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Abstract

Cretaceous cyclic peritidal carbonates form the bulk of the Apulia Region in Italy
and represent the vestiges of the Apulia Carbonate Platform. To show from a
sequence stratigraphic perspective the architecture of peritidal carbonates, the
17m thick Albian Giovinazzo sea-cliff section was studied at a centimetre de-
tail, aiming to: (i) describe cyclic facies organisation in beds and bedsets; (ii) re-
construct the relative sea-level curve and its evolution over time; (iii) interpret
the long-term evolution of the accommodation space in terms of sequence stra-
tigraphy. The hierarchical stacking pattern of facies in beds and bedsets reveals
Milankovitch cyclicity. As a working hypothesis, elementary sequences are as-
sumed to represent the precession cycle (ca 20kyr) and small-scale and medium-
scale sequences the short (ca 100kyr) and long (ca 400kyr) eccentricity cycles,
respectively. Four different types of elementary sequences (condensed, catch-
down, catch-up and give-up) are recognised and interpreted in terms of relative
sea-level changes to reconstruct the relative sea-level curve of the entire succes-
sion. The envelope of the reconstructed relative sea-level curve is used to repre-
sent the long-term accommodation change on the platform, which covers a time
span of approximately 1.8 Myr. Most of this time was spent in subaerial exposure,
as approximately 1.2 Myr was predicted to be condensed in a stratigraphic inter-
val encompassing both the sequence-boundary zone/falling stage deposits and
the lowstand deposits. Moreover, it was interpreted that about two-third of the
total thickness of the succession was formed in only 280 kyr and consisted of
both transgressive and maximum-flooding deposits. The main implication of this
study is that unconformities do not necessarily correspond to single surfaces but,
rather, to very amalgamated intervals or unconformity zones. Moreover, based
on biostratigraphic constraints, there is a correlation between the unconformity
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1 | INTRODUCTION

Micrite-rich limestones and dolostones deposited on
tidal flats and shallow lagoons form characteristic car-
bonate facies in tropical-type shallow marine deposi-
tional systems (see standard facies belts 7, 8 and 9 in
Wilson, 1975; Fliigel, 2004; Schlager, 2005). These facies
are often indicated with the adjective ‘peritidal’ and cor-
respond to the tidal-influenced, low-energy inner sector
of a carbonate platform developed in the lee of rocky
islands, pits, reefs or sand shoals (Pratt, 2010). In such
a context, the threefold environmental subdivision is
typically constituted by supratidal, intertidal and sub-
tidal environments, in which the fine-grained carbon-
ate facies show almost recurrent and easily recognisable
sedimentary and early diagenetic features (Tucker &
Wright, 1990; Demicco & Hardie, 1994). Although perit-
idal facies invariably develop in the tidal zone, the tides
alone are too small to have a significant influence on
sediment deposition. Rather, most of the sediment is
transported by high winds, storms and hurricanes which
stir up the subtidal environment forcing sediment-rich
waters onto the tidal flat (Jones & Desrochers, 1992;
Pratt, 2010). At low latitude, the carbonate factory is
productive mostly in the permanently submerged sub-
tidal environment where bioturbated and pelleted lime
muds are variably rich in skeletal material stemming
from benthic organisms such as gastropods, bivalves,
benthic foraminifera, ostracods and green algae (T fac-
tory sensu Schlager, 2005). The intertidal environment
is alternatively exposed and submerged and represents
a low-energy and low-relief repository of allochtho-
nous calcareous particles, born in the subtidal carbon-
ate factory, which can remain trapped in the mucilage
of microbial mats (Demicco & Hardie, 1994). Due to its
almost flat morphology, the tidal flat may extend over
large areas, even in microtidal settings, and is cut by
tidal channels or creeks that drains the ebb tide (Shinn
et al., 1969; Hardie, 1977). The supratidal environment
lies above normal high-tide and is flooded only during
spring tides, high winds and storms. This zone is mostly
characterised by desiccation cracks and may be dotted
by brackish ponds, in humid climates or by sabkhas,
in arid climates (Assereto et al., 1977; Shinn, 1983;

zone of the studied succession and the third-order KAl4 sequence boundary of

the Cretaceous eustatic cycle chart.

accommodation space, Albian, Calcare di Bari Formation, peritidal facies, relative sea-level
change, unconformity zone

Martin-Chivelet & Gimenez, 1992). Depending on the
degree and time of exposure, this zone may be also af-
fected by pedogenesis (Enos, 1983; Wright, 1994, 1996;
Azeredo et al., 2015).

A peculiar feature of peritidal carbonates is the
ability to build kilometre-thick successions of re-
peated sequences in which metre-scale, asymmetric
shallowing-upward cycles are the most commonly, but
not exclusively, observed motif. Typically, these periti-
dal cycles show subtidal facies at the bottom that grad-
ually pass upward to intertidal and supratidal facies.
This peculiar feature was recognised elsewhere in the
sedimentary record of carbonate successions formed
along passive margins and for different geological time
intervals. In such a context, the cyclical formation of ac-
commodation space, that is, the result of the sum of sub-
sidence and sea-level changes, was almost completely
filled by peritidal carbonates through aggradation
and/or regional progradation (Pratt, 2010). The asym-
metry is related to the delay in restarting the subtidal
carbonate factory after the subaerial exposure, since
carbonate-dwelling biota first have to recolonise the ex-
posure surface (lag time sensu Tipper, 1997). Although
the stacking pattern of peritidal sequences gives rise to
apparently monotonous and easily depictable succes-
sions of beds and bedsets in which facies features are
continuously repeated, the interpretation of their ori-
gin has divided and still divides carbonate sedimentol-
ogists (see discussions in Eberli, 2013; Strasser, 2018).
The stratigraphic record of peritidal facies is commonly
seen as the spatio-temporal response to concomitant
autogenic and allogenic forcing factors, where the sep-
aration of relative contributions is not always an easy
task (Eberli, 2013; Strasser, 2018). Basically, autogenic
factors are intrinsic to the depositional system and re-
spond to random and unpredictable processes; whereas
allogenic factors respond to external factors and are po-
tentially predictable. According to the autogenic model,
the sediment production and accumulation depend on
the ecological characteristics of the carbonate factory,
and by local hydrographic processes such as tides, winds
and storms. Thus, shallowing-upward cycles represent a
sediment body that has passively filled its available ac-
commodation space and has aggraded from the subtidal
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environment to beyond high-tide. This model assumes
that sea level did not change during accommodation.
Simply, given sufficient sediment supply, the tidal flat
may migrate laterally over the adjacent lagoon forming
asymmetric peritidal cycles (peritidal autocycles sensu
Ginsburg, 1971). This implies that the cyclic strati-
graphic pattern is deceptive, irregular and unordered
because it is the result of a random combination of accre-
tion, interruption, reworking, migration and drowning.
As a result, deepening and shallowing trends in vertical
facies stacking patterns are not related to relative sea-
level changes but are just the result of stochastic pro-
cesses (Eberli, 2013). The autogenic model seems to be
the most reasonable interpretation when the lateral ex-
tent of peritidal facies cannot be determined and when
stratigraphic distribution of facies appears statistically
random. However, an important subsidence rate and/or
a long-term sea-level rise are needed to create enough
accommodation to accumulate a thick sedimentary re-
cord. It was demonstrated in several case studies, that
the architecture of some platforms consists of laterally
continuous, hierarchically bundled sequences where fa-
cies changes imply deepening-shallowing trends. These
sequences are mostly ascribed to 4th and 5th order se-
quences (parasequences sensu Van Wagoner et al., 1988
or simple sequences sensu Vail et al., 1991) and their
bounding surfaces correspond to sequence boundaries
(Strasser et al., 1999). This kind of cyclicity requires ex-
trinsic ‘allogenic’ forcing to be fully explained. In many
cases, independent chronostratigraphic tie points sug-
gest that the periodicity of shallowing-upward cycles,
and their bundling into higher order cycles, may reflect
the 20, 100 and 400 kyr Mikankovitch cycles, which cor-
respond to precession, short eccentricity and long eccen-
tricity orbital cycles respectively (D'Argenio et al., 1997,
1999, 2004; Strasser et al., 1999 among many others).
Allogenic factors include either regional tectonic mech-
anisms, like the rate of subsidence, or global eustatic
sea-level change, or both. If allocycle thickness is ran-
dom and not bundled, then a tectonic control could ap-
pear to be dominant over eustacy (Bosence et al., 2009).

This paper is focussed on a 17m thick shallow-water
carbonate succession cropping out along the sea-cliff of
the town of Giovinazzo in northern Murge (Apulia, south-
ern Italy) (Figure 1). The goals of this paper are: (i) to pro-
pose a depositional model for the studied shallow-water
carbonate succession based on a detailed facies analysis
(centimetre-scale sampling); (ii) to describe in detail the
facies stacking pattern in beds and bedsets in order to in-
dividuate elementary depositional sequences and their
bundling; (iii) to interpret, according to the paradigms of
sequence stratigraphy, both the short-term and long-term
evolution of carbonate sedimentation in this sector of the

Apulia Carbonate Platform (ACP) and (iv) to propose a
tentative correlation between the large-scale evolution in-
dividuated in this study with the most recent Cretaceous
global sea-level curve (Haq, 2014).

2 | GEOLOGICAL SETTING

The studied succession crops out in the northern part of
the Murge area (Apulia, southern Italy) and belongs to the
Calcare di Bari Formation (Figure 1). The Murge area is
part of the extensive and only weakly deformed foreland
area of both the Apennines and Dinarides-Albanides-
Hellenides orogens: that is, the Apulian Foreland
(Selli, 1962; Ricchetti et al., 1988; Figure 1). The sedimen-
tary bulk of the Apulian Foreland is made up of a 6-7km
thick Mesozoic shallow-water carbonate succession de-
veloped on a large intra-oceanic platform not affected
by terrigenous input: that is, the ACP (D'Argenio, 1974).
During the Cretaceous, this platform was situated at a
palaeolatitude of 20-25°N, along the southern margin of
the Tethys Ocean (Stampfli & Hochard, 2009), and was
part of the continental Adria Plate (Figure 2A). According
to Nicolai and Gambini (2008), the ACP had an approxi-
mately N-S elongation with a length of about 650 km and
a width of about 175km, although its western boundary,
buried under the southern Apennines chain, has never
been identified. Although the ACP has been assimilated to
a tropical-type carbonate platform having a modern ana-
logue in the Bahamas (Eberli et al., 2004), the discoveries
of several dinosaur footprints on some subaerially exposed
surfaces have suggested an alternative palaeogeographical
scenario that requires a connection, through land bridges
or corridors, with continental areas (Bosellini, 2002;
Zarcone et al., 2010; Petti et al., 2018, 2022; Antonelli
et al., 2023; Figure 2B).

The ACP started to be an independent platform since
the Early Jurassic rifting phase that affected the diverg-
ing Eurasia and African plates, breaking up a pre-existing
epeiric platform (southern Tethys megaplatform sensu
Vlahovic et al., 2005) in alternating shallow and deep-
water domains. The vestiges of these domains crop out
in the present-day peri-Adriatic area (Zappaterra, 1990).
Most of the outcropping ACP shallow-water carbonate
succession is exposed in the Apulian foreland (Gargano,
Murge and Salento) with a maximum thickness of about
3000m in the Murge area (Ricchetti, 1975), which covers
a large part of the Cretaceous (from the Valanginian to the
Maastrichtian according to Ciaranfi et al., 1988; Luperto
Sinni, 1996 and Spalluto et al., 2005). The oldest part of this
succession dates back to the middle and late Jurassic and
crops out in the western Gargano Promontory (Spalluto
et al., 2005; Spalluto & Pieri, 2008). The impressive
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FIGURE 1 (A)Location of the Apulia foreland in a simplified structural map of Italy. (B) Geological map of the Murge area with

location of the study area (red asterisk). (C) Geographic setting of the northern Murge with location of Giovinazzo town. The red rectangle

indicates the area shown in inset (D). (D) location of the sea-cliff section along the coast of Giovinazzo town.

succession of parallel-bedded limestones was only tem-
porarily interrupted by an intra-Cretaceous tectonically
enhanced unconformity marked by bauxites, terra rossa
and clayey terrestrial deposits formed in the Turonian
during a prolonged (about 4Myr) subaerial exposure
of the platform (Crescenti & Vighi, 1964). The shallow-
marine carbonate succession was described as a monot-
onous peritidal and shallow subtidal succession where
biotically-controlled sedimentation easily balanced local
subsidence rates (Ricchetti, 1975; Ciaranfi et al., 1988).
The basic building blocks of the Cretaceous carbonate
succession are well-developed asymmetrical, shallowing-
upward, peritidal metre-scale cycles. The postulate of
this observation-based model was that sedimentation
rates were high enough to fill the whole accommoda-
tion space, forming shoaling autocycles in shallow-water

environments (Ricchetti, 1975). Recent studies, based on
detailed facies analysis at a centimetre-scale and on sta-
ble isotopes, have introduced a more complex scenario in
which important, global-scaled climate changes played an
important role in regulating the stacking patterns of facies
as well as carbonate productivity (Spalluto, 2008, 2012;
Graziano, 2013; Graziano et al., 2013).

3 | MATERIALS AND METHODS

The Giovinazzo sea-cliff section is well-exposed along
the Adriatic coast of the northern Murge (Apulia, south-
ern Italy; Figure 1D). Unfortunately, following the re-
cent works to protect the sea front from coastal erosion,
it is now partly covered by a retaining wall. The section
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FIGURE 2 (A) Palaeogeographical map of Adria during Albian/Cenomanian times. Modified from Tropeano et al. (2023) after Stampfli
and Hochard (2009). (B) Palacogeographical map modified from Tropeano et al. (2023) after Patacca and Scandone (2013).

was previously investigated by Gallo Maresca (1994) for
rudist assemblages, by Spalluto and Caffau (2010) for
lithostratigraphy, biostratigraphy and chronostratigra-
phy, by Spalluto et al. (2008) and Spalluto (2012) for facies
analysis and sequence chronostratigraphy.

The section has been logged and sampled at a
centimetre-scale. Facies features were described in the
field using a 10x hand lens and in 40 thin sections using
a polarised optical microscope Nikon E600 POL. Facies
were analysed in the field and under optical microscope
using the Dunham (1962) classification scheme, as mod-
ified by Embry and Klovan (1971) and providing a semi-
quantitative estimation of the abundance of carbonate
grains. Special attention was paid to the detection of sedi-
mentary structures and discontinuity surfaces. The set of
sedimentological information was used to interpret the
depositional environments (Wilson, 1975; Fliigel, 2004).
Subsequently, the observed repetitive facies stacking
patterns were interpreted following a cyclostratigraphic
approach (Strasser et al., 2006). The adopted nomen-
clature is that proposed by Strasser et al. (1999) and fol-
lowing studies for Milankovitch-driven, high-frequency
sequences found in shallow-water carbonate successions.
Therefore, the term ‘sequence’ is preferred to ‘cycle’ to in-
dicate all transgressive-regressive deposits, regardless of
their thickness and duration, formed under the influence
of cyclical processes, including relative sea-level changes
(Strasser, 2018). Consequently, the relative sea-level curve
(i.e. the combined product of eustasy and tectonic sub-
sidence) was reconstructed based on the interpretation
of the different types of elementary sequences in terms of

different amplitudes of high-frequency relative sea-level
changes. The relative sea-level curve was then plotted in a
time framework under the working hypothesis that each
elementary sequence formed in a time interval of 20kyr
(precession cycle). The position of ‘missed beats’ (i.e. the
missed record of elementary sequences due to subaerial ex-
posure sensu Goldhammer et al., 1990) was also proposed
based on the cyclostratigraphic interpretation. Finally, the
long-term relative-sea level curve (i.e. the curve obtained
by the envelope of high-frequency sea-level fluctuations)
allowed the sedimentary record to be interpreted in terms
of sequence stratigraphy.

4 | RESULTS

4.1 | Lithostratigraphy

The studied succession is about 17 m thick and can be di-
vided into two different intervals (Figure 3). The lower in-
terval is about 6 m thick and shows well-defined beds. Bed
thicknesses vary between 0.10 and 0.65m. Limestones
are mostly mud-supported, corresponding to calcilutites
(mudstones and wackestones), stromatolites and to very
fine peloidal calcarenites (packstones) with a poorly dif-
ferentiated microfossiliferous assemblage, in which small-
sized benthic foraminifers, calcareous algae and ostracods
prevail. Macrofossils are rare and consist of gastropods
and bivalve fragments. Some beds show pervasive biotur-
bation due to the occurrence of root traces that typically
start from the bed surfaces and penetrate deep into the

85UB01 SUOWIWOD 9A1E81D 3|geo![dde aup Aq peusenob a1e sejoliie YO ‘9N J0 S9Nl 1oy AfelqTaUlUO A1 LD (SUOTIPUOD-PUR-SLLIBYWO A8 | Im Afe.d 1 jBul[UO//SdnL) SUONIPUOD pue SWB L 81 88S " [720z/80/6T] U0 AriqiTauluo A8IM ‘led 1a 1pms 11Bea A1seAlun Aq S0€Zdep/z00T 0T/10p/wioo A8 | im Areiqijpuluo//sdny woy papeojumoq ‘0 ‘22875502



6 SPALLUTO ET AL.
o @ w
El1® |35 ® | 5 T |3
S| B2 S5 g °| 5|2
> o
/‘&j
‘;(& 19 | XU E ¥
- 17 my. -
od
Xl
26 31
Xl
1I1m
18 b
X
17 [
16
IX 16 -
Vi . % K
¢ 10m 30
15
\l
14 XIV
vi
— XV
%
— B
E 15mf’.
\Y E
9 mp- 24 29
13
12
1
1]
10 14m
23
8m
9
8 28
22
7 I}
A [
6 1B3ml
T 21
7m Xl
|4 |
|3 | —
2
1 27
20 XIV
1
12m
6m : ‘
r r
amalgamated - .
O Serdd £33 stratified carbonate intraclasts I root cast 4 calcareous algae
[] sparite cement g, carbonate intraclasts displaced & rhyzogenic structure
B residual matri ©Y by cement growth . (@ gastropod
residual matrix ) nestr.
. &e black pebbles displaced ~ fenestrae ™ bivalve debris
[ limestone by cement growth A rudist
=] peloid-rich limestone ~ ® reworked black pebbles < ostracod ( burrow

E=] microbial laminite =< reworked intraclasts

& benthic foraminifer @ dedolomite crystal

FIGURE 3 Stratigraphic log of the Giovinazzo sea-cliff section showing facies features and the cyclostratigraphic interpretation (see

Section 4 for details). Modified Dunham classification: Mudstone (m), wackestone (w), packstone (p), grainstone (g), floatstone/rudstone

(f/r) and bindstone (b). Note that arab numbers 1-31 correspond to elementary sequences; roman numbers I-XV correspond to small-scale

sequences; capital letters A-E correspond to medium-scale sequences.

85UB01 SUOWIWOD 9A1E81D 3|geo![dde aup Aq peusenob a1e sejoliie YO ‘9N J0 S9Nl 1oy AfelqTaUlUO A1 LD (SUOTIPUOD-PUR-SLLIBYWO A8 | Im Afe.d 1 jBul[UO//SdnL) SUONIPUOD pue SWB L 81 88S " [720z/80/6T] U0 AriqiTauluo A8IM ‘led 1a 1pms 11Bea A1seAlun Aq S0€Zdep/z00T 0T/10p/wioo A8 | im Areiqijpuluo//sdny woy papeojumoq ‘0 ‘22875502



SPALLUTO ET AL.

| 7

underlying limestones. In the upper part of this interval,
these lithologies alternate with three distinct brecciated
layers showing a residual clayey-silty yellowish or green-
ish matrix. Within each brecciated layer, faint bed surfaces
may be individuated, indicating that each breccia layer
was not the result of a single episode but, more likely, the
result of the amalgamation of multiple events of limestone
deposition and brecciation. Clasts are mostly pebble-sized
and consist of the same lithologies as the underlying, not
brecciated, beds. Some clasts are blackened (black peb-
bles); these latter are mostly found concentrated at the top
of the first brecciated layer. Brecciated layers show a lat-
eral continuity that covers the whole extent of the outcrop
(>30m; Figure 4).

The upper interval is about 11 m thick and is character-
ised by the occurrence of rudist-rich beds. Beds are signifi-
cantly thicker than in the first interval, ranging between
0.5 and 1.5m. Limestones are mostly grain-supported,
corresponding to rudist-dominated medium to coarse-
grained deposits. Rudists form decimetre to metre thick
sheet-like tabular bodies, are laterally traceable, loosely
packed (isolated) and the shells are whole, in growth po-
sition or more commonly randomly oriented (Figure 5).
The matrix of the rudist-rich beds is composed of me-
dium to coarse-grained bioclastic calcarenites with a rel-
atively wide range of skeletal particles (mostly molluscs
and benthic foraminifers). The following association of
rudists characterises this interval (Gallo Maresca, 1994):
Eoradiolites murgensis, Eoradiolites lyratus, Apricardia
sp. This rudist association belongs to the ‘Livello Palese’
of the Calcare di Bari Formation (Ricchetti, 1975), which
extensively crops out in the northern Murge representing

FIGURE 4 Outcrop photograph of
the lower part of the Giovinazzo sea-cliff
section. Note the lateral continuity of the
brecciated layers over the whole extent of
the outcrop.

a reference level for stratigraphic correlations at regional
scale (Spalluto, 2012).

4.2 | Biostratigraphy

The time control of the studied succession is based on
the stratigraphic distribution of benthic foraminifers.
According to Spalluto and Caffau (2010), two associa-
tions were identified in the studied succession: the first
association occurs in the lower interval of the stud-
ied succession, below the first breccia layer, and is de-
fined by the concomitant occurrence of the following
taxa: Cuneolina sliteri, Cuneolina pavonia, Cuneolina
parva, Praechrysalidina infracretacea, Sabaudia minuta,
Novalesia angulosa, Nezzazatinella picardi, Nezzazata
isabellae, Vercorsella arenata and Vercorsella scarsellai.
The association of these taxa supports an early Albian
age according to Arnaud Vanneau and Sliter (1995) and
Veli¢ (2007). The second association occurs in the upper
interval of the studied succession. It is defined by the
concomitant occurrence of two main orbitolinid taxa:
‘Valdanchella’ dercourti and Neoiraqia insolita, which
represent valid biostratigraphic markers. Associated
fauna are Paracoskinolina fleuryi, P. infracretacea, N. isa-
bellae, N. picardi and C. parva. This association supports
a late Albian age following Husinec and Soka¢ (2006) and
Veli¢ (2007). In this regard, it should be noted that the
cited biostratigraphic papers informally divide the Albian
stage into early and late substages, without distinguish-
ing the middle one. Consequently, the first occurrence of
the orbitolinids found in the second association is crucial
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FIGURE 5 (A) Outcrop photograph of the upper part of the Giovinazzo sea-cliff section showing metre-thick rudist-rich beds. (B) Detail
of a bed showing toppled rudists in a bioclastic matrix. (C) Eoradiolites sp.

for the chronostratigraphic attribution of the studied suc-
cession since it can be referred to the early late Albian
(Husinec & Sokaé, 2006; Veli¢, 2007). Furthermore, the
last occurrence of C. sliteri and other taxa, below the
three brecciated layers, is attributed to the latest lower
Albian (Veli¢, 2007). This chronostratigraphic attribu-
tion is also confirmed by the radiolitid association of
the ‘Livello Palese’ found in the rudist-rich beds of the
upper interval. Eoradiolites murgensis and E. lyratus are
widespread in upper Albian platform and slope succes-
sions of the ACP (Gallo Maresca, 1994; Luperto Sinni &
Borgomano, 1994).

4.3 | Facies analysis

Facies analysis was performed both in the field and in
thin section to recognise facies constituents, texture, fab-
ric, early diagenetic overprint and fossil content. Six main
facies have been distinguished representing as many sub-
environments belonging to the inner platform domain.
The facies analysis is described in detail below.

4.3.1 | Intraformational breccia

This facies occurs in three laterally continuous brecciated
layers found in the lower part of the studied succession
(Figure 3). Breccias mostly form chalky dense assem-
blages of pebble-sized subangular or subrounded clasts in
a greenish or light brown silty-clayey matrix. They show
extremely poor sorting, are arranged in sheet-like hori-
zons that still preserve the relics of the original stratifica-
tion and are not reworked. Limestone clasts show a strong
compositional similarity with the limestone of the un-
derlying beds. The lower part of the breccia layers grades
downward into the underlying limestone rock through a
transition zone showing strong evidence of in-situ altera-
tion and brecciation (Figure 6A). Only the first of the three
breccia layers shows an upper well-cemented part that,
in the outcrop, stands out as a prominent feature since it
is more resistant to weathering than the underlying one
(Figure 6B). This latter is crossed by an irregular erosive
surface. Above this surface, black pebbles become pre-
dominant and form a clast-supported dense dark horizon
(Figure 6C). The intergranular pores of the well-cemented
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FIGURE 6 Outcrop photographs of the lower part of the study section. Note in (A) and (B): (i) gradual upward decrease in bed
thicknesses (from 10 to 13 in Figure 3), which also corresponds to an increase in rhizoturbation; (ii) preservation of relics of the original
stratification in the first brecciated layer (from IV to VI in Figure 3); (iii) the well-cemented upper part of the first brecciated layer (V and VI
in Figure 3) protrudes from the outcrop since it is more resistant to weathering. Note in (C) the dark horizon formed by black pebbles in the

uppermost part of the first brecciated layer (VI in Figure 3).

interval are commonly filled by matrix-replacive, fine to
medium-grained, euhedral to subhedral dedolomite crys-
tals forming an idiotopic to hypidiotopic mosaic texture
(Figure 7A). Black pebbles may be also found reworked
at the base of the overlying bed, embedded in a carbonate
matrix.

Environmental interpretation

This facies is interpreted as having formed by in-situ brec-
ciation, controlled by soil-forming processes in supratidal
environments, of limestones previously deposited in the
restricted subtidal zone. The chalky part may correspond
to the early stage in the formation of a soil on carbonate
rocks (Esteban & Klappa, 1983) and shows evidence of
in-situ dissolution and partial replacement of the origi-
nal material. Specifically, weathering produced both
pervasive brecciation of the original limestone and accu-
mulation of the residual silty-clayey detritus. The upper,
well-cemented part may correspond to the mature stage

in the formation of a soil since precipitation of calcium
carbonate leads to the lithification and fossilisation of
the soil profile and formation of a hardpan (Esteban &
Klappa 1983). The presence of black pebbles confirms
this interpretation since they are considered to be impor-
tant markers for partial or complete subaerial exposure
(Strasser & Davaud, 1983; Fliigel, 2004) and frequently
occur in carbonate soils (Esteban & Klappa, 1983).

4.3.2 | Laminated microbial bindstone

This facies consists of laminated microbial bindstone
(sensu Demicco & Hardie, 1994) showing flat to wavy ge-
ometries (LLH stromatolites sensu Logan et al., 1964). At
the thin section scale, it shows irregular and frequently
discontinuous millimetre-thick laminae made up of pe-
loids, micritic intraclasts, bivalve fragments, small-sized
benthic foraminifers, Thaumatoporella sp. and ostracods.
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The sediment is characterised by millimetre-sized fenes-
tral cavities (Figure 7B). Fenestrae may form a network
of laminoid or irregularly distributed spar-filled cavities.
Desiccation cracks due to the shrinkage of the carbonate
mud may be present at the top of this facies.

Environmental interpretation

Small-sized fenestrae found in microbial limestones have a
polygenic origin and are preserved during the early stages
of diagenesis. They may be caused by: (a) wetting and dry-
ing of carbonates in upper intertidal/lower supratidal envi-
ronments (Shinn, 1968); (b) drying of cyanobacterial mats
(Hardie & Shinn, 1986); (c) degassing of decaying organic
material (Shinn, 1983). Although fenestral microbial bind-
stones may form in different environments, their occurrence
together with early diagenetic desiccation features constrain
the interpretation to upper intertidal/lower supratidal envi-
ronments (Shinn, 1983; Berkeley & Rankey, 2012).

4.3.3 | Rhizoturbated pelleted mudstone/
wackestone with fenestral fabric

This facies occurs only in the lower part of the studied suc-
cession and is predominantly made up of pelleted lime
mudstones and wackestones in which only thin-shelled os-
tracods, miliolids, gastropods and micritic intraclasts may be
recognised (Figure 7C). It has a typical mottled-grey colour
and is rhizoturbated. Rhizoturbation is produced by a dense
network of rootlets. Root casts may be unfilled, partly filled
by internal sediment and dedolomite crystals or moulds, or
enlarged by dissolution and filled by calcite (Figures 5A,B
and 7D). The fenestral fabric consists of irregularly shaped
voids (stromatactoid fabric) locally filled with fine-grained
geopetal sediments (vadose silt sensu Dunham, 1969) at the
base and sparry calcite at the top (Figure 7E). The upper
part of the larger cavities may also show microstalactitic
cements. Micritic intraclasts show circumgranular crack-
ing (Figure 7F). Euhedral to subhedral dedolomite crystals
are also widespread in this facies (Figure 7G). They are ran-
domly sparse in the matrix or fill root casts and burrows,
and typically show a thin rhomb-shaped crystalline rim
with a micritic centre. Some rhombs may have one of more
of their corner missing. Dolomoulds may also occur and
show geopetal infillings similar to fenestrae (Figure 7H).

Environmental interpretation

Pelleted micrites without fossils or with reduced ben-
thic biota are usually diagnostic of low-energy restricted
shallow-lagoon environments characterised by critical
values of temperatures and/or salinities and by oxygen
depletion (Enos, 1983). The concomitant occurrence of
fenestrae, root casts, dedolomite crystals and moulds sug-
gests that, after deposition of lime muds, this facies ex-
perienced vadose diagenesis in supratidal environments
(D'Argenio et al., 1997; Spalluto, 2012; Le Goff et al., 2015).

434 | Miliolid-ostracod-algal wackestone/
packstone

This facies is mostly made up of strongly burrowed
wackestones and subordinately packstones with benthic
foraminifers (typical are miliolids, cuneolinids and tex-
tularids), ostracods, calcareous algae, requienids, gastro-
pods, Thaumatoporella sp., small-sized oncoids, micritic
intraclasts and peloids (Figure 8A). Biota show a reduced
diversity but commonly with a high number of individu-
als. Usually, faecal pellets fill burrows (Figure 8B).

Environmental interpretation

Taking into account: (a) the limited number of grain
types; (b) the absence of grain reworking, abrasion,
rounding and sorting; (c) the reduced diversity of exclu-
sively benthic biota but relatively great number of those
few organisms adapted to survive; (d) the reduced size of
individuals (dwarf fauna) and (e) the lack of desiccation
structures and other features indicating tidal flat environ-
ment (e.g. microbial laminae and/or fenestrae), this facies
is interpreted as deposited in low-energy semi-restricted
shallow-subtidal environments (D'Argenio et al., 1997,
1999; Raspini, 1998, 2001; Spalluto, 2012).

4.3.5 | Biopeloidal packstone/grainstone
Description

This facies is made up of biopeloidal packstones/grain-
stones mostly made up of micritised aggregate grains in
association with micritised skeletal grains (rudists and
gastropods), micritic intraclasts, small-sized benthic

FIGURE 7 Thin section photomicrographs. (A) Intraclast floatstone showing matrix-replacive, medium-grained, euhedral to subhedral
dedolomite rhombs forming an idiotopic to hypidiotopic mosaic texture. (B) Irregularly laminated microbial bindstone showing a well-
developed fenestral fabric. (C) Pelleted mudstone showing a geopetally infilled fenestrae. Note also a gastropod mould filled by blocky
calcite. (D) Cross-section of unfilled root casts in an inhomogeneous micrite. (E) Fenestral mudstone: Note the geopetal fabric consisting of
dark vadose silt at the bottom and coarse calcite crystals at the top. (F) Circumgranular cracking around a micritic intraclast. (G) Dedolomite
showing thin rhomb-shaped crystalline rims with micritic centres. Some rhombs are missing one or more corners. (H) Dolomoulds
geopetally infilled by vadose crystal silt (near-surface early vadose dedolomitisation).
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FIGURE 8 Thin section photomicrographs. (A) Wackestone made up of abundant ostracods and faecal pellets. (B) Burrowed
wackestones made up of peloids, ostracods and small-sized miliolids. Note the faecal pellets filling the burrows. (C) Biopeloidal packstone
mostly made up of micritised aggregate grains (lumps) in association with micritised skeletal grains, micritic intraclasts, small-sized benthic
foraminifers, dasycladacean fragments, porostromate oncoid and peloids. (D) Detail of biopeloidal packstone showing some orbitolinid tests.
(E) Rudist floatstone in a sand-sized bioclastic matrix. (F) Detail of rudist floatstone matrix showing abundant benthic foraminifers and
green algae.
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foraminifers, dasycladacean fragments, porostromate on-
coids and peloids (Figure 8C,D). Aggregate grains consist
predominantly of lumps, showing the characteristic lo-
bate outline (grapestone), made up of small bioclasts and
peloids bound together by microcrystalline calcite. Most
grains show an isopachous rim of early-marine cement.
Coarser crystals of equant calcite fill interparticle and
intraparticle pores. Facies constituents are occasionally
arranged in parallel to undulated laminations and show
prevailingly normal gradation.

Environmental interpretation

The grain-supported textures, the presence of high-energy
sedimentary structures and the normal grading of grains
suggest that this lithofacies was deposited in shallow
wave or current-agitated open lagoonal environments
where migrating sandbars could form. The occurrence of
a normal-marine and diversified benthic fauna also sup-
ports this interpretation (D'Argenio et al., 1997, 1999;
Raspini, 1998, 2001; Spalluto, 2012).

4.3.6 | Rudist floatstone

Description

This facies is made up of mollusc-bearing floatstones in
a bioclastic wackestone/packstone or packstone/grain-
stone matrix (Figure 8E). The dominant biota are rud-
ists (mostly radiolitids and requienids) in association
with gastropods. Rudist-dominated assemblages occur
in sheet-like concentrations in which individuals are
loosely packed and completely lack mutual support.
Typically, rudist shells lack the upper valve and are in
growth position or, more commonly, slightly oblique
(with random orientation of tests). The coarse sandy
matrix consists of skeletal fragments, which derived
from bioerosion and mechanical breakdown of rudist
shells, seldom showing a micritic envelope (cortoids).
Associated are benthic foraminifers, fragments of dasy-
cladacean algae and echinoids, solitary corals, grape-
stones and micritic intraclasts (Figure 8F). Peloids occur
only rarely.

Environmental interpretation

The relatively high fossil diversity and abundance is con-
sistent with deposition in normal-marine lagoonal en-
vironments under conditions of low to moderate water
energy. These environments corresponded to rudist-
inhabited sand plains, in which the main source of car-
bonate sediment is represented by the fragmentation of
rudist shells (Carannante et al., 2000; Simone et al., 2003;
Spalluto, 2012; Le Goff et al., 2015).

4.4 | Depositional sequences
In the studied section, the vertical organisation of facies in
beds and bedsets shows a clear cyclic recurrence of both
depositional and early diagenetic features. The smallest
identifiable sequence corresponds to an elementary dep-
ositional sequence (sensu Strasser, 1991, 1994; Strasser
et al., 1999). Elementary sequences represent the sedi-
mentary record of the highest frequency relative sea-level
change cycles and typically show an initial thin transgres-
sive trend, followed by a thicker and much more well-
developed regressive trend. Therefore, bed surfaces are
interpreted to be the sequence boundaries of elementary
sequences and normally correspond to surfaces that cap
the shallowest facies of each bed (Strasser, 1994; D'Argenio
et al., 1997). In such a context, lowstand deposits are lack-
ing as there is no production and, consequently, no accu-
mulation of carbonate sediment (Tipper, 1997; Kemp &
Sadler, 2014). As a result, transgressive surfaces coincide
with sequence boundaries. A lag of reworked intraclasts,
including black pebbles, locally marks the early phases of
the transgression. Transgressive deposits are thin or ab-
sent, and the deepest facies of each sequence lies directly
above the underlying sequence boundary. Highstand de-
posits of elementary sequences are always well-developed
and are indicated by the shallowing-upward facies trend.
According to their facies evolution, three main kinds
of elementary sequences can be recognised (Figure 9).
However, it should be noted that the brecciated layer
shown in Figure 9A does not represent a fourth kind of se-
quence, but it is the result of the pedogenetic brecciation
of a previously formed elementary sequence. Moreover,
elementary sequences have not been identified in the
brecciated layers, even if the relics of the original strati-
fication may be observed. Therefore, excluding the brec-
ciated layers from the count, 31 elementary sequences
have been recognised in the studied section, each of which
corresponds to a single bed (Figure 3). Summing up, the
lower part of the section (from 1 to 19 in Figure 3) is made
up of thin elementary sequences, from a few centimetres
to about 50cm thick, in which the shallowing upward
trend is identified by vertical facies changes and by vadose
diagenesis (fenestrae, desiccation cracks, circumgranular
cracks) and weak pedogenetic features (rhizoturbation)
affecting directly restricted subtidal facies without the
interposition of intertidal facies (Figure 7A through H).
Furthermore, rhizoturbation is pervasive in some elemen-
tary sequences as it crosses almost their entire thickness
(sequences 2-4,12-13, 15 and 16 in Figures 3 and 6A,B,C).
These elementary sequences are here compared to base-
cutout catch-down cycles (Soreghan & Dickinson, 1994;
Hillgartner & Strasser, 2003). The base cutout is due to
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FIGURE 9 Conceptual model showing four different cases of facies evolution in elementary sequences reflecting variable sedimentation
rates with respect to amplitude of relative sea-level changes (i.e. the sum of eustacy and subsidence). (A) Amalgamated sequences, (B)
Catch-down sequences. (C) Catch-up sequences. (D) Give-up sequences. On the time axis, the blue bar indicates the time of carbonate
production and accumulation; the yellow bar indicates the time of erosion and vadose diagenesis during subaerial exposure; the orange

bar indicates the lag time required for the carbonate producing-biota to restart the factory after subaerial exposure. The adopted sequence
nomenclature is from Soreghan and Dickinson (1994) and Hillgartner and Strasser (2003). For more explanation about sequences formation
refer to the text.
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evidence that shelf flooding occurs only in the late trans-
gressive/early highstand phase of the relative sea-level
curve (Figure 9B). Thereafter, sediment accumulation
lags behind the initial creation of accommodation space,
as demonstrated by the deposition of subtidal facies at
the base of these sequences, but then overtakes falling
sea level (i.e. the sediment accumulation curve intersects
the relative sea-level curve on its falling leg in the late
highstand), as shown by the gradual and uninterrupted
shallowing-up facies evolution and, mostly, by the over-
printing of early vadose fabric, developed in the meteoric
regime of the supratidal area, directly atop the restricted
subtidal facies (Figure 9B). Resultant sequences are then
both thickness incomplete (i.e. sediment accumulation
has not filled all the available accommodation space)
and facies incomplete (i.e. intertidal facies are missing;
Figure 9B). Regarding the brecciated layers, facies analy-
sis revealed that they were originally formed in restricted
subtidal environments and that the brecciation occurred
subsequently due to prolonged subaerial exposure and
pedogenesis. Although, as previously noted, no clear el-
ementary sequences were delimited in these intervals,
a twofold scenario may be proposed for interpreting the
formation of the brecciated layers (Figure 9A). At first,
relative sea-level rise was able to produce enough accom-
modation for the formation of a base-cutout catch-down
elementary sequence, but a subsequent drop resulted in
subaerial exposure of the whole thickness of the sequence
and the development of pervasive vadose diagenesis.
Afterwards, the amplitude of the subsequent relative sea-
level rise was not sufficient to bring the exposed surface
below sea level, that is, the highest point of the expected
sediment accumulation curve does not lead to additional
space for sediment in that area, resulting in no accumu-
lation (‘missed beat’ sensu Goldhammer et al., 1990;
Figure 9A). This explains the strong pedogenetic modi-
fication of the previously formed elementary sequence
since the duration of the subaerial exposure was much
longer than that assumed for the catch-down sequences
(compare Figure 9A,B).

The upper part of the section shows two more types
of elementary sequences. Elementary sequences 20-24
and 27 correspond to almost complete peritidal sequences
since, from bottom to top, a gradual facies evolution from
subtidal to supratidal deposits has been observed. These
latter are the most described elementary sequences in
the literature of flat-topped carbonate platforms and are
commonly viewed as the result of a fully progradational
phase, following a sediment starved one, during which
accommodation space is passively filled (Ginsburg, 1971;
Pratt & James, 1986). In this work, it is proposed that these
elementary sequences may also be viewed as the result of
relative sea-level changes. According to Figure 9C, the

accumulation rate initially lags behind creation of accom-
modation space, as shown by the deposition of open sub-
tidal facies at the base of the sequences, but progressively
overtakes relative sea-level rise at highstand, filling most of
the available accommodation space. The resulting depos-
its show a gradual shallowing-upward trend culminating
in subaerial exposure. Resultant elementary sequences are
thus both thickness and facies complete and can be com-
pared to catch-up cycles (Soreghan & Dickinson, 1994;
Hillgartner & Strasser, 2003). The last type of elemen-
tary sequences developed entirely in the subtidal domain
(sequences 25-26 and 28-31 in Figure 3). According to
Figure 9D, the sedimentation rate lags severely behind the
relative sea-level rise, as shown by the deposition of more
open and deeper subtidal facies of the depositional sys-
tem. Subsequently, in highstand, the sedimentation rate
increases resulting in a shallowing upward facies trend
culminating in the deposition of strongly burrowed re-
stricted subtidal deposits. This suggests that the sedimen-
tation rate decreases significantly towards the top of such
sequences. The deposition of more open subtidal facies is
reset upon a renewed increase in accommodation space
at the beginning of the next relative sea-level rise. This
type of sequence compares to give-up cycles (Soreghan
& Dickinson, 1994; Hillgartner & Strasser, 2003), and to
subtidal cycles (sensu Osleger, 1991). Therefore, such se-
quences are both thickness incomplete and facies incom-
plete as they are the product of a carbonate factory that
cannot keep up or catch up with the rising sea level.
There exists quite a good direct relationship between
the thickness of elementary depositional sequences and
its facies content: the thinnest sequences (from 1 to 19 in
Figure 3) mostly correspond to base cutout catch-down
sequences, and are characterised by a prevalence of re-
stricted facies; the thickest ones (from 28 to 31 in Figure 3)
are give-up sequences dominated by open marine facies.
Considering the thickness changes in elementary dep-
ositional sequences, as well as the variable penetration
depth of vadose diagenesis, a stacking pattern of elemen-
tary sequences emerges, which suggest a hierarchy of
environmental changes. Groups of three to five elemen-
tary sequences are stacked into 15 small-scale sequences
(I-XV in Figure 3). Small-scale sequences I-III, VII and
X are made up of only base cutout catch-down elemen-
tary sequences. Sequence boundaries are mostly placed
at the top of the thinner elementary sequences showing
marked evidence of subaerial exposure (elementary se-
quences 4, 9, 13, 15 and 18 in Figure 3). In these elemen-
tary sequences root traces and early meteoric diagenetic
fabrics are distributed through almost their whole thick-
ness. Small-scale sequences IV-VI, VIII-IX and XI-XII are
made up of amalgamated elementary sequences showing
a strong pedogenetic modification of primary sedimentary

85UB01 SUOWIWOD 9A1E81D 3|geo![dde aup Aq peusenob a1e sejoliie YO ‘9N J0 S9Nl 1oy AfelqTaUlUO A1 LD (SUOTIPUOD-PUR-SLLIBYWO A8 | Im Afe.d 1 jBul[UO//SdnL) SUONIPUOD pue SWB L 81 88S " [720z/80/6T] U0 AriqiTauluo A8IM ‘led 1a 1pms 11Bea A1seAlun Aq S0€Zdep/z00T 0T/10p/wioo A8 | im Areiqijpuluo//sdny woy papeojumoq ‘0 ‘22875502



16|

SPALLUTO ET AL.

features. Small-scale sequence VI corresponds to a dark
horizon of black pebbles marked at the base by an ero-
sive surface. Starting from small-scale sequence XIII, the
vertical stacking pattern of elementary sequences devel-
ops more defined deepening/shallowing facies trends.
Transgressive deposits are characterised by: (i) upward
stacking of catch-up and give-up elementary sequences
showing a facies evolution from restricted to more open-
marine conditions; (ii) upward decreasing or even lacking
(give-up sequences) early meteoric diagenesis and (iii)
general upward-increasing thickness of elementary se-
quences. Conversely, regressive deposits are characterised
by: (i) elementary sequences showing a facies stacking pat-
tern evolving from open marine conditions towards more
restricted ones; (ii) upward-increasing enhancement of
desiccation features and (iii) general upward-decreasing
thickness of elementary sequences. Consequently, the se-
quence boundaries of small-scale sequences XIII and XIV
correspond to the top of the thinnest elementary sequences
in which the meteoric overprint penetrates deeply into the
underlying sequence (elementary sequences 23 and 27 for
small-scale sequence XIII and XIV, respectively).

Groups of two to four small-scale sequences stack into
five medium-scale sequences, four of which outcrop com-
pletely (sequences A-D in Figure 3). Medium-scale se-
quences A-D record only facies formed in the restricted
peritidal domain showing repeated episodes of subaerial
exposure. These episodes culminate with the deposition
of small-scale sequences IV-VI, VIII-IX and XI-XII that,
as previous discussed, are the result of the amalgama-
tion of base cutout catch-down elementary sequences.
Medium-scale sequence E is significantly thicker than
A-D; moreover, it is made up of small-scale sequences
recording mostly facies formed in the open marine do-
main (i.e. they are almost exclusively formed by catch-up
and give-up elementary sequences). Transgressive depos-
its of medium-scale sequences are characterised by: (i) a
general upward increase in the thickness of small-scale
sequences (from I to IT in A; from XIII to XV in medium-
scale sequence E) and/or (ii) upward stacking of facies
in small-scale sequences suggesting a deepening-upward
trend (i.e. from facies formed mostly in restricted sub-
environments to those formed in open-marine ones).
However, transgressive deposits are not well represented
in medium-scale sequences B-D. It is interpreted that in
these medium-scale sequences, such deposits may cor-
respond only to the thicker small-scale sequences found
at their base (IV, VII and X in medium-scale B, C and D,
respectively). Conversely, regressive deposits of medium-
scale sequences are characterised by: (i) an upward de-
crease in thickness of small-scale sequences (from II to III
in A; from IV to VI in B; from VII to IX in C; from X to XII
in D) and/or (ii) upward stacking of facies in small-scale

sequences suggesting a shallowing-upward environmen-
tal trend (i.e. from facies formed mostly in open-marine
sub-environments to those formed in restricted ones).
Medium-scale sequence E is not complete since it is inter-
preted to record only the transgressive trend.

5 | DISCUSSION

5.1 | Control processes of relative
sea-level changes

In order to understand what types of processes exert a
major control on the stacking pattern of shallow-water
carbonate elementary sequences, both autocyclic and al-
locyclic mechanisms should be considered (Pratt, 2010;
Strasser, 2018). Autocyclic processes are inherent to
the sedimentary system and may produce ‘cyclic’ shal-
lowing-up units (Ginsburg, 1971; Pratt & James, 1986).
Assumptions of this model are that carbonate sedimenta-
tion stops when sediment fills the whole available accom-
modation space and resumes when subsidence creates
water depth sufficient to start-up again the carbonate
factory. In such a context, the accommodation space for
the peritidal deposits is only created by constant subsid-
ence and/or long-term sea-level rise, whereas facies dis-
tribution along the platform profile is mostly controlled
by local factors as a result of unpredictable stochastic pro-
cesses (Dexter et al., 2009). Autocyclic mechanisms are
here excluded as the main control processes of peritidal
depositional sequences for the following reasons: (i) in
base cutout catch-down sequences (Figure 9B), subaerial
exposure is indicated by an overprinting of subtidal facies.
This is considered an unequivocal sign of allogenic forc-
ing of the sedimentary system, since it implies a relative
sea-level fall and cannot be caused by progradation or lat-
eral migration of facies belts or changes in sediment sup-
ply (Strasser, 1991; Schlager, 2003; D'Argenio et al., 1997);
(ii) the occurrence of give-up sequences implies that sedi-
mentation was not high enough to fill the available ac-
commodation space (Figure 9D; Osleger & Read, 1991);
(iii) the hierarchical organisation in three orders of
depositional sequences and the recurrence of sequence
boundaries linked to different durations of subaerial ex-
posure imply that relative sea-level changes of different
amplitude and frequency played an important role in the
formation of all sequences. These facies features, even if
autocyclic processes cannot be excluded as contributors
to the variability of the internal composition of individual
sequences (Osleger, 1991; Strasser, 2018), have to be at-
tributed to allocyclic processes either driven by tecton-
ics or by Earth's orbital parameters (Strasser et al., 2006).
Pulsation of tectonic subsidence (Cisne, 1986) may be
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a valuable candidate since it theoretically could regu-
late the creation of accommodation space along active
faults. Moreover, it was proposed that high-frequency
changes in subsidence rates may produce stacking pat-
terns of cycles like those formed under the influence of
cyclical sea-level changes (Bosence et al., 2009). However,
this mechanism is here excluded based on the evidence
that during the Early Cretaceous the ACP was placed
along the Southern Tethys Ocean passive margin in its
late stage of thermal cooling, at a constant subsidence
rate (Channel et al., 1979; D'Argenio & Alvarez, 1980;
Ricchetti et al., 1988). Therefore, the variable depth of va-
dose diagenesis affecting subtidal limestones (catch-down
sequences), the deposition of amalgamated brecciated
sequences and the occurrence of fully subtidal (give up)
sequences seems to be better explained by high-frequency
eustatic sea-level changes (Figure 9). The most convincing
interpretation for the described hierarchical organisation
of depositional sequences is related to the Earth's orbital
control. Specifically, taking into account the hierarchical
stacking (bundling) of depositional sequences, it is inter-
preted that the maximum ratio (5:1) between elementary
sequences and small-scale sequences and the maximum
ratio (4:1) between small-scale sequences and medium-
scale sequences may reflect the hierarchy of Milankovitch
cycles as a function of the Earth's orbital parameters
(Berger et al., 1989; Laskar et al., 2011). It is underlined
that the occurrence of missed beats, due to low accom-
modation, may hinder the above-described hierarchical
stacking pattern of sequences, reducing the number of ele-
mentary sequences that could form a small-scale sequence
and the number of small-scale sequences that could form
amedium-scale sequence (Strasser et al., 1999). Following
the premises made above, it is assumed as a working hy-
pothesis that the different types of elementary sequences
may have formed in tune with the 20 kyr precession cycle.
Moreover, small-scale sequences may correspond to the
100kyr short eccentricity cycle, and medium-scale se-
quences to the 400 kyr long eccentricity cycle. Since the
ACP was situated at approximately 20-25° of latitude dur-
ing the Cretaceous (Figure 2), it is expected that the influ-
ence of the obliquity forcing was so small as toleave no clear
signal that can be interpreted in terms of sea-level fluctua-
tions. However, it is not excluded that some elementary
sequences may result from a combination of precession
and inclination periodicities (D'Argenio et al., 2008). This
interpretation is consistent with several cyclostratigraphic
studies (D'Argenio et al., 1997, 1999; Raspini 1998, 2001;
Ferreri et al., 2004; Spalluto, 2008), spectral analysis of sed-
imentary data (Pelosi & Raspini, 1993; Longo et al., 1994;
D'Argenio et al.,, 1999) stable isotope data (D'Argenio
et al., 2004; Wissler et al., 2004; Amodio et al., 2023) and
palaeomagnetic data (Iorio et al., 1996; Tarling et al., 1999)

collected in several Cretaceous shallow-water carbonate
successions cropping out in Southern Italy, which formed
in the same palaeogeographical scenario as the ACP.

5.2 | The stacking pattern of peritidal
sequences: a sequence stratigraphic
perspective

Following the premises shown in Section 5.1, based on
the conceptual model shown in Figure 9, and on the time
frame given by the cyclostratigraphic interpretation, the
evolution through time of the relative sea-level curve has
been plotted in Figure 10. The time steps are given by the
20kyr interval attributed to the formation of each elemen-
tary sequence. Furthermore, it is assumed that the sea-
level fluctuations were symmetrical under greenhouse
conditions where insolation changes are more or less di-
rectly translated into sea-level changes (Read et al., 1995).
Where one 100kyr sequence contains less than five ele-
mentary sequences, it is assumed that the missing ones
were not recorded due to low accommodation at a small-
scale sequence boundary. Similarly, where one 400 kyr se-
quence contains less than four small-scale sequences, it is
assumed that the missing ones were not recorded due to
low accommodation at a medium-scale sequence bound-
ary. The dotted relative sea-level curve drawn in the three
brecciated layers is purely interpretive since elementary
sequences are not recorded due to amalgamation and
condensation following prolonged subaerial exposure. As
shown in Figure 9, even if some elementary sequences are
recorded during this interval they were completely brec-
ciated by subsequent subaerial exposure. According to
Goldhammer et al. (1990), these condensed intervals are
those more prone to record ‘missed beats’.

Given the time frame based on cyclostratigraphy shown
in Figure 10, it is suggested that much of the time nec-
essary to form the studied succession (about 1.2Myr, i.e.
the sum of time needed to form the B, C and D medium-
scale sequences) is spent in the formation of the approxi-
mately 3m thick interval mostly made up of amalgamated
elementary sequences. This latter interval, which follows
the deposition of the first interval, is about 2.9m thick,
entirely formed by base cutout elementary sequences,
whose stacking-pattern builds the small-scale sequences
I, IT and III of the medium-scale sequence A (Figure 10A).
Conversely, the thicker middle and upper parts of the suc-
cession were formed in a significantly shorter time inter-
val (about 280 kyr) than the thinner lower part. In more
detail, it emerges that the middle part is mostly formed
by catch-up sequences and, subordinately, by give-up se-
quences, building small-scale sequences XIII and XIV of
the medium-scale sequence E (Figure 10B,C); while, the
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upper part is entirely made up of give-up sequences build-
ing the small-scale sequence XV (not completely outcrop-
ping) of medium-scale sequence E (Figure 10C).

Consequently, it is inferred that the lower part of
the studied succession, corresponding to approximately
one-third of the total thickness, was deposited in about
1.5Myr, a time span covering over 80% of the time needed
to form the whole succession. In contrast, the middle and
upper parts of the studied succession, corresponding to
approximately two-third of the total thickness, were de-
posited in about 280kyr, a time span that covers less than
20% of the time needed to form the whole succession. This
apparent discrepancy may be easily explained by look-
ing at Figure 10. The first part of the succession consists
exclusively of base cutout catch-down sequences and by
amalgamated ones. This indicates that most of the time
was spent in subaerial exposure rather than carbonate
sedimentation. During this time interval, the accommo-
dation potential (i.e. the space available for potential sed-
iment accumulation—Jervey, 1988) on the platform was
becoming increasingly limited, allowing the deposition of
thin elementary sequences prone to early meteoric vadose
diagenesis (catch-down sequences), evolving upward to
amalgamated sequences. In contrast, the middle and the
upper parts are made up of thicker catch-up and give-up
sequences. This indicates that a significant portion of the
time needed to form these sequences was spent in carbon-
ate sedimentation during a time interval in which the ac-
commodation potential was becoming increasingly high,
allowing the deposition of catch-up elementary sequences
evolving upward to fully subtidal give-up sequences.

If relative sea-level changes control changes in accom-
modation space, sequence-stratigraphic concepts can be
applied to interpret the stacking pattern of aggrading per-
itidal sequences (Goldhammer et al., 1990; Strasser, 1994;
Strasser et al., 1999; Raspini, 2001; D'Argenio et al., 2008),
even though the application of this methodology in these
settings presents some limitations. First of all, typical ge-
ometries of marginal marine sequences (such as onlap,
downlap, offlap, toplap stratal relationships) do not de-
velop in peritidal settings, where systems tracts have an
aggradational architecture. Furthermore, peritidal suc-
cessions are punctuated by several discontinuities due to
periodic exposures, which may result in erosion or non-
deposition of some sequences (Goldhammer et al., 1990).
Consequently, identification of complete sequences and
systems tracts often is not possible. Nonetheless, long-
term transgressive and regressive facies trends can be
identified in the stacking pattern of high-frequency se-
quences that formed in time intervals corresponding
to the duration of third-order depositional sequences
(Montanez & Osleger, 1993; D'Argenio et al., 1997, 1999,
2004, 2008; Strasser et al., 2000). According to Montafiez

and Osleger (1993), sequence boundaries and transitions
between systems tracts on flat-topped platform may de-
velop as zones rather than distinct horizons because of the
effect of the higher-frequency sea-level signal superim-
posed on the long-term, third-order trend. Consequently,
sequence boundary and maximum-flooding zones are in-
dividuated, and between these zones transgressive and re-
gressive deposits, respectively, are recognised. Moreover,
according to Strasser et al. (2000), the cyclostratigraphic
interpretation of peritidal succession reveals that third-
order sequences may have formed in tune with the 400
kyr eccentricity cycle of Earth's orbit or multiples thereof.

The long-term relative sea-level curve in the stud-
ied succession is obtained by plotting the envelope of
high-frequency relative sea-level changes (Figure 11).
The slope of this curve varies along the succession and
reflects changes in accommodation space over time.
Specifically, if the slope of the curve decreases there is
a progressive loss of accommodation space on the plat-
form, until reaching zero accommodation when the curve
flattens. The lower part of the succession shows exactly
this type of evolution. The first interval, corresponding to
the outcropping thickness of the medium-scale sequence
A, consists of three distinct small-scale sequences com-
pletely made up of base cutout catch-down sequences.
According to the interpretation shown in Figure 11, it
was formed over about 300 kyr and is built by regres-
sive peritidal deposits that accumulate at the end of the
third-order highstand (late highstand deposits) when
accommodation space progressively shrinks and, conse-
quently, small-scale sequences become thinner and thin-
ner. At the same time, small-scale sequence boundaries
are well-marked subaerial exposure surfaces showing
increasing evidence of early meteoric vadose features
(Figures 3, 6 and 10A). The second interval lasts close to
400 kyr and corresponds to the medium-scale sequence
B. It is completely made up of condensed elementary se-
quences forming the first of the three brecciated intervals
(Figures 3, 4, 6 and 10A). This interval is bounded by a
well-cemented palaesol rich in black pebbles that is in-
terpreted as the most prominent evidence of prolonged
subaerial exposure (>100kyr long in Figures 10A and 11)
in the whole succession (Figure 6). Following the defi-
nition of Montafiez and Osleger (1993), it can be inter-
preted as a sequence-boundary zone since it was formed
in a period of significant loss of accommodation. These
deposits may also be described as the result of the forced
regression imposed by the high-frequency signal that
is superimposed on the third-order one (i.e. the falling
stage systems tract sensu Plint and Nummedal, 2000;
Coe et al., 2003). Therefore, in Figure 11 it is proposed to
call this interval as a sequence-boundary zone or falling-
stage deposit. In this context, even if some elementary
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FIGURE 11 Long-term relative sea-level curve plotted against
different types of elementary sequences. FS, falling stage; SB:
sequence boundary. For more explanation, refer to the text.

sequences were formed during high-frequency sea-level
rises, they were completely brecciated during subse-
quent prolonged subaerial exposure (see Figure 9A)
until reaching the condition of zero accommodation
(Figure 11). Above this interval the other two breccia lay-
ers occur separated from each other by a few base cutout
catch-up sequences (Figures 3, 10A and 11). This inter-
val lasts about 800 kyr, corresponding to the cumulative
duration of medium-scale sequences C and D and is here
interpreted as formed by lowstand deposits (Figure 11).
They represent the sedimentary accumulation that strad-
dles the lowest position of the relative sea-level curve.
Moreover, in contrast to the underlying interval, a small
recovery of accommodation space is recorded by the
preservation of a few elementary sequences (14-15 and
16-18 in Figures 3 and 10A) that formed during medium-
scale transgression. After the deposition of the last of the
three brecciated layers, the subsequent stacking pattern

of elementary sequence sets supports a rapid recovery
of the accommodation space on the platform marked by
the rapidly increased slope inclination of the long-term
curve (Figure 11). This interval lasted about 200 kyr and
is made up of catch-up sequences that become gradu-
ally thicker upward, passing to fully subtidal give-up se-
quences (see sequences 19-27 in Figures 3 and 10A,B,C).
This interval is thus interpreted as made by transgressive
deposits accumulated from the onset of the transgression
until the time of maximum transgression. This latter is
interpreted to correspond to the stacking pattern of the
thicker give-up sequences forming an about 4 m thick in-
terval at the top of the succession (see sequences 28-31
in Figures 3 and 10C). This interval, lasting about 80
kyr, is here interpreted to correspond to the maximum-
flooding zone.

5.3 | Sequence chronostratigraphy

Although the chronostratigraphic resolution of the
studied peritidal carbonates is not very precise as bi-
ostratigraphic data are based only on the stratigraphic
distribution of benthic foraminifers (Spalluto &
Caffau, 2010), a tentative correlation was already pro-
posed by Spalluto (2012) between the peritidal succession
cropping out in the northern Murge area and the main
long-term transgressive/regressive cycles published in the
sequence-chronostratigraphic chart for European basins
(Hardenbol et al., 1998). The sequence boundary zone
also described in the present study was correlated with the
Al 7 sequence boundary (102.12 Myr) of the chronostrati-
graphic chart, which marks the transition between the
middle and late Albian (Spalluto, 2012). This correlation
was supported by the last occurrence of early Albian taxa
in late highstand deposits of the studied succession and
by the first occurrence of late Albian primitive orbitolinid
assemblages in transgressive deposits above the sequence
boundary zone (see Section 4.2). According to Hardenbol
et al. (1998), this sequence boundary, recognised both
in Tethys and Boreal domains, marks the boundary be-
tween the Euhoplites lautus ammonite zone and the
Dipoloceras cristatum Ammonite Subzone in southern
Europe. This sequence boundary is also shown in the re-
vised eustatic curve of the Cretaceous (Haq, 2014) and
corresponds to KAl4 (107.5Myr; Figure 12). Comparing
the expected duration of the studied succession, based
on cyclostratigraphic and sequence stratigraphic inter-
pretation (Figures 10 and 11), with the one shown in the
eustatic curve (red curve in Figure 12), seems to suggest
a match. Specifically, the interval of time delimited by
the segment of the eustatic curve between the late high-
stand of the sequence below the K14 boundary and the
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FIGURE 12 Cretaceous Eustatic Cycle Chart simplified and redrawn from Haq (2014). Note that the short-term sea-level curve in
Haq (2014) corresponds to the third-order one. In the yellow rectangle the time span covered by the studied succession. Note that the red
highlighted line of the short-term sea-level curve may correspond to the third-order sea-level curve drawn in Figure 11.

maximum drowning of the sequence above is more than
1.5Myr, approaching the 1.8 Myr supposed in this paper.
Although this evidence cannot be considered conclusive,
pending the possibility of proposing a better chronostrati-
graphic resolution of the studied succession, the work-
ing hypothesis based on Milankovitch cycles may be still
considered reliable.

6 | CONCLUSIONS
The studied peritidal succession is a small piece of an
impressive 6-7km thick aggrading Mesozoic succession
formed in low-energy muddy tidal flats and lagoons de-
veloped in the interior part of the ACP. It reveals how
Cretaceous peritidal carbonates, developed along the ma-
ture passive margin of southern Tethys Ocean, may have
responded to sea-level oscillations of different amplitude
under greenhouse conditions.

This study, based on centimetre-scale facies details, al-
lows the following conclusions to be highlighted:

(i) Six main facies, formed in the low-energy internal sec-
tor of the ACP, have been identified. Periods of pro-
longed exposure were revealed by the deposition of
three layers of brecciated palaeosols, the presence of
which in the lower part of the studied succession tes-
tifies to an important interruption in shallow marine
carbonate sedimentation.

(i) The hierarchical stacking pattern of sequences in
beds and bedsets reveals a Milankovitch cyclic-
ity, even if the low chronostratigraphic resolution,
based only on benthic foraminifer biostratigraphy,
does not allow this hypothesis to be fully supported.

(i)

(iv)

Elementary sequences are assumed to represent the
precession cycle (ca 20kyr), and small and medium-
scale sequences the short (ca 100kyr) and long (ca
400kyr) eccentricity cycles, respectively.

The basic building blocks of the studied succession
are made up of four different types of elementary
sequences (condensed, catch-down, catch-up and
give up), which show specific facies organisations.
Furthermore, the different types of elementary se-
quences are not randomly distributed in the succes-
sion, but occur repetitively in specific stratigraphic
intervals. Based on the facies interpretation, el-
ementary sequences are interpreted in terms of
relative sea-level changes, and subsequently, the
relative sea-level curve of the entire succession was
reconstructed using a time step of 20 kyr (i.e. the
duration of the precession cycle), in order to show
how the accommodation space changed over time.
The envelope of the reconstructed relative sea-level
curve was used to represent the long-term (third
order) accommodation change on the platform
and is interpreted with a sequence stratigraphic
perspective. It emerges that the studied succes-
sion, 17m thick, was formed over approximately
1.8 Myr. Most of this time was spent in subaerial
exposure, as approximately 1.2 Myr was predicted
to be condensed in a stratigraphic interval less than
3m thick. This interval encompasses both the se-
quence boundary zone/falling stage deposits and
the lowstand deposits of the sequence lying above
the late highstand deposits, these latter formed
over about 300 kyr. The subsequent transgressive
deposits consist mostly of catch-up elementary se-
quences that pass upward to give-up elementary
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sequences. These latter are interpreted to represent
the maximum-flooding deposits. This transgressive
interval corresponds to about two-third of the total
thickness of the studied succession and was formed
in only 280 kyr.

(v) One of the main implications of this study is that
in peritidal successions the main unconformities
do not necessarily correspond to single surfaces
but, rather, to very condensed intervals or ‘uncon-
formity zones’ (i.e. the sum of sequence boundary
zone/falling stage deposits and lowstand deposits).
It is worth noting that the reduced thickness of the
unconformity zones cannot be resolved at seismic-
scale resolution, where they can be interpreted as
single surface sequence boundaries. Furthermore,
peritidal successions are mostly built during long-
term transgressions, when the rapid gain of accom-
modation space on the platform (i.e. the sum of
subsidence and long-term sea-level rise) creates the
optimal condition for the preservation of most of
high-frequency ‘beats’.

(vi)Based on published biostratigraphic data, the large-
scale sequence boundary zone of this study is cor-
related with the third-order KAl4 sequence boundary
of the Cretaceous eustatic cycle chart. This correla-
tion opens an interesting scenario to compare the
impact of eustatic sea-level changes in coeval strati-
graphic successions formed worldwide in different
palaeogeographical settings.
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