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This paper presents a detailed description of the stratigraphic architecture of the Late Pleistocene/Holocene
Tiber delta succession in order to document the passage from wave-dominated estuary to wave-dominated
delta in the broader context of Late Quaternary sea level fluctuations.

This succession constitutes a sequence-stratigraphic unit known as Tiber Depositional Sequence (TDS), which
was deposited during the last glacial-interglacial cycle (last 120 ka). Our study is based on the examination
of an enormous amount of data derived from the stratigraphy of about 300 wells, petrographical and paleon-
tological data (foraminifera, ostracoda, pollen, and plant macrofossils), '4C dating, and from the integration of
geomorphological and geoarcheological data. Recently a 100 m deep core (Pesce Luna well) was studied
through a multidisciplinary approach and a detailed description of sedimentary facies, foraminifer and ostra-
cod assemblages, pollen and '“C dating is presented in this paper. The new data allowed to produce three
new correlation panels and to describe in more detail, with respect to previous interpretations, the
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Pollen . stratigraphic-depositional architecture of the TDS, which internally shows the preservation of sediment de-
2‘;2; (rjneaigofossﬂs posited during the early and late lowstand, the transgressive and the highstand systems tracts. Alluvial and

coastal depositional systems characterize the early lowstand phase of the TDS, which developed during the
eustatic sea-level fall between about 120 and 30-26 yr BP. During the late lowstand phase, which is charac-
terized by stillstand and slow eustatic sea-level rise a prograding delta and an aggrading incised-valley fluvial
fill developed. The Tiber incised valley was transformed into a wave-dominated estuary during the transgres-
sive phase (TST), whereas a coastal-shelf sedimentation took place during the subsequent highstand phase
(HST). This study confirms the lithofacies distribution resulting from transgression and infilling of the
wave-dominated estuaries, but also shows how the transition to a wave-dominated delta, prograding at
the time of sea-level highstand occurred. Changes in sediment input, climatic variations and, more recently,
human activities played a major role in the development of the Tiber delta during the last 20,000 yr BP. In the
last 3000 years a relationship between progradational phases of the delta and flood events of the Tiber river
has been highlighted, suggesting also the formation and merging of barrier-spits to the mainland.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

In the recent decades, the late Quaternary deposits of the Mediterra-
nean area have received much attention, thanks to the detailed investi-
gations that have interested the deltaic and coastal plain successions,
occurring mostly in subsurface and rarely in outcrop along the margins
of this basin (see Coutellier and Stanley, 1987; Sestini, 1989; for the Nile
delta; Oomkens, 1970; Boyer et al., 2005; Labaune et al., 2005 for the
Rhone delta; Somoza et al., 1998; Hernandez-Molina et al., 2000, for
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the Ebro delta; Ercilla et al., 1994; Hernandez-Molina et al., 1996 for
the Alboran Sea). In Italy many of these studies have focused on several
aspects regarding depositional setting, climatic evolution and sequence-
stratigraphic interpretation of the successions occurring along the
coastal plain of the Tyrrhenian Sea (see Carboni et al., 2002; Bellotti
et al,, 2004; Aguzzi et al., 2007; Amorosi et al.,, 2011, for the Tuscany
coastal plain; Bellotti et al, 1994, 1995; Amorosi and Milli, 2001;
Giraudi et al., 2009, for the Tiber coastal plain; Barra et al, 1992;
Ortolani and Pagliuca, 1999, for the Campania coastal plain) and of the
Adriatic Sea, in particular the Po plain (see Amorosi and Milli, 2001;
Amorosi et al., 2003, 2004; Amorosi and Colalongo, 2005). All these
coastal plain and deltaic successions show strong similarities in terms
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of stratigraphic architecture and evolution and this suggests, beyond
local factors, that glacio-eustatic sea-level fluctuations related to Qua-
ternary global climatic changes exerted a major control on sedimenta-
tion through the variation of accommodation space and base-level
changes. Other factors, such as tectonics (uplift and subsidence), acted
on a different scale, although their effects, taking into account the inves-
tigated time interval, can be considered negligible; in some cases it is
possible, to evaluate the effects of local subsidence as an expression of
sediment compaction and loading.

The main aim of this study is to document the change in deposi-
tional architecture of a Late Quaternary coastal system evolving
from a wave-dominated estuary to a wave-dominated delta in re-
sponse to relative sea-level fluctuations.

The Late Quaternary Tiber River deltaic succession (Tiber Deposi-
tional Sequence, TDS) records this change within its stratigraphic ar-
chitecture, which has been reconstructed through the examination of
a huge amount of data essentially derived from i) stratigraphy of
about 300 wells, ii) petrographical, micropaleontological data (fora-
minifera, ostracoda and pollen analyses), iii) '“C dating, and iv) inte-
gration of geomorphological and geoarcheological data (Belluomini et
al., 1986; Bellotti et al., 1994, 1995, 2007, 2009, 2011; Chiocci and
Milli, 1995; Giraudi et al,, 2009; Di Rita et al., 2010; Di Bella et al,,
2011). Recently a new borehole (Pesce Luna well, 100 m deep) was
drilled during the survey of the sheet 386 Fiumicino of the Geological
Map of Italy (1:50,000 scale). Samples of the sediment core allowed
detailed biostratigraphical, sedimentological, pollen and plant macro-
fossil analyses, supported by '“C dating.

The importance of this paper lies in the possibility of showing the
sedimentary variability characterizing the Tiber deltaic succession,
through integration of data sets that include the combined sedimento-
logic and micropaleontological (planktonic and benthic foraminifers,
ostracods, pollen) study of several wells and cores. This data set also
provides an example of evolution from continental to marine environ-
ments, which can be compared with other sedimentary successions de-
veloped, in the Mediterranean area, and in particular along margins of
the Italian peninsula during the same interval of time.

Additional contributions of this paper are: 1) to highlight the
stratigraphic relationships and stratal terminations observed through
closely spaced well-log data sets, as well as to describe the physical
characteristics of a high-frequency sequence, its systems tracts and
associated surfaces; 2) to assess the mechanism of beach ridge accre-
tion that developed during the highstand phase, which emphasizes
the close interaction between flood events transporting large volume
of sediment to subaqueous delta and the waves.

2. Geological and stratigraphic setting

The Tiber delta is located along the eastern margin of the Tyrrhenian
Basin (Fig. 1), the youngest back-arc basin of the Mediterranean, devel-
oped since the Miocene as a consequence of rifting and back-arc exten-
sion related to the west-directed Apennines subduction (Scandone,
1980; Malinverno and Ryan, 1986; Savelli, 2002; Doglioni et al., 2004).

Along the Latium Tyrrhenian margin, the extensional tectonics
characterizing this basin gave rise to the formation of half-graben ba-
sins, mainly oriented NNW-SSE/NW-SE, and subordinately NE-SW,
which were filled with syn- and post-rift clastic sediments during
the Pliocene and Pleistocene (Funiciello et al., 1976; Mariani and
Prato, 1988; Barberi et al., 1994 and references therein) (Fig. 1b).

The Roman Basin, where the late Quaternary Tiber succession devel-
oped, is located in the central sector of Latium and extends north and
south of Tiber River for about 135 km. The development of this basin
started in the Late Pliocene and was accompanied by a continuous re-
gional tectonic uplift (Milli, 1997; Bordoni and Valensise, 1998;
Giordano et al., 2003), and by an intense volcanic activity, reaching a cli-
max in the Middle-Upper Pleistocene, when the volcanic complexes of

the Roman Magmatic Province developed (Locardi et al., 1976; Cioni
et al,, 1993; De Rita et al., 1993, 1995; Karner et al., 2001).

The stratigraphic framework of the Roman Basin is the result of
the close interaction between tectonic uplift, volcanic activity and
glacio-eustatic sea-level fluctuations which are also related to the
Quaternary climatic changes (De Rita et al., 1994, 2002; Milli, 1994,
1997; Marra et al., 1998; Giordano et al., 2003; Milli et al., 2008).
The stratal architecture of the basin is characterized by several depo-
sitional units constituting high-frequency depositional sequences
with a duration variable from 30,000 yr to 120,000 yr (4th-order),
stacked to form two composite 3rd-order sequences (sensu
Mitchum and Van Wagoner, 1991), the Monte Mario Sequence
(MMS; Lower Pleistocene) and the Ponte Galeria Sequence (PGS;
Late Lower Pleistocene-Holocene), respectively (Milli, 1997; Milli
and Palombo, 2011 with references therein) (Figs. 2 and 3). The
MMS deposits crop out in the study area with a limited extension,
and are essentially known through the stratigraphies of several
wells. Such deposits are represented by coastal and transition-shelf de-
positional systems, developing during the Late Lowstand and Transgres-
sive Systems tracts of MMS. The PGS strata are well-exposed. They
contain fluvial, fluvio-lacustrine, barrier island-lagoon, and transition-
shelf depositional systems, organised to constitute the lowstand (LST),
the transgressive (TST), and the highstand (HST) systems tracts of the
PGS (Fig. 3). Volcaniclastic deposits, belonging to the Albani and Sabatini
volcanic complexes, are interfingered with these sediments and com-
monly constitute the filling of incised valleys.

In the studied area the PGS (from 10 to 110 m thick) lies above the
shelfal mud sediments of the MMS through a polygenic erosional sur-
face, formed during the sea-level fall characterizing the interval time
between the MIS 31 and 27 (Fig. 2). This composite sequence consists
of twelve 4th-order sequences (from 5 to 80 m thick) the boundaries
of which are expressed by sharp erosional surfaces, recording basin-
and downward shifts of facies, subaerial exposure and paleosoils in
the interfluvial areas. The first and, four oldest 4th-order sequences
(from PGO1 to part of PG1) stack to form the late LST, which developed
during a period of stillstand and slow relative sea-level rise producing a
series of prograding and aggrading wedges-shaped high-frequency
units. Sequences from PG1 to part of PG8 are referable to the TST,
while the sequence PG9 (the Tiber Depositional Sequence, TDS) devel-
oped entirely during the HST (Fig. 2) (Milli and Palombo, 2011 Milli et
al., in progress).

The stacking pattern of PGS shows a general trend characterized by a
seaward stack of the fourth-order depositional sequences. This trend is
opposite to the trend that PGS would display if controlled by glacio-
eustasy alone. In this case, the equilibrium point of each fourth-order
sequence should migrate progressively landward, confirming the
trend visible on the eustatic curve (Haq et al., 1988; Hardenbol et al.,
1998).

Consequently, the present setting of PGS is thought to be con-
trolled by regional tectonic uplift, which forced the seaward
migration of the fourth-order sequence equilibrium points, thus con-
tributing to define the characteristic stacking pattern of PGS (see dis-
cussion in Milli, 1997).

3. Methods and data

The new correlation panels showing the depositional architecture
of the PG9/TDS presented in this paper are the result of a close inte-
gration between literature data, the work developed in recent years
consisting in the interpretation, from a depositional point of view,
of the stratigraphic information from wells used in this work and
the new data derived by the Pesce Luna well that will be described
in detail in the following paragraphs. A grid of about 300 wells dis-
tributed on the Tiber delta plain, some of which with sediment
cores, were used for this study (Fig. 4). Anyway, data from these
wells (see Bellotti et al., 1994, 1995, 2007, 2009, 2011; Di Rita et al,,
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Fig. 1. a) Location of the studied area in the Mediterranean basin; b) main faults of the Roman basin, buried and inferred from seismic profiles; c¢) location of the Pesce Luna core.

2010; Di Bella et al., 2011) were reconsidered and reinterpreted in the
light of the new results, and this allowed to better define the strati-
graphic architecture of the Late Quaternary Tiber deltaic succession.
Facies analysis derived by stratigraphic interpretation of the several
wells together with microfaunistic and pollen analyses from litera-
ture data (see previous references), and Pesce Luna well turned out
to be fundamental in order to discriminate the different sedimentary
environments and to investigate the recurring cyclic pattern (scale of
parasequences) recognised in the succession. Calibrated radiocarbon
dating allowed framing the resulting stratigraphic-depositional stack-
ing pattern into a sequence-stratigraphic context.

4. The Pesce Luna core

The Pesce Luna well (100 m-long) was drilled close to the Fiumi-
cino village, 5 km north of the main Tiber River mouth (Fig. 1). The
drilling method consisted of a double corer, having a diameter of
12 cm; the recovery of the core was more than 95%. The description
of the core was made after it was split into two parts for its entire
length. Grain size and other textural attributes, as well as sedimenta-
ry structures and color were the main described features. Other

aspects such as the presence of shelly debris, clasts of clay, organic
matter, wood fragments, peat and roots were also taken into consid-
eration as useful features for environmental interpretation.

The Pesce Luna well crosses a succession (from top to bottom)
including: 1) the deposits of Tiber Depositional Sequence, 2) a thick
(6 m) sandy gravel body that basing on the stratigraphy of the outcrop-
ping deposits, is fluvial in origin and belongs to one of the lowest
fourth-order sequences (Sicilian, Lower Pleistocene) forming the
lowstand system tracts of the PGS, and 3) the Lower Pleistocene
(Santernian-Emilian) silty clay and clay deposits ascribed to the MMS
(Fig. 5). These three recognised units are separated by erosive surfaces
(unconformities) marking significant hiatuses; they are evidenced by
important changes of facies.

In this work we describe in detail the upper 50 m portion of the Pesce
Luna core, corresponding to the TDS. This part of the borehole shows
great variability of the depositional environments passing, from bottom
to top, from lagoon to shelf, and from shoreface to beachface, recording
the transition from transgressive to highstand systems tracts of the TDS
in the last 15,000 years. This trend is also suggested by micropaleontolog-
ical data. Methods utilized for the micropaleontological and radiocarbon
analyses are reported in the supplementary online material (SOM).
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4.1. Foraminiferal and ostracod analysis

Ammonia parkinsoniana; accompanying taxa are Ammonia tepida
and Haynesina germanica.

Results of quantitative analysis and diversity indices (see SOM) allowed F2 assemblage includes samples characterized by the dominance of

to recognizing three different foraminiferal assemblages (Table 1).

A. parkinsoniana; accompanying taxa are A. tepida and Aubygnina

F1 assemblage is characterized by low species diversity (mean perlucida. This assemblage records specific diversity with mean values
a-index 3.94; mean Shannon-index 1.46) and the dominance of of 5.69 and 1.94 for a-index and H, respectively. Other species like
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Elphidium poeyanum, Ammonia beccarii, Elphidium advenum, and miliolids
generally common in normal marine infralittoral environment, are found.

F3 assemblage shows the dominance of Ammonia spp. Accompany-
ing taxa are E. poeyanum and miliolids. This assemblage is characterized
by a higher diversity degree (mean a-index 11.37; mean Shannon-
index 1.67) and the increase of shallow marine species (A. beccarii,
E. poeyanum, Elphidium. granosum, E. advenum, Quinqueloculina spp.
and Triloculina spp.).

Plankton is scarce in all three assemblages. Anyway, the highest fre-
quencies (10.95%) are recorded in F3 assemblage while the lowest
values (<3%) are found in F1 and F2 assemblages. The most frequent
species are Globigerina bulloides, Globigerinita glutinata, Globigerinoides
ruber and Turborotalita quinqueloba.

Regarding ostracods the recognized assemblages suggest, coher-
ently with the foraminifera data, a passage from brackish lagoon
oligotypic fauna to open lagoon/marine fauna, from the bottom to
the top of the core (Table 1).

4.2. Pollen and plant macrofossil analysis

Pollen and plant macrofossil analyses allowed to recognize within
the Pesce Luna well, from the base upward, five pollen zones (from

S. Milli et al. / Sedimentary Geology 284-285 (2013) 159-180

PLU 1 to PLU 5; Fig. 6), and four plant macroremain zones (from
PLU A to PLU D; Fig. 7), respectively.

The pollen record reflects both vegetation changes determined by
the global climate fluctuations of the late glacial and beginning of the
Holocene, as discussed below, and local environmental shifts, related
to hydrological changes. The plant macrofossil record shows the local
aquatic conditions of the basin.

4.3. Radiocarbon dates

Radiocarbon datings were derived by the analysis of 8 samples
obtained from wood, peat and organic-rich layers collected at various
depths between 10 and 45 m (Table 2).

The eight '“C readings range from 1390-1290 (viz, 560-660 AD)
to 15,250-14,150 cal BP. They are of some concern in that allows us
to asses a detailed chronostratigraphy of the drilled sediments since
the late Pleniglacial up to the early Holocene. Due to the complex
sediment array, a direct correlation between age and depth in
core is lacking. However, with the obvious exception of sample
Rome-2137 (dated at historical times), it is observed that all the sam-
ples older than 12,000 yr BP are from depths in core from ca. —37 to
ca. —44 m.

b a
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Fig. 4. Structure contour map of the unconformity at the base of the Tiber Depositional Sequence (in metres with respect to present sea-level. Map shows also the location of the

wells utilized in the present study and the tracts of the cross-sections of Fig. 9.
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In order to better constrain the age of deposits and of the main
stratigraphic surfaces we have also utilized the *C data sets from
the literature (Belluomini et al., 1986; Bellotti et al., 2007, 2011; Di
Bella et al,, 2011). A complete list of radiocarbon datings on Tiber
delta deposits, consisting of 62 calibrated dates, is reported in the
supplementary online material.

4.4. Description and paleoenvironmental interpretation of Pesce Luna
core

Based on data obtained from the analysis described above the in-
vestigated portion of Pesce Luna well can be divided into a series of
depositional units corresponding to different depositional environ-
ments and subenvironments, each characterized by a different facies
association. The sedimentological and micropaleontological (ostra-
cods, foraminifers, and pollen) characteristics of these units will be
described in ascending order.

4.4.1. Estuary

The facies associations related to this environment show a consid-
erable variability and can be subdivided into three main facies associ-
ations (A, B, C) (Figs. 5 and 6; Table 1).

Facies association A (Fig. 6a, a’) developed between —48.60 and
—42 m. It is composed by clay and locally peaty clay with widespread
organic matter. Shell debris are absent below —48 m, are rare in the
lower part, and are found in the upper part of this interval. Between
—48.60 and —48 m the sediment is composed of clay containing
thin levels of coarse sand and gravel; it represents a transgressive lag di-
rectly placed on the TDS sequence boundary separating this unit from
the underlying fluvial and coastal Middle Pleistocene gravel, belonging
to one of the high-frequency depositional sequences of the third-order
Ponte Galeria Sequence.

Foraminifera and ostracods are absent throughout this interval. The
pollen assemblage between —44.50 and —43.45 m (Zone Plu-1) sug-
gests an open landscape dominated by xerophytes and grasses with
non-arboreal pollen (NAP) percentages between 40% and 90%. High
percentages of herbs and low palynological richness (13 taxa) at the
base of the record are likely to result from selective preservation of
pollen grains of local origin, mainly represented by oxidation-resistant
pollen of xerophytic herbs and other NAP, like Cichorioideae and
Chenopodiaceae (Bottema, 1975; Havinga, 1984). Over representation
of pollen of local origin may have partly affected the percentage repre-
sentation of the arboreal vegetation in the lower part of zone. Towards
the end of the zone, a remarkable increase in trees is recorded: decidu-
ous trees (30%) and Pinus (20%) are the main elements of the woody
vegetation, although a general increase in all the arboreal components
is recorded. Below this zone the pollen record is interrupted for the
scarcity of pollen in the sediment samples. Plant macroremains have
been recognized between —43.50 and —40 m (Zone Plu-A); the most
abundant taxon is Juncus spp., continuously represented, accompanied
by discontinuous appearances of Carex elata and two species of Typha.
On the whole, they outline a marshy landscape with local ponds.
Halophilous taxa are absent in this freshwater environment.

Facies association B (Fig. 6b) characterizes the interval between — 42
and —36.80 m, and consists of grey silty clay and clay with widespread
organic matter (essentially plant debris), peaty layers between —37.70
and —37.40 m and between —38.80 and —38.60 m, and thin shell de-
bris layers. Millimetric sandy levels occur between —41 and —40 m.

The foraminiferal assemblage (F1) records a sharp reduction in
specific diversity, which gives to it an oligospecific character. Domi-
nant species is A. parkinsoniana, at which are associated other species
as A. perlucida, Haynesina depressula, H. germanica and E. granosum.
Such assemblage suggests a typical brackish, lagoon-marsh environ-
ment (Fiorini and Vaiani, 2001; Carboni et al., 2002; Bergamin et al.,
2006) or brackish-water lagoon (Amorosi et al., 2004).

Ostracods related to facies association B are more differentiated with
respect to the foraminiferal assemblage. The interval between —37.4
and —36.6 m is dominated by Cyprideis torosa, but is characterized by
relatively high diversity. Other brackish-water species as Loxoconcha
elliptica and Loxoconcha stellifera (Pugliese and Stanley, 1991; Carboni
et al.,, 2002) are present. Moreover, the marine species Propontocypris
pirifera is found in the interval —37.2/—36.9 m. Nevertheless this
taxon may also be present in brackish environments (Mazzini et al.,
1999; Guernet et al., 2003). The interval —38.3/—37.5 m is barren,
whereas between — 39 and —38.4 m (with —38.7 m barren), there is
a transition from oligotypic to monospecific assemblages dominated
by C. torosa. Monospecific assemblages of C. torosa are interpreted to
represent environmental stress. This species typical of brackish-water
and lagoonal environments is also highly euryhaline, showing an
adaptability to salinities from 0.4 to 150%. (Neale, 1988) and there-
fore an opportunistic behavior (Frenzel and Boomer, 2005).
According Ruiz Mufioz et al. (2006, and references therein) in the
natural filling of coastal lagoons, the diminution of the hydrodynam-
ic gradient and the presence of higher salinities cause the progres-
sive replacement of L. elliptica by C. torosa, which become almost
monospecific. The interval —40.6/—39.5 m is again barren, whereas
between —39.5 and —39.1 m an assemblage with Aurila woodwardi,
Leptocythere lagunae, L. elliptica and Palmoconcha turbida was found.
A. woodwardi, L. lagunae and L. elliptica are brackish-water or lagoon-
al taxa (Pugliese and Stanley, 1991; Montenegro and Pugliese, 1995,
1996), whereas Palmoconcha turbida is considered as an opportunis-
tic species whose tolerance to low oxygen permits its survival in
hypoxic environments (Bodergat et al., 1998; Ruiz Mufioz et al,,
2005). In the interval —42.2/—40.6 m, an oligotypic assemblage
was found. It is characterized by the presence of typical brackish-
water or lagoonal species as C. torosa and L. elliptica diffused in recent
Mediterranean lagoons (Pugliese and Stanley, 1991; Montenegro
and Pugliese, 1995, 1996; Carboni et al., 2002; Cabral et al., 2006).
C. torosa and L. elliptica are clearly associated with all the different
transitional environments between fresh and marine waters with
strong trophic gradients and high salinity variability (Carbonel,
1982). In the lowermost portion of this interval, barren levels and
levels containing only juvenile valves of C. torosa were found. More-
over, the presence of Potamocypris sp., testifies a fresh-water contri-
bution (Carboni et al., 2002).

Pollen data from this facies association indicate the presence of a
well-developed marshland, mainly composed of sedges and rushes
(Cyperaceae and Juncaceae) between —42.05 and —40.65 m pollen
(Zone Plu-2). The coeval record of aquatic plants and the remarkable
amount of fragments of cyanobacteria of the Rivulariaceae family,
often involved in eutrophication processes (Aavad, 1994), suggest
enrichment of nutrients in the basin. The landscape experienced an
important increase in the arboreal vegetation (AP + Pinus 79%). The
woodland was dominated by deciduous trees (>50%) with stands
of thermophilous communities with evergreen elements (10%). The
increase in (25%) may be partly related to long-distance transportation.
The interval between —40.65 and —39.15 m (Zone Plu-3), records an
important decrease in broadleaved vegetation, determined by an
abrupt drop of deciduous trees (down to 11%) and a steady decline of
evergreen elements. Nevertheless, tree percentages keep high values
due to a further increase in Pinus (40%). The pollen record outlines a
deforested landscape with the development of open vegetation domi-
nated by xerophytes (20%) and local sedges/rushes communities
(20%). In the interval between —39.15 and —37.40 m (Zone Plu-4) a
new development of all the broadleaved trees, paralleled a drop of
Pinus. Peaks of grasses (>45%), sedges/rushes (43%), aquatics (15%), ri-
parian trees (15%) and Rivulariaceae (22%) suggest the presence of a
wide and unstable marshland, with euthrophic ponds. These local veg-
etation elements are likely to affect the percentage representation of the
regional arboreal vegetation, showing an abrupt decrease (35%) while
pollen concentrations show high values.
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Table 1
Foraminiferal and ostracod assemblages of Pesce Luna core.

Facies Estuary

Facies association A

Estuary
Facies association B

Upper and lower shoreface
Inner shelf
Shelf-transition

Estuary
Facies association C

Foraminifera Assemblages No forams F1
Alpha-index 3.94
Shannon-index 1.46

Dominant taxa
Accompanying taxa
No ostracods

Ostracods Dominant taxa

Accompanying taxa

A. parkinsoniana

Ammonia tepida
Haynesina germanica
Cyprideis torosa

Aurila woodwardi
Leptocythere lagunae
Loxoconcha elliptica

F2 F3
5.69 11.37
1.94 1.67

Elphidium granosum Ammonia spp.
Ammonia parkinsoniana
Ammonia tepida
Aubygnina perlucida
Carinocythereis antiquata
Cytherois fisheri
Leptocythere bacescoi
Leptocythere lagunae
Leptocythere ramosa
Loxoconcha subrugosa
Propontocypris pirifera
Semicytherura incongruens

Elphidium poeyanum miliolids

Palmoconcha turbida
Pontocythere turbida

Carinocythereis antiquata
Leptocythere ramosa
Semicytherura incongruens

Loxoconcha stellifera
Propontocypris pirifera

Plant macroremains show, that various species of Juncus dominated
a marshy environment in the interval between —40 and —39 m (Zone
Plu-B). The presence of Cyperus fuscus and of Chenopodium sp. sug-
gests a lowering of the water level compared to the overlying zone
and exposure of sandy soils. In the interval between —39/—37 m
(Zone Plu-C), a clear environmental change is marked by the intro-
duction of new taxa, namely Cladium mariscus, Ruppia maritima,
Carex riparia, and Rumex sp., accompanying the taxa already present
in the overlying zone (Juncus spp., Typha latifolia, T. angustifolia and
C. elata). A mosaic of marshes (Typha and C riparia) and wet
meadows (C. mariscus) with nitrophilous elements (Rumex sp.) de-
veloped. Brackish conditions are suggested at the base of the interval
by R. maritima.

Facies association C (Fig. 6¢) developed between —36.80 and
—33 mand is composed of grey clay with a few silt intercalations and
a thin sand layer in the lowermost portion (—36.70 m). Wood frag-
ments and shell debris are scattered throughout this interval.

The foraminiferal assemblage (F2) records a higher specific diver-
sity with respect to F1 assemblage and is characterized by typical
taxa of shallow water environments with significant organic matter
content (E. granosum and A. parkinsoniana, Jorissen, 1988) and taxa
of normal marine infralittoral environment (E. poeyanum, A. beccarii,
E. advenum and miliolids). Moreover the presence of high percentage
of A. tepida and Nonionella turgida may suggest, nutrient-rich condi-
tions characterized by wide availability of food, with no oxygen
depletion (Jorissen, 1988; Van der Zwaan and Jorissen, 1991;
Barmawidjaja et al., 1992).

Ostracods assemblages show some variability. From —36.5 to
—35.55 m, C. torosa disappears and the ostracod assemblage becomes
more diversified. The principal taxa are Leptocythere bacescoi, L. lagunae
and P. pirifera, which can be considered as brackish-water/marine forms
(Mazzini et al., 1999). An assemblage of brackish-water/marine species
characterizes the interval —35.4/—34 m. Cytherois fisheri (Carboni
et al, 2002), Carinocythereis antiquata, Loxoconcha subrugosa and
Semicytherura incongruens are abundant in this interval and are indica-
tive of estuarine environment (Pugliese and Stanley, 1991; Montenegro
et al.,, 1998). Ostracod assemblages are characterized by a dominance

of marine littoral species as Leptocythere ramosa and L. subrugosa
(Montenegro et al., 1998) in the interval from —33.8 to —32.2 m.

Pollen analysis indicates for this interval (Zone Plu-5) a strong
reduction of grasses, sedges/rushes and aquatic plant, so that herb per-
centages decreased to 15%, although significant amounts of xerophytes
and other herbs are still recorded. This would suggest a strong reduction
of marshy environments. The landscape was dominated by deciduous
trees, which were the main component of the planitial forest; a clear in-
crease in evergreen elements is recorded, indicating the development of
a macchia, a typical community of the local coastal environment. Plant
macroremains (Zone Plu-D), indicate an increase in salinity as
evidenced by a significant abundance of Chenopodium sp. The disap-
pearance of C. mariscus, Juncus spp. and Carex spp. suggests a marked re-
duction of the wetland in favour of sandy soils populated by Cyperus
flavescens and C. fuscus (Figs. 7 and 8).

The integration among sedimentological, microfaunistic, pollen
and plant macrofossil data suggests that the deposition of the three
facies associations took place within a wave-dominated estuary
(sensu Dalrymple et al., 1992; Boyd et al., 2006) and in particular in
the central portion of the estuary where the low-energy part occurs.
The three facies associations can be attributed to three distinct envi-
ronments. The facies association C, having brackish-water/marine spe-
cies microfaunistic assemblages and a pollen and vegetational
assemblages typical of a coastal environment with increase of salinity,
suggests deposition in an outer estuary environment. Here the possi-
bility of exchange between marine and lagoonal environments is
strongly favoured through the inlets cutting the seaward coastal bar-
rier. The facies association B is characterized by microfaunistic and
pollen assemblages and plant macroremains suggesting a brackish,
lagoon-marsh environment with eutrophic ponds subject to water
level changes; this allowed to interpret this facies association as the
product of the sedimentation in the inner estuary. The facies associa-
tion A is also attributed to this sector as it is characterized by the ab-
sence of microfauna, a feature that for the ostracods can be related to
a continental sedimentation probably linked to fluvial processes
(Cabral et al., 2006), and by pollen and plant macrofossil assemblages
indicating an open landscape with a strong fluvial influence.

Fig. 5. Stratigraphic column of Pesce Luna core showing the inferred depositional environment and the sequence stratigraphic interpretation. SB: sequence boundary; rv: ravine-

ment surface; mfs: maximum flooding surface.
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Fig. 6. Representative photographs of Pesce Luna core. Estuary deposits: a’) core depth —48 —49 m, a) core depth —42 —45 m, (facies association A); red line indicates the se-
quence boundary of TDS; b) core depth —39 —42 m (facies association B); c¢) core depth —33 —36 m (facies association C). Shelf-transition deposits: d) core depth —30 —33 m
(light blue indicates the ravinement surface; for its position see Fig. 9b); e) core depth - 21 —24 m. Inner shelf deposits: f) core depth —18 —21 m (green line indicates the max-
imum flooding surface; for its position see Fig. 9b). Lower and upper shoreface deposits: g) core depth —9 —12 m; h) core depth —6 —9 m.
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Fig. 7. Pollen percentage diagram from the Pesce Luna core.
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Table 2
14C readings yielded by the organic matter in the Pesce Luna core samples.

Sample identifier Samples  Core-depth in m Material Conventional '#C age (yr BP) Calibrated age ) (cal BP) & '>C ®) (%o, vs. PDB)
Rome-2137 PL13 —10.0 Organic sand 1445450 1390-1290 —27.0

Rome-2138 PL87 —36.9 Peaty clay 10,3904-80 12,650-11,950 —24.9

Rome-2143 PL94 —37.6 Peat 9345475 10,690-10,420 —236

Rome-2142 PL105 —38.7 Peat 9955480 11,560-11,220 —24.7

Rome-2141 PL120 —40.8 Organic clay  12,4454+90 15,250-14,150 —25.8

Rome-2144 PL128 —435 Organic clay 10,8354+85 13,010-12,660 —233

Rome-2139 PL138 —44.4 Peaty clay 10,960 £+ 80 13,140-12,900 —23.7

Rome-2140 PL136/138 —44.3/—445 Peaty clay 11,010+85 13,150-12,940 —258

Weighted means for Rome-2139 and -2140 10,985 460 13,140-12,920 —249

(1) Calibration performed with the software after Ramsey (2005).
(2) Uncertainty ranges from +0.25 to 4-0.15%..

The superimposition of the three facies association, from lowermost
to uppermost part of the core evidences a clear transgressive trend,
which is confirmed by the overlying transition-shelf and inner shelf
deposits.

4.4.2. Shelf-transition

The deposits related to this environment have been subdivided into
two facies associations (Figs. 5 and 6; Table 1). The first facies associa-
tion (Fig. 6d), between — 33 and — 28.5 m, is constituted by an alterna-
tion of silty clay and very fine sandy levels with frequent plant and shell
debris. The foraminiferal assemblage is F3; dominant species are
A. parkinsoniana and E. poeyanum, although it is observed a substantial
increase of A. beccarii a species that is abundant in infralittoral sandy

bottoms (Sgarrella and Moncharmont-Zei, 1993; Bellotti et al., 1994;
Ruiz Mufioz et al., 1996; Mendes et al., 2004; Frezza and Carboni,
2009). An increase of miliolids and in particular of Triloculina spp. and
Adelosina spp is also observed. In the ostracoda assemblage the domi-
nant species are Palmoconcha turbida and Pontocythere turbida. No pol-
len has been found in these deposits. The absence or the sharp decrease
of fauna recorded in some samples as well as the local increase of plank-
ton is thought to be due to the great variability of the ecological and
physical factors that characterize infralittoral environments. No pollen
is found in this facies association.

The second facies association (Fig. 6e), developed between —28.5
and — 21 m, is constituted by silty clay deposits with scattered shell
debris, which decrease from bottom to top of the interval. The
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ostracoda and foraminiferal assemblage (F3) is substantially similar
to the previous one.

Both facies associations are interpreted to represent a shelf-
transition zone, a sector extending from mean storm wave base to
mean fairweather wave base, and as such is characterized by a typ-
ical alternations of high and low energy conditions (Reading and
Collinson, 1996). The first facies association, with thin sand layers,
represents the more internal sector transitionally passing to lower
shoreface. This interpretation is consistent with the absence or
the reduced presence of local fauna in some samples and the pres-
ence of shell debris with sandy layers that can be considered as the
product of erosion and deposition phases respectively, related to
storm events. However, it is not excluded that some of these sand
layers were the result of flood events. The second facies association
represents the more external sector, transitionally passing to inner
shelf.

4.4.3. Inner shelf

The deposits related to this facies association develop between —21
and —17.90 m (Figs. 5 and 6; Table 1). They are constituted by a homo-
geneous bioturbated silty clay (Fig. 6f), which shows an assemblage
with (F3) high species diversity dominance of A. parkinsoniana,
E. poeyanum and miliolids as Quinqueloculina seminulum, Q. stelligera,
and Q. pygmaea, species frequent in the infralittoral zone, mainly
on vegetated bottoms (Cimerman and Langer, 1991; Langer, 1993;
Sgarrella and Moncharmont-Zei, 1993). Subordinate species are
E. granosum, H. depressula and A. tepida, which indicate a infralittoral en-
vironment affected by freshwater influence. The presence of Bolivina
spp. and Bulimina elongata is coherent with the type of substrate charac-
terized by muddy bottom with a high content of organic matter
(Jorissen, 1988).

The ostracoda assemblage is dominated by Palmoconcha turbida
and Pontocythere turbida, with subordinate C. antiquata, L. ramosa
and S. incongruens: they are all marine infralittoral species (Pugliese
and Stanley, 1991; Montenegro et al., 1998). No pollen was found in
these deposits.

The sedimentological and micropaleontological data suggest for
this facies association a relatively open-marine environment, below
the storm wave base (inner shelf), and locally interested by the fresh-
water currents related to the near Tiber mouth.

4.4.4. Upper and lower shoreface

The deposits of this unit consist of two transitional facies associa-
tions developing between —17.90 and —2 m core depth (Figs. 5 and
6; Table 1). The first and lower facies association (between —17.90
and —8 m) consists of fine to very-fine sand with frequent intercala-
tions of thin silty clay levels and widespread shell material (Fig. 6g).
No ostracods and pollen have been found; the foraminiferal assemblage
is characterized by normal marine infralittoral taxa such as Ammonia
spp. and subordinately taxa as Elphidium spp. and miliolids (F3 as-
semblage). The second and upper facies association (between —8 and
—2 m) consists of medium to fine sand with very rare silty clay interca-
lations (Fig. 6h). Very small shell and plant debris occur in this portion
while no foraminifers, ostracods and pollen have been found.

The stratigraphic position of this deposits and their textural and
microfaunistic composition allow interpreting the two facies associa-
tions as lower and upper shoreface deposits respectively. The absence
of microfaunistic assemblages in the upper shoreface, and the presence
of a reduced quantity of species in the lower shoreface is in agreement
with this interpretation, a feature typical of the littoral environment
where wave processes are very active. On the other hand the widespread
shell and plant debris suggest a transport under high-energy conditions
and probably a generalized migration of these materials through long-
shore currents. Based on this interpretation and taking into account the
position of the Pesce Luna well, the above deposits can be attributed to
the delta front of a prograding wave-dominated delta system.

4.4.5. Dune, interdune and foreshore deposits

This uppermost portion of core (0-2 m) has been strongly altered
by human activity. Anyway, sediments are fine to medium and
coarse sands, generally barren, with variable percentage of shell
(pulmonata gastropodas and reworked littoral microfauna) and
plant debris (Fig. 5). The sand is reddish yellow, rich in quartz and
mica with variable quantities of heavy minerals. Tabular and trough
cross-bedding are frequent as well as bioturbation due to roots. In
general terms these sediments are part of the outer delta plain and
constitute present and relict dune and interdune deposits in the up-
permost part that transitionally passes downward to foreshore
deposits.

5. The TDS Late Quaternary fourth-order depositional sequence

Based on the data derived from the Pesce Luna core and taking
into account the literature data (Bellotti et al., 1994, 1995, 2007,
2009, 2011; Chiocci and Milli, 1995; Milli, 1997; Amorosi and Milli,
2001; Giraudi, 2004, 2011; Giraudi et al., 2009; Di Bella et al., 2011)
we propose a detailed description of the stratigraphic architecture
of the TDS, based on three correlation panels, one of which is oriented
perpendicular to the present coastline and two are oriented parallel
to it (Figs. 4 and 9). Such panels show how the stratigraphic succes-
sion below the present Tiber coastal plain can be subdivided into
three units bounded by uncorformity surfaces.

The lowermost stratigraphic unit consists of clay and silty clay
with local intercalations of sandy levels. The foraminiferal assemblage
characterized by typical circalittoral benthonic taxa (Bolivina spp.,
Bulimina spp., Cassidulina carinata, Melonis spp., Bigenerina nodosaria,
Hyalinea balthica, Cibicidoides pachyderma, Gyroidina spp., Textularia
spp., Hanzawaia boueana and Dorothia gibbosa) and significant fre-
quencies of planktonic species (G. bulloides, Globigerina falconensis,
G. ruber, Glorotalia inflata, Globorotalia oscitans, Glorotalia scitula,
Neogloboquadrina pachyderma and Turborotalia quinqueloba), sug-
gests an offshore environment. The age of these deposits is attributed
to Lower Pleistocene (Emilian stage, 1.2-1.5 Ma) by the presence of
H. balthica (Carboni, 1993).

The middle stratigraphic unit is constituted by gravels and sandy
gravels with pebbles of carbonate rocks from the Apennines and
rare volcanic clasts derived from the volcanic complexes of the
Roman Comagmatic Province. Such deposits crop out along the mar-
gin of the Tiber coastal plain and have been attributed, through a de-
tailed facies analysis, to fluvial and beach environments (Bellotti et
al., 1993; Milli, 1997). They are essentially Middle Pleistocene in age
and belong to one of the high-frequency depositional sequence
forming the PGS (Figs. 2 and 3).

The uppermost unit is represented by the TDS. This unit constitutes
an incomplete fourth-order depositional sequence, which is still evolv-
ing. The lower boundary of this sequence is an erosional surface that
cuts the underlying Lower and Middle Pleistocene deposits. The struc-
tural contour map of this unconformity (Fig. 4) shows raised and
lowered areas, linked to the original structural situation and to phases
of erosion which mainly occurred during the last glacial lowstand. The
TDS sequence boundary began to form with the sea-level fall occurring
after the last highstand phase correlated to the marine oxygen isotope
stage (MIS) 5. The peak of this fall should coincide with the last glacial
maximum expansion (LGM), and in particular with the most negative
peak (between 19 and 17 ka cal BP) of MIS 2. Recently Lambeck et al.
(2002) have defined “the onset of the LGM as the time sea levels first
approached their minimum levels at about 30,000 years ago”. Basing on
this definition they suggest a duration of 10,000 years for the LGM (be-
tween 30 and 19 ka cal BP), a period during which ice volume in-
creased very slowly and the eustatic LGM lowstand could have been
as much as 135-140 m below present sea level. Differently from the
previous Authors, Peltier and Fairbanks (2006) suggest that LGM
must have started 26,000 years ago having a duration of about



S. Milli et al. / Sedimentary Geology 284-285 (2013) 159-180

\ ) e, ?

30—,
| > Qn “w—Tiber River
A =2
. ,_rf

brackish
environment

marshes with peat
brackish marshes with peat
environment

central lagoon Tiber River

central | - .

£ entrallagoon Tiber River

L~ bayhead delta bayhead delta
T marshes Tz

with peat e v

delta front

barrier islands
and shoreface

4 % marshes with peat
N c

| brackish
environment

—

e, centrallagoon Tiber River
y | delta
tidalinlet {
= delta front
'\' prodelta
barvierislands ___————"
and shoreface '""‘,‘ i marshes with peat

Ostia mar

tidal inlet

Maccarese marsh

=
e
] ==

beach ridges

Fazzrana,

Tiber cuspaté;lella Tiber cuspate delta

4" HST(second phase): 2700-1900 yr BP ™~

& "' HST (third phase): 1900 yr BP - present day




S. Milli et al. / Sedimentary Geology 284-285 (2013) 159-180 173

5000-7000 years (between 26 and 19 ka cal BP); they also estimate
the eustatic lowstand at about 120 m below present sea level. Regard-
less the onset of LGM both papers set the end of this period about
19,000 years ago, as from this date there was an initial melting of ice
and a concomitant slow rise in sea level that lasted up to about
14,000 cal BP. In terms of sequence stratigraphy we correlate the end
of the eustatic sea-level fall with the onset of the LGM (Early Lowstand
Systems Tract, ELST) and the period of eustatic stillstand with the dura-
tion of the LGM. This latter period together with that related to the sub-
sequent eustatic rise corresponds to the Late Lowstand Systems Tract
(LLST).

Sedimentological and stratigraphic data suggest that the sea-level
fall was punctuated by multiple higher-frequency (fifth-order) sea-
level cycles, the stratigraphic record of which is only partially preserved
below the present Tiber delta plain; they can be interpreted as the
forced regressive deposits related to the ELST (sensu Posamentier and
Allen, 1999) of the TDS. The most important element is the east-west
oriented depression stretching from the coast up to the urban area of
Rome, along a well-defined graben that coincides with the present
course of the Tiber (Bellotti et al., 1994). This depression (Fig. 4),
evidenced in the correlation panels (Fig. 9a,b), should continue also in
the more internal portion of the continental shelf (we have no data
available to confirm) and has been interpreted as the paloevalley (in-
cised valley) of the Tiber River formed during the post-Tyrrhenian
sea-level fall and partially reworked during the subsequent sea-level
rise.

Based on what said above and taking into account the new data, a
modification of stratigraphic framework of TDS is now suggested. Un-
like previously suggested by the literature data (Bellotti et al., 1994,
1995; Chiocci and Milli, 1995; Amorosi and Milli, 2001), beneath
the Tiber delta plain, the deposits are not only attributed to the trans-
gressive and highstand systems tracts, but also to the early and late
lowstand system tracts. This allows to consider the TDS as one of
the most complete late Quaternary high-frequency depositional se-
quences in the Mediterranean area, although the major thickness of
sediments beneath the present Tiber delta plain consists almost en-
tirely of a transgressive-regressive wedge formed during the last
14,000 years.

5.1. Lowstand system tracts

On the basis of our data and taking into account previously pub-
lished material from the Mediterranean area (see Coutellier and
Stanley, 1987; Hernandez-Molina et al., 1994; Stanley and Warne,
1994; Amorosi and Milli, 2001; Boyer et al., 2005; Labaune et al.,
2005) the lowstand deposition in the Tiber area took place between
120 and 14 ka cal BP (from the beginning of substage 5d to the final
phase of stage 2). Because of this complex process the preservation
of the deposits formed during the sea-level fall is very low, whereas
the deposits formed during the stillstand and initial sea level rise
are largely preserved. The new data from Tiber area allow to differen-
tiate the deposits formed during the sea level fall (early lowstand)
from those formed during the stillstand and initial sea level rise
(late lowstand). Correlation panels (Fig. 9) show both these types of
deposits evidencing two important surfaces (S1 and S2) bounding
below and above these units, respectively.

The surface below the forced regressive deposits (S1) is consid-
ered to represent the master sequence boundary unconformity
(sensu Posamentier and Allen, 1999) of the TDS; it formed due to
the fluvial incision following the episodic relative sea-level fall, a
mechanism that seems to characterize both the falling and rising

sea level phases during the Quaternary. The S1 surface extends well
beyond the area interested by this study, being this unconformity
placed at the base of the last post-Tyrrhenian glacial-interglacial
cycle. It has been recognized along the entire Tyrrhenian margin of
the Italian peninsula both landward and seaward (see Chiocci et al.,
1997; Chiocci, 2000; Aguzzi et al., 2007; Amorosi et al., 2008, 2011).

The surface above the forced regressive deposits (S2) constitutes a
polygenic erosional unconformity always forming during the episodic
relative sea-level fall and merging landward with the PG9/TDS se-
quence boundary. In the latter area these surfaces, together, consti-
tute the base of the Tiber incised valley in the depocenter sector of
the basin (Fig. 9). The geometric features of Tiber incised valley
show many of the characters recognized in other Quaternary valleys
and in experimental studies: the basal valley-fill surface develop
from multiple episodes of incision and channel-belt formation during
relative sea-level fall (Blum and Price, 1998; Blum and Térnqvist,
2000; Blum and Aslan, 2006). Besides, the incised valley is wider
than the surface valley that created it (Fielding and Gibling, 2005;
Gibling, 2006; Sheets et al., 2007), and the valley widens downstream
due to increases in sediment flux from valley excavation (Strong and
Paola, 2008; Martin et al., 2011). The Tiber valley, from landward to
seaward, shows a different geometry, which probably reflects not
only the dynamics of erosive process, but also an influence of tectonic
lineaments related to the extensional tectonics that interested the La-
tium Tyrrhenian margin starting from the Upper Miocene.

The preserved early LST deposits (between 120,000 yr and 30,000-
26,000 yr BP) occur in the northernmost and southernmost part of the
investigated area and are constituted by fluvial, lagoonal and beach de-
posits. Fluvial deposits are characterized by different lithofacies ranging
from sand and gravel, to mud and travertine. Such deposits are orga-
nized in fining-upward facies sequences that are interpreted as the fill-
ing of low-sinuosity channels of a braided fluvial depositional system. In
particular sands and gravels should have constituted bars bodies that
filled the channels while the mud, also for the presence of pulmonata
gastropoda fauna, is interpreted as a flood plain deposits. As a whole
these fluvial deposits form a sedimentary body with a tabular geometry
that extends over 3-5 km with a thickness between 10 and 30 m. Beach
deposits are constituted by gravels and sandy gravels forming coarsen-
ing upward facies sequences. When preserved such sequences show an
overall passage from lower and upper shoreface (the fauna includes a
few benthonic foraminifera as Lobatula lobatula, A. parkinsoniana,
Asterigerinata mamilla, and Elphidium spp.) to foreshore (with a few fo-
raminifera, plant debris and shell fragments), and finally a backshore fa-
cies (with plant debris and pulmonata gastropods). Lagoonal facies are
constituted by organic-rich mud deposits with frequent intercalations
of thin sandy layers, often associated to shell debris. Four radiocarbon
dates were obtained from the peaty mud deposits occurring in the la-
goonal deposits, confirming an age older than 40,000 years BP (see
Bellotti et al., 2007).

The late LST deposits, (age between 30,000-26,000 yr and
14,000 yr BP), about 24 m thick, occupy the most depressed area
(valley axis) of the Tiber incised valley. This means that during the
late LST sedimentation the TDS sequence boundary unconformity
was in subaerial conditions. The valley fill is constituted by fluvial
sandy and sandy gravels deposits passing laterally and vertically to
floodplain muddy deposits with peat layers. Gravels are represented
by heterometric carbonate and chert clasts, less 10 cm in diameter,
ellipsoidal or spherical in shape, which are derived by the erosion of
the Lower and Middle Pleistocene fluvial and beach deposits cropping
out along the margins of the present Tiber delta plain. During the late
LST sedimentation the Tiber River flowed in ENE-WSW direction,

Fig. 10. Paleogeographical sketches showing evolution of the Tiber River during the last 18,000 yr BP. a) late lowstand systems tract; b, c, d, e) transgressive systems tract; f, g, h)
highstand systems tract. The colors in the figure identify the different depositional environments (see the labels) developing during the systems tracts.
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1-5 km north of its present location, and 80-85 m below the present
topographic surface. At that time, the Tiber was fed by a tributary
which ran parallel to the present shoreline (Figs. 9c and 10a).

In our interpretation these fluvial deposits (calibrated radiocarbon
dates indicate for these deposits an age of 14,135-15,030 yr BP) that
constitute the uppermost portion of the late LST deposits, should pass
seaward to the late lowstand Tiber deltaic body that developed during
the stillstand and slow sea-level rise phases characterizing the late LST
(Fig. 10a). This deltaic body was probably located about 8-10 km
from its present position, at the end of the incised valley where it
merges into the basal unconformity (TDS sequence boundary) at a
depth between —80 and — 110 m below the present sea-level (outer
shelfarea) (see also Bellotti et al., 1994). The reconstructed stratigraphy
of the late LST allows to differentiate a lower and an upper portion, the
first being characterized by fluvial and delta progradation and the sec-
ond by fluvial and delta aggradation. This change in depositional trend
of late LST deposits is related to the increase of sea-level rise rate, al-
though this effect is amplified by the local confinement of the incised
valley (see also Posamentier and Allen, 1999). The aggradation phase
constitutes the prodrome to the true transgressive phase and is charac-
terized by an assemblage of sandy fluvial and muddy and peat muddy
alluvial deposits with widespread organic matter and shell debris (pul-
monate gastropode).

We have no data about the vegetation assemblage in the Tiber
area during the Late LST. A marine pollen record from the Bay of Sa-
lerno (Russo Ermolli and di Pasquale, 2002) and a lacustrine record
from the Roman plain (Follieri et al., 1988) suggest that the vegeta-
tional landscape of the Tyrrhenian coast was herb-dominated, with
modest presence of deciduous trees, mostly Quercus.

5.2. Transgressive Systems Tract

In the Tiber area the TST is constituted by the deposits accumulated
between 14 and 5-6 kyr BP. Such deposits lie directly on the basal un-
conformity and below the present delta plain form almost the whole
of the TDS. As evidenced by Bellotti et al. (1994, 1995) and Amorosi
and Milli (2001) these deposits show a facies distribution and a stratal
architecture characterized by a retrogradational stacking pattern of
the depositional systems, which include from landward to seaward: a
fluvial-bay-head deltaic system, a coastal barrier-lagoon system and fi-
nally a transition to shelf system. The complex interfingering between
these depositional systems was the response to the onset of the trans-
gression and the concomitantly transformation of the Tiber incised val-
ley into a wave-dominated estuary (Amorosi and Milli, 2001; sensu
Dalrymple et al., 1992; Nichol et al., 1994; Boyd et al., 2006), a deposi-
tional setting also recognised in the late-glacial and Holocene transgres-
sive succession characterizing other Mediterranean deltaic systems (see
Amorosi et al., 2004, 2005 for the Po delta; Aguzzi et al., 2007; Amorosi
et al., 2008, 2011 for the delta systems along the Tuscan coast of Italy;
Somoza et al., 1998 for the Ebro delta; Boyer et al.,, 2005; Labaune et
al., 2005 for the Rhone delta).

More in detail the TST deposits are organized in small-scale
(m-thick) shallowing-upward cycles (parasequences) showing charac-
teristic facies sequences as a function of relative position within the es-
tuary (Bellotti et al., 1994, 1995; Amorosi and Milli, 2001 for a more
detailed description of these cycles). A very interesting aspect is also
the relationship between the vertical facies framework recognized in
these cycles and the vegetation history, as recognised by Aguzzi et al.
(2007), Amorosi et al. (2008) and Amorosi et al. (2005) in the trans-
gressive successions of the Arno and Po deltas respectively. In the
Tiber delta the paleoclimatic characters related to this transgressive
phase are well-marked through the pollen and plant macroremains re-
cords from Pesce Luna, recording the late-glacial vegetation of a coastal
area. The vegetational landscape was characterized by major environ-
mental shifts, affecting both composition and structure of the vegetation,

as it commonly occurs in estuarine environments (Bellini et al., 2009; Di
Rita et al., 2010; Di Rita and Magri, 2012).

The transgressive cycles characterizing the TST are thought to be the
response to a discontinuous relative sea-level rise that was punctuated
by stillstand or quasi-stillstand phases during which depositional sys-
tems experimented short phases of progradation. This mechanism,
characterized by acceleration and deceleration of sea-level rise, may
be related to a discontinuous increase of freshwater derived from melt-
ing of continental ice (meltwater pulse, MWP) superimposed on the
overall sea-level rise (Bard et al, 1996, 2010). In the Mediterranean
area two maxima in the sea-level rise rate, corresponding in terms of
climatic variations to intervals of rapid warming and melting of conti-
nental ice, have been recognised in the post-glacial sediments of the
central Adriatic sea (Asioli et al., 1996; Trincardi et al., 1996; Cattaneo
and Trincardi, 1999), of the Po delta (Amorosi et al., 2004), as well as
of the Rhone delta (Berné et al., 2003; Boyer et al., 2005). These intervals
are separated by a cool climatic episode coincident with the Younger
Dryas (YD). Bard et al. (2010) indicate for the periods of rapid
sea-level rise values of 12.1 0.6 mm/year and 11.7 £ 0.4 mm/year be-
fore and after the YD respectively. A slowdown of sea-level rise should
characterize the YD having values of 7.5+ 1.1 mm/year.

Based on the previous considerations the depositional architec-
ture within the TST of TDS can be subdivided into a series of steps re-
cording the sedimentary evolution of the study area, which reflect the
interplay between relative and discontinuous sea-level rise, and the
variation of sediment supply, modulated by the concomitant climatic
changes.

During the early phase of TST (between ~14,000 and 13,000 cal BP),
due to the rapid sea-leve rise the late lowstand Tiber deltaic body was
rapidly drowned and reworked, probably according to the transgressive
submergence model of Penland et al. (1988) (Fig. 10b). On top of the
delta a distinct erosional surface was formed. It represents the trans-
gressive surface separating the lowstand from the transgressive sys-
tems tract (Posamentier and Vail, 1988; Posamentier and Allen, 1999).
In the marine sector such surface was produced through the wave ero-
sion of the upper deltaic body, and is called also wave-ravinement sur-
face (Swift et al., 1972; Swift, 1975). Landward, the same transgressive
surface separates the underlying Late LST fluvial and flood plain de-
posits from the overlying TST fluvial and flood plain deposits. During
this phase, the Tiber River flowed into the sea again, and the deltaic
body, due to the rapid rise in sea level was transformed into an “ero-
sional headland with flanking barriers” (Penland et al., 1988), at the
back of which open lagoons occurred (Fig. 10b).

A pollen record from the Roman plain (Di Rita et al., 2012) points
to the development of an open woodland with mainly deciduous
trees, in a period characterized by fluctuating climate conditions, sub-
stantially warmer and wetter than in the LGM.

Between 13,000 and 11,500 cal BP after the initial and rapid sea-
level rise a slowdown occurred during the cold period of the Younger
Dryas. With the progressive submersion of the Tiber incised valley,
the new-formed barrier-island migrated landward, a lagoonal basin de-
veloped extending further in NW-SE direction and the Tiber river began
to form the bay-head delta T1 that was active until approximately
9200 yr BP (see also Bellotti et al., 1994), although its final sedimenta-
tion phase was coeval with the deltaic body T2 (Fig. 9a,c).

During the initial sea-level rise phase an avulsion process occurred
within the incised valley and the Tiber River migrated its course to-
ward SE of about 2.5 km with respect to the previous position. The
new-formed T1 delta was very close to the barrier island and both
remained in a stable position. With the deceleration of sea-level rise
during the YD, there was a probable increase of sediment supply
that allowed a stabilization of both depositional systems. Sea water
invaded the outer part of the bay-lagoon, while in the inner part a
freshwater environment predominated (Fig. 10c).

T1 delta shows in strike section a lenticular geometry, has a maxi-
mum thickness of 20-21 m and extends laterally for about 3 km. The
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paleogeographic setting suggests that it can be considered as a river-
dominated delta having a subaerial delta plain, a delta front with a sub-
aqueous mouth bar, and a prodelta slope. The lagoonal basin, the sector
with the lowest energy, constituted the prodelta region of the bay-head
delta. In this sector peat, and other organic matter deposits were present
at different stratigraphic levels.

Microfaunistic and vegetation data support such interpretation
(Facies association B). The foraminiferal and ostracoda assemblages in-
dicate a brackish lagoonal enviromment. Pollen data suggest that be-
tween 13,000 and 12,200 cal BP the succession of xerophytic herbs
(mainly Cichorioideae and Chenopodiaceae), followed by grasses,
Juncus-Carex-Typha communities, and aquatics, indicating a progressive
rise of the water table in a newly formed freshwater basin, occurred. In
the landscape surrounding the Tiber delta area, an open deciduous
woodland, accompanied by increasing amounts of evergreen elements,
was found, consistently with the vegetation features recorded in other
sites of the region (Di Rita et al., 2012 and references therein). Around
12,000 yr BP the arboreal vegetation underwent a clear reduction of
broadleaved trees, an important development of Pinus, and an apprecia-
ble increase in xerophytes. These vegetational changes were most likely
determined by climate conditions unsuitable for trees, coeval with the
global Younger Dryas fluctuation. The general features of this late-
glacial opening of the vegetation at Pesce Luna are in good agreement
with the vegetation dynamics observed in other pollen records of the
Latium region (Magri, 1999; Di Rita et al., 2012), although xerophytes
are much less abundant in the coastal areas than inland. Plant
macroremains reveal that the wetland underwent a lowering of the
water level with exposure of sandy soils.

The final phase of the TST developed between 11,500 and 6000-
5000 yr cal BP. After the deceleration of sea-level rise characterizing
the YD, a new acceleration phase occurred until 9000 yr BP, followed
by a new decrease rate of sea-level rise, documented in the whole
Mediterranean area (see Bard et al., 2010). This led to a rapid land-
ward migration of barrier island and Tiber bay-head deltas. T1 delta
was active until ~9000 yr BP, then it was abandoned and a new del-
taic body (T2) was formed in the southeastern portion below the
present delta plain (Fig. 10d). T2 delta shows a lens-shaped geometry
in strike section, has a maximum thickness of about 17-18 m and ex-
tends laterally for about 5.6 km (Fig. 9a). This major lateral extension
is thought to be the response to a decrease in the rate of sea-level rise
and, consequently, to a minor accommodation space; T2 delta was ac-
tive until approximately 8500 yr BP.

The last sea-level rise phase that precedeed the cold climate event
of 8.2 yr BP (Barber et al., 1999; Clarke et al., 2004), coincides with a
global eustatic jump estimated about 3 £ 1.25 m (Hijma and Cohen,
2010). This rapid sea-level rise and the further reduction of accom-
modation space caused, in our interpretation, a new avulsion of the
Tiber river and the formation of the bay-head delta T3 (Fig. 10e),
which developed during a period of deceleration of sea-level rise re-
lated to the cold 8.2 yr BP event. A similar evolution is common to
other modern delta systems (see Bird et al., 2007; Hori and Saito,
2007; Tamura et al., 2009).

The T3 body is smaller than T1 and T2 (1.4 km in lateral extent) and
reaches a thickness of 5-10 m (Fig. 9a,c). It prograded very rapidly
within the lagoon, reached the coastal barrier, and flowed into the
sea, giving rise to the initial construction of the present-day wave-
dominated delta, an evolutive process developing during the subse-
quent highstand systems tract.

The final sedimentation phase of TST is marked into the lagoon by
the presence of a thick and continuous peat layer, dated between
6000 and 5000 cal BP (Fig. 9a,c). The formation of this layer, similar
to that recognised in the Rhine-Meuse delta (this delta has extensive
peat formation between ~6000 and ~3000 cal BP, see Gouw and
Erkens, 2007), is thought to be produced when sediment supply to
the delta was insufficient and the available accommodation space was
filled by peat, which grew during the very slow rise of groundwater

table in turn related to the very slow rise of eustatic sea-level (see Van
Asselen, 2011). It is not a coincidence that this process occurred in
this period of time. The formation of the peat layer coincides, in fact,
with the maximum transgression phase that closed at the top the TST
of TDS with the maximum flooding suface (mfs) (Fig. 9). Landward
this surface is placed on top of the peat layer. Seaward it is placed within
the condensed section that represents the time of maximum flooding
on the shelf. On the shelf in front of the Tiber river, the condensed de-
posits have been recognised on high-resolution seismic profiles as an
acoustically transparent unit lying directly on the TDS sequence bound-
ary (Bellotti et al., 1994; Chiocci and Milli, 1995).

In the Pesce Luna well (Fig. 5) the mfs is present within the inner
shelf silty clay deposits that close the clear transgressive trend recog-
nized in the TST in the passage from estuary to marine depositional sys-
tem (—48 m to —19/—20 m). As shown in the correlation panel
(Fig. 9b), the mfs is placed at different depths. Such character is strictly
related to the fact that the time of maximum transgression in a basin is a
function of the local sediment supply with respect to the local rate of
relative sea-level rise (Wehr, 1993; Allen and Posamentier, 1994;
Martinsen and Helland Hansen, 1994; Posamentier and Allen, 1999).
Consequently the maximum flooding surface can be a diachronous sur-
face in a depositional strike section and assumes the significance of a
chronostratigraphic surface in a dip section as shown in the correlation
panels (Fig. 9b,c).

From the microfaunistic point of view the TST sedimentation, be-
tween 11,500 and 5000-6000 cal Bp, is characterized by foraminiferal
and ostracoda assemblages, which indicate a passage from brackish,
lagoon-marsh to brackish-marine and finally marine environments.
Pollen analysis suggests that at the onset of the Holocene the marked
reafforestation process widely recorded in the region (Magri, 1999;
Drescher-Schneider et al., 2007; Di Rita et al,, 2012) was overshadowed
by the local development of an unstable environment with marshes,
swamps, ponds and wet meadows occurring under the influence of a
rapid rise of the sea level. A mixed deciduous woodland developed, a
feature also recognized by Amorosi et al. (2004), and Aguzzi et al.
(2007) and Amorosi et al. (2008) in the Late Quaternary Po and Arno
coastal plain deposits respectively. The evergreen coastal vegetation
underwent a steady increase. The riparian vegetation became part of
the local coastal and estuarine environment, as it still occurs at present.
Around 10,400 yr cal Bp, a marked reduction of the wetland in favour of
sandy soils and a brackish environment suggests that the sea was near.
A stable arboreal vegetation formed, characterized by a deciduous
coastal forest with progressive increase in evergreen elements. This
landscape persisted until the end of the record (ca. 9000 calep) and
even later, as shown by the nearby sequence from Lingua d'Oca-
Interporto (Di Rita et al,, 2010).

5.3. Highstand Systems Tracts

The HST developed from 6000 to 5000 yr BP, when the sea level rise
decreased to about 1 mm yr~' (Bellotti et al., 1995, 2007) approaching
a relatively stable position. The filling of the lagoon formed during the
TST and the subsequent cuspate delta formation were the dominant
features of the Tiber area. Within this lagoon the bay-head delta T3
prograded very rapidly due to the increase of sediment supply and the
decrease of the rate at which new accommodation space was created.
The lagoon was transformed into two marshy coastal ponds (Stagno
di Maccarese to the north and Stagno di Ostia to the south), poorly
and intermittently connected to the sea, which remained active up
to the 1884 reclamation (Amenduni, 1884). The most recent data
(Giraudi, 2004, 2011; Bellotti et al., 2007, 2011; Giraudi et al., 2009;
Goiran et al., 2009; Di Rita et al., 2010; Di Bella et al., 2011) show a
very complex paleoenvironmental evolution of the Tiber river over
the last 6000 years and indicate that major environmental changes
were largely induced by climate and subordinately by human impact.
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Such evolution can be subdivided into three different phases (Fig. 10f,g,
h) (see also Bellotti et al., 2011).

At the beginning of the first phase, (6000-2700 cal BP) (Fig. 10f),
the Tiber acquired a marine mouth after the progradation of bay-delta
T3 within the lagoon (approximately between 7000 and 6000 cal BP).
A cuspate delta with several beach ridges (strandplain) dated to
6000-5700 cal BP (see also Giraudi, 2004; Bellotti et al., 2011), was
built over the area stretching from the present Capo due Rami to
the site where the Trajan Imperial harbor was subsequently built.
The landward margin of this strandplain marks both the innermost
limit of the transgressive coastal barrier and the starting point of
the first highstand of the Tiber marine delta progradational phase.
During this phase, lasting about 3000 years, the Tiber prograded at
a rate of at least 1 m/year. Pollen analysis (see Bellotti et al., 2011)
suggests that toward the end of this phase the landscape was covered
by a mixed oak-dominated woodland with evergreen elements. In
particular, starting from 3000 cal BP, a spread of arboreal vegetation
characterized by evergreen and deciduous Quercus with Juniperus
suggests the expansion of forest communities on the newly available
land produced by the cuspate delta accretion. From the historical
point of view the transition from the first to the second phase, in
the 7th century BC, was contemporary to the foundation of ancient
Ostia, as suggested by historical accounts (cf. Bellotti et al., 2011).

In the second phase (Fig. 10g), between 2700 and 1900 cal BP, an
abrupt southward migration of the river mouth occurred, probably as
a result of a strong flood event. This event occurred during a cold cli-
matic phase recognized in the Mediterranean area (Incarbona et al.,
2010) and coincident with the Bond cycle B2 (Bond et al., 1997).
The Tiber river flowed into the Ostia pond, thereby opening a new
mouth about 3 km south of the previous one (the present Fiumara
Grande mouth).

At the mouth of this new channel the Tiber river began to build a
new lobe while the old one no longer fed was subject to erosion. The in-
trusion of sea water into the marshy coastal Ostia pond is highlighted by
a peak of foraminiferal lining, a change in the mollusc record, the ap-
pearance of Ruppia and an increase in Chenopodiaceae. The cuspate
delta advanced seaward very quickly so that, about 2350-2400 cal BP,
it was almost fully developed. The mouth progradation rate was esti-
mated to be about 5-6 m/year. After this phase the growth of the
delta was interrupted by a new erosive process that produced the ero-
sion of the beach ridge and the apex of the delta as suggested by the re-
construction of the shoreline (v line in Bellotti et al., 2011), which has a
gently curved shape. According to recent data (Bellotti et al., 2011;
Giraudi, 2011), this erosive process occurred about 1650 cal BP (third
century AD) during the Roman Warm Period that was characterized
by a decrease of Tiber floods. From 2400 yr BP onwards, the human in-
fluence played an important role on the natural landscape and the pres-
ence of significant amount of cultivated and anthropochore plants
suggests an intensive exploitation of the area by human communities,
particularly during the Imperial times.

At the beginning of the third phase (Fig. 10h) (from about
1900 cal BP to present day), the Tiber progradation gave rise to a com-
plex cuspate delta built up by two distributary channels that were al-
most simultaneously active: Fiumara Grande, the most important and
natural distributary channel, and Fiumicino channel, dredged during
the 1st century AD for the construction of the Roman Imperial Port.
This phase corresponds to the last progradation of the Tiber delta, a pro-
cess that has been quite intense over the last 500 years. During this pe-
riod the Tiber delta experienced alternating phases of progradation,
stability and erosion under the control of rapid climatic changes. This
produced also the opening and the closure of the tidal inlet connecting
the internal marshes to the sea, a mechanism strictly related to the evo-
lution of the delta and in particular to the formation and lateral migra-
tion of the spits. It is worth noting that during this period of time there
was a strong correlation between the Tiber flood events and the
progradational phases of the delta, while the erosion of beach ridges

occurred during phases with reduced sediment supply (Bellotti et al.,
1994, 2011; Giraudi, 2011). Anyway, no variations of the shoreline po-
sition seem to have occurred between the 1st century and 1400 AD.
Starting from the middle of the 15th century and until 1900 AD a
major seaward shift in the shoreline position was recorded in coinci-
dence with the Little Ice Age, when more frequent and intense floods
are historically documented in the city of Rome. During this period
the Tiber delta prograded for about 3 km at a rate of about 9 m/year
(Bellotti et al., 1994; Giraudi, 2011). The same phase, with similar char-
acteristics but different progradation rates, was recorded in other deltas
of the eastern Tyrrhenian Sea (Caputo et al., 1987; Alessandro et al.,
1990; Bellotti, 2000).

From the stratigraphic point of view the architecture of the HST
is characterized by the development, in recent times, of a wave-
dominated arcuate delta, with lateral transition to strandplains fed by
longshore drift. Beneath the present delta plain, near the mouth delta,
the evolutive trend of the HST deposits was characterized by a sand-
dominated coarsening-upward facies succession produced by the
progradation of the delta front onto prodelta clay/sand alternations
(Figs. 5 and 9b,c). A similar trend has also been recognized for the de-
posits beneath the lateral strandplain (see other similar description in
Coleman and Wright, 1975; Bhattacharya and Walker, 1992; Reading
and Collinson, 1996; Bhattacharya, 2006). Seaward, HST deposits were
observed with high-resolution seismic profiles. Such deposits are char-
acterized by high-amplitude continuous internal reflections with
subparallel internal configurations and downlap terminations; they
tend to smooth the preexisting morphology, filling the depressions
and smoothing the high (Bellotti et al., 1994).

A detailed examination of the cores regarding the cuspate delta
and the lateral beach ridge formed during the three phases of HST,
reveals that the stratigraphy of the cores shows a cyclic grain-size
variation and an alternation of beach and lagoon (from open to
closed) environments, which has been interpreted as the expression
of the lateral variability of these sandy bodies, a character closely re-
lated to their different accretion mode. As shown in Fig. 10h, the
beach ridges are more or less equally distributed on both sides of
the mouth and as such the Tiber delta can be considered a symmetric
wave-dominated delta (sensu Bhattacharia and Giosan, 2003). This
character has been preserved during the evolution of the delta in
the last 6000 years. However, until about 2700 BP, with the deltaic
progradation the forming beach ridges gave rise to amalgamated
sand bodies, about 20 m thick, with a clear coarsening-upward
trend. This regular and symmetrical distribution of beach ridges on
both side of the mouth suggests that the main wave directions
were basically from the west sectors. Only the waves coming from
these sectors would be able to redistribute the river load on both
sides of the mouth. Since 2700 BP the beach ridges show an initial
development towards the northern sectors, suggesting that in addi-
tion to the wave directions from the west, a wave direction from
the south began to be more influent. The latter would have produced
a weak northward littoral drift responsible of the slight asymmetry
visible in the Tiber delta.

Another change concerns the mechanism of beach ridges accretion.
Unlike earlier stages, the beach ridges that developed over the past
2700 years were not amalgamated, but were separated by muddy de-
posits that contain organic material and a fauna indicating a brackish
environment, such as lagoons, or a slightly confined infralittoral envi-
ronment affected by freshwater influence (Di Bella et al., 2011). These
elements suggest that these sand bodies were originally barrier-spit
systems, whose formation and evolution may follow the mechanism
proposed by Bhattacharia and Giosan (2003), Giosan et al. (2005), van
Maren (2005), Giosan (2007) and Dan et al. (2011). This mechanism
emphasizes a close interaction between flood events, transporting
large volumes of sediment to the subaqueous delta, and the waves,
especially the storm waves, that may have reworked back this sand to-
wards the shoreline (see also Rodriguez et al., 2000). The latter process
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would generate, over time, sand bodies attached to the delta mouth,
which formed emergent and elongate shore-parallel sandy barrier-spits
at the back of which, in more sheltered areas, fluvial and lagoonal de-
posits occurred. The barrier-spits would be attached with their downdrift
tip to the mainland through the along- and cross-shore sediment trans-
port. A consequence of this process was the transformation of the lagoon-
al basins into brackish coastal lakes and then into freshwater marshes.
These were eventually covered by dune and interdune deposits, consti-
tuting the last evolutionary phase of the Tiber delta.

6. Conclusions

The integration of sedimentological, micropaleontological, and pa-
leobotanical analyses coupled with radiocarbon data, allowed to unrav-
el the complex evolution of the Tiber delta sedimentary succession
deposited during the last glacial-interglacial cycle (last 120 ka) consti-
tuting the Tiber Depositional Sequence (TDS).

Facies and paleoenvironmental analyses together with the re-
constructed stratigraphic architecture of this succession allowed a
better sequence-stratigraphic interpretation of these deposits, which
contain, with different thicknesses and details, the early and late
lowstand, the transgressive and the highstand systems tracts.

This study confirms the lithofacies distribution resulting from trans-
gression and infilling of a wave-dominated estuary, but also shows
some important elements seldom described in the literature: 1) the
local preservation of landward forced regressive deposits and their po-
sition within the Tiber incised valley, as well as their stratigraphic rela-
tionships with the adjacent systems tracts; 2) the infilling of the deeper
portion of the incised valley with fluvial late lowstand deposits; 3) the
good preservation of the barrier islands formed during the transgressive
sea-level rise, that are rarely preserved, being removed by shoreface
ravinement; this suggests a high accommodation during the TST;
4) the completeness and thickness of the preserved succession showing
the transitional passage from a wave-dominated estuary to a wave-
dominated delta with the increase of fluvial power, during the transi-
tion from transgressive to highstand conditions. This feature is rarely
preserved in the ancient incised valley-systems (sensu, Zaitlin et al,
1994; Boyd et al., 2006).

Our study documents that the stratigraphic organization of TDS is the
result of the interaction between global eustatic variations and sediment
supply, both processes being under the control of climatic changes. The
land subsidence, although present, may be considered negligible, in
order to evaluate the variations in time and space of accommodation
space. Land subsidence due to peat compaction can locally influence
the sedimentation pattern through the generation of local accommoda-
tion space within which autocyclic facies sequences can be formed.

The recognised evolutionary trends evidence a deposition of alluvial
and coastal systems during the regressive forced phase related to the
eustatic sea-level fall between about 120 and 30-26 yr BP (early
lowstand). With the subsequent stillstand and slow eustatic sea-level
rise (late lowstand), a prograding delta and an aggrading incised-
valley fluvial fill occurred. The Tiber incised valley was transformed
into a wave-dominated estuary during the transgressive phase (TST),
whereas subsequently a coastal-shelf sedimentation took place during
the highstand phase (HST). Changes in sediment input, climatic varia-
tions and more recently, human activities played a major role in the de-
velopment of the Tiber delta during the last 20,000 yr BP. This is well-
evidenced by foraminiferal and ostracoda assemblages, as well as by
vegetation assemblages (pollen and plant macroremains), which record
the paleoenvironmental evolution of the study area in response to
sea-level and climatic changes and, in the last thousands of years, to
the influence of human activity. In recent times (last 3000 years) a strict
relationships between progradational phases of the delta and flood
events of the Tiber river has been evidenced, suggesting also an evolu-
tion of this last phase through the formation and merging of barrier-
spits to the mainland, as recognized by other authors in similar settings.
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