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Executive summary  

The present report describes the research activities run at the Induced RiverBank Filtration (IRBF) 

experimental site at Sant’Alessio (Lucca, Italy) within Work Package 8 of the project FP7 MARSOL. 

This report describes the activity run in Tasks 8.1, 8.2 and 8.4. 

The IRBF scheme along the Serchio River in Sant'Alessio allows abstraction of an overall amount of 

about 0,5 m3/s groundwater providing drinking water for about 300000 people of the coastal 

Tuscany (town of Lucca, Pisa and Livorno; Rossetto and Bockelmann, 2007). Water is pumped by ten 

vertical wells (four of the Sant’Alessio pumping station and six to the Pisa-Livorno main pipeline) 

inducing riverbank filtration into a high yield (about 10-2 m2/s transmissivity) sand and gravel aquifer. 

A down-stream weir raises the river head and increases water storage in the aquifer along the river 

reach. 

After an initial activity of data collection from previous published and unpublished studies and 

databases, UFZ complemented the DEMO activities by employing the MOSAIC (Model Driven Site 

Assessment, Information and Control) research platform for model supported near surface 

characterization, through a combination of non-invasive surface geophysical measurements, and 

minimum invasive Direct Push in-situ profiling technology providing extensive multi-scale data sets 

(Task 8.2). MOSAIC provided a thorough subsurface investigation at the test site based on: (i) 

Geophysical surfaces methods (e.g., geoelectrics, GPR); (ii) Advanced Direct Push technology (e.g., 

electrical conductivity profiling, injection-log, soil and groundwater sampling, (iii) in situ installation 

of monitoring equipment and installation of temporary or permanent groundwater monitoring wells 

using Direct Push technology, (iv) Hydrogeological methods (e.g., Direct Push Slug Test). Tracer tests 

using temperature and salts where run and allowed to increase the knowledge on the local 

hydrodynamics. 

In Task 8.1 - Installing and operating the monitoring system a set of multi-level piezometers was 

installed and the groundwater head, temperature and electrical conductivity monitored by discrete 

and continuous data acquisition. In the whole area two monitoring networks were defined: (i) an 

extensive one, where data were mostly gathered for calibration of the numerical groundwater flow 

and solute transport model; a local one, more research oriented, where data on groundwater head 

and hydrochemistry were collected in order to better understand the functioning of the hydrologic 

system. Emerging contaminants and pathogens were also tracked in order to increase understanding 

on the presence and degradation of such compounds (activities detailed in Deliverable 14.1). During 

the monitored period, no contamination events were detected, although contaminants are present 

both in surface river water, in ditches collecting untreated wastewater, and locally in groundwater. 

An innovative detection spectrometric probe was also set in operation to test its usability in MAR 

application and provided interesting information on groundwater hydrochemistry.  

Continuous monitoring scheme proved to be relevant for the daily management of the IRBF scheme. 

An innovative probe based on spectrometer analysis was tested for monitoring the organics in 

groundwater in the wellhead protection area. The use of such tools is beneficial in setting an alarm to 

the whole water supply system. 
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GEAL spa, the water utility currently managing the well field, cooperated to the research activities, by 

providing access and support for operations at the site. 

Within Task 8.4, Model implementation and calibration, a hydrological and mass transport model 

based on all the collected data was implemented and calibrated at the demo site by using the GIS-

integrated, free and open source FREEWAT solution (www.freewat.eu). This activity was needed in 

order to perform reliable subsequent modelling tasks within WP8 for preparation of Deliverable 8.2. 

A calibrated and time-variant water budget was produced at the end of this task, along with solute 

transport simulations. The model constitutes a reliable tool for the management of the IRBF scheme. 

It constitutes a tool for foreseeing and analyzing contamination events and for planning intervention 

at the IRBF site. The activities performed in this task also demonstrated the reliability of working with 

the free and open source and QGIS-integrated FREEWAT platform. All the modelling activities 

performed were then undertaken using free and open software. The solute transport part integrated 

in FREEWAT (as detailed in Deliverable 8.1) was successfully tested. The numerical model is then 

used in Deliverable 8.2 to inform the contingency plan. 

Based on the research performed, the Sant’Alessio IRBF system can then be considered as a scheme, 

where non-relevant contamination presence can be buffered by a series of natural processes. The 

whole set of analysis performed demonstrates that the Sant’Alessio IRBF scheme if appropriately 

managed and monitored may be a robust MAR plant providing a reliable source of water in term of 

quantity and quality. They also demonstrate that, as contaminants are present within the MAR 

scheme area, as results of human activities, the set-up of a monitoring protocol is mandatory. This 

has to be based both on continuous data acquisition, but also on discrete monitoring activities. The 

latter in order to increase the information content that may be derived from advanced continuous 

monitoring systems. 

The activities in this WP were run by Rudy Rossetto, Alessio Barbagli, Chiara Marchina, Silvia Di 

Bartolo, Enrico Bonari, Tiziana Sabbatini, Federico Triana, Cristiano Tozzini, Laura Ercoli [SSSA], 

Iacopo Borsi, Daniele Picciaia [TEA], Thomas Vienken, Manuel Kreck [UFZ], Giorgio Mazzanti, Marco 

Nardi [LUCCA]. Within these activities, Alessio Barbagli (SSSA) performed part of his PhD research 

activities; these are reported in his PhD thesis (title: Analysis of water-soil interaction in drainage 

water phyto-treatment and in aquifer recharge schemes). 
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1. Introduction 

The Induced RiverBank Filtration scheme along the Serchio River in Sant'Alessio - Lucca (Tuscany, 

Italy) allows abstraction of an overall amount of about 0.5 m3/s groundwater providing drinking 

water for about 300000 people of the coastal Tuscany (town of Lucca, Pisa and Livorno; Rossetto and 

Bockelmann, 2007). Water is pumped by ten vertical wells (four of the Sant’Alessio pumping station 

and six to the Pisa-Livorno main pipeline) inducing riverbank filtration into a high yield (10-2 m2/s 

transmissivity) sand and gravel aquifer. A down-stream weir (built at the end of the ‘90s in the 

previous century) raises the river head and increases water storage in the aquifer along the river 

reach (Fig. 1.1 and Fig 1.2). Surface geology is characterised by unconsolidated silty to sandy 

sediments (Fig. 1.3), while in the Serchio riverbed coarse clean gravels outcrop as well as sand bars. 

Knowledge developed prior to the FP7 MARSOL project (mainly developed within the LIFE SERIAL 

WELFIR) led to the setup of a steady state groundwater flow model of the Sant’Alessio plain 

(Rossetto and Bockelmann, 2007). 

E

O

Serchio
River

M. S. Quirico bridge 

S
N

S. Alessio well field

S. Alessio plain

Weir

Weir

 

Fig. 1.1. Sant’Alessio Induced RiverBank Filtration Test Site. 

The objective of this report is to describe the work performed in FP7 MARSOL Work Package 8 at 

Sant’Alessio Induced RiverBank Filtration site in order to provide tools to switch the present artificial 

recharge plant to a Managed Aquifer Recharge one. The data and results presented in this report 

then constitute the basis for drafting Deliverable 8.2 Operational and contingency plan for the 

Serchio IRBF well field. Within these activities, a PhD student, Alessio Barbagli (SSSA), performed part 

of his PhD research activities; these are reported in his PhD thesis (title: Analysis of water-soil 

interaction in drainage water phyto-treatment and in aquifer recharge schemes) to be completed 

within the first semester of 2017. 
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Fig. 2.2. Sant’Alessio weir at Corte Piaggesi. 

 

Fig. 3.3. Surface geology at the Sant’Alessio plain. 
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The study area (Fig. 1.4) is located north of Lucca and extends over about 5.2 km2, including a large 

part of the Sant’Alessio plain within the Lucca basin, the Serchio river, the Freddanella channel and 

the Sant’Alessio well field. This area is limited by the Monte S. Quirico-Carignano reliefs to the north 

side and by the Serchio river on the southern one.  

 

Fig. 1.4. Definition of the study area. 

Fig. 1.5 shows the average monthly rainfall and temperature at the Lucca raingauge and temperature 

station (data provided by Servizio Idrologico Regionale, Regione Toscana). 

 

Fig. 1.5. Average monthly rainfall and temperature in the investigated domain. 
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Fig. 1.6 presents the yearly mean temperature and cumulated rainfall during the last 30 years; a 

linear trend in increasing temperature and rainfall is present (data provided by Servizio Idrologico 

Regionale, Regione Toscana). 

 

Fig. 1.6. Average yearly temperature and yearly cumulated rainfall in the investigated domain. 

In Fig. 1.7 the average Serchio river monthly discharge (1987-2016) is shown, along with data on the 

maximum and minimum monthly mean (data provided by Servizio Idrologico Regionale, Regione 

Toscana). 

 

Fig. 1.7. Average Serchio river monthly mean discharge. 
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Finally, Fig. 1.8 shows daily Serchio river discharge at Monte San Quirico gauging station and daily 

temperature at Lucca thermometer during the MARSOL project activities (data provided by Servizio 

Idrologico Regionale, Regione Toscana). Wet and dry conditions were both encountered during the 

demonstration/research activities. 

 

Fig. 1.8. Average Serchio river monthly mean discharge. 
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2. Demo site analysis and site investigation results 

For the joint research at the Serchio River test site the following research tasks were defined: 

1. Understanding well field hydrology and flow regime  

2. Riverbed hydrodynamic characterization 

3. Protocol for the subsurface characterization of river bed infiltration sites 

 

Fig. 2.1. Sediment heterogeneity at the Sant’Alessio well field. 

To address research task 1 “Understanding well field hydrology and flow regime”, a first field 

campaign was launched September 15-26, 2014. During the first site visit in March 2014, sediment 

outcrops were studied. Outcrops showed strong contrasts in sedimentological composition of the 

river deposits (see Fig. 2.1) that were expected to lead to changes in hydraulic properties over 

several orders of magnitude over short vertical distances at the test site. Therefore, the main focus 

of the field work was placed on the vertical high resolution hydrostratigraphic investigation of the 

river deposits using Direct Push technology. Direct Push refers to a technology that uses hollow steel 

rods that are hammered and/or pushed into the subsurface. By attaching sensor probes to the end of 

the rod string, high resolution vertical profiles of geophysical and hydrogeological subsurface 

properties are measured. Special attention was directed towards identifying small scale confining 

layers and layers that may serve as preferential flow paths within the subsurface. Therefore, Direct 

Push electrical conductivity profiling as well as Direct Push injection logging in combination with 

Direct Push pneumatic slug testing was employed. In addition to Direct Push in-situ profiling, ground 

water monitoring wells were installed using Direct Push technology for monitoring of the hydraulic 

regime at the test site (ground water head, temperature, etc.).  

Specifically, the following work was performed: 
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 Direct Push Injection Logging profiling at 15 potential observation well locations (see Fig. 

2.2). Therefore, a total of 410 relative hydraulic conductivity measurements were performed 

for high resolution vertical hydraulic subsurface characterization 

 Direct Push based multilevel slug testing for determination of absolute hydraulic conductivity 

values in specified depths 

 Direct Push electrical conductivity profiling at 15 potential observation well locations for high 

resolution vertical (hydro-)stratigraphic profiling, especially determination of potential 

presence of clay layers (see Fig. 2 for a picture of Direct Push field work) 

 Installation of 15 ground water monitoring wells (total installation length 200m) as a basis for 

detailed monitoring of ground water dynamics at the well field site. 

For vertical high resolution hydrogeological site investigation, Direct Push Injection Logging (DPIL), 

Direct Push Slug Testing (DPST), and Direct Push Electrical Conductivity Profiling (DPEC) were applied. 

During DPIL measurements, water is injected into the soil through a screen at the tip of the probe 

(Fig. 4) and injection rate and line pressure are measured. Relative hydraulic conductivity, a proxy 

closely correlated to absolute hydraulic conductivity, is derived as a function of injection pressure, 

injection rate, and system parameters (e.g. injection tube resistance). This tool is used semi-

continuously, i.e. measurements were taken in 0.5 m depth intervals. Results are used to distinguish 

between layers of different hydraulic properties (see Fig. 5 right), especially identification of 

confining layers or preferential flow paths. Direct Push pneumatic slug testing, a version of the 

traditional slug and bail test that has been adapted to the small diameter Direct Push probing rods, 

was performed to obtain in-situ measured absolute values of hydraulic conductivity in order to 

parametrize individual hydrostratigraphic units.  

Electrical conductivity logging was used as an efficient tool for rapidly gaining high resolution vertical 

profiles of the distribution of soil electrical conductivity. Therefore, a probe equipped with four 

electrodes is advanced into the ground and electrical conductivity is continuously measured by 

applying an electrical current and measuring the current and resulting voltage.  

An increase in soil electrical conductivity under non-saline conditions often corresponds to an 

increase of clay material content in the soil. Based on this information, groundwater confining clay 

rich layers (even on centimetre scale thickness) within the subsurface can be rapidly identified during 

probing (see Fig. 2.5, left). 

Information about the distribution of electrical conductivity in the subsurface is provided as real time 

measurements during probing. This allows on-site decision making and exact determination of well 

screen positions during combined field work. Based on the results pf the direct push DPIL-logging, 

potential hydrostratigraphic zonation or layers of interest can be identified and selected for further 

hydraulic testing. Therefore, direct push pneumatic slugt testing was chosen. This test is based on the 

classical slug and bail testing but can be performed in temporary direct push monitoring wells that 

can be easily installed and pulled after testing. For slug testing, the well casing is pressurized and the 

overpressure released. This leads to a near-instantaneous change in head. Head recovery is then 

monitored using a pressure transducer in the well and can be analysed to obtain hydraulic 

conductivity data. Test can be performed at different tests by pulling the rods from the deepest test 
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interval starting upwards (see Fig. 6). An overview of the location of direct push probing points/and 

installation as well as the intensive investigation site is presented in Fig. 2.2. 

 

Fig. 2.2. Overview of the Sant’Alessio test site. Red dots indicate investigation points and well locations. Red 

square shows location of the tracer test site. Yellow dots indicate locations of ground water pressure wave 

monitoring wells. 

 

Fig. 2.3. Direct Push field works. 
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Fig. 2.4. Direct Push injection logging probe. 

 

Fig. 2.5. Direct Push profiling results. 

The obtained vertical high resolution information about the distribution of hydraulic conductivity 

within the subsurface is highly valuable for enhanced model parametrization. This is especially 

important against the background of sediment heterogeneity encountered. 

Following the extensive field work of: 

 Direct Push site investigation that were performed to unravel the complexity in hydraulic 

conductivity distribution 

 Installation of ground water monitoring wells to enhance understanding of the hydraulic flow 

field and its dynamics; 

further hydrogeological investigations were conducted to advance understanding of the hydrology 

and flow regime in the vicinity of well and riverbank infiltration site. Therefore, two heat tracer tests 

were conducted in the gravel deposits of the Serchio river flood plain, approximately 110 m south of 

the most eastern active pumping well in September 2015. 
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Fig. 2.6. Direct Push hydraulic profiling results (vertical profiles: distribution of rel. hydraulic conductivity; red 

bars: DPST derived hydraulic conductivity). 

Prior to invasive direct push probing in preparation of the tracer tests, an electromagnetics survey of 

the flood plain area (30 x 50 m2) was performed to give site clearance for unexploded ordinances. In 

addition, utility clearances were issued.  

Again, Direct Push profiling was conducted to determine the depth-oriented distribution of relative 

hydraulic conductivity over the flood plain at 12 points (including the proposed location for the tracer 

injection well). Based on the results, direct push slug testing was performed to determine absolute 

values of hydraulic conductivities at selected depths. Values of hydraulic conductivity that were 

measured in temporary and permanent ground water monitoring wells over different screen lengths 

ranged between 5.64*10-3 to 3.31*10-4 m/s. Based on the results of the direct push hydraulic 

profiling, tracer was injected between 6-8 m depth. Absolut hydraulic conductivity measured integral 

over this depth interval was 2.47*10-3 m/s. In addition to the 2” tracer injection well, three 1.5” 

observation wells with a screened interval between 5-9 m below ground surface were installed. 

Ground water was assumed to directly flow towards the pumping well. 

Each observation wells was equipped with 9 Tidbit temperature loggers in 0.5 m vertical spacing over 

the screened interval to allow spatial and temporal high resolution monitoring of the temperature 

evolution. Two consecutive tracer tests were performed: a) A preliminary test to check functionality 

of the equipment and the test the set up, and, b) the main tracer tests.  For the main tracer test 390 l 
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of 45 °C warm water was injected over a time period of 34 minutes. For warm water generation, two 

electric heating cables were submerged into a 450 l water tank and the water was heated over a 

period of approximately 7 h prior to injection. Despite rapid adaption of the tracer test field layout, 

e.g. installation of additional monitoring wells, in response to the results of the preliminary tracer 

test (which indicated a deviating flow field than assumed) and reduction of the distance between 

injection and monitoring wells for the main tracer test, no tracer signal was captured in the 

observation wells. The partial or complete tracer miss is not uncommon in field hydrogeology. This is 

caused as certain a priori knowledge of the hydraulic regime is required beforehand to plan the test 

field layout (e.g. position of the tracer injection depth and location of monitoring wells). However, 

sufficient a priori information is not always available or the investigated system may be subjected to 

temporal dynamics (e.g. varying pumping rates or changes in river level in our case). To overcome 

existing lack in field methods, we designed and successfully tested a novel tracer test concept for the 

hydraulic characterization of shallow unconsolidated sedimentary deposits. Therefore, conventional 

salt tracer testing is combined with Direct Push vertical high resolution electrical conductivity logging. 

This novel tracer test concepts allows reliable determination of ground water flow direction and 

velocity with on-site decision-making to adaptively install observation wells for reliable break-

through-curve measurements. Furthermore, Direct Push vertical electrical profiling provides essential 

information about the plume characteristics with outstanding measurement resolution and 

efficiency. The proposed tracer test concept was first tested on coarse, braided river deposits of the 

Tagliamento River, Italy (see Vienken et al. 2016) and then employed at the Serchio River. For the 

preparation of this tracer test, information of the September 2015 tracer test was used to set up a 

2D model to simulate this particular tracer test. Results indicated a non-sufficient amount of hot 

water injection during the September 2015 tracer test – which was constrained by the technical 

capacities of the heating cables employed in remote conditions. However, influencing factors such as 

water movement along preferential flow paths as well as impact of changing pumping rates or river 

level variability could not be fully ruled out. Therefore, two consecutive tracer tests were performed: 

 Salt tracer testing with 80kg sodium chloride in 416 l of river water at 50°C injected with 

6.7 l/min 

 Conventional heat tracer test with 1973 l of river water at 45°C injected with 7.1 l/min 

For hot water generation a mobile gas boiler was used during this tracer test. The salt tracer test was 

used for traditional break-through-curve measurements as well as in conjunction with electrical 

conductivity profiling to investigate ground water flow direction and velocity to potentially adapt the 

monitoring network on-the-fly. Due to our intensive measurements, several monitoring wells were 

available at the trace test site that would allow fast adaption of the monitoring array. A dense grid of 

direct push vertical electrical conductivity profiles (26 logs in total) were measured over a period of 

three days, revealing important information. An overview of the existing monitoring well network 

and location of the Direct Push electrical conductivity profiling (EC log) is provided in Fig. 2.7.  
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Fig. 2.7. Layout of the tracer test site. 

The temperature and electrical conductivity monitoring data of MW.01, MW.02, and MW.07 (tracer 

break-through only detected in the central monitoring well MW.01) are shown in Fig. 2.8. The 

retardation of the heat tracer in comparison with the salt tracer is clearly visible. A flow and 

transport model was setup up using MT3D in combination with SEAWAT (SEAWAT to consider 

density effects caused by the high concentration of the salt tracer and hot water injection) to jointly 

analyze the heat and salt tracer break-through-curve and direct push logging information. Based on 

the results that were analyzed for MW.12 a ground water flow velocity of 26 m/d was estimated. 

However, this value was much higher than calculated based on the hydraulic data collected during 

the first tracer test. This clearly highlights the importance of the collection of sufficient field data for 

reliable model parametrization. The underestimation of the flow velocity led to the problem that 

most of the salt tracer had already passed the test site before the main direct push electrical 

conductivity measurements campaign started on the second as severe thunderstorms and heavy 

rainfall led to abortion of the field work late afternoon of day 1.  
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Fig. 2.7. Tracer break-through measurements at MW_07, MW_01, and MW_02. 

Hence, an increase of measured electrical conductivity caused by the presence of the salt tracer was 

only observed in 9 out of 26 electrical conductivity logs. The distribution of the salt tracer, ground 

water temperatures and head data that were automatically logged in several monitoring wells as 

well as manually measured in 4 additional wells indicated the presence of hydraulically active and 

inactive areas. Despite the sophisticated exploration and monitoring techniques that was employed 

during the three large field campaigns, the results clearly show the difficulty in understanding and 

reliably simulating the local flow regime. Hence, the main focus of our work was placed on this task. 

Task 2, “Riverbed hydrodynamic characterization”, was pursuit on two different scales: 

 Large scale assessment 

 First evaluation of a measurement tool for decimeter scale resolution measurements. 



MARSOL Deliverable D8.4  

 

 
19

 

For the large scale assessment of riverbed hydraulic conductivity, the following hypothesis was 

tested: Strong precipitation or snow melting events can lead to a strong increase in river stage. This 

in turn will induce a ground water pressure wave that should be measureable in the ground water 

body (assuming good to moderate river bed conductivity). Pressure wave velocity can then be used 

as a measure for river bed hydraulic conductivity. To test this hypothesis, three ground water 

monitoring wells were installed at the southern side of the Serchio River test site (see Fig. 2.2) with 

increasing distance to the river banks. Each well was equipped with a pressure transducer to 

measure variations in head every hour over a period of about one year. Results in Fig. 2.9 clearly 

show the proof-of-concept. The propagation of several pressure waves induced by high river stages 

in the aquifer can be measured with increasing distance to the river. 

 

Fig. 2.8. Ground water pressure wave propagation measured in ground water monitoring wells (where is the 13 

most northern well and 15 is the most southern well). 

To measure distribution of river bed hydraulic conductivity that can strongly vary on small spatial 

(different depositional regimes) and temporal scales, a mobile surface slug test device test device 

was that designed by the UFZ Department Monitoring and Exploration Technologies (UFZ 2014) was 

tested on field and laboratory scale for functionality. A laboratory experiment was planned and set 

up (consisting of a 3 m diameter pool filled with sand and water) to test applicability and 

functionality (see Fig. 2.10). First results prove functionality. For both approaches a proof-of-concept 

was achieved. Due to the focus on task 1, further analysis was beyond the scope of the work 

package.  
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Fig. 2.9. Laboratory experimental set up to test the surface slug test device. 

Task 3:  

Protocol for the subsurface characterization of river bed infiltration sites 

The MOSAIC (Model driven site assessment information and control) site investigation approach was 

employed for a problem-oriented, rapid site characterization. The MOSAIC platform comprises 

mobile modular data acquisition units for adaptive field investigations, and contains vehicles 

equipped with Direct Push probing devices in combination with geophysical measuring techniques as 

well as hydrogeological and geotechnical equipment. As the Direct Push technology allows on-site 

decision making it is often advantageous over conventional site characterization approaches 

concerning data reliability, adaptability, and efficiency. As the investigation strategy and choice of 

exploration tools is depending on the investigation goal and the requirements set by the subsurface, 

a generalized exploration concept for the characterization of sedimentary deposits with complex 

architecture was formulated. A characteristic of these deposits is that lithology and/or hydraulic 

properties can significantly vary over short horizontal and vertical distances. At these sites, a 

traditional, solely sample-based investigation approach is often not applicable due to limited data 

accuracy, resolution, and efficiency. Instead, an adapted investigation approach is required that 

combines exploration technologies of different resolution and investigation scales. Therefore, an 

exploration approach (see Fig. 2.11) was formulated that can easily be adapted regarding the task 

and site-specific requirements. The concept was published as an application example (case study 

Löbnitz, Germany; Vienken et al. 2014) to demonstrate the feasibility of such a multi-scale approach 

for the characterization of heterogeneous alluvial deposits. 
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Fig. 2.10. Protocol for the characterization of sites with complex sedimentary architecture (taken from Vienken 

et al. 2014). 
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3 Installation and monitoring at Sant’Alessio IRBF 

In order to plan the monitoring system, data collection from previous projects, research and 

professional activities was completed during the first year of activities, and then continued in the 

following two. Two different monitoring schemes were designed including both surface- and ground-

water monitoring points. A first one including barely all the Sant’Alessio plain (Large Area Monitoring 

Network – LAMN; Fig. 3.1), where discrete sampling for water quality and piezometric head was 

performed, and a second experimental area around Well 5 (Experimental Area Monitoring Network – 

EXAMN; Fig. 3.2) of the Sant’Alessio well field, where beside monthly monitoring, a continuous 

monitoring system was set in operation (see Section 3.1). At EXAMN, Provincia di Lucca set in place 6 

clusters of piezometers, made up of at least a borehole screened at around 20 m depth and another 

one at about 15 m depth (Fig. 3.3). These where used for monitoring groundwater head and quality 

at different depths to investigate the presence of a vertical flow component. Other piezometers were 

then drilled in order to define transect along groundwater flowlines. A 17 m depth core (Fig. 3.4) was 

drilled in the Serchio riverbed to get information on subsurface stratigraphy and to calibrate the 

indirect investigations described in Section 2. Boreholes were then georeferenced by means of GPS 

survey and purged using air lifting pump. It is worth noting that in September 2014, the Serchio river 

course was modified in front of the EXAMN area. For comparison, Fig 3.1 and 3.2 can be seen. 

Tab. 3.1 shows the number and type of monitoring points at LAMN area. Four points of surface water 

(two in the Serchio River, one in the Freddana stream and one in the Freddanella ditch) were 

monitored. Province of Lucca performed GPS survey in order to georeference these points with the 

help of SSSA. The LAMN monitoring network served, as said, during the project duration to perform 

mainly direct field measurements of chemical-physical parameters and hydraulic heads; in particular 

temperature, pH and specific conductance (SpC) were measured in the field on a monthly basis for 

one year (from Nov. 2014 to Nov. 2015) and during every sampling campaign. 

 

Fig. 3.1. Groundwater (red squares) and surface water (blue squares) monitoring network at the Sant’Alessio 

Test Site (LAMN). 
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Fig. 3.2. The Sant’Alessio pilot area (EXAMN) with the piezometer clusters (red circles), the piezometers 

(green circle), the riverbed piezometer (light blue circle) and the monitoring points of the Hydrological 

Service of Regione Toscana. A) Salicchi groundwater monitoring station; B) San Quirico hydrometric station; 

C) Lucca (Orto botanico) meteo-climatic station; D) Sant'Alessio groundwater monitoring point. 

Groundwater head data have been stored into a spatial database and used as calibration points 

during the modeling phase (see Sections 5 to 8); they were also used in order to produce 

potentiometric maps by means of interpolation methods, but their reliability is considered lower 

than those based on numerical analysis, as these methods, when large dataset are missing, are not 

able to capture the complex dynamics of groundwater flow. As an example, preliminary 

potentiometric maps produced using the data are shown in Fig. 3.5 and 3.6). They show two natural 

main groundwater flow directions: recharge from the hilly area (north to south) and natural recharge 

from the Serchio River (from east to west). Previous studies (Rossetto and Bockelmann, 2007) 

suggested that the north-south groundwater flow is originated by local meteoric recharge infiltrating 

on low permeability deposits. The flows from east and south are due to the Serchio River head and 

constitute the recharge source for the Induced RiverBank Filtration process. The effect of the 

Sant’Alessio well field on groundwater level is noticeable. The flow directions showed no significant 

changes during the monitored period. Vertical flow directions were not considered relevant at the 

monitoring points, as the head change was max 0.01 m or even null. However, multilevel 

piezometers provided insights on chemical species distribution in the vertical dimension. 

Serchio River discharge measurements were performed at two cross-sections. One was at Ponte di 

Monte San Quirico and the other at the outlet of the MAR plant before the river weir. Table 3.2 
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shows an example of collected data. The performed activities showed a river loss into the aquifer of 

about 1 to 1.5 m3/s. 

 

Fig. 3.3. Piezometer cluster Sant’Alessio Induced RiverBank Filtration Test Site (EXAMN). 

As said, chemical-physical parameters (T, pH, DO, REDOX, SpC) were also monitored. Here we 

present few results about the temperature and specific conductance distribution. In Fig. 3.7 the 

variability in temperature (a) and specific conductance (b) at the EXAMN and the Serchio River is 

shown in March 2015. 

A qualitative analysis allows to infer that coldest and less conductive groundwater points are those in 

the near of the river course. This, along with the above-mentioned flow directions, shows the 

influence of induced river recharge resulting from the coldest period of the year. Also, the 

groundwater component coming from the infiltration at the border of the hills show lower 

temperatures and SpC. In the middle of the plain, groundwater re-equilibrates with local conditions 

and acquires higher temperatures and values f SpC (the latter as a signal of potential anthropogenic 

impact). 

Fig. 3.8 and 3.9 show SpC changes in the EXAMN area in piezometers at different depth. The Serchio 

river water SpC values SpC range between 240 µS/cm and 806 µS/cm. According to the groundwater 

flow, the multilevel piezometers more distant from the Serchio river (PR_05 and PR_04) show the 

highest differences in SpC between their own levels. In Fig. 3.9, data is oriented (from left to right) 

following the NW-SE direction, with Serchio river values presented at far right of the chart. We can 

see a clear trend in SpC values monitored during the whole project period. We can also observe the 

variation of the same parameters at different levels (A, B, C, D level in multi-level piezometers). This 

gradient is well shown by two other different cross-sections and in two different periods (Fig. 3.10). 
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Hence, Fig. 3.7, Fig. 3.8 and Fig. 3.9 confirm the general distribution shown in Fig. 3.10; there are 

recognizable gradients in both temperature and SpC from north to south, clearly presenting the 

influence of the Serchio river on the aquifer of the Sant’Alessio plain. 

 

Fig. 3.4. Stratigraphy of the core drilled in the Serchio riverbed. 

n°

4

Piezometer 36

Well 15

Aqueduct Well 13

Type

Surface Water

Ground- 

Water
 

Tab. 3.1. LAMN at the Sant’Alessio Test Site. 
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P.Monte San Quirico 20,64 4,1 0,84624 

 

21,48624 19,79376 

Valle 19,26 3,6 0,69336 

 

19,95336 18,56664 

Tab. 3.2. Data on discharge measurements performed on May 28
th

 2015 at the Serchio River. 
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Fig. 3.5. Piezometric map December 2014. 

 

Fig. 3.6. Piezometric map May 2015. 
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(a) 

 
(b) 

Fig. 3.7. Distribution of temperature (a) specific conductance (b) in March 2015. Circle: groundwater 

monitoring points; triangle: surface water monitoring points. 
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Fig. 3.8. Box-and-whiskers plot showing the electrical conductivity parameter in multilevel piezometers; levels 

A, B, C and D are ordered from the shallower to the deeper (from left to right). 

 

Fig. 3.9. Box-and-whiskers plot of the multilevel piezometers (PR_01, PR_02, PR_03, PR_04, PR_05, PR_06), the 

Serchio River (SW_2, SW_5) and three wells (C_2, C_5, P_1). 
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Fig. 3.10. Changes in SpC at two different cross-sections in two different periods. 

The SpC changes in time along a section from the Serchio river to groundwater monitoring point 

PR_05a in the EXAMN area is shown in Fig. 3.11. Generally, the SpC monitored at the IRBF scheme 

ranges between 200 µS/cm and 1,000 µS/cm. SpC values are minimum during the wet autumn and 

winter season in the Serchio river, while increasing during the summer season. The same pattern is 

shown in groundwater. During the year the wet-season, Serchio river recharge may dilute 

groundwater in the adjoining part of the aquifer. 

The temperature distribution along the same section is of course more variable during the year (Fig. 

3.12). Serchio river temperature is off course influenced by air temperature (see also Section 3.1.1). 

The variability of temperatures in the piezometers during the year, at same depth, decreases at 

increasing distance from the Serchio river. In fact, point PR_05a shows the minimum variability. 

Points PR_01a and C_5 shows large variations which are related to recharge of surface water in the 

aquifer, with, as said largest temperature variations. A shift in the temperature from the Serchio river 

to groundwater can be also noticed. 

As per chemical-physical characteristics, Serchio river pH values range between 7.7 and 9.9 (Fig. 

3.13). They are in line with the values in groundwater in the surrounded area (values show a 

variation between 7 and 9).Point 221 shows the highest pH average, followed by the Serchio river. 

The high pH values of point 221 are also confirmed by its higher, respect of the other sampling 

points, content in HCO3
- . 

Another interesting pattern is showed by the concentration of the dissolved oxygen (DO) in 

groundwater and in the Serchio river (Fig. 3.14). The oxygen level is significantly lower in the 

monitored piezometers, located between the Serchio river and the IRBF plant, compare to the value 
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measured in the river. The oxygen reduction, along the flow from the Serchio river through the IRBF 

plant, suggests that the oxygen is consumed by biogeochemical processes. This is confirmed by the 

dissolved organic carbon in the river water (~1 mg/L) which is reduced in point PR_01 (~0.4 mg/L) 

and even more reduced in point PR_02 (<0.1 mg/L). 

 

Fig. 3.11. SpC values along the S-N Serchio river - Sant'Alessio Plain section. 

 

Fig. 3.12. Temperature values along the S-N Serchio river - Sant'Alessio Plain section. 
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Fig. 3.13. Values of pH monitored in groundwater and surface water in the Sant’Alessio plain. 

 

Fig. 3.14. Dissolved Oxygen box-and-whiskers plot across the section Serchio River- pumping wells. 
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3.1 Monitoring water quality issues at Sant’Alessio IRBF MAR 

site 

In order to understand the provenience and to identify end-members contributing to water quality in 

the Sant’Alessio plain and at the IRBF plant, along with their temporal and spatial distribution, 24 

points were selected out of the LAMN for discrete monitoring of water quality. They are 20 points for 

groundwater and 4 surface water points (Fig. 3.15; simulated head in September 2016 is reported for 

reference to groundwater flow). Fig. 3.16 details the water quality monitoring campaigns and the 

hydrological conditions (as daily rainfall and Serchio river discharge) during sampling. Hydrological 

variables (recorded by Servizio Idrologico Regionale, Regione Toscana 

http://www.sir.toscana.it/index.php?IDS=2&IDSS=6) provided background information on the 

hydrological conditions during the sampling campaign (e.g. example from May 2015, Fig. 3.17).  

The groundwater samples were taken using a low-flow pump (average pumping rate of 0.09 L/s) 

after purging at least three volumes and chemical-physical parameters stabilization. Samples were 

filtered by 0.45-μm filters (cellulose acetate filters) and stored in distinct bottles for the different 

analyses. Laboratory analyses were carried out at Institute of Life Sciences - Scuola Superiore S. Anna 

and CRIBE (Inter-University Center for the Research on Biomasses for Energy production), 

Department of Physics and Earth Sciences of the University of Ferrara. The coherence of chemical 

data was verified checking the ionic balance, as the sum cation (expressed in meq/L) approaches that 

of anions with relative error [(Σcations− Σanions)/(Σcations+Σanions)]×100, which is generally minor 

than 5 %. Additional isotopic analyses (δ18O- δD) were carried out in a small aliquot of the collected 

samples, in order to discriminate water with different origin and possible mixing contributions. 

 

Fig. 3.15. Sampling points monitored in the Sant’Alessio area. 

http://www.sir.toscana.it/index.php?IDS=2&IDSS=6
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Fig. 3.16. Monitoring activities at the Sant’Alessio IRBF MAR plant (LUCCA). 

A Piper classification diagram (Fig. 3.18), elaborated using the whole dataset, show that the sampled 

waters exhibit a bicarbonate-alkaline earth hydrochemical facies and no important variation on 

major ions occurred during the years 2014-2016. The same is displayed in the Piper and Langelier 

classification diagrams (Figure 3.19a and 3.19b) for the May 2015 sampling campaign. This means 

that no major variations in chemistry in time occurs to the ground- and surface-water. 

A first analysis consisted in defining the end-members contributing to define the water quality 

characteristics in the Sant’Alessio plain. As such, based on the hydrodynamic analysis, the 

characteristics of samples monitored at the border of the hilly area and of River Serchio water were 

analysed. To this regard, the sample “221” presents slight differences compared to the other 

groundwater samples collected. In fact, this point truly represents the contribution of a groundwater 

term along the northern hilly border of the aquifer. It is characterized by lower SpC (between 195 

µS/cm and 366 µS/cm). The Serchio river, instead, is characterized by higher SpC (240 µS/cm during 

the wet season and 806 µS/cm during the dry season), due to higher contents in Ca, Na, Chloride 

and, in particular, Sulfate (as also showed by Piper Diagram, Fig. 3.18). 

SW_4 sample, taken from the Freddanella ditch, a canal draining the Sant’Alessio plain and also 

collecting untreated wastewater, presents slight, but significant differences with the other samples 

collected. Samples were collected to highlight potential contaminations in the groundwater body. It 

presents a separate position on the piper diagram due to a complete different source respect the 

groundwater and the Serchio river water (in this case SpC registered values are between 406 µS/cm 

1389 µS/cm higher than the average value measured in the groundwater of the studied site). In 

particular, in all the samples Ca2+ content varies between 52.5 mg/L and 104 mg/L, coherently with 

HCO3
- content (between 87 and 360 mg/L). The chloride concentration varies between 13.1 mg/L and 

27.2 mg/L, whereas in SW_4 is higher (170 mg/L). On the other hand, sulphate shows a more 

pronounced variation between 9.9 mg/L (221) and 72.2 mg/L (PR_4c). The Freddanella ditch is also 
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strongly influenced by evaporation during the dry season, a condition that did not allow performing 

sampling during the summer season. 

 

Fig. 3.17. Hydrological data relative to the sampling days and the 15 days before it in May 2015. a) 

daily precipitation; b) minimum and maximum daily temperature c) daily hydrometric level d) daily 

groundwater head. The red dotted polygon highlights the sampling period. 

Major anions analysed during the monitoring periods reveal chloride concentration ranging between 

12 mg/L and 46 mg/L in the Serchio river water with the highest value measured during low flow 

condition in July 2015. Higher values were registered in the Freddanella ditch, between 60 mg/L and 

170 mg/L. On the other hand, the groundwater samples collected have values between 11 mg/L and 

54 mg/L. It is important to note that, although chloride is a conservative tracer there is no relation 

between the values measured in the Freddanella ditch and the piezometer installed close to the 

ditch bank (PR_08). This data allows to infer potential groundwater contamination caused by the 

untreated effluent. 
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Fig. 3.18. Piper diagram for the whole dataset. 

Sulphates were also analysed and presented in Fig. 3.20. In the Serchio river the concentration varies 

between 27 mg/L and 210 mg/L. Still, this is in line with the variation measured in the groundwater in 

the area and with literature data presented in (Cortecci et al. 2008). In particular, the wide range 

measured in the riverine water is similar to those monitored in the level A of the multi-level 

piezometers. On the other hand, slight variation and values between 20 mg/L and 90 mg/L were 

measured in the Freddanella ditch (SW_4). The low concentration of sulphate (20.4 mg/L) respect to 

the other samples confirm the nearly anaerobic condition of the SW_4 point (redox potential of -123 

mV). In particular, emphasis has to be given to the analysis of elements that act as ‘‘nutrients’’ such 

as nitrogen because human activities increase loading of limiting nutrients driving cultural 

eutrophication of aquatic systems. River water acts as hydrologic connector and can then also 

propagate nutrients to downstream ecosystems (Moore et al., 2014). 

As concern nitrogen species, nitrate is lower than 3 mg/L in the Serchio river, but ranges between 0.1 

mg/L and 22 mg/L in the groundwater around the Sant’Alessio field (Fig. 3.21). The highest value was 

measured in single spot (MAR_10); this singular value can be explained by the shallow level of the 

water table and be related to local pollution caused by use of agrochemicals or to leakages of 

untreated wastewater. 

Only few samples show a concentration of nitrite up to 0.01 mg/L and in particular the samples SW_4 

reports an ammonium content up to 14.8 mg/L. The concentrations of nitrate, nitrite and sulphate 

identify an on-going denitrification process at this site. Nitrates in the Freddanella ditch ranges 
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between 0.22 mg/L and 11 mg/L. In addition, to further demonstrate the presence of wastewater 

contribution in the ditch surface water, SW_4 shows high PO4
3- concentration up to 6 mg/L. 

 

Fig. 3.19 a/b. Piper plot and Langelier diagrams that highlight the hydrochemical facies of the analyzed waters. 
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Fig. 3.20. Sulphate Box-and-Whiskers plot 2014-2015-2016. 

 

Fig. 3.21. Nitrate Box-and-Whiskers plot 2014-2015-2016. 

The calculation of a correlation matrix highlights coherent elemental relationships along the whole 

sample suite; in particular, Cl− positively correlates with Br− and SO4 
2−, but also with alkaline 

elements such as Na+ whereas Ca2+ mainly correlates with Sr, HCO3
-(Fig. 3.23). The B vs NO3

- binary 

diagram highlights a good correlation with groundwater of the shallow part of the aquifer while no 

correlation has been found for the cross-section SW2 – MAR-10 – 221, where sample MAR-10 
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presents a higher content of nitrate (up to 8 mg/L). Along the River Serchio point 221 cross-section, a 

mixing process is clearly indicated by the binary plots of conservative elements such as Cl-, Br-. 

Trace elements analyses are important in the water quality monitoring of MAR, because they need to 

be tested against maximum permissible concentrations (MPCs), and some can be used as a tracer of 

either infiltration water, pollution or geochemical processes (Stuyfzand P. J. 2015). Most trace 

inorganic contaminant issues found in groundwater supply systems are related to natural processes, 

while some inorganic contamination is known to be related to human activities. To this aim, trace 

elements and metals analyses were the focus points of the last three sampling campaign in the 

Sant’Alessio MAR plant. Trace elements and metals (Li, B, Rb, Sr, Fe, Al, Mn, V, As, Ni, Cu, Zn, Cr, Ag, 

U, P) were analysed and revealed a geogenic origin with values below 3 µg/L for most of the metals 

analysed. As for major ions, no seasonal changes are present on trace elements analyzed (E.g. 

Lithium in Fig. 3.24). 

Anyway, it is worth noticing a good correlation between Fe-Mn. in particular, the highest Mn values 

were found in P7 piezometer, set close to the hilly border, where clayey sediments limit the aquifer.  

The usefulness of isotopic analyses (oxygen and hydrogen) in planning and monitoring the MAR 

schemes is well documented in the IAEA technical report (IAEA, 2013) and it has been recently 

discussed in Strauch et al. (2014). The δ18O and δH values were analysed in two different sampling 

campaign in 2015-2016. Stable isotopes reveal that water are very uniform in most of the samples 

and they have isotopic values ranging between -8.2‰ and -4.9‰ for δ18O, and -31.7‰ and -49‰ for 

δD in samples collected in May 2015, whereas isotopic values ranges between -7.5‰ and -5‰ for 

δ18O, and -46.6‰ and -6.6‰ for δD. These values are plotted in Fig. 3.22, together with the Global 

Meteoric Water Line calculated by Rozansky (1993) and the Local Meteoric Water Lines calculated by 

Longinelli & Selmo (2003) and La Ruffa & Panichi (2000). The results evidence a trend of precipitation 

typical for the west coast of Italy. This data is also confirmed by the deuterium excess of 14.6‰ 

average values (Longinelli and Selmo, 2003). 

It is interesting to note that the water chemistry of 221 highlights significant differences with the 

samples taken from the River Serchio. In sample 221, chloride, sulphate and strontium 

concentrations are lower than the other groundwater samples collected (13.1 mg/L, 9.89 mg/L and 

0.25 mg/L, respectively). Furthermore, the 221 isotopic compositions are less negative and reveal an 

isotopic fingerprint similar with those of the local precipitation (see Fig. 3.23).  

In this view, as discussed, we may consider samples SW2 from Serchio River and 221 (groundwater 

along the northern hilly border of the aquifer) as the end member terms. Then, by calculating the 

mixing fractioning of the selected groundwater, considering the groundwater MAR-10 sample, a 

fraction of about 53% of Serchio River may be estimated. This can be considered the point where 

contributions from the Serchio river and local recharge infiltrating in the aquifer through the hilly 

border equals. In P02B a mixing fraction ranging from 96% (Li) to 82% (Cl) of Serchio River water is 

estimated. Binary plots of conservative elements such as Cl-, Br-, and SO4
2- clearly indicate mixing 

processes between the waters in the River Serchio – 221 section. 

The data presented in this section reveal that the overall geochemistry of the pilot area of 

Sant’Alessio shows homogeneous Ca-HCO3 geochemical facies for most of the samples (i.e. surface 
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water and groundwater), except for the groundwater 221 and for SW_4 ditch. These data, supported 

also by isotopic analyses (δ18O and δD) show that the Serchio River represents most part of the 

groundwater recharge in the Sant’Alessio area. 

 

Figure 3.23. Binary diagram a) Cl vs Br and b) Cl vs SO4
2-
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Fig. 3.24. Lithium distribution and temporal variability. 

 

Fig. 3.25. δ
18

O vs δD diagram with the groundwater and surface water of the Sant’Alessio pilot area, plotted 

toghether with the Local Meteoric Water Line (Longinelli and Selmo 2003) and the Golbal Meteoric Water Line 

(GMWL) by Rozansky 1995. 

Table 3.3 compares some selected compounds detected during the geochemistry surveys to the legal 

upper limit for the same parameter following the Italian law on drinkable water (D.lgs 31/2001). The 

sampling points are joined in 4 groups according their spatial distribution along the flowlines, and for 

each group the higher value detected is reported. 

SW_4 and FOF samples are taken in small surface water bodies, collecting untreated sewage and 

urban drainage. They present values often higher than the Italian legal limit for drinking water. 
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The three higher values in Sant’Alessio plain were detected at the same sampling point (PR_07) 

located in the northern part of the study area, in a parking lot close to a main street. PR_07 is close 

to the point 221 which also shows higher values of manganese and iron. These two points represent 

the local recharge contribution from the hilly areas bordering the Sant’Alessio plain. As such, these 

values may be due to local chemical quality of groundwater. Anyway, a local source of contamination 

can’t be excluded. As such, the two hypothesis need to be further and dedicated analysis to be 

validated. It’s however, true that the other source of water recharging the aquifer in the Sant’Alessio 

plain largely dilute these contributions. 

The Serchio river shows high values only for iron, and therefore also the IRBF plant, which is strongly 

influenced by the Serchio river geochemistry, shows high values only regarding iron and no other 

contaminants present in the Sant’Alessio plain. 

Parameter Serchio River IRBF Plant Sant’Alessio Plain Urban Drainage Legal Limit 

Nitrate [mg/L] 3 10 22 11 50 

Nitrite [mg/L] 0.021 n.d. 0.248 1.625 (12%) 0.500 

Ammonium [mg/L] n.d n.d. 0.4 14.8 (60%) 0.5 

Aluminum [µg/L] 117 46 1329 (2%) 61 200 

Boron [mg/L] 0.04 0.06 0.08 0.10 1.00 

Chloride [mg/L] 46 53 54 170 250 

Fluoride [mg/L] 0.2 0.2 0.5 0.2 1.5 

Iron [µg/L] 232 (9%) 392 (8%) 1886 (6%) 475 (11%) 200 

Manganese [µg/L] 12.8 11 4552 (3%) 1603 (33%) 50 

Sulfate [mg/L] 213 209 209 93 250 

Tab. 3.3. Max detected values of some selected parameters and legal limits for drinking water. Within 

parenthesis is reported the % of times a value above the law limit has been detected. 

Further investigation on water quality issues were performed on emerging contaminants and 

pathogens and are presented in an Annex of Deliverable 14.1. 
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3.2. Monitoring system: continuous acquired measurements 

The continuous monitoring system consists of a Wireless Sensor Network (WSN) including 

measurement points in surface- and ground-water. Such a network is an integrated system 

comprising three different sources of information:  

 5 sensors endowed with a customized acquisition technology based on open source 

hardware and software, specifically developed for the project, 

 a multi-parameter probe to monitor several quality parameters in groundwater, 

 a connection with the real-time monitoring point managed by the Regional Hydrological 

Service (Tuscany, Italy), active on the Serchio river, within the IRBF area. 

The integration of these different sources realizes through the geographical database (GeoDB, see 

Deliverable D8.1 and Deliverable D8.2), where all data measured and acquired are fed.  

In particular, each component is characterized as described below. 

Groundwater was monitored by the following set of sensors: 

 4 points (PR1, PR2, PR5 and PR6 in Fig. 3.26) measuring water table level, temperature, EC, 

and in where sensors have in-house assembled, low-cost data logging and transmission 

system, based on ARDUINO board. Data transmission is implemented within a RaspberryPI 

(see details in Section 3.1). The acquisition frequency is 10 min. 

 1 point where a Spectro::lyserTM  Probe is installed (PR2 in Fig. 3.26), detecting water 

spectrum (range 220 – 733 nm) and reporting 8 parameters: Turbidity, NO3-N, TOC, DOC, 

UV254, Apparent Color, True Color, Temperature (Section 3.3). The acquisition frequency is 

10 min. 

Surface water was monitored by: 

 Signal acquired by a sensor of the Regional Hydrological Service (SSW1, in Fig. 3.26), 

measuring the river stage, with a frequency of 15 min. 

 1 point (SSW2 in Fig. 3.26) measuring temperature and EC, as part of the site-specific 

network also used for the groundwater (Section 3). 

The sections below report detail about the sensors and results on the data acquired. 

3.2.1 The site-specific, in-house assembled monitoring system: installation and 

maintenance service. 

Five points within the monitoring system belongs to network consisting of sensors without any 

additional data processor and software facility: for these sensors, acquisition and transmission are 

based on in-house assembled and low cost technology, using open source hardware. This allows 

having two basic advantages: saving cost and a high level of customization concerning data storage 

and analysis. 

The initial design was a mesh-type WSN: several data loggers connected via RF within a mesh, with 

one central point (gateway), transmitting via GSM/GPRS to the database installed on a remote 
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server. Such a scheme was revised several times, due to a series of difficulties experienced in both 

installation (Fig. 3.27) and maintenance procedures, as detailed in Appendix 1. This criticality led to a 

substantial delay on a stable acquisition of data (effectively realized only by August 2016). The final 

WSN is made by (5) sensing points equipped with a data logging system, based on Arduino Board. 

Data transmission is implemented within a RaspberryPI connected to a 3G modem, feeding data to 

the server. Annex 1 reports a more detailed description of this final configuration as well. 

 

Fig. 3.26. Map of the continuous monitoring points. 

 

Fig. 3.27. Installing the electronic for acquisition and transmission, embedded in concrete manhole. 

3.2.2 Data recorded 

As described above, all data are fed to the GeoDB, and from there they can be analyzed and 

explored. In Fig. 3.28 and 3.29 an example of temperature data of groundwater is reported, as they 

appear in GeoDB tables and as graphical plots. 

In this report we describe data concerning the stable period of continuous monitoring, namely from 

August 5th 2016 to December 4th 2016. Temperature values reveal a stable relationship among points 

leading on the cross-section from the river (PR1, point at the riverbank), through the inner point 

(PR2, close to the reference pumping well). Since the recording period started in the second part of 

the summer, we notice a stable temperature level until the weather conditions approach the typical 

ones of the fall season, with a decrease of groundwater temperature of about 3 °C in almost 2 

months, October and November 2016 (Fig. 3.30). Notice that in PR2 temperature is measured also by 

the multi-parameter probe, which is placed 2 m below the other sensor, with respect to the terrain 
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elevation (20 m instead of 18 m) amsl. This explains the lower temperature values recorded by the 

multi-parameter probe. 

 
Fig. 3.28. Example of data storage in GeoDB. Values concerning point PR1. 

It is interesting to compare surface- and ground-water, concerning the influence of air temperature 

decreasing. The river temperature responds almost in phase (a decrease of 4 °C in 6 days, see Fig. 

3.31, at dates between Oct. 12 and Oct. 18). In the same period also groundwater temperatures at 

points PR1 and PR2 (placed at riverbank and center of well field, respectively) decreases accordingly 

(Fig. 3.30). This behavior seems to confirm the direct connection (and influence) between river and 

the aquifer in the vicinity of the river bank. 

To show such a relationship in a quantitative way, correlation coefficient has been calculated among 

temperature values recoded at these points (Tab. 3.4). To investigate also non-linear correlations, 

the Spearman’s correlation coefficient has been calculated. Results show that the most significant 

temperature correlations are the ones between river and riverbank groundwater (River and PR1) and 

the one between PR1 and PR2. 

Finally, these results on temperatures behavior lead to the conclusion that a monitoring system with 

these characteristics is able to show the river/aquifer relationship, and therefore it may be used as 

effective control tool to detect possible anomalies and/or unusual behavior of the system 

hydrodynamics. 
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(a) 

 

 

(b) 

Fig. 3.29. Example of data recorded: groundwater electrical conductivity at PR1 (a) and PR2 (b). 
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Fig. 3.30. Groundwater temperature in points leading on the section riverbank – inner part of the well field 

(namely points PR1-PR2-PR5) compared to river Serchio temperature (point SSW2). 

 PR1 PR2 PR5 Spect. PR2 River 

PR1 1.         0.54019948 0.18691782 0.47053254 0.47060248 

PR2  1 0.17863031   0.57129019 0.20314631 

PR5   1 0.02319304 -0.05522005 

Spect. PR2    1 -0.01474734 

River     1 

 Tab. 3.4 – Spearman’s correlation coefficients among temperatures values recorded. 

3.3 The multi-parameter probe to monitor water quality 

A multi-parameter probe for the detection of selected analytes was installed in July 2016, at point 

PR2 of the Sant’Alessio well field. We selected an innovative technology as the one provided by the 

Spector::lyserTM patent (Spectrometer probe V2, 11-2011 Release, Copyright © s::can Messtechnik 

GmbH 7/62, www.s-can.at) having as measuring principle a UV-Vis spectrometry over the total range 

(190-720 nm or 190-390 nm). The probe is capable of online measurements of absorption spectra 

(UV, UV-Vis or derived parameters) with high quality either directly submersed in liquid media (in-

situ) or in by-pass via flow cell setup. Spectrometer probes work according to the principle of UV-Vis 

spectrometry. Substances contained in the medium to be measured weaken a light beam that moves 

through this medium. The light beam is emitted by a lamp, and after contact with the medium its 

intensity is measured by a detector over a range of wavelengths. Each molecule of a dissolved 

substance absorbs radiation at a certain and known wavelength. The concentration of substances 

contained determines the size of the absorption of the sample – the higher the concentration of a 

certain substance, the more it will weaken the light beam. Extinction or absorbance stands for a ratio 

http://www.s-can.at/
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of two light intensities: the intensity of light after the beam passed through the medium to be 

measured and the intensity of light determined after the beam passed through a so-called reference 

medium (distilled water). There is a linear increase in absorption with higher concentrations. 

 

Fig. 3.31. Comparison between air temperature (daily average) and temperature recorded in Serchio river 

(point SSW2). 

The probe consists of three main components: the emitter unit, the measuring section and the 

receiving unit. In the measuring section the light passes through the space between the two 

measuring windows which is filled with the measuring medium and interacts with it. A second light 

beam within the probe – called compensation beam - is guided across an internal comparison 

section. The spectrometer probe is a dual-beam measuring instrument, allowing the automatic 

compensation of disturbances in the measuring process (e.g. ageing of the flash lamp). The receiving 

unit is located on the side of the spectrometer probe where the probe cable is attached, and it 

consists of two major components: the detector and the operating electronics. An optical system 

focuses the measuring and compensation beams on the entrance port of the detector. The light 

received by the detector is split up into its wavelengths and guided to the 256 fixed photodiodes, 

making the use of sensitive moving components unnecessary. The operating electronics contained in 

this part of the probe are responsible for controlling the entire measuring process and all the various 

processing steps required to edit and check the measuring signal and to calculate fingerprints and 

parameters values.  

The probe has also a long term stable operation without direct maintenance, due to its automatic 

cleaning procedure made with compressed air which prevents from clogging problems. Fig. 3.31 

reports a picture of the multi-parameter probe selected. 
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Fig. 3.31. The multi-parameter probe selected for water quality monitoring. Dimensions are reported in mm. 

The initial plan was to install such a probe in the river (at point SSW2), to use the measured data as 

source of info for the alarm system. However, this option was not feasible, due to the lack of 

electrical power connection at that point. For this reason, the probe was installed in point PR2 (Fig. 

3.32) 

 

Fig. 3.32. Installation case for the multi-parameter probe at point PR2. 

Beside to save the water spectrum, the following 8 parameters are reported: Turbidity, NO3-N, TOC, 

DOC, UV254, Color, Temperature, TSS. The acquisition frequency is 10 minutes. Data are stored in a 

dedicated FTP server, and from there automatically uploaded into the GeoDB. 

The installation occurred on July 13, 2016. After a period of assessment, the final position of the 

probe into the well was finalized on August 9, 2016. 
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From the final positioning up the present date (Dec. 2016), the probe did not detected any 

anomalous values for the monitored parameters, as illustrated in Fig. 3.33. Also parameters used to 

detect organics via non-direct measure (such as UV254 and True Color) did not report any significant 

peak or behavior (Fig. 3.34 and 3.35). Temperature values are not presented in this section, since 

they have been reported in Section 3.1. 

Results shown that the information provided by this tool are relevant for the management of a MAR 

scheme such the one in analysis. If the data on nitrates are straightforward to be interpreted, the 

same cannot be said for the information provided on the organics. As such, combined discrete 

monitoring activities on organics are to be continued in order to build up a dataset which will help to 

relate spectrum information to those of contaminant species presence in water. 

 

Fig. 3.33. Values recorded by the multi.-parameter probe. NO3, DOC and TOC (daily average). 

 

Fig. 3.34. Values recorded by the multi-parameter probe UV254 (daily average). 
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Fig. 3.35. Values recorded by the multi-parameter probe. Apparent and True Colour (daily average). 
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4 Revision of the conceptual model 

This Section is devoted to describe the conceptual model of the aquifer system under exam. The 

implementation of the groundwater flow model was supported by such conceptualization. The main 

objective is to provide a representation of the hydrodynamics of the hydrogeological system and its 

water balance. The conceptual model presented here includes representation of the 

hydrostratigraphic model within the study area and flow terms affecting the groundwater flow 

dynamics in the gravel and sandy aquifer. The conceptual model summarizes all the information 

gathered from previous studies and new data obtained in the research activities of this project and 

information. It further supported the implementation of the groundwater flow model presented in 

Sections 5 to 8. 

Based on the data presented in the previous Sections, two hydrostratigraphic units were defined: i) 

the superficial cover, made mainly of silty sediments and including also sandy and clayey lenses, and 

ii) the underlying sandy-gravelly aquifer. The latter is hydraulically connected to the Serchio river and 

exploited through the Sant’Alessio well field. The aquifer is bounded at the bottom by poorly 

pervious clayey sediments (Fig. 3.4). 

Defining the conceptual model of the hydrogeological system under exam requires identifying inflow 

and outflow terms. The latter will be then represented as boundary conditions and source/sink terms 

in the numerical model. Such inflow/outflow terms are shown in Fig. 4.1. 

 

Fig. 4.1. Hydrogeological conceptual model. Blue: inflow terms; red: outflow terms. 

Inflow terms are: 

 effective infiltration from precipitation (P); 

 inflow from the Serchio river (RSin); 
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 inflow from the Monte S.Quirico-Carignano reliefs through the northern boundary of the 

study area (Inr-nb). 

Outflow terms are: 

 withdrawals for drinking, irrigation, domestic purposes (Q); 

 drainage from the Serchio river (RSout); 

 drainage from the Freddanella channel (Frout); 

 outflow through the southern boundary of the study area (Outsb). 

As such, groundwater flow balance can be expressed through the following equation: 

P + RSin + Inr-nb + Sin = Q + RSout + Frout + Outsb + Sout , 

where Sin and Sout express variations related to the storage term, in case of transient conditions (i.e., 

with hydraulic gradient varying over time). 

All these data have been used to inform the groundwater flow numerical model presented in 

following Sections 5 and 6. 
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5. Groundwater flow model implementation  

In this Chapter, the implementation of the groundwater flow model of the Sant’Alessio IRBF system, 

using the MODFLOW-2005 (Harbaugh, 2005) code, is described. MODFLOW is based on a finite 

difference approach to approximate the solution of the partial differential equation describing the 

3D groundwater flow. It allows the representation of the hydrogeological system through a set of 

discrete cells (the model grid) and model layers and the calculation of the hydraulic head at each 

node of the model grid through an iterative solution procedure. Iterations stop and the solution is 

reached once the difference between the hydraulic head calculated at two following iterations is 

lower than a value defined by the User. 

Assuming that the principal axes of hydraulic conductivity are aligned along the reference Cartesian 

axes, the groundwater flow equation under transient conditions (i.e., with the hydraulic head varying 

over time), for a saturated and anisotropic porous medium, can be expressed as:  

 

where: 

 Kx, Ky and Kz are the three components of the hydraulic conductivity along x, y and z axes, 

respectively [L/T]; 

 h is the hydraulic head to be simulated [L]; 

 t is the time [T]; 

 Ss is the specific storage [1/L]; 

 f is the volumetric flow rate per unit volume [1/T] representing possible sink/source terms 

(f<0 means that outflow occurs). 

If steady-state groundwater flow is simulated (i.e., if the hydraulic head does not change in time), the 

term containing the time derivative is null. Equation (1) can be derived applying the mass 

conservation principle to a representative elementary volume of the aquifer. It is solved with proper 

boundary and initial conditions to model the groundwater flow dynamics within a certain domain 

and over a selected time interval. 

As partial differential equations are difficult to solve analytically, numerical methods can be adopted. 

Implementing a numerical model requires going through the following steps: 

 defining the active domain and the model grid; 

 defining the geometry of the investigated hydrogeological system; 

 defining hydrodynamic parameters; 

 defining boundary and initial conditions; 

 defining sink and source terms; 

 calibrating and validating the model. 

The numerical model presented in this Chapter was implemented using the FREEWAT platform 

(Rossetto et al., 2015), which allows to simplify the steps listed above taking advantage of the 
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integration between relevant simulation codes in the QGIS desktop environment. To simulate the 

groundwater flow dynamics, the simulation code MODFLOW-2005 (Harbaugh, 2005) is integrated in 

FREEWAT.  

Using the FREEWAT platform allows to perform the steps listed above within a unique simulation 

environment, so exploiting GIS capabilities during data pre-processing (i.e., preparation of input data) 

and post-processing (i.e., results visualization). FREEWAT is integrated within the QGIS GIS interface. 

Description of the pre-processing steps, including management of tables, raster and vector files, is 

not among the objectives of this report and it will not be described in the following text.  

5.1 Spatial discretization 

5.1.1 The model grid 

Based on the conceptual model presented in Section 4, the active domain of the model (the area 

where the groundwater flow and solute transport processes are simulated) was identified. Such area 

(Fig. 5.1) includes the Serchio river and the demo site of the Sant’Alessio plain and it extends until the 

Monte S. Quirico-Carignano hills. For the aims of this analysis, the domain is 2.8 km large and 1.86 

km long and was discretized using 186 x 280 square cells with 10 m side length. Within such 

rectangular area, the active domain extends over about 4.2 km2. 

The northern limit of the active domain, corresponding to the outcrop of impervious clayey 

sediments of the Monte S. Quirico-Carignano hills, was defined according to shapefile data 

containing information about the geological setting of the area. As shown in Fig. 5.1, simplifications 

were adopted to avoid including areas not of interest for the aim of this analysis and which could 

cause instabilities during the iterative simulation procedure.  

 

Fig. 5.1. Representation of the model grid (square cells with 10 m side length) and of the active domain (grey 

cells at the northern part of the study area are no-flow cells).  
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Grid cells corresponding to outcropping clayey sediments were inactivated (no-flow cells). Proper 

boundary conditions were then assigned at the western, eastern and southern boundaries of the 

grid. 

5.1.2 Vertical discretization 

Top and bottom surfaces of the silty-sandy superficial unit and of the sandy-gravelly aquifer were 

derived from existing dataset (Provincia di Lucca, now Regione Toscana). Most of the elaborations 

described in this sub-section result from geostatistical interpolation procedures. As such, in order to 

reduce artifacts implied in the interpolation procedure at the borders of the study area, the analysis 

presented in this sub-section are referred to a wider rectangular area, 5.2 km long and 3 km large 

(Fig. 5.2). 

For defining the top surface of the model, the Lidar (coming from Serchio River Basin Authority 

database; horizontal resolution of 1 m) and the DEM (coming from Regione Toscana database; 

horizontal resolution of 10 m) raster files were used. In particular, both raster files were clipped over 

the wider interpolation area shown in Fig. 5.2. The Lidar was resized to get a raster file with 

horizontal resolution of 10 m (Fig. 5.2 (a) and (b)). The latter (covering most of the study area, except 

for the northern part corresponding to the Monte S. Quirico-Carignano reliefs) was then merged with 

the DEM to get a single raster file defining the top model elevation (Fig. 5.2 (c)). Model top elevation 

values in the study area span (Fig. 5.2 (c)) from about 10 m to about 30 m amsl in the Serchio plain, 

up to 65 m amsl at the Monte S. Quirico-Carignano reliefs. Top and bottom elevations of the aquifer 

were inferred from interpretation of 78 and 54 stratigraphic logs, respectively (database coming from 

Provincia di Lucca, and other unpublished reports). An analysis of the available data was then 

performed and resulted in excluding some values from the dataset, as they were considered 

inconsistent with respect to what observed at the surrounding locations. Furthermore, constraints on 

top and bottom elevations were applied at the border of the outcropping clayey reliefs (Fig. 5.3), to 

reduce instabilities which may be caused by the interpolation procedure. In particular, thickness 

values of 0.5 m and 1 m were imposed at that border for the superficial cover and the aquifer, 

respectively. Raster files with horizontal resolution of 10 m were obtained for the top and bottom 

elevations of the aquifer as result of the interpolation using an ordinary kriging algorithm procedure 

(Fig. 5.3).  
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Fig. 5.2. (a) 

 

Fig. 5.2. (b) 
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Fig. 5.2. (c) 

Fig. 5.2. (a) Lidar raster file clipped over the study area and resized to get horizontal resolution of 10 m 

(Autorità di Bacino del Fiume Serchio); (b) DEM raster file clipped over the study area (horizontal resolution of 

10 m; Regione Toscana); (c) Top model elevation (horizontal resolution of 10 m). 

 

Fig. 5.3 (a) 
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Fig. 5.3 (b) 

Fig. 5.3. (a) Top and (b) bottom surfaces elevation amsl of the aquifer (horizontal resolution of 10 m). 

Fig. 5.4 (a), (b) show the surficial cover and aquifer thickness. The aquifer shows variable thickness: 

more than 20 m in the plain and lower values at the reliefs, where negative values are obtained 

locally (Fig. 5.4 (b)). The negative values shown in Fig. 5.4 are due to the interpolation procedure and 

were corrected during model implementation. 

As mentioned before, two model layers were defined to represent the two hydrostratigraphic units 

in model implementation. Top and bottom surfaces of both model layers were defined using the 

produced raster files (Fig. 5.2 and 5.3). Such raster files were clipped over the study area (Fig. 5.1) 

and elevation values at each pixel were assigned at the node of each grid cell. Top elevation of the 

superficial model layer was further modified to take into account the presence of the downstream 

weir (Fig. 5.1). As such, model top was set at 13.54 m amsl, in the upper part of the weir, and at 12.3 

m amsl, in its lower part.  

Corrections were also applied where negative thickness values were gathered as result of the 

interpolation procedure for both model layers. Such corrections were applied at cells with thickness 

values lower than 1 m, for the superficial model layer, and 3 m, for the aquifer model layer. At such 

cells, thickness was imposed to be 1 m and 3 m, respectively. Moreover, corrections were made to 

thickness values of the aquifer, in order to avoid further artifacts due to the interpolation procedure 

at the bottom of the reliefs along the eastern boundary of the study area (Fig. 5.5). 

Both model layers were represented as confined for convergence reasons. From the modeling point 

of view, this means that no cells can get dry during the simulation, so preventing possible instabilities 

during the iterative solution procedure. 
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Fig. 5.4 (a) 

 

Fig. 5.4 (b) 

Fig. 5.4. Thickness of (a) the superficial cover and of (b) the aquifer (horizontal resolution of 10 m). 
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Fig. 5.5 (a) 

 

Fig. 5.5 (b) 

Fig. 5.5. Zoom over the area at the bottom of reliefs along the eastern boundary of the study area. Thickness of 

the aquifer (a) before and (b) after corrections were made. 
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5.2 Time discretization 

The model has been implemented to simulate two years of the MARSOL project from November 20th 

2014 until November 30th 2016. The simulation started with a steady-state stress period (SP) lasting 

11 days. Then 24 transient SPs were then defined, each one lasting one month (from December 2014 

until November 2016). Each SP was divided in three time steps to evaluate the evolution of the 

hydraulic head of the aquifer over time. Time discretization scheme is presented in Tab. 5.1.  

SP number From To Length (days) Time steps State 

1 2014-11-20 2014-11-30 11 1 steady-state 

2 2014-12-01 2014-12-31 31 3 Transient 

3 2015-01-01 2015-01-31 31 3 Transient 

4 2015-02-01 2015-02-28 28 3 Transient 

5 2015-03-01 2015-03-31 31 3 Transient 

6 2015-04-01 2015-04-30 30 3 Transient 

7 2015-05-01 2015-05-31 31 3 Transient 

8 2015-06-01 2015-06-30 30 3 Transient 

9 2015-07-01 2015-07-31 31 3 Transient 

10 2015-08-01 2015-08-31 31 3 Transient 

11 2015-09-01 2015-09-30 30 3 Transient 

12 2015-10-01 2015-10-31 31 3 Transient 

13 2015-11-01 2015-11-30 30 3 Transient 

14 2015-12-01 2015-12-31 31 3 Transient 

15 2016-01-01 2016-01-31 31 3 Transient 

16 2016-02-01 2016-02-29 29 3 Transient 

17 2016-03-01 2016-03-31 31 3 Transient 

18 2016-04-01 2016-04-30 30 3 Transient 

19 2016-05-01 2016-05-31 31 3 Transient 

20 2016-06-01 2016-06-30 30 3 Transient 

21 2016-07-01 2016-07-31 31 3 Transient 

22 2016-08-01 2016-08-31 31 3 Transient 

23 2016-09-01 2016-09-30 30 3 Transient 

24 2016-10-01 2016-10-31 31 3 Transient 

25 2016-11-01 2016-11-30 30 3 Transient 

Tab. 5.1. Time discretization scheme. 
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5.3 Hydrodynamic parameterization 

Simulating 3D groundwater flow in the aquifer system under exam requires assigning hydraulic 

parameters (hydraulic conductivity, specific storage Ss, specific yield, Sy). Hydraulic conductivity 

values along the three Cartesian directions were assigned using data provided by previous studies 

and complemented with data from new investigations performed at the site by UFZ. Conductivity 

zones for the upper model layer were defined according to surface geology information (Rossetto 

and Bockelmann, 2007) and an average value among the available data for Kx, Ky and Kz was assigned 

at each zone (Fig. 5.6 (a)).  

On the other hand, hydraulic conductivity values for the aquifer model layer were interpolated over 

the rectangular study area (Fig. 5.1) using ordinary kriging. A raster file with horizontal resolution of 

10 m was obtained as a result of the interpolation and it was used to define conductivity zones (Fig. 

5.6 (b)). these values were then analysed during the calibration process. For both model layers, Ky 

was set equal to Kx and Kz was set to Kx/10. As shown in Fig. 5.6 (a), Kx in the upper model layer spans 

over several orders of magnitude, assuming the highest value (864 m/day) along the Serchio river 

bed. Values of the order of 1 m/day were assigned along the riverbanks and in the southern and 

central parts of the study area, while low conductivity zones were defined in the upper part of the 

active domain, until about 6*10-2 m/day. Fig. 5.6 (b) reports Kx zones for the aquifer model layer. 

Analogously, the highest values were assigned in the central and southern part of the study area (864 

m/day to 86.4 m/day). Kx values decrease northward from 16 m/day to 6 m/day. 

 

Fig. 5.6 (a) 
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Fig. 5.6. (b) 

Fig. 5.6. Horizontal hydraulic conductivity zones defined for (a) the upper model layer and (b) the aquifer model 

layer. 

Specific storage for both model layers and specific yield for the upper were assigned taking the 

average value among the available data for each conductivity zone (Fig. 5.7). 

As already noticed for conductivity zones, Ss and Sy values are higher in the central and southern part 

of the study area and decrease northward. 

5.4 Boundary conditions 

Based on what stated in the conceptual model (Section 4.1), specific hydraulic conditions were 

assigned along the boundaries of the active domain. No-flow conditions were assigned along the 

western and eastern boundaries of the study area and at the bottom of the aquifer model layer. This 

means that no inflow and/or outflow can occur through the western and eastern boundaries of the 

active domain and no vertical exchanges are assumed to occur between the explored aquifer and the 

underlying bedrock. 

5.4.1 Inflow from the Monte S. Quirico-Carignano reliefs 

Inflow from the Monte S. Quirico-Carignano reliefs was simulated through a Neumann boundary 

condition at each cell along the northern boundary of the active domain (term Inr-nb in Fig. 4.1). 

Recharge wells with variable flow rates [L3/T] were defined to represent such inflow, using the 

MODFLOW Well (WEL) Package. Also inflow into the aquifer, from the eastern side is simulated this 

way. 
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Fig. 5.7. (a) 

 

Fig. 5.7. (b) 



MARSOL Deliverable D8.4  

 

 
65

 

 

Fig. 5.7. (c) 

Fig. 5.7. Specific storage zones defined for (a) the upper model layer and (b) the aquifer model layer; (c) specific 

yield zones for the upper model layer. 

Different values of inflow rate were assigned at cells representing inflow form reliefs or from the 

valleys, and along the eastern boundary. these rates where defined according to the monthly 

cumulated rainfall recorded at the Lucca raingauge station (Servizio Idrologico Regionale, Regione 

Toscana) from November 2014 to November 2016 (sub-section 5.5.1). Specifically, an inflow three 

and five times higher than that at the reliefs was imposed to occur at the valleys and at the eastern 

boundary, respectively (Fig. 5.8). Such inflow rates were then further differentiated, based on results 

of the trial-and-error calibration procedure described in Section 6.  

5.4.2 Outflow through the southern boundary 

Outflow through the southern boundary of the active domain was simulated through a head-

dependent boundary condition (term Outsb in Fig. 4.1): the MODFLOW General-Head Boundary 

(GHB) Package. The GHB Package allows simulating flow into or out of a cell from a hypothetical 

external source, according to the difference between the hydraulic head simulated in the cell and the 

head assigned to the external source. Implementing such Package requires assigning the head of the 

external source, its distance from the GHB and the hydraulic conductivity and the saturated thickness 

of the medium between the external source and the GHB. 

To define the head of the external source over time, the hydraulic gradient between two monitoring 

points (UF_14 and UF_15) located south of the Serchio river and 250 m far from each other was 

considered. In particular, as point UF_15 is located near the southern boundary of the active domain, 

the hydraulic head gradient 250 m downstream with respect to such boundary was assumed to be 
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the same as the one between UF_14 and UF_15. The head of an external source 250 m far from the 

southern boundary of the active domain was then estimated, taking into account the monthly 

cumulated rainfall trend when monitoring campaigns were not performed (Fig. 5.9). The hydraulic 

conductivity and the saturated thickness of the medium between the external source and the 

general-head boundary were set to 86.4 m/day and 15 m, respectively. Outflow through the 

southern boundary of the study area was further calibrated (Section 5). 

 

Fig. 5.8. (a) 

 

Fig. 5.8. (b) 

Fig. 5.8. (a) Inflow rate segments along the northern boundary of the active domain (grey cells are no-flow 

cells); (b) estimated inflow rates.  
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Fig. 5.9. (a) 

 

Fig. 5.9. (b) 

Fig. 5.9. (a) Location of the monitoring points involved in the estimation of the head of the external source; (b) 

estimated hydraulic head of an external source located 250 m far from the southern boundary of the active 

domain. 

5.4.3 The Serchio river 

To define water exchange between the Serchio river and the aquifer (aquifer recharge, RSin, or 

drainage, RSout; Fig. 4.1), a head-dependent boundary condition was adopted through the application 
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of the MODFLOW River (RIV) Package. This allows simulating the recharge/drainage flow rate 

between the involved water bodies through the river bed sediments, according to the difference 

between the river stage and the hydraulic head simulated at each cell of the aquifer in contact with 

it. Where the river stage is higher than the simulated head, aquifer recharge occurs; vice versa, if the 

river stage is lower than the simulated head, the river drains the aquifer. 

To implement the RIV Package, the following data are needed: 

 river stage [L] with respect to the amsl; 

 river bed elevation [L] with respect to the amsl; 

 thickness of the river bed sediments [L]; 

 hydraulic conductivity of the river bed sediments [L/T]; 

 width of the river [L]; 

 length of the river segment intersected by each grid cell [L].  

In FREEWAT, the river stage and the properties of the riverbed must be assigned by the User at the 

upstream and downstream grid cells intersected by the river segment; a linear interpolation method 

is adopted in the remaining grid cells. Also the width of the river segment is user-defined, while the 

length of the river segment intersected by each grid cell is automatically determined. 

The Serchio river profile was divided in 19 segments 10 m wide, according to the location of the 

downstream weir and to 4 points where the stage of the river was monitored between June and 

November 2016 (Fig. 5.10). In order to get river stages also in the preceding months, correlations 

were found among stage levels at points B, C, D and E2 and those monitored daily at the Monte 

S.Quirico sensor (green arrow out of the eastern boundary of the study area in Fig. 5.10) by the 

Servizio Idrologico Regionale (Regione Toscana). River stages so derived at points B, C, D and E2 were 

then used to derive river stage values at the upstream and downstream cells of each river segment. 

Moreover, river stage was set at 13.56 m amsl at cells where the downstream weir is located (i.e., 2 

cm above the model top, cfr. seb-section 5.1.2). River stages so set span from about 16 m amsl 

upstream, to 13.56 m amsl at the weir, until about 10 m amsl downstream. River stages were further 

used to determine river bed bottom elevation, which was set 1.5 m below the minimum stage, so 

that no intersection can occur between river stage and the riverbed bottom. The hydraulic 

conductivity and the thickness of the river bed sediments were set to 864 m/day and 1 m, 

respectively, according to experimental activities described in Section 2. 
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Fig. 5.10. Segments used to define the Serchio river profile and location of the river stage monitoring points. 

Black arrows indicate the river flow direction. 

5.4.4 The Freddanella drain 

The Freddanella channel was treated as a drainage system (term Frout in Fig. 4.1), adopting a head-

dependent boundary condition through the application of the MODFLOW Drain (DRN) Package. This 

allows simulating aquifer drainage through the drain bed sediments at a rate proportional to the 

difference between the simulated head in the aquifer and some fixed elevation, called the drain 

elevation, so long as the head in the aquifer is above that elevation. If, however, the aquifer head 

falls below the drain elevation, then the drain has no effect on the aquifer itself.  

To implement the DRN Package, the following data are needed: 

 drain elevation [L] with respect to the amsl; 

 thickness of the drain bed sediments [L]; 

 hydraulic conductivity of the drain bed sediments [L/T]; 

 width of the channel [L]; 

 length of the drain segment intersected by each grid cell [L].  

In FREEWAT, the drain elevation and the properties of the drain bed must be assigned by the User at 

the upstream and downstream grid cells intersected by the channel segment; a linear interpolation 

method is adopted in the remaining grid cells. Also the width of the channel is user-defined, while 

the length of the drain segment intersected by each grid cell is automatically determined. 

The Freddanella channel profile was divided in 9 segments 3 m wide, according to the location of 10 

points where the drain elevation was measured (Fig. 5.11). Drain elevation at these points were so 

used to derive drain elevation values at the upstream and downstream cells of each drain segment. 
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Drain elevation values so set span from about 16 m amsl upstream, until more than 13 m amsl 

downstream. The hydraulic conductivity and the thickness of the drain bed sediments were set to 

0.432 m/day and 25 cm, respectively.  

 

Fig. 5.11. Segments used to define the Freddanella channel profile and location of the drain elevation 

monitoring points. Black arrows indicate the channel flow direction. 

5.5 Source and sink terms 

5.5.1 Distributed recharge 

Effective infiltration from precipitation (i.e., the percentage of precipitation reaching the water table) 

was implemented applying a Neumann condition through the MODFLOW Recharge (RCH) Package. 

Such Package requires assigning the recharge flux [L/T] representing a percentage of the actual 

rainfall. Such flux is then multiplied internally by the area of the grid cell to get a volumetric flow rate 

[L3/T]. 

A unique recharge flux value, varying over time, was applied at each cell of the active domain. The 

monthly cumulated rainfall was calculated between November 2014 and November 2016 (Fig. 5.12) 

using data provided by Regional Hydrologic Service of Regione Toscana, recorded at Lucca raingauge 

station. The mean monthly rainfall was further derived and 20% of it was assumed to infiltrate at the 

highest active cell of the active domain. Two different zones were defined according to land use (a 

survey was performed by SSSA in June 2015) distinguishing between urban and cultivated areas (Fig. 

5.12b). Effective infiltration rate was distributed so that the rate assigned at urban areas is 1/5 of 

that assigned elsewhere. 
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Fig. 5.12. (a) 

 

Fig. 5.12. (b) 

Fig. 5.12. (a) Recharge zones defined according to the land use (grey cells are no-flow cells); (b) effective 

infiltration rate estimated for each stress period. 

5.5.2 Withdrawals 

Anthropic withdrawals were simulated using a Neumann condition through the MODFLOW Well 

(WEL) Package. Implementing such Package requires assigning the extracted flow rate [L3/T] at the 

grid cell where the extraction well is located. The gravel and sandy aquifer in the Sant’Alessio plain is 
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exploited for drinking, domestic and irrigation purposes. Flow rates associated to the wells belonging 

to the Sant’Alessio IRBF well field (Fig. 5.13) were assigned monthly according to data gathered 

during monitoring survey or provided by GEAL SpA. When monitoring campaigns were not 

performed, the monthly cumulated rainfall trend was taken into account, assigning higher flow rate 

values during low-rainfall periods and viceversa. Location of pumping wells is presented in Fig. 5.14 

(a).  

 

Fig. 5.13. Total monthly withdrawal for drinking purposes at Sant’Alessio IRBF. 

 

Fig. 5.14. (a) 
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Fig. 5.14. (b) 

Fig. 5.14. (a) Location of pumping wells for drinking, domestic and irrigation purposes; (b) land use map. 

Domestic wells are assumed to pump water from the aquifer from May to August at a rate of 1 

m3/day. Regarding abstractions for irrigation purposes, crops spread within the study area are mostly 

rainfed. As such, according to the land use map (Fig. 5.14 (b)), only two wells were identified to feed 

a vivarium and a field cultivated with vegetal crops (Fig. 5.14 (a)). Such wells were assumed to pump 

water from the aquifer from May to September at a rate of 86.4 m3/day.  

5.6 Initial conditions 

As the first stress period was run under steady-state condition, no real initial conditions were 

assigned. A tentative value (45 m amsl) was assigned, instead, at each active cell of both model layers 

in order to assure that no cells went dry in this phase of the simulation.  

5.7 Numerical solver 

The MODFLOW PCG2 (Preconditioned Conjugate Gradient) Package was used as a numerical solver. 

The maximum number of outer and inner iterations was defined (500 and 100, respectively). A value 

of 0.001 m was further set for the head closure criterion. 
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6. Model calibration and results 

Model calibration aims at comparing model results (i.e., hydraulic head, flow rates, etc.) and 

observed values at location of monitoring points and at improving the match between observations 

and simulated values, by modifying the most uncertain input parameters. This can be done either 

manually through a trial-and-error procedure, or automatically through the solution of inverse 

problems. 

Calibration is a key step during model implementation, as it affects robustness, applicability, and 

reliability of model results and predictions. Calibration results can be analyzed either qualitatively 

(i.e., evaluating the difference between observed and simulated values), or quantitatively through 

the calculation of dedicated statistics. The latter take into account residuals; these are calculated in 

FREEWAT as the difference between simulated and observed, i.e., head values at a certain location. 

Positive residuals (i.e., simulated values are higher than the observed ones) indicate that model 

results overestimate the head in the natural system. Conversely, negative residuals indicate that the 

model underestimate hydraulic head at the location of observations. Statistics used here to evaluate 

calibration results are listed below: 

- Absolute Residual Mean (ARM); 

- Standard Error of the Estimate (SEE); 

- Residual Root Mean Square (RRMS); 

- Normalized Root Mean Square (NRMS); 

- Pearson Correlation Coefficient (PCC).   

6.1 Calibration  

Model calibration requires a prior sensitivity analysis to identify the most sensitive parameters, i.e., 

those which influence most model results. Regarding the model presented above, hydraulic 

conductivity of the aquifer, inflow rates from the Monte S. Quirico – Carignano reliefs (rates of wells) 

and outflow through the southern boundary of the study area (head assigned to a hypothetical 

external source located 250 m south of the boundary) seemed to be the most sensitive parameters. 

As such, they were involved in the calibration phase.  

Fig. 6.1 shows all the points where head was measured and then used for calibration purposes. 

Comparison between simulated and observed hydraulic head was made at locations shown in Fig. 6.2 

for calibrating inflow and outflow rates through the northern and southern boundaries. Notice that, 

with respect to the full monitoring network (Fig. 6.1), the monitoring point 130 was not used in the 

calibration procedure, because of some inconsistencies occurred with respect to the observed values 

at the close point 211. The latter was considered the most reliable, instead, because inflow 

calibrated according to the observed value at that location seems to be coherent with those at the 

close points 127 and 218 (Fig. 6.1). 
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Fig. 6.1. Location of monitoring wells used during the calibration phase. 

 

Fig. 6.2. Location of monitoring wells used for trial-and-error calibration of inflow rates from the Monte S. 

Quirico – Carignano reliefs and outflow through the southern boundary of the active domain. 
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The overall estimated inflow from the Monte S. Quirico – Carignano reliefs is shown in Fig. 6.3. 

Notice that when observations are missing (i.e., on April, June, August, September and November 

2015), linear interpolation was adopted. 

 

Fig. 6.3. Overall inflow from the Monte S. Quirico – Carignano reliefs, estimated by trial-and-error calibration. 

The estimated head assigned to a hypothetical external source located 250 m south of the southern 

boundary of the study area is shown in Fig. 6.4. Also in this case, when observations are missing, 

linear interpolation was adopted.  

 

Fig. 6.4. Head assigned to a hypothetical external source located 250 m south of the southern boundary of the 

active domain and estimated by trial-and-error calibration. 

While calibrating hydraulic conductivities, the distribution of K in the aquifer was redesigned also 

following results from field investigations performed by UFZ (Fig. 6.5).  
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Fig. 6.5. Hydraulic conductivity of the aquifer, redesigned after the calibration phase. 

From the analysis of residuals over the whole simulation, the hydraulic head simulated is mostly 

overestimated (Fig. 6.6). In general, the mean of residuals ranges between -0.14 m and 0.61 m, while 

ARM spans from 0.22 m to 0.80 m. NRMS is always much lower than 10% and PCC ranges between 

0.83 and 0.96. For the purposes of the study, the model calibration was judged satisfactory. 

 

Fig. 6.6. Example of map of head residuals (in red positive values, in blue negative ones). 
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Plot of residuals for four different periods are reported for reference Fig. 6.7. 

Fig. 6.7. Plots of residuals on December 2014, October 2015, March and June 2016.   

6.2 Simulation results 

In this section, we discuss the main results of the groundwater numerical flow model. Tab 6.1 show 

the cumulative budget for the hydrologic year October 2015/September 2016 and all the simulated 

flow terms. As far as inflow, Serchio river recharge constitutes the bulk of aquifer recharge in 

Sant’Alessio plain with an overall yearly volume of about 58 Mm3 in the year; this recharge happens 

within the reach Ponte di Monte San Quirico – Sant’Alessio weir (Fig. 6.8 (a), (b)). A smaller inflow 

term is constituted by direct recharge and inflow from the adjoining hills. Outflows from the systems 

are dominated by pumping wells abstraction at the Sant’Alessio IRBF (about 16 Mm3), outflow from 

the southern boundary (about 8 Mm3), and drainage of the aquifer operated by the river south of the 

Sant’Alessio weir. The effect of the Freddanella ditch in draining the aquifer is negligible. The head 

contour maps (Fig.6.8) clearly show this situation, presenting also a large drainage axes at about the 

middle of the plain. 

Dec. 2014 Oct. 2015 

Mar. 2016 Jun. 2016 
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The implemented groundwater flow model is able to represent the main hydrological processes 

within the Sant’Alessio plain and hence may constitute a reliable tool for managing the groundwater 

resource. 

Inflow terms Cumulative 

volume (m
3
) 

% over the 

total 

Outflow terms Cumulative 

volume (m
3
) 

% over the 

total 

Storage 846 negligible Storage 938 negligible 

Inflow from the 

Monte S. Quirico – 

Carignano reliefs 

207089 0.3 Pumping wells 15640341 26.4 

Rainfall infiltration 673287 1.1 Outflow from drain 658 negligible 

River leakage 58154744 98.2 River leakage 38439232 64.9 

Southern boundary of 

the domain 

160214 0.3 Southern boundary of the 

domain 

5109272 8.6 

TOTAL 59196180 100.0 TOTAL 59190432 100.0 

 
 

Tab. 6.1. Net cumulative volumes during the hydrologic year (October 2015 to September 2016) 

 

 

Fig. 6.8. (a) 
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Fig. 6.8. (b) 

Fig. 6.8. Hydraulic heads simulated at the end of (a) May and (b) September 2016. 
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7. Solute transport model implementation  

In this Section, we describe the coupling of the groundwater flow model with a solute transport 

model is described. The simulation code used is MT3DMS (Zheng and Wang, 1999). MT3DMS may 

simulate changes in concentration of miscible contaminants in groundwater considering advection, 

hydrodynamic dispersion, diffusion, and chemical reactions, with various types of boundary 

conditions and external sources or sinks. MT3DMS allows calculating concentration at each node of 

the model grid through an iterative solution procedure. Iterations stop and the solution is reached 

once the difference between the concentration calculated at two following iterations is lower than a 

value defined by the User. 

The partial differential equation describing the fate and transport of contaminants of species k in a 3-

D, transient groundwater flow systems can be written as follows: 

 

where: 

 θ is the effective porosity of the porous medium; 

 Ck is the concentration of species k [M/L3]; 

 t is the time [T]; 

 xi,j is the distance along the respective Cartesian coordinate axis [L]; 

 Dij is the hydrodynamic dispersion coefficient tensor [L2/T]; 

 vi  is the linear pore water velocity [L/T] and it is related to the Darcy’s flux through the 

relationship vi = qi θ ; 

 qs is the volumetric flow rate per unit volume of aquifer [1/T] representing fluid sources 

(positive values) or sinks (negative values); 

 Cs
k is the concentration of the source/sink flux for species k [M/L3]; 

 ∑Rn is the chemical reaction term [M/(L3*T)], e.g., sorption, radioactive decay, and/or 

biodegradation. 

The advection term, , describes the transport of miscible contaminants at the same 

velocity as the groundwater and usually dominates in aquifers with coarse grained materials. The 

dispersion term, , results from both mechanical dispersion (i.e., a result of deviations 

of actual velocity on a microscale from the average groundwater velocity), and molecular diffusion 

driven by concentration gradients.  

The transport equation (2) is related to the flow equation (1) through the Darcy’s law (in one 

dimension): 
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where the hydraulic head is obtained from the solution equation (1).  

In MT3DMS, equation (2) may be completely approximated through a block-centered finite-

difference approach. Anyway, since numerical dispersion and artificial oscillation problems may 

occur, MT3DMS includes different techniques to approximate the advection term: 

 the standard finite-difference method; 

 particle tracking; 

 a higher-order finite-volume Eulerian method (TVD - Total-Variation-Diminishing). 

These solution options treat the dispersion, sink/source, and reaction terms in exactly the same 

fashion, using the block-centered finite-difference method. 

As for the groundwater flow model (see Section 5 and 6), the solute transport model presented in 

this Section was implemented using the FREEWAT platform (Rossetto et al., 2015), which integrates 

the simulation code MT3DMS (Zheng and Wang, 1999).  

In order to produce a calibrated solute transport numerical model, concentrations of nitrates 

monitored in Serchio river surface water and groundwater were used for defining boundary and 

initial conditions, and for concentration calibration purposes. As such, the model is calibrated for 

advective dispersive solute transport processes. 

7.1 Space and time discretization 

MT3DMS transport model follows the same spatial discretization convention as used by MODFLOW-

2005. As such, the model grid described in sub-section 5.1.1 was adopted to discretize the aquifer 

system in the horizontal plane. Moreover, same cells defined as no-flow ones at the northern 

boundary were set inactive also for the transport model. This means that they are inactive 

concentration cell for all species.  

On the vertical dimension, instead, a finer discretization is needed to guarantee a proper 

representation of the dispersion phenomenon, as this mechanism occurs at a finer scale with respect 

to advection. As such, to accurately represent hydrodynamic dispersion within the sandy-gravelly 

aquifer, the deepest model layer was further discretized in two layers with the same thickness. Of 

course, in order to represent the hydrodynamic conditions set in the MODFLOW model described in 

Section 6, hydraulic properties, boundary conditions and source/sink terms applied to the aquifer 

were extended to these new layers. In particular, inflow rates from the Monte S. Quirico – Carignano 

reliefs and abstractions for domestic and irrigation purposes were equally distributed between the 

two deepest layers. At the same time, pumping wells of the Sant’Alessio well field could pump either 

from one or both of the layers, according to the elevation of well screens.  

Regarding time discretization, transport simulation in MT3DMS is based on the head solution 

provided by the coupled flow model. Anyway, the length of the time-step used for the head solution 

is generally too large to be used as the length of the time-step for the transport solution, because the 

transport solution has either stability constraints and/or accuracy requirements that are more 

restrictive than those for the flow solution. Each MODFLOW time-step is therefore further divided 

into smaller time increments, called transport steps, during which heads are considered constant and 

the solution of equation (2) is attempted to be reached. For the transport model described in this 
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Section, the maximum number of transport steps within a MODFLOW time-step is 50000 (see Tab. 

7.1).  

7.2 Model layers parameterization 

Once the MODFLOW model was calibrated respect to hydraulic heads and flow, the transport model 

was created for a unique mobile species. Layers properties needed to run a solute transport 

simulation were defined as described below. As far effective porosity, several zones for the 

superficial cover and the sandy-gravelly aquifer. Such values were assigned according to data 

provided by previous studies. Specifically, an average value among the available data was assigned at 

each conductivity zone shown in Fig. 5.6 (Fig. 7.1). The effective porosity of the aquifer was further 

redesigned, as a consequence of changes made for hydraulic conductivity during the calibration 

phase (Fig. 6.5). Calculating the hydrodynamic dispersion coefficient tensor, Dij , requires assigning 

the following coefficients for each layer: 

 the longitudinal dispersivity, αL  [L], which is a qualitative estimate of the scale length of the 

heterogeneity of the flow field, whose effects on transport processes are dominated by the 

hydrodynamic dispersion mechanism; 

 the ratio of the horizontal transverse dispersivity, αTH , to the longitudinal dispersivity, αL ; 

 the ratio of the vertical transverse dispersivity, αTV , to the longitudinal dispersivity, αL . 

For the aims of this analysis, the values presented in Tab. 7.1 were set. As the effect of molecular 

diffusion is negligible (field investigations clearly presented an advection dominated flow field), a null 

value was set for the effective molecular diffusion coefficient for the species introduced and for each 

model layer. 

 
Fig. 7.1. (a) 
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Fig. 7.1. (b) 

Fig. 7.1. Effective porosity zones defined for (a) the superficial cover (upper layer) and (b) the aquifer (two 

deepest layers). 

Model layer αL (m) αTH  / αL αTV  / αL 

Superficial cover 4 0.1 0.01 

Sandy-gravelly aquifer 30 0.1 0.01 

Tab. 7.1. Values used for the hydrodynamic dispersion coefficients. 

7.3 Boundary conditions 

Neumann boundary conditions (type II, specified concentration gradient normal to the boundary) 

were adopted along each boundary of the active domain. Specifically, a null concentration gradient 

was set, meaning that no dispersive solute flux may occur across those boundaries, while advective 

solute flux will be driven by groundwater flow velocity field. 

7.4 Source and sink terms 

As said above, the calibration of the solute transport model is based on nitrate presence in 

groundwater as monitored during the sampling campaigns detailed in Section 3.1. The present 

simulations are then focus on nitrates exchanges between surface and groundwater. In Fig. 7.2 the 

distribution of nitrates concentrations within the Sant’Alessio plain (as monitored in May 2015) is 

presented. In Fig. 7.3, the map shows average concentrations as monitored during the whole 

MARSOL project duration. Nitrate concentrations are rather low in the Serchio river (mean value of 
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2,09 mg/l during the monitored period) and in groundwater along the Serchio reach (mean values 

ranging between 2 and 4 mg/l), while they increase in the aquifer in the inner part of the plain (mean 

values around  4-10 mg/l). They again are very low at the border with the hilly areas (around 1 mg/l). 

Higher concentrations in the plain are potentially related to the absence of a connected sewage 

system and use of fertilizers. However, we do not have any data about these input sources. As such it 

was decided to focus the simulation on the mass flux exchange between the river and the aquifer. 

Because of this, calibration process focused on the points along the Serchio river reach. 

 

Fig. 7.2. Nitrate concentrations monitored on May 2015.  

Hence, a uniform concentration value was set for nitrate concentration at all the cells representing 

the Serchio river. Fig 7.4 shows concentration values assigned at each stress period. They were 

defined according to measured values for May and July 2015, January, March, May, August and 

October 2016 at monitoring point SW_2 (Fig. 7.5), while an average value was used at all the other 

SPs (C=2,09 mg/l; Fig. 7.3). 

7.5 Initial conditions 

The initial concentration values assigned to aquifer cells, referring to data monitored in May 2015, is 

shown in Fig. 7.5. Then, solute transport simulation begins in May 2015. The concentration 

distribution resulted from kriging interpolation (Fig. 7.5). The interpolation was performed over the 

extended polygon used for interpolation of top and bottom surfaces of the hydrostratigraphic units 

(refer to Figures in sub-section 5.2.1). 
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Fig. 7.3. Average nitrate concentrations monitored during the MARSOL project duration.  

 

Fig. 7.4. Concentration values applied at cells of the Serchio river.  
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Fig. 7.5. Starting concentration in the aquifer. Values measured at point SW_2 were used to define 

concentration values at the cells of the Serchio river. 

7.6 Numerical solver 

For the aims of this analysis, the standard finite-difference method was adopted to approximate the 

advection term of equation (2). The MT3DMS GCG (Generalized Conjugate Gradient) Package was 

used as a numerical solver. The maximum number of outer and inner iterations was defined (500 and 

100, respectively). A value of 0.0001 Kg/m3 was further set for the concentration closure criterion. 

7.7 Simulation results  

Fig. 7.6 reports concentration simulated for transport layer 2 at the end of May and September 2016. 

Calibration is satisfactory at point along the Serchio river reach, while it was not evaluated in the 

Sant’Alessio plain, as said above, as further contamination sources were not evaluated. It is worth 

nothing the movement of the nitrates plume (results of higher initial concentration) coming from the 

north-eastern side urban area towards south-west. In this context, river recharge of the aquifer acts 

as a diluting source in respect to the higher nitrates content in the Sant’Alessio plain. 

The implemented model was then used to perform a series of analysis to inform the contingency 

plan described in Deliverable 8.2 Operational and contingency plan. 
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Fig. 7.6. (a) 

 

Fig. 7.6. (b) 

Fig. 7.7. Concentration simulated for transport layer 2 at the end of (a) May and (b) September 2016. 
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9.Conclusions 

The activities run and described in this report allow to better precise the hydrodynamics and 

hydrochemistry of the Sant’Alessio IRBF MAR plant and to get a deeper insight on its reliability as a 

safe and continuously available source of water. Previous studies had defined the main 

hydrogeological characteristics of the Sant’Alessio plain, but had never went in details on the 

hydrynamics and hydrochemistry of this very important freshwater resource. 

In particular, non-invasive high definition characterization performed via the UFZ MOSAIC approach 

allowed to gather relevant information on the stratigraphy and the hydrodynamics within the river-

aquifer-well system. Besides innovative investigations methods which produced quantitative data on 

hydraulic conductivities, two tracer tests allowed highlighting very high flow velocities in the aquifer, 

in the order of m/day. The data produced informed the groundwater flow and solute transport 

numerical model implemented to manage the IRBF scheme. 

Physical and chemical data have been collected via discrete and continuous monitoring methods. The 

data presented in this section reveals that the overall geochemistry of the pilot area of Sant’Alessio 

shows homogeneous Ca-HCO3 geochemical facies for most of the samples (i.e. surface water and 

groundwater). The source of water contributing to the water cycle in the Sant’Alessio plain were 

identified, thanks also to isotopic analyses (δ18O and δD). The latter show that the Serchio River 

provides most part of the groundwater recharge in the Sant’Alessio area. For groundwater at PR_02 

(a piezometer in front of well C_5 of GEAL spa), the Serchio river water fraction ranges from 96% 

(using Li as tracer) and 82% (using Cl as tracer), while at MAR-10 (considered as the point where 

Serchio river water mixes with local recharge infiltrating in the plain) a fraction of about 53% of 

Serchio river may be estimated. The low EP concentrations defined in the groundwater indicate 

absorption and/or degradation in the aquifer during the infiltration processes. 

Continuous monitoring scheme proved to be relevant for the daily management of the IRBF scheme. 

An innovative probe based on spectrometer analysis was tested for monitoring the organics in 

groundwater in the wellhead protection area. The use of such tools is beneficial in setting an alarm to 

the whole water supply system. 

Finally, as said, a groundwater flow and solute transport model was set up and calibrated in order to 

produce a tool for the management of the IRBF scheme. It constitutes a tool for foreseeing and 

analyzing contamination events and for planning intervention at the IRBF site. The analysis done in 

this task also demonstrated the reliability of working with the free and open source and QGIS-

integrated FREEWAT platform. All the modelling activities performed were undertaken using free and 

open software. The solute transport part integrated in FREEWAT (as detailed in Deliverable 8.1) was 

successfully tested. The numerical model is then used in Deliverable 8.2 to inform the Operational 

and contingency plan.. 

The whole set of analysis performed demonstrates that the Sant’Alessio IRBF scheme if appropriately 

managed and monitored may be a robust MAR plant providing a reliable source of water in term of 

quantity and quality. They also demonstrate that, as contaminants are present within the MAR 

scheme area, as results of human activities, the set-up of a monitoring protocol is mandatory. This 

has to be based both on continuous data acquisition, but also on discrete monitoring activities. The 

latter in order to increase the information content that may be derived from advanced continuous 

monitoring systems. 
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Appendix 1. Installing and operating the monitoring system: summary 

of crucial activities. 

 

In this section the procedure to install the WSN is reported, starting from the description of the initial 

design up to the final configuration. 

Jan 2015 – June 2015 

In January 2015, we conducted an inspection on the site and validated the communication between 

central node (PR2), configured with a GPRS modem to push data on the remote server, and the 3 

surrounding clusters (PR1, PR3 and PR5) equipped with a 2.4 Ghz radio Modem (ZigBee) installed into 

a plastic manhole. In that occasion we proposed to install a network repeater node to properly link 

PR6 and a couple a separated GPRS-enabled node for PR4 and SSW2. 

In April 2015, we installed the sensors (temperature, conductivity and level) for 3 clusters (PR1, PR2 

and PR3) and started acquiring values. The acquisition module, based on Arduino Leonard controller 

board and OTR sensors worked as expected, the communication infrastructure pointed out some 

transmission problems caused by the reinforced concrete manhole used to replace the plastic ones. 

To solve definitively this issue we split each cluster node into 2 components: the controlling 

electronic and sensor, installed into the safe and robust reinforced concrete manhole, and the 

transmission antenna, installed into a separated but connected-by-wire, plastic manhole. We also 

replaced al the transmission module, by adopting a more penetrating frequency (868 MHz instead of 

the original 2.4 GHz), this entailed a complete re-design of software used for low-level control in 

order to properly save power with the new transmission radios and optimise the battery duration. 

 

August 2015  

 

We changed the following parts on “main node”, to properly handle brownouts on power line from 

technical room on well 5: 

- Arduino “Leonardo” board 

- Shiled 3G (To handle server communications) 

- XBee radio module 

- Power suppler 220 VAC/12VDC 

Since we changed the Xbee module on central node, we modified all the Xbee client modules to 

guarantee the connection to the server. 

The master node was down for 10 days for component provisioning, the client batteries were 

completely drained (caused by repetitive transmission-to-master retries) and were changed. 

Although we changed the battery on node 1, the conductivity sensor was not properly functioning, so 

we decided to remove and test it in laboratory. 

Nodes 2,3,5 and 6 stared working correctly after changing XBee module; we decided to increase the 

power transmission of node 4 up to 200mW in order to avoid packet loss. 

 

October 2015  
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By analyzing data long on the beginning of October, we noticed a progressive signal drift for both 

conductivity and temperature sensors. The average drift was in order of 20% with peaks of 40-55%, 

so we decided to execute a comparative test using an external reference acquisition board supplied 

by Scuola S.Anna. 

On November 2015, using both field measurements and laboratory-made reference samples, we 

confirmed a serious degradation of sensitivity for the conductivity sensor.  

December 2015 

Sensors needed a completely new calibration procedure: conductivity and temperature sensors with 

the corresponding electronic controlling units, were sent back to the technology supplier for a 

further test (10/12/2015). 

All the equipment was returned back by the end of January after a complete reset and a new 

calibration certificate was issued by the manufacturer.  

In the main time the Italian Regulation Authority for Communications contacted the responsible of 

data transmission (TEA SISTEMI) asking for a power reduction on radio communication for the 868 

Mhz frequency (used by XBee modules) to ensure the installation of a network repeater used by a 

mobile phone provider. Since a concrete power reduction was unfeasible, according to the distance 

between nodes and the environmental characteristics, we opted for a complete re-engineering of 

communication layer with the adoption of a 3G modem instead of the Xbee radios. 

The new configuration required about a month for provisioning and electrical and software 

modifications of all the nodes. 

March 2016 

We finally finished the installation and setup of the new communication infrastructure and the re-

calibrated sensor on March 2016 and started with data transmission by March, 15th. 

July 2016 

On July, 7th the transmission was interrupted. This situation was caused by a wrong procedure used 

for the SIM activation by the network provider. 

In the meanwhile, to reduce the installation complexity and provide a safe and controlled area for 

multi-parametric sensor, we decided to install the multi-probe on the same place used previously by 

node 5 and (simultaneously) add an acquisition node directly into the water of Serchio river, near the  

S. Quirico bridge, in order to try to identify correlations between data acquired by the river sensor 

and by other wells. 

This double installation required about a month to be completed. 

August 2016 

On August, 74h we re-started the transmission, with the addition of river data and multi-parametric 

sensor. 
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This final configuration is currently up and running and, apart from some sporadic failure on data 

transmission (caused by battery consumption), we received all the acquired data by the active nodes. 

Comments about an effective continuous monitoring system 

Based on the knowledge experienced during MARSOL activities at the Sant’Alessio site, partners end 

up with a series of conclusions that can be considered as guidelines for assessing the application of a 

DSS on MAR site, having characteristics similar to Sant’Alessio well field, in terms of geographic 

position, management activities, etc. 

Being an innovation and demonstration project, in MARSOL a non-standard configuration for WSN 

have been selected, following an approach which emphasizes the high-customization and low-cost 

priorities. This implied significantly cumbersome installation and maintenance procedures, due to a 

series of boundary conditions like: operation in open-field (exposed to frequent vandalism events), 

limits on the transmission power, lack of electrical power supply, etc.  

The following paragraph reports an economic estimate of possible costs saving arising from the 

adoption of open source hardware, like the ones used in S.Alessio site, compared to standard 

commercial solutions. 

Tab. 1 below shows costs related to a single peripheral node, while Tab. 2 for a central one 

(gateway). Considering a typical setting of a 6-point WSN, the total costs for the hardware part is 

around € 9448, compared with € 16000 which is a typical price for a similar commercial solutions.  

According to these figures, the raw hardware costs will raise a saving of about 41% 

It is noteworthy to note that in this estimate no manpower costs are included. This point is crucial if 

one considers the potential criticalities arising from installing a WSN on a site like S.Alessio, as in the 

case of MARSOL project. For this reason, instead of only considering the costs saving for sensors, the 

main criterion to select between commercial and in-house assembled technology should take into 

account a balance between such a cost and the actual costs of implementation and maintenance.  

Sensor (Water Level, T, EC) Cost (~ €) 

Probe (Level, T, EC) 1300 

Xbee 2.4 Ghz 1.5 Km 63mW 30 

Shield Arduino for Xbee 17 

Antenna 1.8 dBi 17 

Arduino Leonardo 22 

Arduino Proto 7 

Battery(x2) 50 

DC Converter 50 

Box IP66 34 

Total for 1 probe 1527 

Tab. A1. Costs for a single node 
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Central node Cost (~ €) 

Xbee 2.4 Ghz 1.5 Km 63mW 30 

Shield arduino for Xbee 17 

Antenna 1.8 dBi 17 

Arduino Leonardo 22 

Arduino Proto 7 

DC Converter 50 

Box IP66 50 

Raspberry Pi 53 

SD Memory 10 

Modem GPRS 30 

Total 286 

Tab. A2 – Costs for a central node 

 


