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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 Mg2+ 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.
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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 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 [7,15,16,17,18].



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 [19,20,21].



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 (Cl−) and bromide (Br−) are most popular [24]. However, other ions can be used from time to time for special purposes, such as Li+, NH4−, NO3−, Mg2+, K+, and I−.



The aim of this work is to apply the potentiality of Mg2+ 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, Mg2+ offers advantages over Ca2+ as a tracer because, once in solution, it does not re-form a carbonate unless Mg2+/Ca2+ > 2 [26].



On the other hand, the increase in Mg2+ concentration values, and hence Mg2+/Ca2+ 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 Mg2+ 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, Mg2+ 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 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), 222Rn, and Mg2+ 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 proposed [23].



Thus, in several studies, Mg2+ presented the right qualities to be used as a conservative or nearly conservative tracer [26,28,29]. Particularly, in this study, Mg2+ 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).


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 [35,36,37]. 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 km2 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].


Figure 2. Geological cross-section of the Pertuso Spring.
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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].



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 μm), 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).


Figure 3. Section SW_01 set up at the May 2015 (a) and December 2015 (b) measurement campaigns.
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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).
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(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.



In this model, a control volume around the Pertuso Spring has been considered. In this control volume, the incoming flows are the discharge Q1, recorded upstream the spring (SW_01), and the discharge QP, characterized by the relative Mg2+ concentration values C1 e CP. The outgoing flow is the Aniene River discharge Q2, characterized by the Mg2+ concentrations C2, 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):
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(2)







Applying the conservation of mass equation to this closed system, therefore, is Equation (3):
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(3)







The parameter n is defined as the percentage of the Pertuso Spring groundwater contribution to total discharge measured.
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(4)







Combining Equations (3) and (4), we have obtained the discharge of the Pertuso Spring.
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(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 (C1, C2, CP).



Thus, thanks to the proposed conceptual model, starting from the Mg2+ 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.







	
Parameters

	
SW_01

	
Pertuso Spring

	
SW_02




	
Min

	
Max

	
Mean

	
Min

	
Max

	
Mean

	
Min

	
Max

	
Mean






	
Ca2+ (mg/L)

	
53.4

	
57.8

	
55.3

	
48.9

	
53.3

	
51.2

	
51.3

	
55.6

	
53.0




	
Mg2+ (mg/L)

	
23.6

	
25.2

	
24.6

	
8.3

	
10.4

	
9.5

	
12.0

	
14.7

	
12.9




	
Na+ (mg/L)

	
2.3

	
2.6

	
2.4

	
1.8

	
2.1

	
1.9

	
0.4

	
2.2

	
1.7




	
K+ (mg/L)

	
0.4

	
0.5

	
0.4

	
0.3

	
0.5

	
0.4

	
0.3

	
2.3

	
0.8




	
HCO3− (mg/L)

	
0.4

	
302.6

	
292.0

	
206.0

	
238.0

	
221.8

	
218.4

	
235.5

	
226.3




	
SO42− (mg/L)

	
2.9

	
3.2

	
3.0

	
2.3

	
2.5

	
2.4

	
2.5

	
2.7

	
2.6




	
Cl− (mg/L)

	
3.8

	
4.5

	
4.2

	
3.2

	
3.7

	
3.4

	
3.3

	
4.2

	
3.7




	
NO3− (mg/L)

	
0.8

	
5.7

	
1.9

	
0.9

	
1.2

	
1.0

	
0.9

	
1.1

	
1.0




	
T (°C)

	
5.8

	
11.3

	
8.6

	
8.0

	
9.5

	
8.5

	
6.7

	
10.7

	
8.3




	
pH

	
8.0

	
8.5

	
8.4

	
7.8

	
8.0

	
7.9

	
8.1

	
8.2

	
8.2




	
EC (μS/cm)

	
356.0

	
399.0

	
386.8

	
283.0

	
291.0

	
287.7

	
294.0

	
317.0

	
311.2




	
Hardness (°F)

	
23.1

	
24.8

	
23.9

	
16.1

	
17.4

	
16.7

	
17.9

	
19.3

	
18.6










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. Ca2+, Mg2+, 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].


Figure 4. Piper plot for hydrochemical facies classification of groundwater and surface water.
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Based on the dominance of major cationic and anionic species, two hydrochemical facies have been identified: (1) Ca-Mg-HCO3 and (2) Ca-HCO3. 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 Mg2+ concentration, while those coming from the Pertuso Spring are definitely poorer in it, and show a clear composition of Ca-HCO3 water type (Figure 3). The different hydrochemical facies between groundwater and surface water reflects on the high concentration of Mg2+ 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 Mg2+ content between groundwater and surface water, a ternary diagram of cations (Ca2+, Mg2+, and Na+ + K+) [46] was used to highlight how the weathering type processes influence the enrichment in magnesium (Figure 5).


Figure 5. Ternary diagram of cations Ca2+, Mg2+, and Na+ + K+. Relative concentrations of dissolved major cations compared with the composition of local groundwater [41].
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As shown in Figure 5, all samples are placed along the Ca2+-Mg2+ side of the diagram; these groundwater samples are very poor in Na+ and K+. The higher Mg2+ 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 (Figure 5 and Figure 6).


Figure 6. Feeding areas of the main karst springs in the Upper Valley of the Aniene River.
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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.



The scatterplot diagram in Figure 7 shows that the high content of Mg2+ in SW_01, upstream the Pertuso Spring, and consequently the high Mg2+/Ca2+ 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.


Figure 7. Mg2+/Ca2+ ratio versus HCO3− in groundwater and surface water.
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In regard to the Pertuso Spring groundwater, the Mg2+/Ca2+ 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 Mg2+/Ca2+ 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_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










Table 2 shows discharge values recorded in SW_01 and SW_02 gauging stations all over the hydrological year. The source of Mg2+ 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 Mg2+ 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 Mg2+ 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 n 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).







	
Date

	
SW_01

	
Pertuso Spring

	
SW_02




	
Q *

	
Mg2+

	
Q **

	
QMg

	
Mg2+

	
Q *

	
QMg

	
Mg2+




	
(m3/s)

	
(meq/L)

	
(m3/s)

	
(m3/s)

	
(meq/L)

	
(m3/s)

	
(m3/s)

	
(meq/L)






	
July 2014

	
0.54

	
1.94

	
1.91

	
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

	
2.23

	
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 Mg2+ 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 [15,16,17].



In this work, assessing the conservative behavior of Mg2+ 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 Mg2+ concentration change along the Aniene River (Figure 8).


Figure 8. Schematic dilution mechanism in Mg2+ concentration along Aniene River.
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The box plot graphically highlights the main characteristics of Mg2+ content (Figure 9) for the utilization in the chemical mass balance technique, whereas Ca2+ 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.








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.
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As a matter of fact, different from Ca2+, Mg2+ 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 Mg2+ 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.



Hence, in this karst setting, Mg2+ 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 Mg2+ 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 Mg2+ 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 Mg2+ 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 Mg2+ concentration in groundwater that was no more significant for the conceptual model.


Figure 11. Relationship between the Mg2+ concentration and the Pertuso Spring discharge values obtained with the combined magnesium-discharge tracer approach.
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Futures discharge and Mg2+ concentration data will be helpful for the model validation, confirming the linear trend obtained for previous data.




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 Mg2+ 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 Mg2+ 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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