water
Article

Freshwater–Saltwater Interactions in a Multilayer Coastal
Aquifer (Ostia Antica Archaeological Park, Central ITALY)
Margherita Bonamico, Paola Tuccimei *, Lucia Mastrorillo

and Roberto Mazza

Dipartimento di Scienze, Università “Roma Tre”, 00146 Roma, Italy; bonamicomargherita@gmail.com (M.B.);
lucia.mastrorillo@uniroma3.it (L.M.); roberto.mazza@uniroma3.it (R.M.)
* Correspondence: paola.tuccimei@uniroma3.it



Citation: Bonamico, M.; Tuccimei, P.;
Mastrorillo, L.; Mazza, R. Freshwater–
Saltwater Interactions in a Multilayer
Coastal Aquifer (Ostia Antica
Archaeological Park, Central ITALY).
Water 2021, 13, 1866. https://doi.org/
10.3390/w13131866

Abstract: An integrated research approach consisting of hydrogeologic and geochemical methods
was applied to a coastal aquifer in the Ostia Antica archaeological park, Roma, Italy, to describe
freshwater–saltwater interactions. The archaeological park of Ostia Antica is located on the left
bank of the Tevere River delta which developed on a morphologically depressed area. The water
monitoring program included the installation of multiparametric probes in some wells inside the
archaeological area, with continuous measurement of temperature, electrical conductivity, and water
table level. Field surveys, water sampling, and major elements and bromide analyses were carried
out on a seasonal basis in 2016. In order to understand the detailed stratigraphic setting of the
area, three surface boreholes were accomplished. Two distinct circulations were identified during
the dry season, with local interaction in the rainy period: an upper one within the archaeological
cover, less saline and with recharge inland; and a deeper one in the alluvial materials of Tevere River,
affected by salinization. Oxygen and carbon isotopic signature of calcite in the sediments extracted
from the boreholes, along with major elements and Br concentration, allowed us to recognize the
sources of salinity (mainly, local interaction with Roman salt pans and agricultural practices) and the
processes of gas–water–rock interaction occurring in the area. All these inferences were confirmed
and strengthened by PCA analysis of physicochemical data of groundwater.
Keywords: freshwater–saltwater interactions; multilayer coastal aquifer; hydro-geochemistry; Tevere
River delta; Ostia Antica archaeological park
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Salinization of fresh groundwater is a global issue and a major threat to sustainable
groundwater resources [1]. It is mainly caused by evaporite dissolution [2], fossil seawater [3] and seawater intrusion [4]. Seawater intrusion is defined as the mass transport of
saline waters into zones previously occupied by fresher waters [5] due to natural processes
or human activities.
Worldwide, aquifers in low-lying coastal areas are threatened by saltwater occurrence, as a result of small head gradients, high groundwater abstraction rates, and drain
management of the landscape [6]. Urban and industrial development and the expansion
of irrigated agriculture have led to a drastic increase in the exploitation of groundwater
resources. The over-exploitation of coastal aquifers has caused a seawater intrusion and has
seriously degraded groundwater quality [1]. In order to assess the influence of seawater on
a coastal aquifer, it is essential to elucidate the source(s) of salinity and to understand the
hydraulic and hydrogeochemical conditions [7].
In coastal environments, rivers are preferential way to lead seawater inland through
salt-wedge intrusion [8]. Some authors [9] reported how anthropogenic land subsidence,
land reclamation drainage system, and groundwater pumping in coastal areas of North
Queensland, Australia, have an impact on dynamics of seawater intrusion in the phreatic
aquifer. Another study on the salinization of a coastal aquifer in South Korea [10] showed
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that water hydrochemistry is controlled by several intermixed processes, such as seawater
mixing, anthropogenic contamination, and water–rock interaction. A comprehensive
review of groundwater salinization processes in coastal areas of the Mediterranean region
was recently published [11].
Lately, a significant amount of literature has focused on subsurface water exchange
between land and sea, both in coastal areas and marine environments. This issue was
addressed using either physical approaches such as hydrogeological analysis, seepage
meters, and geophysical methods, or employing chemical methods such as terrestrial
water quality analysis, marine chemistry, and nutrients [12]. Modelling approaches were
also applied [12]. Many papers were devoted to sub-seafloor freshened groundwater
research and to application of the modern 3D shallow seismic technology to detect offshore
freshened groundwater systems, for example in the Atlantic Ocean [13,14] and in the
Baltic Sea [15–17].
No similar studies are available for the submerged Tevere River Delta (TRD) in central
Italy, which is the area investigated in this work, and proximate offshore areas. Existing
research made use of deep seismic technology to reconstruct the crustal structure and the
complex geological settings of the Central Mediterranean Sea around the Italian Peninsula,
e.g. ref. [18] or were focused on the reconstruction of the sedimentary succession of the
emerged Tevere River Delta [19]. Furthermore, the coastal plain of the Tevere River is not
among the hydrogeological complexes of the Tyrrhenian Sea with highest discharge. Most
relevant water resources (in the order of some hundreds of Mm3 /year) are available for
the Volturno Plain, Pontina Plain, Solofrana–Sarno Plains and Sele Plain [20].
This study focuses on the freshwater–saltwater interactions in a multilayer coastal
aquifer of Roma, hosted in the Tevere River Delta depositional sequence. Recent studies [21]
suggest that the Roman coastal aquifer reaches electrical conductivity (EC) values up to
5000 µS/cm and that groundwater salinization could be related to a combination of land
use and historical development of the TRD, rather than to seawater. In the Roman coastal
aquifer, EC shows a wide variability from area to area, due to agriculture practices which
employ brackish water for irrigation and for the presence of the ancient salt pans [22].
Moreover, the salinization of groundwater on the left bank of Tevere River could be related
to the salt-wedge intrusion along the river course up to a distance of 8 km from the
mouth [23] and to a lateral inflow of the river into the aquifer, due to different hydraulic
heads and triggered by the drainage system [21].
Finally, in the dune part of the Roman coastal aquifer covered by Pinus pinea forest,
the chemistry of groundwater is dependent on the barrier-effect accomplished by canopies
to the wind-transported sea salt aerosol, periodically discharged into the aquifer by rainfalls [24]. The deposition of sea salt aerosol mainly occurs in spring and summer when the
winds blow from the west at speeds above 4 m/s [25].
The goal of this paper is the study of the groundwater of the Ostia Antica archaeological park, which is a part of the vast Roman coastal aquifer (Roma, central Italy) using
an integrated hydrogeological and hydrogeochemical approach. In particular, we aim to
deepen the knowledge of freshwater–saltwater interactions and identify the sources of
local salinity. Gas–water–rock interaction processes were considered to justify groundwater
composition and understand the mixing dynamics of the aquifer with the Tevere River and
the marine water.
2. Study Area
The study area, located SW of Roma (Italy), is bounded to the S by the Castel Fusano
Reserve, to the NNE by the Tevere River, and to the E by the Tyrrhenian Sea. It includes the
archaeological park of Ostia Antica, with an extension of 1.5 km2 , and the Castle of Julius
II to the NNE (Figure 1).
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Alkalinity was measured in the field by titration with 0.02 N HCl, Ca2+ and Mg2+ were
determined using the EDTA titration method, Na+ and K+ by flame emission photometric
method, Cl− and Br− by potentiometric methods with ion-selective electrodes, and SO42− by
a colorimetric method using turbidimetric techniques [33]. The precision of photometric,
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The field surveys were carried out on a seasonal basis in the months of April, June,
October, and December of 2016 in order to obtain representative data of the dry and
wet seasons. Periodical field surveys consisted of manually measuring the static level,
pH, temperature, and electrical conductivity of groundwater and taking water samples.
Groundwater level and electrical conductivity (EC) were monitored continuously since
2014 at 6 h intervals at wells P1, P2, and P3. The 2016 rainfall data measured by the Ostia
pluviometric station near the study area were also acquired.
It is worth noting that the well bottoms are placed below the sea level, and vary from
a maximum of about −2.5 m a.s.l. in P4 and a minimum of −0.17 m a.s.l. for well P10.
Temperature, pH, and EC were measured using a portable multiparameter probe.
Samples were collected and stored in clean PET bottles, rinsed thrice with native water,
before sampling. An aliquot for cation analysis was filtered (0.45 µm Millipore filters)
and acidified with concentrated HNO3 (68%) before storage. In order to avoid chemical
reactions, samples were stored at a temperature of 4 ◦ C.
Alkalinity was measured in the field by titration with 0.02 N HCl, Ca2+ and Mg2+
were determined using the EDTA titration method, Na+ and K+ by flame emission photometric method, Cl− and Br− by potentiometric methods with ion-selective electrodes,
and SO4 2− by a colorimetric method using turbidimetric techniques [33]. The precision
of photometric, potentiometric, and spectrometric measurements was always better than
0.5%. The accuracy of measurements, checked against standard reference material was
found to be generally within 4%.
In June 2016 three 3–5 m deep drillings (p1, p3, and p6) were performed next to
wells P1, P3, and P6, employing a two-man auger Stihl BT 360 motor drill (Figure 3a). A
small amount of sediment samples collected along the three drillings were dried at 100 ◦ C
and made to react with 1N HCl to check the presence of calcite cement observed in the
sedimentary sequence.
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Saturation index for calcite of groundwater was modelled with PHREEQC for Windows (version 2.18.00), a hydrogeochemical transport software developed by [34].
Base EXchange index (BEX), sensu [35], was calculated for groundwater average
composition, as reported below:
[Cl− − (Na+ + K+ )]/Cl−

(1)

where ion concentration is expressed in meq/L.
Carbon and oxygen isotope composition of calcite cements were determined at
the IGAG, CNR laboratory (Montelibretti, Roma, Italy) using a Mat 252V mass spectrometer, manufactured by Finnigan (Bremen, Germany) according to the procedure
described in [36].
OriginPro 9.0 (ADALTA) software was used to apply principal component analysis
(PCA) to water chemistry data in order to transform a large set of variables into a smaller
one that still contains most of the information and investigate the main geochemical trends.
Eleven variables (chemical parameters) were chosen for the multivariate analysis: HCO3 ,
Cl, SO4 , Ca, Mg, Na, K, Br, Water table elevation, Br/Cl, and EC.
4. Results
4.1. Groundwater Data
Groundwater physicochemical data are shown in Table S1 (Supplementary Material).
Lowest piezometric levels were recorded in October 2016 and highest in December 2016;
in all survey campaigns the minimum static level was found in wells P6 and P4, at
−1/−1.4 m a.s.l. and −1.3 m a.s.l., respectively. Wells P6 and P7, located outside the
archaeological area, generally had a static level below sea level. Tevere River had a constant
level of +0.01 m a.s.l. in April, June, and October 2016, while in December 2016 the level of
the river was lower (−0.31 m a.s.l.). Finally, wells P2, P8, P9, and P10 showed groundwater
table fluctuations between −0.5 and +0.4 m a.s.l.
The average temperature of groundwater was 16.8 ◦ C, while the temperature of
the Tevere River ranged from 15.1 (April 2016) to 19.3 ◦ C (June 2016). Groundwater
and Tevere River generally showed neutral and slightly basic pH values, except for the
June survey when waters were slightly acidic (6.6 on average). EC values range from
404 (well P10 in December 2016) to 4820 (well P6 in December 2016) µS/cm. Two main
groups of groundwater may be recognized: P2, P3, P4, P8, P9, and P10 with EC from
400 to 1450 µs/cm, and P1, P6, and P7 with EC between 1350 and 4800 µS/cm.
Figure 4 shows the static levels recorded in continuum in wells P1, P2, and P3 and
the daily rainfall value measured in Figure 4a. In Figure 4b the EC values recorded in P1,
P2, and P3 were reported. It can be observed that the water table of P1 ranged between
approximately −0.7 m a.s.l. in summer/autumn and +0.3 m a.s.l. in winter; well P2 had
values on average higher than P1 with a static level fluctuation between −0.55 m a.s.l. (in
September–October 2016) and about +0.3 a.s.l. (in December 2016). Well P3 showed a
maximum static level of +0.4 m a.s.l in December 2016 and a minimum value of −0.4 m a.s.l.
in September–October 2016.
4.2. Stratigraphy
The stratigraphic sequence unveiled by the drillings consists of 2–2.3 m of anthropic
backfill (pozzolanaceous and/or alluvial material with layers filled with calcite cements),
and sandy or silty-clayey deposits up to a depth of about −3.7 m below ground level,
where a grey clayey layer was identified. The water table was crossed by p6 drilling at
−1 m a.s.l (−3.65 m below ground level). All sediment samples taken at different depths
from the three drillings reacted with HCl, confirming the presence of calcite cement, very
frequent in alluvial and pozzolanic materials. Oxygen and carbon isotopic compositions of
calcite cements in the sedimentary sequence of p1 and p6 drillings are different. Calcite in
p1 is characterized by δ18 O and δ13 C values of −5.06 and −5.50‰ (VPDB), respectively,
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4.3. Hydrochemistry
Major ions and Br− concentrations of groundwater are reported in Table S2 (Supplementary Material). Main cations and anions abundances are shown in Figure 5 to recog− concentrations of groundwater are reported in Table S2
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nally,
P1 is an alkaline chloride-sulphate water, with an enrichment in bicarbonates and
2+ . Average Cl/Br (molar) ratio of the wells P2, P3, P8, P9, and P10 is 180; Tevere River
Mg
2+
Mg . Average Cl/Br (molar) ratio of the wells P2, P3, P8, P9, and P10 is 180; Tevere River
(P5) and P1 are characterized by ratios of 260 and 185, respectively; wells P6 and P7 have
an average Cl/Br (molar) ratio of 400.
These considerations are supported by the PCA analysis, as discussed in the
following section.
5. Discussion
5.1. Groundwater Data
Interpretation of the groundwater levels data suggests the presence of two possible
circulations. An upper circulation was identified in the archaeological park and a lower
one in the abandoned meander of the Tevere River area; the two circulations have the same
flow direction (WSW–ENE) and base level (the Primary Collector channel, at −2 m a.s.l),
but are characterized by different values of salt concentration (EC values). The shallowest
aquifer, hosted in the pozzolanic and sandy materials in the archaeological area, displays
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the highest water table elevation (0.3–0.2 m a.s.l.). The deepest circulation, flowing in the
alluvial deposits, has the highest groundwater level near the Tevere River bank, between
−0.1 and −0.6 m a.s.l. The aquiclude interposed between the two circulations probably
consists of a low permeability sandy clayey layer. This layer was probably intersected by
two out of three drillings from about −1.00 to −1.40 m a.s.l.
In proximity of well P1 the two circulations seem to be hydraulically connected during
the rainy period (in December 2016), when the levels of the water table correspond, while
they are well distinguished during the dry season (in October 2016). This is confirmed
by the physicochemical analyses of groundwater from well P1 which displays a constant
composition throughout the year, compared with other samples with medium-high EC
values whose EC and hydrochemical facies change greatly depending on the season. No
information is available on the lateral continuity of the deepest circulation, so it is not
possible to predict if it is present below the shallowest one. Current hydrogeochemical
data seem to suggest that the two circulations are not completely isolated during the dry
season when groundwater static levels are different.
The coastal aquifer is recharged mainly in autumn and winter when rainfalls are
concentrated (Figure 4a), as shown by the sudden rise of piezometric levels in all monitoring
points (P1, P2, and P3). Water-table fluctuations are about 1 m between the dry season and
the rainy one.
The rise of groundwater levels recorded in October–December 2016 in monitoring
wells P1, P2, and P3 is directly correlated with a general decrease in the concentration
of dissolved salts. In the period January–March 2016 when rainfalls were modest, only
a slight decrease in EC values was measured for P1 and P3 groundwater, with values of
approximately 1500–2000 µS/cm. Finally, no continuous record of EC values was available
for well P2, but using existing discontinuous data it can be observed that EC values ranged
between 800 and 1110 µS /cm (Figure 4b).
An inverse correlation between EC and groundwater levels was observed in the three
monitored wells, where a relative increase in groundwater level corresponded to a decrease
in water salinity. This is particularly evident for well P1 where the abundant rainfalls of
October 2016 produced an increase of about 0.5 m in the piezometric level and a decrease
in EC values from 1620 to 1000 µS/cm (Figure 4).
Another correlation can be underlined between EC values and well bottom elevations.
Groundwater with higher average EC values (1350–4800 µS/cm) were sampled from wells
P1, P6, and P7 whose bottom depth is lower than −1 m a.s.l., while samples with average
lower EC values (400–1450 µS/cm) were collected from wells P2, P3, P8, P9, and P10
with a depth higher than −1 m a.s.l. It is worth noting that P6 and P7 wells are located
near the abandoned meander of Tevere River and are linked with the deepest circulation,
while the second group of wells are placed in the archaeological park where the shallowest
circulation has been identified. Finally, P1 in the archeologic park represents the connection
between the two circulations in the rainy period.
Groundwater average concentration of major elements resulting from the four surveys and average composition of sea water are plotted on the Schoeller diagrams, where
relative ratios among ions are displayed allowing a direct comparison of waters’ chemical
composition (Figure 6a,b).
Samples from wells P2, P3, P4, P8, P9, and P10 (Figure 6a) are enriched in bicarbonates,
in alkalis and in calcium. In particular, bicarbonate and alkalis are the dominant ions in
P2, P4, and P9 waters, with high Ca/Mg and Cl/SO4 ratios (with the exception of well
P4). P3, P8, and P10 are enriched in bicarbonates and calcium, with alkalis concentration
comparable to that of calcium. The Cl/SO4 ratio distinguishes between P8 and P10 groundwater on one side and P3 on the other. Chlorides are the dominant ion in the former wells,
while sulphates are enriched in the latter one. None of the waters under investigation
have sections of the curve equivalent to those of sea water. Finally, P1 groundwater is
characterized by a low Ca/Mg ratio, whereas the Tevere River (P5) water is relatively
enriched in calcium compared with magnesium and in chlorides (Figure 6b).
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Figure 6. Schoeller diagrams with major elements ratios of groundwater (mg/L) from wells P2, P3, P4, P8, P9, and P10
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minerals, very abundant in alluvial and delta environments, may adsorb and exchange
cations, according to reactions such as:
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Calcium chloride-sulphate composition characterizes groundwater from wells P6
and P7. This composition could be due to a cationic exchange reaction, such as that
reported below:
1
1
Na+ + Ca-X2 ↔ Na-X + Ca2+
2
2
An input of salt water into the aquifer generates the release of calcium and the
adsorption of sodium on the mineral surfaces, with a contemporaneous enrichment of
groundwater with chlorides. The source of salts could be the ancient salt pans of Ostia,
near the abandoned meander; actually, P6 and P7 water are characterized by high values of
EC, respectively, up to 4800 and 2600 µS/cm. Finally, irrigation of the fields for agricultural
practices could introduce salt water into the aquifer.
5.3. Sources of Salinity
In order to classify groundwater and identify the sources of salinity, we employed the
Cl/Br ratio [38], the BEX index (Table S3, Supplementary Material), sensu [35], and the
chloride content of groundwater.
First of all, it is possible to plot EC values versus Cl/Br ratios (Figure 7). P6 and P7
groundwater is characterized by high EC and Cl/Br ratios, where chlorides are abundant
compared with bromides and the total ion contents. Cl/Br ratios of wells P6 and P7
approach more than other samples the value of sea water, according to the presence of the
ancient salt pans and the anthropogenic effect due to agricultural practice (see field 5a in
Figure 7). Moreover, P5 shows intermediate EC and high, but extremely variable, Cl/Br
ratio. P1 groundwater, with EC comparable to that of the Tevere River, stands out for lower
Cl/Br ratios, along a hypothetical mixing line between the shallowest and the deepest
circulations. Finally, wells P2, P3, P8, P9, and P10 exhibit low EC and variable Cl/Br ratios;
they are plotted adjacent to the field of “recharge in inland areas” (field 2b in Figure 7).
Secondly, the BEX index of groundwater, sensu [35], was used to elucidate salinization
phenomena (Table S3). This index indicates whether an aquifer was affected mainly by
salinization or freshening phenomena; negative values of the BEX index were calculated for
wells P1, P2, P3, P4, P8, P9, and P10, indicating a relative abundance of alkalis compared
with chlorides, justified by a prevalent freshening and meteoric recharge of the aquifer, in
agreement with Cl/Br suggestion. On the contrary, BEX index is positive for wells P6 and
P7 and for the Tevere River (P5), demonstrating the input of salt water into the aquifer, as
confirmed by high values of EC and Cl/Br ratio.
5.4. Precipitation of CaCO3 from the Sampled Water
Average saturation index for calcite of wells P1, P5, P6, P7, and P10 was positive
(Table S3), indicating that groundwater composition is compatible with calcite cements
permeating the sediments extracted from the drillings, while moderately negative values
of wells P2 and P3 suggest a minor tendency to dissolve the mineral.
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sively more negative and now compatible with the decomposition of organic materials in
the prograding river delta. The isotopic composition of calcites in p6 drilling (δ13C of
−12.2‰ and δ18O of −9.1‰) is a mixing between current calcite at Ponte Galeria area and
p1 calcite levels, suggesting a significant contribution of organic CO 2 in the peaty area
where the old abandoned meander of the Tevere River is placed.
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Only the Eigenvalues that have a value greater than 1 were arbitrarily selected as they are
of well P1 as the mixing point between the two circulations in the rainy period.
more significant and explain 76% of the total variance: respectively 60.27% and 15.67%.
PC1 was mainly correlated positively to EC, content of Br, Cl, Mg, Ca, and SO4
and Br /Cl ratio, and negatively to groundwater level, while factor 2 has strong positive
weighs on K and HCO3 −, and less on SO4 and is negatively correlated to Br/ Cl ratio and
content of Ca and Cl. The coefficients of PC1 and PC2 for the 11 variables are reported in
Table S4 (Supplementary Material). Accordingly, factor 1 accounts for freshwater–saltwater
interactions, while factor 2 mostly reflects gas–water–rock interaction processes. The bi-plot
of PC1 and PC2 (Figure 9) distinguishes the two circulations very well, evidencing the role
of well P1 as the mixing point between the two circulations in the rainy period.
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strong negative isotopic signature, very well matched with the nature of alluvial sediments
hosting this circulation.
Hydrochemical data of well P1 demonstrate the mixing between the two circulations
in the rainy period. Intermediate values of EC, chlorides, and Cl/Br ratios are in agreement
with this scenario. Isotopic data are compatible with a circulation within the archaeological
cover containing volcanic minerals and clearly record that calcite cements precipitated
by groundwater rich in CO2 of deep provenance, likely rising along a fault that borders
the Primary Collector channel. Finally, a salt-wedge intrusion along the Tevere River was
demonstrated, especially during the spring and summer.
Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/w13131866/s1, Table S1: Temperature, Electrical Conductivity (EC), pH and water table
elevation of groundwater, Table S2: Major ions and bromide concentration (meq/L) in groundwater
of Ostia Antica archeological park. Cl/Br ratio is expressed as molar ratio to fit Figure 7, modified
from [30], Table S3: Average BEX of groundwater, sensu [27], sampled in the year 2016. Four groups
of samples representing waters with homogenous and similar compositions were selected: the
shallowest (wells P2, P3, P8, P9, and P10) and the deepest (wells P6 and P7) circulations, the Tevere
River (P5), and well P1. The table also reports average saturation index (SI) for calcite, Table S4:
Eigenvectors extracted from the correlation matrix of 11 physicochemical variables of groundwater.
Data are available in Tables S1 and S2.
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