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Abstract Numerous regular and irregularly shaped concre-
tions were discovered in southern Croatia within the Upper
Cretaceous carbonate deposits, which consist mostly of
bioclastic wackestones and packstones. The size of the con-
cretions varies from 2 to 25 cm in diameter for the regular,
and up to 40 cm in length for the irregular ones. The con-
cretions have different internal structures and compositions,
which vary from those of the host rocks. Some concretions
are entirely siliceous, while others exhibit alternating opal
silica and carbonate-rich zones. Silica is derived from opal-
A secreting marine biota, mostly sponges, whose spicules
can be found within the concretions and in the surrounding
limestones. The regular shape and alterations of zones are
the result of the diffusive supply and fast “consummation”
of silica at the growth site. Determined fossil community
and bitumen found in the surrounding limestones indicate
deposition in the oxygen-depleted deep-marine environ-
ment of the Adriatic Carbonate Platform, which belongs to
the Sveti Duh Formation (latest Cenomanian—Early Turo-
nian). The carbon isotope composition of the concretions
corresponds to the globally known Cenomanian—Turonian
‘Oceanic Anoxic Event’ (OAE 2).
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Introduction

During road excavations in southern Croatia (Pojezerje
municipality; Fig. 1a), numerous regularly shaped spherical
concretions were released from the parent limestones. Field
investigation, together with micropaleontological, petro-
logical, and geochemical analyses, provided different lines
of evidence used to interpret the formation and alteration
processes, and timing of this peculiar phenomenon.
According to Bates and Jackson (1987; in Macsotay et al.
2003), a concretion is a hard compact mass or aggregate
of mineral matter, normally subspherical, but commonly
oblate, disk-shaped, or irregular with odd or fantastic out-
lines. Concretions are formed by precipitation from aqueous
solution around a nucleus, such as leaf, shell, bone, or fos-
sil, and usually of a composition widely different from that
of the rock in which it is found and from which it is rather
sharply separated. Nodules are distinguished from concre-
tions by their dominantly silicic composition. Nodules are
defined as a small, irregularly rounded knot, mass, or lump
of a mineral aggregate, normally having no internal struc-
ture, and usually exhibiting a contrasting composition from
the enclosing sediment in which it is embedded (Bates and
Jackson 1987; in Macsotay et al. 2003). The material pre-
sented here is interpreted as concretions, and described as
regular and irregularly shaped mineral aggregates of domi-
nantly silicic composition, with visible internal structure,
different from that of the rock in which they are hosted.
Marine strata deposited during the Late Cenomanian
and Early Turonian commonly display lithological, pale-
ontological, and geochemical characteristics of the oxy-
gen-depleted environment, which mark a geologically
short period of around 1 Ma (91.5-90.5 Ma). This event
is known as the Cenomanian—-Turonian ‘Oceanic Anoxic
Event’ (OAE 2 or “Bonarelli event”’; Schlanger and Jenkyns
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Fig. 1 a Simplified geological map of the Pojezerje municipality and
surrounding area (modified after Marinci¢ et al. 1977). The concre-
tions were found in the area of the Subir hill (marked by asterisk)
during tunnel excavations at the highway section Zagreb—Dubrovnik.

1976; Schlanger et al. 1987), or Cenomanian—Turonian
Boundary (CTB) event (Jenkyns 1991). Typical deposits
are black, pyritic, laminated shales with a high percent-
age of organic carbon. Coeval pelagic and shelf limestones
are lacking dark shales, but are marked by 8'°C_,, values
of 4-5 %o, which is 2-3 %o higher than in the limestones
below and above this event (e.g., Schlanger et al. 1987). It
is proposed that during the OAE 2 !>C was preferentially
extracted from seawater by marine plankton whose organic
components were not recycled back into the oceanic reser-
voir, as a result of enhanced rates of the burial of organic
carbon (Schlanger et al. 1987).

Deep-marine limestones containing concretions and
radiolarian cherts connected with the Cenomanian—Turo-
nian boundary are known from other parts of the Tethys
region, for example the Calabianca section in northwest-
ern Sicily, the Bottaccione section in central Italy (Scopel-
liti et al. 2004, 2006, 2008), and the Valdagno section in
northern Italy (Fig. 2; Coccioni and Luciani 2005). The
Rehkogelgraben section in the Austrian Eastern Alps con-
tains pelagic deposits with high planktonic and benthic
foraminiferal diversity marking the CTB (Fig. 2; Gebhardt
et al. 2010). Pelagic Cenomanian—Turonian limestones are
also known from the Trieste-Komen Plateau (Repen For-
mation) in Slovenia (Fig. 2; Jurkovsek et al. 1996, 2013).

The main aims of this paper are: (1) to determine the
petrography of the host rock and spherical concretions,
(2) to determine the biostratigraphic position of the host
limestones, (3) to identify the source of the silica for the
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b Schematic lithostratigraphic column of the Upper Cretaceous
deposits at the Adriatic Carbonate Platform, with marked position of
the studied deposits (modified after Marinci¢ et al. 1977; Jerini¢ et al.

1994)

concretions and explain their origin, (4) to determine dif-

ferences in growth (shape and composition) of the regular

and irregular siliceous concretions, and (5) to define the
source of the bituminous material in the host limestones.
Stable isotope composition of carbon and oxygen from the
zones within the concretions, biomarker composition of

bitumen of the surrounding deposits, and mineralogical and

paleontological analyses of the host rock and concretions
are the methods employed to make these determinations.

Geological setting

During the Mesozoic, the studied area was part of the Adri-
atic microplate or Adria (Channell et al. 1979; Bosellini
2002). In the Early Jurassic, several carbonate platforms
were present in the future peri-Adriatic area, and the Adri-
atic Carbonate Platform (AdCP; Vlahovi¢ et al. 2005), also
named Adriatic Dinaridic Carbonate Platform (ADCP;
Jelaska 2002) was the largest one (Jenkyns 1991; Gusié
and Jelaska 1993; Pamic et al. 1998; Veli¢ et al. 2002).

The studied area of the Pojezerje municipality belongs
to the central part of the AdCP, in which Upper Creta-
ceous succession is generally well developed (Figs. 1, 2).
These deposits are described in detail from the island of
Bra¢ (marked in Fig. 1a), where six lithostratigraphic units
(formations) were proposed (Fig. 1b; Gusi¢ and Jelaska
1990). Pelagic influence can be found within the uppermost
Cenomanian—Lower Turonian Sveti Duh Formation and
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Fig. 2 Simplified map of the Perimediterranean Realm with Recent
and Late Cretaceous paleogeographic situation (modified after Coc-
cioni and Luciani 2005; Scopelliti et al. 2006; Benton et al. 2010).
Position of the studied deposits is marked by an asterisk. Neighbor-
ing sections connected with the Cenomanian—Turonian boundary are

Coniacian—Campanian Dol Formation (Gusi¢ and Jelaska
1990; Steuber et al. 2005). The drowning event can be sub-
divided into three phases: the initiation phase, the maxi-
mum drowning phase, and the receding phase. The maxi-
mum range of pelagic unit, recognized in the study area, is
usually characterized by abundant calcispheres, and “primi-
tive’ and opportunistic planktonic foraminifera, with local
occurrence of ammonites, pelagic bivalves, and benthic and
planktonic echinoderm fragments (Gusi¢ and Jelaska 1993,
and references therein). This event has been interpreted to
represent an overall sea-level rise that caused pelagic sed-
imentation on top of the AdCP (Gusi¢ and Jelaska 1990,
1993), and combined influence of local tectonics and global
oceanographic perturbations during the Late Cenomanian
and Early Turonian time interval (Korbar et al. 2012).

Upper Cretaceous bituminous limestones, which com-
monly surround the concretions under investigation here,
can be found at several neighboring places in the region of
Dalmatia (Jerini¢ et al. 1994, and references therein; Fiket
et al. 2008). Bitumen also occurs in surface seepages. Nod-
ules were identified within the bituminous Turonian lime-
stones during the basic geological mapping of Yugoslavia
(Marinci€ et al. 1977). The new cycle of mapping for the
Basic geological map of Croatia 1:300.000 recorded bitu-
minous nodular limestones as the Upper Cenomanian—
Lower Turonian deposits (Veli¢ and Vlahovi¢ 2009), but
the origin of the concretions was not explained until now.

An expression of the Oceanic Anoxic Event OAE 2 at
the AdCP, recognizable through stable isotope values of
oxygen and carbon (3'%0 from —2 to —4, and 3'*C from
+2 to +5 %o), was recorded at the island of Bra¢ by Korbar
et al. (2012).

marked with capital letters: B Bottaccione section in central Italy, C
NW Sicilian Calabianca section, V Valdagno section in N Italy, R The
Rehkogelgraben section in the Austrian Eastern Alps, S Repen For-
mation in S Slovenia

Materials and methods

The concretions were first discovered during the exca-
vations of the Subir hill tunnel at the section of Al high-
way Zagreb—Dubrovnik in the Pojezerje municipality area
(UTM coordinates x = 6,457,614, y = 4,779,788; south-
ern Croatia, Fig. 1a), when a large amount of stone “balls”
rolled out from the parent rock at several localities. The
following fieldwork included identifying the concretions
in their autochthonous position within the host limestones,
sampling of regularly (Fig. 3a) and irregularly shaped con-
cretions (Fig. 3b), chert bands (Fig. 3c), as well as sam-
pling of the surrounding limestone and bituminous material
(Fig. 3b).

The size of the regular concretions varies from only
2 cm up to more than 25 cm in diameter. Zonation of alter-
nating zones, with different carbonate and silica content,
and color of the zones, varies from one concretion to the
other. With approval of the Ministry of Environmental and
Nature protection, two samples were cut in half (marked as
K-1 with d~8 cm and K-2 with d~12 cm; Fig. 4a), to see
their inner structure and sample different zones within the
concretions.

Five thin-sections made from the concretions were
micropaleontologically analyzed in order to find possible
siliceous fossils or fossil fragments and to determine the
origin of the siliceous material. Morphologic observations
of the samples were carried out at the Croatian Geological
Survey in Zagreb, with a JEOL JSM-35F scanning electron
microscope (SEM) operating in secondary electron mode at
an accelerating voltage of 20 kV. The grains were mounted
on the SEM stubs and sputtered with gold. The same SEM

@ Springer



28 Page4of 13

Facies (2016) 62:28

Fig. 3 a A spherical concretion in autochthonous position (length of the pen is 15 cm). b An irregularly shaped concretion within bituminous

limestones. ¢ Chert bands (length of the pen is 15 cm)

microscope equipped with an Oxford energy dispersive
spectrometer (EDS), coupled with an INCA system, was
used for elemental distribution analysis in the samples. The
EDS qualitative analysis was performed on carbon-coated
samples at an accelerating voltage of 20 kV.

To determine the origin of siliceous material, parts of
two concretions were dissolved in acetate acid in order to
dissolve carbonate material, and in HF to dissolve siliceous
material, at the Palaeontological Institute Ivan Rakovac,
ZRC SAZU in Ljubljana, Slovenia.

At the Faculty of Science, University of Zagreb, 20 sam-
ples of the surrounding rock were prepared as thin-sections
for micropaleontological analyses. To determine mineral
types (calcite, ferrous calcite, dolomite, ferrous dolomite),
samples of the host rock were colored with Alizarin red S
and K-ferrocyanide. Calcareous nannoplankton was deter-
mined in the samples of the surrounding rocks where other
planktonic organisms were observed in light microscopy.
Analyses were performed using standard preparation meth-
ods, light microscope under polarized and cross-polarized
light (Bown and Young 1998), and determined on the basis
of Perch-Nielsen (1985).

Material sampled from zones within two cut concre-
tions was used for stable isotope analyses. To analyze
stable isotope ratios of carbon and oxygen, the extraction
of CO, was done in a Carbonate Kiel Device III (Thermo
Finnigan) at the University of Barcelona, Spain, which uses
an automated version of the McCrea (1950) method. Car-
bonate was attacked with 100 % phosphoric acid at 70 °C,
with a reaction time of 3 min for calcite. The Carbonate
Kiel Device is coupled to an isotope ratio mass spectrom-
eter MAT-252 (Thermo Finnigan), in which the produced
CO, was analyzed. In order to control the quality of the
results, the NBS-19 international standard was used, with
$'3C (PDB) = +1.95 %0 and 3'*0 (PDB) = —2.20 %o val-
ues, certified by the IAEA. The standard deviation for the

@ Springer

standards (o parameter, used as a method reproducibility
indicator) was 0.04 for 8'*C and 0.12 for §'%0.

Bitumen extraction was done at the INA d.d. in Zagreb.
Extractable organic matter of the powdered rock sample
was determined by the 36-h Soxhlet extraction with chloro-
form. The extract was then separated by the column liquid
chromatography into four fractions: saturated hydrocarbons
(alkanes), aromatic hydrocarbons, NSO-compounds, and
asphalthenes. Gas chromatography analyses of the alkane
fraction were performed on a Perkin Elmer Sigma 300 and
Varian 3900 GC. For monitoring n-alkanes m/z ion 71 was
used, acyclic izoprenoids m/z 113, for triterpanes m/z 191
and for steranes m/z 217 and 218.

Results

Petrography of the concretions and the surrounding
rocks

Studied concretions are mostly regularly shaped, with
aspect ratio less than 1.5:1. These spheroid concretions
show extensive zonation, with alternating zones of differing
carbonate and silicate content (Fig. 4a). Irregularly shaped
concretions (Fig. 3b) and chert bands (Fig. 3c) are also
present within the studied deposits and are almost entirely
composed of the siliceous component. Due to the diagen-
esis, central parts of the concretions exhibit numerous
rhombohedral dolomite crystals within the quartz matrix
(Fig. 4b, d). The dolomite crystals are post-diagenetically
completely or partially dissolved and now mostly preserved
only as remains in rhombohedral moulds resembling dis-
solved crystals. The EDS analysis of the mineral remains
in the moulds shows dolomite composition (Fig. 4d). The
zones towards the edge of the concretions contain numer-
ous well-visible siliceous sponge spicules, which are
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/ with polarized light

ZONE K-2-5

'BREAK K-2-4/5

ZONE COLOUR 5"C (PDB) 20 (5"°C) 50 (PDB) 20 (5"°0)
K-1-1 light grey 4.67 0.04 -1.75 0.12
K-1-2 grey 4.68 0.04 -2.98 0.12
K-1-3 dark grey 3.85 0.04 —2.86 0.10
K-2-4 dark grey 3.50 0.04 -3.88 0.10
K-2-5 light grey 3.64 0.04 -3.18 0.12

c | K-2-6 grey 3.88 0.04 -3.71 0.12

Fig. 4 a Spheroid concretions with visible zonation (alternating
zones with different carbonate and silicate content). b Photomicro-
graphs showing visible gradual devastation of the sponge spicules
from the central part (zone K-2-4), towards the edge of the bigger
concretion (zone K-2-6). Note that there is a visible break between

two zones, marked here between the fourth and fifth zone, as K-2-4/5.
¢ Table with the coloring and stable isotope composition (3'*C,,, and
81804 of the zones within concretions. d A SEM image of the zone
K-2-4 showing dolomite rhombohedra in the opal matrix and corre-
sponding EDS analysis (the A marks points of analysis)
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«Fig. 5 Photomicrographs of the limestones surrounding the concre-
tions indicating microfacies types and microfossil assemblages. a
Bioclastic packstone with sponge spicules and echinoderm debris.
b Bioclastic packstone with sponge spicules and crinoid remains. ¢
Bioclastic wackestone to packstone with calcispheres and fragments
of benthic foraminifera Moncharmontia cf. compressa De Castro.
d Bioclastic wackestone to packstone with calcispheres and frag-
ments of Cuneolina sp. e-i Planktonic foraminifera: e Heterohelix
reussi (Cushman). f, g Witheinella aprica (Loeblich and Tappan). h
Witheinella sp. i Globigerinelloides bollii (Pessagno). j Bulimina sp.
k Gaudryna sp. I-m Siliceous monaxon sponge spicules (longitudinal
and transverse sections) without (1) and with crossed nicols (m)

recrystallized into quartz, but with perfectly preserved mor-
phology (Fig. 4b).

The prevailing composition of the surrounding rocks and
most of the fossil content is calcite, which was noted due
to the coloring of thin-sections. The sedimentary rocks sur-
rounding the concretions are wackestones-packstones with
abundant calcispheres, planktonic foraminifera, sponge
spicules, and echinoderm fragments. The outer surface of
the concretions and surrounding host sedimentary rocks are
often impregnated with bituminous material (Fig. 3b).

Biostratigraphy

The most abundant fossils in mud-supported limestones
(bioclastic wackestones and packstones) are calcispheres,
small-sized planktonic foraminifera, sponge spicules
(Fig. 5a), echinoderm debris, and rare crinoid fragments
(Fig. 5b). In high concentrations these skeletal fragments
form bioclastic calcarenites (bioclastic packstones). Some-
times these packstones contain bioclasts of shallow-water
platform carbonates, which contain the Late Cretaceous
benthic foraminifera Moncharmontia cf. compressa De Cas-
tro (Fig. 5¢) and Cuneolina sp. (Fig. 5d). The presence of
planktonic foraminifera assemblages, consisting of Hetero-
helix reussi (Cushman) (Fig. 5e), Witheinella aprica (Loe-
blich and Tappan) (Fig. 5f, g), Witheinella sp. (Fig. 5h),
Globigerinelloides bollii (Pessagno) (Fig. 51), and rare small
benthic foraminifera, Bulimina sp. (Fig. 5j) and Gaudryna
sp. (Fig. 5k), indicate latest Cenomanian—Early Turonian
age. Such microfacies and microfossil assemblage charac-
terize the Sveti Duh Formation (Fig. 1b), which can be eas-
ily recognized in the Dalmatian part of the AACP.

Siliceous fragments are visible in thin-sections prepared
from both the surrounding rocks and within the concre-
tions, and the most abundant remains belong to sponge
spicules (Figs. 4b, 51, m). The only found calcareous nan-
noplankton belongs to the species Watznaueria barnesiae
(Black in Black and Barnes, 1959) Perch-Nielsen, 1968.
This species is quite resistant, even to the diagenetic pro-
cesses, with stratigraphic range from Middle Jurassic to the
end of Cretaceous (Perch-Nielsen 1985).

Source of silica

In the limestone thin-sections, numerous leached siliceous
monaxon sponge spicules were recognized in different sec-
tions, usually transverse and rare longitudinal (Figs. 4b,
51, m). Beside siliceous sponges, possible sources of silica
could be other opal-A secreting marine organisms like
radiolarians, diatoms, or silicoflagellates. Meteoric water
charged with silica may also provide the amount of mate-
rial needed for the growth of concretions, but no evidence
for this presumption was found.

Stable isotopes (carbon and oxygen) from the
concretions

The zones within the concretion were sampled from
nucleus outwards and marked by numbers K-1-1 to K-1-3
for the smaller sampled concretion, and K-2-4 to K-2-6 for
the bigger one (Fig. 4a, b).

There is a difference in carbon and oxygen isotope val-
ues between different zones within the concretion (inner
and outer parts). The stable isotope values show no trend
from the nucleus outwards. The lightest grey zones are rep-
resented by higher positive values of the 3'°C while the
darkest zones show lower 3'°C_,,, ratios.

The smaller concretion (K-1; Fig. 4a, c), with an inner
zone showing light grey color, and grey and dark grey zone
towards the outer edge, shows an almost constant value of
the 8'3C_,,, for the first and second zone (+4.67 %o and
4.68 %o), while the outermost zone exhibits lower values
(813C = +3.85 %o0). The bigger concretion (K-2; Fig. 4a,
¢) also consists of three main zones, with an innermost
zone of dark grey, a middle zone light grey, and grey out-
ermost zone. The innermost zone shows §"°C_,, of 3.50 %o,
while the middle zone displays values almost exactly the
same as the inner and middle part of the smaller concre-
tion (4.64 %o). In contrast, the outermost zone preserves a
813C,4, Of 3.88 %o (comparable to 3™ zone of the smaller
concretion).

The 3'30 ratios vary from —1.75 to —2.98 %o for the
smaller and from —3.18 to —3.88 %o for the bigger concre-
tion (Fig. 4c), exhibiting recognizable values for the glob-
ally detected OAE 2 at the AACP (8180 from —2 to —4 %eo;
Korbar et al. 2012).

carb?

Biomarker analyses

One bitumen sample from the parent rock was extracted for
the biomarker analyses. The main extractable compounds
belong to four main groups, namely n-alkanes, acyclic iso-
prenoids (e.g., pristane, phytane), steroids, and hopanoids,
in variable relative amounts.
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Fig. 6 Ion chromatograms for Abundance n-2|1|_22
the saturated fraction of the lon 71 n-23 a
. A . 150000
bitumen sample: a m/z 71 with
. n-20
normal alkanes, and pristane
and phytane. b Expanded m/z n-19
191 showing the distribution |
100000 n-18
of hopanes. ¢ Expanded m/z n-17 n-24
217 showing the distribution of
n-25
steranes
50000 Ph
Pr n-26
. Ay
15 20 25 30 35 40 45 50
H-30
30000
lon 191 Hopanes b
H-29
20000
H-31
10000 Tm H-32
H-33
Ts
2000
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ste-C28
8000
lon 217 Steranes ste-C29 C
ste-C27
6000 [ ——
dia-C27
4000
2000
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The C-chain lengths of normal alkanes in our sample
range from C,; to C,c, maximizing at C,; (Fig. 6a). Normal
alkanes C;s, C;5, C;y and C,, are usually algal biomark-
ers, pointing to a marine environment, while mid-chained
n-alkanes (C,,—C,,) are usually cyanobacterial biomarkers
in the sedimentary organic matter (Grimalt and Albaigés
1987; Malinski et al. 2009, and references therein).

From the acyclic isoprenoids, only pristane (C,q, Pr) and
phytane (C,,, Ph) are present (Fig. 6a). The Pr/n-C,, value
of 0.338 and Ph/n-C ¢ value of 0.392 point to marine type
of organic matter from carbonate rocks. The value of 0.86
for the Pr/Ph ratio points to the marine type of organic mat-
ter, deposited under anoxic conditions (Didyk et al. 1978).

@ Springer

In the saturated hydrocarbon fractions, hopanes are
derived from bacteria, and are detected in the m/z 191 ion
chromatogram. Steranes are derived from algae and higher
plants, and detectable in the m/z 217 and 218 ion chroma-
togram (e.g., Peters et al. 2005). Hopanes are most abun-
dant in range from C,, to C5; (Fig. 6b). Hopanes C,; to Cy
are biomarkers for bacteria, or even pelagic cyanobacte-
ria, marking the anoxic marine environment (Peters et al.
2005). Organic matter-rich sediments of OAE 2, under con-
ditions of prolonged ocean stratification, increased rates
of organic-carbon accumulation and high nutrient-N, were
dominant by N,-fixing cyanobacteria (Karakitsios et al.
2007, and references therein). Steranes are ranging from
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dia-C,; to ste-C,g, with most abundant ste-C,; (Fig. 6¢)
marking marine type of organic matter.

Discussion

In our studied area, the deposits of the uppermost Cenoma-
nian—Lower Turonian Sveti Duh Formation, surrounding
the concretions, indicate pelagic incursion over the plat-
form, specifically the drowning of the AACP. The lime-
stones in which the concretions were found are not textur-
ally or compositionally different from deposits in which
concretions were not detected. The concretions themselves,
as mineral bodies, differ in composition from the rock
in which they were formed, commonly limestones and
dolomites.

Stable isotopes from the concretions

Pelagic carbonates of the Cenomanian—Turonian bound-
ary are generally represented by a positive excursion in
8"3C > Which reflects changes in the 3'*C of the oceanic
total dissolved carbon, due to the increase in the burial ratio
of organic carbon to CaCOj; (Arthur et al. 1987). The values
between 3.50 and 4.68 %o for §!°C.,,,, correspond well to
the globally known carbon isotope values for the Cenoma-
nian—Turonian event (4-5 %o, Schlanger et al. 1987). Zones
within the concretions are characterized by different §!°C
values, suggesting that they did not all grow at the same
time but over longer period during which water composi-
tion varied (cf. McBride et al. 1999). The measured carbon
isotope ratios suggest that zones with similar isotope val-
ues have grown during similar environmental conditions or
temperatures, or have been exposed to similar diagenetic
conditions.

Oxygen isotope ratios in the concretions range from
—1.75 to —3.88 %o, and can be considered as a reflection
of the Oceanic Anoxic Event at the AdCP, as previously
recorded by Korbar et al. (2012). Differences in the oxy-
gen isotope ratios point to: (1) possible changes in tempera-
ture during the formation of the different zones, (2) if the
temperature was constant, that the nucleus of the smaller
concretion formed from the water with heavier 5'%0 than
the margins, while the nucleus of the bigger concretion
formed from the water with lighter 3'30 than the mar-
gins (cf. McBride et al. 1999), or (3) possible diagenetic
changes. Much of the Mesozoic—early Paleogene time was
globally warm and the oceanic bottom waters were quite
different than today, due to the absence of polar deep-water
masses (Arthur et al. 1987, and references therein). These
warm bottom waters could have influenced the formation
of spherical concretions. Nevertheless, the change in oxy-
gen isotope ratios of different zones, with range of values

from —1.8 to —3.9 %o, can also be explained through a pos-
sible diagenetic influence.

Growth of the concretions

We propose that the growth of the concretions took place
from the nucleus outwards, with silica being scavenged
from the surrounding sediment to feed the growing con-
cretion. The cement of the spherical concretions was sup-
plied by diffusion during concretion growth (McBride et al.
1999, and references therein). In case of elongated concre-
tions, the cement was supplied by advection, showing the
direction of the fluid flow. Alternating zonation of opal- and
carbonate-rich zones derive from fast “consummation” of
silica material at the growth site.

Calcium source is not questionable here; Ca is most
probably sourced by dissolution from the concretion host
sediment, which is mainly composed of calcite detritus.

The silicate component of the concretions originates
from biogenic opal, mainly sponge spicules (Figs. 4b, 51,
m) and probable radiolarians. Biogenic silica (opal-A)
is amorphous, hydrated, and is the most unstable form of
silica. It is experimentally shown that solubility of opal-A
silica strongly depends on environment pH and silica satu-
ration (Lewin 1961; Badut and Risacher 1983). Biogenic
opal is altered only at pH 8.5 and higher.

If we overlap geochemical stability fields of calcite and
biogenic opal, it is evident that in an environment with
elevated pH, biogenic opal will dissolve, while calcite will
precipitate.

Carbonate precipitation on the opal surface is strongly
enhanced due to the cation adsorption on dissociated
silanol groups —SiOH (Dixit and Van Cappelen 2002).
Silanol groups on biogenic silica surface are known as
excellent ligands for aluminium, calcium, iron, and other
cations existing in sediment pore waters (Schindler and
Stumm 1987). It is important to emphasize that there are
two different growth mechanisms for opal and carbonate
additionally enhancing zone formation during the concre-
tion formation and preferring different opal or carbonate
content in one zone layer. Carbonate mineral formation
in the sediment as cement is a result of the crystallization
process from an oversaturated solution, while silica gels
form by polymer flocculation (Stumm 1993). In the case
of the concretions described here, crystallization of silica
appears later during the diagenesis, resulting in quartz min-
eralization. Carbonate precipitation could be slowed down
or stopped, due to inhibition by adsorbed organic matter
or sulphate on possible carbonate crystal nucleation sites
(Berner et al. 1978). From numerous previous research
(e.g., Berner et al. 1978; Raiswell 1988), there is evidence
that such surface-reaction mechanisms can have significant
control over carbonate concretion growth.
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It is important to notice that surface adsorption of
organic matter or sulphate on carbonate or silicate nuclea-
tion sites could, in our case, only periodically slow down
concretion growth. The explanation for the periodic growth
could be in microbial sulphate reduction by organic matter
(Raiswell 1976; Raiswell and Fisher 2000). In this manner,
the crystal nucleation cites could be liberated for further
concretion growth, until new contamination with sulphate
and organic matter occurs. Additionally, sulphate reduction
generates alkalinity (Coleman 1993; Coleman and Raiswell
1995), which could lead to carbonate super-saturation and
initiate concretion growth.

If we propose that the source of silica is mostly biogenic
opal-A (siliceous sponges, and possibly radiolarians, dia-
toms, and silicoflagellates), what would the initial concen-
tration of those organisms be? Calculations by McBride
et al. (1999, and references therein), indicated that deep-sea
deposits can contain up to 30 % of opaline biogenic grains,
which would be enough to form the concretions. Even in
modern carbonate deposits, opal-A secreting organisms are
present in large enough amounts to provide silica for chert
nodules (McBride et al. 1999).

Partial consolidation of sediments and preferential ori-
entation of platy-shaped sediment particles would cause
greater horizontal than vertical sediment permeability and
a slight preferential transport horizontally, giving the char-
acteristic oblate sphere concretion shape. All apparently
irregular concretion shapes are in fact typical for gel struc-
tures, resembling geometrical shapes of minimal surface
tension (energy). The silica that formed the chert bands had
to migrate to the sites of precipitation by diffusion, while
CaCO; released by the replacement process had to diffuse
outwards or precipitate as cement in the limestones. This
process could be one of the possible explanations for the
rhythmic banding of the concretions. During the growth of
the concretion, uneven diffusion process results in irregu-
lar-shaped concretions. In the case of spherical concretions,
their growth is favored by sediments of homogenous tex-
ture and composition (McBride et al. 1999).

Biogenic silica (opal-A) is amorphous, hydrated, and
the most unstable form of silica and its solubility greatly
increases with temperature, pressure, solution under-sat-
uration, and pH elevation (Lewin 1961). Typical marine
early-diagenetic carbonate environments with elevated
pH contain less dissolved silica than could be possible;
they are under-saturated with respect to silica, resulting
in fast dissolution of biogenic opal remains (Kréger and
Sumper 2000). The dissolution-precipitation reaction of
biogenic silica can be shown with the formula: SiO, + 2
H,0 < Si(OH),. Fast dissolution of opal-A, and stagnant
pore waters, yields solutions of relatively high silica con-
tent. In pore waters saturated with silica, open-framework
silica polymers form and flocculate to yield opal-CT. Once
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emplaced as a proto-concretion, such globular molecular
cluster starts to grow in the direction of the new material
supply. A highly spherical concretion shape indicates the
same supply rate of the source material from all directions.
Such conditions can be established in stagnant sediment
pore waters where material supply at the growth site comes
only from molecular diffusion. The efficiency of diffusion
is determined by the diffusion coefficient, the permeability,
and the concentration gradient. Diffusion is one of the most
important processes acting during sediment diagenesis and
especially concretion growth (Berner 1971). With the for-
mation of the core, the growth starts, and source material
concentration gradient is established. A concentration gra-
dient results in an ion flux from the surrounding sediment
toward the growth site, which leads to the ion-depleted
zone in the near concretion volume.

Diagenetic processes affect the preservation of siliceous
material, in this case sponge spicules, within the matrix
of the concretions, and this process can be followed from
the center outwards. Outer zones contain remnants of pre-
served spicules, while those in the inner parts are not pre-
served (Fig. 4b). Due to the dissolution of the spicules, the
calcite matrix was replaced by the authigenic (chemogenic)
dolomite, which is the most abundant in the innermost
zones of the concretions (Fig. 4b, d). This can be explained
in regards to the silanol groups. The surface part of the
sponge spicules in the alkali environment becomes nega-
tively charged (silanol groups). This kind of ionized surface
adsorbs cations from the solution, e.g., magnesium from
the sea water. With the change of the opal-A into the more
stable forms (opal-CT and quartz), cations are released,
and, in this case, magnesium precipitates into dolomite
crystals. The innermost zone of the concretion (zone K-2-4,
Fig. 4a, b) therefore shows numerous rhombohedral dolo-
mite crystals within the quartz matrix. The second zone
shows a silicified matrix with gradual devastation of sili-
ceous spicules, with better-preserved morphology of the
spicules going towards the edge of the concretions (zone
K-2-5; Fig. 4a, b). In the outermost part of the concretion
(zone K-2-6, Fig. 4a, b), numerous siliceous sponge spic-
ules are still visible, and even though they are recrystallized
into quartz, their morphology is perfectly preserved.

Bitumen from the host rock

Preservation of bituminous material in carbonates is con-
nected with stagnant pore waters and rapid sea-level rise due
to the Oceanic Anoxic Event (OAE) at the Cenomanian—
Turonian transition (Gusi¢ and Jelaska 1990, 1993, and ref-
erences therein). The Upper Cretaceous oil-seep deposits
from the Vrgorac area (Fig. 1) are generally represented by
carbonates with pores, fissures, and cavities, which are filled
with the migrated bitumen (Fiket et al. 2008).
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Due to the OAE conditions, the bottom waters were
nutrient-rich and oxygen-poor and differing in temperature
from the surface waters. Due to the light color of the rocks,
and comparison with the Sveti Duh Formation, it is pre-
sumed that the depth where the concretions were formed
could not be bathyal or abyssal, but that deposition took
place in the oxygen-depleted environments of the drowned
platform succession.

The presence of biomarkers, including n-alkanes C,,—
Cye pristane (Pr), phytane (Ph), C,,—C,, hopanes, and
dia-C,; to C,q steranes (Fig. 6) point out that the domi-
nant sources of organic matter throughout the column
were marine biota (mainly algae, bacteria, and cyanobac-
teria). Late Cenomanian—Early Turonian transgression led
to the supply of additional nutrients to the platform, which
enhanced the paleoproductivity and, owing to the decay of
organic matter, led to the increased consumption of O, (cf.
Lebedel et al. 2013).

Conclusions

1. We present a new find of mostly spherical concretions
from southern Croatia, which exhibit variable carbon-
ate and, dominantly, siliceous composition, with the
visible internal structure, differing from the parent
rocks. Silica was provided by diffusion, while carbon-
ate material probably precipitated as cement in the
limestones.

2. The sedimentary rocks surrounding the concre-
tions are wackestones and packstones with abundant
calcispheres, planktonic foraminifera, rare benthic
foraminifera, sponge spicules and echinoderm frag-
ments, whose presence is typical for the pelagic
Cenomanian—Turonian Sveti Duh Formation of the
Adriatic Carbonate Platform.

3. We argue that the main sources of silica were sili-
ceous sponges, with possible influence of other opal-A
secreting marine organisms like radiolarians, diatoms,
or silicoflagellates. Diagenetic processes have influ-
enced zonal growth within the concretions in the way
that siliceous spicules, as source of silica, are com-
pletely dissolved within the concretion nucleus.

4. The §"3C_,, values of the zones within the concretions
range from 3.50 to 4.68 %o and correspond well to the
globally known carbon isotope values for the Cenoma-
nian—Turonian OAE 2 event.

5. The presence of biomarkers, including n-alkanes C,,
to Cy, pristane, phytane, C,g to C4, hopanes and dia-
C,; to C,g steranes point to the dominant sources of
organic matter for the bitumen deposition as algae,
bacteria, and cyanobacteria.

6. The siliceous-carbonate concretions described here
and the mechanisms of their growth do not depend on
certain time and space, and therefore represent excel-
lent and rare example where natural laws governing
shaping and appearance of matter can be clearly seen
and successfully used to explain the occurrence of geo-
logical phenomena. We would like to encourage simi-
lar findings in the world, to explain this phenomenon
and its connection with stress events in the geological
record.
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