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Abstract

:

This work presents the numerical modeling of remediation scenarios aimed at containing and attenuating the groundwater pollution by Cr(VI) sourced from a steelworks area that affects the Alpine aquifer system in the Aosta Plain (N Italy). Here, groundwater is used for drinking water supply and food and beverage production, so the adoption of remediation works is urgently needed. More specifically, three remediation scenarios were modeled using MODFLOW-2000 and MT3DMS: (a) the activation of a hydraulic barrier to contain the pollution within the source area (Scenario 1); (b) the removal of the pollution sources and the natural attenuation of the residual groundwater plume (Scenario 2); and (c) a combination of the previous two works (Scenario 3). Model results for Scenario 1 showed that a hydraulic barrier composed of five wells located along the eastern border of the steelworks area would contain Cr(VI) concentrations above 5 µg/L (i.e., the Italian regulatory limit) within the steelworks area; the barrier would have a total discharge of 27,500 m3/day, which could be compensated by the deactivation of three steelworks wells; the hydraulic barrier would drop the Cr(VI) concentrations below 5 µg/L in the areas downstream of the steelworks after ~3 years from its start of operation. Results for Scenario 2 highlighted that the removal of the Cr(VI) sources would drop the Cr(VI) concentrations below 5 µg/L in the areas downstream of the steelworks after ~2.5 years, and lead to a full remediation of the Cr(VI) groundwater plume (i.e., total Cr(VI) mass in the aquifer close to zero) after 17 years. Results for Scenario 3 showed that the removal of the Cr(VI) sources accompanied by the activation of the hydraulic barrier would led to a faster remediation within the first 14 years from the starting of the remediation works, with concentrations below 5 µg/L in the areas downstream of the steelworks obtained after ~2.3 years.
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1. Introduction


The use of numerical models to support the management of groundwater resources is increasing in the last decades. Groundwater flow and contaminant transport models can represent a valid decision support tool for handling a variety of problems in hydrogeology, ranging from the depletion of groundwater resources to groundwater quality concerns. The implementation of numerical modeling allows for the joint consideration of several aspects that could have different weights on the evaluation of the quantity and quality of groundwater resources. Overall, groundwater models provide the chance, on one hand, to improve the comprehension of the behavior of the hydrogeological system and, on the other hand, to implement more suitable management policies for groundwater resources.



One of the most used codes for simulating 3D groundwater flow in hydrogeology studies is MODFLOW (McDonald & Harbaugh [1] and successive versions), which uses a various number of packages to simulate the different elements of the hydrogeological system (e.g., river, drain, pumping well, no-flow zone, etc.) and their mutual relationships. Furthermore, many other MODFLOW-related codes exist for evaluating a large variety of aspects related to groundwater. For example, the MODPATH code [2] allows tracking of the advective component of the groundwater flow, the MT3DMS code [3] is able to simulate the fate of dissolved contaminants, taking into account the advective-dispersive transport equation together with some basilar physicochemical reactions, whereas the SEAWAT [4] code is able to simulate variable density groundwater flow, therefore allowing one to deal with saltwater intrusion and related problems.



Many recent works [5,6,7,8,9,10] reported the implementation of flow and transport models through the family of MODFLOW-related codes, in order to support the management of groundwater resources and environmental problems. Along these lines, the present study involves the numerical modeling of remediation scenarios of the hexavalent chromium (Cr(VI)) plume in the aquifer system of the Aosta Plain (N Italy) using MODFLOW-related codes. Many works reporting the modeling of transport and remediation works of Cr(VI) groundwater pollution exist in the literature [11,12,13,14,15,16,17,18,19]. The main aim here is to present some examples of operations that could be done for remediating the Cr(VI) pollution in order to improve the groundwater quality and protect the health of the population living in the area. Indeed, the Cr(VI) is a carcinogenic species, and its concentration in groundwater should be kept as low as possible. Moreover, groundwater in the Aosta Plain is used to fulfill many human needs, such as drinking water supply and production of food and beverage. The need of an urgent remediation of the Cr(VI) pollution in the aquifer of the Aosta Plain is also highlighted by the recent work by Tiwari and De Maio [20] that assessed a high potential cancer risk for the local population related to the Cr(VI) groundwater pollution.




2. Materials and Methods


2.1. Study Area


The present work is referred to the aquifer system of the Aosta Plain, located within the Aosta Valley Region, NW Italy (Figure 1). More precisely, the study area covers ~30 km2 around the town of Aosta, between the villages of Aymavilles and Brissogne, and it is crossed from west to east by the Dora Baltea River (Figure 1a). Within the study area, this river collects water from 14 tributaries, among which the most important is the Buthier Creek, which crosses the town of Aosta from north to south (Figure 1a). The geological and hydrogeological features of this area were exhaustively described by many previous studies [20,21,22,23,24,25,26,27,28,29,30], so only a brief summary is given in the following. The aquifer system is formed by fluvioglacial, alluvial, lacustrine, and fan deposits, which overlay a deep crystalline basement. The exploited unconfined aquifer has a thickness of ~85–90 m; in the eastern part of the area, the thickness decreases up to 50 m, and the aquifer is subdivided by a silty layer located at around 20 m b.g.l., into a shallower unconfined and a deeper semi-confined aquifer (Figure 2). The aquifer system is recharged by ice and snow melt, precipitation, and losing surface water bodies and discharges by well extraction, gaining surface water bodies, and downstream outflow. In particular, the Dora Baltea River plays an important role in the groundwater balance [27]: it is losing in the western part of the area, i.e., upstream of the town of Aosta, and becomes gaining moving downstream in the eastern part of the area. Groundwater flow is mainly directed from west to east with hydraulic heads and a hydraulic gradient that vary from ~580 to ~526 m a.s.l. and from 0.6 to 0.3 %, respectively (Figure 1a). Groundwater table depth ranges between 20 to 30 m b.g.l. in the western part of the study area, and 3–4 m b.g.l. in the eastern part, where the Dora Baltea River is gaining. Concerning the hydrochemistry, the groundwater has oxic conditions, and is mainly of the CaHCO3 type, with a shift toward the SO4–HCO3 type, due to the interaction with evaporites in the area south of the town of Aosta [24]. Furthermore, the studied aquifer is affected by Cr(VI) pollution, with concentrations up to ~440 µg/L [25] in the source area, which is a steelworks located in the southern part of the town of Aosta, that decreases 3.5 km downstream of the source area down to 1 µg/L (Figure 1b). The source of the Cr(VI) pollution is assumed to be the unsaturated zone beneath some areas of the steelworks used in the past years as open slag dumps, as the product of rainfall leaching, and accumulation in the unsaturated zone [21]; nowadays, the slag dumps were removed and those areas were subjected to capping to prevent rainwater infiltration and Cr(VI) leaching from the polluted unsaturated zone to groundwater. This Cr(VI) plume affects the groundwater quality of the whole aquifer system in the Aosta Plain so much that, according to the EU Water Framework Directive [31], its chemical status was assessed as poor [32].




2.2. Numerical Modeling


This work presents a 3D numerical modeling of some remediation works for containing and attenuating the Cr(VI) groundwater pollution in the study area using MODFLOW-2000 [33] and MT3DMS [3] through the graphical user interface Groundwater Vistas 6® (Environmental Simulations, Inc., Leesport, PA, USA). In particular, three scenarios were simulated:




	
Scenario 1—the simulation of a hydraulic barrier in order to contain the Cr(VI) plume within the area of the steelworks.



	
Scenario 2—the simulation of the natural attenuation of the dissolved Cr(VI) plume in groundwater after a complete removal of the Cr(VI) source from the unsaturated zone, by means of in situ or ex situ remediation, was achieved.



	
Scenario 3—a combination of the previous two remediation works.








The modeling of these scenarios is based on previous groundwater flow and Cr(VI) transport models [21,22]. The latter is hereafter called Scenario 0. Details on the settings and results of these previous models are described in the following subsections, together with the settings of the present models for simulating the remediation scenarios.



2.2.1. Groundwater Flow Modeling


The flow (and transport) model grid had 243 rows, 655 columns (uniform cell spacing of 20 m × 20 m) and 20 layers. The last 17 layers had a constant thickness of 5 m, whereas within the first three layers, the thickness can vary depending on the variation of the DEM that was used as top surface of layer 1. The 3D reconstruction of hydraulic conductivity (K) was made using geostatistics: the 176 lithologs from boreholes located in the Aosta Plain (Figure 1a) and stored in the TANGRAM database [34] were coded [35] and interpolated by kriging through a quasi-3D stratified approach [36] using GOCAD® (Emerson, St. Louis, MO, USA), as done in previous works [37,38]. The coding and attribution of K values made by TANGRAM were calibrated using eight previous pumping tests made in the study area [39,40], that led to K values for the unconfined sandy/gravelly aquifer ranging between 87.5 and 233.5 m/day; the calibration of the coding procedure led to attributing the K values of 432 m/day for well-sorted gravel and 57.6 m/day for well-sorted sand. The resulted 3D distribution of K values was then discretized into 10 zones; each zone was defined through the analysis of the frequency distribution of K. Finally, K values of each zone were adjusted during flow model calibration, leading to maximum and minimum values of 475 and 0.0864 m/day for Kx and Ky, and 47.5 and 0.00864 m/day for Kz, respectively [21]. The following boundary conditions were used [22]: (a) no flow (Neumann boundary condition) for reconstructing the “V” shape of the crystalline basement; (b) general head boundary (GHB; Cauchy boundary condition) for simulating the groundwater inflow and outflow through model margins at the western and eastern model edges, respectively; (c) recharge (Neumann boundary condition) through four zones with maximum and minimum values of 1.69 × 10−3 and 6.02 × 10−4 m/day [22]; these values were calculated as the water average surplus obtained by the Thornthwaite–Mather’s method, starting from the average monthly precipitation and temperature data; (d) Neumann boundary conditions through the multinode well (MNW) package for simulating the active wells in the area (i.e., 27 wells with ~63,000 m3/day of total discharge); (e) Cauchy boundary conditions through the streamflow-routing (SFR2) package [41] for simulating surface water bodies, in particular, the Dora Baltea River. Concerning the latter, since the SFR2 package is not supported by MT3DMS, before running the transport model, the SFR2 was substituted with the DRAIN package along the gaining segments of the Dora Baltea River. The flow model was run in steady-state conditions [22]. The flow model calibration was done by trial and error using 25 head and 1 flow targets, referred to January 2009, that can be considered as representative of average hydraulic conditions of the studied aquifer, since maximum and minimum hydraulic heads are registered during summer and spring, respectively [22]. The values of K and riverbed conductivity were the most sensitive, and they were adjusted in the calibration process.



The simulated heads in the area affected by the Cr(VI) plume are reported in Figure 3. Groundwater mainly flows from W to E with local perturbations due to well abstractions, particularly in and around the town of Aosta, and in the proximity of the steelworks. The hydraulic heads and groundwater table depths range from 554 m a.s.l. and 10–20 m b.g.l. just upstream of the steelworks, to 532 m a.s.l. and 3–4 m b.g.l. in the eastern part of the area, respectively; the gaining behavior of the Dora Baltea River can be clearly seen starting from the 540 m a.s.l. contour line and continues downstream. The error of the model mass balance was 0.0097%, and the scaled root mean square error was ~1% [21,22], highlighting the goodness of obtained fit.




2.2.2. Cr(VI) Transport Modeling (Scenario 0)


The transport model for Scenario 0 was based on the flow solution described in the previous section (Section 2.2.1). Concerning the setting of hydrodispersive and chemical parameters, effective porosity values were set through 10 zones, with the same extent of those used for discretizing K values, ranging between 0.05 and 0.28 [21]. The longitudinal dispersivity (αL) was 200 m; this value was calculated through the Mercado equation [42] considering the plume length of ~3500 m. The transversal (αT) and vertical dispersivity (αV) were 20 and 0.005 m, respectively. An equilibrium adsorption, represented by the Henry’s adsorption isotherm, was considered; the values for distribution coefficient (Kd), bulk density (ρb), and total porosity (n) were 0.05 L/kg, 1.7 g/cm3, and 0.3, respectively [21]. No degradation reactions were simulated, since Cr(VI) can be considered conservative under the oxic conditions, which feature the aquifer of the study area (see Section 2.1). Concerning the transport boundary conditions, the Cr(VI) sources were imposed through a Dirichlet boundary condition (i.e., constant concentration) inserting seven source areas. The concentration and location of these Cr(VI) source areas were chosen considering (a) the highest concentrations measured in the steelworks in January 2009, that is, the reference period for the flow model (see Section 2.2.1) and (b) the location of the capping works (Figure 3a), which indicate where the slag was accumulated in the past (see Section 2.1). However, the concentration, extent and location of the 7 Cr(VI) source areas were the focus of the transport model calibration and they were adjusted accordingly. The calibrated extent of the Cr(VI) source areas, varying from 1 to 17 model cells, and their calibrated location, are reported in Figure 3a, whereas their calibrated concentrations ranged between 80 and 40 µg/L. The calibration was done by trial and error using 29 groundwater samples collected for Cr(VI) analysis in January 2009 by the Regional Environmental Protection Agency of Aosta Valley (ARPA) from the groundwater monitoring network of the Aosta Plain (Figure 3b). These samples were collected from piezometers and wells tapping the aquifer from 15 to 25 m b.g.l. (corresponding to model layers 3 and 4), in and around the steelworks area, and from 3 to 40 m b.g.l. (i.e., model layers from 1 to 8) in the eastern part. The transport model was run for 20 years allowing the plume to reach a quasi-steady state. The total variation diminishing (TVD) scheme [3] was used for solving the transport equation.



Transport model results for Scenario 0 are displayed in Figure 3b, which shows the modeled Cr(VI) plume in model layer 3 (the first saturated layer beneath the source area) and the location of calibration targets with their respective residual values (i.e., measured minus modeled Cr(VI) concentrations). Concerning the steelworks area (i.e., source area), a dilution effect of the Buthier Creek, which is losing, can be clearly seen, splitting the plume core. The Cr(VI) plume moves downstream until the Dora Baltea River becomes gaining; here, the river drains the Cr(VI), thereby limiting the groundwater plume extent eastwards. The vertical extension of the plume is shown in Figure 4. Within the source area, the plume reaches a depth of ~35 m b.g.l., which increases up to ~50 m b.g.l. moving downstream. Outside the steelworks area, the depth of the plume becomes stable at ~530 m a.s.l., then, moving downstream, the plume slightly rises up, likely due to the gaining effects of the Dora Baltea River. In the eastern part of the area, where the aquifer is subdivided by the silty layer (see Section 2.1), the plume affects only the shallower unconfined aquifer, leaving the deeper semi-confined aquifer unpolluted by Cr(VI). The analysis of the transport model mass balance indicates that from the total Cr(VI) mass entering the aquifer from the seven source areas, 22% remains dissolved in groundwater, whereas 78% exits the aquifer through sinks, which are the Dora Baltea River in its gaining stretch and the existing pumping wells. Most of the latter are those located within the steelworks area (Figure 3a) that are used for the steelworks industrial processes. The error of the transport model mass balance was 0.036%, and the scaled root mean square error was 3.7%, confirming the goodness of fit obtained.




2.2.3. Model Settings for Remediation Scenarios


In order to simulate the three remediation scenarios assumed, some modifications of both previous flow and transport models were done.



Concerning Scenario 1, which considers the implementation of a hydraulic barrier formed by pumping wells within the steelworks area, the previous flow model was modified only with regard to the pumping wells. The steelworks have 12 wells that are currently used for its industrial processes (Figure 3a), with ~52,800 m3/day of total well discharge (data for January 2009). The aim of the modeling for Scenario 1 is to design the hydraulic barrier in order to (a) contain, within the steelworks area, the Cr(VI) concentrations above 5 µg/L (i.e., the Italian regulatory limit [43]), and (b) optimize the well discharge of the hydraulic barrier, compensating the increase of the discharge needed by the barrier with a decrease of discharge in some steelworks wells; this is for limiting the impact of the hydraulic barrier on groundwater resource quantity. Therefore, the number, location, depth of screen interval, and discharge value of the hydraulic barrier wells, together with the steelworks wells to be deactivated, were chosen by trial and error, in order to fulfill the abovementioned requirements. Concerning the transport model for Scenario 1, the settings were the same as the Scenario 0 (Section 2.2.2), the only modification done was to import the modeled concentrations of the Scenario 0 at the end of the simulation period (i.e., 20 years) as initial concentrations. A monitoring network composed of 6 piezometers with depth of 60–70 m was inserted in the model (using the monitoring well option of Groundwater Vistas 6®) for testing the effectiveness of the barrier in containing the Cr(VI) plume below 5 µg/L downstream of the steelworks area. The location of these 6 monitoring piezometers is reported in Figure 3a. The flow model for Scenario 1 was run in steady state for 20 years, accordingly, the transport model for Scenario 1 was run for 20 years.



Concerning Scenario 2, the advection, dispersion, and dilution of the residual groundwater plume, after the removal of the Cr(VI) source in the unsaturated zone, were simulated. The removal of the Cr(VI) from the unsaturated zone would be done by in situ remediation, such as the reductive immobilization of Cr(VI) using stabilized zero-valent iron nanoparticles [44], or the biosorption of Cr(VI) using native bacteria [45], or ex situ remediation either on-site or off-site, such as the mechanical removal of the polluted soil and its transfer to landfill. However, a detailed simulation of the Cr(VI) source removal from the unsaturated zone is out of the scope of this work, and would require additional modeling codes, since MT3DMS is able to simulate only the transport of dissolved species in the saturated zone. Therefore, the transport model for Scenario 2 considered that a full remediation of the unsaturated zone was already achieved, and simulated the natural attenuation of the residual dissolved plume in the saturated zone. No modification in the settings of the previous flow model were made to simulate this scenario, whereas for the transport model, the following changes with respect to Scenario 0 were done: (a) the transport boundary conditions (constant concentrations) for simulating the Cr(VI) sources were deleted, and (b) the modeled concentrations for Scenario 0 at the end of the simulation period were imported as initial concentrations. Analogously to Scenario 1, flow and transport models for Scenario 2 were run for 20 years.



Concerning Scenario 3, it simulated both the hydraulic barrier and the removal of the Cr(VI) sources in the unsaturated zone, in order to make the remediation process faster. Also in this case, the flow and transport models were run for 20 years.





2.3. Dora Baltea River Sampling


According to the results of the transport modeling (see Section 2.2.2), a sampling survey was conducted in February 2016 along the Dora Baltea River, in order to monitor the Cr(VI) concentrations in the river water. Four samples were collected (Figure 3b): one sample upstream of the Cr(VI) groundwater plume and three samples in the zone where the Dora Baltea River gains the Cr(VI) groundwater plume. Sampling and laboratory analysis were made using standard technique with the support of ARPA. The Cr(VI) was analyzed using the diphenylcarbazide spectrophotometric method. The method detection limit (DL) was 1.12 µg/L.





3. Results and Discussion


3.1. Cr(VI) in the Dora Baltea River


Measured concentrations of Cr(VI) in river water samples collected in February 2016 were all below the DL (i.e., <1.12 µg/L). This suggests that the Cr(VI) polluted groundwater that enters the Dora Baltea River with concentrations around 5–1 µg/L, as indicated by transport model results, are likely diluted and dispersed by the river water. The fact that no detectable Cr(VI) concentrations were found in the Dora Baltea River leads to speculate that, though the river gains Cr(VI) affected groundwater, the Cr(VI) groundwater plume has no relevant impacts on river water quality.




3.2. Scenario 1


The results for the optimal configuration of the hydraulic barrier coupled to the deactivation of some steelworks wells are:




	
the hydraulic barrier is composed of 5 wells (BW) located along the eastern border of the steelworks area, their exact locations are shown in Figure 3a;



	
the depth of the hydraulic barrier wells ranges between 31 and 36 m b.g.l., the well screen interval is between model layers 3 and 6, that corresponds to ~15–20 and ~31–36 m b.g.l.;



	
the 5 hydraulic barrier wells (BW1 to BW5) have a well discharge of 6500, 7000, 7000, 6000, and 1000 m3/day, respectively, for a total discharge of 27,500 m3/day;



	
in order to compensate the discharge of the hydraulic barrier, three steelworks wells were deactivated; they are wells 6, 8, and 10 (W6, W8, and W10 in Figure 3a) with a discharge of 10,849; 862; and 13,104 m3/day, respectively (data for January 2009), that correspond to a total deactivated discharge of 24,815 m3/day;



	
in terms of well discharge, the needs of the hydraulic barrier overcome the deactivation of the steelworks wells (2685 m3/day), and this corresponds to an increase of only ~5% of the total discharge of the steelworks wells.








The results of the flow and transport models for Scenario 1, obtained through the optimal configuration of the hydraulic barrier described above, are shown in Figure 5. Concerning groundwater flow, the effect of the cone of depression generated by the hydraulic barrier wells can be clearly seen by the perturbation of the head contour line at 546 m a.s.l., which now crosses the steelworks area. The detailed evolution over time of the groundwater Cr(VI) concentrations during the simulation can be seen in Figure 6, which reports the breakthrough curves registered in the monitoring piezometers MW2, located ~200 m upstream of the hydraulic barrier, and MW6, located ~700 m downstream of the barrier (see Section 2.2.3 for details). These curves couple the modeled concentrations for Scenario 0 (i.e., with no hydraulic barrier; from 0 to 20 years in the graphs) with those for Scenario 1 (i.e., with the hydraulic barrier; from 20 to 40 years in the graphs). The breakthrough curve for MW2 indicates that, after the activation of the hydraulic barrier and inside the steelworks area, the Cr(VI) concentrations decrease in the shallower part of the aquifer (e.g., from ~10 to 8 µg/L in layer 3), remaining, however, above the limit of 5 µg/L, whereas in the deeper part of the aquifer, the concentrations, which are, however, below the limit of 5 µg/L, have a slight increase. The latter is likely related to the deviation of the plume towards the wells of the hydraulic barrier, so producing an increase of concentrations that is seen in the layers not tapped by the wells of the barrier (i.e., below layer 6). The breakthrough curve for MW6 shows that the Cr(VI) concentrations in all layers drop below the limit of 5 µg/L after ~3 years from the activation of the barrier (i.e., 23 years in Figure 6). The maximum concentration stands around 3 µg/L, whereas it was ~14 µg/L for Scenario 0.



Other useful information can be given by the analysis of the transport model mass balance. After 20 years of working of the hydraulic barrier, the total Cr(VI) mass in the aquifer decreases of ~46%, passing from ~140 to ~75 kg (Figure 7). This also alleviates the Cr(VI) load entering the Dora Baltea River along its gaining stretch, indeed the content of Cr(VI) gained by the river decreased by 36% with respect to Scenario 0. Conversely, the Cr(VI) mass abstracted by the wells, so including also the hydraulic barrier wells, increased by 520% with respect to Scenario 0.




3.3. Scenario 2


Figure 8 shows the results of the transport model for Scenario 2. As expected, the removal of the Cr(VI) sources leads to a more rapid and complete remediation of the groundwater plume. Figure 6 shows that, in monitoring piezometer MW2, the Cr(VI) concentrations drop below the limit of 5 µg/L after ~1 year from the removal of the sources (i.e., 21 years in Figure 6), and approach values close to zero in all layers after ~6 years (i.e., 26 years in Figure 6). The breakthrough curve for MW6 indicates that at ~700 m downstream of the steelworks area the Cr(VI) drops below 5 µg/L after ~2.5 years from the removal of the sources (i.e., 22.5 years in Figure 6), and approach values close to zero in all layers after ~10 years (i.e., 30 years in Figure 6). The Figure 7 shows that the total Cr(VI) mass in the aquifer approaches values close to zero after 17 years from the source removal. The rate of Cr(VI) attenuation is faster within the first 6 years from the removal; in this period, the Cr(VI) mass decreases of ~82%, whereas in the following 11 years the Cr(VI) decreases of only 18%.




3.4. Scenario 3


Modeled Cr(VI) concentrations for Scenario 3 are shown in Figure 9. The joint removal of the Cr(VI) sources and the activation of the hydraulic barrier lead to a faster removal of Cr(VI) from groundwater. This is especially seen within the steelworks area, where the hydraulic barrier has its capture zone. Indeed, Figure 6 shows that in monitoring piezometer MW2, located within the steelworks, the Cr(VI) concentrations approach values close to zero in all layers after only ~4 years from the starting of the remediation works (i.e., 24 years in Figure 6). Concerning the monitoring piezometer MW6, its Cr(VI) concentrations drop below 5 µg/L after ~2.3 years from the remediation works (i.e., 22.3 years in Figure 6) and approach values close to zero in all layers after ~9 years (i.e., 29 years in Figure 6). Figure 7 shows that the curve of decrease of total Cr(VI) mass in the aquifer for Scenario 3 is similar to that for Scenario 2, however, during the first 5 years after the starting of the remediation works, the decrease of Cr(VI) mass in the Scenario 3 is ~1 year faster with respect to Scenario 2. After 14 years from the starting of the remediation works, the total Cr(VI) mass in the aquifer between Scenario 2 and Scenario 3 is the same.




3.5. Advantages and Disadvantages of Modeled Scenarios


The remediation work simulated in the Scenario 1, that is the activation of the hydraulic barrier within the steelworks area, could represent an effective action that can be taken in the short term for containing the Cr(VI) pollution affecting large portions of the Aosta Plain aquifer, which is also used for drinking water purposes. The optimization of the discharge of the barrier through the deactivation of three steelworks wells has two main advantages: (a) a limited impact on groundwater resource quantity, so preventing the overexploitation of the aquifer that, in particular, should be avoided during drought periods; (b) the increase of only 5% of total groundwater abstraction by the steelworks for its industrial processes would facilitate the management of the polluted water abstracted by the hydraulic barrier. However, the adoption of the sole hydraulic barrier would only contain the Cr(VI) concentrations above 5 µg/L within the steelwork area, and would not represent a full remediation of the Cr(VI) pollution.



Conversely, the source removal considered in the Scenario 2 would be only carried out over the long term, since it requires the specific evaluation of the best remediation technique applicable to the steelworks unsaturated zone. However, the source removal would represent a full remediation work allowing for a complete cleaning up of the polluted aquifer.



Concerning the combination of the hydraulic barrier and source removal simulated in the Scenario 3, since the former only collects the Cr(VI) plume within the steelwork area, it could be deactivated after the Cr(VI) concentrations inside the steelwork approach values close to zero, a point that can be reached after 4–5 years from the activation of the remediation works, as suggested by the breakthrough curve of monitoring piezometer MW2.





4. Conclusions


This work presented a numerical 3D modeling of groundwater flow and Cr(VI) transport for simulating the adoption of some remediation works for containing and attenuating the Cr(VI) pollution which affects the Aosta Plain aquifer (N Italy). On the basis of the modeling results, the following main suggestions aimed at supporting the improvement of groundwater quality in the Aosta Plain can be done:




	
a hydraulic barrier composed of five wells located along the eastern border of the steelwork area would contain Cr(VI) concentrations above 5 µg/L (i.e., the Italian regulatory limit) within the steelwork area; these five wells, tapping the aquifer between ~15–20 and ~31–36 m b.g.l., would have a total discharge of 27,500 m3/day; this value of discharge would be compensated by the deactivation of three steelwork wells (for a total deactivated discharge of 24,815 m3/day), in order to limit the impact of the barrier on groundwater resources quantity;



	
this hydraulic barrier would drop the Cr(VI) concentrations below 5 µg/L in the areas downstream of the steelwork after ~3 years from its start of operation;



	
a remediation work aimed at removing the Cr(VI) sources from the unsaturated zone would have better results with respect to the activation of the hydraulic barrier: a full remediation of the Cr(VI) groundwater plume would be obtained after 17 years from the sources removal, with a fall of ~82% of Cr(VI) mass in aquifer within the first 6 years;



	
for a faster remediation, the removal of the Cr(VI) sources from the unsaturated zone would be accompanied by the activation of the hydraulic barrier; the working of the barrier would be needed only for the first 4–5 years.








This work represented an example of the application of flow and transport modeling to support the implementation of remediation works aimed at improving the groundwater quality, so the methodology used here could be applied in other similar case studies worldwide.



Future works involving the modeling of Cr(VI) transport in the Aosta Plain aquifers will be addressed, considering a transient transport modeling based on a transient flow model [27] and using the newest transport code MT3D-USGS [46] which supports the SFR2 package for simulating groundwater/surface water interactions.
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Figure 1. (a) Study area with hydrography and hydraulic head contour lines resulted from the flow model and location of the cross-section (1-1′) of Figure 2 and the lithologs used for the 3D reconstruction of hydraulic conductivity. (b) Maximum concentrations of Cr(VI) measured in the period 2003–2011. (c) Localization of the study area. 
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Figure 2. Lithological cross-section of the study area schematizing the aquifer structure. 
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Figure 3. (a) The steelworks area with location of steelwork wells (Wn), hydraulic barrier wells (BWn), monitoring piezometers (MWn), and Cr(VI) source areas. (b) Modeled hydraulic heads and Cr(VI) concentrations for Scenario 0 after 20 years of simulation within model layer 3, with location of transport calibration targets (with respective residual values), river water sampling points and location of the cross-section (A–A’) of Figure 4. 
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Figure 4. Modeled Cr(VI) concentrations for Scenario 0 after 20 years of simulation along the cross-section A–A’ (see Figure 3 for location). 
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Figure 5. Modeled hydraulic heads and Cr(VI) concentrations for Scenario 1 within model layer 3 after 2 (a), 5 (b), 10 (c), and 20 (d) years of simulation. 
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Figure 6. Breakthrough curve of modeled Cr(VI) concentrations (µg/L) for monitoring piezometers MW2 and MW6 (locations are displayed in Figure 3a); concentrations from 0 to 20 years are the results for Scenario 0, whereas from 20 to 40 years, the results of the three scenarios are displayed: Scenario 1 (activation of a hydraulic barrier), Scenario 2 (natural attenuation after the complete removal of the Cr(VI) source), Scenario 3 (combination of the previous two works). Ly: model layer; ref: the Italian regulatory limit for Cr(VI). 
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Figure 7. Total modeled Cr(VI) mass in aquifer over simulation time for the different considered scenarios. 
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Figure 8. Modeled Cr(VI) concentrations for Scenario 2 within model layer 3 after 2 (a), 3 (b), 5 (c), and 7 (d) years of simulation; hydraulic heads are the same as for Scenario 0. 
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Figure 9. Modeled hydraulic heads and Cr(VI) concentrations for Scenario 3 within model layer 3 after 2 (a), 3 (b), 5 (c), and 7 (d) years of simulation. 
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