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Abstract: High-resolution electrical resistivity tomography (ERT) with electrode spacing of 1 m proved
to be an effective methodology to characterize ephemeral, sparse, and discontinuous freshwater lenses
within the almost completely salinized shallow aquifer of t he low coastal zone near Ravenna. ERT profiles
with a vertical resolution of 0.25+0.5 m, once calibrated wi th groundwater data (water table depth and
electrical conductivity) collected in multi-level sample r systems at the same spatial resolution, are reliable
and provide repeatable measurements in time. The ERT methodology allows for fast data acquisition over
large areas and it also permits the study of the evolution int ime of freshwater availability in coastal zones,
which is important for local ecosystems and soil resources. This makes high-resolution ERT a valid tool to
aid local stakeholders and decision makers to effectively m anage freshwater lenses, and guarantee their
preservation or augmentation by means of managed aquifer re charge.

Keywords: high resolution electrical resistivity tomography (ERT); coastal aquifer; freshwater lenses;
salinization; dune

1. Introduction

In many coastal areas worldwide, freshwater lenses within dunes are the only freshwater resources
available [1,2]. These freshwater resources are often relatively small, but crucial to both the ecosystem
and human activities [ 3,4]. In the coastal zone, the interaction between saltwater entering the aquifer
from the sea and freshwater is described by the GhybentHerzberg theory (GHT, [ 5,6]). When rainwater
in®ltrates the soil it accumulates on top of the saline groundwater; the GHT states that the thickness of
the freshwater lens is directly related to the elevation of the water table above the sea level [ 2]. In low
elevation coastlines like in the Netherlands or the Po Valley in Italy, thin freshwater lenses can develop
under the coastal dune system [7]. These thin freshwater lenses sustain plant life in an otherwise very
saline environment [ 4]; the resulting vegetation cover allows the development of unique and complex
ecosystems B] and the stabilization of dunes [ 9].

Various studies have shown the development, persistence and dynamics of coastal freshwater
lenses using both direct (boreholes and sampling) and indirect (geophysics) methods and they have
highlighted their vulnerability to salinization, especially in semiarid and arid areas [ 1,2,7,10+13].
Seasonal and daily "uctuations in the transition surface due to periodic variations in precipitation
and sea level result in salt dispersion and diffusion in the freshwater lenses, constantly changing their
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thickness and increasing the brackish water mixing zone width [ 1,7,10]. In addition, the climate change
effect on precipitation amounts and patterns, as well as the increase in mean sea level, will reduce the
coastal freshwater resources, threatening the local ecosystems and human activities [L4].

Freshwater lenses can be directly monitored through piezom eters by sampling groundwater at
different depths (piezometer clusters, multi-level sampl ers). This methodology gives point measurements,
continuous in time but limited in space [ 1,1315]. Cluster-type piezometers with short-spaced filters
allow groundwater sampling at fixed depths and detailed ver tical discretization of chemical and physical
parameters. This, however, may be inadequate in the case of hin freshwater lenses with marked seasonal
dynamics [ 1]; piezometers with filters at specific depths are not adequ ate to represent the lenses dynamics
over time. Furthermore, the high level of interpolation and extrapolation needed to estimate the freshwater
resources from point measurements increases the overall uncertainty of the results. The geophysical
methods are generally cheaper and less invasive [L1,16]. The vertical electrical sounding (VES) geophysical
method has been successfully used in freshwater studies [2,7]. However the VES is a one-dimensional (1D)
measurement technique, and is thus prone to high uncertaint y when interpolated. De Louw et al. [ 7] used
helicopter-borne electromagnetic measurements in order to better define the spatial extent of freshwater
lenses; the technique, though, is very expensive.

The electrical resistivity tomography (ERT) method was successfully applied to the spatial
characterization of saltwater intrusion in coastal areas [ 12,17+20], but has not yet been used to map thin
freshwater lenses. ERT is especially useful wherever a network of boreholes, piezometers, and direct
sampling of groundwater are available [ 21,22]. The point measurements are useful to calibrate the
ERT method that is then used to create a series of two-dimensional images of freshwatertsaltwater
distribution in the aquifer [ 19].

The aim of this study is to assess the effectiveness and resolution of the ERT method to observe
and characterize thin (thickness < 1+2 m) dynamic freshwater lenses in a salinized coastal dune aquifer
below an area with low topography and semiarid climate. The climate conditions occurring before and
during the survey periods are considered, because they directly affect freshwater lens development.
Cozzolino et al. [13] used a network of multi-level samplers (MLS) and piezometers to observe
freshwater lenses stored in the coastal dunes of Ravenna and study their buffer effect on groundwater
salinization. In the same area we applied the ERT method with 1-m electrode spacing in order to map
the spatial extent and thickness of freshwater lenses. For the aim of the paper, high-resolution ERT
means a survey with a resolution below 0.2 m that is in contrast to the traditional resolution adopted
in hydrogeological studies (ranging above 1+2 m) [ 12,17+20]. The resolution is obtained applying to
the electrode spacing the rule of thumb that de®nes the depth of investigation as L/5, where L is the
ERT length [23]. Therefore, for an electrode spacing ranging at 0.5+1 m, as adopted here, the resolution
is <0.2 m. Studies with similar high resolution are rare in literature and only Wilkinson etal. [ 24]
performed continuous ERT surveys with comparable resolution.

We used available lithology and groundwater data obtained from auger holes and multi-level
sampler piezometers to elaborate, interpret and validate the ERT data.

2. Study Area

The study area is located near Ravenna (south of the Po river delta, Italy; Figure 1) and includes the
last untouched and well preserved coastal dunes and pinewood, called 'Ramazzotti'. Prior to the ®re
that destroyed the majority of the forest in July 2012, the area was dominated by Pinus Pinaster
which was planted starting from the end of the 19th century to stabilize the sand and protect
agricultural and reclaimed land from marine spray. Today the area is part of the Delta Po River
Park and classi®ed as a "Special Protected Area'5] and "Site of Community Importance' [ 2€], as well
as a Ramsar site P7]. As it is part of the Delta Po River Park and because of its relevant biodiversity,
the access to the area is currently limited to the public and only permitted to scientists and researchers.
Thus, no direct anthropogenic modi®cations are currently affecting the area.
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Figure 1. Study area location. The digital elevation model (DEM), electrical resistivity tomography
(ERT) pro®les, multi-level sampler piezometers (MLSs), and auger hole locations are also shown.

The pine forest extends parallel to the coast for 150 ha. Due to a low topography (average elevation
is about 0.3£0.5 m mean sea level (m.s.l.)), a high rate of natural and anthropic subsidence P8,29],
an extensive drainage system that controls water table depth (WTD) across the pine forest and in the
agricultural crops, the coastal aquifer contains only brackish to saline groundwater. Freshwater lenses
are limited in areal extent, thickness, and time, and are related to dune heights [ 13]. Where present,
these lenses are important to reduce water and soil salinization, which in turn control the health of
the whole coastal ecosystem H]. Another factor affecting freshwater lens size in the coastal aquifer
(not in the investigated area) is the current strong fragmentation of the dune system. In the 1950s
the Ravenna coastline was characterized by continuous and well-preserved dune belts, which were
gradually "attened and fragmented to make room for tourism facilities [  30], thus increasing coastal
vulnerability to storms and erosion [ 31]. More details about general description, hydrogeological



13] and Giambastiani et al. [ 32,33).

Hydrogeological Setting

The shallow coastal unconfined aquifer extends from the coa st to 67 km inland, with a thickness
ranging from 12 m westward to 25 m eastward. It consists of two medium-fine sandy units (transgressive
barrier sand from the top to ! 7 m m.s.l., and beach-ridge deposits at! 23 to! 25 m m.s.l.) separated by
shallow-marine deposits consisting of alternations of sil t, clay, and fine sand layers [34]. The Pleistocene
alluvial plain deposits, consisting of impermeable clay, a ct as a bottom-confining layer (aquifer basement)
at about ! 254 30 m m.s.l. [35. The saturated thickness of the aquifer investigated in th is study was
approximately 67 m, down to the top of the prodelta unit, whi ch acts as an aquitard unit especially in
proximity to the sea. It is within this depth that the freshwa ter lenses are present in the current coastal
setting [13]. The coastal dune system is the main recharge area where ranfall infiltrates and percolates to
the saturated zone recharging groundwater.

3. Materials and Methods

3.1. ERT Surveys

Between July and December 2014, eight two-dimensional (2D) electrical resistivity tomography (ERT)
surveys were carried out across the beach-dune system (Figue 2), perpendicular to the coastline, as shown
in Figure 1.

36).

This resolution would be inadequate to observe and characterize the thin (~1 m), dynamic freshwater
lenses that characterize the studied aquifer. Based on this, the selected electrode-spacing allowed about
5 m of investigation depth and <0.5 m of vertical resolution (corresponding to about 9 nodes/m  2),
appropriate to identify the shallow WTD and to discriminate freshwater lenses from brackish-saline
groundwater. Only pro®le 9 (Figure 1) was repeated in December 2014 by decreasing the electrode
spacing to 0.5 m, thus allowing a greater vertical resolution (0.25 m) to the detriment of investigation
depth (about 2+2.5 m). In order to have the same spatial coverage of the other pro®les (48 m), ®ve lines
of 32 electrodes were required in this case, again with an overlap of 16 electrodes.

Apparent resistivity measurements were acquired using a P.A.S.I. Electrical Imaging System Mod.
16G-N (PASI srl, Torino, Italy). For all ERT pro®les a Wenner electrode con®guration (AM = MN = NB



37]. RTK-GPS topographic surveys were carried out
along the ERT surveys.

The real resistivities obtained in the ®eld were inverted to obtain a model of subsurface resistivity,
which approximates the real subsurface resistivity distribution. The least-squared inversion was done
using speci®c RES2DINV resistivity and induced polarization interpretation software as described by
GEOTOMO [38]. Bad datum points and points with root mean square error (RMSE) higher than 60 or
80% were removed from the ®nal inversion.

Topographic data were included in the model display by choosing the distorted ®nite-element
grid with damped distortion. With this arrangement, model blocks are damped, and deep grid nodes
are shifted to a lesser extent than surface nodes, i.e., the effect of topography is @damped® with depth.

Due to the large resistivity contrasts of 500+1 Wm, the mesh was re®ned to four nodes between
adjacent electrodes in order to improve the inversion results. Data noise reduction was obtained by
inversion via a smoothness-constrained least square method [39] where the block's resistivity values
(model parameters) were adjusted iteratively to obtain a realistic distribution of resistivity (model
response). The difference between calculated and measured resistivity values in the model was given
by the root mean squared (RMS) error method. However, it has to be noted that the model with the
lowest RMS error is not always the most appropriate as it can induce unrealistic variations in the
resistivity interpretation that may not always be the 2best® representation of the geological setting.
The most conservative approach was used in this case, by accepting the model with 3£5 iterations after
the absolute error no longer signi®cantly changed [38§].

The RES2DINV software automatically assigned chromatic scales from the resistivity range of the
selected profile. This did not permit us to compare profiles with different resistivity ranges and thus
chromatic scales. For this reason, we decided to use groundwater monitoring data (WTD and salinity;
see following section) and literature data [ 1240+42] to define hydrogeological limits and standardize the
chromatic scales.

3.2. Hydrological Data

Two multi-level sampler piezometers (MLS, [ 15]), installed close to the ERT survey locations
(Figure 1) were used for groundwater monitoring and sampling. Each MLS has ®ve mini-®Iters; the ®rst
®ve are 0.5-m apart and the last three are 1-m apart, down to a maximum depth of 5£6 m. The MLS
is also equipped with an independent 0.06-m-diameter piezometer for water-level measurement.
Filter depths were determined at the time of instrumentation assembly with the aim of monitoring
the freshwatertsaltwater interface, which in this area lies between ! 2 and! 4 m m.s.l. (®gure of
instrumentation in [ 13]). The MLS are located at about 50 and 100 m from the coastline. The WTD
(m m.s.l.), electrical conductivity (EC) (mS/cm), and temperature ( C), were monitored at the same
time as the eight ERT campaigns by water level loggers and multi-parametric probes. Moreover, a total
of 27 auger holes were drilled along the ERT pro®les during the survey in order to compare WTD
and electrical conductivity directly measured with the ones obtained by ERT elaboration. Water levels
were converted into equivalent freshwater heads by the method reported in Post et al. [ 43], taking into
account groundwater variable density.

Groundwater salinity was classi®ed based on EC values into: freshwater (EC < 3 mS/cm),
and brackish-saline groundwater (EC > 3 mS/cm); as already de®ned for the same area by
Cozzolino et al. [13] and Giambastiani et al. [32,33]. Groundwater monitoring data (WTD and
EC) and local lithological information [ 13,32,33] were used to constraint the resistivity inversion
and calibrate/validate the ERT surveys. The calibration was performed on the ERT pro®le 5 by
simultaneously comparing groundwater data and resistivity values in proximity of the monitoring
point (MLS3 in Figure 1). The validation was conducted for ERT pro®le 8 using a nearby groundwater
monitoring point (MLS1 in Figure 1).

Climate data were downloaded from the Ravenna weather station (the closest to the study area)
belonging to the ARPAE regional agency network.



3 shows that 2014 (year of ®eld surveys) was the hottest year of the entire climate time
series (1976+2017), but at the same time an average year in terms of total precipitation. The average
annual temperature for 2014 was 15.5 C and the total precipitation was 750 mm, slightly above
the average annual precipitation for the station considered. Despite this, July 2014 was one of the
wettest July months of the last decades, with over 100 mm of rainfall [ 44]. It is well documented that
rainfall is the only source of water that can in®Itrate into the phreatic aquifer and generate freshwater
lenses [13,33]; in this regard, the annual precipitation that occurred in 2014 is not far from the average
(Figure 3). There are no dry or wet extremes in 2014, supporting the assumption that our study was
performed in typical climate conditions for the Ravenna coast.

Annual rainfall and annual average temperature trd from 1976 to 2017 for
the weather station of Ravenna (Italy)
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1 for the location). ERT pro®le 5 was the ®rst pro®le acquired and it was used for
the calibration of the subsurface resistivity model. After inversion, the model was compared to the
vertical distribution of EC values and WTD collected in MLS3.

It is assumed that the investigated portion of the aquifer has a homogenous and isotropic
distribution of hydraulic conductivity (K). The lithology is of coarse to medium well-sorted sand,
and thus changes in resistivity values are caused by changes in saturation and groundwater salinity.
Based on both ®eld data and the outcomes by Sabia et al. 45] at an adjacent site, four resistivity
intervals (Wm) were adopted to classify the hydrological units and are reported in Table 1.

Table 1. Resistivity intervals ( Wm) adopted to classify the hydrological units.

>700Wm Unsaturated sand Unsaturated
700+300Wm Capillary fringe zone
300£30Wm Freshwater

<30 Wm Brackish-saline groundwater Saturated zone









4. The upper part of the inverted 2D model has

a resistivity above 700 Wm, which is explained by the presence of unsaturated sand. The deepest
part of the 2D model shows resistivity values below 30 Wm and it is categorized as brackish-saline
groundwater. The thin middle portion of the 2D model is characterized by a strong resistivity gradient
from 30 to 700 Wm, which is interpreted as a freshwater lens topped by a capillary fringe. The 300 Wm
iso-resistivity contour was selected for distinguishing the unsaturated and saturated zones and
identifying the WTD.

The inverted resistivity 2D model from the ERT pro®le 8 was validated by using groundwater
data from MLS1 (Figure 5). The four selected hydrological units perfectly match the EC vertical log at
MLS1. The WTD is also correctly identi®ed from the ERT survey (Figure 5).

4.3. Hydrological Unit Identi®cation

Due to space limitation, only two representative ERT pro®les are reported in Figures 6 and 7,
the remaining pro®les are provided as Supplementary Material to this paper.

Based on the calibration and validation results presented a bove, Figures 6 and 7 show the subsurface
models of profiles 2 and 9. Despite the fact that the ERT profi les sample only the uppermost portion of
the phreatic coastal aquifer (maximum ! 3 m m.s.l.), it is apparent that most of the investigated volu me
is saturated with brackish-saline groundwater. The same salinity distribution is present in all subsurface
models elaborated in this study (see Supplementary Materia [). Many authors report the almost complete
salinization of the shallow coastal aquifer. Giambastiani et al. [46] and Antonellini et al. [ 47] state that for
a distance of 4+6 km from the Adriatic Sea, the presence of freshwater is sporadic and limited to small
ephemeral lenses. Moving towards sea, Cozzolino et al. [13] and Giambastiani et al. [ 33 assessed the
presence and dimensions of freshwater lenses by direct measurements concluding that thin freshwater
lenses are permanently present only under coastal dunes and backdune systems. The ERT surveys carried
out in this study confirm these direct measurements. All ERT surveys (see Supplementary Material), in fact,
indicate the presence of freshwater lenses with a thickness of about 0.5 m. In ERT profile 2 (Figure 6)
an ExW continuous freshwater lens (blue color), about 0.5-m thick is recognized above the brackish-saline
groundwater. In ERT profile 9 (Figure 6), on the other hand, the freshwater lens is thinner than the o ne
at ERT profile 2. There is a discontinuity in this lens at the d une slack where elevated evaporation rates
from a shallow water table lower the WTD and induce saltwater seepage from below [33. This seepage
phenomenon has been also recognized by Mollema et al. [48] and VVandenbohede et al. [49] in adjacent
farmlands where shallow freshwater lens is threatened by se epage of salt water from below.

In summary, a thin and horizontally continuous freshwater lens is recognized in ERT pro®les
1, 2,3, 4 and 5, whereas ERT pro®les 7, 8, and 9 show a discontinuous lens interrupted by saltwater
seepage. The size and extension of freshwater lenses identi®ed in this study agree with the ®ndings
of Cozzolino et al. [ 13] and Giambastiani et al. [ 33] for adjacent areas. The presence of these thin
freshwater lenses in coastal environment dominated by saline groundwater enables the existence of
particular ecosystems in an otherwise very saline environment [ 4,50,51], nevertheless the stabilization
of dunes [9]. Their limited extension and topography make them one of the most vulnerable aquifer
systems in the world due to sea level rise and/or intensive anthropic exploitation [ 50].

The shorter, 0.5-m electrode spacing used for the ERT pro®le 9 required ®ve lines of 32 electrodes
to get the same spatial coverage of the other pro®les (48 m) and thus more than double the time.
The comparison with the inverted pro®le 8 (electrode spacing of 1 m and the same location; see Figure 1)
indicates the same capability in hydrological unit identi®cation. The shape and thickness of the
identi®ed unit are almost coincident (see Supplementary Material).

In ERT pro®les 2 and 9, the unsaturated sand layer (about 1-m thick) is recognized at the top
of the pro®les. Both pro®les show discontinuous unsaturated units with thickness less than 1 m in
pro®le 2, and almost 2 m in pro®le 9. Overall, the unsaturated zones of ERT pro®les 7, 1, and 2 are
thinner than in pro®les 3, 4, 5, 8, and 9. The dune conservation state affects the vertical extension of the
unsaturated sand: where the dune is well-preserved and with an high relief (>3 m m.s.l.; i.e., pro®les 3,



5). The transit of
vehicles causes sediment compaction, decreasing the medium resistivity [ 52]. Based on this observation,
the consistently lower resistivity values in corresponden ce of the road have to be considered as model
artifacts and not as hydrological changes.
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The WTD and its landward gradient observed in this study are in agreement with the results of
previous studies performed in the same area [13,32,33]. The WTD is controlled by the drainage channel,
which crosses the pine forest parallel to the coastline. The drainage channel guarantees a 1-m-deep
vadose zone that preserves the coastal forest from water logging and “ooding [ 4,33] but at the same
time promotes saltwater seepage from the bottom of the aquifer [ 49,53].

The comparison between pro®le 8 (1-m electrode spacing) and pro®le 9 (0.5-m electrode spacing)
does not indicate any differences in hydrological units and WTD identi®cation. The indirect WTD
obtained by the two inverted models are equivalent and the inland gradient of the WTD is con®rmed.

The models show some distortion with respect to the measured auger hole data in both the inland
and the seaside borders of the ERT pro®les; this is due to: the compaction of the material as described
above for the inland border, and to high salt content in the unsaturated pro®le in the seaside border.
An example is reported in pro®le 2 where the WTD extrapolated by the inverted model is at the
surface at a distance of about 35 m from inland border (Figure 6), whereas the measured WTD in
the same point (indicated by the black arrow in Figure 6) is a few centimeters above m.s.l. The same
problem is also present in pro®le 1 (Supplementary Material) and it could be due to the abundance
of salt periodically left in the sediment pro®le by the tide cycle: this salt concentration decreases the
sediment resistivity.

4.5, Effectiveness of the ERT

The comparison between measured groundwater data (EC and WTD) and ERT data is listed in
Table 2, while the correlation is shown in Figure 8. Out of a total of 27 available electrical conductivity
measurements from auger holes, ®ve are poorly attributed (for example extrapolated by ERT model
as salt when it was measured fresh in the auger hole and vice versa), and 18 are correctly attributed,
while the remaining four are impossible to compare because the auger hole was drilled out of the ERT
model domain.

The WTD ranges from ! 0.2 to 0.6 m m.s.l. in the studied pro®les. As shown in Figure 8, the data
are well aligned along the correlation line and the R 2 is equal to 0.75, indicating good correlation.
The error between direct and indirect WTD is 0.09 m. Limiting to the pro®le 9 (0.5-m electrode spacing),
the same error is calculated for the WTD determination.

The average absolute error of the inverted models is about 25 Wm, adopting the electrode spacing of
1 m. The absolute error increase up to 30Wm for the electrode spacing of 0.5 m. It seems to be rather large
when compared to other ERT studies where the root mean square error was between 5 and 15% [1217+20].
In the relatively young investigated deposits of the Ravenn a coastal zone, the presence of abundant buried
driftwood within the dune body increases the probability of  points with confused resistivity information.
Despite this, the tested methodology with 1-m electrode spa cing provides a detailed vertical resolution,
which allows us to identify the unsaturated zone, the freshw ater lens, and the brackish-saline saturated
zone as well as the WTD with a discrepancy with respect to the m easured depth of only 0.1 m. The further
reduction to 0.5-m electrode spacing tested in profile 9 doe s not guarantee any benefits with respect to
1-m spacing. On the contrary, it required double the time dur ing field survey and the vertical investigated
depth decreased from 4+5 m to only 2.5 m. In the Ravenna hydrol ogical setting with extremely shallow
WTD, working at 2.5 investigated depth still allows for the 0  bservation of WTD and mixing zone, but in
other contexts this vertical reduction could not guarantee the inclusion of the saturated zone. In light of this,
an electrode spacing below 1 m is not recommended for similar hydrogeological studies.
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54]. As veri®ed at a large scale by Garéa-Men2ndez
et al. [20], this high resolution ERT could be effective for monitoring managed aquifer recharge (MAR)
experiments or for observing in detailed channeltaquifer interactions within a salinized aquifer.

5. Conclusions

High-resolution (0.5£1 m) ERT calibrated on ®eld data at the same vertical spatial resolution
allows for the correct identi®cation of thin ephemeral freshwater lenses in the pervasively salinized
coastal aquifer of Ravenna. This is important to evaluate where these sparse and discontinuous lenses
are located and how they vary in extension and thickness during the year. In fact, the presence of
these limited freshwater lenses in coastal environments enables the existence of particular coastal
ecosystems, although with the stabilization of dunes. The knowledge of their position and extension
allows to focus preservation efforts and eventually plan MAR interventions.

Once calibrated, the methodology allows to acquire many pro®les in a short time span, and hence
to characterize large portions of a coastal aquifer that would be impractical to equip with a network of
multi-level samplers or by expensive auger holes campaigns.

High-resolution ERT is reliable and repeatable in time, allowing for the acquisition of multiple
pro®les during the year in order to characterize the evolution of the freshwater lenses at a level not
possible with other methodologies.

In the speci®c case of freshwater lenses with limited thickness (<1 m), an electrode spacing of
1 m guarantees the correct identi®cation of the hydrological units, as demonstrated by the validation.
The reduction to electrode spacing of 0.5 m does not lead to any further bene®ts and requires longer
in-time ®eld surveys and a decreased investigated depth.

The ERT methodology tested in this coastal setting may be appropriate also for other areas in the
world where low coastal plains under intensive drainage are present and where the conservation of scarce
freshwater resources is challenged by a lack of an extensivepiezometer-based monitoring network.
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