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Preface 

 

FLOWPATH 2019, the 4th National Meeting on Hydrogeology, was held in Milan from 12th to 14th 

June 2019. According to the aim of the previous Editions of FLOWPATH, held in Bologna (2012), 

Viterbo (2014) and Cagliari (2017), the conference is an opportunity for Italian hydrogeologists to 

exchange ideas and knowledge on different groundwater issues.  

The objectives of the conference are: 

- To promote dialogue and exchange of scientific knowledge among young hydrogeologists; 

- To deepen the theoretical and practical aspects of our understanding on groundwater; 

- To update all the stakeholders, researchers and professionals on recent challenges in the 

hydrogeological sciences; 

- To encourage researchers, professionals and administrators to contribute to the improvement 

of water resources management. 

This Volume of Conference Proceedings contains the abstracts of oral and poster contributions 

accepted to FLOWPATH 2019. The abstract were evaluated by the Scientific and Organizing 

Committees. This volume contains 99 abstracts, submitted by Authors coming from Universities, 

Public Authorities and Private Companies of Italy and many other countries, such as Australia, 

Belgium, Croatia, Czech Republic, Greece, Hungary, Israel, Malta, Morocco, Nigeria, Spain, 

Switzerland, The Netherlands, U.K., and U.S.A. 

The conference focuses on four themes of great importance: 

1. Groundwater Resource Management 

2. Fractured Rocks and Karst Aquifers 

3. Contaminated Sites 

4. Urban Hydrogeology 

The content of the Conference Proceedings is organized according to the four topics of the conference. 

The keynote lectures open the sessions were they were presented, followed by the scientific 

contributions in alphabetical order by first authorôs family name. 

 

Editors: 

Luca Alberti 

Tullia Bonomi 

Marco Masetti 
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The management of groundwater resources in the Maltese Islands 

 

Manuel Sapiano 

Energy and Water Agency, Malta 

 

 

KEYNOTE LECTURE  

 

The semi-arid climate and small aerial extent of the Maltese islands precludes the formation of 

economically exploitable surface water resources, and hence groundwater is the main naturally 

renewable source of freshwater in the islands. Groundwater occurs as two main aquifer typologies: 

- the mean sea-level aquifer systems, essentially freshwater lenses floating on the denser sea-

water and sustained in the lower coralline limestone formation, and 

- the perched aquifer systems, high-lying small groundwater bodies sustained in the upper 

coralline limestone formation by an underlying layer of blue clay. 

The mean sea-level aquifer systems are by-far the most important groundwater resources of the 

islands, representing around 80% of the sustainable groundwater yield.  These aquifer systems were 

first exploited in the late 1800ôs when the advancement of drilling technology permitted the 

exploitation of deep groundwater resources.  Due to their importance the mean sea-level aquifers are 

extensively monitored with regular qualitative results dating back to the 1940ôs.  These results 

highlight the vulnerability of these aquifer systems to sea-water intrusion and anthropogenic 

contamination by nitrates. 

Due to an ever-increasing national water demand, these aquifer systems are under increasing 

quantitative stress, and hence Maltaôs water management strategy focuses on the development of 

water demand management and supply augmentation measures to enable an efficient water demand 

to be met, whilst ensuring the sustainable use of groundwater resources. In this respect, various 

initiatives are currently being implemented to ensure the effective protection and sustainable use of 

groundwater. These include: 

- the development of new numerical models of the groundwater bodies, which enable different 

future water management scenarios to be assessed; 

- the development and application of Managed Aquifer Recharge techniques; 

- the distribution of groundwater abstraction and the development of predictive water quality 

functions for abstraction stations;  

- the optimisation of groundwater monitoring infrastructure, enabling the monitoring of salinity 

distribution in the freshwater lens; and 

- the development of monitoring tools to enable the effective regulation of private groundwater 

abstraction. 

These initiatives form part of Maltaôs 2nd River Basin Management Plan, which has as its primary 

objective the achievement of sustainable groundwater use levels by 2021. 
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ABSTRACT 

IPCC identified Mediterranean ecosystems as the most likely to be affected by climate change, with 

a clear tendency towards drier and hotter conditions. This will probably lead to a depletion of surface 

and ground waters, salinization in coastal areas and desertification. Shortage of water is expected to 

threat key ecosystem services and decrease crop productivity. The LIFE project DESERT ADAPT 

(http://www.desert-adapt.it/index.php/en/the-project) aims at demonstrating the positive effect of an 

integrated ecosystems approach, through climate-resilient land use, soil conservation and plant 

support, in areas subjected to land degradation and desertification in Italy, Spain and Portugal. To 

parametrize the 10 project field sites and to quantitatively assess the improvements derived from the 

application of the Desert Adapt measures, several indicators concerning soils, water, biodiversity, 

and agricultural properties were considered.  

 

Keywords: climate change, water availability, infiltration capacity, land use, soil organic matter 

 

 

METHODS 

The Desert Adapt measures are carried out in 10 demonstration sites, covering over 1000 hectares, 

located in Portugal (Beja district), Spain (Extremadura) and Italy (Sicily, provinces of Enna, 

Caltanissetta, Caltagirone and Lampedusa), which are among the European areas with the highest 

levels of vulnerability to desertification. The field activities at the 10 sites included: water infiltration 

capacity (WIC) tests using a double ring infiltrometer, according to the procedure suggested by 

Bagarello et al. (2012); soil composite samples collection in uniform areas in terms of macro 

descriptors, like land use, geomorphology and vegetation cover, for a minimum set of 5 to 10 

replicates, generally down to 10 cm; soil cylinders collection according to the MiPAAF method 

(1997). Additionally, the laboratory activities allowed measuring: water retention capacity according 

to the European Method (https://www.agvise.com/educational-articles/water-holding-capacity/); soil 

bulk density according to the MiPAAF method (1997); soil texture according to the MiPAAF method 

(2000); TOC by sulfochromic oxidation (ISO 14235:1998) and SOM according to Van Bemmelen 

(1890); the available water content (AWC), the field capacity (FC) and the wilting point (WP) 

according to Rawls et al. (2003). 
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RESULTS 

Bulk density values were strictly related to land use in all the field sites. Pinewood topsoil show the 

lowest bulk density values, while grassland for pasture had high values of bulk density. Jara shrubs 

plot and uncultivated plot have the highest water retention capacity values while the old pinewood 

and the olive grove plot have the lowest values of water retention capacity. The WIC is elevated in 

sandy soils, although the standard deviation is high, witnessing a high degree of heterogeneity. WIC 

resulted to be inversely proportional (with a linear relation; R2 0.72) to the degree of compaction of 

the soils for all sites and directly proportional (with a linear relation; R2 0.82) to the SOM content for 

all sites. Pinewood has the highest AWC even though the soil is sandy, due to the high content of 

organic matter. The prickly pear orchard has the lowest AWC, due to the high percentage of sand 

present in this field site. AWC resulted to be inversely proportional (with a linear relation; R2 0.74) 

to the sand content for all sites and directly proportional (with an exponential relation; R2 0.86) to the 

SOM content for all sites.   

 

CONCLUSIONS 

The DESERT ADAPT measures are specifically designed to counteract aridification and land 

desertification. To reach this goal, the project aims to identify those indicators (Karlen et al., 1997), 

whose change ensures the widest improvement of soil, water, biodiversity, and agricultural properties 

in the 10 field test sites. From a hydrological point of view it was evident that the SOM content is the 

most promising soil indicator to work on, since it is positively correlated both with the WIC and the 

AWC. Conversely the degree of soil compaction and the abundance of sand have detrimental effect 

on hydrological properties of soil intended for agricultural use in territories subjected to 

desertification. 
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ABSTRACT 

The alluvial plain of the Flumendosa River, in south-eastern Sardinia (Italy), is filled by detritic and 

alluvial deposits of Upper Pleistocene and Holocene Epoch and hosts a shallow phreatic aquifer and 

a deeper confined one. The plain is surrounded by hill reliefs made up of metamorphic and plutonic 

rocks of Palaeozoic Era. 

Progressive seawater intrusion and soil salinization have occurred over the last few decades probably 

due to decreasing surface water supply from the Flumendosa River caused by dam construction 

upstream the plain and groundwater overexploitation for irrigation and household purposes related to 

increasing touristic request during summer periods (INEA, 2011). 

The EU Water Framework Directive (WFD; 2000/60/EC) and the Groundwater Directive (GWD; 

2006/118/EC), implemented by the Italian national regulation in the D.Lgs. 30/09, establishes that all 

groundwater bodies of member countries must be monitored to assess their quali-quantitative status. 

The Flumendosa plain represents one of 114 groundwater bodies (GWB) of the Hydrographic District 

of Sardinia and it is monitored since 2011 by the Regional Environmental Protection Agency of 

Sardinia (ARPA Sardegna). Since it has been classified in a poor chemical and quantitative status 

there is the need to better understand the hydrodynamic context and to plan effective remediation 

actions that will be included in the next update of the River Basin Management Plan of Sardinia 

(RAS, 2016). 

 

Keywords: Water Framework Directive, 3D geological model, piezometric data 

 

 

METHODS 

A systematic review of various geological, geophysical and hydrogeological data acquired in the last 

four decades has been performed. These data include 39 stratigraphic logs, 4 seismic reflection 
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profiles, a gravimetric survey, more than 50 electric geophysics points, piezometric data and 

hydrogeological parameters from several hydrogeological surveys. 

According to the analyses of geological and geophysical data interpreted through the principles of 

sequence stratigraphy, a 3D geological model of the plain was realised by interpolating 52 geological 

sections using the software MOVE (Midland Valley). 

Groundwater dynamics and response to intense rainfall events and surface water release from 

upstream dams were investigated by correlating daily piezometric levels measured at three 

piezometers with daily precipitation and hydrometric data for the period March 2016 ï December 

2017. 

 

RESULTS 

Interpretation of the stratigraphic logs has allowed the identification of seven hydrogeological 

formations characterised by the following geometrical relationships: 

the Palaeozoic basement (basement LB-I) can be considered as an aquiclude even if, locally, 

groundwater circulation can occur within alteration zones or fracture networks; it occurs at depth 

ranging from few tens of metres, in the piedmont sector, to more than 400 metres along the coastline. 

Upper Pleistocene alluvial fans (aquifer AB) are made of slightly consolidated coarse and fine 

sediments; in the western and piedmont sector of the plain they host a phreatic aquifer while in its 

central-eastern sector they deepen and the facies succession changes laterally into the aquiclude ABim; 

probably, the aquifer AB extends below the ABim but supporting data are missing so far. 

Aquiclude ABim is an almost 70 metres thick of argillaceous succession whose upper limit occurs at 

50 meters depth below the ground surface in the central and eastern part of the plain. 

Holocene alluvium (aquifer AA1 and AA2) is mainly made of coarse fluvial deposits with high 

hydraulic conductivity values; a shallow phreatic aquifer AA1 occurs along the whole plain while in 

its central part the occurrence of the aquiclude AA2im generates a locally confined aquifer AA2. 

Aquicludes AA2im and AA1im are mainly composed of argillaceous facies with silty and sandy 

intercalation of lagoon environment; the first one occurs at a depth of 10-15 metres below the ground 

surface while the second one outcrops in the backshore locally confining the AA1 aquifer. 

Daily precipitation and hydrometric measurements were compared to piezometric data from three 

piezometers intercepting either the aquifer AA1 or AA2. Results have shown that during the wet 

season significant groundwater level rise occurs for more than 20 mm/day precipitation rates in both 

the aquifers. During the dry season, when no precipitation occurs, little groundwater level rise could 

be related to surface water release from dams. Groundwater level rise occurs after a delay time of few 

days for both precipitation events and dam releases. 

 

CONCLUSIONS 

The hydrogeological framework of the Flumendosa Plain is characterised by the occurrence of 

different aquifer systems locally confined by aquiclude formations. Piezometric data from both the 

aquifer AA1 and AA2 indicates a generally good response to direct precipitation recharge and river-

aquifer exchange. Those results will represent the input data of a groundwater flow numerical model 
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that will be used for simulating different management scenarios of the groundwater resources capable 

to restore the good status of the GWB as requested by the WFD. 
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ABSTRACT 

The Water Framework Directive 2000/60/EC (WFD), establishing a framework for Community 

action in the field of water, has introduced for all Member States the obligations relating to the 

identification of surface and groundwater bodies and their monitoring, classification and definition 

of programs of measures to achieve a good status of all water bodies. In compliance with this 

statement, the River Basin Management Plan of Sardinia (Regione Sardegna, 2015) has identified 

and delimited 114 groundwater bodies (GWB). Main criteria were the identification of geological 

boundaries at the scale of 1:200,000, hydrogeological divides, analysis of pressures, and chemical 

status of groundwater. 

In order to have a better knowledge of groundwater bodies boundaries, a more detailed delineation 

and characterization is in progress. As a first step of delineation the geological map of Sardinia at the 

1:25,000 scale was used. Considering that the aim of this map was not for hydrogeological purpose, 

its reinterpretation was mandatory.  

Every geological context needs in-depth knowledges to describe and model it properly. A further 

hydrogeological analysis can allow new interpretation of existing model according to the most recent 

methodologies developed. Each GWB required a different investigation specific approach. For 

example, incoherent recent deposits (gravels, sands, silts, clays, etc.) hosting groundwater bodies are 

characterized by porous aquifers types. Thus, necessary to consider the geometric relationships 

between stratigraphic units and the depositional environment provides important information on the 

lateral variation of hydrogeological features. Otherwise, the groundwater bodies hosted in crystalline 

rocks show continuous lithological characteristics for wide zone, but the primary relationships with 

neighboring units are often modified by tectonics (Feroni Cerrina et al., 2008). 

The geological, hydrogeological and hydrogeochemical knowledge of GWBs becomes necessary to 

understand the quantitative state (extension and thickness of the area, yield, specific storage) and 

qualitative state (chemical state) for the correct delimitation of the GWB.  
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METHODS 

The methodology for the definition of GWBs, based on the criteria of the WFD guidelines and by the 

Italian Legislative Decree 30/09, consists in the identification of aquifers on geological and 

hydrogeological basis and then the identification of groundwater bodies taking into account main 

changes in anthropogenic pressures and changes in quantitative/chemical status. This process has 

been divided into three main phases: 

1. Input, for data collection; 

2. Processing, for expert data control and interpretation; 

3. Output, for the delimitation of the GWBs and the extraction of their geographical and 

geometrical attributes. 

The basis for the aquifers/GWBs re-measurement operation has provided for an initial phase, during 

which the limits were extracted from the official geological map of Sardinia in scale 1:25,000 

(http://www.sardegnageoportale.it/). Then the limits between aquifers/GWBs have been updated on 

the base of geological criteria identified at the new scale of representation. In this phase, especially 

where overlapping aquifers are present, the limits were defined and validated basing on the geological 

information of the terrain and the stratigraphic data, obtained from the recent and historical 

cartography, and the control of the available stratigraphic logs. 

The study has been done in ESRI ArcGIS environment. 

 

RESULTS 

The methodological approach provided a 3D reconstruction of the groundwater bodies (GWB), 

considering all the geological features (sedimentological, stratigraphic, tectonic, etc.) that shaped 

them and that can separate one from each other. In particular, to define a 3D model of the Plio-

Quaternary GWBs in coastal plains the main effort was made in relating each sedimentary body with 

the proper depositional environment. In this way, the lithological sequence detected in well logs or 

geophysical logs can be extended laterally considering them as depositional sequences. This allowed 

to reconstruct the geometries of the GWB in a reliable way in space and time. Further, one of the 

main challenges in studying coastal plains is to estimate the stratigraphic thickness. In this case, when 

well logs were not available, the GWB thickness of recent deposits along the river branches has been 

inferred taking into account the slope geometry. Some lithostratigraphic units of reduced thickness 

were excluded after a case-by-case analysis. They, while exercising a hydrogeological function, do 

not constitute a significant permanent resource, since are saturated for short periods of the year. 

Moreover, the occurrence of the water intakes allowed to identify buried GWB. Less important than 

for other kind of GWB are the occurrence of tectonic structures, considering the recent geological 

evolution of Sardinia. Finally, construction of detailed geological sections was useful for the 3D 

reconstruction of GWB and to validate the final model. 
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ABSTRACT 

The 2016 seismic sequence strongly affected the groundwater flow in the Sibillini Mts. ridge area, 

mainly after the Norcia main shock of 30th October 2016. Water-table and discharge changes of 

fractured carbonate aquifers have been already highlighted (Petitta et al., 2018) and one of the most 

influenced zone is the intramontane basin of the Norcia plain.  

Nowadays, long-term effects are still observable in the Norcia plain aquifer: groundwater table levels 

remain several meters above the pre-seismic conditions and a surplus discharge in the Sordo river has 

been monitored. However, a seasonal recharge signal is affecting the water table since March 2018.  

This study focalized on the hydrogeological changes (short- and middle-terms) due to the seismic 

sequence and on the implementation of a preliminary numerical model used to test the validity of the 

conceptual model based on the pre-seismic hydrogeological condition of the Norcia aquifer. Further 

monitoring will allow a refinement of the proposed preliminary model, necessary to understand the 

role of the Norcia aquifer in the regional groundwater flow of Sibillini Mts. hydrostructure, before 

and after the 2016 seismic sequence. 

 

Keywords: earthquake hydrology, Norcia aquifer, numerical model. 

 

 

METHODS 

Pre-mainshock hydrogeological data refer to three hydrogeological surveys performed in the 2010-

2011 period. The collected information, related to piezometric levels in 28 wells of the Norcia plain 

and discharge measurements in the Sordo river basin (Petitta, 2011), are considered representative of 

the background hydrogeological setting of the aquifer. After the main shock of 30th October 2016 

new hydrogeological surveys have been carried out in order to quantify water-table and discharge 

changes in the study area. 

A preliminary numerical model of the Norcia aquifer has been implemented related to pre-and post-

seismic (February 2017) hydrogeological conditions. Specifically, the northern portion of the aquifer 

has been simplified into a single homogeneous layer with a thickness of 150 meters. The model has 

been implemented by the finite difference code MODFLOW using FREEWAT as graphical user 
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interface (Rossetto et al., 2018). It represents an area of about 17 km2 with an extension of 

approximately 5.8 x 4.5 km. 

 

RESULTS 

Before the 30th October 2016 earthquake the Sordo River emerged from the Marcite spring area, near 

Norcia village and its discharge downstream of the Plain has been evaluated in 0.7 m3/s (Petitta, 

2011). This discharge cannot be referred only to the net recharge in the alluvial deposits, computed 

in 200 mm/year, but a contribution from the adjacent carbonate aquifers has to be considered. The 

analysis of piezometric levels evidenced a seasonal steady regime of water table of the Norcia aquifer 

between 550 and 585 meters a.s.l. in the northern sector. Instead, in the eastern and south-western 

sectors the water table ranges more than one meter reaching up to 610-615 meters a.s.l. 

Subsequently the Norcia mainshock, the water-table of the aquifer has shown a sudden hydraulic head 

increase, which contributes to the re-activation of the Torbidone spring (Valigi et al., 2018). Indeed, 

until May 2017 a progressive increase of the water table elevation has been recorded from +1 m (in 

the north-western sector) to + 8/15 m (respectively in the south-western and eastern sectors). As a 

consequence, the discharge of the Sordo River also reacted with a gradual increase estimated over 2.0 

m3/s, receiving also the Torbidone spring discharge. 

In the following months, the earthquake effects gradually reduced, with consequent lowering of the 

water-table and a progressive decrease of Torbidone spring discharge. Since March 2018, changes in 

groundwater levels show a seasonal recharge signal; however, groundwater table levels remain 

several meters above the pre-seismic conditions and a surplus discharge of +1.1 m3/s in the Sordo 

River is yet highlighted (Fig. 1). 

 

 

Fig. 1 - Variation of groundwater levels in Norcia plain due to the seismic sequence 
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The results of the preliminary numerical model also allowed to confirm that the Norcia aquifer is fed 

mainly by adjacent carbonate hydrostructures and that the drainage occurs from East and from South 

towards the north-western sector of the plain, where the springs of the Sordo river are located. This 

is supported also by the calculated hydrogeological budget: the groundwater surplus of the Norcia 

Plain, due to the 2016 seismic sequence, is also shown by the simulated water-table levels. 

 

CONCLUSIONS 

After the 2016 seismic sequence a surplus of groundwater flowed in the Norcia plain from the 

adjacent carbonate hydrostuctures. This fact is highlighted by the rise of water-table, by the increase 

of Sordo discharge and by the reactivation of the Torbidone spring. 

Further monitoring, that includes geological, hydrogeochemical and isotopic data, will allow a 

refinement of the proposed preliminary numerical model, necessary to evaluate the role of the Norcia 

aquifer in the regional groundwater flow of Sibillini Mts. hydrostructure, before and after the 2016 

seismic sequence.  

 

 

References 

Petitta M., 2011. Integrazione della base conoscitiva per la gestione della risorsa idrica sotterranea del Parco 

Nazionale dei Monti Sibillini. Technical Report 

Petitta M., et al., 2018. Water-table and discharge changes associated with the 2016ï2017 seismic sequence in 

central Italy: Hydrogeological data and a conceptual model for fractured carbonate aquifers. Hydrogeol J: 

26:1009. doi:10.1007/s10040-017-1717-7 

Rossetto R., De Filippis G., Borsi I., Foglia L., Cannata M., Criollo R., Vázquez-Suñé E., 2018. Integrating 

free and open source tools and distributed modelling codes in GIS environment for data-based groundwater 

management. Environmental Modelling & Software, 107:210-230 

Valigi D., et al., 2018. Modification of groundwater circulation induced by the Central Italy earthquakes: the 

case of Torbidone system (Norcia Plain, Italy). EGU General Assembly Conference Abstracts. Vol. 20 

 

 



FLOWPATH 2019 ï NATIONAL MEETING ON HYDROGEOLOGY 

12-14 JUNE 2019 ï MILAN , ITALY  

 

 

 

 

15 

Inferring different hydrogeochemical processes in a coastal aquifer via factor analysis 

 

Gianluigi Busico1*, Nerantzis Kazakis2, Emilio Cuoco1, Nicolò Colombani3, Dario Tedesco1, Micòl 

Mastrocicco1 

1 Università degli Studi della Campania, Luigi Vanvitelli, DiSTABiF, Caserta, Italy.  

*Corresponding email: gianluigi.busico@unicampania.it 

2 Aristotle University of Thessaloniki, Dept. of Geology, Thessaloniki, Greece 

3 Universit¨ Politecnica delle Marche, Dipartimento di Scienze e Ingegneria della Materia, dellôAmbiente ed Urbanistica 

(SIMAU), Ancona, Italy 

 

 

ABSTRACT 

Groundwater mineralization is due by several processes such as, water-rock interactions, mixing with 

different waters and intense human activities. Usually the alluvial plains represent the hardest 

situation for a hydrogeochemical characterization, because all those processes act at the same time 

frame. Multivariate statistical analysis has been successfully applied to discriminate between different 

processes occurring in aquifers (Busico et al., 2018; Kim et al., 2009). Factor analysis identifies four 

different factors and seven hydrogeochemical processes in the study area. Six were related to the 

natural geological background of the area and one to the anthropogenic pressure. Overall, the 

conceptual model derived from the factor analysis was coherent with the regional hydrogeological 

pattern and land use features, underlying the effectiveness of this statistical technique to discriminate 

different overlapping processes. 

 

Keywords: Multivariate statistical analysis, alluvial aquifer, groundwater mineralization. 

 

 

METHODS 

Forty-three groundwater samples were collected mainly from agricultural wells in the alluvial plain 

of Garigliano River. The determination of the chemical parameters has been performed in the 

geochemical laboratory of University of Campania ñLuigi Vanvitelliò via ion chromatography via a 

Dionex DX-120 for major ions Ca2+, Mg2+, Na+, K+, SO4
2-, NO3

- and using an Agilent 7500 CE ICP-

MS for trace elements Fe, Mn, Zn, B, V, Li, U, Cr, Ba, Sr, As and Ni. Factor analysis (FA) was used 

on the entire database to identify all the hydrogeological processes acting in the Garigliano River 

plain and to discriminate between geogenic and anthropogenic processes  

 

RESULTS 

Four factors emerged from the FA application (Table 1): Factor 1, composed of Cl-, SO4
2-, Na+, Mg2+, 

Ca2+ and Ba, represents the main salinization factor for the studied aquifer. Inside this factor is 

possible to identify more processes: i) the lateral inflow from carbonate massive of Massico 

Mountain, with a Ca-Mg-HCO3 groundwater composition, ii) the seawater intrusion near the coastline 

and more evidently at the Garigliano River mouth which represents a preferential path for seawater 
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intrusions (Kazakis et al., 2019) and finally iii) the interaction with marine sediments in the central 

part of the study area. The Factor 2 shows a correlation between F-, As and V, elements commonly 

found in groundwaters hosted in volcanic rocks. The Factor 3 consists of three species, NO3
-, U and 

Sr. The spatial distribution of this factor suggests an anthropogenic origin of these elements like 

agricultural activities, and sub-urban activities (Busico et al., 2017). The last factor, with the 11% of 

the total variance explained, has only B that was probably released by reworked silica sediments. 

 

 Factor 1 Factor 2 Factor 3 Factor 4 

HCO3
- 0.59 -0.02 0.23 0.33 

F- -0.20 0.83 -0.12 0.18 

Cl- 0.97 -0.01 -0.06 0.13 

NO3
- -0.03 0.02 0.82 -0.10 

SO4
2- 0.93 -0.11 0.17 0.12 

Na+ 0.97 0.01 -0.07 0.14 

K+ 0.59 0.49 -0.28 0.30 

Mg2+ 0.97 -0.01 0.11 0.13 

Ca2+ 0.84 -0.15 0.32 0.24 

Li  0.38 0.68 -0.28 0.28 

B 0.30 0.19 0.16 0.75 

V -0.08 0.63 0.24 -0.49 

Mn 0.27 -0.07 -0.13 0.65 

Ni 0.41 -0.40 -0.07 -0.15 

As -0.07 0.72 0.01 -0.21 

Sr 0.08 0.02 0.78 0.32 

Ba 0.93 -0.07 -0.12 0.24 

Table 1 - Factor score for applied FA 

 

CONCLUSIONS 

The application of the FA describes the main hydrogeochemical processes acting in the study area. 

Results of this study can be widely used in coastal aquifers to distinguish between different 

hydrogeochemical processes, and to recognize pollution sources 
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ABSTRACT 

Historically, physical and biochemical similarities among geofluids (e.g. shallow groundwater, 

geothermal fluids, hydrothermal mineral-rich fluids) have not been treated under a common research 

sphere. Also, little knowledge is available regarding geofluid interactions and a common legislative 

framework for their management and use does not exist in the EU. The main objective of the 

ENeRAG project is to develop a sustainable and cost-effective dynamic system approach (Tóth, 1999; 

Deming, 2002; Ingebritsen et al., 2006) to deal with geological resources, relying on a scientific 

understanding of the connections and interrelationship among geofluids.  

The ENeRAG ï Excellency Network Building for Comprehensive Research and Assessment of 

Geofluids project is a twinning project funded by the European Unionôs Horizon 2020 research and 

innovation programme under grant agreement No 810980. This presentation covers the main 

development, actions and goals of the projects, highlighting key achievements and incoming 

milestones.  

 

Keywords: geothermal fluids, groundwater, hydrothermal fluids, interaction, resource assessment, 

resource management 

 

 

METHODS 

The project tackles three main topics linked to geofluids: 

1. Hydrogeology 

2. Low enthalpy energy and reutilization of shallow subsurface heat  

3. Hydrothermal formation of mineralogical resources 

The core of the project consists of capacity enhancement activities (e.g. training workshops, winter 

and summer schools, expert visits, laboratory and field trainings) and networking programs (e.g. staff 

and junior researcher exchanges, co-organization of conference sessions and seminars), whose 

outcomes should impact both science and society through specific dissemination actions 

(participation in scientific conferences, scientific publications, stakeholder workshops, policy round-

tables, and participation in events open to the general public). In detail, during the three years of the 

project, 4 training workshops mixing field, laboratory and traditional class activities; 2 summer 
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(winter) schools; 5 conference session, 4 staff and research exchange actions for a total of 12 project 

participants being hosted at partners facilities; and 1 field symposium will be organized.  

 

Detailed directions of development of the project include: i) improvement of knowledge on geofluid 

systems, tracing of fluids in the underground, and transport modelling; ii) development of sustainable 

solutions for geofluid management and utilisation; iii) transfer of knowledge to business services and 

outreach to society. All research and innovation activities are implemented with a focus on 

knowledge-transfer among partners, since it is the pillar of twinning projects. 

 

RESULTS 

The ENeRAG project will form scientists able to follow the latest scientific developments in the field 

of geofluids, with the necessary skills to face related environmental issues with an integrated 

approach. Also, their knowledge will ideally foster and pave the way to a first concept of policies and 

regulations dealing with the connections between geofluids and formation, preservation and 

harvesting of various geological resources linked to them. A number of 10 papers will be published 

at the end of the course, while the exchange of 12 researchers supports the development of new skills 

to be adopted directly on the Hungarian territory (Hungary is the main target of the Twinning action) 

as well as exported within the EU and beyond.  

 

CONCLUSIONS 

Strategic and wise management of geological resources is intrinsically needed for a sustainable future 

development of our environments, societies and economies. Considering that fluids play a role in 

nearly all geologic processes and are ubiquitous in the continental crust to depths of at least 10 to 15 

km (Deming 2002, Ingebritsen et al. 2006), the integrated study of geofluids, as proposed by the 

ENeRAG dynamic system approach, is a key element to reach these objectives. 
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ABSTRACT 

Lowland agricultural landscapes as the Po delta (Italy), are intensively cultivated, and often affected 

by large nitrogen (N) and carbon imbalances due to fertilizers leaching to groundwater and export via 

run-off. Agricultural-derived N imbalance usually leads to nitrate accumulation in groundwater 

(Paradis et al. 2018), which triggers other biogeochemical reactions linked to the carbon and sulphur 

cycling (Zhang et al. 2013). Moreover, since groundwater flow rates can be extremely slow in 

lowland environments (Colombani et al., 2016), to infer which are the most impacting land uses in 

term of aquifer diffuse pollution, the definition of the temporal scale of recharge and residence times 

is of utmost importance (Meals et al. 2010). Besides, recharge rates at field scale can be 

heterogeneous, affecting residence time in the vadose zone which in turn affect lag time in 

groundwater quality response due to agricultural practices. To verify if recharge rates are 

heterogeneous and determine the main biogeochemical reactions, multi-level sampler (MLS) 

monitoring wells were installed at two sites (GUA and BAN) characterized by contrasting 

depositional environments and groundwater samples were analysed for major ions and H2O, C, N and 

S stable isotopes. Results show high heterogeneities in recharge due to local variation of hydraulic 

conductivity (k). Stable isotopes provided a clear distinction between different sources of N present 

in both sites, from synthetic fertilizers to sedimentary N pool and atmospheric input. Nitrification was 

the main N transformation in the vadose zone while denitrification was restricted to a narrow 

transition zone between oxic and reduced zones. Pyrite oxidation was the main source of sulphate in 

both sites and sulphate reduction and methanogenesis were found to be active processes in the deeper 

part of the BAN site. 

 

Keywords: recharge, denitrification, shallow aquifer, pyrite oxidation, redox zones 

 

 

METHODS 

Two contrasting soils were selected and equipped with MLSs to monitor the main biogeochemical 

reactions. The first site (GUA) pertains to a freshwater paleo-river environment poor in sedimentary 

organic matter (SOM); the second site (BAN) pertains to a coastal brackish swamp environment, 

characterized by SOM abundance and peat lenses. MLSs were sampled in March 2018 and slug tests 
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were done to characterize the k variations. Major ions, DOC, DIC, H2S, CH4 and stable isotopes 

composition (ŭ15NNO3, ŭ
18ONO3, ŭ

15NNH4, ŭ
34SSO4, ŭ

18OSO4, ŭ
13CDIC and ŭ13CDOC) were analysed in 

groundwater samples. 

 

RESULTS 

The hydrogeological characterization highlighted the presence of long residence times despite the 

presence of shallow water tables, between 1 and 2 m below ground level, at BAN and GUA, 

respectively. The long residence times were due to the low k values found and limited recharge rates 

(approximately 150 mm/y). The average k values were 7.1*10-6 and 4.2*10-7 m/s for GUA and BAN, 

respectively. The ŭ2H-H2O and ŭ
18O-H2O depth profiles showed the presence of large differences 

among the two MLSs located in BAN and GUA. In fact, despite the MLSs were in the same cultivated 

plot, differences of up to -3ă for ŭ18O-H2O and -22ă ŭ2H-H2O were found for samples located at 

the same depth. Given that the rainfall and evapotranspiration rates could be considered homogeneous 

at the plot scale, the elevated spatial heterogeneities could be, beside local recharge by precipitation, 

related to the input of irrigation water from nearby channels which source of water is the Po river. 

This pattern was also reflected by the elevated differences in NO3
- and NH4

+ concentrations found in 

both GUA and BAN MLSs. In GUA only NO3
- was present, while in BAN NO3

- prevailed near the 

water table while NH4
+ prevailed at deeper depths. This was due to the presence of peat rich in organic 

N and highly reducing conditions. Results from N isotopes showed a clear distinction between 

different sources of N in both sites: synthetic fertilizers were prevalent in GUA while sedimentary N 

pools, responsible for abnormal NH4
+ concentrations, were prevalent in BAN. The atmospheric N 

input was well distinguishable especially in BAN because of the lower k values typical of this 

sedimentary environment and thus reflecting pre-industrial fertilizers N inputs. The ubiquitous 

presence of pyrite and its oxidation produced large amount of SO4
2- in groundwater, this source was 

well identified by the multi-isotopes approach (ŭ18O-SO4
2- and ŭ34S-SO4

2-). Denitrification was 

restricted to a narrow transition zone between oxic and reduced zones and sulphate reduction and 

methanogenesis occurred in the deeper part at the BAN site.  

 

CONCLUSIONS 

This study highlights that large variations in stable isotopes can be found in the same agricultural 

plots. This is due to heterogeneities in k distribution that in turn drives the recharge rate at the plot 

scale and to the presence or absence of SOM that can further trigger biogeochemical reactions. 

Besides, the groundwater residence time can be relatively slow in these environments and MLSs 

devices resulted to be key monitoring tools to distinguish the different redox zones and water origins. 
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ABSTRACT 

The coastal plain of Sele River (about 230 Km2) is an area affected by natural land subsidence active 

during the Quaternary. 

Deep drillings and geophysical investigations (AGIP, 1977; Santangelo et al., 2017) identified, in the 

central sector of the plain, a carbonate bedrock underlying flysch and conglomerate-clayey-sandy 

sediments. These deposits constitute the main aquifer of the plain; groundwater flows in the coarser 

grained levels, in confined or semi-confined conditions (Budetta et al., 1994). 

Within the Campania Transparent Project (funded by Campania Region) 75 groundwater samples in 

the plain were analysed, also with the aim to define the Natural Background Levels (NBLs) of some 

ions. The peculiar hydro-chemical characteristics stressed the need to define in detail the 

hydrogeological setting for distinguishing in the plain different sectors: presence of reducing 

environment, Na-Cl mineral groundwater etc. 

 

Keywords: Sele River plain, alluvial aquifers, hydrogeochemistry, NBL 

 

 

METHODS 

Between December 2016 and June 2017, in Sele River plain 75 groundwater samples were collected 

and subsequently analysed. During the sampling, measures in situ of groundwater level, conductivity, 

temperature, pH and redox potential were performed. Hydro-chemical analyses carried out by 

ARPACampania (https://www.arpacampania.it/web/guest/365) were also added to the dataset.  

For the calculation of the NBLs for the chemical parameters exceeding the reference values (D. Lgs. 

31/2001), the value to be adopted as NBL is given by the statistical distribution of the dataset, 

applying the guidelines proposed by ISPRA (Italian Institute for Environmental Protection and 

Research, 2017). 

 

RESULTS  

The Piper diagram of the collected groundwater (Fig. 1) highlights two hydrochemical types. 

The first one, mainly represented, is calcium-bicarbonate type; in some areas, located on the left side 

of Sele River, peats deposits in the subsoil determine reducing conditions. The second groundwater 

type characterizes the springs located at the southern corner of the plain and the waters of the 

downstream wells; these waters have high levels of Na, Cl and SO4 (Celico et al., 1982). 
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Fig. 1 - Piper diagram of the collected groundwater 

 

CONCLUSIONS 

The hydrostratigraphical data and the definition of the groundwater flow in Sele River plain allowed 

an accurate characterization of the local hydrogeological model.  

This model, the analysis of the hydrochemical data and the NBL evaluation have led to confirm that 

the high values of Mn and Fe sometimes observed in groundwater of the plain are of natural origin.   
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ABSTRACT 

During the last decades, attention is being payed to Water Resource Management (WRM), especially 

due to the growing pressure related to overexploitation and climate change. This holds especially true 

in rural areas, where the bulk of water consumption occurs. As such, conjunctive use of ground- and 

surface-water is being increasingly adopted worldwide to enhance crop production sustainability, 

while managing the use of water resources. In this framework, ICT (Information and Communication 

Technology) tools, such as modelling engines integrated in GIS environments, may allow water 

managers to estimate the effects of natural and anthropic impacts on groundwater resource and to 

properly manage water use for agricultural purposes. 

Within the H2020 FREEWAT (FREE and open source software tool for WATer resource 

management) project, this topic has been taken into account, as rural WRM was considered a major 

priority by the involved stakeholders. 

 

Keywords: conjunctive use, crop yield, FREEWAT, Farm Process, Crop Growth Module 

 

 

METHODS 

The FREEWAT project aimed at promoting and simplifying the application of EU water-related 

directives through the application of a free and open source, GIS-integrated platform for the 

simulation of several processes involved in the hydrologic cycle (i.e., groundwater dynamics, 

interaction with surface water bodies, solute transport processes, conjunctive use of ground- and 

surface-water, etc.).  

Among the others, the FREEWAT platform integrates modelling tools to deal with conjunctive use 

of ground- and surface-water in rural areas. To this aim, the Farm Process (FMP), embedded in 

MODFLOW-OWHM (MODFLOW One-Water Hydrologic Flow Model; Hanson et al., 2014), was 

integrated within the FREEWAT platform. FMP calculates supply-and-demand components of the 

irrigated agriculture on a farm scale (including head-dependent inflows and outflows, such as canal 

losses and gains, surface runoff, surface-water return flows, evaporation, transpiration, and deep 

percolation of excess water), and integrates such components within the hydrological budget 

calculated by MODFLOW-2005 (Harbaugh, 2005).  



FLOWPATH 2019 ï NATIONAL MEETING ON HYDROGEOLOGY 

12-14 JUNE 2019 ï MILAN , ITALY  

 

 

 

 

26 

Within the FREEWAT platform, FMP was also coupled to a module, the Crop Growth Module 

(CGM), for the simulation of the crop growth cycle. CGM is a radiation-based model belonging to 

the EPIC family models (Williams et al., 1989), which estimates crop yield at farm and basin scale, 

under different climatic and water supply constraints. Specifically, CGM exploits FMP results related 

to water availability in the unsaturated zone, and crop water demand and water uptake, by taking also 

into account how weather affects the crop growth cycle. 

 

 

RESULTS 

The FMP-CGM approach is demonstrated by a simple synthetic application, where the growth cycle 

of irrigated sunflower in a Mediterranean area was simulated between 1st April and 31st August 2017.  

Model results show that crop irrigation demand is satisfied by natural uptake and surface water 

resources up to the end of May, while a supplementary source of water (provided by groundwater 

wells) is needed during the summer season, due to poor surface water availability and increased 

evapotranspiration demand. The following supply-and-demand components were quantified: rainfall 

recharge, irrigation provided via ground- and surface-water resources, direct uptake from the capillary 

zone, runoff, water percolation to the aquifer, evaporation from irrigation and from groundwater, 

transpiration from irrigation, from groundwater, and from precipitation. Sunflower yield at harvest 

was thus inferred. 

 

CONCLUSIONS 

The approach presented in this contribution aims at providing water authorities and public/private 

companies with a dynamic tool for agricultural water management. In this framework, the proposed 

approach aims at supporting the design of efficient irrigation schemes able to manage conjunctive use 

of ground- and surface-water, thus reducing unplanned use of private irrigation wells. Also, the efforts 

spent to design this approach aims at boosting digitalization in the agricultural water sector for 

improving WRM.  
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ABSTRACT 

Even if several efforts is being spent to address Water Resource Management (WRM) issues, this is 

still an underrated topic at decision-making level. This is also due to the poor capacity by researchers 

to properly communicate problems and results about WRM.  

ICT (Information and Communication Technology) tools may help in dealing with WRM. Among 

these, integrating modelling tools in GIS (Geographic Information System) environments is a 

valuable methodology to represent the hydrologic systems and their response to anthropic and climate 

stresses. 

Within the H2020 FREEWAT (FREE and open source software tools for WATer resource 

management; www.freewat.eu) project, the application of ICT tools was combined with an innovative 

participatory approach and capacity building activities to promote the use of ICT tools for WRM. 

This contribution aims at presenting the most relevant results of the FREEWAT project, showing 

some application examples to real-world case studies. 

 

Keywords: participatory approach, FREEWAT, GIS, ICT, technological transfer 

 

 

METHODS 

The FREEWAT project aimed at simplifying the application of EU water-related directives through 

the application of a free and open source, GIS-integrated platform for the simulation of several 
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processes involved in the hydrologic cycle (i.e., groundwater dynamics, interaction with surface water 

bodies, solute transport processes, etc.). This was accomplished within the framework of an 

innovative participatory approach, aimed at combining the scientific approach and the decision-

making process for WRM, thus creating a shared environment among stakeholders, providing results 

for supporting the application of management and planning policies. 

The FREEWAT platform was applied to several case studies involving stakeholders during the whole 

phase of technical characterization and modelling of the investigated groundwater body. This 

participatory approach allowed to test the effectiveness of strategies and measures foreseen within 

the RBMP and designed by EU Member States for achieving the good quantitative and qualitative 

status of groundwater bodies. At each case study, a Focus Group made of local stakeholders and 

technicians from river basin authorities, municipalities, research institutes, environmental protection 

agencies, environmental associations, etc., was set. Periodic meetings were organized to involve the 

participants during the technical phase of data collection, conceptual model definition, numerical 

model implementation and scenarios design, in order to test the effectiveness of measures foreseen 

within the RBMP. 

 

RESULTS 

Some of these above-mentioned experiences will be presented.  

At Vrbansky plato (Slovenia), FREEWAT was applied to manage a Managed Aquifer Recharge 

facility within an alluvial plain near Maribor. The local water authority is intended to use the model 

develped to monitor the effects of polluting activities occurring at Maribor.  

A groundwater flow model was developed to test the effects of sea level rise and rainfall scarcity up 

to 2100 in the Bremerhaven district (Germany). This was aimed at setting a strategy for climate 

change adaptation involving the local water authority.  

Regarding the case study of Scarlino-Follonica (Italy), the FREEWAT model will be used by the 

regional authority to test groundwater remediation strategies in a large contaminated industrial site.  

The density-dependent flow model developed for the aquifer system of the Gozo island (Malta) will 

allow assessing the qualitative and quantitative status of groundwater, currently classified as "poor" 

within the Water Framework Directive.  

Within the Bakumivka river basin (Ukraine), three groundwater management scenarios were 

simulated in a rural environment, to compare different spatial patterns of land use and use of water 

resources.   

 

CONCLUSIONS 

Within the H2020 FREEWAT project, the application of ICT tools was combined with an innovative 

participatory approach and capacity building activities. During the technical phase of FREEWAT 

application to real-world case studies in EU and non-EU Countries, local stakeholders were involved 

and their perspective about the importance of using ICT tools for WRM was discussed. As a result of 

this approach, public authorities have the chance to build a dynamic representation of the hydrological 

systems, and to share it with decision-makers involved in WRM.  

 



FLOWPATH 2019 ï NATIONAL MEETING ON HYDROGEOLOGY 

12-14 JUNE 2019 ï MILAN , ITALY  

 

 

 

 

29 

 

Acknowledgements  

This paper provides exploitation of the H2020 FREEWAT project results. The FREEWAT project received 

funding from the European Unionôs HORIZON 2020 research and innovation programme under Grant 

Agreement n. 642224. 

 

 



FLOWPATH 2019 ï NATIONAL MEETING ON HYDROGEOLOGY 

12-14 JUNE 2019 ï MILAN , ITALY  

 

 

 

 

30 

The VISTA Project: a test site to investigate the impact of traditional and precision 

irrigation on groundwater (San Gemini basin, Central Italy) 

 

Lucio Di Matteo1*, Stefano Casadei2, Francesco Peppoloni2, Francesco De Giorgi1 

1 Università di Perugia, Dipartimento di Fisica e Geologia, Perugia, Italia.  

*Corresponding email: lucio.dimatteo@unipg.it 

2 Università di Perugia, Dipartimento di Ingegneria Civile ed Ambientale, Perugia, Italia 

 

 

ABSTRACT 

The increase of anthropic pressure and the intensification of prolonged drought periods require the 

improvement of the effectiveness of agricultural systems by means of precision irrigation techniques. 

This study presents the VISTA project (PSR Umbria mis.16.2.1), aiming to evaluate water resource 

usage, comparing traditional with precision irrigation techniques. A test site located in the San Gemini 

hydrogeological basin has been selected: it is characterized by the outcropping of travertine rocks 

hosting an important multipurpose aquifer (mineral waters, drinking waters, and agricultural uses). 

The main aim of the work is to investigate ï by using a soilïwater budget model ï the impact of water 

uses on two adjacent plots of land characterized by the same crop (tomato) and by different irrigation 

techniques.  

 

Keywords: Groundwater, precision irrigation, soil-water budget model, VISTA project 

 

 

METHODS 

The VISTA Project (PSR Umbria mis.16.2.1) aims to communicate the agri-food transparency. 

Within the project, an important task is to make both producers and consumers aware of water use 

and efficiency of irrigation systems. The project is composed of about 15 farms located in the 

Umbrian territory and by some research partners. A local irrigation advisory service will be developed 

at farm to support precision irrigation scheduling and smart irrigation methods, taking into account 

about 2 years of tests level. In this framework, two adjacent plots of land characterized by the same 

crop (tomato) and by different irrigation systems (traditional and water-saving techniques) are 

selected in the San Gemini basin (Fig. 1): both are irrigated using water from a pumping well drilled 

in a multipurpose aquifer hosted in travertine rocks. The study involves the understanding of the 

climatic and hydrogeological conditions and the using of precision irrigation systems. Agro-

meteorological data are taken from a new weather station installed on February 2019 close to the test 

site (42.661735 ï 12.545272): data will be validated with those of two neighbouring weather stations 

of the Umbria Region weather network. In order to implement an integrated decision support system 

for irrigation a self-made daily water budget model will be used. The groundwater pumped will be 

monitored separately on the two plots of land by means of two volumetric water counters. The water 

consumptions on the two adjacent plots of land will be discussed taking into account the monthly 
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groundwater availability and evaluating drought and wet periods by applying some well-known 

climate indices such as SPI (McKee et al., 1993) and RDI (Tigkas et al., 2016).  

 

 

Fig. 1 - Location map of the test site. 

 

RESULTS 

The project part concerning the area of San Gemini has just started: therefore, in this phase results of 

previous investigations are reported, useful for the understanding of the hydrogeological system and 

the climatic characteristics of the study area. According to a pumping test carried out on a 

neighbouring well by Di Matteo (2003), the travertine aquifer is characterized by transmissivity 

values ranging between 0.02-0.03 m2/min. The test was carried out at the end of a severe drought 

period. The San Gemini basin ï as other important aquifer in Central Italy ï experienced at least five 

severe droughts in the last two decades with an increase of frequency and magnitude of droughts. 

According to 12-months SPI index, the latest moderate-to-severe drought period occurred in 2016-

2017 with a reduction of yearly water surplus ï computed by Thornthwaite-Mather method ï of about 

15% (380 mm/year vs a mean value of 443 mm/year). The project is still on-going, thus the data that 

will be acquired in next few months on the test site will be useful to optimize the groundwater 

exploitation for agricultural purposes in an area affected by the intensification of prolonged drought 

periods. 

 

CONCLUSIONS 

Methods and approaches proposed by the VISTA project may contribute to optimize the agricultural 

water use, a very important issue in the context of the on-going climate change in Central Italy and 

considering requirements of both producers and consumers. The optimization of agricultural water 

use in the San Gemini basin contributes to the territorial connotation of farms, the activities of which 

are located on a key hydro-geological basin having a vocation for drinking and mineral water 

exploitation. The results of the case study may be useful in similar hydrogeological systems, where 

different uses of water coexist. 
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ABSTRACT 

The assessment of groundwater hydrodynamic behaviour is an essential starting point for highlighting 

the response of groundwater to natural factors (e.g. climate; Radfar et al., 2013; Trenberth et al., 2007) 

and anthropic ones. In this study, piezometric levels in 36 monitoring points, homogeneously 

distributed in Piedmont plain (NW Italy), were analysed. The aim is to classify and describe the 

groundwater table hydrodynamic behaviours, their spatial distribution and the controlling factors. 
 

Keywords: piezometric level, hydrodynamic behaviour, rainfall, irrigation 

 

 

METHODS 

Analysed piezometric data are referred to monitoring points of the automatic monitoring network of 

shallow aquifer of Piedmont Region. Daily piezometric series recorded in 2002-2017 were collected 

and analyzed. An analysis of the distribution of average monthly piezometric level in the period 2002-

2017 was performed, in order to understand the hydrodynamic behaviour of the water table. Daily 

pluviometric series were also studied, covering the same time period. Monthly aggregated data were 

then elaborated to highlight possible correlation with piezometric levels. Finally, the yearly 

fluctuations of piezometric levels were evaluated, considering their variation in time. 

 

RESULTS 

Timeplots of piezometric level permitted to describe different hydrodynamic behaviour of the 

groundwater table in the Piedmont Plain. Hydrodynamic behaviours were classified based on two 

main criteria: (1) presence of a main maximum in spring and a main minimum at the end of summer 

ï start of autumn (Group A); (2) presence of a main maximum in summer and a main minimum at 

the end of winter - start of spring (Group B). Moreover, some subgroups (A1, A2, B1, B2) were 

identified, in which 1 or more than 1 maximum or minimum were observed (Fig 1a). For the sake of 

clarity, one piezometer is selected in each group to illustrate the general behaviour of the group (Fig. 

1b-1c). 

Analysing the distribution of the different hydrodynamic behaviours on a regional scale is possible 

to observed that most of piezometers belonging to Group B are located within agricultural areas with 

irrigation method for submersion (rice fields in Vercelli plain; Fig.1c). Monitoring wells of Group A 

are distributed in the rest of the Piedmont plain. 
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The rainfall pattern shows a main isolated maximum in November, a secondary maximum in spring, 

a main minimum in summer and a less pronounced minimum in December-January. Group A is 

generally connected to precipitation. However, the response of piezometric level to rainfall is delayed 

for 1- 2 months. Subordinately, piezometers near main rivers have a piezometric level strictly 

connected to river discharge. 

The average yearly piezometric level fluctuation in the period 2002-2017 ranges between 0.37 m and 

4.58 m. More specifically, 36% have an average yearly fluctuation less than 1 m, 44% is between 1 

and 2 m, and the remaining 20% have values above than 2 m.  

Finally, a comparison of groundwater hydrodynamic behaviour was conducted separately in two 

periods (2002-2008 and 2009-2017). This analysis shows that in some cases the seasonal behaviour 

seems to change over time, with variation both in the values of the piezometric level and in the 

positions of maximum and minimum. 

 

CONCLUSIONS  

The analysis of piezometric level fluctuation of superficial aquifer shows hydrodynamic behaviours 

in Piedmont depending on natural factors and anthropic causes. The main natural factor is 

precipitation and locally the presence of a near river. The main anthropic factor is represented by 

irrigation, especially connected to the rice-fields, that represent the main controlling factor of the 

yearly fluctuation. 

 

 
Fig.1 - Location of piezometers belonging to Group A and B (Fig. 1a). Hydrodynamic behaviour of Group A and B: an 

example of subgroup A1 (Fig. 1b) and B1 (Fig. 1c). 
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ABSTRACT 

In agricultural systems, nitrogen (N) in excess of plant and animal needs can leach to shallow 

groundwater (Schipper et al., 2010), generating environmental pollution. Excess N inputs can also be 

lost into the environment as gaseous emissions, contributing to anthropic climate change via nitrous 

oxide (N2O) emissions (Rowlings et al., 2016). Emissions of N2O hold a warming potential 298 times 

higher than carbon dioxide (Myhre et al., 2013), and are responsible for the depletion of stratospheric 

ozone. 

The Great Barrier Reef (GBR) adjacent to the Queensland coast receives increasing harmful nutrient 

loads including nitrate (NO3
-; Devlin and Brodie, 2005) which have been linked to the dramatic 

growth of corallivores. The GBR has also been subject to coral bleaching as a response to elevated 

sea surface temperatures (Baker et al., 2008) and is a direct consequence of greenhouse gas (GHG) 

emissions induced by global warming. 

Bioreactors are a low-cost technology for NO3
- remediation using heterotrophic denitrification to 

progressively reduce NO3
- to dinitrogen (N2) with N2O as an intermediary. The process is performed 

by microbes that use organic carbon (OC) as an electron donor to perform their respiration under 

anaerobic or anoxic conditions. 

Bioreactors include denitrification walls, which are carbon media-filled permeable trenches able to 

intercept NO3
- polluted groundwater and catalyse denitrification. They can provide relatively 

complete NO3
- removal and potentially act as N2O sinks (Elgood et al., 2010).  

This study addresses the scientific question: How effective is this low-cost technology in Australiaôs 

subtropical conditions in terms of reducing N loads to the GBR whilst reducing N2O emissions? 

The hypothesis is that in subtropical environments, bioreactors can be optimised to ensure complete 

denitrification occurs with minimal production of N2O.  

This study investigated the impact of construction materials (OC source), environmental (NO3
- flux 

and temperature) and internal parameters (hydraulic residence time, saturation, and chemo-physical 

parameters) on NO3
- removal in bioreactors in subtropical Australia, and to quantify N2O released in 

the bioreactor using field trials. 

 

Keywords: bioreactor, denitrification wall, groundwater mitigation, nitrate, nitrous oxide, Australia. 
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METHODS 

Twin denitrification walls filled with different woodchips (softwood and hardwood, Fig. 1) were 

installed on a pineapple farm located 70 km North of Brisbane (Queensland, Australia). The area is 

characterized by a sandy soil underlaid by a shallow impeding clay layer, which forces the 

groundwater to flow through the denitrification walls. The water table height in the bioreactors was 

monitored using a dipmeter and using pressure transducers for hourly monitoring.  

Water samples were collected using a pump, stored in PET bottles and analysed photometrically to 

evaluate NO3
- concentrations and using a combustion catalytic oxidation to quantify dissolved OC. 

Chemo-physical parameters were collected in the field with portable instruments.  

The quantification of the dissolved N2O accumulated in water was performed collecting water 

samples with a syringe and storing them in pre-evacuated exetainers to determine the dissolved N2O 

fraction, using gas chromatographic techniques. The hydraulic characteristics of the bioreactors were 

tested using natural gradient saline tracing tests. 

The study was funded by the Queensland Government Office of the Great Barrier Reef in 

collaboration with the Queensland Department of Agriculture and Fisheries.  

 

RESULTS 

Significant NO3
- removal rates were observed under subtropical conditions using different OC 

substrates. Both the woodchips supported full removal of NO3
- from the denitrification walls and a 

reduction in N2O emissions, with low or negligible concentrations detected in the groundwater 

flowing through the denitrification walls. 

 

CONCLUSIONS 

This is the first study on bioreactor performance in in humid subtropical conditions. The results of 

this study will provide the Queensland Government with a technical tool to improve a cost-limited 

technology able to maximize NO3
- removal in groundwater whilst reducing N2O emissions.  
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Fig. 1 - The two twin denitrification walls installed on the pineapple farm located 70 Km North of Brisbane. 
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ABSTRACT 

Monitoring and analysis of piezometric levels is one of the tools for identifying possible alterations 

in the quantitative status and highlighting the response of groundwater to climate change. 

Different methods are available to analyse the piezometric level evolution in time. In this study four 

methods were considered and compared. The methods were applied to the shallow aquifer of 

Piedmont plain (western Po Plain, NW Italy). 

 

Keywords: piezometric level, trend, change points, groundwater depletion 

 

 

METHODS 

Four methods were applied, and specifically: a) trend analysis, b) change point analysis, c) percentiles 

method and d) analysis of anomalies. 

Trend analysis was performed applying the non-parametric Mann-Kendall test to piezometric series 

in the period 2002-2017. The change point analysis was conducted using the Pettitt test, to 

determine changes in groundwater level time series. The percentiles method considers 25th and 75th 

percentile of the mean monthly piezometric levels of the reference period 2002-2015 (defined as 

natural fluctuation). The monthly piezometric level of 2016 and 2017 were then compared to the 

natural fluctuation and a piezometric level decline over than 15-30% of the fluctuation was considered 

as a critical situation (ISPRA, 2013). 

The analysis of anomalies evaluated the difference between the mean yearly piezometric levels and 

the value in the reference period 2002-2015. 

Daily pluviometric series were also studied, covering the same time period, and monthly aggregated 

data were then elaborated with the same methods as for piezometric levels.  

These methods were applied using 37 piezometric series recorded in 2002-2017 and referred to 

piezometers of the automatic monitoring network of shallow aquifer, homogeneously distributed in 

Piedmont plain.  

 

RESULTS 

Trend analysis highlighted the presence in the period 2002-2017 of an upward trend in 9 piezometers 

(variation between 1.5 cm/year to 14.6 cm/year) and a downward trend in 8 piezometers (0.4 cm/year 

to 11.0 cm/year). The others 20 showed no trend. Rainfall generally showed no trend. 
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The change point analysis permitted to observe a main change point in 2008 both in piezometric 

series and in pluviometric series. Moreover, piezometric level showed two minor change points in 

2004-2005 and 2015. Generally, a decreasing trend in piezometric levels was detected between 2002 

and 2008, a further decreasing trend (less negative) in the period 2008-2017. 

The percentiles method highlighted that generally a situation of groundwater depletion in both 2016 

and 2017 is present. The analysis of anomalies confirmed the results of percentiles. The maximum 

groundwater table lowering is above 4 m. An example of the results for a piezometer located in the 

southern Piedmont plain in reported in Fig. 1. 

 

CONCLUSIONS 

The analysis of groundwater resource status permitted to identify the advantages-disadvantages of 

the four different used methods.  

The analysis of trends is highly dependent on the analysed periods. Thus, it is essential to evaluate 

the change points in the piezometric levels series, and to evaluate the trends in different time intervals. 

Method of percentiles shows intuitive diagrams but does not return the magnitude of groundwater 

depletion. The evaluation of anomalies, instead, makes more evident the extent of the lowering. 

Finally, the combined use of the four methods permits to reach a better understanding of the analysed 

phenomena. 

 

 
Fig. 1 - Example of the results in a piezometer of the southern Piedmont plain. Trend analysis and change points 

analyses (1a): the red line represents the trend line (in this situation there is no trend), green lines are located in 

correspondence of change points; percentiles methods with natural fluctuation range of piezometric level (delimited by 

the two dotted lines) and monthly piezometric level of 2016 and 2017 (1b); analysis of anomalies: the red histograms 

represent the difference between the mean yearly piezometric level and the reference period 2002-2015. 



FLOWPATH 2019 ï NATIONAL MEETING ON HYDROGEOLOGY 

12-14 JUNE 2019 ï MILAN , ITALY  

 

 

 

 

41 

 

References 

ISPRA, 2013. Linee guida per lôanalisi e lôelaborazione statistica di base delle serie storiche di dati idrologici. 

Manuali e linee guide 84/2013 

 

 

 

 

 



FLOWPATH 2019 ï NATIONAL MEETING ON HYDROGEOLOGY 

12-14 JUNE 2019 ï MILAN , ITALY  

 

 

 

 

42 

Stochastic analysis of hydraulic head's series for optimizing monitoring networks:  

application to the Bacchiglione Basin 

 

Mara Meggiorin1,2*, Giulia Passadore1, Silvia Bertoldo2, Andrea Sottani2, Andrea Rinaldo1,3  

1 Università di Padova, Dipartimento di Ingegneria Civile, Edile e Ambientale, Padova, Italy.  

*Corresponding email: mara.meggiorin@dicea.unipd.it 

2 Sinergeo S.r.l., Vicenza, Italy 

3 École Polytechnique Fédérale de Lausanne, Laboratory of Echohydrology (ECHO/IIE/ENAC), Lausanne, Switzerland 

 

 

ABSTRACT 

In the presence of a monitoring network of sensors aimed at measuring the hydraulic head in a given 

domain, the statistical analysis of time series not only provides insight into the general aquifer 

behaviour, but can also return parameters useful to optimize and enhance the efficiency of the 

measurement network. Specifically, these parameters are the correlation scales of relevant 

heterogenous properties; and the Pearson correlation coefficient. The analysis is carried out for the 

case study of acquired data within the alluvial basin of the Bacchiglione river (Veneto Region). 

 

Keywords: monitoring network, hydraulic head, groundwater, Bacchiglione Basin 

 

 

METHODS 

Firstly, the study selects suitable series using two or more years of data, with few missing values, 

hence creating a plausible interpolation and checking their stationarity in variance. Then, it evaluates 

the microscale showing the time interval in which data are perfectly correlated. This parameter can 

be estimated in different ways; thus, a scale range is defined. Finally, the analysis carries out an 

evaluation of the correlation between detrended series. Specifically, it considers two sequences as 

correlated if their Pearson correlation coefficient (Isaaks and Srivastava, 1989) is higher than 0.95. 

Based on this threshold, areas of intercorrelated couples are defined. The Kolmogorov-Smirnov test 

enforces the similarity between correlated series looking at their probability distributions, identifying 

couples considered as samples of the same distribution (Young, 1977). 

 

RESULTS 

In the Bacchiglione Basin, the study analysed time series of 92 groundwater data-loggers, installed 

in wells screening the unconfined aquifer. After checking series length, interpolation of missing 

values and stationarity in variance, we evaluated the local mean microscale for 43 sensors. The 

parameter ranges between 7 and 78 days, depending on the location. A pattern seems to emerge in 

the scale: high values are frequent in deepest points near to a paleochannel and low values are instead 

more frequent in points near to a river. Due to a fast interconnection with surface waters, the river 

causes fast variations on the piezometric surface entailing a relatively short period in which 

groundwater level data are correlated.  
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To assess the correlation between sensors, 73 time series with minimum two years of data and with 

not-interpolated missing values are investigated. We found many intercorrelated couples, defining 8 

areas in which time series are correlated. Next, the Kolmogorov-Smirnov tested these pairs and the 

test fails to reject the null hypothesis of equal distribution for 6 couples, with a confidence level of 

99.999%. 

 

 
Fig. 1 - Comparison of the continuous monitoring versus the discreet series with a sampling time defined by the 

microscale parameter 
 

CONCLUSIONS  

This analytical procedure is particularly interesting in cases where a considerable number of sensors, 

continuously measuring the hydraulic head in several locations, are available. The oscillations 

correlation produces a map of correlated areas which are characterized by similar behaviour: the 

automatic monitoring is necessary only for one location in each area and other interesting correlated 

points can be measured manually with longer sampling time to correctly transpose series in the 

specific location. Therefore, extra sensors can be moved to uncovered areas, in order to improve the 

system knowledge. Hence, this analysis allows for the optimization of an existing network built 

following other purposes and not initially structured to serve as a large-scale monitoring system. 

The microscale estimation is useful when it is necessary to interpret local piezometric trends, but 

observation points are without any sensor. Indeed, the parameter estimates the necessary sampling 

time for manual measures in order to see the water table trend, even if shorter oscillations are 

obviously missed and some peaks could remain unseen. Figure 1 shows an example of discreet series 

obtained by measuring the hydraulic head with a sampling time defined as the maximum evaluated 

microscale value. This parameter can be estimated in the specific location if a past time series is 

available, alternatively the parameter can be evaluated in an equipped observation point nearby in 

cases where there are not significant changes of hydrogeological setting.  

The proposed statistical analysis of hydrogeological data provides integrative decision support to 

improve representativeness and effectiveness of monitoring networks used for the qualitative and 

quantitative groundwater control. 
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ABSTRACT 

In order to understand river-groundwater connections, this work applies a stochastic analysis to study 

water temperaturesô time series. The aim is to compare their trends to verify how they influence each 

other in stream seepage pathways. Specifically, the goal is to assess whether a fluvial work built in 

the Brenta river to increase the aquifer recharge is working properly. The series available are obtained 

by a water gauge placed directly on the river (WGR), two piezometers on the banks (Pz1 and Pz2) 

and one piezometer relatively far away to portray the regional groundwater thermal trends (PzA). 

 

Keywords: river-groundwater connection, temperature, stochastic analysis, Brenta river 

 

 

METHODS 

Temperature is used as natural tracer: it is easy to measure and therefore a continuous monitoring is 

possible (Stonestrom and Constantz, 2003). 

A stochastic analysis of temperature series is carried out. Firstly, the Fourier analysis moves time 

series into the frequency-domain to have more insight into the phenomenon (Bras and Rodriguez-

Iturbe, 1994). Indeed, power spectra point out local periodicities that depend on the main flow input. 

Secondly, the auto-correlation function, defined as the Pearson coefficient (Isaaks and Srivastava, 

1989), gives insight on the persistence and periodicity of the signal. Lastly, the analysis evaluates the 

correlation between series. In particular, the coefficient is not defined for whole series but for a 

movable window of two years, this way the time-variant cross-correlation is observable. 

 

RESULTS 

A shorter time series for the WGR is available but, noticing that the available data is similar to one 

of Pz2 except for daily oscillations, its missing values prior to the gauge installation are assumed 

equal to ones of Pz2. The trend of PzA is more stable than the riverôs one. Looking at series of Pz1, 

three phases are identified: before, just after and five years after the work construction. 

Power spectra show similar shape for WGR and Pz2 for all phases in both periodicitiesô identification 

and in energy magnitude, while PzA is always different. Pz1 shows different spectra depending on 

the phase: first, it has intermediate peaks and energy magnitude; then its spectrum resembles the one 

of WGR with lower energy; finally, observations are like ones of the first period. 
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Autocorrelation functions are defined for each series and in each phase. In the first period, functions 

do not significantly differ due to the short time interval. On the contrary, functions of the second 

period clearly show two different behaviours: WGR and piezometers nearby exhibit a periodic signal 

while PzA exhibits strong persistence but not periodicity. In the third phase, WGR and Pz2 still show 

similar periodic signal and PzA shows the persistent signal, while Pz1 has a function much closer to 

the regional aquifer behaviour but with a weak periodicity.  

The final analysis is the cross-correlation of time series that identifies similar behaviours in order to 

understand if piezometers are influenced more by the river or by the groundwater flow. This result is 

reported in Figure 1. The correlation function Pz2-WGR is always high with a minimum of 0.8 in the 

final phase, while it is always low correlated with PzA. Looking at the correlation between Pz1 and 

WGR, it is high just after the construction (2nd phase), but in the first and third phase it is lower. 

 

 
Fig. 1 - Functions of cross-correlation between series of water temperature 

 

CONCLUSIONS  

The stochastic analysis of temperatureôs time series returned uniform results that point to similar 

conclusions. Prior to the fluvial workôs construction, Pz2 shows behaviours and thermal oscillations 

typical of superficial waters confirming the natural river recharge. On the contrary, Pz1 behaviour 

differs: its temperature barely oscillates due to its farthest position respect to the main river channel. 

After the construction, the wet area just before the MAR work increases and the recharge to the 

aquifer raises too; indeed, both piezometers reproduce the river trend. In the last phase, Pz1 is less 

influenced by the river. Two concurrent phenomena may explain these results: the river is slowly 

going back to a narrow main channel that is closer to Pz2 than Pz1; at the same time, there could be 

some clogging phenomena (Hutchinson et al., 2013). This clogging would cause a permeability 

reduction of the riverbed due to the porosity obstruction by fine material. 
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ABSTRACT 

Loess is a predominantly silt-sized continental aeolian sediment covering 10% of the Earthôs land 

surface. Groundwater generally represents the most important source of potable water in loess areas, 

where loess is the aquitard overlying aquifers. Despite its importance in aquifer protection, its 

hydrogeological properties are partially investigated. This work reviews the well-established 

depositional and post-depositional processes affecting this deposit to elucidate its hydrogeological 

behaviour. The result is beneficial to propose a hydrogeological conceptual model of aquitard-aquifer 

systems in loess areas. 

 

Keywords: loess, conceptual modelling, eastern Croatia 

 

 

METHODS 

Pleistocene loess deposits crop out in eastern Croatia where they represent the layer separating 

aquifers, exploited for water supply and agricultural purposes, from the surface. Tectonic uplifting 

and river erosion expose loess in several representative sections investigated using sedimentological, 

mineralogical, geochemical and geochronological approaches (e.g., Galoviĺ, 2016; Wacha et al., 

2013). Conversely, the hydrogeological setting of these deposits is not established. Similarly, the 

underlying sandy aquifers were investigated by local studies, but their results have never been put in 

a regional context. First, available sedimentological data extended by new investigations and 

complemented by literature reviews (e.g., Barta, 2011; Smalley et al., 2016) were used to evaluate 

the impact of the depositional and post-depositional processes on the hydrogeological behaviour of 

loess. Afterwards, three regional scale areas in eastern Croatia were selected (Fig. 1a). The available 

geological and hydrogeological data were collected to reconstruct their hydrogeological settings.  

 

RESULTS 

Loess in the representative sections contains 80-90% silt-sized particles and small amounts of clay. 

The original sediments, which were formed by glacial grinding of bedrock in Alpine region, were 

transported by fluvial systems towards periglacial areas, deposited on alluvial plains and subsequently 

remobilized by wind. The windblown silts were redeposited either on land or in lakes and wetlands 
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forming loess or loess-like deposits (Fig. 1a), respectively. During interglacial periods, pedogenesis 

could occur. Several organisms lived in both the soil and the underlying original deposit producing 

different types of discontinuities. Vertical or subvertical root channels are common (Fig. 1b) and, if 

they are not filled by clayey material, they can represent a preferential path for the water flow even 

through well-developed palaeosoils. The deposition of secondary carbonates and iron minerals (Fig. 

1c) at the border of these channels testifies to the occurrence of flowing water corroborating their 

impact. Loading by newly deposited sediments and concomitant wetting result in the compaction and 

contraction of the previously deposited loess. Polygonal cracks produced by the hydroconsolidation 

(Fig. 1d) or fissures related to neotectonic deformation are typical post-depositional features in loess 

constituing preferential flow paths as well. Furthermore, compaction produces a decrease of the void 

ratio affecting the porosity of the deposit. Studies about ideal packing suggest that the void ratio 

usually decreases from 1 to 0.6 in loess. The resulting theoretical total porosity is 37%, a value that 

approaches the lower limit of loess porosity range reported in literature (42-55%; Li and Quian, 2018). 

However, calculations based on a few grain size distributions of eastern Croatian loess deposits and 

their mean referential grain sizes point to a low effective porosity from 5 to 9%. 

 

CONCLUSIONS 

These are the first results of a recently started research investigating the hydrogeological 

characteristics of loess deposits in Croatia. The proposed hydrogeological conceptual model suggests 

that loess is a partial aquitard characterized by low effective porosity. This points to its generally low 

permeability. However, several depositional and post-depositional processes can produce mm to cm 

scale voids increasing its value at the macroscale. The reinterpretation of stratigraphic logs in the 

three study areas is still ongoing. The obtained results will allow to establish the horizontal and 

vertical contacts among recent alluvial sediments, loess and water-bearing sandy layers and to 

reconstruct their hydrogeological settings. The reconstructions will be populated with multi-scale 

porosity and permeability measurements of loess and sandy layers investigating the scale dependency 

of these properties to achieve a representative multiscale hydrogeological conceptual model of loess-

sand aquitard-aquifer systems. 
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Fig. 1 - (A) Geological map of eastern Croatia. (B) Root channel in loess-paleosol sequence. (C) Hypocoating 

deposited in a root channel. (D) Vertical cracks due to hydroconsolidation of loess. 
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ABSTRACT 

The aim of the study was to set up a protection system from pollution of the deep aquifer of the 

Alessandria basin, by redefining the recharge areas, focused on this portion of Piedmont territory, and 

therefore by creating some reserve areas of deep groundwater, to be preserved for future human 

drinking purposes. 

 

Keywords: groundwater system, groundwater model, stable and radioactive isotopes  

 

METHODS 

In addition to the classical hydrodynamic and geochemical monitoring techniques, the groundwaters 

were analyzed with reference to a monitoring network of 25 selected wells with deep screens (80-300 

m below ground surface) combining radiochemical dating (14C and  ŭ13C of dissolved inorganic 

carbon - DIC) with anthropogenic tracers (CFCs, SF6) as indicators of recent recharge/mixing (IAEA, 

2006; Busenberg and Plummer, 2000). 

Stable isotope composition (ŭ2H and  ŭ18O ï H2O) was assessed during a 1-year sampling of snow-

rain precipitations gauges distributed in altitude in order to define Local Meteoric Water Lines 

(Giustini et al., 2016); the isotopic composition was also seasonally measured for the main rivers and 

in selected deep-wells (adding in some of these ŭ37Cl and 87Sr/86Sr determinations). 

Areal distribution of stable isotopic composition in deep aquifer reflected alpine-type or appenninic 

basin recharge patterns (Marini et al., 2000). As a consequence, considering the seasonal fluctuations 

in stable isotopic composition, the degree of confinement and need for protection was defined. 

The 3D numerical model was implemented in FEflow platform and calibrated on the basis of the 

available monitoring data; it was used as a support tool in the delimitation of the recharge areas, 

starting from the analysis of the distribution of flows (areas with descending flow component > 2 

m/d); the ñregionalò mesh has been strongly refined nearby the ñtarget zoneò, such as ñreserve areasò. 

This model was crucial for delimiting the ñreserve areasò, since it was able to simulate groundwater 

flows using both purely advective transport conditions (particle tracking technique), and more 

realistic conditions of advective and dispersive transport, by introducing dispersive parameters and 

using the Life Time Expectancy (LTE) reservoir distribution (Cornaton and Perrochet, 2011). 
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RESULTS 

As a result, it was possible to assess the degree of confinement and the protection need of deep 

aquifers. Groundwater dating also permitted to differentiate the circuits in the investigated 

hydrogeological system, identifying waters of the Holocene-current age, near the recharge areas, and 

of the middle Pleistocene (Wurm) in the depocentral area of the basin. 

The recharge areas (394 km2) were outlined by stratigraphic and hydrodynamic evaluations (vertical 

hydraulic gradient), through the support of a mathematical flow model; the ñreserve areasò (10.8 km2) 

were referred to a zone surrounding the future pumping stations, with LTE until 25 years (designed 

for extraction-rate of 0.7 m3/s, corresponding to 80% of water requirement in the ATO-6 Alessandria 

District). 

 

CONCLUSIONS 

The integrated use of ñtraditionalò techniques of regional groundwater flow system monitoring 

(hydrochemistry, stable isotopic composition) and of dating techniques based on radioactive isotopes 

and anthropogenic tracers,  provided a reliable support to the validation of flow and transport 

simulation model, oriented to identify recharge areas and ñreserve areasò of future extraction of deep 

groundwater for drinking purpose.  

 

 

References 

Busenberg E., Plummer L.N., 2000. Dating young groundwater with sulphur hexafluoride: natural and 

anthropogenic sources of sulphur hexafluoride. Water Research 36/10, 3011-3030. Paper number 

2000WR900151 

Cornaton F., Perrochet P., 2011. Groundwater age, life expectancy and transit time distributions in advective 

dispersive systems: 1. Generalized Reservoir Theory. Preprint submitted to Advances in Water Resources. 

arXiv:1108.5483v1 

Giustini F., Brilli M., Patera A., 2016. Mapping oxygen stable isotopes of precipitation in Italy. Journal of 

Hydrology: Regional Studies 8, 162ï181. doi:10.1016/j.ejrh.2016.04.001 

International Atomic Energy Agency Vienna, 2006: Use of Chlorofluorocarbons in hydrology. A Guidebook. 

ISBN 92-0-100805-8 

Marini L., Bonaria V., Guidi M., Hunziker J.C., Ottonello G., Vetuschi Zuccolini M., 2000. Fluid geochemistry 

of the Acqui Terme-Visone geothermal area (Piemonte, Italy); Applied Geochemistry 15, 917-935 

 

 



FLOWPATH 2019 ï NATIONAL MEETING ON HYDROGEOLOGY 

12-14 JUNE 2019 ï MILAN , ITALY  

 

 

 

 

53 

Hydrological behaviour of a complex landslide: a case study in the Northern Apennines 

(Italy)  

 

Melinda Raimondo1*, Alessandro Chelli1, Fulvio Celico1, Emma Petrella1 

1 Università di Parma, Dipartimento di Scienze Chimiche, della Vita e della Sostenibilità Ambientale, Parma, Italy. 

*Corresponding email: melinda.raimondo@studenti.unipr.it 

 

 

ABSTRACT 

The combination of the rainfall regime and the groundwater flow dynamics can play an important 

role in reactivating landslide movements. Therefore, the aim of this research is to define a specific 

monitoring system in order to investigate the hydrogeological behaviour of a low-permeability 

heterogeneous medium in a complex landslide, located in the northern Apennines. Case Pennetta 

active landslide, caused by roto-translational slides and complex active earth slides-earth flows, 

mainly involves sandstones and claystones (Scabiazza Sandstones, Ligurian Unit; Quagliarini et al., 

2017). Two multilevel groundwater-monitoring systems (cluster type), the monitoring of different 

springs and artificial drains in landslide coupled with rainfall data, allowed to characterise 

groundwater flow dynamics in the landslide mass, defining the timing and the amplitude of response 

of the hydraulic heads to the rainfall events.  

 

Keywords: landslide hydrology, multilevel groundwater-monitoring system, northern Apennines 

 

 

METHODS 

The monitoring plan was based on two multilevel groundwater-monitoring systems. The well cluster 

A is made of two piezometers, while the well cluster B is made of three piezometers. In each of the 

them, a pressure transducer with data-logger has been installed to monitor the hydraulic head on an 

hourly basis for almost two hydrogeological years. The variation of EC in groundwater has been 

measured in order to analyse possible haloclines, according to several Authors (e.g., Petrella et al., 

2009). Temperature and EC logs were performed on a monthly basis with a downhole probe. 

Measurements were carried out at 1-m-depth intervals. Moreover, discharge and physico-chemical 

parameters were monitored in several springs and artificial drains.  

 

RESULTS 

Based on the data collected it was possible to define a groundwater flow scheme. The two series of 

well clusters allowed to identify the coexistence of two overlying saturated zones within the studied 

rock mass. In fact, the upper well cluster shows a different behaviour over time. The piezometer Pz1 

recorded a groundwater regime that does not seem to follow the rainfall distribution. Instead, Pz2 

recorded rapid changes in groundwater level in agreement with the rainfall, with a delay between the 

rain events and the rise of the piezometric level of the order of a few hours/days. Actually, the lower 

well cluster shows variations in groundwater levels congruent with those recorded in Pz2, confirming 
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the direct and rapid relationship between the shallow aquifer portion and the rainfall. EC logs show 

a very complex distribution of groundwater salinity over depth and time. A less conductive shallow 

circuit shows lower values in high flow (less than 1000 µS/cm) and higher ones during the depletion 

phase (up to 3700 µS/cm), in agreement with the infiltration processes dynamics. A more conductive 

deep circuit, recorded at the head of the landslide, shows EC values that gradually increase over time 

(from 2500 up to 4200 µS/cm) and seem to be not influenced by depletion/recharge phases. Springs 

and artificial drains show values variable from 526 up to 1000 µS/cm, in agreement with a very 

shallow flowpath. 

 

CONCLUSIONS 

This study allowed a better understanding of the hydrogeological behaviour of a low-permeability 

heterogeneous medium in a complex landslide area. In particular, overlying saturated zones, 

characterized by different time and amplitude of response to the rainfall regime, occur in this type of 

mass movements where a slope displacement locally influences the vertical distribution of the 

hydraulic head. Moreover, high lateral and vertical heterogeneity of the medium causes high 

variability of the salinity on groundwater. The EC values are in agreement with the results obtain in 

another landside not far from the case study (Ronchetti et al., 2009). Further interdisciplinary 

investigations, such as isotopic (ŭ18O, ŭ2H and 3H), chemical and microbiological analyses and soil 

parameterization, can further refine the groundwater flow and contribute to the knowledge of the 

hydrogeological roles played in a possible new phase of movement. 
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ABSTRACT 

Groundwater resources will play an increasingly strategic role in supplying fresh drinking water in 

the future. Basin scale groundwater numerical models represent an important tool for an efficient and 

sustainable water management (Anderson and Woessner, 1992). In this framework, CAP Holding 

S.p.A. (Gruppo CAP) developed a project to implement this kind of aquifer resources evaluation. 

Gruppo CAP is a public company owned by local authorities, managing the integrated water service 

in around 200 municipalities of Milan Metropolitan area (Northern Italy). Within the Research and 

Development Sector of CAP, the Geology Department has implemented a basin scale 3D 

groundwater numerical model to analyse regional flow systems, to simulate water budget components 

changes, and to optimize groundwater management scenarios. 

The study was carried out following the technical-scientific consultancy agreement between CAP 

Holding S.p.A. and Politecnico of Milan to use a conceptual model of the Metropolitan area shared 

with Universities and Public Authorities (Lombardy Region). 

 

Keywords: groundwater model, drinking water, water management 

 

 

METHODS 

The study was carried out in the area (3000 km2) between Adda -Ticino in the provinces of Milan 

and Monza-Brianza. This densely populated area is characterized by exploitation of groundwater 

resources for domestic, industrial and agricultural uses. 

The hydrogeological conceptual model of the area, based on hydrogeological, hydrological, 

geochemical and isotopic characterization, was developed in GIS. The conceptual model of the area 

was carried out with the data provided by Politecnico of Milan and approved by Lombardy Region. 

Hydrogeology in the area is characterized by the presence of three aquifers (Group Aquifer A, B and 

C; Regione Lombardia and ENI Divisione Agip, 2002).  

The groundwater flow is oriented North-South and it is influenced by the main rivers; the area is 

characterized by a complex hydrographic network. 

A 3D groundwater flow numerical model was implemented by using the finite element code 

FEFLOW (Diersch, 2014). The steady-state flow model was calibrated to achieve the water mass 

balance. The calibration includes 337 piezometric level in the three aquifers coming from the 

groundwater survey data realized by Lombardy Region in May 2014. 
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RESULTS 

The results of the calibrated model pointed out the good accuracy of the model which allowed to 

simulate groundwater flow of the three main aquifer. The rate budget pointed out the following main 

results: high recharge contribution; small internal river contribution; wells exploitation is well 

balanced by recharge (precipitation, irrigation). 

 

 
 

Basin scale flow model has been used to support the Aqueduct Sector for the implementation of the 

Water Safety Plan and to support the Technical Design Sector. The basin flow model has been applied 

to achieve the following results: 

- evaluation of capture zones of public wells and interference between nearby wells considering 

the quantification of water exploitation within the three aquifers; 

- calculation of the flow through the municipalities border within considered area to understand 

the different contributions coming from local inflow/outflow; 

- the backward streamlines from wells was applied to have a preliminary assessment of the 

potential impact on drinking wells related to the groundwater contamination distribution and 

to support for water treatment costs/benefits evaluation. 

 

CONCLUSIONS 

The Research and Development Sector of Gruppo CAP has implemented a basin scale 3D 

groundwater numerical model to analyse regional flow systems, to simulate water budget components 

changes with the aim of optimizing public groundwater management scenarios, including climate 

change perspective. The study was carried out starting from the conceptual model of the Metropolitan 

area shared with Politecnico of Milan and Lombardy Region. 

 

The basin scale groundwater model will be the starting point to develop local flow and contaminant 

transport models to investigate groundwater contamination problems and quantitative management 

of groundwater resources. Besides to compare different hypothesis of groundwater circulation and 
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allowing evaluation about groundwater age and origin, GRUPPO CAP promoted in the last four years 

an extensive isotope characterization of groundwater used for drinking purposes not only in the 

managed municipalities but has also realized investigations in the other Lombard provinces in 

collaboration with other Water Authorities. The study was carried out following the technical-

scientific consultancy agreement between CAP Holding and Sapienza University (Rome) and 

Waterloo University (Canada). 
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ABSTRACT 

The intentional recharge of aquifers, although being a widespread tool used at global scale for 

increasing water supply, is not always supported by adequate monitoring systems aiming at 

guaranteeing safety of recharging operations (Dillon et al. 2019). A pilot Managed Aquifer Recharge 

(MAR) two-stages infiltration basin for harvesting flood-water from the Cornia River started 

operations in December 2018 in Suvereto (Italy). The MAR scheme fulfils all of the requirements of 

the new-issued Italian regulation on artificial recharge of aquifers (DM 100/2016). A central element 

of the recharge scheme consists in the hi-tech automated and remotely controlled system for operating 

the plant and monitoring water quantity and quality. The presence of such monitoring infrastructure 

may improve MAR social perception as an opportunity, moving it from the common view of a threat 

to the safety of aquifers. 

 

Keywords: managed aquifer recharge, water scarcity, groundwater monitoring 

 

 

METHODS 

The LIFE REWAT Suvereto MAR scheme diverts excess surface water from River Cornia by means 

of a pumping system first into a settling pond and then into a larger fine sands and gravel basin (less 

than 1 ha large; Fig. 1). The infiltration basin is located at a pre-existing topographical low near the 

Cornia River. The river, having intermittent flow, provides the recharge water during high flow 

periods, including floods, and when discharge is above the minimum ecological flow. The infiltration 

basin is set in a natural groundwater recharge area. A preliminary project and an executive one were 

designed and discussed with the relevant authorities, following one-year long monthly monitoring of 

surface- and ground-water. The project was supported by a groundwater flow modelling-based 

approach using the FREEWAT platform (www.freewat.eu). 
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 The automated operating system allows diversion from the Cornia River using: i) the data acquired 

by a level sensor at a Cornia River hydrometer - this to avoid that diversion takes place at flow 

conditions lower than the minimum ecological flow; ii) the data acquired from a S::CAN Spectrolyser 

probe providing the spectral signature of the surface water and parameters of interest, such as 

turbidity, nitrates, TOC, DOC, UV254 and color, so to guarantee that good quality water (on legal 

basis) is used for recharge. A head sensor in the infiltration basin regulates the basin filling in order 

to avoid overflow. 

The effectiveness and impact of the intentional recharge process on the aquifer is then monitored 

using: i) a multi-parameter probe placed in a piezometer downstream - whose role is to highlight any 

negative change in the aquifer system, and ii) a further series of six sensors gathering T, h and EC 

positioned in piezometers downstream the MAR scheme for recording the variations induced in the 

aquifer by the recharge process. Thresholds are set and alarm messages are sent to the managing 

technical staff in order to inform and to allow timely reaction to any inconveniences may be 

happening. The control unit hosting the database and recording the gathered data may be accessed 

from everywhere with basically any kind of device. The operational monitoring is complemented by 

a network of about 30 piezometers/wells where monthly measurements/sampling are performed.  

 

 
Fig. 1 - View of the inlet point and detention basin, and discharge into the infiltration basin 

 

RESULTS 

Depending on the climatic conditions, it is estimated that the volume of diverted surface water may 

vary between 300000 m3/year and 1.3 Mm3/year. Minimal site development and modification was 

required, resulting in a no-impact water-work, while providing ecosystem benefits by reconnecting 

and inundating former abandoned riverbeds. The cost of construction of the plant is about 300000 ú, 

well below the cost of a surface water reservoir for a similar storage.  
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CONCLUSIONS 

The effectiveness of such pilot demonstrates the potential for Flood-MAR schemes to increase water 

availability in scarcity prone areas. The implemented MAR scheme is a classic example of Smart 

Infrastructure for the management of water resources.  
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ABSTRACT 

Limpopo National Park, one of the jewels in the crown of Mozambiqueôs protected areas is the site 

of interest in the present study carried on the framework of the SECOSUD Phase II, called 

ñConservation and equitable use of biological diversity in the SADC region (Southern African 

Development Community), a project supported by the Italian Ministry of Foreign Affairs in the 

SADC. 

The ambitious target of this project profile is to consolidate and to harmonize the management of 

natural resources, promoting a coordinated use and management of surface and groundwater 

resources. The growing interest in groundwater use in the SADC region, of which Mozambique is 

part, is prompted by the fact that surface water resources have been unable to satisfy the water demand 

required for socio-economic development Furthermore, the increasing demand for water, population 

growth, and climate change are increasingly putting pressure on groundwater resources in the SADC, 

stressing the resilience of people living in these developing countries.  

Current database management of groundwater data is poorly developed. The real lack of management 

of groundwater resources is also evident in community water supplies, where in some cases 

groundwater resources are developed in not sustainable way, generating contamination and 

overexploitation of aquifers in some areas, and additional water supply problems, such as land 

subsidence, and the deterioration of groundwater-dependent ecosystems.  

The aim of this study is to provide not only an appropriate water and management techniques, but 

also to develop a better understanding of system aquifer in order to protect it and the ecosystems 

depending on groundwater quality and quantity. 

The starting point of the ongoing study has been to know the current state of the water resources in 

Limpopo National park buffer zone and how the knowledge of hydrological and hydrogeological 

characterization can guide and support the conjunctive management of surface and groundwater 

systems throughout the area of concern in addressing water security and biodiversity conservation. 

 

Keywords: Limpopo National Park, groundwater resources, hydrogeochemistry, water management 

challenges 
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METHODS 

The Limpopo National Park spreads on a surface of about 11.433,156 km2 in the Mozambican part 

of Limpopo River Basin, situated in the East of Southern Africa. where Limpopo Mobile Belt is one 

of the main geological features (Fig. 1). 

The hydrogeology of the basin is dominated by the Limpopo Mobile Belt, a metamorphic zone of 

high grade, that lies in the collision zone between the KaapVaal craton and the Zimbabwe craton, two 

Archean continental shield areas. 

 

 

 
Fig.1 - Simplified geological map of Mozambique and Limpopo National Park 

 

In the aim of better understanding the quantitative and qualitative picture of the water resources, the 

hydrogeological inverse budget was applied in order to estimate the groundwater recharge 

meteorological trends referred to Limpopo National Park. At the same time a geochemical 

characterization of groundwater, was carried on more than 10 points of groundwater exploitation and 

some riverbanks. 

 

RESULTS 

The geochemical assessment pointed out that groundwater presents very high salinity, due to their 

long staying in the rock masses. On the other hand, results coming from the hydrogeological budget 

highlighted that in the area under study, most part of precipitations doesnôt infiltrate but, due to their 

hard intensity, runs on the surface and gives its large contribution to the seasonal flooding events, 

which affect, every year this area. 

 

CONCLUSIONS 

Standing on these results, it comes out that infiltration n in this area is very poor, due to high 

evapotranspiration coupled with the very low permeability of outcropping formations. As a matter of 

fact, the investigations carried on groundwater wells explored in the buffer zone around the Limpopo 

National Park looks like confirming this hypothesis. 
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ABSTRACT 

Groundwater and surface water quality characterization consists in identifying the main 

hydrochemical features of a system by analysing experimental datasets. This requires proper 

statistical techniques to be carried out. Multivariate statistical analysis, in particular Factor Analysis 

(FA), has been widely applied for investigating water quality data. FA presents some limitations: the 

uncertainty of the data is not considered, and it aims at gathering together positive and negative 

correlated variables.  

In this study Positive Matrix Factorization (PMF)  has been investigated as an alternative to FA 

(Paatero and Tapper, 1994). PMF is a multivariate analysis aimed at source identification and 

apportionment, specifically designed to cope with environmental data and to manage their 

uncertainty. PMF has been widely applied in studies concerning air pollution. A few studies 

demonstrated that PMF can be successfully applied to datasets concerning different environmental 

matrices (e.g. lake sediments and soil) to reach a more realistic representation of the sources affecting 

different systems. Here, the effectiveness of PMF as a tool to perform water characterization is 

investigated, by applying it to water quality data and comparing its results with those obtained with 

the more widely used FA. The study area is a part of the Oglio River basin after the outflow from 

Lake Iseo. It is a system characterized by strong relationships between groundwater and surface water 

bodies strongly impacted by agricultural landuse. This work is a result of the project ñLake, stream 

and groundwater modelling to manage water quantity and quality in the system of Lake Iseo ï Oglio 

Riverò supported by Fondazione Cariplo (grant number 2014-1282) carried out between 2015 and 

2018. 

 

Keywords: Multivariate statistical analysis, water quality, Positive Matrix Factorization 

 

 

METHODS 

The considered dataset is the result of four field surveys conducted in the study area between 2016 

and 2017. In each campaign samples from 68 monitoring points were collected, including 44 wells, 

17 rivers (Oglio River and tributaries), 6 springs and the Lake Iseo, for a total of 270 samples. Each 
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sample was analysed for dissolved oxygen (DO), total phosphorous (P-tot), alkalinity, major ions and 

trace elements. 

FA and PMF were applied to the resulting dataset, and the results were compared by analysing the 

resulting factor profiles and their spatial distributions.  

The PMF algorithm was solved using the Source Finder toolkit (Canonaco et al., 2013) for Igor Pro 

software package (Wavematrics, Inc.). FA was applied on the same dataset by means of the software 

IBM SPSS®. Factor profiles resulting from PMF and FA were interpreted considering the conceptual 

model of the system developed in previous studies (Rotiroti et al., 2019) and the landuse, and the 

spatial distribution of the contribution of each factor to each sample was represented and interpreted 

in a GIS environment. 

 

RESULTS 

PMF results consist in 5 factors, representing different processes and sources affecting each water 

sample. Fig. 1 shows the relative contribution of each environmental parameters to each factor, 

allowing to characterize each factor as a combination of several compounds with certain proportions. 

The first factor represents highly oxygenated water, with SO4 and a small content of major ions and 

it was associated to surface water bodies directly connected with Lake Iseo. Its spatial variability 

shows high values, other than in surface water samples, also in several wells in the higher plain, even 

if far from rivers. This could be related to the irrigation processes. The second factor, related to As, 

Fe, P-tot and NH4, was associated to the advanced stages of reducing processes determined by the 

degradation of natural buried organic matter. 

The third factor, characterized mainly by Mn and SO4, was related to the early stages of the reducing 

process. The fourth factor, characterized by major ions, was linked to water ï rock interactions, which 

lead to higher major ions concentrations especially over longer residence times. The fifth factor is 

characterized by NO3, mostly associated with the use of fertilizers. Therefore, it was associated to 

anthropogenic impact due to agricultural landuse.  

Factor analysis output consist in three factors representing each a combination of different PMF 

factors. 

 

 
Fig. 1 - Bar chart of the factor profiles of the PMF solution 
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CONCLUSIONS 

PMF allows for a more detailed description of the system, revealing and characterizing more features 

and processes compared to FA. 
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KEYNOTE LECTURE  

 

It is established that karst aquifers constitutes around 12% of Earth surface and their resources are 

used for water supply 20-25% of world population, which justifies the global relevance of this type 

of aquifers. They are abundant in Mediterranean countries where their groundwater has been used 

along the history by all cultures and civilizations. 

In spite of the importance and the long history of use by the humanity, the major advances on Karst 

Hydrogeology occurred after middle 20th century, on the basis of the predominantly 

geomorphological knowledge acquired in the previous century. The main reason for that was 

probably the complexity of karst system, its heterogeneity in the distribution of hydraulic properties 

(porosity and hydraulic conductivity), the different modalities of recharge (autogenic or allogenic; 

concentrated and diffuse) and the diversity of flow conditions from diffuse flow to conduit flow 

behavior. This diversity of conditions implies that methodologies of classical hydrogeology can be 

not directly applied to karst aquifers, and consequently techniques have been adapted or specially 

developed to investigate karst systems, starting from the always fundamental geological, 

geomorphological and hydrogeological background.  

Hydrodynamic analysis (mainly spring hydrograph) inform about the changes in volume of water 

recharging and discharging the systems and how rapid these occur, but not about the transit or 

residence times and processes occurring. These aspects can be inferred from the hydrochemistry, 

considered as hydrodynamic interpretation of chemical composition of groundwater. Besides, natural 

hydrochemical tracers as total organic carbon and natural fluorescence of groundwater inform about 

the role of the epikarst-unsaturated-saturated zones in the functioning of the system. Isotopic data 

permit to contrast the chemical interpretations, both in terms of residence time (radioactive isotopes) 

or another concerns of the aquifer behavior (stable isotopes): mixing of waters, altitude of recharge, 

evaporation, etc.). Hydrothermal response is another useful complementary tool. However, the most 

effective methodology is dye tracers, which permit to probe the hydraulic connection between surface 

and groundwater, and to calculate flow velocity. 

Each technique contributes to the knowledge of the karst aquifers but the most interesting approach 

is the integration of data from these different sources, avoiding the uncertainty of using only one. 

Thus, hydrogeological interpretation became more robust, which constitutes the basis of modeling, 

both conceptual and particularly mathematical procedures. There is an increasing number of 

numerical models (distributed, lumped and hybrid) in Karst Hydrogeology with diverse objectives 

from the integrated analysis of hydrogeological responses to the prediction and management of water 

resources under the impact of the global climate change. However, in many karst aquifers, the most 

interesting model is the conceptual one, which is basic for everything. 
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ABSTRACT 

Seismic precursors are an as yet unattained frontier in earthquake studies. This study aimed to identify 

potential patterns of level changes in response to several earthquakes, and possible variations of ion 

concentrations, gas compositions and isotopic ratios in groundwater. A multiparametric observatory 

has been established in Central Italy, near the active normal faults of the Sulmona basin. The 

monitored area has been chosen considering: i) the geodynamic relevance; ii) the maximum release 

of energy related to normal faults; iii) the seismic hazard related to the Mt. Morrone faults system 

(Gori et al., 2014); iv) the logistic opportunity of monitoring groundwater related to regional 

groundwater flowpath affected by deep contribution; v) the existence of a cluster of superficial and 

deep monitoring wells; and vi) the existence of a robust conceptual model of groundwater flow in the 

study area. With the aim of making a step towards this frontier, it has presented a hydrogeological 

and hydrogeochemical dataset associated with the 2016 Amatrice- Norcia seismic sequence (central 

Apennines, Italy). The intensity of the induced groundwater level changes was correlated with seismic 

magnitude and distance to epicentres. 

Moreover, monitoring a set of selected springs in the Sulmona area (central Apennines), a few 

hydrogeochemical anomalies were observed months before the onset of the seismic swarm, including 

a variation of pH values and an increase of As, V, and Fe concentrations. Cr concentrations increased 

immediately after the onset of the seismic sequence. On November 2016, these elements recovered 

to their usual low concentrations. Also, Rn concentrations in groundwater were continuously 

measured in the Giardino Spring, together with groundwater levels in a nearby well installed into a 

fractured regional aquifer. Data were processed and then analysed to produce the Fourier. These 

spectra were compared with the spectrum of tidal forces. Results showed that diurnal and semidiurnal 

cycles of Rn concentrations, and oscillations of groundwater levels with solar and lunisolar 

components of tidal forces. 
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METHODS 

Hydrological and hydrogeological monitoring was carried out from July 2014 until the time of writing 

this work. During this period, the rainfall and temperature data of the Bussi Officine thermo-

pluviometric station were collected. Two piezometers have been equipped, through the installation 
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of multiparameter probes for continuous monitoring of temperature, electrical conductivity and 

piezometric level. 

From the hydrogeochemical point of view, eight spring water were identified and monitored in the 

area of the Sulmona plain and the Gole di Popoli. Samplings started in November 2014. For each 

spring the values of temperature, electrical conductivity and pH were measured, and samples were 

taken for the analysis of the major, minor elements and for the isotopic analysis of H2O (Ö
18O-D), 

SO4 (Ö
34S-Ö18O), B (Ö11B) and Sr (87Sr / 86Sr). Also, in the attempt to identify variations in the deep 

degassing, it was decided to consider for the monitoring also the Rn and CO2 concentration, two of 

the gases that showed higher sensitivity to seismic activity. 

 

RESULTS 

In the first analysis, the hydrogeological monitoring allowed to identify the peculiar hydro-sensitive 

characteristics of the chosen site. The processing of the piezometric data also allowed to identify a 

strong relationship between the micro-seismicity recorded in the monitored area and the piezometric 

levels. Geochemical monitoring permitted to recognise characteristic trends in the time series of the 

various geochemical parameters. The imminent releasing of the seismic sequence of Amatrice-Norcia 

2016-2017 has meant that some of these concentration trends diverged from the typical values 

identified (As, V, Cr, and Fe). Also, co-post-seismic effects, which include increases in piezometric 

levels, flow and spring discharge, activation of some intermittent spring and deactivation of others, 

have been identified. Gas monitoring has made it possible to achieve remarkable results concerning 

the interactions between solid tidal periodicity, gas concentrations and changes in piezometric levels. 

 

CONCLUSIONS 

- Hydrogeological and hydrogeochemical monitoring in the central Apennines carried out 

before and during the seismic sequence of Amatrice-Norcia 2016-2017 has allowed 

identifying as potential seismic precursors the concentration increases of As and V in the 

groundwater; 

- The regional response of the carbonate aquifers to the significant events of the seismic 

sequence (Mw> 5.5) highlights for the umpteenth time the sensitivity of the fractured aquifers 

to the triggering of these events. However, further studies are necessary for a complete 

understanding of the phenomenon. 

- Identify oscillations of the piezometric levels of the regional water table in the Gole di Popoli 

as a result of the propagation of surface seismic waves induced by strong events (Mw> 7.5) 

occurred thousands of kilometres away; 

- Recognise the mainly diurnal and semi-solar components of the Earth's solid tide in the 

oscillations of the piezometric levels and the activity of the dissolved Radon in the Giardino 

spring. 
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ABSTRACT 

An extensive geophysical fieldwork was performed in Nakuru county (Kenya), Autumn 2018, aiming 

to study the shallow structure of the rift valley, within the framework of FLOWERED activities, an 

H2020 European Commission project (www.floweredproject.org). The overall objective of the 

project is to contribute to the development of a sustainable water management system in East African 

Rift areas affected by natural fluoride contamination. 

The investigated area is located in South-western Kenya near Nakuru, in the central part of the Kenya 

Rift. The area is characterized by a thick volcano-sedimentary succession of Pleistocene-Quaternary 

age, with volcanic rocks as lavas (phonolites, basalts, and trachytes) and pyroclastic flows and fall 

deposits (tephra, tuffs and fall deposits), intercalated with alluvial gravel and sands. The geophysical 

fieldwork was designed to implement a local detailed three-dimensional hydrogeological model of 

Nakuru area. We performed resistivity surveys at two different scales by using electrical resistivity 

tomography (ERT) and Hybrid-Source Audio Magnetotelluric (HSAMT), integrated by single station 

passive seismic measurements (HVSR). Overall, the performed surveys were helpful to delineate: a) 

depth and thickness of aquifers, b) aquitards or confining units and c) locating preferential fluid 

migration paths such as fractures and fault zones (Ghiglieri et al., 2017). 

 

Keywords: geophysics, magnetotellurics, geoelectrics, passive seismics, hydrogeology, fluoride 

contamination 
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METHODS 

To integrate the existing hydrogeological conceptual model, we perform 3 different geophysical 

methods: ERT and HSAMT for resistivity measurements, HVSR for passive seismic measurements. 

The surveys were planned taking into account main geological/hydrogeological targets (Ghiglieri et. 

al., 2017) and logistical constrains, i.e. the technical suitability of survey areas according to 

geophysical methods applied. Resistivity measurements (i.e. ERT and HSAMT) were located across 

the rift valley area along three different lines, two sub-orthogonal to the main geological features, 

oriented North-South, and one oriented North west ï South east crossing the entire valley and 

reaching the reliefs to the eastern part of the rift. HVSR were wide spread across the study site in 

order to cover as much area as possible. Electrical and electromagnetic techniques are commonly 

applied in groundwater research due to the correlation between electrical properties, geological 

features and fluid contents. Electrical resistivity maps obtained using electrical or electromagnetic 

surveys, are used in hydrogeological studies in order to recognize different water sources based on 

their salinity differences (see for instance Bauer et al., 2006, or Befus et al., 2012). HVSRs, a method 

widely used for a quick survey of seismic-amplification effects, were also performed at dozens of 

locations across the whole study area to achieve information about the spatial variability of superficial 

deposits thickness.  

 

RESULTS 

Due to the geological/geophysical complexity of the site, the best state-of-the art rendering for the 

geophysical data was used as preliminary results. In such area, the presence of complex water 

circulation and alteration of minerals make hard the interpretation of resistivity variations. In fact, 

bulk resistivity is mainly related to ionic conduction and surface conduction in presence of clayey 

minerals. However, we distinguished few principal geophysical features consistent with geological 

outcroppings and literature works of the study area. Although the best colour scale of resistivity 

results differs slightly for each single technique (i.e. ERT and MT), we unified both ranges in order 

to identify a common colour scale, useful for the comparison and in the interpretation phase. By the 

integration of geophysical methods, it was possible to obtain valuable information about site-specific 

conditions within the thickness of the exploited contaminated aquifers. These data allow to refer the 

hydrogeophysical framework to the different situations affecting wells and the relative concentrations 

of fluoride. 

 

CONCLUSIONS 

The evidence obtained by the integration of the different geophysical approaches have determined 

some important results: a) the data obtained with the two geophysical techniques show important 

elements of convergence and allowed to realize models of resistivity with a common interpretation 

criterion; b) the results obtained with HVSR measurements allowed to spread shallow information 

provided by ERT and MT, even outside the survey lines; c) the hydrogeophysical reconstruction of 

the study area allowed to identify local causes of the presence of high fluoride concentrations in 

groundwater; d) the overall geophysical framework is the starting point for the future integration with 

geological and hydrogeological information and for the realization of a 3D geological model. 
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ABSTRACT 

The relations between meteorological recharge and hydrodynamic and hydrochemical behavior of the 

Verde spring, the main discharge of the Majella Carbonate aquifer system (central Apennine), 

exploited for drinking and hydroelectric purposes, were analysed by statistical techniques. 

The results allowed to identify several flow paths, characterized by different sizes, hydraulic 

conductivities, and distances from the spring, that get activated depending on the type (rain or 

snowmelt) and the amount of the inflow. 

 

Keywords: groundwater, multiparameter time-series, carbonate aquifer, snow melt 

 

 

METHODS 

In order to get a deeper insight on the Majella system groundwater flow, multiparameter daily time-

series were considered, all related to the same time period (1803 days; about 5 years between 1997 

and 2002) and collected in different monitoring point all over the Majella aquifer. In detail, the snow 

cover thickness was measured by means of a graduated scale by the Meteomont State Forestry 

Authority Service. The rainfall data, collected by automated rain gauges and representative of the 

overall rain precipitation on the Majella massif, were provided by the Hydrographic Service of 

Abruzzo Region. The Verde spring discharge data is a sum of two different monitoring (i.e. SASI 

SpA and Hydrographic Service of Abruzzo Region), performed by automated water level stations 

with calibrated flow section. In addition, for the Verde spring also the water electrical conductivity 

and temperature were measured by a physico-chemical multiparameter probe connected with a data 

logger, located in the spring tapping. 

The raw and residual multiparameter time-series were then analyzed by the Autocorrelation Function 

(ACF) and Cross-Correlation Function (CCF), to investigate how the spring parameters react to the 

different inflows. 

 

RESULTS 

The results obtained by the ACF and the raw and residual CCFs, together with the knowledge of the 

hydrogeological features of the Majella aquifer (Nanni and Rusi, 2003; Fiorillo et al., 2015), allowed 

to implement a refined conceptual model. The Autocorrelation analysis showed that the variability of 

the spring discharge and Electrical conductivity time-series can be accounted by the combined effect 

of both rainfall (i.e. random component) and snowmelt (i.e. systematic component) recharge. 
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At first sight, the CCF values between raw input and output datasets describe that the snow cover 

thickness vs spring parameters relationship are an order of magnitude higher than the ones related to 

the rainfall-spring parameters relationship. This noticeable gap is attributable to the difference in 

water volume infiltrating during and after snowmelt and after rainfall events. In fact, the Majella 

aquifer system recharge is mainly due to the snow cover that accumulates, during the fall-winter 

period, and then melts, during the spring period. Rainfall events, even intense and widespread, supply 

little water to the aquifer with respect to the water volumes accumulated in the form of snow, in the 

recharge areas. 

The Raw Rainfall vs Residual Spring Discharge CCFs show clear peaks characterized by response 

times equal to 5, 13, 22, 35, and 45 days. The CCFs between raw rainfall and residual spring physico-

chemical parameters exhibit a similar pattern of the significative negative peaks, but the response 

times so not always coincide. 

The results obtained clearly demonstrated that the snowmelt contribution is predominant with respect 

to the rainfall one. The travel times in the unsaturated and saturated zones of the water moving toward 

the Verde spring and the aquifer recharge modes depend on the different inflows (i.e. snowmelt and 

rainfall), their distribution in the recharge areas, their intensity and distribution in time. In detail, the 

multiparameter time-series analyses allowed to identify several recharge modes related to different 

flow paths, that are characterized by different sizes, hydraulic conductivities and distances from the 

spring, in both the unsaturated and saturated zones. 

The level of detail obtained by the multiparameter time-series analyses is high, although below the 

one provided by tracer tests. In fact, this methodological approach allowed to account for small 

changes in the spring parameters, such as the electrical conductivity (about ± 15 mS/cm) and 

temperature (about ± 0.1° C), that are considered meaningless. 

 

CONCLUSIONS 

This study demonstrated that the multiparameter hydrodynamic and hydrochemical time-series 

analyses, related to heterogenous fractured and/or partially karst aquifer systems, can provide more 

detailed information about the groundwater flow and the recharge modes, without using tracer tests. 

Although they are more precise and the used tracers non-toxic, their implementation is often difficult 

because of the logistic conditions and the environmental restrictions, especially when the aquifer 

systems are wide, and the related groundwater exploited for drinking purposes. 
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ABSTRACT 

Nossana spring, located in the province of Bergamo, is one of the most important Northern Italy water 

resources for domestic supply. It sustains a large water distribution system managed by Uniacque 

S.p.a. The aim of this work is to forecast the behaviour of this spring, and its hydrogeological 

parameters, under future climate change scenarios (IPCC, 2014). 

The study of the response of Nossana spring may give important guidelines to enforce managing tools 

in case of future severe climatic trends. 

 

Keywords: Nossana spring (Italy), climate change, karst waters, water management, IPCC 

 

 

METHODS 

Nossana spring behaviour of discharge has been simulated using the lumped-parameter model 

RRAWFLOW (Long and Mahler, 2013; Long, 2015). RRAWFLOW uses daily rainfall and daily 

minimum and maximum temperature as input to calculate discharge. 

Uniacque S.p.a. provided discharge and meteorological data for the period 1998-2018. Thirteen years 

(1998-2010) were taken as calibration period while the remaining eight years (2011-2018) were used 

to validate the model. The quality of calibration and validation was assessed through two indices, 

Nash-Sutcliffe Efficiency (NSE) and Root Mean Squared Error (RMSE), as suggested by Legates 

and McCabe (1999). For future projections of spring discharge, the meteorological variable timeseries 

needed as input were derived by statistical downscaling of climate models, performed using change 

factors and a rainfall-temperature generator (Burton et al., 2010; Richardson, 1981). 

Change factors were calculated for five twenty-year intervals, from 2021 to 2100, for a total of 40 

different regional climate model runs. These model runs refer to three different Representative 

Concentration Pathway (RCP) scenarios with increasing severity (2.6; 4.5; 8.5) according to IPCC 

(2014).  

Future simulations of spring discharge are still in course. Eventually, they will allow the preparation 

of probabilistic scenarios of discharge amounts under each RCP condition.  Statistical significance of 

discharge changes in comparison to observations will be evaluated, too.  
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RESULTS  

RRAWFLOW simulation shows a NSE for calibration and validation of 0.46 and 0.44, respectively. 

Similarly, RMSE is equal to 2.17 and 2.21. These values indicate a satisfactory parameterization and 

a certain robustness of the model.  

Results suggest that there is a strong correlation between recharge rate -both in cases of more frequent 

single precipitation event (summer ï storm) and less frequent continuous event- and Nossana spring 

discharge rate. In fact, hydrograph indicates that discharge variation occurs mainly within 1-2 days 

from the beginning of a rainfall event. This is a typical behaviour of a karst spring in temperate regions 

.as in the case of Val Seriana. 

Climate change projections are still being processed; once available they will be used to simulate 

projected discharge behaviour. 

 

CONCLUSIONS 

To meet public water needs, Nossana spring, which is characterized by a variable discharge from 0.4 

to 18.0 m3/s, must supply 0.5 m3/s of water; below this warning threshold, the water distribution 

system needs to resort to other sources, which are usually more expensive and difficult to manage. 

Simulations of extreme meteorological conditions are useful for waterworks managers to identify 

exceptional situations when it is necessary to integrate the water supply (i.e., activating 

supplementary water wells). 

This study demonstrated that lumped ï parameter models can lead to good discharge predictions in 

karst environment. For this reason, if a complete simulation of the processes is not needed, they can 

be a better option for discharge simulation in karst environments than 3D models, which usually need 

a large amount of data and longer computational times. 

In addition, when completed, this work could be used as an implementing tool to support the policy 

of the public water company in future climatic change scenarios. 
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ABSTRACT  

This paper aims to assess the hydrogeological model for the Poiano karst system by applying 

hydrologic water balance, in-field discharge measurements and water stable isotope methods. The 

results obtained downgrade the role of the Lucola River in feeding the Poiano Spring and show that 

the Secchia River is likely one of the main sources of the karst system. 

 

Keywords: karst, Poiano, water isotope, evaporitic, spring 

 

 

METHODS 

This paper deals with the application of an empirical hydrologic water balance, in-field measurements 

of river/spring discharge and stable isotope analyses to evaluate the most recent Poiano karst spring 

hydrogeological model proposed by Chiesi et al. (2010). The Poiano karst system is made up of 

Triassic gypsum/anhydrite evaporites outcropping in Emilia Romagna (Italy), in the northern part of 

the Apennine chain, and is bounded by the Lucola, Secchia, Sologno and Ozola rivers. According to 

the current hydrogeological model, this aquifer is mainly fed by the Lucola River. The Sologno River 

and meteoric recharge are believed to be secondary sources. This study aims to evaluate the reliability 

of the model mentioned above. The estimation of the hydrologic budget is based upon the 

Thornthwaite and Mather (Thornthwaite and Mather, 1955) water balance method, through which the 

definition of surplus was obtained for each of the rain gauge stations, simulating two (minimum and 

maximum) soil moisture coefficient scenarios (u = 100 and 0 mm). The surplus term was then 

transformed into effective infiltration and runoff by multiplying each term by the infiltration 

coefficient related to each outcropping lithology. The average annual runoff volumes obtained for 

each watershed were then considered to be the average volume of water outpouring at the basin outlet, 

while the average annual infiltration rate was considered to be the effective recharge of the karst 

system. Field discharge measurements were made on the rivers and the Poiano Spring in different 

months using salt tracers and a propeller flowmeter. The initial results from 46 water stable isotope 
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analyses (ŭ 18O, ŭ 2H) sampled monthly between Aug-2017 and May-2018 from the Poiano Spring, 

3 shallow springs (representative of local meteoric recharge, according to Cervi et al. (2016), and 15 

river gauges were used as natural tracers to define the recharge shares for the Poiano karst system. 

 

RESULTS 

The estimation of runoff for the hydrological year 2017-2018 reveals the following average annual 

discharges corresponding to each depicted scenario: (2017-2018) Lucola = 359 ÷ 393 [L/s]; Sologno 

= 344 ÷ 368 [L/s]; Secchia = 6731 ÷ 7167 [L/s].  

The same estimation for the effective recharge rates acting over the karst aquifer is as follows: (2017-

2018) Surplus = 695 ÷ 798 [mm]; Recharge = 90 ÷ 103 [L/s].  

Mean river/spring discharge measurements: (2017-2018) Lucola = 170 [L/s]; Sologno = 80 [L/s]; 

Poiano = 335 [L/s].  

The water balance reported here does not support the current hydrogeological model, since Poiano 

Spring discharges are always much higher than the estimated discharge rates of the Lucola River, 

which is not subjected to heavy seepage into the groundwater system. The in-field measurements 

reported above also are not consistent with the current hydrogeological model, but they highlight that 

other inflow sources must be considered in order to better depict the karst spring discharge. The 

preliminary isotope results point out a new highlight with respect to the recognized hydrological 

model. The ŭ 18O - ŭ D analysis reported in Figure 1 shows a scarce isotopic affinity of the Poiano 

Spring with the Lucola River, a strong isotopic affinity of the Poiano Spring with the Secchia River, 

and a moderate isotopic affinity among the Sologno River, Ozola River and shallow springs (effective 

recharge). 

 

 
Fig. 1 - Plot ŭ 18O and ŭ D analysis results separate by rivers, shallow springs and Poiano karst outlet. 

 

 

CONCLUSIONS 

The preliminary and new results of the empirical hydrological model, in-field spring and river 

discharge measurements and the water stable isotope analysis of the springs and rivers are not in line 
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with the most recent hydrogeological model of the Poiano karst spring presented by Chiesi et al. 

(2010). In particular, the empirical hydrological model and in-field discharge measures highlight that 

the Lucola and Sologno rivers and the effective recharge cannot justify the Poiano karst spring 

discharge. The results of the isotopic analysis indicate that the Secchia River must be considered one 

of the main sources that contributes to the total discharge of the Poiano Spring. 
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ABSTRACT 

The Ferrarelle groundwater system is located in a highly fractured area in the Riardo Plain (southern 

Italy) at the base of the northern slope of Mt. Maggiore. It is the product of three endmembers mixing: 

deep mineralized, shallow volcanic and lateral carbonate groundwater. The three-component mixing 

has been calculated by using V and K which are reliable conservative elements. The mixing fractions 

calculated through mass balance for each sample are shown in the element-element triangle plot. This 

graphic method provides similar results obtained by numerical computation obtained by mass 

balance. 

 

Keywords: three-component mixing, hydrogeochemistry, Ferrarelle Groundwater System 

 

 

METHODS 

The Ferrarelle groundwater system (FGS) is mainly governed by the mixing of waters from i) a deep 

CO2 super-saturated and mineralized (CO2 ~ 0.01 mol/kg; Electric Conductivity ~ 3500 µS/cm) 

fractured aquifer in the carbonate basement and ii) a low mineralized (CO2 ~ 0.004 mol/kg; Electrical 

Conductivity ~ 400 µS/cm) aquifer hosted in a shallow volcanic succession (Cuoco et al. 2010). 

Relative fractions of each endmember in mixed groundwater can be calculated by mass balance 

through an element-element binary plot considering conservative elements in solution (Albarede, 

1995). A lateral groundwater input from the Mt Maggiore carbonate aquifer (Mazza et al., 2013) 

introduces a third endmember in the FGS (Fig.1a). The final scenario shows a three-component 

mixing in a binary diagram where the endmember (components) are located in the three angles of a 

triangle (Carrera et al., 2004).  

IC coupled with ICPMS analytical techniques provide a large number of variables in the dataset, both 

major (HCO3, Cl, NO3, SO4, Na, K, Mg, Ca) and minor/trace elements (F, Li, B, V, Mn, Fe, As, Sr, 

Rb, Ba, Cs), useful to be used for a validation in the mass balance processes. Groundwater samples 

were monthly collected from eight wells tapping the FGS since October 2017 in order to test this 

methodology. 
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RESULTS 

The schematic cross section (Fig. 1a) was realized using field piezometric measurements. 

In the FGS the detected end-members are as follows: i) D corresponding to the deep and mineralized 

aquifer (V 0.2 ppb; K 87 ppm), ii) N being the shallow, volcanic and low mineralized aquifer (V 15 

ppb; K 28 ppm), and finally iii) F being the lateral inflow from the Mt. Maggiore carbonate aquifer 

(V 2 ppb; K 3 ppm), see Fig.1a. The three numerical end-members define the triangle plot showed in 

Fig.1(b). We used three equation mixing (for the 3 end-members, F - N - D) represented by each side 

of the triangle, while ñfò are the theoretical fractions for each end-member, calculated between the 

two components at the adjacent corner and fixed equal to 0 to the third one.  

The final calculated fractions for each sample for the three different end-members, are easily 

visualized in Fig. 1 (b). The highest fractions of D are detected in the wells (e.g. W5, W6) located as 

in Fig.1 (a) close to a faults system allowing CO2-rich groundwater upwelling (see Fig.1). Conversely, 

at shallower pumping depth (W4) the percentage of F increases due to the  a lateral leak discharge 

from Mt. Maggiore. 

 

 
Fig.1(a) Schematic cross section of the FGS involved in the ternary mixing dynamics: 1) carbonate units; 2) pomiceous 

units; 3) massive volcanic units; 4) detrial deposits; 5) groundwater table elevation; 6) Lateral inflow from carbonate 

aquifer; 7) deep and mineralized aquifer; (b) graphical estimation of the fractions (f) of each endmember. The table 

with two examples (points in red) of the numerical results of mass balance is reported above. 

 

CONCLUSIONS 

V and K seem be the most functional variables to evaluate groundwater mixing in volcanic vs. 

carbonatic water reservoirs in the FGS. Triangulation of mixing functions in the element-element plot 

allows a fast visualization of fractions of the three components calculated by the numerical mass 

balances.  
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ABSTRACT 

Herewith we present the preliminary results of a research aimed at understanding in which cases a 

spring, during no-recharge periods, follows a hyperbolic function having the exponent n < 1. 

 

It is well known that one of the most common functions describing the recession of springs is the so-

called hyperbolic function (HF): 

 

1 1 ρ ɻÔ Ôϳ   (1) 

 

In Eq. (1) the symbols meaning is:   t0 (d) = time chosen as the start of the recession; 

Q0 (m
3/d) = discharge at time t0;  Qt (m

3/d) = discharge at time t (d);    

Ŭ (d-1) = recession constant;    n = non dimensional coefficient. 

 

Equation (1), with n = 2, was proposed by Boussinesq (1903). The theoretical scheme of Boussinesq 

corresponds to a linear spring, i.e., to an aquifer with parallel flow draining into a rectilinear 

watercourse. In the original Boussinesq scheme, the aquifer is homogeneous and isotropic, and it is 

characterized by an impermeable horizontal bed, located at the same elevation of the spring (i.e., the 

spring has no permanent water storage). More than one century of use of Eq. (1) indicate that, in 

many cases, this equation describes well the recession of point springs (i.e., with a convergent flow), 

even when the low-permeability boundary is not horizontal and is at a moderate depth below the 

elevation of the spring.  

Various authors have worked on eq. (1), confirming the validity of it: e.g., Maillet (1905); Tison 

(1960), Dewandel et al. (2005). In this context, a work by Drogue (1972) is of particular interest. In 

that paper, by a statistical analysis of 100 cases of depletion curves of karstic springs, the author states 

that n frequently assumes values other than 2. Drogue (1972) reports that it is not uncommon to find 

cases where n = 0.5 and, in his data set, he found that a maximum value of n = 5. Referring to Drogue's 

seminal work, the case of n = 0.5 is some time mentioned in the literature (e.g., Kresic and Stevanovic, 

2010; Kresic, 2013; Civita, 2005) but as far as we know, no author put forward any comment about 

the structure of the corresponding aquifer/spring or the characteristics of the dynamic storage. 

Anyway, according to our experience, the cases of springs with hyperbolic depletion curves with n < 

1 are somewhat rare. 
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This research was conducted both on a theoretical basis and by simulating the dynamics of various 

hydrogeological structures by finite differences modeling. 

Our preliminary results indicate that:  

a) apart from the possible cases where the analysis is perturbed by poorly approximated data, a 

HF with n Ò 1 corresponds to non-homogeneous structures, with well-defined geometries, 

consisting of formations with different permeabilities;  

b) in the case of n Ò 1, the estimation of the dynamic resources by integrating equation (1) 

between any time t and t = Ð gives an indefinite result; 

c) a HF curve with n Ò 1 sooner or later evolves towards a HF with n > 1 or an exponential 

Maillet function;  

d) in principle, it appears that springs having n Ò 1 in the initial part of the recession, are suitable 

for exploitation by long horizontal or sub-horizontal drains. 
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ABSTRACT 

A high-speed railway line was realized between 1996 and 2005 connecting Bologna and Florence. 

The line crosses the northern Apennines through multiple tunnels. Significant hydrological and 

hydrogeological impacts due to tunnel drainage of surface and groundwater were monitored during 

the construction of the railway line (e.g. drying of springs and base-flow losses at mountain streams) 

(Vincenzi et al., 2014). Such large impacts were unexpected since the turbiditic formations crossed 

by the tunnels were thought to behave as aquitards before tunnel drilling. Instead, the formations 

turned out to be highly fractured and faulted behaving as ñsedimentary hard rock aquifersò (Gargini 

et al., 2008). 

The results of a new monitoring performed 13 years after the completion of the line are presented 

here to assess the long-term evolution of the impacts induced by the draining tunnels.  

 

Keywords: draining tunnel, northern Apennine, monitoring, hydrogeological impact 

 

 

METHODS 

The new monitoring focused on the most impacting among the nine tunnels of the railway line, known 

as ñFirenzuola tunnelò. The tunnel rides below the Santerno River watershed (north of the main 

Apennine divide) for about 7 km and for about 8 km south of divide, below the Sieve River watershed. 

The flowrates of mountain streams were monitored in six rounds between January and September 

2018. 14 stream sections were selected among the 73 monitored during the railway line construction. 

An Acoustic Doppler Velocimeter (Flowtracker Handheld-ADV, SonTek ©) was used for flowrate 

measurements. Water samples for geochemical and water stable isotope analyses were collected in 

July 2018 at the 14 stream sections and in 7 inspection wells into the Firenzuola tunnel right below 

the Apennine divide. Tritium was also analyzed in the samples from the tunnel. The data collected in 

2018 were compared with the monitoring preformed during tunnel construction to assess the 

evolution of impacts over time. 

 

RESULTS 

The flowrates at the monitoring stream sections are similar or lower than the ones monitored during 

tunnel construction. The main impacts in terms of flowrate losses are observed during the low flow 

season (summer). Examples of highly (red) or slightly (green) impacted sections from both 

watersheds are shown in the Figure. A particular case is the one of stream Ensa in the Sieve watershed 
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that flows parallel to the tunnel about 5 km to the east, outside of the area of impact as it was defined 

shortly after tunnel construction. The stream didnôt show relevant evidences of impact during tunnel 

construction whereas now is clearly impacted. The connection between the stream and the tunnel is 

likely facilitated by high-angle faults of kilometric lateral extent in the WNW-ESE direction.   

The geochemistry and the water isotopes allowed inferring an affinity between the surface water 

flowing north of the Apennine divide (Santerno watershed) and the groundwater drained by the tunnel 

immediately south of the divide.  

 

 
 

CONCLUSIONS 

The overall impacts on stream flowrates observed in 2018 are in line or slightly higher than those 

registered during tunnel construction. The particular case of stream Ensa located 5 km eastward from 

the tunnel suggests that the impact area is spreading radially over time in the Sieve watershed. A 

similar lateral spreading of impacts was not registered in the less faulted Santerno watershed. 

Geochemistry and water isotopes from streams and from the tunnel showed that the main 

hydrogeological divide is shifted to the south compared to the topographic divide, suggesting a 

southwestward ñfault drivenò rather than a northeastward ñstratum drivenò groundwater flow 

direction.  
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ABSTRACT 

The hydraulic phenomenon of upwelling groundwater flow affecting karst area of Grassano-Telese 

springs (southern Italy) has been investigated through piezometer data, discharge and chemical-

physical monitoring of springs. In the karst area of Grassano-Telese, the phenomenon of the 

upwelling flow is supported by different types of evidences such as: the presence of sinkholes 

connected to hypogenetic speleogenesis processes, constancy of temperature and hydraulic 

conductivity of spring water, hydraulic head increases with depth. In order to support the hypothesis 

on upwelling flow of discharge area, hydraulic model has been built up using different MODFLOW 

tools. 

 

Keywords: karst springs; upwelling flux; artesian; sinkholes; groundwater modeling;  

 

 

METHODS 

Remotely sensed data and topographic maps have been used in order to map all the sinkholes in 

Grassano-Telese karst area, analyzing their distribution and morphometry.  

To model the groundwater flow, numerical codes has been used in MODFLOW environment, to 

simulate the phenomenon of the upwelling flow. The simulation is calibrated by the hydraulic head 

measurements upstream spring outlet, and provides the path of the flow and equipotential lines under 

specific hydraulic boundary conditions (Chiang and Kinzelbach, 1998). The aim is to simulate the 

groundwater flow paths highlighting the upwelling phenomenon under the spring, rather than to 

estimate the discharge amount. 

 

RESULTS 

A huge number of small to medium-sized sinkholes affect Grassano-Telese karst area. 

A very high concentration of sinkholes were observed for the carbonate relief of Montepugliano 

located in the northern sector of the study area.  The Montepugliano relief are typically connected to 

collapse phenomena; they involve mainly carbonate rocks of Cretaceous and can be defined as 

collapse sinkhole (Ford and Williams, 2007). Besides, these sinkholes develop mainly in the 

unsaturated zone of the aquifer.  

The sinkholes genesis and their exceptional concentration (the latter is not found in others sector of 

the considered karst system), seems to ascertain the hydraulic phenomenon of upwelling. The 
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groundwater artesian conditions detected in the Telese plain, located along the southern side of the 

Montepugliano relief, can be explained by the upwelling flow, which locally is confined by the 

aquitard role of the alluvial deposits of the plain. The groundwater converges towards discharge zone 

as modelled using MODFLOW tools. This convergence occurs in the vertical plane along the main 

direction of the groundwater flow, and highlights the upwelling phenomenon feeding springs (fig.1). 

 

 
Fig. 1 - General sketch of the groundwater path with flow net deducted from hydraulic heads detected into piezometers 

located upstream and downstream main spring outlet (modified from Fiorillo et al., 2018) 

 

CONCLUSIONS 

Several markers such as water temperature, electrical conductivity, sinkholes genesis and distribution, 

piezometer data seem to support the hydraulic behaviour of groundwater typified by ascendant flow.  

The flow net of karst aquifer feeding Grassano springs has been drawn using MODFLOW tools. The 

groundwater flow 2D model can be considered a simple tool to understand groundwater circulation 

affecting Rio Grassano karst aquifer, providing a possible scenario of groundwater behavior. 
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ABSTRACT 

The dynamic of groundwater systems feeding several springs of the Sibillini mountains was deeply 

affected by nine Mw 5.0ï6.5 seismic events occurred in central Italy starting from August 2016.  

The strongest shock (Mw 6.5) occurred on 2016 October 30th about 5 km NNE of Norcia Town, 9 

km below the surface (Chiaraluce et al., 2017), as a result of upper crust normal faulting on the nearly 

30-km-long Mt. Vettore-Mt. Bove fault system (Civico et al., 2018; Porreca et al., 2018), a NW-SE 

trending, SW-dipping fault system cropping out on the western slope of Mt. Vettore, the highest peak 

of Sibillini Mountains. 

Soon after this event, it was observed a general increase of springs and rivers discharge and 

groundwater levels both in the Visso and Norcia areas, west of the Sibillini Mountains (Petitta et al., 

2018). In this area, both discharges and groundwater levels are still nowadays higher than they were 

before the seismic sequence. 

Discharge data of the main springs located east of the Sibillini Mountains were analysed to verify 

whether the general increase observed on the western side was associated to a decrease on the eastern 

area. The results of the analysis show that the springs located on the eastern side of Mount Vettore 

fed by the Basal aquifer (Calcare Massiccio), experienced a significant long-term discharge decrease.  

The effect of the seismic events on discharge values recorded on the springs SE of Mount Vettore, 

fed by shallower aquifers (Maiolica and Scaglia), is not of the same kind, since a long-term reduction 

of average discharge has not been recorded. 

The analysis of the historical discharge series of the Pescara spring (SE of Mt. Vettore), and its 

relationship with the local 12 months SPI index (SPI-12), shows that the very low discharge values 

recorded at the end of the 2017 depletion period are not associated with SPI as low as documented in 

the past for similar discharges.  This consideration suggests that the very low discharges recorded in 

2017, could be also due to the earthquake effects. This hypothesis is supported by the fact that the 

Maillet depletion coefficients determined for the post-earthquake recession periods are higher than 

those determined before the seismic events.  
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METHODS 

The work is based on the analysis of discharge measurements of the main springs located in the 

Sibillini Mountains area and on the analysis of historical rainfall series.  

Discharge data of the eastern springs are measured by the CIIP S.P.A. of Ascoli Piceno.  

Historical rainfall series, available from the Centro Funzionale Multirischi Protezione Civile Regione 

Marche since 1962, were used to calculate the 12 months SPI Index (McKee et al., 1993), to determine 

whether the low discharge values could be related to severe droughts. 

 

RESULTS 

The results of the analysis showed that the discharge of two springs located North-East of Mount 

Vettore, Foce di Montemonaco and Sassospacato springs, significantly decreased, in the long term, 

after the 2016-2017 seismic sequence. These springs are both fed by the basal aquifer, (Calcare 

Massiccio and Corniola formations). 

Data of Pescara and Capodacqua springs (eastern side of Sibillini Mountains), fed by the shallower 

aquifer (Maiolica and Scaglia) do not show an evident long lasting decrease of average discharge 

after the seismic sequence. 

Nonetheless, as far as the Pescara spring is concerned, it was observed that in 2017 the minimum 

discharge reached at the end of the depletion period is about 25 L/s. Since 1962, the only year in 

which the discharge has been (slightly) lower than this is 2007. 

The analysis of SPI index, determined on the historical rainfall series recorded in Arquata del Tronto, 

showed that the SPI-12 value reached in 2017 is not as low as it was when similar low-discharge 

values were reached in the past. This consideration suggests that the very low discharge recorded in 

2017, could also be linked to the earthquake effects. This is in accordance with the higher Maillet 

depletion coefficient values determined for the post-earthquake recession periods, with respect to 

those calculated for the pre-earthquake ones (Fig. 1). 

Fig. 1 - Maillet depletion coefficients for the Pescara Spring (2003-2018).  

*The values in the same year (2016 and 2018) are determined in different depletion periods. 
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CONCLUSIONS 

The 2016 October 30th earthquake had strong effects on the dynamic of groundwater systems. A 

general increase of springs and rivers discharge and groundwater levels can still now be observed in 

the Visso and Norcia areas. On the eastern side of the Sibillini Mountains, the mean discharge of the 

springs located at the base of Mount Vettore, and fed by the Calcare Massiccio and Corniola aquifer, 

significantly decreased after the earthquake and still sits lower than it was before. The earthquake 

effects on the eastern springs fed by the Maiolica aquifer are not so evident. The mean discharge of 

these springs did not change significantly and possible earthquake effects can only be observed on 

depletion periods.  
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ABSTRACT 

Karst aquifers, especially with highly developed conduits are very complex and heterogeneous 

hydrogeological systems. In these systems indispensable water resources are stored. Due to the 

special characteristics of karst systems, the quality of karst water may easily be degraded as a result 

of anthropogenic impacts. The high sensitivity of these resources thus requires an effective and 

accurate protection strategy. As a preventive tool, vulnerability assessment supports decision making 

in land use, environmental and water management. Groundwater vulnerability maps synthesize the 

relevant lithological, pedological, hydrogeological, meteorological, hydrological and 

geomorphological information in a visual and easy-to-understand way. Parallel to the increasing 

popularity of the most commonly used parametric approaches, more and more authors emphasize the 

importance of the reliability and comparability of groundwater vulnerability assessments and the 

conceptual problems caused by those vulnerability indicators which do not have physical meaning 

(Wachniew et al. 2016). Focusing on the development of physically based or process-based 

approaches helps to overcome this problem (Dassargues et al. 2015; Popescu et al. 2015). The recent 

study presents a process-based karst groundwater vulnerability approach on the example of the 

Gömör-Torna Karst (known also as Aggtelek Karst and Slovak Karst). It is an unconfined 

transboundary aquifer located on the border of Hungary and Slovakia. The aquifer consists of Triassic 

carbonates, partially covered with Quaternary clayey sediments. 

 

Keywords: groundwater vulnerability, karst aquifers, process-based vulnerability, geophysics 

 

 

METHODS 

In a preliminary study the semi-quantitative, parametric Slovene Method (Ravbar and Goldscheider 

2007) was applied on the test site for intrinsic vulnerability assessment (Iván and Mádl-SzŖnyi 2017). 

Revealing the contrast between the rough evaluation and the importance of the aquifer fracturation 

as well as the overlying clayey sediments, supplementary field and laboratory investigations were 

presented. For the investigation of sediment thickness and dissolutionally enlarged fractures Radio-

magnetotellurics (RMT, 20-300 kHz) and Vertical Electric Sounding (VES) were applied (own 

measurements and data from Gruber et al. 2015). By means of sieving-hydrometer and laser-

diffraction methods, the grain-size distribution of the soil and sediment samples were analysed and 

their hydraulic conductivity was calculated. Based on these supplementary studies a comprehensive, 

process-based resource vulnerability assessment was carried out and applied for particular areas. The 
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methodology was based on the Time-Input method of Kralik and Keimel (2003). Adapting the 

methodology to the characteristics of the test site, several modifications were applied, e.g. the effect 

of swallow holes and sinking streams were incorporated into the evaluation. The density of fractures 

was derived from the RMT results. 

 

RESULTS 

The process-based vulnerability assessment is suitable for handling the high heterogeneity of the karst 

area. It resulted a detailed intrinsic resource vulnerability map with fine resolution. The vulnerability 

is expressed in real travel time values, which ranges from few hours to 68 months from the surface 

to the water table. The highest vulnerability can be observed where the clayey sediment coverage is 

absent and the aquifer is strongly fractured, or where is possibility for concentrated infiltration.  

 

CONCLUSIONS 

The adapted and modified method is suitable for the evaluation of karst areas of the region and 

provides reliable information for resource vulnerability. Instead of dimensionless vulnerability 

categories, the vulnerability is expressed in real travel time values. Therefore, the methodology 

provides suitable tool for natural conservation purposes and land use planning. The study was 

supported by the Geogold-Hungária Ltd. and the Aggtelek National Park. This result is part of a 

project that has received funding from the European Unionôs Horizon 2020 research and innovation 

programme under grant agreement No 810980. 
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ABSTRACT 

The geomorphologic structure of the rock and soil outcrops is an important parameter in rainfall-

runoff-groundwater recharge relation characterization in watersheds (Eagleson, 2002). These 

relations determine the groundwater recharge rate and are difficult to characterize, especially in semi-

arid zones (under 300 mm per year). In spite of the aridity conditions, it is considered an important 

replenishment area of the southern part of the Yarkon-Taninim (Y-T) aquifer (Dafni et al. 2010). The 

Y-T is one of Israelôs most important resources of fresh water, providing ~25% of the countryôs fresh 

water (Hydrological Service, 2014). The main objective is to characterize the impact of the 

geomorphologic structure on percolation and groundwater recharge. 

 

Keywords: replenishment area, geomorphology, vadose zone, groundwater recharge 

 

 

METHODS 

Examining the impact of typical geomorphic settings on groundwater recharge. A first order stream 

(10.7 acres) which is characterized with two main geomorphic setting was selected: (1) Rocky slopes 

and (2) Man-made soil terraces along the stream channel. The study area was instrumented with a 

monitoring setup which includes: (1) meteorological station, (2) two vadose zone monitoring systems 

(VMS) (Dahan et al., 2009; Rimon et al., 2011) for the rock hillslopes and soil terrace, and (3) a flume 

in the outlet of the watershed, measuring the runoff generation. The VMS provides high-resolution 

measurements of variation of rock/sediment water content as well as frequent sampling of rock/soil 

pore-water for chemical and isotopic composition at multiple depths ranging from land surface to 8 

meters below ground level. The chemical and isotopic composition of the vadose zone porewater was 

used to estimate the water infiltration conditions and identification processes taking place during rain 

water percolation. The flume at the basin outlet provided runoff discharge following rain events. 

A combination of continuous monitoring of the rain pattern, water content across the unsaturated 

zone, variations in concentration of environmental and artificial tracers, allowed characterization of 

the link between rain regime to deep infiltration and groundwater recharge with respect to the typical 

geomorphologic setting. 
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RESULTS 

Water content variation, stable water isotopes and artificial tracerôs migration reveal quick and deep 

infiltration of rainwater during storm events and slow infiltration that continued until the end of the 

summer (September ï October) with limited evaporation effects under rock hillslopes. A sharp 

increase in water content and sharp depletion in ŭ18O indicate on rainwater percolation and limited 

enrichment of ŭ18O indicate on limited evaporation effect. In addition, significant similarity was 

found in the isotopic signature of the rain, water samples under the hillslope and in groundwater.   

In the second geomorphological unit, man-made terrace, it was found that the infiltration is limited 

under semi-arid conditions. The wetting front reached to shallow depth of ~1.5 meters. Apparently, 

water emerged at the middle of the cross-section by lateral flow from the margin of the terrace. The 

ŭ18O and the artificial tracerôs experiment indicate on vertical and lateral flow.  

 

CONCLUSIONS 

The rock outcrops on the surface create funnels for collecting the local runoff and delivering them 

into high permeability fractured zones where the water penetrated directly to the deep sections. In 

contrast, the bare soil areas such as hilltops or man-made terraces in streams with highly developed 

soil cross section, reveal limited infiltration. The main conclusion is that the rocky hillslope has higher 

recharging potential compared to the soil terraces, and a significant effect on deep infiltration and 

groundwater recharge. Preserving these rugged, rocky deposits in Southern Judea Mountain with their 

natural land cover is essential for groundwater recharge. 
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Figure: Artificial tracers experiment (a, b & c) and ŭ18O variation (d) under the Rocky hillslope unit. In graphs a, b & c, 

the relative concentration of the two tracers (hollow shapes ï Uranine and a full shapes Naphthenate) indicate a 

connection between the surface and the deep cross-section. The calculated tracersô arrival time was 3-60 cm/hr. In 

graph d, the ŭ18O variation indicate evaporation effects in the shallow depths (0.4 and 2 meters), while in the deepest 

cross-section limited evaporation was observed. A similar isotopic composition was found in the deepest cross-section 

and in the groundwater. 
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ABSTRACT 

The complex physiography of the high-alpine environments does not favour the installation of 

hydrogeological measurement points, thus alpine catchments are frequently ungauged (De Jong, 

2015). Given the increasing water demand, monitoring records of spring discharge are becoming a 

key tool for a sustainable water management and for water resources forecasting. In 2018, a 

monitoring network for spring discharge was set-up in the Paneveggio-Pale di San Martino Park in 

the Dolomites Mountains. The fixed relationships between stage and discharge known as rating 

curves (Rantz, 1982) are currently under development, but the first preliminary results indicate a good 

statistical significance. Of great importance is the capability of the stage-discharge relation to be 

applicable both to baseflow and to extreme flow conditions. This situation is not common as discharge 

measurements are usually missing in the definition of the upper and lower end of the rating curve 

(Braca, 2008). In this study, during the monitoring period, particular care has been taken to perform 

the measurements during both low flow and extreme flow conditions.  

The sensors installed in the spring houses, and particularly at the main karst spring, were able to 

register the extreme event which occurred between October 27 and 29 of 2018, known as storm 

ñVaiaò. In particular, the manual measurements previously performed during high-flow periods, 

allowed to quantify the peak discharge related to the extreme event. 

 

Keywords: springs, rating curve, hydrograph, Alps 

 

 

METHODS 

Automatic water level and temperature loggers were installed in six spring houses and one sensor 

was placed in the Canali Stream, at the closure of the sub-catchment. Manual monthly measurements 

were performed over the same time period since the beginning of 2018 in order to establish a 

relationship between the different water levels and the associated discharges. The ISO regulation 

1100-2 (ISO, 1998) recommends at least 12-15 discharge measurements during the period of analysis. 

Up to now, fourteen discharge measurements have been performed during the monitoring period in 

order to build the rating curves. For extrapolating the stage-discharge relationship, a graphical 

extrapolation was performed. All the measured data as pairs of water level and discharge were plotted 

into one graph and the curve of best fit was drawn. 
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RESULTS 

Graphical extrapolation of the rating curves has been performed for the monitored springs. An 

example is shown in Fig.1. For the Pradidali spring, a polynomial fitting function was chosen as the 

best function. The maximum water level reached during the storm Vaia event (417 mm) is also 

represented in the figure as a red cross symbol. The corresponding discharge was calculated from the 

fitting function. This value is close to the largest measured discharge, which was observed during the 

high flow snow-melting period in June 2018. The curve also includes discharge measurements 

performed during minimum baseflow conditions, in the month of March 2018. Therefore, the 

obtained rating curve shows a large range of validity, from baseflow to extreme flow conditions. On 

the other hand, for the sensor installed in the stream, the extreme event resulted in a sudden instability 

of the river bed geometry and in particular in the filling of the channel with vegetation, affecting the 

previously developed rating curve. 

 

 

 
Fig.1 - Stage-discharge rating curve of the Pradidali karst spring. Water level-discharge pair for the storm Vaia is also 

represented in the figure. The discharge was extrapolated from the fitting function. 

 

 

CONCLUSIONS 

This study shows that for new gauging stations, many discharge measurements are needed to develop 

the stage discharge relation throughout the entire range of flow data. In particular, for springs in alpine 

settings, which are characterized by a large flow variability, monthly measurement of discharge in 

high flow and baseflow conditions are necessary to acquire hydrogeological information in case of 

extreme weather events. The opportunity to investigate extreme hydrological conditions, such as 

droughts and floods, depends on the range of validity of the rating curve. 
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ABSTRACT 

The Pilato Lake has glacial origin, is located in the Sibillini Mountains, Central Italy (e.g. Boni et al., 

2010; Amoruso et al., 2014) and houses a particular endemism unique in the world: the small 

crostaceous Chirocephalus marchesonii.  

In the context of a research agreement with the Monti Sibillini National Park, ISPRA is carrying on 

some studies aimed to evaluate the effects of the 2016ï2017 Central Italy earthquakes on the 

hydrogeological conditions controlling the lakeôs evolution.  

The study, started in July 2018, aims primarily at the reconstruction of the subsoil setting beneath the 

valley hosting the lake, both in terms of geological and hydrogeological boundaries. In order to define 

the conceptual model of groundwater circulation and, thus. to evaluate the emptying and recharge 

seasonal cycle of the lake, hydrogeological surveys and geophysical investigations were performed. 

 

Keywords: Pilato Lake, Central Italy, earthquake, groundwater circulation. 

 

 

METHODS 

Hydrogeological surveys along the study area were carried out aimed to determine the spring flow 

rate and chemical-physical parameters (temperature, T; specific electrical conductivity, CE; pH) of 

the lake's waters. Using a drone survey, a first detailed reconstruction of the morphological setting 

was carried out, to be compared with other ones to be performed in the future. 

The drone photogrammetric survey allowed reconstructing the bathymetry of the basin for calculating 

the volume of water. For the assessment of variations of the lake level, the coordinates along the edge 

of the lake were surveyed (Fig. 1).  
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Fig. 1 - Map of location of control points and lake limits in the Pilato lake area 

 

A comprehensive investigation plan, made of seismic and ground probing radar (GPR) surveys was 

defined. At this stage, two active seismic surveys were carried out for the subsoil characterization in 

terms of shear-waves velocity (Vs), a parameter directly related to the stiffness of the materials. The 

seismic surveys allow a preliminary estimate of the thickness of the loose debris deposits over the 

bedrock.  

The climatic characterization was carried out through the analysis of the available data sets from 

Hydrographical Service of Marche Region and Hydrological Annals. Precipitation and temperature 

data were acquired (also snow, where available) over a period of at least thirty years, where possible; 

long-term averages were used to evaluate the deviations from the average of the individual years and 

the time series were analyzed to assess any long-term trends and cycles, in addition to the seasonal 

component. Water loss through evaporation from lake surface was also estimated. 

 

RESULTS 

The drone photogrammetric survey allowed a preliminary reconstruction of the lake basin bathymetry 

that allowed, in turn, the calculation of the water basin volumes in the various observed periods, the 

estimate of evaporation from the lake surface and the comparison with the information relating to 

previous years compared to the present study. 
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The velocity profiles of the seismic surveys have estimated the maximum thickness of debris (detrital 

and glacial sediments on top of calcareous bedrock) equal to about 12-15 m. Further investigations 

through GPR will be addressed to the better definition of the geological boundaries.   

The physical-chemical characteristics of the waters (T=12-13°C; pH=8-9; EC=60-125 µS/cm) are 

consistent with those of stagnant and slightly oxygenated waters. The low value of EC of the lake's 

waters is in accordance with the prevailing provenance of the lake's recharge by snow melting and 

precipitation. 

 

CONCLUSIONS 

The research program is still in progress and to date we can propose only preliminary remarks. The 

hydrogeological survey showed the absence of geomorphological evidence of earthquake ruptures: 

the crisis situation of the lake level in the summer of 2017 was probably due to the dry meteo-climatic 

conditions of winter-spring 2016-2017. 

The lake level from its maximum flooded quota in May-June 2018 (completion of snow melting) falls 

down rather rapidly to the elevation of the Fonte del Lago, which acts as an overflow, and then 

declines more slowly due to evaporation and infiltration through the soil of its bed down to the 

minimum levels which, in particularly arid years, lead to its drying out. 
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ABSTRACT 

The Czech Republic plans a single-level deep geological repository (DGR) at a depth of 

approximately 500 metres in a granite or gneissic rock mass located in a non-seismically active area 

(Posp²ġkov§ et al., 2012). The repository requires specific demands on a hydrogeological system, 

especially on the flow velocities, directions and retention times, which in the Czech Republic meets 

a sparsely fractured rock massif. Despite the relative high suitability of the considered environment, 

there is a lot of issues related to the complexity of the system. SÚRAO is currently considering a total 

of 9 potential sites, all of which featured crystalline host rock environments and the number of sites 

will be reduced to just 4 sites for the next phase of geological survey and investigation work. During 

this process, SURAO is testing sufficient hydrogeological modelling approaches to characterize the 

host rock and predict the radionuclide transport times (Paļes and Mikġov§, 2013).  

 

Keywords: deep geological repository, geological survey, hydrogeological model, ECPM  

 

 

METHODS 

Regional and detailed models of all 9 of the potential sites have been constructed. The groundwater 

flow and transport models were based on the ECPM (equivalent continuous porous media) approach. 

The hydrogeological properties of the fractured bedrock was approximated to the continuous matrix, 

while deterministically identified fault zones were represented as planar features with specific 

conductivities. The thickness of each layer varied according to the geometry of the geological 

features. The domain depth was set at 1500 m and the domain was divided vertically into 13 layers. 

Hydrogeological conductivity was considered to decrease with depth according to eq. 1 (Gustafson 

and Liedholm 1989): 

 

ὑ ὑϽρπ Ⱦ     (1) 

 

The models were constructed in three different software environments ï Modflow (the finite 

differences method), Flow123D and Feflow (both finite element methods). The models were based 

on 3D geological models and employed data obtained from hydrological and hydrogeological 

monitoring and archive data.  
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RESULTS 

The most important results of the simulations consisted of the determination of the hydraulic head 

field, flow rates and velocities, retention times, drainage areas and flow paths. The maximum flow 

velocity at the sites at DGR level ranged from 0.2 to 0.7 m/year. The specific discharge from the DGR 

ranged from 7.9E-03 to 2.7E-02 l/s.km2. The retention time medians for potential radionuclides in the 

geosphere were calculated as 1689 ï 9149 years. Selected results are shown in Table 1 (Uhlík, 2018).  

The results of the hydrogeological modelling were subsequently used as input data for radionuclide 

transport modelling and safety assessment purposes.  

 

  Specific flux (lĀs-1kĀm-2) Velocity (m.y-1) Pathway length (m) Retention (y) 

BŚezovĨ potok 7.9Ā10-3 0.2 2743 9149 

Ļertovka 2.68Ā10-2 0.6 1333 2463 

Ļihadlo 5.56Ā10-2 0.4 5132 7333 

Horka 1.8Ā10-2 0.6 3120 5637 

Hrádek 2.3Ā10-2 0.3 3422 3305 

Janoch 9.41Ā10-3 0.2 1659 8468 

Kraví hora 1.1Ā10-2 1.2 2136 5244 

Magdaléna 2.24Ā10-2 0.3 1333 1689 

Na Skalním 2.52Ā10-2 0.5 2774 4280 

Table 1 - Modelling results 

 

CONCLUSIONS 

The Czech Republic is currently involved in the DGR site selection process and now is the right time 

for the preparation of both a high-quality underground disposal facility design and a safety assessment 

that includes the detailed hydrogeological characterisation of the host rock. 

Hydrogeological investigation studies and mathematical modelling constitute important components 

of the site selection and description process in terms of providing an idea of the water balance and 

total flow rate and the identification of drainage and flow paths at the various sites. This information 

will be included in the safety assessment. Due to the insufficient amount of field data so far available 

from DGR depths and the computational demands of the higher-scale simulation of fractured systems, 

the ECPM concept combined with 2D discrete features is being employed.  

In the next phase of the site selection process, SÚRAO plans to conduct detailed geological surveys 

including the drilling of deep boreholes and detailed hydrogeological testing (Procházka, 2010). All 

the current hydrogeological models will be refined using data from both the geological surveys and 

the appropriate depth. This phase will also include the construction of detailed DFN models which 

will allow for the more natural description of flow processes in the fractured rock systems. 
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ABSTRACT 

In heterogeneous formations, the predictions of flow and transport are usually complicated by the 

limited knowledge of the distribution (i.e. the structure) of the aquifer properties, including the 

hydraulic conductivity (K). Geoentropy (Bianchi and Pedretti, 2017, 2018) is a new approach that 

combines multiple controls of solute transport in heterogeneous porous media, including connectivity 

and global variance of Y=ln(K). So far, geoentropy has been successfully applied to porous media, 

while it has not been demonstrated yet for fractured media. The purpose of this presentation is to 

illustrate and discuss initial results from the comparison between geoentropy-derived metrics 

describing the aquifer structure and the time scaling of solute transport in numerically simulated 

heterogeneous fractured settings. The results suggest that the behaviour of solute transport in 

heterogeneous fracture media show several analogies with that in porous media, paving the way 

towards the use of geoentropy for predictions of transport in fractured systems.   

 

Keywords: geoentropy, solute transport, stochastic modelling, fractured media. 

 

 

METHODS 

The approach adopts the code FRACMAN 7.7 (Golder Associates Inc., 2018), which creates synthetic 

distributions of heterogeneous fractured media based on stochastic distributions of parameters such 

as fractures lengths, orientations and apertures. The MAFIC algorithm within FRACMAN is then 

used to simulate steady-state flow along connected fractures and transport of idealized conservative 

solutes, injected as in a pulse during a tracer test. Constant head boundary conditions are set to create, 

under homogeneous conditions, a uniform flow field. Only advective transport is considered in this 

first stage of testing. Transport is resolved using a particle tracking scheme, from which a bundle of 

10000 particles is injected in the upstream boundary. The travel time of the particles exiting the 

system from the downstream boundary is used to determine the solute breakthrough curves (BTCs). 

The shape of the BTCs is compared with the resulting geoentropy metric HR (Bianchi and Pedretti, 

2017), calculated from the distribution of equivalent porous media resulting from the upscaling of the 

fractured media to a gridded mesh. 
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RESULTS 

It was found that the shape of the BTCs matches qualitatively the expected distribution of geoentropy 

metrics for different sets of systems. Low geoentropy index HR is found for systems displaying higher 

tailing and that show more connected features than systems with higher HR and more symmetric 

arrival times of particles. This is conceptually similar to what found in previous studies on porous 

media (Bianchi and Pedretti, 2017, 2018), as the tails are influenced by the interconnectedness of the 

fractures (i.e. preferential flow and channelled transport in porous media) as well as the global 

variability of Y (low variability of  Y means more homogeneity of the velocity fields). 

 

CONCLUSIONS 

The results provide insights into the potential use of geoentropy for interpretation and predictions of 

transport in fractured media. The emerging analogies between fractured and heterogeneous porous 

media (such as the channelled flow and transport along preferential, well-connected zones) provide 

the basis to explore more into detail the relationship between geoentropy indexes and the physical 

properties (e.g. fracture topological statistics) of the subsurface. 
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ABSTRACT 

The conceptual hydrogeological model of the volcano has been updated. It results that the structural 

setting and wide variety of stratigraphic units are the key factors affecting groundwater circulation in 

the active volcano. The assessment of the impacts of groundwater withdrawals on the islandôs 

hydrogeological system is complicated by interactions of fluids having different origins and 

composition (meteoric recharge, deep fluids and seawater) in heterogeneous aquifers. The massive 

pumping supplying the numerous thermal plants present in coastal areas determines the maintenance 

of quality of the water captured by the wells.  

 

Keywords: volcanic aquifer, thermal water, Ischia 

 

 

METHODS 

This study is aimed to improve the knowledge on the hydrogeology of Ischia combining previous 

published and unpublished data with new data collection, analysis and processing. The main 

objectives are to review the conceptual hydrogeological model of the volcano and to examine the 

present impact of massive withdrawals on the islandôs groundwater resources.  

 

RESULTS 

In the small volcanic island of Ischia, located in a high heat flux zone (about 500 mW/m2), the 

structural setting and wide variety of stratigraphic units are the key factors affecting groundwater 

circulation in the shallow aquifers. 

In the resurgent block of Mt. Epomeo, an independent and uplifted basal groundwater circulation 

compared to the remaining part of the island can be inferred. The marginal faults of the resurgent 

block constitute the hydrogeological boundaries of this part of the islandôs aquifer: they represent the 

preferential ways of ascending deep fluids and partial barriers to the basal groundwater flow from 

inside to outside. 

In the peripheral areas of Mt. Epomeo, groundwater flow is mainly influenced by the nature of the 

aquifer formations. In the northern, western and southern areas, a continuous basal aquifer and local 

discontinuous perched aquifers can be distinguished. In the north-eastern area, a single and 

continuous basal aquifer with the highest permeability in the island results. In these peripheral areas 

of Mt. Epomeo, the flow and the chemical characteristics of the waters of shallow aquifers depend 
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not only on natural phenomena but also on the massive groundwater withdrawals supplying the 

numerous thermal establishments present there. 

In natural conditions, the entire hydrogeological system of the island is recharged by infiltration (a 

total of about 250-290 L/s) and by bottom from deep fluids (at least 90 L/s), and discharge towards 

the sea and the springs. In the coastal zones of the island, when the pumping from some hundreds of 

wells is active (a total flow around 600 L/s was estimated during the peak season), a further and 

significant recharge of the shallow aquifers derives from seawater and from upwelling increase of 

deep fluids. Although this does not compromise the sustainability of the groundwater withdrawals in 

quantitative terms, the pumping determines the quality of the water captured by the wells.  

 

CONCLUSIONS 

The great variability in the chemical and isotopic compositions of groundwater, explained in the 

literature as mixing among different end-members (meteoric water, seawater and thermal end-

members), is also due to local hydraulic parameters of the aquifers, discharge rates, depth and 

characteristics of wells from which the water is sampled. The maintenance of quality of thermal 

waters, as well as their use for an effective volcanic hazard monitoring, cannot disregard the overall 

control and regulation of flow rate and duration of pumping in the hydrogeologically different sectors 

of the island. 
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ABSTRACT 

Nowadays a sustainable management of the groundwater resource is increasingly prominent. Most of 

groundwater in Central Italy, as in the whole Apennine Mountains chain, is stored in karst aquifers. 

In the last decades, the most important water resources in Italy are affected by groundwater depletion 

mostly due to the increasing of anthropogenic activities and the impacts of climate changes. Due to 

the limited information on temporal patterns of spring discharge in many areas of Italy, the spring 

discharge forecasting could be a useful tool to predict water lack. Several research studies proposed 

methods based on relationships between spring discharges and rainfall data. The goal of this paper is 

to determine the primary factors that govern spring discharge patterns and to develop a grey-box 

model to evaluate spring discharge.  

 

Keywords: karst spring, groundwater, discharge modelling, water management 

 

 

METHODS 

In the field of simulation models, hydrological physically models are based on physical laws. 

Equations can be solved by analytical or numerical procedures. Data-driven approaches, instead, do 

not rely directly on explicit physical knowledge of the process, but they build a purely empirical 

model based on relationships between input and output variables. Many approaches proposed to 

analyze the relationships between the rainfall time series over the recharge area and the spring 

outflow. Research studies, concerning karst springs, employed time-series analysis studying transfer 

function between rainfall and spring discharge, obtained by black-box models. These ones are often 

based on continuous and discrete wavelet analysis (Hadi and Tombul, 2018; Salerno and Tartari, 

2009), cross-correlation analysis (Fiorillo and Doglioni, 2010; Chiaudani et al., 2017), or machine 

learning models such as artificial neural network (Granata, F., Saroli, M. et al. 2018). Other 

approaches for karst spring flow rate evaluation are based on water chemical tracers, due to the 

difficulty in karst aquifer modelling (Sappa et al, 2017).  

In this paper, primary factors governing spring discharge patterns related to rainfall input are 

modelled by a grey-box model. 

The model uses monthly rainfall (Pī1, Pī2,é, Pīk) and temperature (Tī1, Tī2,é, Tīk) time series as 

input data. The first step of the pre-processing procedure in order to take into account derived trend 

and the processed data magnitude. In addition, in order to take into account the evapotranspiration 
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phenomenon, the temperature values are used in the preliminary non-linear normalization of the 

effective rainfall. 

Input and output data are supposed to be related by a linear relationship having a polynomial form, 

where the progressive variables, ὖ, are the previous monthly rainfall data. 

A long time series of available data (at least 60 months) is necessary for the algorithm training in 

which monthly average flow rates (Qi) must be known for the first phase of coefficients 

determination. Subsequently, the model frees from flow rate values validating the accuracy of 

discharge estimation on a different time window. 

 

RESULTS 

The proposed model was applied to several springs of Central Italy, obtaining reliable results. The 

comparison between estimated (blue line) and measured (green line) discharges of Lupa Spring, in 

the training window, is presented below (Fig. 1).  

It is quite evident the good fitting, especially on the minimum flow rate value, which is the main 

parameter in the water demand management.  

 

 
Fig. 1 - Estimated and measured discharges comparison in the training time window (Lupa Spring) 

 

 

CONCLUSIONS 

The presented work highlights the role of the spring discharge prediction and its key role in spring 

water management, mainly during the dry periods. The model is only rainfall dependent, partially 

based on the physical nature of the process. Results show that the model is able to evaluate spring 

discharge data with a satisficing fit. In addition, the case study of the Lupa Spring represents an 

embryonal phase, in which the improved model will be the core of a computerized self-learning 

predictive tool for spring discharge management and governance. 
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ABSTRACT 

This study is focused on the main spring of the karst aquifer of Mount Albo situated in the area of 

Siniscola, in the province of Nuoro (Sardinia NE). It was developed for the sustainable management 

of groundwater resources in accordance with current laws: Law n. 183/89, Law n. 36/94 and by 

Legislative Decree n. 152/2006. The Groundwater of Mount Alboôs aquifer is a great relevance 

resource for the territory and requires studies and safeguards to preserve its quality and quantity. 

Mount Albo is a mountain chain elongated for about 30 km along the main direction NE-SW and itôs 

formed by middle Jurassic to lower Cretaceous Limestones and Dolostones, that have been intensely 

karstified. The aquifer is confined at the base and sideways by the Hercynian Metamorphic Basement. 

The principal aim of this study was to develop a methodological approach to discharge measurements 

with the use of tracers. Discharge measurements were performed to improve the knowledge of the 

karst aquifer. This survey was also used to produce a preliminary rating curve peculiar to the main 

karst spring of Fruncu óe Oche in the northeastern part of Mount Albo. Tracer Dilution Method for 

stream gauging, known since 1863 (Spencer and Tudhope, 1958), has been used with both chemical 

and radioactive tracers. This technique has increased significantly after the development of 

fluorescent dyes (Kilpatrick and Cobb, 1985). Recently it has been successfully applied both with 

saline tracers (Moore, 2004) and with Fluoresceine (Dahlke, 2014; Schnegg et al., 2011). In this 

survey we have conducted discharge measurements with the tracer dilution method. This procedure 

consists in the injection of a tracer solution at a specific point upstream and in the measurement of its 

dilution in the water flow at a known point downstream with field sensors. Tracers used were salt 

(NaCl) and Fluoresceine dye, also known as Uranine. We used the following Injection techniques: 

Slug Injection and Constant Injection. In the first method a specific mass of tracers is poured at once 

into the stream and it is based on tracerôs total recovery principle according to which the mass injected 

into the stream at the injection point must flow all through the measuring point downstream without 

tracer losses. The second technique, based on the achievement of the steady state, consists in the 

constant rate injection of tracer solution into the stream by making use of a Mariotte Bottle. Different 

sensors operated to detect the tracer and register the related time-concentration curve. STS Multi-

parametric sensors were used for the saline tracer measurement, Sommer Messtechnik sensors and 

GGUN-FL-30 fluorometric sensors were used for Fluoresceine. During the observation period 69 

discharge measurements were performed with the tracer dilution method; most of them were obtained 

with the Slug Technique (Fig.). The least used method was Constant Injection because of some 

complications in the achievement of the steady state due to low turbulence and water turbidity. 

Therefore, the results observed with the slug injection technique using salt and Fluoresceine tracers 
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have been compared. Regarding to the medium value as the most accurate, a relative error of less 

than 2% occurred among these results due to the lack of an absolute reference value. To conclude, 

despite non-ideal conditions and the relative error, the discharge measurements obtained can be 

considered more accurate than a merely visual estimation and confirm the good reliability of this 

method. In the future, the implementation of a weir for continuous flow measurements will allow a 

more refined approach to the dilution method for stream gauging with the estimation of absolute error. 

 

 
Fig. 1 - Examples of Slug Injections graphs with saline tracer and Fluoresceine dye 
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ABSTRACT 

In the twenty-first century the use of natural geothermal resources is significantly increased and their 

renewability help the reduction of greenhouse gases emissions and the human footprint. A strategy 

for the sustainable utilization and exploitation of these resources is required in order to preserve them 

for the future generations. A reliable way to evaluate the future exploitation scenarios is represented 

by the numerical models in which the geological features of the geothermal system are considered. 

This approach is used in the case of the Euganean Geothermal System (EuGS) in which 

approximately 150 wells are active and exploit an amount of 14.9x106 m3 of thermal water per year 

with a temperature between 63°C to 87°C.  

 

Keywords: Euganean Geothermal System, geological reconstruction, unstructured mesh 

 

 

METHODS 

The Euganean thermal water represents one of the most important water-dominant, low-enthalpy 

geothermal resources in the southern Europe (Fabbri et al., 2017). It is exploited in the Euganean 

Geothermal Field (EuGF), located to the SW of Padova (Veneto Region, NE Italy). It covers an area 

of about 25 km2 and represents the outflow area of the EuGS that extend for about 100 km in the 

central part of the Veneto Region. Balneotherapy and recreational purposes are the main utilizations 

of the thermal water and the related tourism industry produce an income of about 300 million ú per 

year (Fabbri et al., 2017). These data testify the important role played by this natural resource on the 

economy of the Veneto Region. Consequently, numerical models will be used both to evaluate the 

renewability of the geothermal system and to define plans for the sustainable exploitation in order to 

be able to preserve it for the future generations. 

The reliability of the results of a hydrogeological numerical model is strictly related to the robustness 

of the implemented geological setting. In order to represent the main geological features that 

characterize the analyzed geothermal system with a good resolution, a detailed geological 

reconstruction was performed. The modelled area was set to 115 km long and 50 km wide while the 

depth was set to 9 km. Deep wells data, some of which reach depth greater than 4 km, were used to 

define the geological units that characterize the study area and their spatial continuity. The geological 
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formations were subdivided into 8 chronostratigraphic units taken into account their hydraulic 

proprieties. This discretization was used in order to redefine all the available geological sections that 

were implemented into the MOVE software in order to perform a geological reconstruction.  

With the aim to preserve the geometry of both geological units and faults into the hydrogeological 

numerical model, an unstructured mesh was employed. This is a particular aspect because the 

modeled system is characterized by a complex structural setting that allow the development of the 

geothermal system. The unstructured mesh was built through the use of the open-source software 

MeshIt (Cacace and Blöcher, 2015).   

 

RESULTS 

The unitôs discretization utilized for the geological reconstruction is constituted by: (i) Pre-Permian 

phyllites and micashists; (ii) Permian clastic and evaporitic-carbonate rocks; (iii) Early Triassic to 

Middle Triassic dolostone and limestones rocks; (iv) Late Triassic Dolostone; (v) Lower Jurassic to 

Lower Cretaceous limestones; (vi) Upper Cretaceous to Eocene marly-limestone; (vii) Eocene to 

Miocene clastic rocks, secondary limestone and mudstone, interrupted by Paleogene volcanic bodies; 

(viii) Quaternary cover, usually alluvial sediments. In particular, the units (iii) and (iv) host the 

thermal water reservoir. 

The performed geological model of the EuGS was validate through the use of deep wells data and 

geological sections that were not used during the geological reconstruction. In addition, the model 

validation was also performed through the comparison with different works in which the complex 

geological setting of the modeled area was detailed discussed (Fantoni and Franciosi, 2010; Pola et 

al., 2014). Finally, the geological model was used to validate the proposed hydrogeological 

conceptual model (Pola et al., 2015) taken into account the real distribution of the geological units in 

the entire domain. Subsequently, through the use of the MeshIt software, an unstructured mesh of the 

geothermal system was performed. This mesh is constituted by an amount of 5.428.339 tetrahedrons. 

 

CONCLUSIONS 

The use of numerical simulations in geothermal systems can be a useful tool to assess sustainable 

exploitation and management of a geothermal system. In order to obtain a reliable numerical model, 

a detailed geological reconstruction of the analyzed system is required. The results achieved by the 

geological reconstruction of the EuGS are useful to explain the main geological processes that allow 

the development of this geothermal resource. The related unstructured mesh will be implemented into 

the Feflow software in order to carry out coupled simulations of fluid flow and heat transport. This 

represent an important step for the assessment of a management plan for the sustainable utilization 

and exploitation of the Euganean thermal waters. 
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ABSTRACT 

The preservation of groundwater resources is mainly influenced by flow and transport dynamics that 

in turn, depends on the heterogeneity of the porous medium. In particular, it is growing the interest 

for the role that connectivity structures play in the characterization of heterogeneity, as these features 

are extremely important for the hydraulic behaviour of a system (Renard and Allard, 2013). In 

evaporitic brine filled aquifers (as salt flats of the Central Andes), the connectivity is mainly due to 

dissolution structures (wormholes), which are key elements to be identified as they may affect the 

system in both environmental and economic terms. In this context, we want to characterize the 

structure, heterogeneities and hydraulic properties in the Salar aquifer at the large scale (tens of Kms). 

More specifically, we ask the question of whether it is possible to characterize the large-scale 

hydraulic connectivity structure of such system with a cross-hole hydraulic test combined with the 

stochastic inversion problem.  

 

Keywords: heterogeneity, cross-hole hydraulic test, stochastic inversion, connectivity, scale effect 

 

 

METHODS 

To reach our goals we first carried out a long-lasting cross-hole hydraulic test, continuously 

monitoring the response in the whole aquifer. Once the data is filtered, we developed a flow numerical 

model and applied the stochastic inversion (Alcolea et al., 2006) to understand the aquifer 

heterogeneity. As the inverse problem solution is non-unique, independent data (e.g. isotopes and 

mixing ratios) are compared with the model outputs in order to better identify the most reliable 

solutions. Still, to analyse the scale effect we collect data relative to local scale measurements 

(packers and hydraulic tests), comparing the different sets with model outputs. 
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RESULTS 

The outputs of the combined application based on cross-hole hydraulic test data and the stochastic 

inversion problem are analysed. We obtained good fittings and low objective function values, which 

reflect the quality of the models. Remarkably, the estimated hydraulic conductivity fields (from both 

conditional estimation and conditional simulation) show the presence of high conductivity zones 

characterizing the domain. The comparison with independent data display consistency. Finally, 

examining the estimated permeability sets at different scales, we observed a marked scale effect of 

the hydraulic conductivity up to the regional scale.  

 

CONCLUSIONS 

The combined methodology allowed us to reproduce and capture the overall behaviour of the system. 

Estimated fields and independent data allowed to make reliable assumptions on the existence and 

location of high conductivity zones. Still, the observed scale effect suggests that the aquifer is 

probably characterized by preferential flow zones that control the flow dynamics at large scale. 

 

 

References 

Alcolea A., Carrera J., Medina A., 2006. Pilot points method incorporating prior information for solving the 

groundwater flow inverse problem. Advances in Water Resources, 29(11), 1678ï1689. 

doi:10.1016/j.advwatres.2005.12.009 

Renard P., Allard D., 2013. Connectivity metrics for subsurface flow and transport. Advances in Water 

Resources, 51, 168ï196. doi:10.1016/j.advwatres.2011.12.001 

 

 



FLOWPATH 2019 ï NATIONAL MEETING ON HYDROGEOLOGY 

12-14 JUNE 2019 ï MILAN , ITALY  

 

 

 

 

122 

Hydrologic balance estimation in the Mucille (NE Italy) test site 

 

Philippe Turpaud1, Luca Zini1, Chiara Calligaris1* 

1 Università degli Studi di Trieste, Dipartimento di Matematica e Geoscienze, Trieste, Italy. 

*Corresponding email: calligar@units.it 

 

 

ABSTRACT 

The Mucille area (Ronchi dei Legionari, Northeastern Italy) is subject to frequent flooding after 

abundant precipitations. Although this area has always been exposed to such hazard, these 

inundations become problematic since 2001 as they more frequently affect housing and recreational 

areas, leading the population to believe that the swallow holes draining the area stopped functioning. 

The increased frequency of intense rainfall events led the municipal technicians to involve the 

Department of Mathematics and Geosciences of the University of Trieste to assess the situation. The 

Mucille karstic depression is fed by a spring area and drained by two swallow holes one of which is 

permanently active while the other functions only during floods. The Mucille springs represent the 

westernmost drain of the Classical Karst aquifer (Cucchi et al., 2015; Zini et al., 2013). About 24 

hours after the onset of heavy rains, the whole depressed area is flooded. About 8 days later, the water 

level begins to decrease, coming back to its initial height in about fifteen days. 

 

Keywords: hydrologic budget, karst area, flooded residential area, hazard 

 

 

METHODS 

During floods, while springs and swallow holes discharges measurements are impossible, the 

extension of the flooded areas has been mapped. The obtained flooded surface together with high 

resolution DEM coverage allows to calculate the volume of surface water. Combined with water table 

levels registered in an adjacent piezometer, this volume can be computed over time. Consequently 

the hydrologic balance (inflow minus outflow) can be estimated during the whole event (Fig. 1). 
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Fig. 1 - Elevation model of the Mucille depression. The observed flooded area validates the use of the DEM for volume 

calculation. The volumes extracted from DEM permit the elaboration of a hydrologic balance model. 

 

RESULTS 

The first day of the flood that occurred during December 2017 (100 mm of rain in less than 48 hours), 

the difference between the inflow and the outflow averaged about 900 l/s. The following day it 

decreased to 280 l/s. The next 5 days the water balance was close to equilibrium. From the eighth day 

on, outflow became predominant resulting in a negative budget between -240 and -80 l/s. 

 

CONCLUSIONS 

This study provides evidences fundamental for the design of measures to mitigate the risk. It estimates 

the discharge of the swallow holes, confirming their efficiency. Nonetheless it also emphasises the 

need to improve their draining capacity, especially considering the unsuspected high outflow of the 

springs at the onset of the flood. 
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ABSTRACT 

The results of recent hydrogeological researches highlighted the presence of an approximately 500 

L/s lateral inflow in the Riardo Plain aquifer from the surrounding carbonate ridges (Viaroli et al., 

2018; 2019). One of the possible sources of groundwater could be the Mt. Maggiore ridge, which 

bounds the Riardo Plain at south. 

The carbonate hydrostructure of Mt. Maggiore (approximately 100 km2) is able to store 4.6 m3/s, 3.6 

m3/s of which flows out in correspondence of the Triflisco and Pila springs (Boni et al., 1986). The 

destination of the remaining 1 m3/s of groundwater is still matter of debate. The aim of the present 

investigation is to increase the knowledge about the hydrogeological settings of Mt. Maggiore and to 

identify the presence of lateral groundwater exchanges between the fractured aquifer and the 

surrounding plains. 

 

Keywords: carbonate aquifer, groundwater budget, regional hydrogeology 

 

 

METHODS 

A detail hydrogeological survey has been carrying out since June 2018 with the aim of monitoring 

the possible natural outflows from the Mt. Maggiore aquifer. 

Discharge measurements were monthly performed on the Triflisco and Pila springs and on the Savone 

River, in the stretch flowing in correspondence of the western boundary of the Mt. Maggiore ridge. 

Fifteen discharge sections where fixed for the seasonal measurement of the baseflow. Detailed 

hydrogeological survey on wells and springs is still ongoing and it is covering both the carbonate 

structure and the surrounding plains. 

Simultaneously a chemical and isotopic monitoring of the groundwater has been proceeding. 

Chemical analyses are made on the groundwater samples collected from wells and springs. 

Groundwater sampled from wells and springs have been analyzing for major and trace elements. 

Monthly isotopic analysis (2H and 18O) are executed on rainwater samples collected at different 

elevations (approximately 530 and 300 m a.s.l.) and on groundwater samples collected from 4 wells 

and 4 springs located along the boundaries of the Mt. Maggiore structure. 
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The experimental data are also integrated with the geological, hydrogeochemical and isotopic 

information available in the previous researches carried out in this area. 

In the next steps, the managing water authorities for drinking and irrigation proposes working on the 

Mt. Maggiore aquifer will be engage in order to evaluate the use of the groundwater resource 

 

RESULTS 

Despite to the data acquisition phase is still in progress, it is possible to define some preliminary 

results that will have to be confirmed by the development of the research 

- The Triflisco spring, monitored from June 2018, is characterized by a mean discharge of 

approximately 1850 L/s with standard deviation of approximately 150 L/s. 

- The Pila spring is dried due to the activity of the well field, located upward on the southern 

flank of the Mt. Maggiore. Groundwater outflows were still detected downstream the original 

spring with a mean discharge of approximately 300 L/s. 

- 3 streambed springs were identified along the Savone river, but the recharge dynamics are still 

uncertain 

- The hydraulic head measurements allowed to define different aquifer levels probably related 

to the presence of different aquifer sections inside the carbonate structure. 

- The sampled groundwater showed similar facies and did not highlight differences on the 

chemical composition. 

- The results of the isotopic analyses will give precious information only after a year of 

monitoring. 

 

CONCLUSIONS 

The preliminary phase of the research does not allow the definition of significant conclusions. The 

first hydrogeological evidences suggest, anyway, the presence of different sections of the Mt. 

Maggiore aquifer and different discharge directions. 

A deeper aquifer feeds the basal spring of Triflisco (approximately 30 m a.s.l.), whereas an upper 

circulation probably flows northward toward the Riardo Plain at an elevation of approximately 110 

m a.s.l. 

This interpretation needs to be validated in the next steps by the isotopic results and by the structural 

analysis of the fractured aquifer. 
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ABSTRACT 

According to Derek and Williams (2007) a karst area can be defined as an area comprising terrain 

with distinctive hydrology and landforms that arise from a combination of high rock solubility and 

well developed secondary (fracture) porosity. These areas are characterized by epigean and hypogean 

karst features. The Department of Mathematics and Geoscience of the University of Trieste and the 

Geological Service of the Friuli Venezia Giulia Region have developed a multi-year project with the 

aim of identifying and outlining the regional and cross-border karst areas and karst aquifers. 

 

 

METHODS 

In order to create and apply a protocol allowing to outline the karst areas, three different criteria were 

defined. The presence of karstifiable lithologies is the main discriminant, and in the Friuli Venezia 

Giulia Region (FVGR), carbonates represent the 40% of the whole entire regional territory. The 

second criteria is morphological. The outlie of the karst areas has been realised in those areas where 

epigean and hypogean karst features are present. For the entire region, a database containing all the 

data regarding the presence of caves is available. Thanks to the active speleological groups, in the 

FVGR during the last fifty years 8000 caves have been identified and inventoried. Concerning the 

epigean karst features, thanks to the DTM at 1m of resolution available for the whole regional 

territory, every single identified karst area, has been verified analyzing the surface morphology. In 

several areas sinkholes and dolines were recognized as well as other surface morphologies. The last 

criterion used has been the hydrogeological one: springs in karstifiable lithologies or close to them 

are a promising indicator of the presence of conduits or fractures characteristics of karst aquifers. 

 

RESULTS 

During the first year of the project 121 karst areas were preliminarily identified and outlined for a 

total surface of 3120 Km2 corresponding respectively to 40% of the total area and to 64% of the area 

of the mountain territory of the FVGR. The karst areas in carbonate lithologies (69 areas) cover an 

area of 2691Km2 equal to 34% of the regional territory and 55% of the mountain territory, those 

where evaporitic lithologies outcrop (45 areas) spread over 66 Km2 equal to 0.84% of the regional 

territory and 1.4% of the mountain territory while those not purely karstic (7 areas) cover the 4.6% 
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of the regional territory and 7.4% of the mountain territory with a surface of 361Km2. 2601 karst 

springs were also identified with variable discharges from a few liters per minute up to more than a 

hundred of m3 per second. 

 

CONCLUSIONS 

The identification of karst areas and aquifers is a first important step for the development of future 

projects aimed at the protection of karst aquifers and their potential hydro potable exploitation. These 

type of aquifers are particularly vulnerable to pollutants because of their specific characteristics, first 

of all the high permeability, the low filtration capacity and the high flow rates velocity. Characteristics 

that allow pollutant dissolved in water to travel long distances in short periods thus putting the quality 

of the water resource at risk. 
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KEYNOTE LECTURE  

 

Numerical modelling of solute transport processes in the subsurface is still used in a wide range of 

engineering applications such as the design of remediation strategies for groundwater pollution or 

risk assessments of the impact of human activities on groundwater quality. These applications rely 

heavily on producing accurate predictions of transport behaviour, which is a difficult task especially 

in geologic media. The talk will briefly discuss the challenges concerning solute transport modelling 

in this type of media, with a focus on the sources of uncertainty affecting predictions. These sources 

include conceptual model uncertainty, input parameter uncertainty, and the uncertainty related to the 

choice of the mathematical model. Examples from published works will be presented to suggest 

possible ways to reduce the effect of these uncertainties and significantly improve predictability. 
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ABSTRACT 

A methodological approach for the risk assessment of the potential contamination of groundwater by 

transition metals leached through waste rock dumps is presented. The method, which includes the 

execution of sequential extraction tests on transition metals, chemical speciation studies, reaction path 

modelling and hydrogeological mass transport modelling in both the unsaturated and saturated aquifer 

zones, has been successfully applied to the C.na Pecorara muck dump site in the context of the HV/HC 

ñTerzo Valicoò project (within the Rhine-Alpine corridor of the Trans European Network-Transport). 

 

Keywords: dump sites, transition metals, reaction path and mass transport modelling 

 

 

METHODS 

The groundwater migration of transition metals, also commonly termed as ñheavy metalsò, leached 

from mucks disposed in dump sites is a process that requires a detailed analysis in the framework of 

the environmental impact studies. In this context, it is important to thoroughly examine the risks of 

potential contamination of pre-existing groundwater wells and, more in general, to assess the risk of 

qualitative deterioration of nearby shallow aquifers. A reliable assessment of the contamination risk 

must consider the fate of the leaching metals, since they are generated by the interaction of meteoric 

waters with the excavated muck material, until they percolate in the vadose zone and continue their 

migration and dispersion in the saturated zone of the aquifer. 

The proposed methodological approach includes the accomplishment of speciation studies of the 

transition metals, reaction path modelling and hydrogeological mass transport modelling in both the 

unsaturated and saturated aquifer zones. To apply the proposed method, valid both for natural and 

backfill materials, it is necessary to carry out a set of chemical analyses on the muck material, 

including sequential extraction tests. The discussed method is applied to the C.na Pecorara quarry in 

Tortona (AL), which is the disposal site of the debris produced by the excavation of one of the tunnels 

being part of the HV/HC ñTerzo Valicoò project. This study has been carried out to evaluate the 

hazard that the wells adjacent to the disposal site might be contaminated by Chromium VI, Nickel 

and Cobalt resulted from leaching and percolation of meteoric waters that interacted with the disposed 

muck material. 
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RESULTS 

In the C.na Pecorara case study, the accomplishment of sequential extraction tests and the speciation 

of transition metals were used to implement a simulation of the reaction path process governed by the 

kinetics of dissolution of primary solid phases and precipitation of secondary solid phases. The 

reaction path modelling helped to define the temporal fate of Chromium VI, Nickel and Cobalt 

(Figure 1A). Combining these results with the simulation of the seepage process in the vadose zone 

it was possible to determine the time period after a leachate starts percolating in the unsaturated zone 

down to the groundwater surface (Figure 1B). Finally, the transitional groundwater flow and transport 

contaminant modelling was used to define the fate of the plume of contaminants, allowing to exclude 

the occurrence of a risk of contamination of potable groundwater wells by these metals, even after 

long-lasting periods (Figure 1C). 

 

 
Fig. 1 - A: evolution of the Cr-VI concentration after the reaction path modelling, B: groundwater recharge rate 

computed with the seepage modelling of the vadose zone, C: Cr-VI plume after 30 years computed with the 

groundwater flow and transport contaminant modelling. 

 

CONCLUSIONS 

Despite the assumptions and simplifications that might be necessary to undertake the geochemical 

and hydrogeological modelling, the proposed method allows one to assess the risk of groundwater 

contamination in a more reliable way compared to the sole application of the leaching tests, which 

are usually carried out in compliance with the legislation. Therefore, this method can be successfully 

used, in combination with leaching tests when these are required, to provide a reliable forecast of the 

potential risk of contamination of groundwater by transition metals (heavy metals) leaching both 

through natural and backfill materials stored in dump sites. 
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ABSTRACT 

Soil capacity to attenuate pollutants and allowing infiltration is critical for designing and setting up 

Managed Aquifer Recharge and large scale phyto-treatment schemes.  Within this work, the buffering 

capacity (on nutrients and pharmaceutical compounds) of two soils and its evolution under continuous 

infiltration of Treated WasteWater (TWW) were evaluated. 

 

Keywords: Soil Column Test, Managed Aquifer Recharge, Phyto-treatment plant, Agro-Ecosystem 

services, Diclofenac, Carbamazepine 

 

 

METHODS 

Soil samples were collected from two test sites (Sant'Alessio Induced RiverBank Filtration plant, 

IRBF, Rossetto et al. 2015; and San Niccolò phyto-treatment plant, Rossetto et al., 2014) with large 

differences in geochemical composition and used as medium in soil column tests. High differences 

in the behaviour of the two soil were detected, in particularly related to the organic carbon contents 

(48 % and 0.9 % for the soil from the phyto-treatment test-plant and for the soil from the IRBF plant 

respectively). 

Three columns (50·Ø9 cm) for each soil type were specifically designed to minimize the 

pharmaceutical adsorption. Secondary Treated WasteWater (TWW) was continuously infiltrated 

from bottom-to-top with a constant flow of about 0.5 L/d for 6 months. The TWW used for the 

experiment came from a local wastewater treatment plant, weekly collected and infiltrated. 

Diclofenac and Carbamazepine were spiked in the input TWW during the last 4th month of the test, 

to evaluate their adsorption and degradation. Water quality was investigated by means of periodic 

water sampling from each column. To evaluate the whole dataset and understand the difference 

between the two soils tested, Principal Component Analysis (PCA) was applied. PCA is a statistical 

tool to identify pattern and reduce dimension of large variable set to smaller components with 

minimum loss of original data variation and information.  

 

RESULTS 

For some compounds (NH4+, PO4
3-, Fe, Mn, NPOC, SO4

2-) the soil characteristics drastically changed 

the infiltrating water quality. The PCA allowed to identify the common processes, by grouping 
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compounds, that significantly influenced the water quality during the filtration process. The buffer 

effect was different in the two type of soils and for the two pharmaceuticals tested. Diclofenac 

removal was related to adsorption and degradation processes and it was lower than the buffer of 

Carbamazepine in both soils. Nevertheless, since no apparent degradation of Carbamazepine was 

detected in both soils, its persistence in the soil may have a larger impact in case of desorption 

(Barbagli et al., 2019). Furthermore, changes in time in the buffer effect of the soils were observed 

during the test, meaning that the soil characteristic were altered. 

 

CONCLUSIONS 

The experiments presented here allow getting further insights on soil capacity, related to its physico-

chemical characteristics, to buffer peri-urban water related potentially negative effects on the 

beneficial result provided by MAR and large scale phyto-treatment plant. The results highlight the 

importance of the soils or sediments to be used as medium in such nature-based solutions for their 

operations. They also offer an approach to, e.g., tailor man-made soil layers in infiltration basins. We 

strongly suggest that soil characteristics and test duration are carefully considered in designing these 

infrastructures, when nature-based processes are the choice for dealing with water management 

issues. 
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ABSTRACT 

An old industrial waste landfill with a surface of 16 ha in the surroundings of the Venice lagoon has 

produced heavy hydrocarbons and chlorinated compounds groundwater contamination. 

Microbiological and chemical results of a two field tests have confirmed the feasibility of 

bioremediation and have allowed the facilities design. An organic substrate, able to increase the 

reductive dehalogenation, was injected and recycled in anaerobic barrier near the landfill; air sparging 

was performed and nutrients injected in order to increase hydrocarbons degradation in aerobic barrier 

downgradient. Hydrogeological investigation and microbiological analysis were carried out to verify 

the effectiveness of the reclamation in anaerobic environment, having achieved chlorinated 

compounds degradation values of almost 24 kg/day. Further studies are underway to improve the 

aerobic barrier. 

 

Keywords: bioremediation, contaminated groundwater, chlorinated solvents, hydrocarbons 

 

 

METHODS 

A 16 ha industrial wastes landfill located near the Venice lagoon (Dogaletto, VE) is elevated above 

ground level to a maximum height of about 11 m a.s.l.. From a geological point of view, the landfill 

area is characterized by the Mestre Unit and Dolo Unit, i.e. alluvial deposits consisting of sand, silt 

and clay (Beretta and Terrenghi, 2016; Provincia di Venezia, 2008). Based on many geological and 

hydrogeological investigations, the conceptual model of subsoil is characterized by an alternation 

between sandy and silty clay horizons; sandy aquifer horizons have a hydraulic conductivity in the 

order of 10-4 m/s and the aquitards/aquicludes having  hydraulic conductivity less than 10-8 m/s. The 

groundwater contamination plume coming from the landfill, covers a surface of 17 ha and is 

contaminated by high concentration (up to 500-600 mg/l) of chlorinated ethenes and ethanes (CE, 

CA), BTEX, Chlorobenzenes and total petroleum hydrocarbons (TPH). In anaerobic conditions, 

highly chlorinated ethenes are easily dechlorinated by bacterial organohalide respiration with the 
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concomitant accumulation of the more toxic vinyl chloride (VC), which can be metabolically and co-

metabolically oxidized in aerobic conditions (Weatherill et al., 2018). The use of sequential 

anaerobic/aerobic systems has been shown to perform complete degradation of chlorinated ethenes 

to ethanes. TPH can be efficiently degraded by aerobic bacteria, via sequential oxidative reactions 

and a final cleavage of catechols that enter TCA cycle. The enhanced bioremediation was tested in 

series anaerobic/aerobic barriers, respectively for CE,CA and for BTEX, Chlorobenzenes and TPH 

degradation, directly downstream of the landfill and at end of the plume. The positive outcome of the 

experimentation in test sites has allowed us to design and implement the plume bioremediation, after 

the approval of the Public Authorities (PA). Test site was expanded with 390 m long anaerobic barrier 

to degrade CE and CA by injection (20 wells) and recycle (19 wells) of a redox substrate, and 500 m 

long aerobic barrier to degrade BTEX, Chlorobenzenes and TPH by air sparging (43 wells), water 

extraction (18 wells) and water and nutrients recycling (35 wells). The effect of bioremediation on 

hydrochemistry was monitored by means of piezometers placed upgradient and downgradient the 

barriers (transects). Microbial populations were analyzed in order to determine the effect of the 

treatments. Phylogenetic and metabolic biomarkers were monitored on site by quantitative PCR 

analysis (qPCR) on DNA extracted from groundwater samples and cultivation of TPH degrading 

bacteria, during two years. The structure of microbial community was analyzed by Illumina NGS 

technique. 

 

RESULTS 

In the anaerobic active barrier, the addition of substrate improved the degradation rate of  CE and CA 

between upstream and downstream until 98%. Chemical data were mirrored by an increment of 

metabolic genes for reductases: tceA from 104 to 106 and vcrA from 104 to 107 gene copy number/L 

of groundwater, and of organohalide respiring bacteria Dehalococcoides from 105 to 106 gene copy 

number/L. After two-year treatment, glucose-fermenting bacteria Bacteroidetes increased with 

respect to Dehalococcoides genus, indicating that Bacteroidetes were involved in the creation of the 

reducing power used for reductive dehalogenation. In the aerobic active barrier, where optimal 

concentration of oxygen have been reached, VC and TPH decreased (from 11ô2000 to 310 Õg/L and 

from 500 to 219 µg/L, respectively) although TPH-degrading bacteria were present in the order of 

101 MPN/L. 

 

CONCLUSIONS 

The overall data demonstrate that active CE-degrading bacterial populations were present at the site. 

The addition of organic substrate improved CE reductive dechlorination as evidenced by chemical 

and microbiological data, whereas increasing of VC was observed only in certain circumstances due 

to lacking of injection of substrate, confirming the effectiveness of the system when optimally 

operated. Efficacy of the anaerobic barrier in the degradation of CE was about 82.5%, ranging 

between 69% and 98% in the various transects. Low efficacy in the aerobic barrier was likely due to 

high incoming load and difficulty to revert the environmental from reductive to oxidant. This will be 

improved with further interventions. The monitoring system led to a significant reduction in the plume 
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in two years of operation of the barriers. Based on results of Phase 1, a Phase 2 design was submitted 

to the PA and approved to improve effectiveness of both barriers. 
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ABSTRACT 

With the increasing awareness to the widespread contamination associated with PFOA, PFOS and 

other PFAS compounds, there is an established need for treatment options that can address the large, 

dilute plumes that these contaminants commonly form.  

At the present time, the accepted remediation method for these contaminants is to use pump and treat 

systems equipped with activated carbon. The costs associated with running these systems and 

replacing the carbon can be quite high. For that reason, the ability to implement an in situ barrier of 

activated carbon that can cut off and contain these plumes for many years with a single application 

affords a beneficial means to decrease or avoid the operating and maintenance costs of existing above-

ground systems. This talk examines the use of a colloidal activated carbon that readily distributes 

within the subsurface, providing a method for injecting an in situ barrier of activated carbon for PFAS 

treatment. The same technology can treat efficiently a large variety of organic contaminants in 

groundwater, such as chlorinated solvents, TPH, BTEXS, PAH, pesticides, etc. 

 

Keywords: colloidal activated carbon, liquid activated carbon, PFAS, PFOA, PFOS, in situ sorption, 

groundwater, plume treatment, adsorption, innovation 

 

 

METHODS 

Laboratory studies were conducted to measure the adsorption isotherms for PFOA and PFOS with a 

distributable form of colloidal activated carbon. The isotherm data was then used in an adapted 

version of the BioChlor model in order to estimate the expected adsorption longevity that a barrier of 

the colloidal carbon can provide for PFOA and PFOS considering the flux and the concentration. 

Additionally, a 5m sand column experiment was conducted to determine the ability of the colloidal 

activated carbon to flow and deposit in an aquifer. 

 

RESULTS 

The measured PFOA and PFOS isotherms were fit to the Freundlich equation and the isotherm 

parameters were determined. The isotherm measurements included a demonstration that a dose of the 

colloidal activated carbon could reduce 100 mg/L of PFOA and PFOS to below the 2016 revised US 

EPA health advisory limits of 0.07 mg/L.  

Using the measured isotherm parameters within the BioChlor model, it was shown that a 50 mg/L 

plume of either PFOS or PFOA traveling with a velocity of 37m/yr could be contained and meet US 

EPA limits with a single barrier of the colloidal activated carbon for up to 8 years. 
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CONCLUSIONS 

The results obtained have allowed to apply successfully the technology on real sites. The final part of 

the talk will present a case study of the first ever in situ treatment of PFAS on a commercial site in 

Canada. IN SITU Remediation Ltd used PlumeStop on the impacted site, rapidly removing the PFAS 

contamination from the groundwater through sorption. The PFAS concentrations have since remained 

at non-detect for over 15 months, with conservative modelling by Grant Carey of Porewater Solutions 

estimating that the longevity of the PlumeStop treatment will be 100 years or more. 

Data will also be provided from lab tests completed on PFAS impacted groundwater from a European 

site, with evidence of precursor reduction. Reference will then be made to ongoing applications in 

North America and Europe. 
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ABSTRACT 

A great number of particles is required to properly model transport using particle tracking tools based 

on the Kolmogorov-Dmitriev theory of stochastic branching processes, and this entails high 

computational costs. These tools would benefit from a high-performance computing environment, 

but unfortunately the available implementations are not parallelized. Therefore, in this work a novel 

parallelized particle tracking simulation tool (TRA-KD) is proposed to overcome this limitation and 

to test and implement more appropriate and efficient algorithms.  

 

Keywords: particle-tracking, Kolmogorov-Dmitriev, Continuous Time Random Walk 

 

 

METHODS 

TRA-KD is implemented in Fortran 95 with a Continuous Time Random Walk (CTRW) approach, 

and it is parallelized using the Message Passing Interface (MPI) paradigm. The reliability of the 

results obtained with TRA-KD is verified thought the comparison with analytic solutions of the 

Advective-Dispersive equation (ADE). In addition, the results of the TRA-KD simulations are 

systematically compared with the results obtained by a code based on a deterministic implementation 

of Lagrangian particle tracking. The comparisons between the two codes are performed on diverse 

case studies, including 1-D, 2-D and 3-D heterogeneous aquifer analogues, ranging from laboratory 

scale to the aquifer scale.  Moreover, a novel approach was implemented to better handle particle 

transitions along different directions and in 3D, by extending previous approaches (Marseguerra and 

Zio, 1997; 1998). 

 

RESULTS 

The breakthrough curves obtained with TRA-KD are in good agreement with the curves obtained 

with a deterministic Lagrangian implementation of particle tracking. Nevertheless, some comparisons 

enlightened the need to handle particles that were trapped when crossing particularly low conductivity 

regions. 

Other simulations tests were also useful to partially explain the asymmetries observed during 

laboratory experiments (Berkowitz et al., 2009), where the relationship between the diameter of the 

columns and the grain size of the filling material plays a key role. 
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Besides, the tests made considering an analytic solution to compare the reliability of the different 

approaches used to implement cells transitions, demonstrate a clear advantage of the new approach, 

that takes properly into account the diagonal transitions. 

Fig. 1 - Trajectories of particles simulated with TRA-KD within a high resolution aquifer analog  

 

CONCLUSIONS 

This work demonstrates the usefulness of the newly developed CTRW particle tracking tool TRA-

KD, which provides results comparable with the results of deterministic particle tracking approaches, 

within a reasonable computation time. In addition it is also demonstrated the applicability of TRA-

KD to a diverse range of transport simulation, at different scales and dimensions. 
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ABSTRACT 

The óPolluter Pays Principleô is a cornerstone in environmental law and since 1987 has been set out 

in the Treaty of the European Communities and in several national legislations. Under this general 

principle the polluter ï i.e., the party responsible for contamination ï is under the legal obligation to 

remedy environment and pay damages suffered by environmental resources. However, experience, at 

least in Italy, shows that this principle is hard to be implemented and requires multiple competences.   

 

 

THE óPOLLUTER PAYS PRINCIPLEô IN THE PRISM OF THE CLIENTSô INTERESTS 

 

Legal advisors often provide assistance to clients that may be either polluters or not. 

It may happen, on one hand, that a client, when transferring a site (or a company managing a site) 

that it had contaminated, represented to buyer an environmental situation that resulted to be more 

serious than disclosed at a later stage; or it has been claimed by public or private entities to have 

polluted the othersô properties; or, which is even worse, is charged of environmental crimes. 

In this range of cases, counsel must design a legal defence to prove that the client is not liable for 

contamination, other entities have polluted the site, or public authorities (or private claimants) have 

not discharged their burden of proof properly. 

On the other hand, the client may be negotiating the acquisition of sites and real properties affected 

by potential or actual contamination; or it may claim damages and indemnities against the seller that 

breached environmental warranties; or, again, it wishes to recover remediation costs that it paid in 

advance and outside a legal obligation. 

In this second range of cases, instead, the counselôs effort is even harder: it must help the client both 

to take legal actions against the polluter, mitigate further contamination events, and build up 

relationships with public authorities (also to exclude any sort of liability). Furthermore, 

environmental liability is personal: this means that, even when a site was managed by several 

operators and in different time periods, counsel must evidence to what extent each operator 

contributed to the same contamination. 

 

WHY ENVIRONMENTAL LAWYERS AND CONSULTANTS MUST WORK TOGETHER  

 

Therefore, it is of the utmost importance that legal and environmental advisors work together to define 

the best legal and technical strategy consistently with the clientsô interests. 
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There is a variety of scenarios where a multidisciplinary team proves to be highly recommended (if 

not required): 

 

a) In M&A and real estate transactions involving sites environmental consultants usually carry 

out an in-depth environmental due diligence (EDD). Lawyers negotiate and draft contracts 

including environmental representations and warranties and indemnity clauses. Both the 

advisors must point out critical issues that could result in actual costs, lack of authorizations, 

potential liabilities (especially third partyôs claims).  

- Definition of a óbaselineô as at the Closing Date allows lawyers to understand the real 

environmental status, analyse risks of liabilities and impact on purchase price, find and 

improve solutions for unknown contamination; in a word, to protect the clientôs interest. 

-  

b) The Italian Decree no. 152/2006 requires the polluter to perform safety measures and 

remediation activities in coordination with public authorities (Article 242). If polluter fails to 

do so, the private party that owns and/or manage a contaminated site has the right, not the 

duty, to notify public authorities of the potential contamination and start a remediation 

procedure (Article 245). Nobody can require a site owner/manager to remedy environment at 

its own costs. If no polluter is identified, however, public authorities can perform remediation 

and then seek costs reimbursement to the private party. 

Furthermore, the private party that suffered costs/damages due to contamination must take all 

reasonable efforts to identify the polluter, otherwise no compensation/cost recovery can be 

granted in civil actions. 

In both cases, when assisting a private party, legal counsel have to plead that a causal link 

between the polluterôs activity and actual contamination can be established. It suffices that the 

alleged polluter is more likely to be liable than not; however, to prove it can be challenging. 

Uncertainties and difficulties may arise when: (1) the site was (or is being) managed (i) by 

two or more operators, (ii) in different periods over time, (iii) nearby other production sites; 

(2) different operators (on the same site and/or over time) may have used the same substances, 

manufactured similar products; (3) contaminants are subject to degradation in the 

environmental matrices; and/or (4) contamination is óhistoricalô and evidence is missing or 

traces back to an old time. 

Environmental forensics techniques can be extremely helpful to: (a) reconstruct historical 

production process and the past environmental status; (b) locate present and past 

primary/secondary sources and keep them separate by operator; (c) ódateô contaminants ï or 

the same contamination ï and link it to a past operator. 

 

c) When liability cannot be excluded, the client may be interested in a settlement agreement or 

to contain costs. Legal and technical advisors can help design and develop proposals for safety 

and/or remediation actions that are (i) proportionate to the actual liability and/or (ii) alternative 

to financial compensation or measures sought by public and private counterparties. 
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CONCLUSIONS 

 

All the above considered, the óPolluter Pays Principlesô involves very complex and difficult issues 

that entail a multidisciplinary approach. 

A combination of legal and technical expertise is very advisable, if not required, to manage 

environmental liabilities in a highly efficient way and provide the best assistance to clients. 
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ABSTRACT 

Several detrimental effects due to intense industrial activities affect the groundwater of the Portoscuso 

area (SW Sardinia, Italy) such that the Italian Government  has designed the whole territory as a 

contaminated site of national interest (D.M., March 12, 2003). Groundwater pollution is a crucial 

environmental issue in this area, where a volcanic ignimbrite succession up to 500 m thick outcrops, 

locally covered by sand deposits of variable thickness. Groundwater upgradient to the industrial 

district shows sulphate concentrations exceeding the background value of 450 mg/L calculated for 

the area (Vecchio et al., 2011). In order to verify the origin of sulphate, multidisciplinary 

investigations were carried out on the geochemical features and stable isotope ratios in groundwater. 

 

Keywords: groundwater, sulphate contamination, isotopes 

 

 

METHODS 

A 3D hydrogeological conceptual model was elaborated for the aquifers. Two hydrogeological and 

hydrogeochemical surveys were carried out in 2015 and 2018, including a piezometric and chemical-

physical survey of 122 piezometers, which allowed defining the main flow direction of groundwater. 

Forty-seven piezometers were sampled for the geochemical investigations and analysis of d2H, d18O 

of water. Twenty samples of the 2015 campaign were selected based on sulphate concentration to 

perform investigation on dissolved stable isotopes of sulphate (d34SSO4 e d18OSO4) up gradient and 

down gradient from potential sources of pollution. Three samples of rain were collected upstream and 

downstream of the industrial area considering the prevailing winds from NW, for a complete 

geochemical and isotopic characterization. The sampling of rainwater was carried out by ARPA 

Sardegna according to the method set out in Annex IV appendix 2 of Presidential Decree 203/88.  

The d2HH2O and d18OH2O
 were measured using Wavelength-Scanned Cavity Ringdown Spectroscopy 

(L2120-i, Picarro). The isotopic characterization of d34SSO4 and d18OSO4 was carried out at the 

University of Barcelona, Spain. The samples were prepared  precipitating the sulphate as BaSO4. The 

d34SSO4 analysis was performed with an elemental analyzer coupled in continuous flow with a 

Finnigan Delta C IRMS mass spectrometer (Carlo Erba). The d18OSO4 was analysed in duplicate 
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samples using a ThermoQuest elementary high temperature conversion analyser coupled in 

continuous flow with a Delta X IRMS Finnigan MAT mass spectrometer. This method was also 

applied to the rain samples. Only for 2 rain samples was possible precipitate sufficient BaSO4 to 

determine sulphate isotopic composition. 

 

RESULTS 

The stable isotopic composition of the water (d2HH2O, d18OH2O) shows that most of the samples lie 

between the SIMWL (Southern Italy Meteoric Water Line, Giustini et al., 2016) and the GMWL 

(Global Meteoric Water Line), highlighting the meteoric origin of the recharge waters. 

However, some samples align along a straight line crossing the d2H and d18O values measured by 

Mongelli et al. (2013) for the sea waters of northern Sardinia. This suggests the presence of 

salinization processes due to marine intrusion. 

For the interpretation of d34SSO4 and d18OSO4, data were plotted together with the isotopic composition 

of the main sulphate sources (Mongelli et al., 2013; Petitta et al., 2011) (Figure 1), and the main flow 

direction in the aquifer was taken into account. It appears that the origins of the sulphate are various 

and influenced by several factors. Part of the sulphate sources is likely of natural origin (sea spray 

and decomposition of marine organic matter) and part of anthropic origin (e.g. dissolution of 

sulphides probably coming from the waste rock from coal exploitation, atmospheric sulphate of 

industrial origin). Mixing processes likely occur in groundwater. 

 

 

 

 

 

 

Fig. 1 - Sulphur against oxygen isotopic composition of sulphate in groundwater and rain waters (RW) from the 

Portoscuso area. Sea Water (SW) isotopic composition from Mongelli et al. (2013) is also provided. 
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CONCLUSIONS 

The integrated approach of hydrogeological, geochemical and stable isotope analyses have provided 

information on the origin of sulphate in the groundwater of the Portoscuso area. It appears that the 

origins of the sulphate are various and influenced by several factors, both natural and anthropogenic. 

Further investigations on the isotopic composition of atmospheric particulate and leachate from waste 

rocks are running in order to verify the presented hypothesis. 
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ABSTRACT 

A multi-disciplinary statistical analysis was performed on 170 contaminated sites spread throughout 

the Italian territory. The sites are interested by different past or present activities, for example they 

are: fuel station, fuel depots, oil refineries and chemical/pharmaceutical plants. The extension of the 

areas vary from 1.000 m2 to 3.500.000 m2.  

The groundwater of the sites has been impacted by petroleum hydrocarbons and chlorinated solvents. 

For each site one or more remedial technologies have been chosen and performed in order to 

remediate groundwater for example: plant solutions, monitoring natural attenuation and use of 

chemical reagents for In Situ Chemical Oxidation or Reduction, or oxygen release compounds to 

enhance the bioremediation, or surfactants. 

 

Keywords: groundwater remediation, remediation technologies, contaminated site, chemical 

reagents for remediation. 

 

METHODS 

Data collection on the remediation performances extends from 1995 to present day and includes 170 

contaminated sites on Italian territory. 

The main factors evaluated with the analysis were: efficiency, time to obtain remediation, field of 

applicability based on site-specific hydrogeological features, cost and feasibility of the remediation 

in comparison with threshold limits (according to D.Lgs. 152/06 and DM 31/15). A statistical 

approach was used.  

Particular attention was dedicated to innovative technologies of chemical injection of reagents, to 

their design, applicability, efficiency in terms of contaminant reduction and the concern coming from 

possible formation of byproducts and wells occlusion. 

 

RESULTS 

The multidisciplinary analysis allowed to identify Pump and Treat as the most selected technology 

from 1995, followed by a combination of Air Sparging/ Soil Vapor Extraction (AS/SVE) and Pump 

and Treat systems.  

Multi -Phase Extraction (MPE) systems followed by AS/SVE+P&T were identified as most expensive 

technologies considering the installation, operation and maintenance per year, but it was verified that, 

especially MPE, where applicable, has a very good grade of contaminant extraction.  

From the other side, Monitoring Natural Attenuation was identified as cheapest technology followed 

by application of chemical reagents (oxygen release compound, ISCO and surfactants).  
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Regarding chemical reagents, it was confirmed that use of these technologies can be successfully 

applied also into low hydraulic conductivities aquifers if wells injection mesh is sufficiently dense.  

 

CONCLUSIONS 

During the years, the remediation approaches went through serious changes. Although traditional 

solution as P&T plants have been the most selected to remediate from 1995, in these last years, 

innovative technologies (for example use of chemical reagents) have been more appreciated by the 

designers and by public authorities and extensively applied because they are in some cases more 

effective or sustainable, cheaper or quicker. 

Efficiency, time to obtain remediation, field of applicability based on site-specific hydrogeological 

features, cost and feasibility of the remediation in comparison with threshold limits were analyzed 

with a multi-disciplinary statistical approach. 

Above all considerations, it turns out to be crucial the choice of the proper technologies according to 

site-specific conditions. A focused choice of remediation technology is more advantageous and 

remediates the site to remedial objective without rebound effects while minimizing one or more of 

the factors of interest (for example: time of operation and costs).  
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ABSTRACT 

Innovative technologies with injection of chemical compounds were applied in order to remediate 30 

contaminated sites with petroleum hydrocarbon impacted groundwater. The reagents used can be 

classified as three main technologies: enhanced bioremediation products with oxygen released, In 

Situ Chemical Oxidation (ISCO) and surfactants. The analysis on these applied technologies allowed 

to better understand how to conduct the design, execution and monitoring phases of the remediation. 

 

Keywords: contaminated site, groundwater remediation, remediation technologies, chemical 

reagents for remediation, bioremediation, ISCO, surfactants.  

 

 

METHODS 

30 contaminated sites with petroleum hydrocarbon impacted groundwater were remediated using 

chemical reagents. The design, execution and monitoring phases were analyzed in detail.  

For the design phase, lab data on soil and groundwater samples were collected in order to understand 

the size and the magnitude of the contamination and to verify heavy metals content. The use of 

different calculation methods and their impact on the design were investigated, for example: 

calculation starting from application areas, or from porosity, or from oxidant demand. 

For the execution phase different methods of application of the reagent were explored, for example 

injection into the monitoring wells, direct push injection into the soil, aspersion into excavation, filter 

socks application. For each method the pros and cons were evaluated.  

And at last for the monitoring phase, chemical-physical parameters and lab analysis on groundwater 

were collected in order to verify remediation effectiveness, contaminant reduction and potential issues 

as byproduct formation or increase of the contaminant concentration.  

 

RESULTS 

The analysis of the results allowed to better understand how to conduct the design, execution and 

monitoring phases. First of all, it turns out to be relevant to accurately design the remediation project, 

by choosing the proper reagents based on site specific conditions, on the contaminants of concern of 

the impacted site, and on the regulation target to be reached, considering also the presence of utilities 

or underground tanks. The design should be conducted using a calculation form (for example the 

calculation of oxidant demand) and performing laboratory tests and pilot tests on site. A precise 

design allowed to have the maximum benefit in terms of contamination reduction. The application 
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methods were also analysed; in particular the application into devoted wells network ï and not into 

monitoring network - was found to be more efficient.  

A frequent monitoring program is to be introduced with a view to analysing the trend and the 

effectiveness of the remediation but also to detect a possible byproduct formation or an increase in 

contaminant concentration. Beside the chemical analysis, it was observed that the measure of 

physical-chemical parameters in the monitoring program is a valid support to verify the efficiency of 

the remediation and the effectiveness of the reagents. 

 

CONCLUSIONS 

In the wide range of remediation technologies, chemical injections proved to be a solid alternative to 

plant technologies, very effective also in fine aquifers. The analysis on these applied technologies 

allowed to better understand how to conduct the design, execution and monitoring phases of the 

remediation.  

For 69% of the analysed sites, chemical injections led to a significant reduction of the contamination 

within 1 year from the application. 
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ABSTRACT 

High concentrations of arsenic in groundwater threaten the health of millions of people worldwide. 

In Italy, arsenic is found in aquifers from north to south and is associated to different geological 

settings (i.e. volcanic areas and alluvial plains). The shallow aquifer of Venetian Alluvial Plain (VAP) 

is notoriously affected by arsenic contamination, with concentrations exceeding the WHO limit (10 

mg/L). This issues poses a risk for locals, as the aquifer is exploited for agricultural purposes. The 

processes controlling arsenic mobility and the scale of the problem in the VAP remain unclear. Little 

is known about the implication of the variability of the physical and mineralogical properties of the 

aquifer facies on the arsenic mobility. The present work presents the result of a numerical analysis 

focused on the evaluation of the extension of arsenic contamination as linked to the subsurface 

heterogeneity of the site. A three-dimensional (3D) multicomponent reactive transport model was 

combined with a geostatistical reconstruction of the subsurface heterogeneity to quantify the transient 

arsenic geochemical behaviour. The model focuses on a well-characterized area of the VAP, the 

ñWestern Agricultural Areasò (WAA), where monitored piezometers provide time series of arsenic 

concentrations (as well as the behaviour of the key parameters, such as redox potential, iron and 

ammonia). The results show a strong dependence of heterogeneity with the arsenic concentrations in 

groundwater. It was found that zonation of redox conditions linked to localized aquifer recharge and 

random distribution of organic matter are key aspects that control the extension of the problem in the 

WAA, as in the VAP. It is concluded that a careful characterization of the geological heterogeneity 

and hydrological behaviour of the VAP must be considered when aiming at reducing the risk of 

arsenic exposure of the local population and helping stakeholders on risk assessment. 

 

Keywords: Arsenic contamination, subsurface heterogeneity, 3D reactive transport model. 
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METHODS 

The study is based on a numerical analysis that combines two types of models. The first type is a 

geostatistical model that reproduces the heterogeneities of the WAA. The model is built using the 

code spMC (Sartore et al., 2016), a transitional probabilities-based approach that allows for a detailed 

reconstruction of the subsoil materials distribution based on local well logs stratigraphy. The second 

model is based on the multicomponent reactive transport code PHAST, which enables to resolve the 

main geochemical processes involved in the mobility of arsenic. The spMC model provides the spatial 

distribution of key hydrogeological parameters and geochemical information feeding PHAST. Initial 

solution, type and amount of equilibrium phases, kinetics reactants and sorption surfaces are tuned 

using the code PHREEQC based on monitored time series of concentrations and mineralogical data 

from sediments characterization. 

 

RESULTS 

The model suggests that the distribution of arsenic around the study area is patchy and seasonally 

dependent, consistently with previous observation on the site (e.g. Dalla Libera et al., 2018). The 

distribution is linked to localized mechanisms such as the degradation of organic matter (OM), the 

reductive dissolution of ferric hydroxides (HFOs) and the oxygen ingress from the vadose zone. A 

correlation is observed between recharge events and redox variation of the aquifer. The 

hydrogeological system tends to reducing conditions due to a diffuse presence of OM-bearing 

sediments. The different thickness of vadose zone and the heterogeneity in materials permeability 

control the effectiveness of oxygen ingress into the aquifer, varying the redox potential and all the 

related processes that can foster arsenic release. The central part of WAA shows an increase of redox 

potential during the monitored wet period due to clustered rainfall precipitation. Each event produces 

a decrease of dissolved arsenic linked to precipitation of HFOs, on which arsenic is bound. On the 

other hand, the northern and southern parts of WAA show a reduced system due to both OM 

degradation and a low oxygen ingress. In those zones, arsenic variation could be linked to processes 

of incongruent dissolution of arsenic-bearing minerals (e.g. scorodite) or arsenic sulphur re-

precipitations (Harvey et al, 2006), although no experimental evidences occur to support this 

hypothesis, requiring more investigation. 

 

CONCLUSIONS 

A 3D reactive transport model was developed to show the strong control of subsurface heterogeneity 

on arsenic release. In the study area, the distribution of different geological materials can foster or 

inhibit arsenic mobilization, influencing the redox condition and the redox-dependent reactions. 

While the geological materials are generally ubiquitously involved in similar water-rock interactions, 

the influence of heterogeneity-controlled localized recharge during rainfall events, and the associated 

oxygen ingress, locally reduces arsenic mobilization. Where recharge is not effective in oxidizing the 

aquifer, arsenic remains mobile. 
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ABSTRACT  

Public concerns regarding the potential environmental impacts induced by unconventional gas 

production operations have recently risen. Therefore, understanding the flow behaviour of stray gases 

and predicting their fate in the subsurface is crucial to assess the environmental safety of 

unconventional gas exploitation. In this work, a real-world case is presented to show the potential 

extent and effects of a hypothetical methane leakage into a shallow aquifer from a deep geothermal 

well. Multiphase flow and solute transport simulations were performed to assess the vulnerability of 

the aquifer. 

 

Keywords: methane, natural gas, well integrity failure, multiphase flow, solute transport, numerical 

modelling. 

 

 

METHODS  

Numerical simulations were performed with GDAn (DôAniello, 2017), a 2D finite element model 

meant for the analysis of groundwater (DôAniello et al., 2019a; DôAniello et al., 2019b), multiphase 

flow (DôAniello et al., 2018; DôAniello et al., 2019b), and solute transport in porous media (DôAniello 

et al., 2019b). Governing equations are those of unsteady-state water saturated groundwater flow 

(Bear, 1972; Istok, 1989), multiphase flow of immiscible fluids in porous media (Abriola and Pinder, 

1985; Parker et al., 1987), and the advection-dispersion equation (Istok, 1989). 

 

RESULTS  

Numerical analysis showed that migration of gaseous methane can be extremely fast. Moreover, 

gaseous methane moves predominantly vertically upwards, close to the well. However, a horizontal 

spreading becomes appreciable as the source strength increases. The groundwater hydraulic gradient 

in place does not impact gaseous methane migration, and the shape of the gaseous plume remains 

symmetric. Conversely, dissolved methane is affected by the groundwater flow field (Fig. 1) and 

covers greater distances in considerably more time. 
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Fig. 1 - Plan view of the site and predicted groundwater flow field. 

 

CONCLUSIONS 

The analysis showed that the risk of contamination for local water resources might be limited in this 

site. However, a concern exists for the risk of explosion in the close vicinity of the well. Indeed, 

predicted maximum gaseous infiltration rates are comparable to those reported for other sites, and 

maximum dissolved methane concentrations may overcome in few years the action levels associated 

with explosion hazard. Until now, quality checks at the well suggested no leakage issues. However, 

monitoring activities are strongly advised to ensure the safety of the site before abandonment.  
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ABSTRACT 

The leachate is one of the most important potential source of groundwater contamination (Kjeldsen 

et al., 2002), especially when the landfills are partially lined or unlined (Stefania et al., 2018). 

The interaction between the leachate and the environmental media, in addition to spreading toxic 

compound in groundwater, leads to several hydrogeochemical and biological changes that, in turn, 

affect the natural conditions of aquifers (Christensen et al., 2001). These changes also involve 

compounds that are generally considered slightly or not polluting, such as the major ions (i.e. Na+, 

K+, Ca2+, Mg2+, Cl-, SO4
2-, HCO3

-+CO3
2-), notwithstanding the Concentration Limits of 

Contamination (CLC) required by the current environmental legislation (i.e. D.Lgs. 152/06). 

In this general framework, the main objective of this research is to get a deeper insight into these 

processes, related to the leachate/groundwater interaction, in a landfill site where the CLC 

exceedances are limited. 

 

Keywords: landfill leachate, hydrogeochemical changes, groundwater, aquitard 

 

 

METHODS 

The selected study area is a landfill located in Central Italy, within the scarcely permeable plio-

pleistocenic clayey deposits, that present a superficial alteration (silty-clayey lithologies). The 

groundwater flow, in fact, takes place within the altered and fractured shallow portion of the bedrock. 

At the base of the landfill, there is a stream that, even if with a small discharge, flows toward a 

regional alluvial aquifer. 

The hydrogeological characterization has been performed deepening different features: (1) the 

geological features have been described in detail, even with respect to the landfill volume, by means 

of geognostic boreholes; (2) the groundwater flow has been investigated by the hydraulic head time-

series analysis and the permeability tests performed in site; (3) the chemical analyses of surface water, 

groundwater and leachate, analyzed as water (i.e. the same units and detection limits), have been 

compared to assess the contamination extent and to interpret the changes to the natural environment 

related to leachate leaks in the aquifer. 
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RESULTS 

The preliminary results highlight that the clayey bedrock alteration (up to 15 m thick) favors, where 

the landfill is unlined, the mixing between leachate and groundwater that flows toward the stream. 

The hydraulic conductivity of this alteration is an order of magnitude higher (~10-8 m/s) than the 

clayey bedrock one (~10-9 m/s). 

The contaminated groundwater, in addition to showing CLC exceedances related to some organo-

chlorinated solvents (e.g. Vinyl Chloride, found even in the leachate), are characterized by high 

concentrations of redox-sensitive compounds (e.g. Fe2+ e Mn2+), due to the anoxic conditions caused 

by the dissolved organic matter. Furthermore, even the major ions appear very different from those 

of the natural groundwater (Fig. 1). Indeed, the contaminated groundwater is enriched in Na+, K+, Cl-

, SO4
2-, HCO3

-+CO3
2- and depleted in in Ca2+ and Mg2+. This effect can be considered a combination 

of intermediate redox conditions, that bring to the S species oxidation, and mixing and/or cation 

exchange, attributable to the clayey minerals in the aquifer. 

 

 
Fig. 1 - Schoeller-Berkaloff diagram showing examples of surface water, natural groundwater,  

contaminated groundwater, and landfill leachate chemical analyses. 

 

CONCLUSIONS 

The multidisciplinary approach has enabled to clarify a complex environmental problem. In 

particular, the comparison between the chemical analyses of the landfill leachate, analyzed as water, 

and the natural and contaminated groundwater has allowed to get a deeper insight into the 

hydrogeochemical processes that change the groundwater chemistry when a landfill leachate 

contamination occurs. 
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ABSTRACT 

A gasoline leak caused the contamination of a shallow alluvial aquiferin a urbanized area Northern 

Italy. 

A rapid intervention was conceived to stop the spreading of contamination: a hydraulic barrier has 

been placed downstream of the source to collect both the floating oil and the contaminated 

groundwater. 

A numerical model has then been built using MODFLOW-2000 (Harbaugh et al. 2000) to assess the 

performance of the existing barrier, and to design another hydraulic barrier able to stop the 

hydrocarbon plume already dispersed downstream. 

A preliminary model was built and calibrated against groundwater levels measured in 41 monitoring 

wells. Hydraulic conductivities in pilot points, recharge zones and constant head BCs were calibrated. 

The non-uniqueness of the calibrated parameters led to identify 283 alternative parameter sets, all 

able to represent the observed heads within an absolute average error of 10 cm. These sets, generated 

with the Null space Monte Carlo method (NSMC) (Tonkin and Doherty, 2009), served to build 283 

models, used to simulate the dispersion of solved contamination through forward particle tracking 

with MODPATH (Pollock, 2012). 

The particle paths from all simulations were collected and analysed altogether, leading to the 

identification of contamination paths likely not captured by the hydraulic barrier. This information 

can be fruitfully used to improve the placement of monitoring wells and, if the presence of 

contamination paths is confirmed, to optimize the barrier.  

 

Keywords: MODFLOW, MODPATH, PEST, Null space Monte Carlo, hydraulic barrier 

 

 

METHODS 

The non-uniqueness of the determination of quantities tied to groundwater flow affects, with different 

degrees, all the real-case situations where the knowledge of the hydrogeological setting is affected by 

uncertainty. This uncertainty is then passed on to the predictions of interest. Therefore, the uncertainty 

of each model prediction is characterized by a probability density function with a mean, which is the 

approximation to the prediction of minimum error variance, and a standard deviation that provides 

the uncertainty of the model prediction (Herckenrath et al., 2011). 

The available methods for quantifying uncertainty in predictions by use of a calibrated model (Tonkin 

and Doherty, 2009), can be linear (i.e. implying a linear relationship between parameters and 

predictions, which rarely holds in real cases (Moore and Doherty, 2005)) or nonlinear, such as Monte 
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Carlo methods. The Null space Monte Carlo method allows to produce a multitude of calibration-

constrained stochastic parameter fields, by use of which the variability in the predictions of interest, 

deriving from lack of information on the model parameters, can be estimated. 

A MODFLOW-2000 model has been built to represent a shallow alluvial aquifer and has been 

calibrated with PEST (Doherty, 2015). Then, NSMC has been applied by generating 283 alternative 

models. Forward particle tracking with MODPATH has been used to simulate the plume in each 

model; although this method only accounts for the advective processes, it is way easier than the 

implementation of a transport model, for which additional information, unavailable in the present 

case, shall be collected. Moreover, it is assumed that the dispersion determined by uncertainty in 

model parameters supplies for mechanical dispersion and diffusion not represented in MODPATH. 

 

RESULTS 

The NSMC method allowed to generate 283 alternative models, all calibrated against head 

measurements gathered in 41 monitoring wells in the area of interest. A number of 50 particles were 

released from the spill area, to represent the dispersion of solute hydrocarbons in the aquifer. The 

paths followed by a total number of 14150 particles were collected and analysed in a GIS.  

A path has been found that escapes the first line of wells. Two more wells downgradient capture most 

of these particles. Nevertheless, some of them flow through two different paths (Fig. 1). This signals 

the possibility for the hydraulic barrier to be improved (e.g. increasing the pumping rates), or at least 

to verify the existence of those paths by increasing the number of monitoring wells and the sampling 

frequency. 

 

 
Fig. 1 
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CONCLUSIONS 

Numerical models are built in almost every case where a hydraulic barrier needs to be installed in 

contaminated sites. They are often built under deterministic assumptions, i.e. calibration provides the 

set of parameters that minimize a statistic of the difference between observation and their model 

counterparts. 

This study shows that uncertainty in parameters, which is always present due to the impossibility to 

know perfectly the hydrogeological setting, adds to other sources of error (e.g. measurement errors, 

structural noise, simplifications) that could potentially lead to designing interventions that do not 

guarantee the required performance. 

A stochastic analysis, such as the NSMC analysis here described, could enhance the knowledge about 

the variability in model predictions and guide the expert in designing effective interventions. 
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ABSTRACT 

Contaminated sites and the extent to which contaminants have spread are often difficult to 

comprehend and are therefore often underestimated. Consequently, these incomplete insights may 

result in unfitting remedial measures, cost overruns, and remedial target levels that are difficult to 

achieve. 

While contaminated sites may look like a black box with unknown distribution pathways, many 

insights can in fact be gained through closer data-analysis of readily available bore hole information, 

groundwater flow directions and soil and groundwater concentrations. Manually interpreted and 

handmade site maps often do not give a full and complete picture, whereas automated interpolations 

and visualizations of pollutant data can give a faster and far better reproducible way to identify and 

explain the extent of soil and groundwater contaminations and the ways they have spread. Through 

the combination of this information, a previously unseen level of detail can be found and presented 

in three dimensional models, with fourth and fifth dimensional additions of time and money, making 

it easy to understand and make strategic decisions around for everyone involved: consultants, 

stakeholders and regulators alike. 

 

Keywords: 3D visualization, groundwater contaminations, spreading, atomized soil data 

interpretation 

 

 

METHODS 

Put into practice, this method has a proven added value because of its expedient simplification and 

evaluation of large amounts of monitoring data. Examples of its application can be seen in the in situ 

remediation projects that Stantec carries out for the city of The Hague in the Netherlands. Here, the 

visualizations have been used at various locations to provide necessary insights into the extent of a 

contamination, and the pattern in which the contaminants have spread over time - the fourth 

dimension. Knowing the pathway of contaminated groundwater and understanding the spreading 

behaviour allows us to quantify the annual changes of contaminated soil and groundwater volumes. 

Subsequently, annual changes of contaminated soil volumes and contaminated masses can be judged 

by regulators and consultants as being an acceptable risk or if there is reason for concern. When used 

together in combination with the insights gained from groundwater modelling software and fate 

transport, this method can be used to present and compare the results of predicted contamination 
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behaviour and remediation performance over time; answering the question whether a groundwater 

plume is stable or if it is necessary to intervene to avoid any further migration.  

As an important fifth dimension, financial implications are included in the visualization so that more 

informed decisions can be made. Thanks to our model, we can generate various hypothetical scenarios 

that allow us to strike the right balance between available budget and desired outcome of remediation 

and monitoring efforts. 

 

RESULTS 

As a rule of thumb, these interpolations, quantified volumes and mass calculations have taught us that 

more than 75% of the mass of a groundwater contamination is concentrated to 10 - 30% of a siteôs 

contaminated soil volume. Economic decisions can then be made for which areas are most beneficial 

and cost effective to remediate, based on levels that have been agreed upon by local authorities. All 

this is achieved by using this innovative decision tool, which we have developed based on readily 

available information obtained from routine soil investigations that is within reach of any soil 

consultant. This has led to the toolôs use in a variety of instances, such as for review of ongoing 

remediations that have shown to stagnate and are no longer cost effective. Through this tool, light can 

be shed on the progress that has been made in remedial measures, which can then be compared with 

the predetermined and approved levels that were agreed to be met, but difficult to achieve in practice. 
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CONCLUSIONS 

Several case-studies of contaminated sites in the city of The Hague, The Netherlands and monitoring 

data, obtained over more than a decade, have been successfully evaluated by using the 5D-approach. 

This approach showed us the lessons learned and gave us a better insight in the way how to interpret 

site monitoring data and the cost effectiveness of in situ remediations. 
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ABSTRACT  

The solutions adopted to test the hydraulic effectiveness and to manage in the long term a physically 

contained area to neutralize contaminant diffusive flux at a former chromium-plating plant in North 

Italy, where soil and groundwater are heavily contaminated by Hexavalent Chromium, are presented.  

After encapsulation of the area by means of a slurry wall and a capping, extensive hydraulic testing 

was carried out through two long-term, large-scale pumping tests. The data collected in about 200 

days of testing were used to draw conclusions on the hydraulic properties of the aquifer of the low 

permeability substrate, and to develop a practical method to assure, in the long term the containment 

of the residual Cr VI mass inside the confined area. 

The method was applied successfully thereafter and the results of the first year of monitoring confirm 

the expectations made.   

 

 

PROJECT BACKGROUND INFORMATION  

Underneath the site there is a high permeability sand and gravel aquifer, 10-11 m thick. Low 

permeability clayey deposits lay beneath the aquifer.  

Long-term isolation of the most contaminated area (about 1.100 m2) was achieved by a 12 m deep 

slurry wall installed around the former production lines, wedged 2.00 m inside the low permeability 

formation. The area was then covered by a HDPE waterproof capping, 2.5 mm thick. The most 

contaminated soils inside the wall were then excavated down to 7,5 m below ground level, after the 

installation of a structural concrete wall, realized inside the encapsulated area. 

 

MET HOD 

In addition to controls made on each slurry panel on depth, panel overlap, verticality and permeability 

tests of the slurry mixture, after completion of the works, extensive hydraulic testing was carried out 

by means of two large-scale pumping tests (dewatering of the encapsulated aquifer and long-term 

recovery). 

During the tests the water level recovery rate was faster than it could be expected on the basis of the 

permeability of the slurry wall (measured during the construction phase and lower than 5×10-11 m/s) 

and the permeability the clayey substrate, investigated during design phase by in-situ permeability 

tests and laboratory geotechnical tests.   
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Data collected on pumped volumes, drawdown and recovery rates, were used to obtain indirectly 

hydraulic properties of the aquifer and of the substrate, such as effective porosity and actual 

permeability at large scale of the low permeability substrate.  

In addition, an experimental relation between induced drawdown within the confined area and upward 

groundwater flow through the bottom of the confined area was derived. 

 

RESULTS  

Together with laboratory data obtained on the hydraulic properties of the slurry wall, the information 

collected were used to study the significance and role of Cr VI diffusive mass flux either through the 

slurry wall and through the bottom of the area, due to the elevated concentration gradient.    

Once the mass flux due to diffusive phenomena had been determined, by means of a contaminant 

flow balance, the value of the negative hydraulic gradient that must be maintained to neutralize 

contaminant diffusive phenomena, was determined.    

The experimental relation between induced drawdown within the confined area and upward 

groundwater flow through the bottom of the confined area was used to provide operative indications 

for the future management of the physical confinement system.    

 

CONCLUSIONS 

To date, the groundwater levels and concentration both internally to the system and externally are 

continuously monitored and the results of the first 12 months of monitoring confirmed the correctness 

of the experimental relation between induced drawdown within the confined area and upward 

groundwater flow through the bottom of the confined area.  

In addition, considering that concentration gradients have varied in time due to contaminant mass 

extraction within the encapsulated area, the amount of the negative hydraulic gradient necessary to 

neutralize contaminant diffusive flux was regularly updated.  

The results of the chemical analyses carried out show a significant decline of Cr VI concentrations 

either inside and outside the confined area; the presence of the slurry wall introduces a significant 

discontinuity in the quality of groundwater, with a difference in concentration between the inside and 

the outside of different orders of magnitude. 
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Fig. 1 - Section view of the realized physical containment 

 

 


















































































































































































