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ABSTRACT

We performed detailed geological and geomorphological
analyses on a series of marine terraces located around the city of Bari
(southern Italy). Absolute dating was obtained by applying amino
acid racemisation (AAR) to ostracod valves taken from deposits
lying on marine terraces. The combination of literature data, field
geological surveys, digital terrain model analysis, and absolute dating
allowed us to recognise and map: i) four terrace surfaces bordered
by four inner edges which date to MIS 7.5, 7.3, 7.1, and 5.5; and ii)
three terraced deposits, which date to MIS 7.5, 7.1, and 5.5. These
new data represent the first dated terraced deposits (older than MIS
5) of the coastal stretch of the Apulian foreland between Trani and
Taranto. Using inner edges of the terraces as palaeo sea level markers,
we calculate the mean uplift rates that characterised this portion of
the Apulian foreland from MIS 7.5, 7.3, 7.1, 5.5 to the present day;
these rates are 0.28, 0.255, 0.15 and 0.01 mm/y, respectively. These
new dated Pleistocene terraced deposits allow to refine the knowledge
on the chronology, the spatial extension and rate of the uplift and, in
general, on the Pleistocene geodynamics of the Apulian foreland.

KEYWORDS: inner edges, marine terraced deposits, amino acid
racemisation, Apulian foreland, MIS 7, MIS 5.5.

INTRODUCTION

The marine terrace deposits are widespread features
detected in the continental margins of the Mediterranean
coasts, which can be attributed to the interaction between
sea-level oscillations & vertical land movements (Bloom
1980; Murray-Wallace and Woodroffe, 2014; Grant et al.,
2014; Marra et al., 2019). The landforms of marine terraces
can be related to marine erosion effects or can consist of
shallow water to slightly emerged sediments redistributed
by shore erosional and depositional processes (Pirazzoli,
2005; Rovere et al., 2016). The study of these landforms
represents a useful tool for the assessment of the past sea-
level changes combined with the vertical land movements,
in which their current elevations provide an estimation of
the uplift or subsidence rates (Ferranti et al., 2006; Caputo
et al., 2010; Meschis et al., 2020).

The study area belongs, from a geological point of
view, to the Murge highland, located in the central part of
the Apulia region (southern Italy). Although the extensive
presence of marine terraces, sometimes covered by marine

deposits, has been documented throughout the Murge
highlands (Ciaranfi et al., 1992), chronological constraints
regarding them are very scarce.

In fact, there are many obstacles to the development of
a chronology of terrace formation in the area: i) dateable
material is rare; ii) outcropping deposits are scarce; iii)
the thickness of the deposits is generally very small. As
a result, to date, it has been impossible to build a well
constrained chronology of the terrace deposits linked to
glacio-eustatic oscillations; in other words, so far only very
few chronological data are available in the area. For this
reason, an in-depth study of the marine terrace deposits
was performed in the metropolitan area of Bari and, in
order to provide new insights for its morpho-topography
and chronology. The main goal of our study was to develop
a complete description of the marine terrace deposits
preserved in the surrounding of the city of Bari, including
the stratigraphy, ages, and palaeoenvironmental description.
In particular, we provide new chronological data based on
the Amino Acid Racemisation dating method and discuss
them together with the previous ages we obtained for the
Apulian foreland. Finally, a new assessment of the vertical
movements was performed by means of a comparison of
terrace positions and refined ages, which showed spatial
variations in rates and timing of uplift around the city of
Bari and in other sectors of the Apulian foreland.

GEOLOGICAL SETTING AND PREVIOUS RESEARCH

Murge highland formed as a large Mesozoic carbonate
platform and it is made up of a thick sequence of limestones
and dolomitic limestones, often karsified, represented
by the Calcare di Bari, (CBA; Servizio Geologico d’Italia,
2003) and the Calcare di Altamura (ALT, Azzaroli et al.,
1968b; Servizio Geologico d’Ttalia, 1968).

Its morphostructural features derive by regional
tectonics: a main system of NW-SE oriented normal faults
dissects the highland; as a result of a differential uplift, the
highland is gently sloping towards the Adriatic Sea, with
a sequence of terraces and scarps; instead, toward the
Bradanic Trough, the highland is steeply sloping.
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From a geodynamical point of view, this territory
belongs to the Apulian foreland, formed during the
Neogene in front of the Apennine chain (Fig. 1). In
particular, two geodynamic phases affected the Apulian
foreland during the Plio-Pleistocene (Ricchetti et al., 1992).
In the first phase, the westernmost sectors of the Apulian
Foreland underwent strong subsidence (Doglioni et al.,
1994) because of active subduction under the Apennine
chain. Thus, wide sectors of the foreland evolved into a
foredeep (Bradanic Trough). In this context, a Bradanic
Trough sedimentary cycle (Ricchetti et al., 1992; Tropeano
et al.,, 2002) began to accumulate with coastal deposits
belonging to the Calcarenite di Gravina unit (GRA,
Azzaroli, 1968; Iannone & Pieri, 1979), and culminated
in the silty clayey hemipelagic deposits belonging to the
Argille subappennine (ASP; Azzaroli et al., 1968a). In the
second geodynamic phase (from the middle Pleistocene),
the entire Apulian Foreland and Bradanic Trough were
uplifted (Ricchetti et al., 1992; Doglioni et al., 1994, 1996):
the regressive deposits of the Bradanic Trough cycle and/
or the marine and continental terraced deposits testify this
process (Ciaranfi et al., 1992). Global scale glacio-eustatic
sea level oscillations occurred together with this regional
uplift, which complicated the mechanism of regression.
The glacio-eustatic oscillations have also contributed to
the deepening of the karst valleys (locally called lame) that
characterise the Murgian karst plateau and of the incised
valleys recognised on the Apulian continental shelf (De
Santis & Caldara, 2016; De Santis et al., 2020a, 2020b;
Valenzano et al., 2018).

Bradanic Trough deposits
and terraced deposits

Apennine chain units

Calcareous deposits of
Apulia platform

Volcanoes

lonian sea
Gallipoli

100km

Fig. 1 - Simplified geological sketch of the Apulia region with main
geological domains of the southern Italy and location of the study
area.

Regarding the Quaternary terraced marine deposits in
the Apulia region, the most numerous and chronologically
constrained data are only those relating to Tavoliere di
Puglia plain (De Santis et al., 2010, 2013, 2014a), to Trani
cliff (Caldara et al., 2013; De Santis et al., 2014b), and to
Apulian Ionian coast between Taranto and the border with

Basilicata region, at the Bradano River’s mouth (Briickner,
1980; Boenzi et al., 1986; Zander et al., 2006; Amorosi et
al., 2014; De Santis et al., 2018, 2020c). Caldara et al. (2013)
and De Santis et al. (2014b) described, at the Trani cliff,
some Quaternary units, named by authors unit I, unit II,
and unit ITI. Unit I was dated to MIS 9 and is characterised
by the widespread presence of stromatolites. In particular,
the stromatolites of unit I are similar in type, shape and
sedimentary environment to the modern stromatolites in
Shark Bay (Australia). The water temperature and salinity
conditions under which the current stromatolites live
indicate that tropical/subtropical conditions were present
in the Mediterranean Sea during MIS 9. The numerical
ages of units II and III do not clearly permit to distinguish
the stages of sedimentation of the two units. Both units
relate to a timespan ranging from MIS 8.5 to MIS 7.1.

Along the coastal area from Taranto to the Bradano
River, De Santis et al. (2018, 2020c¢) recognised and mapped
three terraced deposits that date to MIS 7.3, MIS 7.1, and
MIS 5; Boenzi et al. (1986) recognised MIS 5.5 deposits
with Thetystrombus latus (sin.: Strombus bubonius) near
Castellaneta locality.

Specific researches on describing the terraced
deposits present in the Apulian coasts between Trani and
Taranto (Fig. 1), where Bari town fall, are very scarce.
Although several Quaternary terraced deposits have been
recognised in this long stretch of coast (Ciaranfi et al.,
1992; Mastronuzzi et al., 2011), no precise chronological
constraints have been obtained so far, with few exceptions.

The few data available along the Adriatic coast are
rare and mostly poorly constrained and refer exclusively
to marine terraces attributed to MIS 5.5. One indirect age
constrain is available at Santa Sabina locality, ca. 24 km
north of Brindisi, where a coastal deposit at about 3 m
a.s.l. overlies a colluvial deposit bearing Late Palaeolithic-
Mousterian flints and, thus, could be of MIS 5.5 age
(Mastronuzzi & Sanso, 2003). Geochronological data
constrained the occurrence of MIS 5 between Capo Santa
Maria di Leuca and Otranto at about 6 m a.s.l. (Ferranti et
al., 2006; Mastronuzzi et al., 2007; Sanso et al., 2015).

Along the Ionian coast between Taranto and Santa
Maria di Leuca, the chronological constraints are more
present, but always exclusively regarding the MIS 5.5:
deposits with T. latus have been recognised between
Taranto and Gallipoli ranging from 12 to 0 m a.s.l. (Hearty
& Dai Pra, 1992; Belluomini et al., 2002, Caldara et al.,
2003; Amorosi et al., 2014; Negri et al., 2015).

Specifically, for the area of city of Bari and its
surrounding, Pieri (1975) was the first to describe, in detail,
the outcropping units in the urban area of the city that
lie in transgression above CBA and/or GRA. He described,
from the earliest to the most recent, the following informal
units: 1) brackish deposits; 2) bioclastic deposits II; 3)
littoral ridge-bioclastic detrital deposits (two coeval units);
4) dune deposits. In particular, the informal unit 3 was
related to the elongated discontinuous ridge that crosses,
roughly in W-E direction, the city of Bari. In the absence
of absolute dating, the author attributed these units to a
generic Pleistocene; for the three most recent units, the
author went so far as to hypothesize the attribution to a
“generic Tyrrhenian” (MIS 5).

A recent impulse came from the realization of the
new geological sheet at 1: 50,000 scale, n. 438 “Bari” in
the frame of the CARG Project (Pieri et al., 2011; Servizio
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Geologico d'Ttalia, 2011); the use of the Unconformity-
Bounded Stratigraphic Units (UBSU; Salvador, 1987,
1994), accepted by the Italian Geological Survey, implied
the identification of synthems, which include continental
terraced deposits, marine terraced deposits, or both. Thus,
the authors recognised and described, among other, the
following synthems outcropping in the town of Bari and its
surroundings. The synthems represent many Quaternary
terraced deposits, have a thickness less than 10 m and
unconformably lie on CBA and/or GRA.

1) Carbonara Synthem (MUB). Silts and fine-grained
sands, with calcarenitic pebbles in the lower part, rich in
ostracods and fragments of characeans, alternating with
mudstones with small gastropods, bivalves, and rare benthic
foraminifers (rotalids). In the middle part the synthem
is made up of biopeloidal mudstones/wackestones, with
micritic intraclasts, benthic foraminifers and rare bioclastic
fragments. In the upper part thin beds of calcareous
fossiliferous sands alternate with some centimetres
thick bioclastic floatstones/rudstones containing benthic
foraminifers, brachiopods, echinoids, and gastropods.
Thickness: up to 10 m. Palaecoenvironmental interpretation:
from lagoon to offshore. Age: Middle-Late Pleistocene?

2) San Pasquale Synthem (MUQ). Well-laminated
silts with ostracodes and characean fragments with
intercalations of thin bedded nodular limestones showing
wackestone texture and fossils (ostracodes, characean
oogons and small gastropods) passing upward to well-sorted
sands showing well-rounded granules. Calcareous gravels
erosionally lie either on the sands or on the silts. Thickness:
about 5-6 m. Palaeoenvironmental interpretation: from
backshore to foreshore. Age: Late Pleistocene.

3) San Girolamo Synthem (MUI). Well cemented
and very porous calcarenites showing small-scale cross
lamination, unconformably lying on CBA and GRA. Helix
sp. is the only macrofossil found in this unit. Thickness:
about 6 m. Palacoenvironmental interpretation: backshore.
Age: Late Pleistocene.

METHODS

The research methods consisted first in collecting
all previous relevant geomorphological literature and
reviewing published maps of the marine terraces and
their deposits (Servizio Geologico d'Ttalia, 2011). Then,
we carried out a geomorphological analysis by using a 2x2
and 1x1 m cell width high resolution Digital Terrain Model
(DTM) extracted by high-resolution Light Detection and
Ranging (LiDAR) provided by “Ministero dell’Ambiente e
della Tutela del Territorio e del Mare”.

Field mapping analyses along with DTM analyses
allowed us to recognize (Fig. 2): i) prominent breaks
of slope defining inner edges; ii) terraced surfaces and
deposits.

There is general agreement that marine terraces are
generated mainly during sea-level highstands and that
their inner edges, which are located at the foot of the
slope along the inland border of the terrace, represent a
palaeoshoreline and indicate the maximum sea level during
the highstand (Briickner, 1983; Lajoie, 1986; Ferranti et
al. 2006). In hard rock, the inner edge appears as a step
between the former wave-cut platform and cliff. In soft
rock, it is covered by colluvial deposits and can hardly be

identified, because often consists simply in a knickpoint
in the topographic profile (De Santis et al., 2020c). In our
case, also in consideration of the small thicknesses of
colluvial deposits and soils verified during the field survey,
we have neglected it.

Dating was performed by applying amino acid
racemisation (AAR) to ostracod valves (Cyprideis torosa)
following the methods applied in our previous work on
marine and alluvial terraced deposits in the Apulia Region
(De Santis et al., 2010, 2013; Caldara et al., 2013; De Santis
et al., 2014a, b). For this purpose, 64 analytical samples
(tab.1, 34 column) from 13 beds (tab. 1, 1% column) at
4 localities (tab. 1, 2" column) were analysed in the
Biomolecular Stratigraphy Laboratory of the Polytechnical
University of Madrid.

Following the preparation protocol described by De
Santis et al. (2010; 2013), a certain number of translucent
ostracod valves were selected from each bed (analytical
samples); then, D/L ratio, that is, the ratio between the
dextrogyre and levogyre form, were calculated for aspartic
acid (Asp) and glutamic acid (Glu) of valves. For the dating
of the ostracod samples, we applied the age calculation
algorithms developed by Ortiz et al. (2004), which is based
on the concept that the D/L ratio of amino acids changes as
a function of time. The age of a single bed was the average
of the numerical ages obtained for the Asp and Glu D/L
values measured in their analytical samples.

For the vertical movement assessment, we compute
the uplift of dated terraced deposits by adding to their
present elevation the palaeo sea-level position of related
highstands from the sea level curve of Grant et al. (2014).
This curve, like all sea level curves, presents uncertainties:
the reported uncertainty on the sea level is +12 m. In
any case, we have referred to the probability maximum
for the Relative Sea Level (RSL) data (Grant et al. 2014,
Supplementary Data 1). Only for the MIS 5.5 highstand,
we did not refer exclusively to the sea level curve of Grant
et al. (2014), but also to some specific studies conducted
on the eustatic oscillations during that stage (Schellmann
& Radtke, 2004; Coyne et al., 2007; Dutton et al 2015 and
references therein). Grant et al. (2012; 2014) defined the
Relative Sea-Level (RSL) during the last interglacial (MIS
5.5) at 126-130 or 120-133 ky BP (95% confidence limits
to the maximum-probability RSL (RSL Pmax) and RSL
data points, respectively), peaked at about 6 m at 127-
129 or 126-132 ky BP (RSL Pmax and RSL data points,
respectively).

RESULTS
INNER EDGES AND TERRACED SURFACES

Our mapping identified four inner edges of as many
terraces, three of which characterised by the presence of
discontinuous terraced deposits (Fig. 2). From the higher
to the lower, they are:

i. inner edge 1; its height ranges from ca. +45 m a.s.l. in
the eastern sector, to ca. +58 m a. s. 1. in the central
sector, to ca. +53 m a.s.l. in the western sector (Figs. 2
and 3). This inner edge delimits the terraced surface 1.
On this terraced surface the Carbonara synthem (Pieri
et al., 2011) lies.
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TABLE 1

List of the sampled beds, outcrop localities, number of analytical samples for each bed, biochemical parameters (D/L
Asp, D/L Glu) and related absolute ages. Aspartic acid (Asp) and glutamic acid (Glu) D/L values refer to sampled
ostracod valves from the beds. For the provenance of the samples, see the Fig. 2 and stratigraphic sections (Figs. 4-6).
The reader is referred to the text for details on the analytical method.

Analytical Coordinates
Bed Locality D/L Asp D/L Glu Age (ky) (WGS_1984_UTM_
samples
Zone_33N
Parco verde 3 San E 652.542
TB12/4 Girolamo 5 0.365+0.020 0.128+0.020 126.0+24.3 N 4.555 556
. . E 658.001
TB2/1 Carbonara-via Fanelli 5 0.434+0.00 0.189+0.040 199.2+39.3 N 4.549 842
. . E 658.001
TB2/2 Carbonara-via Fanelli 5 0.452+0.00 0.167+0.018 196.6+38.2 N 4.549 842
. . E 657.958
TB2/3 Carbonara-via Fanelli 5 0.434+0.00 0.216+0.031 216.9+37.8 N 4.549 751
. ) E 657.958
TB3/1 Carbonara-via Fanelli 5 0.453+0.00 0.188+0.033 211.8+45.9 N 4.549 751
. . E 657.958
TB3/2 Carbonara-via Fanelli 4 0.422+0.015 0.176+0.035 186.3+25.7 N 4.549 751
. E 656.020
TB19/5 Asclepios IIT 5 0.416+0.046 0.192+0.043 194+54 N 4.553.107
. E 656.020
TB19/6 Asclepios TIT 5 0.388+0.00 0.201+0.000 186+28 N 4.553.107
Abandoned railway- E 655.959
TB20/3 villa Romanazzi 5 0.425+0.024 0.216+0.006 214+20 )
. N 4.553.175
Carducci
Abandoned railway- E 655.959
TB20/4 villa Romanazzi 5 0.378+0.016 0.222+0.049 195+56 )
. N 4.553.175
Carducci
Abandoned railway- E 655.959
TB20/5 villa Romanazzi 5 0.353+0.019 0.161+0.019 142422 )
. N 4.553.175
Carducci
Abandoned railway- E 656.046
TB21/2 villa Romanazzi 5 0.485+0.016 0.197+0.019 239+31 )
. N 4.553.273
Carducci
Abandoned railway- E 656.046
TB21/3 villa Romanazzi 5 0.447+0.017 0.183+0.031 206+33 .
. N 4.553.273
Carducci

ii.

iii.

iv.

inner edge 2; its height ranges from ca. +30 m a.s.l.
in the eastern sector, to ca. +29 m a.s.l. in the central
sector, to ca. +23 m a.s.l. in the western sector (figs. 2
and 3). This inner edge delimits the terraced surface 2.
On this terraced surface no deposits have been found.
Inner edge 3; its height rests at ca. +15 m a.s.l
in the eastern and central sectors, while it is not
distinguishable in the western sector (Figs. 2 and 3).
On this terraced surface the San Pasquale synthem
(Pieri et al., 2011) lies.

inner edge 4; its height ranges from ca. +6 m a.s.l. in
the eastern sector, to ca. +7.5 m a.s.l. in the central
sector, to ca. + 7 m a.s.l. in the western sector (Figs. 2
and 3). This inner edge delimits the terraced surface
3. On this terraced surface the San Girolamo synthem
(Pieri et al., 2011) lies.

TERRACED DEPOSITS
TB1 to TB4 Carbonara-via Fanelli

These stratigraphic sections (Fig. 4) are exposed
south of the city of Bari, near Fanelli road, in an area
between the southern outskirts of the city of Bari, the
Carbonara suburban neighborhood and the municipality
of Valenzano; all the outcrops consist of artificial sections
or foundation excavations. According to Pieri et al. (2011)
and Servizio Geologico d'Ttalia (2011), these stratigraphic
sections fall within the outcropping area of Carbonara
synthem.

In the TBI1(E 658.499; N 4.549.086) and TB4 (E
658.125; N 4.549.371) sections, the terraced deposits
unconformably lie on the GRA; the base is characterised
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Fig. 2 - Digital Terrain Model (DTM) of the metropolitan area of Bari. Inner edges (continuous black lines) with their identification numbers
(in white), terraced deposits (synthems; Servizio Geologico d’Ttalia, 2011), stratigraphic section studied, and the three topographic sections of
Fig. 3 are depicted. The blank areas are not covered by the airborne LiDAR.
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Fig. 3 - Topographic sections of the study area. In red inner edges and their elevation above present sea level are depicted.

by some erosional pockets scoured into the GRA and filled
by coarse sand and gravel; most of deposits instead is
mainly silty with lenses of coarse beige calcareous sands
and/or gravels made up of bioclasts, limestone fragments,
calcareous algae fragments. Upwards, coarse sands and/or
gravels alternate with thin levels of fine silty sand passing
gradually into tawny silt. The macrofauna is represented
by Ostrea sp., Chlamys varia, Chlamys sp., gastropods,
bryozoans, trochidae, echinoids. The microfauna is
represented by ostracods and benthic foraminifera.

In the TB2 (E 658.001; N 4.549.842 and TB3 (E 657.958;
N 4.549.751) sections, the substrate does not crop out; in
both outcrops the terrace deposit is made up of grey fine
sediments, from clay to silt, with caliche nodules, sometime

with cemented layers. The macrofauna is represented
by a rich assemblage of Cerastoderma glaucum, Abra
segmentum, Hydrobiidae, Teodoxus fluviatilis, Mytilaster
sp., Balanus sp., Characeae fragments. The microfauna
is represented by ostracods (mainly Cyprideis torosa) and
Ammonia sp.

The group of Carbonara-via Fanelli sections shows
deposits from marine environment, probably infralittoral
(TB1, TB4), to lagoonal (TB2, TB3) with a faunal
association representative of the euryhaline and eurytherm
lagoon biocoenosis (LEE sensu Péres, 1967). Based on
AAR dating of the ostracod valves, these sections yielded,
on the whole, ages between a minimum of 186.3+25.7 ky
and a maximum of 216.9+37.8 ky (tab.1).
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Fig. 4 - Stratigraphic sections TB1 to TB4, where the Carbonara synthem crops out. The legend is also valid for Figs. 5 and 6. Below: photo of
the TB1 section (A); arrows show the erosive contact between the substrate (Calcarenite di Gravina, GRA) and the Carbonara synthem, with
close up of the coarse-grained sediment at the base of the Carbonara synthem (B, C).

TB19 to TB21 Asclepios IlI-abandoned railway-villa Ro-
manazzi Carducci

These stratigraphic sections (Fig. 5) are exposed
within the city of Bari. TB19 (E 656.020; N 4.553.107)
consists in an excavation for the foundation of a
new hospital pavilion (Asclepios III) within the
Polyclinic of Bari, while the nearby TB20 (E 655.959;
N 4.553.175) and TB21 (E 656.046; N 4.553.273) are
artificial walls that delimit an abandoned section of a

railway, between Villa Romanazzi Carducci Hotel and
the Music Conservatory. The section TB21 had already
been described by Pieri (1975) and Pieri et al (2011).

All these three outcrops consist of artificial sections and
fall within the outcropping area of San Pasquale synthem
according to Pieri et al. (2011) and Servizio Geologico
d’Ttalia (2011).

Overall, these three close outcrops, together with other
small outcrops in the vicinity, allow us to reconstruct the
following stratigraphic succession.
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The lower unit, from a few decimeters to ca. 2 m thick,
is made up of laminated silts rich in Hydrobiidae and
Helicidae and small gastropods; among the microfauna,
ostracods and remains of Characeae are abundant, to
which Elphidium spp. and Amumonia spp. are added.
Towards the top, the silty unit passes continuously and
rapidly to the sandy unit, 1.5-2 m thick; this unit is made
up of well-classed sands, with rounded granules, lacking
in matrix and with a great abundance of ferro-magnesian
minerals likely sourced by the Vulture volcano, brought
to the Adriatic Sea by the Ofanto river and carried by the
littoral drift which, although over time has undergone
reversals (De Santis & Caldara, 2015), at the time of the

deposition of the San Pasquale synthem, moved from NW
to SE along the Adriatic coast of Apulia, similar to what
happens today.

The sandy unit shows subparallel layers, with a weak
landward inclination. Both the silty unit and the sandy
unit are affected for almost their entire thickness by soft-
sediment deformation structures such as load-casts and
ball and pillows, with irregular shapes, often subspherical
(Moretti & Tropeano, 1996; Moretti et al. 2016). In addition,
at the interface between the two units, there are nodules of
whitish calcareous crust. More seaward from previously
described sections, near Music Conservatory of Bari (E
655.949; N 4.553.312), a gravelly-sandy deposit, about one

C e Ty )

Fig. 5 - Photo and stratigraphic section of TB21, where San Pasquale synthem crops out.
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metre thick, lies in erosive contact above the sandy unit;
the erosion surface is inclined towards the sea and cuts
the underlying sediments up to the Cretaceous substrate.
The gravel layers are made up of well-rounded discoidal
limestone pebbles.

From an environmental point of view, the silty deposit
is referable to a lagoon environment. The overlying sandy
unit is attributable to aeolian deposition, in accordance
with what has already been reported in Pieri et al. (2011).
The overlapping aeolian sands on the lagoon deposits
suggest a coastal depositional system migrating landwards.
The gravel unit, due to its textural, grain size and geometric
characteristics, can be referred to a shore environment.

Based on AAR dating of the ostracod valves, these
sections yielded, on the whole, ages between a minimum
of 142+22 ky and a maximum of 239+31 ky (tab. 1).

TB12 Parco verde 3 San Girolamo

This stratigraphic section (Fig. 6; E 652.542; N
4.555.556) has been measured at a foundation excavation
exposed in the San Girolamo district of Bari. According to
Pieri et al. (2011) and Servizio Geologico d'Ttalia (2011),
this stratigraphic section falls within the outcropping area
of San Girolamo synthem.

The substrate does not crop out; thus, the section shows
terrace deposit only. Starting from the bottom and moving
up, they are calcareous silts to fine whitish calcareous
sands with a cemented layer on the top. The macrofauna
is represented by Ditrupa sp., Chlamys varia, Nucula sp.,
Nuculana commutata, Timoclea ovata, Anomia sp., moulds
of indeterminable molluscs, bryozoans, calcareous algae,
echinoids fragments. The microfauna is represented by
rare ostracods and benthic foraminifera. In abrupt contact
with the above-described unit, there is a second unit made
up of brownish silts; toward the top, they merge into a
brown-reddish palaeosol; the contact between the silts
and the soil is marked by a discontinuous cemented layer.
The macrofauna is present only in the silts and it consists
of Cerastoderma glaucum, moulds of Hydrobiidae, and
fragments of Balanus sp. The microfauna is abundant and
oligotypic and constituted by ostracods and rare Ammonia
sp.

The third unit lies on the palaeosol and consists of
mixed calcareous siliciclastic sands, sometimes cemented,
with granules frosted and well rounded. The macrofauna
is represented only by internal moulds of pulmonate
gastropods, while no microfauna is present. Remarkably,
the contact surface between the palaeosol and the overlying
sands is very undulate, with vertical interdigitations of
sands into palaeosol and vice versa.

The Parco Verde 3 section shows deposits from
marine environment, probably infralittoral, to lagoonal,
to continental. The contact between the palaeosol and
the overlaying sands is very undulate and not erosive;
rather, it appears due to bioturbations, perhaps by roots.
In addition, the grains of the uppermost sandy unit
appear frosted and rounded: all these elements led us to
conclude that the uppermost unit was formed as a coastal
dune deposit, which covered (not erosively) a soil of the
retrodunal environment; then, bioturbation occurred that
created the interdigitations between the soil and the sands.

Based on AAR dating of the ostracod valves, this section
yielded an age of 126 +24.3 ky (Tab. 1).

.| ATB12/5
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Fig. 6 - Stratigraphic section of TB12, where the San Girolamo
synthem crops out. A: photo of the TB12 section showing the different
lithological units described; B: close-up of the contact surface between
the palaeosol and the overlying sands.

DISCUSSION
GENERAL FRAMEWORK

The combination of the field geological survey, DTM
analysis, absolute dating and literature data allowed us to
recognise four inner edges which border as many terraced
surfaces sloping slightly seaward, on which three terraced
deposits lie. These latter correspond, from higher to lower
to Carbonara, San Pasquale, and San Girolamo synthems
(Pieri et al., 2011; Servizio Geologico dTtalia, 2011). Both
inner edges and corresponding platforms were incised on a
substrate (CBA or GRA) much older than the terracing phase.

The only date obtained for the San Girolamo synthem
(Tab. 1) indicates MIS 5.5 (Fig. 7), which we also attribute
to both terraced surface 4 and corresponding inner edge
4. The dates obtained for San Pasquale and Carbonara
synthems (tab. 1) indicate the range MIS 7.1-7.5 (Fig. 7) but
they do not permit to differentiate between the substages
of MIS 7; the experience gained with the racemization of
amino acids (De Santis et al, 2010, 2013), in fact, shows
that, with the AAR dating method, it is necessary to
consider the age populations, and no single ages. However,
on the basis of their respective elevation above the present
sea level, we concluded that: i) Carbonara synthem,
terraced surface 1 and inner edge 1 are attributable to MIS
7.5; ii) both terraced surface 2 (lacking in deposits) and
corresponding inner edge 2 are attributable to MIS 7.3; iii)
San Pasquale synthem, terraced surface 3 and inner edge 3
are attributable to MIS 7.1.
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Two remarkable geomorphological considerations:

i. according to our reconstruction, the terraced surface 1,
that hosts the Carbonara synthem (MIS 7.5), appears
more raised in central and the western sector of the
study area, than the eastern sector (Fig. 3);

ii. the inner edge of the terraced surface 4, that hosts the
San Girolamo synthem (MIS 5.5), coincides with the
base of the northern slope of the discontinuous ridge
stretched in the W-E direction which represents the San
Pasquale synthem (Pieri, 1975). In our interpretation,
the presence of this ridge, dating back to MIS 7.1, played
an active role in determining the local inner limit of the
subsequent Tyrrhenian transgression, which formed its
inner edge partly eroding the foot of the San Girolamo
synthem ridge. This role of the coastal ridges formed
during previous highstand in influencing the position
of the shorelines of subsequent highstands has already
been observed on the Apulian Ionian side between
Taranto and the border with Basilicata (De Santis et
al., 2020c).

TB3/2
TB3/1

TB2/3
TB2/2

TB12/4

TB2/1

— I | I I
£ 50 100 150 200 250 300
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o

Fig. 7 - Numerical ages obtained with the AAR dating method applied
to ostracod valves. Cyan: Carbonara synthem; pink: San Pasquale
synthem; red: San Girolamo synthem. Each age reports the mean
value and its standard deviation. The ages are plotted on the sea level
curve of Grant et al. (2014) (dark grey band: 95% probability interval
for the probability maximum).

VERTICAL MOVEMENTS

When assessing vertical movements based on
marine terraces, the inner edge, which is considered a
palacoshoreline, is generally a crucial element (Lajoie,

1986). The assumption that the inner edge of the terrace
coincides with the palaeoshoreline of the highstand that
generated the terrace itself becomes more precise when
more palaeoshoreline is etched into the substrate on
which the deposit lies, instead of simply coinciding with
the knickpoint between the upper surface of the terraced
deposit and the slope bordering the terrace towards the
inland (Carobene, 1980; De Santis et al., 2018). In our
case, although the inner edges of all terraces are not
etched into the substrate on which the deposit lies, we
can easily consider the inner edge as very approaching the
palaeoshoreline due to the negligible thickness of the soil
coverage.

The palaeoshoreline of inner edge 4, referable to
terraced surface 4, which hosts the san Girolamo synthem,
dates back to MIS 5.5 highstand. Inner edge 4 extends at
an elevation ranging from ca. +6 m a.s.l. in the eastern
sector, to ca. +7.5 m a.s 1. in the central sector, to ca. +7 m
a.s.l. in the western sector (Fig. 3). To calculate the uplift
rate, we consider the age of 126 ka BP (tab.1) for this inner
edge. In addition, we consider a MIS 5.5 highstand at ca.
+6 m, because it is the most common value according to a
specific literature on the sea level of this stage (Schellmann
& Radtke, 2004; Coyne et al., 2007; Dutton et al., 2015 and
references therein). In addition, a sea level peak at + 6 m
during MIS 5.5 is also reported by Grant et al. (2012; 2014).
Thus, the MIS 5.5 palaeoshoreline would have undergone
an uplift ranging between ca. 0 m in the east sector, 1.5 m
in the central sector and 1 m in the west sector of the study
area. As a consequence, the estimated mean uplift rates
between MIS 5.5 and present day are 0 mm/y in the eastern
sector, and 0.01 mm/y in the central and western sectors
(Fig. 8). The mean uplift rate for the whole inner edge MIS
5.5 terrace is 0.01 mm/y, without remarkable differences
between the three sectors of the study area.

The palaecoshoreline of inner edge 3, referable to
terraced surface 3 which hosts the San Pasquale synthem,
dates back to MIS 7.1 highstand. Inner edge 3 rests at a
height of ca. +15 m a.s.l. in the eastern and central sectors,
while it is not distinguishable in the western sector (Figs. 2
and 3). To calculate the uplift rate, we consider the age
of this inner edge at ca. 197 ky BP (Grant et al., 2014). In
addition, we assume a 7.1 highstand at ca. -14 (Grant et
al., 2014). Thus, the MIS 7.1 palaecoshoreline would have
experienced an uplift of ca. 29 m in the eastern and central
sector of the study area, respectively. As a consequence, the
estimated mean uplift rate between MIS 7.1 and present
day is around ca. 0.15 mm/y both in the eastern and central
sectors of the study area (Fig. 8).

The palaeoshoreline of inner edge 2, referable to
terraced surface 2 which lack of deposits, dates back to MIS
7.3 highstand. Inner edge 2 extends at an elevation ranging
from ca. +30 m a.s.]. in the eastern sector, to ca. +29 m a.s.l.
in the central sector, to ca. +23 m a.s.l. in the western sector
(Fig. 3). To calculate the uplift rate, we consider the age of
this inner edge at ca. 215 ky BP (Grant et al., 2014). In
addition, we assume a 7.3 highstand at ca. -29 m (Grant et
al., 2014). Thus, the MIS 7.3 palaeoshoreline would have
experienced an uplift of ca. 59, 58, and 52 m in the eastern,
central, and western sector of the study area, respectively.
As a consequence, the estimated mean uplift rates between
MIS 7.3 and present day are around ca. 0.27 mm/y in
the eastern and central sector, and ca. 0.24 mm/y in the
western sector (Fig. 8). The mean uplift rate for the whole
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inner edge of the MIS 7.3 terrace is 0.255 mm/y, without
remarkable differences between the three sectors of the
study area.

The palaeoshoreline of inner edge 1, referable to
terraced surface 1, which hosts the Carbonara synthem,
dates back to MIS 7.5 highstand. Inner edge 1 extends at
an elevation ranging from ca. +45 m a.s.l. in the eastern
sector, to ca. +58 m a. s. 1. in the central sector, to ca. +53
m a.s.l. in the western sector (Fig. 3). To calculate the
uplift rate, we consider the age of this inner edge at ca.
240 ka BP (Grant et al., 2014). In addition, we assume a
7.5 highstand at ca. -16 m (Grant et al., 2014). Thus, the
MIS 7.5 palaeoshoreline would have experienced an uplift
of ca. 61, 74, and 69 m in the eastern, central and western
sector of the study area, respectively. As a consequence, the
estimated mean uplift rates between MIS 7.5 and present
day are ca. 0.25, 0.31, and 0.29 mm/y in the eastern, central
and western sector of the study area, respectively (Fig. 8).
The mean uplift rate for the whole inner edge of the MIS
7.5 terrace is 0.28 mm/y, with a more remarkable difference
between eastern and central-western sector.

COMPARISON OF VERTICAL MOVEMENTS AND CONCLUDING
REMARKS

The new chronological constraints presented in this
work, which are also the first obtained for the central-
southern Apulian Adriatic sector, make it possible to update
and enrich the framework of the vertical movements of the
Apulian foreland in the middle and late Pleistocene. The
uplift rates relating to MIS 7 terraces calculated in our
previous works result slightly revised on the basis of the

Grant et al. (2014) sea level curve, for consistency with the
new uplift rates presented in this article.

In the Apulian sector of Gulf of Taranto (De Santis
et al., 2018), mean uplift rates between MIS 5.5 and the
present day decrease from ca. 0.39, to ca. 0.35, to ca. 0.26
mm/y passing from the western, to the central, to the
eastern sector, respectively (Fig. 9). The mean uplift rate
between MIS 7.1 and the present day has been calculated
only for the central sector, resulting in a rate of 0.38 mm/y
(Fig. 9). The mean uplift rates between MIS 7.3 and the
present day decrease from ca. 0.69, to ca. 0.53, to ca. 0.43
mm/y passing from the western, via the central, to the
eastern sector, respectively (Fig. 9).

In the Tavoliere di Puglia plain (De Santis et al., 2010),
MIS 5.5 deposits are present below the present sea level
in the central coastal stretch of the plain; the calculated
subsidence rate, from MIS 5.5 to the present day, is ca. -0.21
mm/y. Also, some dated layers of MIS 7.1 and MIS 7.3 have
been intercepted in two different boreholes in the seaward
part of the plain, at -68 m (Pt8 borehole) and -32 m (MM4
borehole), respectively. From the data and chronological
constraints published in De Santis et al. (2010) and
assuming the ages of MIS 7.1 and 7.3 highstands defined
by Grant et al. (2014), it is possible to estimate subsidence
rates of ca. 0.27 mm/y from MIS 7.1 and the present day,
and of ca. 0.01 mm/y from MIS 7.3 and the present day
(Fig. 9). In this case, the high difference in the subsidence
is probably due to the fact that the MIS 7.1 dated level in
Pt8 borehole and the MIS 7.3 dated level in MM4 borehole
are located respectively in the hanging wall and foot wall of
a buried normal fault (Caldara et al., in press).

At the Trani cliff (Caldara et al., 2013; De Santis et al.,
2014b), units II and III relate to a timespan ranging from
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Fig. 8 - Vertical uplift for each inner edge recognised in our study area. Each segment joins the present inner edge elevation (vertical axis) with
the highstand of its formation (according to sea level curve of Grant et al. (2014)); for each inner edge the elevations and related uplift rates are
reported in the three sectors (red: eastern sector; cyan: central sector; green: western sector).
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Taranto Gulf

Adriatic Sea

lonian Sea

Brindisi

Fig. 9 — Overview of mean uplift/subsidence rates (in mm/y) calculated so far in this and our previous studies for middle-Late Pleistocene marine
terraced deposits of the Apulia region; from N to S: Tavoliere di Puglia sites (MM4 borehole, Pt8 borehole, central coastal stretch), Trani cliff,
Bari town, Ionian coast between Taranto and the border with Basilicata. Red: MIS 5.5; pink: MIS 7.1; grey: MIS 7.3; cyan: MIS 7.5.

MIS 8.5 to MIS 7.1, while MIS 5 deposits do not crop out,
having been completely eroded. The uppermost part of unit
ITI, the highest in the Trani cliff, is made up of lagoonal
calcisiltite containing Abra segmentum and Cerastoderma
glaucum, whose base today is at ca. +8 m a.s.l. Thus, if we
assume that this uppermost part dates back to MIS 7.1 and
that Cerastoderma glaucum generally lives up to a maximum
depth of -2 m (Gravina et al., 1989; Vacchi et al. 2016; Quarta
et al. 2019), then a MIS 7.1 highstand at ca. -14 m dating
back to 197 ka BP (Grant et al., 2014) implies an uplift of ca.
24 m of the base of uppermost part of unit III, with a mean
rate of 0.12 mm/y between MIS 7.1 and today (Fig. 9).
Putting together the data collected so far by us on the
vertical movements of the Apulian foreland, it results that:

i. the area of the Tavoliere di Puglia plain appears in
subsidence throughout the MIS 7 and MIS 5, with
increasing rates towards the central part of the coastal
strip of the plain (Fig. 9).

ii. the Murge area experienced an uplift for the entire
MIS7, with decreasing rates passing from MIS 7.5 to
MIS 7.1. This uplift seems to have stopped since MIS5
(Fig. 9). In particular, the data of this work show how,
just at the height of the city of Bari, there is an abrupt
transition between a domain to the east of the city,
characterised by slower uplift rates during MIS 7, and
a domain to the west of the city with higher uplift rates,
again during MIS 7. The stop of the uplift, starting
from MIS 5.5, instead affected both sectors.

iii. The area of the Ionian coast between Taranto and the
border with Basilicata appears in constant uplift from
MIS 7 onwards, with decreasing rates in space from W
to E and over time from MIS 7 to MIS 5.5 (Fig. 9), as
already stated by Briickner (1980).

The uplift of the terraces we recognised at the Trani cliff,
in the Bari area and Gulf of Taranto occurs at a time when
the shortening in the Apennines and the frontal blind thrust
had just been de-activated (Cinque et al., 1993; Patacca &
Scandone, 2001, 2004). In fact, this deactivation occurs in
the middle Pleistocene at approximately 0.65 Ma (Patacca
& Scandone, 2001, 2004) and falls within the change in
the deformation style in the southern Apennine, which has
been widely recognised during the middle Pleistocene, from
dominantly thrust tectonics to a widespread regional uplift
(Bordoni & Valensise, 1999; Schiattarella et al., 2017).

Thus, the uplift of the terraces reconstructed in
this work is related to the more generalised uplift that
characterised the chain, foredeep and Apulian foreland
starting from middle Pleistocene, the so called Ionian bulge
(Ferranti et al., 2006). This large-scale topographic bulge,
recorded by uplift and deformation of the MIS 5.5 terrace,
is centred in Calabria and NE Sicily, and progressively
vanishes towards Apulia region to the north and Hyblean
Plateau to the south (Westaway, 1993; Ferranti et al., 2006;
Faccenna et al., 2011).

The cause of the Ionian bulge is at present still a matter
of debate. One hypothesis suggests that the acceleration of
uplift in the Apennines occurred as lithospheric rebound
in response to the break-up of the underlying slab (e.g.,
Cinque et al., 1993; Westaway, 1993). Some authors (e.g.,
D’Agostino et al.,, 2001; Lavecchia et al., 2003) suggest
that mantle upwelling is occurring under the Apennines
belt and that it could be responsible for the observed
Quaternary volcanism and coeval occurrence of uplift and
crustal extension. Faccenna et al. (2007, 2014) infer that
a large fraction of the Apennines topography is related to
dynamic mantle upwelling, in turn related to the formation
and enlargement of a slab windows below the southern-
central Apennines starting in the early Pleistocene.
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Our data do not allow to add anything to the debate on
the cause of the Tonian bulge, but allow us to confirm that,
whatever the mechanism that triggered the so-called Ionian
bulge, it is wearing off, at least in the Apulian foreland.
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