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Abstract The Cenomanian–Turonian boundary (CTB) in
the Ćićarija Mountain region (northern Istria, Croatia) is
characterized by calcisphere limestone successions with a
firmground and glauconite horizon, bioturbated intervals,
tempestites, and slumped structures as well as microbially
laminated and organic-rich interbeds deposited in the northwestern part of the intra-Tethyan Adriatic Carbonate Platform (AdCP). Compilation of the results from three studied
sections (Vodice–Jelovica, Martinjak and Planik) of litho-,
bio-, and microfacies analyses, X-ray diffraction, SEM,
EDS, and stable isotope analyses allowed reconstruction
of marine paleoenvironmental conditions during this time
period. Shallow-marine carbonate deposits of the Milna
Formation underlie a drowned-platform succession of the
Sveti (Sv.) Duh Formation. The contact between these two
formations is sharp and commonly marked by slumped
deposits. The Sv. Duh Formation consists of about 100 m
of calcisphere wackestone enriched in organic matter. The
results of preliminary δ13C and δ18O stable isotope analyses
indicate the influence of the global Oceanic Anoxic Event
(OAE2) on the deposition of this carbonate succession.
Anoxic and hypoxic conditions in the water column lead to
major changes in the shallow-marine carbonate system of
the AdCP. Numerous benthic foraminifera declined during
that time, but planktonic foraminifera and calcareous dinoflagellates diversified and expanded greatly. The results of
this research provide new insights into the character of the
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CTB interval in this part of the Tethyan realm. Local and
regional synsedimentary tectonics combined with global
upper Cretaceous sea-level dynamics allows the correlation
of the investigated deeper-marine lithostratigraphic units
with OAE2.
Keywords Cenomanian–Turonian · OAE2 · Adriatic
Carbonate Platform (AdCP) · Ćićarija Mtn. · Sv. Duh
Formation · Glauconite

Introduction
The time period spanning the Cenomanian–Turonian
boundary was characterized by profound paleoenvironmental changes at global scale. World-wide consequences of
these events have been the focus of new reports and their
influence on local to regional depositional systems. For
this reason, our current research focuses on upper Cenomanian–lower Turonian carbonate deposits that record temporary drowning of the northwestern part of the intra-Tethyan
AdCP.
Globally, the Cenomanian–Turonian boundary interval
(about 93.9 My ago; Cohen et al. 2013; Fig. 1a) is marked
by an extinction event and turnover in planktonic foraminifera and radiolarians (Caron and Homewood 1983; Huber
et al. 1999; Jarvis et al. 1988; Culver and Rawson 2004;
Erba 2004; Gebhardt et al. 2010), by a rise in sea level
(Hardenbol et al. 1998; Miller et al. 2005; Voigt et al. 2006;
Haq 2014; Sames et al. 2016), and by widespread dysoxic
to anoxic conditions in the world oceans known as the Oceanic Anoxic Event 2 or OAE2. This event was originally
defined by Schlanger and Jenkyns (1976) and described
later by many authors (Jenkyns 1980; Schlanger et al.
1987; Arthur et al. 1987, 1988, 1990; Tsikos et al. 2004;
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Fig. 1  Paleogeographic reconstructions of the study area. a The
wider Perimediterranean region prior to approximately 100 Mya with
location of the Adriatic Carbonate Platform (AdCP, modified after
Blakey 2010; http://cpgeosystems.com/europaleogeography.html, and
references therein). The rectangle outlines the area in the focus of this

study. b Depositional environments of Istria during the late Cenomanian to early Turonian (Brčić 2015; the Cenomanian–Turonian time
scale according to Cohen et al. 2013). See Fig. 2 for the location of
Istria

Keller et al. 2004; Karakitsios et al. 2007, 2010; Pearce
et al. 2009; Jenkyns 2010; Jarvis et al. 2011; among others). Successions of OAE2 deposits are mainly represented
by uniform deep-marine facies with worldwide distribution
(e.g., Eastbourne, England; Rehkogelgraben, Austria; Gubbio, Italy; Tarfaya, Morocco). During the maximum OAE2
about 90% of deep-sea environment on Earth was affected
by anoxia (Flögel et al. 2011). The major cause and trigger of a chain reaction that led to anoxic events was interpreted to be submarine volcanism (Larson and Erba 1999;
Bralower 2008; Keller 2008; Turgeon and Creaser 2008;
Du Vivier et al. 2014; among others). Following the termination of volcanic activity and its input of C
 O2, a re-balance of marine environments was gradually achieved. It is
estimated that the entire process/event took about 320–960
ky (Sageman et al. 2006) or 500 ky according to Voigt et al.
(2008).
Unlike the extensive documentation of the impact of
these processes on deep-marine systems, reports on the
response of shallow-marine carbonate platform environments are not as numerous (Gušić and Jelaska 1993; Jenkyns 1991; Hilbrecht et al. 1996; Davey and Jenkyns 1999;
Immenhauser et al. 2008; Elrick et al. 2009; Gertsch et al.
2010; Nagm 2015). Starting in the early Cenomanian and
more profoundly in the middle and late Cenomanian, the
stable and uniform shallow-marine AdCP was affected by
synsedimentary tectonism and sea-level changes resulting

in episodes of pelagic influence (Tišljar et al. 1998). In
some parts of the study area, synsedimentary tectonism
overprinted eustatic changes and caused significant paleogeographic differences. As a result, intra-platform basins
that formed locally had only occasional pelagic influence of
variable intensity (Gušić and Jelaska 1990; Vlahović et al.
1994; Korbar et al. 2012; Brčić 2015). This study, therefore, represents a case study of the relationship between
global eustatic trends and local synsedimentary tectonism
on shallow-marine carbonate platform facies.
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Geological setting
The Adriatic Carbonate Platform (AdCP, Fig. 1a) is one of
the largest Mesozoic carbonate platforms of the Perimediterranean region (based on the present-day outcrops from
Italy in the northwest to Albania in the southeast, covering
an area around 800 × 200 km; Gušić and Jelaska 1993).
The entire AdCP carbonate succession was deposited
within intra-Tethyan shallow-marine carbonate platform
environments and is in places more than 8000 m thick, with
a stratigraphic range from the upper part of lower Jurassic
(Toarcian) to the Eocene. The end of AdCP deposition was
marked by regional emergence between the Cretaceous and
the Paleogene (Velić et al. 2002, 2003; Vlahović et al. 2003,
2005; Ćosović et al. 2004). The extensive thickness of these
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deposits is the result of long-term shallow-marine sedimentation and a series of synsedimentary tectonic deformations. Significant structural deformation of the AdCP began
in the early Cenomanian, and further intensified in the late
Cenomanian (Vlahović et al. 1994; Velić et al. 2003; Brčić
2015; Fig. 1b). Tectonic structure of the Istria Peninsula in
the northwestern part of the AdCP reflects these deformations, with the most important phases occurring during the
Cretaceous (formation of the western Istrian anticline), and
Paleogene (formation of a flysch basin and thrust-nappe
structure of the Učka and Ćićarija Mountains to the northeast, Fig. 2) (Matičec 1989, 1994; Matičec et al. 1996; Velić
et al. 1995). Around the Cenomanian–Turonian boundary,
eustatic sea level rise outpaced the rate of carbonate deposition on the AdCP and resulted in the establishment of
drowned platform environments (Davey and Jenkyns 1999;
Vlahović et al. 2002a, 2005; Korbar et al. 2012).
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Study area
The studied outcrops are located in the Mtn. Ćićarija region
in the northeastern part of Istria, in an area about 45 km
long and 10–15 km wide (Fig. 2). The largest part of Mtn.
Ćićarija is composed of Cretaceous and Paleogene carbonate deposits. The oldest deposits outcropping in the study
area are lower Cretaceous (Hauterivian–Albian) limestones
and dolomites, overlain by dolomites and post-depositional
diagenetic breccia of Albian-Cenomanian age (Vlahović
et al. 2002b). The Cenomanian–Turonian deposits are
represented by rudist limestones and deeper-marine calcisphere limestones.
Paleogeographically, this area belongs to the northwestern part of the AdCP (Fig. 1a). Present-day western Istria
was already emerged during the Cenomanian (Vlahović
et al. 1994, 2002a, b; Brčić 2015; Fig. 1b). In other parts of

2

SL

Fig. 2  Geological map of the Ćićarija Mtn. area in Istria,
Croatia, with positions of detailed geological columns (1
Vodice-Jelovica (45°29′33.929′′N, 14°2′13.92419′′E), 2 Martinjak (45°23′48.10649′′N, 14°8’′47.97916′′E) and 3 Planik

(45°21′43.23027′′N, 14°13′0.55061′′E). Modified from the Basic
Geological Map of the Republic of Croatia 1:300.000 (Croatian Geological Survey 2009)
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◂Fig. 3  Outcrop and thin-section photographs of the upper part of the

Milna Formation. a Microbial laminite (5 m up the Martinjak section). b Thin-section photograph of a laminite sample from the outcrop shown in a; alternating micrite and microsparite laminae with
mouldic porosity (likely evaporite minerals diagenetically replaced
with calcite). c–g Bioclastic-skeletal packstone interbedded with
microbial laminite (top of the outcrop shown in a) including fecal
pellets (Favreina sp.) (c) and benthic foraminifera (Vidalina radoicicae Cherchi and Schroeder (d), Pseudorhapydionina dubia (De Castro) (e), Broeckina (Pastrikella) balcanica Chierchi et al. (f, g)

Istria (eastern and northern parts of the present-day peninsula), sedimentation continued into the late Turonian, and
in some places until the early Coniacian [with the exception of small areas of the Učka Mtn. and Medulin (Fig. 2)
where sedimentation continued until the early Santonian to
late Campanian; Brčić 2015]. Between the Coniacian and
Eocene, the entire area of the Istrian Peninsula was subaerially exposed.
This study focuses on the deeper-marine Sv. Duh Formation (upper Cenomanian–lower Turonian) bounded by
two shallow-marine units, the underlying Milna Formation
(lower Cenomanian–upper Cenomanian) and the overlying
Gornji Humac Formation (Turonian–Coniacian).

Materials and methods
Stratigraphic columns
Reconnaissance geological field work in the study area
identified the best-quality exposures of continuous successions of strata (Fig. 2). The surrounding area was
mapped at a scale of 1:25.000. Three detailed stratigraphic
sections were measured with a total thickness of about
350 m: the Vodice–Jelovica Sect. (153 m), the Martinjak
Sect. (166 m), and the Planik Sect. (32 m). Different rock
types were sampled for petrographic and micropaleontological analyses for a total of 116 polished slabs and 163
thin-sections in order to define lithotypes and microfossil
assemblages, interpret depositional environments, and document diagenetic modifications.
Stable‑isotope geochemistry
Analysis was carried out on a total of 81 samples (Fig. 2).
Small amounts of carbonate powder (homogeneous, micritic, and non-weathered material, excluding areas with
carbonate cement and skeletal fragments) were collected
from polished slabs and thin-section billets using a microscope-mounted microdrill. Stable-isotope analyses were
performed using a DeltaXL mass spectrometer (University of Massachusetts, Amherst, USA). After heating for an
hour at 400 °C to remove any volatile organic components,
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samples were reacted at 70 °C with 100% anhydrous phosphoric acid 
(H3PO4) for 10 min. Standard isobaric and
phosphoric acid fractionation corrections were applied to
all data. Results are expressed as δ13C and δ18O values in ‰
relative to the Vienna PeeDee Belemnite standard (VPDB).
X‑ray diffraction and mineralogy of insoluble residue
Mineral composition of insoluble residue from a single
sample (glauconite horizon, section Planik) was analyzed
by X-ray powder diffraction (XRPD) using a Philips vertical goniometer (experimental conditions: 45 kV, 40 mA,
PW 3018/00 PIXcel detector, primary beam divergence
1/4°, and continuous scan step 0.02° 2θ/s). The sample was
prepared by dissolving carbonate fraction using acetic acid
with an ammonium acetate (1 mol/dm3) buffer of pH 5, and
by sieving the residue to three separate fractions (<0.09,
0.09–0.125 mm and >0.125 mm).
Scanning electron microscopy (SEM)
and energy‑dispersive spectroscopy (EDS)
Selected samples were examined by using a JEOL MultiPurpose scanning microscope (JSM-35). The samples were
mounted on a metal stub with an adhesive (graphite tape)
and coated with gold (20 keV accelerating potential and
90-mA filament current). A subset of samples was also analyzed for elemental chemical composition by using energydispersive spectroscopy (EDS; Oxford Instruments, INCA
system).

Results
The Milna Formation
This study included only the upper part of this shallowmarine unit. The Milna Formation consists of well-stratified (rarely massive) rudist and chondrodontid bioclastic floatstone alternating with microbial laminites (with
common LLH stromatolites; Fig. 3a, b) and foraminiferal
wackestone–packstone (Fig. 3c–g). The middle to late
Cenomanian stratigraphic age of these deposits is defined
by the presence of benthic foraminifera Broeckina (Pastrikella) balcanica Cherchi et al. Chrysalidina gradata
D’Orbigny, Pseudorhapydionina dubia (De Castro), and
Vidalina radoicicae Cherchi and Schroeder.
The Sv. Duh Formation
Transition from the Milna Formation into the overlying Sv.
Duh Formation can be gradual or sharp. In the case of gradual transition, the laminites (Fig. 3a, b) and/or bioclastic
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limestone are replaced with progressively thicker intercalations of calcisphere mudstone-wackestone, whereas in
sharp transitions, the well-stratified lithotypes are overlain
by massive calcisphere-rich limestone (Fig. 4a).
Thickness of the Sv. Duh Formation in the study area
is between 100 and 130 m. Calcisphere limestones of the
Sv. Duh Formation are greyish, brownish-greyish to light
brown in color, and appear poorly stratified to massive
(several meters thick), with stylolites and tectonic fractures.
“Mottled intervals” are the result of diagenetic re-distribution and concentration (due to cracks and veins) of organic
matter. Other characteristic features of the Sv. Duh deposits
include bioturbation, dissolution seams, current microlamination, and nodular appearance of upper bedding planes.
Diagenetic processes such as micritization and dolomitization are apparent in thin-sections.
A typical microfacies of the Sv. Duh Formation consists of calcareous dinoflagellate cysts (Fig. 4a) in micritic
matrix with variable amounts of fine-grained carbonate
bioclasts, planktonic foraminifera (Fig. 4b, c), ostracods,
pelagic crinoids, sponge spicules, echinoid spines and rare
benthic foraminifera, bivalves, and gastropods. Calcareous
detritus mainly derives from shells of rudists, other bivalves
and benthic foraminifera. Organic matter is irregularly dispersed as fine opaque particles inside stylolites, bedding
planes, cracks, and veins (Fig. 5a–f).

The stratigraphic range of the Sv. Duh Formation is
upper Cenomanian–middle Turonian. This is supported by
benthic foraminifera from the underlying Milna Formation
(Fig. 3d–g) and the presence of planktonic foraminifera
Helvetoglobotruncana helvetica (Bolli) in the Sv. Duh Formation (Figs. 4b, 5c). In general, deposits of the Sv. Duh
are interpreted to represent deeper-marine settings of the
temporarily submerged/drowned carbonate platform with a
significant open-ocean influence.

Fig. 4  Thin-section photographs of the Sv. Duh Formation deposits. a Microfacies characterized by calcareous dinoflagellate cysts,
planktonic foraminifera, and other carbonate bioclasts such as echinoderm remains (10 m up the Vodice–Jelovica section). b Relatively

rare planktonic foraminifera Helvetoglobotruncana helvetica (Bolli)
(23 m up the Planik section). c Whiteinella cf. baltica (Douglas and
Rankin) (12 m up the Vodice–Jelovica section)
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The Gornji Humac Formation
Transition between the Sv. Duh and the Gornji Humac Formations is characterized by a shallowing-upward trend. In
some cases, the formational boundary is characterized by
oncolith and laminite facies. Deposits in the lower part of
the Gornji Humac contain shallow-water bioclastic material
mainly composed of rudist debris, but benthic foraminifera,
echinoid spines, fine carbonate detritus, and peloids are
also present. This part of the succession also contains common recrystallized and dolomitized zones. The boundary
between the Gornji Humac and Sv. Duh Formations is also
characterized by the first appearance of fenestral mudstone
with Decastronema (Aeolisacus) kotori (Radoičić) (Fig. 6a)
and Thaumatoporella sp. (without pelagic influence), followed by peloid-skeletal wackestone, bioclastic-skeletal

Facies (2017) 63:17

Fig. 5  Outcrop and thin-section photographs of the Cenomanian–
Turonian boundary (CTB) in the Sv. Duh Formation (21–23 m up the
Planik section). a–b Field photograph of microbial laminites enriched
in organic matter. c Field photograph of CTB (white dashed line)
between microbial laminites (1) below and calcisphere mudstonewackestone (2) above. BPb Broeckina (Pastrikella) balcanica, middle to upper Cenomanian; Hh Helvetoglobotruncana helvetica, lower

Page 7 of 20
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to middle Turonian (hammer for scale is 32 cm long). d Photomicrograph of microbial laminites enriched in organic matter. e Photomicrograph of tempestites with fragmented horizons of euhedral
(rhombohedral) forms of dolomite and evaporite dissolution voids
now occluded by calcite. f Thin-section view of alternating microbial
laminites and bioclastic wackestone and packstone with Favreina sp.,
benthic foraminifera and sponge spicules
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Fig. 6  Thin-section photographs of two typical microfacies of the
Gornji Humac Formation. a Skeletal-bioclastic packstone with
Decastronema (Aeolisacus) kotori (60 m up the Vodice–Jelovica sec-

tion). b Bioclastic grainstone-floatstone with biodetritus composed
mainly of rudists shells (118 m up the Vodice–Jelovica section)

wackestone-packstone, intraclastic-skeletal packstonegrainstone, and radiolitid floatstone (Fig. 6b).
The Gornji Humac strata were deposited in moderate to
high-energy shallow-water settings and are characterized
by lateral changes in sediment size and dominant type of
bioclasts. The first index fossils of the Gornji Humac Formation are rudists [Distefanella sp. and Hippurites requieni (Matheron), Turonian-Coniacian], with subsequent
appearance of benthic foraminifera [e.g., Moncharmontia
sp., Pseudocyclamina sphaeroidea (Gendrot), Scandonea
samnitica De Castro, S. mediterranea De Castro, Dicyclina schlumbergeri Munier-Chalmas and Murgella lata
Luperto-Sinni].

and microbial laminae (Fig. 3a). In nine selected and analyzed samples the following species of benthic foraminifera
were identified: Chrysalidina gradata D’Orbigny, Broeckina (Pastrikella) balcanica Cherchi et al. (Figure 3f, g),
Pseudonummoloculina heimi (Bonet), Cuneolina pavonia
d’ Orbigny, Nezzazata simplex Omara, Vidalina radoicicae
Cherchi and Schroeder (Fig. 3d), Pseudolituonella reicheli
Marie, Pseudorhapydionina dubia (De Castro), and Nezzazatinella picardi (Henson).

Stratigraphic successions and biostratigraphic analyses
Section Vodice–Jelovica
The Vodice–Jelovica section (label VJe; thickness 153 m;
Fig. 7) was measured in the northwestern part of Ćićarija,
north of the main road between the villages of Vodice and
Jelovica, along the border with Slovenia (2 km northwest
of Vodice; Fig. 2).
Interval 0–10 m (Milna Formation)
This interval is predominantly made of peloid-skeletal
packstone with numerous benthic foraminifera, rudists, oyster bioclasts, fine carbonate detritus, microsparite
matrix, and a substantial proportion of organic matter that
gives these deposits a dark, bituminous color. The strata
are commonly laminated with some bed-parallel stylolites

13

Interval 10–120 m (Sv. Duh Formation)
This interval is predominantly composed of bioclastic-skeletal wackestone in micritic matrix. The most common allochems identified in ten selected samples belong to the following species: Pithonella ovalis (Kaufmann), P. sphaerica
(Bonet), P. innominate (Bonet) (Fig. 4a), Whiteinella cf.
baltica Douglas and Rankin (Fig. 4c), Heterohelix reussi
(Cushman), Guembelitria cf. cenomana (Keller), Praeglobotruncana stephani (Gandolfi), Muricohedbergella delrioensis (Carsey), Guembelitria sp., Macroglobigerinelloides
sp., Praeglobotruncana sp., Rotalipora sp., Whiteinella sp.,
and Muricohedbergella sp. The remainder of the samples
consists of carbonate biodetritus (dominantly of bivalves),
echinoid spines, ostracods, sponge spicules, and rare benthic foraminifera. Opaque organic matter is irregularly dispersed within the samples. Wavy and nodular textures are
observed along some upper bedding planes of these generally poorly stratified and massive deposits. Transition from
the Sv. Duh into the Gornji Humac Formation is defined
by the first appearance of bioclastic detritus with benthic
foraminifera Dicyclina schlumbergeri Munier-Chalmas.
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Fig. 7  Detailed measured stratigraphic sections Vodice-Jelovica,
Martinjak and Planik from the Ćićarija Mtn. in Croatia (see Fig. 2)
with δ13C and δ18O stable isotope data (for the Martinjak and Planik

sections). Notice the different scales among sections. MF Milna Formation, GHF Gornji Humac Formation

Interval 120–153 m (Gornji Humac Formation)
This interval is predominantly composed of rudist bioclasts (Fig. 6b), microbial coatings (Thaumatoporella sp.),
Decastronema (Aeolisacus) kotori Radoičić (Fig. 6a), rare
c-dinocysts, planktonic foraminifera, echinoid spines, and
sponge spicules. The interval ends with rudist grainstone–
floatstone. The Gornji Humac deposits are generally well
stratified, with layers ranging from 0.3 to 1.0 m in thickness, and are commonly dolomitized.

This interval also contains numerous benthic foraminifera
[Chrysalidina gradata D’ Orbigny, Broeckina (Pastrikella)
balcanica Cherchi et al., Pseudonummoloculina heimi
(Bonet), Cuneolina pavonia D’ Orbigny, Nezzazata simplex
Omara, Vidalina radoicicae Cherchi and Schroeder, Pseudolituonella reichelli Marie, Pseudorhapydionina dubia
(De Castro), Nezzazatinella picardi (Henson)], echinoid
spines, ostracods, algae [Decastronema (Aeolisacus) kotori
(Radoičić)], fecal pellets, microbial coatings, and large
shells of gastropods and bivalves.

Section Martinjak

Interval 5–145 m (Sv. Duh Formation)

The Martinjak section (label Ma; thickness 150 m; Fig. 7)
was measured in the central part of Ćićarija Mtn., 1.2 km
east of Lanišće (Fig. 2).

This interval contains generally poorly stratified deposits with layer thickness ranging from 0.6 to 1.0 m, with
sharp and undulatory bedding planes. Internally, these
layers are commonly laminated, and dominated by
wackestone composed of fine carbonate detritus with
plankton fossils [Pithonella ovalis (Kaufmann), P. sphaerica (Bonet), Calcisphaerula innominata (Bonet), Heterohelix reussi (Cushman), Guembelitria cf. cenomana,
Whiteinella praehelvetica (Trujillo), Helvetoglobotruncana helvetica (Bolli), Muricohedbergella delrioensis
(Carsey), Guembelitria sp., Macroglobigerinelloides

Interval 0–5 m (Milna Formation)
This interval is predominantly composed of cyanobacterial laminites with alternating micritic and microsparitic
laminae (Fig. 3b) containing euhedral evaporite dissolution
moulds now filled with calcite cement. Some of the laminae
are dolomitized, and the entire package is slightly slumped.
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Table 1  Results of stable isotope analysis of carbonate samples from the stratigraphic sections Martinjak and Planik including the Cenomanian–
Turonian Boundary (CTB) position (SP stratigraphic position)
Martinjak

Planik
δ13C (‰ VPDB)

δ18O (‰ VPDB)

Sample

M-l
50
M-2
49.6
M-3
47.3
M-4
47
M-5
46.8
M-6
42.8
M-7
42
M-8
40.8
M-9
36.2
Lower Turonian
Upper Turonian
M-10
31.6
M-ll
30
M-12
27.6
M-13
24.1
M-14
19
M-15
17
M-16
15
M-17
13.2
M-18
13
M-19
10.7
M-20
8.5
M-21
7.3
M-22
6.1

1.25
0.96
1.31
1.60
1.56
2.18
2.19
1.87
1.98

−4.09
−4.00
−4.05
−3.82
−3.75
−4.42
−4.23
−4.60
−4.71

2.06
1.45
2.05
2.30
2.10
1.71
1.83
2.32
2.21
1.90
1.75
1.99
1.96

M-23

0.90

−4.09
−4.40
−4.19
−4.56
−5.10
−4.69
−4.22
−3.98
−4.71
−5.31
−5.46
−4.45
−4.38

P-l
30.1
P-2
29
P-3
27.8
P-4
26.6
P-5
25.5
P-6
24.6
P-7
23.6
P-8
23.2
Lower Turonian
Upper Turonian
P-9
22.05
P-10
22
P-ll
21.9
P-12
21.6
P-13
21.3
P-14
20.8
P-15
20.5
P-16
20
P-17
19.7

Sample

SP (m)

4.2

δ13C (‰ VPDB)

δ18O (‰ VPDB)

2.41
2.57
2.73
2.66
2.62
2.42
2.18
1.87

−4.85
−5.37
−4.84
−4.91
−4.89
−4.74
−4.68
−5.40

0.14
0.06
−0.29
0.06
−1.00
0.52
−0.44
0.13
0.22

−5.37
−3.42
−4.43
−3.61
−4.02
−5.92
−4.99
−5.81
−5.47

−3.58

sp., Praeglobotruncana sp., Rotalipora sp., Whiteinella
sp., Muricohedbergella sp.], thin-shelled bivalves, echinoid spines and a few large, resedimented shallow-water
bioclasts (rudists and gastropods). Dasycladal alga Heteroporella lepina Praturlon is also present. The entire
interval contains irregularly dispersed organic matter as
fine opaque particles inside stylolites, cracks, and veins
(Fig. 5d, f).
The upper part of the Sv. Duh Formation at Martinjak is represented by cyanobacterial laminites (with
alterating micrite and microsparite), which are sporadically dolomitized and have rare Pithonella ovalis
(Kaufmann), Heterohelicidae, and globotruncanids.
Transition into the Gornji Humac Formation is characterized by an increased proportion of shallow-marine
allochems (rudist detritus, large gastropods). Even
though the matrix of these deposits still reflects pelagic
influence, this interval also has the first appearance of
benthic foraminifera Sifodinarella costata (Schlagintweit et al. 2014).

13

SP (m)

Interval 145–150 m (Gornji Humac Formation)
This interval mainly consists of poorly stratified, recrystallized to crystalline, bright yellowish limestones with complete or fragmented shells of rudist. There are also sporadic
interlayers of skeletal-bioclastic packstone and bioclastic
floatstone with rudist Distefanella sp. Also common are
algae Decastronema (Aeolisacus) kotori and Thaumatoporella parvovesiculifera (Raineri).
Section Planik
The Planik section (label Pl; thickness 32 m; Fig. 7) comprises the Sv. Duh Formation and was measured in the
central part of Ćićarija, along the road Lanišće–Veprinac,
1.8 km northeast of the peak Mali Planik, approximately
900 m above sea level.
The lowermost interval at Planik contains basal deposits of the Sv. Duh Formation (bioclastic-skeletal wackestone–packstone) with shell detritus, echinoid spines, and
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Fig. 8  Comparison of XRPD patterns of insoluble residue of a sample from section Planik (2 m up section). a Fraction <0.09 mm. b Fraction
0.09–0.125 mm. c Fraction >0.125 mm. Glt glauconite, Gt goethite, Py pyrite, Qtz quartz

other fine biodetritus. Pelagic influence is indicated by the
presence of Pithonella ovalis (Kaufmann), P. sphaerica
(Bonet), and Calcisphaerula innominata Bonet, as well as
the planktonic foraminifera Heterohelix reussi (Cushman),
Helvetoglobotruncana helvetica (Bolli) (Fig. 4b), and
Praeglobotruncana sp.
In general, these deposits are extensively karstified and
reveal only poor stratification with massive (over 60 cm
thick) layers. The entire interval is bioturbated with several
generations of Thalassinoides, and contains a visible zone
with green to brown glauconite grains, pyrite, and dark to
black organic matter.
The section continues upward with slumped cyanobacterial laminites and tempestites (with brittle fractures, but also plastically deformed; Fig. 5a, b, e, f).
This zone contains a large proportion of black bituminous organic matter (Fig. 5a, b), and some laminae have
shallow-marine skeletal allochems including fecal pellets (Favreina; Fig. 3c), and benthic foraminifera [Broeckina (Pastrikella) balcanica Cherchi et al.; Fig. 3f].
Within the laminae there are also common horizons of
euhedral dolomite and evaporite (likely anhydrite and
gypsum) dissolution moulds filled with calcite cement.

The uppermost part of the succession is composed of
bioclastic-skeletal mudstone-wackestone containing finegrained carbonate detritus, Pithonella sp., and planktonic
foraminifera [Helvetoglobotruncana helvetica (Bolli),
Heterohelicidae, Praeglobotruncana sp., Muricohedbergella sp.].

Stable‑isotope analysis
Results of carbon and oxygen isotope analysis for carefully
selected micritic carbonate samples from the stratigraphic
sections Planik and Martinjak are presented in Fig. 7 and
Table 1. The sampling was centered around the CTB interval with the intention of comparing the results with the
European carbon-isotope reference curve from Eastbourne
(Gun Gardens, England; Jarvis et al. 2006; Pearce et al.
2009). In general, relatively narrow compositional ranges
were documented for δ13C (−1 to +2.7‰) and δ18O (−5.9
to −3.6‰) (Fig. 7; Table 1) with no significant covariance
between δ13C and δ18O data, which suggests that the carbon isotope record has not been significantly modified by
diagenesis.
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◂Fig. 9  Samples from the glauconite horizon 2 m up the Planik sec-

tion. a Polished sample of bioturbated (Thalassinoides) limestone
facies with glauconite grains indicating condensed sedimentation.
b–d Insoluble residue of the same sample mainly composed of authigenic glauconite grains (three different separates). e–h Pyrite inclusions (py) in glauconite grains (glt) with some quartz (qtz) and goethite (gt) present (from different separates). i–j Photomicrograph
showing morphology of green authigenic globular glauconite “pellets”. k Insoluble residue of the same sample in thin-section under
polarized light with idiomorphic pyrite (py) inclusions in glauconite
(glt) grains. l–n Thin-sections of bioturbated bioclastic wackestonepackstone with idiomorphic pyrite (py) inclusions in glauconite (glt)
grains

Carbon isotopes (δ13C)
The lowermost 3 m of the Planik succession (Sv. Duh Formation; about 19-22 m stratigraphically) are characterized
by variable δ13C values (between 0.5 and −1‰). This is
followed by a rapid increase in δ13C values to 2.5‰ over
just 1.5 m of stratigraphic thickness. The values remain
uniformly high up to the 28-m level. The uppermost 2 m of
section Planik record a slight decline in δ13C values from
2.7 to 2.4‰ (Fig. 7; Table 1).
Carbonate samples from the Martinjak section show an
initial increase from below 1 to around 2‰ in the lowermost part (bottom 3 m) of the analyzed section, followed
by generally high and slightly variable values (between
about 1.5 and 2.3‰) for most of the section (6–43 m), and
a general decline from 2.2 to 1‰ in the uppermost 7 m of
the section (Fig. 7; Table 1).
18

Oxygen isotopes (δ O)
Carbonate samples from the Planik section show a considerable variation in their δ18O values from −5.9 (minimum)
to −3.6‰ (maximum) across the lowermost stratigraphic
interval (19–24 m). The remaining part of the section
records more uniform δ18O values between −5.4 and
−4.7‰ (Fig. 7; Table 1).
The Martinjak section shows a progressive shift in δ18O
values from −3.5 (maximum) to −5.5‰ (minimum) within
the first 7 m (uppermost Milna Formation) of the succession. The overlying 32 m are characterized by oscillations
in values between −5 and −4‰ (lowermost Sv. Duh Formation). In the uppermost 10 m of the sampled interval,
the values generally increase from −4.7 to −3.8‰ (Fig. 7;
Table 1).
X‑ray powder diffraction (XRPD) and mineralogical
analyses of insoluble residue
The insoluble residue of samples from Planik is almost
exclusively composed of glauconite (Fig. 8a–c) and some
quartz. Glauconite ranges in color from dark green to light

17

yellow, and has irregular rounded forms, with numerous
inclusions of idiomorphic pyrite (Fig. 9).
In the grain fraction <0.09 mm glauconite is the dominant mineral phase while pyrite and quartz are less abundant (Fig. 8a). The other two fractions (0.09–0.125 and
>0.125 mm) also contain glauconite as the dominant mineral phase and pyrite in subordinate amounts (Fig. 8b,
c). These two fractions also contain a small amount of
goethite.
The observed color of macroscopic glauconite grains,
and the intensity and profile of the basal reflection (001)
as a function of maturity suggest that glauconite probably belongs to a highly evolved type (Fig. 8a). This type
of glauconite formed in sediments that were for long periods of time at the interface between oxidizing and reducing pore-water conditions due to significant breaks in
sedimentation (Odin and Matter 1981; Odin and Fullagar
1988; Glenn and Arthur 1990; Amorosi 1995). According to Föllmi (2016), condensed sedimentation may play a
role in the formation and accumulation of glauconite. The
large amount of pyrite documented here indicates reducing
conditions in unconsolidated sediments, whereas the small
amount of goethite likely formed through weathering of
pyrite (Figs. 8, 9).

Scanning electron microscopy (SEM)
and energy‑dispersive spectroscopy (EDS) analysis
Quartz grains in the insoluble residue of the sample from
the glauconite horizon of Planik are well-developed and
preserved euhedral trigonal alpha phase crystals, 20–60 µm
in length (Fig. 10a–c). Such crystals are interpreted to
form by authigenic precipitation during late diagenesis
(Teodorovich 1961; Flügel 2004). Quartz crystal faces in
places have preserved rhombohedral moulds or imprints
of carbonate crystals, which indicates that silicification
post-dated carbonate crystallization. Many quartz crystals
are slightly corroded or etched because of changes in geochemical conditions after their crystallization.
Zircons were also found in the same horizon of the
Planik section (Fig. 7). Zircon crystal grains are completely unrounded and show a combination of {100} and
{110} prisms with one of the {101} pyramids (Pupin 1980;
Fig. 10d–f). Crystal unrounded forms and diameters of
<0.05 mm suggest short-distance transport.
Pyrite from the same sample is mainly enveloped by
glauconite as euhedral crystals (Figs. 9k–n, 10g) and in
places oxidized into goethite, but is also present in framboidal forms (Fig. 10h, i). Pyrite framboids (aggregate size
ranging 15–30 μm) are commonly interpreted to form in
relatively isolated micro-environments with high sulfide
concentrations (Wilkin et al. 1996).
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Fig. 10  SEM secondary electron image photomicrographs of the
most common minerals in insoluble residue of limestone from the Sv.
Duh Formation (2 m up the Planik section). a–c Well-developed and
slightly corroded authigenic quartz grains. d–f Completely unrounded
(idiomorphic) crystals of zircon (diameters <0.05 mm, combination
of {100} and {110} prisms with either one of the {101} pyramids).
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g Layered (mica) structure of glauconite with mouldic porosity (primary euhedral pyrite enveloped by glauconite). h–i Framboidal forms
of pyrite (aggregate size ranging 15–30 μm). j Energy-dispersive
spectroscopy (EDS) microanalysis showing elemental composition of
layered surface of a single glauconite grain from the Planik section
(see g)
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Sv. Duh
Formation

ous emersion and deepening of parts of the platform in a relatively
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Discussion
The well-documented Oceanic Anoxic Event 2 (OAE2 or
the Bonarelli event; Schlanger and Jenkyns 1976; Tsikos
et al. 2004), as well as global eustatic sea level maxima (Haq 2014), left their mark on the shallow-marine
carbonate systems of the Adriatic Carbonate Platform
(AdCP). The dark, organic carbon-rich limestones of the
Sv. Duh Formation (drowned platform facies; Fig. 5a, b)
are evidence of oxygen-restricted conditions. The base of
this facies is characterized by the appearance of glauconite (Fig. 9a–n), which in conjunction with bioturbation
(Fig. 9a), indicates a carbonate factory crisis (Schlager
2003) due to highly reduced carbonate sedimentation
rates during that time. Bioturbation enables reactive compounds to become available for sulfate reduction; these
compounds would otherwise be destroyed by molecular oxygen at or above the sediment–seawater interface.
An important consequence of bacterial sulfate reduction
is the formation of synsedimentary pyrite (Berner et al.
1985). A significant proportion of pyrite associated with
glauconite (Fig. 9e, f, h, k–n) and bioturbation in the Sv.
Duh Formation deposits indicate reducing conditions
within the sediment prior to lithification.
The color of glauconite grains (Fig. 9i, j) can be used as
an indicator of redox conditions, with greenish grains representing less-oxidized conditions in contrast to yellowish
grains (Fanning et al. 1989). This is also supported by the
more abundant inclusions of pyrite in greenish glauconite
grains (Fig. 9e, f, h), which indicate more reducing conditions. The yellowish color of some glauconite grains is due
to oxidation of pyrite inclusions and formation of goethite
(Fig. 9h, k) as also supported by the results of XRPD analysis (Fig. 8). Such yellowish glauconite grains are more
common outside bioturbation infills (Fig. 9a), whereas
greenish glauconite grains are predominantly found inside
bioturbation infills, additionally supporting the observed
relationship between glauconite color and redox levels.
During the Cenomanian and Turonian, there was no
significant terrigenous sediment input to the northwestern part of the AdCP. SEM analysis of the insoluble residue from the Planik section has identified the presence
of idiomorphic crystals of zircon, <0.05 mm in diameter, suggesting possible eolian transport of pyroclastic material (Fig. 10d–f). The presence of some quartz
grains (Fig. 10a–c) and iron as a component of glauconite (Fig. 10j) in these strictly carbonate environments
remains an open question. Similarly, the presence of zircon (Fig. 10d–f) opens up the possibility of their age dating in future detailed studies of this stratigraphic interval.
The results of carbon and oxygen isotope analysis (Fig. 7; Table 1) are used to improve stratigraphic
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interpretations of these carbonate deposits and for their
global correlation. Unlike the relatively nearby OAE2
localities that represent carbonate-free black shales
in Italy (Gubio; Coccioni and Luciani 2005), Austria
(Rehkogelgraben; Wagreich et al. 2008) and Greece (Ionian zone; Karakitsios et al. 2007, 2010), the examined
shallow-marine successions on Ćićarija do not contain
a considerable amount of non-carbonate components.
Even though this preliminary study was limited in the
number of samples and in the stratigraphic range of sections within the tectonically highly deformed area of the
Ćićarija, and some of the scatter in isotope data could be
related to contamination from small bioclasts and/or diagenetic modification of micritic matrix (i.e., recrystallization, dissolution and precipitation of calcite cement, and
alteration by meteoric fluids; Allan and Matthews 1982;
Colombié et al. 2011), the results generally support the
presence of the Cenomanian–Turonian boundary event in
the examined sections (Fig. 7). This event is represented
on the reference Eastbourne Gun Gardens curve (Fig. 11)
by the pre-excursion levels, the first build up (or peak a,
cf. Pearce et al. 2009), the trough, the second build-up
(peak b), the plateau (ending with peak c), and the recovery of δ18C values to the pre-excursion levels (Pearce
et al. 2009; Fig. 11).
The preliminary results at Martinjak (Fig. 11), hint at
the presence of positive carbon isotope excursion at the
CTB interval, but remain inconclusive due to the need for
more extensive future sampling and analysis of samples
from further up section to more completely include the
boundary interval. The Planik section, on the other hand,
records an increase of about 3‰ in the δ13C values consistent with global trends documented for the CTB interval (excursion plateau levels), but just like Martinjak
should be more completely sampled and analyzed in the
future to include a greater stratigraphic range (Fig. 11).
A late Cenomanian age for the lower part of the Martinjak and Vodice-Jelovica sections is indicated by the
presence of benthic foraminifera Broeckina (Pastrikella)
balcanica Cherchi et al. (also Planik section), Vidalina
radoicicae Cherchi and Schroeder and (Fig. 3d, f, g),
Chrysalidina gradata D’ Orbigny, and Pseudorhapydionina dubia (De Castro) (upper part of the Milna Formation, CEN-5 zone; Velić and Vlahović 1994, Velić 2007).
The Cenomanian genus Pastrikella disappeared at the
Cenomanian–Turonian boundary (CTB) and was replaced
in the late Cretaceous by Broeckina (Caus et al. 2013).
Deeper-marine deposits of the Sv. Duh Formation
at all three examined sections can be divided into the
Praeglobotruncana sp. -Helvetoglobotruncana helvetica Interval-Zone (late Cenomanian to early Turonian),
and Helvetoglobotruncana helvetica Partial-range zone
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(early-middle Turonian). The first appearance of Helvetoglobotruncana helvetica on Planik is directly above the
CTB (Fig. 5c).
According to Schlagintweit et al. (2014), benthic
foraminifera Siphodinarella costata has been recorded so
far only from (middle?) Coniacian deposits of the AdCP. It
is likely that its stratigraphic range starts in the late Turonian (this paper) or early Coniacian (Schlagintweit et al.
2014).
Integration of carbon-isotope records and detailed
biostratigraphy (close vertical ranges of typical late
Cenomanian benthic foraminifera and typical early Turonian planktonic foraminifera) allowed a precise determination of the CTB in the study area (Fig. 5c). The documented interaction between synsedimentary tectonics
and anoxia on the AdCP has a local to regional character
(Gušić and Jelaska 1990; Davey and Jenkyns 1999; Korbar
et al. 2012), but it can be correlated with the global OAE2
event (Figs. 11, 12). Synsedimentary tectonics during the
CTB (Fig. 12) represents a significant factor in the lateral differentiation of the AdCP facies (Tišljar et al. 1994,
1998, 2002; Vlahović et al. 1994, 2002a, b, 2005; 2011;
Velić et al. 2002, 2003). The main evidence for synsedimentary tectonics is recorded in shallow-marine settings
and emerged parts of the western AdCP regardless of the
global eustatic sea-level maximum (i.e., emersion horizons
developed on shallow-marine Cenomanian deposits of the
Milna Formation; Figs. 1b, 12). This research therefore
illustrates an example of the global extent of the OAE2
event from open deep-marine to restricted shallow-marine
environments.
After the CTB eustatic maximum, intraplatform depressions were filled with bioclastic material from the surrounding areas (Figs. 1b, 12) followed by rapid sea-level
fall in the early–middle Turonian interval (Gušić and
Jelaska 1993; Miller et al. 2005; Wilmsen et al. 2014).
Rudist colonies in the peripheral areas of such depressions
were the main source of sediment (best examples are rudist
floatstones of the Gornji Humac Formation, Figs. 6b, 12;
Korbar et al. 2001). Intensified tectonic activities during the
Cenomanian (Fig. 12) marked the beginning of final disintegration of the AdCP, which was once (from Toarcian to
Eocene; Vlahović et al. 1994, 2005; Tišljar et al. 1998) a
uniform shallow-marine depositional system.

Conclusions
The three analyzed stratigraphic sections (VodiceJelovica, Martinjak and Planik) of Cretaceous carbonate
strata of the intra-Tethyan Adriatic Carbonate Platform
(AdCP), now exposed in the Ćićarija Mountain region
(northern Istria, Croatia), show a significant lithological
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change between peritidal platform deposits of the Milna
Formation and pelagic drowned-platform carbonate
deposits of the overlying Sv. Duh Formation. The results
of XRD, SEM, EDS, and microfacies analyses of the
Planik section deposits documented a glauconite horizon
that represents a carbonate factory crisis at the boundary
between the Milna and Sv. Duh Formations. Compilation of the results of litho-, bio-, microfacies, and stable
isotope analyses indicated the latest Cenomanian to early
Turonian age of this event in the Ćićarija Mtn. area and
illustrated that the globally widespread dysoxic to anoxic
conditions associated with the Cenomanian–Turonian
boundary, and documented from the deep-marine facies
worldwide as the Oceanic Anoxic Event (OAE2), had also
impacted the shallow-marine environments of the AdCP.
The results of stable isotope analyses of the Martinjak and
Planik sections and their comparison with the reference
carbon-isotope curve from Eastbourne (Gun Gardens,
England) also support the correlation with the OAE2
despite the fact that local synsedimentary tectonism had
in places overprinted global eustatic changes and caused
significant palaeogeographic differences among depositional settings on the generally shallow-marine northwestern part of the AdCP.
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