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ABSTRACT

Geophysical surveys and multiproxy analyses of sediment cores have been used to reconstruct the palaeoenvironmental

evolution of the Santa Giusta coastal lagoon (SGL), along the western coast of Sardinia. This area served as a natural

harbour mainly during the Punic and Roman Republican periods (6th–2nd century BC). The inlet of the SGL is connected to

the adjacent mouth of the River Tirso and lies on the incised valley of an ancient tributary that once fed into the Tirso

during the last sea‐level lowstand. The SGL formed after the sea level rose following the LGM, resulting in the inundation

of the incised valleys, which were subsequently filled with estuarine sediments. About 6000 years ago, the area that is now

occupied by the mouth of the river and the SGL was protected by a sandy barrier enclosing an open lagoon. About 4500

years ago, the deposition of alluvial sediments marked the beginning of the progradation of the river mouth, leading to the

gradual enclosure of the SGL. Before 2100 years ago, the SGL was a suitable location for a sheltered harbour, as evidenced

by archaeological indicators, both pottery and wooden structures, found within the lagoon sediments. By this time, the

progressive narrowing of the inlet had reduced the accessibility of the site from the sea and the harbour lost its

functionality.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is properly

cited.
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1 | Introduction

Coastal lagoons have been attractive locations for human set-
tlements and are used as harbours since ancient times, as they
constitute naturally sheltered areas (Kaniewski et al. 2018;
Morhange et al. 2017; Marriner and Morhange 2007). Coastal
lagoons are often associated with river deltas and the evolution
of these complex systems controls their formation, development
and eventual filling with sediment (Ruiz‐Pérez and Carmona
2019). As far as the deltaic systems of Mediterranean rivers are
concerned, two main evolutionary phases have been recognised
during the Holocene. These are related to the rate of sea‐level
rise, climatic variations, sediment input and human impact
(Anthony et al. 2014). The first phase is associated with the
progradation of clastic coasts after the sea level stabilised, since
about 6 ka (Giaime et al. 2022; Giaime et al. 2019; Anthony
et al. 2014; Catuneanu and Zecchin 2013). The second phase
involves the expansion of deltaic depositional systems and the
formation of sand spits and beaches, which are the direct con-
sequence of the increase in sediment input due to the impact of
human societies (Maselli and Trincardi 2013; Bellotti et al.
2011). During the evolution of river deltas, coastal lagoons
could form and remain isolated from the sea by the develop-
ment of sand barriers, before being partially or completely filled
by sediments. The lagoons that border the Mediterranean coasts
to date cover approximately 64,000 km2 (Cataudella et al. 2015),
but were probably wider in ancient times, before being partially
filled by sediments (Giaime et al. 2019 and references therein).
Due to sediment deposition, several Mediterranean lagoonal
harbours lost their function over time and were gradually
abandoned. A few examples are the Portus Pisanus, Tuscany
(Italy), which was used as a harbour from the 2nd century BC

until almost AD ~1500 (Kaniewski et al. 2018); the lagoon of
Cumae‐Licola (Campania, Italy), which has undergone rapid
filling since the Hellenistic period (Stefaniuk and Morhange
2010); and the ancient lagoon of Pollentia (Mallorca, Spain),
which has been dredged since its foundation in the 1st century
BC (Giaime et al. 2017).

The position of the Sardinia Island, in the centre of the
western Mediterranean Sea, has always been attractive, and
this is the reason why numerous archaeological settlements
have been found along its coasts, especially from the Neo-
lithic (e.g., IIPP 2009) to Late Antiquity. Three important
settlements, Tharros, Othoca and Neapolis, founded by the
Western Phoenicians, are located along the coast of the Gulf
of Oristano, a wide bay on the mid‐western coast of Sardinia
(Del Vais et al. 2023a, 2023b, 2020; Del Vais 2014; Spanu and
Zucca 2011; Del Vais et al. 2008; Acquaro et al. 1999). The
city of Othoca, built to control the central sector of the Gulf of
Oristano and its rich hinterland (Del Vais 2018, 2010), is
located on the northeastern shore of the Santa Giusta lagoon
(SGL), a wide coastal lagoon associated with the delta of the
Tirso River, the longest river in Sardinia (Figure 1). Under-
water excavations in the lagoon have revealed the presence of
exceptionally important archaeological remains mainly of the
Punic and Roman Republican age (Del Vais et al. 2023a; Del
Vais and Sanna 2012). Indeed, pottery mainly dating from the
6th to 2nd centuries BC was recovered buried in the sediments
of the SGL, mostly represented by transport amphorae, but
also including domestic pottery and, more rarely, pottery

associated with funerary and cultic use, in addition to a large
amount of organic material (Del Vais et al. 2023a; Del Vais
and Sanna 2012). To understand how the geomorphological
evolution of the surrounding area has influenced the pres-
ence and development of the human settlements, it is an
important task to reconstruct the palaeoenvironmental evo-
lution of the lagoon.

The aim of this study is to reconstruct the morpho‐stratigraphic
evolution of the SGL and the adjacent alluvial plain of the River
Tirso over the last 7000 years, with a specific focus on the
phases of flooding and progradation of the alluvial system and
to relate it with the human occupation of the lagoon since
Archaic Punic times (7th–6th century BC).

2 | Study Area

2.1 | Geological Setting and Coastal
Geomorphology

The study area (Figure 1) is located in the northern sector of the
Campidano Plain, a Pliocene‐Quaternary NW‐SE‐oriented graben,
filled by syn‐rift continental deposits interspersed with Pliocene
basaltic lava flows (Casula et al. 2001). Although a recent study
suggests continuous tectonic activity since the Marine Isotopic
Stage 7 (MIS7; ca. 220 ka) (Cocco et al. 2019), the basin is generally
considered stable since the Middle Pleistocene (post 700 ka)
(Cherchi et al. 2008). The northern sector of the Campidano plain
overlooks the Gulf of Oristano, a wide and shallow bay protected
by two rocky promontories (Figure 1).

The geological setting of the coastal plain includes terraced
coarse deposits of Pleistocene age in the inner sector and
littoral, alluvial and lagoonal deposits of Holocene age along the
coastal sector and the alluvial plain (Figure 1).

The northern side of the Campidano plain is drained by the
150 km long River Tirso and includes several coastal lagoons
(Figure 1). The river forms a delta system that flows into the Gulf
of Oristano and has a catchment area of about 3340 km2. It crosses
a hilly area until about 20 km from the mouth, where a knick‐
point characterises the entrance of the river into the alluvial plain.

The present geomorphological setting of the area is the result of
a progressive filling of the incised valley of the River Tirso and
of the subsequent formation of coastal barriers and sand spits
that close the coastal lagoons (De Falco et al. 2022; Pascucci
et al. 2018; Melis et al. 2017).

The infill of the incised valley was characterised by high sedimen-
tation rates associated with the humid period of 8–7 ka BP and lower
rates associated with the dry period of the cold phase of 6–4 ka BP

(De Falco et al. 2022). The decrease in the rate of sea‐level rise after
6 ka allowed for the formation of coastal systems (De Falco
et al. 2022; Pascucci et al. 2018; Melis et al. 2017). After 4.5 ka BP,
coarse‐grained alluvial sediments were deposited because of river
mouth progradation (De Falco et al. 2022; Melis et al. 2017).

The SGL (surface area 0.8 km2, mean depth 1m) is located
south of the alluvial plain of the River Tirso and is connected to

2 of 15 Geoarchaeology, 2025

 15206548, 2025, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/gea.70010 by C

ochraneItalia, W
iley O

nline L
ibrary on [15/04/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



the sea by an artificial narrow inlet (Pesaria channel, Figure 1).
Until recently, the lagoon was connected to the last stretch of
the River Tirso by a sinuous inlet, as can be seen in the geo-
graphical maps from the 1800s. After 1954, the inlet was
straightened and connected directly to the sea. On the eastern
shore, three small freshwater tributaries flow into the lagoon
(Figure 1). The water inflow is currently mainly regulated by
artificial channels.

2.2 | Human Settlements

The central western Sardinia was intensely occupied since the
Neolithic, and numerous human settlements from the prehistoric,

protohistoric, Punic, Roman and medieval periods were found in
this area. In the Oristano area, ancient human settlements were
mainly located along the lagoon shores and in the inner sector
of the alluvial plain (Figure 2), whereas settlements in proximity of
the river mouth are very rare; of the latter, the temporary village of
Sa Osa, occupied in the Chalcolithic and especially in the Bronze
Age, is the one best documented by archaeological excavations
(Usai et al. 2012; Melis et al. 2017).

The Punic centre of Othoca, founded at least in the 7th century
BC, is located along the north‐eastern shore of the SGL
(Figure 2), on a slightly raised alluvial terrace, south of the Sa
Mitza channel, one of the freshwater tributaries of the lagoon.
The remains of the ancient city lie below the modern village

FIGURE 1 | Geological map of the Tirso River mouth and the Santa Giusta lagoon coastal area. The map shows the position of sediment cores

collected for this study (blue dots) and the position of the sediment cores described by De Falco et al. (2022) collected along the alluvial plane of River

Tirso. The triangle and square symbols indicate the position of archaeological remains along the coastal area. The routes of the seismic lines collected

inside the lagoon and position of geo‐electric survey lines are also reported.

3 of 15

 15206548, 2025, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/gea.70010 by C

ochraneItalia, W
iley O

nline L
ibrary on [15/04/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



of Santa Giusta; only a few residential contexts and two
burial areas from the Punic‐Roman period (7th century BC–1st
century AD) have been investigated (Del Vais 2018, 2010).

Underwater archaeological research in the lagoon has revealed
the presence of important ancient contexts dating mainly from
the Punic/Roman Republican period (7th–2nd century BC),
with the sporadic attestation of artefacts from the Final Bronze
age (10th century BC) and the Imperial Roman period (2nd
century AD). The underwater archaeological site is located in the
northern sector of the lagoon, in an area of ∼210,000m2

(350 × 600m); it is ∼200 m from the north‐east shore and ex-
tends south‐westwards to ∼800m from the shore. Systematic
surveys identified a widespread presence over the entire area of
artefacts datable between the 6th and the 5th century BC, more
rarely later. In a more limited sector (∼5500m2), a high con-
centration of accumulated archaeological material was found,
dating mainly from the 3rd–2nd century BC; in this sector, the
underwater stratigraphic excavation was carried out in an area
of ∼120 square metres. The underwater research recovered
abundant pottery, mostly transport amphorae, but also ceramics
of domestic use and, more rarely, of a funerary and cultic nature
(6th–3rd/2nd century BC). In several cases, the amphorae con-
tained remains of animal bones, mostly of sheep and goats,
showing clear evidence of slaughter processes. The silty sub-
strate favoured the conservation of organic materials, including
pinecones, seeds of different species (often contained also in the

amphorae) and woods fragments (Del Vais et al. 2023a; Sabato
et al. 2019; Del Vais and Sanna 2012). Among the numerous
wooden artefacts lying under the amphorae deposit, horizontal
elements were found joined to other vertical piles sinking on
the sediment, which can be interpreted as possible structural
parts of wooden jetties.

3 | Materials and Methods

3.1 | Geophysical Data

A grid of high‐resolution seismic reflection lines with a total
length of ~24 km was collected using a Chirp Benthos‐Teledyne
III system operating at a frequency of 2.5–7 kHz within the SGL
(Figure 1) on board a small boat. The seismic lines were spaced
approximately 200m apart. The conversion of two‐way travel
time to approximate depth was obtained, assuming an average
velocity of 1500ms−1 in the water column and the saturated
sediments of the first few metres below the lagoon bottom. The
seismic reflection data provided a lateral resolution of 0.5 m and
a vertical resolution of 0.25 m. The data were then processed
and interpreted using Geosuite™ software, under the seismic
stratigraphy paradigm (Mitchum et al. 1977).

Two geoelectric profiles were also carried out on the north-
eastern shore of the lagoon (Figure 1). The survey consists of

FIGURE 2 | The map shows the routes of seismic lines reported in Figures 2 and 4, the position of sediment cores described in Figures 6 and 7

and the position of the resistivity tomography section reported in Figure 5. The sediment cores PT6 and PT8, described by De Falco et al. (2022), were

included in the stratigraphic correlation reported in Figure 9. The dots inside the lagoon show the position of archaeological remains identified inside

the lagoon sediments by hand probe surveys (Del Vais and Sanna 2012).
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measurements of the apparent resistivity of the ground using a
quadrupole (four electrodes). Each measurement consists of
injecting an electric current into the ground between two electrodes
and measuring the voltage (potential difference) between the other
two. We use a Wenner–Schlumberger acquisition scheme with 62
electrodes equally spaced at 1m. This type of acquisition scheme is
a good compromise between lateral and depth resolution. The data
were then analysed to improve the signal‐to‐noise ratio by elim-
inating outliers and further inverted with a robust (L1‐norm based)
least square cost function to obtain two sections of the electrical
resistivity of the subsoil (Figure 5). The 2‐D inversion is justified by
the flat geometry of the target bodies. However, it should be noted
that the resistivity measurements can also be affected by structures
off the profile lines.

3.2 | Coring and Sediment Analysis

A detailed knowledge of the stratigraphy of the River Tirso
alluvial plain was available after the study of sediment cores
reported in Figure 1 by De Falco et al. (2022) and Melis et al.
(2017). In this study, six new sediment cores were collected
along the north‐eastern shore of the SGL and two sediment
cores were collected from the lagoon bottom (Figure 1).

The cores collected from the lagoon shore reached depths of up
to 10m and covered the entire Holocene stratigraphic sequence
overlying the Pleistocene alluvial sediments. Elevations of the
cores relative to current mean sea level were obtained using a
DGPS‐RTK survey (vertical approximation ± 0.15m).

Cores from the bottom of the lagoon were collected using a
1.2 m long PVC pipe manually pushed into the sediments. They
were collected in two phases during the underwater archaeo-
logical excavations: directly on the lagoon floor and from sed-
iments collected 1m below the bottom, both in the same
location. In this way, it was possible to recover a total of 2 m of
sediment cores below the lagoon floor.

All cores were described for a preliminary lithofacies classification
in the laboratory. Two cores (PT13bis, 11.4m long, and C03, 2m
long) were sampled and analysed in more detail. The PT13bis and
C03 cores were sampled at 10 and 5 cm intervals, respectively.

Each core interval was analysed for sediment grain size. Samples
were wet‐sieved at 90 µm, after pretreatment with H2O2, to separate
the finer and coarser fractions. The former was analysed using a
Galai CIS1 laser system and the latter by dry sieving (De Falco
et al. 2015). The muddy layers of the cores contained several shell
layers that were sampled. Additional shells were sampled during
the grain size analysis. In addition, the muddy layers were analysed
for water content and total organic matter by loss on ignition at
110° (12 h) and 550° (3 h), respectively.

X‐ray fluorescence chemical analysis was carried out using an
Olympus Vanta Element portable analyser (hereafter pXRF). The
Vanta Element uses a 4W/8–35 keV X‐ray tube as an excitation
source and a Si PIN as a detector. The XRF acquisition was carried
out for the same core sampling interval along the exposed core
section, with the sensor at a constant distance of 0.5 cm and an
acquisition time of 120 s. The following elements, detected by XRF

analysis, were selected: Sr, Pb, Zn and Mn. Pb, Zn and Mn are
considered to be proxies for human activities, whereas Sr is a proxy
for biogenic carbonate content in sediments (Simeone et al. 2022).
The pXRF instruments yields the error (1σ) associated with the
measure: 2% for Sr, 6% for Mn and 10% for Pb and Zn.

Malacological remains collected and sieved from the sampled
sediments were analysed to define the palaeoecological conditions
of the depositional environments. A first taxonomic identification
was followed by a taphonomic analysis of shell condition and
traces (fragmentation, internal biofouling and bioerosion marks,
marine erosion, predation bores) (Claassen 1998; Poppe and
Goto 1991, 1993; Doneddu and Trainito 2005). The ecological
study of the different taphocoenoses has highlighted the biofacies,
thereby refining our understanding of the ecological character-
istics associated with each lithofacies.

3.3 | Core Dating

Five samples from the PT13bis core were collected for AMS 14C
radiocarbon dating, carried out at the of Beta Analytic's laboratories.
Three samples of the mollusc Cerastoderma glaucum were found in
life position with both articulated valves; two samples consisted of
plant remains and sedimentary organic matter (Table 1).

Radiocarbon dates were calibrated using CALIB 8.2 (Stuiver
et al. 2022). IntCal20 and Marine20 calibration methods were
used. Local deviations of the marine reservoir effect were ac-
counted for using a ΔR value of −137 ± 82, which is an average
of the value for the area, including all available data for the
westernmost part of the Mediterranean Sea (Heaton et al. 2020).

4 | Results

4.1 | Geophysical Data

The seismic reflection images allowed us to identify two seismic
units (U1 and U2) overlying an acoustically blind unit (AcB).
The seismic units are separated by two unconformities, which
we have named S1 (the deeper one) and S2 (see Figure 2 for
location; Figures 3 and 4).

The deeper units (U1 and AcB) and the stratigraphic surfaces S1
and S2 are not visible in continuity along the seismic sections due to
the presence of gas and early diagenetic indurated facies in the
sediments that were not penetrated by the acoustic signal. This
made it difficult to correlate U1 throughout the study area.
Unconformity S1 is located at variable depths, between approxi-
mately 6 and 14m bpsl, in line with SG110 (Figure 4). S1 has the
morphology of a large channel incision, approximately 1 km wide.

Unit U2 is characterised by sub horizontal parallel reflectors of
low amplitude, onlapping S2, which has a roughly flat shape.
The bottom of the lagoon is flat, with an average depth of about
1 m, tapering gently along the shoreline (Figures 3 and 4).

The resistivity tomography sections obtained on the northeast-
ern shore of the lagoon are shown in Figure 5. In both cases, we

5 of 15

 15206548, 2025, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/gea.70010 by C

ochraneItalia, W
iley O

nline L
ibrary on [15/04/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



found a rapid increase in resistivity with extremely low values
at shallow levels. The high conductivity in the upper layer
makes it difficult to reach great depths. However, in both cases,
there is a rapid increase in resistivity at around 6–8m, indi-
cating the presence of coarse Pleistocene sediments below this
depth. The low resistivity in the upper layer is associated with
silty–clayey deposits. It is interesting to note the presence of
well‐resolved lateral variations in the top layer, suggesting an
alternance of layers with a different clay content.

4.2 | Core Data

The stratigraphic log of three cores drilled on the northeastern
shore of the lagoon near the Sa Mitza channel (Figure 2) is
shown in Figure 6; PT13bis was sampled and analysed in detail,
whereas cores PT14 and PT15 were only described.

PT13bis was drilled down to a depth of 11.4 m, and the borehole
was located at an elevation of 0.84 m above sea level. The first
0.64 m of the core consists of material of anthropic origin. The
depths of the core logs, reported in Figure 6, are referenced to
the elevation below the present sea level (depth bpsl).

The lowest part of the core (7.66–10.56m bpsl) consists of rounded
heterometric pebbles of different lithologies in a sandy matrix (Unit
PL, Figure 6). The overlying Unit C4 (6.37–7.66m bpsl) is a dark/
black organic sandy mud with up to ~34% organic matter, rich in
algal remains. The C4 unit was recovered discontinuously, and only
three samples were collected and analysed. For each level, the
sortable/non‐sortable ratio (S/NS according to Mccave and
Hall 2006) along the core was calculated. The S/NS ratio is the ratio
between two grain size fractions (the sortable fraction corresponds
to 8–63 μm and the non‐sortable fraction is < 8μm) and is a proxy
of the hydrodynamic energy of the depositional environment.
Along the C4 unit, the S/NS ratio is 0.4–1.6. The organic sediments
from a layer at 7.56m bpsl have been dated at 7375± 53 cal y BP

(Table 1).

Unit C3 (3.83–6.36 m bpsl) consists of a greenish/grey mud
interval rich in mica, with an organic matter content ranging
from ~3% to ~6% (Figure 6). The S/NS ratio increases from 1.3
to 6. The C3 unit is characterised by the presence of shell
fragments, generally bivalves, at various levels. However, shells
with articulated valves were not found.

Unit C3 passes upward (3.83m bpsl) to a 0.4m thick layer com-
posed of bioclastic muddy sandy gravels with abundant valves and
fragments of Cerastoderma glaucum (typical of brackish ecosys-
tems) and Scrobicularia plana (an intertidal species typical of
transitional waters such as estuaries and very sheltered bays)
dominating the taphocoenosis, both the species attesting to the
formation of a typical lagoon. A valve of C. glaucum from a layer at
3.46m bpsl was dated to 5049± 250 cal y BP (Table 1).

The uppermost unit C0 (0–3.26m) consists of a dark grey sandy
mud, with ~7%–8% organic matter. The deeper level of C0
contains a shell layer (2.63–3.26m bpsl) with fossils of S. plana
and C. glaucum in a silt/clay matrix, with several specimens in
living position. A valve of C. glaucum from a layer at 2.76 m bpsl
was dated to 4593 ± 244 cal y BP (Table 1). Upward along theT
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core, unit C0 is characterised by layers of C. glaucum in living
position. A layer rich in organic matter (~10%–18%) was found
at 0.96–1.26m bpsl. The sortable/non sortable ratio increases
from ~0.6 at the bottom to ~4 at the top of C0 (Figure 6). Two
layers were dated (Table 1); these include a shell of C. glaucum
sampled at 1.56 m bpsl, dated at 402 ± 145 cal y BP, and plant
remains at 1.06 m, dated at 80 ± 72 cal y BP.

Cores PT15 and PT14 were drilled to depths of 10.5 and
12.7 m, respectively, at an elevation of 1.7 and 1.8 m. The

first 1.6 m of both cores consisted of material of anthropic
origin. The lowest part of both cores (down to ~2 m bpsl)
consisted of reddish gravelly muddy sands and ochraceous
mud (unit PL, Figure 6). Along core PT15, unit PL is overlain
by grey coarse sands and muddy sands (unit B) and grey to
greenish mud without bioclastic remains. Along core PT14,
the unit PL is overlain by dark grey organic mud and sandy
mud (unit C0) with specimens of C. glaucum and S. plana.
Fragments of pottery and a piece of a kiln brick of
Punic–Roman age were found at 0.2–0.6 m bpsl.

FIGURE 3 | Interpreted chirp sub‐bottom seismic profiles collected in the Santa Giusta lagoon. The position of core C03 over line SG107 was

reported. See Figure 2 of the seismic line position.

7 of 15

 15206548, 2025, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/gea.70010 by C

ochraneItalia, W
iley O

nline L
ibrary on [15/04/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Concentrations of Sr, Pb, Zn and Mn along the PT13bis core, as
determined by XRF analysis, are shown in Figure 7. They are
slightly variable in the core intervals down to 3.7 m bpsl, cor-
responding to units C4 and C3. The concentration values range
between 0.104 and 0.177mg g−1 for Sr, between 0.014 and
0.03mg g−1 for Pb, between 0.062 and 0.083mg g−1 for Zn and
between 0.325 and 0.463mg g−1 for Mn (Figure 7). The Sr peak
(0.342mg g−1) at 3 m bpsl corresponds to the level of bioclastic
sands and gravels.

The upper part of the core, corresponding to the unit C0, is
characterised by an increase in Pb, Zn and Mn (Figure 7). The
peak concentration in Pb (0.05mg g−1) and Mn (1.193mg g−1)
at one metre of depth bpsl corresponds to the level enriched in
organic matter (Figures 6 and 7).

Core C03 (Figure 8) was taken inside the lagoon at 1 m depth. It
is 2 m long and thus reaches 3m bpsl. The sediments sampled
are silty/clayey, with shelly layers present at 1.4 and 2.2 m bpsl,

FIGURE 4 | Interpreted chirp sub‐bottom seismic profiles collected in the Santa Giusta lagoon. The position of core C03 over line SG117 was

reported. The morphology of the incised valley is visible in the line SG110. See Figure 2 of the seismic line position.
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composed mainly of C. glaucum. The S/NS ratio is < 1. The Pb
and Mn concentrations in the sediments are 0.03−0.15 and
0.41−1.13mg g−1, respectively (Figure 8).

5 | Discussion

5.1 | Depositional Environments and
Stratigraphic Correlation

The reconstruction of the depositional environments and the
stratigraphic correlation between the SGL and the River Tirso

plain are shown in Figure 9. Cores PT8 and PT6 were collected
along the Tirso River plain and were described in detail in a
previous study (De Falco et al. 2022).

The PL unit of the core PT13bis can be interpreted as late Pleis-
tocene alluvial coarse sediments that were incised by the River
Tirso and its lateral tributaries during the last phase of sea‐level
lowstand (De Falco et al. 2022). The PL unit can be related to the
acoustic basement traced in the seismic reflection profiles (AcB in
Figure 4). The stratigraphic surface separating the PL unit from the
overlying Holocene deposits can be interpreted as a subaerial
unconformity (SU) (surface S1 in the seismic profiles, Figure 4).

FIGURE 5 | Two resistivity tomography sections acquired along a transect crossing the core PT13 bis (see Figure 2). We registered a significant

increase of resistivity with depth and lateral variations in the top level.

FIGURE 6 | Description and analysis of the cores PT13bis, PT14 and PT15 (see Figure 2 for borehole positions). For each log, the depth below the

present sea level is provided. Sediment sections from the cores PT13bis were sampled and analysed for grain size, organic matter content, and faunal

associations.
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The morphology of this SU can be traced back to the formation of
the incised valleys. In the resistivity profile shown in Figure 5, the
Pleistocene deposits are characterised by a sharp increase in
resistivity with depth, whereas the overlying silty–clay deposits are
characterised by low resistivity values. The overlying units C4 and
C3 in core PT13bis may be correlated with unit C3 in cores PT6
and PT8. In both sediment cores, C3 consists of terrigenous muddy
sediments with abundant mica and bioclast fragments (De Falco
et al. 2022). The sedimentation environment was probably an
estuary with a rapid sedimentation rate. Based on available
radiocarbon data, sedimentation rates of C3 are estimated at
1.3 ± 0.2mmyear−1 in core PT13 Bis and 4.7 ± 0.7mmyear−1 in
core PT8. Units C4 and C3 can be correlated with the U1 unit in
seismic sections (Figures 3, 4, and 9).

A level of coarse sediment dated at ~5 ka marks the transition to
the overlying C0 unit of core PT13bis, which correlates with C2
and C0 of cores PT8 and PT9. Unit C0 can be attributed to a
lagoonal environment due to the presence of fauna of transi-
tional environments (C. glaucum and S. plana), with shells in
life position. Unit C0 is characterised by a reduced sedimenta-
tion rate down to 0.3 ± 0.05mm year−1. A level of coarse sedi-
ments in core PT13bis, which marks the transition to the
overlying C0 unit, can be correlated to surface S2 in seismic

sections and the overlying C0 unit to unit U2. The U2 seismic
unit was sampled within the lagoon by core C03. The sediments
of the C03 core are silt/clayey, with shelly beds composed
mainly of C. glaucum. The sediments of core C03 show the same
sedimentological character and faunal content as the C0 unit of
core PT13bis. The establishment of a lagoon environment, both
in the river plan of the Tirso and in the SGL, can be related to
the formation of coastal barriers that partially closed the
depressions occupied by the incised valleys from ~6 ka, in
response to the progradation of the coastal systems after sea
level stabilised (Giaime et al. 2019; Anthony et al. 2014;
Catuneanu and Zecchin 2013).

Subsequently, at 4.5 ka, fluvial levee, channel and overbank
sediments were deposited along the river plain, as recorded in
the upper part of cores PT8 and PT6 (Figure 9) (De Falco
et al. 2022; Melis et al. 2017). After 4.5 ka, the SGL had been
partially filled by lagoon sediments containing archaeological
deposits, at an elevation of 2 m bpsl. The excavated archaeo-
logical materials lie upon and above a Cerastoderma layer
(suggesting a phase of minor sedimentary supply) and em-
bedded in the fine sediments (dark grey sandy mud) of the
lagoon. The age of the archaeological deposits is mainly Punic/
Republican Roman (2.6−2.1 ka), although some Imperial

FIGURE 7 | Concentrations of Sr, Pb, Zn and Mn, along the PT13bis core profile measured by pXRF. The plots show the trend of an increase of

metal (Pb, Zn and Mn) concentrations towards the top of the core. The peak of the Sr concentration at 3 m is related to a shell layer.

10 of 15 Geoarchaeology, 2025

 15206548, 2025, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/gea.70010 by C

ochraneItalia, W
iley O

nline L
ibrary on [15/04/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Roman amphorae are present, extending the dating of the
deposit to 1.8 ka (Figure 9).

The error associated with the radiocarbon dating of the proxies
used for chronostratigraphic reconstruction is < 0.25 ka
(Table 1). This error does not significantly affect the
reconstruction of depositional environments based on chron-
ostratigraphic analysis of sediment cores. The shells of C.

glaucum used for dating had articulated valves and were en-
countered in their likely living position. Core PT13bis, on which
the chronostratigraphic reconstruction was based, was taken at
the edge of the lagoon, in an area unaffected by the dredging

carried out inside the lagoon. Therefore, the stratigraphic record
of core PT13bis shows no evidence of erosion or discontinuous
lack of sedimentation as a result of dredging, and can be
considered undisturbed.

5.2 | Palaeo‐Environmental Evolution

Based on stratigraphic and archaeological data, we can reconstruct
the palaeoenvironmental evolution of the SGL site from ∼7.5 ka
(Figure 10). The morphology of the SU, reconstructed from seismic
reflection profiles and core stratigraphy, indicates that the lagoon is

FIGURE 8 | Grain size and XRF data measured along the sediment core C03 collected inside the lagoon (see Figure 2 for the sampling point

position).

FIGURE 9 | Stratigraphic correlations among the core PT13bis (this study), PT6 and PT8 (De Falco et al. 2022) The interpretations of sedi-

mentation environments, seismic units and seismic surfaces were also reported.
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the result of the flooding of the incised valley of a tributary of the
Tirso River as a consequence of the post‐LGM sea‐level rise
(Figure 10). The maximum depth of the incised valley below
the SGL can be estimated at 14m bpsl (Figure 4). According to the
curves available for the study area (De Falco et al. 2022; Vacchi
et al. 2016), the sea level reached the height of 14m bpsl at ∼8 ka,
progressively flooding the incised valley and minor tributaries.
During the valley flooding phase, between ∼8 ka and ∼5−6 ka, the
depositional environment was an estuary with a sedimentation rate
of about 1.3 ± 0.2mmyear−1. Silty–clayey sediments partially filled

the palaeo‐valley. During this period, the rate of sea‐level
rise decreased from ~6 to ~2mmyear−1 (Vacchi et al. 2021), a
value higher than the sedimentation rate estimated for the estuar-
ine deposits, indicating overaccommodation.

Between ∼6 and ∼4.5 ka, the deposition of fine‐grained lagoon
sediments in the alluvial plain suggests the effect of coastal
barriers protecting the environment from the high‐energy sed-
imentary processes typical of the coastal environment. In this
phase, the incised valley of Santa Giusta is characterised by the
presence of a lagoon environment, which is connected to the
mouth of the River Tirso. The observations led to the compi-
lation of the palaeoenvironmental reconstruction synthetised in
Figure 10, which suggests that a large open lagoon occupied the
coastal area at 7.5 ka and was subsequently separated from the
sea by a system of coastal barriers from 6 ka, in agreement with
the reconstruction proposed by De Falco et al. (2022) and Melis
et al. (2017). After this phase, alluvial sediments were deposited
on the plain of the River Tirso, resulting in the progressive
isolation of the SGL. Evidence of anthropic occupation of the
site since ∼4.5 ka is provided by the increase in Pb, Mn and Zn
concentrations in the sedimentary record (Figure 7).

Radiocarbon data from sediment core PT13bis highlight that,
starting from 4.5 ka, the sedimentation rate within the SGL reduced
to 0.3 ± 0.05mmyear−1. Sea‐level curves for the study area indicate
that around 2 ka, sea level was approximately at the present level
(Vacchi et al. 2016; Pascucci et al. 2018; De Falco et al. 2022),
although other authors indicate a sea level of about 1.8m below the
present level for the same period (Antonioli et al. 2007). Consid-
ering a palaeo sea level similar to the present between 2.6 and
1.8 ka, we can estimate a lagoon depth of 1.5–1.8m based on the
height of the archaeological level.

The underwater archaeological context is embedded in the
lagoon sediments, corresponding to unit C0 and seismic unit
U2, which comprise three archaeological sub‐layers. The pres-
ence of numerous transport amphorae and wooden structures
indicates a possible maritime activity in a natural harbour, such
as the inundated space of the lagoon of Santa Giusta accessible
through inlets during the Punic period (since ∼2.6 ka). The
recent re‐examination of stratigraphic sequences and archaeo-
logical material indicates an extension of the period of occa-
sional frequentation of the natural harbour to the Roman
Imperial period (2nd century AD) (∼2.1–1.8 ka), probably with
vessels of medium tonnage and shallow draught for shallow
waters, such as Punic trading ships or Roman transhipment
vessels (de Juan Fuertes 2017; Medas 2000). The amphorae and
other Punic archaeological remains were located at a shallow
depth; various markers formed on the lagoon floor were
observed on their surfaces: patinas of microalgae biofilms,
abrasions, carbonate concretions and attacks by lignivorous
organisms (Teredo navalis). This suggests an initial underwater
phase with microalgae colonisation, which was short‐lived, gi-
ven the limited presence of carbonate concretions from aquatic
worms and lignivorous aggression on wooden artefacts, which
would have been interrupted by the sedimentary cover of
anoxic mud (Del Vais and Sanna 2012). After 2.1–1.8 ka, there is
little evidence of the use of SGL as a lagoon harbour in Roman
Imperial time. The abandonment of the site as a lagoonal har-
bour is probably not due to silting, given the low sedimentation

FIGURE 10 | Sketch showing the reconstruction of the geo-

morphological evolution of the Santa Giusta lagoon and Tirso River

mouth since 7.5 ka, based on this study (Santa Giusta lagoon), Melis

et al. (2017) (right riverbank) and De Falco et al. (2022) (Tirso River

mouth).
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rate (0.3 ± 0.5 mm year−1), but due to the narrowing of the
lagoon mouth. Indeed, the accelerated progradation of the Tirso
River mouth, which can be estimated at 0.5 km ka−1, is likely to
have resulted in excessive narrowing of the lagoon inlets, thus
leading to a progressive abandonment of the site as a naviga-
ble area.

The stratigraphic data demonstrate a transition between es-
tuarine and lagoonal environments, which can be attributed to
the formation of coastal barriers and subsequent progradation
of the river mouth. The age of this transition is consistent with
elevated progradation rates affecting Mediterranean coasts,
which followed a major reduction in the rate of sea‐level rise at
around 6 ka (Amorosi et al. 2017; Vacchi et al. 2016; Anthony
et al. 2014). Therefore, the evolution of the SGL site is con-
sistent with models proposed for other coeval coastal sites in
eastern Sardinia (Melis et al. 2018) and Corsica (Currás
et al. 2017; Ghilardi et al. 2017; Vacchi et al. 2017).

6 | Conclusion

The human occupation of the natural lagoon harbour of Santa
Giusta was strictly conditioned by the progradation of the
alluvial system of a major river in the western Sardinia, the
Tirso. Several lines of evidence suggest that the Santa Giusta
lagoon is the result of the flooding and infilling of an incised
valley formed by a tributary of the River Tirso. Around 6 ka,
coastal processes dominated the sedimentary infilling of the
incised valley, following a slowdown in the rate of sea‐level rise.
The development of coastal barriers led to the formation of a
large open lagoon, occupying the entire present area of the river
mouth. From 4.5 ka, the river alluvial system advanced towards
the river mouth, with the deposition of levee and overbank
fluvial deposits. This sedimentation has progressively isolated
the Santa Giusta lagoon and reduced the size of the inlets.
Archaeological evidence shows that the lagoon, including the
access channels, was still navigable in the Punic/Roman
Republican period. The progressive abandonment of the site as
lagoonal harbour, which took place during the Roman Imperial
period, is probably linked to the progressive narrowing of the
inlets, which were reduced to small channels accessible only to
small boats.
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