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Abstract: The Early Cretaceous was a time of significant development of carbonate platforms on the margins
of the Tethys Ocean, including the Getic Carbonate Platform, in the northern peri-Tethys realm, cropping out in the
Southern Carpathians (Romania) and Carpatho-Balkanides (Serbia and Bulgaria). This study focusses on the upper
Berriasian—lower Valanginian carbonate succession of SE Serbia (Dimitrovgrad) and provides noteworthy insights for
the understanding of the Getic Carbonate Platform evolution. On the basis of facies stacking pattern and occurrence
of prominent horizons, three vertically superimposed sedimentary units are distinguished in the ~230 m thick suc-
cession: unit I consists of shallow subtidal, low-energy environments favouring the development of patch reefs with
Bacinella-1ithocodium, rudists, corals, siliceous and calcareous sponges, including stromatoporoids; unit II is indicative
of restricted subtidal to intertidal-supratidal facies and platform-top subaerial exposure, testified by karst collapse
breccias, syn-sedimentary dolomitization and by negative shifts of carbon and oxygen isotopes; unit III represents the
platform drowning stage with abundance of crinoids, chert, detrital quartz and glaucony grains. Platform drowning is
marked by a change in carbonate production from photozoan, light-dependent skeletal biota such as corals, to light-
independent, filter feeders heterozoan carbonates with crinoids and bryozoans. Syn-sedimentary tectonics appears to
be responsible for uplift and subaerial exposure, subsequent rapid deepening and platform demise, possibly associated
with increased nutrients during transgression. The Berriasian—Valanginian carbonate strata of Dimitrovgrad show
similar evolution to other contemporaneous carbonate systems of western Tethys, highlighting the effects of regional
tectonics and global controlling factors on carbonate deposition in the earliest Cretaceous.
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INTRODUCTION

Extensive carbonate depositional systems de-
veloped across the northern to southern provinces
of the Tethyan Realm from the Late Jurassic to the
Early Cretaceous (Dercourt et al. 2000; Kiessling
et al. 2003; Hofling & Scott 2002). These shallow-
water carbonate successions recorded Jurassic to
Cretaceous global changes driven by climate varia-
tions, tectonics and eustatic sea-level oscillations
(Hallam 1985; Frakes et al. 1992; Larson and Erba
1999; Weissert and Erba 2004; Immenhauser et
al. 2005; Follmi 2012; Haq 2014; Cavalheiro et al.
2021; Martinez et al. 2023). The Berriasian—Valan-
ginian time is regarded as one of the most dyna-
mic intervals of the Early Cretaceous, affected by a
perturbation of the global carbon cycle (Weissert et
al. 1998), associated with the first Oceanic Anoxic
Event (OAE) of the Cretaceous period (“Weissert
OAE”; Erba et al. 2004). During the Berriasian—Va-
langinian time, carbonate platforms in different pa-
leogeographic domains of the Tethys Ocean, from
the northern passive margin Helvetic platform and
intra-Tethys Northern Calcareous Alps, reveal the
following stages of evolution: a) pre-drowning
shallow-water carbonate platform growth; b) suba-
erial exposure of the platform top in some areas
(Masse et al. 2009; Gradinaru et al. 2016); and c)
carbonate platform drowning (Follmi et al. 1994,
Schlagintweit & Ebli 1999; Follmi et al. 2006, 2007;
Morales et al. 2013). Various studies (Morales et al.
2013; Follmi & Godet 2013) described a change in
carbonate production from photozoan association,
dominated by benthic, light-dependent organisms
and non-skeletal grains, to heterozoan association,
dominated by light-independent organisms (sensu
James 1997), corresponding to the tropical shallow-
water and cool-water carbonate factories, respecti-
vely (sensu Schlager 2000, 2003).

The drowning of carbonate platforms was
defined by Schlager (1981) as the demise of shal-
low-water carbonate production due to rapid ac-
commodation creation (e.g, rapid tectonic or eu-
static deepening or sedimentation rate reduction)
or suffocation by siliciclastic input and/or seawater
eutrophication reducing the carbonate factory capa-
bility to keep pace with increasing accommodation.
The sedimentary expression of drowning events
often consists of hemipelagic deposits sharply co-
vering shallow-water carbonates (Schlager 1981,

Stefanovi¢ |., Della Porta G., Bucur 1.1 & Radivejevié D.

1989, 1999ab; Schlager & Camber 1986). Drowning
events may follow the subaerial exposure of carbo-
nate platforms, commonly manifested by karstifica-
tion and/or calcrete paleosoil formation, because
exposure switches off the carbonate factory and
then, at the onset of the following relative sea-level
rise, drastically reduces the carbonate production
rates by a lag time (Schlager 1989; Hillgdrtner 1998;
Gawlick & Schlagintweit 2006; Merino-Tomé et al.
2012; Godet et al. 2013 and references therein).

The goal of this study is to investigate the lo-
wermost Cretaceous carbonate succession cropping
out in south-eastern Serbia (Dimitrovgrad area; Fig.
1), belonging to the complex system of carbon-
ate platforms, labelled by Patrulius (1976) and Pa-
trulius and Avram (1976) as the Getic Carbonate
Platform (GCP), to identify the stages of platform
evolution in comparison with other Tethyan do-
mains. Present-day outcrops of the GCP extend
from the Southern Carpathians (Romania) to their
southern continuation in the Carpatho-Balkanides
(Serbia and Bulgaria). Following several studies in
the Romanian (cf. Gradinaru et al. 2016; Ples et al.
2019, Mircescu et al. 2022) and Bulgarian (Ivanova
et al. 2008; Ivanova & Chatalov 2022) sectors of the
GCP, this study aims at characterizing the carbonate
facies and microfacies, the skeletal composition of
bioconstructions and the response of the SE Ser-
bian portion of the Lower Cretaceous GCP to the
regional tectonics and global perturbation driving
subaerial exposure, platform drowning and carbo-
nate factory changes.

GEOLOGICAL SETTING

The Upper Jurassic—LLower Cretaceous car-
bonates of the GCP belong to the Getic Nappe
(Fig. 1) that formed during the Late Cretaceous, as
a result of the two-phase collision between the Da-
cia Mega-Unit and the stable part of the European
continent, the Moesian Platform (Sandulescu 1984,
Schmid et al. 2008, 2020; Krstekani¢ et al. 2020).
The GCP carbonate succession was deposited on
the European-derived Dacia Mega-Unit (Fig. 2;
Csontos & Vo6ros 2004; Schmid et al. 2008).

In Serbia and Bulgaria, different local names
are in use to address the Upper Jurassic—Lower Cre-
taceous GCP outcrops (Krautner & Krsti¢ 2003).
For instance, in the study area in SE Serbia, Upper
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Fig. 1 - A) Location of the investiga-
ted area in SE Serbia within
the  Carpatho-Balkanides.
Numbers  represent  the
thrust sheets forming the
orogen: (1) Serbo-Macedo-
nian-Supragetic-Subbucovi-
nian-Bucovinian, (2) Getic
and (3) Danubian nappes
(modified and simplified af-
ter Schmid et al. 2008). The
green star represents the
investigated area near the
town of Dimitrovgrad. B)
Detail of the geological map
of SE Serbia, in the area of
Dimitrovgrad (redrafted af-
ter the Basic Geological Map
of  Yugoslavia, 1:100,000
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Jurassic to Lower Cretaceous carbonate platform
successions are labelled as part of the Kucaj and
Tupiznica-Tepos zones (cf. Dimitrijevi¢ 1997), or in
western Bulgaria they are addressed as part of the
Dragoman positive block (Sapunov et al. 1985; Iva-
nova et al. 2008). Hence, the definition of GCP is
accepted herein for all Upper Jurassic—Lower Creta-
ceous carbonate successions forming the sedimen-
tary cover of the Getic Nappe, specifically compri-
sing the Serbian and Bulgarian segments, to be able
to compare the carbonate deposits across different
regions and define significant regional events recor-
ded in other parts of the complex GCP sedimenta-
ry system.

Previous studies on the Lower Cretaceous
Getic Carbonate Platform

This study focuses on outcrops located in the
surroundings of the town of Dimitrovgrad, repre-
senting the south-eastern part of the Serbian GCP,
which continues into western Bulgaria. Publications
on the uppermost Jurassic—lowermost Cretaceous
carbonate strata of SE Serbia are limited, except for
studies dealing with the paleontological characteri-
zation and biostratigraphy based on calcareous al-
gae (Radoici¢ 1978; Bucur et al. 2021) and benthic
foraminifera (Bucur et al. 1995; Bubik et al. 2024).

The Serbian part of the GCP was initially in-
vestigated by Andelkovi¢ et al. (1969) in the Basic
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Fig. 2 - Paleogeographic map of the
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of the investigated area is
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ring the Early Cretaceous
was positioned around the
25° N palaeolatitude (cf. Bu-
cur et al. 1995).
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Geological Map of SFRY (1:100,000), Sheet Pirot
and Breznik (Fig. 1), and partially by Jankicevi¢
(1978). The sedimentological composition of the
lowermost Cretaceous carbonates was locally inve-
stigated in the southern part of the Serbian GCP
(Bucur et al. 1995) and in its south-western segment
(Bucur et al. 2020).

In the Bulgarian sector, named Dragoman
Block, two different formations were recognized
in the Jurassic to Lower Cretaceous sedimentary
succession of the GCP, with variable diachronous
boundaries (Ivanova et al. 2000; Ivanova & Koleva-
Rekalova 2004; Roniewicz 2008; Ivanova et al. 2008;
Petrova et al. 2017; Kotodziej & Ivanova 2021; Iva-
nova & Chatalov 2022): 1) Callovian—lower Hau-
terivian shallow marine limestones of the Slivnitsa
Formation, and 2) Berriasian—Barremian open ma-
rine marlstones, sandstones and limestones of the
Salash Formation. These studies show that the li-

thological contact between the shallow-water car-
bonates of Slivnitsa Fm., and marly limestones and
marlstones of the Salash Fm., becomes younger
westward, starting in late early Valanginian in the
easternmost part and up to the latest Valanginian—
early Hauterivian in the western part of the Dra-
goman Block. In addition, the boundary between
these two formations can be transitional (Ivanova
et al. 2000) or represented by a hardground (Man-
dov & Nikolov 2001). Recently, Ivanova & Chatalov
(2022) investigated the Valanginian drowning event
capping the Slivnitsa Fm. carbonates.

MATERIALS AND METHODS

Three stratigraphic logs were measured and
correlated in the selected study area close to the
town of Dimitrovgrad: log A (110 m thick; latitude



Upper Berriasian—lower 1 alanginian carbonate succession of SE Serbia 357

N 43° 01’ 457, longitude E 22° 49* 09”), log B (200
m thick; latitude N 43° 01’ 407, longitude E 22°
49> 23”) and log C (70 m thick; latitude N 43° 01’
377, longitude E 22° 48> 48”). A total number of 75
samples was collected from which 83 thin sections
were prepared for petrographic analysis. The stan-
dard classification of carbonate rock depositional
textures by Dunham (1962), integrated with Embry
& Klovan (1971), was used for the description of
carbonate facies and microfacies. Staining of thin
sections with alizarine red was performed for the
identification of dolomite (Dickson 1965, 19606).

The classification by Védrine et al. (2007) was
applied to identify the types of oncoids. This classi-
fication is based on surface morphology, size, cortex
structure and composition and distinguishes four ca-
tegories of oncoids (type 1-4). Type 1 oncoids are
homogenous or made of continuous, but barely vi-
sible, micritic laminae. Type 2 oncoids exhibit domi-
nance of micritic laminae over the organism-bearing
laminations made of serpulid worms or polymor-
phinid foraminifera Bu/lopora Quenstedt, 1856. Both,
type 1 and 2, have a bioclastic or lithoclastic nucleus
(Védrine et al. 2007). Type 3 oncoids are few millime-
tres to 5 cm in diameter, elliptical bodies with lobate
surface. The cortex is dominantly composed of or-
ganism-bearing laminae of microencrusters Bacinella
irregularis Radoic¢i¢, 1959 and Lithocodium aggregatum
Elliott 1956, followed by few micritic laminations.
Both types of laminae are rarely continuous. Type
4 oncoids show no lamination in the cortex and no
nucleus and are made of microbial meshwork of Ba-
cinella and Lithocodium. The classification by Strasser
(1986) was used to characterize the ooids.

The age of the studied succession was deter-
mined on the basis of benthic foraminifera and cal-
careous nannoplankton associations.

Stable oxygen and carbon isotope analyses
were conducted on carbonate powders extracted
by handheld microdrill. Sampling for chemostrati-
graphy covered the entire stratigraphic section but
at unequal distances. The extraction of total 78
powders was performed separating the depositional
texture from veins and fractures filled by late diage-
netic calcite. The analysed samples include: 68 bulk
rock (log A: 24 samples; log B: 28 samples; log C:
15 limestone samples, 1 dolomite sample) and 10
calcite spar cement from fractures and veins cross-
cutting the lithified limestone. Fracture filling spari-
te was sampled to constrain the isotopic signature

of late burial diagenesis that might have overprin-
ted the pristine marine carbonate isotopic values.
Stable isotope analysis was performed at the De-
partment of Earth Sciences, University of Milan,
using an automated carbonate preparation device
(Gasbench II) and a Thermo Fisher Scientific Delta
V Advantage continuous flow mass spectrometer.
Carbonate powder samples were reacted with >
99% orthophosphoric acid at 70°C. The carbon and
oxygen isotope compositions are expressed in the
conventional delta notation calibrated to the Vien-
na Pee-Dee Belemnite (V-PDB) scale by the inter-
national standards TAEA 603, NBS-18 and internal
laboratory Carrara and Candoglia marble standards
calibrated against V-PDB. Analytical reproducibility
for these analyses was better than * 0.1 %o for both
8"0 and 8"C values. A two-point moving average
was calculated to identify vertical trends and isotope
excursions through time and for chemostratigraphic
correlation of logs.

Scanning electron microscopy analysis was
performed with a JEOL JSM-6610LV equipped
with an energy-dispersive X-ray spectrometer
(SEM-EDX) on selected samples at the University
of Belgrade, Faculty of Mining and Geology, Labo-
ratory of SEM. The prepared polished rock samples
were exposed to the EDX analyses, while obtaining
secondary electron and back-scattered images.

REsULTS

Sedimentary units and facies characterization

Detailed sedimentological and petrographic
investigation of logs A, B and C, allowed distingui-
shing 17 facies types, labelled from F1 to F17, com-
plemented by microfacies petrographic descriptions
of thin sections as described in detail in Table 1.
Three superimposed stratigraphic intervals, labelled
as unit I, IT and III (Fig. 3), were distinguished on
the basis of facies character, sharp lithological chan-
ges (e.g., occurrence of F14 sponge spicule packsto-
ne with chert) and horizons of lithoclastic breccia
beds (facies F7a-b).

Unit I consists of facies from F1 to F6, with
different vertical distribution in the lower parts of
the three logs: in log A facies F1-F3, F5, F6 (43 m
thick); in log B F1, F2, F4, F5 (163 m thick); and in
log C FF2, F3 (17 m thick). Facies F1 consists of 0.5-
2 m-thick beds of peloidal packstone/grainstone to
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platform drowning

Peloidal packstone/grainstone to rudstone
with rudists and boundstone lenses with
Bacinella-Lithocodium, corals, calcareous
sponges, among which stromatoporoids,
and siliceous sponges

Peloidal and micrite-coated grains
packstone/grainstone with crinoids

Peloidal-crinoidal packstone
Peloidal wackestone/floatstone with rudists
Coral boundstone

Stromatoporoid-clotted peloidal micrite

Bacinella boundstone

Peloidal packstone with benthic foraminifera

Monomictic breccia
Monomictic breccia with red iron-oxide matrix

Peloidal wackestone/floatstone with
Packstone to rudstone with micritized grains

Siliceous sponge spicule wackestone to
packstone with pisoids and fenestrae

Peloidal-skeletal packstone with Bacinella

Peloidal-skeletal packstone to grainstone
Peloidal-oncoidal packstone to grainstone
Peloidal wackestone to packstone with
benthic foraminifera

Sponge spicule packstone with chert
Peloidal-crinoidal packstone with sparse

Red-colour crinoidal packstone with benthic
foraminifera, sparse glaucony and

Peloidal packstone/rudstone with cm-sized
lithoclasts, glaucony and quartz grains
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Fig. 3 - A) Sedimentary logs A, B
and C measured in the Di-
mitrovgrad area. Seventeen
facies and microfacies types
were identified and three
superimposed  stratigraphic
units (I-III) were distingui-
shed from bottom to top
(unit I-11I). B) Relative posi-
tion of logs with the relative
distance in metres (not to
scale).

rudstone with rudists, surrounding decimetre-scale
lenses of boundstone with Bacinella-1ithocodium,
corals, calcareous sponges, among which stromato-
poroids, and siliceous sponges (Fig, 4). Three sub-
categories of facies F1 were distinguished on the
basis of dominant biota in the boundstone lenses:
Fla is dominated by corals (Fig. 5A), calcareous and
siliceous sponges (Fig. 5B-C); F1b shows dominant
rudists and Bacznella-1 ithocodinms, and Flc is characte-
rized by stromatoporoids. Some of the skeletal com-

ponents, such as rudist shells, stromatoporoids and
corals, are encrusted by Bacinella-Lithocodium (Fig,.
5D) and locally by foraminifera (Fig, 5E). Bacinella
and Lathocodium may exhibit perforations by the fo-
raminifer Troglotella incrustans Wernli & Fookes, 1992
(Fig. 5F) as reviewed by Schlagintweit (2012). The-
se microproblematica organisms also form 1-4 mm
wide, type 3 and 4 oncoids. Two subtypes of type
4 oncoids are differentiated in this study: Bacznella-
dominated oncoids, which are sub-rounded to ellip-
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Fig. 4 - Outcrop photos and pho-
tomicrographs of facies F1
(unit I, logs A and B). A)
Tectonically tilted 0.5-2 m
thick beds of F1 peloidal
packstone/grainstone to
rudstone showing bedding,
with different boundsto-
ne lenses with corals, cal-
careous  sponges, among
which stromatoporoids, si-
liceous sponges, rudists and
Bacinella-1ithocodium (unit 1,
log B). B) Outcrop photo
of centimetre-size rudists
(log B). C) Decimetre-size
unidentified sponge with
borings (log B). D-F) Deci-
metre-size stromatoporoids
(log B). G) Peloidal packsto-
ne/grainstone to rudstone
surrounding dm-scale lenses
of boundstone with rudists
(sample A0, log B). H) Peloi-
dal packstone/grainstone to
rudstone surrounding dm-
scale lenses of boundstone
with stromatoporoids  (St)
and corals (coral = C; me-
android? coral = m?C). Note
the boring on the coral (C)
with geopetal filling (sample
101/12, log A).

tical, occasionally with thin I ithocodium coating (Fig.
5G); and Lithocodium-dominated oncoids, which
have wavy edges, are elongated and Bacinella is rare
to absent (Fig. 5H). Facies F2 peloidal and micrite-
coated grains packstone/grainstone with crinoids
(Fig. 6A-B) contains type 4 Lithocodium-dominated
oncoids and locally rims of fibrous isopachous
cement (Fig. 6C). Facies F3 well-sorted, peloidal-
crinoidal packstone is dominated by crinoid ossicle
debris (Fig. 6D). Facies F4 peloidal wackestone/
floatstone with rudist fragments is rich in silt-grade
skeletal debris embedding few, coarse skeletal grains

(Fig. 6E), and it is crossed by irregular millimetre-
wide fissures with intraclasts, peloids and micrite
matrix (Fig. 6F). Beds of F5a boundstone (Fig, 7A)
occur in log B (~100 m) represented by cerioid co-
rals, and in log A (~35 m), where plocoid corals are
encrusted by serpulids (Fig. 7B). In log A, fissures
with red colout, siliciclastic sediment with iron oxi-
des and calcite cement cross-cut the F5a boundsto-
ne (Fig. 7B). Based on the EDX analyses the red de-
posits consist of iron oxides, muscovite and other
detrital mica grains, rutile and clay minerals (sample
101/10; Appendix 1). Boundstone beds with stro-
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Facies Texture Sorting Grain types Skeletal grains Bedding Diagenetic features Depositional
and grain environment
size
F1- Peloidal P/G to Poorly Peloids (90-600 pum, Rudists (VC), probably Family Requieniidae and/or Planar Variable texture: packstone with micrite matrix Low-energy,
packstone/grainstoneto R sorted, commonly 200-300 pm) Monopleuridae; bivalves (VR); gastropods (VR); beds 0.5-  but locally grainstone with rare 10s um thick open marine
rudstone with rudists locally (A); micrite coated grains  crinoids (C); echinoid spines (R); siliceous 2mthick  rims of isopachous fibrous cement surrounding subtidal
and boundstone lenses moderate (0.5-1.5 mm) (S-C); demosponges with monoaxone spicules (S); calcified grains followed by blocky to drusy sparite. Most
with Bacinella- sorted; oncoids type 3 and 4 sponge Cylicopsis verticalis and other undetermined skeletal grains are micritized (rudists,
Lithocodium, corals, 0.04->6 made of Bacinella and calcareous sponges (S); stromatoporoids (R-VC); stromatoporoids, corals) and display borings. The
calcareous sponges, mm. Lithocodium, with solitary corals (R-C); cerioid (R-C); fabello-meandroid? process of micritization is partially evident
among which skeletal fragments of and meandroid (S); plocoid corals (R); Bacinella- through destructive-constructive micrite
stromatoporoids, and rudists, sponges and Lithocodium encrusting rudists, corals, stromatoporoids envelopes. Few pressure solution stylolites are
siliceous sponges nubecularid foraminifera  and other sponges (C); Crescentiella morronensis (VR); locally present filled with ferroan calcite spar.
Fla - Peloidal P/G to R (1-4 mm) (VR-C); Radiomura cautica (VR); Cayeuxia-type calci-microbes Numerous, multiple generations, fissures filled
with corals and sponges skeletal grains (0.6-10 (VR); benthic foraminifera: lituolids (Gandryina sp., by blocky calcite or microsparite mosaics
F1b - Peloidal P/G to R mm, occasionally >20 Nezzazatinella sp., Nautiloculina cf. brénnimanni),
with rudists and mm) (A) loftusiids (cyclamminids, Charentia sp.,
Bacinella-Lithocodium Vercorsella/Montsalevia sp.), nodosariids (Bullopora
Flc - Peloidal P/G to R sp., Lenticulina sp.) and milioliids (Danubiella sp.,
with stromatoporoids Meandrospira favrei, Troglotella incrustans) (R-C);
agglutinated (R); encrusting benthic foraminifera
?Coscinophragma (R); decapod crustaceans
Carpathocancer (VR)
F2 - Peloidal and PIG Moderately ~ Peloids (0.1-0.2 mm) Crinoids (S); echinoid spines (R); corals (S); Bacinella-  Planar Micrite matrix fills interparticle space and locally ~ Low-energy,
micrite-coated grains sorted; 0.1-  (C); micrite coated grains  Lithocodium encrusting corals (S); Crescentiella beds 0.5-  isopachous equant sparite around the grains and open to
packstone/grainstone 15mm (0.5-1.5mm) (C); type 4 morronensis (VR); benthic foraminifera: nodosariids 1mthick  blocky sparite. Syntaxial calcite cement sparsely restricted
with crinoids Lithocodium-dominated (Lenticulina sp.) and small textulariids (R); on crinoid ossicles. Skeletal grains are strongly marine
oncoids (5-6 mm) (S); dasycladalean algae (VR) mici d, except crinoids that have thin or no subtidal
skeletal grains with thin micritic coatings. Sparse sutured grain contacts
destructive-constructive and stylolites
micrite envelopes (~0.2
mm) (C)
F3 - Peloidal-crinoidal P Well Peloids (0.1-0.3 mm) Bivalves (R); crinoid ossicles (debris) (A); calcareous Planar Micrite matrix filling interparticle space. Grains Low-energy,
packstone sorted; 0.1-  (A); micrite coated grains  sponge fragments (debris) (R); echinoid spines (S); beds 0.2-  are strongly micritized. Blocky calcite filling open to
0.7 mm (~0.2 mm) (R); skeletal bryozoans (S); decapod crustaceans Carpathocancer 2mthick  fissures restricted
grains (0.1-0.7 mm) (VC)  (R); benthic foraminifera: as nodosariids (Lenticulina marine
sp.) (R-S) subtidal
F4 — Peloidal WIF Well Peloids (0.05-0.1 mm) Rudist fragments (C); crinoid ossicles (C); possible Planar Micritized skeletal grains. Few fissure Low-energy,
wackestone/floatstone sorted; (VC); skeletal grains bryozoan debris (S); Lithocodium fragments (S); beds <1 generations: 1- filled with microsparite and restricted
with rudists 0.05-1 (0.2-1 mm, rarely 8 mm)  milioliids foraminifera (R); calcispheres (VR) m thick equant sparite, together with angular clasts of subtidal
mm, rarely  (VC) host rock (F4); 2- blocky calcite fissure cutting
8 mm the 1 generation. Stylolites with iron-oxides
postdating the 1 fissure generation
F5a - Coral B, Peloids (0.06-0.9 mm) Different coral colonies: cerioid and plocoid (A); ~15m Locally fissures, few mm thick, filled with silty Low- to
boundstone locally (R); tangential ooids echinoid spine (VR); monaxon siliceous sponge thick yellowish material. Within the corallites moderate-
w (VR); skeletal grains (S) spicules (R); serpulids (R); benthic foraminifera: small beds wackestone with silt-sized skeletal debris energy
textulariids (VR) subtidal
F5b — Stromatoporoid- B-to-W Peloids (0.06-0.1 mm) Rudist shells (C); ostracods (VR); Lithocodium (C); ~0.5m Micrite matrix. Locally brecciated with blocky Low- to
clotted peloidal micrite ©) Crescentiella morronensis (VR); chaetetid-type thick sparite and fine micrite matrix with peloids moderate-
boundstone demosponge (C); stromatoporoids (C); serpulids (S); beds between the angular clasts (<0.5-1 mm-size). The  energy
dasycladalean fragment (VR) brecciated part is cut by fissures filled by blocky  subtidal
sparite. Fissures with fine, structureless micrite
filling are sparse
F5c - Bacinella B-to-W Peloids (0.05-0.3 mm) Ostracods (VR); Bacinella (A); siliceous sponges with ~1.5m Micrite and granular sparite cement reflecting the ~ Low- to
boundstone ©) monaxon spicules (C); Lithocodium (R); Crescentiella thick geopetal filling in ostracods. Voids with equant moderate-
morronensis (VR); gastropod shells (VR-R); benthic beds cement in Bacinella boundstone and siliceous energy
foraminifera (R): miliolids and small textulariids; sponge. Locally crystal silt sediment fill. subtidal
dasycladalean algae Suppiluliumaella sp. (R) Stylolites formed around siliceous sponge bodies
F6 — Peloidal packstone P, Well Peloids (0.08-0.1 mm) Benthic foraminifera (VC): small loftisiids Planar Isopachous fibrous cement surrounding grains, Low-energy,
with benthic locally sorted; (VC); oncoids type 3 (1.5  (Dobrogelina sp.), miliolids, textulariids and lituoiids; beds 0.5-  equant cements filling interparticle space and open to
foraminifera and G 0.08-1.5 mm) (S); micrite coated bivalves (R); gastropods (S); Cayeuxia (S); crinoids 15m micrite matrix. Skeletal grains strongly restricted
fenestrae mm grains (~0.2 mm) (R); (R); undetermined calcareous sponges (S); thick micritized. Fenestrae filled with micrite and marine
radial ooids type 1 (~0.5 dasycladalean algae (VR); protohalimedacean algae granular cement, reflecting geopetal structures subtidal
mm) (R); skeletal grains (Carpathocodium anae) (R); Carpathocancer (VR)
(0.1-1.5 mm) (VC)
F7a - Monomictic R, Poorly Angular clasts of F8 (0.5-  Bivalves (R); crinoids (VC); bryozoans (R-C); Planar Micrite matrix between grains. The space Subaerial
breccia clasts sorted; 20 mm) (VC); peloids Lithocodium (VR); unidentified calcareous sponges bedupto  between the breccia clasts is filled by blocky, exposure,
wi/p 0.01-20 (0.01-0.1mm) (C); (VR); coral fragments (S); dasycladalean algae 1mthick  drusy sparite and fine micrite with peloids karst
mm skeletal grains (~0.5 mm)  Suppiluliumaella sp. (R-S) dissolution
©) and
brecciation
F7b — Monomictic R Poorly Angular clasts (0.5-20 - One bed Red, iron-oxide rich matrix. Stylolites filled by Subaerial
breccia with red iron- sorted; 0.5-  mm) (A) 0.5-1.5m insoluble Fe rich material. Clasts of blocky to exposure,
oxide matrix >20 mm thick granular sparite replacing the original texture karst
dissolution
and
brecciation
F8 - Peloidal WIF Moderately ~ Peloids (0.06-0.3 mm) Rudists (R); bivalves (S); gastropods (VR-R); ostracods ~ Planar Micritized skeletal grains. Locally stylolites Low-energy,
wackestone/floatstone sorted; (VC); micrite coated (S); crinoids (C); bryozoans (C); Bacinella-dominated beds <1 restricted
with bryozoans 0.06-3 grains (R); Bacinella- type 4 oncoids with milioliids foraminifera Troglotella m thick shallow
mm, rarely  dominated type 4 oncoids incrustans (R); Lithocodium (R); undetermined subtidal
>6 mm (R); skeletal grains (0.2-3  encrusting calcareous sponge (S); stromatoporoid
mm, rarely >6 mm) (A) fragments (R); Carpathocancer (VR)
F9 — Packstone to PtoR Moderately ~ Skeletal grains (0.5-1 Rudist shell fragments (at the nucleus of the micritic Planar Intensive micritization of pisoids, or possible of Low-energy,
rudstone with micritized sorted; 0.5-  mm) (C); pisoids and nodules) (C); bivalves (R); ostracods (VR); gastropods beds 0.5-  oncoids. Micrite meniscus cement. Few-mm intertidal-
grains and pisoids 6 mm micritized grains (1.2-5 (R); monaxon siliceous sponge spicules (R); benthic 1mthick irregular sized voids with granular sparite. supratidal

mm) (VC)

foraminifera: textulariids (VR)

Locally sparite filling vugs between the pisoids.
Rudist shells partially sparite replaced.
Numerous pressure solution stylolites

Tab. 1 - Descriptions of the carbonate facies and related microfacies from F1 to F17 identified in the studied Lower Cretaceous succession.
Abbreviations for the abundance in volume percentage (Fliigel 2010): VR (very rare; < 2% grains), R (rare; 2-5%), S (sparse; 5-10%),
C (common; 10— 30%), VC (very common; 30-50%), A (abundant; > 50%). Texture types (Dunham 1962; Embry & Klovan 1971):
W (wackestone), P (packstone), G (grainstone), R (rudstone), B (boundstone).
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Facies Texture Sorting Grain types Skeletal grains Bedding Diagenetic features Depositional
and grain environment
size
F10 - Siliceous sponge ~ WtoP,  Well to Pisoids and micritized Ostracods (R); monaxon sponge spicules (VC); Planar Irregular sized fenestrae and vugs within Low-energy,
spicule wackestone to B moderately  grains (1.5-3.5mm) (C); siliceous sponges, possible demosponges (C); benthic beds 0.5- siliceous sponge bodies, filled by laminated intertidal-
packstone with pisoids sorted; 0.5-  skeletal grains (0.5-1.5 foraminifera: loftusiids, miliolids and textulariids (S) Imthick  crystal silt and equant sparite forming geopetal supratidal
and fenestrae 3.5mm mm, rare 3 mm) (VC) fillings. Strongly micritized grains. Numerous
stylolites postdating sparite filling fissures,
and dissolution vugs
F1la - Peloidal-skeletal , Well Peloids (0.05-0.1 mm) Bivalves (C); gastropods (R); Cayeuxia (S); benthic Planar Micrite matrix and intraparticle space filled by Low-energy,
packstone with locally sorted; (VC); micrite coated foraminifera: lituolids (Haplophragmoides sp.), beds 0.5-  isopachous cement around the edge and equant intertidal-
Bacinella boundstone G,B 0.05-0.3 grains (~0.2 mm) (S); loftusiids (Scythiolina sp., pfenderinids), miliolids and 15m sparite filling. Skeletal grains strongly micritized.  supratidal
mm skeletal grains (0.1-0.3 textulariids (VC) thick Bio-molds of gastropods filled by blocky sparite
mm) (VC); Bacinella-
dominated type 4 oncoids
(1-4 mm) (R)
F11b - Peloidal-skeletal Pto G Well Peloids (0.05-0.1 mm) Benthic foraminifera: loftusiids (Scythiolina sp., Planar Interparticle space filled by isopachous fibrous Low-energy,
packstone to grainstone sorted; (C); skeletal grains (0.1- Siphovalvulina sp.), miliolids and textulariids (VC); beds 0.5-  cement, equant sparite and micrite matrix. shallow
0.08-1.5 1.5 mm) (VC) bivalve fragments (VR); gastropods (VR) 1.5m Locally meniscus cement binding grains. Skeletal ~ subtidal to
mm thick grains strongly micritized. \Voids filled by micrite  intertidal-
and granular sparite cement supratidal
F12 - Peloidal-oncoidal Pto G Moderately  Peloids (0.05-0.25 mm Rudist shells (at nucleus of the oncoids type 4) (R); Planar Few cement types: vadose meniscus microsparite  Low-energy,
packstone to grainstone sorted; (VC); skeletal grains gastropods (S); benthic foraminifera: involutinids beds 0.5-  cement at grain contacts; isopachous fibrous intertidal-
with fenestrae 0.05-7mm  (0.2-2mm) (C); (?Coscinoconus sp.), loftusiids (Scythiolina sp., 1.5m sparite around grains and equant cement in the supratidal
Bacinella-dominated Cribellopsis sp., Siphovalvulina sp.), lituolids thick interparticle space, and filling voids. Micrite
type 4 oncoids (1-7 mm)  (Haplophragmoides sp., ?Bolivinopsis sp.), miliolids matrix. All grains are micritized. Fenestrae filled
(C); micritized tangential  and textulariids (VC); Cayeuxia (S) by blocky sparite
ooids (type 1) and
elongated tangential
ooids (type 2) (S)
F13 - Peloidal Wto P Well Peloids (0.07-0.1 mm) Benthic foraminifera: lituolids (Haplophragmoides sp.),  Planar Micritized skeletal grains Low-energy,
wackestone to sorted; (VC); skeletal grains loftusiids (Scythiolina/Vercorsella sp., Orbitolinopsis beds 0.5- restricted
packstone with benthic 0.07-0.4 (0.2-0.4 mm, rare 4 mm)  sp., Cribellopsis sp., Montsalevia salevensis, 1 m thick subtidal
foraminifera mm, rarely  (A); calci-mudstone ?Moulladella jourdanensis), miliolids (Danubiella
4 mm intraclasts (>0.4 mm) gracillima) and spirilliniids (Glomospira sp.) (A);
(VR) bivalves(R); gastropods (R); Lithocodium encrusting
bivalve shell (R); Crescentiella morronensis (VR);
undetermined calcareous sponge (S); Carpathocancer
F14 - Sponge spicule P Well to Peloids (0.06-0.1 mm) Bivalves (R); crinoids (R); siliceous sponges (C); 0.2-0.5m Silicification with microcrystalline quartz and Moderate to
packstone with chert moderately  10%,; skeletal grains (0.1-  possible lithistids (VR); monoaxon siliceous sponge thick chalcedony replacing sponge bodies and locally high-energy,
sorted; 1 mm) 90% spicules (A); triaxon siliceous sponge spicules (R); beds calcitized sponge bodies. Bitumen occurrences in  subtidal to
0.06-1 mm crustaceans Carpathocancer (R); bryozoans R; benthic the intergranular space and stylolites deeper
foraminifera (R) environment
F15 - Peloidal- P, Well to Peloids (0.1-0.3 mm) Bivalves (R); crinoid ossicles (A); siliceous sponges (R)  Planar Chalcedony replacing siliceous sponge spicules. Moderate to
crinoidal packstone locally moderately  (A); micrite coated grains  (above F14); calcareous sponge fragments (debris) (R); beds 0.2-  Grains are strongly micritized and exhibit micro-  high-energy
with sparse bryozoans sorted; 0.1-  (~0.2 mm) (S); radial echinoid spines (S); bryozoans (S); decapod crustaceans 2 mthick  borings. Micrite matrix or locally blocky calcite subtidal,
0.7 mm ooids type 1 (~0.5 mm) Carpathocancer (R); benthic foraminifera: possible cement. Bitumen-bearing sutured grains contacts.  possible
(VR); (VR); skeletal loftusiids, miliolids, nodosarids (Lenticulina sp.) and Blocky calcite filling fissures storm
grains (0.1-0.7 mm) textulariids (C) influence
(VC); phosphate grains
(VR); guartz grains
F16 — Red-colour P Well to Peloids (~0.1 mm) (C); Crinoid ossicles (A); bryozoans (C); siliceous sponges?  Planar Pressure solution with sutured grain contacts and ~ Moderate -
crinoidal packstone moderately  skeletal grains (0.3-1.5 (R); crustaceans Carpathocancer (C); benthic beds 0.3-  stylolites Fe oxide residual material. Micrite and energy
with benthic sorted; 0.1-  mm) (A); glaucony foraminifera: miliolids (as Meandrospira favrei) (S) 05m mixed clay Fe oxide matrix, and locally blocky subtidal to
foraminifera, sparse 1mm, pellets (S); phosphate thick sparite. Fe and Mn oxide filling endolithic micro-  deeper
glaucony and quartz locally 1.5 pellets (VR); quartz borings; intraparticle pores in bryozoans and environment
grains mm grains (S) some foraminifera; Fe-oxide coatings on
different skeletal grains; ferroan calcite
replacement of crustacean fragments
F17 - Peloidal P/IR Poorly Peloids (0.5-1.5 mm) Bivalve and gastropod fragments (R); rudist shell Planar Sutured grain contacts. Lithoclasts of crinoidal Deeper water
packstone/rudstone sorted; 0.5-  (C); skeletal grains (0.5-2  fragments (R); crinoid ossicles (VC); echinoid spines bed 0.5-1  packstone with bryozoans with micro-borings
with cm-sized 5mm, mm; rarely >20 mm) (R); bryozoans (S); benthic foraminifera: textulariids m and zooids filled by Fe oxides. Rudist shells have
lithoclasts, glaucony rarely >20 (VC); quartz grains (R) thickness  red micrite filled borings. Some limestone
and quartz grains mm (0.01-0.1 mm) (C); ?) lithoclasts are red stained by Fe oxides and

Tab. 1 - (see pag, 360).

glaucony pellets (0.1-0.2
mm) (S); phosphate
pellets (VR)

silicified. Glaucony and detrital quartz grains are
rare

matoporoids and clotted peloidal micrite (F5b) di-
splay various microencrusters including Lithocodinm
and unidentified calcareous sponges (Fig. 7C-D).
Clotted peloidal micrite fabric linked to microbially-
mediated carbonate precipitation (cf. Della Porta et
al. 2003a, 2014 and references therein) is sparsely
observed in F5b (Fig. 7E). In F5b beds, there are
irregular fissures and vugs with intraclasts of brec-
ciated calci-mudstone within the peloidal micrite
matrix (Fig. 7F). Facies F6 is a peloidal packstone
with benthic foraminifera and fenestrae (Fig. 7G-H)
occurring in the lowermost part of unit I in log A.
The transition into the overlying unit II (30
to 45 m-thick) is marked, in log B by beds of F7a
monomictic breccias, with angular lithoclasts and
intergranular space filled geopetally by micrite ma-

trix at the base and sparite cement at the top (Fig.
8A-B). In log C, the base of unit II consists of a
0.5-1 m thick layer of F7b breccia with limestone
lithoclasts, embedded in a red-colour, iron oxide-
rich matrix (Fig. 8C-F). The pootly sorted, angular
lithoclasts of F7a breccia are composed of F8 pe-
loidal wackestone/floatstone with bryozoans (Fig,
8B). Facies I'8 marks the onset of unit I in log A
and contains fine-silt sized fossil debris (Fig. 8G),
with rare type 4 Bacinella-dominated oncoids with
Lithocodium laminae (Fig. 8H).

Facies FF9 packstone to rudstone contain mi-
critized grains and pisoids with dense micrite co-
atings (Fig. 9A-B), which are up to 5 mm in size
and have nuclei made of intraclasts of packstone
with peloids, recrystallized rudist and other bivalve
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shells (Fig. 9C). Siliceous sponge spicule wackesto-
ne to packstone with pisoids and fenestrae repre-
sents facies F10 (Fig. 9D). The irregular dissolution
vugs and fenestrae, a few millimetres in size, are ge-
opetally filled by peloidal wackestone at the bottom,
sometimes laminated, and equant sparite cement
mosaics at the top. Sub-rounded siliceous sponge

bodies filled by structureless micrite with numerous
vugs are locally marked by stylolites (Fig. 9E) or are
embedded in F5c Bacinella boundstone (Fig. 9F).
The Flla peloidal-skeletal packstone is associated
with F5¢ (Fig. 9G-H) and contains common voids

Stefanovi¢ |., Della Porta G., Bucur 1.1 & Radivejevié D.

Fig. 5 - Photomicrographs of fa-
cies F1 peloidal packstone/
grainstone to rudstone with
rudists, corals, stromatopo-
roids and sponges (unit I,
logs A and B). A) Possible
cerioid coral in F1. Stylolite
developed around the co-
ral due to pressure solution
(sample A194, log A). B)
Calcified sponge  Cylicopsis
verticalis (Cv) enctusted by
stromatoporoid (St) (sample
305/4, log B). C) Peloidal
packstone/grainstone  with
siliceous  sponges  (sample
A160, log B). D) Rudist
shell encrusted by Bacinella
(Ba) (sample 305/7, log B).
E) Rudist shell encrusted by
foraminifer (white arrow)
(sample 303/3, log B). F)
Foraminifer  Troglotella  in-
crustans (Tr) petforating Baci-
nella (Ba) (sample A0, log B).
G) Bacinella-dominated type
4 oncoid (white arrow) with
few pores filled by micrite
and sparite (sample 305/7,
log B). H) Irregular Lithocodi-
um-dominated type 4 oncoid
(sample 305/4, log B).

filled by blocky calcite mosaics, in some cases pre-
ceded by an isopachous rim of fibrous cement (Fig.
9G-H). F11b peloidal-skeletal packstone to grain-
stone is well-sorted with common benthic forami-
nifera and rare sparite-filled voids (Fig. 10A). Facies
F12 peloidal-oncoidal packstone to grainstone with
fenestrae (Fig. 10B) is characterized by Bacinella-
dominated type 4 oncoids embedding skeletal grains
but lacking distinct nuclei (Fig. 10C) and sparse mi-
critized, tangential type 1 and 2 ooids (Fig. 10D).

In log B, the first level of F7a breccias is
overlain by well-sorted F13 peloidal wackestone to
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Fig. 6 - Photomicrographs of facies
F2, F3 and F4 (unit I, logs
A, B and C). A) Outcrop
photo of tilted beds of fa-
cies F2 and F3 alternating
(log C). B) Facies F2 peloi-
dal and micrite-coated grains
packstone/grainstone  with
crinoids (sample D3, log C).
C) Isopachous cement of F2
packstone/grainstone  with
mictite-coated grains (sam-
ple 304/1, log B; crossed
polarizers). D) Well-sorted
peloidal-crinoidal packstone
of F3 facies (sample 101/8,
log A). E) F4 peloidal wacke-
stone/floatstone with rud-
ists (sample 305/1, log B).
F) Fissure in F4 bed (log B)
filled by intraclasts of mud-
stone/wackestone, peloids,
microsparite and micrite
(sample 305/1, log B).

packstone with benthic foraminifera (Fig. 10E), as-
sociated with rare calci-mudstone intraclasts (Fig.
10F). At 190 m in log B, a second level of F7a brec-
cia is characterized by angular clasts of I8 facies
with sparse dasycladalean algae. The lower part of
unit II in log C comprises F7b breccias with red
iron-oxide rich matrix and F8 peloidal wackesto-
ne/floatstone capped by a 0.5 m thick dolomite in-
terval. The dolomitized bed is made of nonplanar
to planar-s mosaic of replacive anhedral to subhe-
dral dolomite crystals with micritic peloidal nuclei
followed by limpid subhedral growth phases (Fig.
10G). Intercrystal porosity is filled by alizarin red-
stained, blocky calcite cement (Fig. 10H).

Unit IIT is marked by a sharp facies change
characterized by 0.5 to 4-10 m thick, F14 sponge
spicule packstone with chert (Fig. 11A-B). In log
A, unit III consists of basal F14, followed by F15
peloidal-crinoidal packstone with sparse bryozo-
ans (Fig. 11C) and siliceous sponge bodies in the
lowermost part (Fig. 11D). F16 is a red-colour cri-

noidal packstone with benthic foraminifera, sparse
glaucony and quartz grains (Fig. 11E). Common
biota are Carpathocancer crustaceans with a distin-
ctive red colour, deriving from iron oxide concen-
trations (Fig. 11F). In log C, unit III is made of
1.5 m-thick beds of F14, capped by 6 m-thick F15
facies, then followed by poorly sorted F17 peloidal
packstone/rudstone with centimetre-sized litho-
clasts, glaucony and quartz grains (Fig. 11G-H).
Lithoclasts of crinoidal packstone with bryozoans
and rare quartz grains are embedded in a peloidal
packstone matrix with benthic foraminifera, glau-
cony and detrital quartz (Fig. 11G-H). Lithoclast
contacts are sutured with concentrations of Fe
oxides, which also occur within bryozoan intra-
skeletal space and within tubular micro-borings.
The EDX analysis (Appendix 1) confirmed the
presence of ferroan oxides (dominantly hematite
and magnetite) mostly in the form of dispersed
grains in the matrix, and as coating material on
skeletal grains. The shells of crustacean Carpatho-
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cancer show regular distribution of apatite, calcite
and hematite. EDX has identified sparse grains of
glaucony, rutile, micas, plagioclase and pyrite. Ad-
ditionally, in unit 11T replacive silica is present in
the form of small patches (~100 pm wide) in the
matrix or on calcite shells.

Biostratigraphic analysis

Benthic foraminifera are scarce within the
studied succession. Facies F1 beds from unit I con-
tain rare to sparse benthic foraminifera, especially in
the lower part of log B, such as Charentia sp. Neu-

Stefanovi¢ |., Della Porta G., Bucur 1.1 & Radivejevié D.

Fig. 7 - Photomicrographs of facies
F5a-b and F6 (unit I, logs
A and B). A) Facies F5a of
cerioid coral colony (white
arrows pointing to the coral-
lites) (sample 304/4, log B).
B) F5a plocoid coral colony
encrusted by serpulids (Ser),
locally with skeletal debris
wackestone in-between the
corallites (sample 101/10,
log A). Note the fissure with
red-colour siliciclastic sedi-
ment with iron oxides and
calcite cement (white arrow).
C) F5b stromatoporoid-clot-
ted peloidal micrite boun-
dstone, with chaetetid-type
demosponge (Ch) (sample
305/8, log B). The white
rectangle corresponds  to
photomicrograph in Figure
7D. Note the algae Suppilu-
linmaella sp. (Sup). D) Detail
of F5b encrustation fra-
mework of Lithocodinm (i)
and unidentified calcareous
sponge (Sp) (sample 305/8,
log B). E) Detail of clotted
peloidal micrite from F5b
boundstone showing groups
of parallelly arranged thin
filamentous structures (sam-
ple 305/8, log B). F) Irre-
gular fissures and voids in
F5b filled by mudstone an-
gular intraclasts and micrite
matrix (white arrows) (sam-
ple 305/8, log B). G) Facies
F6 peloidal packstone with
benthic foraminifera and fe-
nestrae with geopetal filling
of micrite and equant sparite
(fen.). Sparse to rare skeletal
grains in facies F6 are ga-
stropods (ga), bivalves and
Cayenxia (Cy) (sample 302/2,
log A). H) Detail — of F6
showing Cayenxia calci-mi-
crobe (Cy) and isopachous
cement (white arrow) (sam-

ple 302/2, log A).

mann, 1965 (Fig. 12A-B), Bullopora sp. Quenstedt,
1856, Gandryina sp. d’Orbigny, 1839, Nezzazatinella
sp. Darmoian, 1976, Vercorsella Arnaud-Vanneau,
1980/ Montsalevia sp. Zaninetti, Salvini-Bonnard,
Charollais & Decrouez, 1987, Lenticulina sp. lLa-
marck, 1804, Danubiella sp. Neagu, 1968 (Fig. 12C),
Meandrospira favre: (Charollais, Bronnimann & Zani-
netti 1966) (Fig. 12F-G) and Nautiloculina ct. brinni-
manni Arnaud-Vanneau & Peybernes 1978 (Fig. 12]).

In unit I, facies F13 from log B contains va-
rious foraminifera tests: Seythiokina Neagu, 2000/
Veercorsella sp. Arnaud-Vanneau, 1980 (Fig. 12D, E),
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Fig. 8 - Photomicrographs of facies
F7a, F7b and F8 (unit 11, logs
A, B and C). A) Facies F7a
of monomictic breccia with
angular clasts of F8 peloidal
wackestone/floatstone with
bryozoans (base of unit II,
sample A167, log B). Inter-
particle space filled geopetal-
ly by micrite matrix in the lo-
wer part and equant sparite
cement in the upper part. B)
Detail of crinoid fragment
between clasts including
bryozoan fragments (Br) in
F7a facies (sample A167,
log B). C) Outcrop photo of
monomictic breccia with red
iron-oxide matrix (log C). D)
Polished slab of F7b mono-
mictic breccia with red iron-
oxide matrix (base of unit
11, sample D18.5, log C). E)
Photomicrograph of F7b
monomictic breccia  with
red iron-oxide matrix and
F) sutured clast contacts in
F7b breccias (sample D18.5,
log C). G) F8 peloidal wa-
ckestone/floatstone  with
bryozoans (sample D25.5,
log C). H) Type 4 Bacinella-
dominated oncoids (Ba) with
thin  Lithocodium crust (i)
and Carpathocancer fragments
(Co) (sample 101/7, log A).

Haplophragmoides sp. Cushman, 1910 (Fig. 12K), Glo-
mospira sp. Rzehak, 1885, Orbitolinopsis sp. Henson,
1948, and Cribellopsis sp. Arnaud-Vanneau, 1980,
Danubiella gracillima Neagu (Fig. 12L), Montsalevia sa-
levensis (Charollais, Bronnimann & Zaninetti) (Fig
12T) and ?Moulladella jonrdanensis (Foury & Moullade)
(Fig. 12§, U). A similar association is recognized in
unit IT of log A (facies Flla-b and F12): Seythiolina
sp., Haplophragmoides sp., ?Coscinoconus sp. Leupold,
1936 (Fig. 12H), ?Bolivinopsis sp. Yakovlev, 1891 (Fig.
121), Cribellopsis sp. (Fig. 12M-P, R), 2Siphovalvulina
sp. Septfontaine, 1988 (Fig. 12Q)). In unit III, rare

specimens of Meandrospira favrei have been identi-
fied. The distribution of the identified benthic fora-
minifera is presented in Figure 13.

In units I and II rare fragments of dasycla-
dalean algae were identified as Russoella sp. and Sup-
Dpiluliumaclla sp. (Fig. 12V).

Calcareous nannofossil analysis (Elisabetta
Erba personal communication) provided barren
samples, except one sample from facies F17 peloi-
dal packstone/rudstone with centimetre-sized li-
thoclasts, glaucony and quartz grains at the top of
log C, where the extremely rare nannofossils are re-
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presented by Watznaneria barnesiae (M. Black) Perch-
Nielsen 1968 and Calicalathina oblongata (Worsley)
Thierstein 1971.

Carbon and oxygen stable isotopes

The results of carbon and oxygen isotope
analyses are reported in Table 2 and in vertical tren-
ds along the stratigraphic logs (Fig. 13). Figure 14
shows the measured isotopic values plotted per fa-
cies of each unit.

In log A, the 8"°C values are faitly uniform
ranging between -1.9 and 2.6 %o (average 1.6 %o,
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Fig. 9 - Photomicrographs of facies
F9, F10, F5c and F11a (unit
1L, log A). A-B) Photomi-
crograph of F9 packstone
to rudstone with micritized
grains and pisoids (sample
101/6, log A). Note the
sparite filled voids (white
arrows) and small amounts
of micritic meniscus cement
(yellow arrow). C) Pisoid of
F9 with nucleus of peloidal
packstone and micritized
and  recrystallized rudist
shell (sample 101/6, log A).
D) Photomicrograph of F10
siliceous sponge spicules wa-
ckestone to packstone with
pisoids (p) and fenestrae-like
vugs geopetally filled by va-
dose crystal silt and equant
sparite (white arrow) (sam-
ple 101/5, log A). E) Detail
of stylolite cutting geope-
tally filled fenestrae and wa-
ckestone to packstone with
siliceous sponge spicules (Si-
sp) of F10 (sample 101/5,
log A). F) Photomicrograph
of F5c¢ Bacinella boundstone
(Ba) with siliceous sponge
bodies (Sp) in meshwork,
partially separated by sty-
lolites (sample 101/4, log
A). G) Photomicrograph
of Flla peloidal-skeletal
packstone  with  Bacinella
boundstone (Ba). Different
skeletal fragments have been
recrystallized and replaced
by sparite calcite forming a
drusy mosaic, as gastropod
shells (ga) (sample 101/3,
log A). H) Detail of a few
millimetres in diameter, Bac-
inella-dominated oncoid type
4 (Ba) and isopachous fi-
brous cement (white arrow).

standard deviation 0.9), whereas 88O varies from
-5.9 to -0.8 %o (average -2.5 %o, standard deviation
1.2). In the upper part of unit I (at 35 m in log A),
both carbon and oxygen curves show a co-variant
decrease of -2 %o. In unit II, the 6°C values are uni-
form, instead the 8O first increases up to ~ -1.5
%o and then decreases to ~ -3.5 %o. In unit 111, a
marked negative excursion for both 8"°C and 8O
curves is observed at the boundary between facies
F15 and F16 (at 100 m in log A).

In log B, the 8"°C values are relatively uniform
ranging from 0.6 to 2.1 %o (average 1.5 %o, standard



Upper Berriasian—lower 1 alanginian carbonate succession of SE Serbia 367

Fig. 10 - Photomicrographs of facies
F11b, F12, F13 and dolo-
mite level (unit I, logs A, B
and C). A) Photomicrograph
of F11b peloidal-skeletal
packstone to grainstone.
Common skeletal grains are
micritized benthic forami-
nifera (sample 101/1, log
A). B) Facies F12 peloidal-
oncoidal packstone to grain-
stone with fenestrae with
numerous Bacinella-dominat-
ed type 4 oncoids embed-
ding few skeletal fragments,
but without clearly identi-
fied nuclei nor micritic lami-
nae (sample 101/2, log A).
C) Detail of Bacinella-type
oncoid and fenestre filled
with blocky spatite (white
arrow) (sample 101/2, log
A). D) Detail of micritized
tangential ooids (type 1) and
clongated tangential ooids
(type 2), vadose meniscus
microsparite cement (white
arrow) and isopachous fi-
brous cement (yellow arrow)
of F12 (sample 101/2, log
A). E) Facies F13 peloidal
wackestone to packstone
with benthic foraminifera
(sample A177,log B). F) De-
tail of benthic foraminifer
possibly ?Cribelopsis sp. of fa-
cies F13 and calci-mudstone
intraclasts (cm). G) Photo-
micrograph of dolomite of
nonplanar to planar-s (an-
hedral to subhedral crystals)
dolomite with occurrence of
intercrystal blocky sparite
(pink coloured). Note the
micritic  nuclei  (sample
D28.5, log C). H) Detail of
pink stained blocky calcite
filling the intercrystal pore
space in the dolomite mo-
saic.

Tab. 2 - Minimum, maximum and 53C 510
average values and standard
deviaétgi on per log, and addi- MIN MAX Averages Séﬁﬁi MIN MAX Averages izavlilﬁi
tionally Va!ues for Calgitc fis- Log A (n=24) 19 26 1.6 0.9 59 -08 25 12
;f:::ui’efs)dlffmm facies (CC Log B (n=28) 06 21 15 06 | -46 -17 31 0.8
' Log C (n=16) 2.1 2.4 1.4 0.6 -9.2 -1.1 -3.5 2.4
CC fractures (i=10) | 22 22 1.0 11 | -94 02 43 33

deviation 0.6). The 8'°O values show larger varia-
tions ranging from -4.6 and -1.7 %o (average -3.1 %o,
standard deviation 0.8). In unit I there are two nega-
tive trends around 30 m and 150 m. In unit II, §'*O

gradually decreases to -2.7 %o, reaching the lowest
values at the top of F2 facies, just below the upper
F7a breccia level at ~188 m. The lower breccia bed
at the base of unit IT has 8"°C values of 1.6 %o and
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of -3.0%o for 8O for the lithoclasts, while the blo-
cky sparite cement in the breccia intergranular space
provides values of 1.3 %o for 8"°C and -6.4 %o for
8'%0. An increase of approximately 1 %o for both
8PC and 8"0 values marks the transition to unit I11.

In log C, the carbon and oxygen isotope me-
asurements show the largest vertical variability with
the average values of 3"°C 1.4 %o (standard devia-
tion 1.1) and "0 -3.5 %o (standard deviation 2.4).
At the base of unit IT in log C, both 8"°C and 8"O
show a shift to negative values of -2.1 %o and -7.1
%o, respectively, coincident with the F7b monomic-
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Fig. 11 - Photomicrographs of fa-
cies F14, F15, F16 and F17
(unit II1, logs A, B and C).
A) Outcrop photo of F14
sponge spicule packstone
with chert (log B). B) Pho-
tomicrograph of F14 with
lithistid sponge (Sp), mona-
xon sponge spicule packsto-
ne and silicified patch. Mo-
naxon sponge spicules are
concentrated around the
sponge body (sample D55,
log C). C) Photomicrograph
of F15 peloidal-crinoidal
packstone with sparse bryo-
zoans (base of unit I1I, sam-
ple D46, log C). D) Detail
of facies F15 microquartz
and chalcedony-replaced si-
liceous sponge body, atop of
facies F14 (sample B7, log
A). E) Photomicrographs
of F16 red colour crinoidal
packstone with benthic fo-
raminifera, sparse glaucony,
quartz grains and syntaxial
overgrowth cements (sam-
ple B21, log A). F) Detail of
F16 with red Carpathocancer
sp. fragment (Ce) associated
with crinoid ossicles (sam-
ple B22, log A). G) Photo-
micrograph of F17 peloidal
packstone/rudstone  with
cm-sized lithoclasts (lithoc.),
glaucony and quartz grains
(sample D70, log C). Li-
thoclast contacts are sutu-
red due to compaction and
pressure solution and some
lithoclasts are silicified (sam-
ple D70, log C). H) F17 pe-
loidal packstone matrix with
glaucony and detrital quartz
grains (sample D70, log C).

tic breccias. One dolomite sample provides 81C
values of 2.4 %o and of -7.8 %o for 8®O. In unit

I11, both 8"C and 8O values decrease with some
oscillations.

INTERPRETATION

Depositional environments

The studied upper Berriasian—lower Valangin-
ian succession of the GCP shows three evolutiona-
ry stages: 1) shallow, largely subtidal open marine
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Fig. 12 - Benthic foraminifera and
dasycladalean algae of upper
Berriasian-lower Valanginian
shallow-water  carbonates
of Dimitrovgrad area. A-B
Charentia sp. (facies F1; log
B; unit 1). C Danubiella sp.
(facies F1; log B; unit I).
D-E Seythiolina sp. (D — fa-
cies F13; log B; unit II; E —
facies Fl1la; log A; unit II).
F-G Meandrospira favrei (fa-
cies F16; log A; unit IIT). H
?Coscinoconns sp. (facies F13;
log A; unit II). I Bolivingpsis
sp. (facies F13; log A; unit
1I). J Nantiloculina cf. bronni-
manni (facies F1; log B; unit
D). K Haplophragmoides sp.
(facies F11a; log A; unit II).
L Danunbiella gracillima (facies
F12; log B; unit 1I). M-P, R
Cribellopsis sp. (M-P — facies
F13; log B; unit II; R — facies
F11b; log A; unit II). Q S7-
phovalvulina sp. (facies F11b;
log A; unit II). S, U 2Moa-
ladella jourdanensis (facies F13;
log B; unit II). T Montsalevia
salevensis (facies F13; log B;
unit II). V Dasycladalean
algae Suppilulinmaclla sp. (fa-
cies F5b; log B; unit I).

sedimentation (unit I), followed by 2) subaerial ex-
posure in some portions of the platform (log B, log
C; unit II) and shallowing of the environment of
deposition, from subtidal open marine to restricted
(log B; unit IT) and to intertidal-supratidal setting
(log A, log C; unit II), and 3) rapid accommoda-
tion creation with deep water siliceous sponges
and crinoid-rich red facies indicative of platform
drowning (unit I1I).

Unit 1
In unit I, the dominant facies F1 represents
deposition in subtidal open marine conditions as

testified by rudists, microproblematica Bacinella
and Lithocodinm, corals and stromatoporoids. The
abundance of micrite matrix and micritized skele-
tal grains suggests low-energy environments, below
the fair-weather wave base (cf. Flugel 2010; Kaya
& Altiner 2015; Schlagintweit & Krajewski 2015;
Falces-Delgado et al. 2022). Bacinella and 1ithoco-
dinm are reported to occur in well-oxygenated wa-
ters (Banner et al. 1990; Leinfelder et al. 1993a), in
lagoonal to reefal settings forming crusts (Conrad &
Clavel 2008), acting as encrusters (Dupraz & Strasser
1999), or forming oncoids in low- to moderate-ener-
gy, subtidal lagoons (Dahanayake 1977; Védrine et al.
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2007; Badenas & Aurell 2010; Sequero et al. 2020).
These microproblematica have a corrosive ability (cf.
Granier 2021), better developed on the outer wall of
dead corals (Bertling & Insalaco 1998), or rudists and
benthic foraminifera, as observed in F1 packstone/
grainstone facies in this study. Rudists most pro-
bably belong to the family of Requieniidae and/or
Monopleuridae (Peter W. Skelton personal commu-
nication). These rudists dominantly occupied stable
sediment or hard substrates in the Early Cretaceous
(Ross & Skelton 1993). During the Early Cretaceous,
typical reef-builders were corals, siliceous spon-
ges, stromatoporoids and other calcareous sponges
(Leinfelder et al. 1996) formed patch reefs with coral-
sponge rigid framework surrounded by rudists (cf.
Hofling & Scott 2002; Falces-Delgado et al. 2022),
as preserved in boundstone facies F5a and F5b. In
unit I, the abundance of stromatoporoids might have
been favoured by oligotrophic conditions with scar-
ce siliciclastic input, as similarly documented in Up-
per Jurassic ramps (Leinfelder et al. 2005; Ricci et al.
2018; Nembrini et al. 2021). Facies F2 peloidal and
mictite-coated grains packstone/grainstone and F3

peloidal-crinoidal packstone represent the grainy de-
posits surrounding the F1 decimetre- to metre-scale
patch reefs (cf. Nembrini et al. 2021, in Upper Juras-
sic middle-ramp build-ups in eastern Sardinia, Italy),
while F4 wackestone/floatstone corresponds to low-
energy subtidal environment.

The irregular fissures filled by red, iron oxide-
rich terrigenous sediment (F52) and those filled by
peloidal micrite (F5b) occur approximately at the
same stratigraphic level and are interpreted as dis-
solution features due to meteoric diagenesis. The
mineralogical and textural compositions of the fis-
sure-filling material are compatible with terrigenous
sediment infill from stratigraphically higher levels du-
ring subaerial exposure and meteoric diagenesis (cf.
Gonzalez-Donoso et al. 1983; Desrochers & James
1988), at the boundary between unit I and II.

Unit 11

The superposition of unit II on unit I is mar-
ked by a sharp facies and depositional environment
change from open-marine subtidal, below wave-ba-
se, and shallow subtidal to supratidal settings, up to



Upper Berriasian—lower 1 alanginian carbonate succession of SE Serbia 371

subaerial exposure and erosion. The angular, po-
otly sorted clasts of F7a breccias, deriving from
the erosion of I8 deposits, testify short or no tran-
sport. Irregular cracks filled with micrite and red
silt are the result of meteoric dissolution and sedi-
ment filling in vadose settings followed by blocky
sparite as burial cement. This interpretation is sup-
ported by the low negative C and O isotope signa-
ture of the calcite cements. Beds of the low-energy
subtidal facies F8 occur in the lower part of unit
IT in log A and C and are present as clasts of the
F7a breccias in log B and C. F8 was probably de-
posited across the three logs, but it must have been
eroded completely or partly in log B and C. Ero-
sion of subtidal facies, accumulation of breccias
with angular clasts showing no transport and the
underlying dissolution features filled by iron oxide-
rich sediment all agree with a scenario of uplift,
subaerial exposure and erosion of marine deposits.
The subaerial exposure of subtidal facies may most
probably be attributed to syn-sedimentary tecto-
nics where the uplifted footwall fault blocks were
affected by subaerial conditions. In other sectors
of the study area, shallow water deposition conti-
nued in intertidal-supratidal setting (log A) with lo-
cal early syn-sedimentary replacive dolomitization
(og C). In log B, there are two levels of F7a karstic
breccias separated by nearly 20 m of subtidal facies
(F13, F2) suggesting, at least, two repeated events
of subaerial exposure.

Facies (F9, F10) with fenestrae, pisoids,
extensive micritization and locally meniscus ce-
ment were deposited in intertidal to supratidal en-
vironments (cf. Grover & Read 1978; Esteban &
Pray 1983; Wright 1994, 2007; Azeredo et al. 2015).
In the Permian Capitan Reef platform-top limesto-
nes in Texas and New Mexico botryoidal macroids,
pisoids with skeletal grains and micrite-rich pisoids
were recognized in shallow subtidal to supratidal
settings (Esteban & Pray 1983; Della Porta et al.
2004; Verwer et al. 2009). The pisoids with distinct
multi-lamellar cortex around nuclei with different
fossil fragments are similar to pisoids observed in
F9. However, the indistinct to obscure laminae and
poortly defined nucleus are typical of micrite-rich
pisoids, corresponding to the dominant pisoid type
forming F9 facies. These coated grains observed in
F9 and F10 could be the result of micritization of
biogenic oncoids, as proposed by Esteban & Pray
(1983) for the Permian Capitan Reef.

The upper part of unit II consists of marine
subtidal (F1, F2, F5a, F11a-b) and intertidal-suprati-
dal facies (13 only in log A) indicative of renewed
accommodation creation. In addition, higher nu-
trient supply may be inferred from the abundance of
siliceous sponges in F5c (cf. Leinfelder et al. 1993b).
The abundance of micrite matrix and intense bio-
clast micritization of Flla and F11b results from
deposition in low-energy, subtidal restricted lagoons.
The sparse blocky sparite-filled vugs and bio-molds
reflect the diagenetic early dissolution and calcite re-
placement of mollusc aragonite shells (James & Cho-
quette 1984; Tucker & Wright 1990). The abundance
of Bacinella-type 4 oncoids in F12, associated with
common fenestrae, and superficial tangential ooids
are indicative of intertidal-supratidal to protected
lagoon setting (cf. Grover & Read 1978; Longman
1980; Strasser 1986; Immenhauser et al. 2005). The
rare meniscus microsparite cement in facies Flla-b
and F12 confirms vadose conditions.

Unit 11T

A prominent depositional change
with the sharp deposition of F14 sponge spicules
packstone with chert marking the base of unit I1I.
Demosponges, including lithistids, provided sili-
ceous spicules and biogenic silica for the formation
of chert observed in F14 (cf. Henrich et al. 1992;
Jach 2002; Delecat et al. 2011; Ritterbush 2019). The
preserved siliceous sponges and the loose spicules in

starts

F14 do not show evidence of being transported by
waves or currents (cf. Lackschewitz et al. 1991; Jach
2002). This suggests that facies I'14 accumulated in-
situ on sea-floors thriving with siliceous sponges as
described in other settings (e.g, Delecat et al. 2011;
Ritterbush 2019), which later were the main source
of silica for the diagenetic chert formation (Hesse
1988, 1989). In marine environments, the concentra-
tion of siliceous sponges can be triggered by rapid
deepening and substrate availability, water energy,
nutrient loading, terrigenous supply and decrease in
light availability (Ritterbush 2019). Hence, the sharp
superposition of unit III F14 packstone with chert
on unit II shallow-subtidal to intertidal-supratidal
and exposed facies, represents compelling evidence
of transgression, possibly associated with upwelling
of nutrient-rich waters, affecting the studied part of
the GCP. In fact, a rapid increase in nutrients repre-
sents one of the modes to induce the inability of the
carbonate system to keep pace with accommodation
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creation that further drives the drowning of the car-
bonate platform (Schlager 1981, 1989).

Unfavourable conditions for shallow, light-
dependent photozoan carbonate production, which
are conducive to drowning, were probably further
enhanced by the increased terrigenous supply (ac-
companied with an increase in nutrients and turbi-
dity), testified by detrital quartz grains, and other
minerals as micas, clay and apatite, in facies F15 and
F16. The alternation of facies F14 and F15 in log C
is indicative of fluctuations in terrigenous input and
environmental energy, probably triggered by mari-
ne currents. Hence, the texture and compositional
features of facies F14, F15 and F16 in unit III are
indicative of a rapid relative sea-level rise creating
accommodation and deep, dysphotic to aphotic sea-
floors associated with nutrient upwelling and silici-
clastic input favouring the increase of filter feeders
such as crinoids, bryozoans and bivalves, particularly
in facies FF16. The dominance of these light-inde-
pendent organisms suggests a mesotrophic envi-
ronment (F6llmi et al. 1994 and references therein)
and a change in carbonate factory from photozo-
an-dominated carbonate production in unit I and
IT to heterozoan carbonate association in unit III.
The presence of quartz and glaucony grains in fa-
cies F15 and F16 confirms the low carbonate se-
dimentation rates as a consequence of unfavou-
rable conditions for light-dependent oligotrophic
carbonate producers (Hallock & Schlager 19806;
Follmi et al. 1994, 2007).

The origin of the red colour of facies F16
crinoidal packstone is due to increased Fe oxide
concentrations, as confirmed by the mineralogical
composition analyses. Hu et al. (2012) suggested
three possible origins for Lower Cretaceous, red
colour subtidal marine deposits: 1) detrital origin
of oxidized continental iron induced by weathe-
ring (e.g., Lajoie & Chagnon 1973); 2) iron-oxidi-
zing bacteria mediation at the time of sedimenta-
tion (e.g., Gillan & Ridder 1997; Préat et al. 1999;
Boulvain et al. 2001; Della Porta et al. 2003ab,
2004; Kenter et al. 2005; Mamet & Préat 20006;
Lazar et al. 2013); and 3) iron oxidation in highly
oxic environments (e.g., Arthur & Fischer 1977).
In the investigated samples, numerous red colour
micro-structures made of Fe oxides are suggestive
of micro-borings and possible microbial influence
as described in Mamet & Préat (2000): oxide filling
of endolithic tubular irregular micro-perforations;
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filling of intraparticle porosity within bryozoans
and foraminifera chambers; micro-aggregates and
coatings around skeletal grains; Fe oxide impre-
gnation of crustacean shell fragments and ferru-
ginous micro-fissures. The supported evidence lies
in the resembling bio-textures defined in tens of
metres deep, crinoid-rich red limestones identified
in Palacozoic and Mesozoic carbonate settings and
interpreted as related to iron oxidizing microbial
activity (Boulvain et al. 2001; Della Porta et al.
2003b; Mamet & Préat 20006; Lazar et al. 2013).
Celestino et al. (2017) described red colour, cri-
noid-rich beds (Upper Jurassic—Lower Cretaceous
Rayda Formation, Oman) capping the carbonate
platforms affected by extensional tectonics, block-
faulting and subsidence (Jenkyns 1991). These red
crinoidal limestones were interpreted as the result
of episodic storm activity affecting the widespread
crinoid meadows thriving in mesotrophic condi-
tions.

Facies 17, identified only in log C, con-
tains clasts of crinoidal packstone with bryozoans
with sutured grain contact, embedded in a matrix
of peloidal packstone with disseminated glaucony
grains indicative of low sedimentation rates (cf.
Obasi et al. 2011; Amorosi et al. 2012).

Biostratigraphical age determination

The age determination of the investigated
succession relies on benthic foraminifera and cal-
careous nannofossil associations. There are only
few foraminifera-rich strata and an overall lack of
reliable biostratigraphic markers; moreover, rare to
common benthic foraminifer specimens are often
micritized. Nevertheless, the benthic foraminifera
association in unit IT indicates late Berriasian—early
Valanginian age (cf. Bucur & Schlagintweit 2018;
Mircescu et al. 2014, 2019). Montsalevia salevensis
and Danubiella gracillima have limited stratigraphic
range of Berriasian—early Valanginian (Bucur et al.
1995; Ivanova et al. 2000), while Mou/ladella jonrda-
nensis is commonly reported in the upper Berria-
sian—lower Valanginian GCP carbonates of Serbia
(Bucur et al. 1995, 2020) and Romania (Ungureanu
et al. 2015; Gradinaru et al. 2016; Mircescu et al.
2019). Unit III is marked by the rare occurrence
of Meandrospira favrei that is indicative of Valangi-
nian age (Ivanova et al. 2008). Additionally, Schla-
gintweit and Bucur (2023) reported the occurrence
of orbitolinid Cribellopsis sp. in the upper Berria-
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sian and upper Valanginian GCP in Romania. The
early Valanginian age of unit III has been confir-
med by the concomitant occurrence of calcareous
nannoplankton Calicalathina oblongata that has a
distribution early Valanginian—earliest Barremian
(Bown et al. 1998). Hence, the studied section is
determined as Berriasian—early Valanginian age.

Interpretation of the carbon and oxygen
isotope records

Carbon and oxygen stable isotope measure-
ments provide additional information on the se-
dimentary evolution of carbonate platforms. The
measured C and O stable isotopes (Fig. 14) were
compared with 8"°C and 8'°O values expected for
the Lower Cretaceous marine pristine carbonates
(Veizer et al. 1999) and bulk samples of lower Va-
langinian pelagic carbonates from the Slovakian
Western Carpathians (Michalik et al. 2012). The re-
sults from this study only partially fit with the field
of Lower Cretaceous pristine marine carbonates
(Weissert et al. 1998; Veizer et al. 1999; Weissert &
Erba 2004; Michalik et al. 2012).

Log A facies (F2, F9, F15) match the ex-
pected values for pristine marine carbonates in-
dicating the lowest meteoric and burial diagenesis
resetting. Most of the measured 8'*O values show
the influence of burial diagenesis, as demonstrated
by the low negative 8'%O values of the cement in
the fractures. The burial origin of the F7a cement

agrees with the breccia textures with intergranu-
lar space filled geopetallly by sediment and cement
suggesting that these pores were probably open
until burial cement precipitation. The influence of
meteoric diagenesis due to subaerial exposure at
the base of unit I1, as inferred from the F7b brec-
cia textural features, is confirmed by the variable
negative 80O and 8"°C values indicative of fresh-
water influence in conditions of high rock/fluid
ratio interactions (cf. Allan & Matthews 1982; Ja-
mes & Choquette 1984; Lohman 1988; Morales et
al. 2013). The upper part of unit III, dominated by
heterozoan carbonate deposits, records low nega-
tive isotope values confirming the trend observed
by Féllmi et al. (2000) for the Helvetic platform
carbonates, where a decrease in isotope values has
been interpreted as reflecting the change from
photozoan to heterozoan carbonate production.

DiscussioN

Comparisons across the northern peri-
Tethyan Realm

The investigated lowermost Cretaceous se-
dimentary succession of the Dimitrovgrad area re-
corded an evolution of the shallow-water platform
that resembles other parts of the GCP, such as the
Dragoman Block (Ivanova et al. 2008) and Sou-
thern Carpathians (Lazar et al. 2013; Gradinaru et
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al. 2016; Ples et al. 2019). This study documents si-
milar fossil associations, carbonate production mo-
des, and evolution for time-equivalent platforms of
the northern Tethyan margin: Jura platform (Féllmi
& Godet 2013; Morales et al. 2016), Vocontian Ba-
sin (Morales et al. 2013), Helvetic platform (Follmi
et al. 1994; Morales et al. 2016) as well as the intra-
Tethyan domain Circum-Rhodope platform (Cha-
talov et al. 2015).

Units I and II of the investigated GCP in
SE Serbia correspond to the shallow-water carbo-
nate sequence of the Slivnitsa Fm., and unit III to
the carbonate-terrigenous and terrigenous Salash
Fm., of the Bulgarian sector of GCP. In this study,
patch reef build-ups have been recognized as in the
Slivnitsa Fm., which contains coral-microbial and
diceratid-Bacinella boundstones, without the forma-
tion of large reef complexes (Ivanova et al. 2008;
Roniewicz 2008). In the Bulgarian GCP, Ivanova &
Chatalov (2022) described a stratigraphic level equi-
valent to the karstic breccias and subaerial exposure
features described in unit II. The Salash Fm. marks
the onset of a change from photozoan to hetero-
zoan associations and platform demise (Ivanova
& Chatalov 2022), as unit III in the studied Dimi-
trovgrad succession.

The similarities between the studied southern
GCP in SE Serbia and the GCP in Romania con-
cern the peritidal carbonate facies and subaerial
exposure features (unit II), overlain by platform
drowning (unit III), particularly in the easternmost
GCP — Piatra Craiului Dambovicioara zone (Barbu
& Melinte-Dobrinescu 2008; Gradinaru et al. 2010).
Conversely, there are differences in the development
of dominant skeletal build-ups (unit I). In Roma-
nia reefs are mostly represented by the “Plassen-
Stamberk build-ups” cement-rich microencruster-
microbialite-calcified sponge hybrid framework
(Ples et al. 2024), while the recognized patch reefs
in the investigated area of Dimitrovgrad belong to
decimetre-metre scale bioherms of coral-sponge-
microencruster type build-ups. In the Romanian
GCP, Ungureanu et al. (2015) and Gradinaru et al.
(2016) ascribed red colour facies as F15 and F16 in
unit III to hemipelagic deposition on distal shelf to
slope.

The SE Serbian GCP studied succession sha-
res similarities with the northern Tethys Helvetic
platform. The middle Berriasian—lower Valanginian
Helvetic platform, cropping out in southern Fran-
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ce and Switzerland, consists of the shallow-water
Oechrli Limestone (Follmi et al. 1994, 2007). The
Ochrli Limestone was characterized by photozo-
an carbonate production with bioherms of corals,
stromatoporoids and bryozoans switching to the
heterozoan carbonates of the Betlis Fm., close to
the Berriasian—Valanginian boundary (Follmi et
al. 2007). The boundary between the Oechrli and
Betlis lithostratigraphic units is marked by a karsti-
fied horizon associated with an iron oxide-stained
emersion surface overlain by hardgrounds. Morales
et al. (2013) interpreted facies similar to F15 with
abundant echinoderm debris, peloids and glaucony
grains as deposited in outer shelf settings, influen-
ced by high-energy currents redistributing crinoidal
skeletal debris. In fact, the Jura platform of eastern
France and western Switzerland (Morales et al. 2013)
displays similar evolutionary stages and time frame
with the studied Dimitrovgrad succession. The de-
epening trend on the Jura platform is marked by
deposition of the Guiers Member, indicative of an
outer shelf environment with benthic foraminifera,
echinoderms, bryozoans and Bacinella, covered by
the upper Member of the Chambotte Formation.
This younger unit, rich in benthic foraminifera and
rudists, is capped by a palacosol horizon (cf. unit II)
followed by the Bourget Formation with heterozo-
an carbonates and chert (cf. unit IIT).

Controlling factors of carbonate platform
deposition in northern peri-Tethys during the
earliest Cretaceous

The upper Berriasian—Valanginian sedimen-
tary record witnessed significant environmental
changes (Follmi et al. 1994; Weissert & Erba 2004,
Follmi et al. 2012; Follmi & Godet 2013; Morales
et al. 2013, 2016). These changes were expressed
through platform drowning episodes and were lin-
ked to climate variations, perturbation of the carbon
cycles between atmosphere, oceans and biosphere
(recorded in the stable isotopes of marine carbo-
nates), changes in hydrological cycle and superficial
weathering rates and, consequently, changes in nu-
trient supply to the oceans and marine carbonate
production (Follmi et al. 2012). The main driving
mechanisms of these environmental and sedimen-
tary changes are considered the volcanic activity and
CO, emissions in the atmosphere coupled with re-
gional tectonic activity (Follmi et al. 1994; Morales
et al. 2013).
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Tectonics

The drowning of carbonate platforms may
commonly be preceded by subaerial exposure,
switching off carbonate production and causing
meteoric diagenesis and karst dissolution, especial-
ly in tectonically active fault-blocks as evidenced in
different Mesozoic carbonate systems (cf. Schlager
1999b; Gawlick & Schlagintweit 2006; Masse et al.
2009; Merino-Tomé et al. 2012). The same scenario
is recognized in the studied Dimitrovgrad outcrops,
where extensional tectonics along normal faults af-
fected the shallow water carbonate platform (unit I
and II) covered by the deeper water facies (unit III).

During the Late Jurassic—Early Cretaceous
in the Tethyan Domain (Stampfli and Borel 2002;
Stampfli and Horchard 2009), the Dacia Mega-Unit,
which constituted the substrate bedrock of the GCP,
was located between the Vardar Ocean to the West
and the Ceahlau-Severin Ocean to the East (present
day positions; Schmid et al. 2008, 2020). Different
contractional tectonic phases in the Cretaceous pe-
riod were reported by van Hinsbergen et al. (2020),
with one in particular in the Farly Cretaceous starting
in the mid-Valanginian (~135 Ma) and lasting until
the Cenomanian (~95 Ma), indicating the lack of
regional extensional phases during this period. The
main phase of formation of the Carpathian orogen
was set during the Aptian—Albian time, overprinting
the possible extensional effects of the earliest Creta-
ceous. This possible eatliest Cretaceous extensional
phase could be related to the activity in the Ceahlau-
Severin Ocean domain affecting its western border
(e.g. eastern part of GCP). However, the timing and
duration of extensional tectonics along the Ceahlau-
Severin Ocean lack detailed studies.

Facies similar to those unit III from this stu-
dy, in the eastern portion of the Romanian GCP,
were interpreted by Gradinaru et al. (2016) in the
context of sea-level oscillations, extensional tec-
tonics and erosion and collapse of the platform
strata due to normal fault activity during the early
Valanginian Neo-Cimmerian phase. The effects of
the Neo-Cimmerian phase were as well reported in
the northern Tethyan platforms (cf. Follmi et al.
1994; Morales et al. 2013).

The effects of the supposed earliest Creta-
ceous syn-sedimentary extensional tectonic are re-
cognized in the GCP, but within a poorly defined
tectonic regime. The structural geology features
of the Dimitrovgrad succession are difficult to be

identified in the field due to post-sedimentary oro-
genetic deformation. However, the depositional fa-
cies and the recognized platform evolution throu-
gh three superimposed units record the influence
of active tectonics, as observed in other portions
of the GCP, even though the structural evidence is
poorly preserved in the studied area.

Nutrients

Follmi et al. (2012) discussed the sedimen-
tary trends of exported kaolinite, phosphorous-
burial and strontium-isotope records reflecting in-
creased nutrient supply and fluxes during the Early
Cretaceous. The initial cause of nutrient increase
in marine settings was the climate change during
late Berriasian—early Valanginian when warmer and
more humid conditions led to an increase in wea-
thering rates (Duchamp-Alphonse et al. 2011) and
further to enhanced upwelling in the ocean. An in-
crease in nutrients is inferred in the Dimitrovgrad
succession because of the abundance of siliceous
sponges (F14), as similarly interpreted in the Lower
Jurassic of the Northern Calcareous Alps, Austria
(Delecat & Reitner 2005). Nutrient increases af-
fect carbonate production leading the change from
photozoan to heterozoan biota association (James
1997; Schlager 2000), as seen in unit I11. This switch
from photozoan to heterozoan association (coral-
oolite to crinoid-bryozoan mode sensu Follmi et al.
1994) was recognized for the early—late Valanginian
time in the Tethyan Region (Walter 1989; Frakes et
al. 1992) and is directly related to climate warming
and increased weathering,

The upwelling of deeper water and sea-bot-
tom sediments over shallow-water carbonate plat-
forms is accompanied by increase in suspended nu-
trients and particulate organic matter, as reported
in recent coastal zone of central California (Mullins
etal. 1985). The ocean fertilization during the early-
late Valanginian is considered the result of upwel-
ling of colder, nutrient-rich waters from the deeper
parts of the basin, following marine transgression
(Follmi et al. 1994; Barbu & Melinte-Dobrinescu
2008; Barbu 2013; Morales et al. 2013, 2016). Ad-
ditionally, a Valanginian transgressive event was re-
cognized in the Serbian sector of the GCP (Bucur
et al. 2020). These authors identified an unconfor-
mity, followed by a major transgression correspon-
ding to the Kval event in the Cretaceous sea-level
curve by Haq (2014).
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CONCLUSIONS

The lowermost Cretaceous GCP carbonate
succession in the Dimitrovgrad area of SE Serbia
has been investigated in detail for the first time, in-
tegrating sedimentological, biostratigraphical and
chemostratigraphical characterization of the car-
bonate facies through the analysis of three logs A,
B and C. The three distinguished sedimentary units
(unit I, IT and IIT) reflect three evolutionary stages
of the GCP during the Berriasian—early Valangi-
nian.

Unit I consists of rudist-coral-calcareous and
siliceous sponges patch reefs with Bacinella-1 ithocod:-
um, and grainy moderately- to well-sorted packstone
to grainstone facies in between boundstone lenses.
The 160 metres thick unit I is indicative of depo-
sition in open to marine, well oxygenated, subtidal
settings.

Unit II is characterized by different levels of
breccia, followed by development of wackestone
facies with bryozoans and benthic foraminifera,
oncoid- and pisoid-rich facies with fenestrae, and
a syn-sedimentary dolomitized bed. Unit II repre-
sents a shallowing of the depositional environment
with respect to unit I with transition from subtidal
open marine facies (unit I) to restrictive subtidal and
intertidal-supratidal facies (unit II), postdating the
subaerially exposures of the platform top demon-
strated by karst collapse breccias. The influence of
meteoric diagenesis is confirmed by the negative
values of stable oxygen and carbon isotope mea-
sured in the karst level breccia. The uppermost part
of unit II indicates the re-establishment of normal
marine subtidal conditions.

A sharp facies change with siliceous sponge
spicule packstone with chert (unit III) on top of
inter- to subtidal open marine facies (unit II) marks
the boundary between unit II and III. Unit IIT is
rich in crinoids and bryozoans and shows the oc-
currence of quartz and glaucony grains, and red co-
lour, iron oxide rich matrix. The carbonate-produ-
cing biota association changes from photozoan in
unit I and 11, to filter feeding, heterozoan in unit 11,
most probably driven by transgression, terrigenous
sediment supply and inferred increased in nutrients.
The change in carbonate factory, facies types with
glaucony and quartz grains, the presence of red iron
oxide rich micrite and the low sedimentation rates
in unit III are indicative of platform drowning;
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The studied Dimitrovgrad upper Berriasian—
lower Valanginian carbonate strata with superim-
posed unit I — normal setting; unit II — subaerial
exposure and reestablishment of shallow-water de-
position of the platform; and unit III — platform
drowning, resemble coeval carbonate successions re-
cording regionally recognized time-equivalent events
in the Tethyan realm. The subaerial exposure is most
probably the result of syn-sedimentary tectonics and
formation of uplifted tilted blocks, as proposed for
the Romanian part of the GCP and other carbonate
platforms of the northern peri-Tethyan Realm. Suba-
erial exposure followed by transgression and late Ber-
riasian—early Valanginian global humid climate led to
increased nutrient fluxes and further to the platform
drowning as recognized in the Dimitrovgrad area.
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