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Abstract Substrate-controlled ichnofacies and biogenic
calcretes represent key features for identification and
interpretation of discontinuities in the carbonate rock
record, which are of great significance for stratigraphic
interpretations and correlations. Intraformational firm-
ground and composite surfaces, as well as a regional Cre-
taceous to Paleogene (K-Pg) subaerial unconformity,
developed in Upper Cretaceous to Paleogene intra-platform
peritidal successions in central Dalmatia, Croatia (Adriatic-
Dinaridic Carbonate Platform, ADCP), were analyzed for
their trace fossil and subaerial exposure features. Thalas-
sinoides (probably T. paradoxicus) box-work burrow sys-
tems of the substrate-controlled Glossifungites ichnofacies
characterize the two documented firmgrounds and one
composite (polygenic) surface. Rhizogenic laminar cal-
cretes developed subsequently inside burrows of the com-
posite surface through diagenetic overprint of marine
sediment that passively infilled the burrows. While the
formation of the two firmgrounds was probably caused by
cessation of precipitation and/or deposition of calcium
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carbonate due to relative sea-level fall, the recorded trace
fossils associated with the composite surface indicate that
this surface developed through both submarine firmground
and subaerial exposure stages probably caused by several
episodes of regression and transgression, and exemplifies
the general complexity of hiatal surfaces in shallow-marine
carbonate successions. The regional K-Pg subaerial
unconformity is characterized by biogenic (beta microfa-
bric) calcretes with rhizoliths including Microcodium
aggregates, root tubules, as well as alveolar-septal struc-
tures. Laminar calcretes and pisoids, together with in situ
and resedimented speleothems, and bauxitic deposits, were
also recorded. The unconformity developed due to forma-
tion of a forebulge in front of the approaching Dinaridic
orogen. Ichnological and subaerial exposure features,
together with stratigraphic implications derived from the
analyzed discontinuities, serve as examples that can be
applied to discontinuities present in carbonate successions
elsewhere.

Keywords Discontinuity surfaces - Glossifungites
ichnofacies - Biogenic calcretes - Upper Cretaceous
to Paleogene - Croatia

Introduction

Discontinuity surfaces (or discontinuities) resulting from
breaks in sedimentation and representing hiatuses inde-
pendent of their duration are common features in the sed-
imentary record (Clari et al. 1995; Hillgértner 1998). Such
surfaces are useful marker horizons for correlation of
stratigraphic sections and are highly applicable in carbon-
ate sequence stratigraphy (e.g., Wright 1994; Buatois
and Mangano 2011; Schwarz and Buatois 2012). The
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significance of substrate-controlled trace fossil suites and
calcretes for genetic interpretations of discontinuity sur-
faces has been emphasized by many researchers (e.g.,
Bromley 1975; Wright 1994; Hillgértner 1998; Schwarz
and Buatois 2012).

Marine omission surfaces are clearly marked by sub-
strate-controlled trace fossil suites (Bromley 1975; Fiirsich
1979; Knaust et al. 2012; Savrda 2012; Schwarz and
Buatois 2012), with progressive hardening of the substrate
demonstrated by cross-cutting vertical relationships
between the pre-lithification Glossifungites ichnofacies
(firmgrounds) and the post-lithification Trypanites ichnof-
acies (hardgrounds) (Bromley 1975; Savrda 2012). Com-
posite (polygenic) surfaces, which record both marine
omission and subaerial exposure stages (Sattler et al. 2005;
Rameil et al. 2012), are also commonly marked by sub-
strate-controlled trace fossil suites and calcretes (e.g.,
Wilson et al. 1998), and indicate the complexity of hiatal
surfaces in carbonate rock successions (Rameil et al. 2012).

Biogenic calcretes with rhizoliths represent profound
indicators of subaerial exposure of carbonate successions
(Wright 1994). In addition, subaerial exposure surfaces
characterized by hiatuses on the order of several My in
duration are commonly marked by well-developed paleo-
karstic horizons and bauxitic deposits (D’Argenio and
Mindszenty 1995), and may reflect significant environ-
mental changes in response to global, long-term processes
of tectono-eustatic origin (Clari et al. 1995; D’ Argenio and
Mindszenty 1995; Hillgirtner 1998).

There are only a few records of detailed ichnological,
sedimentological, and diagenetic analyses of discontinuity
surfaces occurring in the Mesozoic to Cenozoic carbonate
successions of the External Dinarides (e.g., Radoici¢ 1982,
1987; Babi¢ and Zupanic 2012; Brlek et al. 2012; Martinu$
et al. 2012). The purpose of the present study is to describe
and interpret various types of discontinuity surfaces in
terms of associated trace fossils and subaerial exposure
features from the Upper Cretaceous to Paleogene carbon-
ates of central Dalmatia (Croatia), which include marine
firmgrounds and a composite (polygenic) surface charac-
terized by both firmground burrows and rhizogenic
calcretes, as well as a regional Cretaceous to Paleogene
(K-Pg) subaerial unconformity. Furthermore, stratigraphic
implications derived from these surfaces, including
sequence stratigraphic interpretations or their relationship
to major tectonic events, are discussed. These examples
can be applied to discontinuities present in other shallow-
water carbonate rock successions.

The study area is located on the northeastern Adriatic
coast of central Dalmatia (§ibenik locality) and in the
Adriatic Sea near the northeastern Adriatic coast (Island of
Hvar), Croatia (Fig. 1a, b). The well-exposed Coniacian to
Santonian Gornji Humac Formation (Sibenik locality;
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Fig. Ic), and the Maastrichtian to Paleocene Sumartin For-
mation (Hvar locality; Fig. 1d) (Gusi¢ and Jelaska 1990;
Steuber et al. 2005) provide an ideal study area, with both
formations being overlain by transgressive Paleogene
(Eocene) carbonates across the regional K-Pg subaerial
unconformity. The latter developed due to formation of a
forebulge in front of the approaching Dinaridic orogen, and
is characterized by well-developed paleosol and paleokarst
features (D’ Argenio and Mindszenty 1995; Mindszenty et al.
1995; Durn et al. 2003; Otonicar 2007; Korbar 2009). These
features, together with well-developed trace fossils associ-
ated with several intraformational discontinuities in the
Gornji Humac Formation, represent the focus of this study.

Geological setting and stratigraphy

The Upper Cretaceous to Paleogene carbonates from the
Sibenik (Fig. la—c) and Hvar (Fig. 1a, b, d) localities were
deposited in the southern part of the long-lasting (Late
Triassic to Paleogene) Adriatic-Dinaridic Carbonate Plat-
form (ADCP) (sensu lato, cf. Pami¢ et al. 1998). This
carbonate platform was a typical central Tethyan (“peri-
Adriatic”) or central-northern Mediterranean Mesozoic
(sub)tropical archipelago, characterized by a very thick
succession of carbonate deposits and a complex large-scale
facies architecture (Vlahovi¢ et al. 2005). The typical
Upper Cretaceous stratigraphy of the south-central part of
the Adriatic Carbonate Platform (ACP) (sensu stricto, cf.
Jenkyns 1991; Korbar 2009) was described in detail from
the neighboring Island of Bra¢ (Gusi¢ and Jelaska 1990;
Cvetko TeSovic et al. 2001; Moro et al. 2002; Steuber et al.
2005) and is characterized by a more than 1500-m-thick
peritidal succession punctuated by two drowning episodes.
Upper Cretaceous to Paleogene deeper-water slope and
ramp deposits recorded along the NE Adriatic coast of
Croatia in central and southern Dalmatia (e.g., Vlahovi¢
et al. 2005; Cosovié et al. 2006; Korbar 2009; Brlek et al.
2012) indicate differentiated depositional settings in the
ADCP domain and a rather complex depositional, tectono-
stratigraphic and paleogeographic setting of the region in
Late Cretaceous to Paleogene times.

The Gornji Humac Formation extends regionally across
the ADCP domain (see Korbar 2009 and references
therein). Similar peritidal lithology and biofacies (assem-
blages of rudists, benthic foraminifera, thaumatoporella-
ceans sp.) also characterize the
succession in the Sibenik region in general (including the
Ravni Zakan Island in the Kornati archipelago, Adriatic
Sea; Korbar et al. 2010b) and at the Sibenik locality in
particular (Fig. 2a). A Coniacian to Santonian age of the
middle part of the Gornji Humac Formation was deter-
mined mainly from the assemblages of larger benthic
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Fig. 1 Locality maps. a, b Position of the Sibenik (rectangle ¢ in
a) and Hvar (rectangle d in a) localities on the paleogeographic
sketch-map (a) showing the peri-Adriatic carbonate platforms and
shelves (light blue), and on the tectonic map (b; localities marked by
black arrows) (modified from Korbar 2009). ¢, d Parts of the
geological map of the Republic of Croatia 1:300.000 (GKRH 2009)

foraminifera (GuSi¢ and Jelaska 1990; Veli¢ 2007),
including Murgella lata Luperto Sinni which was also
recorded in the Sibenik succession, as well as from stron-
tium isotope stratigraphy (Steuber et al. 2005). A similar
litho-/biofacies interpreted as inner shelf environment of a
carbonate ramp setting was also recorded in the Southern
Apennines, Italy (Carannante et al. 2000).

On the Croatian islands of Bra¢ (Gusi¢ and Jelaska
1990) and Hvar (Korbar et al. 2010a), the Sumartin For-
mation is represented by platform-interior carbonate
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(marked by rectangles c and d in a) showing the simplified geology of
central Dalmatia (Croatia) with position of the Sibenik (¢, black
arrow) and Hvar (d, black arrow) localities. Green Upper Cretaceous
carbonates (34), orange Paleogene carbonates (39) and siliciclastics
(40 and 41), white Quaternary deposits (58a)

deposits, whose Late Campanian to Maastrichtian strati-
graphic range is based on the correlation of strontium
isotope data with documented benthic foraminifera, namely
Murciella cuvillieri Fourcade, Rhapydionina liburnica
Stache, and Laffiteina mengaudi Astre (biozones CsB6 and
CsB7 cf. Fleury 1980, re-calibrated by Steuber et al. 2005).
Detailed biostratigraphic and chemostratigraphic data,
which confirm the Late Maastrichtian to Paleocene age of
the Sumartin Formation analyzed here (Fig. 2b), will be
presented in a separate paper.
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Fig. 2 Stratigraphic columns
of the limestone succession of
the Coniacian to Santonian
Gornji Humac Formation and
Maastrichtian to Paleocene
Sumartin Formation (b) from
the Sibenik and Hvar localities,
respectively, with legend
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The Cretaceous to Paleogene (K-Pg) hiatus, recorded
here as well as across the ADCP domain (e.g., Brlek et al.
2012), is a consequence of differential and diachronous
uplift of several parts of the platform(s), interpreted as
forebulging in front of the approaching Dinaric orogeny

Fig. 3 Characteristics of the upper (a-d) and lower firmground
(e, f) recorded in the Gornji Humac Formation (§ibenik locality; see
also Fig. 2a). a, b Field exposure of a vertical section of the upper
firmground with irregular morphology of the surface (with up to 2 cm
of relief) and sharp contact with the overlying fenestral limestone (big
black arrows). Bioclastic wackestone below the contact is penetrated
by a complex system of Thalassinoides. These burrows have a sharp
boundary and are unlined, irregular in size and shape, and may be of
vertical, sub-vertical or horizontal orientation. Most are irregular and
Y-branching (white arrows), but there are also some with sub-circular
cross sections (yellow arrows). ¢, d Photomicrographs showing
Thalassinoides (Th) in sharp contact with the surrounding bioclastic
wackestone (white arrows) and occluded by the overlying fenestral

(Otonic¢ar 2007; Korbar 2009). Transgressive Paleogene
deposits, which unconformably overlie the Gornji Humac
and Sumartin formations at the Sibenik and Hvar localities,
respectively (Fig. 2), are referred to as the Kozina beds
unit. This unit occurs locally in the lowermost part of the

wackestone with geopetally filled (micrite and/or vadose silt)
fenestrae (yellow arrow). Black arrow in d shows the contact
between the overlying fenestral wackestone and the firmground
burrow (see white arrow in b). e Field exposure of a vertical section
of the lower firmground with the underlying bioclastic wackestone
penetrated by irregular and branching Thalassinoides (black arrows),
which are filled with the overlying deposits (Od) containing black
pebbles (yellow arrows). £ Thalassinoides (Th) from the lower
firmground, in sharp contact with the surrounding bioclastic pack-
stone (white arrows). The burrow is filled with the overlying fenestral
wackestone with black pebbles (black arrows). Fenestrae are
geopetally filled with internal sediment (micrite) and/or vadose silt,
as well as sparite (yellow arrow)
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Lower to Middle Eocene Foraminiferal limestones, which ~ The Foraminiferal limestones unit was deposited on a
are present regionally across the ADCP (Gusi¢ and Jelaska  developing carbonate ramp (Cosovié et al. 2004) in the
1990; Marjanac et al. 1998; Schweitzer et al. 2007; most distal parts of the foreland basins (Otonicar 2007,
Cosovi¢ et al. 2008; Korbar 2009; Korbar et al. 2010b). Zamagni et al. 2008; Korbar 2009).
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<« Fig. 4 Characteristics of the composite surface recorded in the

Gornji Humac Formation (§ibenik locality; see Fig. 2a). a, b Bedding
plane view of the composite surface penetrated by well-developed
three-dimensional branching and box-work Thalassinoides (Th). The
sharp-walled and unlined burrows are of irregular size and geometry,
commonly with rounded terminations. The burrows are filled with
marine sediment (light grey, black arrow), as well as by rhizogenic
calcrete (dark grey, white arrow). Hammer in a is 32 cm long.
¢ Bedding plane view of a Thalassinoides filled with laminated
calcrete (black arrow). Coin diameter is 2.2 cm. d Vertical section of
irregularly branching (vertical, inclined, and horizontal) Thalassino-
ides burrows (black arrows) showing patchy distribution of calcretes
inside the burrows (dark grey), which are passively filled with marine
sediment (light grey). e-h Polished slabs representing vertical
sections of irregularly branching Thalassinoides burrow systems as
well as sub-circular cross sections (e), in which laminar rhizogenic
calcretes (black arrows, rlc) occur intercalated with bioclastic
packstone (bp) inside the burrows. White arrows in e, g, and
h indicate patchy distribution of calcretes inside burrows, which
probably indicates diagenetic overprint of bioclastic packstone. The
primary substrate in which the burrows were excavated is bioclastic
wackestone (bw)

Materials and methods

One well-exposed sedimentary section was measured at
each of the study sites and facies attributes (e.g., structure,
texture, microfacies), trace fossils, and subaerial exposure
features were documented and described in detail (Fig. 2).
Microfacies characteristics were analyzed from petro-
graphic thin-sections according to Fliigel (2004), and
classified following Dunham (1962) and Embry and Klo-
van (1971). Trace fossils and subaerial exposure features
associated with discontinuity surfaces were determined
based on criteria summarized in Bromley (1975), Wright
(1994), Clari et al. (1995), and Hillgértner (1998), and
were analyzed in the field, in polished hand-specimens
(cut in various orientations), and in thin-sections. These
analyses were supported by complementary investigations
under a scanning electron microscope (SEM) using back-
scattered electron imaging (BSE) and energy dispersive
X-ray analysis (EDX). This semi-quantitative X-ray
mapping was performed using a JSM 7000F Jeol with
EDS at the Ruder Boskovi¢ Institute (Zagreb, Croatia).
Preparation for X-ray powder diffraction (XRPD) analysis
included carbonate (calcite) fraction dissolution using
acetic acid with an ammonium acetate (1 mol dm>)
buffer of pH 5 (Jackson 1956). XRPD patterns were
recorded for bulk samples and their insoluble residue
using a Philips vertical X-ray goniometer (type X ‘Pert)
equipped with a Cu tube at the Croatian Geological Sur-
vey (Zagreb, Croatia), with the following experimental
conditions: 45 kV, 40 mA, PW 3018/00 PIXcel detec-
tor, primary beam divergence 1/4°, and continuous scan
(step 0.02 °20/s).

Results
Intraformational firmgrounds and composite surface

Ichnological and sedimentological characterization
of the discontinuities

The lower part of the peritidal Coniacian to Santonian
Gornji Humac Formation from the Sibenik locality 1is
characterized by several intraformational discontinuities,
namely the lower and upper firmgrounds as well as one
composite surface (Fig. 2a). Stratigraphic location of these
surfaces is well marked by distinct trace fossils and by
facies differences between carbonate packages separated
by these surfaces (Figs. 3, 4, 5). Only the lower firmground
is characterized by an irregular morphology with up to
2 cm of relief (Fig. 3a, b). The marine trace fossils from all
three discontinuities are represented exclusively by Thal-
assinoides. Burrow systems observed in vertical sections of
the lower (Fig. 3a, b) and upper (Fig. 3e) firmgrounds as
well as of the composite surface (Fig. 4d, e) penetrate 25 to
30 cm into the underlying strata. These systems typically
comprise horizontal, inclined and vertical burrows
(Figs. 3a, b, e, 4d, e), with mainly irregular (Figs. 3a, b, e,
4a, b, d-h) but also Y-shaped branching morphology
(Fig. 3a, b), and burrows of irregular size and geometry
within a single system (Figs. 3, 4). In addition, branching
and interconnected burrows that form three-dimensional
box-works are best observed along the bedding plane of the
composite surface (Fig. 4a, b). In all three cases the bur-
rows have well-defined, sharp, undeformed and unlined
walls without pellets or bioglyphs (Figs. 3, 4), and circular
to sub-circular cross sections (Figs. 3a, b, e, 4d, e). The
burrow systems of the lower and upper firmgrounds are
filled with sediment from the overlying beds (Fig. 3). The
lower firmground burrows, excavated in bioclastic wacke-
stone with miliolids, are occluded by bioclastic-lithoclastic
fenestral wackestone with probable black pebbles (Fig. 3e,
f) and with fenestrae filled with internal sediment and/or
vadose silt (geopetal fill) and sparite (Fig. 3e, f). The upper
firmground burrows, made in bioclastic mudstone to wa-
ckestone with Decastronema and miliolids, are filled with
fenestral wackestone (Fig. 3c, d) showing similar features
as the lower firmground.

The composite surface, with its firmground burrows
produced in bioclastic wackestone with Thaumatoporella,
Decastronema, and miliolids, is more complex. The first
generation of sediment that passively filled the burrows is
represented by bioclastic packstone (Figs. 4d—h, 5b, c),
which is not present in the overlying bed and has the same
biogenic components as the primary firmground substrate.
The second type of trace fossils, which characterizes the
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composite surface, is represented by laminar rhizogenic
calcretes. They are represented by laminated fabric
(Fig. 4c, f-h), with a submillimetric-to-millimetric micro-
structure of micritic laminae and tubular pores filled with
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sparite  which correspond to root tubules (Fig. Sa—e)
(commonly coated by brownish sparite when observed in
thin-sections; Fig. 5a, e). An alveolar-septal structure is
very common inside the root tubules (Fig. 5f~h). These
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<« Fig. 5 Photomicrographs of features characterizing the composite
surface recorded in the Gornji Humac Formation. a Thalassinoides in
sharp contact with the surrounding bioclastic wackestone (white
arrows) and infilled with laminar rhizogenic calcrete (rlc). b,
¢ Intercalations of bioclastic packstone (bp) (with Thaumatoporella,
Decastronema, and miliolids) and rhizogenic laminar calcrete (rlc)
inside a Thalassinoides, which is in sharp contact with the surround-
ing bioclastic wackestone (white arrows in ¢). d, e Close-up view of
laminar rhizogenic calcrete composed of submillimeter- to millime-
ter-sized microstructure of tubular pores (filled with sparite and
coated with brownish sparite in e), interpreted as root tubules.
f-h Well-developed alveolar-septal structure (black arrows) within
root voids (g is the close-up of encircled area in f)

calcretes developed only inside the firmground burrows,
and their horizontal, sub-horizontal, and vertical orienta-
tions can be observed in outcrop (Fig. 4c, d), cut and
polished slabs (Fig. 4e-h), and petrographic thin-sections
(Fig. Sa—c). The calcretes commonly have a patchy distri-
bution within the marine sediment that fills the burrows
(Figs. 4e, g, h, 5b, ¢), or can also fill the entire burrow
(Figs. 4c, f, 5a).

Interpretation of the intraformational discontinuities
and associated trace fossils

The ichnogenus Thalassinoides Ehrenberg 1944 (Fig. 2a)
consists of three-dimensional systems of cylindrical to
elliptical burrows, mainly smooth-walled and of variable
size (Rodriguez-Tovar et al. 2008). Several known Thal-
assinoides ichnospecies, as well as Thalassinoides trace-
makers and behaviour, have been reviewed by Myrow
(1995) and Rodriguez-Tovar et al. (2008 and references
therein). Other trace fossils morphologically similar to
Thalassinoides (such as Spongeliomorpha and Ophiomor-
pha), but with variations in burrow wall mainly as a result
of changes in substrate consistency, are also well known
(Myrow 1995; Bromley 1996). In addition, the ichnogenus
Balanoglossites (Magdefrau 1932), which is interpreted as
a part of complex trace fossils comprising both burrow and
boring components, occurs frequently in firmground and
hardground substrates with sporadic epikarstic features
(Knaust 2008; Knaust et al. 2012). Although Thalassino-
ides has been described from a variety of mainly marine
(but also non-marine) environmental settings (see Rodri-
guez-Tovar et al. 2008 and references therein), this trace
fossil is not a direct indicator of water depth, but is mainly
related to other ecologic and sedimentologic factors,
especially substrate character (Rodriguez-Tovar et al.
2008). Thalassinoides occurs in a range of sediment con-
sistencies, and is common in well-oxygenated environ-
ments and soft but fairly cohesive substrates (Ekdale et al.
1984). Well-defined Thalassinoides is common in soft-
grounds as well as in firmgrounds (e.g., Pemberton et al.
2004), and has even been inferred to record emplacement
during the first stages of hardground development (Ekdale

and Bromley 1984; Ekdale 1992; Myrow 1995). Because
sediment consistency explains some variations in burrow
geometry within the ichnogenus Thalassinoides (Myrow
1995), different Thalassinoides ichnospecies have been
interpreted to occur in different substrate consistencies,
with Thalassinoides suevicus present in softgrounds and
Thalassinoides paradoxicus in firmgrounds (Savrda et al.
2001).

Thalassinoides paradoxicus Woodward, which corre-
sponds to branching and box-work burrow systems of
highly irregular geometry and size (Kennedy 1967;
Bromley 1975; Myrow 1995; Rodriguez-Tovar et al. 2008;
Schwarz and Buatois 2012), is interpreted here to mark the
firmgrounds (Fig. 3) and composite surface (Figs. 4, 5)
recorded in the Gornji Humac Formation at the Sibenik
locality. According to Bromley (1975), Thalassinoides is
the only ichnotaxon in the omission suite of trace fossils
associated with omission surfaces (see also Savrda 2012).
Based on the presence of sharp and unlined walls, passive
fill with sediment from the overlying beds, vertical to
subvertical domichnia, and lack of compaction, the bur-
rows are attributed to the substrate-controlled Glossifung-
ites ichnofacies (Pemberton et al. 2004; MacEachern et al.
2007; Buatois and Mangano 2011; Schwarz and Buatois
2012; Knaust et al. 2012; Savrda 2012) and are interpreted
to have been excavated in a firmground. The lack of evi-
dence for pre-omission trace fossil suites associated with
the discontinuities described here, such as the softground
Thalassinoides suevicus burrows, may be due to the soft-
ground burrows being cross-cut by burrows of firmground
Thalassinoides paradoxicus (Bromley 1967, 1975; Myrow
1995; Savrda 2012), and possibly even completely over-
printed (Christ et al. 2012).

Laminar calcretes that developed into Thalassinoides
and are diagenetically overprinting marine deposits (e.g.,
Rossinsky et al. 1993; Alonso-Zarza and Jones 2007)
(probably more favorable un-consolidated substrate and
possible empty spaces left within burrows; see Rasmussen
and Neumann 1988), which passively filled the burrows of
the composite surface (Figs. 4, 5), are root-related and
produced by calcification in and around root mats (extra-
cellular calcification) (Wright et al. 1988). This is indicated
by their fabric with a millimeter-to-submillimeter micro-
structure of micritic laminae and tubular pores (root
tubules) with alveolar-septal structure (Fig. 5). Such cal-
cretes are therefore regarded as rhizogenic (Wright et al.
1988; Alonso-Zarza and Wright 2010 and references
therein). According to the firmground burrows and subse-
quently developed rhizogenic calcretes, the surface char-
acterized by these features developed through both
submarine firmground and subaerial exposure stages, and is
therefore defined as a composite (polygenic) surface (sensu
Sattler et al. 2005; Rameil et al. 2012). In addition, the
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lower firmground surface described from the Sibenik
locality could also represent a composite surface, based on
the presence of probable black pebbles from the overlying
strata which passively filled the burrows (Fig. 3). Black
pebbles are commonly (but not exclusively) interpreted as
indicators of subaerial exposure (Strasser 1984). The local
or regional/global character of these surfaces based on their
lateral extent (Di Stefano et al. 2002; Fliigel 2004; Sattler
et al. 2005; Brlek et al. 2012; Schwarz and Buatois 2012),
as well as any possible lateral variability (Sattler et al.

2005; Schwarz and Buatois 2012) has yet to be established
through detailed geological mapping of the study area.

Regional Cretaceous to Paleogene (K-Pg) subaerial
unconformity

Subaerial exposure features, including biogenic calcretes
with rhizoliths, laminar calcretes and pisoids, as well as
paleokarst (see below), were recorded in the uppermost
part of both the Coniacian to Santonian Gornji Humac

Fig. 6 Field exposure (a, b, e) and polished slabs (¢, d) of the first
type of biogenic calcretes within marine limestones of the Gornji
Humac Formation (Sibenik locality) marking a regional subaerial
unconformity. a, b Brownish biogenic calcrete (bc) occurring as
irregular patches (oriented here perpendicular to bedding) within
marine limestones. ¢ Polished slab showing biogenic calcrete with
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numerous rhizoliths present in bundles (white arrows). Calcrete
diagenetically overprints and is in sharp contact (black arrows) with
marine limestone. Scale in cm. d Close-up of the encircled area in
¢ showing numerous rhizoliths that represent a root mat. Coin
diameter: 1.7 cm. e Field view of rhizoliths (black arrows). Coin
diameter: 1.7 cm
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Formation (Sibenik locality; Fig. 2a) and the Upper Ma-
astrichtian to Paleocene Sumartin Formation (Hvar local-
ity; Fig. 2b), and characterize the regional K-Pg subaerial
unconformity. These successions are unconformably
overlain by transgressive Eocene carbonates (Kozina beds)
(Fig. 2).

Fig. 7 Photomicrographs of features characterizing the first type of
biogenic calcrete from the Gornji Humac Formation. a Biogenic
calcrete with micritic matrix and numerous rhizolithic structures
represented by root moulds, root tubules, and Microcodium aggre-
gates (see text). b Oblique section of root tubule(s) (white arrows)
composed of sparite-filled voids with crude concentric micritic and
microsparitic coatings. ¢ Biogenic calcrete, developed within bio-
clastic wackestone (bw), with root tubules characterized by well-
developed alveolar-septal structure (black arrows) and micritic
cylinders (white arrow). d, e Microcodium aggregates (see text)

Characterization of biogenic calcretes

Calcretes in the Gornji Humac Formation (Sibenik locality)
were observed in the field as irregular, brownish and whitish
patches within peritidal limestones (Fig. 6a—c), which
extend to about 10 m below the unconformity (Fig. 2a).

consisting of multiple (white arrows) and single layers of isodiametric
and slightly elongated brownish and whitish calcite crystals com-
monly surrounding voids filled with sparite (1 and 2 in d). f Partly
permineralized root formed by impregnation of lignified cellular
tissue (multiple layers of isodiametric cells) with clear sparite cement
(white arrow). g, h Nodular fabric of calcrete caused by root
penetration and calcification, with Microcodium aggregates present
between nodules (n) and overprinting primary homogeneous calcrete
fabric (white arrows). i Biogenic calcrete with well-developed
alveolar-septal structure (black arrows)
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Two types of calcrete (calcitic composition) were observed,
with regard to their dominant biogenic components.

The first type (brownish patches; Fig. 6a—c) is repre-
sented by various biogenic components, including rhizo-
liths (sensu Klappa 1980) (Figs. 6d, e, 7a), embedded in the
surrounding micritic matrix. Microcodium aggregates are
represented by multiple and single layers of mostly
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isodiametric and slightly elongated brownish and whitish
calcite crystals that commonly surround voids filled with
sparite (Fig. 7d—f), and are mainly present in bundles
(rarely isolated), defining root mats (Fig. 6d, e). Recorded
root tubules are composed of sparite-filled voids with crude
concentric micritic and microsparitic coatings (Fig. 7b, c),
with commonly well-developed alveolar-septal structures
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<« Fig. 8 Characteristics of the second type of biogenic calcrete with

rhizoliths within marine limestones of the Gornji Humac Formation
(a, c—f) and its lateral stratigraphic equivalent on Ravni Zakan Island
in the Kornati archipelago (Adriatic Sea) (see text) (b) representing a
regional subaerial unconformity. a-d Field exposure (a, b), polished
slab (c), and photomicrograph (d) of the second type of biogenic
calcrete composed entirely of Microcodium aggregates. The calcrete
is in sharp contact with the primary marine limestones (black arrows
in a and b) and can be associated with the first type of biogenic
calcrete (white arrows in a). Coin diameter in a is 2.2 cm. Hand lens
diameter in b is 2.5 cm. e, f Photomicrographs representing close-up
view of d with typical laminar (white arrow in e) and cylindrical
(white arrow in f) Microcodium aggregates and other Microcodium
aggregates. Some of these structures may possibly represent calcified
roots with multilayered cells (yellow arrow in e), as well as possible
transitional forms between multilayered isodiametric calcified root
cells (green arrow in f) and typical single-layered Microcodium
aggregates with elongated calcite prisms (black arrow in f) (see text)

and micritic cylinders inside sparite-filled voids (Fig. 7c, ).
Microcodium aggregates are also present between isolated
calcrete nodules (Fig. 7g—i). The second calcrete type
(whitish patches and “veins”) (Fig. 8a: Sibenik locality;
Fig. 8b: Ravni Zakan Island, see above) is composed
entirely of rhizoliths (sensu Wright et al. 1995; Kosir 2004)
(Fig. 8c, d). This calcrete is represented by typical
Microcodium aggregates (sensu Kosir 2004), including
laminar (Fig. 8e), cylindrical (Fig. 8f), and spheroidal
morphotypes.

Interpretation of biogenic (beta microfabric) calcretes
with rhizoliths

Biogenic or beta microfabric calcretes (sensu Wright and
Tucker 1991) are common in carbonate-rich substrates
(Wright 1994, 2007) and are well-developed beneath the
regional subaerial unconformity in the Gornji Humac
Formation at the Sibenik locality (Fig. 2a), where they
exhibit a very diverse range of textures of biogenic, mainly
root-related and fungal (e.g., alveolar-septal structure)
origins (Figs. 6, 7, 8). Such calcretes have been previously
documented elsewhere and reviewed by many authors
(Wright and Tucker 1991; Wright 1994; Alonso-Zarza
2003; Kosir 2004; Wright 2007; Alonso-Zarza and Wright
2010). Rhizoliths (sensu Klappa 1980), including root
tubules, calcified root cells and Microcodium aggregates,
represent one of the most prominent features in biogenic
calcretes (Jaillard et al. 1991; Wright 1994; Wright et al.
1995; Alonso-Zarza et al. 1998; Alonso-Zarza 1999; Kosir
2004). Two end-member rhizolithic structures, owing their
origin to calcification of root cells (intracellular calcifica-
tion), have been described in the literature (KoSir 2004).
Calcified root cells are represented by a multilayer
arrangement of isodiametric cells (Jaillard et al. 1991;
Kosir 2004), while the typical Microcodium aggregates are
composed of a single layer of individual, elongated

pyramidal or prismatic crystals of calcite (Kosir 2004). In
addition, intermediate morphologies that prove a rhizo-
genic origin of typical Microcodium are also known (Kosir
2004; see also Kabanov et al. 2008), as well as atypical
Microcodium type b aggregates (Alonso-Zarza et al. 1998).
The current study did not include a detailed investigation of
these complex morphological differences and therefore
these structures are generally referred to here as Microco-
dium aggregates (e.g., present in the first type of biogenic
calcretes described herein; Fig. 7). The presence of the
most typical and unequivocal structures, such as typical
Microcodium aggregates (including typical corn-cob,
spherulitic and laminar morphotypes), present, for exam-
ple, in the second type of biogenic calcretes described here
(Fig. 8) is also noted. In situ Microcodium aggregates,
which constitute the dominant fabric of the second type
(Fig. 8; type 1 rhizogenic calcretes sensu Wright et al.
1995) of biogenic calcretes in the Gornji Humac Forma-
tion, indicate subaerial exposure and pedogenic modifica-
tion of carbonate successions (Esteban and Klappa 1983;
Wright 1994; Kosir 2004).

Characterization of laminar calcretes and pisoids

Yellowish and reddish laminar calcretes and pisoids pen-
etrate the Sumartin Formation (Hvar locality) to a depth of
about 10 m below the unconformity (Fig. 2b). Laminar
calcretes (commonly oriented vertically to host substrate;
Fig. 9a, b, d) and pisoids have various types of relation-
ships within the overall calcrete fabric, but most commonly
laminar calcretes are found in the outer part of the fabric
where they coat contacts with the host limestone, and
pisoids occur in the inner parts (Fig. 9a, b, d). Laminar
calcretes of calcitic composition are characterized by an
overall dome-shaped (with domes up to 1 cm thick and
occasionally even thicker; Fig. 9b, d, e) laminar fabric with
several components, including dense and crudely laminated
micrite with probable root tubules, rare alveolar-septal
structure, and coated grains/peloids. The dome-shaped
fabric is also composed of sparite with massive appearance
and common Microcodium aggregates. Pisoids (coated
grains) (mainly sand sized, but also larger including com-
posite grains, and well rounded) have nuclei that are cru-
dely coated with one to several predominantly symmetric,
but also asymmetric, dense micritic coatings (similar to
laminar calcretes) with randomly distributed non-carbonate
material (Fig. 9e, f). Pisoid nuclei are mostly composed of
yellowish and reddish bauxitic material (mixture of kao-
linite, boehmite, goethite, hematite; Figs. 9c—f, 10a, b), but
also of carbonate (e.g., Microcodium aggregates). Red
coloration of some pisoids (Fig. 9b, d) is caused by the
presence of hematite (Figs. 9f, 10b), while pisoids with no
hematite (Fig. 10a) have yellowish coloration (Fig. 9a, c).
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The same bauxitic material (partly calcretized with nodu-
larization) that forms the pisoid nuclei was also recorded in
massive accumulations, i.e., solution pits, in the lower parts
of the subaerially exposed succession (Fig. 2b). Lateral
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variability in the development of subaerial exposure fea-
tures, however, was recorded in the Hvar locality. In some
profiles pure bauxitic deposits, which were not overprinted
by calcretes, are present throughout the entire subaerially
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<« Fig. 9 Characteristics of the subaerial exposure features within

marine limestones of the Sumartin Formation (Hvar locality)
representing a regional subaerial unconformity. a—d Exposures (a,
b) and polished slabs (¢, d) of yellowish and reddish laminar calcretes
and pisoids. Laminar calcretes (Ic) are present at the contact between
the marine host limestone and the overall calcrete fabric (black
arrows), and also coat larger bauxitic nodules (large white arrows in
¢), while pisoids (pis) occur in the inner part of the fabric. Elemental
maps for Al, Si and Ca on photograph ¢ indicate that the nuclei (n) of
pisoids (such as the one in f) are composed of bauxitic material, while
the pisoid coating (c) is composed of calcite (bright areas correspond
to high content of a certain element). White arrows in b and d indicate
stratigraphic “up” orientation of the sample. e Photomicrograph
showing the dome-shaped laminar calcrete (Ic) fabric composed of
alternating layers of dense and crudely laminated micrite with root
tubules (yellow arrow) and brownish sparite crystals containing
Microcodium aggregates. Pisoids can be observed in the upper right
corner. f Photomicrograph showing a pisoid composed of bauxitic
nucleus (n) with mostly opaque hematite grains (reddish pisoids such
as the ones in b and d), and the coating (c) made up mainly of crudely
laminated micrite and microsparite. g Field photograph of a clast-
supported breccia composed of resedimented speleothem (black
arrows) and angular marine limestone (yellow arrow) clasts of
various orientation. Hammer is 32 cm long. h, i Field photograph
(h) and polished slab (i) of in situ speleothems (sph) (likely
flowstones) and associated reddish paleokarstic sediment (pks)

altered part of the Sumartin Formation. Calcretes associ-
ated only with the host limestone were recorded as well.

Interpretation of laminar calcretes and pisoids

Formation of laminar calcretes, such as those recorded
beneath the regional subaerial unconformity in the Su-
martin Formation at the Hvar locality (Figs. 2b, 9), may be
the result of calcification of horizontal and vertical root
mats (Wright et al. 1988, 1995; Alonso-Zarza 1999;
Alonso-Zarza and Jones 2007). Consequently, such cal-
cretes are referred to as rootcretes or rhizogenic calcretes
(sensu Wright et al. 1995). Laminar calcretes from Hvar,
represented by a columnar structure partially build of
alternating micritic layers with probable root tubules as
well as layers with Microcodium aggregates (Fig. 9), may
partly owe their origin to root mat calcification. However,
because laminar calcretes may be of polygenic nature,
other organisms, such as cyanobacteria, bacteria, fungi, and
lichens (Jones and Kahle 1985; Jones 1994; Alonso-Zarza
and Jones 2007; Zhou and Chafetz 2009; Meléndez et al.
2011), may have also contributed to carbonate precipitation
in these calcretes. For example, thinly laminated micritic
layers resemble the microstromatolite of Jones and Kahle
(1985) and Jones (1994). Similar processes of carbonate
precipitation may have contributed to formation of the
pisoid coating recorded at the Hvar locality. These coatings
have similar composition (mostly dense micrite) as laminar
calcretes with which they are associated (Fig. 9) (Alonso-
Zarza and Jones 2007; Wright 2007; Zhou and Chafetz

2009). Development of associated laminar calcretes and
pisoids is partly related to the observed alteration of the
marine host limestone and bauxitic (see Bardossy 1982)
deposits (Figs. 9, 10), which is indicated by bauxite grains
commonly forming nuclei of coated grains/pisoids (Fig. 9).
Laminar calcretes that develop inside primary karstic voids
and partly penetrate and diagenetically alter the host rock,
as well as the processes responsible for the formation of
associated pisoids, have been previously documented from
the geological record (Rossinsky et al. 1993; Wright 1994;
Durand et al. 2006; Alonso-Zarza and Jones 2007; Alonso-
Zarza and Wright 2010; Armenteros 2010; Durand et al.
2010). Although calcretes may be much younger than the
strata within which they develop (Rossinsky et al. 1993;
see also Immenhauser and Rameil 2011), calcretes from the
Gornji Humac and Sumartin formations described here, are
interpreted as older than the transgressive marine Paleo-
gene beds which unconformably overlie the Upper Creta-
ceous to Paleogene successions at the study sites (Fig. 2).
These correlative subaerial exposure surfaces developed in
response to the early stage of Dinaridic orogeny (Korbar
2009), and have also been reported from other Upper
Cretaceous Adriatic-Dinaridic Carbonate Platform (ADCP)
successions (see below; Otonicar 2007; Brlek et al. 2012).
Possible paleoclimatic (and geomorphological) recon-
structions (Wright 1994; D’ Argenio and Mindszenty 1995;
Miller et al. 2012) based on stratigraphic and spatial rela-
tionships between various subaerial exposure features
recorded at the Hvar locality require further petrological
and geochemical analysis, as well as detailed geological
mapping. In the example studied here, in which calcreti-
zation of bauxitic deposits took place as evidenced by
bauxite material in nuclei of calcrete pisoids (Fig. 9), it is
obvious that the observed calcretes are younger than the
bauxitic deposits they overprint. This may indicate a
transition from more humid (i.e., high temperatures and
intense leaching necessary for bauxite formation) to more
arid (since at least semi-aridity is necessary for calcrete
formation) paleoclimatic conditions during subaerial
exposure (Wright 1994; D’ Argenio and Mindszenty 1995).
However, the possibility that bauxitic material may have
formed elsewhere and was transported mechanically (e.g.,
aeolian transport) to the subaerially exposed environment
(Herwitz et al. 1996) should also be considered. In addi-
tion, a possibility that different paleoclimatic conditions
may have existed contemporaneously in the Mediterranean
region during the Cretaceous to Paleogene time interval
should also be taken into account (e.g., Bravi et al. 2008).

Characterization of paleokarst

Surface and subsurface paleokarst related to the regional
subaerial unconformity was recorded in the Sumartin
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Formation (Hvar locality). Surface paleokarstic features
mainly correspond to subcutaneous karst i.e., fissures and
small closed depressions enlarged by dissolution filled with
bauxite and calcrete material. In contrast, an interval up to
2 m thick (former cave) (Fig. 2b) (with variable lateral
thickness) characterized by clast-supported breccias with
rounded and angular clasts of resedimented speleothems
and marine limestones (Fig. 9g) represents subsurface pa-
leokarst. In situ speleothems (i.e., flowstones, calcite rafts)
associated with reddish paleokarstic sediment were also
recorded (Fig. h, 1).

We also recorded possible paleokarstic features (e.g.,
speleothems) within the Gornji Humac succession at the
Sibenik locality. However, due to limited lateral exposure
these features require further investigation (e.g., detailed
geological mapping) to be unequivocally identified as
paleokarst.

Discussion

Implications of intraformational discontinuities
for sequence stratigraphy

Substrate-controlled ichnofacies (Glossifungites and Try-
panites ichnofacies) are highly applicable to carbonate
sequence stratigraphy (see reviews in Rodriguez-Tovar
et al. 2007; Buatois and Mangano 2011; Schwarz and
Buatois 2012). The factors which might be involved in
marine firmground and hardground formation were
reviewed by Rodriguez-Tovar et al. (2006), Schwarz and
Buatois (2012) and Savrda (2012). In carbonate-rich
environments, firmground development and subsequent
colonization is mainly controlled by the cessation of sedi-
mentation (Gruszczynski et al. 2002; Rodriguez-Tovar
2005; Rodriguez-Tovar et al. 2006 and references therein),
while erosion is principally (but not exclusively; Schwarz
and Buatois 2012; Savrda 2012) related to siliciclastic
substrates (Rodriguez-Tovar et al. 2006).

The two firmgrounds recorded in this study are charac-
terized by the homogeneity of sediments that passively
infilled the burrows and by the lack of abundant eroded
carbonate intraclasts (Schwarz and Buatois 2012) in the
strata immediately overlying the two firmgrounds or in the
firmground burrows. These characteristics indicate the
absence of exhumation or marine erosional processes, and
phase of omission between the formation of Thalassinoides
and deposition of the overlying strata (Rodriguez-Tovar
2005; Rodriguez-Tovar et al. 2006). This suggests that the
firmgrounds must be mainly related to cessation of pre-
cipitation and/or deposition of calcium carbonate. Such
omission surfaces involve very little or no erosion and are
considered minor discontinuity surfaces (Bromley 1975;
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Kennedy and Garrison 1975). In some instances, their early
marine incipient cementation may be related to rapid
firmground generation (Rodriguez-Tovar et al. 2006 and
references therein). The absence of high-energy deposits
(e.g., inner ramp settings) associated with the analyzed
firmgrounds at the Sibenik locality indicates that the pro-
cess of sea-water forcing through sediments by strong
currents, which would favor early cementation and sedi-
ment stiffness (Schwarz and Buatois 2012 and references
therein), was not active. Although other possible mecha-
nisms for early carbonate cementation of marine sediments
and firmground formation have also been proposed (Rod-
riguez-Tovar et al. 2006 and references therein; Knaust
et al. 2012; Savrda 2012), no unequivocal conclusions
concerning the genesis of the two analyzed firmgrounds
can be reached here. In addition, we do not exclude the
possibility of rapid firmground genesis and colonization by
Thalassinoides tracemakers, followed by rapid burial
(Rodriguez-Tovar 2005; Rodriguez-Tovar et al. 2006). The
deposits that overlie the lower and upper firmgrounds and
also passively filled the firmground burrows at the Sibenik
locality are characterized by various features indicating
intertidal/supratidal depositional environments (Tucker and
Wright 1990; Fliigel 2004), such as black pebbles, fenestral
fabrics, and geopetal fill with internal sediment and/or
vadose silt (Fig. 3). This indicates a transition (shallowing)
from shallow subtidal environments (absence of intertidal/
supratidal features, but presence of cyanobacteria and
calcareous green algae; Fliigel 2004) below the disconti-
nuities to intertidal/supratidal environments above the
discontinuities. Although marine discontinuities developed
during periods of sea-level fall commonly owe their origin
to extensive erosional exhumation (Christ et al. 2012;
Schwarz and Buatois 2012), we suggest that the relative
sea-level fall as evidenced by the shallowing of facies
across the two firmgrounds caused a phase of omission
(involving very little or no erosion), which produced the
two firmgrounds. We realize, however, that this model may
be too simplistic because interactions among various fac-
tors might also contribute towards discontinuity formation
(Sattler et al. 2005; Rodriguez-Tovar et al. 2006; Christ
et al. 2012; Schwarz and Buatois 2012; Savrda 2012).
The composite surface (Figs. 4, 5) first started devel-
oping through a submarine firmground stage represented by
Thalassinoides burrows of the Glossifungites ichnofacies,
which are passively filled with shallow subtidal sediment
not present in the overlying strata. This indicates recurrent
stages of deposition and erosion (Hillgértner 1998; Cachdo
et al. 2009). The presence of shafts, defined as vertical
burrows or vertical elements of a burrow system (Frey
1973; Bromley 1996), commonly indicates the absence of
significant erosion, which might lead to firmground con-
ditions (Rodriguez-Tovar et al. 2006; see also Schwarz and
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Fig. 10 XRD patterns of insoluble residue of samples a and
b representing yellowish and reddish calcrete pisoids, respectively,
from the Sumartin Formation. Insoluble residues show composition
typical of karst bauxites. Kin kaolinite, Bhm boehmite, Gt goethite,
Hem hematite, Ant anatase

Buatois 2012). In addition, determination of precise rela-
tionships between shafts and sediment infills helps to
evaluate the importance of erosion or the recognition of
several possible phases of erosion (Rodriguez-Tovar pers.
comm.). These data may aid in reconstruction of relative
sea-level fluctuations, which might have affected the
recorded composite surface. Although we observed indi-
vidual vertical elements of the boxwork Thalassinoides
associated with the composite surface (Fig. 4) as well as
with the two firmgrounds (Fig. 3), due to outcrop limita-
tions we cannot unequivocally confirm the presence of
vertical shafts. In addition, the first generation of burrow
fill represented by marine sediments was subsequently
partly overprinted by rhizogenic calcretes (Figs. 4, 5),
which obscured the primary relationships between burrows
and marine sediment fill. Therefore, the precise role and
importance of erosion or several erosional events in the
genesis of the composite surface remain to be determined.
Future investigations (including detailed geological map-
ping of the area) may give answers to whether sediment
stiffness required for firmground formation was achieved
by erosion, possibly due to a relative sea-level fall

(Schwarz and Buatois 2012), or by omission involving
little or no erosion (Rodriguez-Tovar et al. 2006). Incipient
lithification of the sediment during tracemaker activity are
suggested by the observed irregular and boxwork geometry
of Thalassinoides burrows in the composite surface.
However, the exact mechanism(s) (see Rodriguez-Tovar
et al. 2006 and references therein; Knaust et al. 2012;
Savrda 2012), which might have triggered possible lithifi-
cation remain to be investigated. Subsequent subaerial
exposure of the submarine firmground, which resulted in
formation of the composite surface (development of rhiz-
ogenic laminar calcretes inside firmground burrows),
indicates that the surface was modified during subsequent
relative sea-level fall (i.e., allogenic forcing; Hillgértner
1998; Sattler et al. 2005). This indicates that the composite
surface may have experienced several stages of transgres-
sion and regression (Wilson et al. 1998; Sattler et al. 2005;
Cachio et al. 2009; Rameil et al. 2012), which may have
removed portions of the underlying rock record (Hillgart-
ner 1998; Sattler et al. 2005; Cachio et al. 2009; Rameil
et al. 2012). Eustatic sea-level changes (e.g., Wilson et al.
1998) and combined effects of tectonics, eustasy, and/or
productivity perturbations (e.g., Di Stefano and Mindsz-
enty 2000) may have been responsible for the formation of
the composite surface. More work is needed, however, to
further tease out these various possibilities. Our findings so
far exemplify how detailed documentation of substrate-
controlled ichnofacies and calcrete features may reveal a
great complexity of hiatal surfaces in shallow-marine car-
bonate successions (Rameil et al. 2012).

Tectonostratigraphic framework of the regional
subaerial unconformity

Stratigraphy of the Adriatic-Dinaridic carbonate platform
(ADCP) and the orogenic evolution of the external Dina-
rides are closely related and are the subject of an ongoing
debate concerning the Mesozoic paleogeography of the
region (Korbar 2009). According to Korbar (2009), the
ADCP domain (also called Adriatic Carbonate Platform
sensu Vlahovi¢ et al. 2005) is separated into the Adriatic
and Dinaridic segments, with the Coniacian to Santonian
Gornji Humac Formation from the Sibenik locality
belonging to the Dinaridic SW tectonostratigraphic unit
(High Karst), and the Maastrichtian to Paleocene Sumartin
Formation at the Hvar locality to the Adriatic NE tec-
tonostratigraphic unit (Dalmatian Karst). These tectono-
stratigraphic units are regionally characterized by different
stratigraphic development (Korbar 2009; Fig. 2).

The subaerial exposure surfaces from the uppermost
parts of the Gornji Humac and Sumartin formations at the
Sibenik and Hvar localities, respectively, represented by
biogenic calcretes, paleokarst (sensu Esteban and Klappa
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1983; James and Choquette 1988), and bauxites, have also
been recorded in other ADCP Cenomanian to Maastrich-
tian successions, which are unconformably overlain by
Paleogene transgressive marine deposits (Cosovié et al.
2004; Steuber et al. 2005; Vlahovi¢ et al. 2005; Otonicar
2007; Korbar 2009; Brlek et al. 2012). In Istria, however,
the successions that directly underlie the related subaerial
unconformity could be as old as Valanginian (Maticec
et al. 1996), while locally in SW Slovenia the oldest
deposits that overlie the same subaerial exposure surface
belong to the Maastrichtian (Otonicar 2007). Stratigraphic
gaps along these surfaces are in the order of several My in
duration and are commonly marked by well-developed
paleokarstic horizons and bauxitic deposits (Sinkovec
1973; Sakac and Sinkovec 1991; Otonicar 2007; Kovacevié¢
Galovi¢ et al. 2012), which reflect significant environ-
mental changes in response to regional to global, long-term
processes of tectono-eustatic origin (Clari et al. 1995;
D’Argenio and Mindszenty 1995; Hillgéirtner 1998). The
Late Cretaceous to Paleogene regional emergence phase of
variable duration on different parts of the ADCP was
caused by very extensive Late Cretaceous syn-sedimentary
tectonics related to the collision of Adria with the Eurasian
plate (Vlahovic et al. 2005; Korbar 2009). This is reflected
in differentiated depositional settings within the ADCP
domain during this time period (Vlahovi¢ et al. 2005;
Cosovié et al. 2006; Korbar 2009; Brlek et al. 2012). The
Cretaceous to Paleogene hiatus is interpreted as a conse-
quence of diachronous and differential uplifts of various
parts of the platform(s) in response to diachronous for-
ebulging in front of the approaching Dinaridic orogen
(Otonicar 2007; Korbar 2009).

Conclusions

(1) Several intraformational firmground and composite
surfaces as well as Cretaceous to Paleogene regional
subaerial unconformity, characterized by well-devel-
oped and diagnostic trace fossil and subaerial expo-
sure features, were recorded in the Upper Cretaceous
to Paleogene intra-platform peritidal carbonates of the
southern part of the Adriatic-Dinaridic Carbonate
Platform domain (central Dalmatia, Croatia).

(2) Thalassinoides boxworks (probably T. paradoxicus)
of the Glossifungites ichnofacies characterize the
submarine firmground stage in both types of intrafor-
mational discontinuities. Rhizogenic laminar cal-
cretes developed subsequently inside burrows of the
composite surface and indicate that this surface also
experienced subaerial exposure.

(3) According to facies associations below and above the
two recorded firmgrounds, these surfaces may have
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formed due to relative sea-level fall which caused a
phase of omission. Different types of trace fossils
recorded in the composite surface indicate that it may
have experienced several stages of regression and
transgression.

(4) The regional unconformity is characterized by bio-
genic (beta microfabric) calcretes with rhizoliths,
including in situ Micocodium aggregates and root
tubules with alveolar-septal structure, laminar cal-
cretes, and pisoids (partly formed by bauxite calcret-
ization), as well as typical paleokarst features
(including in situ and re-sedimented speleothems).

(5) This unconformity was recorded across the ADCP
domain and is interpreted as a consequence of
diachronous and differential uplift of various parts
of the platform in response to the formation of a
forebulge in front of the approaching Dinaridic
orogen.

(6) Ichnological and subaerial exposure features of the
documented discontinuity surfaces, together with
their stratigraphic implications, may be used in
identification, characterization, and interpretation of
discontinuities from carbonate successions of differ-
ent stratigraphic age.
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