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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
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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).
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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].
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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).
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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 )
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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)
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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.
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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
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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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