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Abstract

:

This work presents the results of an advanced geophysical characterization of a contaminated site, where a correct understanding of the dynamics in the unsaturated zone is fundamental to evaluate the effective management of the remediation strategies. Large-scale surface electrical resistivity tomography (ERT) was used to perform a preliminary assessment of the structure in a thick unsaturated zone and to detect the presence of a thin layer of clay supporting an overlying thin perched aquifer. Discontinuities in this clay layer have an enormous impact on the infiltration processes of both water and solutes, including contaminants. In the case here presented, the technical strategy is to interrupt the continuity of the clay layer upstream of the investigated site in order to prevent most of the subsurface water flow from reaching the contaminated area. Therefore, a deep trench was dug upstream of the site and, in order to evaluate the effectiveness of this approach in facilitating water infiltration into the underlying aquifer, a forced infiltration experiment was carried out and monitored using ERT and ground-penetrating radar (GPR) measurements in a cross-hole time-lapse configuration. The results of the forced infiltration experiment are presented here, with a particular emphasis on the contribution of hydro-geophysical methods to the general understanding of the subsurface water dynamics at this complex site.
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1. Introduction


In the characterization of contaminated sites, direct drilling methods and geochemical analysis of groundwater may not be completely representative of the entire investigated area, leaving some uncertainties in the management of remediation and secure strategies [1]. Therefore, utilizing near-surface geophysical techniques is a relatively fast and economical approach to retrieve further information about the structure of the subsurface and the hydrological dynamics [2], particularly in terms of the extensive spatial coverage and refined sampling that geophysics can provide. Among the different geophysical methods, electrical resistivity tomography (ERT) and ground-penetrating radar (GPR) are widely used for the characterization of contaminated sites [3,4], since electrical and dielectric properties are closely related to the lithology, soil texture and particularly to the water content, water quality and the presence of non-aqueous-phase contaminant liquids [5,6].



In this work, we present the main results of an extensive geophysical survey campaign conducted at a contaminated site in the Friuli High Plain, north-eastern Italy. The presence of contaminants in groundwater was detected around a former industrial site. The geological conditions of the site can be described as a relatively simple stratigraphic sequence composed of an upper unsaturated gravel layer, housing also a perched aquifer, discontinuously interrupted by a thin layer of clay (a paleo-soil) at a 6–7 m depth. Below the clay layer, another thick unsaturated gravelly zone reaches a depth of about 100 m, where the water table of the regional main aquifer is located. Thus, the development and consistency of the clay layer are critical from a hydraulic point of view in order to prevent deeper infiltration of pollution from the surface [7]. In the investigated area, to prevent the subsurface flow from reaching the contaminated site, it was planned to force the water infiltration into the deeper underlying thick unsaturated zone and the deep aquifer by interrupting the continuity of the clay layer with a draining trench upstream of the industrial site.



Firstly, to define the most suitable position for the trench, large-scale surface ERT surveys were performed to map the extension and continuity of the clay layer around and within the industrial site. Once the optimal position was defined, ERT cross-borehole investigations were performed before and after the realization of a pilot stretch of the draining trench to evaluate the effects of excavation. Finally, to verify the effectiveness of the trench in draining the shallow subsurface water flow into the deeper aquifer, two forced infiltration experiments were carried out and monitored using both ERT and GPR cross-borehole measurements in time-lapse configuration [8,9,10].



Preliminary synthetic models, based on a priori geological information, were tested in order to optimize the data acquisition strategies. In particular, we tested different ERT survey strategies (with different electrode array lengths, spacings and configurations) against different possible geological models, varying the thickness and depth of the conductive clay layer.



The goal of this work is to demonstrate the effectiveness of the use of geophysical investigations in the overall strategy of characterization and remediation of contaminated sites. In order to fully benefit from its information content, geophysics must be carefully planned, both for characterization and monitoring (time-lapse) modes, often with the support of synthetic experiments in the planning stage.




2. Site Description


2.1. Geological Framework


The investigation site is located in a High Plain of north-eastern Italy. This is the easternmost portion of the foreland area of the alpine chain, and the plain is a consequence of the progressive accumulation of fluvio-glacial sediments. During the last glacial maximum (LGM), the glacial and periglacial conditions in the mountain basins promoted a considerable production of sediments, and the development of the glaciers down to the valley outlets guaranteed efficient transport, feeding large fluvio-glacial systems. In this Eastern High Plain, this high sedimentation rate promoted the development of large river systems (e.g., the Isonzo, Torre, Tagliamento, Cellina, and Meduna rivers), and consequently the formation of extensive alluvial megafans, i.e., a fan-shaped depositional system with an extension that can exceed thousands of km2, characterized by an apical portion consisting of gravelly deposits, and a distal portion essentially composed of fine sediments [11]. In the High Plain, the subsoil is mainly composed of alluvial deposits of braided systems that continuously migrated due to periodical avulsions. Therefore, in the evolution of the megafans, coarse sedimentation phases alternated with destructive and steady-state moments, even prolonged, which ensured the formation of soils that may have been subsequently buried (paleosoils) [12]. Finally, during the Holocene, glacier retreat led to a decrease in the sedimentation rate, the confinement of rivers within incised channels, and the transition of large areas of megafans into bypass surfaces without deposition. In these areas, the gravels have been weathered, generating soils with clay layers [13].




2.2. Experimental Area


At the contaminated site, the subsoil is composed of the Vivaro Unit, i.e., gravels with a sub-horizontal coarse stratification, sometimes with a slightly silty–sandy matrix, in which buried paleo-soils are interspersed [14]. This stratigraphic structure is confirmed by the boreholes realized for ERT and GPR investigations. As shown in Figure 1a, a 20 m deep perforation highlights the presence of a thick layer of gravel, which is cut by a thin level of clay at about a 7 m depth. Four such boreholes have been drilled and equipped with 24 electrodes each from a depth of 1.6 m to the bottom of the boreholes (0.8 m spacing). Figure 1b presents the geometry of the boreholes (red circles) and the pilot-scale draining trench. The latter has a length of approximately 17 m, a depth of 13 m (as shown in Figure 1c) and is about 1 m wide. After excavation it was completely filled with permeable coarse gravel. This stretch of trench was intended as a pilot test to confirm the effectiveness of the proposed intervention; the full trench was planned to have a length exceeding 100 m. This pilot trench was realized in correspondence with an ERT surface transect collected prior to the excavation. Four ERT-equipped boreholes were drilled on both sides of the trench, allowing for meaningful cross-hole acquisitions. Note that the boreholes also allow for cross-hole GPR acquisitions given the relatively small borehole distance (8 m).



Two infiltration experiments were conducted in the pilot zone, with the purpose of assessing to what extent the dug trench, interrupting the continuity of the clay layer, was capable of conveying water into the deeper unsaturated zone, as expected. The first infiltration experiment (indicated by the blue square “A” in Figure 1b) was realized on the side of the trench, with the injection point located between borehole 1 and borehole 2. The second infiltration experiment (blue square “B” in Figure 1b,c) was realized by placing the water injection point right above the trench, between borehole 2 and borehole 4. In both cases, a square meter at the surface was isolated using wooden walls and a constant water flow rate into the box was ensured by a water tanker for a total injected volume of nearly 17 cubic meters.





3. Methods


3.1. Electrical Resistivity Tomography (ERT)


ERT surveys are performed with multi-electrode instruments to retrieve the electrical resistivity distribution of the subsurface. The measurements were carried out with an array of several dozens of electrodes, either placed at the ground surface (the most common arrangement) or in dedicated boreholes, and are galvanically coupled with the soil. The measurement consists of injecting an electrical current with two electrodes and recording the voltage difference that arise at other pairs of electrodes [5]. Based on the target of the survey, different types of acquisition schemes can be adopted; Wenner-alpha and Wenner–Schlumberger schemes (injection dipole outside the potentiometric one) guarantee a higher vertical resolution, while a dipole–dipole scheme (injection dipole is adjacent to the potentiometric one) allows for a higher lateral sensitivity (for details see [15]). The penetration depth of a measured point is linked to the length of the quadrupole; consequently, the maximum depth of investigation is defined by the total length of the electrode array. For the same reason, in cross-hole configuration, the distance between neighbouring boreholes cannot be too large, generally no larger than the depth of the boreholes themselves. On the other hand, the resolution of the investigation is linked to the spacing between the electrodes, and it is higher close to the electrodes [15]. Therefore, the resolution of ERT surface measurements decreases in depth. Consequently, when a high resolution at depth is required, cross-hole ERT with borehole electrodes can be adopted. Nevertheless, since the number of the electrodes controlled by a multi-electrode device is limited, usually ranging between 48 and 120 channels, it is necessary to find a compromise between the spacing and the length of the array, considering the requested resolution of the survey (e.g., the spacing should not be larger than the thickness of the layers) and its penetration (about ¼ of the total length of the array) [5].



The quality of ERT datasets can be evaluated by a combination of two approaches: (i) stacking errors, where each quadrupole is measured several times and a standard deviation is calculated for each one and (ii) reciprocal errors, where for each quadrupole, the measurement is performed by exchanging the injection dipole and the potentiometric dipole, and the difference between direct and reciprocal measurements is calculated for each quadrupole [16]. Finally, since the measurements are influenced by the contribution of different materials that compose the subsurface, the acquired ERT datasets need to be inverted to identify the most suitable subsurface resistivity model that reproduces the measurements [17].



3.1.1. ERT Forward Modelling


Starting from a known subsoil structure with a defined resistivity distribution, and an array of electrodes at the surface, we can discretize the investigated domain with a mesh and numerically calculate, by applying Poisson’s equation (for details, see [15]), the voltages that arise at the electrodes of the array if we inject the electrical current i with a dipole A-B. Therefore, we can find the potential difference ΔV for any pair of potentiometric dipoles M-N of the array and obtain a synthetic dataset of apparent resistivities     ρ   a     by applying Equation (1), which applies to surface electrode configurations only. This process is called the “forward problem” or “forward modelling”.


    ρ     a   =   ∆ V   i   2 π   (   1   A M   −   1   B M   −   1   A N   +   1   B N   )   − 1   =   ∆ V   i   K    



(1)







Here, K is the geometric factor of the measured quadrupole. In borehole measurements, the electric current is flowing in all directions. Consequently, K needs to be recalculated, as shown in Equation (2) (where z is the depth of the electrodes):


  K = 4 π   [     1     | z   A   −   z   M   |   +   1     z   A   +   z   M       −     1       z   B   −   z   M       +   1     z   B   +   z   M       −     1     | z   A   −   z   N   |   +   1     z   A   +   z   N       +     1       z   B   −   z   N       +   1     z   A   +   z   N       ]   − 1    



(2)







Once a synthetic dataset is computed, an inversion framework can be applied to the calculated apparent resistivities to obtain an inverted synthetic resistivity model.



In the presented work, the Python-based software ResIPy (v3.4.2) [16] was used to perform the forward modelling process and define the optimal acquisition parameters for the preliminary ERT surface measurements. Based on geological information, we created different subsurface models, as shown in Figure 2. In each model, an upper (relatively) high resistive layer of 300 Ωm represents a weathered gravel with a slightly silty–sandy matrix, which is cut by a low resistive layer (i.e., clay) of 10 Ωm at a 5 m depth in Figure 2a,b and at a 10 m depth in Figure 2c,d. In the models of Figure 2a,c, the low resistive layer has a thickness of 0.50 m, while in the models of Figure 2b,d, the thickness is 2 m. In all models, the bottom layer of 450 Ωm represents the deeper, unsaturated silty gravel layer.



Firstly, forward modelling was performed considering a surface ERT investigation with different electrode spacings: a dipole–dipole acquisition scheme and testing different values of skip (i.e., the number of electrodes skipped to create a dipole).



Afterwards, the same subsurface structure was used to perform a cross-borehole ERT survey. As shown in Figure 3, we considered a low-resistive layer with both a thickness of 0.50 m (Figure 3a–c) and 2 m (Figure 3d–f) at a depth of 5 m. We tested boreholes with different electrode spacings (0.5 m in Figure 3a,b,d,e, and 1 m in Figure 3c,f), a skip 4 AB-MN configuration (injection dipole electrodes in the same borehole, and potentiometric dipole electrodes in the other borehole), and different borehole separations (5 m in Figure 3a,d, and 8 m Figure 3b,c,e,f).




3.1.2. ERT Inverse Modelling


Inverse modelling is used to calculate the most reliable resistivity model that can reproduce the measured apparent resistivities within data error bounds. This is an iterative process where forward models are calculated repeatedly in order to minimize the misfit between the predicted and observed data [17]. However, different resistivity models can lead to practically the same response—within data error levels—and a unique solution can be found by formulating the inversion process as a regularized optimization problem, applying Occam’s approach [18], which searches for the smoothest model that can fit the measured data within their error level (for details, see [15]).



Defining an optimal error degree for the inversion process is a key factor to avoid unrealistic artifacts in the final inverted resistivity model [5]. The expected data error can be estimated by using the stacking error, but usually this approach overestimates the data quality and a better assessment of the error can be achieved by considering reciprocal measurements [19]. Once a reciprocal error threshold value is defined, all the quadrupoles with higher values are filtered out and not considered during the inversion process. High-quality ERT datasets have reciprocal errors of lower than 5%, while low-quality datasets have values as high as 20%, typically when the galvanic contact between electrodes and the ground surface is poor [20].



In this work, inverse modelling of the acquired datasets was performed using the Python-based software ResIPy [16] and, for each dataset, we defined a boundary threshold for the reciprocal error that allowed for a reliable quality of the measured apparent resistivities but at the same time a homogeneous distribution of measured points in the pseudo-section [21,22]. For the surface ERT measurements, an expected data error of 10% was defined, while for the ERT cross-borehole datasets, we selected a more comfortable 5% error level. All inverted models presented here have a final RMS (Root Mean Square—evaluation of the normalized misfit between calculated and measured data) close to 1.




3.1.3. ERT Time-Lapse Survey


ERT surveys can also be used to monitor time-dependent subsurface processes through changes in resistivity over time. This kind of investigation is particularly useful to monitor natural processes in the subsoil (e.g., moisture variation during the year [23,24] or as a consequence of forced irrigation experiments, with several hundreds or thousands of litres of water injected into the subsurface [10,25]). In order to enhance the changes from one time frame to the next, ratio or difference inversion approaches are usually applied [5]. For each quadrupole in the dataset, the parameter to be inverted is the ratio or the difference between the resistance (R = ΔV/I) measured in the considered time step and the initial resistance measured before the water injection.



Time-lapse inversion is a powerful approach to highlight small variations in resistivity that would otherwise be overwhelmed by error differences in subsequent absolute resistivity images [26]. For each time step, the results are consequently given in terms of resistivity variation with respect to the initial model obtained before the water injection. Therefore, after the inversion process, only the initial reference model will be plotted in terms of absolute resistivities, while the following time step results will be plotted in terms of variations in resistivity with respect to such an initial model.



In the presented work, two forced infiltration experiments were carried out and monitored with ERT cross-borehole time-lapse measurements, as well as repeated GPR measurements—as described below. In each survey, a representative value of reciprocal error was defined for the acquired ERT datasets, and only the common quadrupoles in all filtered datasets were used to perform the time-lapse ratio inversion.




3.1.4. ERT Data Acquisition


All ERT surveys (surface, cross-borehole, and time-lapse) were carried out using a Syscal Pro resistivimeter (Iris Instruments, Orléans, France), using a stacking range between 3 and 6 (5% standard deviation threshold), and with direct reciprocal measurements.



As previously discussed, several ERT surface investigation lines were collected around and within the contaminated area to evaluate the depth and continuity of the clay layer. In this work, we only focused on the survey line acquired upstream of the industrial site, in correspondence with the area chosen for the realization of the draining trench and the boreholes. Based on the results of the previous forward modelling tests, surface ERT measurements were performed using an array of 120 electrodes spaced at 0.80 m and a dipole–dipole skip 8 acquisition scheme.



To evaluate the effectiveness of the trench, ERT cross-borehole measurements were collected before and after the pilot trench excavation and backfilling with coarse permeable material. The datasets were acquired using 48 electrodes, with 24 in each borehole (see Figure 1), using an AB-MN skip 4 acquisition scheme. To better evaluate the resistivity variation linked to the excavation, a ratio inversion process was also applied to the data acquired before and after excavation in correspondence with the section between boreholes 1 and 3 (see Figure 1).



Two forced infiltration experiments were also performed using ERT cross-borehole time-lapse measurements (also using four electrodes in the surface between the boreholes) using an AB-MN skip 4 acquisition scheme. As shown in Figure 1b, the first experiment was performed between borehole 1 and borehole 2, while the second experiment was performed between borehole 2 and 4 (one week after the first experiment). In each experiment, a time-zero dataset was acquired in natural dry conditions; afterwards, about 16,600 litres of salt water were injected into the subsurface over 9 h, and twelve ERT measurements were acquired during the following 28 h (as shown in Table 1 for the first infiltration experiment—the same acquisition scheme was used for the second infiltration experiment).





3.2. Ground-Penetrating Radar (GPR)


Spatiotemporal variations in water content in shallow soil layers can be efficiently estimated using techniques that measure the electrical permittivity ε or the relative electrical permittivity (also called the dielectric constant), εr, of porous media [27,28,29,30]. εr is strongly affected by the presence of water in soil pores, as the corresponding dielectric constant of water is so high that it overcomes any other solid or fluid component in the porous medium. GPR is particularly suitable to measure εr, as the propagation of electromagnetic waves, to a first approximation, can be directly related to the value of the bulk εr of the material:


     ε   r    =   c   v    



(3)




where c is the electromagnetic wave speed in the vacuum (0.3 m/ns) and v is the measured velocity of propagation of the radar waves. In order to measure GPR velocities, the transmitter probe must be separated from the receiver one (using a bi-static GPR), and the time of arrival of the GPR waves must be defined at a known distance between the two. This can be achieved on the surface or in the borehole. In the infiltration test zone of the study site, thanks to the drilled boreholes, which all have a plastic casing that does not impede the propagation of electromagnetic waves outside the boreholes, we could exploit the same boreholes and equip then with ERT electrodes to acquire cross-hole GPR data. For this purpose, we used a Pulse-Ekko 100 MHz antenna system. Both the ZOP (zero offset profile, e.g., [31]) and MOG (multi-offset gather, e.g., [32,33]) were tested. In this case, VRP (vertical radar profiling [34]) had an unfavourable geometry and was not tested. In the ZOP configuration, the receiver and transmitter antennas go down at the same time along the boreholes, thus keeping the distance between the two probes, i.e., the distance between the two boreholes, fixed. In the MOG configuration, the transmitter antenna is moved in different positions independently from the receiver antenna, collecting a much more detailed survey between the boreholes and allowing for a 2D tomographic reconstruction. Cross-hole GPR data were collected for 2 days before, during and after the second infiltration test using boreholes 2 and 4 for a total of 14 different datasets.





4. Results


4.1. ERT Forward Modelling Results


Figure 4 shows the inverted synthetic models derived from the forward modelling process applied to the subsurface structure of Figure 2a using surface ERT configurations. The low-resistive layer of clay is in this case very thin (0.5 m) and is smeared into a much thicker, less-conductive layer in the results of Figure 4a, obtained by simulating an array of 96 electrodes with a 0.5 m electrode spacing and a dipole–dipole skip 0 acquisition scheme. This is completely consistent with the very well-known equivalence problem in classical geoelectrical acquisitions. In fact, albeit with different final results configurations, the same phenomenon manifests itself in all other configurations in Figure 4 and is the result of the thin, very conductive layer being able to short circuit the current coming from the surface through itself, effectively shielding any other structure lying below this layer [35]. Note that this phenomenon is linked to the continuity of the clay layer—should the layer have any sizeable discontinuity, the discontinuity would become visible and part of the underlying structure would also be revealed.



Figure 5 presents the inverted synthetic models obtained from the forward modelling process applied to the subsurface structure of Figure 2b, with a 2 m-thick clay layer at a 5 m depth. The results are very similar to the ones in Figure 4, as the short-circuiting effect of the clay layer is the same, if not more pronounced.



Considering the clay layer at a 10 m depth (Figure 2c,d), and testing the same electrode array and acquisition schemes, Figure 6 shows again the limitation of surface ERT acquisitions in the face of a continuous conductive layer: its thickness cannot be ascertained and the structures below this layer remain unknown. Yet, this phenomenon is strictly linked to the continuity of this electrically conductive, hydraulically impeding layer. Thus, even though the overall deep structure of the subsoil cannot be imaged entirely, the continuity of the layer can be proven using surface ERT.



Figure 7 shows the inverted synthetic models considering an ERT cross-borehole configuration. Figure 7a–c present, respectively, the results obtained considering the subsurface structures and the electrode geometries in Figure 3a–c. In Figure 7a, with boreholes placed 5 m apart and an electrode spacing of 0.5 m, the inverted synthetic model correctly defines the subsurface structure, i.e., the depth, thickness and resistivity value of the clay layer. Given the geometry of the current injection, the short-circuiting phenomenon observed in surface acquisitions does not take place. Increasing the distance between the boreholes to 8 m, as shown in Figure 7b, leads to some uncertainties; i.e., the clay layer seems to have a larger thickness in the central area of the model, and a low resistivity area (~65 Ωm) is found close to the surface. These are effects of the loss in resolution away from the electrode areas, with the corresponding prevalence of the smoothing effect of Occam’s inversion. As shown in Figure 7c, modifying the electrode spacing to 1 m (considering a borehole separation of 8 m) allows for a reduction in these artifacts; i.e., the clay layer thickness is more homogeneously retrieved in the central area of the model. Considering a 2 m-thick clay layer, the configuration with a 5 m borehole separation and a 0.5 m electrode spacing, as shown in Figure 7d, correctly reproduces the subsurface structure in Figure 3d. Increasing the borehole separation to 8 m (considering a 0.5 m electrode spacing), as shown in Figure 7e, does not produce artifacts, and allows for the correct definition of the model of Figure 3e. A reliable inverted synthetic model is also found by increasing the electrode spacing to 1 m, as shown in Figure 7d.




4.2. ERT Field Data Inversion


Figure 8 shows the inverted resistivity model obtained from the ERT surface measurements performed upstream of the contaminated area and in correspondence with the line where the trench was subsequently excavated. In the shallow portion of the image, a high-resistivity layer (  ρ   > 2000 Ωm) corresponds to an unsaturated gravel layer. At about a 7 m depth, a sharp resistivity variation is found (  ρ   < 200 Ωm), corresponding to the contact with the clay layer. In the right part (x > 50 m), this boundary is deeper, and the high-resistivity layer reaches a depth of about 10 m. Finally, the clay layer seems to extend to the bottom of the section along the entire measured transect. However, as discussed above for synthetic modelling, this is only an indication of the continuity of the clay layer, and is not to any extent an evaluation of its thickness. In fact, 200 Ωm is a value far too high for the resistivity of clay: this testifies to the emergence of an example of the equivalence problem. In fact, the clay layer is much thinner and much more conductive.



Figure 9 presents the inverted resistivity models obtained with the measurements performed using the ERT cross-borehole configuration before the trench excavation. The measurements were collected across boreholes 1–2 (Figure 9a), boreholes 1–3 (Figure 9b), and boreholes 2–4 (Figure 9c). All models show practically the same subsurface structure: an upper high-resistivity layer (  ρ ≈ 1000   Ω m )  , i.e., a gravel layer, a low-resistivity layer (  ρ < 10   Ω m )  , i.e., a clay layer at a 6–7 m depth with a thickness of about 0.50 m, and a deeper high-resistivity layer of gravel.



Figure 10a shows the result of the time-lapse ratio inversion applied to the ERT cross-borehole measurements in the boreholes 1–3 section, acquired before and after the excavation of the trench. On the other hand, Figure 10b presents the result of the time-lapse ratio inversion applied to the same ERT cross-borehole datasets (boreholes 1–3), both collected after the realization of the trench (one month apart).



From the results shown in Figure 10a, the effect of the excavation is clear, with an increase in the resistivity of the central area of the section down to a 9–10 m depth, corresponding to the depth of the trench, interrupting the continuity of the clay layer. The material used to fill the trench (permeable coarse gravel) most likely has a very similar electrical resistivity to the lowermost gravel layer; for this reason, no great resistivity variations are detected below 9 m. This result is confirmed by the model in Figure 10b, which does not show high apparent variations in resistivity in the post-excavation inverted models.




4.3. ERT Time-Lapse Inversions during Water Infiltration Experiments


Figure 11 shows the results of the time-lapse cross-hole ERT monitoring of the first infiltration experiment monitored with ERT time-lapse cross-borehole measurements (along the profile of boreholes 1–2).



It is clear that, during the entire experiment, resistivity variations do not affect the at 6–7 m-deep clay layer (white dashed line in the panels of Figure 11, derived from the evidence from Figure 9a), and it is therefore not directly crossed by the water flow along this profile. This is consistent with the fact that along the borehole 1–2 profile, the clay layer is not cut by the trench. The shallow part of the subsurface above the clay layer is clearly affected by the water infiltration (Figure 11a–e). Afterward, in Figure 11f, evidence suggests that the water flow propagates deeper, possibly as an effect of water getting into the nearby, off-section trench and finding its way to the deeper gravels. These negative resistivity variations increase until water is injected (Figure 11g), but once the irrigation is stopped, a progressive decrease in this effect is observed in the subsequent time steps (Figure 11h–k), and the overall infiltration effect slowly fades away until the last measurement (Figure 11l).



Figure 12 shows the result of the second infiltration experiment monitored via ERT time-lapse cross-borehole measurements using the cross-hole configuration of boreholes 2–4.



In this case, the clay layer at 6–7 m depth is discontinuous as an effect of trench digging along the monitoring section (boreholes 2–4) and the water infiltration point is right on the vertical of the trench in the middle of the section itself. Once the water injection begins, clear negative resistivity variations propagate vertically (Figure 12a–e) and cross the discontinuity of the clay layer (Figure 12f–h), albeit losing intensity possibly because of lateral spread, as detected in the companion results of the first infiltration experiment (Figure 11). Note that the colour scale in Figure 12 highlights considerable negative variations in resistivity, and the changes in resistivity across the trench (e.g., in Figure 12h) are substantial, reaching a depth of about 16 m, where infiltration seems to stop. As in the first infiltration experiment, once infiltration ceases from the surface, a progressive decrease in the negative resistivity variation signal takes place (Figure 12i,j), and is practically null in the latest measurements (Figure 12k,l).




4.4. GPR Monitoring during Water Infiltration Experiments


We also conducted cross-hole GPR monitoring during the second infiltration test. In order to efficiently follow the infiltration process, we planned to use the same step of the time-lapse ERT. Thus, we collected both ZOP surveys and more detailed MOG data. In the following, we will only present the more effective MOG results. These were acquired with a vertical spacing between the antenna positions equal to 0.5 m for the entire length of both boreholes 2 and 4.



The results are shown in Figure 13, where both the initial and final (AM and PM in Figure 13) instants are shown. The data were inverted using the PRONTO inversion code [36]. Travel-time data (Figure 13a,d) were thus inverted into GPR velocity distributions (Figure 13b,e), and these in turn into estimations of moisture content (Figure 13c,f) using the relationship presented by Topp et al. (1980) [37]. While subtle differences in moisture content are visible in the 2D images, more readable results are obtained by averaging the results along horizontal lines, thus producing 1D vertical profiles (Figure 13g). It is clear that there is a substantial overall increase in moisture content across the profile—with a strong peak corresponding to the wet clay layer—extending to a maximum depth of 16 m, consistent with the time-lapse ERT evidence (Figure 12).





5. Discussion


The obtained results demonstrate that advanced geophysical applications can be fundamental tools to improve the characterization of a contaminated site, both in terms of its structure and fluid dynamics. In particular, ERT and GPR cross-borehole surveys in time-lapse configuration can be efficiently integrated to monitor and understand local infiltration dynamics.



In this specific context, the existence of a highly conductive layer of clay at a 5 m depth poses a severe challenge to surface ERT investigations. Forward modelling shows that short transects and low dipole skips do not allow us to define the correct structure of the subsoil (Figure 4a–c and Figure 5a–c). Increasing the length of the electrode array and the dipole skip leads to slightly better inverted models, but the thickness of the clay layer is still much larger than expected (Figure 4d and Figure 5d). Inverted synthetic models with clay layers with thicknesses of 0.5 m (Figure 4d) and 2 m (Figure 5d) are quite similar and it is difficult to discriminate between them. This problem is further emphasized by increasing the depth of the clay layer to 10 m (Figure 6), which would require longer transects to be correctly detected. The inversion results of the field datasets confirm the limits of the surface ERT surveys to define a subsoil structure with a clay level between high-resistive gravel layers, as expected from the well-known equivalence problem. Although, in reality, the dataset was acquired with an electrode array of 96 m and with a dipole–dipole skip 8 configuration, in the inverted resistivity model obtained upstream of the contaminated site (Figure 8), it is possible to correctly define the depth of the clay layer (6–7 m) but not its thickness, which is clearly amplified till the bottom. This is probably due to a short-circuiting problem in the subsoil, as the electric current tends to flow in the less resistive layer of clay instead of propagating into the underlying resistive gravel layer.



On the contrary, forward modelling using cross-borehole configurations demonstrates that this method can define the real subsurface structure, i.e., the depth, thicknesses and resistivity values of each layer. However, the geometry of the boreholes (distance and depth), and the spacing of the electrodes must be adequately designed. The distance between boreholes should not be larger than half the length of the electrode array in the borehole [15]. Larger separations lead to a significant decrease in sensitivity at the centre of the model and the probable development of unrealistic artefacts, e.g., Figure 7b,c. The spacing of electrodes also affects the quality of the inverted models; i.e., with a spacing lower than the thickness of the layers, it is possible to precisely define their depth, thickness, and resistivity values (e.g., Figure 7a,d). The results of forward modelling are confirmed by the results obtained with the field datasets, and the corresponding inverted models (Figure 9) show the same subsurface structure found in borehole cores.



The results obtained from the cross-borehole ERT measurements, performed to verify the effect of draining trench excavation, demonstrate the reliability of the ratio inversion approach. The excavation, filled with coarse and permeable granular sediment, is clearly apparent in the inverted ERT results in Figure 10a (obtained by comparing pre-trench and post-trench ERT datasets), with an increase in resistivity developing from the surface down to a 8–9 m depth, thus interrupting the continuity of the clay layer.



Finally, the infiltration experiments with cross-borehole ERT measurements in time-lapse configuration verify the effectiveness of the draining trench. Even when injecting the water in a lateral position with respect to the trench, such as in the first experiment (Figure 11), the water is drained below the clay layer and 18 h after the end of the injection (t12), the subsoil has practically returned to the initial natural conditions (t0). In the second infiltration experiment (Figure 12), carried out right above the trench, after the beginning of the experiment, the water infiltrated more quickly depth-wise compared to the first experiment (compare the negative resistivity variations in Figure 11a–e and Figure 12a–e), and the flow crosses the discontinuity of the clay layer, as shown in Figure 12f–h. Once the water injection is completed, the conditions return more quickly to the initial natural conditions (t0) compared to the first experiment (compare the negative resistivity variations in Figure 11i–l and Figure 12i–l), as expected considering that the injection position was exactly above the trench. Therefore, the results of these two experiments confirm that the trench is correctly draining the sub-surface water flow into the deeper gravel layer, thus preventing it from reaching the critical contaminated area.



The GPR data, and particularly the high-resolution MOG data (Figure 13), fully confirm the evidence from ERT, in particular the fast infiltration of the injected water above the trench and its resting on top of a further discontinuity at about a depth of 16 m.




6. Conclusions


The obtained results demonstrate that geophysical investigations are a valuable tool for the characterization of contaminated sites and for the management of remediation and secure strategies. In relatively short times and with limited costs, it is possible to obtain additional and more extensive information compared to direct investigations, e.g., variations in depths and thicknesses and discontinuities in the layers in the subsoil.



The use of preliminary information from the investigation site to perform a forward modelling process is an excellent strategy to properly define the acquisition parameters of ERT field measurements, i.e., the array length, electrode spacing, acquisition scheme, and borehole separation.



In environments with very conductive layers interspersed between more resistive layers, it is necessary to pay particular attention to the interpretation of results derived from surface ERT measurements, particularly in the evaluation of the thicknesses and depths of the layers. As apparent from the obtained results in this case study, both from synthetic datasets and field datasets, it is not possible to correctly define the real thickness of the clay layer, which seems to extend deeper in the inverted models. However, this is an important indication of the continuity of such a layer that has key implications for the water subsurface circulation at the site. However, to define the correct structure of the subsurface, it is necessary to perform ERT survey in cross-hole configuration, using appropriate borehole and electrode geometries, i.e., borehole length and separation and electrode spacing, and acquisition schemes.



The ratio inversion applied to ERT time-lapse surveys is a reliable approach for verifying natural or induced variations in the subsoil, which would be difficult to identify by comparing the resistivity models obtained by individual inversions. At the investigated site, the resistivity variation results (Figure 10, Figure 11 and Figure 12) allow for an easy evaluation of the effect of the excavation of the trench and its effectiveness in draining the sub-surface water flow in the deeper gravel layer.



Cross-hole GPR is also a powerful technique, and in this case fully corroborates the ERT results, pointing more directly towards a quantitative estimation of moisture content and its space–time changes.
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Figure 1. (a) Schematization of borehole 1 and the stratigraphy found during the drilling: 24 electrodes placed from the bottom of the borehole (20 m depth) to a 1.6 m depth; (b) planned geometry of the area with four boreholes (red dots), the draining trench (parallel to the ERT surface line), and the position of the water injections (blue square A–B); (c) vertical section of the area between borehole 2 and borehole 4, and the draining trench in between. Note that the thickness of the clay layer is in the 0.5 m range and less (considering all four drilled boreholes). 
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Figure 2. The subsurface models used for ERT surface forward modelling. In each model, an upper high resistive layer of 300 Ωm is cut by a low resistive layer of 10 Ωm at 5 m of depth in (a,b), at 10 m of depth in (c,d). In the models of (a,c), the low resistive layer has a thickness of 0.50 m, while in the models of (b,d) the thickness is 2 m. 
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Figure 3. The subsurface models used to perform the ERT cross-borehole forward modelling process. In each model, an upper high resistive layer of 300 Ωm is cut by a low resistive layer of 10 Ωm at 5 m of depth in (a,b), at 10 m of depth in (c,d). In the models of (a–c), the low resistive layer has a thickness of 0.50 m, while in the models of (d–f) the thickness is 2 m. 
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Figure 4. Inverted synthetic models obtained considering the subsurface model in Figure 2a. (a,b) show, respectively, the inverted synthetic models found with 96 electrodes, a 0.5 m spacing, and dipole–dipole skip 0 (a) and skip 6 (b) configurations; (c,d) show, respectively, the inverted synthetic models found with 96 electrodes, a 1 m spacing, and dipole–dipole skip 0 (c) and skip 6 (d) configurations. 
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Figure 5. Inverted synthetic models obtained considering the subsurface model in Figure 2b. (a,b) show, respectively, the inverted synthetic models found with 96 electrodes, a 0.5 m spacing, and dipole–dipole skip 0 (a) and skip 6 (b) configurations; (c,d) show, respectively, the inverted synthetic models found with 96 electrodes, a 1 m spacing, and dipole–dipole skip 0 (c) and skip 6 (d) configurations. 
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Figure 6. (a) shows the inverted synthetic model of Figure 2c found with 48 electrodes and a 2 m spacing; (b) shows the inverted synthetic model of Figure 2c found with 96 electrodes and a 1 m spacing; (c) shows the inverted synthetic model of Figure 2d found with 48 electrodes and a 2 m spacing; (d) shows the inverted synthetic model of Figure 2d found with 96 electrodes and a 1 m spacing. All the models were calculated using a dipole–dipole skip 6 acquisition scheme. 
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Figure 7. (a) shows the inverted synthetic model of Figure 3a; (b) shows the inverted synthetic model of Figure 3b; (c) shows the inverted synthetic model of Figure 3c; (d) shows the inverted synthetic model of Figure 3d; (e) shows the inverted synthetic model of Figure 3e; (f) shows the inverted synthetic model of Figure 3f. 
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Figure 8. Inverted resistivity model of the surface ERT survey line collected upstream of the contaminated area. Based on this result, the draining trench (brownish rectangle) and the boreholes (red dots and white polygons) were realized approximately in the middle of the transect. 
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Figure 9. Inverted resistivity models of the cross-borehole (red dots) ERT surveys: (a) model between borehole 1 and 2; (b) model between borehole 1 and 3; (c) model between borehole 2 and 4. 
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Figure 10. (a) ERT cross-borehole (boreholes 1–3) ratio inversion result: first dataset was collected before the realization of the draining trench and the second one collected after the realization; (b) ERT cross-borehole (boreholes 1–3) ratio inversion result of two datasets, both collected after the realization of the draining trench. 
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Figure 11. Cross-hole time-lapse ERT results corresponding to infiltration experiment 1. The injection point (blue square A) is located between boreholes 1 and 2; the same used for the ERT cross-hole acquisition. The white dashed line represents the clay layer detected in the inverted resistivity model of Figure 9a—note that along this profile, the clay layer is NOT interrupted by the trench (see Figure 2b). (a–l) represent, respectively, the results of the time-lapse ratio inversion applied at time steps t1–t12 presented in Table 1 using dataset t0 as the reference data. 
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Figure 12. Cross-hole time-lapse ERT results corresponding to infiltration experiment 2. The injection point (blue square B) is located between boreholes 2 and 4; the same used for ERT acquisition. The white dashed line represents the clay layer detected in the inverted resistivity model of Figure 9c, which is cut in the middle with a discontinuity of 1 m representing the draining trench. (a–l) represent the results of the ERT time-lapse ratio inversion applied at time steps t1–t12 presented in Table 1 using dataset t0 as the reference data. 
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Figure 13. Cross-hole time-lapse GPR results corresponding to infiltration experiment 2. 
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Table 1. Time steps of the first forced infiltration experiment (between borehole 1 and 2—see blue square A in Figure 1b) monitored using ERT and GPR time-lapse measurements. The second infiltration experiment was realized with the same acquisition parameters and time steps (one week after the first experiment).
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	Time
	ERT Time Step
	Water Released





	11.00
	t0
	-



	12:00
	-
	Start



	12:35
	t1
	1000 L



	13:08
	t2
	2000 L



	13:45
	t3
	3000 L



	14:20
	t4
	4000 L



	14:55
	t5
	5000 L



	15:30
	t6
	6000 L



	16:00
	t7
	7000 L



	21:30
	-
	16,600 L (End)



	07:50 (+1 day)
	t8
	-



	10:00 (+1 day)
	t9
	-



	12:00 (+1 day)
	t10
	-



	14:00 (+1 day)
	t11
	-



	16:00 (+1 day)
	t12
	-
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