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Abstract

ABSTRACT

This paper outlines the results of a hydrogeological study carried on from July 2014 to November
2106 to assess quantitatively and qualitatively water resources (groundwater and surface water)
emerging in the Upper Valley of the Aniene River (Latium Region, Central Italy). This work deals with
the Environmental Monitoring Plan, related to the catchment project of the Pertuso Spring, which is
going to be exploited to supply an important water network in the South part of Roma district. The study
area is located in the Upper Valley of the Aniene River, in the outcrop of Triassic-Cenozoic carbonate
rocks, and belong to an important karst aquifer. Pertuso Spring is the main outlet of this karst aquifer
and is the one of the most important water resource in the southeast part of Latium Region, used for
drinking, agriculture and hydroelectric supplies. This hydrogeological system is characterized by a
strong local hydraulic connectivity between the Aniene River surface water and groundwater coming
from the Pertuso Spring.

First at all, in this study, in order to estimate the vulnerability degree of the karst aquifer feeding the
Pertuso Spring, the COP method has been applied and vulnerability maps are proposed. Thus, with the
aim of highlighting the karst features key-role in the unsaturated zone, a new vulnerability approach has
been set up, starting from two discretization approaches. The aim of this work is to compare both results
of the intrinsic vulnerability mapping, in order to evaluate which one is the most suitable for the study
area.

On the basis of the hydrogeochemical data and their interpretations for groundwater and surface
water, monitored from July 2014 to November 2016, a hydrogeological study has been carried on to
identify flowpaths and hydrogeochemical processes governing groundwater-surface water interactions
in this region. To this end, discharge surveys were carried out on four monitoring sections along the
Aniene River. The proposed conceptual model shows that the karst aquifer feeding the Pertuso Spring
supplies the Aniene River, highlighting seasonal variability depending on the rainfall regime.

The analysis of solute contents in the monitoring points has suggested the identification of the
Magnesium ion as a conservative tracer in this specific system and, consequently, to the development
an indirect method for the evaluation of karst spring discharge based on discharge measurements and
water geochemical data. This method is based on the elaboration of surface water discharge
measurements in relationship with Mg?* concentration values, determined as for groundwater, coming

XIv



Abstract

from the Pertuso Spring, as for surface water samples, collected upstream and downstream the spring,
along the Aniene River streamflow. This method has been validated by the comparison with discharge
values obtained using the current meter method and by geochemical data.

This study suggests that the application of the Magnesium ion as an environmental tracer may
provide a means to evaluate discharge of the Pertuso Spring, as it came up to be a marker of the mixing
of surface water and groundwater. On the other hand, the Magnesium ion concentration provides
information for the identification of groundwater flow systems and the main hydrogeochemical
processes affecting the composition of water within the karst aquifer feeding the Pertuso Spring.

XV



Chapter 1

CHAPTER 1

INTRODUCTION

1.1 Overview

Water resources management is one of the most important challenges worldwide because water
represents a vital resource for sustaining life and environment.

The latest United Nations World Water Development Report [1] outlines how the various global
crises reported recently, in climate change, energy, food and economic recession, are related to each
other and have impacts on water. In fact, although water is the most widely occurring substance on
Earth, only 2.53% is freshwater while the remainder is saltwater. Some 2/3 of this freshwater is locked
up in glaciers and permanent snow cover. In addition to the accessible freshwater in lakes, rivers and
aquifers, man-made storage in reservoirs adds a further 8,000 km® [2]. We withdraw 8% of the total
annual renewable freshwater, and appropriate 26% of annual evapotranspiration and 54% of accessible
runoft [2].

Water resources are generally renewable, with great differences in availability from part to part in
the world and wide variations in seasonal and annual precipitation in many places. Globally, water
demand is expected to increase significantly over the coming decades. Accelerated urbanization and the
expansion of municipal water supply and sanitation systems also contribute to the rising demand [3].
With better lifestyle, population is growing and per capita use is increasing. Together with spatial and
temporal variations in available water, the consequence is that water for all our uses is becoming scarce
and leading to a water crisis [4].

Climate change scenarios project an exacerbation of the spatial and temporal variations of water
cycle dynamics, such that discrepancies between water supply and demand are becoming increasingly
huge [3]. Last estimations suggest that climate change will account for about 20% of the increase in
global water scarcity [2].

The availability of water resources is also intrinsically linked to water quality, as the pollution of
water sources does not allow different types of uses. Increased discharges of untreated sewage,
combined with agricultural runoff and inadequately treated wastewater from industry, have resulted in
the degradation of water quality around the world. If current trends persist, water quality will continue
to degrade over the coming decades, particularly in water resource-poor countries in arid areas, further
endangering human health and ecosystems, contributing to water scarcity and constraining sustainable
economic development [1].
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Water is also an essential part of any ecosystem: water quantity and quality decreasing, both have
serious negative impacts on ecosystems [2]. Thus, water resources assessment is an important tool to
evaluate groundwater dynamics in the aim of maintaining high-quality water, in the framework of
climate change effects [5].

Karst aquifers constitute more than 30 % of the EU land mass [6] and these groundwater resources
are the most important source of water supply for worldwide, providing about the 25% of freshwater
[7]. Most of part of groundwater in the southeast part of Latium Region, as in the whole Apennine
Mountains chain is stored in karst aquifers [8]. The increasing of anthropogenic activities and the
impacts of climate change are identified to be responsible of karst groundwater depletion [3,9].

Karst aquifers have complex and peculiar properties, which make them very different from other
aquifers: high heterogeneity of the rock matrix, large voids, high flow velocities (up to several hundreds
of m/h), and high flow rate springs (up to some tens of m/s) [10]. These aquifers are characterized by a
heterogeneous distribution of permeability due to conduits and voids developed by the dissolution of
carbonate rocks, frequently embedded in a less permeable fractured rock matrix [11]. Flow velocities
into a well-developed karst system are extremely fast and contaminants can reach quickly the saturated
zone [12]. Thus, groundwater exploitation in karst aquifers asks special management strategies to
prevent their quality and quantity depletion and to support decision-making for water resources
management [6].

The interest of researchers for better understanding the groundwater origin, the subsurface processes,
and the factors controlling the residence time has gradually increased, and the investigation techniques
evolved continuously [13], in the aim of better protecting these resources.

1.2 Study aims and objectives

This paper deals with the results of a hydrogeological study related to the activities of the Environmental
Monitoring Plan of the Pertuso Spring, in the Upper Valley of the Aniene River (Central Italy), carry
out from July 2014 to November 2016.

This complex hydrogeological system is characterized, on the one hand, by a well-developed karst
network and, on the other hand, by a strong local hydraulic connectivity between groundwater and
Aniene River surface water. This system receives localized inputs from karst features, responsible of
the fast rainfall infiltration in the saturated zone and, consequently, of the high discharge rate of the
Pertuso Spring. The water flow velocities into this well-developed karst system can be extremely fast
and contaminants can quickly reach the saturated zone. For this reason, with the aim of highlighting the
karst features key-role in the unsaturated zone, in this work, the vulnerability of karst aquifer feeding
the Pertuso Spring was evaluated applying COP method, which focuses on the key role of karst features,
responsible of the aquifer natural protection decreasing to pollution. With the aim of highlighting the
presence of karst features, COP method was applied starting from two different discretization
approaches of the hydrogeological basin: polygonal layers and Finite Square Elements (FSE). The
polygonal layers are the result of an overlapping of two layers: the first one consists of the direct recharge
area, related to the presence of karst features responsible of rainfall fast infiltration in the saturated zone,
the second one coincides with the geology outcropping in the hydrogeological basin. The intrinsic
vulnerability maps, produced using a GIS approach, were compared with those obtained using

traditional vulnerability grid map discretization.
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The strong local hydraulic connectivity between the Aniene River and the karst aquifer influences,
directly and indirectly, the aquifer water budget and the chemical characteristics of groundwater and
surface water. For this reason, an integrated approach based on the streamflow measurements and
geochemical modeling, applied to groundwater and surface water, was carried on, with the aim of
developing a conceptual model of aquifer-river interaction and achieving proper management and
protection of this important hydrogeological system. Discharge surveys were carried out on four
monitoring sections along the Aniene River by using the conventional current method. In one
appropriate river section, the discharge measurement with salt dilution method was tested. These results
were validated by the discharge values obtained with the current meter method, in the aim of defining a
reliable methodology for discharge evaluation in mountain streams, where turbulent flows make difficult
apply the conventional current meter method.

In this paper, it was applied the potentiality of Magnesium as a natural tracer in the karst system
feeding the Pertuso Spring, to support a conceptual model for karst spring discharge evaluation. This
method is based on the elaboration of surface water discharge measurements in relationship with Mg?*
concentration values, determined as for groundwater, coming from the Pertuso Spring, as for surface
water samples, collected upstream and downstream the spring, along the Aniene River streamflow. This
method was validated by the comparison with discharge values obtained using the current meter method
and by geochemical data.

The purpose of this study is threefold. First, to evaluate the vulnerability degree of the karst aquifer
feeding the Pertuso Spring using method using COP method, to improve sustainable management and
protection of these water resources. Second, based on the results of the Environmental Monitoring, to
define a hydrogeological framework that allows inferring the conceptual model of this karst aquifer.
Third, to set up an inverse model, which allowed the evaluation of the Pertuso Spring discharge, using
a combined approach based on discharge measurements and hydrogeochemical data.

1.3 Thesis outline

This thesis is presented in 9 chapters. The current chapter (Chapter 1) provides a general introduction

and aims of the study. It also reviews aspects of water resources sustainable management and protection.
In Chapter 2, an overview of the principal European and Italian environmental legislation about water
resources and in particular concerning the Environmental Monitoring is given. Chapter 3 looks at the
geological and hydrogeological setting of the study area. Chapter 4 reports a comparative evaluation of
vulnerability assessment referred to the karst aquifer feeding the Pertuso Spring, through the COP
method application and starting from two discretization approaches. Chapter 5 elaborates on the
methodology employed in the study. Chapter 6 focus on the discussion of the environmental data
obtained in the first three year of the Environmental Monitoring Plan of the Pertuso Spring. Chapters 7
deals with the results of the application in the study area of an inverse model, which allows estimation
of groundwater flow coming out from the Pertuso Spring, starting from Aniene River discharge
measurements and geochemical water characterization. Chapter 8 look at the remote monitoring system,
which has been developed to monitor, and manages groundwater coming from the Pertuso Spring.
Chapter 9 provides a conclusive discussion.
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CHAPTER 2

ENVIRONMENTAL MONITORING REGULATORY
REQUIREMENTS

2.1 Introduction

The present chapter deals with the design of a multi-disciplinary monitoring plan related to the
catchment project of the Pertuso Spring, in the context of the “Environmental Monitoring Plan in ante-
operam phase according with the Environmental Impact Assessment process requirements, related to
the realization of the catchment project from the Pertuso Spring to the Ceraso booster plant”.

According to the Legislative Decree 152/2006, as modified by D.M. 260/2010, any infrastructure
design should take in consideration an Environmental Monitoring Plan (EMP) for the hydrogeological
settings of the study area. Thus, the Environmental Monitoring combined with a hydrogeological
characterization of the study area provides to evaluate the potential adverse environmental impacts due
to the catchment works.

Rogedil Servizi S.r.1 developed the Environmental Monitoring Plan, in 2009, according to the design
project, following an analysis of the relevant environmental impacts related to the catchment project of
the Pertuso Spring. According to the EMP, the environmental components for which environmental
monitoring was required are:

— groundwater
— Aniene River surface water
— Aniene River ecosystem

The Environmental Monitoring Plan was structured in:

— Supervisory Monitoring (Ante Operam Monitoring), to define the initial level reference to which
the results of the measurements in progress have to be compared.

— Operating Monitoring, to evaluate and measure the potential negative impact of work operations
and assess the effectiveness of remedial measures.

— Survey Monitoring, to ensure adherence to regulatory and permit limits.

On 23/04/2014, Acea Ato2 S.p.A has commissioned the Environmental Monitoring to the
Department of Civil, Building and Environmental Engineering (DICEA) of Sapienza University of
Rome. The target of this part of the Environmental Monitoring Plan was to set up the background
framework on the hydromorphological, physico-chemical and biological properties of water resources
in the water basin influenced by any potential environmental impact due to the construction activities.



Chapter 2

2.2 Water Framework Directive (2000/60/EC)

At now, the most important contribution of European water legislation is the Water Framework
Directive 2000/60/EC (WFD). The European Union, by this directive, identifies the need to create a
legal framework for sustainability and protection of all waters (surface water, groundwater, inland
waters, transitional waters and coastal waters) and sets out specific objectives that must be achieved by
specified dates. The Water Framework Directive aims to prevent further deterioration, to protect and to
enhance all water resources and to sustain the natural ecosystems that depend on them.

The main purposes of the WFD are:

— the achievement of good status for all water bodies by 2015, and, if this is not possible, aim to
achieve good status by 2021 or 2027;

— the sustainable use of all water resources throughout Europe.

To ensure the achievement of these targets and the application of the directive in all Member States
and across borders, implementation is planned cyclically in a three-step process. The first step includes
the preliminary characterization of water bodies, based upon existing geographical, hydrological and
quality data. This activity drives to the identification of water bodies that are “at risk” (significant
alteration in the ecological quality as a result of human pressures), “possibly at risk” (lack of sufficient
information to decide or moderate alteration) and “not at risk” (no or slight alteration). This first
assessment also includes economic analysis. The second step is to design the WFD compatible
monitoring network. Based on the results of monitoring, the water body characterization might be
refined, and the status assessment carried out by considering both biological and chemical quality
elements. This should be carried out in order to classify the status of the water body as required by the
Water Framework Directive. Finally, River Basin Management Plans should be drafted for all River
Basins including specific programmes of measures. Before Management Plans are finalised and reported
to the Commission, river basin authorities have to make sure that plans are presented and discussed
openly with the public.

The most important target of the Water Framework Directive is the achievement of good status within
2015. Good status means good ecological status for surface waters up to one nautical mile from the
coast; good chemical status for all territorial waters, good chemical and good quantitative status for
groundwater and good ecological potential for heavily modified water bodies.

How “good ecological status” is defined is set out in Annex V of the WFD. Possible “high”, “good”
and “moderate” status for the various quality elements are listed here. Quality elements include:

— Biological elements, e.g. the composition and abundance of certain water plants (aquatic flora) or
animals (benthic invertebrate fauna).

— Hydromorphological elements, e.g. quantity and dynamics of water flow, river continuity or
morphological conditions like structure of the riparian zone.

— Chemical and physico-chemical elements supporting the biological elements, e.g. nutrient
conditions (concentration of nitrogen and phosphorus), acidification status and pollution by
hazardous substances.

In addition to the achievement of good status, the following objectives have also been set:

— No deterioration of status for surface and groundwater, and the protection, enhancement and
restoration of all water bodies.



Chapter 2

Progressive reduction of pollution of priority substances and phase-out of priority hazardous
substances in surface waters as well as the prevention and limitation of input of pollutants in
groundwater.

Reversal of any significant, upward trend of pollutants in groundwater.

Achievement of standards and objectives set for protected areas in Community legislation.

The Water Framework Directive also applies to heavily modified and artificial water bodies. For

these water categories, “specific objectives” are set. By 2015, only “good ecological potential” has to

be achieved. The WFD also sets very strict criteria for the designation of these artificial or heavily

modified water bodies.

The environmental objectives and the circumstances in which countries are allowed to deviate are

set out in Article 4 of the Water Framework Directive. Exemptions are an integral part of the

environmental objectives of the WFD. They give Member States the chance to deviate from the “good

status” objective: these deviations range for small scale temporary exemptions like the extension of the

deadline of 2015 to mid and long term deviations from the rule of “good status by 2015”.

Parts of the WFD dealing with groundwater cover a number of different steps for achieving good

quantitative and chemical status of groundwater by 2015. They ask Member States to:

Define groundwater bodies within river basin districts to be designated and reported to the
European Commission by Member States. They must classify them by analysing the pressures and
impacts of human activity on the quality of groundwater, with a view to identifying groundwater
bodies presenting a risk of not achieving WFD environmental objectives. Member States have been
expected to carry out this classification between 2004 and 2005 and report the results back to the
European Commission.

Establish registers of protected areas within each river basin districts for those groundwater areas
or habitats and species are directly dependent on water. These registers must include all bodies of
water used for drinking water and all protected areas covered under the following directives: the
Bathing Water Directive 76/160/EEC, the Nitrates Directive 91/676/EEC, the Urban Wastewater
Directive 91/271/EEC, as well as areas identified for the protection of habitats and species
including relevant Natura 2000 sites, designated under Directives 92/43/EEC and 79/409/EEC.
Registers shall be reviewed under the River Basin Management Plan updates.

Establish groundwater monitoring networks based on the results of the classification analysis so as
to provide a comprehensive overview of groundwater chemical and quantitative status. Member
States are also obliged to design a monitoring programme that had to be operational by the end of
2006.

Set up a river basin management plan (RBMP) for each river basin district, which must include a
summary of pressures and impacts of human activity on groundwater status, a presentation in map
form of monitoring results, a summary of the economic analysis of water use, a summary of
protection programmes, control or remediation measures etc. The updated RBMPs were due by the
end of 2015 and their review is expected every six years thereafter.

Take into account by 2010 the principle of recovery of costs for water services, including
environmental and resource costs according to the polluter pays principle.

Establish by the end of 2009 a programme of measures for achieving WFD environmental
objectives (e.g. abstraction control, prevent or control pollution measures) that would be
operational by the end of 2012. Basic measures include, in particular, controls of groundwater
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extraction, controls of artificial recharge or augmentation of groundwater bodies (providing that it
does not compromise the achievement of environmental objectives). Point source discharges and
diffuse sources liable to cause pollution are also regulated under the basic measures. Direct
discharges of pollutants into groundwater are prohibited subject to a range of provisions listed in
the Article 11. The programme of measures has to be reviewed and if necessary updated by 2015
and every six years thereafter.

2.3 Groundwater Directive (2006/118/EC)
The Groundwater Directive 2006/118/EC sets groundwater quality standards and introduces

measures to prevent or to limit inputs of pollutants into groundwater. The directive establishes quality
criteria that takes in account local characteristics and allows further improvements to be made based on
monitoring data and new scientific knowledge. The directive, thus, represents a proportionate and
scientifically sound response to the requirements of the Water Framework Directive as it relates to
assessments on chemical status of groundwater and the identification and reversal of significant and
sustained upward trends in pollutant concentrations.

The Groundwater Directive requires:

— groundwater quality standards to be established by the end of 2008;

— pollution trend studies to be carried out by using existing data and data which is mandatory by the
WED (referred to as “baseline level” data obtained in 2007-2008);

— pollution trends to be reversed so that environmental objectives are achieved by 2015 by using the
measures set out in the WFD;

— measures to prevent or limit inputs of pollutants into groundwater to be operational so that WFD
environmental objectives can be achieved by 2015;

— reviews of technical provisions of the directive to be carried out in 2013 and every six years
thereafter;

— compliance with good chemical status criteria (based on EU standards of nitrates and pesticides
and on threshold values established by Member States).

Annexes [ and II of the Groundwater Directive 2006/118/EC were reviewed in 2013 and are reflected
under the Commission Directive 2014/80/EU of 20 June 2014. The review process included a call for
evidence (to obtain information, studies and scientific reports among others) and a public consultation
process.

24 Overview on the Environmental Monitoring

Most of European countries have water quality monitoring programmes for groundwater, rivers and
lakes, where water quality is measured on a regular basis. Within the EU, water quality monitoring is
currently being strengthened by the implementation of the Water Framework Directive.

The objective of water quality monitoring is to obtain quantitative information on the physical,
chemical and biological characteristics of water via statistical sampling. The type of information
investigated depends on the objectives and purposes of the monitoring programme, such as detection of

drinking water standard violations or assessment of water quality trends.
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The monitoring network is described by the water bodies (i.e. springs, brooks, streams, rivers, river
systems, ponds, lakes, reservoirs, fjords, estuaries, coastal area, or open marine water) and the
geographical area (e.g. country, river basin, etc.) it covers.

Two types of networks can be identified:

— an extensive network involving many sampling sites, few annual samples, analyses of a few
determinants, and only one or few years of sampling;

— an intensive network including sampling sites with detailed investigation, many annual samples or
measurement of substantial numbers of determinants, and many years of observations.

The number of parameters, which describe water quality, is continuously increasing. Moreover,
parameters are constantly being modified, following the expanding uses to which water is withdrawn
and according to the development of new technologies for measuring more substances at ever lower
concentrations.

For many decades river basin management and water pollution control have relied on summary
parameters, such as Biochemical Oxygen Demand (BOD) and Chemical Oxygen Demand (COD), to
quantify sewage discharge and oxygen problems in rivers. For human consumption and public water
supply, a set of microbiological indicator organisms (e.g. faccal coliform bacteria) have been identified
and their enumeration is now commonly applied to determine the hygienic suitability for drinking water.

Parameters can be grouped into the following categories:

— Basic parameters (e.g. water temperature, pH, electrical conductivity, dissolved oxygen, and
discharge, used for a general characterization of water quality).

— Suspended particulate matter (e.g. suspended solids, turbidity and TOC, BOD and COD.

— Indicators of pollution with oxygen consuming substances (e.g. dissolved oxygen, BOD, COD and
ammonium).

— Indicators of pollution with nutrients and eutrophication effects (e.g. nitrogen and phosphorus, and
various biological effect variables).

— Indicators of acidification (e.g. pH, alkalinity, electrical conductivity, sulphate, nitrate, aluminium,
phytoplankton and diatom sampling).

— Specific major ions (e.g. chloride, sulphate, sodium, potassium, calcium and magnesium).

— Metals (e.g. cadmium, mercury, copper and zinc).

— Organic micro-pollutants (e.g. pesticides and the numerous chemical substances used in industrial
processes, products and households).

— Indicators of radioactivity (e.g. total alpha and beta activity, 1*’Cs, *°Sr).

— Microbiological indicator organisms (e.g. total coliforms, faecal coliforms and faecal streptococci
bacteria).

— Biological indicators of the ecological quality (e.g. phytoplankton, zooplankton, zoobenthos, fish
and macrophytes).

The sampling frequency differs substantially depending on the purpose of the monitoring programme
and the measured parameters. Generally, frequent samples are taken when the purpose of the monitoring
programme is to observe trends. In cases where programmes aim to assess the general state of the water
bodies, monitoring is based on low sampling frequency. Some monitoring programmes include

continuous registration of a selection of parameters.
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Investigation of ecological quality elements, such as macro-invertebrates in rivers, is usually based
on a few annual samples. A large proportion of the costs of operating a monitoring programme are
directly related to the sampling frequency.

2.5 Water Framework Directive and monitoring

Article 8 of the Water Framework Directive sets out the requirements for the monitoring of surface
water status, groundwater status and protected areas: “Monitoring programmes are required to establish
a coherent and comprehensive overview of water status within each river basin district”.

The objective of monitoring is to establish an overview within each River Basin District.
Monitoring information requirements should include:

— Classification status of surface water.

— Chemical status of all groundwater bodies or groups of bodies determined to be at risk.

— Reliable assessment of quantitative status of all groundwater bodies or groups of bodies.

— Estimates of the direction and rate of flow in groundwater bodies that cross Member States
boundaries. This should be used in the assessment of long-term trends, both as a result of changes
in natural conditions and through anthropogenic activity.

— Estimates of pollutant loads transferred across international boundaries or discharged into seas.

— Assessments of changes in status of water bodies.

— Causes of water bodies failing to achieve environmental objectives.

— The magnitude and impacts of accidental pollution.

— Compliance assessments with the standards and objectives of Protected Areas.

— A quantification of reference conditions (where they exist) for surface water bodies.

Three types of monitoring for surface waters are described in Annex V of the WFD: surveillance,
operational and investigative monitoring. In terms of groundwater chemical status, surveillance and
operational monitoring are required. For groundwater, a water level monitoring network is required to
provide a reliable assessment of the quantitative status of all groundwater bodies or groups of bodies
including an assessment of the available groundwater resource.

The directive specifies quality elements for the classification of ecological status that include hydro-
morphological, chemical and physico-chemical elements supporting the biological elements.

For surveillance monitoring, parameters indicative of all the biological, hydro-morphological and
general as well as specific physico-chemical quality elements must be monitored. For operational
monitoring, the parameters used should be those indicative of the biological and hydro-morphological
quality elements most sensitive to the pressures to which the body is subject, as well as all priority
substances discharged and other substances discharged in significant quantities. For surveillance
monitoring of surface waters, Member States must monitor at least for a period of a year for parameters
indicative of all biological, hydro-morphological and general physico-chemical quality elements. Those
priority list substances discharged into the river basin or sub-basins must be monitored. Other pollutants
also need to be monitored, if they are discharged in significant quantities in the river basin or sub-basin.

For operational monitoring of surface waters, Member States are required to monitor those biological
and hydro-morphological quality elements most sensitive to the pressures to which the water body is
subject.
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EU Member States have re-designed over recent years their monitoring programmes, in order to meet
the requirements of the WFD. The programmes had to be operational by 22 December 2006 at the latest,
and Member States had to report their monitoring programmes to the Commission by 22 March 2007.

2.6 Italian Environmental Monitoring regulatory requirements

Italian law system (D.M. 260/2010), in agreement with the Water Framework Directive, establishes an
Environmental Monitoring Plan both for protection and sustainability purposes of water resources. The
D.M. 260/2010 identifies three categories of monitoring in the following: (i) Supervisory monitoring,
to define the hydrogeological conceptual model of the aquifer; (ii) Operating monitoring, to measure the
potential impact that could come out from project operations; (iii) Survey monitoring, to assess the
effectiveness of remedial measures. The supervisory monitoring activities allow to carry out the
environment characterization of the study area, including the definition of spatial and temporal trends
in measured parameters. This monitoring is useful to set up the baseline values for environmental quality
and quantity indicators so that long-term changes can be evaluated. The operating monitoring allows the
existing physical and chemical characterization, the evaluation of the environmental parameters and the
examination of the potential contamination sources due to the catchment project.

The monitoring plan aims to assess the status of water bodies, to check whether the environmental
targets are being effectively achieved. This approach was needed to identify the environmental status of
groundwater and surface water and to localize where management action is required to achieve the
purposes of the WFD. The Environmental Monitoring Plan integrates water policy bridging together,
within its framework, the actions that are required by all EU and national water legislation.

2.7 Purpose of the Environmental Monitoring Plan of the Pertuso Spring

Environmental monitoring is required to manage the effectiveness of the mitigation measures and to
report to the regulatory authorities. The Environmental Monitoring Plan provides a delivery mechanism
to address the negative environmental impacts of a project during its execution, to enhance project
benefits, and to introduce standards of good practice to be adopted for all project works.
The EMP of the catchment project of the Pertuso Spring is important as it provides useful information
and helps to:
— Define monitoring mechanism and identify monitoring parameters.
— Providing reliable measurements of environmental parameters.
— Collection, reporting and analysis of environmental data.
— Control and prevention of environment pollutions.
— Monitor any significant alteration of the physical, chemical or biological characteristics due to the
project activities.
— Start mitigation measures before these changes alter the natural processes and turn it to irreversible
processes.
— Evaluate the performance and effectiveness of mitigation measures and suggest improvements, if
required.
— Report to the designated institutions
The Environmental Monitoring Plan and main features of the monitoring network will be presented
in this study.
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CHAPTER 3

GEOLOGICAL AND HYDROGEOLOGICAL SETTING OF THE
KARST AQUIFER FEEDING THE PERTUSO SPRING

3.1 Geological and hydrogeological setting of the study area

The Latium region has several springs, under-lake springs and deep water tables. The most important
groups of springs are in the outer ring (Upper Valley of the Aniene River and Monti Lucretili area), in
the inner ring (Bracciano lake area, Genzano and Pomezia) and in the core (Cecchignola, Grottarossa
and Castel Giubileo) [14].

The study area is located along the SW boundary of the Simbruini Mountains, characterized by the
confluence of the Fiumata Valley and the Granara Valley from which originates the Aniene River Valley
[15].

The lithological sequence outcropping in the Upper Valley of the Aniene River includes the North-
West part of the Lower-Middle Miocene Latium-Abruzzi Carbonate Platform [16,17,18,19]. The
stratigraphic succession of dolomite, dolomitic limestone and limestone is distributed homogeneously
from North to South and from East to West in the Upper Valley of the Aniene River [20].

The bottom of the stratigraphic series (Triassic) is widely spread among Filettino, Aniene River
Springs and Faito Plateau. Dolomite is the dominant lithofacies, characterized by white and grey
crystalline dolomite, with some breccia levels. Over this geological formation, limestones and
dolomites, of Upper Cretaceous age (Sinemurian) are present, and their immersion is concordant with
the Triassic dolomite [20]. In fact, the Aniene basin is composed almost entirely of bare Mesozoic,
highly fractured, karstified carbonate rocks of the central Apennine range [21].

This area is mostly made of highly permeable Cretaceous carbonate rocks, deeply fractured and
mostly soluble. The base of the stratigraphic series is made of Upper Cretaceous carbonates, represented
by the alternation of granular limestone and dolomites layers (Fig. 3.1). Above these ones Quaternary
fluvial and alluvial deposits lie, downward pudding, and Miocene clay and shale [21,22].

The lithostratigraphy, detected in nearby Subiaco Station, confirms the presence of an extensive karst
area, particularly limestones and dolomites (Latium-Abruzzi succession, Upper Triassic-Upper
Miocene) [23]. The limestones outcropping in the Upper Valley of the Aniene River are very fractured
and mostly soluble; karst erosion has occurred on a large scale on this area, assuming great importance

in the modeling of the soil and also of the subsoil.
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Figure 3.1 Simplified geological map the study area

Due to chemical weathering, distinctive surface and underground karst formations are developed in
this area at small and large scales. The surface karst activity led to the formation of a typical karst
landscape with rutted fields, sinkholes and flat filled by red soils, while the underground activity has
given rise to cavities, ponor and cave systems [19,20]. The karst surface is very permeable and enables
the rapid infiltration of rainfall into the underground system, where the carbonate dissolution makes
cavities [19,20]. Dissolution conduits strongly influence groundwater flow and evolve into complex
networks, often crossing several kilometers throughout the limestone matrix [11,24,25].

Karst aquifers are very much complex systems due to the development of secondary porosity made
by the rock dissolution [7]. The presence of large conduits in karst aquifers, which lead to the duality of
flow system with rapid flow in the conduit network and relatively slow permeability in the fissured rock
matrix [27]. Additionally, may be present a highly weathered layer (epikarst) with higher porosity and
permeability beneath the land surface, which divides the autogenic recharge on the saturated zone into
diffuse and point infiltration [28].

The hydrogeological framework is therefore closely related to the karst nature of carbonate rocks
constituting the reliefs strongly shaped by surface and underground karst activities. The alternation of
carbonate rocks, limestone and dolomite, together with the epikarst, made of residual of karst activity,
and some marl layers, dating back to the Miocene age, are the main responsible for the hydrogeological
setting of this area [22]. Physical and chemical variations, that occur during storm events indicate the
complex dynamic processes in the karst aquifer and the role undertaken by the epikarst as perched water
reservoir, and by the major conduits that develop through the vadose and saturated zones of the karst
system [23].

12
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Thus, the abundance of water is due to the permeability of the limestone, which stores a significant
quantity of rainwater feeding perennial springs located in the Upper Valley of the Aniene River, close
to the boundary of the carbonate hydrogeological system [29].

Karst springs are many, along the upper part of the Aniene River and they have occurred in the
Triassic dolomitic formations (Fig. 3.1). This karst system is characterized by one main outlet, Pertuso
Spring, and several springs which inflow into the Aniene River, at different points (Tab. 3.1).

Table 3.1 Elevation and average annual discharge of the major karst springs in the Upper Valley of theAniene

River [29]
Spring Altitude (m a.s.l.)  Average Annual Discharge (I/s)
Acqua Santa 900 65
Acqua Nera 1030 80
Fonte del Forno 950 164
Cesa degli Angeli 940 200
Radica 1110 250
Pertuso 698 1400

The study area belongs to the Special Area of Conservation (SAC) of the Aniene River Springs (EC
Site Code IT6050029) established under Directive 92/43/EEC (Fig. 3.2).

Legend
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IT6050007 (Tarino Mt. and Tarinello Mt.)
Il 176050029 (Aniene Springs)

Italy

Figure 3.2 Map of the Special Areas of Conservation (SACs) in the Upper Valley of the Aniene River

This area is located within the Regional Natural Park of the Simbruini Mountains, bordered on the
West and North-West from the Valley of the Aniene River, South-West from the Sacco River, East of
the border of Abruzzo Region (Abruzzo and Simbruini Carseolani Mountains), to the South-East by
Ernici Mountains. It covers about 30,000 hectares and its size is the largest protected area of Latium
Region (Tab. 3.2).
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Table 3.2 Natura 2000 sites inside the Regional Natural Park of the Simbruini Mountains

Typology Code Name Area (ha)
SIC 1T6030040 Monte Autore ¢ Monti Simbruini centrali 6684.9
SIC 1T6050004 Monte Virgilio (area sommitale) 291.7
SIC IT6050005 Alta Valle del Fiume Aniene 281.6
SIC IT6050007  Monte Tarino e Tarinello (area sommitale) 341.9
SIC 1T6050009 Campo Catino 132.9
SIC 1T6050029 Sorgenti dell’ Aniene 2343
7PS 1T6050008 Monti Simbruini ed Ernici 52098.8

The Park is part of the Apennines, it is one of the most significant orographic formations of this area,
and it falls within the territory of the Mountain Community Aniene (X) and Ernici (XII), including the
territories of the seven municipalities in the provinces of Rome and Frosinone:

Trevi nel Lazio and Filettino

— Vallepietra

Jenne and Subiaco
Cervara di Roma and Camerata

3.2 The Pertuso Spring

The Aniene River, close to Trevi nel Lazio (FR), receives an important contribution on the right side by
the Pertuso spring, which is the largest karst spring in this area [22], which is located in the Upper Valley
of the Aniene River, about 1 km from the confluence of the Fiumata Valley and the Granara Valley [15].

The Pertuso Spring (elevation of 696 m a.s.l.), the largest karst spring in South-East part of Latium
Region, is located between Filettino and Trevi nel Lazio (FR). The outflow of this spring is located in
alluvial sediments, which cover a very thick layer made of Cretaceous limestone (Fig. 3.3).

The karst aquifer feeding the Pertuso Spring underlies an area of about 50 km? in the Upper Valley
of the Aniene River [30]. This aquifer is one of the most productive aquifer systems in the south part of
Latium Region, suppling drinking water to the city of Rome and feeding the Comunacqua hydroelectric
power plant, owned by ENEL group [29].

The Pertuso Spring hydrogeological basin is located between latitude 41°51° to 41°56’N and
longitude 13°13” to 13°21’E and collect groundwater coming from catchment area bounded by the
Triassic dolomite to the NE (Fig. 3.1).

Rainfall is the primary source of recharge to this karst aquifer. Dissolution of the limestone has
produced small to large conduits at different levels in this aquifer system. These factors produce local
variability in the lithology and the permeability of the aquifer system. For this reason, most of the
recharge of the Pertuso Spring occurs through karst features such as sinkhole, dolines, swallows holes
and fractures, which allow fast flow across the recharge zone.

The Pertuso Spring is the natural outlet of groundwater discharging from karst conduits and it
outcrops when this aquifer made of this high enhanced karst network, matches topographic surface.
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Figure 3.3 Geological cross section showing the aquifer in the Cretaceous limestone and the location of the

Pertuso Spring

The Pertuso Spring drainage gallery contains interesting features as a result of the physical and
chemical processes which form it. Among these features there are breakdown blocks of rock, formed by
collapse of cave ceilings, sediments deposited from water flowing in and through conduits, stalactites
that hang from cave ceiling and stalagmites protruding from the gallery floor (Figs. 3.4 and 3.5).

Figure 3.4 Stalactites and stalagmites in the Pertuso Spring drainage gallery
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Figure 3.5 Stalactites and stalagmites in the Pertuso Spring drainage gallery

The most distinctive feature of the Pertuso karst spring is the branching network of conduits that
increase in size in the downstream direction (Fig. 3.6). The largest active conduit drains the groundwater
flow coming from the surrounding aquifer matrix, the adjoining fractures and the smaller nearby
conduits [11, 24, 31].

Z

00 m

Figure 3.6 Pertuso Spring drainage gallery with plan view of the development of karst network (modified from

[29])
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The Pertuso Spring discharges has an annual average rate of 1400 I/s, based on the record from 1990
to 1999 [29] and reacts, rapidly, to precipitation events, with significant increases in discharge rates
which are proportional to the intensity of rainfalls (Fig. 3.7). Unfortunately, they are not available data
referred to groundwater discharge more than ones represented in Figure 3.7. These peculiar properties
heighten the vulnerability of karstic aquifers and the groundwater emerging from them.
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Figure 3.7 Monthly rainfall and Pertuso Spring average rate in the 1990 - 1999 period (Filettino meteorological
station)

33 Hydrogeological water budget of the karst aquifer feeding the Pertuso
Spring

Groundwater budgets are carried on by the estimation of all inflows (recharge and lateral groundwater

inflow), all outflows of the system (discharge, evapotranspiration and extraction) and the storage
changes over a clearly defined period of time which can be a water year, a season, the duration of a
single storm, or any other period [25].

In karst aquifers, direct water budget may be evaluate using climatic, hydrogeological and geological
data, but it requires a detailed description of karst networks geometry, which is not measurable with
reliability in most of the cases [33]. The annual active recharge of the karst aquifer feeding the Pertuso
Spring was calculated by using the inverse hydrogeological water budget method of Civita [34]. This
method has been applied discretizing the hydrogeological basin in grid cells (FSE), 250 m each one, by
the application of an open source GIS [35].

Rainfall data corresponds to the precipitation of Vallepietra (RM), Filettino (FR), Subiaco Santa
Scolastica (RM) and Carsoli (AQ) stations (1992-2012 period) (Tab. 3.3), which may be considered
rappresentative of the elevation of the study area. Temperature data were obtained using the records of
Subiaco (RM), Collepardo (FR) and Capistrello (AQ) station (1992-2012 period) (Tab. 3.3).

Due to the absence of termo-pluviometric stations in the study area, it has been impossible to
calculate the Correct Temperature parameter which requires both temperature and precipitation data for
each meteorological station. Thus, the temperature parameter used in the present work is the Interannual
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Temperature (TMI), obtained from the historical series. Starting from the above-mentioned precipitation
and temperature data, available for the 1992-2012 period, both rainfall-elevation and temperature-
elevation regression lines have been built (Figs. 3.8 and 3.9).

Table 3.3 Meteorological stations used for the groundwater budget evaluation

Meteorological Stations Type Elevation (m a.s.l.)
Vallepietra 825
Filettino Pluviometric 1062
Subiaco (Santa Scolastica) 511
Carsoli 640
Subiaco 458
Capistrello Termometric 735
Collepardo 820
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Figure 3.8 Precipitation - Elevation relation

The relationships described above, valid for the whole basin, have been used to compute the water
balance within each FSE. For the calculation of specific rainfall (P) and temperature (T) in each FSE,
mean elevation of each FSE has been determined by the extraction with QuantumGIS from DEM raster
layer.

The distribution of the temperature and rainfall within the hydrogeological basin of the Pertuso
Spring (Figs. 3.10 and 3.11) allow to estimate the specific evapotranspiration (ETR) using Turc model
[36] through the identification of the potential infiltration coefficients (y), on the basis of surface
lithological properties of rock mass, soil texture and land use (Tab. 3.4).

Using three values of the coefficient of potential infiltration (max, min and mean) as a function of
the hydrogeological complexes outcropping in the study area [34], we calculated the inverse
hydrogeological water budget to the karst aquifer feeding the Pertuso Spring.
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Table 3.4 Potential infiltration coefficients as a function of the hydrogeological complexes [34]

Hydrogeological Complexes Potential Infiltration Coefficient ()

Range
Debris flow 0.15-0.48
Ancient floods 0.15-0.48
Conglomerates 0.30-0.50
Breccia with calcareous cement 0.65-1.00
Pudding stones 0.30-0.50
White and yellow granular limestone 0.75-1.00
Compact limestone with dolomite 0.50-0.85
Compact limestone, dolomite and dolomitic limestone 0.50-0.85
Gray and white crystal dolomite 0.48-0.65

In the aim of obtaining a prudentially evaluation of the karst aquifer recharge, it has been decided to
take into account only the result related to the lower value of the coefficient of potential infiltration. The
aquifer feeding the Pertuso Spring is mainly made of highly permeable Cretaceous carbonate rocks,
deeply fractured and mostly soluble. For this reason, the given potential infiltration coefficient assumes
is very high value (0.875) in most part of the study area, due to the outcropping of karstified limestone
and lacking in pedological coverage. Standing on these results, the specific effective rainfall (Pg = P-Er)
for each grid cell and the specific active recharge (I = Pg*y) has been calculated.

The results of the inverse hydrogeological water budget applied to the karst aquifer feeding the
Pertuso Spring (Figs. 3.12 and 3.13) show that the total amount of groundwater active recharge is about
54 m®/year, averaged in 20 years of observations (1992-2012).
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Recharge map (Fig. 3.13), according to the presented methodology, shows in dark blue the main
recharge areas, where geological units are more permeable [35].
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CHAPTER 4

VULNERABILITY ASSESSMENT OF THE KARST AQUIFER
FEEDING THE PERTUSO SPRING

4.1 The concept of groundwater vulnerability

4.1.1  The concept of groundwater vulnerability

The concept of vulnerability of groundwater to contamination was first introduced in the sixties of the
last century in France by Margat [36] and can be defined as “the possibility of percolation and diffusion
of contaminants from the ground surface into the groundwater system that can reduce the groundwater
quality” [37].

Vulnerability is the degree to which the physical properties of the groundwater system offer a certain
rate of protection to groundwater with respect to human influence and inflow of contaminations into the
subsurface. For this reason, vulnerability is usually considered as an intrinsic property of a groundwater
system, only depending on its hydrogeological setting and its natural protection to groundwater against
human impacts, especially with regard to contaminants entering the subsurface environment [38].

Vulnerability is a relative, unquantifiable, and non-dimensional property that may be either intrinsic
(natural) or specific [38]. The former should only depend on the natural properties of an area, while the
latter should, additionally, take into account the properties of the contaminants [39].

The intrinsic vulnerability of groundwater to contaminants takes into account the geological,
hydrological and hydrogeological characteristics of the area, but is independent of both the pollutant
nature and the mode of contamination [12,40]. On the contrary, the specific vulnerability takes into
account the properties of a particular contaminant or group of contaminants in addition to the intrinsic
vulnerability of the area [12].

The vulnerability assessment provides an important tool for identifying protection zones for water
supply and highlighting areas where the aquifer is more susceptible to pollution, introduced from the
ground surface [41]. Groundwater vulnerability assessments often result in maps, where the resource is
vulnerable to contamination coming from surface activities. A map showing areas of different colour
representing different degrees of vulnerability (or natural protection, respectively) is easily to interpret
and can be used as a practical tool for land-use planning, protection zoning and risk assessment [12].
With the development of Geographic Information System technology (GIS), there has been developed
many approaches in the evaluation of groundwater vulnerability to pollution [42,43].
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Traditional approaches have strong limitations in vulnerability assessment of karst aquifers, due to
the fact that in these aquifers, the contaminants transport occurs mostly along preferential pathways
(karst features), which makes modeling of karst systems challenging. Thus, in this study has been
developed a karst aquifer vulnerability technique, which emphasizes the karst formations outcropping
in the study area. Two different methods for assessing intrinsic aquifer vulnerability were tested in the
chosen case study and their results have been compared.

4.1.2  The source-pathway-target model

The concept of groundwater vulnerability is based on a source-pathway-target model for
environmental management (Fig. 4.1).

The source of contamination is the assumed place of release of a contaminant. For vulnerability
mapping, it is assumed that the contamination takes place at the land surface. The pathway is the
flowpath of a potential contaminant from its point of release (source), through the system, to the point
that has to be protected (target). For water resource protection, the pathway is the mostly vertical
passage, within the protective cover, while for source protection it also includes horizontal flow in the
aquifer. The target is groundwater, which has to be protected. For resource protection the target is the
groundwater table in the relevant aquifer under consideration, for source to be protected it is the water
in the well or spring [12].

For water resource protection, the groundwater surface in the aquifer is the target. In case of confined
and/or artesian conditions, the target is to the top of the saturated zone of the aquifer under consideration
and not to the potentiometric surface. The pathway, consequently, consists of the mostly vertical
passage, through the layers above the groundwater surface or surface of the aquifer respectively. These
overlying layers are mostly unsaturated, but may be temporally and locally saturated [12].

origin of a potential contamination: SOURCE

land surface
|

st pathwéy;'i -
" unsaturated zone

- - Isttarget: .
.~ groundwater surface

= |

- 2nd. pathway: EA . 2nd t'a.rg_et:'
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Figure 4.1 The origin-pathway-target conceptual model of the European Approach (modified from [12])

4.2 Karst groundwater vulnerability assessment

4.2.1  Karst groundwater vulnerability

Karst aquifers, including coastal ones, represent the most important fresh-water resources for human
life and economic activities in Europe [6]. Carbonate rocks occupy 35 % of the EU land-surface and a
significant portion of the drinking water is coming from karst aquifers. In some European countries,
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karst water gives 50 % of the total drinking water supply and, in many regions, it is the only available
source of fresh water [39].

The concept of groundwater vulnerability is applicable to any type of aquifers, granular, fractured
and karst. However, due to the special properties of karst, karst groundwater resources are often highly
vulnerable to contamination from human activity more than other ones. As a result, appropriate
protection measures must be put in place, a point recognised in the Water Framework Directive [12].

Karst aquifers are well known for their complex hydrogeological characteristics, related to the high
heterogeneity of hydraulic properties that make them different from other aquifers [10]. Their
heterogeneous distribution of permeability is due to conduits and voids developed by the dissolution of
carbonate rocks (karst conduits, rutted fields, sinkholes, cave systems and ponors), frequently embedded
in a less permeable fractured rock matrix [11,24]. Their special properties result in contaminants easily
reaching groundwater, where they are transported rapidly in karstic conduits over large distances. Flow
velocities into a well-developed karst system are extremely high and contaminants can reach quickly
the saturated zone. As the residence time of contaminants in the system is often short and their
interaction with the aquifer limited, many processes of contaminant attenuation like filtration and
adsorption, as well as chemical and microbiological decay, often do not work effectively in karst systems
[12]. Thus, karst aquifers are very vulnerable to contamination mainly due to the concentration of flow
in the epikarst and vadose zone that allows the contaminants to reach easily and rapidly groundwater.

4.2.2  Karst system characteristics relevant with respect to groundwater vulnerability
The most relevant characteristics of karst systems with respect to groundwater vulnerability that
should be taken into account in the vulnerability assessment are [12]:

— Each karst system has its peculiar characteristics; consequently, a detailed hydrogeological study
is required for vulnerability assessment;

— Due to the high heterogeneity and anisotropy of karst aquifers, the interpolation and extrapolation
of field data is more problematic than for other aquifers.

— Karst groundwater is recharged both by diffuse infiltration through the soil and by concentrated
point recharge like dolines and swallow holes.

— The layers above the groundwater surface provide some protection. However, lateral surface or
subsurface flow has to be expected in areas covered by low permeable layers. These lateral flow
components may be tributary to a stream sinking into the karst aquifer via a swallow hole and
bypass the protective function of the overlying layers.

— Karst aquifer may be characterized by the presence of an epikarst zone, located at the top of the
vadose zone. The functions of the epikarst are water storage and concentration of flow. The first
process increases the natural protection of the system, while the second one increases vulnerability.
The structure and function of the epikarst zone are difficult to assess because of a large portion of
it is not visible at the land surface.

— Karstic aquifers are characterized by a dual hydraulic conductivity, due to fractures and conduits,
and very often by a triple porosity, due to the additional presence of intergranular pores (matrix).
Groundwater storage takes place in the pores and fractures, while conduits act as drains. As there
are both extremely fast and slow flow components within a karst system, contaminants can be

transported very fast or stored for a very long time.
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— Karst systems are characterized by a fast and strong hydraulic reaction to hydrologic events. The
temporal variations of groundwater table often reach several tens of metres. In many karst systems,
the groundwater table is discontinuous and difficult to determine.

— Karst catchments are often extremely large and hydraulically connected over long distances.
Watersheds are often difficult to determine and variable in time, dependent on the respective
hydrologic conditions. The catchments of karst springs often overlap and the flow paths proved by
tracer tests often cross each other.

With respect to the specific vulnerability, the mobility and persistence of contaminants into the karst
aquifer is related to the combination of hydraulic and mineralogical-geochemical properties of the
system [12].

The hydraulic properties play a significant role in contaminants migration. In particular, these
properties are related to the existence of three layers with difference hydraulic behaviours. The epikarst
is a high conductivity layer. It collects infiltration and gathers it to the vertical conduits of the unsaturated
zone. This layer contributes to the quick transit of the low-persistent contaminants to the water table.
Transit can be very fast in conduits, slow in fissured blocks. Consequently, conduits can quickly convey
non-persistent pollutants, whilst blocks preserve conservative contaminants, enabling self-purification
or reduction of the other pollutants. Furthermore, these voids control the flux of contaminants. Several
types of contaminants (hydrocarbons) or particles (pathogens) require a minimum opening to transit
through. Thus, the percentage of diffuse flow will be a significant parameter in the retardation and
attenuation processes acting in the specific vulnerability.

Mineralogical and geochemical properties are also important because the presence of different
minerals makes specific retention conditions [12]:

— The carbonate medium restricts mobility of reactive contaminants such as phosphate, which
precipitates as apatite, and heavy metals that can precipitates as carbonate species. The H' proton,
which can come from acid rains and pedogenetic processes, is quickly buffered by the carbonate
medium, enabling the production of Ca?* and HCOs". Generally, this carbonate medium is absent
from the covering soils, which are residual formations, and this role is played by the subsoil and
the epikarst. The pH value, despite its low variability in karst environments, due to the buffer effect
of the carbonate medium, can play together with Eh a role in the solubility of inorganic metals.

— Clays play a double mineralogical and geochemical role: their specific surface enables adsorption
of non-ionic substances (organics, bacteria) and their Cationic Exchange Capacity (CEC) enables
retention of cations, especially heavy metals. These clays exist in covering soils (residual clays),
non-karstic covering formations (geological clays), and detrital sediments, which are present in the
karstic network, both in the unsaturated and saturated zones.

— Organic matter, which is abundant in topsoil, and in the soil infillings of karren, plays two roles:
adsorption of organic contaminants and formation of ligands with metals.

— FEhis generally high in the epikarst, which is widely open to the atmospheric reservoir. In this case,
dissolved heavy metals can precipitate (oxides, hydroxides), organic matter and nitrogen species
oxidise. Nevertheless, reducing conditions can exist in a carbonate environment, in different layers:
in the soil, which can be hydromorphic and anoxic, and in the saturated zone, which can be
confined, when it is covered by impervious layers. In both cases, redox potential becomes low and
mobilisation of metallic oxides and hydroxides is possible. Nitrogen can also be reduced, in the
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best case as gaseous Ny, in the worst as NO>™ or NH4". Oxidizing or reducing conditions can select
aerobial and anaerobial bacteria, which role can improve or worsen water quality.
— Temperature sometimes plays an active role: several degradation processes are more active at

higher temperatures, so seasonal variations may modulate the attenuation.

4.2.3  The European Approach

The European approach to intrinsic groundwater vulnerability mapping and assessment suggested by
COST 620 aims at mapping and assessing those properties that influence the travel time of a potential
contaminant from the source to the target, as well as the concentration level and the duration of a
potential contamination [12]. The conceptual model of this approach takes into account four factors, as
described in Fig. 4.2: Overlying layers (O), Concentration of flow (C), Precipitation regime (P) and

Karstic network development (K).
Figure 4.2 The European Approach to groundwater vulnerability mapping (modified from [12])
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The factors O, C and K represent the internal characteristics of the system, while the P factor is an
external stress applied to the system. For resource vulnerability mapping, the factors O, C and P should
be taken into consideration, while the factor K should be additionally taken into account for source
vulnerability mapping [12].

4.2.3.1 Overlying layers (O factor)

The overlying layers (O factor) are layers, located between the land surface and the groundwater
surface: topsoil, subsoil, non-karst rock and unsaturated karst rock. Some of these layers may be
separated into several sub-layers and each layer is not always present [12]. Many karst areas only consist
of karst rock unsaturated layers and topsoil; the latter is absent in the zone of bare karst. Granular

26



Chapter 4

aquifers only comprise the layers topsoil and subsoil, while fractured aquifers are often protected only
by the topsoil and the unsaturated non-karst rock [12].

The O factor characterizes the natural protection provided to the groundwater by the layers above
the saturated zone [12,44].

— The topsoil (layer 1) is the biologically active zone of weathering of the earth crust and is composed
of minerals, organic substance, water, air and living matter. This layer is the most important for
specific contaminant attenuation processes, but less relevant for intrinsic vulnerability assessment.
The most important characteristics of the topsoil, which can be used as a mean to evaluate its
protective function are thickness, porosity and permeability, in particular the two latter are mainly
controlled by the grain size distribution. Macropores play an important role as they enable the
topsoil to be bypassed. The effective field capacity (eFC) can be used as a mean to assess the
protective function of the topsoil: a high eFC means a high capacity to store water and,
consequently, to delay and attenuate contaminants. Indirect means are the soil type, vegetation and
drainage density [12].

— The subsoil (layer 2) is the granular, non-lithified material below the topsoil. The most relevant
factors for the subsoil are thickness, porosity and permeability. Preferential flowpaths (macropores)
are usually far less likely to occur than in the topsoil. The degree of saturation and the vertical
hydraulic gradient in saturated, low permeability parts of the subsoil may be relevant for site-
specific situations. The lateral continuity of each layer should also be considered because low
permeability layers can be bypassed if they are not laterally extensive, but occur in the form of
lenses. The grain size distribution can be used as a means to evaluate its protective function. In
many cases, the subsoil type as given on the geological map will be the only available source of
information.

— The non karst rock (layer 3) consists of lithified, non karstified rocks. The most relevant factors for
the non karst rock are thickness, permeability, type and degree of porosity. Three situations can be
distinguished: fissured permeability (the least protective), intergranular porosity (the most
protective) and the combination of both, which provides intermediate protection. The most
important means to assess these characteristics are geological information, particularly lithology
and tectonics. The density, width, continuity, spatial distribution, roughness and infilling of fissures
control the hydraulic function and protection provided by the bedrock.

— The unsaturated karst rock (layer 4) is the vadose zone of the karst aquifer. The epikarst, if present,
plays an important role in infiltration and percolation from the surface to the groundwater and
consequently influences the protective function of the unsaturated zone. Two extreme situations
can be defined: if the epikarst allows for diffuse infiltration, significant water storage and diffuse
percolation, some protective function can be assigned to the unsaturated karst rock. In this case, it
may be practicable to define a separate epikarst sub-layer. On the other hand, if flow concentration
is the dominant process in the epikarst zone, it must not be treated as a protective sub-layer as it
may enable the unsaturated zone of the karstic bedrock to be partially or totally bypassed. This
situation is present for karren fields, with or without soil cover, drained by visible or hidden vertical
shafts. The characteristics controlling the protective function of this layer are thickness,
permeability, degree and spatial distribution of karstification. The presence of a fissured and/or
intergranular porosity increases the protective function of the layer. In the case of strong flow
concentration in the epikarst zone, the thickness of the unsaturated zone loses its relevance and the
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protective function of the whole layer might be insignificant. Indirect means of determining these
characteristics are the analyses of surface and underground karst features, the lithology, tectonics,
landscape history, analyses of surface waters, springs and swallow holes, the soil development and
the vegetation [12].
Several existing methods provide possible assessment schemes for the O factor, for example the EPIK
[45], the PI [46] and the SINTACS methods [33,47].

4.2.3.2  Concentration of flow (C factor)

The O factor represents the natural protection of groundwater to contamination, if all precipitation
infiltrates diffusely into the soil and percolates through the unsaturated zone towards the groundwater.
However, this is often not the case in karst systems, particularly in areas where the karst aquifer is
confined by formations of low permeability. These areas often produce surface runoff, which may sink
into the karst aquifer at another place (e.g. via a swallow hole), bypassing the protective function
provided by the overlying layers.

On the other hand, surface runoff, which does not sink underground, but flows out of the karst
systems, provides good protection to contamination. Therefore, the C factor represents the degree to
which precipitation is concentrated towards places where fast infiltration can occur. If infiltration occurs
diffusely without significant concentration of flow, the C factor is not an issue, as the overlying layers
are not bypassed. Precipitations can be concentrated, and the overlying layers can be completely
bypassed by a swallow hole through which surface water and contaminants directly enter the karst
aquifer. In such a case, the C factor is a significant issue in the vulnerability assessment. The degree of
flow concentration depends on parameters, which control the origin of surface runoff and/or subsurface
flow, like slope gradient, surface properties (e.g. thickness, permeability and infiltration capacity of the
soils) and vegetation, and on the presence of features which allow concentrated infiltration (swallow
holes, areas with higher infiltration capacity) [12]. The C factor of the European Approach is as adapted
parameter coming from the I factor (infiltration conditions) of the EPIK [45] and PI methods [46].

4.2.3.3 Karst network development (K factor)
The K factor represents the degree of karst network development in the aquifer. It is based on a general
description of the bedrock, giving a range of possibilities from non-karstified carbonate rocks with only
intergranular porosity to karst aquifers with fast active conduit systems. This factor should be used
together with a criterion of distance and/or travel time in the karst aquifer. The means of assessing the
karst network factor are the following:

— geology and geomorphology

— cave and karst maps

— groundwater-tracing results

— pumping-tests results

— spring hydrograph and chemograph analyses

— remote sensing and geophysical prospecting

— borehole data and geophysical-logging results

— bedrock sampling and laboratory experiments

— calibrated modelling results
Indicators, which may provide information on the underground characteristics, are drainage density, soil
and vegetation [12].
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4.2.3.4  Precipitation regime (P factor)

The P factor represents the climatic conditions and takes in account not only the total quantity of annual
precipitation, but also the frequency, duration, and intensity of extreme events, which can have a major
influence on the infiltration and, consequently, on the vulnerability. A large amount of rainfall, together
with favourable infiltration conditions and limited evapotranspiration, causes a high recharge rate, a fast
percolation through the unsaturated zone and, consequently, a fast contaminant transport. However, a
larger quantity of recharge also means greater dilution and a shorter duration of pollution. Extreme
precipitation events lead to significant surface runoff and lateral subsurface flow (interflow), which may
sink into the karst aquifer via a swallow hole. Extreme events also allow fast contaminant transport in
the karst network. The P factor is consequently an external stress, which influences the O, C and K
factor. In many cases, there is not a large variation of the precipitation regime within one catchment, but
there may be large differences between different test sites in different climatic zones. Thus, the
precipitation factor may not be an issue on the catchment scale, but it is relevant on a national or

European scale [12].

4.2.4  The COP method
The European Approach [12,40] is a general conceptual framework for groundwater vulnerability
mapping. The O, C and P factors of the European Approach have been quantified and categorised and
their combination and weighting determined. The definition of vulnerability ranges has been established
in order to develop the COP method, which can be used for intrinsic vulnerability mapping [48].

The COP method was tested on two carbonate aquifers in Southern Spain, a conduit flow system and
a diffuse flow system, and the results were compared with three methods widely applied in different
aquifers around the world (AVI, GOD and DRASTIC) [48].

The COP method is based on three factors (flow Concentration, Overlying layers and Precipitation),
as is the European Approach for assessing the intrinsic vulnerability of groundwater resources [12,40].
To assess the vulnerability of the source an additional factor (K=Karst network) of the European
Approach must be considered. COP is an acronym derived from the initials of the vulnerability factors.
Two conditions are necessary to assess intrinsic vulnerability by the COP method: firstly, that the
contaminant depends on the characteristics of the water to move through the aquifer, and secondly, that
the contaminant infiltrates from the surface by means of rainfall. The O factor refers to the protection of
the unsaturated zone of the aquifer, against a contaminant event. It indicates the capability of the
unsaturated zone, by means of various processes, to filter out or attenuate contamination and thus reduce
its adverse effects. The C and P factors are used as modifiers that correct the degree of protection
provided by the overlying layers (O factor). The C factor takes into account the surface conditions that
control water flowing towards zones of rapid infiltration. These zones have less capacity to attenuate
contamination because of the shorter transit time of contaminants to reach the saturated part of the
aquifer. The C factor varies between 0 and 1. Thus, the protection capacity of groundwater, as described
by O factor, may be zero when C factor is 0 and may be the same as that given by O factor when C
factor is 1. The O and C factors refer to the layers in which transport takes place. The P factor considers
the characteristics of the agent (water) that transports the contaminants through the unsaturated zone.
The influence of precipitation on vulnerability is not as great as that of the flow concentration, and so
the value of the P factor ranges from 0.4 to 1. Thus, the aquifer protection capacity (O factor) will fall
by half when P factor is 0.4, and will remain unchanged when it is equal to 1. The main significance of
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the P factor is that it is a parameter that was developed to differentiate zones with widely varying rates

of rainfall, such as ones occurring in the continent of Europe [12].
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Figure 4.3 The COP method [12]

Both factors P and O can be used to evaluate the vulnerability to contamination for any type of
aquifer, while the C factor is specific to karst aquifers. Figure 4.3 summaries the COP method, showing
the different values assigned to the variables evaluated for each factor, the procedure used to calculate
the C, O and P factors, and the final vulnerability index.

Five ranges have been established to evaluate these three factors, to distinguish relative degrees of
groundwater protection (Fig. 4.3, Tab. XVI). The final vulnerability index is obtained by multiplying
the three factors and from the resulting index; five classes of vulnerability are obtained, ranging from

Very Low to Very High.

4.2.4.1 Estimation of the O factor
Following the European Approach [12,40], the O factor takes into account the protective function of the
unsaturated zone and the properties of its layers to attenuate potential contamination. In the COP
method, only two layers are used in order to evaluate the O factor, each related to layers in the
unsaturated zone with a different hydrogeological behaviour:

— soil (Og)

— lithology of the unsaturated zone (Or)

The soil subfactor (Os) deals with the biologically active part of the unsaturated zone and

consequently its self-cleaning process [12]. Two parameters enable an evaluation of this sub-factor soil
(Os): texture and thickness. In order to facilitate the application of the method, four texture classes,
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depending mainly on grain size distribution, and three-soil thickness classes were adopted (Fig. 4.3,
Tab. I).

The soil subfactor (Os) is evaluated using the textural class and the thickness of the soil profile (Fig.
4.3, Tab. I). The lithology subfactor (Ov) reflects the attenuation capacity of each layer of the unsaturated
zone. For its quantification, three parameters were adopted:

— Lithology and fracturation (/)
— Thickness of each layer (m)
— Degree to which an aquifer is confined (cn)

The assessment criteria for the evaluation of /y are the type of rock (which represents its
hydrogeological characteristics, mainly effective porosity and hydraulic conductivity) and the degree of
fracturation (Fig. 4.3, Tab. III).

Successive addition of the product of the thickness of each layer () and the lithology characteristics
(ly) enables the calculation of the protection index (layer index). This value rises with number of layers
increase in the unsaturated zone and with their thickness increasing.

The layers index ranges between a minimum value of 0 and a maximum value that varies depending
on the number and thickness of layers in the aquifer. The /ayers index has been divided into 5 ranges
(Fig. 4.3, Tab. 1V), and a protection value has been assigned to limit the maximum value of this
parameter.

The cn parameter is referred to the confinement degree of an aquifer and is a weighting coefficient
for the classes of the layers index. The values assigned to the cn parameter (Fig. 4.3, Tab. V) show a
confined aquifer as more highly protected, whereas an unconfined aquifer is not affected by this
parameter (cn=1). The final value of the (Or) subfactor is obtained from the product of the value of the
layers index by the cn parameter.

The subfactor (Or) ranges from a value of 1, equivalent to a minimum degree of protection, to a
maximum value of 10. The protection factor O is obtained by combining the subfactors soil (Os) and
lithology (Ov). The value of the O factor ranges between 1 (the lowest degree of protection) and 15 (the
highest degree of protection) (Fig. 4.3, Tab. VI). As the attenuation capacity constantly increases with
the sum of the protective layers, the values of the protective factor have been grouped into five classes,
following an almost geometric 2-order progression (Fig. 4.3, Tab. VI). The Very Low and Low values
correspond to areas where carbonate materials outcrop and where the soil is poorly developed or absent.
Values described as Moderate and High refer to areas where the degree of protection is high, both
because of the presence of soil and because of low-permeability lithology. Very High values characterize
the sectors of the aquifer that are confined (the O factor is higher than 10 for a confined aquifer) [12].

4.2.4.2  Estimation of the C factor
According to Daly et al. (2002), the C factor is taken as a corrector coefficient of the O factor (Overlying
layers). The C factor represents the concentration rate of water flow towards karstic features that are
directly connected with the saturated zone. It also represents how the protection capacity is reduced in
such areas. Two scenarios can be differentiated [12]:

1) Scenario I: the catchment area of a stream sinking through a swallow hole

2) Scenario 2: the rest of the area

In the first case, all the water circulating through the catchment area is considered to flow towards

the swallow hole. The values of the C factor depend on the distance to the swallow hole and to the
sinking stream, as well as on the topographic characteristics (slope and vegetation). In the second case,
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runoff or infiltration can exist, depending on the slope, the vegetation and, especially, on the
characteristics of the surface (karst features and permeability). In both scenarios, slope and vegetation
are considered, but in different ways. Thus, in Scenario 1, the shallower the slope and the greater the
development of vegetation, the smaller is the modification of the value by the O factor and, therefore,
the greater the protection. In Scenario 2, however, the shallower the slope and the greater the
development of vegetation, the less is the protection, as infiltration exceeds runoff.

Scenario 1 describes the situation within the catchment area of a swallow hole. The recharge area of
a swallow hole is characterized as being covered by a layer of low permeability. Thus, all the water that
flows on the surface flows towards the swallow hole. Under such conditions, evaluation of the C factor

requires several variables to be taken into account:

distance to swallow hole (dh)

distance to sinking stream (ds)

slope (s)

vegetation (v)

It is assumed that dk is 0 in zones located less than 500 m far from the swallow hole and that the
protection capacity of the aquifer increases as a linear function of the distance. The value of dh follows
a 0.1-difference arithmetic progression and the distance follows a 500-difference arithmetic progression
(Fig. 4.3, Tab. VII). The dh parameter establishes the distance from a swallow hole when a Hortonian
flow predominates. If this flow type does not occur, the value of dh is 1. The distance to the sinking
stream (ds) is taken into account, as shown in Fig. 4.3, Tab. VIII. Zones less than 10 m far from the
stream are classified as zero protection areas; in those up to 100 m away, protection is reduced to half,
and at greater distances the protection is unchanged [46]. The vegetation parameter (v) takes into account
the presence or absence of permanent vegetation and its density, which could affect the infiltration-
runoff regime. On the contrary respect to vegetation, the slope parameter (s) is positively correlated with
the generation of runoff and negatively so with infiltration. In the COP method, four ranges of slope (as
a percentage) have been selected and the combination of these with the vegetation provides the value
for the slope/vegetation parameter (sv) (Fig. 4.3, Tab. IX). The values of sv show that the greater the
slope and the less the vegetation, the lower the protection, and so sv<I. Water flows more easily to the
swallow hole and transit time to the water table is less. The value of the C factor under these recharge
conditions is obtained by multiplying the values of the parameter for slope and vegetation (sv) by those
for the distances from the swallow hole (d#) and from the sinking stream (ds).

Scenario 2 represents areas where the aquifer is not recharged by a swallow hole. In this case, the C
factor is evaluated by the combination of three variables:

— surface features (sf)
— slope (s)
— vegetation (v)

The surface features parameter (sf) indicates the geomorphological aspects of carbonate rocks and
the presence or absence of a layer (permeable or impermeable) above these materials that addresses the
importance of runoff and/or infiltration processes (Fig. 4.3, Tab. X). In this scenario, evaluation of the
vegetation and of the slope is carried out in the opposite way to that performed inside the catchment area
of a swallow hole. Thus, when the slope is steeper and vegetation is absent (Fig. 4.3, Tab. XI), runoffis
more favorable respect to infiltration, and so the protection offered by the O factor is not reduced. To
obtain the value of C factor in Scenario 2, the slope-vegetation (sv) parameter is weighted by the surface
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features (sf) parameter. In Scenario 1, the C factor ranges between 0 and 1 whilst in Scenario 2, the C
factor ranges between 0.2 and 1. This is because the possibility of a potential contaminant reaching the
saturated zone of a karst aquifer is higher in the first case. A value of C factor equal to 0 means that its
natural protection in terms of Overlaying layers (O factor) is zero because of the presence of a swallow
hole. A value of C factor equal to 1 characterizes an aquifer in which the protection, calculated from the
O factor, is not modified. After obtaining the C values, five classes of protection were established (Fig.
4.3, Tab. XII). The Very High class corresponds to zones where protection is low, because of the
presence of one or more swallow holes. The High class refers to zones near a swallow hole or sinking
stream or to zones that present highly developed karst forms where runoff is nil. The Moderate and Low
classes are referred to zones, where karst forms are influenced by surface runoff. The Very Low class is
used for sectors of the aquifer, where only runoff processes are present, or where the distance from a
swallow hole or sinking stream is very considerable [12].

4.2.4.3  Estimation of the P factor
According to Daly et al. (2002) this factor reflects the total quantity of precipitation and includes the
frequency, duration and intensity of extreme rainfall events, which can have a big influence on the
quantity and rate of infiltration. Thus, the P factor comprises all aspects of precipitation that determines
the way contaminants follow, it means the pathway from the surface to the groundwater. The O and C
factors provide the ground properties affecting the transport of contaminants, whereas the P factor refers
to the availability of water to transport contaminants. The P factor modifies the protection capacity of
the aquifer depending on the quantity and intensity of the rainfall. Thus, a greater capacity of the
transport agent (water) to carry contaminants towards the aquifer implies a higher vulnerability. The P
factor is evaluated by two subfactors:

— quantity of precipitation (Pg)

— intensity of precipitation (Pr)

The quantity of rain sub-factor (Pg) represents the effect of rainfall and the resulting annual net
recharge on groundwater vulnerability. There are two aspects, which have to be considered: transit time
and dilution. In fact increasing, precipitation height results in decreasing transit time and increasing
dilution. However, decreasing transit time means increasing vulnerability, while increasing dilution
means decreasing vulnerability. Mean annual precipitation values are ranged into five intervals (Fig.
4.3, Tab. XIII), each with a value that depends on the transit time of the potential contaminant and the
dilution capacity. These data are average values of a historical series of wet years, the latter defined as
precipitation values that are 15% above the average. Such years, therefore, are unfavourable from the
point of view of aquifer protection. Based on experience, theoretical reflections and taking into account
the SINTACS [47] and the PI[46] methods, the COP method, consequently, assumes that the protection
given by O factor is poorly modified if precipitation values are below 400 mm/year. An increasing in
precipitation, up to 1200 mm, decreases protection, because the transport process (transit time) is more
important than the dilution process. When precipitation exceeds 1200 mm/year the dilution of potential
contaminant is more important than transit time and, consequently the protection given by O factor is
scarcely modified. The intensity subfactor (P1) concerns the temporal distribution of precipitation in a
certain period of time. To estimate this subfactor, two variables were considered (Fig. 4.3, Tab. XVI):

— average annual precipitation for the wet years

— average number of rainy days (in a wet year)
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This subfactor enables a comparison among different zones within the continent of Europe, where
rainfall and intensity conditions are very different. The value assigned to the (Pr) subfactor follows the
criterion that higher intensity drives to a higher recharge and thus the protection of the resource is
reduced. The intensity of rainfall in karst media makes easier the development of a high and, mainly,
fast infiltration volume, through fissures or karst conduits. More intense rainfall yields more runoff to
those conduits that favour concentrated infiltration. If rainfall intensity is low, more diffuse and slower
infiltration occurs, and the probability of other processes, such as evapotranspiration, is higher. This,
eventually, produces a lower recharge volume. All the above information are included in the proposed
value for the intensity subfactor (P;), in which an increase of the (P) value is associated to a decrease in
protection (Fig. 4.3, Tab. XVI). The final value of the P factor was obtained by adding the values of the
two subfactors (Pg) and (Pr). The variation in P values as a function of (Pq) follows an arithmetic
progression with two units of difference and the values of the P factor reflect the greater importance of
(P1) than of (Pg). Five classes were established for the values of the P factor (Fig. 4.3, Tab. XV). These
values range between 0.4 (minimum protection) and 1 (highest protection). Values closer to 1 indicate
that precipitation has little influence on the protection calculated from the O factor. Values closer to 0.4
indicate that precipitation, as a function of quantity and intensity, decreases the protection of the aquifer
and increases its vulnerability. The extreme class intervals have a greater range due to the lower
probability of such values occurring [12].

4.3 Vulnerability assessment of the karst aquifer feeding the Pertuso
Spring using COP method

4.3.1  Discretization of the study area

The vulnerability of karst aquifer feeding the Pertuso Spring has been evaluated applying COP
method, which focuses on the key role of karst features, responsible of the aquifer natural protection
and of its pollution decreasing. Numerous techniques have been used to perform to display the various
components of the vulnerability assessment, normally following advances in the allied fields of
computer, graphic, and statistical sciences. The traditional vulnerability assessment approaches use,
generally, grid-cell based systems and Geographic Information System (GIS).

In the study area, where the well-developed karst features are responsible of the fast rainfall
infiltration in the saturated zone and, consequently, of the high discharge rate of Pertuso Spring, the
location and the spatial distribution of karst features are very useful data which can influence the
vulnerability assessment.

For this reason, every concentrated recharge zone has been identified with the main karst features
detectable from satellite images (Fig. 4.4) and about 50 different karst features in the hydrogeological
basin have been plotted in GIS using polygons.

With the aim of carrying on a comparative evaluation of vulnerability assessment, in this study COP
method has been applied starting from two different discretization approaches of the hydrogeological
basin: Finite Square Elements (FSE) of 250 m per side and polygonal layers. The polygonal layers are
the result of an overlapping of two layers (Fig. 4.5): the direct recharge area related to the karst features,
where a possible contaminant may, directly, reach the aquifer with reasonable certainty (50 polygons),
and the outcropping geology (22 polygons).
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Figure 4.4 Karst features detection in the study area
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Figure 4.5 Polygonal layers discretization of the study area

4.3.2  Required data

The vulnerability assessment is based on the background data coming from previous studies [49,50]
and the compilation of the information collected from various technical reports about the catchment area
of the Pertuso Spring [29] (Tab. 4.1). Data analyses and model implementation were processed with
QuantumGIS software.
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Table 4.1 Data (type, reference and format) used for the vulnerability assessment

Data Reference Type
o Rome Hydrographic Office
Precipitation Abruzzo Region and Rogme Hydrographic Office Table
Temperature Abruzzo Region Hydrographic Office Table
Geology Italian Geological Survey and drilling profiles Map/Digital

Topography (slope) Digital Elevation Model (DEM) Sapienza University of Rome Digital
Land use and land Lazio and Abruzzo Region Digital

cover ISPRA (http://www.sinanet.isprambiente.it) &
Karst features Identified from aerial photographs and satellite images Digital

Regarding to the evaluation of C factor, in this study, Scenario 1 has been applied in the higher
permeability areas (karst features) and Scenario 2 in the lower permeability ones (aquifer lithology).
The slope and vegetation (sv) came out from the Digital Elevation Model (DEM) elaborated by QGIS,
divided into 4 classes of percentage (<8%, 8% + 31%, 31%+75% and >75%), to which scores have been
assigned, respectively from 0.75 to 1. Based on the land cover maps provided, land use has been divided
into two main types, mainly “no vegetation” and “vegetation”. In this study the distance to swallow
holes (dh), consisting of a series of buffer zones whose thickness has been defined, was not considered
because the whole area, located around each karst feature was assumed to be characterized by high
vulnerability. According to the absence of sinking streams, it has been given the value 1 to the parameter
(ds) referred to the distance to fast communication to groundwater. Ratings from 0.5 to 1 have been
assigned to the surface features parameter (sf) according to the existing surface geology. The Os and O
factors have been obtained using geological map and drilling profiles of the study area [29].

Precipitation data of four meteorological stations located nearby the study area, from 1992 to 2012,
were used to calculate the average annual rainfall (MPAM) for each station (Tab. 4.2). At last, a linear
relation between the elevation and the average annual rainfall module was obtained in order to assign to
each FSE a precipitation value (as explained in Section 3.3).

Table 4.2 Rainfall data about four different meteorological stations in the study area

Meteorological station MPAM (mm/year) Elevation (m a.s.l.) Rainy days
Vallepietra 1346.78 825 91
Filettino 1647.00 1062 107
Carsoli 1053.25 640 100
Subiaco (Santa Scolastica) 1147.88 511 100

4.3.3  Application of the COP method

4.3.3.1 C factor

The two C factor maps generated using FSE and polygon discretization are shown in Figs. 4.6 and 4.7.
The C factor presents score values ranging between very high to very low, with values ranging between
0 and 0.9. It is very low (< 0.2) in the higher permeability area (karst features), whereas it is very high
(0.9) in non-karstic terrains, such as pudding stone, conglomerate, alluvial soil. As a matter of fact, the
mapping results clearly show a sound difference in vulnerability values between FSE discretization and
the polygonal layer one. The first one (Fig. 4.6) generally assigns a high vulnerability to the most part
of the study area, whereas the second one assigns a moderate vulnerability value to the same part (Fig.
4.7).
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Figure 4.6 Map of the C Factor (FSE)
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Figure 4.7 Map of the C Factor (polygonal layer)

This difference is related to the computation of the slope parameter (s). The terrain slope is a very
important factor in vulnerability assessment because it defines the surface runoff as a part of
precipitation, and thus determines the areas in which there is a greater possibility for contaminants to
infiltrate from the surface into the aquifer. The polygon discretization, averaging slope values on very
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wide areas, lead to the evaluation of lower values of the slope parameter than the FSE ones, which allows
a better precision, but does not allow a clear identification of fast recharge areas due to karst features.

4.3.3.2 O factor
The O factor maps generated using FSE and polygon discretization are shown in Figs. 4.8 and 4.9.
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Figure 4.8 Map of the O Factor (FSE)
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Figure 4.9 Map of the O Factor (polygonal layer)
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The higher protection areas are related to the presence of conglomerates and pudding stones, which
have a weaker state of fracturing. On the contrary, the lower ones are due to the presence of carbonate
rocks, which are the dominant geological formations, in the study area, and present the highest
fracturation. Hence, the O factor is low in most of the study area.

As it is shown in Fig. 4.8 and Fig. 4.9, there are no remarkable differences between the two-
discretization approaches, but the FSE discretization method seems to give a more gradated output
referring to this parameter. On the other hand, karst features have no impact on the O factor and,
consequently, most part of the area presents the same protection values in both maps.

4.3.3.3 P factor

P factor has been obtained using a linear relation, between elevation and average annual rainfall as
explained in Section 3.3. The number of rainy days in the study area ranges from a minimum of 91 to a
maximum of 107 days per year, based on the analysis of precipitation data over a time series that goes
from 1992 to 2012 (Tab. 4.2). The average value is 100 rainy days per year.

P factor ranges between 0.6 and 0.8. Most part of the study area present a high value (dark blue) in
both maps (Figs. 4.10 and 4.11). In particular, the polygonal layer discretization approach leads to obtain
an enhanced coverage of high value. The reduction of protection is generally high (0.6) in mountain
areas, because even if the precipitation quantity Pq is higher there due to elevation values, the much

wider temporal distribution is a key factor for contaminant transport and implies a decreasing protection.
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Figure 4.10 Map of the P Factor (FSE)
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Figure 4.11 Map of the P Factor (polygonal layer)

4.3.3.4 COP Index
Finally, the COP maps were obtained by overlaying the O, C and P maps and from the product of

their scores. Figures 4.12 and 4.13 show the results of COP method in the hydrogeological basin of the
Pertuso Spring, respectively for FSE and polygonal discretization.
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Figure 4.12 Map of the COP index (FSE)
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Figure 4.13 Map of the COP index (polygonal layer)

The results obtained by COP vulnerability method, applied to Finite Square Elements and polygonal
layer, show different vulnerability degrees for several areas within the hydrogeological basin. As
expected, the COP vulnerability maps show generally the dominance of high vulnerability classes
(shades of red) in the northern part of the basin, while the south-east and western part are characterized
by low vulnerability class (shades of green) and moderate class (shades of yellow). There is no very low
vulnerability class. Details in percentages of area for each vulnerability class are given in Fig. 4.14.

The karst features, present in the study area, have been classified with the very high vulnerability
degree (Very High: 0-0.5), due to the presence of swallow holes and dolines, that decreases the residence
time of water in the unsaturated zone, reducing the potential attenuation capacity of the aquifer. This
highest class of vulnerability index is due to the absence of an impermeable covering layer, which
allowed rapid infiltration towards the saturated zone (C factor).

COP EFQ COP Polygonal Layer

8%

18%

11% 8%

40%

Low Moderate = High = Very High Low Moderate = High = Very High

(a) (b)
Figure 4.14 COP indexes percentage distribution: FSE (a) and polygonal layer (b)
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The low vulnerability class (Low: 2-4) covers similar percentages of the study area (17% and 18%)
(Fig. 4.14), mainly in the outcropping pudding stone, conglomerate and alluvial soil. In these areas, the
low permeability of cover layers and the slope gradient are responsible of an increase of C and O factors
and, consequently, of a vulnerability reduction.

The moderate vulnerability class (Moderate: 1-2) covers not more than 8 and 11% of the Pertuso
Spring hydrogeological basin, respectively for polygonal layer and FSE discretization approaches (Fig.
4.14). In these areas dolomitic limestone, compact limestone with dolomite and crystal dolomite
outcrop, decreasing the protective capacity assigned to the unsaturated zone by the O factor.

The COP method assigns the high vulnerability degree (High: 0.5-1) to most part of the study area.
This result is due to the presence of the karstified Cretaceous limestone outcropping. Vulnerability maps
obtained for both discretization approaches, result to be different just in the high and very high
vulnerability degree assignment. The FSE discretization approach leads to a 32% of very high and 40%
of high vulnerability rates, whereas in the polygonal layer discretization approach there is a lower
presence of areas with the very high degree (8%) and a higher presence of areas with the high one (66%).
This difference depends on the choice of using a polygonal layer, that allows to identify more precisely
karst features and fast recharge area, giving the potential contamination risk only to these areas and not
to the rest. In this discretization hypothesis, karst features have a key-role for the C factor evaluation
and their presence is predominant to each other consideration about vulnerability assessment. The FSE
discretization approach, on the contrary, generally assigns COP index rates taking into account the
lithology, the karst setting and the elevation, at the same level. As a consequence of it, in this case, a
wider area of the whole basin has been considered very high vulnerable and the potential contamination
risk result to be spread all over the study area, even out of karst features.

A comparison between the FSE discretization approach and the polygonal layer one is necessary for
better understanding which one is more suitable to the specific case study.

As to be expected, in a karst setting like the Pertuso Spring hydrogeological basin area, the presence
of highly fractured rocks and most of all the specific permeability conditions, due to the local karst
processes development, cause a spread high vulnerability degree to contaminants.

Even if the FSE discretization approach leads to a more precautionary vulnerability assessment in
the study area, the polygonal layer shows a greater accuracy, identifying the areas actually interested by
karst processes at local scale and giving the higher vulnerability rate only to these ones. This choice
allows to better highlighting protection areas, in order to protect groundwater quality. At the same time,
the polygonal layer discretization approach needs a very detailed work, based on the detection and the
outline representation of any karst features. The visual detection and the graphic reconstruction of the
areas, where karst features outcrop, is today easier to carry out, thanks to the remote sensing and the
geographic information system (GIS) software. This process is strongly recommended for small basins
as the Pertuso Spring one, but it may result to be not always suitable, above all in case of very wide
areas [51,52].
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CHAPTER 5

THE ENVIRONMENTAL MONITORING PLAN
OF THE PERTUSO SPRING

5.1 Introduction

This paper outlines the results of the first three years of the Environmental Monitoring Plan, applied to
the catchment project of the Pertuso Spring, which is going to be exploited to supply an important civil
water network in the South part of Roma district, in Central Italy.

Groundwater coming from the Pertuso Spring is currently used for hydroelectric purposes by ENEL
Green Power S.p.A. as part of the hydroelectric system of the Upper Valley of the Aniene River. In
particular, spring groundwater and Aniene River surface water are carry out to the Comunacqua power
plant through a hydroelectric tunnel of about 6 km in length.

On 28 June 2002, a Legislative Decree of the President of the Council of Ministers has established
the drought emergency state of the municipalities in the south part of Roma district. For this reason, the
Pertuso Spring, since 2002, also supplies, by a provisional work, the Simbrivio Aqueduct, for a
maximum of 360 /s, in addition to the volumes not available from Simbrivio historical springs. The aim
of this catchment project is to deal with the water emergency through the construction of the works for
catching groundwater coming from Pertuso Spring, in order to integrate the water resource available for
network powered by the New Aqueduct Simbrivio-Castelli (NASC). The water shortage of the
Simbrivio aqueduct system is due to the reduction of water resources, related with a decrease in rainfall
trend of recent years and, on the other hand, to an increase in water demand.

In 2002 summer, the huge water shortage has been reduced using the existing hydroelectric tunnel
of about 4.4 km to move Pertuso Spring groundwater (360 1/s) to a tunnel access window, from which
a DN600 steel pipe is delivered to the Ceraso booster system with a length of about 2 km.

This solution provides the exclusive use of the hydroelectric tunnel for drinking supply, losing the
energy production related with both the Pertuso Spring groundwater and Aniene River surface water.

In order to reduce costs and make this spring independent from the plant owned by ENEL group, in
the program of actions to resolve the state of drought emergency was included a catchment work project
of the Pertuso Spring allowing an increasing groundwater transfer from 360 to 690 1/s.

The target of this Environmental Monitoring Plan is to set up the background framework on the
hydromorphological, physico-chemical and biological properties of water resources in the water basin,
influenced aim by any potential environmental impact due to the construction activities. The aim of the
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Environmental Monitoring is to ensure hydrogeological data about (i) temporal and spatial variations in
groundwater and surface water levels, (ii) temporal and spatial variations in groundwater and surface
water quantity and quality and (iii) impacts due to the drainage of groundwater through the Druni Hill
tunnel and the interaction with surface water linked with groundwater.

Thus, according to the Legislative Decree 152/2006, as modified by D.M. 260/2010, the
Environmental Monitoring Plan suggested to characterize the most important environmental
components (i.e. surface water and groundwater) of the Upper Valley of the Aniene River for the
evaluation of the environmental parameters during survey, excavation and post-excavation phase of the
project. For this reason a long-term water quantity and quality monitoring has been established in the
study area [30].

5.2 The catchment project of the Pertuso Spring

The definitive design of the catchment work includes the construction of an aqueduct, long about 6.1

km, inside the Upper Aniene River Valley, form the Pertuso Spring to the Ceraso booster plant.

These works are, moreover, part of a wider design, aimed to move groundwater coming from the
Pertuso Spring up to the Altipiani di Arcinazzo from which the resource will feed the municipalities
powered by the Simbrivio Aqueduct. In particular, the project provides:

— apipeline (DN1000mm) to transfer the Pertuso Spring groundwater to the Ceraso plant

— a booster system adjacent to the Ceraso plant to move groundwater towards the Altipiani di
Arcinazzo

— apipeline (DN600mm) for the connection between the booster and the New Aqueduct Simbrivio-
Castelli (NASC)

— areservoir at the Altipiani di Arcinazzo.

The catchment project of the Pertuso Spring is shown in Fig. 5.1.

Legend
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Figure 5.1 Catchment project of the Pertuso Spring
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The catchment design includes:
— a first section from Pertuso Dam to Sosiglio Bridge, characterized by the excavation with TBM of
a tunnel in Druni Hill (Construction site 1)
— second one, from Sosiglio Bridge to Cervinara Stream, in open excavation, until the intersection
with the existing conduct which leads to the Ceraso hydroelectric power plant (Construction site
2).

5.3 Monitoring network design

The design of groundwater and surface water monitoring network must consider the targets of the
monitoring program and it is set up to meet rule requirements and to collect data to build the conceptual
model of the hydrogeological system.

For this reason, in the study area, a monitoring network has been set up to assess the karst aquifer -
Aniene River hydrodynamics properties (Fig. 5.2).

The recommendation for monitoring in karst aquifer is to focus on the sensitive connections between
surface water and groundwater. Thus, the representative monitoring points are chosen as representative
of the hydrogeological conceptual model, with regard to groundwater flow and its interaction with
surface water [30]. In particular, the monitoring stations, selected for the enhancing of the
Environmental Monitoring Plan of the karst aquifer, feeding the Pertuso Spring were chosen according
to:

— Lithologic characteristics: texture, structure, mineralogy, stratification and thickness.

— Hydrogeological characteristics: hydraulic conductivity, porosity and hydraulic gradient.

— Aquifer characteristics: boundaries, type of aquifer, saturated/unsaturated conditions, and
occurrence and distribution of multiple aquifers.

— Presence of surface water bodies on, or adjacent to, the study area (Aniene River).

This monitoring network are been designed with the aim to (i) minimize the number of monitoring
stations and (ii) maximize the probability of detecting any potential environmental impact due to the

construction activities.
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Figure 5.2 Location of groundwater and surface water monitoring stations
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The monitoring network has been used to provide baseline hydrogeological conditions and temporal
changes in groundwater and surface water conditions prior to project development. This network has
been monitored in the long term (before construction activities) to provide ongoing measurement of
quality and quantity, including temporal and seasonal changes. Long-term water monitoring has been
carried on several monitoring stations, chosen according to the importance and the significance of the
each environmental component (groundwater and surface water), depending on the conditions for
accessibility. For this reason, the groundwater monitoring network includes four existing piezometers
(GW_02, GW_03, GW_04 and GW_05) [29]. The Aniene River basin is characterized by a complex
network of catching and reservoirs, which does not allow a direct evaluation of the average annual
recharge of this system [53]. Thus, to assess quantitative and quality alterations of the karst aquifer
feeding the Pertuso Spring, an additional groundwater monitoring station (GW_01) has been installed
in the spring to evaluate the undisturbed conditions upstream the karst aquifer. GW_02 (Fig. 5.3a) and
GW _03 (Fig. 5.3b) monitoring stations were chosen as representative of aquifer conditions downstream
the construction of Druni Hill tunnel, while GW_04 (Fig. 5.4a) and GW_05 (Fig. 5.4b) are site
respectively upstream and downstream the second construction site, in order to monitor groundwater
quantity and quality (Tab. 5.1) [30].

(a) (b)

Figure 5.3 Groundwater monitoring points downstream the first construction site GW_02 (a) and GW_03 (b)

(a) (b)
Figure 5.4 Groundwater monitoring points upstream GW_04 (a) and downstream GW_05 (b) the second
construction site
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The surface water monitoring network includes four specific river sections along the Aniene River,

referred, each one, to the two construction sites. These sections has been chosen followed these criteria

as possible:

— cross section lies within a straight reach, and streamlines are parallel to each other

— velocities are greater than 0.15 m/s and depths are greater than 0.15 m

— streambed is relatively uniform and free of numerous boulders and heavy aquatic growth

— flow is relatively uniform and free of eddies, slack water, and excessive turbulence

SW_01 (Fig. 5.5a) and SW_03 (Fig. 5.5b) are designed to control environmental conditions upstream
each construction site, while SW_02 (Fig. 5.5¢) and SW_04 (Fig. 5.5d) are designed to control the same
conditions downstream each of them, along the Aniene River stream (Tab. 5.1) [30].

Figure 5.5 Surface water monitoring points SW_01 (a), SW_02 (b), SW_03 (c) and SW_04 (d)

Table 5.1 Main characteristics of the monitoring stations

Monitoring Station Latitude N Longitude E Type & Location
] 1 " ] 1 n sprlng
GW 01 41°52'14.94 13°16'54.42 (upstream 1° construction site)
ogA! [ o1 4! " piezometer
GW_02 41°5214.08 137163930 (downstream 1° construction site)
Groundwater GW 03 41°522.16" 13°16'39.30" piezometer
(downstream 1° construction site)
oc 11 " 01 o1 " piezometer
GW_04 41°51'54.54 13°16"21.84 (upstream 2° construction site)
oc 11 " o1 ot " piezometer
GW_05 41°51'44.46 13715'48.48 (downstream 2° construction site)
SW_01 41°5222" 13°17'24" upstream 1° construction site
Surface water SW_02 41°52'0.96" 13°16'37.50" downstream 1° construction site
(Aniene River) SW_03 41°51'51" 13°16'26" upstream 2° construction site
SW 04 41°51'36.12" 13°15'20.88" downstream 2° construction site
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5.4 Methodology

5.4.1  Water samples collection

Because of the interconnection of matrix, fractures, and conduits network, karst aquifers are extremely
heterogeneous and have peculiar hydraulic and chemical properties, which are highly scale dependent
and temporally variable [54]. For this reason, the Environmental Monitoring Plan involves collecting
samples of surface water and groundwater for quantitative and quality characterization of the karst
aquifer feeding the Pertuso Spring.

The Environmental Monitoring target is to set up the environmental state and quantitative and quality
analysis of temporal water trends for the evaluation of potential interactions between project design and
karst aquifer. The aim of this monitoring plan is to build a background framework on the
hydromorphological, physico-chemical and biological properties of groundwater and surface water
resources in the aim to prevent and evaluate any potential environmental effect coming from the
construction activities.

Surface water and groundwater samples for major dissolved species and trace elements analysis
concentration (Tab. 5.2) were collected applying standard techniques [55,56].

Table 5.2 Water quality monitoring parameters

Typology Parameter Unit Surface water  Groundwater
Water Temperature °C X X
Dissolved Oxygen mg/1 X X
In Situ Parameters Conductivity uS/cm X X
pH - X X
Flow m’/s X X
Turbidity (residue at 105°C and 550°C) mg/1 X
Total Suspended Solids mg/1 X
Total Hardness mg/l CaCOs3 X X
Bicarbonates (Temporary Hardness) mg/1 X
Bicarbonate Alkalinity mg/1 X
Carbonate Alkalinity mg/1 X
Bicarbonate Ion mg/1 X
Total Nitrogen N pg/l X
Ammonia Nitrogen N pg/l X X
Nitrate Nitrogen N pg/l X X
Nitrous Oxide ng/ X
BODS 02 mg/l X
COD 02 mg/l X
Laboratory Orthophosphate P pg/l X
Parameters Total Phosphorus P pg/l X X
Chloride Cl pg/1 X X
Non-ionic Surfactants ng/l X
Anionic Surfactants pg/l X
Colour ng/l X
Odour ng/l X
Sodium ng/l X
Calcium ng/l S
Potassium ng/l X
Magnesium pg/l X
Sulphates SO4* g/l X X
Boron ng/l X
Free Cyanide ng/l X
Fluorides ng/l X
Metals Cadmium ng/l X X
Total Chromium ng/l X X
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Typology Parameter Unit Surface water  Groundwater
Chromium Vi ng/l X
Mercury ng/l X X
Nickel ng/l X X
Lead ng/l X X
Copper ng/l X X
Zinc ng/l X X
Aluminium ng/l X
Metals Antimony ng/l X
Silver ng/l X
Arsenic ng/l X
Beryllium ug/l X
Cobalt ng/l X
Iron ng/l S
Selenium ng/l X
Manganese ng/l X
Aldrin ng/l X
Dieldrin ng/l X
Endrin ng/l X
Isodrin ng/l X
DDT ng/l X
Benzene ng/l X
Ethylbenzene ng/l X
Styrene ng/l S
Toluene ng/l X
Para-Xylene ng/l X
Hexachlorobenzene ng/l X
Hexachlorocyclohexane ng/l X
Organic Compounds Hexachlorobutadiene ng/l X
1,2-Dichloroethane ng/l X
Trichloroethylene ng/l X
Trichlorobenzene ng/l X
Chloroform ng/l X
Carbon Tetrachloride ng/l X
Perchloroethylene ng/l X
Pentachlorophenol ng/l X
Hydrocarbons C> 12 ng/l X
Hydrocarbons C <12 ng/l X
Total Hydrocarbons ug/l X
BTEX Hydrocarbons ng/l X
Methyl Tert-Butyl Ether MTBE ng/l X
Total Polycyclic Aromatic ug/l X
Microbiological Escherichia Coli UFC/100 ml X X
Parameters

Water samples were stored at 4°C until analysis in the Elabori S.p.A. Laboratory of Rome.
Laboratory analysis were carried on by a certified water testing procedure for chemical-physical,
organic, inorganic, and microbiological parameters, following D.L. 152/2006 prescriptions.

Properties such as temperature (T), electrical conductivity (EC), pH, dissolved-oxygen (DO), static
water level and stream flow were measured directly in the field before the water sample collection.

All field instruments were calibrated according to manufacturer’s recommendations prior to being
taken into the field. Calibration standards were selected based on historic data for best instrument
accuracy.

The environmental monitoring instruments used for field investigations are shown in Tab. 5.3.
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Table 5.3 Monitoring instruments used for water quality filed investigations

Date Instruments Parameters

July 2014 PC 650 Eutech Instruments T, pH, EC
KLL-Q Seba Hydrometrie DO

November 2014 HI 9813-6 Hanna Instruments T, pH, EC
LDO 10101 HACH DO

January 2015

Del:elzig]bze(r) 12%1 5 HI 9813-6 Hanna Instruments T, pH, EC

May 2016 LDO 10101 HACH DO
November 2016

5.4.2  Sampling frequency

The water sampling survey was carried on during the first three years of the Environmental Monitoring
Plan, from July 2014 to November 2016. The sampling frequency depends on the monitoring purposes,
established by the Environmental Monitoring Plan (D.M. 260/2010). However, a more detailed
sampling frequency is required for supervisory and operating monitoring, while a low sampling
frequency (1/year) could be enough for survey monitoring, if any trouble would have come out during
previous monitoring phases. The frequency sampling is related to the aim of set up the hydrogeological
conceptual model of the karst aquifer. As a consequence of it, groundwater and surface water have been
monitored seasonally (4/year) for the first year of monitoring and twice a year the other ones (Tab. 5.4),
to assess seasonal and natural fluctuations.

Table 5.4 Sampling frequency for groundwater and surface water

Monitoring Stations Date Samples (n°)
July 2014
November 2014
January 2015
Groundwater May 2015
December 2015
May 2016
November 2016
July 2014
November 2014
January 2015
Surface water May 2015
December 2015
May 2016
November 2016

APA DDA, LWLWLLWL A

5.4.3  Groundwater monitoring

The target of groundwater sampling is to take some quantity of water that represents groundwater
chemical and physical properties in the study area, referred to any season, in any monitoring period. To
obtain a representative sample it is necessary to remove the stagnant water from the well, immediately
prior to sampling, causing its replacement by groundwater from the adjacent formation that is
representative of actual aquifer conditions. Prior to initiating the purge, the amount of water standing in
the water column (water inside the well riser and screen) was determined using the diameter of the well,
the water level and total depth of the well [57]. With respect to volume calculated, before collecting
groundwater samples, the boreholes were purged removing five well volumes of water were purged
(Fig. 5.6).
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The static water level in well was determined by a water level sounder (OTR 100m).

(a) (b)
Figure 5.6 Well purging procedures for obtaining valid water samples from monitoring wells: before (a) and
after (b) three well volumes removing (GW_02, May 2016)

5.4.4  Stream discharge measurements

Stream discharge and water quality parameters such as turbidity, dissolved oxygen, water temperature
and electric conductivity monitoring is important to have a referring trend, along the year, of these values
range and to be ready to evaluate potential modifications due to construction activities.

Discharge is an important parameter that influences many aspects of stream function, such as habitat
diversity and rates of nutrient export. The measurement of stream flow rate is also a direct measure of
the amount of water available to meet instream and extractive water uses and is usually required for
river management purposes including water resources planning and protection of flood prevention.

Stream flow measurement technology has evolved rapidly over recent decades. The most common
approach to discharge measurement is the velocity-area method, which involves measuring water depth
and velocity at some points across a stream section with a current meter. According to the U.S.
Geological Survey (USGS) procedure, river discharge can be usually calculated by the velocity area
method, as the product of average stream flow velocity at a cross section, perpendicular to the main
stream flow, and the cross sectional area. In this method, the river section is divided into sectors and the
discharge through each sector is calculated by multiplying the average velocity in each sector by its area.
A current meter is usually used to measure the stream velocity at each selected sector. The sum of the
products of velocity for each sector area gives the total stream discharge [58].

The conventional velocity area method has some limitations in mountains stream where the irregular
cross section and the strong turbulence decrease the accuracy with which water depth and flow velocity
can be measured. In addition, flow depths and velocities during low flow conditions may be too small
for reliable measurements [59]. This method is also both expensive and difficult, especially during
floods or unsteady flow conditions, due to the instability of measuring instrument. The unsteady flow
may be caused by turbulent conditions, irregular bed stream geometry and the growth of weeds. Thus,
the current meter method requires a definitive relationship between velocity measurement and area of
the cross section, which is difficult to establish in mountain river, where the hydraulic pattern changes
seasonally (Fig. 5.7). This method is generally used because is the most friendly and quick for stream
flow measurements, except where the river is very shallow or in turbulent condition. Thus, under such
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conditions, the alternative method of salt dilution may be more suitable [60].

Salt dilution method can be effective, where current metering would not be accurate, and vice versa,
so the techniques are complementary. In this method, a tracer solution is injected into the river to be
diluted by the stream discharge. Downstream of the injection point, when vertical and lateral dispersion
throughout the flow is complete, the discharge may be calculated by the measurement of the electrical
conductivity as a function of time. Common eatable salt (sodium chloride, NaCl) is generally used for
salt dilution measurements, because it is cheap, easily available and non-toxic for the concentrations and
exposure times, typically associated with discharge measurements.

The salt dilution method is generally used for discharge measurements in mountain streams, where
swallow depths, turbulent conditions and the irregular geometry of the stream can make difficult to
establish the hydraulic profile, and even difficult to measure stream flow velocity with the traditional
current meter [61]. A limit of this methodology is the amount of tracer to be added to increase the
electrical conductivity in the stream flow, which is related to the stream background level of the
conductivity. Moreover, only a runoff less than 4m’s™! can be made easily, because the amount of salt
to be dissolved is difficult to handle (about 20 kg of salt for 4 m*s™! runoff) [62].

For this reason, stream discharge, in the study area, has been carried out performing slug injections
of a conservative tracer (NaCl) and recording electrical conductivity evolution in the monitoring station

located along the Anine River, while at the same time, conventional current meter measurements have

been taken the same gauging station to validate the experimental tests.

(a) (b)
Figure 5.7 SW_01 gauging station seasonally changes: July 2014 (a) and February 2015 (b)

5.4.4.1 Tracer dilution method

In the tracer dilution method for measuring discharge, a tracer solution is injected into the stream to
be diluted by the discharge of the stream. The basic principle of salt dilution methods is to inject a
conservative solute at some point along the stream, and to measure the tracer concentration in stream
water at a downstream point, where the tracer has become uniformly mixed with the stream water. For
a given volume or rate of injection, greater stream discharges will result in greater tracer dilution and
lower concentrations measured at the downstream site. The computation of the stream discharge is
obtained used equations based on the mass balance principle [63,64].

There are two variations on dilution gauging, depending on whether the tracer is injected into the
stream at a constant rate or as an instantaneous slug. The first method, the constant-rate- injection
method, requires that the tracer solution be injected into the stream at a constant flow rate for a period
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long enough to achieve a constant concentration of the tracer in the streamflow at the downstream
sampling cross section. The second method, the sudden- injection method, requires the instantaneous
injection of a slug of tracer solution and an accounting of the total mass of tracer at the sampling cross
section.

The most important hypothesis of the method are [65,66]:

— constant discharge (steady flow),

— no lateral inflows or outflows within the investigated reach;

— suspended load only (negligible bed load);

— minimal pools or backwater areas in general;

— complete vertical mixing and complete lateral spreading, which indeed occurs only after a certain
distance called the complete mixing length

The basic principle of salt dilution method is to add instantaneously a known quantity of a NaCl
solution into the stream and observe the variations in electrical conductivity at a point where it is fully
mixed with the flow.

According to IS0 9555-1:1994(E) requirements [67] the salt dilution method involves the injection
of a volume of a NaCl solution at a cross section in which the discharge remains constant for the duration
of the gauging. At a second cross section placed downstream the injection point, at a distance sufficient
for the injected solution to be uniformly diluted, the stream electrical conductivity is determined over a
period of time sufficiently long to ensure that the NaCl solution has passed through the second cross
section.

Electrical conductivity values (EC) must be therefore measured at very close intervals (a few
seconds) in order to build the so called “breakthrough curve” representing the conductivity path over
time. The choice of sodium chloride as a tracer comes from many factors: it is not expensive and easily
available, its effects can be rather accurately and almost continuously measured using an electrical
conductivity meter and it is nontoxic for the concentrations and residence times, usually detected, within
the range of applicability of the method [68]. The procedure aimed to obtain a discharge estimation
starts imposing the continuity of mass between the injection and the measuring section [69], according
to equation (5.1):

M=jQ-C(t)dt (5.1)

where M is the mass of tracer injected, Q the unknown flow and C#) the tracer concentration over

time; hence, the discharge can be expressed by (5.2):

MM (5.2)

0= [ca ™~ 4

where A is the area under the graph of concentration over time [63] (Fig. 5.8).

During the salt dilution measurement, the background chloride concentrations in the stream were
generally low and rises rapidly due to injection of the tracer solution, and then fell rapidly after the tracer
pumping stopped (Fig. 5.8).

Since no direct measurement of tracer concentration is provided, it is anyway proved that an almost
linear relation exists between conductivity and concentration value. The concentration can be then

calculated by the equation (5.3):
CO) = (20 - 20)-a (5.3)
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where y(?) is the conductivity value, yo(?) is the baseline conductivity and a is the coefficient in the
almost linear relation between conductivity and concentration, obtained in laboratory in standard
conditions during the calibration of the instrument.

-------------- Electrical Conductivity
20 —————— Concentration — 30

Concentration (mg/L)

(wo/sr) A1AndNpuo) (8211333

0 100 200 300 400 500

Time since start of run (s)

Figure 5.8 Typical concentration curve with sudden tracer injection [62]

Under suitable conditions, discharge measurements made by slug injection can reach up £5%
accuracy [65]. Different sources of error may occur [67] such as the incomplete dissolving of tracer; the
inaccuracy in measuring the mass of tracer injected; the uncertainty in the determination of the relation
between conductivity and concentration; the unknown potential amount of tracer lost by adsorption or
entrapped in a dead zone. The slug injection method may also become unreliable when too low velocities
are detected which means poor lateral mixing and excessive long salt wave durations.

The salt dilution method by slug injection was tested from September to October 2014, in the study
area, because of the difficulty of handling the large quantities of salt solution required by the constant
rate injection.

San Teodoro Bridge (SW_04) (Fig. 5.9) has been chosen as gauging section, allowing easy set up
and management of the current meter, but also satisfying the salt dilution method requirements.

San Teodoro Bridge gauging station is relatively straight to ensure streamlines parallel to each other
and reduce errors in velocity measurements. The bed stream relatively uniform and free of heavy aquatic
growth allows keeping the current meter perpendicular to the flow while measuring velocity, to ensure
a stable relation between stage and discharge. SW_04 gauging station is also suited for measuring stream
flow by salt dilution method. As a matter of fact, in the section there are no backwater areas and local
inflows between the injection and measurement points, where the salt can be delayed and separated from
the main flow. The bridge makes easy the slug injection of the tracer solution and allows rapid
dissolution and complete mixing into the flow.

At SW_04 gauging station the Aniene River surface width ranges from 4.5 to 5 meters and its depth
from 0.2 to 1 meter, according to the limits imposed by the type of current meter used [60]. SW_04
gauging station is an ideal injection site, because it has the basic characteristics for accurate streamflow
measurements by salt dilution method. In fact, the turbulent condition allows completely dissolution and
fully mixing with the flow at the point, where electrical conductivity is measured. SW_04 has been used
to dump the salt, directly into the injection point: the turbulence created below the bridge allows the
dissolution of the salt and the mixing into the stream [60].
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~ ’ R .
Figure 5.9 San Teodoro Bridge gauging section (SW_04)

It has been used a saturated NaCl-solution made by dissolving about 2 kg of salt in 10 litres of stream
water, depending on the temperature and the background conductivity of the stream. A PC650 probe
(Eutech Instruments) was used to register the electrical conductivity measured data. The instrument is
auto-ranging between 0 and 500 mS/cm, with an accuracy of = 0.05%. The dissolution of NaCl in water
is proportional to water temperature and inversely proportional to the existing concentration of salt.
After injection, the salt mixes into the stream by longitudinal dispersion, a process in which the salt
dissolved in the plume moves where its concentration gradient decreases until it becomes constant [65].

5.4.4.2  Current meter method

Streamflow discharge is defined as the volume of water flowing across a fixed point in one unit of time.
The current meter method involves measuring the area and the velocities of a stream at a cross section
which is perpendicular to the main flow of the river. Usually, river discharge (Q) is calculated as the
product of the cross section area (4) of flow by the average stream flow velocity (v) in that cross section
(5.4):

O=v-4 54

The current U.S. Geological Survey (USGS) procedure for rivers discharge is to measure stage and
then to calculate discharge from an empirically generated stage discharge relation (rating curve) [58,59].
In natural river systems, a common approach is to build the stage—discharge relationship with the help
of several sectors only valid for a given range of stages. For this reason, flow measurements have been
collected at a number of equally spaced verticals (&), inside the river cross section, at multiple depths
at each monitored vertical. The rating-curve will be regarded as a relation fitted to N points (%;, Q)),
i=1,2,...,N, the measured stage h; and corresponding measured discharge Q; recorded on N steps.

Thus, the river cross section is divided into a number vertical sub-sections (#), in each one the area
is obtained by measuring the width (/;) and depth (%) of the sub-section and the stream flow velocity is
determined using a current meter. The total discharge is then computed by summing the discharge of
each sub-section (5.5) [70]:

Qili 'hi ‘71 (5.5)
i=l
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The discharge measurements were carried out along the Aniene River by the application of traditional
current meter [70,71].

A current meter is an instrument that measures the velocity of flowing water. Traditional mechanical
current meters are based on the principle that the velocity of water is proportional to the angular velocity
of the meter's rotating propeller. A relationship exists therefore between stream velocity and the number
of spins during a certain lapse of time.

The main equipment needed to measure the stream flow velocity is a SEBA horizontal axis current
meter F1 (Fig. 5.10a), having a propeller diameter of 80 mm which, combined with SEBA Z6 pulse
counter (Fig. 5.10b), allows to measure velocity between 0,025 m/s and 10 m/s.

(a) (b)
Figure 5.10 Universal Wing SEBA F1 (a) and counting device SEBA Z6 (b)

The SEBA current meter has been used as rod equipment with tail plane for best positioning to the
flow direction. For each measurement point, flow velocity is determined counting the number of spins
of the meter rotor during a fixed interval of time. Thus, in order to assess any fluctuations due to the
turbulence condition and, also, to avoid accidental measurement errors, velocity has been measured for
at least 60 seconds, according to EN ISO 748:2007 requirements [71].

The operating principle is based on the proportionality between the flow velocity and the resulting
angular velocity of the rotor. For each measurement point, flow velocity is determined counting the
number of spins of the meter rotor during a fixed interval of time. The current meter responds instantly
to any changes in water velocity but in unsteady flow conditions is difficult obtain accurate
measurements due to the difficult of keeping the current meter attached to the measuring line. Thus, in
order to assess any fluctuations due to the turbulence condition and, also, to avoid accidental
measurement errors, velocity has been measured for at least 60 seconds, according to EN ISO 748:2007
requirements.

This current meter method gives the local water velocity in each vertical following the application
of a calibration equation between stream velocity (cm/sec) and the number of spins (sec™!) according to
equations (5.6) and (5.7).

v=0.82+33.32-n n'="t 51 (5.6)
60

v=2.8+3134-n n="1 <1 (5.7)
60
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CHAPTER O

QUALITATIVE AND QUANTITATIVE ASSESSMENT OF WATER
RESOURCES IN THE STUDY AREA

6.1 Groundwater and surface water quality assessment

6.1.1  Physico-chemical parameters
The following physico-chemical parameters of groundwater and surface water were measured on field:

— Water temperature (T): temperature is an important water quality parameter, as it affects the
degradation rate of the biodegradable pollutants. Temperature also influences the rate of dissolved
oxygen in water and the treatment efficiency of both water and wastewater. Sharp increases or
decreases of temperature cause high adverse impacts on the ecological system. Temperature plays
a very important role in wetland dynamism affecting the various parameters such as alkalinity,
salinity, dissolved oxygen, electrical conductivity, etc. In an aquatic system, these parameters affect
the chemical and biological reactions such as solubility of oxygen, carbon-di-oxide-carbonate-
bicarbonate equilibrium, increase in metabolic rate and physiological reactions of organisms, etc.

— Electrical conductivity (EC): electrical conductivity is the numerical expression of the water’s
ability to conduct electricity. Electrolytes in water solutions disassociate into positive (cations) and
negative (anions) ions and give them electrical conductivity. In general, the higher the
concentration of dissolved salts in the water, the easier it is for electricity to pass through water.
Conductivity is reported in micromhos (umhos) or microSiemens (uS) per centimeter (cm) and
depends on the total concentration, mobility, valence and the temperature of the solution of ions.
The concentration of total dissolved solids (TDS) is related to electrical conductivity: the
conductivity increases as the TDS concentration increases. Because they are temperature
dependant, electrical conductivity measurements are usually corrected and reported as if they were
taken at 25°C.

— pH: it is one of the most important parameter in water chemistry and is defined as -log [H], and
measured as intensity of acidity or alkalinity on a log-scale ranging from 0-14. If free H" are more,
water it is considered acidic (pH<7), while if more are OH" ions, water is defined as alkaline
(pH>7). In natural waters, pH 1is governed by the equilibrium between carbon
dioxide/bicarbonate/carbonate ions and ranges between 4.5 and 8.5, although mostly basic. pH
tends to increase during day, mostly due to the photosynthetic activity (consumption of carbon-di-
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oxide) and decreases during night due to respiratory activity. Wastewater and polluted natural
waters have pH values lower or higher than 7 based on the nature of the pollutant.

— Dissolved oxygen (DO): dissolved oxygen is an indicator of the physical, chemical and biological
activities of water bodies. The two main sources of dissolved oxygen are diffusion of oxygen from
the air and photosynthetic activity. Diffusion of oxygen from the air into water depends on the
solubility of oxygen, and is influenced by many other factors like water movement, temperature,
salinity, etc. Photosynthesis, a biological phenomenon carried out by the autotrophs, depends on
the plankton population, light condition, gases, etc.. Oxygen is considered as the main influencing
factor in water bodies with organic materials. In the progress of summer, dissolved oxygen
decreases due to temperature increase and due to microbial activity increasing [72]. The high DO
in summer is due to increase in temperature and duration of bright sunlight has influence on the %
of soluble gases (O? & CO?). During summer, the day length and intense sunlight seem to accelerate
photosynthesis by phytoplankton, utilizing CO, and giving off oxygen. Dissolved Oxygen is a
particularly useful parameter and indicator of water quality. Its presence in surface water plays a
key role in the self-purification and maintenance of aquatic life. However, its presence in urban
water is seen as troublesome due to the possibility of corrosion of metal distributors [73].

Tables 6.1 and 6.2 contain the results of physical-chemical parameters of groundwater samples.

The average water temperature distribution during the 7 sampling campaigns (July 2014 — November
2106) is consistent with the expected seasonal variations for temperate regions (Figs. 6.1 and 6.2). The
deviations were calculated by considering all of the seven results, obtained for each sampling point (if
available). Surface water temperature among the study area range from 5.8°C — 11.3°C. Pertuso Spring
shows the lower value of temperature (7.8°C) for groundwater and the little variation in comparison to
other monitoring points.

Table 6.1 Physico-chemical parameters of groundwater samples

1D Date T (°C) EC (uS/cm) pH  D.O. (mg/)
July 2014 8.0 321.6 7.4 11.7
November 2014 8.0 300.0 7.2 10.6
January 2015 9.5 410.0 6.9 10.3
GW_01 May 2015 8.5 300.0 10.8 10.8
December 2015 8.0 350.0 7.3 10.7
May 2016 7.8 209.6 7.7 11.6
November 2016 8.0 289.0 8.0 11.1
July 2014 14.6 395.5 7.6 7.9
November 2014 9.9 350.0 7.3 10.0
January 2015 8.3 320.0 6.8 10.3
GW_02 May 2015 12.4 360.0 7.2 9.3
December 2015 10.7 380.0 7.0 9.9
May 2016 15.6 339.5 7.6 9.8
November 2016 9.8 364.0 7.9 7.6
July 2014 13.9 456.0 7.1 8.0
November 2014 10.1 430.0 7.3 9.4
January 2015 10.0 400.0 6.3 9.9
GW_03 May 2015 12.6 370.0 8.9 7.6
December 2015 10.8 480.0 6.7 9.4
May 2016 15.6 388.4 7.2 9.3
November 2016 11.8 441.0 7.6 9.7
GW 04 November 2014 11.0 430.0 7.2 9.3
July 2014 14.2 448.4 7.3 8.1
GW05 November 2014 12.2 290.0 7.4 8.4
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Table 6.2 Physico-chemical parameters of surface water samples

Average temperature values (°C)

1)) Date T (°C) EC (uS/cm) pH D.O. (mg/l)
July 2014 11.3 422.5 8.3 9.7
November 2014 7.7 360.0 8.3 10.7
January 2015 5.8 340.0 7.3 11.3
SW_01 May 2015 10.7 390.0 9.6 9.8
December 2015 6.1 410.0 7.4 11.4
May 2016 9.3 295.3 8.2 11.2
November 2016 59 378.0 8.3 11.0
July 2014 9.9 351.6 7.8 11.0
November 2014 7.3 320.0 7.6 10.6
January 2015 7.2 270.0 6.9 10.9
SW_02 May 2015 8.9 280.0 8.1 10.4
December 2015 6.7 320.0 7.4 10.9
May 2016 8.7 245.7 8.1 11.4
November 2016 8.7 311.0 8.0 10.8
July 2014 9.3 350.4 7.9 10.9
November 2014 8.3 300.0 7.9 10.4
January 2015 7.2 380.0 7.2 11.3
SW_03 May 2015 12.3 260.0 11.0 9.4
December 2015 7.2 340.0 7.1 11.0
May 2016 9.4 248.4 8.0 11.3
November 2016 8.3 313.0 8.1 10.2
July 2014 10.0 341.4 8.0 10.6
November 2014 8.2 310.0 7.8 11.1
January 2015 6.7 580.0 7.4 11.5
SW_04 May 2015 10.0 280.0 10.1 10.2
December 2015 7.1 340.0 7.6 11.2
May 2016 10.0 253.3 8.2 11.3
November 2016 8.4 313.0 8.3 10.4
I I
* 1
X J 5
1 |
GW_01 GW_02 GW_03 GW_o04 GW_05

Figure 6.1 Average water temperature for groundwater samples
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Figure 6.2 Average water temperature for surface water samples

The pH is almost similar in both the groundwater (Fig. 6.3) and surface water (Fig. 6.4).
pH of all water samples collected show a large range of variation, from 6.3 to 11.0 indicating slightly
acidic to slightly alkaline nature.
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Figure 6.3 Average pH for groundwater samples
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The pH values in water samples were generally alkaline during the dry season in every sampling
point and generally slightly acidic during rainy. This can come out as a result of precipitation
contribution to water budget in this aquifer. The regular pH values shows the absence of sensitive
sources of acidic or alkaline compounds in the evaluated area, or immediately upstream thereof.
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Figure 6.4 Average pH for surface water samples

The electrical conductivity in groundwater was found variable, from 210 to 480 uS/cm (Fig. 6.5)
while in stream water range from 246 to 580 puS/cm (Fig. 6.6). There is a sharp increase in conductivity
observed in January 2015 in SW_04, the farthermost gauging station from the Pertuso Spring. Higher
values obtained in electrical conductivity in the dry season compared with rainy season may be due to
concentration increasing of electrolytes and other elements in the surface water as a result of rainfall
decrease contribution (Fig. 6.6). Moreover, significant differences between the conductivity of surface
and deep samples were not identified.

The average levels of dissolved oxygen during the sampling campaigns and at different monitoring
points are presented in Figures 6.7 and 6.8. The solubility of oxygen or its ability to dissolve in water
increases as the water temperature and salinity decreases [74]. Higher dissolved oxygen (DO)
concentrations were found in stream water of the Aniene River (Fig. 6.8). These values of DO increased
sharply from October to November and became gradually lower until May. This trend can explained by
the large rainfall contribution to the waterbody in the aquifer recharge period and, on the contrary by
tiered lowering of it during the period of not recharge. [75].

The lowest values of dissolved oxygen were found downstream the Pertuso Spring (SW_02), where
it is found the large variation in comparison to other monitoring points (Fig. 6.8). Pertuso Spring
groundwater, near to upstream, have relatively high dissolved oxygen levels, due to stream flow
influence (Fig. 6.7).
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6.1.2  Groundwater and surface water chemistry
Major ions concentrations of the analysed groundwater and surface water samples are presented in
Tables 6.3 and 6.4.

Table 6.3 Major ions concentrations of groundwater samples

D Date Ca?* Mg*  Na*+K* Cr SO  HCOy
(mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l)
July 2014 48.9 9.8 2.4 3.5 2.4 210
November 2014 51.0 8.3 22 3.5 2.4 216
January 2015 53.3 9.9 2.5 3.7 2.5 206
GW_o01 May 2015 49.0 9.3 2.2 3.4 2.3 224
December 2015 51.6 10.4 2.3 33 2.4 238
May 2016 53.2 9.5 2.5 32 2.4 237
November 2016 522 9.8 23 3.2 2.6 224
July 2014 58.5 14 32 4.3 3.0 372
November 2014 59.3 13.7 4.0 55 2.9 267
January 2015 63.4 14.6 4.8 5.9 32 305
GW_02 May 2015 59.1 13.9 32 4.4 2.8 270
December 2015 62.2 15.2 3.4 4.5 2.8 298
May 2016 63.7 14.7 35 4.8 2.8 301
November 2016 62.3 14.1 3.8 42 3.1 277
July 2014 90.3 1.9 2.8 3.1 2.7 336
November 2014 93.9 2.4 3.0 3.9 2.0 321
January 2015 97.3 23 3.5 4.2 2.1 331
GW_03 May 2015 88.4 1.6 35 4.4 2.2 301
December 2015 102.0 1.9 3.2 4.0 2.2 346
May 2016 94.9 4.9 2.7 43 2.2 338
November 2016 97.3 2.0 5.9 8.24 2.3 328
July 2014 - - - - - -
November 2014 94.8 1.4 3.8 3.4 2.1 322
January 2015 - - - - - -
GW_04 May 2015 - - - - - -
December 2015 - - - - - -
May 2016 - - - - - -
November 2016 - - - - - -
July 2014 81.2 35 3.8 35 5.4 322
November 2014 61.8 2.5 3.1 2.6 3.2 210
January 2015 - - - - - -
GW _05 May 2015 - - - - - -
December 2015 - - - - - -
May 2016 - - - - - -
November 2016 - - - - - -
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Table 6.4 Major ions concentrations of surface water samples

D Date Ca? Mg?** Na*+K* Cr SO4* HCOs
(mg)  (mg/M)  (mgl)  (mgl)  (mgl)  (mgl

July 2014 534 23.6 2.7 4.2 2.9 282

November 2014 54.0 23.6 2.8 4.3 3.0 283

January 2015 57.8 25.2 3.1 4.5 32 303

SW_01 May 2015 53.9 24.6 2.8 4.1 2.9 288

December 2015 56.0 25.2 2.8 3.8 3.0 298

May 2016 56.6 25.2 2.8 4.1 3.0 299

November 2016 57.2 23.8 2.8 3.9 3.0 294

July 2014 51.3 12.8 2.3 3.7 2.5 221

November 2014 52.4 12.0 2.6 3.7 2.6 220

January 2015 55.6 13.0 2.9 4.2 2.7 234

SW_02 May 2015 51.4 12.2 2.3 3.5 2.5 218

December 2015 52.9 14.7 2.7 3.3 2.6 235

May 2016 54.6 12.5 2.5 3.7 2.5 229

November 2016 54.4 13.5 2.5 34 2.6 233

July 2014 51.2 12.8 2.3 3.7 2.5 221

November 2014 52.5 11.8 2.7 3.8 2.6 220

January 2015 56.0 12.8 3.1 3.9 2.8 235

SW_03 May 2015 51.3 12.1 2.4 3.5 2.5 217

December 2015 53.5 14.5 3.1 3.4 2.6 235

May 2016 55.4 12.8 2.6 3.6 2.5 233

November 2016 54.8 134 2.5 3.4 2.6 234

July 2014 51.4 12.8 2.3 3.6 2.5 221

November 2014 53.1 11.8 2.4 43 2.6 221

January 2015 56.3 12.8 2.6 3.8 2.7 235

SW_04 May 2015 51.2 12.1 2.5 3.6 2.5 217

December 2015 53.3 14.4 3.2 3.4 2.6 234

May 2016 55.1 12.3 2.4 3.6 2.5 229

November 2016 55.2 134 2.5 3.4 2.7 235

Ca, Mg and HCOs represent over 90% of the dissolved solids in groundwater and surface water (Figs.
6.9 and 6.10). Calcium is the most abundant cation in every water sample; it varies from 48.9 to 102
mg/l with an average of 70.4 mg/l in groundwater and ranges from 51.2 to 57.6 with an average of 54
mg/l in surface water. Magnesium varies in concentration ranging from 1.3 to 15.2 mg/l, with average
of 8 mg/l in groundwater, and from 11.8 to 25.2 mg/l with an average of 15.8 mg/l in surface water
(Figs. 6.11 and 6.12). The sources of these ions in the groundwater and surface water are from the
dissolution of carbonate minerals forming limestone, which is the most dominant formations in the study
area. Aniene River samples show TDS average value lower than groundwater highlighting different
weathering processes. The highest calcium (58 mg/l) and magnesium (25 mg/l) was observed in water
samples from SW_01, upstream the Pertuso Spring. The highest calcium (102 mg/l) was observed in
groundwater samples from GW_03, while the maximum magnesium concentration (15 mg/l) were
observed in water samples from GW_02.
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Figure 6.12 Box plot of magnesium distribution for water samples

As a natural consequence of lithological assessment, sodium and potassium concentrations are
generally lower in groundwater and surface water, with an average of 2.4 and 0.8 mg/I for groundwater
and an average of 2.2 and 0.5 mg/I for surface water, respectively.
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Bicarbonate is the dominant anion, found in all water samples, varying from 206 to 372 mg/l in
groundwater and from 217 mg/l to 303 mg/1 in surface water.

Weathering of carbonate and/or alumino-silicate rocks, with a secondary contribution from
dissolution of CO, gases are the primary source of HCOjzin groundwater and surface water. The
unsaturated zone in the shallow subsurface environment, contains high CO, pressure (produced as result
of anoxic biodegradation of organic matter and root respiration), which in turn combines with rainwater
to form bicarbonate. The higher concentration of HCO3 in comparison with other anions indicates
weathering of primary silicate minerals, dominated by alkaline earths [76]. Chloride and sulphate ions
show an average of 4.1 and 2.7 mg/] for groundwater and an average of 3.8 and 2.7 mg/l for surface
water, respectively. Nitrate ion ranges from 0.2 to 15.7 mg/l with an average of 1.9 mg/l in groundwater
and from 0.8 to 5.7 mg/l with an average of 1.2 mg/l in surface water. Concentrations of NOs are the
result of different pollution processes involving municipal wastewaters, fertilizers and the application
of agricultural pesticides, among others.

The highest NOs concentration levels were found in areas where large amounts of N fertilizers
(commonly urea, nitrate or ammonium compounds) are used due to intensive agricultural practices
(GW_05) [77].

The abundance of the major cations and anions in groundwater follows this order:

Ca>Mg>Na>K

and

HCO;>Cl >SO4>NO3

respectively.

6.1.3  Hydrochemical classification and facies

The classification of groundwater was studied by plotting the concentrations of major cations and anions
in the Piper trilinear diagram [78] to identify hydrogeochemical processes controlling groundwater
chemistry (Figs. 6.13 and 6.14).

Major ion concentrations, given in meq/l, for each groundwater (24) and Aniene River surface water
(28) samples are reported as percentages of the total anion and cation content. The occurrence of these
water types in the aquifers may be due to the interactions of groundwater with rocks, having different
mineralogical compositions along the flow paths.

The diamond diagram shows that nearly all groundwater samples seem to be of alkali type as soil
member are more present than the alkali elements (Cat+Mg > Na+K). Weak acidic roots are bigger than
the strong acidic roots (HCO; > CI+S0Qs). The plot clearly represents that some groundwater samples
are closer to the Ca vertex, as Ca enrichment comes from the interaction with carbonate rocks making
most part of the aquifer. As is to be expected in waters that circulate in karst aquifer, the Ca-HCO; water
type is the main hydrochemical facies of groundwater samples. According to Piper diagram, the
distribution of hydrochemical facies of waters that occur in the study area can be classified into three
groups:(a) Facies Ca-HCOj3; (b) Facies Ca-Mg-HCO3 with Mg/Ca = 0.5; (¢) Facies Ca-Mg-HCO3 with
Mg/Ca = 0.25. The dominance of Ca-Mg-HCOs; and Ca-HCO; type water suggest water-rock
interactions involving the dissolution of carbonate minerals by the recharging groundwater. The Ca-Mg-
HCO; facies is dominant in the Aniene River samples as a result of limestone and dolomite rocks
dissolution, which are abundant within the Triassic and Cretaceous formations which underlie much of
the basin. Ca-Mg-HCOs; water type with higher magnesium concentration predominates in SW_01
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reflecting the weathering of Mg-rich Triassic dolomites in Filettino area, where dolomite rocks are more
present, compared to the limestone (Fig. 6.14). Groundwater coming from GW_03, GW_04 and GW_05
belong to Ca-HCO; water type reflecting the main rock types, outcropping in that part of the study area,
where limestone and dolomitic limestone are the most dominant formations. On the contrary,
groundwater coming from Pertuso Spring and GW_02 show a tendency to the group of Ca-Mg-HCO;

water type with lower magnesium concentration, highlighting groundwater - surface water interactions
(Fig. 6.13).

*GW_01
0GW_02
BGW_03
X GW_04

eGW_05

100 80 60 40 20 0 0 20 40 60 80 100

Calcium(Ca) Chloride(Cl)

Figure 6.13 Piper ternary diagram for hydrochemical facies evolution and water classification for groundwater
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Figure 6.14 Piper ternary diagram for hydrochemical facies evolution and water classification for surface water
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6.1.4  Water-rock interaction

Ca and Mg are the dominant cations and HCOj is the most present anion in study area. The abundance
of Ca and Mg in groundwater and surface water could be related to the presence of carbonate rock in
the basin, while weathering of carbonate and silicates may contribute Ca and Mg in the water. In
particular, calcium and magnesium ions presence in groundwater is particularly derived from leaching
of limestone, dolomites, gypsum and anhydrites, whereas the Ca ions is also derived from cation
exchange process [79]. The concentration of Mg ion in this groundwater samples is relatively high when
compared to calcium ion concentration and the magnesium concentration is mostly due to weathering
of magnesium minerals and leaching of dolomites.

The interaction with carbonate rocks can be explained by means of the absorbed carbon dioxide
coming from the soil, during recharge, which reacts with the carbonate rocks of the aquifer, dissolving
calcite and dolomite minerals according to the following main reactions (eqs. 6.1 and 6.2):

CaCO, +CO, + H,0 = Ca’ + HCO; (6.1)

CaMg(CO,), +2CO, + H,0 =Ca’* + Mg** +4HCO, (6.2)

The results from the water analysis were used as a tool to identify the process affecting the chemistry
of groundwater from the study area. Gibbs [80] suggested TDS versus Na/Na+Ca for cations and TDS
versus Cl/(CI+HCO) for anions to illustrate the natural process controlling groundwater chemistry,
including the rainfall dominance, rock weathering dominance, and evaporation and participation
dominance [81].

All water samples from both groundwater and surface water fall in rock dominance field of the Gibbs
diagram (Fig. 6.15) suggesting the interaction between rock chemistry and the chemistry of the
percolation waters under the subsurface.
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Figure 6.15 Gibbs’s diagram representing the ratio of Na/(Na+Ca) as a function of TDS
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Weathering of carbonate, silicate and sulphide minerals and dissolution of evaporites are the major
lithogenic source of the dissolved ions in the water. The plot of (Ca+Mg) versus (HCOs+SO4) will be
close to 1:1 line if the dissolution of calcite, dolomite and gypsum are the dominant reactions in a system
[82,83,84]. When ion exchange takes place the points shift right due to excess (Ca+tMg) over
(SO4+HCO:s). If reverse ion exchange is the process, it will shift the points to the left due to a large
excess of (CatMg) over (SO4+HCO3).

The plot for (Ca+Mg) versus (HCO3+SO4) is a major indicator to identify ion exchange process
activated in the study area. If ion exchange is the process, the points shift to right side of the plot due to
excess (SO4+HCO:;3). If reverse ions exchange is the process, points shift left due to excess (Ca+Mg).
The plotted points of the majority of the surface water on Figure 6.16 are falling along the equiline
suggesting that these ions come from weathering of carbonates. However, groundwater samples are
clustered below the 1:1 line, indicating that the weathering of silicate is the dominant process for supply

of the calcium ions to the groundwater.
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Figure 6.16 Scatter plot of (Ca+Mg) vs. (HCO3+SO4)

The excess of (HCO3+S0s) over (Ca+Mg) in groundwater samples (GW_02, GW_03, GW_04 and
GW _05) suggests significant contribution from non-carbonate source and demanding the required
portion of the (HCO3;+SOs) to be balanced by the alkalies (Na+K). In addition to the weathering of
silicate, the carbonate weathering process is also a Ca ions increasing factor in these groundwater. The
plot (Cat+Mg) versus HCO; (Fig. 6.17) shows that data cluster around 1:1 equiline. Evaluation of the
slopes of Ca and Mg with HCOs3 gives valuable information about the stoichiometry of the process.

The dissolution of carbonate minerals is the major source of Ca and Mg in groundwater, whereas
HCO:s is produced by weathering of silicate and carbonate minerals [85]. The most common weathering
reaction in the case of carbonate is simple dissolution, giving a 1:2 ratio of Ca:HCO; or a
(Ca+Mg):HCO; equivalence ratio of 1:1. The plot of (Ca+Mg) versus HCOj3; shows a lack of (Ca+Mg)
referred to HCO; in most of groundwater samples and suggests that excess negative charge of
bicarbonate alkalinity should be balanced by the alkali ions (Na+K), provided by silicate weathering.
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Figure 6.17 Scatter plot of (Ca + Mg) vs. HCO3

The compositional changes in Mg and Ca concentrations mainly depend on the residence times of
water in karstic systems and they are controlled by the distance from the recharge area and the
dissolution and/or precipitation reaction of calcite and dolomite [24,86,87]. For this reason the Mg/Ca
ratio is commonly used in carbonate aquifers as an indicator of the residence time of circulating
groundwater [88,89].

The analysis of the ionic ratio Mg/Ca (Fig. 6.18) show that water rock interaction mechanisms and
dissolution of carbonate and silicate minerals have influenced the groundwater chemistry in the study
area. Groundwater from GW_03, GW_04 and GW_05 show the lowest Mg/Ca ratios (~0.02). Pertuso
Spring (GW_01), GW_02, SW_02, SW 03, SW_04 show Mg/Ca ratio < 0.5, while the gouging station
upstream the study area (SW_01) shows higher Mg/Ca ratios (up to 0.5) (Tabs. 6.5 and 6.6).

Nevertheless, the increase in magnesium concentrations, and hence Mg/Ca ratio not only depends on
the dissolution/precipitation reaction of calcite and dolomite, but also on an increase in water
temperature which makes faster the kinetics of the dissolution of dolomite [90,91].

The highest Mg/Ca ratios (~0.7) were found in SW_01 gauging station, located upstream the Pertuso
Spring, highlighting long residence time and enhanced weathering along the groundwater flow paths.
These waters are saturated with respect to calcite and dolomite; however, they are much more saturated
with respect to dolomite than calcite. The high Mg/Ca ratio may be due to the weathering of Mg-rich
dolomite, where dolomitic limestone and dolomite are the most dominant formations in this area.
Gypsum and halite may participate in water-rock interactions, probably as natural salts, which are more
soluble than calcite and dolomite and will further affect the amount and type of dissolved solids in

groundwater.
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Figure 6.18 Mg/Ca vs. HCO3

Figures from 6.19 to 6.22 show the stratigraphic reports referred to the groundwater monitoring
points GW_02, GW_03, GW_04 and GW_05, respectively. As it can be seen from mentioned figures,
the wells are mainly drilled in carbonate rocks. As a consequence of it groundwater flowing through an
aquifer composed dominantly of carbonate rocks and the weathered products coming from them are
characterized by elevated concentration on these elements.

These reports don’t seem to correspond to what comes out from hydrochemical characterization of
samples, taken at GW_02 and GW_03 wells, which are close, one to the other less than 100 meters. As
a matter of fact, water level values and the short distance let suppose that these groundwater samples
belong the same aquifer, but chemical data clearly deny this hypothesis. The significant difference in
Mg and Ca concentrations between GW_02 and the rest of wells downstream highlights the presence of
an aquifer boundary in the small area between GW_02 and GW_03 (Figs. 6.19 and 6.20).
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Figure 6.19 Stratigraphic units of G
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TERRENO VEGETALE di colore marrone chiaro a granulometria ghiaio-
s0 sabbiosa.

DETRITO CALCAREO di colore nocciola chiaro, da molto addensata a
cementata in livelli decimetrici.

SABBIA di colore nerastro, a granulometria grossolana.

CALCARE BRECCIATO in matrice limo sabbiosa di colore avana gial-
lastro. Composta da clasti di calciruditi e calcilutiti di colore nocciola e gri-
gio, morfologicamente non evoluti, eterometrici, da centimetrici a pluri-
centimetrici. Classe RMR stimata: V.

CALCARE BRECCIATO c.s. a tratti cementato, con matrice sabbioso li-
mosa in quantita variabile. Di colore prevalentemente biancastro.
Classe RMR stimata: V.

CALCARE BRECCIATO di colore dal nocciola al grigio (calcilutite,
calcarenite sino a calcirudite), da molto fratturato a frantumato e carsifi-
cato. Classe RMR stimata: V.

FINE SONDAGGIO

Figure 6.20 Stratigraphic units of GW_03
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Figure 6.21 Stratigraphic units of GW_04
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carboniosi sparsi. Inclusi rari clasti calcarei da millimetrici a plurimillimetrici.

LIMO SABBIOSO GHIAIOSO di colore marrone. La frazione sabbiosa e ghiaiosa & costi-
tuita da detrito calcareo, poco evoluto morfologicamente.

| BRECCIA CALCAREA costituita da clasti calcarei eterometrici, poco evoluti, in matrice li-
mo sabbiosa di colore marrone chiaro. Da 10.00m a 11.90m sono presenti tratti plurideci-
metrici fortemente cementati.

1500 FINE SONDAGGIO

Figure 6.22 Stratigraphic units of GW_05
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6.1.5  Saturation indices

The equilibrium state of the water with respect to a mineral phase can be determined by calculating
a saturation index using analytical data [92]. By using the saturation index approach, it is possible to
predict the reactive mineralogy of the subsurface from groundwater data, without collecting the samples
of the solid phase and analysing mineralogy.

Table 6.5 Mg/Ca ratio, saturation index of calcite, aragonite, dolomite and gypsum for groundwater samples

D Date ?fnge/;;; Sleatcite  Slaragonite  Slaotomite  STgypsum
July 2014 0.33 0.33 0.17 0.01 -3.33
November 2014 0.27 -0.63 -0.79 -1.98 -3.30
January 2015 0.31 0.37 0.22 0.08 -3.30
GW_o01 May 2015 0.31 -0.63 -0.79 -1.92 -3.32
December 2015 0.33 -0.59 -0.75 -1.81 -3.31
May 2016 0.29 0.40 0.24 0.09 -3.30
November 2016 0.31 0.38 0.23 0.09 -3.30
July 2014 0.39 -0.28 -0.43 -0.98 -3.14
November 2014 0.38 -0.48 -0.63 -1.51 -3.28
January 2015 0.38 0.57 0.42 0.58 -3.09
GW_02 May 2015 0.39 -0.43 -0.58 -1.35 -3.29
December 2015 0.40 -0.40 -0.56 -1.30 -3.28
May 2016 0.38 0.67 0.52 0.90 -3.29
November 2016 0.37 -0.44 -0.60 -1.43 -3.09
July 2014 0.03 -0.15 -0.30 -2.08 -3.14
November 2014 0.04 -0.20 -0.35 -1.95 -3.42
January 2015 0.04 -0.17 -0.33 -1.91 -3.11
GW_03 May 2015 0.03 -0.22 -0.37 -2.22 -3.14
December 2015 0.03 -0.13 -0.29 -2.16 -3.09
May 2016 0.09 -0.10 -0.25 -1.37 -3.14
November 2016 0.03 -0.16 -0.32 -1.87 -3.11
July 2014 - - - - -
November 2014 0.02 -0.18 -0.33 -2.19 -3.12
January 2015 - - - - -
GW_04 May 2015 - - - - -
December 2015 - - - - -
May 2016 - - - - -
November 2016 - - - - -
July 2014 0.07 -0.20 -0.35 -1.63 -2.78
November 2014 0.07 -0.50 -0.66 -2.33 -3.06
January 2015 - - - - -
GW_05 May 2015 - - - - -
December 2015 - - - - -
May 2016 - - - - -
November 2016 - - - - -
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Table 6.6 Mg/Ca ratio, saturation index of calcite, aragonite, dolomite and gypsum for surface water samples

D Date ?ange/;;; Sleacite  Slaragonite  Slaotomite ~ STeypsum
July 2014 0.73 0.51 0.36 0.80 -3.35
November 2014 0.72 0.46 0.30 0.61 -3.16
January 2015 0.72 0.47 0.31 0.61 -3.14
SW 01 May 2015 0.75 0.50 0.35 0.78 -3.35
B December 2015 0.74 0.47 0.32 0.64 -3.15
May 2016 0.73 0.52 0.37 0.80 -3.33
November 2016 0.69 0.46 0.30 0.55 -3.13
July 2014 0.41 0.38 0.22 0.23 -3.32
November 2014 0.38 0.35 0.20 0.13 -3.31
January 2015 0.39 0.40 0.24 0.24 -3.29
SW 02 May 2015 0.39 0.36 0.20 0.18 -3.32
B December 2015 0.46 0.36 0.21 0.20 -3.31
May 2016 0.38 0.40 0.25 0.23 -3.30
November 2016 0.41 0.41 0.25 0.28 -3.30
July 2014 0.41 0.38 0.22 0.23 -3.32
November 2014 0.37 0.37 0.21 0.15 -3.31
January 2015 0.38 0.41 0.25 0.22 -3.28
SW_03 May 2015 0.39 0.42 0.27 0.37 -3.33
December 2015 0.45 0.39 0.23 0.26 -3.31
May 2016 0.38 0.43 0.28 0.31 -3.30
November 2016 0.40 0.41 0.25 0.28 -3.30
July 2014 0.41 0.40 0.24 0.28 -3.32
November 2014 0.37 0.38 0.22 0.16 -3.30
January 2015 0.37 0.40 0.24 0.17 -3.28
SW_04 May 2015 0.39 0.39 0.23 0.27 -3.32
December 2015 0.45 0.39 0.23 0.26 -3.31
May 2016 0.37 0.43 0.27 0.29 -3.30
November 2016 0.40 0.42 0.26 0.29 -3.30

Saturation index (S/) of a given mineral is defined as the logarithm of the ratio of ion activity product
(I4P) to the mineral equilibrium constant at a given temperature (Ksp) and express as (6.3) [93]:

SI =log,,(IAP/ Ksp)

(6.3)

The saturation index represents the degree of chemical equilibrium between water and minerals and

the trend to water-rock interaction. If undersaturated (SI<0), the solid phase could be dissolved by the

groundwater and, thus, could be a potential source of constituents. Similarly, if oversaturated (SI>0),

that phase feasibly could precipitate. The positive and negative values of the saturation index represent

the thermodynamic potential for precipitation and dissolution, respectively. Positive values of SI

indicate that the water is oversaturated with respect to the particular mineral phase and therefore

incapable of dissolving more of the mineral and under suitable physico-chemical condition, the mineral
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phase in equilibrium may precipitate. A negative index indicates undersaturation condition and
dissolution of mineral phase, while neutral SI is in equilibrium state with the mineral phase. Saturation
indices for calcite, aragonite, dolomite, and gypsum of groundwater and surface water samples were
calculated using PHREEQC program version 3.0 [94] to study mixing of groundwater and surface water
to understand spatial and temporal patterns of mixing during base flow conditions (Tabs. 6.5 and 6.6).
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Figure 6.23 Saturation index of calcite minerals and its relation to HCO3 in groundwater and surface water
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Figure 6.24 Saturation index of aragonite minerals and its relation to HCOj3 in groundwater and surface water

80



Chapter 6

The results of geochemical modeling suggest that all surface water samples are saturated with respect
to calcite, aragonite and dolomite, which implies a great dissolution and strong mineralization along
groundwater flow paths. The high dissolution rate for carbonate rocks allows for waters close to
saturation with respect to calcite and dolomite to remain undersaturated, resulting in continued
dissolution along flow paths. All surface water samples are at or close to saturation with respect to
calcite, aragonite and dolomite (Figs. 6.23, 6.24 and 6.25) and undersaturated with respect to gypsum
(Fig. 6.26). More than half of groundwater samples are undersaturated with respect to all mineral phases
(Figs. 6.23, 6.24, 6.25 and 6.26).

3
*GW_01 ¢GW_02 ¢GW_03 ¢ GW_04 ¢ GW_05
5 ©SW_01 ©SW_02 < SW_03 ©SW_04
1 4
oo ©
0 %0

2 28 8¢
c 0y Do e
_g_ 0
[*]
(a]
)

-1 A

.o » » °
*
* o,
2 @ o %
2 k: . e * o
*
-3 T T T T T T
0 50 100 150 200 250 300 350

HCO, (mg/l)

Figure 6.25 Saturation index of dolomite minerals and its relation to HCOs3 in groundwater and surface water
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Figure 6.26 Saturation index of gypsum minerals and its relation to SO4 in groundwater and surface water
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The plot of SI of calcite versus dolomite (Fig. 6.27) demonstrates that the waters coming from the
Pertuso Spring and GW_ 02 are saturated with respect to dolomite and calcite and the dolomite SI values
are higher than the calcite SI values. This plot highlights an interaction between surface water and
groundwater responsible of the high magnesium concentration in Pertuso Spring and GW_02 water

samples.
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Figure 6.27 Saturation index of calcite versus dolomite

6.1.6  Trace elements

Heavy metals and trace elements in groundwater and soils come from natural and anthropogenic sources.
The weathering of minerals is one of the most important natural sources. Anthropogenic sources include
fertilizers, industrial effluent and leakage from wastewater networks. Many researchers on contaminated
waters carried out trace element studies in order to identify the origin of the pollution [95,96].
Understanding the distribution of trace elements in groundwater is essential to understand contamination
processes and to the develop suitable remediation technologies, identifying high-risk areas
[97,98,99,100].

A series heavy metals, including Al, Ag, Be, Co, Cr, As, Cu, Fe, Pb, Mn, Hg, Ni, Cd, Se, Sb, and Zn
were determined in under study groundwater. Results of the analysis of the heavy metals in groundwater
samples are reported in Table 6.7. Groundwater samples collected in the study area are assumed free
from any anthropogenic contaminations and thus trace elements sources can be explained by the
weathering of minerals. The concentration of Cd, Hg and Be and Co in groundwater samples is lower
than 1 pg/l. Se, As, Crio, Ni and Cu content in the study area range not exceed 5 pg/l. The Fe and Zn
content range from 5.0 to 135.8 ug/l and from 0.8 to 77.1 pug/l respectively. The Mn content in
groundwater exceeds the drinking water limit of 50 pg/l (D.L. 152/2006). Fe and Mn are common
metallic elements that occurs naturally, together, especially in deeper wells with little or no oxygen
presence. The extent to which Fe and Mn dissolves in groundwater depends on the amount of oxygen

in water and, to a lesser extent, upon its degree of acidity (pH).
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Table 6.7 Heavy metals concentrations in groundwater samples

Date Se Zn Fe As Cr Ni Cu Pb Cd Mn Hg Al Sb Ag Be Co

ID
(dd/mm/yyyy)

ng/l pg/l pg/l pg/l pgll pgl pg/l pg/l pgl pgl pgll pgll pgll pg/l pgl pgl

22/07/2014 1.5 25 <50 <10 <50 <20 15 <02 <02 2 <02 21 <10 92 <02 <02
20/11/2014  <1.0 29.1 <50 <5.0 <50 <20 <l <02 <02 <02 <02 44 <10 <02 <02 <02
28/01/2015 <10 17 <50 <1.0 <50 <20 <l <02 <02 <02 <02 31 <10 <02 <02 <02
GW_01 12/05/2015 <1.0 1.1 <50 <10 <50 <20 03 <02 <02 <02 <02 15 <10 <02 <02 <02
03/12/2015 <10 14 <50 <1.0 <50 <50 <l <02 <02 <02 <02 <10 <10 <02 <02 <02
25/05/2016 <10 <1.0 <50 <1.0 <50 <20 <l <02 <02 <02 <02 2 <10 <02 <02 <02
24/11/2016 <1.0 29 <50 <1.0 <50 <20 <l <02 <02 <02 <02 2 <10 <02 <02 <02

22/07/2014  <1.0 0.8 16 <10 <50 <20 1.1 15 <02 201 <02 483 08 1.1 <02 02
20/11/2014 <1.0 77.1 39.6 <1.0 <5.0 3 44 38 <02 56 <02 40.1 <10 <02 <02 <02
28/01/2015  <1.0 25.1 308 <l1.0 <50 <20 18 0.8 <02 51 <02 676 <10 <02 <02 02
GW_02 12/05/2015  <1.0 105 7.8 <10 <50 <20 09 1.7 <02 <02 <02 215 14 <02 <02 <02
03/12/2015 <10 11 <50 <10 <50 <50 <1 11 <02 <02 <02 7.6 <10 <02 <02 <02
25/05/2016  <1.0 128 109 <10 <50 <2.0 151 12 <02 03 <02 352 18 <02 <02 <02
24/11/2016  <1.0 40.1 <50 <1.0 <50 <2.0 2.7 454 <02 86 <02 28 64 <02 <02 <0.2

22/07/2014 1 164 79 <10 <50 <20 08 16 <02 09 <02 126 0.7 261 <02 02
20/11/2014  <1.0 645 123 <1.0 <50 <20 <l 6.1 <02 15 <02 807 <1.0 <02 <02 <0.2
28/01/2015  <1.0 354 445 <10 <50 <2.0 33 127 <02 27 <02 1183 1.1 <02 <02 04
GW_03 12/05/2015  <1.0 79 <50 <10 <50 <20 03 4 <02 <02 <02 44 <10 <02 <02 <02
03/12/2015 <1.0 7.8 <50 <10 <50 <50 <l 19 <02 <02 <02 12 <10 <02 <02 <02
25/05/2016 <1.0 151 <50 <10 <50 <20 <1 91 <02 02 <02 21 <10 <02 <02 <02
24/112016  <1.0 25 <50 <10 <50 <20 <l 0.6 <02 03 <02 421 <10 <02 <02 <02

GW_04 20/11/2014 <1.0 457 975 <10 <50 <50 <l 169 <02 17.1 <02 130 <10 <02 <02 04

22/07/2014 <1.0 116 141 12 <50 22 08 25 <02 176 <02 466 09 <02 <02 0.6
GW_05
- 20/11/2014 <1.0 29.7 1358 <1.0 <50 <20 13 33 <02 52 <02 2643 <10 <02 <02 <02

Natural sources of Fe and Mn may include weathering of iron and manganese bearing minerals like
amphibole, iron sulfide and iron rich clay minerals. In areas, where groundwater flow through an organic
rich soil, Fe and Mn will also dissolve in groundwater. Fe and Mn can also have anthropogenic sources
including industrial effluents, landfill leakages and acid mine drainage [101]. In natural conditions,
water percolates through the organic soil, where dissolved oxygen is consumed by the decomposition
of organic matter and microbes in the soil. The decomposition process reduces the pH due to the
microbial action. In combination with the lack of oxygen, the Fe and Mn atoms are also reduced from
Fe** and Mn*" to Fe** and Mn?". The most dominant form of dissolved iron is the soluble Fe*" under the
pH range of 5 to 8. When groundwater is pumped up to the surface it gets into contact with air (O,),
which incomes the solutions and starts the oxidation process that releases carbon dioxide (CO,) from
the groundwater to the atmosphere. When this process happens, the pH values increase and hence the
Fe?" and Mn?" are changed into the insoluble Fe*" and Mn*" minerals. The highest concentrations of Mn
and Fe were detected in groundwater sample collected in GW_05 in November 2014 and are related to
low dissolved oxygen content (8.4 mg/l) and pH slightly more acidic (7.4). These conditions make
easier, iron and manganese dissolution. Dissolved oxygen content is typically low in deep aquifers;
particularly in GW_05 where the piezometric level measured is the lowest in the study area (666.3 m
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a.s.l.). Aluminium ion exceeds permissible concentration of 200 pg/l in GW_05 with value of 264.3
pug/l. Aluminium is a lithophile element and is the most abundant metal in the lithosphere, forming
several of its own minerals, including sillimanite (ALSiOs), corundum (AlOs) and kaolinite
(Al>Si205(0OH)4). Aluminium has a low mobility under most environmental conditions, although below
pH 5.5 its solubility increases as it is released from silicate rocks [102]. It is a major constituent in many
rock-forming minerals, such as feldspar, mica, amphibole, pyroxene and garnet. The weathered products
of primary Al minerals include secondary clay minerals, e.g., kaolinite and dioctahedral smectite, and
Al-hydroxides, such as gibbsite, nordstrandite and bayerite, which may control the equilibrium
concentration of Al in soil solution, groundwater and stream water [11]. The aluminium concentrations
observed in GW_05 waters have been explained by the presence of clay minerals due to the weathering
of primary silicates (Fig. 6.22). Polluting elements Pb, Sb and Ag (the concentration of which in grounds
exceeds permissible values for groundwater) appear rarely to be present in the groundwater in GW_02
(November 2016), GW_03 (July 2014 and January 2015) and GW_04 (November 2014).

6.2 Groundwater and surface water quantity assessment
6.2.1  Groundwater table levels

Groundwater recharge is typically a small part of annual rainfall also in fractured bedrock aquifers

[103,104,105]. Recharge in fractured rocks depends on many factors such as overburden thickness and
cover, the topography of the bedrock surface, fracture connectivity and aperture, fracture spacing, and
the nature of the interface between the soil overburden and the fractures [106,107]. Within a watershed
these factors can vary in a wide range resulting in groundwater recharge that is highly spatially variable
[108,109]. Depth to water table measurements are the most common form of hydrological monitoring
because of they reflects the entire water balance. In temperate coastal regions, the highest water table
occurs in winter, during periods of heavy rainfall, and the lowest in summer when there is little
precipitation. Water table variations in relation to the rainfall distribution as shown in Fig. 6.28.
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Figure 6.28 Monthly rainfall data for Filettino and Trevi nel Lazio meteorological station from 2014 to 2016
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Water table fluctuations were determined by making depth-to-water monthly measurements in
monitoring wells from July 2014 to November 2016 (Tab. 6.8). Sometimes, monthly measurement could
not be obtained due to difficulties in accessing the site (GW_04 and GW_05).

Rainfall data have been collected from 2014 through 2016 in two meteorological stations located
upstream (Filettino) and downstream (Trevi nel Lazio) the monitoring wells. The changes in water table
in all the wells follow the same trend. In general, the water table is at its highest level between November
and March, and decrease from April onwards in response to precipitation going less and
evapotranspiration increases. It reaches a lower point in May and increases slightly to the high winter
water level in response to rainfall in November or December. All the four monitoring well show their
lower value during the year of lesser precipitation (2015). The depth of the low point of the water table
is variable between years and dependent on the extent of the summer drought period.

Table 6.8 Water table measurements in monitoring wells

D Date Ground Level Well depth Static Water Water Table
(dd/mm/yyyy) (m a.s.l.) (m) Level (m) (m asl)
22/07/2014 2.9 685.2
20/11/2014 3.0 685.1
28/01/2015 3.0 685.2
GW_02 12/05/2015 688.1 10 3.0 685.2
03/12/2015 2.8 685.3
25/05/2016 4.1 684.0
24/11/2016 3.6 684.5
22/07/2014 8.3 684.1
20/11/2014 6.0 686.3
28/01/2015 7.0 685.3
GW_03 12/05/2015 692.3 17 9.0 683.3
03/12/2015 9.0 683.3
25/05/2016 7.8 684.6
24/11/2016 8.5 683.8
22/07/2014 - -
20/11/2014 18.0 683.4
28/01/2015 20.9 680.4
GW_04 12/05/2015 701.3 23 20.9 680.4
03/12/2015 20.8 680.5
25/05/2016 - -
24/11/2016 20.8 680.5
22/07/2014 12.2 668.8
20/11/2014 10.2 670.8
28/01/2015 14.5 666.5
GW_05 12/05/2015 681 15 14.4 666.6
03/12/2015 14.7 666.3
25/05/2016 - -
24/11/2016 - -
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The water table in GW_02 monitoring point does not show any substantial variations during the
monitoring campaigns carried out (Fig. 6.29).
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Figure 6.29 Water table fluctuations in m a.s.l. in monitored piezometer GW_02
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Figure 6.30 Water table fluctuations in m a.s.l. in monitored piezometer GW_03
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Seasonal variations of water table have been observed in GW_03, GW_04 and GW_05, which show
a fast reaction to rainfall, with a highest value measured during the November 2014 campaign and at
least until May 2015 and confirmed in December 2015 (Fig. 6.30, 6.31 and 6.32).
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Figure 6.31 Water table fluctuations in m a.s.l. in monitored piezometer GW_04
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Figure 6.32 Water table fluctuations in m a.s.l. in monitored piezometer GW_05
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The behaviour of GW_02, however, is not to be considered unusual for a karstic aquifer often
characterized in the superficial part by insoluble rests of the karst dissolution process, consisting of fine

sediments, predominantly clay matrix.

6.2.2  Discharge measurements
6.2.2.1 Current meter method
06.2.2.1.1 Measurement of width and depth
First of all, in a stream flow measurement it is necessary to survey the horizontal cross section. Width
needs to be measured using the proper equipment and procedures that apply to the type of measurement
being made (that is, wading, bridge, cableway, boat, or ice) [110].

The horizontal distance to any vertical in a cross section was measured by stringing a measuring tape
from bank to bank at right angles to the direction of flow (Fig. 6.33).

iay g - -«

Figure 6.33 Measuring channel width (SW_01)

The second measurement made at a vertical was the stream depth. The water depth of a stream at a
selected vertical can be measured in several ways, depending on the type of measurement being made,
the total depth of the stream, and the velocity of the stream. In this study, stream depth was measured
by use of a rigid meter ruler (Fig. 6.34). The meter ruler was held in a vertical position with the meter
parallel to the direction of flow while the velocity has being observed.

This measuring tape is used to define the hydraulic profile of the cross section and the location of
each velocity measurements. Determining the cross sectional area of a stream involves measuring water
depths at a series of points across the stream and multiplying by the width of the stream within each
sector represented by the depth measurement [111].

In mountain stream, where the hydraulic pattern changes from time to time, more than a single
measurement is needed to characterize, accurately, the hydraulic profile of the cross section. For this
reason, it has been necessary determine the hydraulic profiles for any discharge measurements
campaigns driven from July 2014 to November 2016.

At SW_01 gauging stations, the Aniene River surface width ranges from 10 cm (November 2016) to
60 cm (May 2015) and the depth ranges from 310 cm (November 2014) to 560 cm (November 2016)
(Fig. 6.35).
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Figure 6.34 Meter ruler used for measuring channel depth

At SW_02, the stream surface width ranges from 30 cm (November 2014) to 60 cm (May 2015) and
the depth ranges from 520 cm (November 2014 and December 2015) to 850 cm (May 2015) (Fig. 6.36).

The free surface width at SW_03 ranges from 55 cm (November 2016) to 75 cm (January 2015) and
its depth from 545 cm (November 2016) to 600 cm (July 2014) (Fig. 6.37).

At SW_04, the stream surface width ranges from 35 cm (December 2015) to 70 cm (July 2014) and
the depth ranges from 310 cm (November 2014) to 670 cm (May 2015) (Fig. 6.38).

The tendency of the stream is to increase width and depth downstream, and generally the smaller
cross section of the Aniene River results in November, at the beginning of the rainy period, while is
bigger at May, in spring season. The seasonal changes in width and depth in the stream section are
related to the climate of the study area. In winter, rain and snow are responsible of more water draining
into the Aniene River, while in the summer there is more water in the stream compared to the winter.
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Figure 6.35 Cross section SW_01 set up from July 2014 to November 2016
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6.2.2.1.2 Measurement of velocity
The first step in measuring stream velocity has been the preparation of the measurement note sheets for
recording observations for each discharge measurement:

— name of stream

— location

— date

— type instrument

— bank of stream that was the starting point

— gauge heights and corresponding times

— number of spins of the meter rotor

— any other interesting information regarding the accuracy of the discharge measurement

After recording on the note sheet the station (distance from initial point) of the edge of water, the
current meter was checked and the measurement was ready to be started. In this study was used current-
meter measurements by wading (Fig. 6.39).

After the meter is placed at the proper depth and pointed into the current (Fig. 6.39), the number of
revolutions made by the rotor was counted for a period of 60 seconds. The stopwatch was started
simultaneously with the first signal or click, which is counted as zero, and not one.

The stopwatch was stopped on a convenient number coinciding with one of those given in the column
headings of the meter-rating table and is read to the nearest second. The number of seconds and the
number of revolutions were then recorded.

%’-’g“ & ¢ "\_\ \ 2

Figure 6.39 Current meter measurements by wading

With the aim to obtain a mean velocity, after the cross sections has been selected and the width of
the stream was determined, the next step was determined the spacing of the verticals to provide
numerous subsections, almost equally spaced by 1.00 m. To obtain a mean velocity in a vertical, velocity
distribution observations can be made at a number of points along each vertical.

Along each one of these investigated verticals, up to 3 measuring points have been defined at
different depths (0.1, 0.2, 0.3 and 0.5 m from bed stream) as given in Table 6.9.
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For each of those points 3 readings have been recorded, in order to assess velocity fluctuations due

to turbulence and also to avoid accidental bad measures, allowing about 60 seconds for each reading to

stabilise.

Twenty-eight discharge measurements were carried out along the Aniene River in SW_01, SW_02,
SW_03 and SW_04 by the application of traditional current-meter, from July 2014 to November 2016.

Table 6.9 Number of subsection and number of observations points along each vertical

b DAt Gubsections . along each verteal . DePh €
July 2014 3 2 20-30
November 2104 4 2 20-30
January 2015 4 2 20-30
SW 01 May 2015 4 2 20-30
December 2015 4 2 10-20
May 2016 5 1 10
November 2016 6 1 10
July 2014 6 3 10-20-30
November 2104 4 1 20
January 2015 5 2 20-30
SW_02 May 2015 8 2 20-30
December 2015 5 2 20-30
May 2016 6 2 20-30
November 2016 5 3 10-20-30
July 2014 5 2 20-30
November 2104 5 2 20-30
January 2015 5 2 20-30
SW_03 May 2015 5 2 20-30
December 2015 6 2 20-30
May 2016 6 3 20-30-50
November 2016 5 3 20-30-50
July 2014 4 2 20-30
November 2104 5 2 20-30
January 2015 5 2 20-30
SW_04 May 2015 7 2 20-30
December 2015 5 2 20-30
May 2016 5 2 20-30
November 2016 4 2 20-30

6.2.2.1.3 Application of velocity-area method — Calculation of discharge

The velocity-area method of measuring the discharge of a stream is made by dividing a stream cross

section into sectors, and by measuring the depth and velocity along a vertical within each sector. The
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total discharge is the addition of the products between the partial areas of the stream cross section and
the velocity averaged over the vertical at each section.

Discharge is measured by integrating the area and velocity of each point across the stream; that is,
the stream is divided into sections based on where velocity and stage height measurements were taken
in the cross-section of the stream. By multiplying the cross-sectional area (width of section x stage
height) by the velocity, one can calculate the discharge for that section of stream. Considering the total
area to be divided into N-1 segments, the total discharge is calculated as follows (6.4):

0=3x"19 (6.4)

O is the discharge in the i stream vertical and is obtained multiplying the area of the i stream cross
section (4;) and the average velocity (v,) between two adjacent sectors, according to equation (6.5).

O, =4; vy (6.5)

where:

_(hi+hy)-dy

Ai 6.6
i 5 (6.6)
d,=(d;—d.) (6.7)
_ (v; +viy) 6.8
i (6.8)
and

— d: distance of the i vertical from initial point

— h;: free surface depth measured at the i vertical

— v average velocity at the i” vertical

In the following tables (Tabs. from 6.10 to 6.16) are reported the data used for the application of the

velocity-area method of measuring the discharge in SW_03 for each monitoring campaign, where:

— ny: number of spins recorded at a depth of x cm

— n.=n/60
vx: velocity at a depth of x cm, calculated by eq. 5.6 and 5.7

Q:: discharge in the i th stream cross section
Figures from 6.40 to 6.46 show the application of the velocity-area method for the evaluation of
SW_03 discharge, for each monitoring campaign, from July 2014 to November 2016.

Table 6.10 Discharge measurement at the Aniene River gauging station SW_03 (July 2014)

d; h; n'z n's Vao Vo vi Vi A; Q:
(m) m M ey @) s s s s @) ()
0 0.12 - - - - - - - - -
1 0.82 93 58 1.550 0.967 0.525 0.331 0.428 0.214 0.470 0.101
2 0.80 203 195 3.383 3.250 1.136 1.091 1.113 0.771 0.810 0.624
3 0.72 172 201 2.867 3.350 0.963 1.124 1.044 1.079 0.760 0.820
4 0.65 229 189 3.817 3.150 1.280 1.058 1.169 1.106 0.685 0.758
5 0.65 152 89 2.533 1.483 0.852 0.502 0.677 0.923 0.650 0.600
6 0 - - - - - - - 0.339 0.325 0.110
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Figure 6.40 Application of the velocity-area method for the evaluation of SW_03 discharge (July 2014)

Table 6.11 Discharge measurement at the Aniene River gauging station SW_03 (November 2014)

d; h; N’y n's V2o V3o Vi A\ A; Qi
(m) m M ey 6 e s s s @) (ms)
0 0.10 - - - - - - - - - -
1 047 34 38 0.567 0.633 0.206 0.226 0.216 0.108 0.285 0.031
2 0.64 94 102 1.567 1.700 0.530 0.575 0.552 0.384 0.555 0.213
3 0.60 107 127 1.783 2.117 0.602 0.713 0.658 0.605 0.620 0.375
4 0.55 99 106 1.650 1.767 0.558 0.597 0.577 0.618 0.575 0.355
5 047 44 13 0.733 0.217 0.258 0.096 0.177 0.377 0.510 0.192
6 0.20 - - - - - - - 0.088 0.335 0.030

Figure 6.41 Application of the velocity-area method for the evaluation of SW_03 discharge (November 2014)

Table 6.12 Discharge measurement at the Aniene River gauging station SW_03 (January 2015)

s

s

d; h; ny njp V20 V30 Vi Vi A Q:
(m) m M ey @) s s s s @) ()
0 0.20 - - - - - - - - - -
1 0.48 64 70 1.067 1.167 0.364 0.397 0.380 0.190 0.340 0.065
2 0.72 129 159 2.150 2.650 0.725 0.891 0.808 0.594 0.600 0.356
3 0.75 139 181 2317 3.017 0.780 1.013 0.897 0.852 0.735 0.626
4 0.66 127 138 2.117 2.300 0.713 0.775 0.744 0.820 0.705 0.578
5 0.58 49 16 0.817 0.267 0.284 0.112 0.198 0.471 0.620 0.292
58 0.20 - - - - - - - 0.099 0312 0.031
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Figure 6.42 Application of the velocity-area method for the evaluation of SW_03 discharge (January 2015)

Table 6.13 Discharge measurement at the Aniene River gauging station SW_03 (May 2015)

d; h; n'z n's V2o V3o vi Vi A; Q:
(m) m M ey 6 s s s s @) (mYs)
0 020 - - - - - - - - - -
0.5 0.40 102 106 1.700 1.767 0.575 0.597 0.586 0.293 0.150 0.044
1 0.50 65 117 1.083 1.950 0.369 0.658 0.514 0.550 0.225 0.124
2 0.73 163 169 2.717 2.817 0913 0.947 0.930 0.722 0.615 0.444
3 0.73 160 198 2.667 3.300 0.897 1.108 1.002 0.966 0.730 0.705
4 0.70 185 218 3.083 3.633 1.036 1.219 1.127 1.065 0.715 0.761
5 0.60 51 36 0.850 0.600 0.294 0.216 0.255 0.691 0.650 0.449
55 050 - - - - - - - 0.128 0.275 0.035

Figure 6.43 Application of the velocity-area method for the evaluation of SW_03 discharge (May 2015)

Table 6.14 Discharge measurement at the Aniene River gauging station SW_03 (December 2015)

d; h; n'z n's V2o V3o vi Vin Ay Q;
(m) m ™ ey 6y oy s s @) (md)
0 0.30 - - - - - - - - - -
0.5 0.43 10 - 0.167 - 0.080 - 0.080 0.040 0.183 0.007
1 0.45 42 42 0.700 0.700 0.247 0.247 0.247 0.164 0.220 0.036
2 0.48 82 95 1.367 1.583 0.464 0.536 0.500 0.374 0.465 0.174
3 0.58 102 108 1.700 1.800 0.575 0.608 0.591 0.545 0.530 0.289
4 0.60 83 88 1.383 1.467 0.469 0.497 0.483 0.537 0.590 0317
5 0.40 38 9 0.633 0.150 0.226 0.075 0.151 0.317 0.500 0.158
5.8 0.30 - - - - - - 0.075 0.280 0.021
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Figure 6.44 Application of the velocity-area method for the evaluation of SW_03 discharge (December 2015)

Table 6.15 Discharge measurement for the Aniene River gauging station SW_03 (May 2016)

di h; n'zp n's n'sy Va0 V3o Vso Vi Vi A; Qi
nzo n3o N5
(m) (m) (Cp) (C) (C) (m/s) (m/s) (m/s) (m/s) (m/s) (m?) (m’/s)
0 030 - - - ] ; ; - ; - - ; - ;
0.2 0.30 114 - - 1.900 - - 0.641 - - 0.641 0.321 0.060 0.019

1 0.52 60 75 96 1.000 1.250 1.600 0.341 0.425 0.541 0.436 0.539 0.328 0.177
2 0.64 152 1el 176 2.533 2.683 2.933 0.852 0.902 0.986 0913 0.675 0.580 0.391
3 0.68 168 189 196 2.800 3.150 3.267 0.941 1.058 1.097 1.032 0.973 0.660 0.642
4 0.78 150 159 189 2.500 2.650 3.150 0.841 0.891 1.058 0.930 0.981 0.730 0.716
5 0.48 149 163 - 2.483 2.717 - 0.836 0.913 - 0.875 0.902 0.630 0.568
5.7 0.30 - - - - - - - - - - 0.437 0.273 0.119

Figure 6.45 Application of the velocity-area method for the evaluation of SW_03 discharge (May 2016)

Table 6.16 Discharge measurement for the Aniene River gauging station SW_03 (November 2016)

s s s

d; h; n n 3 n 5 V20 V30 Vso Vi Vm A; Qi
ny n3o N5
(m)  (m) (CB) (CB) (CB) (m/s) (m/s) (m/s) (m/s) (m/s) (m*) (mYs)
0 0.20 - - - - - - - - - - - - -
1 0.52 29 48 - 0.483 0.800 - 0.179 0.279 - 0.229 0.115 0.360 0.041

2 0.64 117 126 118 1.950 2.100 1.967 0.658 0.708 0.663 0.676 0.453 0.580 0.263

3 0.68 72 74 79 1.200 1.233 1.317 0.408 0.419 0.447 0.425 0.551 0.660 0.363

0.78 111 97 89 1.850 1.617 1.483 0.625 0.547 0.502 0.558 0.491 0.730 0.359

5 0.48 36 - - 0.600 - - 0.216 - - 0.216 0.387 0.630 0.244

5.7 0.30 - - - - - - - - - - 0.108 0.273 0.029
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Figure 6.46 Application of the velocity-area method for the evaluation of SW_01 discharge (November 2016)

Fig. 6.47 and Table 6.17 show discharge values recorded in SW_01, SW_02, SW_03 and SW_04
gauging stations all over the first three years of the Environmental Monitoring Plan of the Pertsuo

Spring.
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Figure 6.47 Discharge trend at four monitoring stations located along the Aniene River (July 2014 - November
2016)

Table 6.17 Mean discharge values obtained by current-meter method

Q (m¥/s) SW 01 SW 02 SW 03 SW 04
July 2014 0.540 2.450 3.012 2.450
November 2104  0.350 1.480 1.196 1.120
January 2015 0.410 1.920 1.949 2.000

May 2015 0.501 2.747 2.562 2.947
December 2015 0.278 0.931 1.003 1.122
May 2016 0.430 2.305 2.633 2.327

November 2016 0.363 1.137 1.299 1.244
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6.2.2.2 Validation of salt dilution method for discharge measurements

In this study, it has been tested the salt dilution method for the evaluation of discharge in mountain
streams, where turbulent flows and flow depths make difficult apply the conventional current meter
method.

In the following they are presented the preliminary results of stream discharge measurements,
coming from three different campaigns driven from September to October 2014, executed SW_04. The
comparison of these elaborations, carried on by the application of both methods, is useful to define the
reliability and accuracy of discharge measurements carried out by salt dilution method.

San Teodoro Bridge gauging station (SW_04) has been chosen as experimental site for the
application of the salt dilution method because has the basic characteristics for accurate streamflow
measurements. In fact, the turbulent condition allows completely dissolution and fully mixing with the
flow at the point where electrical conductivity is measured. San Teodoro Bridge has been used to dump
the salt directly into the injection point: the turbulence created below the bridge allows the dissolution
of the salt and the mixing into the stream. According to IS0 9555-1:1994(E) requirements [112] the salt
dilution method involves the injection of a volume of a NaCl solution at a cross section in which the
discharge remains constant for the duration of the gauging. At a second cross section placed downstream
the injection point, at a distance sufficient for the injected solution to be uniformly diluted, the stream
electrical conductivity is determined over a period of time sufficiently long to ensure that the NaCl
solution has passed through the second cross section [113].

=t C(t) = =C(b
1750 / \ ® (o)

Electrical conductivity (uS/c
=
8

Time (s)

Figure 6.48 An example of a salt dilution measurement done at SW_04 in September 2014

It has been used a saturated NaCl-solution made by dissolving about 2 kg of salt in 10 liters of stream
water, depending on the temperature and the background conductivity of the stream. The dissolution of
NaCl in water is proportional to water temperature and inversely proportional to the existing
concentration of salt. After injection, the salt mixes into the stream by longitudinal dispersion, a process
in which dissolved salt in the plume moves along its concentration gradient until a uniform concentration
exists [65]. The instantaneously injection of NaCl solution into the stream produces downstream a wave
of electrical conductivity increase, as shown in Fig. 6.48. Table 6.18 lists discharge measurements
obtained by the application of the salt dilution method carried out from September to October 2014. In
Tab. 6.19, they are presented the results, coming from the application of the two methods, and the
percentage differences, between each campaign result.
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Table 6.18 Mean discharge values obtained by salt dilution method

Date Gauge Height Q
(dd/mm/yyyy) (m) (m’/s)
10/09/2014 0.60 1.30
29/09/2014 0.50 0.99
17/10/2014 0.70 1.71

Table 6.19 Mean discharge values obtained by current meter method (1) and salt dilution method (2)

Date Q! Q? A
(dd/mm/yyyy) (m%s) (m%s) (%)

10/09/2014 1.38 1.30 8
29/09/2014 0.98 0.99 1
17/10/2014 1.77 1.71 6

These preliminary results seem to give good indications for the validation of salt dilution method for
discharge measurements. For example, at San Teodoro Bridge, both methods provide discharge
measurements very close to the other so that both methods could be performed for comparative purposes
(Fig. 6.49).
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Figure 6.49 Comparison of current-meter and tracer dilution discharge measurements at SW_04

The rating curves for SW_04 gauging station show the changes in the stream flow depending on
gauge height from September to October 2014.

Rating curve based on current meter and salt dilution measurements, fitted by an exponential
function, are very similar, with comparable discharge values coming from the application of both
methods (Fig. 6.50).

The measurements collected by salt dilution method fell close to the rating curve based on current
meter method, with percentage differences of less 8%.
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The salt dilution method compares favorably in accuracy with current metering as a method of
measuring streamflow in mountain river, and appears to be more accurate where the turbulence flow
might interfere with current meter measuring.

Furthermore, the salt dilution method is easier to apply and more economical in terms of equipment
cost. Current meter method is well suited where flow conditions are close to laminar, whereas the salt
dilution method are better fitting to river with unsteady flow conditions and the irregular stream bad
geometry. However, in the traditional current meter method, excess sediment and seasonal growths of
weeds can change the hydraulic profile of the cross section, requiring new rating curves at any

measurements campaign.
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Figure 6.50 Comparison of stream flow discharge as a function of time for current meter and salt dilution
method

Both methods seem to be complementary: in fact, while current metering requires laminar flow and
is unsuited under turbulent conditions, the reverse is true of salt dilution gauging.

Even if the comparison with discharge measurements carried on by the application of both methods
shows comparable values, several factors can affect the accuracy the discharge measurements obtained
by salt dilution method. The loss of tracer between the injection point and the downstream cross section
makes not applicable the equation for the conservation of mass and consequently the computation of
stream discharge. Other factors that may have caused inaccuracies between current meter and salt
dilution stream flow measurements are the tracer probe accuracy limits and the incomplete mixing
throughout the stream cross section before the downstream gauging section is reached.

This fact let us pointing out the real importance of the determination of the degree to which an added
tracer is diluted by the flowing water. The success of the slug injection methods requires the complete
mixing of the added tracer diluted by the flowing water in as short a distance as possible [111].
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CHAPTER 7

Mg** BASED METHOD
FOR PERTUSO SPRING DISCHARGE EVALUATION

7.1 Groundwater environmental tracers

Groundwater represents a vital resource for the society, and for the ecosystems. The interest of
researchers for better understanding the groundwater origin, the subsurface processes, and the factors
controlling the residence time has gradually increased, and the investigation techniques evolved
continuously [13], in the aim of better protect these resources.

In recent years, surface water and groundwater tracing techniques have been used in a variety of
complex hydrogeological settings to aid in characterizing groundwater flow systems
[114,115,116,117,118, 119]. Tracer methods are particularly suitable to assess transit times and flow
properties in karst aquifers, partly because the necessary equipment is manageable [120].

Environmental tracers are natural and anthropogenic chemical and isotopic substances that can be
measured in groundwater and used to understand hydrologic properties of aquifers [121]. Groundwater
tracers include any substance that can become dissolved or suspended in water, or attached to the water
molecule, and recovered or measured from a water sample that can be used to trace the source of
groundwater in terms of its specific or relative location and time of recharge. Groundwater tracers can
include both artificially introduced and naturally occurring substances [122,123].

Environmental tracers are more and more used in hydrological studies, in order to have a complete
view about the water cycle, the groundwater recharge, water-rock interactions, and geochemical
processes [13] and to understand potential groundwater contamination processes [48].

In particular, these tracers provide information about the flow and mixing processes of water coming
from different sources [124]. They are also useful to point out directions of groundwater flow and to
determine origin and residence times of karst groundwater [125,126].

In karst aquifers, where flow may be concentrated in subsurface conduits, a Darcy law approach is
usually not suitable, for this reason groundwater tracing techniques application can be an effective
approach to better understand the hydrology of these systems [114].

Typical natural tracers are major ions, trace elements, dissolved organic carbon and water isotopes
[127,128]. An important class of tracers are the ionic tracers, as they are not subject to decay or gas
exchange. Moreover, biogeochemical reactions can modify concentrations of most ions [129].
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The number of ion types which might be used is very large. However, because of low cost, ease of
detection and low sorption, chloride (Cl) and bromide (Br) are most popular [130]. But other ions can
be used from time to time for special purposes such as Li, NH4, NO;, Mg, K, .

Groundwater circulating in karst aquifer generally has great concentrations of calcium and
magnesium as the result of bedrock weathering processes. Variations of Ca and Mg in groundwater are
used very successfully as natural tracers in studies aiming to evaluate groundwater residence time within
the karst aquifers [125]. The changes in Ca and Mg concentration values mainly depend on the residence
time of groundwater in karst systems, which are controlled by the volume and mechanism of recharge,
the distance from the recharge area and the dissolution of carbonate minerals [24,86]. The dissolution
kinetics of magnesium is longer than that of calcium, so the increasing Mg/Ca ratio implies the saturation
of water with calcite, highlighting long residence time and enhanced weathering along the groundwater
flow paths [24,131]. The Mg content in groundwater also depends on other parameters such as chemical
and mineralogical purity of limestone and presence of dolomite within the rock masses they flow across
[132].

Nevertheless, the increase in Mg concentration values, and hence Mg/Ca ratio not only depend on
the dissolution/precipitation reaction of calcite and dolomite, but also an increase in water temperature
accelerates the kinetics of the dissolution of dolomite [90,91]. However, it has been noticed that even in
karst aquifers mainly made of limestone, the presence of slight impurities of Mg in calcite can be
responsible of significant changes in Mg/Ca ratio due to a high residence time of flowing waters
[133,134]. Thus, environmental tracers and hydrochemical investigation techniques provide much
information for the identification of groundwater flow systems and the main hydrogeochemical
processes affecting the composition of water within the karst aquifers [134].

Calcium and magnesium offer special promise as seepage tracers for basins set in thick calcareous
glacial drift, or doline basins set in carbonate-rich areas. Magnesium is also an obvious tracer in areas
of ultramafic rock. In humid regions with abundant dolomite, Mg offers advantages over Ca as a tracer
because, once in solution, it does not re-form a carbonate unless Mg/Ca > 2 [135].

In the past, the magnesium was used as a tracer to evaluate the steady-state influx to seepage lakes
by using a solute mass balance. For lakes set in the dolomitic glacial drift of Wisconsin, Mg was an ideal
groundwater tracer, both because it has the highest ratio of groundwater concentration to concentration
in precipitation and because it behaves nearly conservatively in lakes set in semi humid climates [134].

Bencala et al. (1987) [136] and Schemel et al. (2006) [137] made comparisons of natural tracers at
the confluence of two streams in Colorado and studied, through tracer’s mass balance, the behaviour of
naturally occurring calcium, magnesium, silica, sulphate, fluoride, and manganese; concluding that
magnesium exhibited conservative or nearly conservative behaviour.

It is quite important to underline that a conservative behaviour may depend on site-specific
environmental condition. Generally, for conservative solute tracers it has to be expected a simple
physical attenuation mechanism due to dilution, whereas any chemical attenuating mechanism would
remove no-conservative solute in varying amounts [136].

Most recently, it was showed that variations in chlorofluorocarbon (CFC), *’Rn, and Mg
concentrations within streams can be used to quantify rates of groundwater inflow. It has been proposed
amass balance that takes in account changes in solute load within a stream receiving groundwater inflow
[129].
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Thus, in several studies Mg presented the right qualities to be used as a conservative or nearly
conservative tracer [135,136,137]. Particularly, Mg has proved to be a useful tracer for chemical mass
balance techniques, which are necessary in order to assess surface water or groundwater flow in karst

hydrology settings where conventional measurements are more difficult.

7.2 Karst spring discharge evaluation

The determination of groundwater discharge is a direct measure of the amount of water available for
drinking, industrial, and agricultural purposes. Karst springs react to rainfall events by sinkhole drainage
and discharge from conduits in bedrock, responsible for the subsurface outflow [10]. Assessing water
balance in a karst aquifer can be very difficult, due to the complex interactions and exchanges between
groundwater and surface water. The estimation of karst spring discharge is affected by methodological
difficulties, data deficiencies, and resultant uncertainties due to spatial variability of permeability in
carbonate rocks [138], and also because the pathway of groundwater outcoming is not always the same
along the year. The traditional quantitative approach for the evaluation of groundwater discharge is the
application of water balance, which requires the estimation of water storage and flow. Water balance
calculation requires the estimation of two main parameters: recharge (precipitation, agriculture water,
surface runoff, etc.) and discharge (underground outflow) which are affected by the highly
heterogeneous distribution of permeability due to conduits and voids developed by the dissolution of
carbonate rocks [139,140].

Thus, in these complex hydrogeological scenarios, such as karst aquifers, understanding the
behaviour of the groundwater system and the recharge-discharge relation is required to formulate a
reliable water balance [32]. In karst aquifer the presence of underground stream flows, that are not
accurately measurable, makes very difficult to develop a reliable methodology that includes physical
assessments of the input-output relation [24,141].

Therefore, measurements of streamflow and spring discharges are useful to assess karst aquifers
available budget. Because no continuous discharge measurements of the Pertuso Spring were available,
in this study, different methods (velocity-area using current meter and geochemical assessment) were
applied to evaluate the discharge of the spring and the stream flow during the monitoring period from
July 2014 to November 2016. In this paper, an indirect groundwater model has been set up in the aim
of evaluating karst spring discharge. The aim of this study is to present the preliminary results of an
indirect method for the estimation of the Pertuso Spring discharge, based on magnesium concentration

changes in groundwater and surface water.

7.2.1 Pertuso Spring discharge aspects

Groundwater coming from the Pertuso Spring are collected by a well-known volume of carbonate
rocks that make up the aquifer. The conduit network draining the groundwater flow coming from the
surrounding aquifer matrix is able to discharge large quantities of water very fastly through this karst
aquifer (up to 3 m%/s) [139].

Karst springs are generally characterized by high and very variable discharge rate and represent the
headwaters of important surface streams. These springs typically come out at the boundary of the
hydrogeological basin, at a location of the minimum hydraulic head of the aquifer and sometimes next
to the elevation of the base-level surface stream [24].
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Groundwater basin boundaries are not strictly fixed, they may shift depending seasonally on the rates
of recharge [25]. Many groundwater flow paths may route into adjacent groundwater basins causing
difficulties to identify a single closing section. In addition, karst springs discharge is not easily
measurable by standard techniques or conventional instruments. Sometimes channels are unsuitable for
metering the flow, being shallow, choked with vegetation and with ill-defined banks [61]. In karst
aquifers, the drainage network typically develops in a system of conduits that flows into a single trunk
that discharges through the spring [11]. However, some karst aquifers may have a spread flow pattern,
related to the enlargement of fractures and smaller conduits, located near the stream discharge boundary,
or to the collapse of an existing trunk conduit [142].

Underflow springs are often hidden, for example by rising in the bed of the surface stream [25]. Thus,
even if in this study we have identified a prevailing outlet section of the groundwater coming from the
Pertuso Spring, there is no chance to be sure that the whole spring contribution to the Aniene River may
always flow through that cross section. Consequently, the difficulty in measuring the Pertuso Spring
discharge makes the use of the traditional current meter method, which provides information on stream
discharge in each cross section, limited and less reliable [140]. Moreover, cross section morphology and
flow regime are influenced by seasonal variations and anthropic operations, as reported in Figure 7.1,
related to the monitoring campaign of July 2014 (Fig. 7.1a) to December 2015 (Fig. 7.1b).

(a) (b)
Figure 7.1 Pertuso Spring cross section in July 2014 (a) and in December 2015 (b)

Karst system dynamics are rapid, renewing most of the storage within a hydrologic year or less,
which makes the effects of seasonal variations rapidly observable in the spring flow regime [10].

It has been noticed in dry season, at the Pertuso Spring outlet section, a reverse water inflow from
the Aniene River that makes unreliable the current meter measurement in that specific case. Hence, to
be sure to evaluate a reliable quantification of the Pertuso Spring discharge contribution to the Aniene
River we have decided to assess it as the difference of measured values along the river, upstream and
downstream the spring [139].
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In spite of being the spring, certainly, the only place where one can obtain information on the
functioning of the whole system and consequently the organization of conduits and storage [10]. In this
case, data coming directly from the Pertuso Spring have been elaborated to set up an indirect model
aimed to evaluate the spring discharge.

Karst hydrology requires a mix of surface water concepts and ground water concepts [24]. For this
reason, to better understand the behaviour of this complex system and to validate discharge values
calculated, it has been included a quali-quantitative characterization based on the Mg contents of
groundwater and surface water samples. In this study, the Mg ion concentration has been used as
conservative water tracer, allowing us to obtain an alternative discharge calculation model based on
mixing and dilution process due to the Pertuso Spring and to compare the results of this model with
those of traditional current meter method [53, 139,140].

7.3 Mg’ based method for discharge evaluation

7.3.1  Background of the method

The karst aquifer system has been studied in order to evaluate factors, which modify the Aniene River
flow, due to groundwater-surface water interactions. This hydrochemical characterization leads to a
groundwater flow pattern in which two main recharge areas have been identified: the first one in the
Cretaceous limestone, feeding the Pertuso Spring groundwater; the second one in the Triassic dolomite,
feeding the surface water upstream the spring.

In this model, it has been considered a control volume around the Pertuso Spring. In this control
volume, the incoming flows are the discharge O, recorded upstream the spring (SW_01) and the Pertuso
Spring discharge Op, characterized by the relative Mg concentration values C; ¢ Cp. The outgoing flow
is the Aniene River discharge (», characterized by the Mg concentrations C», recorded at the SW_02
gauging station located downstream the Pertuso Spring.

The study area belongs to a special protected area in the Natural Park of Simbruini Mountains. As a
matter of fact, the control volume can be considered free from any anthropic activities and only
characterized by a surface water — groundwater interaction in the hypothesis of well mixing. Thus, the
SW_02 gauging station discharge values, comes from the contribution of the Pertuso Spring discharge
(Qp) to the original SW_01 discharge value, can be represented by (7.1):

0,=0,+0, (7.1)
and applying to this closed system the conservation of mass equation, it means (7.2):
0C +0,C, =0,C, (7.2)

The parameter n is defined as the percentage of the Pertuso Spring groundwater contribution to total
discharge measured (7.3).

:&: (Cz _Cl) (7.3)
Qz (CP - Cl)
Combining the equation (7.2) and the equation (7.3), we have obtained the discharge of the Pertuso
Spring (7.4).
n
Op=0-— (7.4)
l-n
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From the equation (7.4) it comes out that the discharge rate of the Pertuso Spring depends on the
discharge values measured in the gauging station located along the river upstream the spring (Q;) and
the Mg concentration values recorded in groundwater and surface water samples (C;, Cz, Cp).

Thus, thanks to the proposed conceptual model, starting from the Mg concentrations and the upstream
discharge, it has been possible to evaluate the Pertuso Spring discharge.

7.3.2  Application of the method and results

A combined approach based on discharge measurements and hydrogeochemical data analysis was used
to study flow paths and the groundwater-surface water interaction in the study area. Ca, Mg and HCO;
represent more than 80% of the dissolved solids in water samples. These high concentrations are mostly
due to the dissolution of carbonate minerals, forming limestone, which are the most dominant formations
outcropping in the study area. The hydrochemical facies of groundwater and surface water was studied
by plotting the concentrations of major cations and anions in the Piper trilinear diagram (Fig. 7.2) [78].

*GW_01
oSW_01

BmSW_02

100 80 60 40 20 0 0 20 40 60 80 100

Calcium(Ca) Chloride(Cl)

Figure 7.2 Piper plot for hydrochemical facies classification of Pertuso Spring groundwater (GW_01) and
Aniene River surface water upstream (SW_01) and downstream (SW_02) the spring
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Based on the dominance of major cationic and anionic species two hydrochemical facies have been
identified: (1) Ca-Mg-HCO; and (2) Ca-HCOs. These results are due to the presence of limestone,
dolomitic limestones and dolomites outcropping in the study area. Water samples coming from SW_01
gauging station present higher values of concentration in Mg, while those coming from Pertuso Spring
are definitely poorer in it, and show a clear composition of Ca-HCO; water type (Fig. 7.2). The different
hydrochemical facies between groundwater and surface water reflects on the high concentration of Mg
in the Aniene River. These hydrochemical facies highlight that carbonate weathering processes (e.g.
calcite and dolomite) are the most important factors of the observed water type. To study the difference
in Mg content between groundwater and surface water, a ternary diagram of cations (Ca, Mg and Na+K)
[131] was used to highlight how the weathering type processes influence the enrichment in Magnesium
(Fig. 7.3). As shown in Figure 7.3 all samples are placed along the Ca-Mg side of the diagram, these
groundwater samples are very poor in Na and K. The higher Mg concentrations in SW_01 water samples
suggest an increased residence time, depending on the dissolution/precipitation reactions of calcite and
dolomite, which occur in the aquifer part, where groundwater cross dolomitic sandstones.

Mgz_+

- Fonte del Forno Spring ¥ "
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f oo @‘_ *
\\
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' Radica Spring
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Cai; 3 0 a8 or o8 o8 04 03 02 a1 " Na+K

>

Figure 7.3 Ternary diagram of cations Ca, Mg and (Na+K). Relative concentrations of dissolved major cations
compared with the composition of local groundwater [29]

INCREASING PROXIMITY TO THE COAST

As a matter of fact, according to previous studies of the area [29], similar results have been obtained
for other springs located in the upper part of Aniene River coming out in the Triassic dolomite
outcropping close to the Pertuso Spring basin (Fig. 7.4).

This hydrochemical characterization leads to a groundwater flow pattern in which two main recharge
areas are defined: the first one in the Cretaceous limestone, feeding the Pertuso Spring groundwater; the
second one in the Triassic dolomite, feeding the surface water upstream the spring.
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Legend

® Aniene River karst springs
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| Pertuso Spring Hydrogeological Basin (Cretaceous Limestone)
B | Recharge area of Aniene River karst springs (Triassic Dolomite)

Radica «

Italy

P “ Fonte Del Forno

Acqua Santa

Figure 7.4 Recharge areas of the main karst springs in the Upper Valley of Aniene River [142]

The scatter plots diagram in Figure 7.5 shows that the high content of Mgin SW_01, upstream the
Pertuso Spring, and consequently the high Mg/Ca ratio may be due to the weathering of Mg-rich Triassic

dolomites, where dolomitic limestones and dolomites are the most outcropping formations in this area.
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Figure 7.5 Mg/Ca ratio versus HCO; 6in groundwater and surface water
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As regards the Pertuso Spring groundwater, the Mg/Ca ratios values (~0.3) mainly depend on the
residence of water in the karst system, highlighting weathering along the groundwater flowpaths of low-
Mg calcite. As a consequence of these properties water samples collected downstream the Pertuso
Spring (SW_02) present chemical composition typical of mixing of these two different kinds of waters
(Fig. 7.5).

As a matter of fact, the highest Mg/Ca ratio has been recorded in water samples coming from
dolomite rock masses (SW_01 ~ 0.7), with intermediate values at SW_02 gauging station (~ 0.4). On
the other hand, the lowest value of this ratio in groundwater has been observed in Cretaceous limestone
area (~ 0.3).

To investigate the mixing of groundwater and surface water, in this study it has been used PHREEQC
software to perform a series of geochemical simulations, with the aim to investigate the speciation of an
aqueous solution made of the mixing of water coming from Pertuso Spring (GW_01) and SW_01
gauging station.

The simulation in this paper is divided into 3 procedures:

1) Define the water quality in GW_01 based on the data of major ion contents.

2) Define the water quality in SW_01 based on the data of major ion contents.

3) Mixing the two solutions together in the proportions 78% groundwater and 22% surface water and
then calculating the of major ions content of the solution.

The mixing ratio has been chosen according to the proportional contribution of groundwater fraction
and surface water in SW_02 gauging station discharge [140].

Table 7.1 shows the simulation results compared with to laboratory values.

Table 7.1 Magnesium concentration of SW_02 and the virtual solution made by mixing water coming from
Pertuso Spring and SW_01

Mg (mg/l) Ca* (mg/l)
Date Phre.e qa¢ Measured !’ercent Phre.e qa¢ Measured Percent
Mixing Concentration difference Mixing Concentration difference (%)
Concentration (%) Concentration

July 2014 12.7 12.8 0 49.60 51.3 3
November 2014 11.7 12.0 3 51.56 52.4 2
January 2015 13.3 13.0 2 54.20 55.6 3
May 2015 127 12.2 4 50.00 51.4 3
December 2016 13.7 14.7 7 52.48 52.9 1
May 2016 13.0 12.5 4 53.84 54.6 1

Figure 7.6 shows the composition of the mixed water determined from the Batch reaction compared
to measured concentrations obtained by laboratory analyses, highlighting that the calculated values fit
quite well the experimental values reported in Table 7.1.

The results obtained by PHREEQC fall close to the equiline of 1:1, and this fact confirms that SW_02
surface water comes from the mixing of groundwater outflowing from Pertuso Spring with surface water
of the Aniene River (SW_01).
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Figure 7.6 Comparison between the ionic compositions of SW_02 and the virtual solution made by mixing
water coming from Pertuso Spring and SW_01

Aniene River discharge was measured during the period July 2014 —November 2016, in order to
cover the range of seasonal conditions characteristics of this complex hydrogeological system.
Measurements by current meter have been carried out in two gauging stations located upstream (SW_01)
and downstream (SW_02) Pertuso Spring (Tab. 7.2).

Table 7.2 Mean discharge values obtained by current meter method, upstream (SW_01) and downstream
(SW_02) Pertuso Spring

Q (m%/s) SW 01 SW_02
July 2014 0.540 2.450
November 2014 0.350 1.480
January 2015 0.410 1.920
May 2015 0.501 2.747
December 2015 0.278 0.931
May 2016 0.430 2.305
November 2016 0.363 1.137

Table 7.3 shows discharge values recorded in SW_01 and SW_02 gauging stations all over the
hydrological year. The source of Mg concentration values in the Aniene River upstream the Pertuso
Spring (SW_01) is the dissolution of Magnesium rich minerals in Triassic dolomites, sited in north-east
part of the Pertuso Spring basin. Along the Aniene River, this decrease in Mg concentration values is
related to an increase in stream flow discharge. SW_02 surface water is the product of the confluence
of groundwater coming from the Pertuso Spring into the Aniene River (SW_01). As a matter of fact, the
Aniene River, which is characterized by water with higher Magnesium concentration values, is affected
in its chemical composition by the Pertuso Spring groundwater inflowing, and this influence can be
measured by Mg concentration values variability along the river downstream. The karst aquifer system
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has been studied in order to evaluate factors which modify the Aniene River flow due to groundwater-
surface water interactions.

The n parameter, i.e. the percentage of the Pertuso Spring groundwater contribution to total discharge
measured at the SW_02, has been calculated according to (7.3) and reported in Table 7.2.

Table 7.3 n values as percentage contribution of the Pertuso Spring groundwater to total discharge measured at
the SW_02 gauging station

Date n n (%)
July 2014 0.780 78.0
November 2014 0.752 75.2
January 2015 0.794 79.4
May 2015 0.812 81.2
December 2015 0.709 70.9
May 2016 0.810 81.0

November 2016 0.736 73.6

Since December 2015, due to the riverbed and banks arrangement, it was possible to carry out the
discharge measurements using the current-meter method on a representative section of the spring
flowing into the Aniene River. Table 7.4 summaries the values of discharges evaluated. In particular,
this table presents values of the Pertuso Spring discharge obtained by Magnesium tracer method. These
values have been compared to those ones obtained, from July 2014 to May 2015, as the difference
between the values measured with the current meter in SW_01 and SW_02, and from December 2015
as direct measurements in a cross section.

It is easy to see how discharge values obtained with both methods are very similar.

Table 7.4 Magnesium content and discharge values obtained by current-meter and Magnesium tracer method
(Q*: discharge values obtained by current meter method; Q**: discharge values obtained by the difference
between the values measured with the current meter in SW_01 and SW_02)

SW_01 Pertuso Spring SW_02
Date Q* Mg2+ Q** QMg Mg2+ Q* QMg Mg2+
(m’s) (mgl) (m¥s) (m¥s) (mgl) (ms) (m’s) (mg/)
July 2014 0.540 23.6 1.91 1.92 9.8 2.450 2.46 12.8
November 2014 0.350 23.6 1.13 1.06 8.3 1.480 1.41 12.0
January 2015 0.410 25.2 1.51 1.58 9.9 1.920 1.99 13.0
May 2015 0501 246 225 216 93 2747 2.66 122
December 2015 0.278 25.2 0.67 0.68 10.4 0.931 0.96 14.7
May 2016 0.430 25.2 1.87 1.84 9.5 2.305 2.29 12.5
November 2016 0.363 23.8 0.77 0.78 9.8 1.137 1.060 13.5

The results of hydrogeochemical analysis and current discharge measurements confirm the
groundwater-surface water mixing due to the presence of the Pertuso Spring, highlighting the key role
of Mg content to identify different recharge areas and water flow paths within this karst setting.

Several previous studies used different conservative solute tracer to evaluate quantification of
discharge in stream confluences starting from chemical mass balance techniques [117,118].

In this work, assessing the conservative behaviour of Mg for this specific system, it was possible to
propose an inverse model for Pertuso Spring discharge evaluation based only on Mg concentration data.
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The dilution mechanism, due to the groundwater and surface water interaction at Pertuso confluence
point, is the only mechanism responsible of the Mg concentration change along the Aniene River (Fig.

7.7).
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Figure 7.7 Schematic dilution mechanism in Mg concentration along the Aniene River
The box plot graphically highlights the main characteristics of Mg content (Fig. 7.8) for the
utilization in the chemical mass balance technique, whereas Ca does not show the same adaptability

(Fig. 7.9). The two main characteristics are:
— the concentration difference between the two inflows must be significant;
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— the concentration difference between the two inflows also must be greater than the uncertainty in
the concentration data.
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Figure 7.8 Box plot of mean, median, maximum and minimum values of Magnesium distribution
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Figure 7.9 Box plot of mean, median, maximum and minimum values of Calcium distribution
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As a matter of fact, differently from Ca, Mg concentration data shows a very low variability in each
sampling point and a high difference between the Pertuso Spring and SW_01, due to the water transit in
different geological formations (calcareous and dolomitic rocks).

These properties lead to the correct evaluation of the n parameter in the mass balance and,
consequently, to valid discharge results for the Pertuso Spring confirmed by the comparison with
conventional current meter discharge values (Fig. 7.10). As a matter of fact, differently from Ca, Mg
concentration data shows a very low variability in each sampling point and a high difference between
the Pertuso Spring and SW_01, due to the water transit in different geological formations (calcareous
and dolomitic rocks).

These properties lead to the correct evaluation of the n parameter in the mass balance and,
consequently, to valid discharge results for the Pertuso Spring confirmed by the comparison with
conventional current meter discharge values (Fig. 7.10).
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Figure 7.10 Relationship between Pertuso Spring discharge values obtain with the combined Magnesium tracer
approach and the traditional current method

The low variability of Mg concentration in water samples is due to the slower process of dissolution
for dolomitic rocks within the karst aquifer, resulting in a best discharge evaluation factor in base-flow
conditions. On the contrary, during a storm, rainwater inflow and transit in karst conduits is too much
rapid and do not allow the same dissolution process. Hence, in this karst setting, Mg is to be considered
as a suitable conservative tracer only for main storage groundwater which, however, is the most
important for spring exploitation projecting and planning. As a consequence, the Mg vs Q scatter plot
diagram (Fig. 7.11) shows that all plotted points, except for November 2014 and November 2016 data,
follow a linear trend, highlighting that the increasing base-flow contribution of Pertuso Spring discharge
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rate is responsible of the decreasing in Mg concentration values. This is possible because data referred
to November 2014 and 2016 monitoring campaign have to be considered as an outlier (Fig. 7.11).
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Figure 7.11 Relationship between the Mg?* concentration and Pertuso Spring discharge values obtain with the
combined Magnesium-discharge tracer approach

In fact, the lower Mg concentration measured at November 2014 can be related to a high precipitation
rate, recorded at Trevi nel Lazio meteorological station, before the sampling date (Fig. 7.12). As
previously said the consequent aquifer rapid response probably influenced, by dilution, the Mg
concentration in groundwater that was no more significant for the conceptual model.
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Figure 7.12 Relationship between the Mg?* concentration in Pertuso Spring groundwater and rainfall (Trevi nel
Lazio meteorological station)
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CHAPTER 8

REMOTE MONITORING OF THE KARST WATER RESOURCES

8.1 Introduction

Groundwater monitoring systems can be an important part of many construction projects, where water
resources are involved. Electronic data collection systems allow monitoring information to be shared
rapidly via mobile communication networks and internet. Secure data access can be provided to remote
users. who are part of the project team, such as contractors, consultants, regulator and other stakeholders.
Regular monitoring of the operations can allow long-term trends in system performance to be identified,
and to allow preventive maintenance to be planned. Real time monitoring of systems can allow alarm
signals to be triggered to warn operators of power supply interruption or other problems.

In this study, a remote groundwater monitoring system has been developed and tested to monitor and
manages groundwater coming from the Pertuso Spring, in the Upper Valley of Aniene River (Central
Italy). According to the Environmental Monitoring Plan purposes, as well as the already existing
monitoring of groundwater and surface water, an additionally monitoring station has been installed in
the Pertuso Spring. This monitoring system can provide considerable insight into changes that occur
during those intervals when data from the official monitoring network are unavailable. This monitoring
system was implemented to continuously acquire, transmit and process groundwater quality data, in the
aim of improving knowledge of the local aquifer and to make local water resources managers to take
timely decisions regarding sustainable management of water resources. For this reason, in January 2015,
a multiparametric probe has been installed at the outlet of the Pertuso Spring and equipped with
automatic monitoring equipment.

8.2 The remote monitoring system

8.2.1  The multiparametric probe

The Pertuso Spring remote monitoring system consists of a multiparametric probe (Nesa WMP6) which
measures up to six parameters simultaneously: pH, water level, Temperature, Electrical Conductivity,
Redox, and Dissolved Oxygen (Tab. 8.1). The WMP6 probe has been developed for monitoring of
water-bearing stratums, rivers, basins, rubbish dumps, seas or however clear or semi-clear waters.
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Thanks to reduced dimensions (70 mm of diameter), the WMP6 probe is perfectly adapted in
piezometric tubes of small diameter (Fig. 8.1).

Table 8.1 Technical data of the Nesa WMP6 multiparametric probe

Parameters Range
pH 0+14
Level 0+20 mt / 0+50 mt
Temperature -5++60 °C
Electrical conductivity 0+6.000 puS Autorange
Dissolved oxygen 0+200% optical
Redox +1100 mV

| ‘O:I

512 mm »

Figure 8.1 Dimensions of the Nesa WMP6 multiparametric probe

The probe WMP6 was used for continuous measurement of groundwater coming from the Pertuso
Spring from a fixed location just upstream the confluence with the Aniene River (Fig. 8.2).

Figure 8.2 Location of the monitoring system
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This probe is easy to use in continuous mode, thanks to an USB interface and to a web program that
permits to transform the PC in a data logger. The probe permits to analyse several parameters
concurrently and compare data in real time (with interface USB) and data transfer them by GPRS using
an external data logger. With this probe it is possible to manage the data acquisition in continuous, or at
any specific programmable range. In this way, the probe has been connected to a data logger Nesa series
TMF100, managed in a completely automatic way and supplied from it (Fig. 8.3).

(a) (b)

Figure 8.3 Nesa WMP6 multiparametric probe (a) and data logger Nesa TMF100 (b)

The datalogger, via RS485, periodically calls each sensor and processes the data by storing them
locally, and by a line of remote communication GPRS, it transfers all acquired data to an internet area
using the FTP protocol (File Transfer Protocol) (Fig. 8.4).

PC user Datalogger NESA TMF100
(DICEA Sapienza) (Pertuso Spring)

FTP Server
(DICEA Sapienza)

Figure 8.4 System diagram

The probe WMP6 through six independent electrodes, each one calibrated separately, managed by a
specific electronic, allows seeing in real time the values of the main physic-chemical parameters of
water. The connection of the probe was realized via USB interface by 1S485/USB module that, thanks
to an effective web software, allows viewing data, recording them on the PC, as if it were a data logger,
obtaining a file directly in Excel compatible format.
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8.2.2  “Pertuso Data Viewer 1.0” Software

Pertuso Data Viewer version 1.0 is a software for the visualization, interpretation, download and web
access to real time groundwater monitoring data, coming from the Environmental Monitoring Plan of
Pertuso Spring.

This software has been developed in the programming language Matlab® by Sapienza University of
Rome for the analysis of time-series data measured by a multiparametric probe developed for the
monitoring of water-bearing stratums. This probe directly interfaces with a data logger for real-time
visualization of instantaneous data in graphical and numerical modes and storages data in a FTP server.

Pertuso Data Viewer is supported for Windows XP®, Vista®, Windows 7®, 8 e 10 and the
corresponding version of Microsoft Office® (64 bit operating systems) and allows a real-time access of
groundwater monitoring data and the automatic generation of data report and data chart at user specified
time intervals for each parameter for a rapid interpretation of long time series data sets.

Pertuso Data Viewer version 1.0 allows the visualization of concentration plots of each parameter
measured (Fig. 8.5a) which can be expanded in separate windows and saved to a variety of different
formats including “jpeg ”, “tift”, “pdf”, “metafile”.

Moreover, this software exports data, starting from the raw file in ASCII format, in Excel-compatible
format (Fig. 8.5D).

© s B e Paono
(a) (b)
Figure 8.5 Visualization of concentration plots of each parameter measured (a) and raw file in ASCII

format (b)

Pertuso Data Viewer allows to change the datalogger configuration (type of sensors, acquisition time,
and memorization time) and to set up thresholds on measures in manual mode or automatic.

The probe WMP6 can be configured to report to the FTP Server on a daily, hourly, or interval
schedule; alarm condition, or on user demand. In this study, this groundwater multiparametric probe
simultaneously collects hourly time series data.

8.3 Real time data analysis

The real-time water quality monitoring system of Pertuso Spring has been operational since January
2015. Live data will be collected every hour from the spring.

The use of water quality sensors for in situ investigations has a narrow limit of use at this time,
because of problems associated with sensor accuracy. In fact, unlike water level sensors, the
performance of the water quality sensors over periods greater than a year is reduced either because of
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the naturally occurring constituents in the water that interfere with the sensors or because of loss of
sensors calibration.

In March 2016, it has been observed a loss of the dissolved oxygen sensor calibration. For this reason,
the instrument had to be repaired, resulting in the interruption of the recording for about 9 months, until
December 2016.

The results coming from the Pertuso Spring real time monitoring data have been analyzed in order
to study the groundwater circulation in the feeding aquifer. This karst aquifer is characterized by a high
permeability and consequently by very rapid flows, suggesting the presence of large conduits that could
quickly transport a possible contaminant. The experience of more than a year of function has shown that
electrical conductivity is one of the most useful parameters, monitored for quality status classification.
In particular, water temperature, electrical conductivity and rainfall data coming from meteorological
stations (Filettino and Trevi nel Lazio), sited nearby the spring, have been studied to identify the
groundwater circulation in the aquifer feeding the Pertuso Spring. The study of the lag time between
peak rainfall and peak of T and EC allow highlighting the aquifer seasonal vulnerability.

In a karst system, the spring is, very often, the only point, where one can obtain information about
the whole aquifer system. Different variations of T and EC allow distinguishing different kind of water
circulating in the karst system, principally rainwater and base-flow groundwater.

The variations of Pertuso Spring discharge are very marked, strictly conditioned by the local weather
trend. If infiltrators are absent, the water flow is reduced, while in the case of abundant precipitation,
monthly the flow has remarkable increases, with pronounced peaks, not of a longer duration.

In presence of significant infiltration events, even after a prolonged period of drought, in parallel
with the increase in recharge, a sudden decreasing values of mineralization (Fig. 8.6) and generally also
of the temperature (Fig. 8.7).

Results from monitoring generally show decreasing water EC values with increasing Pertuso Spring
flows, due to storm events. The decrease is proportional to the rainfall values (Fig 8.7), suggesting a fast
recharge system with a small saturated zone and large karst conduits, where storm water flows rapidly
mixing with groundwater and reaching the spring in a very short time [143].
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Figure 8.6 Pertuso Spring electric conductivity response to rainfall events (January 2015 - April 2017)
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Figure 8.7 Pertuso Spring temperature response to rainfall events (January 2015 - April 2017)

Also water temperature, showing small increases, changes according to the rainfall events,
confirming this circulation model in the aquifer feeding the Pertuso Spring. During these periods, it may
be possible to experience a significant increase in the battery charge or the turbidity content of the water,
which is due to the intense drainage of the organic matter present in the absorbent areas [143]. When
the infiltrative phenomenon is finished, as evidenced by the decrease in the flow rate, the groundwater
physical-chemical parameters increase very slowly. This is due to the decrease of flow velocities, which
lead to long water-rock interaction and long time of residence in the aquifer.

Until now, there is not enough data to validate the underlying considerations about the aquifer
circulation.

Real-time monitoring provides a very useful option through data processing that could not otherwise
be implemented by conventional monitoring programs of any frequency. Collected groundwater data
can be used to create 3D numerical models to observe groundwater flow patterns and over time capture
seasonal variations. Real time groundwater monitoring improves data availability and reduces the need

for regular access to difficult mountain sites to download groundwater data. This results in significant
labour and travel costs.
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CONCLUSIONS

This study presents the results of the first three years of the Environmental Monitoring Plan related to
the catchment project of the Pertuso Spring, the main perennial outlet of the karst aquifer in the Upper
Valley of the Aniene River, which is an important source for drinking water supply in the southeast part
of Latium Region, in Central Italy.

The purpose of this work is to outline the key monitoring requirements to control the environmental
performance of the catchment project of the Pertuso Spring. The Environmental Monitoring Plan is a
formal and approved document for project execution management. The plan set up the monitoring
methodology and the actions needed to evaluate the potential environmental impacts, due to the
catchment works. The Environmental Monitoring Plan, combined with the implementation of measures
designed to reduce the potential adverse effects of the proposed project on the karst aquifer feeding the
Pertuso spring, is crucial to evaluate the environmental sustainability of the catchment project. The
monitoring plan provides that, in the event of environmental impact, construction activities will stop
and remediation measures will restore the environment status of the hydrogeological system.

In the first part of this study, a comparative evaluation of vulnerability assessment of the karst aquifer
feeding the Pertuso Spring was carried out, applying the COP method. Thus, with the aim of highlighting
the karst features key-role in the unsaturated zone, COP method has been applied starting from two
different discretization approaches of the hydrogeological basin: using a polygonal layer and the Finite
Square Elements (FSE). The combined use of two vulnerability assessment approaches allows a better
understanding of pollution vulnerability mechanisms in the study area.

The results of this study highlight that the vulnerability of the karst aquifer feeding the Pertuso Spring
mainly ranges from low to very high in each approach. Vulnerability maps show a high variability
according to the geological and hydrogeological settings of the study area. The highest contribution to
vulnerability is due to karst features such as karren, sinkhole, groove and swallow holes. The highly
developed epikarst, the high recharge and high hydraulic conductivity minimizes the protective function
of the unsaturated zone.

As to be expected, COP method comes out to be a very suitable methodology for the vulnerability
assessment in karst settings. As a matter of fact, the use of a polygonal layer as the basis for subsequent

125



Conclusions

evaluations of the vulnerability is an effective option, because it allows to highlight the nature of
outcropping lithology and the presence, shape and extent of karst features, responsible of fast infiltration
and leakage. On the other hand, the FSE discretization comes out to be more sensitive to precipitation
rates variations as well as to elevation and slopes, which are related to the water runoff. For these
reasons, it is possible to say that the polygonal layer discretization is more recommended for small study
areas such as the Pertuso Spring hydrogeological basin, whereas the FSE discretization is to be preferred
for wide areas, where the higher range of precipitations and slope factors variations may play a key role
in vulnerability assessment.

The second part of this work outlines the results of a hydrogeological study based on the results of the
Environmental Monitoring.

In order to identify the hydrogeochemical processes governing the evolution of groundwater and surface
water and their circulation patterns, water samples from different parts of the study area were collected
in seven different monitoring campaigns, carried out between July 2014 and November 2016.

The analysis of the hydrogeochemical processes due to groundwater-surface water interactions let us to
highlight the source of their mineralization and the influence of rock masses they flow across in the aim
to address groundwater protection policy. As is to be expected in waters that circulate in karst aquifer,
the Ca-Mg-HCO; facies is dominant in water samples and result from dissolution of limestone and
dolomite rocks which are abundant within the Triassic and Cretaceous formations which underlie much
of the basin. Results from geochemical interpretation of water chemistry using PHREEQC of surface
water sampled indicate that all samples were saturated with respect to calcite and dolomite.

Most of groundwater samples are undersaturated with respect to calcite and dolomite. However, some
samples are saturated with respect to calcite and dolomite, which implies a great dissolution and strong
mineralization along groundwater flow paths (GW_01 and GW_02).

In the aim to quantitatively assess surface water resources, discharge surveys were carried out in four
monitoring stations located along the Aniene River, upstream and downstream the Pertuso Spring, from
July 2014 and November 2016. These results have been compared to the discharge measurements using
the salt dilution method, in the aim if defining a reliable methodology for the evaluation of discharge in
mountain streams, where turbulent flows make difficult apply the conventional current meter method.
Even if the comparison with discharge measurements carried on by the application of both methods
shows comparable values, several factors can affect the accuracy the discharge measurements obtained
by salt dilution method. The loss of tracer between the injection point and the downstream cross section
makes not applicable the equation for the conservation of mass and consequently the computation of
stream discharge. Other factors that may have caused inaccuracies between current meter and salt
dilution stream flow measurements are the tracer probe accuracy limits and the incomplete mixing
throughout the stream cross section before the downstream gauging section is reached. This fact let us
pointing out the real importance of the determination of the degree to which an added tracer is diluted
by the flowing water. The success of the slug injection methods requires the complete mixing of the
added tracer diluted by the flowing water in as short a distance as possible.

The third part of this work deals with the assessment of the groundwater - surface water interactions on
the basis of Aniene River discharge measurements and water geochemical tracers data in the aim to set
up an inversed model, which allows to estimate groundwater flow coming out from the Pertuso Spring,
starting from discharge measurements and geochemical characterization. In this study, we presented the
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first results of the application of an indirect method, based on Magnesium as a tracer, with its
concentration changes in groundwater and surface water, for the evaluation of karst spring discharge.
The measurements of Magnesium concentration, along the Aniene River and groundwater coming from
the Pertuso Spring, have confirmed potential for using Magnesium, as a suitable aqueous tracer, to assess
karst spring discharge. These preliminary results show that the dilution of naturally dissolved
Magnesium ion in groundwater and surface water can give a reliable estimate of dolomite dissolution
where tradition methodologies are not easily applied. This value depends on the Pertuso Spring water,
which is undersaturated with respect to dolomite until it joins the main stream of Aniene River, where
the magnesium content is much higher due to the saturation whit respect to dolomite. Thus, the
decreasing of Magnesium concentrations downstream the Pertuso Spring is due to this mixing with
spring waters. Although it is subject to some uncertainties, the Mg?* concentration, as an environmental
tracer, provides a mean to predict discharge evaluation of the Pertuso Spring, due to the mixing of
surface water and groundwater and, provides information on changes in water quantity and quality. This
method applied in the Upper Valley of the Aniene River showed its reliability and indicates that such
measurements can be useful to better understand groundwater movement in this karst system. In fact,
the use of Magnesium, as an aqueous tracer, is well suited because it occurs naturally in the environment

and it is easy to monitor and its measurements inexpensive to be performed.
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ABSTRACT

This paper dealswith a part of the preliminary results of three yearsinvestigation activity, carried in Dar es Salaam
coastal plain (Tanzania), ACC-DAR project, supported by the European Union, in cooperation with Sapienza
University of Rome and Ardhi University of Dar es Salaam. Here, they are presented the effects of rainfall data
evolution in the last 50 years on the groundwater active recharge, due to land cover evolution. As a matter of fact,
in the last fifteen years the Dar es Salaam coastal plan has been involved in a hard increasing of groundwater
exploitation, due to increased population. On the on the hand, the groundwater active recharge has been decreased,
due to the evolution of land cover. In the framework of the project, the rainfall data have been collected referred to
50 years of observations in the three urban stations of Dar es Salaam. Sarting from the data collection of the
continuous historical rainfall series, it has been evaluated the groundwater active recharge for different land cover
scenarios from remote sensing data. The results have been compared to water demand evolution values, referred to
the same temporal range, and it has been outlined that in the last few years the water demand, in this area, has
overpassed the groundwater active recharge.

Keywords: Tanzania, groundwater recharge, climate chamgater demand

INTRODUCTION

The present study is related to the applicatiothefreverse water balance technique (P = ET + RH In order to
determine the active average recharge (l) of thaéfergin the coastal plain of Dar es Salaam (Tar@arThe
management of the large available quantity of Bguasked the application of a Geographical Infooma®ystem
(ESRI ArcGIS10), to set up a distributed parameteathematical model.

The United Republic of Tanzania is a country in -Saharan Africa and Eastern Europe. It border&#mgya to the
North and the Uganda, Rwanda, Burundi and the DeatiodRepublic of the Congo to the West while treambia,
Malawi and Mozambique to the South. The area ustiety covers all the urban and the periurban zoh&ar es
Salaam and it is selected starting from the natuydtogeological boundaries. The geological setththe study
area comprises unconsolidated sediments, whichclassified by their geological age into two majaripds:
Quaternary and Neogene deposits [2]. The Quatemheppsits consist of three geological layers: @l \coastal
plain and coral reef limestone deposits (Fig. 1).

The alluvial deposits and coastal plain deposigsadiPleistocene to Recent age and are found maialying from
the coast towards the mainland within the riveteys [4]. The main part of the study area corregigaio such a
valley. These deposits consist of sand, clay, dsaaed pebbles. Fine to coarse-grained sands addety within
valleys creeks, deltas and mangrove sites of thiedaz Kizinga and Msimbazi Rivers. Msindai (1988ported on
limestones, which are mainly coralliferous and fanend along the coastal strip. They are generathativered and
normally covered on the surface by white buff sandgeddish brown soil. The present study deals whie
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elaboration of the rainfall data (from 1960 — 20i®)rder to assess the active recharge of thefeaggystem in
coastal plain of Dar es Salaam (Tanzania).

N [EA Kaolinitic sandy clay-loams.
_t [0 Sandy clay-loams & sands
| ESH Dissected clay-bound sands
‘ Rendzinas : deep & red
[ Colluviumn or outwash sands
Sandy clays & clayey sands
4 E=J Dissected clayey sands
I Rendzinas : arey & yellow
Alluvium : sands, silts & clays
\ Saline soils with mangrove
Organic swamp soils
Beach & barrier sands
Edge of the coastal ploin

Fig. 1: The study area ([3] modified)
EXPERIMENTAL SECTION

They were available 50 years of rainfall obsenra{id960 - 2010), related to three different stagiimia, Wazohill,
Ocean Road), and so all these data have been ddaptertain probability distributions (Fig. 2).

1800
1600 N

1400 .;::““‘-~
1200
1000
800 - -

600 ]

400
200 |— ==—=——=INIA =—s—CCEANROAD WALOHILL |——

Annual Total Rain {mm)

0 T T T 1

o} 10 20 30 40 50
Years (1960 to 2010)

Fig. 2: Rainfall data for thethree different urban stations of Dar es Salaam

Since some of these rainfall observations werearmimplete data series, it has been applied akweWn statistic
elaboration process in order to create the lac#atg. To fill these data three different methodgehaeen used: (i)
Between-station method based on the average bettteeprevious and the following data; (ii) Withitaon
method based on the average between the dataeregish different stations; (iii) Regression baseda important
result, the difference or ratio between values ghan element observed in a different stations lmarestablished
from corresponding sums or mean values. The adargtavas obtained with the method of moments, cating
firstly the parameters of the distributions (Gau3alton, Gumbel, Frechet), equating theoretical s with one
of the distributions (it is assumed that the stigi$ parameters coincide with those of the samgdte)order to
determine the setting more representative of @istital distribution, two different statistic tedrave been verified:
Pearson and Kolgomorov Smirnof Test. Only the Gaunsdistribution has passed both tests (Fig. 3).
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Fig. 3: Gaussian distribution

Consequently, they have been chosen the rain vakfesring to one with 70% of probability of hapyreg (Tab. 1).

Tab. 1: 70% probable annual rainfall data

u+o 1410,6 mm

Jnia u-g 854,22 mm
u+o  1249,9 mm

Ocean Road U-c 8012 mm
. pu+o 1091,9 mm
Wazohill 727.8 mm

The Inverse Distance Weighting (IDW) method, whisha deterministic one for multivariate interpaobetj starts

from a known scattered set of point data, in otdespread them on an area (Fig. 4). In this aimatlea under study
has been divided in meshes of 500 mt of dimension.

911,191833 - 948,000000
948,01 7638 - 1000000000
1000786011 - 1050,000000
1050, 058472 - 1085,000000
1065, 046831 - 1090,000000
1090,030518 - 1115,000000
1115,014038 - 1135 000000

Fig. 4: Application of the I nver se Distance Weighting method to the study area
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RESULTSAND DISCUSSION

Over the last ten years, the changes of the angadwen a significant growth of discontinuous amtiouous urban
land [5]. In the course of time, the consequendekis transformation have influenced the rechangeas extension,
and groundwater active recharge have been decrégiged).

2002

2011
Fig. 5: Land cover distribution in 2002 and 2011

The graph shows (Fig. 6) the changes concernindptitk cover between the 2002 and the 2011. It pomant to
underline that the percentage of continuous urbdrieubled over less than ten years.

Continuous
Urban
2%

Class Land Cover 2002

Discontinuous

Urban
15%

i

Vegetation
10%

Sail
48%

Class Land Cover 2007

Discontinuous
Urban
23%

Continuous
Urban
35%

Soil
29%

Vegetation
13%

The assignment of the potential infiltration facgadet us to separate the infiltration from rainfadiking in account

Discontinuous
Urban
22%

Continuous
Urban
43%

Class Land Cover 2011

29%
@/egelaﬂun
6%

Soil

Fig. 6: Land cover d

istribution from 2002 to 2011

runoff and evapotranspiration, which do not conttébto the active recharge (Tab. 2).

Tab. 2: Potential Infiltration Factor referred to the different land cover class

Land Cover Class

Potential Infiltration Factor ()

Continuous Urban
Discontinuous Urban
Vegetative

Soil

0,1
0,2
0,3
04
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By this way for each mesh it has been calculatedvtilume of recharge, through the multiplicatiortleé rainfall

(mm) by the factogs (-) and the area (fn Adding up all the mesh values, the resultingeé has been compared
with the annual water demand (Fig. 7).

7.E+07 20

+26%

6.E+07

b 20
5.E+07 Demand

t 10
4.6+07

to
3.E+07

F-10
2.E+07

-17% 20

1.F+07
0.E+00 - L 30

Fig. 7: Annual recharge compared with water demand

Volume (m?)

Percentage mutation ( %)

According to land cover changing the volume of wasedecreased from 2002 to 2011. The bar grapy. @i
shows that the volume of groundwater active reahamgdar Es Salam coastal plan has decreased lmstb%6 for

each year.
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Fig. 8: Volumetrend from 2002 to 2011

Volume {m?3)

It true, on the other hand that part of groundwatsive recharge in the coastal plan comes fornuRMilis, but it
will be necessary, all the same, to stop the grauaer exploitation, due to new building construgtito reverse the
nowadays trend of budget between demand and rexharg
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An integrated approach to the Environmental Monitoring Plan of the
Pertuso spring (Upper Valley of Aniene River)

Un approccio integrato al Piano di Monitoraggio Ambientale della sorgente Pertuso (Alta Valle

del Fiume Aniene)

Giuseppe Sappa, Flavia Ferranti

Riassunto: La caratterizzazione idrogeologica delle acque sot-
terranee e superficiali & uno strumento di fondamentale im-
portanza per una corretta gestione e salvaguardia ambientale
delle risorse idriche. Il presente lavoro illustra la pianificazione
del programma di monitoraggio multi-disciplinare relativo al
progetto di consolidamento della derivazione della sorgente
Pertuso, nell’Alta Valle del Fiume Aniene, per il superamento
delle emergenze idriche nei Comuni a sud di Roma. Alla luce
di quanto prescritto dal D.Lgs. 152/2006, cosi come modifica-
to dal D.M. 260/2010, la realizzazione di opere di ingegneria,
interessanti il sottosuolo, non puo prescindere dalla predispo-
sizione di un Programma di Monitoraggio Ambientale, dal
quale ricavare il patrimonio informativo sullassetto idroge-
ologico dell’area di studio. La caratterizzazione idrogeologica,
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realizzata attraverso il Programma di Monitoraggio Ambien-
tale, costituisce uno strumento utile per valutare i potenziali
impatti ambientali correlabili al progetto di derivazione. Per
la valutazione e la conseguente gestione sostenibile delle risor-
se idriche, un requisito fondamentale & la quantificazione della
ricarica della falda acquifera. Per tale motivo & stata inclusa nel
piano di monitoraggio una dettagliata caratterizzazione quan-
titativa delle acque sotterranee erogate dalla sorgente Pertuso,
al fine di garantire che i lavori di derivazione non alternino
il naturale equilibrio idrogeologico della falda acquifera. A
questo scopo € stato redatto un Programma di Monitorag-
gio Ambientale delle acque sotterranee e superficiali dell’Alta
Valle del Fiume Aniene, di cui il presente studio illustra nel
dettaglio gli obiettivi e l'articolazione.

Abstract: Quantitative assessment of groundwater and surface wa-
ter is an important tool for sustainable management and protection
of these important resources. This paper deals with the design of a
multi-disciplinary monitoring plan related to the catchment project
of the Pertuso spring, in the Upper Valley of Aniene River, which
is going to be exploited to supply an important water network in
the South part of Roma district. According to the Legislative De-
cree 152/20006, as modified by DM 260/2010, any infrastructire
design should take in consideration an Environmental Monitoring
Plan for the hydrogeological settings of the study area. Thus, the
hydrogeological characterization combined with an Environmental
Monitoring Plan provides to evaluate the potential adverse environ-
mental impacts due catchment works. For water resources assessment
and management, the quantification of groundwater recharge is a
preliminary step. As a matter of fact, it has been included the quan-
titative characterization of the Pertuso spring, in the aim of to protect
catchment area, which is divectly affect by the natural hydrogeologi-
cal balance of this aquifer. Thus, a multi-disciplinary monitoring
plan has been set up, including quantitative and hydrogeochemical
measurements, both for groundwater and surface water of the Upper
Vialley of Aniene River. The target of this Environmental Monitoring
Plan is 1o set up the background framework on the hydromorpho-
logical, physico-chemical and biological properties of water resources
in the water basin influenced aim by any potential environmental
impact due to the construction activities. The Environmental Moni-
toring Plan and main features of the monitoring network will be
presented in this study.
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Introduction

Karst aquifers constitute more than 30 % of the EU land
mass (Foster et al., 2013) and these groundwater resources
are the most important source of water supply for world-
wide (Sappa et al., 2013). The hydraulic behaviour of karst
aquifers is controlled by a network of highly permeable flow
features (i.e. karst conduits, rutted fields, sinkholes, cave sys-
tems and ponors) embedded in a less permeable fractured
rock matrix. Depending on their sizes (hydraulic capacity)
and interconnection, conduit networks are responsible of dis-
charging large volumes of water rapidly through a karst aqui-
fer (White, 1993). Flow velocities into well-developed karst
networks range on the order of hundreds to thousands of feet
per day are not uncommon (White, 1988). The hydrogeologic
characteristics of these aquifers are largely controlled by the
structure and development of the conduit network, which
generally produces short-circuit surface drainage providing
alternative subsurface flow paths that have lower hydraulic
gradients and resistance (White, 1999). The heterogeneous
distribution of permeability within the karst aquifer and the
limited attenuation processes make them more vulnerable to
pollution than porous aquifer. Due to their vulnerability, the
exploitation of groundwater from karst aquifers requires special
strategies for protection and management (Bakalowicz, 2005).

The Pertuso karst spring is located in the Upper Valley
of Aniene River (Central Italy) westward of Filettino (FR),
at an elevation of about 700 m a.s.l.. Until now, it has been
one of the largest fresh water springs in Latium Region. The
study area is located in the upper part of Aniene River basin,
between the town of Filettino and Trevi nel Lazio (FR) and
outcrops from an important karst aquifer, mainly made of
dolomitic limestones and dolomites of Cretaceous age. The

41°57'36" N
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northern part of this basin, belonging to the Regional Park
of Simbruini Mountains, the largest protected area of Latium
Region, has a remarkable environmental value and belongs
to Nature 2000 network as Special Protection Areas (SPAs)
(Habitats Directive 92/43/CEE). The proposed environmen-
tal monitoring plan will provide water quantity and quality
data useful for monitoring activities and impacts associated
with the catchment project of the Pertuso spring, and will
contribute useful information to (i) monitor water quantity
and quality; (ii) set up monitoring methodology and identify
monitoring parameters; (iii) identify any adverse environmen-
tal impact, and (iv) design the performance and effectiveness
of mitigation measures proposed.

This paper presents an overview of the Environmental
Monitoring Plan that will be used for the hydrogeologic in-
vestigation and characterization of the karst aquifer feeding
the Pertuso spring.

Geological and hydrogeological setting

The study area is located along the SW boundary of the
Simbruini Mountains, characterized by the confluence of the
Fiumata Valley and the Granara Valley from which starts the
Valley of Aniene River (Cipollari et al., 1995). The Pertuso
spring is sited about 1 km down from the confluence of these
valleys. An important carbonate karst aquifer mainly made of
dolomitic limestone and dolomites of Cretaceous age outcrops
in this area (Fig. 1). On the top, there are Quaternary fluvial
and alluvial deposits, downward pudding and Miocene clay
and shale, while the bottom of the series consists of Upper
Cretaceous carbonates, made from alternating layers of granu-
lar limestone and dolomites (Ventriglia, 1990).

41°57'36" N
13°22'41"E
Legend

Pertuso Spring

Hydrogeological Basin

[ Hydrogeological Basin

Geology

[ (dt) Flow debris

[ (q) Ancient floods

[ (mo) Moraine deposits

[ (cg) Conglomerates

[ (br) Breccia with calcareous cement

[ (mp) Pudding stones

[ (mag) Clays and shales

[J (mc) White and yellow granular limestone
[ (dc) Compact limestone with dolomite
[ (cl) Compact limestone and dolomitic limestone
[ (dI) Gray dolomite

[ (t) Gray and white crystal dolomite
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Fig. 1 - Simplified geological map of the study area.

Fig. 1 - Carta geologica semplificata dell’area di studio.
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This area is mostly made of highly permeable Cretaceous
carbonate rocks, deeply fractured and mostly soluble. Due to
weathering, distinctive surface and underground karst for-
mations are developed in this area at small and large scales.
The most important karst landforms are rutted fields, karren,
sinkholes and swallow holes. The karst surface is very per-
meable and enables the rapid infiltration of rainfall into the
underground system, where the carbonate dissolution makes
cavities (Accordi and Carbone, 1988; Bosellini, 1989; Dami-

ni, 1990). Dissolution conduits strongly influence ground-
water flow and evolve into complex networks, often crossing
several kilometres throughout the limestone matrix.

The Pertuso spring is located in the dolomite outcrop up-
stream the town of Trevi nel Lazio and flows into the Aniene
River, close to the boundary of the carbonate hydrogeological
system (Ventriglia, 1990).

The Pertuso karst spring is the natural outcrop of ground-
water discharging from these conduits and it comes out
when this aquifer made of this high enhanced karst network,
matches topographic surface (Fig. 2).

The Pertuso spring discharges groundwater coming from
an about 50 km? karstified Cretaceous calcareous rock area.
In the Upper Valley of Aniene River the total average annual
discharge amounted to about 3800 1/s of which up to 1400
l/s are referred to the Pertuso spring (Acea ATO 2 Sp.A.,
2005). The discharge at this karst spring is usually rapid and
displays pronounced peaks following recharge events. Unfor-
tunately they are not available data referred to groundwater
discharge more than ones represented in Fig. 3.

SE NV

Aniene River
\

dt Debris (Holecene)
Bo23es)

- cr Granular limestone with dolomite (Upper Cretaceous)

l:l q Ancient floods (Pleistocene) - dc Compact limestone with dolomite (Lower Cretaceous)

A
@ Pertuso Spring  —— Fault Scale 1:10.000

Fig. 2 - Geological cross section of the Pertuso spring.

Fig. 2 - Sezione geologica della sorgente Pertuso.

The catchment project of the Pertuso spring

On 28 June 2002, a Legislative Decree of the President of
the Council of Ministers has established the drought emer-
gency state of the municipalities in the south part of Roma
district. For this reason, the Pertuso spring, currently feeding
the Comunacqua hydroelectric power plant, owned by ENEL
group, since 2002 also supplies the Simbrivio water supply
network, for a maximum of 360 1/s, in addition to the vol-
umes not available from Simbrivio historical springs. In order
to reduce costs and make this spring independent from the
plant owned by ENEL group, in the program of actions to
resolve the state of drought emergency was included a catch-
ment work project of the Pertuso spring for a maximum of

Hydrological Rate - Pertuso springs
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Fig. 3 - Hydrological rate of Pertuso spring in the 1990 - 1999 period (Filettino meteorological station).

Fig. 3 - Regime idrologico della sorgente Pertuso relativo al periodo 1990 — 1999 (stazione meteorologica di Filettino).
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360 1/s. The design of the exploitation project includes a first
section from Pertuso Dam to Sosiglio Bridge, characterized
by the excavation with TBM of a tunnel across Druni Hill
(Construction site 1), and a second one, from Sosiglio Bridge
to Cervinara Stream (Fig. 4), in open excavation, till the inter-
section with the existing water pipe which leads to the Ceraso
hydroelectric power plant (Construction site 2). The primary
aim of the Environmental Monitoring Plan is to ensure hy-
drogeological data about (i) temporal and spatial variations in
groundwater and surface water levels, (ii) temporal and spa-
tial variations in groundwater and surface water quantity and
quality and (iii) impacts due to the drainage of groundwater
through the Druni Hill tunnel and the interaction with sur-
face water linked with groundwater. Thus, according to the
Legislative Decree 152/2006, as modified by DM 260/2010,
the Environmental Monitoring Plan suggested to character-
ize the major environmental components (i.e. surface water
and groundwater) of the Upper Valley of Aniene River for the
evaluation of the environmental parameters during survey,
excavation and post-excavation phase of the project. For this
reason a long-term water quantity and quality monitoring has
been established in the study area.

Environmental Monitoring Regulatory Requirements

The European Union, by Water Framework Directive
2000/60/EC, identified the need to create a legal framework
for sustainability and protection of all waters (surface water,
groundwater, inland waters, transitional waters and coastal
waters) and sets out specific objectives that must be achieved
by specified dates. The Water Framework Directive aims to

DOI 10.7343/AS-073-14-0099

prevent further deterioration, protect and enhance all water
resources and sustain the natural ecosystems that depend on
them. The main purpose is the achievement of good status
for all water bodies by 2015; and if this is not possible, aim
to achieve good status by 2021 or 2027. Good status means
good ecological status for surface waters up to one nautical
mile from the coast; good chemical status for all territo-
rial waters, good chemical and good quantitative status for
groundwater and good ecological potential for heavily modi-
fied water bodies. Italian law system (i.e. D.M. 260/2010), in
agreement with Water Framework Directive, establishes an
Environmental Monitoring Plan both for protection and sus-
tainability purposes of water resources. The Ministerial De-
cree D.M. 260/2010 identifies three categories of monitoring
in the following: (i) Supervisory monitoring, to define the hy-
drogeological conceptual model of the aquifer; (ii) Operating
monitoring, to measure the potential impact that could re-
sult from project operations; (iii) Survey monitoring, to assess
the effectiveness of remedial measures. Through supervisory
activities will be carried on the environment characteriza-
tion of the study area, including the definition of spatial and
temporal trends in measured parameters. This monitoring
is useful to establish the baseline values for environmental
quality and quantity indicators so that long-term changes can
be evaluated. The operating monitoring allows the existing
physical and chemical characterization, the evaluation of the
environmental parameters and the examination of the poten-
tial contamination sources due to the catchment project. The
monitoring plan aims to assess the status of water bodies, to
check whether the environmental targets are being effectively

1 Legenda
PertusoSpring

Pertuso Dam

| Aniene River

{ Catchment project

Fig. 4 - Design of the exploitation project of Pertuso spring.

Fig. 4 - Progetto di consolidamento della sorgente Pertuso.
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achieved. This approach was needed to identify the environ-
mental status of groundwater and surface water and to local-
ize where management action is required to achieve the pur-
poses of the Water Framework Directive. The Environmental
Monitoring Plan integrates water policy bringing together,
within its framework, the actions that are required by all EU
and national water legislation.

Water monitoring network design

In the study area a monitoring network has been set up to
assess the karst aquifer — Aniene River hydrodynamics prop-
erties. The recommendation for monitoring in karst aquifer
is to focus on the sensitive connections between surface water
and groundwater. The monitoring points should be represen-
tative of the hydrogeological conceptual model, with regard
to groundwater flow and its interaction with surface water.

The monitoring network will be used to provide baseline
hydrogeological conditions and temporal changes in ground-
water and surface water conditions prior to project develop-
ment. The network will also be monitored in the long term
(i.e. before, during and after construction activities) to pro-
vide ongoing measurement of quality and quantity, includ-
ing temporal and seasonal changes. In addition, to providing
baseline information, the results from the monitoring plan
will provide a reference to measure any environmental im-
pacts that could occur. Long-term water monitoring will be
conducted at several monitoring stations, chosen according
to the importance and the significance of the each environ-

mental component, subjecting to identify the conditions for
accessibility.

For the purpose of this study, the monitoring network is
based on in situ gauge stations shown in Fig. 5, located along
the proposed catchment project.

Four stations are located along a 2 km long Aniene River
main stream (SW_01, SW_02, SW_03 and SW_04), referred
each one to the two construction sites, as SW_01 and SW_03
are the monitoring stations, designed to control environmen-
tal conditions upstream each construction site, while SW_02
and SW_04 are designed to control the same conditions down-
stream each of them, along the Aniene River main stream.

The groundwater monitoring network includes three exist-
ing piezometers (GW_02, GW_03 and GW_04). The Aniene
River basin is characterized by a complex network of catching
and reservoirs, which doesn’t allow a good evaluation of the
average annual recharge of this system (Sappa and Ferranti,
2013). Thus, to assess quantitative and quality alterations of
the karst aquifer feeding the Pertuso spring, an additional
groundwater monitoring station (GW_01) will be installed in
the spring to evaluate the undisturbed conditions upstream
the karst aquifer. GW_02 monitoring stations were chosen
as representative of aquifer conditions downstream the con-
struction of Druni Hill tunnel, while GW_03 and GW_04
are site respectively upstream and downstream the second
construction site, in order to monitor groundwater quantity
and quality.

Each of the monitoring stations will be identified with a
set of Global Positioning System (GPS) coordinates (Table 1).

DI A VAN
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: Legenda
PertusoSpring

Pertuso Dam
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~ Aniene River
Catchment project

’| Surface Water Monitoring Stations

“| Groundwater Monitoring Stations
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Fig. 5 - Location of monitoring stations (SW: surface water; GW: groundwater).

Fig. 5 - Localizzazione delle stazioni di monitoraggio (SW: acque superficiali; GW: acque sotterranee).
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Tab. 1 - Main characteristic of the monitoring stations.

Tab. 1 - Caratteristiche principali delle stazioni di monitoraggio.

Monitoring Station N (m) E (m) Location
Pertuso spring 4637128.87 | 357846.31 Spring (Upstream 1° construction site)

GW_01 4636860.56 357411.6 Piezometer (Upstream 1° construction site)
Groundwater GW 02 46364749 356977.6 Piezometer (Downstream 1° construction site)

GW_03 4636246.5 3566479 Piezometer (Upstream 2° construction site)

GW_04 4635951.2 355865.5 Piezometer (Downstream 2° construction site)

SW_01 4637064.68 358097.8 Upstream 1° construction site
Surface water SW_02 4636437.2 3570129 Downstream 1° construction site
(Aniene River) SW_04 4636013.5 3566349 Upstream 2° construction site

SW_03 4635706.8 3552309 Downstream 2° construction site

Methodology

Because of the interconnection between matrix, fractures,
and conduits network, karst aquifers are extremely heteroge-
neous and have hydraulic and chemical properties that are
highly scale dependent and temporally variable (Toran et al.,
2007). For this reason, the Environmental Monitoring Plan
involves collecting samples of surface water and groundwa-
ter for quantitative and quality characterization of the karst
aquifer feeding the Pertuso spring.

The Environmental Monitoring target is to set up the en-
vironmental state and quantitative and quality analysis of
temporal water trends for the evaluation of potential inter-
actions between project design and karst aquifer. The aim
of this monitoring plan is to build a background framework
on the hydromorphological, physico-chemical and biological
properties of groundwater and surface water resources in the
aim to prevent and evaluate any potential environmental ef-
fect coming from the construction activities.

Samples of surface water and groundwater for major dis-
solved species and trace elements will be collected using
standard techniques (Brown et al., 1970; Wood, 1976) that
include field filtration using a 0.45 pm membrane filter for
major ions and trace elements. Laboratory analysis will be car-
ried on by a certified water testing laboratory for chemical-
physical, organic, inorganic, and microbiological parameters,
following DLgs. 152/06 prescriptions (Tab. 2). Properties such
as temperature, electrical conductivity, pH, dissolved-oxygen,
oxidation-reduction potential, static water level and stream
flow can be measured directly in the field before the water
sample collection. The choice of measures equipment depends
on several factors including the accuracy of measurement re-
quired and the type and accessibility of well (monitoring or
water supply).

All field instruments will be calibrated according to manu-
facturer’s recommendations prior, to be taken into the field.
Calibration standards will be selected based on historic data
for best instrument accuracy.
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Surface Water Monitoring

Stream discharge and water quality parameters such as tur-
bidity, dissolved oxygen, water temperature and electric con-
ductivity monitoring is important to have a referring trend,
along the year, of these values range and to be ready to evalu-
ate potential modifications due to construction activities.

Stream discharge will be indirectly estimated by the calcu-
lation of discharge from the in situ measured data set. Sea-
sonal measurements of Aniene River water stream, along with
periodical measurements of cross-sectional area, water surface
width, flow velocity, bed channel depth will be started on
August 2014. These measurements will be made with con-
ventional measurements methods such as reels current meter
method for discharge. Thus, the Aniene River flow will be
measured using a current-meter (SEBA F1 - Seba Hydromet-
rie) which, combined with SEBA Z6 pulse counter, allows to
measure velocity between 0,025 m/s and 10 m/s.

The current U.S. Geological Survey (USGS) procedure for
gagging discharge in rivers is to measure stage and then to
calculate discharge from an empirically generated stage dis-
charge relation (rating curve) (Chow, 1964 and Rantz, 1982).
In natural river systems a common approach is to build the
stage—discharge relationship with the help of several seg-
ments only valid for a given range of stages. For this reason,
flow measurements will be collected at a number of equally
spaced verticals (N), inside the river cross section, at multiple
depths at each monitored vertical. The rating-curve will be
regarded as a relation fitted to N points (h;, Q)), i=1,2,...,N,
the measured stage hi and corresponding measured discharge
Q, recorded on N occasions.

Groundwater Monitoring

The groundwater monitoring network is made on the first
by the GW_01 station (Pertuso spring), where will be placed
a multiparameter probe, connected to a data logger to collect
daily time series of temperature, electrical conductivity, pH,
dissolved-oxygen, oxidation-reduction potential and water
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Tab. 2 - Water Quality Monitoring Parameters.

Tab. 2 - Parametri oggetto del monitoraggio.

Tipology Parameter Unit Surface water Groundwater
Water Temperature °C X X
Dissolved Oxygen mg/I X X
In Situ Parameters Conductivity uS/cm X X
pH - X X
Flow m3/s X X
Turbidity (Residue At 105 ° C And 550 ° C) (mg/1) X
Total Suspended Solids mg/| X
Total Hardness mg/l CaCO3 X X
Bicarbonates (Temporary Hardness) (mg/1) X
Bicarbonate Alkalinity (mg/1) X
Carbonate Alkalinity (mg/1) X
Bicarbonate lon (mg/l) X
Total Nitrogen N ug/l X
Ammonia Nitrogen N ug/! X X
Nitrate Nitrogen N pg/l X
Nitrous Oxide ug/ X
BOD5 0, mg/| X
CcoD 0, mg/| X
Laboratory Parameters Orthophosphate P re/! X
Total Phosphorus P ug/l X X
Chloride Cl~ pg/I X X
Nonionic Surfactants ug/! X
Anionic Surfactants ug/! X
Color ug/ X
Odor ug/! X
Sodium ng/l X
Calcium ug/! X
Potassium ug/! X
Magnesium ng/! X
Sulphates SO,% pg/l X X
Boron ug/! X
Free Cyanide ( ug/! X
Fluorides ug/! X
Cadmium ng/l X X
Total Chromium ug/! X X
Chromium Vi ug/l X
Mercury ug/l X X
Nickel ug/! X X
Lead ug/! X X
Copper ug/l X X
Zinc ug/! X X
Metals Aluminum ug/! X
Antimony ug/! X
Silver ng/! X
Arsenic ug/! X
Beryllium ng/! X
Cobalt ng/! X
Iron ng/l X
Selenium ug/! X
Manganese ug/! X
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belows Tab. 2 - Water Quality Monitoring Parameters.

segue Tab. 2 - Parametri oggetto del monitoraggio.

Tipology Parameter Unit Surface water Groundwater
Aldrin ng/l X
Dieldrin ng/l X
Endrin ug/l X
Isodrin ng/! X
DDT ng/l X
Benzene ng/! X
Ethylbenzene ng/! X
Styrene ng/l X
Toluene ug/l X
Para-Xylene ug/! X
Hexachlorobenzene ng/l X
Hexachlorocyclohexane ug/l X
: Hexachlorobutadiene ug/! X
Organic Compounds .
1,2-Dichloroethane ng/l X
Trichloroethylene ng/l X
Trichlorobenzene ug/! X
Chloroform ng/l X
Carbon Tetrachloride ng/l X
Perchloroethylene ug/l X
Pentachlorophenol ug/! X
Hydrocarbons C> 12 ng/l X
Hydrocarbons C <12 ug/l X
Total Hydrocarbons ug/! X
BTEX Hydrocarbons ng/l X
Methyl Tert-Butyl Ether MTBE ng/l X
Total Polycyclic Aromatic Hydrocarbons ng/l X
Microbiological Parameters Escherichia Coli UFC/100 ml X X

level, starting from September 2014, till one year after con-
struction activities end. All these data will be sent daily to a
PC station, to control every day groundwater spring proper-
ties, and they will be display on a website.

Spring discharge will be indirectly evaluated, at the Aniene
River cross — section shown in Figure 6, by the calculation
of discharge from the in situ water level data set, in order
to evaluate the contribution of the Pertuso spring to Aniene
River flow.

Seasonal sampling will be carried out on August 2014 and
groundwater samples will be taken directly from each moni-
toring stations (boreholes and spring). Boreholes are GW_02,
GW_03 and GW_04, placed, respectively, downstream of the
first construction area, GW_02, upstream and downstream of
the second construction area, GW_03 and GW_04.

The target of groundwater sampling is to have a water sam-
ple that represents the groundwater properties, in the area
under study, in any season, as a reference database to relate the
results of analysis carried on during construction activities.
To obtain a representative sample it is necessary to remove
the stagnant water from the well before a sample is taken.
Before collecting a groundwater sample, the boreholes will
be purged to remove any stagnant water in it and to ensure
that the water sample is representative of the aquifer being
sampled: so, a minimum of three to five well volumes of water
will be purged.
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Purging must continue until temperature, electric conduc-
tivity, and pH level readings stabilize. The readings will be
taken and logged every few minutes and recorded in a field
log book together with the pumping method and the volume
of water pumped.

The water level will be measured using a probe attached to
a permanently marked polyethylene tape, fitted on a reel. The
probe detects the presence of a conductive liquid between its
two electrodes, when contact is made with water; the circuit
is closed, sending a sound back to the reel. The water level is
then determined by taking a reading directly from the tape,
at the top of the well. Some physico-chemical parameters can-
not be reliably measured in the laboratory as their character-
istics change over a very short time scale. Parameters that will
be measured in the field include pH, electrical conductivity,
temperature, dissolved oxygen and redox potential. The field
parameters will be reliably measured using a multiparameter
probe—usually with an electrode for each parameter.

Sampling frequency

The sampling frequency depends on the monitoring pur-
poses, established by the Environmental Monitoring Plan
(DM 260/2010). However, for surface water a more detailed
sampling frequency is required for supervisory and operating
monitoring, while a low sampling frequency (1/year) could
be enough for survey monitoring, if any trouble would have
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Fig. G - Detail of the Pertuso spring monitoring station (GW_01).

Fig. 6 - Particolare della stazione di monitoraggio in corrispondenza della
sorgente Pertuso (GW_01).

come out during previous monitoring phases. The ground-
water frequency sampling is related to the aim of set up the
hydrogeological conceptual model of the karst aquifer. Thus,
groundwater will be monitored monthly (12/year), in the
whole monitoring network, for supervisory and operating
monitoring, to assess seasonal and natural groundwater fluc-
tuations, while annual sampling (1/year) will be carried out
for survey monitoring. Water measurements at the Pertuso
long-term monitoring station (GW_01) will be collected one
time daily.

The Environmental Monitoring Plan will be reviewed an-
nually, according to the monitoring results and ongoing of
the catchment project of the Pertuso spring. The review of
the monitoring plan will upgrade the potential environmen-
tal impacts and will adapt the monitoring to the updated risk
rating. It will evaluate the effectiveness of each monitoring
station, to assess where new locations and modifications to the
monitoring network may be needed, and evaluate any impacts
that may be occurring. An additional monitoring plan will be
considered in case of a sensitive environmental accident. The
annual review of the monitoring plan, including analysis of
results, will be submitted to the authorities for review.

CGonclusions

This study presented the Environmental Monitoring Plan
of groundwater and surface water in the Upper Valley of An-
iene River, in southern part of Latium Region. The purpose
of this work is to outline the key monitoring requirements
to control the environmental performance of the catchment
project of the Pertuso spring. The Environmental Monitoring
Plan is a formal and approved document for project execution
management. The plan set up the monitoring methodology
and the actions needed to evaluate the potential environmen-
tal impacts, due to the catchment works. The Environmen-
tal Monitoring Plan will be updated elaborated by updates,
throughout the project ongoing with the purpose to support
the implementation of environmental remediation works as
part of the project.

The Environmental Monitoring Plan, combined with the
implementation of measures designed to reduce the potential
adverse effects of the proposed project on the karst aquifer

Acque Sotterranee - [talian Journal of Groundwater (2014) - AS09039: 047 - 055

feeding the Pertuso spring, is crucial to evaluate the environ-
mental sustainability of the catchment project. The monitor-
ing plan provides that, in the event of environmental impact,
construction activities will stop and remediation measures will
restore the environment status of the hydrogeological system.
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Introduction

Giuseppe Sappa, Sibel Ergul, and Flavia Ferranti

Abstract

The present study deals with the characterization of Mazzoccolo karst spring which feeds the
most important water supply network in southern part of Latium region, in Central Italy.
During sample collections from 2006 to 2008, a series of in situ measurements were conducted
for pH, electrical conductivity (EC), total dissolved solids (TDS) and temperature. The
environmental isotopic and hydrochemical measurements were carried out for the vulnerability
assessment and geochemical modeling with the aim of achieving (i) proper management and
protection of this important resource, (ii) hydrochemical processes controlling the evolution of
groundwater and (iii) identification of recharge areas. All sampled spring waters are
characterized as Ca-HCOj; type waters reflecting the main rock types in the area investigated,
where limestones and Pliocene conglomerates are the most dominant formations. The
electrical conductivity (EC) and TDS values of water samples from springs varies from with a
maximum value of 341 pS/cm and 268 mg/l and minimum value of 28 uS/cm and 104 mg/l,
respectively. The pH values of spring samples range from 7.4 to 9 indicating alkaline nature.
The anion composition is quite stable showing HCO; >CI >S0,*" (in mg/l), while calcium is
the dominant cation, followed by magnesium, sodium and potassium. The comparison of §'*0
and 8°H values of spring water samples with meteoric water lines shows that most of the
samples fall to the Local Meteoric Water Line suggesting input to local rain-fall derives from
the Mediterranean Sea. The elevation of the recharge areas range between 600 and 800 m a.s.1
confirming the Aurunci karst aquifer is feeding Mazzoccolo spring.

Keywords
Karst aquifer * Vulnerability ¢ Major ions and stable isotopes

determining the evolution of water resources and determi-
nation of recharge areas which influences the quality of
water and vulnerability of the aquifer systems (Clark and

Due to increasing population pressure and climate change,
groundwater resource need an optimization in their exploi-
tation and management. Hydrochemical analysis and isotope
studies are recognized as valuable hydrogeologic tools for
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00186, Rome, Italy

e-mail: giuseppe.sappa@uniromal.it

G. Lollino et al. (eds.), Engineering Geology for Society and Territory — Volume 5,

Fritz 1999). The application of isotope-based methods and
conventional hydrogeochemical studies has become an
integral part of many water quality and environmental
studies (Marfia et al. 2003; Long and Putnam 2004). This
understanding can contribute to effective management, uti-
lization and protection of these natural resources (Casa et al.
2008). In southern Latium region of Central Italy, spring and
groundwater from karst aquifers play an important role for
drinking and agricultural uses (Sappa et al. 2012). In this
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region, Mazzoccolo is the most important fragile karst spring
that feeds drinking water supply networks of Formia and
other communities with an average withdrawal of 900 1/s.
This study examines the relationship between water com-
position, hydrochemical processes, and water vulnerability
assessment of this karst spring.

265.2 Geological and Hydrogeological

Setting

Mazzoccolo spring take place on the base of Pliocene con-
glomerates, which is tectonically in contact with the lime-
stones. This spring is located at an altitude of 11.5 m above
sea level where the area fractured due to the intersection of
numerous faults. Mazzoccolo spring is captured at an ele-
vation of 7.50 m by a drainage tunnel, where the path is
generally parallel to the slope (Fig. 265.1).

The morphological setting of the study area is charac-
terized by conglomeratic limestone on the hills (Mola
Mountain), surrounded by clayey-arenaceous and alluvial
deposits of debris. The abundance of water is due to the
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Fig. 265.1 Simplified geological map of the study area

permeability of the limestone (high fractured and deep
karst), which stores a significant quantity of rainwater
feeding perennial springs. The Pliocene conglomerates are
strongly cemented, while the contacts with different forma-
tions show highly fractured structures. The karstified lime-
stones stored groundwater, which outcrops mostly at
Mazzoccolo spring and also some smaller pools, that occur
to the west part. The underground reservoir of Mazzoccolo
spring was formed by high permeable limestones to the N-W
and N-NW of the spring, while the bottom is composed of
impermeable dolomites underlying the West part of the
limestones.

265.3 Methodology

The main spring water sampling survey was carried out in
Mazzoccolo spring, from 2006 to 2008. Water temperature,
electrical conductivity and pH values were determined in the
field using PC 300 Waterproof Hand-held meter. Bicarbonate
content was measured by titration with 0.1 N HCl. Water
samples were filtered through cellulose filters (0.45 pm), and
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their major and minor constituents were determined by a
Metrohm 761 Compact IC ion chromatograph (replicabil-
ity = 2 %). Analyses of “H/H isotopes used the method of
Kendall and Coplen (1985) (reaction with Zn at 450 C), while
'0/'°0 analyses relied on the CO,—water equilibration
technique (Kendall and Coplen 1985). Mass spectrometry was
performed with a Finnigan Delta Plus mass spectrometer and
the results are reported in %o units (permil deviation of the
isotope ratio from the V-SMOW isotopic standard). § is
defined by the relationship:

5 = [(R — Rsyiow)/Rsmow] - 10° (265.1)

where R = D/H or '80/'°0. For the identification of water
types, the chemical analysis data of the spring water samples
have been plotted on the Piper diagram using Geochemistry
Software AqQA. The vulnerability analyses were carried out
by SINTACS method.

265.4 Results and Conclusions

Major ion concentrations and physico—chemical charac-
teristics of the analyzed spring and well water samples are
presented in Table 265.1. The temperature of springs range
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from 10 to 15 °C. The pH of these springs ranges from 7.4 to
9 highlighting alkaline nature. The total dissolved solids
(TDS) content within the range 104-269 mg/l. Calcium and
bicarbonate is the dominant constituents in spring samples,
followed by magnesium, chloride, sodium, sulphate and
potassium. The electrical conductivity (EC) value varies
from 28 to 341 puS/cm.

Based on the dominance of major cationic and anionic
species, Ca-HCO5; water type was identified (Fig. 265.2),
suggesting that all groundwater feeding Mazzoccolo spring
come from the karst limestone aquifer. The isotopic com-
position (180 and 2H) and the calculated elevations for
recharge areas of springs, recorded in different periods, are
presented in Table 265.2.

For the identification of mean recharge elevations, the
altitude effect has been employed. The mean isotope gradi-
ents for '®0 and *H were calculated using the isotope and
elevation values of precipitation, obtained from the four
sampling pluviometers near study area The altitude effect is
found by the relation between precipitation isotope values
and elevation in meters (h) highlighting a depletion of heavy
stable isotopes of about —0.22 and —1.55%o per 100 m ele-
vation for 3'®0 and 8°H, respectively. The elevation of the
recharge area range between 600 and 800 m a.s.l.
(Fig. 265.3).

Table 265.1 Main physico-chemical characteristics and chemical composition of spring samples

Sample Date (dd/ EC (uS/  pH T Ca*
codes mm/yy) cm) C) (megq/1)
Ml 11/05/06 122 8.12 15 23.539
M2 15/06/06 336 7.84 13 49.252
M3 13/07/06 335 7.78 15 35.221
M4 04/08/06 28 9.03 14 25.440
M5 21/09/06 155 791 12 20.848
M6 27/10/06 65 8.1 11 23.673
M7 28/11/06 328 7.75 10 27.492
MS 21/12/06 323 8.04 13 47.725
M9 16/01/07 324 8.08 13 47.477
M10 27/02/07 330 7.57 13 51.866
Ml1 24/04/07 333 7.65 11 51.522
MI12 05/06/07 327 7.62 12 51.325
M13 10/07/07 327 742 10 50.370
Ml14 26/09/07 326 7.65 14 48.54
MI15 25/10/07 341 7.52 15 48.241
Ml16 27/11/07 328 794 13 46.332
M17 19/12/07 332 7.74 11 45.376
M18 31/01/08 326 744 10 42.670
M19 26/03/08 334 7.56 14 51.211
M20 22/04/08 325 7.62 12 49.531

Mg>* Na* K* cr S0,% HCO;~
(meq/l) (meq/l) (meq/l) (meq/l) (meq/l) (meq/l)
3.230 1.702 0 2.512 1.509 85.428
9.374 4519 0.44 7.436 3.990 183.06
9.499 4.580 0.445 7.435 3.816 146.448
0.636 0.356 0.007 0.5 0.299 76.275
8.932 4.030 0.209 6.549 2.572 100.683
3.810 1712 0.210 2.505 1.099 88.479
9.592 4372 0.474 7.048 3.709 122.04
9.477 4274 0.463 6.920 3.779 183.06
9.534 4283 0.468 7.007 3.589 183.06
7.702 4.562 0.41 6.640 4.628 186.111
8.648 4.520 0.414 6.859 4.423 189.162
9.081 4.526 0.402 6.867 4.455 189.162
9.250 4376 0.471 6.947 4.074 189.162
9.637 4360 0.442 6.692 4.008 186.7212
9.692 4259 0.507 6.744 3.855 183.06
9.584 4.156 0.556 7.688 3.666 176.958
9.562 4.066 0.343 7.665 3.528 173.907
8.805 4.012 0.406 7.696 3.68 161.703
7.073 4323 0.284 7.785 4.428 176.958
7.929 4.655 0.525 7.512 3.838 178.7886
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Table 265.2 Isotope composition and calculated recharge elevations of Mazzoccolo springs

Sample codes Date 180 %o versus
(dd/mm/yy) V-SMOW
Ml 11/05/2006 —6.60
M2 15/06/2006 -6.99
M3 13/07/2006 —6.98
M4 04/08/2006 —6.88
M5 21/09/2006 -6.99
M6 27/10/2006 —6.95
M7 28/11/2006 =7.04
M8 21/12/2006 -7.04
M9 16/01/2007 -7.07

The comparison of 3'*0 and §°H values of spring water
samples with meteoric water lines (Fig. 265.4) shows that
most of the samples fall to the local meteoric water line
suggesting the input to local rain-fall derives from weather
fronts from the Mediterranean Sea.

According to SINTACS method (Civita and De Maio
2004) the karst aquifer feeding the Mazzoccolo spring has a
high vulnerability, while presents very low capacity of
groundwater protection (Fig. 265.5). The results of

H %o versus Discharge Recharge
V-SMOW elevation (m asl) elevation (m asl)
—39.28 7.5 733
—41.11 7.5 880
—41.27 7.5 882
—40.79 7.5 846
—41.86 7.5 902
—41.91 7.5 894
—41.79 7.5 912
—42.14 7.5 922
—42.16 7.5 930

applied methods suggest that the identified recharge areas,
located in Aurunci Mts., are consistent with the highest
vulnerability levels (i.e. obtained by SINTACS method).
The geochemical and isotopic characterization of
spring water provides us important information for bet-
ter management of the aquifer systems, which has signifi-
cant implications for contamination of flow paths,
identification of recharge areas and evaluation of aquifer
vulnerability.
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Fig. 265.3 Recharge areas of
Mazzoccolo spring Legend
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Fig. 265.5 Vulnerability map of
the karst aquifer feeding the
Mazzoccolo Spring
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PRELIMINARY RESULTS OF VULNERABILITY ASSESSMENT OF THE
KARST AQUIFER FEEDING PERTUSO SPRING, IN CENTRAL ITALY
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Roma. Via Eudossiana, Rome, Italy

ABSTRACT

Vulnerability assessment of the aquifers is an important tool for the groundwater
management and protection. This paper aims to assess the intrinsic vulnerability of the
karst aquifer feeding Pertuso spring, which is going to be exploited to supply an
important water network of the South part of Rome. The study area is located in the
Upper Valley of Aniene river and belongs to an important karst aquifer, mainly
composed of dolomitic limestones and dolomites of Cretaceous age. The limestones
outcropping in the Upper Valley of Aniene river are deeply fractured and karst erosion
has occurred on a large scale in this area. The surface karst activity led to the formation
of a typical karst landscape. The hydrogeological framework 1s therefore closely related
to the karst nature of carbonate rocks, constituting the reliefs strongly shaped by surface
and underground karst activities. The peculiar fragility of this aquifer, feeding Pertuso
spring, requires a special attention to protect catchment area, which is directly affected
by the natural hydrogeological budget of the aquifer. Therefore, for the evaluation of
vulnerability index and maps COP method was applied considering overlying layers
(O), concentration of flow (C) and precipitation regime (P) parameters. The
vulnerability of the karst aquifer is classified mainly as moderate, high and very high
due to the presence of cemented conglomerates, compact dolomitic limestones and
granular limestones, respectively. COP method shows that each factor has a different
effect on vulnerability index evaluation, however the highest correlation was observed
with O factor due to the absence of soil formations. The results obtained by COP
method assess the aquifer vulnerability to contamination and are useful for managing
the protection of groundwater resources, especially to avoid contamination of karstic
aquifers, and land use planning in the area.

Keywords: vulnerability assessment, COP method, karst aquifer, GIS

INTRODUCTION

In central Italy, karst aquifers are the most important drinking water reservoir. However,
it 1s very well known that karst aquifers are particularly vulnerable to contamination due
to the presence of thin soils, flow concentration in the epikarst, and point recharge by
shallow holes. Thus, the contaminants can easily reach the groundwater, where they
may be transported rapidly in karst conduits over large distances [1]. Management of
these natural resources has become a worldwide priority and many strategies and
methods have been developed to preserve groundwater quality [2-5]. The concept of
groundwater vulnerability mapping is an alternative approach for successful protection
zoning delineation and land use planning identifying a hydrologic system to
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contamination, using different colors to symbolize different degrees of vulnerability.
Concerning to different kinds of aquifer systems, different methods on groundwater
vulnerability assessment and mapping have been developed including DRASTIC, GOD,
AVI, SINTACS, EPIK and PI, however only the last two methods have been developed
especially for the vulnerability assessment in karstic areas. The EPIK method takes into
consideration four parameters: epikarst (E), protective cover (P), infiltration conditions
(D), and karst network development (K) [6]. The E parameter considers the effects in
terms of water storage and of the concentration of flow toward vertical conduits. The P
parameter describes the protective function of the layers between the ground surface and
the groundwater table, mainly soil, subsoil, non-karst rock, and unsaturated karst rock.
The I parameter 1s assessed by distinguishing concentrated infiltration areas and areas in
which diffuse infiltration prevails, where the slope and land use are the key sub-factors.
K represents the degree of karst network development in the aquifer. The PI method,
developed by German Institutions, considers two parameters including I factor, which
describes the infiltration conditions and P factor considering protective function of the
layers between the ground surface and groundwater [7]. This factor ranges from 1 to 5
and can be calculated using a logical schema based on tabled values of considered local
conditions, such as topsoil, recharge, subsoil, lithology, and fracturing [8]. The COST
Action 620 proposed a European approach on Vulnerability and Risk Mapping for the
Protection of Karst Aquifers [9]. This method considers contaminants infiltration from
the surface by means of rainfall and that its transport depends predominantly on the
ability of water and contaminants to move through the unsaturated zone. In this study,
COP method was applied, considering overlying layers factor (O), the concentration of
flow factor (C) and the precipitation regime factor (P), to assess the pollution
vulnerability of the karst aquifer feeding Pertuso spring, which is the most important
public water supply in the area.

GEOLOGICAL AND HYDROGEOLOGICAL SETTING

The study area 1s located in the Upper Valley of Aniene River, between the Pertuso
spring and the city of Trevi in Lazio (FR) (Fig.1). In this area, it outcrops an important
carbonate karst aquifer, mainly composed of dolomitic limestones and dolomites of
Cretaceous age. The limestones outcropping in the Upper Valley of Aniene River are
very fractured and karst erosion has occurred on a large scale in this area. The surface
karst activity led to the formation of a typical karst landscape with rutted fields,
sinkholes and flat filled by red soils, while the underground activity has given rise to
cavities, sinkholes and cave systems [10-12]. The hydrogeological framework is
therefore closely related to the karst nature of carbonate rocks, constituting the reliefs
strongly shaped by surface and underground karst activities. The alternation of
carbonate formations, limestones and dolomites, together with the epikarst, made of
residual of karst activity, and some marly horizons, dating back to the Miocene age, are
the main responsible for the hydrogeological system of this area. In this karst aquifer,
the major contributions to the Aniene River are provided by the major springs, which lie
close the boundary of the carbonate hydrogeological system [13]. Before the town of
Trevi nel Lazio (FR), at the altitude of 700 m a.s.l. the Aniene River receives an
important contribution on the right side by the Pertuso spring, a karst spring which is
the biggest one in this area. The peculiar fragility of this aquifer feeding Pertuso spring,
requires a special attention in the planning and implementation of monitoring, as
regards the aspects related to surface and groundwater.
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Figure 1. Geology and location of the study area
METHODOLOGY

In the present study, the COP method, proposed by COST Action 620, was applied to
one the most important karst aquifer, feeding Pertuso spring, in Lazio region of Central
Italy, to secure a sustainable management of this resource and to protect against
potential sources of contamination. The vulnerability maps are prepared by a
combination of the C, O, and P factors to assess the natural protection of groundwater
[14]. The intrinsic vulnerability maps were produced using a GIS approach, which
presents vulnerability rate from low to very high. This method suggests that
contaminants infiltrated from the surface through rainfall and the transportation depends
mainly on the ability of water and contaminants to move through the unsaturated zone.

RESULTS AND CONCLUSIONS

Vulnerability was evaluated by the following factors: (1) Overlying layers (i1)
Concentration of flow, and (ii1) Precipitation regime. The O factor, determined by
properties of overlying soils, provides the protection of unsaturated zone of the aquifer
against contamination. In our study, for the evaluation of O factor, two layers were used
including soils (Os) and the lithological layers (Or) of the unsaturated zone. The soil
subfactor concerns the biologically active part of the subsurface, where attenuation
processes occur. The lithology subfactor reflects the attenuation capacity of each layer
within the unsaturated zone. Different parameters taken into consideration for
evaluation of the O factor, however, due to the absence of soil formations, Os factor
value was assumed to be zero. The lithology sub-factor is determined by the lithology
and fractures (/y), thickness of each rock type (m) and degree to which an aquifer is
confined (cn) (Layer index: > (Ly * m)). In the study area, dolomites, dolomitic
limestones and compacted limestones are considered fissured carbonate rocks and they
corrispond the value of 3. On the contrary, granular limestones (upper cretaceous age)
are attributed to value of 1. The ‘cn’ parameter show the highest protection to confined
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aquifer, an unconfined aquifer does not affected by this parameter (cn= 1). The karst
aquifer investigated, feeding Pertuso spring, is an unconfined aquifer and cn value is
considered equal to 1. Finally, O score is obtained by adding the subfactors soil [Os]
and lithology [O1], yielding a corresponding protection value. The resulting O factor
predominantly in low protection class. The lowest values of the O factor (higher
vulnerability) correspond to areas, where carbonate materials outcrop and where the soil
1s poorly developed or absent (Figure 2).

Legend
= Fertuso Spring
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®artuze saring

Figure 2. Map of O factor in the Karst aquifer.

The C and P factors are used to correct the degree of protection provided by the
overlying layers (O factor). The C factor considers the surface conditions controlling
water flowing towards rapid infiltration zones, then represents the degree of
concentration of flow towards karstic features. Two scenarios are modelled: Scenario 1
considers the area characterized by sinkholes and surface waters flowing through karst
conduits or fractures; Scenario 2 take into consideration the rest of the area without
discontinuities, sinkholes or dolines. In the first scenario, four variables can be
considered including the distance from the recharge area to the swallow hole (d#) and to
the sinking stream (ds), and the influence of slope (s) and vegetation (v). On the
contrary, the second was evaluated by the combination of only three variables: surface
features (sf), slope (s) and vegetation (v). In this case, the calculation of the scores
related to the factor O was made by considering only Scenario 2. The C factor
calculated based on C: sf * sv. The areas are only based on the geomorphological
features of the karstic rocks and the properties of layers above determining the relative
importance of surface runoff and infiltration processes. The evaluation of vegetation and
slope parameters were assessed in the opposite way to Scenario 1, because recharge take
place directly through sinkholes, whereas zones with high infiltration in the absence of
karst structures, the aquifer maintains its natural protection and the values of C
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parameter is higher. The surface features parameter considers those geomorphological
features specific to carbonate rocks and the presence or absence of any overlying layers
(permeable or impermeable) determining the importance of runoff and infiltration. The
inverse hydrogeological water budget method was applied to evaluate the average
annual active recharge (i.e. the effective infiltration) within a GIS environment. It is
applied at each grid cell (EFQ) by which the territory of interest. For the evaluation of sf
parameter with respect to each EFQ, outcropping lithology was considered. The
steepness of the surface topography has been calculated through the reconstruction of
the Digital Elevation Model (DEM), while information on the use of soil were extracted
from the database of Lazio and Abruzzo regions. For both parameters EFQ includes
information about use of soil, slope and geological features of the area. From the
combination of the two factors, slope and vegetation, it is possible to attribute to each
cell in the score for the parameter sv. Figure 3 shows the map of C factor in the area
showing elevated vulnerability, where the area characterized by high infiltration. The
factor C, which indicates the reduction in the protection of the overlying layers, is given
for each cell (in Scenario 2). The lower the value of the parameter C, the higher the
reduction in the protection of the overlying layers. In the northeastern part of the basin,
the high concentration of granular limestone (cr) is attributed to development of karst
features, combined with slopes ranging from 8 to 31 % and high values of vegetation.

Legend
= Fertuso Spring
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Figure 3. Map of C factor scores in the Karst aquifer.

The P factor considers influence of precipitation, both quantity and intensity, on the
transport of contaminants from the surface to the groundwater. The P factor is obtained
by two sub-factors including Quantity of precipitation, PQ, and intensity of
precipitation, PI, (PI: P = PQ + PI). The calculation of the sub-factor PI is based on the
assumption that a higher rainfall intensity results in an increased recharge and thus a
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reduced protection of the groundwater resource. The “mean annual intensity” or PI is
calculated from mean annual intensity = mean annual precipitation (mm)/mean number
of rainy days. The PQ sub-factor describes the effect of rainfall quantity and the annual
recharge on groundwater vulnerability. It corresponds to the mean annual rainfall of a
historical data series. The higher rates of recharge provide higher dilution and
consequently the vulnerability decreases. The PI sub-factor concerns the temporal
distribution of precipitation in a certain period of time and thus is indicative of the
intensity of precipitation. The higher totals of annual precipitation and lower number of
rainy days causes higher PI sub-factor values. Using rainfall data and altitudes it is
possible to calculate mean annual intensity for each grid cell. For the evaluation of sub-
factor PI two variables were considered: the average annual precipitation and number of
rainy days in a year. To assess the number of rainy days in a year, the rainfall data series
(from 1997 to 2001 and from 2008 to 2012) from Filettino gouge station was employed.
Through the following relationship was, therefore, possible to estimate the sub- factor
PI for each grid cell. Figure 4 shows the score map of P factor. The sum of these two
sub-factors 1s referred to higher values of P factor, which decreases groundwater
protection with increasing recharge and as a consequence fast infiltration. Thus, O
factor is reduced due to rainfall regime. The highest values were observed in the area
characterized by granular limestones that facilitates the penetration of groundwater
reducing runoff.

Legend
= Pertuso Spring
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Figure 4. Map of P factor in the Karst aquifer.

Finally, the vulnerability index is obtained by multiplying the three factors: COP —
Index = (C score) * (O score) * (P score). Figure 5 presents the vulnerability map,
obtained by COP, which identifies three classes of vulnerability, ranging from
moderately to very high. The obtained vulnerability index values range between 0 to 2.
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The vulnerability of the karst aquifer is classified mainly as moderate, high and very
high due to the presence of cemented conglomerates, compact dolomitic limestones and
granular limestones, respectively. COP method shows that each factor has a different
effect on vulnerability index. The moderate class refers to zones, where potential
protection is low to average, in which the C and P factors do not have impacts on
vulnerability. However the vulnerability is influenced mainly by O factor due to the
absence of soil formations. The O factor determines high vulnerability in the outcrops of
granular limestones and compact dolomitic limestones. The selection of the appropriate
method for groundwater vulnerability mapping is an important tool to assess aquifer
vulnerability to contamination and protection of groundwater resources.

Legend
®  Fertuso Spring

] Hydrogeological Basin

COP Index - Vulnerability Classes
Wery Low
Low
Moderate
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B very High

Figure 5. Intrinsic vulnerability map by COP method.
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Vulnerability assessment of karst aquifers and vulnerability mapping are important tools for improved sustainable
management and protection of karst groundwater resources.

In this paper, to estimate the vulnerability degree of the karst aquifer feeding Pertuso Spring in Central Italy, two
different implementations of COP method, supported by an open source GIS, were tested and a comparison of the
vulnerability maps is proposed.

The study area is a highly karstified carbonate aquifer located in the Upper Valley of the Aniene River, in the
south-east part of Latium Region. The hydrogeological basin covers about 50 km?2 and the karst aquifer provides
a water supply of about 120.000 m3d-1.

The well-developed karst features in this hydrogeological system is responsible of the fast infiltration of rainfall
in the saturated zone and, consequently, of the high discharge rate of Pertuso Spring (up to 3 m3/s). Thus, in the
aim of emphasizing the presence of these karst features, due to which, there are limited attenuation processes in
the unsaturated zone, in this work COP method has been applied by the implementation of a new discretization
methodology of the hydrogeological basin using polygonal layer. Therefore, the hydrogeological catchment basin
has been divided into 52 polygonal layer, representative of outcropping lithology and karst features, to which COP
method has been applied. The intrinsic vulnerability maps, produced using a GIS approach, has been examinated
and compared with the maps obtained using traditional vulnerability assessment method, which provides the
discretization of the study area generating a grid map to which associate the Vulnerability Indexes.

The results of this study highlight vulnerability from low to very high. The maximum vulnerability degree is due
to karstic features responsible of high recharge and high hydraulic conductivity.

The new proposed discretization of the hydrogeological basin using polygonal layer raise four vulnerability
classes, ranging from low to very high, and provide different results for high and very high vulnerability areas
whit respect to the traditional grid approach. The traditional implementation of COP method assigns to most
of the study area very high vulnerability degree, while the polygon discretization shows the dominance of high
vulnerability classes assessing very high vulnerability only to karst features. These results seem to be more
realistic because they better consider the role of the highly developed epikarst, which minimizes the protective
function of the unsaturated zone.

Comparing the vulnerability maps obtained by both methodologies shows that the traditional discretization
approach seems to overestimate the vulnerability of the karst aquifer feeding Pertuso Spring and to provide a low
sensitivity to the spatial variation of the hydrogeological parameters.

Between the two different approaches of COP method, the proposed polygon discretization of the hydrogeological
basin seems to be more accurate and flexible than the traditional grid mapping.
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UTILIZZAZIONE DELLE RISORSE IDRICHE DELL'ALTA VALLE
DELL'ANIENE

WATER RESOURCES EXPLOITATION IN THE UPPER VALLEY
OF ANIENE RIVER

Si riferisce sui risultati di uno studio del bilancio idrico del bacino del Fiume Aniene nel tratto fra le sorgenti del
Pertuso e la sezione di Subiaco, alla luce di un‘analisi dello stato attuale dell’vtilizzazione delle risorse idriche
softerranee e superficiali dell’Alta Valle dell’Aniene, per contribuire, per quanto possibile, con la semplice espressione
dei numeri, al jba#iro sulle migliori modalita di sviluppo sostenibile di questa area. Si tratta, com’é noto di un‘area di
pregevole valore ambientale, sottoposta in larga parte a vincoli di tutela attraverso l'istituzione di un Parco naturale di
inferesse regionale.

Gli AA. hanno fatto riferimento alla documentazione ufficiale disponibile in merito alle derivazioni idropotabili ed
idroelettriche nell'area; successivamente sono stati elaborati i dati contenuti nei documenti acquisiti; infine, sulla base
del bilancio idrico sono state sviluppate alcune considerazioni in merito allo stato attuale dell’utilizzazione idrica
dell’Alto Aniene.

Parole chiave: Fiume Aniene, Bilancio idrico, Utilizzazione risorse idriche.

Paper highlights the results of the water balance of Aniene River basin, in the part located between the Pertuso springs
and Subiaco. The analysis has been driven on the current state of water resources exploitation in the Upper Valley of
Aniene River. This area has a remarkable environmental value, and it is protected by the regional natural park. Paper
contributes to a sustainable development of this area.

Therefore, it was taken into consideration the preliminary available official documentation based on the quantitative
data of hydroelectric and potable water in the area. Finally, according to the results of water balance, the evolution of
current use of water on the Upper Valley of Aniene River has been discussed in the framework of the current laws.

Key words: Aniene River, Water Balance, Exploitation of Water Resources.

1. INTRODUZIONE

Il presente lavoro nasce da alcune analisi quantitative che gli scriventi hanno condotto per valutare I’ecosostenibilita del pre-
levamento di acqua potabile dalla sorgente del Pertuso, la cui derivazione idropotabile oggi ¢ utilizzata per integrare le por-
tate, progressivamente insufficienti, delle sorgenti che alimentano storicamente |’acquedotto, gestito originariamente dal
Consorzio del Simbrivio, ed oggi transitato in ACEA ATO2 S.p.A.. L’esame dei dati disponibili consente alcuni spunti di
riflessione sull’interpretazione applicativa della legislazione vigente in materia di utilizzazione delle risorse idriche in questa
porzione di territorio.

2.IL TERRITORIO DELL’ALTA VALLE DELL’ANIENE

L’area di studio interessa il bacino del Fiume Aniene nel tratto compreso fra le sorgenti del Pertuso e la sezione di Subiaco,
comprensivo del Torrente Simbrivio.

L’Alta Valle dell’ Aniene ¢ nell’ Appennino Laziale immediatamente ad ovest del confine con I’ Abruzzo e ricade nel settore
orientale della provincia di Roma ed in piccola parte in quella di Frosinone. Tale bacino, delimitato a nord ed a est dai Mon-
ti Sinbruini, a sud dai Monti Ernici ed a ovest dai Monti Affilani, ha un’estensione di circa 222 km? ed ha carattere preva-
lentemente montuoso. La parte nord di tale bacino ricade all’interno del Parco Naturale Regionale dei Monti Simbruini, di
notevole valore ambientale di interesse europeo (tra Zona a Protezione Speciale e Sito di Interesse Comunitario) che, su un
territorio di circa 30.000 ha, € la pil vasta area protetta del Lazio.

11 Parco & compreso tra il Fosso Fioio a nord e la Valle del Sacco a sud, ed & delimitato ad ovest dalla Valle dell’ Aniene e ad
est dallo spartiacque Monte Virgilio-Monte Crepacuore.

* Giuseppe Sappa, Professore Associato di Geologia Applicata - Dipartimento di Ingegneria Civile Edile ed Ambientale - Facolta di Ingegneria - Sa-
pienza Universita di Roma; Flavia Ferranti, Ingegnere per ’Ambiente ed il Territorio - Borsista CRITEVAT- Centro Reatino di ricerche di Ingegneria
per la Tutela e la Valorizzazione dell’Ambiente e del Territorio - Sapienza Universita di Roma.
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11 territorio del Parco ricade in sette comuni situati tra 408 e 1075 m s.l.m.: Camerata Nuova, Cervara di Roma, Jenne, Su-
biaco e Vallepietra (Roma); Filettino e Trevi nel Lazio (Frosinone).

L’istituzione del Parco, avvenuta con la L.R. n. 8 del 29/01/1983, nasce allo scopo di favorire la conservazione e la valoriz-
zazione delle risorse naturali di un’area storicamente caratterizzata da una ricchezza idrica di valore strategico, inserita pero
in un territorio carsico molto vulnerabile dal punto di vista ambientale.

L’acqua & sicuramente uno degli elementi piu caratterizzanti questo territorio. Infatti, il toponimo “Simbruini”, dal latino
“sub imbribus”, “sotto le piogge”, testimonia la notevole piovosita che da sempre caratterizza quest’area. Gli abbondanti ro-
vesci e le nevi, insieme all’ambiente carsico reso manifesto da inghiottitoi, doline e profonde grotte, hanno creato, infatti, le
condizioni per un sistema di sorgenti pedemontane da cui ancora oggi viene prelevata acqua potabile.

Inoltre per la ricchezza di habitat prioritari e di specie zoologiche e floristiche, minacciate e vulnerabili, che caratterizzano
tale territorio, il Parco Naturale Regionale dei Monti Simbruini rientra nella Rete Natura 2000 (Direttiva Habitat
92/43/CEE) come Zona a Protezione Speciale.

3. INQUADRAMENTO GEOLOGICO ED IDROGEOLOGICO

I1 bacino imbrifero dell’ Alto Aniene, con chiusura a Subiaco, ha una superficie di 222,76 km?2 (comprese le zone endoreiche
periferiche) e una quota media di circa 1140 m s.l.m.. Nel punto di chiusura del bacino, nei pressi di Subiaco, I’Aniene ha
gia ricevuto gli apporti dei tributari: il Torrente Simbrivio da destra, il Fosso Campo e il Fosso dell’Obaco da sinistra.
L’area ¢ caratterizzata da una successione sedimentaria tipica della piattaforma carbonatica di ambiente interno e di rampa,
in cui i litotipi affioranti sono quelli tipici della serie laziale-abruzzese, una successione marina prevalentemente carbonatica
sviluppatasi all’interno di un margine passivo subsidente fra il primo Mesozoico ed il Miocene (Accordi e Carbone, 1988;
Bosellini, 1989-1991; Damiani, 1990). Le formazioni rocciose pil antiche della serie, affioranti in questa zona, sono le co-
siddette Dolomie di Filettino, risalgono a circa 230 milioni di anni fa, e sono anche le pil antiche dell’intero Appennino
Centrale. In un’epoca pil recente nella stessa area si € sviluppata, invece, un’intensa attivita carsica: superficiale, con forma-
zione di un caratteristico paesaggio carsico con campi carreggiati, doline e piane colmate dai prodotti dell’alterazione delle
rocce carbonatiche (terre rosse); sotterranea, con cavita, inghiottitoi (Camposecco) e sistemi di grotte (Inferniglio). L alter-
narsi di formazioni carbonatiche, calcaree e dolomitiche, unitamente alle terre rosse, residuo dell’attivita carsica, e ad alcuni
orizzonti marnosi, risalenti al Miocene Superiore, sono i temi geologici che condizionano maggiormente I’ assetto idrogeolo-
gico di quest’area.

Il Torrente Simbrivio si origina a monte di Vallepietra e, dopo avere ricevuto, durante il suo corso, apporti in alveo e pun-
tuali, confluisce nell’ Aniene secondo una direzione circa meridiana alla quota di 534 m s.l.m., in corrispondenza del ponte
di Comunacque. Il Fosso Campo ¢ invece la prosecuzione a valle della sorgente Foce del Fosso dell’Obaco. Questi torrenti
hanno carattere tipicamente carsico con regime effimero e si esauriscono durante i periodi di magra estiva. Il tratto pitt mon-
tano dell’ Aniene si origina dalla confluenza dei numerosi fossi disposti a ventaglio in cui confluiscono le acque di ruscella-
mento e quelle provenienti dallo scioglimento delle nevi.

Queste incisioni convergono in due aste principali: il Fosso di Acqua Corore e il Fosso Vardano che, a circa 2 km a sud-o-
vest del Comune di Filettino, si uniscono alla quota di circa 817 m s.l.m. per formare il Fiume Aniene.

11 Fosso di Acqua Corore & formato da vari fossi che scendono verso sud dalle pendici meridionali di Monte Tarino e che
hanno inizio alla quota di circa 1600 m s.l.m.. Questo in prossimita dell’affioramento delle dolomie triassiche e giurassiche
inizia a ricevere contributi lineari e puntuali assumendo un decorso circa meridiano.

Il Fosso Vardano si origina dalle pendici settentrionali di Monte Piano, a circa 1600 m s.I.m., con il nome di Fosso della
Moscosa. Tale fosso scende in direzione NE-SW e alla quota di circa 1200 m s.l.m. comincia a ricevere contributi lineari e
puntuali in prossimita dell’affioramento delle dolomie poco pit a monte di Filettino (Ventriglia, 1990).

Le due aste si uniscono a valle di Filettino, alla quota di circa 810 m s.l.m., dando origine all’asta principale del Fiume A-
niene che mantiene la direzione NE-SW del Fosso della Moscosa. Questa direzione & mantenuta fino a valle del Ponte delle
Tartare, dove 1’ Aniene si orienta secondo la direzione NW-SE conservando tale allineamento fino a Cineto Romano. In un
breve tratto, all’altezza di Subiaco, |’ Aniene segue una direzione E-W. Prima di Trevi nel Lazio, alla quota di 700 m s.l.m.
circa, il fiume riceve I’importante contributo della sorgente Pertuso che, con una portata media riferita al 2004 di 1,5 m3/s, &
la maggiore emergenza dell’area. Proseguendo nel suo corso verso Subiaco, nella stretta valle fluviale che si sviluppa tra le
propaggini meridionali dei Monti Simbruini e quelle settentrionali degli Affilani, I’Aniene riceve altri importanti contributi
sia in alveo che da sorgenti puntuali (Tartare, Polveriera e Inferniglio).

Nei calcari mesozoici dell’alto bacino, pitt 0 meno permeabili per fratturazione, ha sede un’importante falda acquifera di ba-
se drenata dal fiume e sono inoltre presenti in essi falde acquifere sospese sostenute dai livelli meno permeabili della serie
(livelli pitl 0 meno marnosi o compatti, non fratturati, poco o per niente permeabili). Queste falde si manifestano con sor-
genti perenni anche di considerevole portata (Ventriglia, 1990). Come tutti gli acquiferi carsici anche per I’Alto Aniene i
maggiori contributi al corso d’acqua (circa I’80% della portata totale) sono forniti dalle principali sorgenti ubicate nei pressi
del reticolo perenne, ai margini dell’idrostruttura carbonatica. Il restante 20% sembra invece dovuto dal drenaggio in alveo
che si origina dal reticolo di microfessure che sostiene il flusso di base.

Nel settore orientale del bacino affiorano in prevalenza calcari mesozoici di piattaforma che in prossimita dello spartiacque
presentano spesso delle aree endoreiche pianeggianti sub-circolari o ellittiche note come campi (Campaegli, Campo dell’Os-
so, Campo Rotondo, Campo Livata) dove ¢ notevolmente sviluppato il carsismo epigeo. L’area, per via dell’alternarsi nella
stratificazione di dolomie, calcari di diversa facies e livelletti argillosi, ¢ sede di numerose piccole sorgenti (soprattutto di
trabocco per soglia) che spesso alimentano ruscelli di limitata portata. Il reticolo idrografico, poco sviluppato, & costituito
prevalentemente da fossi a regime torrentizio.

Il quadro idrogeologico ¢ percio strettamente legato alla natura prevalentemente carbonatica e carsica delle rocce costituenti
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i rilievi in questione, costituiti dal margine occidentale della piattaforma carbonatica laziale-abruzzese e fortemente model-
lati da carsismo, superficiale ed ipogeo.

All’interno della struttura idrogeologica dei Monti Simbruini & possibile distinguere abbastanza chiaramente due zone: quel-
la costituita dall’ Alto Aniene e dal Simbrivio e quella relativa al margine occidentale della struttura (Gruppo di Agosta). Per
effetti tettonici responsabili dell’innalzamento del substrato dolomitico regionale e di un carsismo particolarmente sviluppa-
to, I’Alta Valle dell’ Aniene ¢ sede di acquiferi Jocalmente frammentati.

Appare, percid, evidente come il regime di portata delle numerose sorgenti presenti, con quote distribuite tra i 500 e i 1000
m s.l.m., risulti fortemente influenzato dagli effetti stagionali, con notevoli variazioni tra portate di piena, portate medie e
portate di magra. Nel settore occidentale della struttura invece I’acquifero che alimenta le sorgenti del Gruppo di Agosta, di-
stribuite tra 1 330 e i 360 m s.l.m., risulta nettamente separato dagli acquiferi che alimentano le sorgenti dell’Alto Aniene,
poste a quote pil elevate. I limiti che separano questi due settori caratterizzati da un diverso assetto idrogeologico non sono
ancora noti (Boni, 2006).

4. SISTEMA DELLE CONCESSIONI DELLE ACQUE PUBBLICHE PER USO IDROELETTRICO

Per la redazione del presente lavoro ci si ¢ avvalsi delle informazioni contenute nei seguenti elaborati:

Acea ATO 2 S.p.A. - Misure di portata relative a derivazioni idrico-potabili:

- Sorgenti NASC (Carpinetto, Pantano Bassa, Cornetto) - periodo 2003-2007;

- Sorgenti VAS (Cardellina Alta, Cardellina Media, Cesa degli Angeli) - periodo 2003-2007;

- Sorgente Pertuso - periodo 2003-2007;

- Sorgente Ceraso - periodo 2003-2007;

- Pozzi Ceraso - periodo 2004-2007.

Acea ATO 2 S.p.A. - Rilascio Acque Reflue:

- Comune di Afflile (Dep. Pizziana);

- Comune di Arcinazzo Romano (Dep. Vidiano);

- Comune di Jenne (Dep. Lescuso);

- Comune di Subiaco (Dep. S. Angelo).

Enel - Misure di portata media mensile turbinata e moduli di concessione medi e massimi derivati dalle centrali idroelettri-

che che operano a valle della Sorgente Pertuso (Figg. 1-2-3):

- Centrale di Comunacqua: ¢ ubicata in localita Contrada Comunacqua (Trevi del Lazio) sulla sponda destra del Fiume
Aniene (presso il Ponte delle Tartare). E’ la centrale di testa dell’asta ed e alimentata dal bacino Pertuso e dal bacino
Simbrivio.

- Centrale di Scalelle: ¢ ubicata in localita Centrale di Scalelle (Subiaco) sulla riva destra dell’ Aniene, di cui utilizza le
acque provenienti da un’opera di presa a quota 559 m, in corrispondenza di una traversa. La derivazione, lunga circa 7
km, raccoglie anche gli apporti provenienti dal Torrente Simbrivio e le acque rilasciate dalla centrale di Comunacqua.

- Centrale di Subiaco: ¢ ubicata all’estremita del centro abitato di Subiaco. L’impianto utilizza I’acqua di scarico della
centrale di Scalelle e gli apporti fluenti captati da un’opera di presa sull’Aniene, in localitd Ponte delle Scalelle a quota
468 m.
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Figura 1 - Shema dei prelievi idropotabili ed idroelettrici e dei rilasci di acque reflue nell'Alta Valle dell'Aniene.

L'ACQUA 2/2013 - 61 -




B GESTIONE RISORSE IDRICHE NOTE TECNICHE

LEGENDA
swmsms MPIANTIIDROELETTRICI FUORI SERVIZIO DURANTE LEMERGENZA

—  COMPLESSO IMPIANTI IDROELETTRICI IN ATTVITA'
COLLEGAMENTO DEL PERTUSO ALL'ACQUEDOTTO DEL SIMBRIVIO

- CIRCUITO POTABILE DURANTE LEMERGENZA PREsA SONGENTE pemUSO
ACQUE SUPERFICIALI N‘ | g
eneesa TRATTOF. ANIENE CON INCREMENTO PORTATA DURANTE LEMERGENZA OPERADIPRESADALLA . o o
ammmums TRATTO F. ANIENE SENZA VARIAZIONE PORTATA DURANTE LEMERGENZA BACING SMBRINO 09400 :;'—LER‘A IDROELETTRICA, 5 .‘0 5, BACE PEATUSO 0
-

SBARRAMENTO ‘? L 'é)"“".- \ ;.Ae‘*'/
Cm—— Y

OPERA DI PRESA
DERIVAZIONE

CENTRALE IDROELETTRICA

y
ACQUEDOTTO SIMBRIVIO

EALY)

DENIVAZIONE S.GIVANNI

TRATTE FLUVIAL
PERTUSO - SCALELLE 9 Km
SCALELLE - SUBIACO 15 Km

SUBIACO - FIUMEROTTO 18 Km
FIUMEROTTO - ACQUORIA | 23 Km

Figura 2 - Schema delle centrali idroelettriche a Valle della Sorgente Pertuso.
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Figura 3- Derivazione potabile di emergenza della Sorgente Pertuso.
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I prelievi idroelettrici delle centrali di Comunacqua, Scalelle e Subiaco sono regolamentati dal D.M. Lavori Pubblici del
15/05/1974 e relativo “Disciplinare di obblighi e condizioni cui dovra essere vincolata la derivazione di acqua dal Fiume A-
niene e Simbrivio chiesta dal consorzio idroelettrico Alto Aniene e Simbrivio con istanze 05/08/1938-13/06/1941 e
31/08/1955” (Consiglio Superiore dei Lavori Pubblici - adunanza del 27/09/1990).

Alla data del rilascio di tali concessioni ed all’atto del loro rinnovo, il riferimento legislativo principale in materia era costi-
tuito dal R.D. 1773/1933.

Il titolare della concessione di derivazione di acque pubbliche, in questo caso ENEL, ha diritto di derivarle, per la durata
della concessione, nei limiti delle quantita stabilite, con le modalita e gli oneri definiti dal provvedimento di concessione e
nel rispetto di quanto convenuto con il disciplinare di concessione.

In particolare il concessionario, nel rispetto del provvedimento concessorio, € tenuto a rispettare i seguenti quantitativi d’ac-
qua da derivare (Tab. 1 e I]):

TABELLA | - Derivazione acqua dal Fiume Aniene e dal Torrente Simbrivio-Dati disciplinare

: . B s Luogo e modalita Queq derivata | Q. derivata
Impianto Corpo Idrico Punto di derivazione di scarico (m*ls) (m*fs)
. Sorgente Pertuso € 600 m a circa 650 m a monte del
F. Aniene valle della stessa Ponticello di Comunacqua e 2,1 1 45
Comunacqua direttamente nel canale “
T. Simbrivio localita Ponte Renzo derivatore della centrale di | 1,93 3,7
Scalelle

500 m a monte del Ponticello
di Comunacqua, 47 7.0

F, Aniene immediatamente a valle della | circa 30 m a monte dell’opera di
Scalelle confluenza con il Simbrivio | presa della centrale di Subiaco | [
. . 450 m a monte del Ponticello
T. Simbrivio di Comunacqua | J 2.8 J 4,0
TABELLA 11 - Portate concesse medie e massime (ENEL) - dal Fiume Aniene, in localita circa 300 metri a valle
- Portata media concessa | Poriata massinia Concessa della confluenza del Fosso Corore, in Comune di Fi-
Impianto (m%s) (m’/s) lettino (Frosinone), la portata media di mod®. 9, max
15, per mantenere in servizio la centrale di Filettino;
Comunacqua 4,03 82 ; - Sk & .
_ B - dal Torrente Simbrivio, in localita immediatamente a
Scalelle 75 11,0 valle della confluenza del Fosso dei Casali, in Comune
1 di Vallepietra (Roma), la portata media di mod. 19,
Subiaco 6,25 8,1 ‘ max 24.5, per mantenere in servizio la centrale di

Ponte Renzo;

- dal Fiume Aniene, in localita Pertuso, immediatamente a valle della sorgente omonima, nel Comune di Trevi nel Lazio
(Roma) la portata media di mod. 21, max 45, e dal Torrente Simbrivio, in localita Ponte Renzo, in Comune di Vallepie-
tra (Roma), la portata media di mod. 19.3, max 37 (complessivamente moduli medi 40, 30) per mantenere in servizio la
centrale di Comunacqua;

- dal Fiume Aniene, circa 500 metri a monte del ponticello di Comunacqua, immediatamente a valle della confluenza A-
niene-Simbrivio, in Comune di Trevi nel Lazio (Roma), la portata media di mod. 47, max 70 e dal Torrente Simbrivio,
circa 400 metri a monte del ponticello di Comunacqua, la portata media di mod. 28, max 40 (complessivamente moduli
medi 75) per mantenere in servizio la centrale di Scalelle®,

La concessione di derivazione ha una durata stabilita dalla legge che pud essere prorogata o rinnovata. L’art. 11 del discipli-

nare di concessione (Durata della concessione) stabilisce che, salvo i casi di decadenza, revoca o rinuncia la concessione,

per gli impianti di Comunacqua e di Scalelle, ¢ accordata per un periodo di anni sessanta (60) successivi e continui decor-
renti da 1° ottobre 1940, data dell’autorizzazione provvisoria all’inizio dei lavori.

Al termine della concessione o nel caso di decadenza o rinuncia & previsto che passino in proprieta dello Stato senza com-

penso tutte le opere di raccolta, regolazione e derivazione, principali ed accessorie, i canoni adduttori dell’acqua, le condotte

forzate ed i canali di scarico, il tutto in stato di regolare funzionamento. Allo stato attuale, pur non essendo noto agli scri-
venti i termini del rinnovo, il fatto che questi impianti siano tutt’ora in esercizio evidenzia che il gestore sia ancora titolare

della concessione che, in base alle norme oggi vigenti, ¢ di durata trentennale a partire dall’ottobre 2000.

5. ELABORAZIONE DATI

A partire dai valori medi mensili delle portate turbinate forniti da ENEL, per il periodo 2002-2006, sono stati calcolati i va-
lori medi mensili delle portate derivate dal Fiume Aniene e dal Torrente Simbrivio dalle centrali idroelettriche di Comunac-
qua, Scalelle e Subiaco (Tab. 111, IV e V). Si tratta, percid, di impianti ad acqua fluente che utilizzano le acque di scarico del-
le centrali a monte integrandole con gli apporti derivati dal fiume (Fig. 2).

) 1 Modulo=100 U/s

) Art.1 (Quantita ed uso dell ’acqua da derivare) - D.M. Lavori Pubblici del 15/05/1974 e relativo “Disciplinare di obblighi e condizioni cui dovra esse-
re vincolata la derivazione di acqua dal fiume Aniene e Simbrivio chiesta dal consorzio idroelettrico Alto Aniene e Simbrivio con istanze 5 Agosio
1938-13 Giugno 1941 e 31 Agosto 1955 (Consiglio Superiore dei Lavori Pubblici-adunanza del 27 settembre 1990).
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TABELLA |1l - Centrale di Comunacque - portate medie mensili derivate dall’Aniene e dal Simbrivio (m3/s)

Centrale idroelettrica di Comunacqua
An;‘ Gennaio | Febbraio Marzow AprileT Magg;‘ Giugno | Luglio | Agosto | Settembre | Ottobre | Novembre Dicemb;‘ al:ld::;?e
2002 0,90 1,29 1,18 091 1,50 1,01 0,83 0,58 0,36 0,77 0,92 1,13 0,95
2003 2,10 1,42 0,98 1,24 2,11 1,84 0,66 0,39 0,45 0,74 1,12 1,27 1,19
2004 1,51 1,72 1,97 2,95 5,88 3,53 2,79 1,21 1,14 0,80 0,58 1,16 2,10
2005 0,98 0,51 1,54 2,20 4,03 2,37 1,34 0,91 0,63 0,74 0,51 1,23 1,42
2006 1,26 1,03 1,80 2,05 3,12 2,83 2,01 1,41 0,72 0,63 0,66 0,62 1,51
TABELLA IV - Centrale di Scalelle-portate medie mensili derivate dall’Aniene e dal Simbrivio (m?3/s)
Centrale idroelettrica di Scalelle
Anno | Gennaio | Febbraio | Marzo | Aprile | Maggio | Giugno | Luglio | Agosto | Settembre | Ottobre | Novembre | Dicembre ar;g;?e
2002 0,63 0,78 0,77 0,55 1,16 0,84 0,67 0,44 0,70 1,10 2,15 235 1,01
2003 4,13 3,21 3,08 2,52 1,69 0,98 1,12 1,01 0,71 0,99 1,74 3,74 2,08
2004 3,66 4,18 5,45 6,01 3,90 3,78 2,67 2,09 1,30 1,04 1,13 3,46 3,23
2005 3,42 1,96 3,71 6,33 3,53 2,65 1,88 1,24 0,96 1,28 1,36 527 2,80
2006 5,74 4,63 5,48 5,72 2,64 2,21 1,11 0,93 0,92 0,60 0,19 0,17 2,53
TABELLA V - Centrale di Subiaco-portate medie mensili derivate dall’Aniene (m3/s)
Centrale idroelettrica di Subiaco

Anm Gennaio Febbraio—‘ Marzo April] Maggio | Giugno | Luglio | Agosto Seﬂeme Ottobre Novembrew Dicembre al:nd::;?e
2002 -0,36 1,08 0,53 0,08 0,43 0,49 0,27 -0,05 0,54 1,09 0,72 0,73 0,46
2003 1,72 1,76 1,48 0,50 1,24 | 0,58 0,70 0,58 0,20 0,72 1,60 0,95 1,00
2004 1,17 1,58 0,62 -1,03 -2,08 0,25 0,95 0,89 0,83 0,42 1,08 0,45 0,42
2005 1,46 0,99 1,90 -0,81 -0,34 0,59 0,91 0,65 0,53 1,03 0,71 0,35 0,66
2006 0,72 0,77 0,78 0,14 2.25 0,66 0,73 0,34 0,62 0,76 0,02 0,61 0,70

La centrale di Comunacqua ¢ alimentata dal bacino Pertuso, realizzato mediante una diga a gravita in calcestruzzo sul Fiu-
me Aniene, e dal bacino Simbrivio, anch’esso sbarrato con una diga a gravita. In particolare poiché Comunacqua & la cen-
trale di testa dell’asta € lecito, a regime, considerare I’equivalenza tra portate derivate e portate turbinate (7ab. I1). Dall’an-
damento delle portate derivate ri-
Centrale di Comunacqua portato in Figura 4 & stato possibile
Z - — — 7 — notare che in alcuni mesi dell’anno
le portate medie derivate dalla cen-
trale di Comunacqua raggiungono
valori prossimi alle portate massi-
me concesse. L’analisi di questi da-
ti fa emergere che le massime deri-
vazioni avvengono tra i mesi di A-
prile e di Luglio.
T La centrale di Scalelle, a valle di
Comunacqua, utilizza invece i rila-
sci della centrale a monte integran-
doli con le acque derivate dall’A-
niene e dal Simbrivio.
Tali integrazioni sono state calcola-
te sottraendo alle portate turbinate
dalla centrale di Scalelle le portate

. | in uscita dalla centrale di Comunac-
qua (Tab. 1V).
@ gggg L’analisi dimostra che il funziona-
N ) X 2004 mento della centrale di Scalelle si

i ] i 2005 :
e T . civae Agoslose“e‘“bfeon o s 2006 basa in modo preponderante sulle
derivazioni dall’Aniene e dal Sim-

Figura 4 - Portate medie derivate dalla centrale di Comunacqua. brivio (Fig. 5). Inoltre, trattandosi

Portate medie derivate (m?¥s)

z
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Figura 5 - Portate medie derivate dalla centrale di Scalelle.

di impianti ad acqua fluente, le massime derivazioni registrate nella centrale di Comunacqua tra Aprile e Luglio (Fig. 4) si
riflettono sull’impianto di Scalelle nello stesso periodo di tempo.

La centrale di Subiaco utilizza invece le acque di scarico di Scalelle e gli apporti da una presa ricavata sul Fiume Aniene, in
localita Ponte delle Scalelle, in corrispondenza dello scarico della centrale di monte. Anche in questo caso le portate deriva-
te sono state ottenute sottraendo alle portate turbinate dalla centrale di Subiaco le portate in uscita dalla centrale di Scalelle
(Tab. V).

Per alcuni mesi le elaborazioni di tali misure forniscono valori di portata derivata, che risultano, apparentemente, di valore
negativo (Tab. V). Questo fenomeno potrebbe essere spiegato da un difetto di funzionamento della centrale di Subiaco che
restituisce in alveo I’eccesso di portata proveniente da Scalelle, che non riesce ad essere turbinata. (Tab. VI).

TABELLA Vi - Centrale di Subiaco-portate medie mensili effettive derivate dall’Aniene (m3/s)

]
Centrale idroelettrica di Subiaco
Anno | Gennaio | Febbraio Marﬂ Aprile | Maggio | Giugno | Luglio | Agosto | Settembre | Ottobre | Novembre | Dicembre ar::;?e
2002 0 1,08 0,53 0,08 0,43 0,49 0,27 0 0,54 1,09 0,72 0,73 0,46
2003 1,72 1,76 1,48 0,50 1,24 0,58 0,70 0,58 0,20 0,72 1,60 0,95 1,00
2004 1,17 1,58 0,62 0 0 0,25 0,95 0,89 0,83 0,42 1,08 0,45 L 0,42
T
[2005 146 | 099 | 190 | o 0 059 | 091 | 065 | 053 L3 | 071 035 | 066 |
2006 | 072 | 077 | 078 | 014 | 225 | 066 | 073 | 034 | 062 076 | 002 06l | 070 |

Per la centrale di Subiaco la situazione sembra quindi ribaltarsi: il suo funzionamento si basa quasi esclusivamente sui rila-
sci delle centrali a monte, con integrazioni di modesta entita dal Fiume Aniene (Fig. 6).

Per ogni centrale, inoltre, sono state confrontate rispettivamente le portate medie annuali con i moduli di concessione medi e
le portate medie mensili con i moduli di concessione massimi. Si ¢ constatato come in ogni occasione siano stati rispettati i
limiti stabiliti dal provvedimento di concessione precedentemente citato (Tab. II).

In base ai dati a disposizione si &€ proceduto quindi alla redazione di un bilancio idrico mensile per il periodo di osservazione
2003-2006.

Nella redazione del presente lavoro si & scelto di considerare separatamente i tre tratti di corsi d’acqua analizzati:

- T1: Fiume Aniene a monte della confluenza con il Torrente Simbrivio;

- T2: Torrente Simbrivio;

- T3: Fiume Aniene a valle della confluenza con il Torrente Simbrivio.

Le portate medie mensili prelevate, per uso idropotabile ed idroelettrico, e i rilasci di acque reflue sono stati i termini con-
siderati per la redazione del bilancio. Partendo dalla sezione di monte (Sorgente Pertuso) e arrivando fino alla sezione di
chiusura (Subiaco) sono stati calcolati mensilmente i volumi idropotabili ed idroelettrici derivati e i volumi di acque reflue
restituiti.

L'ACQUA 2/2013- 65 .




B GESTIONE RISORSE IDRICHE

NOTE TECNICHE

Gennaio Febbraio Marzo Aprile Maggio Giugno Luglio Agosto Settembre Ottobre Novembre Dicembre
12 ~—r-r-r-r--r-—r—r—r-r-r-r--r-rT—T—rrrr T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
10 +
g K9 Integrazione
q N Rilascio Centrale di Scalelle
NRQ N
N N K ES; $ \
w N N N N \\‘ N N N
TN N W O W R g
5 N N R NN NN NN N
. 0N W WY BN NN X ; ;
ECT AR RN A NN MR B N S
N TN NN S VRN A Y AN
O AN VY MR Y MW B A TN A
TN B AV A AR O WS N N
N N N NN NN NN N N NNN
NN ARRRN ARRRN  ARRN RRRAN aORRNY RN ANN R Nt NNRN AN
2 AR RRARN SRR DARN ARRRN ARRRN oRRAN RN NEY SRRy SRR - NN
NAN ARRRN ARRAN <NRRN NRRRN RRNRN SRRRN  ARRN rNRR RRRRN RRRN  RRRN
SRRRN RRARN RRRAN RRRRN ARRRN RRRAN NRARY SRAN B=NRN RRRRN RRAN NNRNR
NARRN RRRRY NRRRY RRRRN NNNRR RRNRN ARRRN oY ARRNY NNNNN RRRR - NNRRR
\\\ NENNNNNEINNNNN \\\\\ NN N NNNNN \\\\\ \\\\\ NNNNA \\\\\ NNRNE - NNNR
. (DY, RN | N . SIS R . S . SRR . Y . Y . IR . RN . SN
58227 §2%%% §23%% EAED BEASE BEBEE BEANL BEAED IREED 23BEl BEaBE BRIl

Figura 6 - Portate medie derivate dalla centrale di Subiaco.

Dal bilancio mensile tra derivazioni e restituzioni si & quindi passati al calcolo del volume netto annuale sottratto al Fiume
Aniene e al Torrente Simbrivio fino alla sezione di Subiaco (Tab. VII).
In particolare poiche le centrali di Comunanque e Scalelle
sono alimentate sia dall’ Aniene che dal Simbrivio, ¢ stata i-

TABELLA VII - Volumi netti annuali derivati

R Volume Netto Al;nuale Derivato |
(m’)

2003 161.875.989

2004 220.822.562

2005 187.736.200

2006 181.448.440

TABELLA VI - Volumi netti annuali derivati

Derivato
Anmno | Corpo Idrico Idropotabile Idroelettrico Totale
(m’) (m’) (m’)
Tl 13.497.408 52.550.208 66.047.616
2003 T2 13.489.373 52.550.208 66.039.581
T3 0' 32.221.152 32.221.152
Tl 11.255.155 85.588.272 96.843.427
2004 T2 18.753.206 85.588.272 104.341.478
T3 0 22.070.016 22.070.016
Tl 14.182.646 67.736.736 81.919.382
2005 T2 16.085.434 67.736.736 83.822.170
T3 0 24.427.008 24.427.008
TI 14.007.584 64.924.416 79.002.000
2006 T2 17.455.824 64.924.416 82.380.240
T3 0 22.498.560 22.498.560

potizzata una distribuzione dei prelievi del 50% tra i due al-
| vei. In questo modo, poiché i due corsi d’acqua appartengo-
no al medesimo bacino, non sono stati alterati i termini del
bilancio complessivo.

Sono stati quindi considerati i singoli contributi dei tre tratti
di corsi d’acqua al volume derivato totale (7ab. VIII):

Dalla Tabella VIII ¢ possibile notare che 1 volumi prelevati
dalle derivazioni idroelettriche rappresentano di gran lunga

la maggior parte dei volumi totali sottratti
(80%-100%) rispetto alle derivazioni idropota-
bili (0%-20%).

Peraltro i maggiori contributi al bilancio, pro-
venienti dai consumi idroelettrici, si riscontrano
nei primi due tratti di corsi d’acqua considerati.
Infatti, nel tratto a valle della confluenza con il
Simbrivio tali volumi diminuiscono notevol-
mente a causa dell’inversione di tendenza tra
prelievi e rilasci registrata nella centrale di Su-
biaco (Fig. 6). Se, infatti, la centrale di Subiaco
sembra essere stata dimensionata per turbinare i
rilasci di Comunacqua (Fig. 6), la centrale di
Scalelle appare essere alimentata, quasi esclusi-
vamente, dalle cospicue integrazioni dall’ Anie-
ne, di cui ha bisogno per il suo funzionamento
(Fig. 5). Nel periodo 2003-2006 i prelievi idro-
potabili si mantengono tra 2x106 e 4x10¢ m3
mentre variano sensibilmente quelli idorelettri-
ci che rappresentano il maggior contributo al
volume derivato totale (Fig. 7).

Nella sostanza, dalle elaborazioni qui presentate, emerge che tali derivazioni non costituiscono un prelievo dissipativo in
termini di bilancio complessivo del bacino in esame, tuttavia, se riferiti alla sola Alta Valle dell’ Aniene, esse rappresentano
il maggior contributo all’utilizzazione idrica locale.
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Bilancio Idrico: 2003-2006
Gennalo Febbralo Marzo Aprile Magglo Glugno Lugllo Agosto Settembre Ottobre Novembre  Dicembre
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Figura 7 - Volumi derivati nel quadriennio 2003-2006.

6. LA RICARICA DELL’ACQUIFERO
La valutazione della ricarica media annua degli acquiferi carbonatici carsici &, in generale, difficilmente quantificabile con
accettabile approssimazione, data la complessita di funzionamento di questi sistemi idrogeologici, nei quali gli scambi con
corpi idrici esterni non sono di immediata identificazione. Nel caso particolare 1] bacino dell’Alto Aniene & caratterizzato
dalla presenza di molteplici derivazioni e serbatoi, che, con il loro funzionamento aggiungono fattori significativi di incer-
tezza nella valutazione del bilancio idrico del sistema.
Per tale motivo, probabilmente, non & stato possibile trovare in letteratura un valore consolidato della ricarica media annua
relativo al bacino dell’ Aniene, € nemmeno alla sua parte alta. Nel presente studio percid, al fine di definire il quadro di rife-
rimento per la valutazione dello utilizzazione delle risorse idriche nell’area in esame, sono stati elaborati i piu recenti dati
disponibili, relativi alla portata media in periodo di magra del Fiume Aniene alla sezione di Subiaco (Boni, 2006), giungen-
do alla stima di un volume medio annuo di ricarica, pari a circa 190.000.000 m3.
Sono stati quindi confrontati i volumi derivati precedentemente calcolati con tale valore della ricarica media annua assunto
come riferimento per il Bacino dell’ Alto Aniene (Tab. IX).
TABELLA IX - Confronto tra volumi derivati e ricarica media  Dalla Tabella IX & possibile osservare che i prelievi idropo-
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annua tabili rappresentano circa il 15% della ricarica media annua,
Derivato Idropotabile | Derivato Idroelettrico mentre quelli idroelettrici costituiscono la parte piu rilevan-
g (m?) (m*) te del sistema di derivazione dell’Alto Aniene, arrivando
2003 26.986.781 137.321.568 nel 2004 a rappresentare il 100% della ricarica stessa.
2004 30.008.362 193.246.560
7. CONCLUSIONI E CONSIDERAZIONI
2005 30.268.080 159.900.480 S - : :
La documentazione esaminata, alla fuce del quadro geologi-
2006 31.533.408 152.347.392 | co, idrogeologico ed ambientale complessivo dell’area di

studio, che si riferisce all’Alta Valle del Fiume Aniene. fra
la sorgente del Pertuso e Subiaco, evidenzia che la particolare interpretazione della normativa vigente in materia di risorse i-
driche adottata in questa porzione di territorio sembra condurre ad un uso della risorsa non propriamente economico ed eco-
sostenibile. In altre parole, com’e noto, la L. 36/94, confluita, senza sensibili modificazioni almeno per quanto di interesse
in questa sede, nel D.Lgs. 152/2006 e successivamente nel D.Lgs. 4/2008, sancisce con chiarezza che “I.’uso dell’acqua per
il consumo umano & prioritario rispetto agli altri usi del medesimo corpo idrico superficiale o sotterraneo. Gli altri usi sono
ammessi quando la risorsa ¢ sufficiente e a condizione che non ledano la qualita dell’acqua per il consumo umano.”® A]
tempo stesso & nota e consolidata la giurisprudenza in materia che riconosce agli esercenti di impianti idroelettrici il diritto a
beneficiare della titolarita di concessioni pregresse. Ma cid era vero fino all’anno 2000, in condizioni ordinarie, mentre, suc-
cessivamente, in seguito all’emanazione della specifica Ordinanza del Presidente del Consiglio dei Ministri, rinnovata an-
nualmente, ed ancora oggi vigente, lo stato di emergenza idrica in cui versano i Comuni originariamente serviti dal Consor-
zio Acquedottistico del Simbrivio, € tale che qualche valutazione, anche di carattere strategico, sarebbe opportuna; con il
presente lavoro si ¢ voluto solo proporre qualche elemento di riflessione.

() Art. 2 - Comma I - L. 36/1994 “Disposizioni in material di risorse idriche”.
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Abstract: - Stream discharge can be measured using several methods, which can be influenced by the natural
streaming characteristics of the river. The conventional approach to measuring stream flow is the current meter
method, based on determining the mean discharge using the velocity and the cross sectional area. This method
allows quick stream flow measurements, but in mountain streams, during turbulent flow conditions, or in case
of flow depths, smaller than the recommended performance limits for conventional current meters, can give
unreliable measurements. An alternative method of stream flow measurement is the salt dilution method that
involves injecting an artificially tracer (usually NaCl) and determining its dilution, following complete mixing
into the flow, by means of integration of the electrical conductivity as a function of time. This technique is
available for use in mountain streams where the other procedures are more problematic. This paper deals with
the preliminary results referred to the validation of the salt dilution method in the Upper Valley of Aniene River
(Central Italy), in the aim if defining a reliable methodology for the evaluation of discharge in mountain
streams, where turbulent flows make difficult apply the conventional current meter method. In the following
they are presented the preliminary results of stream discharge measurements, coming from three different
campaigns driven from September to October 2014, executed in one of the sections of Aniene River. The
comparison of these elaborations, carried on by the application of both methods, is useful to define the
reliability and accuracy of discharge measurements carried out by salt dilution method.

Key-Words: - discharge measurement, salt dilution method, mountain streams, current meter method, slug
injection, Aniene River

1 Introduction discharge is a direct measure of the amount of water
Karst aquifers play a key role in human life and available for drinking, industrial, and agricultural
economic activity and constitute more than 30 % of purposes. Stream discharge is also correlated with
the EU land mass [1]. The fast dynamic of karst the habitat biodiversity and the assimilation of
aquifers discharge is, as a consequence of strong nutrients and sediment in runoff, reflecting the
interconnection between groundwater, surface water integrity of the riparian ecosystem [5]. This paper
and precipitation, due to a network of highly presents  preliminary  results of  discharge
permeable flow features, embedded in a less measurements carried out in a gauging section along
permeable fractured rock matrix [2]. In these the Aniene River by the application of traditional
Comp|ex hydroge0|0gica| scenarios, stream current meter and salt dilution method, in
discharge can be influenced by changes in framework of the Environmental Monitoring Plan
meteorological conditions, tributary streams or from related to the catchment project of the Pertuso
groundwater seeping into the river. Variations in spring, in the Upper Valley of Aniene River
stream flow discharge can bee wused for (Central Italy), which is going to be exploited to
characterizing karst systems and investigating the supply an important water network in the South part
processes that control interactions between of Roma district [6].
groundwater and surface water [3]. Water resources Discharge measurements have been carried out
assessment is an important tool to evaluate performing a slug injection of a NaCl solution and
groundwater dynamics in relation to human impacts recording electrical conductivity in a downstream
and drinking water consumption [4]. Thus, the section, while at the same time, current meter
determination of the amount of stream flow measurements have been taken in a section placed
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between the injection point and the -electrical
conductivity measurement section.

The aim of this work is the validation of the salt
dilution method as alternative methodology in
mountain stream, where the unsteady flow
conditions can make difficult and expensive the
application of the conventional velocity area
method.

2 Problem Formulation

The measurement of stream flow rate is usually
required for river management purposes including
water resources planning and protection of flood
prevention.

Stream flow measurement technology has
evolved rapidly over recent decades. According to
the U.S. Geological Survey (USGS) procedure, river
discharge can be usually calculated by the velocity
area method, as the product of average stream flow
velocity at a cross section, perpendicular to the main
stream flow, and the cross sectional area. In this
method, the river is divided into segments and the
discharge through each segment is calculated by
multiplying the average velocity in each segment by
the segment area. A current meter is usually used to
measure the stream velocity at each selected
segment. The sum of the products of area velocity
for each segment gives the total stream discharge
[7].

The conventional velocity area method has some
limitations in mountains stream where the irregular
cross section and the strong turbulence decrease the
accuracy with which water depth and flow velocity
can be measured. In addition, flow depths and
velocities during low flow conditions may be too
small for reliable measurements [8]. This method is
also both expensive and difficult especially during
floods or unsteady flow conditions due to the
instability of measuring instrument. The unsteady
flow may be caused by turbulent conditions,
irregular bed stream geometry and the growth of
weeds (Fig. 1). Thus, the current meter method
requires a definitive relationship between velocity
measurement and area of the cross section, which is
difficult to establish in mountain river, where the
hydraulic pattern changes seasonally. This method
is generally used because is the most practical and
quick for stream flow measurements, except where
the river is very shallow or in turbulent condition.
Thus, under such conditions, the alternative method
of salt dilution may be more suitable.
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Figure 1 - An example of unsteady flow conditions
(Aniene River)

In the salt dilution method, a tracer solution is
injected into the river to be diluted by the stream
discharge. Downstream of the injection point, when
vertical and lateral dispersion throughout the flow is
complete, the discharge may be calculated by the
measurement of the electrical conductivity as a
function of time. Common table salt (sodium
chloride, NaCl) is generally used for salt dilution
measurements because it is inexpensive, easily
available and non-toxic for the concentrations and
exposure times typically associated with discharge
measurements.

The salt dilution method is generally used for
discharge measurements in mountain streams where
swallow depths, turbulent conditions and the
irregular, bad geometry of the stream can make
difficult to establish the hydraulic profile, and even
difficult to measure stream flow velocity with the
traditional current meter [9].

A limit of this methodology is the amount of
tracer to be added to increase the electrical
conductivity in the stream flow, which is related to
the stream background level of the conductivity.
Moreover, only a runoff less than 4m’™ can be
made easily, because the amount of salt to be
dissolved is difficult to handle (about 20 kg of salt
for 4m>s™ runoff) [10].

2.1 The test site

The study area is located along the SW boundary of
the Simbruini Mountains, characterized by the
confluence of the Fiumata Valley and the Granara
Valley from which starts the Valley of Aniene River
[11]. In this area it outcrops an important carbonate
karst aquifer, mainly made of highly permeable
Cretaceous carbonate rocks, deeply fractured and
mostly soluble (Fig. 2).
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Figure 2 - Simplified geological map of the study area

The discharge measurements were carried out in
the Upper Valley of Aniene River, between the
town of Filettino and Trevi nel Lazio (FR), in
Latium Region, Central Italy (Fig. 3). The Aniene
River crosses the Natural Park of Simbruini
Mountains, the largest protected area of Latium
Region, which belongs to Nature 2000 network as
Special Protection Areas (SPAs). The Park is
characterized by karst landscape where take origin
mountains springs that discharge into the Aniene
River, like the Pertuso spring which supplies
drinking water to the city of Rome and currently is
feeding the Comunacqua hydroelectric power plant,
owned by ENEL group.
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Figure 3 - Study area and location of gauging section

In the framework of this work, the discharge data
have been collected referred to three campaigns
driven from September to October 2014, using the
current meter method and the salt dilution method.
San Teodoro Bridge (Fig. 4) has been chosen as
gauging section (ST_01), allowing easy installing
and management of the current meter, but also
satisfying the salt dilution method requirements.
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Figure 4 - San Teodoro Bridge gauging section (ST_01)

San Teodoro Bridge gauging station is relatively
straight to ensure streamlines parallel to each other
and reduce errors in velocity measurements. The
bed stream relatively uniform and free of heavy
aquatic growth allows keeping the current meter
perpendicular to the flow while measuring velocity,
to ensure a stable relation between stage and
discharge. ST_01 gauging station is also suited for
measuring stream flow by salt dilution method. As a
matter of fact, in the section there are no backwater
areas and local inflows between the injection and
measurement points, where the salt can be delayed
and separated from the main flow. The bridge
makes easy the slug injection of the tracer solution
and allows rapid dissolution and complete mixing
into the flow.

At ST _01 gauging station the Aniene River
surface width ranges from 4.5 to 5 meters and its
depth from 0.2 to 1 meter, according to the limits
imposed by the type of current meter used.

2.2 The current meter method

The current meter method involves measuring the
area and the velocities of a stream at a cross section
which is perpendicular to the main flow of the river.
Usually, river discharge (Q) is calculated as the
product of the cross section area (A) of flow by the
average stream flow velocity (V) in that cross
section:

Q=V-A )

Thus, the river cross section is divided into
numerous vertical sub-sections (n), in each one the
area is obtained by measuring the width (I;) and
depth (h;) of the sub-section and the stream flow
velocity is determined using a current meter. The
total discharge is then computed by summing the
discharge of each sub-section [12]:
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The preliminary step in stream flow
measurements is the determination of water widths
by stringing a measuring tape from bank to bank at
right angles to the direction of flow. In mountain
stream, where the hydraulic pattern changes
monthly, more than a single measurement is needed
to characterize accurately the hydraulic profile of
the cross section. For this reason it has been
necessary determine the hydraulic profiles of the
ST _01 for each discharge measurements campaigns
driven in September and October 2014 (Figg. 5 and
6).

450 cm

100 em 100 em 100 em 100 cm 50 cm

Figure 5 - Stream cross section illustrating sub-sections to
determine discharge by current meter method

(September 2014)
450 cm
100 cm 100 cm 100 cm 100 em 50 cm
A B
1 3 5
2 7
7 6

Figure 6 - Stream cross section illustrating sub-section to
determine discharge by current meter method
(October 2014)

This measuring tape is used to define the
hydraulic profile of the cross section and the
location of each wvelocity = measurements.
Determining the cross sectional area of a stream
involves measuring water depths at a series of points
across the stream and multiplying by the width of
the stream within each segment represented by the
depth measurement.

With the aim to obtain a mean velocity, ST 01
section has been divided into 4 vertical parts, almost
equally spaced by 1.00 m. Along each one of these
investigated verticals, up to 2 measuring points have
been defined at different depths (0.2 and 0.3 m from
bed stream).

The main equipment needed to measure the
stream flow velocity in each verticals is a SEBA
horizontal axis current meter F1, having a propeller
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diameter of 80 mm which, combined with SEBA Z6
pulse counter, allows to measure velocity between
0,025 m/s and 10 m/s. The SEBA current meter has
been used as rod equipment with tail plane for best
positioning to the flow direction.

The operating principle is based on the
proportionality between the flow velocity and the
resulting angular velocity of the rotor. For each
measurement point, flow velocity is determined
counting the number of spins of the meter rotor
during a fixed interval of time. The current meter
responds instantly to any changes in water velocity
but in unsteady flow conditions is difficult obtain
accurate measurements due to the difficult of
keeping the current meter attached to the measuring
line. Thus, in order to assess any fluctuations due to
the turbulence condition and, also, to avoid
accidental measurement errors, velocity has been
measured for at least 60 seconds, according to EN
ISO 748:2007 requirements [13].

This current meter method gives the local water
velocity in each vertical following the application of
a calibration equation between stream velocity
(cm/sec) and the number of spins (sec™) (3).

v=0.82+33.32-n (3)

Stream discharge measurements obtained by the
velocity area method are summarized in Tab. 1.

Date Gauge Height Discharge Q
(m) (m’/s)
10/09/2014 0.60 1.38
29/09/2014 0.50 0.98
17/10/2014 0.70 1.77

Table 1 - Mean discharge values obtained by current
meter method

Table 1 shows the discharge values coming out from
the three measurements campaigns, referred to the
maximum height value, measured in the stream in
each campaign. By the chance the average value
among the three ones, calculated, is Q = 1.38 m%s,
which is the same measured in the September 2014
campaign.

2.3 Thesalt dilution method

There are two variations on dilution gauging,
depending on whether the tracer is injected into the
stream at a constant rate or as an instantaneous slug.
The salt dilution method by slug injection was
chosen as the most practical method in the study
area, because of the difficulty of handling the large
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quantities of salt solution required by the constant
rate injection.

The basic principle of salt dilution method is to
add instantaneously a known quantity of a NaCl
solution into the stream and observe the variations
in electrical conductivity at a point where it is fully
mixed with the flow.

ST _01 gauging station is an ideal injection site
because has the basic characteristics for accurate
streamflow measurements by salt dilution method.
In fact, the turbulent condition allows completely
dissolution and fully mixing with the flow at the
point where electrical conductivity is measured. San
Teodoro Bridge has been used to dump the salt
directly into the injection point: the turbulence
created below the bridge allows the dissolution of
the salt and the mixing into the stream.

According to I1SO 9555-1:1994(E) requirements
[14], the salt dilution method involves the injection
of a volume of a NaCl solution at a cross section in
which the discharge remains constant for the
duration of the gauging. At a second cross section
placed downstream the injection point, at a distance
sufficient for the injected solution to be uniformly
diluted, the stream electrical conductivity is
determined over a period of time sufficiently long to
ensure that the NaCl solution has passed through the
second cross section [15].

It has been used a saturated NaCl-solution made
by dissolving about 2 kg of salt in 10 liters of stream
water, depending on the temperature and the
background conductivity of the stream. A PC650
probe (Eutech Instruments) was used to collect the
electrical ~ conductivity measured data. The
instrument is auto-ranging between 0 and 500
mS/cm, with an accuracy of + 0.05%.

The dissolution of NaCl in water is proportional
to water temperature and inversely proportional to
the existing concentration of salt. After injection,
the salt mixes into the stream by longitudinal
dispersion, a process in which dissolved salt in the
plume moves along its concentration gradient until a
uniform  concentration  exists  [16]. The
instantaneously injection of NaCl solution into the
stream produces downstream a wave of electrical
conductivity increasing, as shown in Fig. 6.

The stream discharge, Q (m®/s) is calculated by
the following formula [17], based on the principle of
the conservation of mass:
Q=C,- toit v

Jle)-c,]-dt

f

(4)

ISBN: 978-1-61804-301-6

46

where: V, (m°) is the volume of injected solution, C,
(uS/cm) is the electrical conductivity of the injected
solution, C, (uS/cm) is the stream baseline electrical
conductivity, C(t) (uS/cm) is the stream electrical
conductivity at time t, t, (s) is the elapsed time,
taking as origin the instant at which the injection
started and t, (s) is the time of arrival of the first
molecule of tracer at the cross section.

anductivity (pSem)

Electrical o

0w
Time (s}

Figure 6 - An example of a salt dilution measurement
done at ST 01

Table 2 lists discharge measurements obtain from
the application of the salt dilution method carried
out from September to October 2014.

Date Gauge Height (m) Discharge Q (m®/s)
10/09/2014 0.60 1.30
29/09/2014 0.50 0.99
17/10/2014 0.70 1.71
Table 2 - Mean discharge values obtained by salt dilution

method

The discharge values, measured by the salt dilution
method, are definitely comparable with ones
obtained by the traditional current meter method and
in the following Table 3.

Date Q (M)t Q(m¥s)? A%
10/09/2014 1.38 1.30 8
29/09/2014 0.98 0.99 1
17/10/2014 1.77 1.71 6

Table 3 - Mean discharge values obtained by current
meter method (1) and salt dilution method (2)

3 Problem Solution

Results of the two methods for determining stream
flow discharge at San Teodoro Bridge gauging
station (ST_01) were compared. Current meter
method is usually the standard by which other
stream flow measurement methods are compared.
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Thus, in Tab. 4, they are presented the results,
coming from the application of the two methods,

and the percentage differences,

pbetween each

campaign result, expressed as:

Gauge Q A

Date H(erll%ht (ms)* (m¥/s)? %
10/09/2014 0.60 1.38 1.30 8
29/09/2014 0.50 0.98 0.99 1
17/10/2014 0.70 1.77 1.71 6

Table 4 - Mean discharge values obtained by the
application of both methods

Preliminary results seem to give good indications
for the wvalidation of salt dilution method for

discharge measurements.

For example, at San

Teodoro Bridge, both methods provide discharge
measurements very close the to the other so that
both methods could be performed for comparative

pu
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rposes (Fig. 7).
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Figure 7 - Comparison of current-meter and tracer-
dilution discharge measurements at ST_01
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Figure 8 - Comparison of stream flow discharge as a
function of time for current meter and salt dilution
method
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The rating curves for ST_01 gauging station
show the changes in the stream flow depending on
gauge height from September to October 2014.
Rating curve based on current meter and salt
dilution measurements, fitted by an exponential
function, are very similar, with comparable
discharge values coming from the application of
both methods (Fig. 8).

The measurements collected by salt dilution
method fell close to the rating curve based on
current meter method, with a percentage differences
of less 8%.

4 Conclusion

The purpose of this paper was to describe the
preliminary results of a study to determine the
feasibility and accuracy of discharge measurements
using the salt dilution method in mountain river.

Data were collected from September to October
2014 at San Teodoro Bridge (ST_01), in the Upper
Valley of Aniene River, by the application of
conventional current meter and salt dilution method.
The salt dilution stream flow has been compared to
discharge measurements determined by current
meter method. Based on these measurements, two
different rating curves were developed to determine
streamflow discharge.

The salt dilution method compares favorably in
accuracy with current metering as a method of
measuring streamflow in mountain river, and
appears to be more accurate where the turbulence
flow might interfere with current meter measuring.
Furthermore, the salt dilution method is easier to
apply and more economical in terms of equipment
cost. Current meter method is well suited where
flow conditions are close to laminar, whereas the
salt dilution method are better fitting to river with
unsteady flow conditions and the irregular stream
bad geometry. However, in the traditional current
meter method, excess sediment and seasonal
growths of weeds can change the hydraulic profile
of the cross section, requiring new rating curves at
any measurements campaign.

Both methods seem to be complementary: in
fact, while current metering requires laminar flow
and is unsuited under turbulent conditions, the
reverse is true of salt dilution gauging.

Even if the comparison with discharge
measurements carried on by the application of both
methods shows comparable values, several factors
can affect the accuracy the discharge measurements
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obtained by salt dilution method. The loss of tracer
between the injection point and the downstream
cross section makes not applicable the equation for
the conservation of mass and consequently the
computation of stream discharge. Other factors that
may have caused inaccuracies between current
meter and salt dilution stream flow measurements
are the tracer probe accuracy limits and the
incomplete mixing throughout the stream cross
section before the downstream gauging section is
reached.

This fact let us pointing out the real importance
of the determination of the degree to which an
added tracer is diluted by the flowing water. The
success of the slug injection methods requires the
complete mixing of the added tracer diluted by the
flowing water in as short a distance as possible.
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Abstract In southern Latium region, Central Italy,
groundwater and spring water resources in the carbonate
aquifers are the major contributors of drinking and irriga-
tion water supply. The aim of this study was to review
hydrochemical processes that control the groundwater
chemistry and to determine the suitability of springs and
groundwater for irrigation and drinking purposes on the
basis of the water quality indices. Physical (pH, electrical
conductivity, total dissolved solids) and hydrochemical
characteristics (Na™, K%, Caz+, Mg2+, HCO;™, Cl7, and
SO,47) of springs and groundwater were determined. To
assess the water quality, chemical parameters like sodium
adsorption ratio (SAR), total hardness, Mg-hazard (MH),
sodium percentage (Na %), salinity hazard, permeability
index, and Kelly’s ratio were calculated based on the
analytical results. A Durov diagram plot revealed that the
groundwater has been evolved from Ca to HCO; recharge
water, followed by mixing and reverse ion exchange pro-
cesses, due to the respective dominance of Na—Cl and Ca—
Cl water types. According to Gibbs’s diagram plots,
chemical weathering of rock forming minerals is the major
driving force controlling water chemistry in this area.
Groundwater and spring samples were grouped into six
categories according to irrigation water quality assessment
diagram of US Salinity Laboratory classification and most
of the water samples distributed in category C2-S1 and
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C3-S1 highlighting medium to high salinity hazard and
low sodium content class. The results of hydrochemical
analyses and the calculated water quality parameters sug-
gest that most of the water samples are suitable for irri-
gation and drinking purposes, except for the samples
influenced by seawater and enhanced water—rock interac-
tion. High values of salinity, Na %, SAR, and MH at cer-
tain sites, restrict the suitability for agricultural uses.

Keywords Carbonate aquifers - Geochemical
characteristics - Water quality parameters - Salinity -
Water—rock interaction

Introduction

Groundwater is an important natural resource especially for
drinking and irrigation uses. Water quality assessment is
essential for human health and the definition of water quality
depends on the desired use of water (Hoek et al. 2001; Jain
et al. 2009; Kirda 1997). Therefore, different uses require
different criteria of water quality as well as standard methods
for reporting and comparing results of water analysis (Singh
etal. 2004). The natural water analyses for physico-chemical
properties are very important for public health studies
(Rizwan and Singh 2009). These studies are also a main part
of pollution studies in the environment (Palma et al. 2010).
The variations of water quality are essentially the combi-
nation of both anthropogenic and natural contributions
(Chen et al. 2006). Natural variations in groundwater
hydrochemistry should be considered when assessing water
quality data from groundwater monitoring programmes, as
elevated concentrations for certain parameters might be
influenced by the aquifer lithology (Kumar et al. 2009).
Therefore, to ensure that long-term sustainable groundwater
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resources are achieved, groundwater resource management
is required through an assessment of anthropogenic pres-
sures and the physical characteristics of the subsurface
deposits, i.e. soil, subsoil, and aquifer type. The water quality
assessment is mostly based on hydrochemical analysis and
many organizations renew and publish the guidelines for
drinking water to protect public health.

In Italy, water for different uses (i.e. drinking and
agricultural) relies mostly on groundwater resources from
carbonate aquifers. Carbonate aquifer systems often
respond rapidly to changes in environmental and climatic
conditions (Mahler and Massei 2007). Many studies have
been conducted on carbonate aquifer systems such as
geochemical processes in these systems and their hydro-
geological implications. In these systems, chemical com-
position of groundwater is controlled by many factors,
including the composition of the precipitation, variations in
flow, seasonal changes in recharge, geological structure,
and mineralogy of the aquifers (Chenini and Khmiri 2009).
The interaction of all factors leads to various water types.
In recent years, hydrochemical investigation techniques
provide much information for the identification of main
hydrogeochemical processes affecting the composition and
the quality of spring and groundwater within the carbonate
aquifers (Briz-Kishore and Murali 1992). The hydro-
chemical properties are generally related to (1) water—rock
interactions, (2) natural factors such as mixing between
seawater and freshwater, (3) anthropogenic factors, and (4)
the type of groundwater circulation (Mercado and Billings
1975; Mayer 1999). On the other hand, the composition of
water in carbonate systems is the result of the dissolution of
variable quantities of rock forming minerals that controls
the water chemistry (White 1988; Ettazarini 2005; Edm-
unds et al. 1987; Moral et al. 2008).

In the present work, spring waters and groundwater from
the carbonate aquifers of the southern Latium region were
characterized employing physico-chemical data to deter-
mine the water suitability for different uses (i.e. drinking and
irrigation). This study was also designed to hydrochemically
characterize these aquifer systems, with the aim of achieving
proper management and protection of these important
resources. The main objectives of this study are (1) evalu-
ation of water geochemistry; (2) determination of water
quality parameters; and (3) assessment of water suitability
for drinking and irrigation purposes by comparing the
identified parameters with the standards and guidelines.

Methodology
The main spring water and groundwater sampling survey
was carried out in southern Latium region of Central Italy

from 2002 to 2006. Groundwater samples were collected
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from 20 wells in Pontina Plain and 54 spring water samples
were collected from Lepini (12 springs), Ausoni (16
springs), and Aurunci (26 springs) mountains (Fig. 1). All
samples were collected in laboratory certified clean bottles
and location; date and time of sample collection were
recorded. Water temperature, electrical conductivity, and
pH values were determined in the field using PC 300
Waterproof Hand-held meter (http://www.eutechinst.com/
manuals/english/pc300_r3.pdf). Laboratory analyses inclu-
ded major cations and anions. All samples were maintained
in refrigerated conditions before analyses. For chemical
analysis, 250 ml of water was collected in polyethylene
bottles, filtered and then acidified (http://www.irsa.cnr.it/
ShPage.php?lang=en&pag=nma). Water samples were fil-
tered through cellulose filters (0.45 pum), and their major
and minor constituents were determined by a Metrohm 761
Compact IC ion chromatograph (replicability =£2 %)
(http://www.metrohm.it/Produkte2/IC/index.html). A Me-
tropes C2—100 column was used to determine cations (Na™,
K™, Mg?", Ca?™), while a Metropes A Supp 4-250 column
was used for anions (C1~, SO, , HCO3™) (Metrohm 2000)
The analytical accuracy of these methods ranged from 2 to
5 %. Bicarbonate content was measured by titration with
0.1 N HCI using colour turning method with methyl orange
as indicator. Chemical analyses were performed on the
collected water samples at the Geochemical Laboratory of
Sapienza, “University of Rome”. The characterization of
spring and groundwater samples has been evaluated by
means of major ions, Ca”, Mg”, HCO5™, Nat, KT, CI™
and SO, . For the identification of water types, the chem-
ical analysis data of the spring water samples have been
plotted on the Piper and Durov diagrams using Geochem-
istry Software AqQA, version AQC10664 (Rockware
AqQA Software 2011). In addition, for the evaluation of
water quality parameters magnesium and salinity hazard,
sodium adsorption ratio (SAR), sodium percentage (Na %),
total hardness (as CaCQOj), exchangeable sodium ratio
(ESR), Kelly’s ratio (KR), permeability index (PI), values
of springs and groundwater samples were also determined
using AqQA software and some mathematical calculations.

Geology and hydrogeology

Lepini, Ausoni and Aurunci are three different groups of
mountains belonging to the pre-Apennines of Latium and
they occupy a well-defined geographic area, called “Vol-
scian mountain range” (Fig. 1). The Lepini Mountains are
located in the northern part of Pontina Plain and hosts an
important karst aquifer. The aquifer in the Lepini massif
may be classified as “unconfined with an undefined bottom
surface”. The Pontina is a coastal plain developed along an
extensional marine boundary and positioned between the
Lepini—Ausoni mountains of the Central Apennines and the
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Tyrrhenian Sea (Fig. 1). In Pontina Plain, much of the
groundwater comes out in springs near the boundary
between the Pontina Plain and the carbonate massif, all of
which join a series of streams and canals that drain to the
Tyrrhenian Sea (Memon et al. 2011). Two aquifers are
present in Pontina Plain: one is an unconfined aquifer lying
under the Quaternary deposits covering the limestones at
the south-western margin of the Lepini complex, and the
second one is a confined aquifer where the water is dis-
charged from the calcareous aquifer of the Lepini massif
and flows to the sea. The Ausoni Mountains rise in
southern Latium and extend to the coastline, starting
immediately after the middle Amaseno valley (Fig. 1). The
Ausoni hydrogeological unit is mainly composed of lime-
stones with interbedded dolomitic limestones. Most of the
springs lie along all of its borders but with no sharp sep-
arations between their recharge areas. The Aurunci
Mountains represent the southeastern part of the Volscian
range and are oriented more or less parallel to the Apennine
range. The Aurunci Mountains are made of two distinct
hydrogeological units: the western Aurunci, belonging to
the Ausoni—Aurunci system, and the eastern Aurunci,
which is separated from the western ones by a marly-are-
naceous flysch complex (Boni 1975). The western Aurunci
hydrogeological unit consists of dolomitic limestones and
dolomites of Jurassic and Cretaceous age. The springs are
supplied by groundwater that is derived from these geo-
logical formations. The groundwater is directly discharged
into the Liri river through the narrow alluvial belt sepa-
rating the unit from the river. The unit holds multiple
hydrogeological basins, whose boundaries match important
tectonic lines that caused the outcropping of the calcare-
ous-dolomitic Jura (Accordi et al. 1976). The eastern
Aurunci hydrogeological carbonate structure is surrounded
by relatively less-permeable sediments, including the
Frosinone flysch, the Roccamonfina volcanites and the
Garigliano plain alluvia (Celico 1978).

Results and discussion
Water chemistry

Statistical summary of physical and hydrochemical
parameters of sampled waters and guideline values of
World Health Organization (WHO), US Environmental
Protection Agency (US-EPA) and US Salinity Laboratory
(USSL) for comparison are presented in Table 1. The
temperature of Lepini springs range from 10 to 15 °C. The
pH of these springs ranges from 6.9 to 8.1. Lepini springs
show a total dissolved solids (TDS) content within the
range 101.5-1,264.3 mg/l. The electrical conductivity (EC)
value of the springs varies from 138 to 1,540 ps/cm. The

temperature of Ausoni springs ranges from 12 to 15 °C.
The pH of the Ausoni springs ranges from 7.1 to 8 indi-
cating alkaline nature of the water. The EC and TDS values
of the springs range from 315 to 2,310 ps/cm and 255.3 to
1,318.4 mg/l, respectively. The temperature of Aurunci
springs ranges from 3 to 31 °C, with minimum and maxi-
mum values, respectively. The TDS content ranges from
245.6 to 1,149.7 mg/l. Aurunci springs show alkaline nat-
ure (pH 7.2-8.2) with low to medium electrical conduc-
tivity. However, few springs show high total dissolved
solids (1,150 mg/l) and electrical conductivity (1,217 ps/
cm). This fact is probably related to the more time for
water to interact with the host rock. The groundwater of
Pontina Plain show alkaline character with pH values
ranging from 7.3 to 8.0 corresponding to carbonate system
waters. The temperature of groundwater ranges between 12
and 17.6 °C. The electrical conductivity and TDS con-
centrations of the groundwater samples from Pontina Plain
show varieties due to water rock interaction and seawater
intrusion near the coastal area. The TDS and EC values of
groundwater vary from 336 to 2,790.1 mg/l and 412 to
4,180 ps/cm, respectively (Sappa et al. 2012).

The conventional classification techniques (i.e. Piper
and Durov diagrams) were applied to evaluate geochemical
processes. The hydrochemical facies of springs and
groundwater was studied by plotting the concentrations of
major cations and anions in the Piper trilinear diagram
(Sappa et al. 2012). The types of water that predominates in
the study area are (1) Ca—-Mg-HCOs; (2) mixed facies
between Ca-HCO5; and Na-Cl; (3) Na-Cl; (4) Ca-Cl
(Fig. 2). The major cation and anion concentrations of the
samples from springs and groundwater in the region are
plotted on a Durov diagram in Fig. 3. Durov’s diagram
helps the interpretation of the evolutionary trends and the
hydrochemical processes occurring in the groundwater
system and can indicate mixing of different water types,
ion exchange and reverse ion exchange processes. In
Fig. 3, samples fall in field 3 the zone of low-salinity water
(Ca-Mg-HCOj; recharge water); samples located in fields
5, 6,7 and 1 of Durov diagram indicate mixing and reverse
ion exchange processes, respectively (the dominance of
Na—Cl and Ca—Cl water types). Reverse ion exchange
consists of exchange Ca®" from the clay fraction in aquifer
system. In the higher salinity environment, the process of
reverse ion exchange may create CaCl, waters due to the
removal of Na* out of solution for bound Ca®". Alterna-
tively, CaCl, type waters could also be a result of the
mixing process between fresher water with more saline
older water (Adams et al. 2001).

The major cations of springs and groundwater domi-
nated by calcium and bicarbonate belong to the group of
Ca—HCO; water type, followed by magnesium, sodium,
sulphate and chloride. However, the composition of spring
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Table 1 Descriptive statistics of spring water and groundwater hydrochemistry and guideline values of WHO, US-EPA and USSL

Sampling locations T pH EC Ca Mg Na K Cl HCO;~ SO;* TDS
(°C) (usfem)  (mg/)  (mg/l)  (mg/) (mg/l) (mg) (mg/l)  (mg/) (mg/)
Lepini springs (12 samples)
Mean 128 7.7 517 64.3 13.7 37.4 29 55.4 239.8 16.4 430
Median 125 7.7 399.5 67.2 6.5 6.8 1.2 9.6 2359 4.3 3344
Min 10 6.9 138 15.4 1.4 29 0.1 39 67.1 1.7 101.5
Max 15 8.1 1,540 111 44.7 221 15.8 3384 448 85.4 1,264.3
Ausoni springs (16 samples)
Mean 126 7.7 826.3 65.2 18.2 73.5 35 128.4 2342 27.2 550.2
Median 12 7.8 404 61.6 9.2 8.6 0.8 13.3 232 5.8 324.3
Min 12 7.1 315 41.5 3.8 4.1 0.2 7.5 177 3.8 255.3
Max 15 8 2,310 89.2 47.8 293.1 154 5249  305.1 110.9 1,318.4
Aurunci springs (26 samples)
Mean 121 7.7 545 72.8 25.6 10.6 29 12.7 316.5 34.6 475,7
Median 12 7.7 428.5 64.9 9.9 7.6 1.1 9.7 2441 53 337.8
Min 3 7.2 311 44.5 1.5 42 0.3 45 170.9 2.7 245.6
Max 31 8.2 1,217 197.3 93.4 50.5 21.6 46.7 805.5 195.8 1,149,7
Pontina Plain groundwater (20 samples)
Mean 148 7.8 1,900.7 124 43.1 232.6 17.7 445 297.2 117.2 1,276.8
Median 135 79 1,448.5 1256 389 58 17.2 397.8 2845 55.6 970
Min 12 7.3 412 50.2 15.1 10.3 1.1 9.4 92 6.1 336
Max 176 8.0 4,180 198.1 76.5 705.6 415 1,220 610 348.7  2,790.1
WHO (2006) guideline values NS 6.5-9.2 1,500 75 30 200 200 250 NS 250 1,000

Na % classification (Wilcox 1955)

Na % classification <20 % excellent
EC (ps/cm)

20-40 % good
Salinity hazard

40-60 % permissible 60-80 %
Salinity hazard class doubtful

US Salinity Laboratory US salinity hazard 100-250 Low Cl
classification classification 250-750 Medium 2
diagram (USSL 1954) 750-2.250 High 3

>2,250 Very high C4

Sodium hazard SAR Sodium (alkali) hazard Sodium hazard class

classification <10 Low S1

10-18 Medium S2

18-26 High S3

>26 Very high S4

US-EPA (1986) hardness classification Hardness as CaCOj3; (mg/l) Water classification

0-75 Soft

75-150 Moderately hard

150-300 Hard

>300 Very hard

NS not stated

samples discharge at lower elevations, issuing from Lepini
and Ausoni Mountains, and groundwater from Pontina
Plain belong to or show a tendency to the group of Na—Cl
dominated by chloride, sodium, sulphate and potassium.
The large variations in ion concentrations, TDS and elec-
trical conductivity (EC) were thought to be mainly due to
water—rock interaction along the flow paths and seawater
intrusion in the coastal area. In the previous studies, this
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fact was studied by geochemical modeling and saturation
index computation of the Lepini, Ausoni and Aurunci
springs and Pontina Plain groundwater. The results of
geochemical modeling suggest that most of the spring
water and groundwater samples are saturated with respect
to calcite and dolomite; however, all sampled waters are
undersaturated with respect to gypsum and halite (Sappa
et al. 2012). The Gibbs plots are employed to understand
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the processes which affect the geochemical parameters of
springs and groundwater. These diagrams, representing the
plot of log (TDS) versus ratios of Na*/(Na™ 4+ Ca®") and
CI'/(C1I™ + HCO37), are widely used to assess the dis-
tinction between waters controlled by water—rock interac-
tion (i.e. leaching and dissolution), evaporation and

precipitation (Gibbs 1970). Gibbs’s plots (Fig. 4) show that
most spring and groundwater samples fall in the rock
dominance area. The water-rock interaction (chemical
weathering of rock forming minerals) predominates the
water chemistry of these springs and groundwater. How-
ever, some spring (low discharge Lepini and Ausoni
springs) and groundwater samples clustered in the region of
evaporation zone. Evaporation increases salinity by
increasing Na™ and C1~ with relation to increase of TDS.
This is also observed by Piper plot, having significant
increase of Na* and Cl~ in some spring and groundwater
samples. This may be attributed to the dissolution of
evaporate minerals (such as halite) and seawater intrusion
near the coastal area.

Water quality assessment

The chemical parameters play an important role in classi-
fying and assessing water quality. Thus, to evaluate water
quality for different uses, water quality indices such as
TDS, EC, pH, SAR, Mg-hazard (MH), total hardness,
salinity hazard, ESR, permeability index, Kelly’s ratio and
sodium percentage were calculated from the chemical
analyses of 54 spring and 20 groundwater samples. The
results of the different indices for irrigation water quality
are presented in Table 2. Then, the analytical results of
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Fig. 3 Durov’s diagram of springs
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physical and chemical parameters of springs and ground-
water were compared with the standard guideline values.

Drinking water quality

Major anions and cations The concentration of various
ions in the groundwater and spring samples was compared
with WHO standards, which are given in Table 1. The
minimum required amounts of magnesium and calcium in
drinking water are 10 and 20 mg/l, respectively, and the
desired amounts of magnesium and calcium in drinking
water are 30-50 and 40-75 mg/l, respectively. The calcium
concentrations in water samples range from 154 to
198.1 mg/l with minimum and maximum values, respec-
tively. Almost 42 % of the spring and groundwater samples
contain Ca concentrations higher than 75 mg/1, while about
3 % of the springs show Ca concentrations less than
40 mg/l. Besides, 55 % of the total samples show Ca
concentrations ranging between 40 and 75 mg/l. In the
study area, magnesium concentrations range between 1.4
and 93.4 mg/l. Most of the samples (~60 %) show mag-
nesium concentrations <30 mg/l. However, about 17.5 %
of 74 samples show magnesium concentrations higher than
50 mg/l. The remaining water samples have magnesium
concentrations within the range of 30-50 mg/l. Among the
springs, the highest calcium (197.3 mg/l) and magnesium
(93.4 mg/l) concentrations were observed in water samples
from Aurunci mountains. Besides, groundwater samples
from Pontina Plain also show higher Ca (198.1 mg/l) and
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Mg (76.5 mg/l) concentrations. The sulphate concentration
in water samples ranged from 1.7 to 348.7 mg/l. The
highest values were observed in Aurunci springs
(195.8 mg/l) and Pontina Plain (348.7 mg/l) groundwater;
however, most of the samples are within the maximum
allowable limits WHO (2006) standards. The high con-
centration of sulphate is likely due to the dissolution of
gypsum minerals which is common in the study area.
Nevertheless, high concentrations of sulphate in ground-
water of Pontina Plain are attributed to the proximity of the
sampling locations to the coast. Bicarbonate values in
water samples vary from 67.1 to 805.5 mg/l. The potas-
sium values of the water samples range from 0.1 to
41.5 mg/l and most of the samples in the study area fall
within the guideline levels; however, springs and ground-
water belonging to Mg-HCO; and Na—Cl water types show
higher potassium concentrations. The sources of potassium
in the water samples are attributed to the dissolution of
silicate minerals, seawater intrusion near the coastal area
and/or agricultural activities. Sodium and chloride con-
centrations in the investigated water samples are found in
the range of 2.9-705.6 and 3.9-1,220 mg/1 with minimum
and maximum values, respectively. The highest concen-
trations were observed in some groundwater samples of
Pontina Plain and some low discharge springs from Lepini
and Ausoni Mountains. Most of the samples have sodium
and chloride levels are not in excess of the permissible
limit of 200 and 250 mg/l, respectively (WHO 2006).
Based on these results and comparison values, most of the



Appl Water Sci

(@) 100000
10000 Evaporation
:": A
B0 10001 * .a i b 2 by
E At 4 ik i .
— f‘l‘ e
g o Rock interaction
- 100 - [ ]
10! e Precipitation .
. AS
A AR
L
0,0 0,2 04 0,6 0,8 1,0 2

Na*/(Na*+Ca?*) in wt. Ratio

(b) 100000
10000 Evaporation
E o
8 1000 * e A ‘om
s
r;' = Rock interaction
E 100 { =
10 ::Z Precipitation |
A AR
1 A pp
0,0 0,2 0,4 0,6 0,8 1,0 1,2

CI/(CI'+HCOy;’) in wt. Ratio

Fig. 4 Gibbs diagrams showing the mechanism controlling water
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groundwater and spring samples were found to be within
the suitable limits.

Total dissolved solids (TDS) High concentration of TDS
in drinking water may cause adverse taste effects. A water
containing TDS <500 mg/l can be considered as fresh
water. Water with a TDS lower than 1,000 mg/1 is usually
acceptable for consumers (WHO 20006). In the study area,
the TDS content of spring water ranges from 101.5 to
1,318.4 mg/l. It was found that 87 % of the spring water
samples are classified as fresh water, while the rest of the
springs are considered as a brackish water according to the
WHO guidelines. Most of the spring samples show TDS
values below 1,000 mg/l and suitable for drinking and
irrigation purposes. Groundwater samples from Pontina
Plain show the highest TDS values ranging from 335.9 to
2,790.1 mg/l. Based on WHO Guidelines for drinking-
water quality, 45 % of total groundwater samples fall in
brackish water category while, 55 % of total samples
classified as fresh water.
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Fig. 5 Box plots show mean, median, 25-75 percentile, minimum
and maximum values of total hardness

Hardness Determination of water hardness is a useful test
to measure quality of water for domestic, agricultural and
industrial uses. High levels of total hardness does not cause
health risk; however, both extreme degrees very soft
(<75 mg/l as CaCOs3) and very hard (>300 mg/l as CaCO3)
are considered as undesirable features in water. Hardness
levels between 80 and 100 mg/l (as CaCOj;) are generally
acceptable in drinking water and are considered tolerable
by consumers (Ternan 1972; Bernardi et al. 1995; Memon
et al. 2011). The total hardness of water is the sum of
calcium and magnesium hardness expressed as mg/l
CaCOs. The total hardness (as CaCOs3) of water samples
can be calculated using the following equation (http://
water.usgs.gov/owq/hardness-alkalinity.html#hardness):

[CaCO;3] = 2.5[Ca*"] + 4.1[Mg*"]. (1)

The US-EPA classified water that contains 0-75 mg/l
CaCOj; as soft, 75-150 mg/l CaCO; as moderately hard,
150-300 mg/l1 CaCO;5 as hard and >300 mg/l CaCO;5 as
very hard (US-EPA 1986). The total hardness values
(mean, median, maximum and minimum) of springs and
groundwater were presented in Fig. 5. The total hardness
of Lepini spring samples range from 56.2 to 461.2 mg/l
(Table 2) and fall between soft and very hard water
category. Ausoni spring water samples show total
hardness ranging from 144.7 to 499.5 mg/l and
classified as moderately hard to very hard water. The
highest total hardness values were observed in water
samples from Aurunci Mountains ranging from 148.2 to
712.7 mg/l with minimum and maximum values,
respectively. Almost all Aurunci spring samples are
characterized as very hard water. The classification of
water based on total hardness shows that most of the
spring water samples fall between hard and very hard
water type. The total hardness values of groundwater from
Pontina Plain range from 151 to 572.2 mg/l highlighting
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Table 2 Water quality parameters for springs and groundwater

Samples  Hardness (as Indication  Salinity Mg-hazard  Na-adsorption  Exchangeable Na % Kelly’s Permeability
CaCO;) (mg/l) hazard ratio (SAR) Na ratio (ESR) ratio (KR) index
LPO1 318.6 Very hard  High 40.6 2.09 0.59 37.94 0.6 60.25
LP02 228.2 Very hard  Medium 27.6 0.26 0.09 838 0.1 48.47
LPO3 221.7 Very hard  Medium 7.8 0.37 0.13 11.72 0.1 51.55
LPO4 218.4 Very hard  Medium 22.0 0.25 0.09 828 0.1 50.86
LPO5 461.2 Soft High 39.9 4.48 1.04 52.08 1.0 65.44
LPO6 157.8 Hard Medium 17.2 0.15 0.06 5.69 0.1 58.66
LPO7 348.4 Very hard  High 37.7 2.05 0.55 36.32 0.5 58.58
LPO8 141.0 Hard Medium 12.0 0.12 0.05 5.09 0.1 61.37
LP09 153.8 Hard Medium 3.8 0.10 0.04 402 0.0 58.06
LP10 112.2 Hard Medium 239 0.20 0.10 10.82 0.1 67.73
LP11 56.2 Soft Low 31.5 0.23 0.16 1591 0.2 94.35
LP12 186.4 Very hard  Medium 6.0 0.15 0.06 543 0.1 54.21
ASO01 191.1 Very hard  Medium 19.6 0.16 0.06 592 0.1 53.69
AS02 188.0 Very hard  Medium 20.2 0.13 0.05 472 0.0 54.09
AS03 180.8 Very hard  Medium 14.9 0.20 0.08 725 0.1 54.43
AS04 144.7 Hard Medium 19.1 0.38 0.16 1399 0.2 65.33
ASO05 238.4 Very hard  Medium 355 1.74 0.56 36.55 0.6 62.89
AS06 259.4 Very hard  High 39.5 2.47 0.77 44.09 0.8 66.05
AS07 419.7 Very hard  Very high  46.9 6.00 1.47 60.19 1.5 69.69
AS08 499.5 Very hard  Very high  46.6 6.35 1.59 6195 1.6 71.53
AS09 407.9 Very hard  Very high 459 6.31 1.56 61.59 1.6 70.81
AS10 280.9 Very hard  High 46.9 2.38 0.71 4220 0.7 64.85
AS11 157.7 Hard Medium 16.3 0.16 0.07 6.30 0.1 56.85
AS12 167.1 Hard Medium 18.8 0.16 0.06 6.02 0.1 56.30
AS13 167.5 Hard Medium 38.1 0.39 0.15 1371 0.2 61.04
AS14 199.3 Very hard  Medium 7.8 0.16 0.06 539 0.1 51.66
AS15 189.6 Very hard  Medium 12.6 0.15 0.05 536 0.1 53.33
AS16 211.7 Very hard  Medium 9.9 0.20 0.07 6.74 0.1 50.73
ARO1 639.0 Very hard  High 60.2 0.85 0.17 17.51 0.2 36.17
ARO02 3323 Very hard  Medium 50.2 0.19 0.05 574 0.1 41.19
ARO03 347.5 Very hard  Medium 52.9 0.21 0.06 642 0.1 35.79
AR04 381.4 Very hard  Medium 48.5 0.20 0.05 586 0.1 34.92
ARO5 413.4 Very hard  High 43.8 0.18 0.04 753 0.1 52.89
ARO06 326.1 Very hard  Medium 50.9 0.18 0.05 561 0.1 39.37
ARO7 361.6 Very hard  Medium 57.3 0.26 0.07 743 0.1 37.93
AR08 585.4 Very hard  High 59.4 0.91 0.19 18.34 0.2 37.41
AR09 396.6 Very hard  Medium 429 0.16 0.04 437 0.0 3543
AR10 388.7 Very hard  Medium 53.7 0.25 0.06 6.81 0.1 36.77
ARI11 175.1 Hard Medium 222 0.15 0.06 6.06 0.1 55.99
AR12 183.2 Very hard  Medium 31.6 0.40 0.15 14.04 0.1 60.47
AR13 194.4 Very hard  Medium 19.1 0.17 0.06 624 0.1 52.36
AR14 188.6 Very hard  Medium 19.2 0.15 0.05 547 0.1 52.87
ARI15 252.2 Very hard  Medium 16.8 0.20 0.06 6.10 0.1 47.17
AR16 192.7 Very hard  Medium 19.7 0.15 0.05 552 0.1 53.14
AR17 202.5 Very hard  Medium 16.9 0.15 0.05 555 0.1 49.61
AR18 149.3 Hard Medium 25.6 0.15 0.06 620 0.1 60.01
AR19 152.0 Hard Medium 22.8 0.15 0.06 6.11 0.1 59.54
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Table 2 continued

Samples  Hardness (as Indication  Salinity Mg-hazard Na-adsorption  Exchangeable Na % Kelly’s Permeability
CaCO;) (mg/l) hazard ratio (SAR) Na ratio (ESR) ratio (KR)  index
AR20 712.7 Very hard  High 30.9 0.17 0.03 369 0.0 27.85
AR21 150.9 Hard Medium 24.5 0.32 0.13 11.84 0.1 60.58
AR22 194.5 Very hard  Medium 22.0 0.19 0.07 6.68 0.1 52.11
AR23 148.2 Hard Medium 5.0 0.28 0.11 10.37 0.1 62.71
AR24 158.7 Hard Medium 4.6 0.27 0.11 9.97 0.1 59.05
AR25 188.4 Very hard  Medium 4.0 0.21 0.08 726 0.1 54.56
AR26 199.2 Very hard  Medium 32 0.15 0.05 5.06 0.1 52.68
PPO1 251.8 Hard Medium 28.5 0.9 0.3 22.85 0.3 58.13
PP02 337.5 Very hard  High 31.7 54 1.5 60.04 1.5 75.02
PPO3 408.7 Very hard  High 38.7 53 1.3 5691 1.3 68.73
PP04 201.5 Hard Medium 37.8 0.3 0.1 1126 0.1 54.26
PPO5 312.0 Very hard  Medium 20.0 0.3 0.1 850 0.1 45.17
PP06 482.3 Very hard  High 36.9 4.7 1.1 53.57 1.1 66.53
PPO7 263.9 Hard Medium 36.9 9.2 0.3 2646 0.3 57.31
PPOS8 2134 Hard Medium 29.6 5.9 0.2 2249 0.2 58.82
PP09 218.6 Hard Medium 31.8 3.0 0.1 11.12 0.1 54.26
PP10 151.3 Hard High 37.6 5.0 0.1 1426 0.1 16.97
PP11 151.0 Hard High 32.9 3.8 0.1 9.84 0.1 15.03
PP12 428.2 Very hard  High 32.4 1.0 0.2 24.68 0.2 45.96
PP13 251.5 Hard High 429 4.3 0.1 13.62 0.1 18.03
PP14 500.2 Very hard ~ Very high  43.9 10.5 2.1 67.58 2.0 72.58
PP15 572.2 Very hard  Very high 284 6.1 1.3 56.33 1.3 66.53
PP16 450.0 Very hard  Very high  36.3 9.3 1.7 63.06 1.7 67.75
PP17 265.5 Hard High 23.9 1.7 0.5 35.03 0.5 57.59
PP18 400.0 Very hard  Very high 41.2 11.2 2.0 67.58 2.0 71.50
PP19 225.0 Hard Very high 42.7 10.8 2.0 67.21 2.0 70.07
PP20 400.0 Very hard  Very high 41.1 11.0 2.0 67.57 2.0 71.52

LP Lepini springs, AS Ausoni springs, AR Aurunci springs, PP Pontina Plain groundwater)

hard to very hard water category. Waters with hardness
levels in excess of 200 mg/l are considered poor but have
been tolerated by consumers; however, waters with
hardness in excess of 500 mg/l are not suitable for most
domestic purposes. Few spring and groundwater samples
exceed the allowable limit for domestic uses. The
observed high total hardness values in water samples are
related to the main rock types in the area investigated,
where limestone, dolomitic limestones and dolomites are
the most dominant formations.

pH values The pH values of spring samples range from
6.91 to 8.15 indicating slightly acidic to alkaline nature.
According to the WHO (2004) guidelines, the range of
desirable pH values for drinking water is 6.5-9.2. There are
no spring and groundwater samples with pH values outside
of the desirable ranges.

Suitability of water for irrigation purposes/irrigation water
quality parameters

The results of the different irrigation indices sodium per-
centage, ESR, magnesium hazard, SAR, permeability
index and Kelly’s ratio for rating irrigation water quality
are summarized in Table 2 and some comparison values
are presented in Table 1 and discussed in the text.

Magnesium hazard (MH) Magnesium concentration of
water plays an important role in determining the quality of
water for irrigation purposes and hence, agricultural use.
Magnesium hazard can be determined employing the fol-
lowing equation:

Mg2+
100, )

MH=_ 2
Ca*" + Mg
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Fig. 6 Box plots show mean, median, 25-75 percentile, minimum
and maximum values of magnesium hazard (MH)

Generally, magnesium hazard more than 50 is
considered harmful and unsuitable for irrigation use
(Szabolcs and Darab 1964). The high magnesium content
in water will adversely affect crop yields as the soils
become more saline (Joshi et al. 2009). Evaluation of
mean, median, maximum and minimum values of
magnesium hazard are depicted in box plots (Fig. 6). The
magnesium hazard values of Lepini spring samples range
from 3.8 to 40.6 indicating that they are within the
acceptable limit. Similarly, the spring samples from Ausoni
Mountains have also magnesium hazard values (7.8-46.9)
<50 and can be classified as suitable for irrigation use. The
magnesium hazard values of Pontina Plain groundwater are
within the range 20-43.9 highlighting their suitability for
irrigation. On the contrary, for Aurunci spring samples
magnesium hazard values range from 3.2 to 60.2 (Table 2).
It is found that 27 % of spring samples from Aurunci
Montains have magnesium hazard more than 50 %
indicating that they are unsuitable for irrigation.

Sodium adsorption ratio (SAR indicator) The SAR
parameter evaluates the sodium hazard in relation to cal-
cium and magnesium concentrations. This parameter is
commonly used as an index to evaluate water suitability for
irrigation purposes (Ayers and Westcot 1994; Shaki and
Adeloye 2006). Thus, the suitability of the spring and
groundwater samples was evaluated by determining the
SAR. The SAR was calculated by the following equation
(Richards 1954):

N
SAR=—— 2% (3)

V(Ca+Mg)/2
If SAR value is <10, the water is safe to irrigate with no
structural deterioration. On the other hand, the SAR value
is >6-9, the irrigation water will cause permeability
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problems on shrinking and swelling types of clayey soils
(Saleh et al. 1999; FAO 1992). Continued use of water
having high SAR leads to breakdown in the physical
structure of the soil particles. High salt concentration in
water leads to formation of saline soil and high sodium
concentration leads to development of an alkaline soil
(Singh et al. 2008). The SAR values of springs and
groundwater samples are presented in Table 2. The SAR
values of Lepini springs range from 0.10 to 4.48. Samples
from Ausoni springs show higher SAR values, ranging
from 0.13 to 6.35; however, they fall within the
recommended limits. The highest SAR values were found
in groundwater samples from Pontina Plain ranging from
0.3 to 11.2. SAR values of water samples from Aurunci
springs range from 0.15 to 0.91 highlighting their
suitability for irrigation purposes. SARs for spring water
samples of the study area are <10 indicating excellent
quality for irrigation and all the samples fall in excellent
(S1) category. However, some groundwater samples from
Pontina Plain having SAR value more than 10 are
unsuitable for irrigation. To determine how the
interaction of the various ions affect the suitability of the
water for irrigation, the SAR has been plotted with the
conductivity measurement on the classical USSL (1954)
classification diagram in Fig. 7. US of salinity diagram
uses SAR and EC values for classifying irrigation water
quality. In this diagram, waters have been divided into low
(C1), medium (C2), high (C3) and very high (C4) types on
the basis of salinity hazard. On the basis of sodium hazard
waters have been classified low (S1), medium (S2), high
(S3) and very high (S4) types (USSL 1954). In the study
area, electrical conductivity values show varieties. The
electrical conductivity of sampled waters ranges between
138 and 4,180 ps/cm with a minimum and maximum
value, respectively. As seen in Fig. 7, most of the water
samples fall in C2-S1 class highlighting medium salinity
and low sodium content class. Only one sample sample
falls in C1-S1 showing low salinity and sodium content
class. However, some spring and groundwater samples fall
in the field of C3-S1 and C4-S2, which indicates a high to
very high salinity hazard and low to medium sodium
content. On the contrary, most of the groundwater samples
from Pontina Plain fall in the category C3-S1, C3-S2, C4—
S3 and C4-S2 with high to very high salinity and low to
high sodium hazard. Water that falls in the medium salinity
hazard class (C2) can be used in most cases without any
special practices for salinity control. Water samples falling
in the high salinity hazard class (C3) may have adverse
effects on sensitive crops and plants; however, very high
salinity water (C4) is not suitable for irrigation. In the study
area, spring samples taken near the coast and groundwater
samples from Pontina Plain show very high salinity hazard
and are unsuitable for irrigation.
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Fig. 7 US salinity classification of springs and groundwater for
irrigation (after Richards 1954)

Permeability index (PI) Based on permeability index,
Doneen (1964) classified the groundwater as Class I
(>75 %), Class II (25-75 %) and Class III (<25 %) to find
out suitability of groundwater for irrigation purpose.
Accordingly, Class I and Class II are categorized as good
for irrigation, while Class III water are unsuitable for
irrigation with 25 % of maximum permeability. The per-
meability index was calculated employing the following
equation, where all the ions are expressed in meq/l:

Na + VHCO3 <1

00. 4
Ca+ Mg + Na “)

The permeability index values range between 15.03 and
94.35 (Fig. 8). Most of the water samples fall in Class II
and only two samples fall in Class I indicating good quality
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Fig. 8 Box plot of mean, median, maximum and minimum values of
permeability index (PI)
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Fig. 9 Box plot of mean, median, maximum and minimum values of
Kelly’s ratio (KR)

for irrigation purposes (Table 2). However, some
groundwater samples from Pontina Plain fall in Class III
and classified as unsuitable for irrigation purposes.

Kelly’s ratio (KR) Kelly’s ratio was calculated employ-
ing the following equation:

Na™

. 5
Ca’t 4+ Mg>+ )

Groundwater having Kelley’s ratio less than one is
generally considered suitable for irrigation (Kelley 1940;
Paliwal 1967). Kelly’s ratio for water samples varies from
0.03 to 2.04 (Table 2). Most of the water samples (~ 82 %)
have KR value <I, highlighting the good quality of
groundwater for irrigation purposes (Fig. 9).

Na % Sodium percentage is an important parameter for
studying sodium hazard. Na % is calculated using the
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Fig. 10 Plot of per cent sodium versus electrical conductivity (after Wilcox 1955)

following formula (Wilcox 1955) and all concentrations
were expressed in meq/l:

Na + K
Ca+ Mg+ Na+K X

100. (6)

High-percentage sodium water for irrigation purpose
reduces soil permeability and may prevent the plant growth
(Joshi et al. 2009). The classification of groundwater was
grouped based sodium as excellent (<20 %), good
(2040 %), permissible (40-60 %), doubtful (60-80 %)
and unsuitable (>80 %). The irrigation water classification
diagram (Wilcox 1955) was used to assess the water
quality (Fig. 10). Water samples were grouped into four
categories according to irrigation water assessment with
per cent sodium and the results are shown in Table 2.
According to Wilcox classification, 69 % of the water
samples have excellent irrigation water quality, 12.1 % of
the samples have good water quality and 6.8 % of the
samples fall in the category of permissible irrigation water.
However, 12.1 % of samples which were influenced by
seawater were classified as doubtful for irrigation.

Conclusions

Groundwater and spring waters from carbonate aquifers of
southern Latium region, Central Italy, were investigated to
evaluate the water quality for drinking and irrigation pur-
poses. The results of hydrochemical analysis show that
springs and groundwater in the study area are characterized
fresh to brackish and slightly acidic to alkaline in nature.
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The types of water that predominates in the study area are
(1) Ca—-Mg-HCO;, (2) mixed facies between Ca—HCO;
and Na—Cl, (3) Na—Cl and (4) Ca—Cl. The distribution of
major anions and cations and occurrence of different
hydrochemical facies suggest that the composition of
springs and groundwater are influenced by water—-rock
interaction and seawater intrusion in coastal area to reach a
final stage of evolution represented by the Na—Cl water
type (i.e. ion exchange interaction). Gibbs diagrams also
suggest that water—rock interaction and evaporation are the
main mechanisms controlling the water chemistry in the
study area. Springs and groundwater samples were classi-
fied as hard and very hard water and few samples exceed
the allowable limit for domestic uses. According to US-
salinity diagram, most of the water samples fall in C2-S1
classes highlighting medium salinity and low sodium
content class. However, some spring water (i.e. discharges
at lower elevations) and groundwater samples fall in the
field of C3-S1 and C4-S2. Most of the groundwater
samples from Pontina Plain fall in the category, C3—-S2 and
C4-S3 showing high to very high salinity and medium to
high sodium hazard. Concerning the Na % parameter,
about ~70 % of spring and groundwater in the study area
is classified as excellent to good for irrigation.

The results of physico-chemical analyses (TDS, pH, EC
and major ions) and the calculated water quality parameters
(SAR, ESR, Mg-hazard and Na-hazard, total hardness,
Kelly’s ratio, permeability index, sodium percentage) show
that most of the water samples in this area was seen to be
good and suitable for drinking and irrigation purposes;
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however, some of the groundwater and springs were found
to be unsuitable for irrigation in a few places due to sea-
water intrusion (i.e. high salinity) and enhanced water—rock
interaction (based on magnesium hazard). It was concluded
that the most of the calculated indices fall within the rec-
ommended limits of US-EPA (1986), WHO and USSL;
however, the control of sodium and salinity hazard is
required for irrigation.
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ABSTRACT

The investigation of hydrochemical properties of springs from the carbonate aquifers of the
southern Latium region (Central Italy) aimed to: (i) identify different processes responsible
for the hydrochemical evolution of groundwater; (ii) determine the levels of Ca and Mg in the
drinking water networks and; (iii) determine the effect of hardness on water quality. Based on
the dominance of major cations and anions three hydrochemical facies have been identified:
(1) Ca-Mg-HCO; (2) Mixed Ca-Na-HCO —Cl; (3) Na—Cl. In all cases, Ca-Mg-HCO, facies
predominates reflecting the main rock types in the area, where limestone, dolomitic limestones
and dolomites are common. The Total Dissolved Solids (TDS) and Electrical Conductivity (EC)
range from 101 to 1320 mg/l and 138 to 2310 uS/cm, respectively. Most of the springs are
supersaturated with respect to carbonate minerals, however all sampled waters were undersatu-
rated with respect to evaporite minerals. The compositional changes in Ca and Mg concentra-
tions are controlled by distance from the recharge area (i.e. groundwater discharging from the
lower elevations tends to have the highest concentrations of Mg). The classification of water
based on total hardness (as CaCO,) shows that most of the spring water samples fall between
hard (150-300 mg/l) and very hard (>300 mg/l) water type.

7.1 INTRODUCTION

As one of the most important water supply sources worldwide, spring water and
groundwater from carbonate aquifers have significant importance. Many studies have
been carried out on carbonate aquifer systems including investigations of the geo-
chemical processes and their hydrogeological implications. The chemical composition
of groundwater is controlled by many factors, including the composition of the pre-
cipitation, geological structure and the mineralogy of the aquifers (Chenini & Khmiri,
2009). The interaction of all these factors generates a variety of water types. In recent
years, geochemical modelling methods have been employed to obtain information from
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94 Calcium and magnesium in groundwater

hydrochemical datasets in the aquifer systems. These techniques can help to resolve
hydrogeological factors such as the hydrochemical components along the groundwater
flow paths and geochemical controls on water quality (Briz Kishore & Murali, 1992).

The chemistry of water from carbonate aquifers and the variations in hydro-
chemical properties are generally related to (i) water-rock interactions (ii) natural
factors such as mixing between seawater and freshwater (iii) anthropogenic fac-
tors (iv) the type of groundwater circulation. The composition of water in carbon-
ate systems is the result of the dissolution of variable quantities of carbonate (i.e.
calcite and dolomite) and evaporite minerals (i.e. gypsum and halite) that control
the water chemistry (White, 1988; Ettazarini, 2005). The high dissolution rate and
residence time of the circulating water in carbonate rocks and ongoing dissolution
allows the water to become more saturated with respect to carbonate minerals along
the groundwater flow paths (Plummer, 1977). Consequently, groundwater compo-
sition that is controlled by carbonate reactions has a relatively high Ca and HCO,
concentration, and, if the rock includes some dolomite, could also have quite high Mg
concentrations (Shuster & White, 1971). Ca and Mg are the most important elements
essential for human health. The presence of Ca and Mg in drinking water has impor-
tant beneficial effects on human health, however at very high levels they can cause
some negative aesthetic effects (undesirable taste and colour). Moreover, water with
over 125 mg-Mg/l can cause a laxative effect (Johnson & Scherer, 2012). These ele-
ments are the principal natural sources of hardness in water. Many studies have been
carried out to emphasise the importance of Ca, Mg and concentrations of hardness in
drinking water in relation to human health. These studies suggest that Ca and Mg in
drinking water are important protective factors against colon cancer, cardiovascular
and cerebrovascular disease and acute myocardial infarction (Ferrandiz et al., 2004;
Rubenowitz et al., 1996; Yang & Hung, 1998).

Groundwater resources in the southern part of the Latium region play an impor-
tant role in providing water for domestic, industrial and agricultural uses. Increased
knowledge of geochemical processes that control groundwater chemistry from the
aquifer systems can contribute to improved understanding of the processes influenc-
ing the composition of water within the carbonate aquifers. The main objectives of
this chapter are (i) to identify the source and distribution of calcium and magnesium
in water and (ii) its effect on drinking water quality comparing the parameters (i.e.
total hardness, TDS, EC, Ph) with the standard guideline values.

7.2 METHODOLOGY

The main spring water sampling survey was carried out in the Lepini, Ausoni and
Aurunci Mountains, between 2002 and 2004. On the basis of the hydrogeological
setting of the area, 54 spring samples were characterised. Water temperature, electri-
cal conductivity and pH values were determined in the field using a PC 300 Water-
proof Hand-held meter. Bicarbonate was measured by titration with 0.1 N HCI.
Water samples were filtered through cellulose filters (0.45 wm), and their major and
minor constituents were determined by a Metrohm 761 Compact IC ion chromato-
graph (replicability +2%). A Metropes C2-100 column was used to determine cations
(Na*, K*, Mg*™, Ca*™), while a Metropes A Supp 4-250 column was used for anions
(CI, SO;~, HCO;). Chemical analyses were performed on the water samples at the
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Geochemical Laboratory of Sapienza, University of Rome. The analytical accuracy
of these methods ranged from 2 to 5%. The geochemical program PHREEQC soft-
ware, version 2.10.0.0 (Parkhurst & Appello, 1999), with the thermodynamic dataset
wateq4f.dat, was employed to evaluate the saturation status of minerals in spring
water samples. The SI (Saturation Index) indicates the potential for chemical equilib-
rium between water and minerals and the tendency for water-rock interaction (Wen,
2008). The characterisation of spring and well water samples has been evaluated by
means of major ions, Ca**, Mg*, HCO3, Na*™, K*, CI-, SO, as they are the best indi-
cators of chemical evolution along groundwater flow paths. For the identification of
water types, the chemical analysis data of the spring water samples have been plotted
on a Piper diagram using Geochemistry Software AqQA.

7.3 STUDY AREA

Lepini, Ausoni and Aurunci are three different groups of mountains belonging to the
pre-Apennines of Latium and they occupy a well-defined geographical area, called the
Volscian Mountain Range. The Lepini Mountains are located in the northern part of
the Pontina Plain and host an important karst aquifer. The aquifer in the Lepini massif
is unconfined with an undefined depth. The Pontina Plain is a coastal plain developed
along an extensional marine boundary. This Plain is positioned between the Lepini-
Ausoni mountains of the Central Appenines and the Tyrrhenian Sea. The Ausoni
Mountains rise in southern Latium and extend towards the coast, from the middle
Amaseno valley. The Ausoni hydrogeological unit is mainly composed of limestones
with interbedded dolomitic limestones. Most of the springs lie along the periphery of
the aquifer with no sharp distinction from the recharge areas. The Aurunci Mountains
represent the south eastern part of the Volscian Range and are oriented parallel to the
Apennine Range. The Aurunci Mountains are made of two distinct hydrogeological
units: the western Aurunci, belonging to the Ausoni-Aurunci system, and the eastern
Aurunci, which is separated from the western part by a marly-arenaceous flysch com-
plex (Boni, 1975). The Western Aurunci hydrogeological unit consists of dolomitic
limestones and dolomites of Jurassic and Cretaceous age. The springs are supplied by
groundwater derived from these geological formations. The groundwater is directly
discharged into the Liri river through the narrow alluvial belt separating the unit from
the river. The unit ontains multiple hydrogeological basins and the boundaries match
important tectonic lines that caused the outcropping of the calcareous-dolomitic Jura
(Accordi et al., 1976). The Eastern Aurunci hydrogeological carbonate structure is
surrounded by relatively less-permeable sediments, including the Frosinone flysch, the
Roccamonfina volcanites and the Garigliano plain alluvia (Celico, 1978).

7.4 RESULTS & DISCUSSION

7.4.1 Water chemistry and hydrochemical evolution

The summary statistics of major ion concentrations and physico-chemical character-
istics of the spring water samples are presented in Table 7.1. The sampled waters in
the study area show different characteristics in terms of physico-chemical parameters
and elemental concentrations. The temperature of the sampled spring waters range
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Table 7.1 Summary statistics of major ion concentrations and physico-chemical parameters of

sampled waters.

Sampling EC Ca Mg Na K a HCO; sO;> TDS
locations T°C pH (uslcm) (mgll) (mgll) (mgll) (mgll) (mgl) (mgll) (mgll) (mgll)
Lepini Mean 13.0 77 5170 643 137 374 29 554 2398 164 430
springs  Median 13.0 7.7 400.0 673 6.6 68 1.2 9.6 2359 43 334
Min 100 69 1380 154 14 29 0.1 39 671 1.7 10l

Max 150 8.1 15400 111.0 447 221.0 158 3384 4480 854 1264

Ausoni Mean 13.0 77 8260 652 182 735 35 1284 2342 272 550
springs Median 12.0 7.7 4040 616 92 86 08 133 2320 58 324
Min 120 69 3150 415 38 41 02 75 1769 38 255

Max 150 8.1 23100 892 478 293.1 154 5249 3051 1109 1320

Aurunci Mean 12.0 7.7 5450 707 25.6 106 29 127 3165 346 479
springs  Median 12.0 78 4290 63.6 9.9 76 1.1 9.8 244.| 53 338
Min 30 7.1 311.0 445 15 42 03 45 1709 2.7 246

Max 31.0 80 1217.0 1973 934 505 21.6 46.7 8055 1958 1150
el S T L

* Measure points

Figure 7.1

RAZOWSK-Book.indb 96

I Lat 45°57'22"

Long 31° 54' 68"

.-l* ;h.i*‘

i

0255 10

Tyrrhenian Sea

15

Kilometers

o
o

Lat 457 57'25"
Long 41° 14' 92"

Simplified hydro-geological map of the study area. |. Recent deposits (Holocene); 2. Detritic
complex (Pleistocene-Holocene); 3. Alluvial complex (Pleistocene-Holocene); 4. Alluvial
deposits from perennial streams (Pleistocene-Holocene); 5. Travertine complex (Pleis-
tocene-Holocene); 6. Sand dunes (Pleistocene-Holocene); 7. Fluvial lacustrine deposits
(Holocene); 8. Pyroclastic complex (Pliocene-Pleistocene); 9. Heterogeneous clastic depos-
its (Pleistocene); 10. Clayey-marly Flysch complex with interbedded lithoids (Cretaceous
— Miocene); | 1. Carbonate platform complexes (Middle Lias-Upper Cretaceous); |2. Basal
dolomite complex (Triassic-lower Lias). Spring and well sampling locations (LP: Lepini
springs., AS: Ausoni springs., AR: Aurunci springs).
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from 3 to 31°C with the mean value of 13.4°C. The highest temperatures (31°C)
were observed in two samples from Aurunci springs. The pH values of the water
samples range from 6.91 to 8.12, indicating slightly acidic to slightly alkaline nature.
According to the WHO (2004) guidelines, the range of desirable pH values for drink-
ing water is 6.5-9.2. There are no spring water samples with pH values outside of the
desirable ranges. The Electrical Conductivity (EC) and Total Dissolved Solids (TDS)
values range from 315 to 2310 uS/cm and 255 to 1320 mg/l, respectively. The large
variation in Total Dissolved Solids (TDS) is thought to be mainly due to water-rock
interaction along the flow paths and proximity of the sampling locations to the coast.
Most of the spring samples (~61%) show TDS values below 1000 mg/l and EC values
less than the maximum permissible drinking water guideline limit highlighting suit-
ability for drinking and agricultural purposes. The highest calcium (197.3 mg/l) and
magnesium (93.4 mg/l) concentrations were observed in water samples from Aurunci
springs. Bicarbonate is the dominant anion found in all spring water samples, varying
from 67.1 mg/l to 805 mg/l. The highest sodium and chloride concentrations were
observed in Ausoni and Lepini springs (i.e. samples taken from low discharge eleva-
tions) ranging from 293.1 mg/l to 524.9 mg/l and 221 mg/l to 338 mg/l, respectively.

The hydrochemical facies of the spring waters are illustrated in the Piper trilinear
diagram (Figure 7.2). Based on the dominance of major cationic and anionic species,

Hydrochemical facies
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Figure 7.2 Piper trilinear plot for hydrochemical facies evolution and water classification.
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three hydrochemical facies have been identified in the study area: (1) Ca-Mg-HCO;
(2) Mixed Ca-Na-HCO -Cl; (3) Na—Cl. The Ca-Mg-HCO, water type predominates,
reflecting the main rock types in the area, where limestone, dolomitic limestones and
dolomites are the most common formations. However, some spring samples discharge
at lower elevations, issuing from Lepini and Ausoni Mountains, and belong to or
show a tendency towards the Na—Cl type due to the proximity of the sampling loca-
tions to the coast. The variations in ion concentrations and the occurrence of differ-
ent hydrochemical facies can be attributed to water-rock interaction and/or seawater
intrusion in the coastal area.

This was confirmed by geochemical modelling and determination of SI for the
Lepini, Ausoni and Aurunci springs. The SI indicates the potential for chemical equi-
librium between water and minerals and the tendency for water-rock interaction
(Jawad et al., 1986). If undersaturated (SI < 0), this phase could be dissolved by the
groundwater and, thus, could be a potential source of its constituent chemistry. If
supersaturated (SI > 0), that phase, feasibly, could precipitate. Geochemical modelling
and saturation index analysis of the Lepini, Ausoni and Aurunci spring samples shows
an interaction with carbonate rocks. Calculated saturation indexes with respect to
various mineral phases (i.e. calcite, dolomite, gypsum and halite) of the spring water
samples are shown in Figure 7.3.

The results of geochemical modelling suggest that most of the spring water sam-
ples from the Lepini, Ausoni, and Aurunci Mountains are saturated with respect to
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Figure 7.3 Saturation Index (S..) values of spring water samples. a) Calcite saturation index versus
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calcite. More than half of the samples are undersaturated with respect to dolomite,
while all the sampled waters are undersaturated with respect to gypsum and hal-
ite. This indicates that the groundwater has capacity to dissolve gypsum and halite
along the flow paths so that the concentrations of Ca*™, SO,~, Na* and CI" in solution
could increase down gradient (Stumm & Morgan, 1996). The spring samples that
are both saturated with respect to calcite and dolomite imply a greater dissolution
and stronger mineralisation down the groundwater flow paths. However, the water
samples, undersaturated with respect to dolomite, indicate that dolomite can dissolve
in this system adding Ca*, Mg", and HCOj in solution. If Ca and Mg were derived
from the dissolution of carbonate (calcite and dolomite) and evaporate (gypsum) min-
erals the ionic ratios of (Ca + Mg) to (SO, + HCO,) should be a constant value of
one (McLean et al., 2000). Thus, binary plots of (Ca + Mg) versus (HCO, + SO,)
were prepared to identify the ion ex-change and weathering processes (Figure 7.4).
Most of the spring water samples fall along the 1:1 relationship suggesting that these
ions have originated from the dissolutions of calcite, dolomite and gypsum. However,
spring samples from the Ausoni Mountains are clustered above the 1:1 line indicating
ion exchange process. Na:Cl should be a constant value of one, if halite dissolution is
responsible for the sodium and chloride (Fisher & Mullican, 1997). The Na:Cl ratios
of spring water samples range from 0.08 to 2.25 (Table 7.2). The majority of the sam-
ples have a molar ratio greater or equal to one, which indicates Na** may increase due
to ion exchange and halite dissolution (Cerling et al., 1989). However, some spring
water samples from the Ausoni Mountains have a Na:Cl molar ratio close to and less
than the value in seawater (0.86) indicating possible seawater contamination (where
groundwater becomes enriched in Cl- the value of the ratio will drop).

The compositional changes in Mg and Ca concentrations mainly depend on the
residence of water in carbonate systems and that is controlled by the distance from
the recharge area and the dissolution and/or precipitation reaction of calcite and
dolomite (Langmuir, 1971). The Mg/Ca ratio is commonly used in carbonate aquifers
as an indicator of the residence time of circulating groundwater. The Mg/Ca ratios of

16 M Lepini ® Ausoni & Aurunci
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Figure 7.4 Relationship between Ca + Mg vs. HCO, + SO, in meq/I.
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Table 7.2 Some ionic ratios. Total hardness and discharge elevations of springs (LP: Lepini.AS: Ausoni.

AR: Aurunci).
Discharge Hardness
elevations (as CaCO,)
Samples (mas.l) MglCa Na/Cl (mgll) Indication
LPOI 5 0.68 1.00 318.58 Very hard
LP0O2 42 0.38 1.32 228.16 Hard
LPO3 64 0.08 I.11 221.68 Hard
LPO4 185 0.28 1.18 218.44 Hard
LPO5 12 0.66 1.0l 461.24 Very hard
LP0O6 840 0.21 1.34 157.76 Hard
LPO7 5 0.60 I.15 348.35 Very hard
LPO8 1110 0.14 1.08 140.98 Moderately hard
LP0O9 740 0.04 1.15 153.84 Hard
LPI10 360 0.31 0.88 112.16 Moderately hard
LPII 360 0.46 0.82 56.16 Soft
LPI12 1065 0.06 0.99 186.41 Hard
ASOI 92 0.24 0.80 191.14 Hard
AS02 98 0.25 0.70 187.96 Hard
AS03 95 0.18 0.63 180.83 Hard
AS04 95 0.24 1.0l 144.70 Moderately hard
AS05 6 0.55 0.90 23841 Hard
AS06 4 0.65 0.90 259.42 Hard
AS07 2 0.88 0.88 419.73 Very hard
AS08 10 0.87 0.88 499.52 Very hard
AS09 6 0.85 0.86 407.91 Very hard
ASI0 4 0.88 0.93 280.88 Very hard
ASI 18 0.20 0.73 157.70 Hard
ASI2 20 0.23 0.75 167.12 Hard
ASI3 10 0.62 1.57 167.45 Hard
AS|4 475 0.08 1.04 199.30 Hard
ASI5 100 0.14 0.94 189.55 Hard
ASI6 500 0.11 0.93 211.65 Hard
AROI 18 1.51 1.64 639.02 Very hard
AR02 7 1.01 0.99 33231 Very hard
ARO3 13 .12 1.10 347.49 Very hard
AR04 15 0.94 I.14 381.39 Very hard
ARO5 17 0.37 2.85 41341 Very hard
AR06 12 1.03 I.16 326.06 Very hard
ARO7 14 1.34 1.06 361.56 Very hard
AR08 13 1.46 1.68 585.36 Very hard
AR09 8 0.75 1.15 396.60 Very hard
ARIO 12 I.16 .17 388.69 Very hard
ARI 39 0.29 0.79 175.10 Hard
ARI2 31 0.46 1.74 183.18 Very hard
ARI3 85 0.24 0.88 194.37 Very hard
ARI4 77 0.24 0.93 188.56 Very hard
(Continued)

RAZOWSK-Book.indb 100

3/4/2014 9:10:30 PM



Distribution of Ca and Mg in groundwater flow systems in carbonate aquifers 101

Table 7.2 (Continued).

Discharge Hardness

elevations (as CaCO,)
Samples (mas.l) MglCa Na/Cl (mgll) Indication
ARI5 83 0.20 0.84 252.16 Very hard
ARI6 70 0.24 0.91 192.70 Very hard
ARI7 74 0.20 0.90 202.48 Very hard
ARI8 17 0.34 0.88 149.33 Moderately hard
ARI9 17 0.29 0.86 151.95 Hard
AR20 I 0.45 1.50 712.71 Very hard
AR21 65 0.32 2.01 150.86 Hard
AR22 | 0.28 0.82 194.45 Very hard
AR23 1050 0.05 2.12 148.18 Hard
AR24 700 0.05 0.94 158.71 Hard
AR25 870 0.04 .13 188.38 Very hard
AR26 700 0.03 1.33 199.19 Very hard
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Figure 7.5 Mg/Ca ratio of spring samples vs. discharge elevations (m a.s.l.).

sampled waters are plotted against discharge elevations in Figure 7.5. The relationship
between dolomite dissolution and calcite precipitation is thought to increase the Mg/Ca
ratios along the flow paths. High elevation springs discharges near the recharge area
and have the lowest Mg:/Ca ratios (<0.1), while low-elevation springs farther from
the recharge area show higher Mg/Ca ratios (up to 1.5). In general, an increase water
temperature can accelerate the kinetics of the dissolution of dolomite, and hence also
the Mg/Ca ratio (Herman & White, 1985). The highest Mg/Ca ratios (~1.5) are found
in the high temperature Aurunci springs, discharging at lower elevations, highlighting
long residence time and enhanced weathering along the groundwater flow paths.

7.4.2 Effects of Ca and Mg on drinking water quality

The presence of low Ca and Mg concentrations in drinking water causes adverse
health effects, however, high concentrations may cause domestic and industrial
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problems (Yang et al., 2000; Reynolds & Richards, 1996). According to previous
studies, the minimum required amounts of Ca and Mg in drinking water are 20 and
10 mg/l respectively, and the desired amounts of M and Ca in drinking water are
30-20 mg/l and 80-40 mg/l, respectively (Kozisek, 2003; Cotruvo, 2009). The maxi-
mum and minimum values of Ca and Mg concentrations are present in Table 7.1.
The calcium concentrations in water samples range from 15.40 to 197.3 mg/l with
minimum and maximum values, respectively. Almost 33.3% of the samples contain
Ca concentrations higher than 75 mg/l, while about 66.3% of the springs show Ca
concentrations below 75 mg/l. Mg concentrations range between 1.4 to 93.4 mg/l.
Most of the samples (~66%) show Mg concentrations <30 mg/l. However, about
9.2% of the 54 samples have a Mg concentration >50 mg/l. The remaining water
samples have magnesium concentrations within the range of 30-50 mg/l. The highest
calcium (197.3 mg/l) and magnesium (93.4 mg/l) concentrations were observed in
water samples from Aurunci springs.

The relationship between Electrical Conductivity (EC) and the Ca-Mg dis-
tributions is shown in Figure 7.6. Electrical conductivity values of spring water
samples ranges from 138 to 2310 uS/cm indicating fresh (<500 pS/cm), marginal
(500-1500 uS/cm) and brackish water types (>1500 uS/cm) in the area. Most of the
samples have EC values less than the maximum permissible limit. The greater the
conductivity, the greater is its salt content. Ca and Mg contents decreases gradually
in groundwater samples, taken near coastal area, with increasing EC. The highest Ca
and Mg concentrations were found for water samples with EC of 500-1000 uS/cm
representing a typical water from the carbonate aquifer. The decrease in the Ca with
increase in EC is possibly due to the proximity of sampling locations to the coast
(i.e. samples discharged at lower elevations). The presence of higher concentrations is
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Figure 7.6 Ca—Mg distributions vs. Electrical Conductivity (LS/cm).
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attributed to the influence of seawater in the coastal area and weathering of Mg-rich
dolomite and calcareous-dolomitic lithologies.

A and Mg are the most important constituents of drinking water, moreover they
are major contributors to water hardness. As contributors to hardness, calcium and
magnesium ions can affect drinking water quality. High levels of total hardness do
not cause a health risk, however, but both the extreme degrees, very soft (<75 mg/l as
CaCO,) and very hard (>300 mg/l as CaCO,), are considered as undesirable features in
water. Hardness levels between 80 and 100 mg/l (as CaCO,) are generally acceptable
in drinking water and are considered tolerable by consumers (Ternan, 1972; USGS,
2012; Bernardi et al., 1995; Memon, 2011). Besides, higher Ca and Mg concentrations
affect aesthetic parameters such as taste, smell and colour of water (Lenntech, 1998).
Determination of water hardness is a useful test to measure quality of water for drink-
ing, agricultural and industrial uses. The total hardness of water is the sum of calcium
and magnesium hardness expressed as mg/l CaCO,. The total hardness (as CaCO,) of
water samples can be calculated by the following equation (WHO, 2008):

CaCO, ] =2.5[Ca’* |+ 4.1 Mg
[ |

The US-EPA classified water that contains 0 to 75 mg/l CaCO, as soft, 75 to 100 mg/I
CaCO, as moderately hard, 150 to 300 mg/l CaCO, as hard and >300 mg/l CaCO, as
very hard. The total hardness of Lepini spring samples range from 56 to 461 mg/l
(Table 7.2) and fall between soft and very hard water category. For the spring water
samples from the Ausoni Mountain total hardness range between 144 to 499 mg/l and is
classified as moderately hard to very hard water. The highest total hardness values were
observed in water samples from Aurunci Mountains ranging from 148 to 712 mg/l,
respectively. Almost all the Aurunci spring samples are characterised as very hard water.
The classification of water based on total hardness shows that most of the spring water
samples fall between hard and very hard water type. Hardness levels between 80 and
100 mg/l (as CaCO,) are recommended by World Health Organisation (WHO) as the
minimum guideline limit for total hardness in drinking water. Waters with hardness
levels in excess of 200 mg/l are considered poor but have been tolerated by consumers,
however waters with hardness in excess of 500 mg/l are not suitable for most domestic
purposes. Almost all sampled spring waters exceed the minimum allowable limit. The
observed high total hardness values in spring water samples are related to the main rock
types in the area investigated, where limestone, dolomitic limestones and dolomites are
the most dominant formations.

7.5 CONCLUSIONS

Hydrochemical data and geochemical modelling techniques were employed to
identify the main processes responsible for the evolution of spring waters from the
carbonate aquifers of southern Latium region, Central Italy. The variations in major
ion concentrations and hydrochemical facies suggest that these water types undergo
further geochemical evolution through water-rock interaction along the flow paths
with some seawater contamination near the coast. The classification of water based
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on total hardness (as CaCO,) shows that most of the spring water samples fall between
the hard (150-300 mg/l) and very hard (>300 mg/l) water types. The observed high
total hardness in spring water samples are mainly related to the main rock types in
the area, where limestone, dolomitic limestones and dolomites are common. The high
dissolution rate for carbonate formations and the residence times of the circulat-
ing water in carbonate rocks increase the Ca and Mg concentrations and hence also
the total hardness. Almost all sampled spring waters exceed the minimum guideline
limit for drinking water. Hard water has no adverse effects on human health, how-
ever, it may create some problems for domestic and industrial users. The highest Ca
and Mg concentrations were found in water samples having EC levels from 500 to
1000 pS/cm representing a typical water from the carbonate aquifer. The results of
hydrochemical analyses and the calculated parameters (i.e. total hardness, TDS, pH,
EC) suggest that most of the groundwater samples are suitable for drinking purposes.
The observed parameters fall within the recommended limits of U.S Environmental
Protection Agency (US-EPA), World Health Organisation (WHO).
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Groundwater geochemical characterization in the karst aquifer feeding the Pertuso spring
(Italy)

Giuseppe Sappa *, Flavia Ferranti, Giulia Luciani

University of Roma Sapienza, Faculty of Engineering, Department of Civil Engineering, Roma, Italy

ABSTRACT

The present study deals with the geochemical characterization of Pertuso karst spring, the main perennial
outlet of the karst aquifer in the Upper Valley of Aniene River, which is an important source for drinking water
in the southeast part of Latium Region, in Central Italy. This paper deals with the supervisory monitoring plan
related to the catchment project of the Pertuso spring which is going to be exploited to supply an important
water network in the south part of Roma district. In order to identify the hydrogeochemical processes governing
the evolution of groundwater and its circulation patterns, a multi-tracer approach was used to describe the
hydrogeology of this karst system with the aim of achieving proper management and protection of this
important resource due catchment works. To investigate the evolution of groundwater compositions,
groundwater from different parts of the aquifer was sampled. Groundwater samples were collected from
Pertuso karst spring and from four monitoring wells between July 2014 and January 2015 and analysed for
major and trace elements. Physico-chemical parameters (e.g., temperature, pH, Eh, EC etc.) were also
measured. A detailed analysis provides that all of groundwater samples have the same origin, associated
lithologies, and mineral-solution reactions related to hydrodynamic responses. Piper diagram reveals higher
bicarbonate and calcium suggests interactions with carbonate rocks, yielding increased Ca concentrations in
the groundwater. Groundwater are characterized by low mineralization and low Mg/Ca ratios and represents
the flux of rapid infiltration of surface waters through sinkholes and well-developed karst conduits network.
Results from geochemical interpretation of groundwater chemistry using PHREEQC and the measured pH and
Eh of groundwater sampled indicate that most of the samples were saturated with respect to calcite and
aragonite, however all sampled waters were undersaturated with respect to dolomite and gypsum.
Geochemical modelling showed that spring water and groundwater are made of surface water, providing
quantitative information on the vulnerability of groundwater to potential surface water contamination.

Key words: Karst aquifer; geochemical modelling; Pertuso spring; Upper Valley of Aniene River.
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ABSTRACT
Karst aquifers vulnerability assessment and mapping are important tools for improved sustainable management
and protection of karst groundwater resources. In this paper, in order to estimate the vulnerability degree of the
karst aquifer feeding the Pertuso Spring in Central Italy, COP method has been applied starting from two
different discretization approaches: using a polygonal layer and the Finite Square Elements (FSE). Therefore,
the hydrogeological catchment basin has been divided into 72 polygons, related to the outcropping lithology and
the karst features. COP method has been applied to a single layer composed by all these polygons. The results of
this study highlight vulnerability degrees ranging from low to very high. The maximum vulnerability degree is
due to karst features responsible of high recharge and high hydraulic conductivity. Comparing the vulnerability
maps obtained by both methodologies it is possible to say that the traditional discretization approach seems to
overestimate the vulnerability of the karst aquifer feeding the Pertuso Spring. Between the two different
approaches of COP method, the proposed polygonal discretization of the hydrogeological basin seems to be
more suitable to small areas, such as the Pertuso Spring hydrogeological basin, than the traditional grid

mapping.

KEYWORDS: vulnerability assessment, COP, karst aquifer, Pertuso Spring, karst features.

I.  INTRODUCTION

Groundwater vulnerability describes the susceptibility of an aquifer to contaminants that can reduce its quality.
Intrinsic vulnerability only depends on the natural properties of the aquifer (soil, lithology, hydraulic properties,
recharge, etc.) and is independent of the nature of the contaminant [1,2]. Thus, vulnerability assessment methods
may be considered important tools for designing protection zones for water supply and highlighting areas, where
the aquifer is more susceptible to pollution introduced at the land surface [3].

Karst groundwater protection is a prior environmental target for water sustainable management in Europe,
where more than 30% of the water supply is obtained from these resources [4]. Karst aquifers are characterized
by a heterogeneous distribution of permeability due to conduits and voids, developed by the dissolution of
carbonate rocks, frequently embedded in a less permeable fractured rock matrix [5,6]. Water flow velocities into
a well-developed karst system are extremely fast and contaminants can quickly reach the saturated zone [7].
This system may receive localized inputs from sinking surface streams and as storm runoff through sinkholes,
dolines and Kkarst features in general. For this reason, in a karst setting, the identification of these fast recharge
areas is an important tool in order to protect groundwater resources [8]. Recently, in order to identify karst
landscapes, to describe karst features and to detect geological structures, relevant to karst development, remote
sensing and geographic information system (GIS) methods were used for karst research. Because of the
computer low cost and processing speed, these applications have come out to be useful tools for karst feature
mapping, providing detailed geomorphological info [9,10,11]. At the same time, as Geographic Information
System technology (GIS) has improved in the last years, lots of approaches to groundwater vulnerability to
pollution evaluation have been developed and worldwide applied [12,13,14]. Traditional approaches have strong
limitations in vulnerability assessment of karst aquifer because the contaminants transport mostly occurs along

http: // www.ijesrt.com© International Journal of Engineering Sciences & Research Technology
[483]


http://www.ijesrt.com/

' THOMSON REUTERS
ISSN: 2277-9655
[Sappa* et al., 6(6): June, 2017] Impact Factor: 4.116
IC™ Value: 3.00 CODEN: IJESS7

preferential pathways (karst features). Other methods are especially designed for karst environment, taking into
account the function of the epikarst and of the karstic network [1]. In this study, a new Karst aquifer
vulnerability approach has been set up, highlighting the karst features, outcropping in the study area. Two
different approaches for the intrinsic aquifer vulnerability assessment have been tested in the case study,
comparing their results.

This paper presents the intrinsic vulnerability maps obtained applying the COP method [15] to the karst aquifer,
feeding the Pertuso Spring, sited in the Upper Valley of the Aniene River (Central Italy). This method is useful
to identify the most vulnerable zones and the main processes controlling the evolution of groundwater in karst
settings. The implementation of COP method has been carried out, starting from two different discretization of
the study area. The aim of this work is to compare both results of the intrinsic vulnerability mapping, in order to
evaluate which is the most suitable for the study area.

Il. GEOLOGICAL AND HYDROGEOLOGICAL SETTINGS

The Pertuso Spring is an important karst spring located in the south part of Latium Region, in the Upper Valley
of the Aniene River. This spring feeds the Comunacqua hydroelectric power plant, owned by ENEL group [16]
and, with a discharge reaching up to 3 m3s, is now one of the main water resource for the South part of Rome
district [17]. The study area lies in the Upper Valley of the Aniene River, in the Latium Region (Central Italy)
and covers an area of about 50 km? [18]. The Pertuso Spring hydrogeological basin is located between latitude
41° 51 to 41° 56°N and longitude 13° 13” to 13° 21’E and belongs to the Special Area of Conservation (SAC)
of the Aniene River Springs (EC Site Code 1T6050029) established under Directive 92/43/EEC. The Aniene
basin is made mostly of bare Mesozoic, highly fractured, karstified carbonate rocks of the central Apennine
range [19]. The entire area is mostly made of highly permeable Cretaceous carbonate rocks, deeply fractured
and mostly soluble (Figure 1). The base of the stratigraphic series is made of Upper Cretaceous carbonates,
represented by the alternation of granular limestone and dolomites layers. Above these ones, Quaternary fluvial
and alluvial deposits lie, downward pudding and Miocene clay and shale. Karst features in the aquifer feeding
the Pertuso Spring are relatively well developed at the surface of the carbonate outcrops, mainly in the
Cretaceous limestones, where karren, sinkhole, groove and shallow holes can be observed [20,21]. The
lithostratigraphy, detected nearby Subiaco Station, confirms the outcropping of an extensive karst area,
especially limestones and dolomites (Latium-Abruzzi succession, Upper Triassic-Upper Miocene) [22]. The
karst surface is very permeable and allows the rapid infiltration of rainfall into the underground system, where
the carbonate dissolution generates cavities [20,21]. Dissolution conduits strongly influence groundwater flow
and evolve into complex networks, often crossing several kilometers, throughout the limestone matrix [23].
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Figure 1. Geological map of the study area
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Thus, the Pertuso Spring is the natural outcrop of groundwater mostly discharging from these conduits showing
an annual recharge of about 45 Mm?3/year [24].

The discharge is usually rapid and shows huge peaks following recharge events due to the receipt of a
stormwater component, sourced via rapid preferential flow through karst features and fractures. The Pertuso
Spring, located westward of Filettino (Figure 1), in the outcrop of limestone and dolomitic limestone of Upper
Cretaceous age, flows into the Aniene River, close to the boundary of the carbonate hydrogeological system
[25]. The most distinctive feature of the Pertuso karst spring is the branching network of conduits, whose size
increases in the downstream direction. This conduit network is able to discharge very quickly large amounts of
water, throughout the karst aquifer (up to 3 m%/s) [16].

1. MATERIALS AND METHODS

The vulnerability of karst aquifer feeding the Pertuso Spring has been evaluated applying COP methodology,
which focuses on the key role of Kkarst features, responsible of the aquifer natural protection decreasing to
pollution [15]. The COP method has been set up for the intrinsic vulnerability assessment of carbonate aquifers
in the frame of the European COST Action 620 [7]. According to this method, the natural degree of
groundwater protection is related to three parameters: the properties of the overlying soils and the unsaturated
zone (O factor), the protection due to diffuse or concentrated infiltration processes (C factor) and the variable
climatic conditions (P factor). The COP method provides for the C factor two different scenarios.

In Scenario 1, the C factor is calculated based on the following parameters: distance to the swallow hole (dh),
distance to the sinking stream (ds) and the combined effects of slope and vegetation (sv) (Equation 1).

C=dh-ds-sv @

Scenario 2 is related to those areas, where the aquifer recharge does not occur through a sinkhole, so the C
factor can be calculated on the bases of the parameters surface features (sf), slope (s) and the combined effects
of slope and vegetation (sv) (Equation 2).

C=sf-sv @

The COP vulnerability index (ICOP) is obtained by multiplying the three factors (Equation 3).

Ieop =C-0-P ®

The COP vulnerability index classification defines five classes of vulnerability as shown in Table 1.

Table 1. COP index and corresponding vulnerability class

COP Index (Icop) Vulnerability Class
0-0.5 Very High
0.5-1 High
1-2 Moderate
2-4 Low
4-15 Very Low

The tied relationship between rainfall and discharge rate, in the study area, is due to the preferential flowpaths of
groundwater. For this reason, every concentrated recharge zone has been identified with the main karst features
detectable from satellite images (Google Earth) (Figure 2) and about 50 different karst features in the
hydrogeological basin have been plotted in GIS as polygons.

All these polygons, reported in a single GIS layer only related to the karst features, represent the direct recharge
areas, where a possible contaminant may, directly and quickly, reach the aquifer with reasonable certainty.
Before the vulnerability rating evaluation, the traditional vulnerability assessment approach would require the
partition of the study area into Finite Square Elements (FSE) to which associate the Vulnerability Index
calculated. However, in this study, with the aim of highlighting the presence of karst features, COP method has
been applied starting from two different discretization approaches of the hydrogeological basin: polygonal layer
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and Finite Square Elements of 250 m per side (FSE). The polygonal layer is the result of an overlapping of two
layers (Figure 3): the first one consists of the direct recharge area, related to the presence of karst features
responsible of rainfall fast infiltration in the saturated zone, the second one coincides with the geology of the
hydrogeological basin. Thus, the study area, of about 50 km?, has been divided into 22 polygons, representative
of different outcropping lithology and 50 polygons related to karst features. In this paper the aquifer
vulnerability results, coming from both discretization application, are laid out, supported by QuantumGIS.
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Figure 2. Karst features detection in the study area
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Figure 3. Polygonal layer discretization of the study area

The intrinsic groundwater vulnerability assessment requires data coming from the geological and
hydrogeological settings of the aquifer, such as lithology, karst features, land use and land cover, soil, depth to
groundwater, topography (slope) and climatic data (precipitation and temperature).

The study is based on the background data coming from previous studies [18,26] and results coming from the
Environmental Monitoring Plan, carried out in the karst aquifer of the Upper Valley of the Aniene River, related
to the catchment project of the Pertuso Spring. Data was collected from: (i) geological map, (ii) Digital
Elevation Model (DEM), (iii) land use and land cover maps (iv) climatic data (precipitation and temperature),
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(v) airphotographs and satellite images of the study area to identify the position of the main Karst
features.Regarding to the evaluation of C factor, the COP method considers two scenarios: the first one includes
the recharge area of karst features (Scenario 1) and the second one includes the rest of the area, where no surface
karst features have been identified (Scenario 2). The C score for Scenario 1 is obtained by multiplying the
values of the parameter referred to slope and vegetation (sv) by those related to the distances from recharge
areas to the swallow hole (dh) or the sinking stream (ds). The C score for Scenario 2 is evaluated by the
multiplication of two main factors: vegetation and slope (sv) and surface features (sf).

As a matter of fact, in this study, Scenario 1 for the evaluation of C factor has been applied in the higher
permeability areas (karst features) and Scenario 2 in the lower permeability areas (aquifer lithology). The slope
and vegetation (sv) came out by QGIS from the Digital Elevation Model (DEM) in percentage and divided into
4 classes (<8%, 8% + 31%, 31%+75% and >75%), to which scores have been assigned, respectively from 0.75
to 1. Based on the land cover maps provided, land use has been divided into two main types, mainly “no
vegetation” and “vegetation”.In this study the distance to swallow holes (dh), consisting of a series of buffer
zones with defined thickness, was not considered because the area belonging to each karst feature was assumed
to be characterized by high vulnerability. According to the absence of sinking stream, the parameter (ds),
referred to the distance to sinking stream, was assumed to be equal to 1. The surface features parameter (sf)
takes into account the specific geomorphological features of carbonate rocks and the presence, or absence, of
any overlying layers (permeable or impermeable), which influences the importance of runoff and infiltration
processes. Ratings from 0.5 to 1 have been assigned to the surface features parameter (sf) according to the
existing surface geology.The O factor represents the overlying layers, that is the soil cover (Os), overlying the
bedrock lithology (OL). The Os factor is related to the texture and thickness of the soil cover and in the case
study, it has been evaluated starting from the soil map information. The Op factor is representative of the
unsaturated zone and it is the product of the layer index and the degree of confinement (cn). The layer index is
the product of the type of lithology and fracturing (ly) and the thickness of the unsaturated zone. The Os and O,
factors have been obtained using geological map and drilling profiles of the karst aquifer feeding the Pertuso
Spring [17].The P Factor represents the climatic conditions in the catchment area and it is given by the sum of
two sub-factors (Pq and P)) referring to, respectively, the amount and the intensity of yearly precipitation. Pq
represents the amount of precipitation and ranges between 0.2 and 0.4. The precipitation intensity (P;) represents
the ratio of precipitation amount and number of rainy days. Precipitation has been obtained starting from rainfall
data, coming from four gauging stations inside the study area: Filettino, Vallepietra, Carsoli and Subiaco (Santa
Scolastica). Data time series cover a period of 20 years, from 1992 to 2012 (Table 2) and they were applied to
calculate the average annual rainfall module for each station. At last, a linear relation between the elevation and
the average annual rainfall module was obtained in order to assign to each FSE a single precipitation value.

Table 2. Rainfall data about four different meteorological stations in the study area

Meteorological MPAM Elevation  Rainy
Station (mmlyear) (masl) days
Vallepietra 1346.78 825 91
Filettino 1647.00 1062 107
Carsoli 1053.25 640 100
Subiaco (Santa Scolastica) 1147.88 511 100

IV.  RESULTS AND DISCUSSION

C Factor

The estimation of the C factor, in the studied area, has been carried out according to Scenario 1 in areas, where
the flow is concentrated towards karst features and Scenario 2 in the rest of the basin where the flow is diffuse.
The two C Factor maps generated (Figures 4a and 4b) present C score values ranging between very high to very
low, with C Factor values ranging between 0 and 0.9 and it is very low (< 0.2) in the higher permeability area
(karst features), whereas it is very high (0.9) in non-karstic terrains, such as pudding stone, conglomerate,
alluvial soil. As a matter of fact, the mapping results clearly show a sound difference in vulnerability values
between FSE version (Figure 4a) and the polygonal layer one (Figure 4b). The first one generally assigns a high
vulnerability to the most part of the study area, whereas the second one assigns a moderate vulnerability value to
the same part. This difference is related to the intrinsic choice of focusing on the Scenario 1 only for karst
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feature polygons and not out of these defined areas. On the other hand, FSE discretization allows a better
precision on the finite square element elevation and leads to a more “conservative” vulnerability evaluation for
the rest of area, but does not allow a clear identification of fast recharge areas due to karst features.

Legend
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(a) (b)
Figure 4. Map of the C Factor: (a) FSE and (b) polygonal layer

O Factor
The O factor ranges from 1 to 5, according to some properties as thickness of the unsaturated zone, soil type,

aquifer confining conditions, lithology and its fracturation.

The higher protection areas (dark green) are related to the presence of conglomerates and pudding stones, which
have a weaker state of fracturing. On the contrary, the lower ones are due to the presence of carbonate rocks,
which are the dominant geological formations, in the study area, and present the highest fracturation. Hence, the
O factor is low in most of the study area.

As it is shown in Figures 5a and 5b, there are no sensitive differences between the two discretization
approaches. Karst features have no impact on the O factor and, consequently, most part of the area presents the
same protection values in both maps.
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Figure 5. Map of the O Factor: (a) FSE and (b) polygonal layer

P Factor

P factor has been obtained using a linear relation, between elevation and average annual rainfall starting from
data collected in Subiaco (Santa Scolastica), Carsoli, Vallepietra and Filettinometeorological stations, located
nearby the study area. The number of rainy days in the study area ranges from a minimum of 91 to a maximum
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of 107 days per year, based on the analysis of precipitation data over a time series that goes from 1992 to 2012.
The average value is 100 rainy days per year.P factor ranges between 0.6 and 0.8. Most part of the study area
present a high value (dark blue) in both maps (Figures 6a and 6b). In particular, the polygonal layer
discretization approach leads to obtain an enhanced coverage of high value. The reduction of protection is
generally high (0.6) in mountain areas, because even if the precipitation quantity Pq is higher there due to
elevation values, the much wider temporal distribution is a key factor for contaminant transport and implies a
decreasing protection.

(a) (b)

Figure 6. Map of the P Factor: (a) FSE and (b) polygonal layer
COP Index
Figures 7a and 7b shows the results of COP method in the hydrogeological basin of the Pertuso Spring,
respectively for FSE and polygonal discretization.

The results obtained by COP vulnerability method, applied to FSE (Finite Square Elements) and polygonal
layer, show different vulnerability degrees for several areas within the hydrogeological basin feeding the Pertuso
Spring.

As expected, the COP vulnerability maps show generally the dominance of high vulnerability classes (shades of
red) in the northern part of the basin, while the south-east and western part are characterized by low
vulnerability class (shades of green) and moderate class (shades of yellow). There is no very low vulnerability
class.

Details in percentages of area for each vulnerability class are given in Figure 8.

S

' ' )

(@) (b)
Figure 7. Map of the COP Index: (a) FSE and (b) polygonal layer
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Figure 8. COP vulnerability classes percentage distribution: (a) FSE, (b) polygonal layer

The Karst features, present in the study area, have been classified with the very high vulnerability degree (Very
High: 0-0.5), due to the presence of swallow holes and dolines, that decreases the residence time of water in the
unsaturated zone, reducing the potential attenuation capacity of the aquifer. This highest class of vulnerability
index is due to the absence of an impermeable covering layer, which allowed rapid infiltration towards the
saturated zone (C factor).

The low vulnerability class (Low: 2-4) covers similar percentages of the study area (17% and 18%) (Figure 13),
mainly in the outcropping pudding stone, conglomerate and alluvial soil. In these areas, the low permeability of
cover layers and the slope gradient are responsible of an increase of C and O factors and, consequently, of a
vulnerability reduction.

The moderate vulnerability class (Moderate: 1-2) covers not more than 8 and 11% of the Pertuso Spring
hydrogeological basin, respectively for polygonal layer and FSE discretization approaches (Figure 8). In these
areas dolomitic limestone, compact limestone with dolomite and crystal dolomite outcrop, decreasing the
protective capacity assigned to the unsaturated zone by the O factor. The COP method assigns the high
vulnerability class (High: 0.5-1) to most part of the study area. This result is due to the presence of the karst
Cretaceous limestone outcropping. Vulnerability maps obtained for both discretization approaches, result to be
different just in the high and very high vulnerability degree assignment. The FSE discretization approach leads
to a 32% of very high and 40% of high vulnerability rates, whereas in the polygonal layer discretization
approach there is a lower presence of areas with the very high degree (8%) and a higher presence of areas with
the high one (66%). This difference depends on the choice of using a polygonal layer, that allows identifying
more precisely karst features and fast recharge area, assigning the potential contamination risk only to these
areas and not to the rest. In this discretization hypothesis, karst features have a key-role for the C factor
evaluation and their presence is predominant to each other consideration about vulnerability assessment. The
FSE discretization approach, on the contrary, generally assigns COP index rates taking into account the
lithology, the karst setting and the elevation, at the same level. As a consequence of it, in this case, a wider area
of the whole basin has been considered very high vulnerable and the potential contamination risk result to be
spread all over the study area, even out of karst features.

A comparison between the FSE discretization approach and the polygonal layer one is necessary to better
understand which one is more suitable to the specific case study.

As to be expected, in a karst setting like the Pertuso Spring hydrogeological basin area, the presence of highly
fractured rocks and most of all the specific permeability conditions, due to the local karst processes
development, cause a spread high vulnerability degree to contaminants.

Even if the FSE discretization approach leads to a more cautionary vulnerability assessment in the study area,
the polygonal layer shows a greater accuracy, defining all the areas interested by karst processes at local scale
and assigning the higher vulnerability rate only to these ones. This choice allows to better highlighting
protection areas, in order to protect groundwater quality. At the same time, the polygonal layer discretization
approach needs a very detailed work, based on the detection and the outline representation of all the karst
features. The visual detection and the graphic reconstruction of the areas, where Kkarst features outcrop, is today
easier to carry out, thanks to the remote sensing and the geographic information system (GIS) software. This
process is strongly recommended for small basins as the Pertuso Spring one, but it may result to be not always
suitable, above all in case of very wide areas.
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V. CONCLUSION
The aim of this paper was to carry on a comparative evaluation of vulnerability assessment of the karst aquifer
feeding the Pertuso Spring, through the COP method application and starting from two discretization
approaches: the Finite Square Elements (FSE) of 250x250 m and the polygonal layer, obtained from the
overlapping of karst features and geology layers.

Regarding to the second approach, the study area, of about 50 km?, has been divided into 22 polygons
representative of outcropping lithology and 50 polygons related to karst features, which have been identified
using satellite images.

The combined use of two vulnerability assessment approaches allows a better understanding of pollution
vulnerability mechanisms in the study area.

The results of this study highlight that the vulnerability of the karst aquifer feeding the Pertuso Spring mainly
ranges from low to very high in each approach.

Vulnerability maps show a high variability according to the environmental characteristics of the study area (e.g.
geological, hydrogeological, morphological, climatic settings). The highest contribution to vulnerability is due
to karst features such as karren, sinkhole, groove and swallow holes. The highly developed epikarst, the high
recharge and high hydraulic conductivity minimizes the protective function of the unsaturated zone.

As to be expected, COP comes out to be a very suitable method for the vulnerability assessment in karst
settings. As a matter of fact, the use of a polygonal layer as the basis for subsequent evaluations of the
vulnerability is an effective option, because it allows to highlight the nature of outcropping lithology and the
presence, shape and extent of karst features, responsible of fast infiltration and leakage.

On the other hand, the FSE discretization comes out to be more sensible to precipitation rates variations as well
as to elevation and slopes, which are related to the water runoff. For these reasons, it is possible to say that the
polygonal layer discretization is more recommended for small study areas such as the Pertuso Spring
hydrogeological basin, whereas the FSE discretization is to be preferred for wide areas, where the higher range
of precipitations and slope factors variations may play a key role in vulnerability assessment.
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Abstract: - Discharge evaluation of karst springs used for drinking water supply is a key aspect for sustainable
management and protection of the environment status of these water resources. Karst spring discharge is
influenced by spatial and temporal variability involved in the transfer of water in hydrological cycle. Thus,
quantification of karst spring water budget is essential to determine the groundwater available resources and for
better understanding its seasonal changes in the hydrological year.

This paper deals with the results of the first year of the Environmental Monitoring Plan, related to the
catchment project of Pertuso Spring, which is going to be exploited to supply an important water network in the
South part of Roma district. The aquifer feeding Pertuso Spring is the most important water resource in the
southeast part of Latium Region, Central Italy, used for drinking, agriculture and hydroelectric supplies. This
complex hydrogeological system is characterized by a strong local hydraulic connectivity between Aniene
River and karst aquifer, witch influence the aquifer water budget. Thus, the application of water budget to
evaluate Pertuso Spring discharge can be highly uncertain.

The aim of this study is to combine stream discharge measurements and water geochemical properties in order
to set up a reliable technique to evaluate karst spring discharge. As a matter of fact, in this paper, it is presented
the application of Magnesium as a reliable tracer of discharge evaluation of Pertuso Spring. The concentration
values of Magnesium ion have been recorded in some cross sections of the Aniene River, and they have been
correlated with discharge values obtained by the traditional current meter, to provide information about
groundwater and surface water interactions. The application of Magnesium as an environmental tracer provides
a means to evaluate discharge of Pertuso Spring, as it came up to be a marker of the mixing of surface water
and groundwater. On the other hand the Magnesium ion concentration provides information on changes in
water quantity and quality.

Key-Words: - Aniene River, carbonate aquifer, groundwater, karst spring discharge, Magnesium tracer, Pertuso
Spring

1 Introduction dissolution of carbonate minerals. Therefore,
Most of part of groundwater in the southeast part of quantification of karst spring discharge and water
Latium Region, as in the whole Apennine budget formulation requires defining the karst
Mountains chain [1] is stored in karst aquifers. network geometry, which is not, every time,
The increasing of anthropogenic activities and measurable with reliability [8]. _
the impacts of climate change are identified to be As a matter of fact, the complex hydrological
responsible of karst groundwater depletion [2]-[3]. behavior, on one hand, the high heterogeneity of
Thus, groundwater exploitation in karst aquifers hydraulic properties [9]-[10], on the other one, make
requires special management strategies to prevent data collection ~about karst networks —and
their quality and quantity depletion and to support groundwater very difficult, and the water budget
decision-making for water resources management evaluation is very often too much uncertain. For this
[4]-[5]. reason, environmental tracer are useful tools to
In karst aquifers, the fast underground outflow in provide information about groundwater flow paths
the saturated zone [6][7] is due to the and residence times in karst aquifer systems without
heterogeneous distribution of permeability, because allowing for the specification of input locations and

there are many conduits and voids developed by the times [11]-[12].
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2 Problem Formulation
Environmental tracers are natural and anthropogenic
chemical and isotopic substances that can be
measured in groundwater and used to understand
hydrologic properties of aquifers [13]-[14].
Environmental tracers provide information about
the flow and mixing processes of water coming
from different sources [15]-[16]. They are also
useful to point out directions of groundwater flow
and to determine origin and residence times of karst
groundwater [17]-[18]. Typical natural tracers are
major ions, trace elements, dissolved organic carbon
and water isotopes [19]-[20]. Groundwater
circulating in karst aquifer generally has great
concentrations of Calcium and Magnesium as the
result of bedrock weathering processes. Variations
of Ca®* and Mg® in groundwater chemical
compositions are used very successfully as natural
tracers in studies aiming to evaluate groundwater
residence time within the karst aquifers [17]. The
changes in Ca?* and Mg®* concentration values
mainly depend on the residence time of groundwater
in karst systems, which are controlled by the volume
and mechanism of recharge, the distance from the
recharge area and the dissolution of carbonate
minerals [21]-[22]. The dissolution kinetics of
Magnesium is longer than that of Calcium, so the
increase of the Mg*/Ca?* ratio implies the
saturation of water with calcite, highlighting long
residence time and enhanced weathering along the
groundwater flow paths [22]-[23]. The Mg content
in groundwater also depends on others parameters
such as chemical and mineralogical purity of
limestone and presence of dolomite within the rock
masses they flow across [24]. Nevertheless, the
increase in Mgz+ concentration values, and hence
Mg*/Ca?* ratio not only depend on the
dissolution/precipitation reaction of calcite and
dolomite, but also an increase in water temperature
accelerates the Kkinetics of the dissolution of
dolomite [25]-[26]. However, it has been noticed
that even in Kkarst aquifers mainly made of
limestone, the presence of slight impurities of Mg**
in calcite can be responsible of significant changes
in Mg?*/Ca?" ratio due to a high residence time of
flowing waters [27]-[28]. Thus, environmental
tracers and hydrochemical investigation techniques
provide much information for the identification of
groundwater flow systems and the main
hydrogeochemical ~ processes  affecting  the
composition of water within the karst aquifers [28].
The analysis of the hydrogeochemical processes due
to groundwater-surface water interactions let us to
highlight the source of their mineralization and the
influence of rock masses forming the aquifer.
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2.1 Geological and
Framework

The karst aquifer feeding Pertuso Spring is located
in the Upper Valley of the Aniene River (Latium,
Central Italy), along the SW boundary of the
Simbruini Mountains, in the outcrop of Triassic-
Cenozoic carbonate rocks, locally covered by fluvial
and alluvial deposits and, at lower altitudes, by
Quaternary sediments [29].

The lithological sequence outcropping in the
Upper Valley of Aniene River includes the North-
West part of the Lower-Middle Miocene Latium-
Abruzzi carbonate platform. The stratigraphic
succession of dolomite, dolomitic limestone and
limestone is distributed homogeneously from North
to South and from East to West in the Valley [30].
The base of the stratigraphic series (Triassic) is
widely spread among Filettino, Aniene River
Springs and Faito Plateau. Dolomite is the dominant
lithofacies, characterized by white and gray
crystalline dolomite, with some breccia levels. Over
this geological formation, limestones and dolomites,
of Upper Cretaceous age (Sinemurian) are present,
and their immersion is concordant with the Triassic
dolomite [30].

Karst springs are numerous along the first part of
the Aniene River and form in the Triassic dolomitic
formations (Fig. 1). This Kkarst system is
characterized by one main outlet, Pertuso Spring,
and several springs such as Radica, Valle del Forno
and Fonte Santa, which inflow into the Aniene
River, at different points (Table 1).

Due to their lower solubility and their lower
brittleness, in comparison with  limestones,
dolomites are less fracturated than these latter ones.
As a consequence of it in the Aniene River Basin,
almost all groundwater come out where there is a
limestone-dolomite contact [29] (Fig. 1) and this
latter one is below the former one.

Hydrogeological

Spring Annual average rate (1/s)
Radica 250
Valle del Forno 164
Fonte Santa 65
Pertuso 1400
Table 1, Main karst springs in the Upper Valley of

Aniene River

Pertuso Spring, the largest karst spring in South-
East part of Latium Region, is located between
Filettino and Trevi nel Lazio (FR) and belongs to
the Special Area of Conservation (SAC) of Aniene
River Springs (EC Site Code 1T6050029)
established under Directive 92/43/EEC (Fig.2).



Recent Advances on Energy and Environment

417 56' 50" N
13" 21"17"E

Legend
Hydrogeological Basin

Geology
[ (dt) Flow debris

[ (q) Ancient floods

[ (mo) Moraine deposits

[ (cg) Conglomerates

[ (br) Breccia with calcareous cement
[ (mp) Pudding stones

[ (mag) Clays and shales

[ (mc) Yellow granular limestone

[ (er) White and yellow granular limestone
[ (dc) Compact limestone with dolomite
[ (cl) Compact limestone and dolomitic limestane
[ (dI) Gray dolomite

[ (1) Gray and white crystal dolomite
Hydrology

Major Springs in the Upper Valley of Aniene River
® 00-0.1m3fs
® 01-02m3is
@® 02-03m3is
@ >1mis
Groundwater contribution to Surface Water

Surface Water Gauging Station

0 1000 2000 m

417 51" 15" N
13" 13"16"E

Pertuso Spring (elevation of 720 m as.l.) is the
main outlet of this karst aquifer and comes out
about 1 km from the confluence of Fiumata Valley
and Granara Valley [31].
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Fig. 2, Map of Special Areas of Conservation
(SACs) in the Upper Valley of Aniene River

The outflow of Pertuso Spring is located in alluvial
sediments, which cover a very thick layer made of
Cretaceous limestone (Fig. 3). Spring water is
captured for hydroelectric and drinking supplies,
after which it flows into the Aniene River.
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Fig. 1, Simplified geological map of Pertuso Spring hydrogeological basin
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Fig. 3, Geological cross section showing the aquifer
in the Cretaceous limestone and the location of the
Pertuso Spring

The Pertuso Spring hydrogeological basin is
located between latitude 41° 51” to 41° 56’N and
longitude 13° 13° to 13° 21’E and collect
groundwater coming from a 50 km? catchment area
[32] bounded by the Triassic dolomite to the NE
(Fig. 1).

The aquifer feeding Pertuso Spring is made, for
the most part, of Cretaceous karst limestone. The
base of the stratigraphic series is constituted by
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Upper Cretaceous carbonates, made by the
alternation of granular limestone and dolomites
layers. Above these lie Quaternary fluvial and
alluvial deposits, downward pudding and Miocene
clay and shale [29] (Fig. 1).

Rainfall is the primary source of recharge to this
karst aquifer. Most of the recharge of Pertuso
Spring occurs through karst features such as
sinkhole, dolines, swallows holes and fractures,
which allow fast flow across the recharge zone.
Pertuso Spring discharges at an annual average rate
of 1400 I/s, based on the record from 1990 to 1999
[33], and responds rapidly to precipitation events,
with significant increases in discharge rates which
are proportional to the intensity of rainfalls (Fig. 4).
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Fig. 4, Monthly rainfall and Pertuso Spring average
rate in the 1990 - 1999 period (Filettino
meteorological station)

2.2 Materials and Methods

This paper presents the results of the first year of
the Environmental Monitoring Plan, related to the
catchment project of the Pertuso Spring, which is
going to be exploited to supply an important civil
water network in the South part of Latium Region,
Central Italy.

The experimental data, corresponding to the
period July 2014 - May 2015, were obtained from
field investigations and from chemical analyses
performed in laboratory. Water samples were
collected from three sampling points within the
study area, i.e. one from Pertuso Spring, two on
gauging stations located along the Aniene River,
respectively, upstream (SW_01) and downstream
(SW_02) the spring (Fig. 1).

Field investigations
measurements of pH, temperature, electric
conductivity (HANNA, Model HI9813-6) and
redox and dissolved oxygen (HACH, Model
LDO10101).

included in situ
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Water samples were filtered by 0.45 pm
cellulose filters and stored at 4 °C until analysis in
the  Geochemical Laboratory of Sapienza
University of Rome [34]. Major ions were
determined by ion chromatography (IC) by a 761
Professional IC Metrohm (reliability +2%). A
Metrosep C2-150 column was used for determining
major cations (Ca**, Mg*, Na*, K*), whereas major
anions (CI, NOz, SO,*) were determined by
Metrosep A sup 4-250 column (accuracy 2-5%).
Bicarbonate (HCOj3) was determined by titration
with 0.1 N HCI (reliability £2%).

The geochemical modeling program PHREEQC
v3.0 [35], implemented with the thermodynamic
dataset phreeqc.dat, was used to study mixing of
groundwater and surface water to understand
spatial and temporal patterns of mixing during base
flow conditions.

The discharge measurements were carried out
along the Aniene River, upstream (SW_01) and
downstream (SW_02) Pertuso Spring, by the
application of traditional current meter. According
to the U.S. Geological Survey (USGS) procedure,
stream discharge is calculated as the product of the
cross section area by the average stream flow
velocity in that cross section obtained using a
current meter [36]-[37].

The main equipment needed to measure the
stream flow velocity is a SEBA horizontal axis
current meter F1, having a propeller diameter of 80
mm which, combined with SEBA Z6 pulse counter,
allows to measure velocity between 0,025 m/s and
10 m/s.

The SEBA current meter has been used as rod
equipment with tail plane for best positioning to the
flow direction. For each measurement point, flow
velocity is determined counting the number of spins
of the meter rotor during a fixed interval of time.
Thus, in order to assess any fluctuations due to the
turbulence condition and, also, to avoid accidental
measurement errors, velocity has been measured
for at least 60 seconds, according to EN ISO
748:2007 requirements [37].

This current meter method gives the local water
velocity in each vertical following the application
of a calibration equation between stream velocity, v
(cm/s) and the number of spins, n (s™) (1).
v=0.82+33.32:n 1)

3 Problem Solution

In order to establish the groundwater discharge
pattern, hydrochemical data and discharge
measurements were used in the study.
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Ca®*, Mg* and HCOj3 represent more than 80%
of the dissolved solids in water samples and are
influenced by the dissolution of carbonate minerals,
forming limestone, which are the most dominant
formations outcropping in the study area.

As a consequence of their flowing in a karst
aquifer, all these water samples came out to be rich
in Ca-Mg-HCO; as it is represented by Schoeller
(Fig. 5), but water samples coming from SW_01
gauging station present higher values of
concentration in Mg®*, while those coming from
Pertuso Spring are definitely poorer in it, and show
a clear composition of Ca-HCO3 water type.

These hydrochemical facies highlight that
carbonate weathering processes (e.g. calcite and
dolomite) are the most important factors of the
observed water type.

Ca Mg HCO3

3 Na+K cl S04
———SW_01 288 207 o1 012 0.08 488
= 4~ Periuso Spring 266 oa 010 0.09 0.05 338

-—3SW_02 77 107 005 0.0 0.05 373

Fig.5, Schoeller plot for hydrochemical facies and
water classification (January 2015)

Box plot for Mg®* in groundwater and surface
water is presented in Fig. 6. Following
differentiation of Magnesium content along the
Aniene River, we observed a 47% decrease in
Mg**concentration in surface water downstream
Pertuso Spring (SW_02) with respect to
Mg*“concentration measured in SW_01 (23.6
mg/l).

The scatter plots diagram for Mg?* vs Ca?* (Fig.
7) shows that all points plotted are located below
the equiline 1:1, which is line representing the
natural Mg*/Ca®* ratio in dolomite mineral
composition. All samples show an average Ca*
concentration value of about 52 mg/l. Surface water
sample coming from SW_01 gauging station,
upstream Pertuso Spring, shows the Mg-rich
composition coming from dissolution of Triassic
dolomites, while groundwater coming from Pertuso
Spring is typical of the dissolution of low-Mg
calcite. As a consequence of these properties water
samples taken in SW_02 gauging station,
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downstream Pertuso Spring, present chemical
composition typical of mixing of these two
different kinds of waters (Fig. 7).
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Pertuso Spring SwW_01 SW_02

Fig. 6, Box plot of Mg?* concentration in
groundwater and surface water

As a matter of fact the highest Mg®*/Ca®" ratio in
water sampled has been recorded in dolomite
outcropping (SW_01: Mg*/Ca** ~ 0.7), with
medium value at SW_02 gauging station
(Mg®/Ca®* ~ 0.4). On the other hand the lowest
value of this ratio in groundwater has been
observed in Cretaceous limestone area (Pertuso
Spring: Mg?*/Ca?* ~ 0.3) (Table 2).

Gauging  July November January May
Station 2014 2014 2015 2015
PEMUSO 399 0.269 0.306 0.314
Spring
SW_01 0.728 0.717 0.719  0.752
SW_02 0411 0.377 0.385 0.391

Table 2, Mg**/Ca”* ratio from Pertuso Spring and
Aniene River gauging station
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Fig.7, Ca®* versus Mg?®* in groundwater and surface
water

Aniene River discharge was measured during the
hydrological year 2014-2015, in order to cover the
range of seasonal conditions characteristics of this

60
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complex hydrogeological system. Measurements,
e.g. by current meter, were carried on in two
gauging stations located upstream (SW_01) and
downstream (SW_02) Pertuso Spring (Table 3).

Gauging July November January May
Station 2014 2014 2015 2015
SW_01 0.540 0.350 0.410 0.501
SW 02 2.450 1.480 1.920 2.747

Table 3, Results of mean discharge values obtain
by current meter method, upstream (SW_01) and
downstream (SW_02) Pertuso Spring

They are represented, in Table 3, discharge values
recorded in SW_01 and SW_02 gauging stations all
over the hydrological year. It can be noticed that
the average discharge value referred to SW_01
gauging station can be well compared with the total
average discharge coming from of the most
important karst springs outcropping in the Upper
Part of Aniene River (Table 1). Thus, the source of
Mg concentration values in Aniene River water
upstream Pertuso Spring (SW_01) is the dissolution
of Magnesium rich minerals in Triassic dolomites,
sited in north-east part of the Pertuso Spring
hydrogeological basin.

Along the Aniene River, this decrease in Mg?®*
concentration values is related to an increase in
stream flow discharge. SW_02 surface water is the
product of the confluence of groundwater coming
from Pertuso Spring into the Aniene River
(SW_01). As a matter of fact, Aniene River water,
which is characterized by water with higher
Magnesium concentration values, is affected in its
chemical composition by Pertuso  Spring
groundwater inflowing, and this influence can be
measured by Mg?" concentration values variability
along the river downstream.

Using PHREEQC program it has been
calculated the speciation of an aqueous solution of
a virtual composed water sample made of the
mixing of water coming from Pertuso Spring and
SW_01 gauging station. To have the mixed virtual
sample composition any source sample, Pertuso
Spring and SW_01 gauging station, has been
multiplied in its chemical component for their own
contribution fraction in SW_02 gauging station
discharge.

Figure 8 shows that the calculated values fit
quite well the experimental values reported in
Table 4.

The results obtained by PHREEQC program fall
close to the equiline of 1:1, and this fact confirms
that SW_02 surface water comes from the mixing
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of groundwater outflowing from Pertuso Spring
with surface water of Aniene River (SW_01).

Ca2+ Mg2+

Date mg/I mg/l

Phreeqc SW_02 | Phreeqc SW_02
July
2014 48.45 51.20 | 12.44 12.80
November
2014 48.65 5250 | 11.61 11.80
January
2015 52.66 55.60 | 12.72  13.00
May
2015 48.41 5140 | 11.72 12.20

Table 4, lonic compositions of SW_02 and the
virtual solution made by mixing water coming from
Pertuso Spring and SW_01
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Fig. 8, Comparison between the ionic compositions
of SW_02 and the virtual solution made by mixing
water coming from Pertuso Spring and SW_01

The karst aquifer/river system has been studied
in the aim of evaluating factors, which modify the
Aniene River flow due to groundwater-surface
water interactions. Three pairs of values, related,
each one, to any sampling point, has been
considered. The main inputs are the discharge
measurements (Q,) and the Mg®* concentrations
(Cy) recorded in the Aniene River upstream Pertuso
Spring (SW_01). The secondary inputs are the
discharge rate (Qp) and the Mg®* concentrations
(Cp) recorded at Pertuso Spring. The main output
are the Aniene River discharge (Q,) and the Mg
concentrations (C,) recorded at the SW_02 gauging
station located downstream Pertuso Spring.

Thus, assuming that this is a closed system, the
SW_02 gauging station discharge values, comes
from the contribution of Pertuso Spring discharge
(Qp) to the original SW_01 gauging station
discharge value, and so it can be represented by (2):

Q=Q,+Qp 2)
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and applying to this closed system the
conservation of mass equation, it means (3):

QG +QpCp =Q,C; 3)

The n parameter (Table 5), i.e. the percentage
contributor of Pertuso Spring groundwater to total
discharge measured at the, is defined according to
(4).

n:&: (CZ_Cl) (4)

Q (Cp-C)

Thus, the discharge rate of Pertuso Spring depends
on the discharge values measured in the gauging
station located along the Aniene River upstream the
spring (Qy) and the Mg®* concentration values
recorded in groundwater and surface water samples
(C1, C, Cp) (5):

Qp=Qy - 5)
Date n n (%)
July 2014 0.780 78.0
November 2014 0.752  75.2
January 2015 0.794 794
May 2015 0.812 81.2

Table 5, n values as percentage contributor of
Pertuso Spring groundwater to total discharge
measured at the SW_02 gauging

Pertuso Spring discharge values obtained by this
indirect method are showed in Table 6.

SW_01 Pertuso Spring SW_02
Date Q Mg** Q Quig Mg?* Q Quig Mg**
(ms)  (meg/l) (m¥s) (m3s)  (meg/l) | (m’s) (m3s) (meg/l)
July 2014 0,540 1,94 1,910 1,922 0,800 2,450 2,462 1,050
November 2014 0,350 1,93 1,130 1,061 0,680 1,480 1,411 0,990
January 2015 0,410 2,07 1,510 1,577 0,810 1,920 1,987 1,070
May 2015 0,501 2,02 2,225 2,164 0,767 2,747 2,664 1,003

Table 6, Magnesium content and discharge values obtained by current-meter and Magnesium tracer method
(Q": discharge values obtained by current meter method; Q" discharge values obtained by the difference

between the values measured with the current meter in SW_01 and SW_02)

The relationship between Mg®* concentration and
karst spring discharge values obtained with this
combined Magnesium-discharge tracer approach is
represented in Fig. 9.
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follow a linear trend, highlighting that the
increasing contribution of Pertuso Spring flow rate
is responsible of Mg®* concentration values
decreasing. Data, referred to November 2014
monitoring campaign, have to be considered as an
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Fig. 9, Relationship between the Mg* concentration
and Pertuso Spring discharge values obtain with the
combined Magnesium-discharge tracer approach

The Mg? vs Q scatter plots diagram shows that all
plotted points, except for November 2014 data,
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Rainfall ——Mg

Fig. 10, Relationship between Mg®* concentration
and rainfall (Trevi nel Lazio meteorological
station)
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This lower Mg* concentration measured at
November 2014 can be related to a high
precipitation rate, recorded at Trevi nel Lazio
meteorological station, five days before the
sampling date (Fig. 10), which could have
influenced, lowering it, especially Mg**
concentration in surface water, flowing in SW_01.
As a matter of fact, because of great amounts of
precipitation, most part of surface waters flowing in
rivers are made by run-off in comparison with ones
coming from springs, from which rivers start. And
so it could have happened in this case.

4 Conclusion

This paper dealt with the assessment of the
interactions between karst aquifer feeding Pertuso
Spring and Aniene River surface waters on the
basis of stream discharge measurements and water
geochemical tracers data in the aim to set up an
inversed model, which allows to estimate
groundwater flow coming out from Pertuso Spring,
starting  from  surface  water  discharge
measurements and geochemical waters
characterization. These preliminary results, carried
out in a pilot area, sited in the karst aquifer,
outcropping in the Upper Valley of Aniene River,
show that, for this karst system, it is possible to
have a reliable evaluation of Pertuso spring
discharge, by the elaboration of surface water
discharge measurements in relationship with Mg**
concentration  values, determined as for
groundwater, coming from Pertuso Spring, as for
surface water sample, taken upstream and
downstream of Pertuso Spring, along Aniene River
streaming. Although it is subject to some
uncertainties, the Mg?" concentration, as an
environmental tracer, provides a mean to predict
discharge evaluation of Pertuso Spring, due to the
mixing of surface water and groundwater and,
provides information on changes in water quantity
and quality.
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Abstract: - This paper deals with the results of the first year of the Environmental Monitoring Plan, related to
the catchment project of Pertuso Spring, which is going to be exploited to supply an important water network in
the South part of Roma district. The study area is located in the Upper Valley of the Aniene River (Latium,
Central Italy), in the outcrop of Triassic-Cenozoic carbonate rocks, and belong to an important karst aquifer.
Pertuso Spring is the main outlet of this karst aquifer and is the one of the most important water resource in the
southeast part of Latium Region, used for drinking, agriculture and hydroelectric supplies. Karst aquifer
feeding Pertuso Spring is an open hydrogeological system aquifer characterized by complex interactions and
exchanges between groundwater and surface water which influence the aquifer water budget. Thus, evaluation
of groundwater discharge from this karst spring can be affected by difficulties in performing measurements
because of the insufficient knowledge about water transfer processes in the hydrological cycle and geometry of
drainage conduits.

The aim of this paper is to assess the interactions between karst aquifer feeding Pertuso Spring and Aniene
River based on stream discharge measurements and water geochemical tracer data in order to validate an
indirect method for karst spring discharge evaluation. As a matter of fact, in this paper, there are presented the
results of the application of Magnesium as a reliable tracer of karst spring discharge. This indirect method is
based on the elaboration of surface water discharge measurements in relationship with Mg?* concentration
values, determined as for groundwater, coming from Pertuso Spring, as for surface water sample, collected
upstream and downstream of Pertuso Spring, along Aniene River streamflow. The application of Magnesium as
an environmental tracer provides a means to evaluate discharge of Pertuso Spring, as it came up to be a marker
of the mixing of surface water and groundwater. On the other hand, the Magnesium ion concentration provides
information for the identification of groundwater flow systems and the main hydrogeochemical processes
affecting the composition of water within the karst aquifers.

Key-Words: - Aniene River, carbonate aquifer, groundwater, karst spring discharge, Magnesium tracer, Pertuso
Spring

1 Introduction dissolution of carbonate minerals. Therefore,
Most of part of groundwater in the southeast part of quantification of karst spring discharge and water
Latium Region, as in the whole Apennine budget formulation requires defining the karst
Mountains chain [1] is stored in karst aquifers. network geometry, which is not, every time,
The increasing of anthropogenic activities and measurable with reliability [8]. _
the impacts of climate change are identified to be As a matter of fact, the complex hydrological
responsible of karst groundwater depletion [2]-[3]. behavior, on one hand, the high heterogeneity of
Thus, groundwater exploitation in karst aquifers hydraulic properties [9]-[10], on the other one, make
requires special management strategies to prevent data collection ~about Kkarst networks and
their quality and quantity depletion and to support groundwater very difficult, and the water budget
decision-making for water resources management evaluation is very often too much uncertain. For this
[4]-[5]. reason, environmental tracer are useful tools to
In karst aquifers, the fast underground outflow in provide information about groundwater flow paths
the saturated zone [6]-[7] is due to the and residence times in karst aquifer systems without
heterogeneous distribution of permeability, because allowing for the specification of input locations and

there are many conduits and voids developed by the times [11]-[12].
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2 Problem Formulation
Environmental tracers are natural and anthropogenic
chemical and isotopic substances that can be
measured in groundwater and used to understand
hydrologic properties of aquifers [13]-[14].
Environmental tracers provide information about
the flow and mixing processes of water coming
from different sources [15]-[16]. They are also
useful to point out directions of groundwater flow
and to determine origin and residence times of karst
groundwater [17]-[18]. Typical natural tracers are
major ions, trace elements, dissolved organic carbon
and water isotopes [19]-[20]. Groundwater
circulating in karst aquifer generally has great
concentrations of Calcium and Magnesium as the
result of bedrock weathering processes. Variations
of Ca®* and Mg® in groundwater chemical
compositions are used very successfully as natural
tracers in studies aiming to evaluate groundwater
residence time within the karst aquifers [17]. The
changes in Ca?* and Mg®* concentration values
mainly depend on the residence time of groundwater
in karst systems, which are controlled by the volume
and mechanism of recharge, the distance from the
recharge area and the dissolution of carbonate
minerals [21]-[22]. The dissolution kinetics of
Magnesium is longer than that of Calcium, so the
increase of the Mg*/Ca?* ratio implies the
saturation of water with calcite, highlighting long
residence time and enhanced weathering along the
groundwater flow paths [22]-[23]. The Mg content
in groundwater also depends on others parameters
such as chemical and mineralogical purity of
limestone and presence of dolomite within the rock
masses they flow across [24]. Nevertheless, the
increase in Mgz+ concentration values, and hence
Mg*/Ca?* ratio not only depend on the
dissolution/precipitation reaction of calcite and
dolomite, but also an increase in water temperature
accelerates the Kkinetics of the dissolution of
dolomite [25]-[26]. However, it has been noticed
that even in karst aquifers mainly made of
limestone, the presence of slight impurities of Mg**
in calcite can be responsible of significant changes
in Mg?*/Ca?" ratio due to a high residence time of
flowing waters [27]-[28]. Thus, environmental
tracers and hydrochemical investigation techniques
provide much information for the identification of
groundwater flow systems and the main
hydrogeochemical ~ processes  affecting  the
composition of water within the karst aquifers [28].
The analysis of the hydrogeochemical processes due
to groundwater-surface water interactions let us to
highlight the source of their mineralization and the
influence of rock masses forming the aquifer.
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2.1 Geological and
Framework

The karst aquifer feeding Pertuso Spring is located
in the Upper Valley of the Aniene River (Latium,
Central Italy), along the SW boundary of the
Simbruini Mountains, in the outcrop of Triassic-
Cenozoic carbonate rocks, locally covered by fluvial
and alluvial deposits and, at lower altitudes, by
Quaternary sediments [29]. The lithological
sequence outcropping in the Upper Valley of
Aniene River includes the North-West part of the
Lower-Middle Miocene Latium-Abruzzi carbonate
platform. The stratigraphic succession of dolomite,
dolomitic limestone and limestone is distributed
homogeneously from North to South and from East
to West in the Valley [30]. The base of the
stratigraphic series (Triassic) is widely spread
among Filettino, Aniene River Springs and Faito
Plateau. Dolomite is the dominant lithofacies,
characterized by white and gray crystalline
dolomite, with some breccia levels. Over this
geological formation, limestones and dolomites, of
Upper Cretaceous age (Sinemurian) are present, and
their immersion is concordant with the Triassic
dolomite [30]. Karst springs are numerous along the
first part of the Aniene River and form in the
Triassic dolomitic formations (Fig. 1). This karst
system is characterized by one main outlet, Pertuso
Spring, and several springs which inflow into the
Aniene River, at different points (Table 1).

Hydrogeological

Spring Altitude Average Discharge
(mas.l) (I/s)
Acqua Santa 900 65
Acqua Nera 1030 80
Fonte del Forno 950 164
Cesa degli Angeli 940 200
Radica 1110 250
Pertuso 698 1400

Table 1, Elevation and average annual discharge of the
main karst springs of Upper Valley of Aniene River [33]

Due to their lower solubility and their lower
brittleness, in comparison with  limestones,
dolomites are less fracturated than these latter ones.
As a consequence of it in the Aniene River Basin,
almost all groundwater come out where there is a
limestone-dolomite contact [29] (Fig. 1) and this
latter one is below the former one. Pertuso Spring,
the largest karst spring in South-East part of Latium
Region, is located between Filettino and Trevi nel
Lazio (FR) and belongs to the Special Area of
Conservation (SAC) of Aniene River Springs (EC
Site Code IT6050029) established under Directive
92/43/EEC (Fig. 2).
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Fig. 1, Simplified geological map of Pertuso Spring hydrogeological basin and location of Aniene River gauging sections

Pertuso Spring (elevation of 720 m as.l.) is the
main outlet of this karst aquifer and comes out
about 1 km from the confluence of Fiumata Valley
and Granara Valley [31].
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Fig. 2, Map of Special Areas of Conservation (SACs) in
the Upper Valley of Aniene River

The outflow of Pertuso Spring is located in alluvial
sediments, which cover a very thick layer made of
Cretaceous limestone (Fig. 3). Spring water is
captured for hydroelectric and drinking supplies,
after which it flows into the Aniene River.

The Pertuso Spring hydrogeological basin is
located between latitude 41° 51° to 41° 56’N and
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longitude 13° 13° to 13° 21’E and collect
groundwater coming from a 50 km? catchment area
[32] bounded by the Triassic dolomite to the NE

(Fig. 1).

@ dt Debris (Holocene)

E er Granular imestone with dolomile (Upper Crataceous)

:l g Ancient floads (Pleistocens) - de Compact fimastone with dolomite (Lower Cretaceous)

Pertuso Spring —— Foult

Fig. 3, Geological cross section showing the location of
the Pertuso Spring

Scale 1.10.000

The aquifer feeding Pertuso Spring is made, for
the most part, of Cretaceous karst limestone. The
base of the stratigraphic series is constituted by
Upper Cretaceous carbonates, made by the
alternation of granular limestone and dolomites
layers. Above these lie Quaternary fluvial and
alluvial deposits, downward pudding and Miocene
clay and shale [29] (Fig. 1).
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Fig. 4, Monthly rainfall and Pertuso Spring average rate
in the 1990 - 1999 period (Filettino meteorological
station)

Rainfall is the primary source of recharge to this
karst aquifer. Most of the recharge of Pertuso
Spring occurs through karst features such as
sinkhole, dolines, swallows holes and fractures,
which allow fast flow across the recharge zone.
Pertuso Spring discharges at an annual average rate
of 1400 I/s, based on the record from 1990 to 1999
[33], and responds rapidly to precipitation events,
with significant increases in discharge rates which
are proportional to the intensity of rainfalls (Fig. 4).
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2.2 Pertuso Spring discharge evaluation
aspects

Groundwater coming from Pertuso Spring, in the
Upper Valley of Aniene River, are collected by a
well known volume of carbonate rocks that make
up the aquifer. The most distinctive feature of
Pertuso karst spring is the branching network of
conduits that increase in size in the downstream
direction (Fig. 5).

The largest active conduit drains the groundwater
flow coming from the surrounding aquifer matrix,
the adjoining fractures and the smaller nearby
conduits [34]-[35].

This conduit network is able of discharging large
quantities of water very fastly through this karst
aquifer (up to 3 m%s).

Karst springs are generally characterized by high
and very variable discharge rate and represent the
headwaters of important surface streams. These
springs typically come out at the boundary of the
hydrogeological basin, at a location of the
minimum hydraulic head of the aquifer and
sometimes next to the elevation of the base-level
surface stream [22].
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Fig. 5, Pertuso Spring drainage gallery map with plan view of the development of karst drainage network (modified from

[33])
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Groundwater basin boundaries are not strictly
fixed, they may shift depending seasonally on the
rates of recharge [7]. Many groundwater flow paths
may route into adjacent groundwater basins causing
difficulties to identify a single closing section. In
addition, karst springs discharge is not easily
measurable by standard techniques or conventional
instruments. Sometimes channels are unsuitable for
metering the flow, being shallow, choked with
vegetation and with ill-defined banks [36]. In karst
aquifers, the drainage network typically develops in
a system of conduits that flows into a single trunk
that discharges through the spring [6]. However,
some karst aquifers may have a spread flow pattern,
related to the enlargement of fractures and smaller
conduits, located near the stream discharge
boundary, or to the collapse of an existing trunk
conduit [37].

Underflow springs are often hidden, for example by
rising in the bed of the surface stream [7].

Thus, even if in this study we have identified a
prevailing outlet section of the groundwater coming
from Pertuso Spring, there is no chance to be sure
that the whole spring contribution to Aniene River
may always flow through that cross section.
Consequently, the difficulty in measuring Pertuso
Spring discharge makes the use of the traditional
current meter method, which provides information
on stream discharge in each cross section, limited
and less reliable. Moreover, cross section
morphology and flow regime are influenced by
seasonal variations and anthropic operations, as
reported in Figure 6 and 7, related to the
monitoring campaign of July 2014 to December
2015.

Karst system dynamics are rapid, renewing most of
the storage within a hydrologic year or less, which
makes the effects of seasonal variations rapidly
observable in the spring flow regime [10].

It has been noticed in dry season, at the Pertuso
Spring outlet section, a reverse water inflow from
Aniene River that makes unreliable the current
meter measurement in that specific case. Hence, to
be sure to evaluate a reliable quantification of
Pertuso Spring discharge contribution to Aniene
River we have decided to assess it as the difference
of measured values along the river, upstream and
downstream the spring [38].

In spite of being the spring, certainly, the only
place where one can obtain information on the
functioning of the whole system and consequently
the organization of conduits and storage [10]. In
this case, data coming directly from Pertuso Spring
have been elaborated to set up an indirect model
aimed to evaluate Pertuso Spring discharge.
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Fig. 7, Pertuso Spring cross section (December 2015)

Karst hydrology requires a mix of surface water
concepts and ground water concepts [7]. For this
reason, to better understand the behavior of this
complex system and to validate discharge values
calculated, it has been included a quali-quantitative
characterization based on the Mg®* contents of
groundwater and surface water samples. As a
matter of fact, Mg®* content may generally provide
information on residence time of ground waters
within the aquifer [17] On the other hand,
groundwater which have a longer underground
flow path usually show the same properties: higher
temperatures, higher Mg®* concentrations and as a
result a remarkable Mg/Ca ratio. However, the
concentration of Mg® also depends on others

Volume 12, 2016



WSEAS TRANSACTIONS on ENVIRONMENT and DEVELOPMENT

parameters, such as chemical and mineralogical
purity of limestone and presence of dolomite within
the rock mass [24].

In this study, the Mg®* ion concentration has been
used as conservative water tracer, allowing us to
obtain an alternative discharge calculation model
based on mixing and dilution process due to
Pertuso Spring and to compare the results of this
model with those of traditional current meter
method.

2.3 Materials and Methods

This paper presents the results of the first year of
the Environmental Monitoring Plan, related to the
catchment project of the Pertuso Spring, which is
going to be exploited to supply an important civil
water network in the South part of Latium Region,

G. Sappa, F. Ferranti, F. M. De Filippi

Central Italy. The experimental data, corresponding
to the period July 2014 - May 2015, were obtained
from field investigations and from chemical
analyses performed in laboratory. Water samples
were collected from three sampling points within
the study area, i.e. one from Pertuso Spring, two on
gauging stations located along the Aniene River,
respectively, upstream (SW_01) and downstream
(SW_02) the spring (Fig. 1).

Field investigations included in situ measurements
of pH, temperature, electric conductivity (HANNA,
Model HI19813-6) and redox and dissolved oxygen
(HACH, Model LDO10101). Water samples were
filtered by 0.45 um cellulose filters and stored at 4
°C until analysis in the Geochemical Laboratory of
Sapienza University of Rome [39].

T EC OD Eh
Sample Date °C) pH (uslem) (mg/l) (mv)
July 2014 7.4 322 11.7 112
. November 2014 8.0 7.2 300 106 111
Pertuso Spring
January 2015 6.9 410 10.3 481
May 2015 108 300 103 243
July 2014 113 83 422 9.7 74
November 2014 7.7 8.3 360 10.7 89
SW_01
- January 2015 7.3 340 11.3 435
May 2015 10.7 9.6 390 9.8 212
July 2014 7.8 352 109 66
November 2014 7.3 7.6 320 106 78
SW_02
January 2015 6.9 270 109 449
May 2015 8.1 280 104 210

Table 2, Summary of T, pH, electric conductivity, dissolved oxygen and redox potential of water samples

Sample Date Ca Mg Na K HCO; ClI NO; SO,
(mg/l) (mg/l) (mg/) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l)
July 2014 489 977 191 050 210 354 092 239
. November 2014 51.0 832 183 032 216 348 115 241

Pertuso Spring
January 2015 533 9.89 205 045 206 366 111 254
May 2015 490 933 18 031 224 335 094 234
July 2014 534 236 248 035 87 416 106 287
November 2014 54.0 235 259 161 89 434 126 3.04
SW_01 January 2015 57.8 252 nd. n.d. nd. 450 123 3.18
May 2015 539 246 nd. nd. nd 412 083 290
July 2014 513 128 2.01 0.18 72 366 096 250
SW 02 November 2014 524 120 111 0.44 72 3.72 114 256
- January 2015 55.6 13.0 n.d. n.d. nd. 417 109 273
May 2015 514 122 nd. nd. nd. 353 086 247

Table 3, Summary of major ions of water samples (n.d.= not determined)
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Major ions were determined by ion
chromatography (IC) by a 761 Professional IC
Metrohm (reliability +2%). A Metrosep C2-150
column was used for determining major cations
(Ca**, Mg, Na*, K*), whereas major anions (CI’,
NO;, SO,%) were determined by Metrosep A sup
4-250 column (accuracy 2-5%). Bicarbonate
(HCO3) was determined by titration with 0.1 N
HCI (reliability £2%).

A statistical summary of the major physico-
chemical parameters is shown in Table 2 and 3.

The geochemical modeling program PHREEQC
v3.0 [40], implemented with the thermodynamic
dataset phreeqc.dat, was used to study mixing of
groundwater and surface water to understand
spatial and temporal patterns of mixing during base
flow conditions.

The discharge measurements were carried out
along the Aniene River, upstream (SW_01) and
downstream (SW_02) Pertuso Spring, by the
application of traditional current meter. According
to the U.S. Geological Survey (USGS) procedure,
stream discharge is calculated as the product of the
cross section area by the average stream flow
velocity in that cross section obtained using a
current meter [41]-[42]. The main equipment
needed to measure the stream flow velocity is a
SEBA horizontal axis current meter F1, having a
propeller diameter of 80 mm which, combined with
SEBA Z6 pulse counter, allows to measure velocity
between 0,025 m/s and 10 m/s. The SEBA current
meter has been used as rod equipment with tail
plane for best positioning to the flow direction. For

G. Sappa, F. Ferranti, F. M. De Filippi

each measurement point, flow velocity is
determined counting the number of spins of the
meter rotor during a fixed interval of time. Thus, in
order to assess any fluctuations due to the
turbulence condition and, also, to avoid accidental
measurement errors, velocity has been measured
for at least 60 seconds, according to EN ISO
748:2007 requirements [42]. This current meter
method gives the local water velocity in each
vertical following the application of a calibration
equation between stream velocity, v (cm/s) and the
number of spins, n (s?) (1).

v=0.82+33.32:n (1)

3 Problem Solution

In order to establish the groundwater discharge
pattern, hydrochemical data and discharge
measurements were used in the study.

Ca®*, Mg®* and HCO; represent more than 80%
of the dissolved solids in water samples and are
influenced by the dissolution of carbonate minerals,
forming limestone, which are the most dominant
formations outcropping in the study area.

As a consequence of their flowing in a karst
aquifer, all these water samples came out to be rich
in Ca-Mg-HCO; as it is represented by Piper
diagram (Fig. 8), but water samples coming from
SW_01 gauging station present higher values of
concentration in Mg®*, while those coming from
Pertuso Spring are definitely poorer in it, and show
a clear composition of Ca-HCO; water type.

Legend

A PSuuia

B PSnowua

C PSjanis

H PSMaylS

A SWOLyy4

B SWOlyovia
SWO023y114
SWO02yov14

/N
AVAVSAN

TAVAVAVAVA
(NININININ/N/N

Fig.8, Piper diagram showing the hydrochemical facies of surface and groundwater in the karst aquifer feeding Pertuso

Spring
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These hydrochemical facies highlight that
carbonate weathering processes (e.g. calcite and
dolomite) are the most important factors of the
observed water type.

Box plot for Mg®* in groundwater and surface
water is presented in Fig. 9. Following
differentiation of Magnesium content along the
Aniene River, we observed a 47% decrease in
Mg**concentration in surface water downstream
Pertuso Spring (SW_02) with respect to
Mg*“concentration measured in SW_01 (23.6
mg/l).
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Fig.9, Box plot of Mg?* concentration in groundwater
and surface water
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Fig.10, Mg®* versus Mg?**/Ca?* ratio in groundwater and
surface water

The scatter plots diagram for Mg*/Ca*" ratio
(Fig. 10) shows that the increase in Mg*
concentrations in surface water, upstream the
Pertuso Spring, and hence Mg/Ca ratio may be due
to the weathering of Mg-rich Triassic dolomites,
where dolomitic limestones and dolomites are the
most dominant formations in this area. For Pertuso
Spring groundwater, the high Mg/Ca ratios (~0.5)
mainly depend on the residence of water in the
karst system, highlighting long residence time and
enhanced weathering along the groundwater flow
paths of low-Mg calcite.
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As a consequence of these properties water
samples taken in SW_02 gauging station,
downstream Pertuso Spring, present chemical
composition typical of mixing of these two
different kinds of waters (Fig. 11).

Dolomite dissolution

8o

(Calcite+Dolomite) dissolution

Calcite dissolution

HCO3 (meq/l)

# Pertuso Spring ¢ SW_01 ©SW_02

Fig.11, Mg®*/Ca®" ratio versus HCOs in groundwater and
surface water

As a matter of fact, the highest Mg®*/Ca®* ratio in
water sampled has been recorded in dolomite
outcropping (SW_01: Mg*/Ca®* ~ 0.7), with
medium value at SW_02 gauging station
(Mg*/Ca** ~ 0.4). On the other hand, the lowest
value of this ratio in groundwater has been
observed in Cretaceous limestone area (Pertuso
Spring: Mg®*/Ca®* ~ 0.3) (Table 4).

Mg?*/Ca?* F;e”.uso SW Ol  SW 02
pring
July 2014 0.329 0.728 0.411
November 2014 0.269 0.717 0.377
January 2015 0.306 0.719 0.385
May 2015 0.314 0.752 0.391

Table 4, Mg®*/Ca”" ratio from Pertuso Spring and
Aniene River gauging station

Aniene River discharge was measured during the
hydrological year 2014-2015, in order to cover the
range of seasonal conditions characteristics of this
complex hydrogeological system. Measurements,
e.g. by current meter, were carried on in two
gauging stations located upstream (SW_01) and
downstream (SW_02) Pertuso Spring (Table 5).

They are represented, in Table 5, discharge values
recorded in SW_01 and SW_02 gauging stations all
over the hydrological year. It can be noticed that
the average discharge value referred to SW_01
gauging station can be well compared with the total
average discharge coming from of the most
important karst springs outcropping in the Upper
Part of Aniene River (Table 1). Thus, the source of
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Mg concentration values in Aniene River water
upstream Pertuso Spring (SW_01) is the dissolution
of Magnesium rich minerals in Triassic dolomites,
sited in north-east part of the Pertuso Spring
hydrogeological basin. Along the Aniene River,
this decrease in Mg* concentration values is
related to an increase in stream flow discharge.
SW_02 surface water is the product of the
confluence of groundwater coming from Pertuso
Spring into the Aniene River (SW_01). As a matter
of fact, Aniene River water, which is characterized
by water with higher Magnesium concentration
values, is affected in its chemical composition by
Pertuso Spring groundwater inflowing, and this
influence can be measured by Mg?* concentration
values variability along the river downstream.

Q (m’fs) SW 01  SW 02
July 2014 0.540 2.450
November 2014 0.350 1.480
January 2015 0.410 1.920
May 2015 0.501 2.747

Table 5, Results of mean discharge values obtain by
current meter method, upstream (SW_01) and
downstream (SW_02) Pertuso Spring

Using PHREEQC program it has been
calculated the speciation of an agueous solution of
a virtual composed water sample made of the
mixing of water coming from Pertuso Spring and
SW_01 gauging station. To have the mixed virtual
sample composition any source sample, Pertuso
Spring and SW_01 gauging station, has been
multiplied in its chemical component for their own
contribution fraction in SW_02 gauging station
discharge.

Mg”* (mg/l)

Percent

Date Phreeqc SW_02 difference
(%)
July 2014 12.44  12.80 3
November 2014 | 11.61  11.80 2
January 2015 1272 13.00 2
May 2015 1172 12.20 4

Table 6, Magnesium concentration of SW_02 and the
virtual solution made by mixing water coming from
Pertuso Spring and SW_01

Figure 12 shows that the calculated values fit
quite well the experimental values reported in
Table 6. The results obtained by PHREEQC
program fall close to the equiline of 1:1, and this
fact confirms that SW_02 surface water comes
from the mixing of groundwater outflowing from
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Pertuso Spring with surface water of Aniene River
(Sw_01).
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Fig. 12, Comparison between the ionic compositions of
SW_02 and the virtual solution made by mixing water
coming from Pertuso Spring and SW_01

The karst aquifer/river system has been studied
in the aim of evaluating factors, which modify the
Aniene River flow due to groundwater-surface
water interactions. Three pairs of values, related,
each one, to any sampling point, has been
considered. The main inputs are the discharge
measurements (Q,) and the Mg®* concentrations
(Cy) recorded in the Aniene River upstream Pertuso
Spring (SW_01). The secondary inputs are the
discharge rate (Qp) and the Mg®* concentrations
(Cp) recorded at Pertuso Spring. The main output is
the Aniene River discharge (Q,) and the Mg*
concentrations (C,) recorded at the SW_02 gauging
station located downstream Pertuso Spring.

Thus, assuming that this is a closed system, the
SW_02 gauging station discharge values, comes
from the contribution of Pertuso Spring discharge
(Qp) to the original SW_01 gauging station
discharge value, and so it can be represented by (2):

Q=Q+Qp (2)

and applying to this closed system the
conservation of mass equation, it means (3):

QiC1 +QpCp = Q0 3)

The n parameter (Table 7), i.e. the percentage
contributor of Pertuso Spring groundwater to total
discharge measured at the, is defined according to

(4).
n= & = M (4)
Q (Cp-Cy)
Thus, the discharge rate of Pertuso Spring depends
on the discharge values measured in the gauging
station located along the Aniene River upstream the
spring (Q,) and the Mg®* concentration values
recorded in groundwater and surface water samples
(C1, Co, Cp) (5):
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Op =0, I (5)
1-n
Date n n (%)
July 2014 0.780 78.0
November 2014 0.752 75.2
January 2015 0.794 79.4
May 2015 0.812 81.2

Table 7, n values as percentage contributor of Pertuso
Spring groundwater to total discharge measured at the
SW_02 gauging

G. Sappa, F. Ferranti, F. M. De Filippi

Pertuso Spring discharge values obtained by this
indirect method are showed in Table 8.

The relationship between Mg®" concentration and
karst spring discharge values obtained with this
combined Magnesium-discharge tracer approach is
represented in Fig. 13.

SW_01 Pertuso Spring | SW_02
Date Q Mg** Q" Quig Mg™ Q Qu Mg**
(m’/s)  (meq/l) (m’/s) (m’/s) (meq/!) | (m*s) (m/s) (meq/l)
July 2014 0.540 1.94 1.910 1.922 0.800 2450  2.462 1.050
November 2014 0.350 1.93 1.130 1.061 0.680 1.480 1.411 0.990
January 2015 0.410 2.07 1.510 1.577 0.810 1.920 1.987 1.070
May 2015 0.501 2.02 2.225 2.164 0.767 2.747  2.664 1.003

Table 8, Magnesium content and discharge values obtained by current-meter and Magnesium tracer method (Q : discharge
values obtained by current meter method; Q : discharge values obtained by the difference between the values measured
with the current meter in SW_01 and SW_02)

Q=-12.073 Mg*" +
R?=0.848

B
o
11.453
o

November 2014
.

0.75
Mg (mg/l)

0.65 0.85

Fig. 13, Relationship between the Mg concentration
and Pertuso Spring discharge values obtain with the
combined Magnesium-discharge tracer approach

The Mg*" vs Q scatter plots diagram shows that all
plotted points, except for November 2014 data,
follow a linear trend, highlighting that the
increasing contribution of Pertuso Spring flow rate
is responsible of Mg*" concentration values
decreasing. Data, referred to November 2014
monitoring campaign, have to be considered as an
outlier (Fig. 14).

This lower Mg”* concentration measured at
November 2014 can be related to a high
precipitation rate, recorded at Trevi nel Lazio
meteorological station, during the five days before
the sampling date (Fig. 14), which could have
influenced, lowering it, the Mg*" concentration in
groundwater.
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Fig. 14, Relationship between Mg*" concentration in
Pertuso Spring groundwater and rainfall (Trevi nel Lazio
meteorological station)

4 Conclusion

This paper dealt with the assessment of the
interactions between karst aquifer feeding Pertuso
Spring and Aniene River surface waters on the
basis of stream discharge measurements and water
geochemical tracers data in the aim to set up an
inversed model, which allows to estimate
groundwater flow coming out from Pertuso Spring,
starting ~ from  surface  water  discharge
measurements and geochemical waters
characterization. These preliminary results, carried
out in a pilot area, sited in the karst aquifer,
outcropping in the Upper Valley of Aniene River,
show that, for this karst system, it is possible to
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have a reliable evaluation of Pertuso spring
discharge, by the elaboration of surface water
discharge measurements in relationship with Mg
concentration  values, determined as for
groundwater, coming from Pertuso Spring, as for
surface water sample, taken upstream and
downstream of Pertuso Spring, along Aniene River
streaming. Although it is subject to some
uncertainties, the Mg? concentration, as an
environmental tracer, provides an indirect method
for discharge evaluation of Pertuso Spring, due to
the mixing of surface water and groundwater and,
provides information on changes in water quantity
and quality.
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Riassunto: Il bacino idrogeologico della parte alta del Fiume
Aniene appartiene ad un grande acquifero carsico, che intera-
gisce con il fiume e rappresenta la pilt importante risorsa idrica
nella parte sud-orientale della Regione Lazio (Italia Centrale)
usata per approvvigionamento potabile, agricolo e idroelettrico.
Il presente lavoro fornisce i dati idrogeochimici e alcune loro
interpretazioni per una sorgente e 2 sezioni di misura del Fiu-
me Aniene, monitorate da luglio 2014 a dicembre 2015 nell’Alta
Valle del Fiume Aniene. Lo scopo principale & stato quello di
definire le vie di deflusso delle acque sotterranee e i processi idro-
geochimici che governano le interazioni tra acque sotterranee e
superficiali in questa zona. Questo articolo & percid il risulta-
to di attivita eseguite per il piano di monitoraggio ambientale
nell'ambito del progetto di captazione della Sorgente Pertuso,
che sara sfruttata per rifornire un’'importante rete idrica nella
zona Sud di Roma. Sono state analizzate le misure di portata e i
dati idrogeochimici al fine di sviluppare un modello concettuale
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di interazione tra fiume e acquifero, con l'obiettivo di raggiunge-
re un corretto grado di gestione e protezione di questo importan-
te sistema idrogeologico. Tutti i campioni d’acqua sono del tipo
Ca-HCO; (bicarbonato-calcica). La modellazione geochimica e il
calcolo dell’indice di saturazione per i campioni di acqua mostra-
no che la chimica delle acque sotterranee e superficiali nell’area
di studio risente dell’interazione con i minerali carbonatici. Tut-
ti i campioni di acqua sotterranea risultano sottosaturi rispetto
alla calcite e alla dolomite, tuttavia alcuni campioni del Fiume
Aniene sono saturi rispetto alla dolomite. Lanalisi dei rapporti
Mg?*/Ca?" indica che la dissoluzione dei minerali carbonatici
gioca un ruolo significativo nella chimica delle acque sotterranee
e superficiali, dipendendo dai processi idrogeologici che control-
lano il tempo di residenza delle acque sotterranee e gli equilibri
chimici nell’acquifero.

Abstract: The Upper Aniene River basin is part of a large karst
aquifer, which interacts with the river, and represents the most impor-
tant water resource in the southeast part of Latium Region, Central
Italy, wsed for drinking, agriculture and hydroelectric supplies. This
work provides hydrogeochemical data and their interpretations for 1
spring and 2 cross section of Aniene River, monitored from_July 2014 to
December 2015, in the Upper Valley of Aniene River, to identify flow
paths and hydrogeochemical processes governing groundwater-surface
water interactions in this region. These activities deal with the Envi-
ronmental Monitoring Plan made for the catchment work project of the
Pertuso Spring, in the Upper Valley of Aniene River, which is going to
be exploited to supply an important dyrinking water network in the South
part of Rome distvict. Discharge measurements and hydrogeochemical
data were analyzed to develop a conceptual model of aquifer-river in-
teraction, with the aim of achieving proper management and protection
of this important hydrogeological system. All groundwater samples are
characterized as Ca-HCOj3 type. Geochemical modeling and satura-
tion index computation of the water samples show that groundwater
and surface water chemistry in the study area was evolved through the
interaction with carbonate minevals. All groundwater samples were
undersaturated with respect to calcite and dolomite, however some of
the Aniene River samples were saturated with respect to dolomite. The
analysis of Mg /Ca® ratios indicates that the dissolution of carbonate
minerals is important for groundwater and surface water chemistry,
depending on the hydrological processes, which control the groundwater
residence time and chemical equilibria in the aquifer.
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Introduction

Most of groundwater in the southeast part of Latium
Region, as in the whole Apennine Mountains chain, is stored
in karst aquifers. Karst groundwater depletion is mostly due
to the increasing of anthropogenic activities and the impacts
of climate change (Guo et al. 2005, Sappa et al. 2013).
Thus, groundwater exploitation in karst aquifers requires
special management strategies to prevent their quality and
quantity depletion and to support decision-making for
water resources management (Sappa et al. 2013, Foster et
al. 2013). In karst aquifers, the fast underground outflow in
the saturated zone (White 1969, White 2002) is due to the
heterogeneous distribution of permeability (Zwahlen 2004,
Bakalowicz 2005), because there are many conduits and voids
developed by the dissolution of carbonate minerals. Therefore,
quantification of karst spring discharge and water budget
formulation requires defining the karst network geometry,
which is not, every time, measurable with reliability
(Cherubini et al. 2008).

For this reason, environmental tracers are useful tools
to provide information about groundwater flowpaths and
residence times in karst aquifers without allowing for the
specification of input locations and times (Clark and Fritz
1997, Mazor 2004).

Environmental tracers provide information about the
flow and mixing processes of water coming from different
sources (Guida et al. 2013). They are also useful to point
out directions of groundwater flow and to determine origin
and residence times of karst groundwater (Batiot et al. 2003,
Sappa et al. 2015a, 2015b). Typical natural tracers are major
ions, trace elements, dissolved organic carbon and water
isotopes (Hunkeler and Mudry 2007, Leibundgut et al. 2009).
Groundwater circulating in karst aquifer generally has great
concentrations of Calcium and Magnesium as the result of
bedrock weathering processes. Variations of Ca?* and Mg?*
in groundwater are used very successfully as natural tracers in
studies aiming to evaluate groundwater residence time within
the karst aquifers (Batiot et al. 2003). The changes in Ca?* and
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Mg?* concentration values mainly depend on the residence
time of groundwater in karst systems, which are controlled
by the volume and mechanism of recharge, the distance from
the recharge area and the dissolution of carbonate minerals
(Langmuir 1971, White 1988). The dissolution kinetics of
Magnesium is longer than that of Calcium, so the increasing
Mg2+/Ca2+ ratio implies the saturation of water with calcite,
highlighting long residence time and enhanced weathering
along the groundwater flow paths (White 1988, Edmunds et
al. 1987). The Mg2+ content in groundwater also depends on
other parameters such as chemical and mineralogical purity
of limestone and presence of dolomite within the rock masses
they flow across (Mudarra and Andreo 2011). Nevertheless,
the Mg?* concentration increase and hence
Mg?*/Ca®* ratio depend not only on the dissolution/
precipitation reaction of calcite and dolomite. In fact, a faster
dissolution of dolomite may be due to an increasing in water
temperature (Herman and White 1985). Thus, environmental
tracers and hydrochemical investigation techniques provide
much information about groundwater flow systems and the
main hydrogeochemical processes affecting the composition
of groundwater within the karst aquifers (Tooth and Fairchild
2003) and their interaction with surface water.

values

Geological and hydrogeological setting

Karst aquifer feeding Pertuso Spring is located in the Upper
Valley of the Aniene River (Latium, Central Italy), along the
SW boundary of the Simbruini Mountains, in the outcrop of
Triassic-Cenozoic carbonate rocks, locally covered by fluvial
and alluvial deposits and Quaternary sediments (Ventriglia
1990). The stratigraphic succession of dolomite, dolomitic
limestone and limestone is distributed homogeneously in the
Valley (Damiani 1990). Dolomite is the dominant lithofacies,
characterized by white and gray crystalline dolomite, with
some breccia levels. Over this geological formation, limestones
and dolomites of Upper Cretaceous age are present, and their
immersion is concordant with the Triassic dolomite (Damiani
1990). Karst springs are numerous along the first part of the

[ white and yellow granular limestone
[ Compact limestone with dolomite
B3 Compact limestone and dolomitic limestone

Major Springs in the Upper Valley of Aniene River
.

Fig. 1 - Simplified geological map of Pertuso Spring hydrogeological
basin and location of Aniene River gauging sections.
Fig. 1 - Carta geologica semplificata del bacino idrogeologico

della sorgente Pertuso e posizione delle stazioni di misura lungo
il fiume Aniene.
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Aniene River and rise in the Triassic dolomitic formations
(Fig.1).

This karst system is characterized by one main outlet,
Pertuso Spring, and several springs which inflow into the
Aniene River, at different points (Tab.1).

Due to their lower solubility and their ductility, dolomites
are less fractured than limestone. As a consequence of it in the
Aniene River Basin, almost all groundwater come out, where
there is a limestone-dolomite contact (Ventriglia 1990) (Fig.1)
and this latter one is below the former one.

Pertuso Spring (elevation of 698 m a.s.l.) is located between
Filettino and Trevi nel Lazio (FR) and belongs to the Special
Area of Conservation (SAC) of Aniene River Springs,
established under Directive 92/43/EEC. This spring is the
main outlet of this karst aquifer and comes out of alluvial
sediments, covering a very thick layer made of Cretaceous
limestone (Cipollari et al. 1995). The spring water is partially
caught for hydroelectric and drinking supplies, whereas the
remaining part directly flows into the Aniene River. The
Pertuso Spring hydrogeological basin collects groundwater
coming from a 50 km? catchment area (Sappa and Ferranti
2014) bounded by the Triassic dolomite to the NE (Fig.1).

This aquifer is made, for the most part, of Cretaceous karst
limestone. The base of the stratigraphic series is made of
Upper Cretaceous carbonates, represented by the alternation
of granular limestone and dolomites layers. Above these
ones Quaternary fluvial and alluvial deposits lie, downward
pudding and Miocene clay and shale (Ventriglia 1990).
Rainfall is the primary source of recharge to this karst aquifer,
feeded fastly through karst features such as sinkhole, dolines,
swallow holes and fractures (Bono and Percopo 1996).

Pertuso Spring reacts very fastly to precipitation events,
with significant increases in discharge rates, which are
proportional to the intensity of rainfalls. Groundwater coming
from Pertuso Spring is collected within an aquifer mostly
made by a well-known volume of carbonate rocks (White
2002). The most distinctive feature of Pertuso karst spring
is the branching network of conduits that increases in size in
the downstream direction (Fig.2). The largest active conduit
drains the groundwater flow coming from the surrounding
aquifer matrix, the adjoining fractures and the smaller nearby
conduits (White and White 1989). This conduit network is
able to rapidly discharge large quantities of water through
this karst aquifer (up to 3 m>/s).

Tab. 1 - Main karst springs of Upper Valley of Aniene River (ACEA ATO 2 S.p.A.,
unpublished data, 2005).

Tab. 1 - Principali sorgenti carsiche dell’Alta Valle dell’ Aniene (ACEA ATO 2
S.p.A., dati non pubblicati, 2005).

Spring Altitude (m a.s.l.) | Average discharge (L/s)
Acqua Santa 900 65
Acqua Nera 1030 80
Fonte del Forno 950 164
Cesa degli Angeli 940 200
Radica 1110 250
Pertuso 698 1400

Acque Sotterranee - [talian Journal of Groundwater (2016) - AS18- 224: 49 - 57

Fig. 2 - Plan view of the development of Pertuso Spring karst drainage network (modi-
Jied from ACEA ATO 2 S.p.A., unpublished data, 2005 ).

Fig. 2 - Sviluppo planimetrico della rete carsica della Sorgente Pertuso (modi-
ficata da ACEA ATO 2 S.p.A., dati non pubblicati, 2005).

Materials and Methods

This paper presents part of the results of more than one year
of monitoring of the Environmental Monitoring Plan, related
to the catchment project of the Pertuso Spring. Water samples
have been collected from three sampling points within the
study area, i.e. one from Pertuso Spring, the others from two
gauging stations located along the Aniene River, respectively,
upstream (SW_01) and downstream (SW_02) the spring
(Fig.1). These gauging stations belong to the monitoring
network set up for the Environmental Monitoring Plan in
agreement with the Ministerial Decree 260/2010, chosen to
focus on the sensitive connections between surface water and
groundwater (Sappa and Ferranti 2014). According to the
Environmental Monitoring Plan, groundwater and surface
water have been monitored seasonally (4/year) with the aim
of set up the hydrogeological conceptual model of the karst
aquifer (Sappa and Ferranti 2014).

The experimental data, referred to the period July 2014
- December 2015, were obtained from field investigations
and from chemical laboratory analyses. Water temperature,
electrical conductivity and pH values were determined in
field using HANNA HI9813-6 waterproof hand-held meter
(Hanna Instruments, Woonsocket, RI, USA). Geochemical
analyses were carried out at the Geochemical Laboratory of
Sapienza University of Rome. Water samples were filtered
through cellulose filters (0.45 pm), and their major and
minor constituents were determined by ion chromatography
(IC) by a 761 professional IC Metrohm (reliability +2%)
(Metrohm, Herisau, Switzerland). Bicarbonate (HCO3") was
determined by titration with 0.1 N HCI (reliability +2%). A
statistical summary of the major physicochemical parameters
is shown in Tab.2.

The geochemical modeling program PHREEQC, version
3.0 (Parkhurst and Appello 1999), implemented with the
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Tab. 2 - Summary statistics for in situ measurements of physicochemical parameters and chemical concentrations of constituents of water samples (ions in mg/L, electrical conductiv-

ity in uSlem, T in °C, hardness in °F).

Tab. 2 - . Statistica riassuntiva dei parametri fisico-chimici misurati in situ e delle concentrazioni chimiche dei campioni d’acqua (ioni in mg/L, conduttanza

elettrica in pS/cm, T in °C, durezza in °F).

oo . SW_01 ' Pertuso spring ' SW_02

Min Max Mean Min Max Mean Min Max Mean
Ca? 53.4 57.8 55.0 489 53.3 50.8 513 55.6 52.7
Mg 23.6 25.2 24.4 83 10.4 9.5 12.0 14.7 129
Na* 23 2.6 2.4 1.8 2.0 1.9 2.0 2.3 2.1
K* 0.4 0.5 0.4 0.3 0.5 0.4 0.3 0.7 0.43
HCO; 281.8 302.6 290.6 206.0 238.0 218.8 218.4 2355 225.7
SO4> 29 3.2 3.0 23 25 2.4 25 27 2.6
Cl 3.8 4.5 4.2 33 3.7 35 33 4.2 3.7
NO;5 0.8 1.3 1.1 09 1.2 1.0 09 1.1 1.0
T 5.8 11.3 8.56 8.0 9.5 8.5 6.7 10.7 8.3
pH 8.0 8.5 8.4 7.8 8.0 79 8.1 8.2 8.2
EC 356.0 395.0 3844 283.0 291.0 288.0 294.0 317.0 310.2
Hardness 23.1 24.8 23.8 16.1 174 16.6 179 19.3 18.5

thermodynamic dataset wateq4f.dat, was employed to assess
the state of equilibrium among groundwater, surface water
and carbonate minerals present in terms of saturation index.
The saturation index (SI) indicates the chemical equilibrium
potential between water and minerals and the tendency for
water-rock interaction (Wen et al. 2008). Negative values
of SI highlight that water samples are undersaturated with
respect to a particular mineral, indicating the possibility
of mineral phase dissolution by groundwater and, thus, a
potential source of constituents. Likewise, SI>0 reflects the
oversaturated state, showing the possibility of mineral phase
precipitation, thus limiting the constituent concentration.
SI=0 represents the mineral phase equilibrium state. The
discharge measurements were carried out along the Aniene
River, upstream (SW_01) and downstream (SW_02) Pertuso
Spring, by the application of traditional current meter.
According to the U.S. Geological Survey (USGS) procedure,
stream discharge has been calculated as the product of the
cross section area by the average stream flow velocity in the
cross section obtained using a current meter (US EPA Region
6 2003, BS EN ISO 2007). The main equipment needed to
measure the stream flow velocity is a SEBA horizontal axis
current meter F1 (SEBA Hydrometrie GmbH & Co. KG,
Kaufbeuren, Germany), having a propeller diameter of 80
mm which, combined with SEBA Z6 pulse counter, allows to
measure velocity between 0.025 m/s and 10 m/s. The SEBA
current meter has been used according to EN ISO 748:2007
requirements (BS EN ISO 2007). This current meter method
gives the local water velocity in each vertical following the
application of a calibration equation between stream velocity,
v (cm/s) and the number of spins, n (s-1) (1).

v=0.82+33.32n @
Results and Discussion

In order to establish the groundwater discharge pattern,
hydrochemical data and discharge measurements were used
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in this study. Ca**, Mg?* and HCOj;™ represent more than
80% of the dissolved solids in water samples and these
concentrations are influenced by the dissolution of carbonate
minerals, forming limestone, which are the most dominant
formations outcropping in the study area. The hydrochemical
facies of groundwater and surface water were studied by
plotting the concentrations of major cations and anions in the
Piper trilinear diagram (Fig.3) (Piper 1944).
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Fig. 3 - Piper plot for hydrochemical facies classification of groundwater and surface
water.

Fig. 3 - Diagramma di Piper per la classificazione in facies idrochimiche delle
acque sotterranee e superficiali.

Based on the dominance of major cationic and anionic
species two hydrochemical facies have been identified: i) Ca-
Mg-HCO; and ii) Ca-HCOj;. These results are due to the
presence of limestone, dolomitic limestones and dolomites
outcropping in the study area. Water samples coming from
SW_01 gauging station present higher values of concentration
in Mg?*, while those coming from Pertuso Spring are
definitely poorer in it, and show a clear composition of Ca-
HCO3 water type (Fig.3). The different hydrochemical
facies between groundwater and surface water are visible in
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the high concentration of Mg?* in the Aniene River. These
hydrochemical facies highlight that carbonate weathering
processes (e.g. calcite and dolomite) are the most important
factors of the observed water type.

Thus, the scatter plot of (Ca2++Mg2+) versus (SO42'+HCO3')
was prepared to identify the ionic exchange and weathering
processes (Fig.4). As shown in Fig.4, all surface water samples
are close to the 1:1 equiline suggesting that those ions have
resulted from weathering of carbonates. However, water
samples from Pertuso Spring are clustered under the 1:1 line
indicating ion exchange.

To study the difference in Mg?* content between
groundwater and surface water, a ternary diagram of cations
(Ca?, Mg2+ and Na'+K") (Edmunds et al. 1987) was used
to highlight how the weathering type processes influence the
enrichment in Magnesium (Fig.5).
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Fig. 4 - Scatter diagram of (Ca’*+ Mg**) versus (SO, +HCO5").
Fig. 4 - Diagramma a dispersione di (Ca>*+Mg?*) versus (SO4* +HCO5).

As shown in Fig.5 all samples are placed along the Ca®*-
Mg?* side of the diagram, these groundwater samples are
very poor in Na* and K*. The higher Mg?* concentrations
in SW_01 water samples suggest an increase in residence
time and depend on the dissolution/precipitation reactions of
calcite and dolomite, which occur in the aquifer.
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Fig. 5 - Ternary diagram of cations Ca®*, Mg”* and Na*+K*. Relative concentrations
of dissolved major cations compared with the composition of local groundwater.

Fig. 5 - Diagramma ternario dei cationi Ca’*, Mg?* and Na*+K". Concentra-
zioni relative dei principali cationi disciolti in confronto alla composizione delle
acque sotterranee locali.

Based on previous studies [ACEA ATO 2 Sp.A,
unpublished data (2005)} similar results have been obtained
for other springs located in the upper part of Aniene River
coming out in the Triassic dolomite outcropping close to the
Pertuso Spring basin (Fig.0).

This hydrochemical characterization leads to a groundwater
flow pattern in which two main recharge areas are defined:
the first one in the Cretaceous limestone, feeding the Pertuso
Spring groundwater; the second one in the Triassic dolomite,
feeding the surface water upstream the spring. Saturation
indexes calculated with respect to calcite and dolomite of
Pertuso Spring and surface water are shown in Figs. 7 and 8.
All surface water samples are saturated with respect to calcite
(Fig. 7) and dolomite (Fig. 8), while all Pertuso Spring samples
are saturated with respect to calcite and undersaturated
with respect to dolomite. The saturation with respect to
calcite and dolomite reflects a great dissolution and strong
mineralization along groundwater flowpaths. The scatter
plots diagram for Mg?*/Ca®* ratio (Fig. 9) shows that the

[ Pertuso Spring Hydrogeological Basin (Cretaceous Limestone)
[T Recharge area of Aniene River karst springs (Triassic Dolomite)

Fig. G - Recharge areas of the main karst springs in the Upper Valley of
Aniene river.

Fig. 6 - Aree di ricarica delle principali sorgenti carsiche nell’Alta Valle
dell’Aniene.
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increase in Mg?* concentrations in surface water, upstream
the Pertuso Spring, and consequently Mg?*/Ca®* ratio may be
due to the weathering of Mg-rich Triassic dolomites, where
dolomitic limestones and dolomites are the most outcropping
formations in this area.

As regards Pertuso Spring groundwater, the high Mg
Ca?* ratios (~0.5) mainly depend on the residence of water
in the karst system, highlighting long residence time and

2+/

enhanced weathering along the groundwater flowpaths of
low-Mg calcite. As a consequence of these properties, water
samples taken downstream Pertuso Spring (SW_02) present
chemical composition typical of mixing of these two different
kinds of waters (Fig. 9).

As a matter of fact, the highest Mg?*/Ca?* ratio has been
recorded in water samples coming from dolomite rock masses
(SW_01~0.7), with medium value at SW_02 gauging station
(~0.4). On the other hand, the lowest value of this ratio in
groundwater has been observed in Cretaceous limestone area
(~0.3) (Tab.3).

Aniene River discharge measured during the
hydrological year 2014-2015, in order to cover the range
of seasonal conditions characteristics of this complex

was

hydrogeological system. Measurements by current meter were
carried on in two gauging stations located upstream (SW_01)
and downstream (SW_02) Pertuso Spring (Tab.4).

Tab.5 shows discharge values recorded in SW_01 and
SW_02 gauging stations all over the hydrological year. It can
be noticed that the average discharge value referred to SW_01
gauging station can be easily compared with the total average
discharge coming from the most important karst springs
outcropping in the Upper Part of Aniene River (Tab.l).
Thus, the source of Mg?* concentration values in Aniene
River upstream Pertuso Spring (SW_01) is the dissolution of
Magnesium rich minerals in Triassic dolomites, sited in the
north-east part of the Pertuso Spring basin. Along the Aniene
River, this decrease in Mg?* concentration values is related to
an increase in stream flow discharge. SW_02 surface water is
the product of the confluence of groundwater coming from
Pertuso Spring into the Aniene River (SW_01). As a matter
of fact, Aniene River water, which is characterized by water
with higher Magnesium concentration values, is affected in
its chemical composition by Pertuso Spring groundwater
inflowing, and this influence can be measured by Mg?*
concentration values variability along the river downstream.
The karst aquifer system has been studied in order to
evaluate factors which modify the Aniene River flow due to
groundwater-surface water interactions.

The main inputs are the discharge measurements (Q;) and
the Mg?* concentrations (C;) recorded upstream the spring
(SW_01). The secondary inputs are the discharge rate (Qp)
and the Mg?* concentrations (Cp) recorded at Pertuso Spring.
The main output is the Aniene River discharge (Q,) and the
Mg?* concentrations (C,) recorded at the SW_02 gauging
station located downstream Pertuso Spring.

The area under study belongs to a special protected area
in the Natural Park of Simbruini Mountains, where all the
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Fig. 7 - Saturation indexes of Calcite of groundwater and surface water.

Fig. 7 - Indice di saturazione in calcite delle acque sotterranee e superficiali.
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Fig. 8 - Saturation indexes of Dolomite of groundwater and surface water.

Fig. 8 - Indice di saturazione in dolomite delle acque sotterranee e superficiali.

4 |_Dolomite

%% %

B
(Calcite + Dolomite) Dissolution & o
. ¢

Mg™ / Ca®™

#Pertuso Spring
osW_01
osW_02

Calcite Dissolution

0 1 2 3 a 5 6 7

HCOy (megiL)
Fig. 9 - Mg?*/Ca’* ratio versus HCO5™ in groundwater and surface water.

Fig. 9 - Mg?*/Ca’* ratio versus HCO5™ nelle acque sotterranee e superficiali.

Tab. 3 - Mg*/Ca’* ratio from Pertuso Spring and Aniene River gauging station.

Tab. 3 - Rapporto Mg?*/Ca?* della sorgente Pertuso e delle sezioni di misura
del Fiume Aniene.

Mg?*/Ca?* Pertuso Spring | SW_01 | SW_02
July 2014 0328 0728 | 0410
November 2014 0.267 0.669 0.357
January 2015 0.305 0.718 0.386
May 2015 0.314 0.752 0.391
December 2015 0.332 0.741 0.458
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Tab. 4 - Mean discharge values obtain by current meter method, upstream (SW_01)
and downstream (SW_02) Pertuso Spring.

Tab. 4 - Valori della portata media ottenuti con il metodo correntometrico, a
monte (SW_01) e a valle (SW_02) della sorgente Pertuso.

Q (m?/s) SW_01 | SW_02
July 2014 0540 | 2450
November 2014 0.350 1.480
January 2015 0.410 1920
May 2015 0.501 2.747
December 2015 0.278 0931

anthropic activities are restricted and controlled. On the
basis of this hypothesis we have assumed that this system
could be considered closed. Thus, the SW_02 gauging station
discharge values, come from the contribution of Pertuso
Spring discharge (Qp) to the original SW_01 discharge value,
can be represented by (2):

Qz = Q1 + QP 2)

Applying the conservation of mass equation to this closed
system, it means (3):

QICI + QPCP = chz 3)

The n parameter (Tab.5), ie. the percentage of Pertuso
Spring groundwater contribution to total discharge measured
at SW_02 is defined according to (4).

:&: (Cz _Cl)
Qz (Cp_Cl)

Tab. 5 - Values as percentage contribution of Pertuso Spring groundwater to total dis-
charge measured at the SW_02 ganging station.

@

Tab. 5 - Valori del parametro n come contributo percentuale fornito dalle ac-
que sotterranee della sorgente Pertuso alla portata complessiva misurata nella
sezione di misura SW_02.

Date n n (%)
July 2014 0.780 78.0
November 2014 0.752 75.2
January 2015 0.794 79.4
May 2015 0.812 81.2
December 2015 0.709 709

Thus, the discharge rate of Pertuso Spring depends on the
discharge values measured in the gauging station located
along the river upstream the spring (Q;) and the Mg?*
concentration values recorded in groundwater and surface
water samples (C;, C,, Cp) (5):

n
1-n

0,=0-

®)

The Mg?* versus Q scatter plots diagram (Fig. 10) shows
that all plotted points, except for November 2014 data, follow
a linear trend, highlighting that the increasing contribution
of Pertuso Spring flow rate is responsible of the decreasing
values of Mg?* concentration. Data, referred to November
2014 monitoring campaign, have to be considered as an
outlier (Fig. 10). This lower Mg?* concentration measured in
November 2014 can be related to a high precipitation rate,
recorded at Trevi nel Lazio meteorological station, during five
days before the sampling date, which could have influenced,
by dilution, the Mg?* concentration in groundwater.

Pertuso Spring discharge values obtained by this indirect
method are showed in Tab. 6.

The relationship between Mg®* concentration and karst
obtained with this
Magnesium-discharge tracer approach is represented in Fig. 10.

spring discharge values combined

¥
May 2015 &
N
2 X
 July 2014

\
January 2015 @

Q=-17.442{Mg"] + 15,682
R'=0.9499

\

Q(m’s)

s @ November 2014 N

N

December 2015 &

Mg (meqiL)
Fig. 10 - Relationship between the Mg>* concentration and Pertuso Spring discharge
values obtained with the combined Magnesinm-discharge tracer approach.

Fig. 10 - Correlazione tra la concentrazione in Mg>* e i valori di portata della
g I
sorgente Pertuso ottenuti con 1'approccio combinato magnesio-portata.

Tab. 6 - Magnesium content and discharge values obtained by current-meter and Magnesium tracer method (Q%: discharge values obtained by current meter method: Q**: dis-
charge values obtained by the difference between the values measured with the current meter in SW_01 and SW_02).

Tab. 6 - Tenore di magnesio e valori di portata attenuti con il metodo correntometrico (Q*: valori di portata attenuti con il metodo correntometrico; Q**: valori
di portata attenuti come differenza tra I valori misurati con il metodo correntometrico nelle sezioni SW_01 e SW_02).

e SW_01 Pertuso Spring SW_02
Q* (m3/s) Mgz* (meq/L) | Q** (m3/s) QMg (m?/s) Mg2+ (meqg/L) | Q* (m3/s) QM‘g (m3/s) Mg2+ (meq/L)
July 2014 0.54 1.94 191 1.92 0.80 2.45 2.46 1.05
November 2014 0.35 193 1.13 1.06 0.68 1.48 1.41 0.99
January 2015 0.41 2.07 151 158 0.81 192 1.99 1.07
May 2015 0.50 2.02 2.23 2.16 0.77 275 2.66 1.00
December 2015 0.28 2.07 0.67 0.68 0.86 093 096 1.21
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CGonclusions

This paper dealt with the assessment of the interactions
between karst aquifers feeding Pertuso Spring and Aniene
River surface waters on the basis of stream discharge
measurements and water geochemical tracers data. The aim
was to set up an inverse model, which allowed estimating
groundwater flow coming out from Pertuso Spring, starting
from surface water discharge measurements and geochemical
waters characterization. These preliminary results, obtained
in area under study, sited in the karst aquifer outcropping in
the Upper Valley of Aniene River, show that it is possible to
have a reliable evaluation of Pertuso Spring discharge, through
the elaboration of surface water discharge measurements and
Mg?* concentration values, determined both for groundwater,
coming from Pertuso Spring, both for surface water sample,
collected upstream and downstream Pertuso Spring, along the
Aniene River. Although it is subject to some uncertainties,
the Mg?* concentration, as an environmental tracer, provides
an indirect method for discharge evaluation of Pertuso Spring
due to the mixing of surface water and groundwater, and
it provides information o n changes in water quantity and
quality.
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Pertuso Spring discharge assessment in the
Upper Valley of Aniene River (Central Italy)

G. Sappa and F. Ferranti

Abstract—Sustainable management of karst aquifers is an
important tool for the protection of these strategic water resources.
Assessing water balance in a Kkarst aquifer can be very difficult,
due to the complex interactions and exchanges between
groundwater and surface water. Therefore, measurements of
streamflow and spring discharges are useful to assess karst
aquifers available budget. Water balance calculation requires the
estimation of two main parameters: recharge (precipitation,
agriculture water, surface runoff, etc.) and discharge (underground
outflow) which are affected by the highly heterogeneous
distribution of permeability due to conduits and voids developed
by the dissolution of carbonate rocks. This paper deals with the
preliminary results of Pertuso Spring groundwater discharge
assessment, in the Upper Valley of Aniene River (Central Italy),
where the complex hydrogeological characteristics, related to the
high heterogeneity of hydraulic properties, make difficult to set up
a reliable methodology of measurement. To achieve this objective,
an integrated approach based on the streamflow measurements and
geochemical modeling, applied to groundwater and surface water
was carried out.

Because no continuous discharge measurements of Pertuso
Spring were available, different methods (velocity—area using
current meter and geochemical assessment) were applied to
evaluate the discharge of the spring and the stream flow during the
monitoring period from July 2014 to May 2015. Aniene River
streamflow measurements were carried out by using the
conventional current-method and the salt dilution method. For the
evaluation of the Pertuso Spring discharge, as a support for
traditional discharge methodology, various groundwater and
surface water monitoring campaigns have been made along the
Aniene River, upstream and downstream the Pertuso Spring, for
the acquisition of geochemical data. The aim of this study is to
present the preliminary results of an indirect method for the
estimation of the Pertuso Spring discharge, based on Magnesium
concentration changes in groundwater and surface water.

Keywords — Aniene River, current meter method, discharge
measurement, environmental tracers, Magnesium concentration,
Pertuso Spring.

I. INTRODUCTION

ARST aquifers supply more or less the 25% of
freshwater worldwide [1]. Water resources assessment

G. Sappa is with the Department of Civil, Building and Environmental
Engineering (DICEA), Sapienza University of Rome Via Eudossiana 18,
00184, Rome, ITALY (phone: +39-0644585010; fax: +39-0644585016; e-
mail: giuseppe.sappa@ uniromal.it).

F. Ferranti is with the Department of Civil, Building and
Environmental Engineering (DICEA), Sapienza University of Rome Via
Eudossiana 18, 00184, Rome, ITALY (e-mail:
flavia.ferranti@uniromal.it).

ISSN: 2308-1007

33

is an important tool to evaluate groundwater dynamics in
the aim of to maintain high-quality drinking water in the
framework of climate change effects [2]. The determination
of groundwater discharge is a direct measure of the amount
of water available for drinking, industrial, and agricultural
purposes. Karst springs react to rainfall events by sinkhole
drainage and discharge from conduits in bedrock,
responsible for the subsurface outflow [3]-[4]. The
estimation of Kkarst spring discharge is affected by
methodological difficulties, data deficiencies, and resultant
uncertainties due to spatial variability of permeability in
carbonate rocks [5], and also because the pathway of
groundwater outcoming is not always the same along the
year. The traditional quantitative approach for the
evaluation of groundwater discharge is the application of
water balance, which requires the estimation of water
storage and flow. Karst systems are characterized by a
highly heterogeneity due to a network of highly permeable
flow features, embedded in a less permeable fractured rock
matrix [6]. Thus, in these complex hydrogeological
scenarios, understanding the behavior of the groundwater
system and the recharge—discharge relation is required to
formulate a reliable water balance [7]. In karst aquifer the
presence of underground stream flows, that are not
accurately measurable, makes very difficult to develop a
reliable methodology that includes physical assessments of
the input—output relation [8]-[9]. In this paper, an indirect
groundwater model has been set up in the aim of evaluating
karst spring discharge. The model drives to a reliable
estimation of groundwater discharge in karst aquifers. The
Pertuso Spring, located in the Upper Valley of Aniene River
(Central Italy) is used for validate this model. The Aniene
River basin is located in the upper part of the shallow karst
aquifer, where surface water and groundwater exhibit
complex interactions.

This paper presents preliminary results of discharge
measurements carried out in two gauging sections along the
Aniene River, upstream and downstream the Pertuso Spring,
by the application of traditional current meter, in the
framework of the Environmental Monitoring Plan related to
the catchment project of the Pertuso Spring which is going
to be exploited to supply an important water network in the
South part of Roma district [10]. In the following they are
presented the results obtain with the current method and the
comparison with a proposed model based on Magnesium
concentration changes in groundwater and surface water. As
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a matter of fact the aim of the present work is to set up an
indirect reliable method to estimate spring discharge in karst
aquifer where the complex groundwater flows can make
difficult the application of traditional quantitative
approaches.

I1. GEOLOGICAL AND HYDROGEOLOGICAL SETTING

The study area is located along the SW boundary of the
Simbruini Mountains, characterized by the confluence of the
Fiumata Valley and the Granara Valley from which starts
the Valley of Aniene River [11]. In this area it outcrops an
important carbonate karst aquifer, mainly made of highly
permeable Cretaceous carbonate rocks, deeply fractured,
locally showing distinctive karst features (Fig. 1).

I SN
AW E I E

Fig. 1 simplified geological map of the study area

The alternation of carbonate rocks, limestone and dolomite,
together with the epikarst, made of residual of karst activity,
and some marly horizons, dating back to the Miocene age,
are the main responsible for the hydrogeological system of
this area [12]. The abundance of water is due to the
permeability of the limestone (highly fractured and deep
karst), which stores a significant quantity of rainwater
feeding perennial springs located in the Upper Valley of
Aniene River [13].

Table 1 main springs in the Upper Valley of Aniene River

Elevation  Mean Annual Discharge

Spring (masl) vs)
Rigoglioso 1110 250
Fonte del forno 950 164
Fonte Santa 900 65
Pertuso 698 1400
Cesa deghi Angeli 940 200
Cardellina bassa 955 10
Cardellina media 970 15
Cardellina alta 990 25
Acqua nera 1030 80
Zompo lo schioppo 900 1200
La Sponga 832 400
Renga 875 40
Capo di Rio 930 30
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Groundwater coming out from this karst aquifer discharges
from 13 small and large springs located close to the
boundary of the carbonate hydrogeological system. Table 1
shows elevation and mean annual discharges of these
springs. The mean annual discharge of Pertuso Springs is
1400 I/s, whereas the mean annual discharge of the other
springs ranges from 10 to 1200 I/s. The catchment area of
Pertuso Spring has been estimated in 50 km? [10].

The most important discharge point of this aquifer is the
Pertuso Spring, located westward of Filettino (FR) at an
elevation of 696 m above sea level. The spring is located in
the dolomite outcrop (Fig. 2), upstream the town of Trevi in
Lazio and flows into the Aniene River, close to the
boundary of the carbonate hydrogeological system [12].

NW

\%*Aniene River
R——
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~ | ot Dobris (Holecons)

E or Granular imestone with dolomite {Lipper Cretaceous)

- q Ancient floods (Flsisiooane) - de Compact imesione with dolomite (Lower Cretaceous)

41'
© Pertuso Spring Fault Scale 1:10.000

Fig. 2 schematic geological section of the Pertuso Spring

The limestones outcropping in the study area are deeply
fractured and mostly soluble; karst erosion has occurred on
a large scale on this area, assuming great importance in the
modelling of the soil and also of the subsoil. The karst
network system, located along the NS boundary, has a total
length of about 311 m. This spring, with an average
discharge capacity (Q) of 1.4-1.5 m*/s [13], is one of the
most important fresh water springs in the South part of
Latium Region and currently is feeding with a rate of 360 I/s
the Comunacqua hydroelectric power plant, owned by
ENEL group. The Pertuso Spring discharge almost
immediately increases after heavy rainfall (from March to
May) followed by a retarded decrease in discharge (Fig. 3).

150 3,50

a0 3,00

20 250
£ 2
3 00 20 E
£ o
= H
= -
£ 150 150 2
: H

e
3

2

3
2

‘ ‘

3. 5o 2 ol o L 6 ) B o

Fd {B{“a‘"“,p‘\{@i‘s‘:ﬁ \i‘aoia“:p‘ e
Y £ i

LA

. Rainfall =8 Discharge O
Fig. 3 hydrogeological rate of Pertuso spring in the 1990 — 1999
period (Filettino meteorological station)
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This type of reaction is due to the presence of karst features,
which receive water from nearby sources in a short period
of time. Later, this water stored in the limestone matrix is
slowly released back into the karst conduits. Unfortunately
they are not available data referred to groundwater
discharge more than ones represented in Fig. 3.

I1l. MATERIALS AND METHODS

The Pertuso Spring discharge in the karst aquifer of the
Upper Valley of Aniene River was studied through the

Volume 10, 2016

implementation of various methods, tailored to the available
set of hydrogeological data. In the framework of this work
two main activities were carried out: the execution of four
groundwater and surface water monitoring campaigns from
July 2014 to May 2015 and six discharge measurements
campaigns driven from September 2014 to April 2015,
using

the current  meter method

(Fig.  4).

Legend
Pertuso Spring

Aniene River
[
Gauging station

Italy

Fig. 4 study area and location of gauging sections

Table 2 main physico-chemical characteristics of water samples (n.d.= not determined)

Sample Date T EC o BN Ca Mg Na K  HOCOo; SO,
(°C) _ (uS/em) (mV) (mgl) (ngl) (mgl) @mgl) (mg/) (ng/l) (mgl)

July 2014 3.0 322 74 M2 4g9 977 191 050 210 354 239

, November 2014 50 300 7z 1o 5100 832 183 432 216 348 241

Pertuso Spring

Jamary 2015 93 410 69 481 533 989 205 s 206 366 254

May 2015 8.5 300 108 243 490 933 186 431 224 335 234

July 2014 113 422 83 74 534 236 248 035 87 416 287

Sw_UP November 2014 7.7 360 83 %9 540 235 250 161 89 434 3.04
Jamuary 2015 5.8 340 73 435 578 252 259 16l 95 450 3.8

May 2013 107 390 96 212 539 246 nd  nd 86 412 290

Tuly 2014 9.9 352 78 66 513 128 201 018 72 366 25

sw pown  November20l4 73 320 76 78 s24 120 111 044 72 372 256
January 2015 7.2 270 59 440 556 130 111 044 77 417 273

May 2015 8.9 280 81 210 514 122  nd  nd 70 353 247
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Water samples were collected, every three months, from

July 2014 to May 2015, from Pertuso Spring and from two
cross section located along the Aniene River, upstream and
downstream this spring. Field parameters, such as pH,
conductivity (EC), water temperature (T), Redox potential
(Eh), dissolved oxygen (DO) were measured on-site using a
multi-parameter PC650 probe hand-held meter (Eutech
Instruments) (Table 2). All samples were filtered by 0.45
um cellulose filters and stored at 4 °C until analysis in the
laboratory. Batches of 12 samples were analyzed in the
Geochemical Laboratory of Sapienza University of Rome.
Major cations (Ca**, Mg®*, Na*, K*) were determined by ion
chromatography (IC) using an 761 Professional IC Metrohm
and Metrosep C2-150 column, whereas major anions (CI',
S0,%) were determined by Metrosep A sup 4-250 column.
Alkalinity was determined immediately after sampling by
means titration and converted to hydrogen-carbonate
(HCOys) according to [14]. The saturation index of calcite
(Slcarcie) and dolomite (Slpeiomite) IN Water samples were
calculated by means of PHREEQC [15] with the
WATEQA4F database.
The discharge measurements were carried out along the
Aniene River, upstream (ST_UP) and downstream
(ST_DOWN) the Pertuso Spring, by the application of
traditional current meter. These cross sections have been
chosen as gauging section because they are relatively
straight to ensure streamlines parallel to each other and
reduce errors in velocity measurements. The bed stream
relatively uniform and free of heavy aquatic growth allows
keeping the current meter perpendicular to the flow whereas
measuring velocity, to ensure a stable relation between stage
and discharge. At ST_UP and ST_DOWN gauging stations,
the Aniene River surface width ranges from 3.5 to 4 meters
and from 8 to 9 meters, respectively. The depth ranges from
0.3 to 0.8 meter for ST_UP and from 0.4 to 1 meter for
ST_DOWN, according to the limits imposed by the type of
current meter used.

According to the U.S. Geological Survey (USGS)
procedure, the current meter method involves measuring the
area and the velocities of a stream at a cross section, which
must be perpendicular to the main flow of the river. Usually,
river discharge is calculated as the product of the cross
section area of flow by the average stream flow velocity in
that cross section. Thus, the river cross section is divided
into many vertical sub-sections, in each one the area is
obtained by measuring the width and depth of the sub-
section and the stream flow velocity is determined using a
current meter. The sum of the products of area velocity for
each segment gives the total stream discharge [16]-[17].

The preliminary step in stream flow measurements is the
determination of the section width by stringing a measuring
tape from bank to bank at right angles to the direction of
flow. In mountain stream, where the hydraulic pattern
changes monthly, more than a single measurement is needed
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to characterize accurately the hydraulic profile of the cross
section. For this reason it has been necessary determine the
hydraulic profiles of ST _UP and ST_DOWN gauging
sections for each discharge measurements campaigns (Figg.
5, 6, 7, and 8). This measuring tape is used to define the
hydraulic profile of the cross section and the location of
each velocity measurements. Determining the cross
sectional area of a stream involves measuring water depths
at a series of points across the stream and multiplying by the
width of the stream within each segment represented by the
depth measurement. With the aim to obtain an average
velocity, each section has been divided into vertical parts,
spaced by 1.00 m (Figg. 5 and 6). Along each one of these
investigated verticals, up to 2 measuring points have been
defined at different depths (0.2 and 0.3 m from bed stream).

The main equipment needed to measure the stream flow
velocity in each verticals is a SEBA horizontal axis current
meter F1, having a propeller diameter of 80 mm which,
combined with SEBA Z6 pulse counter, allows to measure
velocity between 0,025 m/s and 10 m/s. The SEBA current
meter has been used as rod equipment with tail plane for
best positioning to the flow direction. For each
measurement point, flow velocity is determined counting the
number of spins of the meter rotor during a fixed interval of
time. Thus, in order to assess any fluctuations due to the
turbulence condition and, also, to avoid accidental
measurement errors, velocity has been measured for at least
60 seconds, according to EN ISO 748:2007 requirements
[18].

This current meter method gives the local water velocity
in each vertical following the application of a calibration
equation between stream velocity (cm/s) and the number of
spins (s-1) (1).

v=082+33.32-n )

010 50 100 cm

g T O A
Fig. 5 ST_UP cross section illustrating sub-sections to determine

discharge by current meter method (July 2014)

310 cm

40

010 50

100 cm

Fig. 6 ST_UP cross section illustrating sub-sections to determine
discharge by current meter method (November 2014)
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Fig. 7 ST_UP cross section illustrating sub-sections to determine
discharge by current meter method (January 2015)

360cm Al

010

™ ™ —
Fig. 8 ST_UP cross section illustrating sub-sections to determine

discharge by current meter method (May 2015)
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IV.RESULTS AND DISCUSSION

Stream discharge measurements obtained by the velocity
area method are summarized in Table 3.

Table 3 mean discharge values obtained by current meter method

Date Discharge Q (m’/s) Discharge Q (mr'/s)
ST _UP ST _DOWN
July 2014 0.54 245
November 2014 035 1.48
January 2015 041 1.92
May 2015 0.50 2.75

Table 3 shows the discharge values coming out from four
measurements campaigns, referred to the maximum height
value, measured in the stream in each campaign. The
average current meter streamflow for ST _UP and
ST_DOWN gauging stations was 0.45 m%s and 2.15 m®/s,
respectively.

The temperature of water samples ranges between 5.8 °C
and 11.3 °C. The pH of these samples is between 6.9 and
10.8 (average 8) showing neutral to slightly alkaline. The
variability in pH of the springs is caused by changes in flow
paths, water discharge and residence times within the
aquifer [19]. The redox potential of the springs showed
partially oxidizing waters (74-449 mV, with an average of
213 mV). Chemistry of groundwater coming from karst
aquifer in the unsaturated zone is modified by local flow
variations and changes in redox condition [20]. Electrical
conductivity ranges between 270 and 422 pS/cm and
generally decrees in wet seasons due to the rainfall dilution.

The hydrochemical facies of samples waters was studied
by plotting the concentrations of major cations and anions in
the Piper diagram (Fig. 9). Based on the dominance of
major cationic and anionic species, Ca-HCO; water type
was identified, suggesting that all groundwater and surface
water come from the karst aquifer.

Calculated saturation indexes with respect to calcite,
dolomite and gypsum of the spring and surface water
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samples are shown in Table 4.

EXPLANATICH
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Fig. 9 Piper diagram for hydrochemical facies evolution and water
classification

Geochemical modeling shows that water chemistry in the
study area is affected by the interaction with carbonate
minerals.

Table 4 Saturation Index (SI) values for common carbonate and
evaporate minerals of spring and surface water samples

Sample Date Sleanite STastomite
July 2014 -0.25 -1.12
Pertuse Spring  November 2014 -0.46 -1.54
January 2015 -0.71 -2.04
July 2014 035 048
ST_UP November 2014 029 029
January 2015 -0.68 -1.68
July 2014 -0.22 -0.93
ST_DOWN November 2014 -0.49 -1.56
January 2015 -1.14 -2.85

Figures 10 and 11 show a comparison of calcite and
dolomite saturation indexes of all water samples as a
function of HCOj3 concentration.

Sl Calcite

150 200 250 350

HCO, (mgl)

50 100 300
[aPertuso Spring ¢ ST_UP 0ST_DOWN

Fig. 10 calcite saturation index versus HCO,

All samples are undersaturated with respect to calcite and
dolomite, expect for water samples collected upstream the
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Pertuso Spring in July and November 2014, which implies a
huge dissolution and high mineralization along groundwater
flow paths. This indicates that the surface water is able to
dissolve dolomite along the flow paths and hence, the
concentrations of Mg?" in the solution would increase.

.

Sl Dolomite
°

[ 50 100 150 200 250 300 350
HCO, (mgl)

[aPertuso Spring ®ST_UP 0ST_DOWN |

Fig. 11 dolomite saturation index versus HCO,

The rate of hydrochemical evolution can be determined by
the Mg/Ca ratios presented in Fig. 10. The changes in Mg
and Ca concentrations in water samples mainly depend on
the residence time of groundwater in karst systems which is
controlled by the volume and mechanism of recharge, the
distance from the recharge area and dissolution of carbonate
minerals [21].

The Mg/Ca ratios indicate that the dissolution of
carbonate minerals played a significant role in the
groundwater and surface water chemistry, depending on the
hydrological processes which control the groundwater
residence time and chemical equilibrium in the aquifer (Fig.
12). Water samples coming from ST_UP, upstream the
Pertuso Spring show the highest Mg/Ca ratios (0.5-1),
whereas downstream samples and Pertuso Spring
groundwater show lower Mg/Ca ratios (<0.5).

S SW_UP
# Pertusc Spring
Dalomite dissclution ASW_DOWN

B0 e -
(Calcite + Dalomite) dissalution

MgiCa

A

Calcite dissolution

£05

2 3 4 5 &

HCO, (meqfl)

Fig. 12 saturation Index (S.1.) values for common carbonate
minerals of water samples

The increase in Mg/Ca ratio, due to a larger concentration

ISSN: 2308-1007

Volume 10, 2016

of Magnesium upstream the Pertuso Spring (Table 5), is due
to the dissolution/precipitation reaction of calcite and
dolomite. The ST_UP samples are oversaturated with
respect to calcite and dolomite, however, the high Mg/Ca
ratio may be due to the weathering of Mg-rich dolomite,
where dolomitic limestones and dolomites are the most
outcropping formations in this area.

Table 5 comparison of Magnesium concentrations in groundwater
and surface water

Mg™ (mg/l)
Date SwW_UP SW_DOWN  Pertuso Spring
July 2014 23.5 12.8 9.8
November 2014 235 12.0 83
January 2015 252 13.0 9.9
May 2015 24.6 12.2 9.3

We observed proportionality between the decreasing of
Magnesium concentrations and the increasing of the
streamflow discharge (Fig. 13). The higher the flow, the
more it dilutes the tracer. For this reason it has been chosen
Magnesium concentrations as tracer of dilution processes.

Auly 2014 NRovembar 2014 May 2015

Magnesium concentration (mg/)

0,54 038 051

Discharge @ (m'/s) o

Fig 13 plot of Magnesium concentration vs. discharge in m%/s

The Pertuso Spring discharge (Q,) can be computed from
the equation for the conservation of mass (2), using the
discharge values, Q (I/s) and the Magnesium concentration,
C (meg/l) upstream (Cyp; Qup) and downstream (Cpown;
Qoown) the spring.

QurCup +Q,C ,=Qpown Coown (2)

Considering n the percentage contribution that the
Pertuso Spring provides total discharge measured
downstream, the Pertuso Spring discharge (Qp) is defined
according to (3).

n
Qp =Qup m @)

The Pertuso Spring discharge values downstream the
Aniene River, obtained by this indirect method, are
definitely comparable with ones obtained by the traditional
current meter method (Table 6 and Fig. 14).
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Table 6 Pertuso spring discharge values obtained by Magnesium
tracer method

Dat Qeurrent_meter Qg Percent
ate (m*s) (n’is) difference (%)
July 2014 191 1.92 -1
November 2014 1.13 1.06 7
January 2015 1.51 1.58 -7
May 2015 225 2.16 9
1:1 Line
z
g‘ 25
8
2 2
g
£ s
g
5
2
0%

15 2 25 3 35 4

Current Meter Discharge (m"/s)

Fig. 14 comparison of current-meter and Magnesium tracer
model at the Pertuso Spring

V.CONCLUSION

A combined geochemical and streamflow discharge
techniques were applied to groundwater and surface water
from the carbonate aquifer of the Upper Valley of Aniene
River, Central Italy, which is the most important
groundwater reservoir in this area, in order to set up a
reliable methodology for the evaluation of Pertuso Spring
discharge.

In framework of the Environmental Monitoring Plan
related to the catchment project of the Pertuso Spring,
physical-chemical data, in addition and streamflow
discharge has been acquired from.July 2014 to May 2015.
In this study we presented the first results of the application
of an indirect method, based on Magnesium as a tracer, with
its concentration changes in groundwater and surface water,
for the evaluation of karst spring discharge.

The measurements of Magnesium concentration, along the
Aniene River and groundwater coming from the Pertuso
Spring , has confirmed potential for using Magnesium, as a
suitable aqueous tracer, to assess karst spring discharge.
These preliminary results show that the dilution of naturally
dissolved Magnesium ion in groundwater and surface water
can give a reliable estimate of dolomite dissolution where
tradition methodologies are not easily applied. This value
depends on the Pertuso Spring water, which is
undersaturated with respect to dolomite until it joins the
main stream of Aniene River, where the magnesium content
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is much higher due to the oversaturation whit respect to
dolomite (ST_UP). Thus, the decreasing of Magnesium
concentrations downstream (ST_DOWN) the Pertuso
Spring is due to this mixing with spring waters.

This method applied in the Upper Valley of Aniene River
showed its reliability and indicates that such measurements
can be useful to better understand groundwater movement in
this karst system. In fact, the use of Magnesium, as an
aqueous tracer, is well suited because it occurs naturally in
the environment and it is easy to monitor and its
measurements inexpensive to be performed.
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Abstract: This paper deals with the Environmental Monitoring Plan concerning the catchment work
project of the Pertuso karst spring, which is going to be exploited to supply an important drinking
water network in the south part of Roma district. The Pertuso Spring, located in the Upper Valley
of the Aniene River, is the main outlet of a large karst aquifer, which is one of the most important
water resources in the southeast part of Latium Region, Central Italy, used for drinking, agriculture,
and hydroelectric supplies. The environmental monitoring activities provided data about one spring
and two cross-sections of the Aniene River, from July 2014 to May 2016. A combined approach
based on discharge measurements and hydrogeochemical analysis has been used to study flow
paths and groundwater—surface water interaction in the study area. Tracer methods are particularly
suitable in hydrogeological studies to assess transit times and flow properties in karst aquifers.
The analysis of solute contents in the sampling points brought forth the identification of the Mg?* ion
as a conservative tracer in this specific system and, consequently, to the development of a conceptual
model based on chemical mass balance for the Pertuso Spring discharge evaluation.

Keywords: aquifer; karst spring; discharge; environmental tracer; magnesium

1. Introduction

Groundwater represents a vital resource for the society, and also for the ecosystems. The interest
of researchers for better understanding the groundwater origin, the subsurface processes, and the
factors controlling the residence time has gradually increased, and the investigation techniques evolved
continuously [1], in the aim of better protecting these resources.

The increasing anthropogenic activities and the impacts of climate change are identified as being
responsible for karst groundwater depletion [2,3]. Thus, groundwater exploitation in karst aquifers
requires special management strategies to prevent their quality and quantity depletion and to support
decision-making for water resources management [4,5].

Karst aquifers have complex and original characteristics, which make them very different from
other aquifers: high heterogeneity of the rock matrix, large voids, high flow velocities (up to several
hundreds of m/h), and high flow rate springs (up to some tens of m3/s) [6].

In karst aquifers, where flow may be concentrated in subsurface conduits, a Darcy law approach
is usually not suitable [7] and karst springs discharge is not easily measurable by standard techniques
or conventional instruments. Sometimes, channels are unsuitable for metering the flow, being shallow,
choked with vegetation, and with ill-defined banks [8]. In these aquifers, the drainage network
typically develops in a system of conduits that flows into a single trunk that discharges through the
spring [9]. However, some karst aquifers may have a spread flow pattern, which is related to the
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enlargement of fractures and smaller conduits—located near the stream discharge boundary—or to
the collapse of an existing trunk conduit [10].

Underflow springs are often hidden, for example, by rising in the bed of the surface stream [11].
Thus, even if it is possible to identify, like in this case, the outlet section of a karst spring, where all of
the groundwater discharge comes out, sometimes this is not true and it is not clear where the entire
discharge comes out. On the other hand, seasonal changes throughout the year can make difficult or
impossible to access cross-sections to carry out traditional measurements. Consequently, the difficulty
in measuring karst spring discharge implies that the use of the traditional current-meter method may
be limited and less reliable, sometimes leading to erroneous results [12].

In this sense, tracer methods are particularly suitable to assess flow properties in karst aquifers,
also because the necessary equipment is manageable [13].

Environmental tracers are used more and more often in hydrological studies, in order to have
a complete view about the water cycle, the groundwater recharge, the water-rock interactions,
the geochemical processes [1], and, moreover, to understand potential groundwater contamination
processes [14].

In recent years, surface water and groundwater tracing techniques have been used in a variety of
complex hydrogeological settings to aid in characterizing groundwater flow systems [7,15-18].

Groundwater tracers include any substance that can become dissolved or suspended in water,
or attached to the water molecule, and recovered or measured from a water sample that can be used
to trace the source of groundwater in terms of its specific or relative location and time of recharge.
Groundwater tracers can include both artificially introduced and naturally occurring substances [19-21].

An important class of tracers are the ionic tracers, as they are not subject to decay or gas
exchange [22]. Moreover, biogeochemical reactions can modify concentrations of most ions [23].

The number of ion types which might be used is very large. However, because of low cost, ease of
detection, and low sorption, chloride (C1™) and bromide (Br~) are most popular [24]. However, other
ions can be used from time to time for special purposes, such as Li*, NH;~, NO3~, Mg2+, K*,andI".

The aim of this work is to apply the potentiality of Mg?* as a natural tracer in the karst system of
the Upper Valley of the Aniene River, to support a conceptual model for the Pertuso Spring discharge
evaluation [25].

In particular, starting from hydrogeochemical analysis results, the developed model uses a
magnesium mass balance to evaluate the spring discharge.

Calcium and magnesium offer special promise as seepage tracers for basins set in thick calcareous
glacial drift, or doline basins set in carbonate-rich areas. Magnesium is also an obvious tracer in areas
of ultramafic rock. In humid regions with abundant dolomite, Mg?* offers advantages over Ca’* as a
tracer because, once in solution, it does not re-form a carbonate unless Mg2+ /CaZt > 2[26].

On the other hand, the increase in Mngr concentration values, and hence Mg2+ /Ca?* ratio, not
only depends on the dissolution/precipitation reaction of calcite and dolomite, but also an increase
in water temperature, which accelerates the kinetics of the dissolution of dolomite. Moreover, in this
process, the lower hydraulic conductivity of dolomites, compared with that of limestones, favors the
Mg?* concentration increasing, as the water-rock interaction is longer [12,27]. In the past, magnesium
was used as a tracer to evaluate the steady-state influx to seepage lakes by using a solute mass balance.
For lakes set in the dolomitic glacial drift of Wisconsin, Mg?* was an ideal groundwater tracer, both
because it has the highest ratio of groundwater concentration to concentration in precipitation and
because it behaves nearly conservatively in lakes set in semi-humid climates [26].

Bencala et al. (1987) [28] and Schemel et al. (2006) [29] made comparisons of environmental
tracers at the confluence of two streams in Colorado and studied, through the tracer’s mass balance,
the behavior of naturally occurring calcium, magnesium, silica, sulfate, fluoride, and manganese; they
concluded that magnesium exhibited conservative or nearly conservative behavior.

It is quite important to underline that a conservative behavior may depend on site-specific
environmental conditions. Generally, for conservative solute tracers, it has to be expected that there is a
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simple physical attenuation mechanism due to dilution, whereas any chemical attenuating mechanism
would remove non-conservative solute in varying amounts [28].

Most recently, it was showed that variations in chlorofluorocarbon (CFC), >Rn, and Mg
concentrations within streams can be used to quantify rates of groundwater inflow. A mass balance
that takes into account changes in solute load within a stream receiving groundwater inflow has been

2+

proposed [23].

Thus, in several studies, Mg?* presented the right qualities to be used as a conservative or nearly
conservative tracer [26,28,29]. Particularly, in this study, Mg?" has proved to be a useful tracer for
chemical mass balance techniques, which are often necessary in order to assess surface water or
groundwater flow in karst hydrology settings, where conventional measurements are more difficult.

2. Geological and Hydrogeological Setting

The Latium Region has several springs, under-lake springs, and shows groundwater with deep
water tables. The most important groups of springs are in the Upper Valley of the Aniene River, in the
Monti Lucretili area, in the Bracciano lake area, and in Genzano, Cecchignola, Grottarossa, and Castel
Giubileo areas [30]. The Pertuso Spring, in the Upper Valley of the Aniene River, supplies drinking
water to the city of Rome and feeds the Comunacqua hydroelectric power plant, owned by ENEL
group [31].

The Pertuso Spring is sited about 1 km down from the confluence of the Fiumata Valley and
the Granara Valley, from where the Valley of the Aniene River starts, close to the boundary of the
carbonate hydrogeological system [32]. In fact, the Aniene basin is composed almost entirely of bare
Mesozoic, highly fractured, karstified carbonate rocks of the central Apennine range [33].

This area is mostly made of highly permeable Cretaceous carbonate rocks, deeply fractured and
mostly soluble (Figure 1).
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Figure 1. Simplified geological map of the Pertuso Spring hydrogeological basin and location of the
Aniene River gauging sections.
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The base of the stratigraphic series is made of Upper Cretaceous carbonates, represented by
the alternation of granular limestone and dolomites layers. Above these ones lie Quaternary fluvial
and alluvial deposits, downward pudding, and Miocene clay and shale [33]. The lithostratigraphy,
detected in nearby Subiaco Station, confirms the presence of an extensive karst area, particularly
limestones and dolomites (Latium-Abruzzi succession, Upper Triassic-Upper Miocene) [34]. The most
important karst landforms are rutted fields, Karren, sinkholes, and swallow holes. The karst surface is
very permeable and enables the rapid infiltration of rainfall into the underground system, where the
carbonate dissolution generates cavities [35-37]. Dissolution conduits strongly influence groundwater
flow and evolve into complex networks, often crossing several kilometres throughout the limestone
matrix [38]. Physical and chemical variations that occur during storm events indicate the complex
dynamic processes in the karst aquifer and the role undertaken by the epikarst as perched water
reservoir, and by the major conduits that develop through the vadose and saturated zones of the
karst system [34]. Thus, the Pertuso Spring is the natural outcrop of groundwater discharging from
these conduits, coming from an approximately 50 km? area (Figure 1) [38], and it comes out when
this aquifer, made of this highly enhanced karst network, matches topographic surface (Figure 2).
The discharge of this karst spring is usually rapid and displays pronounced peaks following recharge
events. These peculiar properties heighten the vulnerability of karstic aquifers and the groundwater
emerging from them [39].

dt Debris (Holecene) E cr Granular li with dolomite (Upper Cr )

- dc Compact lir with ite (Lower Ci )

Fault Scale 1:10,000

I:, q Ancient floods (Pleistocene)

Pertuso Spring

Figure 2. Geological cross-section of the Pertuso Spring.

3. Materials and Methods

The water sampling survey was carried out during the two years of monitoring of the
Environmental Monitoring Plan, related to the catchment project of the Pertuso Spring, from July 2014
to May 2016. Eighteen water samples have been collected from three sampling points within the study
area: one from the Pertuso Spring, the others from two gauging stations located along the Aniene
River, respectively, upstream (SW_01) and downstream (SW_02) the spring (Figure 1). These gauging
stations belong to the monitoring network set up for the Environmental Monitoring Plan, in agreement
with the Ministerial Decree 260/2010, which focuses on the sensitive connections between surface
water and groundwater [38]. According to the Environmental Monitoring Plan, groundwater and
surface water have been monitored seasonally (4/year) for the first year of monitoring and twice
per year for the second one, with the aim of setting up the hydrogeological conceptual model of the
karst aquifer [38], and maintaining control of qualitative and quantitative properties of groundwater,
depending on seasonal variations [40].

The experimental data were obtained from field investigations and chemical laboratory analyses
and compared to historical data coming from previous studies in the same area [41].
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Water temperature, electrical conductivity, and pH values were determined in field using HANNA
HI9813-6 waterproof handheld meter. Chemical analyses were carried out at the Geochemical
Laboratory of Sapienza University of Rome. Water samples were filtered through cellulose filters
(0.45 um), and their major and minor constituents were determined by ion chromatography (IC) by
a 761 Professional IC Metrohm (reliability +2%). Bicarbonate (HCO3 ™) was determined by titration
with 0.1 N HCl (reliability £2%).

For the identification of water types, the chemical analysis data of the spring water samples have
been plotted on the Piper diagram using Geochemistry Software AqQA.

Twelve discharge measurements were carried out along the Aniene River in SW_01 and SW_02 by
the application of traditional current-meter. They gave results, referring to the depth, ranging between
0.2 m and 0.7 m as they changed according to the seasonal evolution (Figure 3).
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Figure 3. Section SW_01 set up at the May 2015 (a) and December 2015 (b) measurement campaigns.

According to the U.S. Geological Survey (USGS) procedure, stream discharge has been calculated
as the product of the cross-section area by the average stream flow velocity in that cross-section,
obtained using a current-meter [42,43]. The main equipment needed to measure the stream flow
velocity is a SEBA horizontal axis current-meter F1, having a propeller diameter of 80 mm which,
combined with SEBA Z6 pulse counter, allows one to measure velocity between 0.025 m/s and
10 m/s [44]. The SEBA current-meter has been used according to EN ISO 748:2007 requirements [43].
This current-meter method gives the local water velocity in each vertical following the application of a
calibration equation between stream velocity, v (cm/s), and the number of spins, n (s — 1).

v=082+3332-n 1)

The karst aquifer system has been studied in order to evaluate factors, which modify the Aniene
River flow, due to groundwater—surface water interactions. This hydrochemical characterization, due
to rock-water interactions, leads to a groundwater flow pattern, which allows referring groundwater
flow to two different feeding parts of the basin: the first one in the Cretaceous limestone, feeding
the Pertuso Spring groundwater; the second one in the Triassic dolomite, feeding the surface water
upstream the spring.
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In this model, a control volume around the Pertuso Spring has been considered. In this control
volume, the incoming flows are the discharge Q;, recorded upstream the spring (SW_01), and the
discharge Qp, characterized by the relative Mg?* concentration values C; e Cp. The outgoing flow is
the Aniene River discharge Q,, characterized by the Mg?* concentrations Cy, recorded at the SW_02
gauging station located downstream the Pertuso Spring.

The study area belongs to a special protected area in the Natural Park of Simbruini Mountains.
As a matter of fact, the control volume can be considered free from any anthropic activities and only
characterized by a surface water—groundwater interaction in the hypothesis of good mixing. Thus,
the SW_02 gauging station discharge values, which come from the contribution of the Pertuso Spring
discharge (Qp) to the original SW_01 discharge value, can be represented by Equation (2):

Q=0Q1+Qp )
Applying the conservation of mass equation to this closed system, therefore, is Equation (3):
Q1C1 +QpCp = QG ®)

The parameter 7 is defined as the percentage of the Pertuso Spring groundwater contribution to
total discharge measured.

Qr _ (G -C)
n=—~-=_—"——2, 4
Q  (Cp—Cy) @
Combining Equations (3) and (4), we have obtained the discharge of the Pertuso Spring.
n
QP_Ql'l_n/ (5)

From Equation (5), it is determined that the discharge rate of the Pertuso Spring depends on the
discharge values measured in the gauging station located along the river upstream the spring (Q1) and
the Mg2+ concentration values recorded in groundwater and surface water samples (Cq, C, Cp).

Thus, thanks to the proposed conceptual model, starting from the Mg?* concentrations and the
upstream discharge, it has been possible to evaluate the Pertuso Spring discharge.

4. Results

4.1. Hydrogeochemical Results

A statistical summary of the major physicochemical parameters is shown in Table 1.

Table 1. Summary statistics for in situ measurements of physicalochemical parameters and chemical
concentrations of constituents of water samples.

SW_01 Pertuso Spring SW_02
Min Max Mean Min Max Mean Min Max Mean

Ca%* (mg/L) 534 578 553 489 533 512 513 556  53.0
Mg2* (mg/L) 236 252 246 83 104 95 120 147 129
Na* (mg/L) 23 26 24 1.8 2.1 1.9 04 22 17
K* (mg/L) 04 05 0.4 0.3 0.5 04 03 23 0.8

HCO;~ (mg/L) 04 3026 2920 2060 2380 2218 2184 2355 2263
S042~ (mg/L) 29 32 30 23 25 24 25 27 26

Parameters

Cl~ (mg/L) 38 45 42 32 37 34 33 42 37
NO;~ (mg/L) 0.8 5.7 1.9 0.9 12 1.0 09 1.1 1.0
T (°C) 58 113 86 8.0 9.5 8.5 67 107 83

pH 8.0 8.5 8.4 7.8 8.0 7.9 8.1 8.2 8.2

EC (uS/cm) 356.0 399.0 386.8 2830 291.0 2877 2940 3170 311.2
Hardness (°F) 23.1 24.8 23.9 16.1 17.4 16.7 17.9 19.3 18.6
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A combined approach based on discharge measurements and hydrogeochemical data analysis
was used to study flow paths and the groundwater-surface water interaction in the study area. Ca?",
Mg?*, and HCO3~ represent more than 80% of the dissolved solids in water samples. These high
concentrations are mostly due to the dissolution of carbonate minerals, forming limestone, which are
the most dominant formations outcropping in the study area. The hydrochemical facies of groundwater
and surface water were studied by plotting the concentrations of major cations and anions in the Piper
trilinear diagram (Figure 4) [45].
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Figure 4. Piper plot for hydrochemical facies classification of groundwater and surface water.

Based on the dominance of major cationic and anionic species, two hydrochemical facies have
been identified: (1) Ca-Mg-HCO3 and (2) Ca-HCOs3. These results are due to the presence of limestone,
dolomitic limestones, and dolomites outcropping in the study area. Water samples coming from
SW_01 gauging station present higher values of Mg?* concentration, while those coming from the
Pertuso Spring are definitely poorer in it, and show a clear composition of Ca-HCOj3; water type
(Figure 3). The different hydrochemical facies between groundwater and surface water reflects on the
high concentration of Mg?* in the Aniene River. These hydrochemical facies highlight that carbonate
weathering processes (e.g., calcite and dolomite) are the most important factors of the observed
water type.

To study the difference in Mg?* content between groundwater and surface water, a ternary
diagram of cations (Ca?*, Mg?*, and Na* + K*) [46] was used to highlight how the weathering type
processes influence the enrichment in magnesium (Figure 5).

As shown in Figure 5, all samples are placed along the Ca?*-Mg?* side of the diagram; these
groundwater samples are very poor in Na* and K*. The higher Mg?* concentrations in SW_01 water
samples suggests an increased residence time, depending on the dissolution/precipitation reactions of
calcite and dolomite, which occur in the aquifer part, where groundwater crosses dolomitic sandstones.

As a matter of fact, according to previous studies of the area [41], similar results have been
obtained for other springs located in the upper part of the Aniene River coming out in the Triassic
dolomite outcropping close to the Pertuso Spring basin (Figures 5 and 6).
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This hydrochemical characterization leads to a groundwater flow pattern in which two main
feeding areas are defined: the first one in the Cretaceous limestone, feeding the Pertuso Spring
groundwater; the second one in the Triassic dolomite, feeding the surface water upstream the spring.

Mg2+
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Radica Spring
2005

SW_02

Pertuso Spring
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Ca2+ ' 09 038 07 08 05 04
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Figure 5. Ternary diagram of cations Ca?*, Mg2+, and Na* + K*. Relative concentrations of dissolved
major cations compared with the composition of local groundwater [41].
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Figure 6. Feeding areas of the main karst springs in the Upper Valley of the Aniene River.
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The scatterplot diagram in Figure 7 shows that the high content of Mg?* in SW_01, upstream the
Pertuso Spring, and consequently the high Mg?* /Ca?* ratio, may be due to the weathering of Mg-rich
Triassic dolomites, where dolomitic limestones and dolomites are the most outcropping formations in
this area.
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Figure 7. Mg?* /Ca®* ratio versus HCO3 ™ in groundwater and surface water.

In regard to the Pertuso Spring groundwater, the Mg?* /Ca®* ratios values (~0.3) mainly depend
on the residence of water in the karst system, highlighting weathering along the groundwater flow
paths of low-Mg calcite. As a consequence of these properties, water samples collected downstream
the Pertuso Spring (SW_02) present chemical composition typical of mixing of these two different
kinds of waters (Figure 6). As a matter of fact, the highest Mg?* /Ca?" ratio has been recorded in water
samples coming from dolomite rock masses (SW_01, ~0.7), with intermediate values at SW_02 gauging
station (~0.4). On the other hand, the lowest value of this ratio in groundwater has been observed in
Cretaceous limestone area (~0.3).

4.2. Discharge Experimental and Model Results

The Aniene River discharge was measured during the period July 2014-May 2016, in order
to cover the range of seasonal condition characteristics of this complex hydrogeological system.
Measurements by current-meter have been carried out in two gauging stations located upstream
(SW_01) and downstream (SW_02) the Pertuso Spring (Table 2).

Table 2. Mean discharge values obtained by current-meter method, upstream (SW_01) and downstream
(SW_02) the Pertuso Spring.

Q (m3/s) SW_o1 SW_02
July 2014 0.540 2.450
November 2014 0.350 1.480
January 2015 0.410 1.920
May 2015 0.501 2.747
December 2015 0.278 0.931

May 2016 0.430 2.305
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Table 2 shows discharge values recorded in SW_01 and SW_02 gauging stations all over the
hydrological year. The source of Mg?* concentration values in the Aniene River upstream the Pertuso
Spring (SW_01) is the dissolution of magnesium-rich minerals in Triassic dolomites, sited in the
northeast part of the Pertuso Spring basin. Along the Aniene River, this decrease in Mg?* concentration
values is related to an increase in stream flow discharge. SW_02 surface water is the product of the
confluence of groundwater coming from the Pertuso Spring into the Aniene River (SW_01). As a
matter of fact, the Aniene River, which is characterized by water with higher magnesium concentration
values, is affected in its chemical composition by the Pertuso Spring groundwater inflowing, and this
influence can be measured by variability in Mg?* concentration values along the river downstream.
The karst aquifer system has been studied in order to evaluate factors which modify the Aniene River
flow due to groundwater—surface water interactions.

The n parameter (i.e., the percentage of the Pertuso Spring groundwater contribution to total
discharge measured at the SW_02) has been calculated according to Equation (4) and reported in
Table 3.

Table 3. Values of 1 as percentage contribution of the Pertuso Spring groundwater to total discharge
measured at the SW_02 gauging station.

Date n n (%)

July 2014 0.780 78.0
November 2014 0.752 75.2
January 2015 0.794 79.4
May 2015 0.812 81.2
December 2015 0.709 70.9
May 2016 0.810 81.0

Table 4 summarizes the values of discharges evaluated. In particular, this table presents values
of the Pertuso Spring discharge obtained by the difference between the values measured with the
current-meter in SW_01 and SW_02 and the Pertuso Spring discharge obtained by magnesium tracer
method. It is easy to see how discharge values obtained with both methods are very similar.

Table 4. Magnesium content and discharge values obtained by current-meter and magnesium tracer
method (Q *: discharge values obtained by current-meter method; Q **: discharge values obtained by
the difference between the values measured with the current-meter in SW_01 and SW_02).

SW_01 Pertuso Spring SW_02
Date Q * Mg2+ Q *% QMg Mg2+ Q * QMg Mg2+
(m3/s) (meq/L) (m3s) (m3/s) (meq/L) (m3/s) (m3/s) (meq/L)
July 2014 0.54 1.94 191 1.92 0.80 2.45 2.46 1.05
November 2014 0.35 1.93 1.13 1.06 0.68 1.48 1.41 0.99
January 2015 0.41 2.07 1.51 1.58 0.81 1.92 1.99 1.07
May 2015 0.50 2.02 223 2.16 0.77 2.75 2.66 1.00
December 2015 0.28 2.07 0.67 0.68 0.86 0.93 0.96 1.21
May 2016 0.43 2.07 1.87 1.84 0.78 2.30 2.29 1.03

5. Discussion

The results of hydrogeochemical analysis and current discharge measurements confirm the
groundwater—surface water mixing due to the presence of the Pertuso Spring, highlighting the key
role of Mg?* content to identify different feeding areas, depending on different water-rock interaction
processes, and water flow paths within this karst setting.

Several previous studies used different conservative solute tracers to evaluate quantification of
discharge in stream confluences starting from chemical mass balance techniques [15-17].
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In this work, assessing the conservative behavior of Mg?* for this specific system, it was
possible to propose an inverse model for the Pertuso Spring discharge evaluation based only on

Mg2+ concentration data.
The dilution mechanism, due to the groundwater and surface water interaction at the Pertuso

confluence point, is the only mechanism responsible of the Mg?* concentration change along the
Aniene River (Figure 8).
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Figure 8. Schematic dilution mechanism in Mg?* concentration along Aniene River.

The box plot graphically highlights the main characteristics of Mg?* content (Figure 9) for the
utilization in the chemical mass balance technique, whereas Ca?* does not show the same adaptability
(Figure 10). The two main characteristics are:

- the concentration difference between the two inflows must be significant;
- the concentration difference between the two inflows also must be greater than the uncertainty in

the concentration data.
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Figure 9. Box plot of mean, median, maximum, and minimum values of magnesium distribution.
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Figure 10. Box plot of mean, median, maximum, and minimum values of calcium distribution.

As a matter of fact, different from Ca?*, MgZJr concentration data shows a very low variability in
each sampling point and a high difference between the Pertuso Spring and SW_01, due to the water
transit in different geological formations (calcareous and dolomitic rocks).

These properties lead to the correct evaluation of the “n” parameter in the mass balance and,
consequently, to valid discharge results for the Pertuso Spring, confirmed by the comparison with
conventional current-meter discharge values (Table 4).

The low variability of Mg?" concentration in water samples is due to the slower process of
dissolution for dolomitic rocks within the karst aquifer, resulting in a best discharge evaluation factor
in base-flow conditions. On the contrary, during a storm, rainwater inflow and transit in karst conduits

is too much rapid and does not allow the same dissolution process.
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Hence, in this karst setting, Mg?* emerges as a suitable conservative tracer only for main storage
groundwater—which, however, is the most important for catchment works—involving springs.
As a matter of fact, this is the part of the annual spring volume discharge, which is actually reliable for
exploitation. This is especially so in karst aquifers, where there is a meaningful part of this volume,
though it is discharged too quickly to be caught with effectiveness.

As a consequence, the Mg?* vs Q scatterplot diagram (Figure 11) shows that all plotted points,
except for November 2014 data, follow a linear trend, highlighting that the increasing base-flow
contribution of the Pertuso Spring discharge rate is responsible of the decrease in Mg?* concentration
values. This is possible because data referred to the November 2014 monitoring campaign have to be
considered as an outlier (Figure 11). In fact, the lower Mg?* concentration measured in November
2014 can be related to a high precipitation rate, recorded at Trevi nel Lazio meteorological station,
during five days before the sampling date. As previously said, the consequent aquifer rapid response
probably influenced, by dilution, the Mg?* concentration in groundwater that was no more significant
for the conceptual model.

Futures discharge and MgZJr concentration data will be helpful for the model validation,
confirming the linear trend obtained for previous data.
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Figure 11. Relationship between the Mg?* concentration and the Pertuso Spring discharge values
obtained with the combined magnesium-discharge tracer approach.

6. Conclusions

This paper dealt with the assessment of the interactions between a karst aquifer feeding the
Pertuso Spring and the Aniene River surface waters on the basis of stream discharge measurements
and water geochemical tracers data with the aim to set up an inverse model, which allows estimation
of groundwater flow coming out from the Pertuso Spring, starting from surface water discharge
measurements and geochemical water characterization. These results, obtained in the area under study
(sited in the karst aquifer outcropping in the Upper Valley of the Aniene River) show that it is possible
to have a reliable evaluation of the Pertuso Spring discharge through the elaboration of surface water
discharge measurements and Mg?* concentration values, determined for groundwater, coming from
the Pertuso Spring, and for both surface water samples: those collected upstream and downstream
the Pertuso Spring, along the Aniene River. Although it is subject to some uncertainties, the Mg?*
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concentration, as an environmental tracer, provides an indirect method for discharge evaluation of the
Pertuso Spring, due to the mixing of surface water and groundwater, and provides information on
changes in water quantity and quality.
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