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Re gional tec tonic syn the sis sug gests that a seg ment of the bi par tite east ern Gond wana-type Carpathian-Bal kan
nappe-stacked Getic/Kuèaj/Supragetic base ment (east ern Ser bia) ex pe ri enced Cambro-Or do vi cian Cenerian (Sardic)
accretionary-type de for ma tion. The Or do vi cian base ment of the Al pine Getic/Kuèaj nappe ex poses an ear lier-mapped shal -
low-ma rine transgressive-type Fe-sil i cate-rich iron stone se quence. The Or do vi cian iron stone is used as sec ond-or der ev i -
dence of a hith erto un trace able tec toni cally-driven un con formity. Early Pa leo zoic com pres sion is con sis tent with the
con tro ver sial lat est Cam brian to intra-Or do vi cian Cenerian (Sardic) in ter val, doc u mented by (i) a 488 Ma meta mor phic event
and available de tri tal zir con data  (Serbo-Mac e do nian gneissic unit), (ii) a de formed Lower Or do vi cian Getic/Kuèaj brachi o -
pod as sem bly, and (iii) an intra-Or do vi cian un con formity di vid ing the Supragetic base ment/”Vlasina com plex”. The data fur -
ther im ply that mafic gab bro-dom i nat ing sills, crop ping out in the north ern Getic/Kuèaj unit, are con sis tent with Or do vi cian
back-arc ac tiv ity. The Getic/Kuèaj gab bro is Or do vi cian in age, pierc ing a Neoproterozoic–Cam brian (Lower Or do vi cian)
Supragetic/”Vlasina com plex”, over lain by a transgressive Si lu rian–De vo nian sed i men tary se quence. The emer gence of Or -
do vi cian mafic in tru sions re flects sub ma rine vol ca nism, while deep-wa ter re dox con di tions were ca pa ble of a sus tained sup -
ply of Fe (sim i lar to Sar dinia). In terms of tectono-palaeogeographic re con struc tions, the or i gin of Or do vi cian short en ing and
mafic vol ca nism is of ten chal lenged. The lat ter is broadly anal o gous with the em bry onic east ern Rheic Ocean, cor re spond -
ing ad di tion ally to the Armori can spur and re lated intra-con ti nen tal magmatism.

Key words: east ern north Gond wana, Or do vi cian iron stones, Cenerian (Sardic) event, glacio-eustatic changes, east ern Ser bia.

INTRODUCTION

Dis placed supercontinental mar gins are places cap tur ing
im prints of past tectonothermal ac tiv i ties, of ten con sis tent with
pe riph eral orogenic-type zon ing, re cur rent back-arc lithospheric 
frag men ta tion and terrane dis persal (e.g., Murphy et al., 2001;
van Staal and Hatcher, 2010; Meinhold et al., 2013; Merdith et
al., 2017). The Lower Pa leo zoic bi par tite north Gond wana pe -
riph ery may be ei ther ge net i cally linked with a Cambro-Or do vi -
cian ac tive mar gin (Zurbriggen, 2017a, b) or sim ply with
back-arc ex ten sion (Stephan et al., 2019). The Cambro-Or do vi -
cian in ter val was, how ever, tec toni cally crit i cal for north Gond -
wana, char ac ter ized by a com plex in ter play of plate tec tonic
pro cesses: Or do vi cian arc-supercontinent col li sions, rift ing,
(palaeo)north wards drift of peri-Gondwanan ter ranes, for ma tion 
of un con formi ties, meta mor phism, (bi modal) ig ne ous ac tiv ity,

in clu sive de vel op ment of high-strain de for ma tion (e.g., Murphy
et al., 2008; van Staal and Hatcher, 2010; Balintoni et al., 2010,
2011, 2014; Abu-Alam et al., 2013; Zurbriggen, 2015, 2017a, b; 
Cocco and Funneda, 2019; Maino et al., 2019; Stephan et al.,
2019; Spahiæ et al., 2021; Cocco et al., 2022). In ad di tion to a
num ber of over lap ping lithospheric-scale pro cesses, the Or do -
vi cian of north Gond wana is fur ther com pli cated as it com bines
(i) as tro nom i cally in duced Earth-scale cool ing ep i sodes with the 
rather lo cal ized Mid dle and Late Or do vi cian north Gondwanan
glaciations (Young, 1989; Fang et al., 2019), (ii) a phase of
mas sive iron stone pro duc tion (Guerrak, 1988, Young, 1992;
Trela, 2008; Pufahl et al., 2020; Dunn et al., 2021, and ref er -
ences therein), and (iii) the im mense in flow of Pan-Af ri can
orogen-de rived clastic ma te rial indicating trans port from a dis -
tant hin ter land (e.g., Bahlburg et al., 2009; Meinhold et al.,
2013; Avigad et al., 2017; Benayad et al., 2019).

The post-Cadomian (e.g., Linnemann et al., 2007) and
post-Pan-Af ri can (Kröner and Stern, 2005) dom i nantly
shelf-con trolled bi par tite north Gondwanan Cam brian–Or do vi -
cian over step se quence, ex pe ri enced tran sient Cenerian
(Sardic) short en ing. The tectonothermal event in volved bi -
modal magmatism with an in ter ven ing “con ver gence” cul mi nat -
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ing in the Or do vi cian (e.g., Kro ner and Romer, 2013;
Zurbriggen, 2015, 2017a, b; Álvaro et al., 2021; Oriolo et al.,
2021, Avigad et al., 2022; Cocco et al., 2022). The Cenerian
(Sardic) con trac tion was ei ther in flu enced by transpressional
move ments along the ex ten sive shelf (Stephan et al., 2019) or,
in an al ter na tive palaeogeographic re con struc tion, is con sis tent 
with reattachment of near-shore lat er ally trans ferred
peri-Gondwanan rib bon-like arc terrane(s) (Stampli and Borel,
2002; von Raumer et al., 2002; van Staal and Hatcher, 2010).
The con trac tion and sub se quent up lift of the shelfal area pro -
duced an an gu lar Or do vi cian un con formity, best re corded in
Sic ily, the Alps and the Pyr e nees (Mar tini et al., 2001;
Zagorevski et al., 2006; Casas, 2010; Oggiano et al., 2010;
Cocco and Funneda, 2019; Puddu et al., 2018; Maino et al.,
2019; Hollocher et al., 2022). Other than in south ern Eu rope,
the Cenerian (Sardic) un con formity has re ceived lit tle at ten tion
in the lit er a ture. The flank ing Cenerian (Sardic) underexplored
in volve ment likely af fected the North Af ri can cratonic bas ins
(e.g., Tawadros, 2012; Le Heron et al., 2013), and the rest of
the drifted Cen tral Eu ro pean base ment ter ranes (e.g., Brittany,
Saxo-Thuringia and the Teplá Barrandian Unit, as well as base -
ment ter ranes in cor po rated into the Al pine orogen; Fig. 1A, B –
green-grey col our, blue col our, re spec tively). In ad di tion, field
ev i dence of a Cenerian (Sardic) compressional re cord in Cen -
tral Variscan Eu ro pean base ments is ei ther ab sent, or is in a
high strain do main likely oc cur ring as orthogneisses with Or do -
vi cian 480–450 Ma protolith (e.g., Abalos et al., 2002; Franz et
al., 2005; Kro ner and Romer, 2013; Avigad et al., 2022). A sim i -
lar sit u a tion is pres ent in the in cor po rated Carpathian-Bal kan
pre-Variscan and Variscan base ment ed i fices of Al pine orogen
(e.g., Yanev et al., 2000; Kräutner and Krstiæ, 2002; Iancu et al., 
2005; Seghedi et al., 2005; Krstiæ et al., 2008; Balintoni et al.,
2009, 2014; Kounov et al., 2012; Bonev et al., 2013; Antiæ et al., 
2016; Plissart et al., 2017, 2018; Spahiæ and Gaudenyi, 2018;
Spahiæ et al., 2018, 2019a, 2021; Žák et al., 2021; Ferretti et al., 
2022; Figs. 1C, 2 and 3).

The Lower Pa leo zoic tec tonic per tur ba tions of (east ern) pe -
riph eral north Gond wana gen er ated three stages of the
Cenerian (Sardic)-re lated vol ca nism (a typ i cal lo ca tion is Sar -
dinia; Oggiano et al., 2010; Maino et al., 2019; Stephan et al.,
2019; Oriolo et al., 2021; Avigad et al., 2022):

– in ter me di ate and fel sic vol ca nic rocks (491–479 Ma)
bounded at the top by the Sardic un con formity;

– calc-alkalic rhyodacites of ~465 Ma, cor rob o rat ing the
pres ence of bi modal Mid-Or do vi cian arc vol ca nism;

– alkalic metaepiclastites re corded within the
post-Caradocian transgressive se quence (440 Ma), re -
lated to the rift ing and col lapse of the Mid-Or do vi cian
vol ca nic arc.

In this re spect, the Getic/Kuèaj and Supragetic nappes in -
ves ti gated, i.e., base ment units of east ern Ser bia, may in clude
rel e vant ev i dence of here tested:

– link be tween the geodynamic evo lu tion of re cently iden -
ti fied dom i nantly peraluminous Cenerian (Sardic) type
gneiss es of the Serbo-Mac e do nian Unit (Spahiæ et al.,
2021), and the nearby Getic/Kuèaj/Supragetic
Cambro-Or do vi cian base ment units;

– ev i dence of Cam brian–Or do vi cian con trac tion and up lift
may in clude the tec toni cally de formed brachi o pod as -
sem bly ear lier dis cov ered within a meta-clastic se -
quence (Krstiæ and Maslareviæ, 1998). These de formed
brachi o pods are con sis tent with a Lower Or do vi cian
age, po si tioned stratigraphically be neath Mid-Or do vi -
cian intra-lay ered iron stone, chem i cally de scribed also
by Mrvaljeviæ (1956), and stratigraphically by Ferretti et

al. (2022). The iron stone se quence led to the idea to use
it as an aux il iary marker of un con formity, which can be
dated from the lat est Cam brian to the Mid dle Or do vi cian
or the pre-Hirnantian in ter val (pre vi ously mapped by
Zavod za geološka i geofizièka istraživanja, 1961–1968;
Barjaktaroviæ, 2007; also re corded in the anal o gous
Svoge unit, west ern Bul garia; Gutierrez-Marco et al.,
2002; 2003; Ferretti et al., 2022, and ref er ences therein);

– Or do vi cian back-arc ex ten sion or an in ner cratonic Or -
do vi cian open ing of a semi-re stricted Gondwanan sea -
way (gabbroic rocks of pre-Si lu rian age re corded in the
north ern Getic/Kuèaj zone; near the Dan ube River;
Bogdanoviæ et al., 1978).

How ever, the mag ni tude of the extensional back-arc open ing 
of the east ern Rheic/Moldanubian/Palaeotethys Ocean, or the
ac tual amount of dis place ment from the Gond wana main land,
re mains un known (Žák and Sláma, 2018). To make mat ters
more dif fi cult, the Neoproterozoic–Cambro-Or do vi cian
Getic/Kuèaj/Supragetic se quences in ves ti gated un der went both
Variscan and Al pine tectono-meta mor phism (Figs. 3 and 4).

In this re view pa per, by ap ply ing con ven tional re gional geo -
log i cal and strati graphic meth ods in com bi na tion with the avail -
able lit er a ture sources, we test a Cambro-Or do vi cian
palaeogeographic and tec tonic re la tion ship be tween a seg ment 
of far-trav elled peri-Gondwanan ter ranes and the Gond wana
main land. The Gondwanan Armori can in her i tance of the
Getic/Kuèaj unit is doc u mented ex clu sively within its re gional
Carpathian-Bal kan Or do vi cian an a logue re ferred to as the
Svoge unit in Bul garia (Gutierrez-Marco et al., 2003; Yanev et
al., 2006; Chatalov, 2017; Georgiev et al., 2021, 2022). A lim -
ited num ber of re gional stud ies have not dis cussed Fe-chlorite
(i.e. chamosite) and sid er ite authigenesis and diagenesis-re -
lated un con formity, and their link age to the north Gond wana
shelf (e.g., Mathe son et al., 2022). Com monly, the strati graphic
dis tri bu tion of the Or do vi cian iron stones of North Af rica cor re -
late with the in ter vals be tween higher sea lev els, sep a rat ing
transgressive sys tems tracts which over lie max i mum flood ing
sur faces i.e., ma rine trans gres sion as ac com mo da tion in -
creased from lowstand con di tions (Young, 1992; also in Pufahl
et al., 2020). Thus, the fre quent oc cur rence of Mid dle–Up per
Or do vi cian chamosite- and sid er ite-bear ing iron stones within
the Getic/Kuèaj/Svoge nappes of the Carpathian-Bal kan belt
(Veselinoviæ, 1975; Krstiæ and Maslareviæ, 1998; Gutierrez-
Marco et al., 2003; Yanev et al., 2006; Figs. 2 and 3) is al ter na -
tively used as a proxy for (i) un con formi ties (transgressive ini tial
de posit above an un con formity; Young, 1992); and (ii) to gether
with ev i dence of Or do vi cian mafic magmatism sup ply ing
ferruginous wa ter as a pos si ble source of iron (e.g., Mücke and
Farshad, 2005; Oggiano et al., 2006; Pufahl et al., 2020; Mathe -
son et al., 2022), as an al ter na tive palaeogeographic and tec -
tonic re con struc tion of the Getic/Kuèaj nappe in fur ther por tray -
ing a nar row palaeoceanic sea way.

REGIONAL-TECTONIC OUTLINE

The en tire re gion of south-east Eu rope and the
north-east-East Med i ter ra nean, in clud ing its Carpathian-Bal -
kan-Hel lenic sec tor (Fig. 1B, C), il lus trates a very com plex in ter -
ac tion of sev eral orogenic accretionary-type events (e.g.,
Dimitrijeviæ, 1997; Kräutner and Krstiæ, 2002; Iancu et al., 2005;
Seghedi et al., 2005; Karamata, 2006; Schmid et al., 2008;
Zulauf et al., 2015). The youn gest late Al pine or Neoalpine, of
extensional-type, oc curred in the Oligo-Mio cene (Maroviæ et al., 
2007). Oligo-Mio cene ex ten sion fol lowed a pre cur sor (i)
Eoalpine event (Late Cre ta ceous–Paleogene; Dimitrijeviæ,
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Fig. 1A – the Al pine do main of Eu rope (Gauss–Krüger to WGS84 co or di nate trans for ma tions (svemir.co); B – dis tri bu tion of
Avalonian vs. Cadomian vs. Cim mer ian microcontinents, em bed ded into what is now West ern, i.e, Cen tral and South-east Eu rope
(Spahiæ, 2022a, b), re spec tively (in set from Topuz et al., 2021, sig nif i cantly mod i fied). Mod i fi ca tion in cludes de tri tal zir con data
taken from Zlatkin et al. (2014, 2017); Spahiæ and Gaudenyi (2018, and ref er ences therein). The Al pine orog eny, in par tic u lar
Eoalpine com pres sion, re worked the pre cur sor Variscan con fig u ra tion of the Carpathian-Bal kan sec tor that in clude the ex posed
north Gondwanan Armori can base ment el e ments. The ex posed polymetamorphic ter ranes in clude the Serbo-Mac e do nian Unit as a 
seg ment of the dis persed Lower Pa leo zoic Cenerian mar gin (sim i lar to the Alps i.e., base ment be long ing to the Strona–Ceneri
zone). The Kuèaj area in ves ti gated and its sed i men tary Or do vi cian se quence are to the east of the doc u mented Cenerian terrane or
Serbo-Mac e do nian Unit; C – a re lief map of the Kuèaj Mt. area and Carpathian-Bal kan fold-and-thrust belt (Re lief Map –
maps-for-free.com)
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Fig. 2. Main tec tonic units sur round ing west ern Moesia (Kräutner and 
Krstiæ, 2002), with doc u mented Peri-Gondwanan in her i tance (data
taken from Spahiæ and Gaudenyi, 2018, and ref er ences cited therein)

Moesia/Euxinic craton (Avalonian–Am a zo nian), VÈM – Vrška Èuka-Miroè
Unit (Lower Danubian, Avalonian), SPP – Stara Planina Poreè Unit (Up per
Danubian, Avalonian), KU – Kuèaj Unit (Getic, late Cadomian); LU – Lužnica
Unit (West Kraishte, Cadomian), RV – Ranovac-Vlasina Unit (Supragetic,
Cadomian), SM – Serbo-Mac e do nian Unit (Cadomian/Cenerian)

https://doi.org/10.1016/j.pgeola.2018.10.006


1997; Spahiæ and Gaudenyi, 2022), pre ceded by (ii)
“Eocimmerian dock ing” or an “Early Cim mer ian” compressional
event in the Late Tri as sic (Zulauf et al., 2015; Spahiæ et al.,
2019b; Spahiæ, 2022a, b). (iii) The early Al pine event was an
extensional ep i sode (lat est Perm ian–Tri as sic–Ju ras sic) that
ap peared af ter (iv) pro tracted Variscan amal gam ation, link ing
late Car bon if er ous events with ig ne ous ac tiv ity in the Early
Perm ian (Medaris et al., 2003; Winchester et al., 2006;
Jovanoviæ et al., 2019). (v) The Variscan pre cur sor is (vi) the
Cenerian or “Sardic” event (sensu Zurbriggen, 2015, 2017a, b,
Stephan et al., 2018, 2019) which reached its peak
(peraluminous ig ne ous ac tiv ity, high strain de for ma tion, and
anatexis) dur ing lat est Cam brian–Or do vi cian (Serbo-Mac e do -
nian Unit; Zagorchev et al., 2012; Spahiæ et al., 2021). Cal edo -
nian in volve ment has not yet been re corded. Cenerian in volve -

ment was ini tially sug gested for the Serbo-Mac e do nian Unit
gneiss es, im printed by a very in ter est ing lat est Cam brian
488 Ma meta mor phism (Balogh et al., 2004).

The in volve ment of a Mid-Or do vi cian compressional event
within the wider Carpathian-Bal kan base ment ter ranes was first 
sug gested by Golonka et al. (2005), Haydoutov et al. (2010),
and Balintoni et al. (2011). This Mid-Or do vi cian event was orig i -
nally re ferred to as the “early Cal edo nian orog eny” (Balintoni et
al., 2011). The Carpathian-Bal kan base ment ter ranes which
were ex posed to Cambro-Or do vi cian ac cre tion or “orog eny” un -
der went tec tonic trans port to be come an ex otic Variscan base -
ment col lage in the af ter math (e.g., ¯elaŸniewicz et al., 2004;
Carrigan et al., 2005; Oczlon et al., 2007; Kro ner and Romer,
2013; Zulauf et al., 2015; Antiæ et al., 2017; Žák and Sláma,
2018; Fig. 1A, B). As a re sult, a large seg ment of north Gond -
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Fig. 3. Geo log i cal map of the wider area of the Kuèaj Mt. (in set from Petroviæ et al., 2020; re drawn from Kräutner and Krstiæ, 2002)

 The po si tion in the “Beljanica greenschist” which are of the same age as the Supragetic base ment (i.e. un der ly ing the Or do vi cian
se quence in ves ti gated). The main Or do vi cian sed i men tary se quence grad u ally passes into the Si lu rian, which is not the case in NE

Ser bia (Bogdanoviæ et al., 1978). Spa tial po si tion of the iron stone beds. Fur ther ex pla na tions are within the text
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wana  was em bed ded within the east ern Variscan orogen to be -
come a west ern Moesian Dacides/South ern Carpathian or
Carpathian-Bal kan sec tor (e.g., Balintoni and Balica, 2013,
2016; Balintoni et al., 2014; Antiæ et al., 2016, 2017; Chatalov,
2017; Spahiæ and Gaudenyi, 2018; Abbo et al., 2019; Ferretti et
al., 2022; Figs. 1B, C and 2). Fol low ing the in volve ment of the
Variscan base ment in the Al pine-Hi ma la yan orog eny, this
lithospheric-scale frag ment was struc tur ally re ar ranged to be -
come a col lage of base ment com po nents of the west ern Al -
pine–Himalaya collisional orogen (Dimitrijeviæ, 1997; Kräutner
and Krstiæ, 2002; Iancu et al., 2005; Karamata, 2006; Schmid et
al., 2008; Plissart et al., 2018). The west ern Carpathian-Bal kan
inliers were struc tur ally stacked into a sliced Al pine base ment
sys tem placed to the west of the Moesian mi cro-con ti nent (e.g.,
Sãndulescu, 1984; Yanev et al., 2006; Plissart et al., 2018;
Spahiæ and Gaudenyi, 2018; Spahiæ et al., 2019a, b; Žák et al.,
2021). These inliers of pre-Al pine base ment ter ranes crop out
across the Dan ube River from the South ern Carpathians of SW
Ro ma nia into east ern Ser bia (Kräutner and Krstiæ, 2002; Iancu
et al., 2005; Fig. 2). These in clude (sensu Kräutner and Krstiæ,
2002; Fig. 2): the Vrška Èuka-Miroè Unit (Lower Danubian); the
Stara Planina Poreè Unit (Up per Danubian); the Kuèaj Unit
(Getic); the Lužnica Unit (West Kraishte); the Ranovac-Vlasina
Unit (Supragetic); and the Serbo-Mac e do nian Unit. To wards
the east of the cen tral Serbo-Mac e do nian Unit is the Rhodope
Mas sif, which re cords im prints com pa ra ble to those of the Or -
do vi cian Cenerian/Sardic bi modal Mid dle–Late Or do vi cian
(Bonev et al., 2013).

The Getic/Kuèaj nappe/unit (in Al pine con fig u ra tion) in ves ti -
gated in cor po rates a sed i men tary cover of Or do vi cian to Car -
bon if er ous age (Kräutner and Krstiæ, 2002; Antiæ et al., 2016).
How ever, the pres ence or sur face ex po sure of the Or do vi cian
se quence is not con sis tent across east ern Ser bia; in most
cases Or do vi cian se quences are ab sent. Lim ited in size yet
wide spread gabbroic rocks of the post-Cam brian and pre-Si lu -
rian (likely of late Lower Or do vi cian age) were pre vi ously
mapped across the north ern Getic/Kuèaj zone (near Dan ube
River; Bogdanoviæ et al., 1978; Fig. 2). The cen tral seg ment of
the Getic/Kuèaj Or do vi cian se quence (Fig. 3) in cludes coarsely
crys tal line gab bros (likely Me so zoic in age; Mrvaljeviæ, 1956).

APPROACH, METHODOLOGY AND (EASTERN)
NORTH GONDWANAN AFFINITY

In the lit er a ture of the last 50 years, a few pa pers con sider
the com plex is sue of the Or do vi cian (bio)stra tig ra phy and, in
par tic u lar, the Early Pa leo zoic palaeo ge ogra phy and tec ton ics,
of the Al pine Carpathian-Bal kan sec tor. Ear lier au thors col -

lected dom i nantly biostratigraphic data, com par ing the Or do vi -
cian suc ces sion with doc u mented global ex am ples, of ten of lo -
cal char ac ter. Nev er the less, im por tant field ob ser va tions in -
clud ing of the Kuèaj Mt. iron stone and its po si tion near
Klencuški potok is taken from the avail able lo cal lit er a ture
(Mrvaljeviæ, 1956; Krstiæ and Maslareviæ, 1998; also in Ferretti
et al., 2022; Fig. 3): namely, ir reg u lar lenses of chamosite and
sid er ite sev eral me ters thick, sandwiched be tween un der ly ing
sand stones and over ly ing metapelitic rocks (Krstiæ and
Maslareviæ, 1998). The iron stone is com monly as so ci ated with
do lo mite, cal cite, sheridanite, and in places quartz sand. The
chamosite is green and oc curs in micronodular ag gre gates
(Krstiæ and Maslareviæ, 1998). Ac cu mu la tions re sem bling
pseudo-ooids are rare, whereas sid er ite oc curs as crypto -
crystalline ag gre gates, lo cally in the form of spherolites. The
Kuèaj Mt. iron stone has a gran u lar Fe-sil i cate-rich struc ture,
with dom i nant iron and man ga nese, and with trace tung sten
(Mrvaljeviæ, 1956). Some re cent stud ies (Chatalov, 2017;
Georgiev et al., 2021; and for the Serbo-Mac e do nian Unit; Antiæ 
et al., 2016, 2017) have in di cated an “Armori can Terrane As -
sem blage” in her i tance, hint ing at Cenerian (Sardic) in volve -
ment (Spahiæ et al., 2021). In ad di tion to re vis ited stra tig ra phy
and avail able tec tonic-palaeogeographic mod els, scarce Lower 
Pa leo zoic mag matic and de tri tal zir con re cord data (e.g.,
Deleon et al., 1972; Antiæ et al., 2016; Siegesmund et al., 2018;
Abbo et al., 2021; Georgiev et al., 2021, 2022) are re as sessed
in our study.

In the Kuèaj Moun tain, ver ti cal and lat eral fa cies changes
char ac ter iz ing a com plete Or do vi cian suc ces sion are de scribed
from sev eral rather poor ex po sures. Lithofacies com pos ing these
pre sum ably Armori can ed i fices were logged in de tail in road cuts
and quarry walls (Barjaktaroviæ, 2007), and are de scribed in the
fol low ing sec tion. How ever, a large part of the cen tral Or do vi cian
Getic/Kuèaj Mt. se quence is unfossiliferous. Thus, in ad di tion to
re as sess ment of the superpositional re la tion ships of dis placed
strata (Krstiæ and Maslareviæ, 1998; Fig. 4A), we use the po si tion
of the iron stone as (i) an aux il iary intra-formational tec tonic marker
(Veliki Malinik area of Kuèaj Mt.; Krstiæ and Maslareviæ, 1998;
Fig. 3). The pres ence of the iron stones within the early Mid dle Or -
do vi cian se quence fur ther in di cates (ii) shal low or subaerial re -
work ing of large amounts of un der ly ing Fe-bear ing rocks (e.g.,
Mathe son et al., 2022). Thus, the iron stone se quence was also
used (iii) to pro vide con straints on pos si ble mafic oce anic crustal
Fe-sources, which are con sis tent with the de vel op ment of Or do vi -
cian near-mar ginal north Gondwanan sea ways (e.g., Sar dinia –
Oggiano and Mameli, 2006; Mathe son et al., 2022). Fi nally, we
dis cuss the two main tectono-palaeogeographic Cam brian–Or do -
vi cian sce nar ios (Zur brig gen, 2015, 2017a, b vs. that of Stephan
et al., 2019).
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Fig. 4A – a syn thetic strati graphic col umn of the com plete Or do vi cian se quence com piled from Veselinoviæ (1975), Krstiæ and
Maslareviæ (1998) and the cur rent study. Age in green out lines the strati graphic con straints rel a tive to Lower, Mid dle and Up per Or -
do vi cian stra tig ra phy sensu lato (also in Finney, 2005). The lithostratigraphic col umn high lights the po si tion of the re gional-scale
Cenerian un con formity, best ob served in a greenstone Supragetic base ment unit. On top of the Supragetic is the Kuèaj Mt. Or do vi -
cian se quence; B – a se lected eustatic curve for the Or do vi cian, in clud ing rel a tive abun dance of ooidal iron stones. Graph shows
the se quence strati graphic in ter pre ta tion of suc ces sions on the “West ern Eu ro pean Plat form” in SW Eu rope (in set from Young,
1992, mod i fied). The in ter pre ta tion in cludes the lat est Cam brian–Or do vi cian transgressive (TST) and fol low ing highstand (HST)
sys tems tracts. In this study, we jux ta posed the TST and HST with a more re cent Or do vi cian bulk stra tig ra phy sensu lato, fur ther
cor re lat ing the se quence strati graphic tracts with the Carpathian-Bal kan Or do vi cian frame work (orig i nal num bers are black, up -
dated age num bers are in green, taken from Dunn et al., 2021 and ref er ences therein). The ex tracted rel a tive sea-level curve for the
Or do vi cian of SW Eu rope is to the right (lowstand in sea-level con sis tent with the palaeogeographic po si tion/shal low wa ter of the
Getic/Kuèaj area). The Getic/Kuèaj iron stone pro duc tion cor re lates with the “max i mum pro duc tion stage”, in clud ing a late Lower
Or do vi cian fall of sea level (LST at 478 Ma). The “max i mum pro duc tion stage” was suc ceeded by a HST. The graph also shows a
shal low Cambro-Or do vi cian en vi ron ment with the strati graphic po si tion of a de formed brachi o pod as sem blage
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NORTH GONDWANAN STRATIGRAPHIC AND STRUCTURAL
INHERITANCE OF THE ORDOVICIAN GETIC/KUÈAJ SUCCESSION:

 A BRIEF SYNOPSIS

THE AGE OF THE SUPRAGETIC BASEMENT

To old est Neoproterozoic rocks in the area lie to the west of
the Getic/Kuèaj unit, rep re sented by a com plex Supragetic
greenschist-grade sub ma rine mafic vol cano-plutonic and sed i -
men tary suc ces sion (Spahiæ et al., 2019a). The Supragetic
base ment unit of east ern Ser bia cor re lates with re gional an a -
logues, such as at West Kraishte, and the “Morava nappe” of
west ern Bul garia (for mer “Vlasina unit”; Antiæ et al., 2016; Žák
et al., 2021). This unit com prises a lower greenschist-fa cies
base ment unit (Popoviæ, 1993; Vaskoviæ, 2002; Kräutner and
Krstiæ, 2002; Spahiæ et al., 2019a), which is the car rier of phos -
phates as in di ca tors of a re duc ing en vi ron ment (Pavloviæ, 1975, 
1977; for a phos phatic iron stone en vi ron ment see Dunn et al.,
2021). The Neoproterozoic–Lower Or do vi cian age of these
rocks is con firmed by stratigraphically low er most gra phitic
schists (fos sil ves i cles of the alga Archaeofavosina sim plex
Naum; Kaleniæ et al., 1975; Ferretti et al., 2022). The age of the
se quence is con strained by the in ar tic u late brachi o pods
Lingulobolus hawkei, Pseudobolus? salteri and Thysanobolus? 
sp., span ning the Early Or do vi cian sensu lato (Gutierrez-Marco 
et al., 1999; Krstiæ et al., 2008). The lo cally anal o gous unit is re -
ferred to as the “Beljanica green schists” (Getic/Kuèaj nappe;
Fig. 3), which was tec toni cally dis placed from the pa ren tal suc -
ces sion dur ing the per va sive tectonometamorphic Variscan
and Al pine events. On top of the “Beljanica se ries” is the Or do -
vi cian metasedimentary suc ces sion in ves ti gated (Fig. 3). The
biostratigraphical syn op sis of dom i nantly Cambro-Or do vi cian
palynomorphs be low (based on Veselinoviæ, 1972a, b;
Ercegovac et al., 1995; Ercegovac and Ðajiæ, 1996; Ðajiæ,
1996) pro vides ad di tional data re gard ing the de vel op ment of
the Or do vi cian Armori can suc ces sions and their Gondwanan
in her i tance (Gutierrez-Marco et al., 1999; Krstiæ et al., 2008;
Antiæ et al., 2016; Žák et al., 2021; see Ferretti et al., 2022, for a
dis cus sion).

AGE CONSTRAINTS ON THE ORDOVICIAN METASEDIMENTARY SUCCESSION
 OF EASTERN SERBIA

In gen eral, the Lower Pa leo zoic Getic/Kuèaj se quence along
with its east Ser bian an a logues, in clud ing the Svoge unit of SW
Bul garia (Krstiæ and Maslareviæ, 1998; Krstiæ et al., 2008;
Georgiev et al., 2022), com prise metasandstone beds, tens of
me ters thick (re flect ing shal low shelf seas; Krstiæ and Maslareviæ, 
1998; Fig. 4A). The old est pre served lower Pa leo zoic re cord as -
so ci ated with the Getic/Kuèaj unit (Fig. 2) is within the Homolje
Mt. (Ðajiæ, 1996; Krstiæ et al., 2003; Banjac, 2004). The Homolje
suc ces sion largely re sem bles that of the Getic/Kuèaj Mt., with
some spe cific fea tures (Banjac, 2004). The Homolje Mt. area re -
veals a gneiss-dom i nated Al pine nappe, po si tioned above the
Neoproterozoic–low er most Pa leo zoic greenschist-fa cies nappe
(Banjac, 2004). The low er most Pa leo zoic sed i men ta tion was in -
ter rupted by a re gional hi a tus (Banjac, 2004). Af ter the hi a tus,
the Or do vi cian se quence ac cu mu lated a thick ness of over 1000
m. The low er most sec tion com prised of meta-sand stones in -
cludes Protosphaeridium sp., Leiosphaeridia sp., Lopho -
sphaeridium sp., Leiomarginata sim plex, Granomarginata prima
and Verzchachium reductum (Ercegovac and Ðajiæ, 1996; also
in Banjac, 2004). The anchimetamorphic siliciclastic suc ces sion
rep re sents an ini tial stage of de po si tion, con di tion ally des ig nated
to the stratigraphically low er most Or do vi cian. This el e ment of the 
lower Pa leo zoic suc ces sion con tains also rare Sphaeromor -
phitae (Leiospheridia and Lophosphaeridium) and Polygono -

morphitae (Veryhachiuk reductum type). How ever,
Eomycetopsis crassiusculum, Vendotenia sp. (re corded in the
Neoproterozoic of Scotland and in schists of Al berta; Ðajiæ, 1996) 
in di cate the prob a ble pres ence of rocks of older, Cam brian age
(pres ence of grad ual Cam brian–Or do vi cian tran si tion). The sec -
ond cy cle, char ac ter ized by quartzitic sand stones, has
palynolomorphs dom i nated by the fam ily Sphaero morphitae:
Granomarginata prima, Leieomarginata sim plex, Uniporata sp.,
Bacispheridium sp. and cf. Symplasosphaeri dium sp., and in -
cludes chitinozoan frag ments (Ðajiæ, 1996). This as so ci a tion
sug gests the stratigraphically low er most Or do vi cian. Ac cord ing
to the brachi o pod fauna – Thysanotos siluricus Eichw., Obolus
sp., Lingullela sp., Orbiculoidea sp. – the age is Tremadocian (lo -
ca tion Æerèek; Veselinoviæ, 1972b; Fig. 3). An ear lier study
(Krstiæ and Maslareviæ, 1998) iden ti fied a highly de formed as -
sem blage of the brachi o pods Obolus (Lingulobolus) feistmanteli
(Barr.), Obolus bamindei from the Czech Tremadoc, Obolus
complexus Barr., and Orbiculoidea sp. Veselinoviæ (1972) re -
corded Thysanotos siluricus (Eichw.), a marker fos sil char ac ter -
iz ing the Lower Or do vi cian (Tremadocian–Arenig) of Eu rope.
The up per part of the Lower Or do vi cian se quence is char ac ter -
ized by grey, green ish and pur ple lam i nated, me dium- to
fine-grained, rarely coarse, quartz metasandstones to
subarkoses. The Al pine nappe-stacked struc ture re sulted in the
dis place ment of the Up per Or do vi cian se quence, plac ing the lat -
ter un der neath the Lower Or do vi cian (Krstiæ and Maslareviæ,
1998; Fig. 4A). Pri mary bed ding planes are still ob serv able in this 
metasedimentary suc ces sion (Figs. 4A and 5A,B). How ever, the
types of con tact be tween the com po nent Or do vi cian se quences
are poorly con strained, and may be ei ther ero sional or non-ero -
sional, or grad ual and with out hi a tuses (Krstiæ and Maslareviæ,
1998).

Re gard ing the sug gested Mid dle Or do vi cian (in ner shelf;
Fig. 6A), the se quence ex posed at Kuèaj Mt. lacks fos sils
(Krstiæ and Maslareviæ, 1998). The iron stone se quence was
rec og nized ear lier and mapped as of Mid dle Or do vi cian age
(Krstiæ and Maslareviæ, 1998; Fig. 4A). Such a strati graphic po -
si tion is con sis tent with se quence strati graphic in ter pre ta tions
and as so ci ated Or do vi cian sea-level re con struc tions (Young,
1987), in par tic u lar with the max i mum pro duc tion stage (Young, 
1992; Fig. 4B). Nev er the less, we have up dated the strati -
graphic con straints on the lo cal Or do vi cian, in par tic u lar the
Lower Or do vi cian sensu lato (cf. the chart in Dunn et al., 2021;
Fig. 4B). Lithologically, it is a highly het er o ge neous se quence of 
rocks com posed of metapsammite and metapelite, which al ter -
nate both lat er ally and ver ti cally (Krstiæ and Maslareviæ, 1998).
The metasandstones are white to pale grey and are well-sorted. 
The chamosite and sid er ite beds in ves ti gated are sev eral
metres thick, and form ir reg u lar lenses over ly ing quartz sand -
stones that in turn over lie metapelite (up per seg ment of the
Kloèanica River; Fig. 3). Chamosite and sid er ite are the prin ci -
pal con stit u ents of these rocks and are as so ci ated with do lo -
mite, cal cite, sheridanite, and oc ca sion ally quartz. Chamosite is 
green in mi cro-nod u lar ag gre gates fine flakes in streaks. Ac cre -
tions re sem bling pseudo-ooids are rare. Sid er ite forms
cryptocrystalline ag gre gates, in places in the form of spheru -
lites. There are sev eral Fe-bear ing Or do vi cian lo cal i ties (Krstiæ
and Maslareviæ, 1998; Gutierrez-Marco et al., 2003). These
“oolitic iron stones” are of pre-Hirnantian age (Krstiæ and
Maslareviæ, 1998; Yanev et al., 2006), be ing of mid dle
Berounian, and lower and up per Orenitian age (Grohoten For -
ma tion; Gutierrez-Marco et al., 2003). This bar ren Mid dle Or do -
vi cian se quence of the Kuèaj Mt. in cludes abun dant mag ne tite,
scarce zir con, ap a tite, pyroxene, green am phi bole, epidote and
chlorite (Krstiæ and Maslareviæ, 1998).
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At a re gional scale, a typ i cal Up per Or do vi cian age
(meta-sand stone, Zvonaèka Banja lo cal ity; 14 sam ples, Ðajiæ,
1996) is in di cated by Lophosphaeridium citrinum, L. sp. (aff.
Pervarerum), L. cf. papillatum, Leiosphaeridium sp. (cf. Le.
minuta). A metaclaystone (Mali Malinik, Bauca) con tains
Mirchystridium varians, Leiosphaeridia sp., Priscogalea sp.,
Veryhachium sp. (type – breve), Lophosphaeridium cf.
pervarerum and Mirchystridium radinas. The en tire suc ces sion
com prises Caradocian shal low-ma rine siliciclastic rocks of the
Homolje Mt. (Krstiæ and Maslareviæ, 1990). This suc ces sion
has, ac cord ing to ear lier palynological stud ies, a Mid dle–Up per
Or do vi cian age, whereas a re cent study in di cated an Up per Or -
do vi cian to Si lu rian age span (Acanthomorphitae, Polygono -
morphitae, Sphaeromorphitae, Netromorphitae and
Hercomorphitae; Ðajiæ, 1996; Fig. 4A). Ac cord ing to the au -
thors, these palynomorph as so ci a tions are equiv a lent to those
in Bel gium (sensu Mar tin, 1968; Ðajiæ, 1996). The Up per Or do -
vi cian of the Kuèaj Mt. area re veals a dark grey to black thin-lay -
ered, lam i nated sand stone, and metamudstone, which in cludes 
gra phitic mat ter (Fig. 5B). In the Kuèaj Mt. area, a green-mot tled 
metashale is doc u mented (equiv a lent to the Cerecel For ma tion
of the Svoge unit; Krstiæ and Maslareviæ, 1998). De spite in di ca -
tions that later Variscan in ter fer ence has not in flu enced this pre -
sumed east ern Gond wana frag ment (Stephan et al., 2019),
compressional de for ma tion struc tures are vis i ble in the field. A
num ber of folds af fect ing the Up per Or do vi cian se quence was

ob served in the field work; Fig. 5B). The pres ence of
nappe-stacked, dis placed Up per over Lower Or do vi cian
(Fig. 4A), in di cates that the post-Variscan Al pine com pres sion
had largely a brit tle de for ma tion char ac ter (e.g., Vangelov et al., 
2013; Plissart et al., 2018; Balkanska et al., 2021). The up per -
most Or do vi cian suc ces sion (Hirnantian layer with
Glyptograptus persculptus) is over lain by Lower Llandovery de -
pos its (Krstiæ et al., 2005). There is a transgressive re la tion ship
be tween the Hirnantian (glaciomarine) metasandstones (Kuèaj
Mt.; Krstiæ and Maslareviæ, 1998; Barjaktaroviæ, 2007; Fig. 4A),
and peb bly sand stones of the Svoge unit (Cerecel beds of
west ern Bul garia; Gutierrez-Marco et al., 2003) and the un der -
ly ing Up per Or do vi cian se quence. The Hirnantian se quence is
fol lowed by ear li est Si lu rian grey-green fo li ated to thin-bed ded
phyllites (Kuèaj Mt.; Krstiæ et al., 2005). The Llandovery com -
prises grey-green fo li ated to thin-bed ded phyllites, equiv a lent to 
the Cerecel beds of Bul garia. The metasandstones con tain Up -
per Or do vi cian acritarchs: Lophosphaeridium citrinum, L.
parverarum, L. cf. papilatum, Lophosphaeridium p.,
Brochopsophosphera cf. uralica, Trachipsophosphaera sp.,
Leiosphaeridia sp. type C, Leiomarginata sim plex, Priscogallea
sp., ?Tylotopallia sp. and Michrystridium pallidum (Ercegovac
and Ðajiæ, 1996). In the up per most sec tion of the
metasandstone beds, there are frag ments of older Or do vi cian
rocks: metasandstones, metasiltstones and metashales. The
metasandstones are over lain by gra phitic metapelites (0.5 m),
char ac ter ized by the graptolite Glyptograptus sp., in clud ing gra -
phitic metapelites and lydites of the acuminatus graptolite
Biozone (mark ing the low er most Si lu rian; Krstiæ et al., 2005).
The late Llandovery was a pe riod of global sea-level rise, in di -
cated by the pres ence of black grap to lit ic shales (e.g.,
Sachanski et al., 2010, and ref er ences cited therein).

THE ORDOVICIAN “CENERIAN OROGENY” 
AND BACK-ARC CRUSTAL PROCESSES:

GETIC/KUÈAJ AND SUPRAGETIC INFERENCES

EVIDENCE OF CENERIAN (SARDIC) COMPRESSION

Re cent re con struc tions of for mer Cambro-Or do vi cian pe -
riph eral ter ranes rel a tive to north Gond wana (Armori can-type
base ment units in the Carpatho-Balkanides; Getic/Kuèaj/Sred -
na Gora, Supragetic/Serbo-Mac e do nian/Ograzhden/Morava
base ment; e.g., Kräutner and Krstiæ, 2002; Balintoni et al.,
2010, 2014; Kounov et al., 2012; Zagorchev et al., 2012; Antiæ
et al., 2016; Iancu and Seghedi, 2017; Spahiæ and Gaudenyi,
2018) im ply lithospheric-scale accretionary pro cesses led by
accretionary-type subduction and an ep i sode of crustal growth
in the hang ing-wall po si tion (e.g., Crook, 1980; Mar tini et al.,
1991; McKerrow et al., 1991; sensu Cawood et al., 2009;
Zurbriggen, 2015, 2017a, b; Moghadam et al., 2018; Oriolo et
al., 2021; Siegesmund et al., 2021; Spahiæ et al., 2021; Fig. 7A). 
How ever, some more re cent palinspastic re con struc tions im -
pose a transcurrent fault ing ep i sode af fect ing the Gondwanan
sta ble plat form or pas sive mar gin also re ferred to as the
Armoric spur (Garfunkel, 2015; Franke et al., 2017; Puddu et
al., 2018; Stephan et al., 2019). In the case of the
Carpathian-Bal kan belt, scarce data in di cate lat est Cam brian
high-strain de for ma tion (shear zones, migmatites; Spahiæ et al., 
2021) and meta mor phism, re corded in the nearby Cam brian
gneissic Serbo-Mac e do nian Unit (Rb/Sr method on whole-rock
sam ples from paragneiss yield 488 Ma, Balogh et al., 2004).
The lat est Cam brian event likely rep re sents the ini tial stage of
the north Gondwanan col li sion.
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Fig. 5. Or do vi cian ex po sures in the Kuèaj Mt.

 A – a Lower Or do vi cian metasandstone se quence; B – folded
Up per Or do vi cian metapelites
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Fig. 6A – an Or do vi cian palaeogeographic re con struc tion, ex pos ing the Carpathian-Bal kan Getic/Kuèaj base ment, which un der went
the Cenerian (Sardic) event (in set from Stephan et al., 2019, sig nif i cantly mod i fied). There are two Cenerian (Sardic) ex pla na tions or
palinspastic op tions: (i) no Or do vi cian ac tive mar gin (e.g., Stephan et al., 2019) or (ii) the Cenerian (Sardic) ac tive mar gin hav ing the
po lar ity of subduction di rected south wards (Zurbriggen, 2015). The Getic/Kuèaj unit ex pe ri enced compressional lift ing in the
Cenerian (Sardic) fol lowed by iron stone for ma tion (af ter the late Lower Or do vi cian transgressive ep i sode); B – mag matic ages across 
Bal kan base ments (data from Stephan et al., 2019); C – rel a tive prob a bil ity plots from sam pled Mid dle and Up per Or do vi cian se -
quences (data taken from Georgiev et al., 2021, mod i fied). The peak ex hib it ing the Cadomian max i mum ac cords with a vo lu mi nous
sour cing ep i sode im printed by de tri tal ages span ning 0.54 to 0.44 Ga (Bahlburg et al., 2009). The sec ond and third peaks are vis i ble in
both sam ples, pin point ing the de creas ing mag matic ac tiv ity re lated to back-arc open ing; D – de tri tal zir con data of the gneissic
Serbo-Mac e do nian Unit (data from Antiæ et al., 2016, slightly mod i fied). The data un doubt edly show the Cenerian (Sardic) peak
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Fig. 7. Tec tonic-palaeogeographic model of the Or do vi cian Kuèaj se quence, in clud ing the Supragetic base ment dur ing the
Lower Or do vi cian Cenerian (Sardic) “orog eny” (Fig. 7C – in set from Stephan et al., 2019, with sig nif i cant mod i fi ca tion)

A – for ma tion of Cadomian–late Cadomian mag matic arc dur ing the Neoproterozoic–Cam brian, on set of pe riph eral crustal thick en ing. The
age of meta mor phism is ac cord ing to Balogh et al. (2004); B – subduction be neath a sta bi lized Gondwanan shelf pro duced ex ten sion and
em place ment of lim ited mafic melts in the in cip i ent back-arc rift val ley (Lower to be gin ning of Mid dle Or do vi cian); C – the peak of the
Cenerian (Sardic) event, mild com pres sion, a shal low sea, and open ing of the in cip i ent back-arc rift val ley. Open ing pro duced mafic vol ca nic
rocks, al low ing the for ma tion of Fe-rich min er als; D – Late Or do vi cian trans gres sion (see Fig. 4B) fol lowed by re gional ex ten sion (likely at the
ex pense of the ac tive mar gin), and the ter mi nal Si lu rian de tach ment and dis persal of pe riph eral mini-con ti nents to wards west ern Moesia
(Baltica); E – palaeogeographic re con struc tion of the Cenerian (Sardic) event; the model in cludes a ques tion able ac tive mar -
gin/subduction-ac cre tion stage (the model of Stephan et al., 2019 pro poses a pas sive mar gin). The pres ence of a vol ca nic arc (as in the Or -
do vi cian Getic/Kuèaj se quence in ves ti gated herein) pin points an ac tive mar gin po si tioned along the east ern north Gondwanan craton.
Lo ca tions of mafic and calc-al ka line magmatism are in blue, i.e., red colours. The pro cess likely re started in the ear li est Si lu rian, al low ing
sep a ra tion of Carpathian-Bal kan pe riph eral ter ranes from east ern north Gond wana (as per Bonev et al., 2013; Maino et al., 2019; Spahiæ et
al., 2021; Topuz et al., 2021)
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This event was suc ceeded by a trans gres sion and a Lower
Or do vi cian high-sys tems-tract (Fig. 4) mark ing new, wide -
spread de po si tion across this seg ment of the north Gondwanan 
shelf.  Im por tantly, the ac tual age of the “Lower Or do vi cian” of
east Ser bia ends with the Tremadocian Stage (Fig. 4A). By
com par i son with global Or do vi cian stra tig ra phy (Fig. 4), the end 
of the Tremadocian ac tu ally rep re sents the mid dle sec tion of
the Mid dle Or do vi cian of the Global Se ries (see Georgiev et al.,
2022, for de tails). In this Mid dle Or do vi cian com pres sion ep i -
sode are placed the de formed Tremadocian brachi o pods, fur -
ther in di cat ing im me di ately post-Tremadocian crustal short en -
ing. In ad di tion, a ma jor re gres sion ep i sode is doc u mented at
the end of “Lower Or do vi cian” (Banjac, 2004) or at the end of
Mid dle Or do vi cian of the Global Se ries. Fur ther ev i dence of
Mid dle Or do vi cian com pres sion and up lift is a 1600 m-thick “up -
per part of the Vlasina com plex”. This up per se quence un con -
form ably over lies the Arenigian ter mi nal suc ces sion be long ing
to the “lower unit” (Krstiæ et al., 2003). To sum ma rize, the
Getic/Kuèaj Or do vi cian se quence ex poses clear ev i dence of
Cenerian (Sardic) com pres sion, show ing an east ern north
Gond wana in her i tance (ac cord ing to Stephan et al., 2019, ex -
clu sively the east ern north Gondwanan seg ment ex pe ri enced
the lat ter event):

– pre-Variscan Cenerian (Sardic) com pres sion caused
de for ma tion of a brachi o pod as sem bly within the Lower
Pa leo zoic Getic/Kuèaj clastic se quence, suc ceeded by
the for ma tion of the iron stone se quence in ves ti gated
(transgressive sys tems tract; Fig. 4);

– in ad di tion, data of Stephan et al. (2019) show a clear
correlativity of magma gen er a tion across the
Carpathian-Bal kan base ments and its in volve ment with
the Cenerian (Sardic) events (mag matic zir cons;
Fig. 6B, C);

– de tri tal zir con data in clude a Cenerian peak
(~480–440 Ma), doc u mented within the gneiss-bear ing
Serbo-Mac e do nian Unit (see Antiæ et al., 2016: fig. 9,
“Lower Com plex”; Fig. 6D).

ORDOVICIAN FE-BEARING IRONSTONES AS MARKERS
 OF A BACK-ARC SEAWAY

Or do vi cian oolitic iron stones of the “Pa leo zoic North Af ri can 
Iron stone Belt” ex tend along the mar gin of the Gond wana
craton (Guerrak, 1988), thus be ing pres ent across west ern and
cen tral Eu ro pean base ment ter ranes (Young, 1992; Trela,
2008). The most com mon oc cur rence of chamosite and sid er ite 
is in banded iron for ma tions, rep re sent ing the prin ci pal
iron-bear ing min er als in iron stones, of ten as so ci ated with un -
der ly ing fine-grained lithified claystone se quences (Deer et al.,
2013a). In ad di tion to the Or do vi cian iron stone max i mum pro -
duc tion stage (Oggiano and Mameli, 2006; Dunn et al., 2021),
banded iron for ma tions are doc u mented across most Pre cam -
brian con ti nen tal re gions, to gether be ing a prin ci pal source of
iron and phos phates (e.g., ¯elaŸniewicz et al., 2009; Dunn et
al., 2021), such as that of the Supragetic base ment unit.
Oolitization is a sed i men tary pro cess of ac cre tion de vel oped in
a quiet en vi ron ment (Guerrak, 1988) with low sed i men ta tion
rates, and thus has of ten been de scribed as part of a
transgressive ini tial de posit above an un con formity (Young,
1992). The iron stone sed i ment is also as cribed to the for ma tion
of aggradational parasequence on a storm-dom i nated shelf
char ac ter ized by re cur rent coastal upwelling (Dunn et al.,
2021). Or do vi cian iron stones may also be cor re lated with the
bot tom of fin ing-up wards se quences on shal low shelves
(transgressive con di tions; Guerrak, 1988; Pufahl et al., 2020).

Such a re stricted near-shore en vi ron ment that was semi-con -
nected with in con sis tently ox y gen ated Or do vi cian oceans pro -
vided a suit able anoxic hy dro ther mally-en riched hab i tat for the
ap pear ance of ferruginous bot tom wa ter (Dunn et al., 2021; Li
et al., 2021).

In the oolitic Ju ras sic iron stones of the Eng lish Mid lands,
sid er ite rep re sents the prin ci pal ore min eral ap pear ing along
with chamosite and hy drated iron ox ides. The or i gin of this par -
tic u lar iron stone de pos its is not fully com pre hended; the o ret i -
cally, iron is a de riv a tive ex tracted from con ti nen tal sources
(pro cesses of weath er ing), trans ported as the bi car bon ate and
pre cip i tated once cap tured CO2 was ab sent to keep iron as the
sol u ble bi car bon ate. For ex am ple, weath er ing of ero sion-ex -
posed (oce anic) mafic rocks and re lated epiclastic rocks con -
trib utes to en rich ment of iron, the pro cess in dis pens able for the
de po si tion of chloritic oolitic claystone (Oggiano and Mameli,
2006). Much sid er ite re sults from the car bon ation of chamosite,
and it may like wise be formed by the con tem po ra ne ous re -
place ment of cal cite by FeCO3 (Deer et al., 2013a). Sid er ite has 
ap peared as a hy dro ther mal min eral in me tal lic veins, in
paragenesis with man ga nese; the iron-rich car bon ates of the
Coeur d’Alene dis trict of Idaho are as so ci ated with Pb, Ag and
Zn sul fide orebodies. Sid er ite oc cur rence in the Ivigtut cryolite
de posit is well-doc u mented (ta ble 58, anal y sis 4 in Deer et al.,
2013a); how ever, this cryolite de posit is linked to a peg ma titic
pneu mato lyt ic or i gin. In ter est ingly, Fe-chlorite is a dom i nant
clay min eral in Arc tic Sea sed i ments, whereas mont mo ril lo nite
and kaolinite in di cate mid-lat i tude seas, de pend ing on the
weath er ing in ten sity in the source ar eas (Mar tini et al., 2001).

The Getic/Kuèaj gran u lar Fe-sil i cate-rich iron stone has
35.72% Fe, 1–2% Mn, and lo cally traces tung sten (Mrvaljeviæ,
1956). Chamosite and sid er ite, as the prin ci pal con stit u ents of
these rocks, are as so ci ated with do lo mite, cal cite, sheridanite,
and some times quartz (Krstiæ and Maslareviæ, 1998). The
chamosite is green col our, form ing mi cro-nod u lar ag gre gates or 
as fine flakes, hav ing the form of streaks, whereas pseudo-
 ooids are scarce. Sid er ite oc curs in the form of cryptocrystalline
ag gre gates, oc ca sion ally hav ing the shape of spheru lites.
Chamosite, sid er ite, and sheridanite were iden ti fied by dif fer en -
tial ther mal (DTA) and XRPD anal y ses (Krstiæ and Maslareviæ,
1998). A close in spec tion of the XRPD pat tern (dif frac tion lines)
cor rob o rates the pres ence of sid er ite (FeCO3; Deer et al.,
2013a; ICDD-PDF: 83-1764), in clud ing the com po nents of the
solid-so lu tion se ries of the chlorite group (be tween clinochlore,
(Mg10Al2)[Al2Si6O20](OH)16 and chamosite, (Fe2+

10Al2)
[Al2Si6O20](OH)16; Deer et al., 2013b). How ever, re eval u a tion
shows that it is dif fi cult to con firm any pres ence of chamosite
and sheridanite (with out chem i cal anal y sis), be cause these
min er als are con stit u ents of the chlorite group with ex cep tion -
ally sim i lar XRPD pat terns. With re gards to the abun dant
chlorite, this is a very com mon min eral in a wide spread low- to
me dium-grade meta mor phic as sem blage (Supragetic base -
ment, “Beljanica se ries”; Figs. 2 and 3). Chlorite is formed at
tem per a tures reach ing ~400°C and pres sures of ~0.3 GPa.
Chlorites are also a com mon con stit u ent of ig ne ous rocks due
to the hy dro ther mal al ter ation of the em bed ded pri mary ferro -
mag nesi an min er als. No ta bly, chlorites are a com mon by-prod -
uct of weath er ing and ap pear in many ar gil la ceous rocks, in -
clud ing some iron-rich de pos its (Deer et al., 2013b).

The pres ence of per va sive bioturbation, cou pled with the
iron stone se quence, likely in di cates a low-en ergy coastal hab i -
tat, which al lows fall out from sus pen sion in a low-ox y gen off -
shore set ting (Pufahl et al., 2020, and ref er ences cited therein).
Such con di tions (Krstiæ and Maslareviæ, 1998) in di cate the
pres ence of a shal low in ner shelf con sis tent with the “Ox y gen
Min i mum Zone” (Mathesson et al., 2022; Fig. 7C–E). The shal -
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low en vi ron ment is con sis tent with the Cambro-Or do vi cian
high-stand sys tems tract (Fig. 4). This high-stand sys tems tract
at Cam brian–Lower Or do vi cian sea level pre vented subaerial
ex po sure of the Gondwanan shelf. The in ner shelf or tidal flat
was in a very shal low en vi ron ment last ing up to the ca.
Early–Mid dle Or do vi cian bound ary (or beggining of the Mid dle
Or do vi cian), the for ma tion of un con formity and on set of a
transgressive sys tems tract (Guerrak, 1988; Pufahl et al., 2020;
Fig. 4). The sug gested Early–Mid dle Or do vi cian re gional up lift
and shal low set ting is con sis tent with the un der ly ing de formed
brachi o pod fauna. The iron stone ac cu mu lated by com pen sat -
ing the pre cur sory low-stand con di tions (Fig. 7C, D).

BRIEF COMPARISON WITH REGIONAL BASEMENT ANALOGUES:
EVIDENCE OF BACK-ARC IMPRINTS

The pres ence of post-Or do vi cian to pre-Si lu rian (or Or do vi -
cian age) gab bro in tru sions be long ing to the north east ern
Getic/Kuèaj nappe (Bogdanoviæ et al., 1978; Fig. 2) sug gests
the pres ence of an Or do vi cian mag matic arc or intraplate in tru -
sive equiv a lents (Fig. 7E). An other re gional ex am ple of
back-arc ac tiv ity is in ferred within the Rhodopean mas sif of the
Carpathian-Bal kan thrust belt (Bul garia). Back-arc north
Gondwanan ac tiv ity is con strained by Or do vi cian low-Ti
tholeiitic to calc-al ka line gab bros/bas alts and plagiogranite of
MORB-IAT MORB-type with a back-arc ba salt sig na ture
(Bonev et al., 2013; Fig. 7E). Back-arc de vel op ments most
likely con trib uted to de liv er ing east-west open ing of ei ther the
Rheic Ocean (McKerrow et al., 1991; Nance et al., 2010, 2012;
Kounov et al., 2012; Linnemann et al., 2011; ªen, 2021a) or the
on set of the east ern Rheic (e.g., Bonev et al., 2013; Chatalov,
2017; Maino et al., 2019; ªen, 2021b). The pe riph eral frag men -
ta tion of north Gond wana is fur ther in di cated by an early Si lu -
rian fel sic ep i sode emplaced and doc u mented within the
Serbo-Mac e do nian Unit (476–433 Ma and 439 ±2 Ma; Antiæ et
al., 2016; Fig. 7D). Si lu rian de tach ment of Carpathian-Bal kan
pe riph eral ter ranes trig gered the on set of Si lu rian, De vo nian,
and Lower Car bon if er ous de po si tion (e.g., Krstiæ et al., 2003,
2005, Spahiæ et al., 2019a, b; Šoster et al., 2020). Such a con -
clu sion is ad di tion ally sup ported by the fact that the en tire clus -
ter of Carpathian-Bal kan base ment ter ranes ex pe ri enced
Variscan de for ma tion (e.g., Iancu et al., 2005; Antiæ et al., 2017; 
Spahiæ et al., 2021). Variscan de for ma tion is not pre dicted for
pe riph eral east ern North Gondwanan ter ranes (ter ranes po si -
tioned to the east of the Armori can spur; Stephan et al., 2019).

CONCLUDING REMARKS

The dis placed pre-Me so zoic Variscan ter ranes of the
Carpathian-Bal kan base ment units in cor po rate sev eral
high-grade crys tal line down to meta-sed i men tary base ment
branches of early Phanerozoic age, in par tic u lar, the
Getic/Kuèaj base ment (Kräutner and Krstiæ, 2002; Getic/Kuèaj
nappe; Iancu et al., 2005; Seghedi et al., 2005; Antiæ et al.,
2016; Spahiæ and Gaudenyi, 2018; Fig. 2). The re gion ally larg -
est Getic/Kuèaj nappe (Fig. 2) was ei ther de rived from the pe -
riph ery of the east north ern Gondwanan shelf (Stephan et al.,
2019) or most likely de tached from the Or do vi cian ac tive mar -
gin (Zurbriggen, 2015; Fig. 7E). Other in fer ences are as fol lows:

– Or do vi cian con trac tion and back-arc ac tiv ity de ter mined
the fol low ing bi par tite east ern Gond wana-re lated pe -
riph eral events: (i) tran sient Early Or do vi cian Cenerian
(Sardic) com pres sion af fect ing the Lower Or do vi cian
Getic/Kuèaj se quence and nearby base ments (rep re -
sented by the 488 Ma meta mor phic event, and de tri tal
zir con data in the Serbo-Mac e do nian Unit, and also by
an as sem blage of highly dis torted brachi o pods of Lower
Or do vi cian age; Krstiæ and Maslareviæ, 1998), (ii) the
hith erto un ex plained in ner-Supragetic un con formity
(“lower vs. up per Vlasina unit”; Krstiæ et al., 2003; Antiæ
et al., 2016), in clud ing (iii) the pres ence of mafic-type Or -
do vi cian magmatism;

– iron stone pro duc tion was likely sup ported by the un der -
ly ing Supragetic-Getic greenschist base ment, in clud ing
the “Beljanica green stones”. The Or do vi cian model pro -
posed pro vided con di tions ca pa ble of a sus tained sup -
ply of Fe into a clast-sup ported un der ly ing lithified sed i -
men tary level to be come hard iron stone;

– Or do vi cian mafic vol ca nic rocks of the NE Getic/Kuèaj
nappe likely re flect the on set of Rheic ocean litho sphere
pro duc tion, along its east ern flank;

– The new con straints on the Cenerian (Sardic) event in
Bal kans are con sis tent with the well-doc u mented Or do -
vi cian de vel op ments re corded across south ern Eu ro -
pean base ments. In the Bal kans, Cenerian (Sardic)
accretionary in ter fer ence is of (early) Mid dle Or do vi cian
age.
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