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Abstract 

To make cost-effective decisions regarding aquifer protection against chlorinated solvent 

contamination, a conceptual site model explaining the hydrodynamic behavior of these solvents 

needs to account for soil heterogeneities in sufficient detail. Among the key requirements, it is 

necessary to perform site-specific characterization of (a) the architecture and type of chlorinated 

solvent sources, (b) the architecture, nature and distribution of aquitards (bodies of low 

permeability) and (c) local groundwater dynamics. Local-scale data are often lacking and 

regional descriptions are therefore adopted with the consequence of losing small-scale features 

that control local chlorinated solvent migration which, in turn, limits the effectiveness of 

safeguard facilities. This paper addresses these arguments, focusing on the Rho aquifer (Italy). 

We show that the local conceptual model must integrate small-scale architectural and 

hydrodynamic anomalies of the aquifers and aquitards with regional trends and the sedimentary 

origin of the aquifers. New evidence are found by processing stratigraphic logs, piezometric 

heads and solute concentrations from local wells. The conceptual model should account for the 

occurrence of secondary chlorinated solvent sources located in depressions on the aquitard 

surface separating the two upper and most contaminated Rho aquifers. While the spatial 

distribution of depressions is in accordance with regional sedimentological dynamics, the 

direction of local groundwater flow at various levels within the main hydrogeological unit is 

remarkably opposite to the regional groundwater tendency. These findings, along with evidence 

of vertical heterogeneous soil texture and stratification of chlorinated solvents in various phases, 

are supported by a simple particle tracking model and suggest how to redefine the conceptual 

model and, consequently, how to design safeguard facilities to effectively prevent further plume 

spreading.  
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1 Introduction 

 

 

Aquifer pollution by chlorinated solvents represents a serious problem for industrialized 

countries, due to the high toxicity of these compounds to humans and the high costs of aquifer 

restoration (Londergan et al 2001, Sale et al 2008, Alberti et al, 2011). In the metropolitan area 

of Milan (Northern Italy), chlorinated solvents are responsible for more than 50% of the total 

solute plumes observed (Provincia di Milano, 2002). When aquifer pollution is detected, pump-

and-treat (P&T) and slurry walls or barrier systems (BS) are commonly combined to promptly 

prevent the risk of the pollutant spreading to critical receptors in clean zones, such as drinking 

water supply wells (e.g. Tosco et al 2010).  

Decisions regarding the cost-effective use (design and management) of these technologies 

relies on a conceptual site model (CSM) that represents the origin, migration and degradation of 

these organic compounds in heterogeneous geological media. The importance of a CSM in 

remediation and protection efforts against general solute spreading has been widely discussed 

in the literature (e.g. Konikow and Bredehoeft 1992, Neuman and Wierenga 2003, Refsgaard et 

al 2006). However, when dealing with chlorinated solvents, developing a reliable CSM is 

sometimes cumbersome.  

Subsurface chlorinated solvents can behave as dense non-aqueous phase liquids (DNAPLs), 

whose fate in groundwater (Johnson et al 1989, Pankow and Cherry 1996, Chapman and 

Parker 2005) requires a well-defined CSM that accounts for: (a) origin, type and groundwater 

dynamics around the (single or multiple) source; (b) identification of the architecture of low-

permeability barriers in terms of lateral and vertical continuity and their hydrodynamic behavior 

as capillary traps; (c) description of the diffusion process in local low-permeability units and (d) 

identification of connected and transmissive pathways or distribution of mobile/immobile 

advection zones that can influence solute transport. The typical lack of aquifer characterization 

data at adequate scales (such as the source scale) makes identification of ubiquitous soil 

hydraulic heterogeneities uncertain (e.g., Seifert et al. 2008, Bolster et al. 2009, Suthersan et al, 

2010). A CSM relying on regional descriptions or that homogenizes aquifer properties can lead 

to a misleading design and management of safeguard and remediation strategies, with 

important economic and environmental losses.  
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Over the last 30 years, a wide chlorinated solvent plume has developed in the Rho aquifer of 

Northern Italy and has migrated several kilometers downstream threatening public drinking wells 

close to Milan (Provincia di Milano 2002) (fig.1) The origin of the pollution is poorly 

characterized and an inefficient slurry wall barrier system (BS) was used to confine the initial 

source area. In addition to that, a pump-and-treat system (P&T) was installed to help reducing 

the concentration levels of chlorinated solvents. but with scarce effectiveness, according to the 

results of the recent monitoring activities showing anomalous chlorinated solvent concentrations 

in several piezometers located downgradient the P&T 

The aim of this paper is to show how the data and methodologies from a variety of subsurface 

disciplines allow the CSM to be revised to account for the existence of secondary contaminant 

source areas and the uncertain direction of local groundwater flow. One of the key points is 

represented by the uncertain current position of some of the DNAPLs. While an initial source 

area was identified more than 30 years ago, both the inefficiency of the local BS (Pedretti et al 

2012), and the possible gravity driven migration along the top of capillary barriers suggest the 

existence of a secondary source zone. To support our hypothesis, we include the local 

sedimentary origin of the area using morphological mapping of the aquitard surface to highlight 

potential preferential DNAPL migration pathways . A numerical flow model coupled with a 

particle tracking algorithm was developed to infer qualitative information relating to the initial 

source of chlorinated solvent plumes. 

Section 2 offers a brief introduction of the site and highlights discoveries during monitoring 

activities that contrast with the initial CSM used to design the local remediation systems. Section 

3 describes the specific characterization activities carried out to evaluate geological conditions, 

groundwater flow patterns and the dissolved phase at a local scale. In Section 4 a revised CSM 

is proposed and supported by numerical groundwater flow and particle tracking simulations. 

 

2 Site description 

 

In this Section, we first describe the geological and hydrogeological setting by using regional 

stratigraphic descriptions and considering the geological processes that occurred at the site; we 

then observe the difference between local and regional geological features. Finally, we describe 

the main evidence and the spatio-temporal evolution of contamination patterns recorded after 

significant monitoring activity at the site.  

 

2.1 Geological and hydrogeological setting 
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The spatial distribution, relative proportion and continuity of deposits all determine groundwater 

flow and contaminant transport in alluvial aquifers (Koltermann and Gorelick 1996). In general, 

alluvial facies consist of randomly distributed and inter-connected coarse-grained materials, 

originating from paleostreams, surrounded by a fine-grained matrix which is characterized by 

lower transmissivity. When glacial events occur, glacio-fluvial deposits, such as those 

originating during the Pleistocene age over the whole of the Southern Alps (Bini et al. 2004), 

including Rho, consist of a sudden transition from coarse (aquifer) to fine (aquitard) materials. 

Under certain circumstances, the latter are organized as pedogenetic soils, whose characteristic 

patterns, such as clay content and geochemical composition, depend on the prevailing climate 

at the time of formation and on local geodynamic conditions.  

An important factor to consider in glacio-fluvial systems is the presence of superficial water 

streams originating from glacial meltwater. The scouring effect of streams on paleosoils 

determines local and abrupt lateral transitions from silty clay to sandy gravel materials on these 

horizons. Such horizon ‘windows’ are characterized by a localized, higher hydraulic conductivity 

than the rest of the paleosoils. Therefore, the apparent continuity of both connected coarse 

materials and aquitards depends on the scale of the characterization, and thus influences the 

way contaminant transport is modeled at the scale of interest. 

In the case of DNAPL contamination in glacio-fluvial aquifers, identifying preferential flow 

windows and topographic gradients on the capillary barrier surface is fundamental to 

understanding and predicting DNAPL transport pathways and to make appropriate decisions 

regarding remediation activities. Characterizing aquifer and aquitard heterogeneities is 

nonetheless cumbersome. The main reason for this is that the spatial resolution of typical 

characterization surveys is much coarser than the scale at which lateral transitions occur and 

too little information exists to obtain a reliable aquitard surface map. The Rho case illustrates 

how insufficient geological characterization can lead to a CSM inaccurately describing both the 

origin and distribution of chlorinated solvents. 

At a regional scale, the Rho aquifer can be seen as a multilayered system of four well-defined 

hydrogeological units (Fig. 2). The upper unit, A, is the most vulnerable to surface-originated 

pollution in the Milan area (Masetti et al. 2009). Aquifer A is divided into A0, A1 and A2, which 

are each separated by aquitards. The upper A0/A1 aquitard is located at a depth of 

approximately 9 m below the surface and is where the BS has, supposedly, been keyed 

(Pedretti et al 2012). The A1/A2 aquitard is deeper at approximately 30 m. The lower limit of A2 

occurs at approximately 45 m below the surface. 
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Fig. 2 (a) shows a hydrogeological cross-section below the Rho area, inferred from the 

correlation of three types of materials (coarse, medium and fine) that were observed at different 

depths during well drilling. At this scale the A0/A1 and A1/A2 aquitards apparently show lateral 

continuity across the study area with similar average thickness (about 1-1.5 m), dip direction 

(toward NNW-SSE) and topographic gradient (0.2-0.3%). No apparent texture heterogeneity 

can be defined for the aquifers from this information. According to the Provincia di Milano (2002) 

and ENI AGIP (2003), the aquitard extension continues across the entire study area. 

Using more detailed spatial information from well stratigraphy, local scale heterogeneities 

become more evident. The hydrogeological profile showed in Fig. 2 ( b), shows that the A0/A1 

aquitard is locally discontinuous. More specifically, we show that (a) lateral transitions may 

occur from silty clay to sandy materials along the aquitard, (e.g. at the highlighted point in Fig. 2) 

and (b) the contact surface of the upper aquifer A0 with the aquitard is irregular, forming a 

series of topographical highs and lows which can affect DNAPL movement. Hereafter we refer 

to the contact surface between the A0 aquifer and the A0/A1 aquitard as the ‘A0 base’. 

 

2.2 Evidence of contamination and initial remediation measures 

Since 1979, trichloroethene (TCE), tetrachloroethene (TeCA) and other types of chlorinated 

solvents have continuously been monitored in groundwater with concentrations higher than the 

regulatory limits which, in Italy, are 1.5 and 0.05 micrograms per liter of drinking water for TCE 

and TeCA respectively (G.U. Repubblica Italiana 2006). Table A (supplementary online 

materials) reports most of the data collected from the site since 1979. Monitoring equipment 

includes both small diameter (10 cm) piezometers, and medium diameter (40 cm) wells, 

hereafter identified by the prefix ’pz’ and ’w’ respectively; the latter were also used for well tests. 

We also distinguish between (Superficial) S-boreholes and (Deep) D-boreholes: 

- S-boreholes were drilled in the A0 aquifer up to a mean depth of 9-10 m and were screened 

along the entire vertical borehole column; 

- D- boreholes were drilled in the A1 aquifer up to 30-32 m in depth and were screened from 12-

15 m to 30-32 m, 

A third type of borehole, B-type, consists of wells drilled up to 70 m in depth; these points did 

not provide information regarding chlorinated solvent contamination for this study.  

As an initial attempt to control the plume from spreading, a slurry wall barrier was installed in 

1982 to isolate a small volume of the upper A0 aquifer covering a superficial area of 625 m2 with 

an average depth of 9 m (Pedretti et al 2012). The location was chosen on the basis of an initial 

random characterization of the site which identified concentrations of chlorinated solvents in pz 
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672 exceeding 1 mg/L. Both the reliability and design of this BS barrier have always been 

questioned  (Pedretti et al , 2012)). In 2006 a hydraulic barrier was designed downstream of the 

BS comprising 15 wells (Fig. 3), four of which were screened in the A1 aquifer (D-borehole) 

while the remaining eleven were screened in the A0 aquifer (S-borehole). Only w 686 and w 789 

in the A1 aquifer have been used since 2010 to contain the chlorinated solvent plume. 

 

2.3 Initial conceptual model 

As shown on Fig. 3, both the P&T wells and the majority of the existing A0 and A1 boreholes 

were drilled along a NW-SE axis, which is collinear with the regional flow and plume direction 

(fig. 1). With the exception of w 686, the P&T wells are located in the south western section of 

the domain. These wells are also perfectly aligned with the initial source of DNAPLs identified in 

the BS area. This specific selection of P&T wells was likely based on four main assumptions of 

the CSM model that describe the distribution of pollutants in the local subsurface: 

(1) the top portion of aquifer (A) was expected to be clearly divided into two well-defined and 

hydraulically independent aquifers, with similar hydraulic behavior to that found in the regional 

descriptions. This is confirmed by the existence of two distinct borehole categories related to 

screening depth (S- and D-types); 

(2) the A0 and A1 aquifers were expected to show the same mean groundwater flow direction 

(NW-SE axis), similar to the regional trend;  

(3) hydraulic separation was associated with the A0/A1 aquitard, considered as a continuous 

and impermeable capillary barrier with lateral extension covering the entire Rho site; and 

(4) the slurry wall area was considered as the only contaminant source zone. 

 

There are, nonetheless, several aspects that do not fit the initial CSM model, particularly when 

considering the recently observed distribution of solute concentrations. Fig. 4 represents a map 

of normalized (log) concentrations of TCE versus TeCA, for S-type (left panel) and D-type (right 

panel) boreholes observed in June 2007 (Table A, supplementary online material). In the S-type 

boreholes the TCE/TeCA ratio is almost uniform and TCE is lower than TeCA (TCE/TeCA < 1). 

This distribution is much more heterogeneous, however, in the D-type boreholes; pz.663, 

pz.348, pz.346 and pz.689 in particular display the presence of higher TCE/TeCA ratios than 

other locations. The spatial distribution of the highest TCE/TeCA appears to follow a N-S 

direction, rather than the expected NE-SW orientation followed by the majority of boreholes in 

the area and by the regional groundwater flow. Moreover, Fig. 4 shows that the very low ratio at 

pz.664 (TCE/TeCA = 0.05) appears to be anomalous as its two closest boreholes, pz.346 and 
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pz.663, both display a much higher ratio (TCE/TeCA = 4.98 and 16.35 respectively), indicating 

high variability of solute behavior. A revised conceptual model should therefore consider the 

following aspects: 

1 The possibility that additional sources of TCE and TeCA, in addition to those within the 

BS encapsulated area, may exist which would help explain the distribution of solutes.  

2 Heterogeneous distribution of connectivity and hydraulic conductivity can generate 

preferential flow paths that control solute migration within the A1 aquifer, potentially 

affecting specific boreholes, thereby causing anomalous concentrations. 

3 Groundwater flow dynamics occurring at the site scale may be very different from 

regional dynamics due to the existence of hydraulic heterogeneities. It is important to 

consider that aquifers can display different responses to recharge, behaving A0 aquifer 

as an unconfined unit, and A1 aquifer as a (semi)confined unit.  

4 Aquitard A0/A1 may be irregular in shape and thickness due to its glacio-fluvial origin 

and the possible successive formation of paleosoils. Along the erosional paths, DNAPLs 

could have moved under gravity and via the aquitard window resulting in DNAPL mass  

in the deeper aquifer zones. 

 

3. Specific activities between 2006 and 2008 

 

 

3.1 Aquitard geometry 

Our hypothesis is that additional sources of chlorinated solvents may exist within the area. One 

explanation for such additional sources is that DNAPLs could have migrated during the last 30 

years due to gravitational forces on top of the A0/A1 aquitard, thus forming a secondary source, 

distributed along this pathway, potentially impacting the A1 aquifer below.. 

The topography of the A0 base using a kriging with trend method (e.g., Gooverts, 1997) is 

shown in Fig. 4 (a).  Stratigraphic information was inferred from the drilling logs of the S, D, and 

B boreholes. The trend given to the topographical regional gradient is similar to those found in 

regional studies (ENI-AGIP, 2002). The variogram analysis on the residuals (i.e., the difference 

between measured value and trend value at each location) reveals that the residuals are highly 

correlated in the NNE-SSW direction, which corresponds to the main direction of scouring and 

erosion activity by the glacial-originating streams (Bini et al, 2004). A variogram map of the 

residuals is shown in Fig. A (supplementary on line material). 



Accepted ms – Ground Water Monitoring & Remediation doi: 10.1111/gwmr.12017 

The A0 base is shown on Fig. 4(a) together with the relative proportion of solute concentrations. 

The source area is located on a topographical peak on the A0 surface, as indicated by the 

arrows (representing the topographical gradients of the surface) diverging in all directions. 

Among the steepest paths, the main focus is on the steepest gradient, which is directed from 

the source area towards the south west (pz.349, pz. 600 and pz.599) and is relevant in the 

discussion below.  

 

 

3.2 Analysis of bulk soil concentration and aquitard clay composition  

  

Most of the analyses performed in the Rho aquifer were performed to monitor chlorinated 

solvents in the solute phase. However less attention was posed to address the distribution of 

these organic compounds in other phases, such as the bulk soil concentration,, which can also 

give important details about the distribution of the pollutants in the area. For this purpose, and to 

improve the site characterization with additional information about grain size distribution and 

clay content of aquitards, the drilling cores of the NG1 piezometers (drilled in 2007) were 

sampled and analyzed. 

The stratigraphic analysis revealed that in this location two fine-grained horizons exist at a 10 to 

12 m depth (attributable to the A0/A1 aquitard) and at a 29 to 35 m depth (attributable to A1/A2), 

respectively. As shown in Fig. B (supplementary online material), SP indicates the locations of 

six soil samples collected from the drilling core. Sieving analysis indicated that, at the level of 

the A0/A1 aquitard (second SP from the top, at about 10 m), silt is the dominant soil material 

and the clay content is around 15-20%. In the A1/A2 aquitard, the dominant grain size of soils 

collected at both the top (about 30 m) and at the bottom (about 35 m) of the aquitard is sand. 

Analysis showed that no gravel is present at the bottom of the A1/A2 aquitard. Different 

proportions of grain size were also observed at the other SP samples, indicating vertical 

heterogeneities in the sedimentary footprint. 

The bulk soil concentration of different chlorinated compounds were also determined from the 

NG1 core samples (right of fig. B). Results indicate that chlorinated solvents are 

heterogeneously stratified in this point of the aquifer; in this case, the peaks of total solute 

concentrations (circles) occur at depths of 5, 30 and 35 m. A peak of TCE was observed at the 

top of the aquitard A1/A2, while no significant TCE content was observed at the bottom of this 

aquitard. Peaks of TeCA were found at a 35 m depth at the bottom of the A1/A2 aquitard, and 

just below the upper A0/A1 aquitard (15 m depth). Large amounts of other chlorinated 
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compounds were also found in bulk soil concentration, particularly between 35 and 45 m in 

depth. For example, high concentrations of 1,1,1-trichloroethane (TCA) were found in aquifer A2 

and also in the shallower portions of the A0 aquifer. High concentrations of 1,1-Dichloroethene 

(DCE), in both isomeric forms trans-DCE (tDCE) and cis-DCE (cDCE), were found in the 

shallower horizons (5 m) and also at greater depths (35 to 45 m). All the results of the chemical 

analysis are listed in Table A (supplementary material)  

These results indicate that: (1) monitoring of chlorinated solvents in A2 is needed for further 

characterization; (2), important parent-daughter chain reactions should be accounted for in 

order to more clearly understand chlorinated solvent dynamics; and (3) gravity driven migration 

of chlorinated solvents through the A0/A1 aquitard is probably responsible of the high bulk soil 

concentration found at the bottom of the A1 aquifer. 

Moreover, the larger amount of clay in A0/A1 compared to A1/A2 indicates that these two 

horizons have a different sedimentary origin, with the upper aquitard potentially having 

developed as a paleosoil.  

To determine the sedimentary origin of these horizons, we analyzed the relative proportions of 

mineral content in each SP sample using diffractometer analyses. For the upper aquitard A0/A1, 

it was apparent that illites are the prevalent clay mineral with other phyllosilicates, such as 

chlorite and smectite, found in lower amounts. In the A1/A2 aquitard, the composition was more 

homogeneous, with potassium phyllosilicates prevailing over other clay minerals. The presence 

of illite, smectite and chlorite in A0/A1 is an indicator of paleosoil development as these minerals 

particularly develop in warm environments, such as during interglacial periods.  

The sedimentary origin of the A0/A1 horizon is relevant for the geostatistical reconstruction of 

the A0 base. It suggests that the structures represented by the  variogram analysis are most 

likely erosional pathways that originated from glacial streams in the paleosoil, thus supporting 

the theory of potential migration paths for DNAPLs. 

 

3.3 Piezometric surfaces 

Piezometric surfaces were also built using a kriging method to account for local trends in the 

data: S-wells and D-wells were used for A0 and A1 aquifers respectively. For both aquifers, the 

variogram analysis of the piezometric data revealed that there was no correlation between the 

residuals (i.e. they were randomly distributed); as such residuals have been studied using a 

deterministic interpolator.   

We studied the hydraulic head evolution over a three years period and the key findings of this 

analysis are listed as follows.  
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The mean direction of groundwater flow in the A0 aquifer was found to be similar to the regional 

groundwater trend (oriented NW-SE, see Fig. 1) and to the mean depositional direction of the 

geological units, while the mean flow direction in A1 follows a NE-SW direction (Fig. 4(b)). This 

general difference between the flow directions was maintained, with limited changes, over time; 

In each aquifer unit, however, the flow directions consistently change over time following a 

seasonal periodicity. From summer time (low rain season in the Milan area) to winter time (high 

rain season), the mean flow direction in the A0 aquifer rotates between NNW-SSE and WNW-

ESE, while in the A1 aquifer it rotates between NNE-SSW and ENE-WNW. Such evolution can 

be associated with the higher recharge in the winter time and lower recharge in the summer, 

affecting the head levels in both aquifers. In the A1 aquifer, for instance, the flow direction 

NNE_SSW occurs when the aquifer is in confined conditions during the high rain season while 

the ENE-WNW flow direction prevails in the low rain season when the aquifer is almost 

unconfined or semiconfined.  

Despite this seasonal variation in groundwater flow patterns, when comparing the piezometric 

gradients (gray arrows) with the solute distribution from the D-wells in Aquifer A1 (Fig. 4(b)), it 

can be seen that the highest concentrations of TCE versus TeCA (especially at pz.346 and 

pz.669) can not be explained by only considering a source located at the BS zones.  

 

4 Testing a new conceptual model  

 

With the additional data, several new key need to be considered for an adequate representation 

of the chlorinated solvent dynamics in the Rho aquifer, specifically: a) evidence of irregular 

architecture of the A0/A1 aquitard surface, b) high concentration of solutes in both bulk soil and 

solute concentration, c) the time dependency of groundwater direction (possibly as a function of 

the seasonal fluctuation of recharge) and d) the existence of vertical solute stratification. This 

evidences make clear that the assumption of homogeneously-distributed hydraulic properties of 

the aquifer, lateral continuity of capillary barriers and a unique source of contamination should 

be updated to include more complex information.  

 

In particular, the new CSM should integrate the following key aspects. 

- The possible migration of DNAPLs by gravity along the steepest topographic gradients of the 

top surface of the A0/A1 aquitard. Despite these movements are particularly slow, it should be 

considered that the first evidence of site contamination were detected in 1980’s (Provincia di 
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Milano, 2002). Since then no effective remediation efforts have been taken on sources to 

prevent the spreading of contamination. 

- The existence of pools of DNAPLs that can be lying in stagnant areas on the top of the 

aquitard. This is in relation with the irregular surface of the aquitard. These areas can have a 

strategic role as secondary areas releasing solutes into the A1 aquifer, as shown in § 3.1;. 

- the different mean groundwater flow direction between A0 and A1, analyzed in § 3.3, which 

are also subject to fluctuations due to seasonal recharge conditions;  

- the existence of both vertical and horizontal heterogeneities in the hyrogeological structure, 

which generate preferential and stratified solute migration within the aquifer units, as shown in § 

3.2.. 

The combination of these hypotheses could, potentially, explain the TCE peaks at pz.663, 

pz.348, pz.346 and pz.789 (which display higher TCE/TeCA rations than other points). While 

testing all the possible scenarios would be very complex, we chose to focus on the potential role 

that the non-uniform distribution of the aquitard geometry might play as a secondary 

contaminant source into the local aquifer. For this purpose, particle-tracking analysis has been 

coupled with a groundwater 3D model to test different TCE contaminant pathways into the A1 

aquifer (which should form a well-defined plume in the central portion of the A1 domain, as 

suggested by the distribution of concentration peaks – see Table A, supplementary online 

material, and fig. 4). The details about the numerical codes, model setup and its calibration are 

provided in the supplementary material.  

 

To test our hypothesis, we developed the following scenarios (fig. 5): 

- Scenario A focuses on the existence of a well-defined source of contamination within the 

encapsulated area in the A0 aquifer. A numerical simulation was then built by positioning the 

particles within the first layer of the model, within BS. 

- Scenario B simulates the existence of an additional source, located on the right of the 

encapsulated area in aquifer A1 and, specifically, below a potential DNAPL migration path from 

the encapsulated zone in A0 along the steepest gradients of the A0/A1 aquitard, roughly 

oriented NW-SE. To model this scenario, particle sources are located in the third model layer 

and at the cells that correspond to the position of the steepest gradients in the aquitard. . This 

scenario takes into account the first key aspect of the new CSM reported above. 

- In Scenario B, two versions were considered with wells 686 and 789 either non-active (B1) or 

active (B2). Fig. 5 shows that the elongated marked area only approximately indicates where 
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DNAPLs could have moved along the A0-A1 aquitard surface; an exact determination of DNAPL 

distribution is not possible with the available information. 

The results show that Scenario A is unlikely since the particles  sink into aquifer A1 from the 

bottom of the encapsulated zone and are carried (by advection) too far from any of the 

boreholes in the area with highest solute concentrations. Scenario B1 is also unlikely as 

particles travel towards both contaminated boreholes and clean boreholes within the area. For 

example (see Table A, supplementary online material), concentrations at pz.NG2 and pz.351 

were much lower than those observed at pz.669 or pz.348. Scenario B2 offers a more likely 

situation where the well capture zone influences particle pathways, which converge towards the 

well and limit the plume size to a more restricted and well-defined area within the central portion 

of the domain. In this case, particles do not travel toward pz.NG2 and pz.351. 

 

5 Conclusions 

An accurate characterization of the hydrodynamic and geological background, along with 

numerical simulations of the groundwater dynamics, has been used to reformulate the 

conceptual model that describes the actual origin and migration of chlorinated solvents at the 

Rho site. Based on field evidence from the latest monitoring activities, the initial postulation of a 

well-defined, unique source of contamination of the local aquifers by chlorinated solvents has 

been demonstrated to be poorly representative and, at the present time, is insufficient to explain 

the distribution of these compounds in solute form. In addition, soil hydraulic parameters and 

piezometry were found to follow regional patterns which hide the small-scale heterogeneities 

that control the migration of solutes from this site. 

A new conceptual model has been formulated in this paper. The new hypothesis accounts for 

additional secondary sources of contamination, identifiable by means of detailed maps of the 

aquitard topography. It is supposed that chlorinated solvents possibly migrated in non-aqueous 

form (i.e. as DNAPLs) on top of the upper aquitard, and from there they act as secondary 

contaminant sources areas. Once they pass through the aquitard, by diffusion or direct contact 

between aquifers, chlorinated solvents spread into the bottom aquifer in the form of solutes 

where the aquitard lakes become eroded by paleostreams. It should be noted that this scenario 

is only possible if the main contaminant source has been active since 1960. These hypotheses 

are partially supported by direct measurements and by means of numerical simulation of flow 

dynamics. 

Exploratory particle tracking analysis indicates that considering more than one source, and 

specifically one extending from the main source along the steepest section of the A0/A1 
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aquitard surface (fig. 3a), explains the migrating paths of solutes towards the piezometers, 

where chlorinated solvents have been measured in the highest concentrations. A scenario with 

a unique contamination source cannot explain this behavior.  

These results allowed us to obtain semi-quantitative information that can be used to update 

existing remediation strategies for cost-effective solutions to the problem of chlorinated solvent 

contamination within the Rho site. 
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Figure captions 

Figure 1: Map of the North Western part of the Province of Milan. Contour lines indicate the 

main regional head contours of aquifer A. Modified from Provincia di Milano (2002). 

 

Figure 2 Two hydrogeological profiles of the North-Western part of the Milan province, at two 

different scales for  the Rho site: (a) a regional description indicates that aquitards have long 

lateral continuity and aquifers are homogenized; this is obtained by linearly interpolating 

information from vertical logs; (b) at a more local scale some discontinuity zones are evident by 

observing lateral transitions from finer to coarser grain size deposits in the aquitards. 

 

Figure 3 Map of wells and piezometers in the Rho area. Single starred points indicate P&T 

wells. Blue crosses indicate piezometers set up to control the P&T. The border line surrounding 

the source area also represents the position of the slurry wall. 

 

Figure 4 Relative proportion of TCE versus TeCA monitored on June 2007 at several locations 

in the (a) A0  and (b) A1  aquifers. Symbols are scaled according to the (log) values.  In (a)  the 

A0/A1 aquitard topography is also shown (along with gradient vectors) and in (b)  the 

piezometric surface for the A1 aquifer in April 2007 (and relative gradient vectors) are shown. 

 

Figure 5 Conceptual models (above) and  particle tracking results  (below) for  three  scenarios 

describing the transport of solute in the A1 aquifer depending on the position of the source:  (a)  

a source is simulated only within the encapsulated zone in A0, and no wells are active. ; (b)  

part of the aquitard located just below the steepest gradients of the aquitard surface is also 

considered as an additional source of solute , and no wells are active; and (c) the same 

conceptual model as (b) is adopted and w.686 and w.789 are now active extraction wells.  
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Supplementary online material 

 

Figure A Variogram map of the residuals for the A0 surface. The arrow indicates the direction of 

maximum correlation (NE-SW), which is consistent with the geological origin of paleostreams in 

the area. 

 

Figure B Results of the grain size activities (left side of the column) and analysis of total 

contaminant (right) performed on six soil samples (SP) collected at different depths during the 

borehole drilling of pz.NG-1. For graphical reasons, contaminants tags on the right have been 

omitted, and for concentrations lower than 10 mg/kg, the size of the box has been exaggerated.  

 

 

SUPPLEMENTARY MATERIAL 

 

MODEL:  

The groundwater flow model was developed using the finite-differences code MODFLOW 

(Harbaugh et al, 2000) in three dimensions in order to better reproduce the exchange dynamics 

between the hydrogeological units. Layers represent aquifers A0 (Layer 1) and A1 (Layer 3) and 

the A0/A1 aquitard lying between them (Layer 2). The geostatistical map of the aquitard surface 

in fig. 3a was used as the top surface of Layer 2, while the bottom surface was obtained by 

deterministic interpolation (inverse distance method) of well logs. Laterally, each layer accounts 

for an area of 500 x 500 m, with telescopic mesh refinement used towards the center of the 

domain. The finest cell size is 1 m2, gradually increasing towards the lateral boundaries by a 

factor of up to 1.2. Aquifer A0 was modeled using unconfined conditions, while aquifer A1 was 

allowed to change between confined and unconfined conditions. Cauchy boundary conditions 

were applied on the northern and southern boundaries of A1, no-flow conditions  were simulated 

for the eastern and western boundaries. The calibration was performed against the groundwater 

heads measured in April 2007. Wells w.686 and w.789 were simulated to be active in Aquifer A1 

for a time period long enough to consider the groundwater level to be in a steady state 

condition. 
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The calibration was performed by minimizing differences between observed and calculated 

heads in a trial-and-error approach achieved by adjusting different sets of model parameters. 

This process resulted in six homogeneous zones of hydraulic conductivities ranging from 10-5 

m/s to 10-3 m/s. In particular, the higher hydraulic conductivity zone was set in the central area; 

the goodness of fit supports the hypothesis of a preferential path existing in the subsurface that 

affects groundwater flow and solute transport.  

A particle tracking solution was coupled to the groundwater flow solution using MODPATH 

(Pollock, 1994) in order to track the advective paths of solute spreading from selected locations 

in the A1 aquifer.  
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