
Geo log i cal Quar terly, 2023, 67: 2
DOI: http://dx.doi.org/10.7306/gq.1673

In sights into the palaeoenvironments, struc ture and stra tig ra phy
 of the lower Mio cene of the East ern Carpathians Bend Zone, Ro ma nia

Rãzvan-Ionuï BERCEA1, 2, Ramona BÃLC3, 4, *, Alexandra TÃMA�1, Sorin FILIPESCU1, Dan Mircea
TÃMA�1, Mar cel GUILLONG5, Szabolcs Flavius SZEKELY1 and Réka LUKÁCS6, 7

1 Babeº-Bolyai Uni ver sity, De part ment of Ge ol ogy and Re search Cen ter for In te grated Geo log i cal Stud ies, 1 Kogãlniceanu
Street, 400084 Cluj-Napoca, Ro ma nia; ORCID: 0000-0002-0438-7770 [R.-I.B.], 0000-0001-8010-1853 [A.T.],
0000-0002-6640-8928 [D.M.T.], 0000-0002-6792-9776 [S.F.], 0000-0001-8639-8512 [S.F.S]

2 S.N.G.N. Romgaz S.A. Tîrgu-Mureê, 23 Salcâmilor Street, Ro ma nia; ORCID: 0000-0002-0438-7770 [R.-I.B.] 

3 Babeº-Bolyai Uni ver sity, Fac ulty of En vi ron men tal Sci ence and En gi neer ing, 30 Fântânele Street, 400294 Cluj-Napoca,
Ro ma nia; ORCID: 0000-0002-9419-2351 [R.B.]

4 Babeº-Bolyai Uni ver sity, In ter dis ci plin ary Re search In sti tute on Bio-Nano-Sci ences, 42 Treboniu Laurian Street, 400271
Cluj-Napoca, Ro ma nia; ORCID: 0000-0002-9419-2351 [R.B.]

5 In sti tute of Geo chem is try and Pe trol ogy, De part ment of Earth Sci ences, ETH Zürich, Clausius Strasse 25, 8092 Zürich,
Swit zer land; ORCID: 0000-0002-6920-3362 [M.G.]

6 In sti tute for Geo log i cal and Geo chem i cal Re search, Re search Cen tre for As tron omy and Earth Sci ences [MTA Cen tre of
Ex cel lence], Eötvös Loránd Re search Net work (ELKH), Budaörsi út 45, 1112 Bu da pest, Hun gary; ORCID:
0000-0002-2338-4209 [R.L.]

7 MTA-ELTE Vol ca nol ogy Re search Group, Eötvös Loránd Re search Net work (ELKH), Pázmány P. sétány 1/C, 1117 Bu -
da pest, Hun gary; ORCID: 0000-0002-2338-4209 [R.L.]

Bercea, R.I., Bãlc, R., Tãmaê, A., Filipescu, S., T²maê, D.M., Guillong, M., Szekely, S.F.,  Luk«cs, R., 2023. In sights into the
palaeoenvironments, struc ture and stra tig ra phy of the lower Mio cene of the East ern Carpathians Bend Zone, Ro ma nia. Geo -
log i cal Quar terly, 67: 2, doi: 10.7306/gq.1673

The ages of sev eral Oligocene to Mio cene sed i men tary for ma tions from the East ern Carpathians Bend Zone are poorly con -
strained due to palaeoenvironmental fac tors, re work ing of fos sils, struc tural com plex ity and lim ited ex po sure. To help
over come these is sues, this study in te grates cal car e ous nannoplankton and foraminifera biostratigraphy with iso to pic age
dat ing (U-Pb) of volcaniclastic zir cons, and sedimentological and struc tural ob ser va tions/in ter pre ta tions. Our study was car -
ried out along an ~6-km-long sec tion made from a se ries of out crops along the Bizdidel River which ex poses sev eral for ma -
tions such as the Pucioasa, Fusaru, Vineïiêu, Starchiojd and Slon. We show that the Fusaru For ma tion con sists of
coarse-grained rocks de pos ited as con fined lon gi tu di nal chan nel suc ces sions that mi grated lat er ally. It is bounded by the
mud-rich Pucioasa and Vineïiêu for ma tions which are lat eral equiv a lents of the Fusaru con fined chan nels de pos ited as
levee/overbank units. These ge net i cally re lated for ma tions ap pear to reach youn ger ages – of the lower to mid dle
Burdigalian based on cal car e ous nannoplankton and foraminifera biostratigraphy – than pre vi ously thought (up per
Oligocene to lower Burdigalian). The dom i nant or ganic-rich mudstones of the Starchiojd For ma tion rep re sent
pelagites/hemipelagites de pos ited in anoxic con di tions. Their mid dle Burdigalian age is es tab lished by a 17.41 ±0.27 Ma zir -
con U-Pb age of zir cons from the Bãtrâni Tuff in the Starchiojd For ma tion. Based on the sim i lar phenocryst con tent, zir con
U-Pb age and zir con trace el e ment com po si tion, the source of the tuff is sug gested to be the 17.3 Ma Eger ignimbrite-form ing 
erup tion, which has prox i mal, near-cal dera de pos its in the Bükkalja Vol ca nic Field, Hun gary. The mud-rich Slon For ma tion
seems to be re lated to shelf edge/upslope fail ure that formed co he sive debrite av a lanches re sult ing from fore land prop a ga -
tion of com pres sion. The Slon For ma tion ex tends in this area to at least the up per part of the lower Mio cene to mid dle Mio -
cene. These re sults high light the need to re vise ages of those parts of the se quence which are poorly con strained or dif fer ent
in other parts of the Carpathian Ba sin. Such re vised ages help to better con strain the un der stand ing of the de for ma tion his -
tory of the Carpathians.
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INTRODUCTION

The spe cific tec tonic and palaeoenvironmental con di tions
op er at ing dur ing the Oligocene to Mio cene in the East ern
Carpathians Bend Zone (ECBZ; Fig. 1) has led to lim i ta tions in
as sign ing the rel a tive ages of sev eral for ma tions. Tra di tion ally
con sid ered Oligocene to lower Mio cene (Mãrunïeanu, 1999;
Melinte and Brustur, 2008; Melinte and Stoica, 2013), re cent
stud ies car ried out in the ECBZ re vealed that at least lo cally
some for ma tions may be youn ger, up to the mid dle Mio cene;
Tãmaê, 2018; Filipescu et al., 2020).

One prob lem in this area is the ex ten sive re work ing (Szabo, 
2012), hence the tra di tional biostratigraphy rarely pro vides re li -
able mark ers. How ever, lo cally, cal car e ous nannoplankton and
foraminifera may give use ful biostratigraphic clues, es pe cially
when long sec tions are avail able.

More re li able strati graphic data and in for ma tion may be ob -
tained by com bin ing the biostratigraphy and sedimentology with 
radioisotopic data, all analysed in a struc tural con text. Also, by
do ing this, some lithostratigraphic units can be re-in ter preted as 
con tem po ra ne ous equiv a lents, rather than as suc ces sive units.

The pres ence of a ~6 kilo metres long mildly de formed sec -
tion at Pucioasa, along the Bizdidel Val ley (Fig. 2A), where sev -
eral for ma tions crop out (Pucioasa, Fusaru, Vineïiêu, Starchiojd 
and Slon; Fig. 3) cre ated the op por tu nity for a re-in ter pre ta tion
of the stra tig ra phy and depositional en vi ron ments. More over,
the oc cur rence of a vol ca nic tuff in ter ca la tion (Bãtrâni Tuff,
�tefãnescu et al., 1993) in a re gion ally de vel oped unit
(Starchiojd For ma tion) proved to be of great help for strati -
graphic cal i bra tion, by us ing zir con U-Pb age dat ing. The
source area for the tuff based on pe trol ogy, zir con age dat ing
and trace el e ment com po si tion is also dis cussed.

Our re sults, in clud ing more pre cise for ma tion ages and a
re vised depositional en vi ron ment for the Mio cene deep ma rine
for ma tions, will better help to con strain the stra tig ra phy, tec tonic 
de for ma tion and palaeoenvironments of the Carpathians.

GEOLOGICAL SETTING

STRUCTURAL OVERVIEW

The Carpathians have a highly ar cu ate orogen shape
(Fig. 1A) due to their palaeogeographic evo lu tion in re la tion to
the Eu ro pean/Moesian plat forms, and Tisza, Dacia and Alcapa
con ti nen tal megablocks (Schmidt et al., 2008).

Fol low ing an extensional phase be tween the Tri as sic and
early Cre ta ceous (Sãndulescu, 1984, 1988), the tec tonic his -
tory of the Carpathians is char ac ter ized by sub se quent
compressional de for ma tion (Sãndulescu, 1988; Hippolyte and
Sãndulescu, 1996; Maþenco and Bertotti, 2000; Leveer et al.,
2006).

The over all thrust ing im plies a fore land prop a gat ing se -
quence (Maþenco and Bertotti, 2000) that formed a gen eral
eastwards (i.e. East ern Carpathians) and south wards (i.e.
South Carpathians) verg ing nappe sys tem (Schmidt et al.,
2008). The ECBZ (Fig. 1B) rep re sents the tran si tion be tween
these two sys tems (Leveer et al., 2006). Based on the age and
style of de for ma tion (thin vs. thick-skinned; Sãndulescu, 1984),
dif fer ent nappes have been de scribed (see Sãndulescu, 1984;
1988; Fig. 1C). The thick-skinned nappes con sist of pre-Al pine
base ment rocks, meta mor phosed dur ing the Pa leo zoic
(Kraütner and Bindea, 2002; Medaris et al., 2003; Balintoni et
al., 2014; Ducea et al., 2016) and Cre ta ceous sed i men -

tary/mag matic for ma tions thrusted dur ing the Early and Late
Cre ta ceous (Sãndulescu, 1984; Fig. 1B, C). The Cre ta ceous to
mid dle Mio cene se quence among the thin-skinned nappes
thrusted dur ing the late Paleogene to mid dle Mio cene
(Sãndulescu, 1988; Rãbãgia et al., 2011; Fig. 1B, C). The
Tarcãu Nappe, which rep re sents the sub ject of our study, was
con sid ered to be emplaced from the early Mio cene, with an
intra-Burdigalian on set (Sãndulescu 1984; Merten et al., 2010)
or prob a bly even later (mid dle Mio cene; Filipescu et al., 2020).
Also, Schleder et al., (2019) sug gested that some fold -
ing/thrust ing and ero sion took place dur ing the intra-Burdigalian 
phase in the prox i mal part of the Tarcãu Nappe (Fig. 1D). The
com pres sion con tin ued to wards the fore land (Maþenco and
Bertotti, 2000; Merten et al., 2010) mostly in a pig gy back set ting 
(e.g., Valea Lungã Syncline, Fig. 1D; Bercea et al., 2016;
Tãmaê, 2018; Schleder et al., 2019). The lat est de for ma tion
(the Wallachian phase – Meotian to Re cent; Hippolyte and
Sãndulescu, 1996) that af fected the ECBZ was re lated to
crustal-scale short en ing through the re ac ti va tion of base ment
faults and pro duced up lift/ero sion of 4–5 km (Sanders et al.,
1999; Merten et al., 2010). This phase was char ac ter ized by mi -
nor de for ma tion un der N–S com pres sion. The Wallachian
struc tures are rep re sented by gen tle to open folds (Hippolyte
and Sãndulescu, 1996; Schleder et al., 2019).

STRATIGRAPHY AND PRE-EXISTING AGE CONSTRAIN

The Tarcãu Nappe con sists of Cre ta ceous to mid dle Mio -
cene for ma tions. Two dif fer ent lithofacies have been de fined for 
the deep ma rine Oligocene to lower Mio cene de pos its of the
Tarcãu Nappe of the ECBZ (Conïescu et al., 1966; Sylvester
and Lowe, 2004; Rãbãgia et al., 2011; Szabo 2012): an in ter nal
one, of Carpathian or i gin, of Pucioasa-Fusaru fa cies, and an
ex ter nal one, of fore land or i gin (non-Carpathian), with a bi tu mi -
nous fa cies and Kliwa-type sand stones (Sãndulescu et al.,
1995); an interbedded zone ex ists be tween the two lithofacies
(Pãtruï, 1955).

The lower Oligocene started in the ECBZ with the de po si -
tion of dark-col oured or ganic-rich shales/bi tu mi nous menilites
of the “lower dysodiles”/“menilites” (Olteanu, 1952; Popescu,
1952; Melinte and Brustur, 2008). The Pucioasa and Fusaru
for ma tions (Mrazec and Popescu-Voiteêti, 1914; Olteanu,
1952; Pãtruï, 1955) were con sid ered as late Oligocene
(NP24-NP25) based on the pres ence of Pontosphaera
enormis, Triquetrorhabdulus carinatus, Sphenolithus conicus
and S. delphix cal car e ous nannoplankton (Vineïiêu Val ley –
ECBZ; Melinte and Brustur, 2008). The Pucioasa-type de pos its
con sist of dark grey mas sive/lam i nated cal car e ous mudstones,
rare or ganic-rich mudstones (Pãtruï, 1955) with thin cross/pla -
nar-lam i nated very fine- to fine-grained sand stones and
siltstones (Szabo, 2012; Frunzescu, 2013) as well as rare thin
coccolithic lime stones (Melinte and Brustur, 2008). The Fusaru
de pos its con sist of subgreywacke, quartzo-feldspathic cal car e -
ous sand stones, con glom er ates/brec cias and mudstone in ter -
ca la tions. They are em bed ded in the Pucioasa For ma tion
(�tefãnescu et al., 1988; Sãndulescu et al., 1995; Sylvester and 
Lowe, 2004; Szabo, 2012). The Pucioasa fa cies was first de -
scribed by Mrazec and Popescu-Voiteêti (1912 fide Pãtruï,
1955) and the Fusaru fa cies by Popescu-Voiteêti (1910 fide
�tefãnescu, 1995) from around the town of Pucioasa. In the
East ern Carpathians, north of the area in ves ti gated, based on
the pres ence of the foraminifer Globoquadrina dehiscens
(Tarcuïa River, north ern part of the East ern Carpathians) in the
mudstones of the Fusaru For ma tion, an age of not older than
Aquitanian was as signed (Belayouni et al., 2007). A Fusaru-like 
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Fig. 1A – lo ca tion of the Ro ma nian Carpathians within the Al pine-Carpathian belt (Krézsek et al., 2013); red cir cle = Bükkalja Vol ca -
nic Field; dashed blue rect an gle – Fig. 1B; red square – area of in ter est; B – tec tonic sketch of the Ro ma nian Carpathians (mod i fied
from Krézsek et al., 2013 based on Sãndulescu, 1988; Bãdescu, 2005; Schmid et al., 2008), red square – area of in ter est, ar rows –
palaeocurrent di rec tions (p.d.) from dif fer ent for ma tions (Conïescu et al., 1966), black ar rows – p.d. for the Corbi/Cheia for ma tions
(Jipa, 1982; 1994 fide Roban, 2008), pink ar rows – p.d. from Fusaru de pos its (this study), SBC – subsurface Subcarpathian Nappe,
CFB – Carpathians Foredeep ba sin, IMF – IntraMoesian Fault, ECBZ – East ern Carpathians Bend Zone; C – nappes of the Ro ma nian
Carpathian area. Age of de for ma tion: J3 – Late Ju ras sic, K1 – Aptian–Albian, K2 – late Campanian–early Maastrichtian, Pg3?-M1 – 
(?)late Oligocene–early Burdigalian, M2 – mid dle Mio cene (Rãbãgia et al., 2011; Krézsek et al., 2013); D – modified re gional
cross-sec tion from Schleder et al. (2019)



petrofacies (i.e. Cheia, Corbi for ma tions) was also ob served in
the east ern Getic De pres sion (Roban, 2008; Fig. 1B). Rãbãgia
et al., (2011) con sid ered that this fa cies mi grated in time (early
to late Oligocene) and space (from the Getic De pres sion to -
wards the ECBZ and EC), be ing em bed ded within
Pucioasa-like mudstones (i.e. Brãduleï For ma tion in the Getic
De pres sion) due to com pres sion from the prop a gat ing fore -
land. Re cently, Mio cene foraminifera (e.g., Trilobatus
quadrilobatus, Globoquadrina dehiscens) and cal car e ous
nannoplankton (e.g., Sphenolithus belemnos, Helicosphaera
ampliaperta) as sem blages were iden ti fied by Szabo et al.,
(2010) and Szabo (2012) in the Pucioasa and Fusaru for ma -
tions along the Pucioasa sec tion (Fig. 2A, B).

The Vineïiêu For ma tion (Grigoraê,1951 fide Popescu,
1952; Melinte and Brustur, 1998) con sists of grey cal car e ous
mudstones and some centi metre/metre-thick bentonitic tuffs
(Vineïiêu/Gura Vitioarei bentonites, Vãlenii de Munte/Mlãcile
tuffs), (�tefãnescu et al., 1993; Alexandrescu et al., 1994;
Frunzescu, 2013; Fig. 3) with interbedded thin con vo lute
fine-grained and bioturbated sand stones (Popescu, 1952;
Szabo, 2012). Based on cal car e ous nannoplankton, this for ma -
tion was con sid ered up per most Oligocene to lower Burdigalian
(NP25–NN2) (Vineïiêu, Lupa and Teleajen val leys – ECBZ;
Mãrunïeanu, 1999; Melinte and Brustur, 2008).

The fol low ing “up per dysodiles” and “menilites” (Olteanu,
1952; Bãdescu, 2005) or Starchiojd For ma tion (Popescu, 2002
fide Frunzescu, 2013) con sist of dark grey or ganic-rich shales
(dysodiles) with some menilites and decimetre/metre-thick
argillitized vol ca nic tuffs such as the Bãtrâni Tuff (Popescu,
1952; �tefãnescu et al., 1993; Fig. 3). This for ma tion is con sid -
ered lower Burdigalian (Mãrunïeanu, 1999), as it is placed be -
tween the Vineïiêu For ma tion (NN2 Biozone) and Cornu For -
ma tion (NN3 Biozone).

The Slon For ma tion (Popescu, 1961 fide Bucur, 1966;
Sãndulescu et al., 1995) was con sid ered Oligocene to lower
Burdigalian (�tefãnescu, 1995) based on the type of fa cies
which de vel oped in the Vineïiêu, Starchiojd and Cornu for ma -
tions (Olteanu, 1952; �tefãnescu et al., 1988; �tefãnescu,
1995; Frunzescu, 2013; Fig. 3). This fa cies is char ac ter ized by
cha otic de pos its with re worked Cre ta ceous, Paleogene and
lower Mio cene age clasts em bed ded in a black/grey mudstone
in ter preted as olistostromes (�tefãnescu, 1995) and de vel oped 
in the ECBZ (Olteanu, 1952) and EC (Joja, 1952). �tefãnescu
(1995) de scribed thick (100 m), mas sive, con vo lute sand stones 
with fine con glom er ates in the up per part of the Fusaru For ma -
tion and sug gested that these re place the Pucioasa-Fusaru fa -
cies to wards the hin ter land.

The deep ma rine set ting was re placed by a shal low ma rine
set ting dur ing the early Burdigalian (Schleder et al., 2019). This
can be ob served through the pres ence of the shal low ma rine
Cornu For ma tion with the Sãrata Gyp sum that has an ero sional
con tact with the top of the deep ma rine Pucioasa-Fusaru
lithofacies (Mrazec and Popescu-Voiteêti, 1914; Mãrunïeanu,
1999; Schleder et al., 2019; Filipescu et al., 2020; Fig. 3).
These are fol lowed by the un con form able Burdigalian–lower
Badenian coarse-grained del tas of the Doftana For ma tion
(sensu �tefãnescu and Mãrunïeanu, 1980; Mãrunïeanu, 1999). 
Re cently, Filipescu et al. (2020) sug gested that the Cornu and
Doftana for ma tions may be in re al ity youn ger (up per Badenian
to Sarmatian).

METHODS

An ~6-km-long sec tion with a se ries of ex po sures at
Pucioasa (Fig. 2A) along the riverbed and riv er bank of the
Bizdidel Val ley (N 45°5’45.80“, E 25°26’51.99”) was ana lysed

by biostratigraphic, ra dio met ric (zir con U-Pb dat ing on the
Bãtrâni Tuff), struc tural and sedimentological meth ods. The for -
ma tions uti lized in this study are based on the 1:50,000
Pucioasa map of �tefãnescu et al. (1988; Fig. 2A).

FIELDWORK AND SAMPLE COLLECTION

De tailed struc tural and sedimentological field ob ser va tions
and mea sure ments of bed ding, faults, frac tures, folds and
palaeocurrents were re corded. The struc tural mea sure ments
were taken us ing both a 360° Freiberg com pass/cli nom e ter and 
the FieldMove™ dig i tal map ping ap pli ca tion. The sense of fault
move ment was de ter mined based on the pres ence of off set
strati graphic mark ers or ki ne matic in di ca tors such as
slickenlines or slikenfibres. Fault-slip slickenline data were col -
lected in situ from ex posed fault sur faces in or der to per form a
palaeostress in ver sion. In this study, the fault data were
analysed us ing Angelier’s (1990) di rect in ver sion method
(INVD) im ple mented in SG2PS soft ware (Sasvari and Baharev, 
2014). This method es ti mates the re duced stress ten sor and
the shear stress mag ni tudes from fault-slip data (Angelier,
1990). The pro gram also graph i cally com putes the stress re -
gime based on the stress in dex (R’; Delvaux et al., 1997). Struc -
tural data pro cess ing and vi su al iza tion were car ried out us ing
Stereonet 10 (Allmendinger et al., 2012; Cardozo and
Allmendinger, 2013). The mea sure ments were graph i cally rep -
re sented us ing both rose di a gram plots of az i muth dis tri bu tions
(at 10° sec tor an gles) and equal area stereonets, lower hemi -
sphere pro jec tion us ing poles to planes where ap pro pri ate. The
con tour ing was cal cu lated af ter Kamb (1959) at 2 and 3 sigma
stan dard de vi a tion above a ran dom pop u la tion.

The cross-sec tion was con structed in Move soft ware suite
fol low ing suc ces sive steps which in cludes: georeferencing and
im port ing the 1:50,000 geo log i cal map of �tefãnescu et al.
(1988), pre ex ist ing cross-sec tions (e.g., Stefanescu et al., 1988;
Bercea et al., 2016; Schleder et al., 2019) and the Dig i tal El e va -
tion Model of the area. The struc tural mea sure ments from the
field (col lected with co or di nates) were also im ported in the pro ject 
and pro jected onto the cross-sec tion. The next step in volved the
con struc tion of the cross-sec tion us ing all the data. In Move, we
mainly used a tool called “ho ri zon” from a tem plate which al lows
the con struc tion of the lay ers by keep ing the thick ness con stant.
The sedimentological data was ob tained at centi metre/decimetre 
scale and in cluded grain size (10x hand lens, Wen tworth grain
size com para tor, ruler), li thol ogy, bed con tacts and sed i men tary
struc tures. The sedimentological data was grouped into fa cies
and fa cies as so ci a tions. Four syn thetic logs were made start ing
from the two ma jor anticline hinge lines hav ing a thick ness rang -
ing from ~350 to 800 m. A 1 m Ja cob staff with a 360° Freiberg
com pass was used for the thick ness mea sure ments. Quan ti ta -
tive palaeocurrent mea sure ments were ob tained and plot ted in
SG2PS (Sasvari and Baharev, 2014) soft ware (mod i fied in
CorelDraw2022) al though not re-tilted for tec tonic dip cor rec tion
(bed ding dip <= 20°; Collinson et al., 2006). Also, 3 qual i ta tive
palaeocurrent (no dip cor rec tion) ob ser va tions were made to as -
cer tain the gross di rec tion of flow for some asym met ri cal rip ples
(Vineïiêu For ma tion).

BIOSTRATIGRAPHY

The biostratigraphy was in ter preted based on cal car e ous
nannoplankton and foraminifera. Forty-one mudstone sam ples
from the Pucioasa sec tion (Fig. 2A) were ana lysed for cal car e -
ous nannoplankton con tent. The sam ples were pre pared by the 
stan dard smear slides tech nique (Bown and Young, 1998) and
ex am ined un der a light mi cro scope (Axiolab A) in po lar ized
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Fig. 2A – 1:50,000 mod i fied geo log i cal map of the Pucioasa area (�tefãnescu et al., 1988); B – sim pli fied cross-sec tion us ing sur -
face and subsurface pub lished data (�tefãnescu et al., 1988; Schleder et al., 2019); C–E – stereonets of struc tural data col lected in
the field; F – stress in ver sion plot (af ter Angelier, 1990) of fault lineation data; G – the o ret i cal fault fam ily as so ci ated with dextral
(1st or der) and sinistral slip (2nd or der; adapted af ter Carne and Lit tle, 2012)
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Fig. 3. Syn thetic lithostratigraphic chart for the Tarcãu (ECBZ) Nappe and this study (light blue color poly gon)

Cal car e ous nannoplankton biozones based on Mar tini (1971) while the age dis tri bu tion is from Raffi et al. (2020). Burdigalian di vi sion is
based on Grunert et al. (2010). Lithostratigraphy uses in for ma tion from �tefãnescu et al. (1988, 1993, 1995); Mãrunïeanu (1999); Bãdescu
(2005); Melinte and Brustur (2008); Popescu (2002), fide Frunzescu (2013), Filipescu et al. (2020); UD/M – up per dysodiles and menilites.
Dis con tin u ous dot ted red lines rep re sent re gional tuffs in the ECBZ/East ern Carpathians: TVi (Vineïiêu Tuff), GVb (Gura Vitioarei
bentonites), TVa (Vãlenii de Munte Tuff), TMl (Mlãcile Tuff), TB (Bãtrâni Tuff), TF (Falcãu Tuff; �tefãnescu et al., 1993; Alexandrescu et al.,
1994; Frunzescu, 2013). Red star: UPb dated Bãtrâni Tuff = 17.41 ±0.27 Ma. Depositional en vi ron ment based on Conïescu et al. (1966),
�tefãnescu (1995), Sylvester and Lowe (2004), Szabo (2012), Bercea et al. (2016), Schleder et al. (2019)
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light, at 1000 x mag ni fi ca tion. Biostratigraphic and palaeo eco -
logi cal in for ma tion pro vided by foraminifera was in ter preted us -
ing the ma te rial of Szabo (2012).

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

U-Pb dat ing of the Bãtrâni Tuff was done af ter sep a rat ing
zir cons by heavy liq uid den sity-based and mag netic meth ods
from the 63–250 µm frac tions. The zir con grains were mounted
in 1“ ep oxy resin and pol ished to a 1 µm fin ish. Be fore dat ing,
the zir cons were checked with op ti cal mi cro scopic and
cathodoluminescence im ag ing. Cathodoluminescence im ag ing 
was pro duced us ing an AMRAY 1830 SEM equipped with
GATAN MiniCL and 3 nA, 10kV setup at the De part ment of Pe -
trol ogy and Geo chem is try, Eötvös Uni ver sity in Bu da pest. The
in situ zir con U-Pb iso to pic and si mul ta neous trace el e ment
anal y ses were per formed at the De part ment of Earth Sci ences,
ETH Zürich by la ser ab la tion sin gle-col lec tor sec tor field in duc -
tively cou pled plasma mass spec trom e try (LA-SF-ICP-MS).
Fur ther in stru men tal, setup and data pro cess ing in for ma tion
are given in sup ple men tary Ap pen di ces 1 and 2. Val i da tion ref -
er ence ma te ri als, cov er ing an age in ter val be tween 1063.5 Ma
and 2.409 Ma, were used to cor rect the ma trix-de pend ent age
off sets af ter Sliwinski et al. (2017). The av er age pre ci sion of the
ref er ence ma te ri als ranged from 1.2% to 2.3% (2se) in the case
of sec ond ary RM older than 30 Ma, while the youn gest has
8.3% (2se) av er age pre ci sion. The Th dis equi lib rium cor rec tion
was per formed af ter al pha dose-cor rec tion as sum ing a con -
stant Th/U par ti tion co ef fi cient ra tio of 0.33 ±0.063 (1s; Rubatto
and Hermann, 2007) and us ing the equa tions of Schärer
(1984). Zir con U-Pb dates were not cor rected for com mon Pb
con tents; how ever, dur ing data re duc tion, in te gra tion in ter vals
were set to ex clude the com mon Pb-con tam i nated sig nal in ter -
vals and data were fil tered ac cord ing to their dis cor dance
([(207Pb/235U Age) – (206Pb/238U Age)] / (207Pb/235U Age) <10 %).
Av er age un cer tainty of the in di vid ual zir con dates is given as
2se and is 1.74% (rse). In the case of trace el e ment anal y sis,
we used NIST610 as pri mary ref er ence ma te rial and zir con
91500 for qual ity con trol, and an in-house syn thetic ref er ence
ma te rial (Syn thetic Zir con Blank) to cor rect the Nb con cen tra -
tions. Tar get el e ments were Si, Zr, REE, Y, Hf, P, Nb, Ta, U, Th, 
Ti (see Ap pen dix 2), and Al, Ba were mea sured for mon i tor ing
glass and ap a tite in clu sions. Si (15.2 wt.% in zir con) was used
as an in ter nal stan dard for data re duc tion done by IOLITE. Spot
com po si tions con tam i nated with in clu sions based on el e vated
Al, Ba and La con tents were dis carded from the in ter pre ta tion.

RESULTS

The Pucioasa sec tion is ~6 kilo metres long and it ex tends
be tween the Audia Thrust to the north and the north ern mar gin
of the Valea Lungã piggy-back syncline to the south (Fig. 2A).
This sec tion is along part of the Homorâciu anticline which is
con sid ered a ma jor S/SSE-verg ing anticline, plung ing to the
west (Fig. 2A) and ex tend ing for at least 85 kilo metres to wards
the east (e.g., Murgeanu et al., 1968). The Bizdidel River cuts
the stra tig ra phy al most per pen dic u lar to the struc ture of the
Homorâciu/Pucioasa Antiform. The rocks ex posed be long pre -
dom i nantly to the Fusaru, Pucioasa, and Vineïiêu for ma tions,
with lim ited ex po sure of the Slon and Starchiojd for ma tions to
the north (Fig. 2A, B).

STRUCTURAL AND SEDIMENTOLOGICAL ASPECTS

STRUCTURAL STYLE

Close to the Audia Thrust, the beds dip gen er ally mod er -
ately to steeply (~45 to 84°) to the N/NNW, and are highly de -
formed by closely spaced thrusts (a few metres apart) show ing
sev eral rep e ti tions of dif fer ent for ma tions. These thrusts most
likely rep re sent small-scale splays of the main Audia Thrust.

Away from the Audia Thrust, the beds typ i cally dip gently to
mod er ately (15–20°) to the N/NNW and S/SSE (Fig. 2B, D) and
are de formed into large- (hun dreds of metres) to small-scale
(decimetre to metre) folds. Two large-scale anticlines (~1.6 kilo -
metres wave length), namely the Moïãeni and Diaconeêti-
Vulcana Bãi anticlines (Fig. 2A, B; Murgeanu et al., 1968), are
sep a rated by a syncline named here the Miculeêti Syncline
(Fig. 2A, B). These folds are up right (ax ial plane 80–89°), gen tle 
to open struc tures (interlimb an gles of ~120–130°) and plunge
shal lowly (1–10°) to wards the W (Fig. 2C). These folds are in -
ferred to de tach on top of the Eocene and be un der lain by im bri -
cate units of Eocene and Cre ta ceous rocks (Schleder et al.,
2019; Fig. 1D). This struc ture is also called the Pucioasa
Antiform (Fig. 2A; Schleder et al., 2019). Smaller-scale folds
(some of chev ron type) of sim i lar ori en ta tion to the large-scale
struc tures are en coun tered lo cally (Fig. 4A).

The se quence is cross-cut by nu mer ous shal lowly-dip ping
thrust planes to high-an gle faults and frac tures with mul ti ple ori -
en ta tions and ki ne mat ics (e.g., Figs. 2F and 4B–F). The shal -
lowly dip ping (12-39°) thrust planes are NNW–SSE- and
WSW–ENE-trending (Fig. 2F). The NNW–SSE-trending
thrusts gen er ally dis play ki ne matic in di ca tors such as
slickenline lineations show ing re verse (slightly) oblique ki ne -
mat ics sug gest ing top-to the NNE move ments (Fig. 4B). The
WSW–ENE-trending thrusts gen er ally dis play top-to-the-S
move ments (Fig. 2D). How ever, in the forelimb of the
Diaconeêti-Vulcana Bãi Anticline, a hin ter land-verg ing thrust
was en coun tered. The dis place ment on these thrusts is gen er -
ally dif fi cult to as sess due to the lack of strati graphic mark ers;
how ever, some thrusts show dis place ments of only a few
centimetres to ~1 metre (e.g., Fig. 4C).

The high-an gle faults (57–98°) have two main trends
(Fig. 2F): NNW–SSE and NNE–SSW. The NNW–SSE
-trending faults dip steeply to wards the WSW (Fig. 2F). Some of 
these faults, gen er ally the smaller-scale ones, show tip-dam -
age pat terns such as horse tail splay struc tures, con sis tent with
dextral slip (Fig. 4B; e.g., Kim and San der son, 2006). In ad di -
tion, fault planes gen er ally pre served slickenlines also sug gest -
ing dextral ki ne mat ics (Figs. 2F and 4F). These faults are
sub-par al lel with the pre vi ously mapped large-scale N–S- to
NNW–SSE-trending dextral faults which off set the fold struc -
tures by up to ~300 m, to the east of the study area (Fig. 2A)
(�tefãnescu et al., 1988).

The NNE–SSW-trending faults dip steeply to wards the
WNW (Fig. 2F). Some of these faults are as so ci ated with wide
(~1 m) dam age zones dom i nated by a net work of closely
spaced (centi metre to decimetre) frac tures (Fig. 4D). These
frac ture pop u la tions are con sis tent with a sinistral strike-slip
Riedel sys tem (Fig. 2G). More over, some of these faults of ten
pre served slickenlines on their fault planes con sis tent with
sinistral slip (Fig. 4E). Lo cally, these high-an gle strike-slip faults 
seem to cross cut the NNW–SSE- trending thrusts (Fig. 4G).

Those two sets, dextral and sinistral, de vel oped at ~60° to
each other, can rep re sent first-or der Riedel shear struc tures
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Fig. 4A – small-scale fold found close to the hinge line of the Diaconeêti-Vulcana Bãi Anticline; B – horse tail splays with a thrust
show ing top-to-the-NNE move ment (around Moïãeni Anticline); C – thrust with ~1 metre dis place ment (north ern limb of Moïãeni
Anticline); D – frac tures re lated to a sinistral strike-slip Riedel sys tem (Moïãeni Anticline); E – fault plane with slickenlines re lated
to sinistral ki ne mat ics (Moïãeni Anticline); F – fault planes with dextral ki ne mat ics (Moïãeni Anticline); G – high-an gle strike-slip
faults that cross-cut the NNW–SSE-trending thrusts (Moïãeni Anticline)



de vel op ing si mul ta neously, as part of the same dextral
strike-slip sys tem (Fig. 2G). Palaeostress in ver sion anal y sis of
these fault slip data yields a N-S com pres sive stress (Fig. 2F).
The in ver sion sug gests that the faults de vel oped in a strike-slip
to transtensional re gime of near-hor i zon tal com pres sive stress
(s1) with an axis ori en tated 16/002° and near-hor i zon tal
extensional stress (s3) with an axis ori en tated 12/268°
(Fig. 2F).

The N–S-di rected com pres sive stress ob tained is the same
as the stress field sug gested for the Wallachian phase
(Hippolyte and Sãndulescu, 1996). This stress field would also
fa vor the de vel op ment of the E–W-trending folds and the
WSW–ENE-trending thrust (Fig. 2G). In ad di tion, it is known
that Wallachian folds pres ent in the up per Mio cene–lower Pleis -
to cene strata are com monly large (interlimb an gles of
~70–150°; Hippolyte and Sãndulescu, 1996). Al though de vel -
oped in older stra tig ra phy, the folds ob served in our study area
are also gen tle to open struc tures (interlimb an gles of
~120–130°). It is very pos si ble that these struc tures de vel oped
dur ing the Wallachian phase to gether with the
NNW–SSE-trending dextral faults (and as so ci ate Riedel shear
struc tures) act ing as tear faults which par ti tioned the E–W to
WSW–ENE-trending contractional struc tures.

The NNW–SSE-trending thrusts iden ti fied in the study area
(Fig. 4B, G) are more par tic u lar and do not seem to fit with the
pre vi ously de scribed (pos si bly) Wallachian struc tures. These
thrusts, which are al most per pen dic u lar to the E–W-trending
folds and thrusts, are cross-cut by the high-an gle strike-slip
faults (Fig. 4G), sug gest ing their ear lier de vel op ment. It was
pre vi ously sug gested that the on set of de for ma tion of the
Tarcãu Nappe, in clud ing the folds in the study area (Schleder et 
al., 2019), took place dur ing the intra-Burdigalian phase
(Sãndulescu, 1984). It is pos si ble that these struc tures are re -
lated to the pre-Wallachian events (intra-Burdigalian or
Badenian-Sarmatian). A fur ther re gional study should be car -
ried out to de ter mine the na ture and tim ing of these struc tures.

SEDIMENTOLOGY

The de pos its ana lysed con sist of sev eral lithologies in clud -
ing mudstones, sand stones, slightly muddy sand stones, muddy 
sand stones, sandy to clast-sup ported con glom er ates/brec cias,
muddy sandy con glom er ates, muddy mud-clast con glom er -
ates, vol ca nic tuffs, and or ganic-rich shales (dysodiles). They
are as so ci ated with var i ous sed i men tary struc tures re sult ing in
the de scrip tion of 14 fa cies (F; Ta ble 1). Those fa cies are
grouped into 4 fa cies as so ci a tions dis cussed be low:

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

The Pucioasa and Vineïiêu for ma tions (Figs. 2A, 3 and
5A1–A4) are char ac ter ized by F1 with thin-bed ded very fine/fine 
sand stones (Fig. 6A–C) em bed ded in centi metre/metre thick
dark/light grey (rare brown ish/green ish) mas sive, lam i nated,
graded mudstones (F2, Fig. 6D). Black or ganic-rich laminae are 
com mon in the mudstones. The sand stones are nor mally
graded, have pla nar lami na tions, and asym met ri cal and climb -
ing rip ples (Fig. 6A), with fre quent muddy ma te rial on the
foresets. The asym met ri cal and climb ing rip ples can pass lat er -
ally/up wards into con vo lute lam i na tion (Fig. 6C). Phytodetritus
is fre quent in the sand stones, the bases of which can be ero -
sional to sharp. Rare centi metre-scale synsedimentary faults
were ob served. The me dium-bed ded muddy sand stones (F.3;
Fig. 6E) and me dium- to thick-bed ded sand stones (F4; Fig. 6B,
F) range from 10 to 80 cm-thick. The me dium-bed ded muddy

very fine to fine sand stones (F3) are con vo lute with wa ter es -
cape struc tures and can have flat, ero sional bases with mud
rip-up clasts. F4 me dium- to thick-bed ded sand stones are nor -
mally graded, amal gam ated with ero sional to sharp bases and
with asym met ri cal rip ples, con vo lu tions and pla nar laminae.
The lat ter can con tain plenty of coalified phytodetritus (Fig. 6F).
Thin structureless sand stone in tru sions (F5) de velop along
frac tures and ap pear as sill/dyke com pos ites (Fig. 6G) and
dykes (Fig. 6B).

In ter pre ta tion: the above-de scribed de pos its were de pos -
ited by low-den sity tur bid ity cur rents (F1+F2+F4; Tce, Tde,
Tcde, Tbce; Bouma, 1965), high- to low-den sity tur bid ity cur -
rents (F4; Tabce) and slurry flows (F3; Lowe and Guy, 2000).
F1 is char ac ter ized by grain-size breaks (by passed sed i ments,
Talling et al., 2012) and plenty of dis tal asym met ri cal climb ing
rip ples (high sus pended fall out rates) de pos ited in non-uni form
flows (Jobe et al., 2011). The close ness of FA1 to the con fined
coarse-grained depostis be long ing to the Fusaru chan nel suc -
ces sions (dis cussed in de tail be low) (Fig. 5A1–A4) can ex plain
the above struc tures through a gra di ent change when flow strip -
ping oc curred be cause of a lack of con fine ment. Also, the lat -
eral/up wards change of trac tion sed i men ta tion into con vo lute
laminae shows a rapid and ac tive sed i men ta tion en vi ron ment
(Talling et al., 2012; Tinterri et al., 2016). The sand stone slurry
de pos its are tran si tional flows where tur bu lence was di min -
ished by mud con tent (Lowe and Guy, 2000; Hub bard et al.,
2009). Loft ing de pos its (Zavala and Arcuri, 2016; Fig. 6F) may
re flect extrabasinal hyperpycnal flow to gether with the graded
mudstones and coalified phytodetritus. We in ter pret FA1 as a
deep ma rine levee/overbank (F1, F2) set ting with overbank el e -
ments such as cre vasse splay lobes (F3, F4; Fig. 7; Hub bard et
al., 2009). We in ter pret the structureless sand stone in tru sions
as post-depositional injectites over pres sured fluidized sand -
stones (Duranti and Hurst, 2004) that may re late to a
contractional re gime as found else where in the ECBZ (see
Tãmaê et al., 2020).

FACIES ASSOCIATION 2 (FA2): 
CONFINED SANDSTONES AND CONGLOMERATES

This rep re sents the Fusaru For ma tion (Figs. 2A, 3 and 5A1, 
A2) and con sists of very fine to very coarse me dium-bed -
ded/graded sand stones, me dium/thick-bed ded slightly muddy
sand stones and structureless sand stones (decimetre- to
metre-thick) (F6, F7, F8). F6 has nor mal to re verse graded
sand stones, trac tion sed i men ta tion struc tures such as
cross-strat i fi ca tion, pla nar (Fig. 6H), asym met ri cal and climb ing 
rip ple lam i na tion (Fig. 6I). Nor mally graded slightly muddy very
fine to fine sand stones with fre quent asym met ri cal rip ples, pla -
nar and some con vo lute laminae de velop within F7. Nor mally
graded, amal gam ated, structureless sand stones char ac ter ize
F8 (Fig. 6I–K). The sand stone bases can be flat to ero sional or
with load casts (iso lated load balls; F8; Fig. 6I) and flames.
Mudstone rip-up clasts are fre quent, and rarely can reach 80
cm on the long axis (F8; Fig. 6J). Thin F2 beds can be
interbedded be tween F8-type sand stones (Fig. 6K). Centi -
metre-thick lenses of coarse/very coarse sand and scat tered
gran ules (lo cally imbricated – (a[p]a[i])) de velop in some sand -
stones (F8, F6). The con glom er ates can be sandy to clast-sup -
ported (F9; Fig. 6L) or can ap pear as dis or ga nized muddy
sandy con glom er ates (F10; Fig. 6M). The con glom er ates can
be structureless (F10) and/or re verse to nor mally graded (F9;
Fig. 6N) with flat to ero sional bases (mudstone rip-up clasts).
They have a grain size rang ing from fine peb bles to large cob -
bles and rare boul ders (lime stones). A few brec cias were ob -
served in F9. De formed mudstone- sand stone cou plets char ac -
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ter ize F11 (Fig. 6O) that con tain mostly F7-type sand stones.
Onlap wedge strata ter mi na tions were iden ti fied in F11 at
~330 m (Figs. 5A1 and 6O). Structureless sand stones and
sandy gran ules were seen in jected (F5) into back ground
mudrocks as dykes, form ing in tru sion swarms and abrupt lat -
eral ter mi na tions. An in ter est ing fea ture is some hor i zon -
tal/sub-hor i zon tal beds of F6, F7 with onlap ter mi na tions on ero -
sional sur faces, at around 0–50 m (Figs. 5A1 and 8). These ap -
pear as or ga nized lat eral stack ing (Funk et al., 2012) ar chi tec -
tures (Fig. 8), mi grat ing from south to north, lo cally with thin
F2-type mar gin drapes (McHargue et al., 2011). Here
palaeoflow mea sure ments from sand stone flutes show trans -
port to the ESE (Fig. 5A1, B). The last two ob ser va tions in di cate 
a gross west to east flow. The lat eral stack ing pack ages have
an over all coars en ing-up wards trend (Fig. 5A1).

In ter pre ta tion: The fa cies de scribed in FA2 was de pos ited
by high- to low-den sity tur bid ity cur rents (F2, F6–F9; Fig. 6H–L,
N), co he sive de bris flows (Dm2 of Talling et al., 2012; F10;
Fig. 6M), slump ing (F11, Fig. 6O) and fluidized overpressured
sand stones – injectites (F5). In the low-den sity tur bid ity de pos -
its, trac tion sed i men ta tion re lates to Tb, Tc and in places with
Td/Te (Bouma, 1962; F6–F8, F2). The high-den sity tur bid ity de -
pos its are in ter preted as R2/R3 se quences of Lowe (1982) (F9;
Fig. 6L, N) for con glom er ates, de pos ited as trac tion car pets
with rapid fall out sed i men ta tion. For sand stones, S1–S3/Ta se -
quences (Bouma, 1962; Lowe 1982), (F6–F8; Fig. 6H–K) were
in ter preted as de pos ited by trac tion, trac tion car pets and sus -
pen sion sed i men ta tion. Co he sive de bris flows (F10; Fig. 6M)
were de pos ited through en-masse co he sive freez ing (Talling et
al., 2012). F11 (Fig. 6O) with de formed strata and synkinematic
sed i men ta tion (onlap/wedge) re lated to a slump fail ure on a
levee made from F7/F2. We in ter pret FA2 of the Fusaru For ma -
tion as con fined chan nel de pos its (Sprague et al., 2005; Figs.
5A1, A2 and 7). The hor i zon tal/sub-hor i zon tal (Fig. 8B) beds
be tween ero sional sur faces (Fig. 8C–E) are typ i cal of
cut-and-fill ge om e tries re lated to chan nel avul sion (Abreu et al.,
2003).

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

FA3 de scribes the Starchiojd For ma tion with the Bãtrâni
Tuff (Figs. 2A, 3 and 5A1). F12 is com posed of or ganic-rich fis -
sile shales (dysodiles; Fig. 6P) with coalified phytodetritus, sul -
phur, gyp sum efflorescences and some F2 mudstone
interbeds. Also, two decimetre-/metre-thick grey-whit ish, some -
times with red dish-brown col oured crusts, vol ca nic argillized
plas tic tuff pack ages (F13; Fig. 6Q) are de vel oped, sep a rated
by 4-m-thick dysodiles. The tuff can be nor mal graded, mas sive
or with pla nar, asym met ri cal rip ple and con vo lute laminae,
interbedded with thin F12 rocks. Dark muddy ma te rial de vel ops
on the foresets of the asym met ri cal rip ple laminae (Fig. 6Q).
The palaeocurrent flow (no dip cor rec tion) of the asym met ri cal
rip ple laminae shows a trend to the SW.

In ter pre ta tion: The dysodiles were formed due to anoxic
con di tions re lated to ba sin palaeogeographic iso la tion
(Amadori et al., 2012). These de pos its were con sid ered by
�tefãnescu et al. (1993) to be a re gional marker that drapes the
older rocks (Fig. 7E). Brief anoxic dis rup tions are sig naled by
the pres ence of F2-type rocks (Fig. 5A1). The vol ca nic tuffs
were de pos ited by low-den sity tur bid ity cur rents, given the nu -
mer ous asym met ri cal rip ple laminae. �tefãnescu et al. (1993)
in ter preted some lower Mio cene tuffs with asym met ri cal rip ple
laminae from the ECBZ as de pos ited by ma rine bot tom cur -
rents.

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

This char ac ter izes the Slon For ma tion (Figs. 2A, 3 and 5A1) 
and con sists mostly of structureless/dis or ga nized muddy con -
glom er ates (F14; Fig. 5A1). Centi metre-thick dysodile clasts
and centi metre- to metre-thick green ish-red dish (Fig. 6R) mud
clasts, orig i nat ing from the nappes im me di ately to the north,
were ob served in a grey mudstone ma trix. Around the base
(~625 m – Fig. 5A1) interbedded non-cha otic metre-thick or -
ganic-rich dysodiles (F12) are pres ent. F6-type metre-thick
amal gam ated nor mally graded sand stones with mud rip-up
clasts, peb bles, asym met ri cal rip ple laminae and phytodetritus
were iden ti fied near the top.

In ter pre ta tion: The F4 de pos its were in ter preted as mass
trans port com plexes (MTC; Moscardelli and Wood, 2008) re -
lated to ac tive com pres sion tec ton ics (hin ter land nappe stack -
ing) that trig gered mass fail ure of the up per slope/shelf edge
(Fongngern et al., 2018; Fig. 7D, E). This formed co he sive
muddy de bris av a lanches (Hub bard et al., 2009; Dm2 of Talling
et al., 2012) that set tled through en masse co he sive freez ing
(Lowe,1982, Mulder and Al ex an der, 2001). They were de pos -
ited around the base of the slope/ba sin floor (foredeep or
wedge-top bas ins). The or ga nized sand stones (F6) were de -
pos ited by high/low tur bid ity cur rents (Tac; Bouma, 1962) prob -
a bly by fill ing the neg a tive to pog ra phy of (ponding in) the mass
trans port com plexes. The metre-thick F12 may be a slide block
(olistolith) from FA3, the re sult of in situ sed i men ta tion dis rupted 
by mass trans port com plexes, or a struc tural rep e ti tion. Due to
poor ex po sure, in ter pre ta tion is dif fi cult.

BIOSTRATIGRAPHY

CALCAREOUS NANNOPLANKTON

The cal car e ous nannoplankton as sem blages (Ta ble 2) are
char ac ter ized by a low to low/me dium di ver sity, fluc tu at ing
abun dance, and poor to mod er ate pres er va tion. Due to the
struc tural set tings and sed i men ta tion that can in volve sig nif i -
cant sol ids re work ing, the iden ti fi ca tion of cer tain biozones was
lo cally dif fi cult. From the Diaconeêti–Vulcana Bãi Anticline with
Pucioasa For ma tion de pos its (�tefãnescu et al., 1988) 16 sam -
ples were col lected (PN1–PN11, PN16–PN20) and two logs
were con structed (Fig. 5A3, A4).

The north ern limb sam ples (PN1–PN11; Fig. 5A3) of this
anticline are of mod er ate abun dance and pres er va tion and
low/mod er ate di ver sity. Here, Helicosphaera ampliaperta
(Fig. 9A) was iden ti fied in four sam ples (Ta ble 2). As this spe -
cies has its first oc cur rence within the NN2 Biozone (base
Burdigalian; Mãrunïeanu, 1999; Raffi et al., 2020) we in ter pret
log 3 (Fig. 5A3) from the Pucioasa For ma tion as not older than
Burdigalian (NN2 Biozone).

The south ern limb of the Diaconeêti–Vulcana Bãi Anticline
(PN16-PN20; Fig. 5A4) is char ac ter ized by low abun dance and
di ver sity (Ta ble 2) and poor pres er va tion of the cal car e ous
nannoplankton com pared to the north ern limb (Fig. 5A3). The
first oc cur rence of Helicosphaera scissura (Fig. 9B) and
Reticulofenestra pseudoumbilicus (<7 µm) (Fig. 9C) in the
Paratethys were re corded in the NN1 Biozone and re spec tively
at the base of the NN2 Biozone of the Aquitanian (Mãrunïeanu,
1999; Melinte and Brustur, 2008; Kováè et al., 2017; Raffi et al.,
2020). Young et al., (2017) pro posed the first oc cur rence of R.
pseudoumbilicus in the NN4 Biozone and the first oc cur rence of 
Helicosphaera scissura in the up per part of the NN2 Biozone.
There fore, we in ter pret log A4 (Fig. 5A4) of the Pucioasa For -
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Fig. 5A – synthetic logs (1, 2, 3, 4) of the Bizdidel Val ley show ing the U/Pb and cal car e ous nannoplankton sam ples (see text for more
de tails); B – some palaeocurrent mea sure ments from Fusaru For ma tion sand stones (flutes and groove marks) – lo ca tion log 1 base

vlP – very large peb bles, lP – large peb bles, mP – me dium peb bles, sP – small peb bles, Gra – granulles, vcS – very coarse sands, cS –
coarse sand, mS – me dium sand, fS – fine sand, vfS – very fine sand, M – mudstone



ma tion as not older than Aquitanian (NN2 Biozone). Log 2 (Fig.
5A2) is sit u ated in the south ern limb of the Moïãeni Anticline
(PN12–PN15) and was sam pled only from mudstones of the
Pucioasa For ma tion (�tefãnescu et al., 1988). It shows low/me -
dium abun dance, pres er va tion and di ver sity (Ta ble 2).
Helicosphaera ampliaperta ap pears in all the sam ples in ves ti -
gated, and Sphenolithus heteromorphus (Fig. 9D,E) and
Helicosphaera walbersdorfensis only in one sam ple (PN14).
The first oc cur rence for the last two spe cies noted is placed
around the base of the NN4 Biozone (Young et al., 2017;
Boesiger et al., 2017), al though in the Paratethys realm
Helicosphaera wal bers dorfensis has been re corded from the
up per part of the NN4 Biozone (Hohenegger et al., 2009) or
higher , per haps even in the NN6 Biozone (Mãrunïeanu, 1999).
Based on the co-oc cur rence of Helicosphaera  ampliaperta,
Sphenolithus heteromorphus and Helicosphaera walbers -
dorfen sis and the close ness of the sam ples, we in ter pret log 2
(Fig. 5A2) of Pucioasa For ma tion as not older than Burdigalian
(NN4 Biozone).

In the north ern limb of the Moïãeni Anticline, 8 sam ples
(PN21–PN28; Fig. 5A1) were taken from the mudstones found
in the Fusaru For ma tion. These are of It has a low/mod er ate di -
ver sity and high abun dance. Sphenolithus belemnos was iden -
ti fied in one sam ple (PN28) while Helicosphaera ampliaperta
was ob served in 4 sam ples (Ta ble 2). Sphenolithus  belemnos
was iden ti fied within NN3 Biozone (Mãrunïeanu, 1999) or in the
up per part of the NN2 Biozone (Raffi, 2020). For this ex po sure
an age not older than Burdigalian (NN2–NN3 Biozones) was in -
ter preted.

The mudstones of the Vineïiêu For ma tion (Fig. 5A1)
showed a high abun dance and low/me dium di ver sity of spe cies. 
Here, a more con sis tent ap pear ance of Helicosphaera
ampliaperta was ob served (7 sam ples) to gether with a few
spec i mens of Helicosphaera walbersdorfensis (PN30, PN34;
Fig. 9F). Thus, based on the co-oc cur rence of these spe cies we 
in ter pret this sec tion as not older than Burdigalian (NN4
Biozone). One sam ple (PN 38) was taken from the Starchiojd
For ma tion but it proved to be bar ren. Three sam ples were taken 
from Slon For ma tion (PN39–PN41) and they con tained a few
Mio cene spe cies (Reticulofenestra haqii, Reticulofenestra

pseudoumbilicus) to gether with some long-rang ing taxa
(Coccolithus pelagicus, Sphenolithus moriformis, Discoaster
deflandrei, Reticulo fenestra bisecta).

THE BIOSTRATIGRAPHIC RE-EVALUATION OF PUBLISHED CALCAREOUS
NANNOPLANKTON

Even though the for ma tions were in ter preted as Oligocene
and Oligo-Mio cene on the 1:50,000 geo log i cal map of
�tefãnescu et al. (1988; Fig. 2A and Ta ble 3), the as so ci ated
cal car e ous nannoplankton may be in ter preted dif fer ently. The
pres ence of Helicosphaera ampliaperta in the Fusaru and
Pucioasa for ma tions in di cates a Burdigalian age (not older than 
NN2 Biozone). The oc cur rence of Helicosphaera ampliaperta
and Sphenolithus belemnos in the Vineïiêu For ma tion in di cates 
a Burdigalian age (NN2–NN3 Biozones) while Sphenolithus
heteromorphus was iden ti fied only in the Starchiojd For ma tion
which in di cates a Burdigalian age (NN4 Biozone).

FORAMINIFERAL BIOSTRATIGRAPHY

The small num ber of plank tonic foraminifera in most of the
sam ples in ves ti gated and their mixed ages sug gest that the
spec i mens may have been sorted dur ing trans port and re work -
ing. Rare lo cal abun dances (close to PN31 to PN34 in the
Vineïiêu For ma tion and around PN24 in the Pucioasa For ma -
tion) may be as so ci ated with ma rine flood ing events. Two types
of plank tonic foraminiferal as sem blages were dis tin guished: i)
those with small globigerinids (Tenuitella, Globigerina – e.g.
around PN20) re flect ing eutrophic con di tions (Filipescu and
Silye, 2008; Beldean et al., 2012) and ii) those with large
globigerinids (Trilobatus, Globoquadrina – e.g. south of sam ple
PN32) typ i cal of oligotrophic con di tions of transgressive in ter -
vals.

The pres ence of Trilobatus quadrilobatus (e.g. around sam -
ple PN29; first oc cur rence in the Aquitanian M1a Zone of Wade
et al., 2011; Fig. 9G), Trilobatus subsacculifer (e.g. around
sam ple PN29; first oc cur rence in the Aquitanian M1b Zone;
Fig. 9H), Globoquadrina dehiscens (e.g. around sam ple PN29,
PN31–PN32; first oc cur rence in the M1b Zone), and Tenuitella
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Fig. 6A – thin-bed ded vf/f sand stones with asym met ri cal rip ples (F1); B – thin/me dium-bed ded vf/f sand stones with sand stone
injectite dykes (F1, F4, F5); C – thin-bed ded con vo lute vf sand stone (F1); D – mas sive/lam i nated graded mudstones (F2); E – ero -
sional me dium-bed ded muddy sand stone with con vo lute and wa ter es cape struc tures (F3); F – thick-bed ded nor mally graded fine
sand stone with coalified pla nar laminae (F4); G – sill/dyke com pos ite vf sand stone injectites (F5); H – me dium-bed ded f/m pla nar
lam i nated to cross-strat i fied sand stone (F6); I – me dium-bed ded and graded f/m sand stones (F6) eroded by thick-bed ded
structureless f/m sand stones with imbricated clasts (+ iso lated load balls), (F8); J – thick-bed ded structureless m/c sand stones
with decimetre-thick rip-up mud clasts (F8); K – nor mal faulted me dium-thick bed ded structureless f/m sand stones (F8) with rare
thin F2 interbedding; L – clast-sup ported con glom er ates/brec cia (F9); M – dis or ga nized muddy sandy con glom er ates (F10); N –
nor mal to re verse graded sandy vf con glom er ates (F9); O – slumped beds with synkinematic sed i men ta tion (red ar rows – onlaps),
(F11); P – or ganic-rich shales (dysodiles), (F12); Q – vol ca nic tuff with trac tional struc tures (F13); R – cha otic muddy mud-clast con -
glom er ates (F14)
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Fig. 7A – plot ted palaeodirections on an early Mio cene Carpathian fore land re con struc tion (mod i fied from Ustaszewski et al., 2008). 
Pos si ble depositional en vi ron ment in ter pre ta tion: B – clas si cal lin ear source grav i ta tional flows – fan-shaped, that run approx. per -
pen dic u lar to the ba sin axis; C –  al ter na tive in ter pre ta tion with clas si cal fans and a con fined chan nels belt that run par al lel to the
orogen; D – close-up of the area of in ter est with con ti nen tal/shal low ma rine sed i men ta tion that feeds the con fined chan nel-levee
belt with cre vasse-splay lobes. Also, large-scale Mass Trans port Com plexes were in ter preted (see text for more de tails); E – hy po -
thet i cal cross-sec tion with the depositional en vi ron ment in ter pre ta tion based on logs and as so ci ated ages (PF. – Pucioasa For ma -
tion, VF. – Vineïiêu For ma tion, PF. – Pucioasa For ma tion, SF. – Starchiojd For ma tion, SlF. – Slon For ma tion, FA.1 – Fa cies
As so ci a tion 1, TB/TF – Bãtrani Tuff/Falcãu Tuff). Red dot ted light grey poly gon rep re sents the eroded area. Red star – U-Pb dated
Bãtrâni Tuff



clemenciae (e.g. around sam ple PN31–PN32; first oc cur rence
in the Aquitanian M2 Zone) clearly dem on strate the Mio cene
age of the Vineïiêu For ma tion. In the north ern part of the sec -
tion, cor re spond ing to the Slon For ma tion (e.g. around sam ple
PN40), the as sem blage con tains large plank tonic foraminifera
which were con sid ered by Cicha et al. (1998) as rang ing from
the top of the early Mio cene to mainly mid dle Mio cene
(Badenian): Globigerina concinna, Globigerina diplostoma,
Globigerinella regularis. Other spe cies, with larger ranges, but
com mon in the Mio cene, are pres ent: Globigerina bulloides,
Globigerinella obesa, Globigerinita uvula, Globoturborotalita
ouachitaensis and Tuborotalia quinqueloba.

Al though with out spe cific biostratigraphic value, the cal car -
e ous ben thic foraminifera from the dark grey mudstones of the
Pucioasa For ma tion (Szabo, 2012; Fig. 3; sam ples PN20 to
PN30) are of palaeoenvironmental im por tance. These are
char ac ter is tic of outer neritic to bathyal set tings (Culver, 1988;
Leckie and Olson, 2003; Gooday and Jorissen, 2012), adapted
to dysoxic con di tions (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 some times re flect oxic
con di tions on the sub strate (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 BÃTRÂNI TUFF

The Bãtrâni Tuff is a fine-grained tuff within the Starchiojd
For ma tion with up to 15–20% plagioclase, quartz and bi o tite of
mag matic or i gin (Fig. 10A), the crys tals of which are
euhedral-subhedral, some be ing bro ken, with a nar row size dis -
tri bu tion of 200–250 µm. The crys tals are em bed ded in an al -
tered (mostly argillitized) ma trix that in cludes fos sil moulds
(Fig. 10A). The heavy min er als sep a rated from the tuff are dom i -
nated by bi o tite, fol lowed by zir con, ap a tite and il men ite as mag -
matic crys tals. The min er als sug gest only mi nor re work ing: zir -
con, ap a tite and pheno crysts have mostly euhedral or bro ken
forms with no ap par ent chem i cal or me chan i cal abra sion; bi o tite
is mostly fresh. The zir con grains have well de vel oped mag matic
zon ing in cathodoluminescence im ages (Fig. 10B and Ap pen -
dix 3). Data of in situ U-Pb dat ing is given in the Ap pen dix 1.

We an a lysed 69 zir con crys tal rim and 2 in te rior spots from
which 61 give con cor dant re sults. A few spot anal y ses give
older dates (in te rior: ~51 Ma, rims: ~189 Ma, ~240 Ma)
whereas all oth ers are Mio cene. Two spot dates were ex cluded
be cause of their high un cer tainty. The 56 con cor dant Mio cene
dates range be tween 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 De vi a tion (MSWD) value of 3.9 and three
older out li ers above 2 sigma un cer tainty. The rel a tively high
Mean Squared Weighted De vi a tion sug gests more than one
age com po nent within the dates mea sured, there fore we cal cu -
lated the low Mean Squared Weighted De vi a tion weighted
mean age of the youn gest age pop u la tion, which is in ter preted
as the youn gest crys tal li za tion age of the zir cons. The youn gest 
pop u la tion with a weighted mean age of 17.41 ±0.06/0.27 Ma
(MSWD = 1.5) is given by 32 dates. There fore, 17.41 ±0.27 Ma
(un cer tainty also in cludes ex ter nal er rors) can be re garded as
the clos est age to the vol ca nic erup tion rep re sented by the zir -
con crys tals. For the chem i cal char ac ter iza tion of the lat est zir -
con crys tal li za tion do mains we used the rim spots and ex cluded 

the rel a tively old and in clu sion-con tam i nated data. Rim spots
have 8250–10440 ppm Hf and 510–2727 ppm Y, Th/U ra tio
var ies from 0.43 to 0.97 and U con tents are be tween
384–1273 ppm. REE and Y con tents show pos i tive cor re la tion
with Th and U con tents, while Hf shows neg a tive cor re la tion
with Ti con cen tra tions, which range be tween 1.5 and 6.8 ppm.

DISCUSSION

AGE INTERPRETATION

The biostratigraphy of the de pos its stud ied needed re eval u -
a tion given the struc tural con text and new radioisotopic age. As
the in ter preted age of the Bãtrâni Tuff is 17.41 ±0.27 Ma, this re -
gional lithological marker of the Starchiojd For ma tion
(�tefãnescu et al., 1993; Figs. 3 and 5A1) must be placed in the
mid dle Burdigalian (sensu Raffi et al., 2020).

The in ter val be tween sam ples PN21 and PN41 (Fig. 5A1)
from the Fusaru and Slon for ma tions (north ern limb of the
Moïãeni Anticline) rep re sents the most con tin u ous ex po sure
(lithostratigraphically and chro no log i cally) the sec tion stud ied,
rang ing from the Burdigalian (NN2–NN4 Biozones) to mid dle
Mio cene, prior to the de po si tion of the mid dle Mio cene Cornu
For ma tion (Filipescu et al., 2020; Figs. 2A and 5A1). In the
south ern sec tion, in the Miculeêti Syncline (Fig. 2A, B), the
north ern limb (Fig. 5A2) falls within the NN4 Biozone (cor re lat -
ing with the mid dle part of log 1) whereas the south ern limb
(Fig. 5A3) (or north ern limb of the Diaconeêti-Vulcana Bãi
Anticline) was in ter preted as fall ing within the NN2 Biozone. As
the north ern limb of the Miculeêti Syncline falls within the NN4
Biozone, we con sider the equiv a lent up per part of the south ern
Miculeêti Syncline limb to fall also within the NN4 Biozone. Due
to ex po sure gaps that af fected the thick ness mea sure ments
and some re verse faults (Fig. 5A3), the ex act thick ness of the
NN4 Biozone in log 3 is dif fi cult to as sess, but it may be above
sam ple PN8. To the west, in the Miculeêti Syncline (Fig. 2A),
the youn ger Vineïiêu and Starchiojd for ma tions oc cur, there fore 
the NN4 Biozone for both limbs of the Miculeêti syncline from
Pucioasa can be in ferred. Nev er the less, in the Miculeêti
syncline of the Pucioasa sec tion, �tefãnescu et al. (1988) noted 
only Pucioasa de pos its (Fig. 2A) al though con vo lute sand -
stones, typ i cal of the Vineïiêu For ma tion, were ob served
(Fig. 6C). Re gard ing log 4 (Fig. 5A4) in the south ern limb of the
Diaconeêti-Vulcana Bãi Anticline, the struc tural ra tio nale sug -
gests that it should have an lower–mid dle Burdigalian age
(NN2–NN4 Biozones). The de pos its be long ing to the
Starchiojd/Slon for ma tions were not ob served in logs 2, 3 and 4
(Fig. 5A2–A4). This may be due to lat eral fa cies ter mi na tion (i.e.
Slon For ma tion) and ero sion (Fig. 7E). Our re sults show that
the age of the for ma tions in ves ti gated along the Pucioasa sec -
tion are youn ger than pre vi ously thought. The Fusaru and
Pucioasa for ma tions were pre vi ously con sid ered as Oligocene
(�tefãnescu et al., 1988; Melinte and Brustur, 2008), and the
Vineïiêu For ma tion as up per most Oligocene to lower
Burdigalian (NN2 Biozone; Mãrunïeanu, 1999; Melinte and
Brustur, 2008). Here we have an age model of not older than
early Burdigalian (NN2 Biozone) and not youn ger than mid dle
Burdigalian (NN4 Biozone) for the three for ma tions. Even if the
Starchiojd and Slon for ma tions were in ter preted as lower
Burdigalian (NN2 Biozone; Mãrunïeanu, 1999) we can ex pect
an age rang ing from mid dle Burdigalian to mid dle Mio cene.

In ter est ingly, even if the cal car e ous nannoplankton
zonation used for the 1:50,000 map of �tefãnescu et al. (1988)
shows youn ger ages for the in ves ti gated for ma tions, older ages 
were still as signed (Ta ble 3).
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DEPOSITIONAL ENVIRONMENT INTERPRETATION

The four logs were ar ranged as they were mapped, from the 
anticline ax ial planes (Diaconeêti-Vulcana Bãi, Moïãeni) out -
wards (Fig. 5A). This can be help ful in get ting a better over view
of the lat eral sed i men tary tran si tion. We can in ter pret that the
im me di ate south ern Pucioasa For ma tion rep re sents an
overbank/levee sub en vi ron ment (Fig. 5A3). It is dif fi cult to de -
duce if this distributary chan nel – levee en vi ron ment is part of a

clas si cal fan ori ented per pen dic u larly to the ba sin axis
(Posamentier and Walker, 2006; Fig. 7B) or an ax ial chan nel
belt par al lel to the ba sin (De Ruig and Hub bard, 2006; Fig. 7C).
The mea sured palaeocurrents in the Fusaru For ma tion are to
the ESE (Figs. 5B and 7A – pink ar rows), sim i lar to those mea -
sured in Pucioasa For ma tion (Conïescu et al., 1966; Fig. 7A –
grey ar rows) in the area. In the east ern part of the area in ves ti -
gated Conïescu et al. (1966) noted that the dis tance cov ered by 
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Fig. 9. Rep re sen ta tive Mio cene biostratigraphic mark ers

A–F cal car e ous nannoplankton, G, H foraminifera: A – Helicosphaera ampliaperta (PN5); B – Helicosphaera scissura (PN18); C –
Reticulophaenestra pseudoumbilicus (PN18); D – Sphenolithus heteromorphus – same as E, dif fer ent ori en ta tion (PN14); F –

Helicosphaera walbersdorfensis (PN30); G – Trilobatus quadrilobatus.; H – Trilobatus subsacculifer

Fig. 8. Ex am ple of lat eral off set cut and fill chan nel stor eys (dashed red lines) with mar gin to axis bedsets (South to North)
(Sprague et al., 2005)

A – uninterpreted im age; B – In ter preted im age; C, D, E – close-up of the ero sional chan nel storey base
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the coarse-grained lon gi tu di nal flow de pos its of the Fusaru For -
ma tion was ~200–250 km. They con sid ered that the flows
started in the area of ECBZ be tween Ploeêti and Buzãu
(Figs. 1B and 7A) and went north wards par al lel to the fold and
thrust belt along what is to day the East ern Carpathians. This
dis tance in pres ent day con fig u ra tion cov ers al most all of the
East ern Carpathians (Fig. 1B). West of the area in ves ti gated, in
the Getic De pres sion (Fig. 1B), Fusaru-like slope
coarse-grained siliciclastic de pos its (Roban, 2008; Corbi and
Cheia for ma tions) were de scribed as hav ing a dom i nant
SE-wards palaeocurrent di rec tion (black ar rows; Figs. 1B and
7A) by Jipa (1982, 1994 fide Roban, 2008). How ever, this could
have fed some older Fusaru For ma tion, that now lies at depth in 
the area in ves ti gated (Fig. 7C, D). As the for ma tions from the
study area are youn ger than pre vi ously in ter preted, that
constrast with the rest of the Getic – ECBZ – East ern
Carpathians stra tig ra phy, we con sider that a re gional study is
nec es sary for age re-eval u a tion. Nev er the less, the ex ist ing
palaeocurrent data can be used, as re gard less of age it shows
dom i nant eastwards/north wards lon gi tu di nal (Jipa, 1966) cur -
rent flow. As the palaeoflow in the area of study is to the east,
and ap pears to be par al lel to the orogen, we con sider the
Pucioasa and Fusaru for ma tions as part of an ax ial chan nel
levee belt (Hub bard et al., 2008; Fig. 7D) that orig i nated in the
west (Getic De pres sion). It may have flowed north-eastwards,
eastwards (Fig. 7A) and per haps con tin ued to wards the East -
ern Carpathians. Prob a bly it was also fed by trans verse flows
from the hin ter land (Hub bard et al., 2008) co ex ist ing with clas si -
cal trans verse fan en vi ron ments (Conïescu et al., 1966; Jipa,
1966; Fig. 7C). It is dif fi cult to say whether the ax ial chan nel
levee belt was con tin u ous for hun dreds of kilo metres and ex -
tended across all of the East ern Carpathians or whether was
dis con tin u ous. The char ac ter is tic con vo lute sand stones of the
Vineïiêu For ma tion pres ent in the lower and mid dle part of log 1
dis ap pear up wards (Figs. 2A, 5A1 and 7E) into beds char ac ter -
is tic of the Pucioasa For ma tion. Also, in the north ern limb of the
Miculeêti Syncline, many con vo lute sand stones de vel oped in
what was in ter preted as Pucioasa For ma tion (�tefãnescu et al., 
1988). These sand stones may be equiv a lent to the con vo lute
sand stones from the lower-mid dle part of the Vineïiêu For ma -
tion in log 1. We in ter pret the Fusaru chan nels as hav ing mi -
grated lat er ally (Fig. 7E), for in stance be tween the ar eas of log 1 
and log 2 (eroded to day). There fore, the Vineïiêu and Pucioasa
for ma tions are lat eral equiv a lents, re lated to a chan nel
overbank/levee sub-en vi ron ment where the Pucioasa For ma -
tion was dis tal in re la tion to the Vineïiêu For ma tion. Only 3 qual i -
ta tive palaeoflow mea sure ments were made for some asym -
met ri cal rip ples around sam ples PN29–PN30 and these have a
roughly eastwards di rec tion (no bed tilt cor rec tion). Conïescu et
al. (1966) plot ted some south and south-west palaeoflows
(green ar rows; Figs. 1B and 7A) for the Vineïiêu For ma tion (in
the East ern Carpathians area) but did not re cord from where in
the for ma tion the mea sure ments were taken. The only west -

wards-di rected palaeoflows ob served (no tec tonic tilt cor rec -
tion) re late to rip ples from the Bãtrâni Tuff within the re stricted
Starchiojd For ma tion (Fig. 6Q). �tefãnescu et al. (1993) con sid -
ered the lower Mio cene tuffs of the ECBZ as de pos ited by bot -
tom cur rents. As the com pres sion mi grated in a fore land di rec -
tion, the Fusaru chan nels and as so ci ated for ma tions mi grated
lat er ally (Fig. 7E). This can be seen through the pres ence of the 
very thick Slon For ma tion (Fig. 5A1) re lated to the ac tive
compressional tec ton ics. This fa cies is diachronous
(�tefãnescu et al., 1988; Rãbãgia et al., 2011) given its pres -
ence else where within the Vineïiêu and Cornu for ma tions
(Olteanu, 1952; �tefãnescu, 1995) and prob a bly fol lows the
move ment of the thrusts. Sim i lar synkinematic de pos its have
been doc u mented in the Ukrai nian Carpathians (Hnylko, 2014). 
The ~100-m-thick mas sive to con vo lute sand stones with fine
con glom er ates de scribed by �tefãnescu (1995) some where to -
wards the hin ter land should not be in ter preted as Slon For ma -
tion as the lat ter is a co he sive debrite while the sand stones re -
late to high-den sity grav i ta tional flows. As the youn ger shal low
ma rine pig gy back de pos its of the Valea Lungã Syncline are
con sid ered mid dle Mio cene (Bercea et al., 2016; Filipescu et
al., 2020; Figs. 2A,B and 5A4), then at the time of de po si tion of
the deep ma rine ex po sures in ves ti gated, the lat eral shal low
ma rine equiv a lent was sit u ated some where to wards the hin ter -
land.

ORIGIN OF THE BÃTRÂNI TUFF

Early Mio cene silicic pyroclastic rocks and vol ca nic
ash-bear ing strata are known at many lo cal i ties in the
Carpathian-Pannonian re gion and also in its sur round ings as
both prox i mal and dis tal fa cies (e.g., Alexandrescu et al., 1981,
1994; �tefãnescu et al., 1993; Szakács et al., 2012; de Leeuw
et al., 2013; Lukács et al., 2015, 2018, 2021; Rocholl et al.,
2018; Rybár et al., 2019; Brlek et al., 2020; Sant et al., 2020;
Danisik et al., 2021; Šarinová et al., 2021). The dis tal
pyroclastic in ter ca la tions (usu ally tuffs) have a great im por -
tance not only in dat ing sed i men tary sec tions, but also in re -
veal ing the na ture of the silicic ex plo sive vol ca nic ac tiv ity (ar eal
cov er age, vol ume and explosivity) of that time. Lukács et al.
(2018) iden ti fied four main early Mio cene ignimbrite-form ing ex -
plo sive erup tions in the Bükkalja Vol ca nic Field, north ern Hun -
gary; these are the Csv-2 ignimbrite at 18.2 ±0.3 Ma, the Eger
ignimbrite at 17.5 ±0.3 Ma, the Mangó ignimbrite at 17.065
±0.014 Ma and the Bogács ignimbrite at 16.816 ±0.059 Ma. Re -
cently, Karátson et al. (2022) and Brlek et al. (2023) re fined the
age of the Eger erup tion event to 17.3 Ma and the Csv-2
(named as Wind/Kalnik) erup tion to 18.1 Ma with <100 ky un -
cer tain ties. The thick Bãtrâni Tuff from the ECBZ rep re sents the 
prod uct of one such erup tion, which pro vides in di ca tion of a
pos si ble large ex plo sive vol ca nic event. It was cor re lated by
Frunzescu (2013), based on lithostratigraphy, with the Falcãu
Tuff (Alexandrescu et al., 1981) of the East ern Carpathians
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Stra tig ra phy based on �tefãnescu et al. (1988) Age re in ter pre ta tion based on cal car e ous nannoplankton

Slon For ma tion
Starchiojd For ma tion lower Mio cene Sphenolithus heteromorphus not older than Burdigalian 

(NN4 Biozone)

Vineïiêu For ma tion Oligo–lower Mio cene Sphenolithus belemnos Burdigalian (NN3 Biozone)

Pucioasa and Fusaru for ma tions Oligocene Helicosphaera ampliaperta not older than Burdigalian 
(NN2 Biozone)

T a  b l e  3

Re in ter preted cal car e ous nannoplankton from �tefãnescu et al. (1988)

https://gq.pgi.gov.pl/article/view/28479
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(Fig. 3). The ho mog e neous grain (phenocryst) size dis tri bu tion,
min eral as sem blage, the fresh ness and un-abraded char ac ter
of the mag matic min er als of the Bãtrâni Tuff sam ple stud ied
sug gest a rapid and rel a tively short re-sed i men ta tion route, pre -
sum ably by low-den sity tur bid ity cur rents/ma rine bot tom cur -
rents af ter fall de po si tion. The source of the pyroclastic ma te rial
can be in ferred us ing com bined geo chron ol ogi cal and geo -
chem i cal cor re la tion (e.g., Lowe, 2011; Lowe et al., 2017;
Pearce et al., 2020; Lukács et al., 2021; Prentice et al., 2022).

The age of the tuff within un cer tainty can be cor re lated with the
~17.3 Ma Eger ignimbrite-form ing erup tion of the Bükkalja Vol -
ca nic Field. The Eger ignimbrite is a ~30 m thick silicic lapilli tuff
prox i mally (i.e. in the Bükkalja Vol ca nic Field) with a sim i lar
main min eral as sem blage (quartz, plagioclase, bi o tite). In the
case of the Bãtrâni Tuff stud ied, the ju ve nile glass frag ments
are not suit able for chem i cal char ac ter iza tion and cor re la tion
due to their se vere al ter ation. Lukács et al. (2021) showed that
zir con trace el e ment com po si tions can be ef fec tively used to
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Fig. 10A – op ti cal mi cro scopic im age (4x) of the Bãtrâni Tuff show ing an gu lar crys tals (feld spar, quartz, bi o tite), fos sil frag ments in
al tered ma trix; B – cathodoluminescence im ages of zir con crys tals sep a rated from the tuff with spots (30 µm) of La ser Ab la tion In -
duc tively Cou pled Plasma Mass Spec trom e try (LA-ICP-MS) anal y ses. Ages are in mil lions of years; C – zir con trace el e ment ra tios
dis crim i nat ing the lower Mio cene main ignimbrite units of the Bükkalja Vol ca nic Field af ter Lukács et al. (2021). The Bãtrâni Tuff zir -
cons show sim i lar trace el e ment ra tios to those of the Eger ignimbrite



cor re late the main pyroclastic units of the Bükkalja Vol ca nic
Field (Fig. 1A) with their dis tal coun ter parts and sug gested that
this geo chem i cal cor re la tion tech nique could be pow er ful in
case of al tered pyroclastic de pos its. In bivariate trace el e ment
and trace el e ment ra tio di a grams a strik ing sim i lar ity can be ob -
served be tween the zir cons of the Bãtrâni Tuff and those of the
Eger ignimbrite (Fig. 10C). The dis tinct chem i cal com po si tion of 
the Eger ignimbrite zir cons among the early Mio cene ig nim -
brites of the Bükkalja Vol ca nic Field is best vi su al ized on the
Th/U ver sus Yb/Dy di a gram (Lukács et al., 2021). Zir cons of the 
Bãtrâni Tuff have a high Yb/Dy ra tio for a given Th/U ra tio
(Fig. 10C) as shown also by zir con crys tals in the Eger
ignimbrite of the Bükkalja Vol ca nic Field. They share this dis -
tinc tive char ac ter among the early Mio cene pyroclastic rocks
(Fig. 10C). Thus, the sim i lar phenocryst as sem blage, zir con
U-Pb age and zir con chem is try all sug gest that the Bãtrâni Tuff
as a dis tal prod uct of the 17.3 Ma Eger erup tion.

The pyroclastic suite at Ipolytarnóc (North Hun gary),
~75 km away from the prox i mal BVF de posit, also has a sim i lar
zir con U-Pb and 40Ar/39Ar age and zir con trace el e ment com po -
si tion to the Eger ignimbrite as shown by Lukács et al. (2021),
Šarinová et al. (2021) and Karátson et al. (2022). Brlek et al.
(2023) iden ti fied the Eger erup tion-re lated ignimbrite in the Mt.
Kalnik (Croatia) and fall de pos its in the Sinj Ba sin (Croatia),
based on zir con U-Pb dat ing, glass and zir con geo chem is try.
Pos si ble dis tal coun ter parts of the Eger erup tion were pro posed 
by Lukács et al. (2018) west from the Pannonian ba sin, in the
North ern Al pine Fore land. We pro pose here that the Bãtrâni
Tuff may be an other dis tal de posit of this erup tion event and the
first ex am ple dem on strat ing that pyroclastic fall oc curred also
east-south east of the Bükkalja Vol ca nic Field, the ash be ing de -
pos ited in a deep ma rine en vi ron ment.

CONCLUSIONS

This in te grated struc tural, sedimentological and biostrati -
graphic study, cou pled with zir con U-Pb dat ing, pro vides better
con straints on the age of the strati graphic se quence in ves ti -
gated. The Pucioasa, Fusaru and Vineïiêu for ma tions have an
early to mid dle Burdigalian age (NN2-NN4 biozones). The age
of a re gional lithological marker of the Starchiojd For ma tion was 
ob tained by U-Pb dat ing of the Bãtrâni Tuff, re sult ing in an age
of 17.41 ±0.27 Ma, which falls within the mid dle Burdigalian.
The re-in ter pre ta tion of older cal car e ous nannoplankton data
from �tefãnescu et al., (1988) also shows a Burdigalian age
(NN2–NN4 Biozones).

The de pos its stud ied are in ter preted as a lon gi tu di nal
stacked chan nels belt (Fusaru For ma tion) with as so ci ated
levee/overbank (Pucioasa, Vineïiêu for ma tions) de pos its which
are lat eral equiv a lents, sourced from the west. They mi grated
lat er ally as the com pres sion prop a gated to wards the fore land.
This prop a ga tion can also be in ter preted through the pres ence
of the diachronous Mass Trans port Com plexes of the Slon For -
ma tion, which was formed through the col lapse of the up per
shelf due to hin ter land nappe stack ing. The Bãtrâni Tuff in the
ECBZ with its East ern Carpathians cor re la tive the Falcãu Tuff
(Frunzescu, 2013) may be a dis tal coun ter part of one of the
larg est erup tions iden ti fied in the Bükkalja Vol ca nic Field, Hun -
gary, based on their sim i lar zir con U-Pb age and trace el e ment
com po si tion. In this case, the Bãtrâni Tuff is the first iden ti fied
pyroclastic fall de posit of the 17.3 Ma Eger erup tion event, sev -
eral hun dred kilo metres east-southeastwards of the Bükkalja
Vol ca nic Field.

The for ma tions ex posed in our study area were most likely
sub se quently de formed dur ing the intra-Burdigalian/Badenian
–Sarmatian and the Wallachian phases. The for mer is most
likely as so ci ated with the ear lier NNW–SSE-trending thrust,
while the lat ter is as so ci ated with E–W to WSW–ENE-trending
contractional struc tures. This later event is also as so ci ated with
NNW-SSE-trending dextral faults (and as so ci ated Riedel shear 
struc tures) act ing as tear faults which par ti tioned the de for ma -
tion in the area.

Nev er the less, re gional stud ies in clud ing source area anal y -
sis, more palaeocurrent data mea sure ments in te grated within a 
depositional en vi ron ment in ter pre ta tion and de tailed struc tural
anal y sis is re quired, in or der to reach better un der stand ing of
the evo lu tion of lat eral depositional en vi ron ments along this
Carpathians in ter nal foredeep/wedge top set ting.
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1 – weighted mean average; 2 – propagated 2SE without Ssys; 3 – MSWD; 4 – no. analyses; 5 – average rel. 2SE of individual analyses
Session

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
2021118_1b
uncorrected 602 1.1 0.8 39 1.19 339.1 1.6 1.2 10 1.23 1056.6 3.6 0.94 11 1.17 38.29 0.26 0.83 10 2.3 2.365 0.081 1.5 11 8.6
shift corrected 601.6 1.1 0.83 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 2.377 0.08 1.5 11 8.5
Th disequilibrium 
corrected

38.7 0.25 0.89 10 2.3 2.45 0.08 1.5 11 8.2

AUSZ7-14 AUSZ7-55

                                                                 APPENDIX 1
Zircon U-Pb age dating analyses: summary of reference material analyses and sample data

1 – Jackson et al. (2004); Horstwood et al. (2016)
2 – Sláma et al. (2008); Horstwood et al. (2016)
3 – Wiedenbeck et al. (1995); Horstwood et al. (2016)
4 – Kennedy et al. (2014); ID-TIMS dating of University of Geneva: 38.896 ±0.05 Ma 
5 – von Quadt et al. (2016); ID-TIMS dating of ETH, Zürich: 2.4095 ±0.0017 Ma
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resistors. Journal of Analytical Atomic Spectrometry, 31: 658–665. 
Wiedenbeck, M., Alle, P., Corfu, F., Griffin, W.L., Meier, M., Oberli, F., Quadt, O.V., Roddick, J.C., Spiegel, W., 1995. Three natural zircon standards for U-Th-Pb, 
Lu-Hf, trace element and REE Analyses. Geostandards Newsletter, 19: 1–23. 

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
GJ-11 Plesovice2 91500 3



Sample Position Duration
(s)

Final207_235 Final207_235_Prop
2SE

Final206_238 Final206_238_
Prop2SE

Final207_206 Final207_206_
Prop2SE

Final208_232 Final208_232
_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 rim of 5 17.389 0.01729 0.00071 0.002644 0.000062 0.047 0.002 0.000857 0.000054
LR__42_RB_1 - 5 interior of 4 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 rim of 9 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
(s)

Final207_235 Final207_235_Prop
2SE

Final206_238 Final206_238_
Prop2SE

Final207_206 Final207_206_
Prop2SE

Final208_232 Final208_232
_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)

Lsotopic ratios

Reference 
Sliwinski, J.T., Guillong, M., Liebske, C., Dunkl, I., Quadt, A.V., Bachmann, O, 2017. Improved accuracy of LA-ICP-MS U-Pb ages of Cenozoic zircons by 
alpha dose correction. Chemical Geology, 472: 8–21.



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
LR__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
LR__42_RB_1 - 4 17.41 0.71 17.02 0.4 17.31 1.1 62 85
LR__42_RB_1 - 5 17.86 1.1 17.48 0.28 16.79 1 70 120
LR__42_RB_1 - 6 17.07 1.2 17.25 0.29 16.9 1.5 70 120
LR__42_RB_1 - 7 18.34 0.89 17.6 0.36 18.9 1.5 115 95
LR__42_RB_1 - 8 17.52 0.89 17.06 0.31 16.46 1.2 115 87
LR__42_RB_1 - 9 22.2 5.7 17.45 0.63 19.2 3.7 560 320
LR__42_RB_1 - 10 52.3 2.6 49.67 2.1 41 3.1 217 61
LR__42_RB_1 - 11 18.8 0.94 17.6 0.29 15.92 1.1 220 90
LR__42_RB_1 - 12 16.81 0.97 17.05 0.3 17.31 1.1 10 110
LR__42_RB_1 - 13 143.8 5.8 122.3 5.6 174.6 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 17.59 0.67 16.91 0.25 16.15 1.2 128 86
LR__42_RB_1 - 16 18.38 0.94 17.56 0.88 17.3 1.9 110 72
LR__42_RB_1 - 17 20.55 0.62 17.18 0.26 18.4 0.92 391 65
LR__42_RB_1 - 18 18.07 0.87 17.55 0.32 17.15 1.1 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 1.3 18.09 0.3 18.4 1.3 150 100
LR__42_RB_1 - 21 23.2 1.1 17.42 0.27 19.43 1.2 692 95
LR__42_RB_1 - 22 18.4 1.2 17.7 0.3 18.3 1.3 110 110
LR__42_RB_1 - 23 18.68 1 17.85 0.25 16.76 1.1 141 96
LR__42_RB_1 - 24 18.6 1 18.34 0.41 17.4 1.4 79 91
LR__42_RB_1 - 25 17.75 0.91 17.11 0.41 16.5 1.5 71 83
LR__42_RB_1 - 26 17.86 0.86 17.08 0.28 17.7 1.2 160 89
LR__42_RB_1 - 27 18.5 1.2 17.56 0.37 16.5 1.6 130 120
LR__42_RB_1 - 28 18.45 0.73 17.63 0.3 16.02 1.1 129 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 27.5 1.7 17.66 0.29 21.23 1.3 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 1.1 80 99
LR__42_RB_1 - 33 17.45 0.91 17.34 0.28 16.87 1.2 43 98
LR__42_RB_1 - 34 64 14 20.24 0.9 42.6 8.7 1810 450
LR__42_RB_1 - 35 18.5 1.2 18.11 0.38 19.1 1.6 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 17.6 1 17.51 0.34 18.2 1.6 40 120
LR__42_RB_1 - 38 32.8 2.4 18.38 0.28 27.9 2 1180 130
LR__42_RB_1 - 39 194.1 4.9 189.8 4.3 180.9 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_
Prop2SE

FinalAge206_238 FinalAge206_238_
Prop2SE

FinalAge208_232 FinalAge208_232_
Prop2SE

FinalAge207_206 FinalAge207_206_
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 - 50 241.1 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 17.1 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

/alculated dates



Sample Corrected
Age*

CorrectedAge_
2SE

Th_corrected
_Age

Th_corrected_
Age_2SE

logDose Approx_
U_PPM

Approx_
Th_PPM

Pb206_CPS Pb206_CPS
_Int2SE

Pb207_CPS Pb207_CPS_
Int2SE

U238_CPS U238_CPS
_Int2SE

Discordance Th/U

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 4.44 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
Age*

CorrectedAge_
2SE

Th_corrected
_Age

Th_corrected_
Age_2SE

logDose Approx_
U_PPM

Approx_
Th_PPM

Pb206_CPS Pb206_CPS
_Int2SE

Pb207_CPS Pb207_CPS_
Int2SE

U238_CPS U238_CPS
_Int2SE

Discordance Th/U

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 228 127.1 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 0.81 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

/orrected dates



Background for trace element analyses 
Session spot size refernce material masses measured (amu) quality control refernce material Internal Standard

Session 2021118_1b 30 NIST610

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

91500, Synth Zircon Blank Si, 15.2 wt%

Appendix 2 
Zircon trace element analyses: background and data

Abbreviations
Ti (corr) ppm = Ti(measured in sample)/(average of Ti(measured 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 Position Th_corrected
_Age

Th_corrected
_Age_2SE

Al La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu P Ti (corr) 2SE Ti 
(corr)

LR__42_RB_1 - 2 rim 17.21 0.25 b.d. b.d. 22.15 b.d. 1.419 3.59 0.742 23.82 8.98 124.2 49.61 254.9 58.3 546.4 114.3 484 3.39 0.35
LR__42_RB_1 - 6 rim 17.50 0.29 b.d. b.d. 9.61 b.d. 0.575 1.18 0.279 7.85 3.059 48.09 20.9 116.6 29.92 310.7 72.5 270 3.48 0.41
LR__42_RB_1 - 11 rim 17.88 0.30 b.d. 0.0099 14.02 0.0918 1.67 4.36 1.089 32.1 12.74 189.8 80.9 421 97.3 908 186.5 525 6.79 0.66
LR__42_RB_1 - 12 rim 17.34 0.31 b.d. 0.0203 14.2 0.189 3.06 5.6 1.24 29.8 10.3 137 55 281 66.1 641 138 496 3.24 0.37
LR__42_RB_1 - 14 rim 17.60 0.28 b.d. 0.01 20.42 0.0576 0.966 2.54 0.595 15.67 5.65 80 32.13 169.4 40.96 415.6 90.3 345 2.93 0.38
LR__42_RB_1 - 15 rim 17.17 0.26 b.d. b.d. 13.96 0.0258 0.492 1.632 0.267 12.69 5.46 84.9 37.95 210.4 52.9 541 120 333 2.13 0.22
LR__42_RB_1 - 18 rim 17.86 0.33 b.d. 0.0059 15.73 0.035 0.739 1.9 0.455 14.37 5.87 87.8 38.9 216 53.2 537 120.7 368 2.41 0.27
LR__42_RB_1 - 19 rim 17.40 0.31 b.d. 0.0116 19.21 0.052 1.013 3 0.586 22.77 9.23 130.9 54.1 275.6 64.2 594 125.9 493 2.18 0.28
LR__42_RB_1 - 20 rim 18.35 0.31 b.d. 0.0106 12.7 0.0443 0.79 1.74 0.493 12.3 4.81 73.4 31.1 172 41.8 418 93.8 368 4.89 0.61
LR__42_RB_1 - 25 rim 17.47 0.43 b.d. 0.0216 12.2 0.1 1.8 3.28 0.97 20.7 7.55 107.1 44.3 237 57.3 589 130 584 3.24 0.37
LR__42_RB_1 - 26 rim 17.36 0.29 b.d. 0.0074 13.77 0.0309 0.648 1.67 0.368 12.57 5.06 73.7 31.6 173 43.3 440 97.5 316 2.24 0.45
LR__42_RB_1 - 27 rim 17.84 0.38 b.d. b.d. 10.31 0.0356 0.544 1.34 0.332 9.49 3.528 53.4 23.5 132.5 33.86 345.4 80.9 313 3.49 0.40
LR__42_RB_1 - 28 rim 17.93 0.31 b.d. 0.0083 15.23 0.0381 0.755 1.64 0.413 12.61 5.07 74.7 31.8 171.2 42.9 426 95.4 330 2.68 0.30
LR__42_RB_1 - 29 rim 17.42 0.40 b.d. 0.0083 13.01 0.0532 0.633 1.61 0.359 10.27 3.98 58.5 24.3 131.2 32.9 341 75.6 267 2.91 0.54
LR__42_RB_1 - 31 rim 17.22 0.35 b.d. 0.0082 13.27 0.0362 0.785 1.56 0.396 10.67 4.095 58.9 24.05 126.7 31.47 306.5 66.98 312 4.44 0.43
LR__42_RB_1 - 33 rim 17.60 0.29 b.d. 0.0131 10.81 0.132 1.97 4.17 0.834 20.99 7.2 97.8 38.82 194.7 46.6 460 100.9 261 2.60 0.27
LR__42_RB_1 - 37 rim 17.78 0.34 b.d. 0.0082 8.6 0.0262 0.409 1.032 0.231 6.01 2.343 34.36 14.71 81 21.1 218.4 50.48 244 2.93 0.39
LR__42_RB_1 - 40 rim 17.15 0.28 b.d. b.d. 17.43 0.0637 1.227 2.95 0.615 20.83 8.49 127.2 54.6 290.2 70.2 675 144.3 504 3.40 0.32
LR__42_RB_1 - 44 rim of 43 17.74 0.29 b.d. 0.0061 13.62 0.0469 0.978 2.53 0.489 17.7 7.25 110 47 252.3 60 580 126.4 471 3.47 0.31
LR__42_RB_1 - 45 rim 17.91 0.30 b.d. 0.0075 11.93 0.0511 0.941 2.1 0.483 15.18 6 89.3 38.3 206.6 51.22 511.6 113.3 363 3.61 0.47
LR__42_RB_1 - 47 rim 17.47 0.25 b.d. 0.0085 20.41 0.0378 0.779 2.52 0.391 18.61 7.91 121.1 52.96 289 71.3 714 154.9 510 2.25 0.29
LR__42_RB_1 - 52 rim 17.74 0.35 b.d. 0.0085 9.39 0.0296 0.54 1.2 0.252 7.54 2.764 41.7 17.23 94.8 23.36 235.3 53.04 297 3.48 0.40
LR__42_RB_1 - 55 rim 17.68 0.26 b.d. b.d. 20.04 0.0605 1.101 3.09 0.62 23.8 9.78 146.5 63.7 334.1 79.2 767 164.5 605 2.91 0.37
LR__42_RB_1 - 57 rim 17.58 0.30 b.d. 0.0088 16.56 0.0621 1.11 2.97 0.575 21.31 8.42 118.1 49.6 256.1 59.5 562.6 120.2 551 4.21 1.05
LR__42_RB_1 - 58 rim of 59 17.85 0.27 b.d. 0.0084 12.82 0.0408 0.638 1.79 0.371 14.14 5.79 85.1 37.36 196.4 48.3 478 105.5 393 2.04 0.36
LR__42_RB_1 - 65 rim 17.45 0.38 b.d. b.d. 10.82 b.d. 0.626 1.28 0.348 9.39 3.53 51.2 21.6 116.9 29 286 66.8 348 2.30 0.49
LR__42_RB_1 - 68 rim 17.63 0.26 b.d. b.d. 15.54 b.d. 0.741 2.05 0.416 15.21 6.27 93.7 40.3 220 53.7 535 119.9 460 2.58 0.28
LR__42_RB_1 - 70 rim 17.80 0.31 b.d. 0.0052 12.62 0.0433 0.629 1.529 0.355 9.7 3.574 50.8 21.4 115.1 28.69 296.2 67.3 382 4.20 0.33
LR__42_RB_1 - 71 rim 17.38 0.35 b.d. 0.0102 13.08 0.0296 0.552 1.577 0.282 11.67 4.581 67.4 28.48 149.8 36.42 360.1 78.8 386 1.54 0.22



Samples Zr Y Nb* Ba Hf Ta Th U Eu/Eu* Th/U Yb/Dy Zr/Hf

LR__42_RB_1 - 2 4.95E+05 1635 6.13 0.069 8930 2.389 961.0 1181.0 0.25 0.81 4.40 55.48
LR__42_RB_1 - 6 4.95E+05 750.3 2.13 b.d. 9400 1.26 203.0 444.0 0.28 0.46 6.46 52.67
LR__42_RB_1 - 11 4.87E+05 2725 4.93 0.095 8750 1.535 476.0 576.5 0.28 0.83 4.78 55.61
LR__42_RB_1 - 12 4.99E+05 1860 1.89 b.d. 9110 0.941 571.0 724.0 0.29 0.79 4.68 54.76
LR__42_RB_1 - 14 5.20E+05 1122 3.934 0.072 9870 2.034 1148.0 1180.0 0.29 0.97 5.20 52.68
LR__42_RB_1 - 15 4.99E+05 1330 5.91 0.07 10230 3.25 383.0 884.0 0.18 0.43 6.37 48.81
LR__42_RB_1 - 18 5.05E+05 1353 4.69 0.064 9800 2.186 460.0 867.0 0.27 0.53 6.12 51.53
LR__42_RB_1 - 19 4.91E+05 1782 7.39 0.063 9470 2.883 880.3 1273.0 0.22 0.69 4.54 51.89
LR__42_RB_1 - 20 4.95E+05 1120 2.97 0.063 8990 1.186 280.0 454.0 0.33 0.62 5.69 55.07
LR__42_RB_1 - 25 4.83E+05 1570 1.72 0.079 8250 0.869 483.0 620.0 0.36 0.78 5.50 58.57
LR__42_RB_1 - 26 5.30E+05 1099 3.84 0.076 10310 2.064 382.2 776.0 0.25 0.49 5.97 51.41
LR__42_RB_1 - 27 4.82E+05 850 2.123 0.071 8950 1.194 187.5 383.9 0.28 0.49 6.47 53.80
LR__42_RB_1 - 28 4.91E+05 1135 3.35 0.081 9570 1.434 483.0 687.0 0.28 0.70 5.70 51.35
LR__42_RB_1 - 29 5.14E+05 875 2.66 b.d. 10030 1.427 511.0 726.0 0.27 0.70 5.83 51.25
LR__42_RB_1 - 31 5.14E+05 846 2.053 b.d. 9580 1.17 522.0 601.0 0.30 0.87 5.20 53.65
LR__42_RB_1 - 33 5.01E+05 1312 1.11 0.055 9440 0.74 386.0 532.0 0.27 0.73 4.70 53.02
LR__42_RB_1 - 37 5.02E+05 510 1.176 0.063 10030 0.849 200.1 399.1 0.28 0.50 6.36 50.02
LR__42_RB_1 - 40 4.93E+05 1849 6.99 0.063 8920 2.418 480.3 907.0 0.24 0.53 5.31 55.31
LR__42_RB_1 - 44 4.97E+05 1576 5.57 b.d. 8940 1.913 307.5 638.0 0.22 0.48 5.27 55.60
LR__42_RB_1 - 45 4.92E+05 1329 4.293 0.085 8950 1.88 373.6 755.0 0.26 0.49 5.73 55.02
LR__42_RB_1 - 47 4.87E+05 1834 7.74 0.074 10010 3.669 600.4 1156.0 0.17 0.52 5.90 48.67
LR__42_RB_1 - 52 5.02E+05 602 1.336 0.066 9700 0.893 241.7 413.2 0.26 0.58 5.64 51.74
LR__42_RB_1 - 55 4.92E+05 2090 8.39 b.d. 9140 2.937 616.0 1097.0 0.22 0.56 5.24 53.82
LR__42_RB_1 - 57 4.86E+05 1647 6 b.d. 8820 2.049 526.5 795.0 0.22 0.66 4.76 55.07
LR__42_RB_1 - 58 4.99E+05 1273 4.53 0.079 9500 2.284 366.0 787.0 0.23 0.47 5.62 52.55
LR__42_RB_1 - 65 4.92E+05 760 2.11 b.d. 9620 1.27 356.3 604.0 0.31 0.59 5.59 51.19
LR__42_RB_1 - 68 4.88E+05 1396 5.66 0.077 9710 2.68 563.2 998.0 0.23 0.56 5.71 50.28
LR__42_RB_1 - 70 4.95E+05 749 2.09 b.d. 9490 1.206 327.7 510.5 0.28 0.64 5.83 52.12
LR__42_RB_1 - 71 4.95E+05 973 3.01 0.084 10440 2.046 574.0 1002.0 0.20 0.57 5.34 47.42



                                                                                         Appendix 3

Cathodoluminescence images of the separated zircon crystals from Bătrâni Tuff and the spots (30 µm) of analyses 




