.34E+07| 5.60E+05 -0.59] 0.51
LR 42 RB_1-62 17.37 0.39491 17.443 0.395144] 16.7177 715 948 40370 600 1830 110| 1.64E+07]| 3.50E+05 0.06] 1.32
LR_42 RB_1-63 17.835 0.331354 17.908 0.331634] 16.6515 703 338| 4.26E+04| 2.70E+03 1910 140| 1.61E+07{ 1.00E+06 -1.85] 0.49
LR 42 RB_1-64 17.016 0.273015 17.089 0.273357| 16.8038 999 700| 5.59E+04| 1.00E+03 2630 110| 2.29E+07| 7.80E+05 2.49] 0.68
LR 42 RB 1-65 17.372 0.378503 17.445 0.378747] 16.6126 636 424 37160 600 1830 150] 1.46E+07| 3.60E+05 6.45| 0.66
LR 42 RB_1-66 18.199 0.287707 18.272 0.288031] 16.4889 467 250| 2.84E+04| 1.20E+03 1455 97| 1.07E+07]5.80E+05 8.53| 0.54
LR 42 RB 1-67 18.031 0.376223 18.104 0.376469] 16.5392 525 309| 3.05E+04| 3.00E+03 1490 180| 1.21E+07{ 1.50E+06 3.26 0.57
LR 42 RB_1-68 17.554 0.259349 17.627 0.259709] 16.8183 1014 645| 6.01E+04| 2.30E+03 2770 160| 2.33E+07| 1.20E+06 2.64] 0.63
LR 42 RB 1-69 17.204 0.289579 17.277 0.2899| 16.5742 605 310| 3.36E+04| 1.70E+03 1590 150| 1.39E+07| 6.40E+05 6.02| 0.50
LR 42 RB_1-70 17.725 0.308852 17.798 0.309153| 16.5376 516 376 30610 550 1371 79| 1.18E+07] 2.80E+05 -2.45( 0.72
LR 42 RB 1-71 17.306 0.348746 17.379 0.349012] 16.8238| 1045.3] 666.5| 5.88E+04| 1.30E+03 2830 110| 2.40E+07] 1.90E+05 3.67| 0.64




Appendix 2
Zircon trace element analyses: background and data

Background for trace element analyses

Session spot size| refernce material masses measured (amu) quality control refernce material Internal Standard

27, 28, 31, 49, 89, 91, 93, 138, 139,
140, 141, 146, 147, 153, 157, 159, 163,
165, 166, 169, 172, 175, 178, 181, 232,

238

Session 2021118_1b 30 NIST610 91500, Synth Zircon Blank Si, 15.2 wt%

Abbreviations

Ti (corr) ppm = Ti(measured in sample)/(average of Ti(lmeasured in 91500))*4.73 (see details in Szymanowski et al., 2017)
Nb* = Nb(measured in sample) — (average Nb(measured in Synth Zirc Blank)

Eu/Eu* = (Eu/0.058)/(SQRT(Sm/0.153*Gd/0.2055))

Reference
Szymanowski, D., Wotzlaw, J.F., Ellis, B., Bachmann, O., Guillong, M., Quadt, A.V., 2017. Protracted near-solidus storage and pre-eruptive rejuvenation of
large magma reservoirs. Nature Geoscience, 10: 777-782.



Samples

LR_42 RB_1-2

LR_42 RB 1-6

LR_ 42 RB_1-11
LR_42 RB_1-12
LR_42 RB_1-14
LR_42 RB 1-15
LR_ 42 RB_1-18
LR_42 RB 1-19
LR_ 42 RB_1-20
LR_42 RB 1-25
LR_ 42 RB_1-26
LR_42 RB 1-27
LR_ 42 RB_1-28
LR_42 RB_1-29
LR_ 42 RB_1-31
LR_42 RB 1-33
LR_42 RB_1-37
LR__ 42 RB_1-40
LR_ 42 RB_1-44
LR_42 RB 1-45
LR_ 42 RB_1-47
LR_42 RB 1-52
LR_ 42 RB_1-55
LR_42 RB 1-57
LR_ 42 RB_1-58
LR_42 RB 1-65
LR_ 42 RB_1-68
LR_42 RB 1-70
LR_42 RB 1-71

Position Th_corrected Th_corrected Al

_Age

17.21
17.50
17.88
17.34
17.60
17.17
17.86
17.40
18.35
17.47
17.36
17.84
17.93
17.42
17.22
17.60
17.78
17.15
17.74
17.91
17.47
17.74
17.68
17.58
17.85
17.45
17.63
17.80
17.38

_Age_2SE

0.25 b.d.
0.29 b.d.
0.30 b.d.
0.31 b.d.
0.28 b.d.
0.26 b.d.
0.33 b.d.
0.31 b.d.
0.31 b.d.
0.43 b.d.
0.29 b.d.
0.38 b.d.
0.31 b.d.
0.40 b.d.
0.35 b.d.
0.29 b.d.
0.34 b.d.
0.28 b.d.
0.29 b.d.
0.30 b.d.
0.25 b.d.
0.35 b.d.
0.26 b.d.
0.30 b.d.
0.27 b.d.
0.38 b.d.
0.26 b.d.
0.31 b.d.
0.35 b.d.

La

b.d.

b.d.
0.0099
0.0203

0.01

b.d.
0.0059
0.0116
0.0106
0.0216
0.0074

b.d.
0.0083
0.0083
0.0082
0.0131
0.0082

b.d.
0.0061
0.0075
0.0085
0.0085

b.d.
0.0088
0.0084

b.d.

b.d.
0.0052
0.0102

Ce

Pr

22.15 b.d.
9.61 b.d.

14.02
14.2
20.42
13.96
15.73
19.21
12.7
12.2
13.77
10.31
15.23
13.01
13.27
10.81
8.6
17.43
13.62
11.93
20.41
9.39
20.04
16.56
12.82

0.0918
0.189
0.0576
0.0258
0.035
0.052
0.0443
0.1
0.0309
0.0356
0.0381
0.0532
0.0362
0.132
0.0262
0.0637
0.0469
0.0511
0.0378
0.0296
0.0605
0.0621
0.0408

10.82 b.d.
15.54 b.d.
12.62 0.0433
13.08 0.0296

Nd

1.419
0.575
1.67
3.06
0.966
0.492
0.739
1.013
0.79
1.8
0.648
0.544
0.755
0.633
0.785
1.97
0.409
1.227
0.978
0.941
0.779
0.54
1.101
1.1
0.638
0.626
0.741
0.629
0.552

Sm

3.59
1.18
4.36
5.6
2.54
1.632
1.9

1.74
3.28
1.67
1.34
1.64
1.61
1.56
417
1.032
2.95
2.53
21
2.52
1.2
3.09
2.97
1.79
1.28
2.05
1.529
1.577

Eu

0.742
0.279
1.089

1.24
0.595
0.267
0.455
0.586
0.493

0.97
0.368
0.332
0.413
0.359
0.396
0.834
0.231
0.615
0.489
0.483
0.391
0.252

0.62
0.575
0.371
0.348
0.416
0.355
0.282

Gd

23.82
7.85
32.1
29.8

15.67

12.69

14.37

22.77
12.3
20.7

12.57
9.49

12.61

10.27

10.67

20.99
6.01

20.83
17.7

15.18

18.61
7.54
23.8

21.31

14.14
9.39

15.21

9.7

11.67

Tb

8.98
3.059
12.74
10.3
5.65
5.46
5.87
9.23
4.81
7.55
5.06
3.528
5.07
3.98
4.095
7.2
2.343
8.49

7.25

7.91
2.764
9.78
8.42
5.79
3.53
6.27
3.574
4.581

Dy

124.2
48.09
189.8
137
80
84.9
87.8
130.9
73.4
107.1
73.7
53.4
74.7
58.5
58.9
97.8
34.36
127.2
110
89.3
1211
1.7
146.5
118.1
85.1
51.2
93.7
50.8
67.4

Ho

49.61
20.9
80.9

55

32.13

37.95
38.9
54.1
31.1
44.3
31.6
23.5
31.8
24.3

24.05

38.82

14.71
54.6

47
38.3

52.96

17.23
63.7
49.6

37.36
21.6
40.3
214

28.48

Er

254.9
116.6
421
281
169.4
2104
216
275.6
172
237
173
132.5
171.2
131.2
126.7
194.7
81
290.2
252.3
206.6
289
94.8
334.1
256.1
196.4
116.9
220
115.1
149.8

Tm

Yb

Lu

58.3 546.4 114.3

29.92
97.3
66.1
40.96
52.9
53.2
64.2
41.8
57.3
43.3
33.86
42.9
32.9
31.47
46.6
211
70.2
60
51.22
713
23.36
79.2
59.5
48.3
29
53.7
28.69

36.42

310.7
908
641

415.6
541
537
594
418
589
440

3454
426
341

306.5
460

218.4
675
580

511.6
714

235.3
767

562.6
478
286
535

296.2

360.1

72.5
186.5
138
90.3
120
120.7
125.9
93.8
130
97.5
80.9
95.4
75.6
66.98
100.9
50.48
144.3
126.4
113.3
154.9
53.04
164.5
120.2
105.5
66.8
119.9
67.3
78.8

P

484
270
525
496
345
333
368
493
368
584
316
313
330
267
312
261
244
504
471
363
510
297
605
551
393
348
460
382
386

3.39
3.48
6.79
3.24
2.93
2.13
2.41
2.18
4.89
3.24
2.24
3.49
2.68
2.9
4.44
2.60
2.93
3.40
3.47
3.61
2.25
3.48
2.9
4.21
2.04
2.30
2.58
4.20
1.54

Ti (corr) 2SE Ti
(corr)

0.35
0.41
0.66
0.37
0.38
0.22
0.27
0.28
0.61
0.37
0.45
0.40
0.30
0.54
0.43
0.27
0.39
0.32
0.31
0.47
0.29
0.40
0.37
1.05
0.36
0.49
0.28
0.33
0.22



Samples

LR_ 42 RB_1-2

LR_42 RB 1-6

LR_ 42 RB_1-11
LR_42 RB_1-12
LR_42 RB_1-14
LR_42 RB 1-15
LR_42 RB_1-18
LR_42 RB 1-19
LR_ 42 RB_1-20
LR_42 RB 1-25
LR_ 42 RB_1-26
LR_42 RB 1-27
LR_ 42 RB_1-28
LR_ 42 RB_1-29
LR_ 42 RB_1-31
LR_42 RB 1-33
LR_ 42 RB_1-37
LR__ 42 RB_1-40
LR_ 42 RB_1-44
LR_42 RB_1-45
LR_ 42 RB_1-47
LR_42 RB 1-52
LR_ 42 RB_1-55
LR_42 RB 1-57
LR_ 42 RB_1-58
LR_42 RB 1-65
LR_ 42 RB_1-68
LR_42 RB_1-70
LR_42 RB 1-71

Zr

4.95E+05
4.95E+05
4.87E+05
4.99E+05
5.20E+05
4.99E+05
5.05E+05
4.91E+05
4.95E+05
4.83E+05
5.30E+05
4.82E+05
4.91E+05
5.14E+05
5.14E+05
5.01E+05
5.02E+05
4.93E+05
4.97E+05
4.92E+05
4.87E+05
5.02E+05
4.92E+05
4.86E+05
4.99E+05
4.92E+05
4.88E+05
4.95E+05
4.95E+05

1635
750.3
2725
1860
1122
1330
1353
1782
1120
1570
1099
850
1135
875
846
1312
510
1849
1576
1329
1834
602
2090
1647
1273
760
1396
749
973

Nb*

Ba Hf

6.13 0.069
2.13 b.d.

4.93 0.095
1.89 b.d.

3.934 0.072
5.91 0.07
4.69 0.064
7.39 0.063
2.97 0.063
1.72 0.079
3.84 0.076
2.123 0.071
3.35 0.081
2.66 b.d.

2.053 b.d.

1.11 0.055
1.176 0.063
6.99 0.063
5.57 b.d.

4.293 0.085
7.74 0.074
1.336 0.066
8.39 b.d.

6 b.d.
4.53 0.079
2.11 b.d.
5.66 0.077 9710
2.09 b.d. 9490
3.01 0.084 10440

8930
9400
8750
9110
9870
10230
9800
9470
8990
8250
10310
8950
9570
10030
9580
9440
10030
8920
8940
8950
10010
9700
9140
8820
9500
9620

Ta

2.389

1.26
1.535
0.941
2.034

3.25
2.186
2.883
1.186
0.869
2.064
1.194
1.434
1.427

1.17

0.74
0.849
2.418
1.913

1.88
3.669
0.893
2.937
2.049
2.284

1.27

2.68
1.206
2.046

Th U

961.0 1181.0
203.0 444.0
476.0 576.5
571.0 724.0
1148.0 1180.0
383.0 884.0
460.0 867.0
880.3 1273.0
280.0 454.0
483.0 620.0
382.2 776.0
187.5 383.9
483.0 687.0
511.0 726.0
522.0 601.0
386.0 532.0
200.1 399.1
480.3 907.0
307.5 638.0
373.6 755.0
600.4 1156.0
2417 413.2
616.0 1097.0
526.5 795.0
366.0 787.0
356.3 604.0
563.2 998.0
327.7 510.5
574.0 1002.0

0.25
0.28
0.28
0.29
0.29
0.18
0.27
0.22
0.33
0.36
0.25
0.28
0.28
0.27
0.30
0.27
0.28
0.24
0.22
0.26
0.17
0.26
0.22
0.22
0.23
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Appendix 3

Cathodoluminescence images of the separated zircon crystals from Batrani Tuff and the spots (30 um) of analyses






