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ABSTRACT 

The present work provides hydrochemical and stable isotope data and their interpretations for 54 springs and 20 wells, 
monitored from 2002 to 2006, in the Southern Latium region of Central Italy to identify flow paths, recharge areas and 
hydrochemical processes governing the evolution of groundwater in this region. The hydrogeological conceptual model 
of the carbonate aquifers of southern Latium was based on environmental isotopic and hydrochemical investigation 
techniques to characterize and model these aquifer systems with the aim of achieving proper management and protec-
tion of these important resources. Most of the spring samples, issuing from Lepini, Ausoni and Aurunci Mts., are 
characterized as Ca-Mg-HCO3 water type, however, some samples show a composition of Na-Cl and mixed 
Ca-Na-HCO3-Cl waters. Groundwater samples from Pontina Plain are mostly characterized by Na-Cl and Ca-Cl type 
waters. Geochemical modeling and saturation index computation of the Lepini, Ausoni Aurunci springs and Pontina 
Plain wells shows an interaction with carbonate rocks. Most of the spring and well water samples were saturated with 
respect to calcite and dolomite, however all sampled waters were undersaturated with respect to gypsum and halite. 
The relationship between δ18O and δ2H, for spring and well water samples, shows shifts of both the slope and the 
deuterium excess when compared to the world meteoric (WMWL) and central Italy meteoric (CIMWL) water lines. 
The deviation of data points from the meteoric lines can be attributed to evaporation both during the falling of the 
rain and by run-off on the ground surface before infiltration. Most springs and wells have a deuterium excess above 
10‰ suggesting the precipitation in the groundwater comes from the Mediterranean sector. On the basis of local 
isotopic gradients, in combination with topographic and geologic criteria, four recharge areas were identified in the 
Aurunci Mountains. In Pontina Plain, the elevations of the recharging areas suggest that the Lepini carbonate aqui-
fers are feeding them. 
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1. Introduction 

Groundwater constitutes about two thirds of the fresh- 
water resources of the world and plays an important role 
in human life and economic activity [1]. Current aquifer 
recharge rates are a fundamental consideration in the su- 
stainability of groundwater resource development. More- 
over, understanding aquifer recharge processes and their 
linkages with land-use is essential for integrated water 
resources management. The quantification of natural re- 
charge, however, is affected by methodological difficul- 
ties, data deficiencies, and resultant uncertainties due to  

temporal variability of rainfall and variation in soil pro- 
perties [2]. The traditional quantitative approaches in the 
characterization of carbonate aquifers provides important 
data. However, these data are not sufficient to construct a 
conceptual hydrogeological models. Recently, monitor- 
ing changes in stable isotopes provides a better under- 
standing of aquifer recharge and spring discharge that are 
essential for defining groundwater hydrodynamics. Iso- 
topic data characterization techniques have become well 
established in the hydrological society for groundwater 
resource assessment, development, and management, and 
are now an integral part of many water quality and envi-  *Corresponding author. 
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ronmental studies [3-5]. Isotope tracing methods usually 
rely on “tracing” either isotope species naturally occur- 
ring in water (environmental isotopes) or on isotope 
tracers intentionally introduced into water [6]. The iso- 
topes commonly employed in groundwater investigations 
are the stable isotopes of the water molecule, 2H and 18O 
and the radioactive isotopes, tritium and carbon-14. The 
stable isotopes are excellent indicators of the circulation 
of water, while the radioactive isotopes are of special 
value in determining the residence time, assuming no 
contamination of the water has occurred [7]. If the stable 
isotope content does not change within the aquifer, it will 
reflect the origin of the water, particularly the location, 
season and processes of recharge. If the isotope content 
changes along groundwater flow paths, this reflects the 
history of the water, particularly the mixing and saliniza- 
tion. The 18O and 2H data from groundwater are widely 
used to obtain information the functioning of the karst 
systems [8], to determine important recharge areas of 
these aquifers, and to delineate protection areas for the 
main springs [9]. The isotopic compositions of O and H 
in water, modified by meteoric processes, are useful tra- 
cers for determining groundwater origin and movement 
because they generally do not change as a result of rock- 
water interactions at low temperatures [10]. When stable 
isotopes and geochemical data are examined for both sur- 
face water and groundwater systems, important informa- 
tion about processes related to water cycling and water- 
rock interaction that may affect water quality. Thus, en- 
vironmental isotopic and hydrochemical investigation 
techniques provide much information for the identifica- 
tion of groundwater flow systems and the main hydro- 
geochemical processes affecting the composition of wa- 
ter within the karst aquifers.  

Groundwater resources in the southern part of the 
Latium region play an important role in providing water 
for domestic, industrial, and agricultural uses (i.e. Maz-
zoccolo spring, in the Ausoni Mts., is an important 
source for drinking water supply). Until now quantitative 
approaches have been developed to study these carbonate 
aquifers. However, no studies have been undertaken to 
understand the detailed classifications of groundwater 
flow systems recharge areas and geochemical evolution 
of groundwater in this region. The distinct isotopic sig- 
nature of precipitation has been used in hydrological 
studies in Italy, however, these studies do not address the 
spatial isotope pattern of spring and well water from the 
carbonate aquifers of Sothern Latium. In the present work, 
groundwater in the carbonate aquifers of the Southern 
Latium region was characterized employing isotopic and 
hydrochemical data to identify groundwater flow paths, 
recharge areas and the main processes control the evolu- 
tion of water. This study was also designed to hydro- 
chemically characterize and model these aquifer systems  

with the aim of achieving proper management and pro- 
tection of these important resources. 

2. Geological and Hydrogeological Setting 

Lepini, Ausoni and Aurunci are three distinct groups of 
mountains belonging to the pre-Apennines of Latium and 
they occupy a well-defined geographic area, called “Vol- 
scian mountain range” (Figure 1). These mountains are 
separated from the Apennine ridge by the Latina valley. 
The topography of the Apennine mountain structures is 
broken by NE-SW-trending fluvial valleys formed by 
streams that were channeled along existing tectonic li- 
neaments. The springs lie at the bottoms of these moun- 
tain structures, which form an important groundwater 
reservoir that must be protected. 

2.1. Lepini Mts. and Pontina Plain 

The Lepini Mts. are located in the northern part of Pon- 
tina Plain and they are oriented parallel to the Apennine 
range, adjacent to the Latium coastline. The Lepini cal- 
careous massif, hosts an important karst aquifer and it 
may be regarded as an isolated hydrogeological unit, 
nevertheless there is still some uncertainty about its SE 
margins. The top of mountains are calcareous, the valley 
are igneous rocks, which are often covered with younger 
alluvial fan and colluvial deposits. The Pontina Plain, 
situated in the southwestern part of the Latium Region, is 
a coastal plain developed along an extensional marine 
boundary (Figure 1). This Plain is positioned between 
the Lepini-Ausoni mountains of the Central Appenines 
and the Tyrrhenian Sea. Although Pontina Plain is gener- 
ally between 0 and 40 m asl, it has several areas where 
the land is below sea level [11]. Marine transgressions 
resulted in thick deposits of marine, fluvial and fluvial— 
coastal sediments. In the case of the Pontina Plain, much 
of the groundwater comes out in springs near the bound- 
ary between the Pontina Plain, and the carbonate massif, 
joining a series of streams and canals that drain to the 
Tyrrhenian Sea [12]. The aquifer in the Lepini massif 
may be classified as “unconfined with an undefined bot- 
tom surface”. The saturated zone of the aquifer lies more 
than 1000 m below the surface in the inner areas of the 
relief. However, near the margins of the ridge, it is shal- 
low and may be easily investigated through boreholes 
[13]. To study groundwater circulation, the most impor- 
tant hydrogeological unit is the so-called “Carpineto 
line”. The recharge areas of the aquifer generally coin- 
cide with the outcropping of the limestones, where 
groundwater recharge takes place through karst fissures. 
Two aquifers are present in Pontina Plain: one is an un- 
confined aquifer lying under the Quaternary deposits co- 
vering the limestones at the south-western margin of the  
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Figure 1. Simplified hydro-geological map of the study area: (1) Recent deposits (Holocene); (2) Detritic complex (Pleistocene- 
Holocene); (3) Alluvial complex (Pleistocene-Holocene); (4) Alluvial deposits from perennial streams (Pleistocene-Holocene); 
(5) Travertine complex (Pleistocene-Holocene); (6) Sand dunes (Pleistocene-Holocene); (7) Fluvial lacustrine deposits (Holo-
cene); (8) Pyroclastic complex (Pliocene-Pleistocene); (9) Heterogeneous clastic deposits (Pleistocene); (10) Clayey-marly 
Flysch complex with interbedded lithoids (Cretaceous-Miocene); (11) Carbonate platform complexes (Middle Lias-Upper 
Cretaceous); (12) Basal dolomite complex (Triassic-lower Lias). Spring and well sampling locations (LP: Lepini springs, AS: 
Ausoni springs, AR: Aurunci springs, PP: Pontina Plain groundwater). 
 
Lepini complex, and the second one is a confined aquifer 
where the water is discharged from the calcareous aqui- 
fer of the Lepini massif and flows to the sea. The aquifer 
lies under the limestones and it is located at a depth of 
over 100 m, thus all of the wells sampled within the 
study area, penetrate the unconfined aquifer [14]. 

2.2. Ausoni Mts. 

The Ausoni Mts. (Figure 1) rise in southern Latium and 
extend to close to the coastline, starting immediately af- 
ter the middle Amaseno valley. The mountain structure 
consists mainly of Cretaceous limestones and includes 
both surficial and subsurface karst forms (Pastena caves). 
Groundwater flow takes place almost entirely in the sub- 
surface, with the formation of high-discharge at the bot- 
tom of the slope. The Ausoni hydrogeological unit is 
mainly composed of limestones with interbedded dolo- 
mitic limestones. Depending on its fracturing and karst, 
the aquifer is very permeable; its hydrogeological pro- 
perties permit flexible and sustainable exploitation of 
groundwater, where the circulation is very complex [15]. 
Major springs lie along all of its borders but with no 
sharp separations between their recharge areas. Ground- 

water flow paths and preferential discharge areas are 
controlled by important tectonic unconformities [16]. 

2.3. Aurunci Mts. 

The Aurunci Mts. represent the southeastern part of the 
Volscian range and are oriented more or less parallel to 
the Apennine range (Figure 1). The Aurunci Mts. mostly 
consist of massive layers of dolomitic limestone and 
dolomites that were deposited on the carbonate platform 
that extended from Latium to Abruzzo from the Jurassic 
to the Palaeocene [17]. The Aurunci Mts. are composed 
of two distinct hydrogeological units: the western Au- 
runci, belonging to the Ausoni-Aurunci system, and the 
eastern Aurunci, which is separated from the western 
ones by a marly-arenaceous flysch complex [18]. The 
Western Aurunci hydrogeological unit consists of dolo- 
mitic limestones and dolomites of Jurassic and Creta- 
ceous age. The springs are supplied by groundwater de- 
rived from these geological formations. The upper parts 
of the carbonate series contain relatively less-permeable 
Miocene calcareous formations. This carbonate unit is 
located on the east part of the Itri fault and within the Mt. 
Leucio and Mt. D’Oro blocks. The groundwater is di- 
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rectly discharged into the Liri river through the narrow 
alluvial belt separating the unit from the river. The car- 
bonate unit holds multiple hydrogeological basins, whose 
boundaries match important tectonic lines that caused the 
outcropping of the calcareous-dolomitic Jura. The East- 
ern Aurunci hydrogeological carbonate structure is sur- 
rounded by relatively less-permeable sediments, includ- 
ing the Frosinone flysch, the Roccamonfina volcanites 
and the Garigliano plain alluvia [19,20]. Considering the 
structural setting of the massif, surrounded by the clay 
belt, groundwater runs from the carbonate structure to- 
wards the plain in the SE-NW direction. In the alluvial 
cover, groundwater flow is intercepted by the Liri paleo— 
river bed, and from west to east is not significantly mixed 
with the groundwater of the plain. The hydrogeological 
unit hosts two groundwater basins bounded by the Maio 
valley. The basin consists of the Mt. Maio mo- nocline 
and the remaining part of the massif, which distributes 
main groundwater along the aquifer front, starting from the 

Mola Salomone spring and reaching Suio. Substantial 
water leakage occurs in the river bed and in the Garigli- 
ano alluvia. Hydrological data reported in the literature 
[19], suggest that this unit is well-demarcated structurally, 
morphologically and hydrogeologically. Therefore, no 
water inflow from other aquifers occur. Previous studies 
suggest that the potential groundwater discharge can be 
conservatively estimated at roughly 48 million m3/yr 
[20]. 

3. Methodology, Groundwater Sampling and 
Analytical Procedures 

The main spring and well water sampling survey (Table 
1) were carried out in Lepini, Ausoni, Aurunci Mts. and 
Pontina Plain, from 2002 to 2006. On the basis of the 
hydrogeological setting of study area, 54 spring and 20 
well samples were characterized. Chemical and isotope 
analyses were performed on the collected water samples, 

 
Table 1. The location of spring and well water sampling survey. Main physico-chemical characteristics and chemical compo- 
sition of Lepini (LP), Ausoni (AS), Aurunci (AR) springs and Pontina Plain (PP) groundwater samples. Major ion composi- 
tion of seawater near the study area (N.D. = not determined). 

Date Ca2+ Mg2+ Na+ K+ Cl– 2

4SO 
3HCO F–

2NO
3NO Li+ Br- Sr2+ TDS EC T

Sample 
Codes 

Location of 
sampling 

survey 
(dd/mm/ 

yy) 
(mg/

l) 
(mg/ 

l) 
(mg/ 

l) 
(mg/ 

l) 
(mg/

l) 
(mg/

l) 
(mg/

l) 
(mg/

l)
(mg/

l) 
(mg/

l)
(mg/

l) 
(mg/ 

l)
(mg/ 

l) 
(mg/ 

l) 
(µs/
cm)

(˚C)
pH

Sea-
water 

Terracina  412.1 1290 10770 399 19354 2712 142.2 N.D N.D N.D N.D N.D N.D 35079.2 N.D N.D N.D

LP01 
Fontana del 

Muro 
28/02/03 75.80 31.40 85.90 6.10 131.88 35.48 337 0.19 <0.01 4.07 <0.01 0.30 0.79 708.91 860.00 12.00 7.77

LP02 La Volaga 28/02/03 66.14 15.30 9.00 1.00 10.52 5.47 246 0.04 <0.01 4.19 <0.01 <0.01 0.50 358.17 405.00 12.00 7.75

LP03 
Volaga 
Grotta 

28/02/03 81.90 4.17 12.70 1.40 17.71 8.23 248 0.04 <0.01 1.45 <0.01 <0.01 0.30 375.91 473.00 15.00 7.65

LP04 
Fontana 
dei Papi 

28/02/03 68.27 11.65 8.60 0.79 11.23 4.51 253 0.04 <0.01 4.10 <0.01 <0.01 0.20 362.40 403.00 14.00 7.88

LP05 
Fosso 

Falcone 
28/02/03 111.00 44.70 221.00 15.80 338.40 85.44 448 0.37 <0.01 <0.01 0.01 0.73 1.81 1267.26 1.540.00 14.00 7.65

LP06 
Mole di 
Maenza 

28/02/03 52.31 6.59 4.19 0.31 4.81 3.02 192 0.08 <0.01 1.97 <0.01 <0.01 <0.20 265.48 281.00 14.00 8.12

LP07 Sardellane 28/02/03 86.90 31.90 88.00 5.58 117.48 40.20 379 0.10 <0.01 1.79 <0.01 0.15 0.63 751.73 844.00 15.00 7.92

LP08 
Santa 
Serena 

12/05/04 49.70 4.10 3.30 0.30 4.70 3.10 171 0.00 <0.01 1.20 <0.01 <0.01 <0.01 237.28 296.00 11.00 7.60

LP09 
Fonte 
Canali 

12/05/04 59.30 1.40 2.90 0.10 3.90 3.10 183 <0.01 <0.01 1.40 <0.01 <0.01 <0.01 255.19 316.00 11.00 7.63

LP10 
Fonte 

Pisciarello 
12/05/04 34.20 6.50 4.90 2.30 8.60 2.60 128 0.10 <0.01 0.60 <0.01 <0.01 <0.01 187.96 252.00 12.00 7.25

LP11 
Vecchio 

Acquedotto 
12/05/04 15.40 4.30 4.00 1.50 7.50 1.70 67 0.10 <0.01 0.30 <0.01 <0.01 <0.01 101.94 138.00 13.00 6.91

LP12 
Valle 

Sant’Angelo 
13/05/04 70.20 2.70 4.80 0.20 7.50 4.10 226 <0.01 <0.01 1.40 <0.01 <0.01 <0.01 316.70 396.00 10.00 8.10
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Continued 

AS01 
Fonte 

Vicario 
e Fico 

26/04/02 61.50 9.10 5.00 0.90 9.60 3.90 232 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 322.04 395.00 12.00 7.76

AS02 
Fontana 
Grande 

26/04/02 60.10 9.20 4.10 0.30 9.00 3.80 232 0.10 <0.01 5.20 <0.01 <0.01 <0.01 323.71 356.00 12.00 7.73

AS03 Schiavoni 26/04/02 61.60 6.60 6.20 0.50 15.10 5.60 207 0.10 <0.01 14.60 <0.01 0.20 <0.01 317.94 347.00 12.00 7.71

AS04 
Capo 

D’Acqua FR 
26/04/02 46.90 6.70 10.40 0.70 15.90 7.40 183 0.10 <0.01 9.20 <0.01 <0.01 <0.01 280.34 352.00 13.00 7.71

AS05 Marutte 26/04/02 61.60 20.50 61.70 2.40 105.20 21.80 244 0.10 <0.01 4.50 <0.01 0.30 <0.01 522.24 738.00 12.00 7.89

AS06 
Strada 

Consolare 
26/04/02 62.90 24.90 91.40 4.40 156.80 32.00 262 0.10 <0.01 3.90 <0.01 1.10 <0.01 639.82 942.00 12.00 7.85

AS07 Mola 26/04/02 89.20 47.80 282.50 15.40 497.50 110.90 275 0.20 <0.01 1.80 <0.01 1.40 <0.01 1321.29 2.260.00 12.00 7.77

AS08 
Mola di 
Stafano 

26/04/02 85.50 45.20 291.80 12.00 510.80 95.90 268 0.10 <0.01 3.30 <0.01 1.50 <0.01 1314.62 2.310.00 12.00 7.98

AS09 Mola Bisleti 26/04/02 88.30 45.50 293.10 12.70 524.90 97.60 256 0.10 <0.01 1.10 <0.01 <0.01 <0.01 1319.60 2.300.00 13.00 7.89

AS10 Pezzenti 26/04/02 59.70 32.00 91.80 4.10 152.00 27.70 305 0.10 <0.01 5.90 <0.01 0.40 <0.01 678.82 934.00 13.00 7.96

AS11 Villa S. Vito 26/04/02 52.80 6.30 4.70 0.30 10.00 4.30 177 <0.01 0.30 2.80 <0.01 <0.01 <0.01 258.16 317.00 13.00 7.81

AS12 San Magno 26/04/02 54.30 7.60 4.80 0.20 9.90 4.70 195 0.10 <0.01 5.50 <0.01 <0.01 <0.01 282.47 315.00 12.00 7.86

AS13 
Capo 

D’Acqua LT 
26/04/02 41.50 15.50 11.70 0.90 11.50 4.80 207 0.10 <0.01 10.00 <0.01 <0.01 <0.01 303.48 398.00 12.00 7.84

AS14 Burano 14/05/04 73.60 3.80 5.10 0.20 7.50 4.50 232 <0.01 <0.01 1.80 <0.01 <0.01 <0.01 328.51 410.00 13.00 7.45

AS15 Tartagosi 14/05/04 66.40 5.80 4.70 0.40 7.70 4.70 226 0.10 0.10 4.90 <0.01 <0.01 <0.01 320.72 392.00 15.00 7.10

AS16 Lucerna 14/05/04 76.40 5.10 6.80 0.40 11.30 6.00 244 <0.01 0.30 1.60 <0.01 <0.01 <0.01 351.54 454.00 14.00 7.43

AR01 Caselle 03/02/03 101.90 93.40 49.60 21.60 46.70 195.80 641 0.50 <0.01 3.40 0.16 <0.01 0.20 1153.93 1.217.00 31.00 7.68

AR02 
Ciora 

Canale 
03/02/03 66.20 40.60 8.00 2.20 12.40 18.00 391 0.50 <0.01 3.60 <0.01 <0.01 <0.01 541.99 503.00 7.00 8.05

AR03 Ciora Casa 03/02/03 65.60 44.60 8.90 3.50 12.50 93.50 305 0.20 <0.01 2.20 <0.01 <0.01 <0.01 536.04 679.00 12.00 7.74

AR04 Ciora I e II 03/02/03 78.70 44.90 8.90 3.40 12.10 87.00 354 0.30 <0.01 2.00 <0.01 <0.01 <0.01 591.17 658.00 13.00 7.78

AR05 
Forma 
di Suio 

03/02/03 93.00 44.00 8.33 2.80 12.00 56.00 427 0.34 <0.01 2.50 <0.01 <0.01 <0.01 646.11 852.00 12.00 7.50

AR06 La cava 03/02/03 64.20 40.30 7.50 2.40 10.00 38.00 342 0.30 <0.01 2.10 <0.01 <0.01 <0.01 506.47 616.00 13.00 7.71

AR07 
Mola 
Mattei 

03/02/03 61.80 50.30 11.50 3.10 16.80 58.20 360 0.30 <0.01 2.10 <0.01 <0.01 <0.01 204.10 584.00 13.00 8.15

AR08 Piscine Zola 03/02/03 95.20 84.40 50.50 16.80 46.40 186.00 549 0.80 <0.01 3.20 0.09 <0.01 <0.01 1032.62 1.077.00 30.00 7.90

AR09 Pizzella 03/02/03 90.60 41.40 7.10 2.10 9.50 48.50 415 0.30 <0.01 2.60 <0.01 <0.01 <0.01 617.00 703.00 12.00 7.61

AR10 Pantano 03/02/03 72.10 50.70 11.10 3.30 14.70 63.20 397 0.30 <0.01 2.50 0.02 <0.01 <0.01 614.47 696.00 15.00 7.73

AR11 Lago 27/01/03 54.50 9.50 4.60 1.00 9.00 2.70 214 0.10 <0.01 <0.01 <0.01 <0.01 <0.01 295.11 325.00 7.00 7.76

AR12 
Lago 

Acquasanta 
27/01/03 50.20 14.10 12.40 2.30 11.00 3.80 244 0.10 <0.01 3.20 <0.01 <0.01 0.20 341.11 375.00 3.00 7.84

AR13 La Torre 27/01/03 63.00 9.00 5.30 1.10 9.24 4.10 226 0.10 <0.01 4.80 <0.01 <0.01 <0.01 322.41 417.00 8.00 7.58

AR14 Le Caldaie 27/01/03 61.00 8.80 4.60 0.70 7.60 3.80 220 0.10 <0.01 3.00 <0.01 <0.01 <0.01 309.27 401.00 7.00 7.63

AR15 San Cosma 27/01/03 84.00 10.30 7.10 0.72 13.00 10.04 299 0.10 <0.01 5.00 <0.01 <0.01 <0.01 429.26 543.00 6.00 7.75

AR16 Le Bocche 27/01/03 62.00 9.20 4.74 0.74 8.00 4.40 232 0.10 <0.01 5.80 <0.01 <0.01 <0.01 326.86 421.00 9.00 7.69

AR17 Le Sorgenti 27/01/03 67.40 8.30 5.00 0.80 8.60 4.60 220 0.10 <0.01 7.00 <0.01 <0.01 <0.01 321.47 436.00 9.00 7.55
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AR18 
Mazzoccolo 

1 
19/09/03 44.50 9.28 4.20 0.57 7.40 3.40 180 0.10 <0.01 2.00 <0.01 <0.01 <0.01 251.46 322.00 14.00 7.84

AR19 
Mazzoccolo 

2 
18/12/03 47.00 8.40 4.30 0.41 7.71 3.90 183 0.10 <0.01 2.63 <0.01 <0.01 <0.01 257.51 326.00 14.00 7.69

AR20 
Mola 

Salomone 
20/01/04 197.30 53.50 10.60 3.30 10.90 37.50 805 0.40 <0.01 4.40 <0.01 <0.01 <0.01 1123.28 897.00 11.00 7.23

AR21 
Capo 

d'acqua di 
Spigno 

21/01/04 45.60 9.00 8.90 0.70 6.80 3.80 171 <0.01 <0.01 2.60 <0.01 <0.01 <0.01 248.25 311.00 12.00 7.72

AR22 
S.Maria di 

Conca 
22/01/04 60.80 10.40 6.10 0.50 11.40 5.40 220 0.10 <0.01 3.30 <0.01 <0.01 0.10 317.69 333.00 12.00 7.73

AR23 
Monte 
Revole 

16/05/04 56.40 1.80 7.70 0.30 5.60 4.50 183 <0.01 <0.01 1.20 <0.01 <0.01 <0.01 260.58 311.00 13.00 7.90

AR24 
Fonte 

Faggetina 
20/05/04 60.60 1.80 7.90 0.30 13.00 6.60 183 <0.01 <0.01 0.80 <0.01 <0.01 <0.01 274.12 352.00 11.00 8.10

AR25 Il Tasso 20/05/04 72.40 1.90 6.60 0.30 9.00 5.20 226 <0.01 <0.01 1.00 <0.01 <0.01 <0.01 322.08 405.00 10.00 7.49

AR26 Il fontanino 20/05/04 77.30 1.50 4.70 0.30 5.40 4.40 244 <0.01 0.20 1.10 <0.01 <0.01 <0.01 338.99 410.00 11.00 7.56

PP01 De Gregoris 03/06/03 72.11 17.40 32.84 2.40 22.75 6.41 330 0.48 <0.01 3.23 <0.01 1.34 <0.01 488.96 478.00 14.00 7.88

PP02 Cipolla 03/06/03 92.30 26.00 228.00 8.53 292.92 65.04 407 0.57 <0.01 <0.01 <0.01 3.40 0.65 1124.41 1.335.00 13.00 7.98

PP03 
De 

Girolamo 
03/06/03 100.40 38.40 244.00 6.90 417.84 71.16 322 0.27 <0.01 0.38 0.02 2.99 1.04 1205.40 1.638.00 13.00 7.70

PP04 Sibelco 03/06/03 50.15 18.50 11.10 1.10 13.81 6.30 235 0.06 <0.01 3.51 <0.01 0.60 <0.01 340.13 490.00 13.00 7.70

PP05 Cave Lupoli 03/06/03 100.00 15.13 12.63 1.16 15.50 8.33 386 0.05 <0.01 11.26 <0.01 0.79 <0.01 550.85 541.00 13.00 7.95

PP06 
Pontinia 

combustibili 
03/06/03 122.00 43.20 239.00 28.61 377.75 49.15 526 0.61 <0.01 <0.01 0.37 1.76 <0.01 1388.45 1.562.00 13.00 7.90

PP07 Bristol 03/06/03 66.66 23.66 34.50 15.51 26.66 27.20 346 0.38 <0.01 0.44 <0.01 0.63 <0.01 541.64 585.00 13.00 7.83

PP08 
Cuomo 
latticini 

03/06/03 60.14 15.36 19.81 14.69 13.58 7.31 283 0.39 <0.01 4.47 <0.01 0.40 <0.01 419.15 430.00 13.00 8.01

PP09 Mistral 17/06/03 59.65 16.90 10.27 3.91 9.44 6.10 286 0.09 <0.01 1.96 <0.01 <0.20 <0.01 394.32 412.00 12.00 7.68

PP10 Migliara 49 17/03/03 170.00 62.20 29.90 37.60 478.20 45.40 92 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 915.30 N.D. N.D. N.D.

PP11 Migliara 50 17/03/03 185.00 55.00 22.70 20.10 450.60 61.70 92 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 887.10 N.D. N.D. N.D.

PP12 Tetrapak 17/03/03 129.10 37.60 51.90 33.90 59.30 49.50 610 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 971.30 N.D. N.D. N.D.

PP13 Kiwi 17/03/03 160.00 72.90 26.30 41.50 430.00 84.90 153 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 968.60 N.D. N.D. N.D.

PP14 Migliara 49 27/07/06 149.88 71.10 623.72 25.66 999.99 318.01 305 0.92 <0.01 5.03 <0.01 <0.01 6.26 2505.67 3.610.00 17.40 8.01

PP15 Alonzi 27/07/06 164.23 39.42 334.64 7.84 494.12 179.02 458 0.79 <0.01 5.11 <0.01 <0.01 3.66 1686.48 2.330.00 16.00 7.99

PP16 Mazzer 28/07/06 198.05 68.36 597.69 18.86 1.084.06 311.01 275 0.42 <0.01 6.03 <0.01 <0.01 6.83 2565.90 3.850.00 16.70 7.77

PP17 Mazzer 28/07/06 80.85 15.39 64.06 2.84 96.20 25.88 214 0.18 <0.01 75.86 <0.01 <0.01 0.28 575.11 780.00 16.70 7.89

PP18 Fantasia 30/09/06 177.15 75.21 705.62 24.79 1.214.57 348.69 244 0.41 <0.01 6.55 <0.01 <0.01 7.56 2804.63 4.180.00 17.60 7.31

PP19 Lauretti 30/09/06 169.16 76.47 677.74 28.44 1.220.00 343.23 137 0.98 <0.01 5.69 <0.01 <0.01 6.06 2665.07 4.070.00 17.40 7.26

PP20 Claudio 30/09/06 173.22 73.16 685.27 29.25 1.183.30 330.19 244 1.51 <0.01 4.14 <0.01 <0.01 7.17 2731.29 4.120.00 17.50 7.29
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except for seven samples in Pontina Plain, collected in 
2003-2006. 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 µm), and 
their major and minor constituents were determined by a 
Metrohm 761 Compact IC ion chromatograph (replica- 
bility ±2%). A Metropes C2-100 column was used to 
determine cations (Na+, K+, Mg2+, Ca2+, Li+, Sr2+), while 
a Metropes A Supp 4 - 250 column was used for anions 
(F–, Cl–, 3NO , 2

4SO  , Br–, 3HCO , 2NO ). Chemical 
analyses were carried out at the Geochemical Laboratory 
of Sapienza, “University of Rome”. The analytical accu- 
racy of these methods ranged from 2% to 5%. Isotope 
analyses were conducted at the isotope geochemistry 
laboratory of the University of Parma. 2H/H isotopes 
analyses were carried out the method of Kendall and [21] 
(reaction with Zn at 450˚C), while 18O/16O analyses 
based on the CO2-water equilibration technique [22]. Iso- 
topic analysis was performed with a Finnigan Delta Plus 
mass spectrometer and the results are reported in ‰ units 
(permil deviation of the isotope ratio from the V-SMOW 
isotopic standard). δ is defined by the relationship: 

3SMOW

SMOW

10
R R

R
  
  
 

          (1) 

where R = D/H or 18O/16O [23]. The standard deviations 
of the measurements were equal to approximately ±1‰ 
for 2H/H and to ±0.2‰ for 18O/16O. The geochemical 
program PHREEQC software, version 2.10.0.0 [24], with 
the thermodynamic dataset wateq4f.dat, was employed to 
evaluate the saturation status of minerals in spring and 
well water samples. The SI indicates the potential for 
chemical equilibrium between water and minerals and 
the tendency for water-rock interaction [25]. If under- 
saturated (SI < 0), that phase, if present, feasibly could be 
dissolved by the groundwater and, thus, could be a po- 
tential source of constituents. Likewise, if supersaturated 
(SI > 0), that phase feasibly could precipitate, thus limit- 
ing the constituent concentrations. The characterization 
of spring and well water samples has been evaluated by 
means of 18O/16O and 2H/H as isotope tracers and by ma- 
jor ions, Ca2+, Mg2+, 3HCO , Na2+, K+, Cl–, 2

4SO  , as 
they are the best indicators of chemical evolution along 
groundwater flow paths. The chemical analysis data of 
the spring and well water samples have been plotted on 
the Piper diagram using Geochemistry Software AqQA. 

4. Results 

Hydrochemical and stable isotope data (18O-2H) were 
employed to identify the factors (i.e. water types, re- 
charge elevations and flow paths) that control the evolu- 

tion of water systems of southern Latium region. 

4.1. Hydrochemical Facies 

Major ion concentrations and physico-chemical charac- 
teristics of the analyzed spring and well water samples 
are presented in Table 1. The hydrochemical facies of 
spring and well waters was studied by plotting the con- 
centrations of major cations and anions in the Piper tri- 
linear diagram. The diagram displays the relative con- 
centrations of the major cations and anions on two sepa- 
rate trilinear plots, together with a central diamond plot 
where the points from the two trilinear plots are projected 
[26]. In Figure 2, major ion concentrations in meq/L for 
each spring (54) and well (20) water samples are reported 
as percentages of the total anion and cation cotent. Based 
on the dominance of major cationic and anionic species 
four hydrochemical facies have been identified in the 
study area: (1) Ca-Mg-HCO3; (2) Mixed Ca-Na-HCO3-Cl; 
(3) Ca-Cl; and (4) Na-Cl (Table 2). In all cases, Ca- 
Mg-HCO3 facies predominate reflecting the main rock 
types in the area investigated, where limestone, dolomitic 
limestones and dolomites are the most dominant forma-
tions. On the contrary, Na-Cl water types dominate in the 
coastal aquifers where groundwater salinity is high. Most 
of the spring samples from Lepini Mts., labelled LPG1, 
belong to the Ca-HCO3 type, while the only one sample, 
LPG3, belongs to the Na-Cl water type. Besides, LPG2 
samples show a tendency to Na-Cl-composition. In Au- 
soni Mts., most of the spring samples, labeled as ASG1, 
belong to the group of Ca-HCO3 waters. On the contrary 
ASG2 group, occur in the center of Piper diagram, show 
a tendency to the Na-Cl waters due to the proximity loca- 
tion of the samples to the Pontina Plain, which is affected 
by seawater intrusion. Spring samples grouped as ASG3, 
belong to the group of Na-Cl waters due to the proximity 
of the sampling locations to the coast. The piper diagram 
shows that the spring samples from Aurunci Mts. are 
characterized as Ca-HCO3 and Mg-HCO3 type. Ground- 
water samples from Pontina Plain can be split into four 
groups: the first one (PPG1) belongs to the Ca-HCO3 
type, the second one (PPG2) fall in the field of mixed 
Ca-Na-HCO3-Cl type, the third one (PPG3) shows the 
characteristics of a typical Na-Cl water type and the fourth 
one (PPG4) shows the composition of Ca-Cl waters 
(Figure 2). Many studies have been performed on the 
chemical composition of saline groundwater suggesting 
four basic processes are associated with the hydrologic 
environmental characteristics of seawater intrusion. 

These include: mixing of groundwater (including flu- 
ids associated with evaporates) and saltwater, carbonate 
precipitation and/or diagenesis (e.g. dolomitization), ion 
exchange and silicate (largely clay) diagenesis and redox 
reactions [27]. The different hydrochemical facies be- 
tween four regions (Lepini, Ausoni, Aurunci Mts. and  
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Figure 2. Piper trilinear plot for hydrochemical facies evolution and water classification. 
 
Pontina Plain) reflects on the presence high concentra- 
tions of Na2+, Cl–, 2

4SO   and Mg2+ in the coastal area 
due to seawater intrusion. Obviously, the water rock in- 
teractions still in progress. When seawater intrusion oc- 
curs, the seawater undergoes chemical changes due to the 
cation exchange reactions. Generally, the hydrochemical 
composition of fresh groundwater in coastal carbonate 
aquifers is typically dominated by Ca2+ and 3HCO  ions. 
Cation exchangers in the aquifer therefore have mostly 
Ca2+ on the exchange sites. In seawater, Na+ and Cl– are 
the dominant ions. Consequently, the adsorbed cation on 
the sediments in contact with seawater should consist 
dominantly of Na+. The exchange processes are relevant 
not only in coastal alluvial aquifers, but they also occur 
in karstic aquifers, where a minor presence of clays or 
other exchangers is sufficient to allow salinization to 
activate ion exchange [28]. When seawater intrudes in a 
coastal fresh groundwater aquifer, the cation exchange 
reaction takes place as follows: 

2
2

1 1
Na Ca X Ca Na X

2 2
        (2) 

where X indicates the soil exchanger site. The equation 
shows that Na+ is taken up by the exchanger Ca2+, which 
is consequently released into the water allowing the for- 
mation of Ca-Cl water type. The reverse process can also  
takes place with refreshening of groundwater when fresh 

groundwater flushes a salt water aquifer [29]. In this case, 
the sediment adsorbs Ca2+ and releases Na+. This process 
would produce a Na-HCO3 type water. However, ground- 
water of the Na-HCO3 type does not exist in the study 
area implying that high salinity in the study area is 
mainly caused by recent seawater intrusion. The hydro- 
chemical processes controlling the chemistry of spring 
water and groundwater will be discussed in detail later. 

4.2. Physico-Chemical Characteristics of Springs 
and Wells 

Lepini springs: The temperature of Lepini springs range 
from 10˚C to 15˚C. The pH of these springs ranges from 
6.9 to 8.1. The Ca-HCO3 type Lepini springs (LPG1) 
show a total dissolved solids (TDS) content within the 
range 101 - 375 mg/l. Calcium and bicarbonate is the 
dominant constituents in spring samples, belong to the 
group of Ca-HCO3, followed by magnesium, sodium, 
sulphate and chloride. The electrical conductivity (EC) 
value of the springs, belong to the group LPG1, varies 
from 138 to 473 µS/cm. However, the springs belongs to 
or have a tendency to the group of Na-Cl type show an 
increase of total dissolved solids (751 - 1267 mg/l) and 
electrical conductivity (708 - 1540 µS/cm) values (Fig- 
ure 3). 
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Figure 3. Electrical conductivity (EC), total dissolved solids 
(TDS) and temperature of spring and well water samples. 
 

Ausoni springs: The temperature of springs ranges 
from 12˚C to 15˚C. The pH of the Ausoni springs ranges 
from 7.10 to 7.98 indicating alkaline nature of the water. 
The EC and TDS values of the springs, belong to the 
group ASG1, range from 315 to 454 µS/cm and 258 to 
351 mg/l, respectively. On the contrary, spring samples 
of group ASG2 and ASG3 show higher EC (738 - 2310 
µS/cm) and TDS (522 - 1321 mg/l) values (Figure 3). 
The large variation in total dissolved solids (TDS) thought 
to be mainly due to water-rock interaction along the flow 
paths and proximity of the sampling locations to the 
coast. 

Aurunci springs: The temperature of Aurunci springs 
ranges from 3˚C to 15˚C except for two samples (AR01 
and AR08). The high temperatures (31˚C) may be related 
to Roccamonfina volcanic system, which is quite close to 
these springs. The total dissolved solids (TDS) content 
ranges from 254 to 1153 mg/l. Aurunci springs are alka- 
line (pH: 7.23 - 8.15) with low to medium electrical 
conductivity. However, few springs with high total dis- 
solved solids (TDS) and electrical conductivity (EC) is 
attributed to the more time for water to interact with the 
host rock (Figure 3). 

Pontina Plain: The groundwater temperatures ranges 
between 12˚C and 20˚C and it increases towards the 
coast. The groundwater of Pontina Plain show alkaline 
character with pH values ranging from 7.26 to 8.0 corre- 
sponding to carbonate system waters. 

As mentioned before, different hydrochemical ground- 
water types prevail in Pontina Plain and thus, TDS and 
EC values vary too much. The TDS and EC values of 
groundwater vary from 340 mg/l to 2804 mg/l and 490 
µS/cm - 4180 µS/cm (Figure 3). 

4.3. Geochemical Modeling 

Geochemical modelling and saturation index computa-
tion of the Lepini, Ausoni Aurunci springs and Pontina 
Plain wells shows an interaction with carbonate rocks. It 
can be explained by means of the absorbed carbon diox-
ide coming from the soil, during recharge, which reacts 
with the carbonate rocks of the aquifer, dissolving calcite 
and dolomite according to the following main reactions: 

2
3 2 2 3CaCO CO H O Ca HCO         (3) 

 3 2 22

2
3

CaMg CO 2CO 2H O

Ca Mg 4HCO 

 

  
         (4) 

Calculated saturation indexes with respect to various 
mineral phases (i.e. calcite, dolomite, gypsum and halite) 
of the spring and groundwater samples are shown in Ta-
ble 2. The positive and negative SI values represent the 
thermodynamic potential for precipitation and dissolution, 
respectively. The results of geochemical modeling sug- 
gest that most of the spring water samples from Lepini, 
Ausoni, Aurunci Mts. and well water samples from Pon-
tina Plain are saturated with respect to calcite. Figures 4a 
and 4b show a comparison of calcite and dolomite satu-
ration indexes of all water. samples as a function of 

3HCO  concentration. More than half of the samples are 
undersaturated with respect to dolomite, while all the 
sampled waters are undersaturated with respect to gyp-
sum and halite (Figures 4(c) and (d)). However, some 
samples are saturated or oversaturated with respect to 
calcite and dolomite, which implies a great dissolution 
and strong mineralization along groundwater flow paths. 
The high dissolution rate for carbonatic rocks allows for 
waters close to saturation with respect to calcite and 
dolomite and evaporate minerals (gypsum and halite) to 
remain undersaturated, resulting in continued dissolution 
along flow paths. This indicates that the groundwater has 
capacity to dissolve gypsum and halite along the flow 
paths and hence, the concentrations of Ca2+, 2

4SO  , Na+ 
and Cl– in the solution would increase [30]. In addition, 
the water samples undersaturated with respect to dolo-
mite indicate that dolomite also can dissolve in this sys-
tem adding Ca2+, Mg2+, and 3HCO  to the solution. The 
ionic composition may be caused by several factors dur-
ing water-rock interaction, seawater intrusion and ionic 
exchange etc. Hence, it is necessary to use ionic ratios. 

The degree of hydrochemical evolution is determined 
by series of ionic ratios of interest (Mg/Ca, Na/Cl, 
SO4/Cl, HCO3/Cl and Ca/Na) and presented in Table 2. 
The compositional changes in Mg and Ca concentrations 
mainly depend on the residence of water in karstic sys- 
tems which is controlled by the volume and mechanism 
of recharge, the distance from the recharge area and dis- 
solution of carbonate minerals [31-33]. Thus, this pa- 
rameter can be used as a qualitative indicator of the resi-  
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Table 2. Water classification groups. Saturation index values of calcite, dolomite, gypsum and halite for Lepini, Ausoni and 
Aurunci springs and Pontina Plain wells. Some ionic ratios (in meq·L−1 ) of interest from spring and well water samples in the 
study area. 

Water classification groups 
Sample 
Codes 

Mg/Ca
(meq/l)

Na/Cl
(meq/l)

SO4/Cl
(meq/l)

HCO3/Cl
(meq/l)

Ca/Na
(meq/l)

SIhalite SIcalcite SIdolomite SIgypsum

Ca-HCO3 LP02 0.38 1.32 0.38 13.59 8.43 –8.56 0.32 –0.45 –2.82 

Ca-HCO3 LP03 0.08 1.11 0.34 8.14 7.40 –8.19 0.36 –0.96 –2.56 

Ca-HCO3 LP04 0.28 1.18 0.30 13.09 9.11 –8.56 0.5 –0.16 –2.90 

Ca-HCO3 LP06 0.21 1.34 0.46 23.20 14.33 –9.23 0.53 –0.24 –3.13 

Ca-HCO3 LP08 0.14 1.08 0.49 21.13 17.28 –9.33 –0.09 –1.73 –3.11 

Ca-HCO3 LP09 0.04 1.15 0.59 27.28 23.47 –9.47 0.04 –2.01 –3.05 

Ca-HCO3 LP10 0.31 0.88 0.22 8.66 8.01 –8.89 –0.69 –2.55 –3.32 

Ca-HCO3 LP11 0.46 0.82 0.17 5.20 4.42 –9.03 –1.6 –4.19 –3.78 

Ca-HCO3 

LPG1 

LP12 0.06 0.99 0.40 17.50 16.78 –8.97 0.64 –0.64 –2.89 

Mixed Ca-Na-HCO3-Cl LP01 0.68 1.00 0.20 1.49 1.01 –6.51 0.46 0.1 –2.07 

Lepini 
Springs 

Mixed Ca-Na-HCO3-Cl 

LPG2 

LP07 0.60 1.15 0.25 1.88 1.13 –6.56 0.15 0.69 –1.98 

 Na-Cl LPG3 LP05 0.66 1.01 0.19 0.77 0.58 –5.72 0.59 0.38 –1.65 

Ca-HCO3 AS01 0.24 0.80 0.30 14.06 14.13 –8.85 0.29 –0.71 –2.98 

Ca-HCO3 AS02 0.25 0.70 0.31 14.92 16.81 –8.96 0.25 –0.77 –3.00 

Ca-HCO3 AS03 0.18 0.63 0.27 7.99 11.40 –8.56 0.19 –1.04 –2.81 

Ca-HCO3 AS04 0.24 1.01 0.34 6.69 5.18 –8.31 0.05 –1.18 –2.78 

Ca-HCO3 AS11 0.20 0.73 0.32 10.30 12.90 –8.86 0.18 –0.98 –3.17 

Ca-HCO3 AS12 0.23 0.75 0.35 11.48 12.99 –8.85 0.27 –0.77 –2.92 

Ca-HCO3 AS13 0.62 1.57 0.31 10.49 4.07 –8.4 0.15 –0.57 –3.04 

Ca-HCO3 AS14 0.08 1.04 0.44 17.88 16.57 –8.95 0.07 –1.58 –2.84 

Ca-HCO3 AS15 0.14 0.94 0.45 17.01 16.21 –8.98 –0.3 –2.05 –2.86 

Ca-HCO3 

ASG1 

AS16 0.11 0.93 0.39 12.59 12.89 –8.66 0.1 –1.39 –2.72 

Mixed Ca-Na-HCO3-Cl AS10 0.88 0.93 0.13 1.17 0.75 –6.42 0.51 0.49 –1.86 

Mixed Ca-Na-HCO3-Cl AS05 0.55 0.90 0.15 1.35 1.15 –6.74 0.06 –0.98 –3.17 

Mixed Ca-Na-HCO3-Cl 

ASG2 

AS06 0.65 0.90 0.15 0.97 0.79 –6.4 0.38 0.13 –2.08 

Na-Cl AS07 0.88 0.88 0.16 0.32 0.36 –5.45 0.79 1.07 –1.94 

Na-Cl AS08 0.87 0.88 0.14 0.31 0.34 –5.42 1.06 1.93 –1.44 

Ausoni 
Springs 

Na-Cl 

ASG3 

AS09 0.85 0.86 0.14 0.28 0.35 –5.41 0.48 0.16 –1.86 

Mg-HCO3 AR01 1.51 1.64 3.09 7.97 2.36 –7.27 0.94 1.73 –1.42 

Mg-HCO3 AR02 1.01 0.99 1.07 18.30 9.50 –8.54 0.69 0.61 –2.37 

Mg-HCO3 AR03 1.12 1.10 5.54 14.24 8.45 –8.51 0.33 0.05 –1.70 

Mg-HCO3 AR06 1.03 1.16 2.81 19.88 9.82 –8.68 0.38 0.13 –2.08 

Mg-HCO3 AR07 1.34 1.06 2.56 12.46 6.17 –8.27 0.79 1.07 –1.94 

Mg-HCO3 AR08 1.46 1.68 2.96 6.88 2.16 –7.26 1.06 1.93 –1.44 

Mg-HCO3 AR10 1.16 1.17 3.18 15.71 7.45 –8.35 0.51 0.49 –1.86 

Ca-HCO3 AR04 0.94 1.14 5.31 17.01 10.15 –8.53 0.52 0.38 –1.67 

Aurunci 
Springs 

Ca-HCO3 

ARG1 

AR05 0.37 1.07 0.67 20.69 12.81 –8.96 0.06 –0.98 –3.17 
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Ca-HCO3 AR09 0.75 1.15 3.77 25.39 14.65 –8.73 0.48 0.16 –1.86 

Ca-HCO3 AR11 0.29 0.79 0.22 13.84 13.61 –8.9 0.13 –1.07 –3.16 

Ca-HCO3 AR12 0.46 1.74 0.26 12.93 4.65 –8.38 0.15 –0.91 –3.04 

Ca-HCO3 AR13 0.24 0.88 0.33 14.20 13.64 –8.83 0.04 –1.3 –2.93 

Ca-HCO3 AR14 0.24 0.93 0.37 16.80 15.22 –8.98 0.06 –1.3 –2.97 

Ca-HCO3 AR15 0.20 0.84 0.57 13.37 13.58 –8.56 0.4 –0.7 –2.46 

Ca-HCO3 AR16 0.24 0.91 0.41 16.85 15.01 –8.95 0.17 –1 –2.91 

Ca-HCO3 AR17 0.20 0.90 0.39 14.85 15.47 –8.89 0.05 –1.33 –2.86 

Ca-HCO3 AR18 0.34 0.88 0.34 14.14 12.16 –9.04 0.16 –0.76 –3.14 

Ca-HCO3 AR19 0.29 0.86 0.37 13.80 12.54 –9.01 0.05 –1.06 –3.06 

Ca-HCO3 AR20 0.45 1.50 2.53 42.87 21.36 –8.52 0.64 0.24 –1.77 

Ca-HCO3 AR21 0.32 2.01 0.41 14.52 5.88 –8.74 0 –1.15 –3.08 

Ca-HCO3 AR22 0.28 0.82 0.35 11.18 11.43 –8.69 0.23 –0.76 –2.84 

Ca-HCO3 AR23 0.05 2.12 0.60 18.97 8.40 –8.89 0.32 –1.29 –2.91 

Ca-HCO3 AR24 0.05 0.94 0.38 8.18 8.81 –8.51 0.51 –0.99 –2.72 

Ca-HCO3 AR25 0.04 1.13 0.42 14.55 12.59 –8.75 0.05 –1.99 –2.77 

 

Ca-HCO3 

 

AR26 0.03 1.33 0.60 26.08 18.86 –9.12 0.19 –1.79 –2.83 

Ca-HCO3 PP01 0.40 2.23 0.21 8.43 2.52 –7.68 0.62 0.21 –2.76 

Ca-HCO3 PP04 0.61 1.24 0.34 9.89 5.19 –8.35 0.15 –0.56 –2.87 

Ca-HCO3 PP05 0.25 1.26 0.40 14.47 9.09 –8.26 0.86 0.48 –2.54 

Ca-HCO3 PP07 0.58 2.00 0.75 7.54 2.22 –7.59 0.52 0.17 –2.19 

Ca-HCO3 PP08 0.42 2.25 0.40 12.11 3.48 –8.11 0.6 0.18 –2.75 

Ca-HCO3 PP09 0.47 1.68 0.48 17.61 6.67 –8.55 0.27 –0.46 –2.82 

Ca-HCO3 

PPG1 

PP12 0.48 1.35 0.62 5.98 2.85 N.D. N.D. N.D. N.D. 

Mixed Ca-Na-HCO3-Cl PPG2 PP17 0.31 1.03 0.20 1.29 1.45 –6.78 0.51 –0.05 –2.10 

Na-Cl PP02 0.46 1.20 0.16 0.81 0.46 –5.76 0.8 0.63 –1.80 

Na-Cl PP03 0.63 0.90 0.13 0.45 0.47 –5.58 0.45 0.06 –1.75 

Na-Cl PP06 0.58 0.98 0.10 0.81 0.59 –5.64 0.92 0.98 –1.86 

Na-Cl PP14 0.78 0.96 0.23 0.18 0.28 –4.85 0.84 1.02 –1.14 

Na-Cl PP15 0.40 1.04 0.27 0.54 0.56 –5.4 1.08 1.17 –1.25 

Na-Cl PP16 0.57 0.85 0.21 0.15 0.38 –4.83 0.67 0.53 –1.04 

Na-Cl PP18 0.70 0.90 0.21 0.12 0.29 –4.72 0.11 –0.47 –1.06 

Na-Cl PP19 0.75 0.86 0.21 0.07 0.29 –4.73 –0.2 –1.08 –1.07 

Na-Cl 

PPG3 

PP20 0.70 0.89 0.21 0.12 0.29 –4.74 0.09 –0.53 –1.03 

Ca-Cl PP11 0.49 0.08 0.10 0.12 9.35 N.D N.D N.D N.D 

Ca-Cl PP13 0.75 0.09 0.15 0.21 6.98 N.D N.D N.D N.D 

Pontina  
Plain 
Wells 

Ca-Cl 

PPG4 

PP10 0.60 0.10 0.07 0.11 6.53 N.D N.D N.D N.D 

Seawater Na-Cl   5.163 0.858 0.103 0.004 0.04 N.D N.D N.D N.D 
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(a)                                                        (b) 

 
(c)                                                         (d) 

Figure 4. Saturation Index (SI) values for common carbonate and evaporate minerals of spring and well water samples. (a) 
Calcite saturation index versus 3HCO ; (b) Dolomite saturation index versus 3HCO ; (c) Gypsum saturation index versus 

2
4SO  ; (d) Halite saturation index versus Cl−. 

 
dence time of groundwater. The relationship between 
dolomite dissolution and calcite precipitation is thought 
to increase Mg/Ca ratios along flow paths (Figure 5). In 
fact, high elevation springs near the recharge area show 
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) and 3HCO  concentrations. 
Nevertheless, the increase in magnesium concentrations, 
and hence Mg/Ca ratio not only depends on the dissolu- 
tion/precipitation reaction of calcite and dolomite, but 
also an increase in water temperature accelerates the ki- 
netics of the dissolution of dolomite [34,35]. The highest 
Mg/Ca ratios (~1.5) were found in high temperature Au- 
runci springs, discharge at lower elevations, highlighting 
long residence time and enhanced weathering along the 
groundwater flow paths. These springs are oversaturated 
with respect to calcite and dolomite, however, they are 
much more oversaturated with respect to dolomite than 
calcite. The high Mg/Ca ratio may be due to the weath- 
ering of Mg-rich dolomite, where dolomitic limestones 
and dolomites 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. 
Samples with the lowest sulfate concentration, and there- 
fore gypsum saturation index, are found in high elevation 
springs near the recharge area. However, springs farther 
from the recharge areas have the highest sulfate concen- 
trations. If Ca2+, Mg2+, SO4

2– and 3HCO  were only de- 
rived from the dissolution of carbonate (calcite and dolo- 
mite) and evaporate minerals (gypsum), ionic ratios of 
(Ca + Mg) to (SO4 + HCO3) or Na/Cl should be a con-
stant value of one [36]. Thus, the plot of (Ca + Mg) ver-
sus (HCO3 + SO4) was prepared to identify the ion ex- 
change and weathering processes (Figure 6). As can be 
seen in Figure 6, most of the spring and well water sam-
ples fall along the 1:1 equiline suggesting that these ions 
have resulted from weathering of carbonates. However, 
well water samples from Pontina Plain (groups PPG4 and 
PPG3) and spring samples from Ausoni Mts. (group 
ASG3) are clustered above the 1:1 line indicating ion 
exchange process. Generally, if halite dissolution is re- 
sponsible for sodium and chloride, the Na/Cl molar ratio  
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Figure 5. Mg/Ca vs. 3HCO  in meq/l. 

 

 

Figure 6. Plot of Ca + Mg vs. HCO3 + SO4 in meq/l. 
 
should be approximately one [37]. 

The Na/Cl ratios of spring and well water samples 
range from 0.08 to 2.25 (Table 2). Majority of the sam- 
ples have molar ratio greater or equal to one, which indi- 
cates Na2+ may increase due to ion exchange and halite 
dissolution. However, some well water samples from 
Pontina Plain and spring samples from Ausoni Mts. show 
Na/Cl molar ratio close to and less than the value in sea-
water (0.86) indicating possible seawater intrusion, 
where groundwater becomes enriched in Cl– that leads to 
decrease the value of this ratio. The lower values of this 
ratio may be attributed to depletion of Na probably 
caused by cation exchange through clastics (mainly clays 
and marly limestone). The plot of Na/Cl and SO4/Cl ra-
tios versus Cl– concentrations suggest that these ratios 
increase with reduced salinity and vary between water 
types (Figures 7(a) and (b)). The HCO3/Cl ratios give a 
clear picture of the relative concentration of chloride and 
bicarbonate. Thus, this ratio can be a good indicator for 
salinization. The ratios of HCO3/Cl, indicative of fresh- 
water recharge, are all greater (>5), however groundwa-  

ter from Pontina Plain, belong to groups PPG3 and PPG4, 
and Ausoni (ASG2 and ASG3 groups) and Lepini (LPG2 
and LPG3 groups) springs have values of HCO3/Cl ratio 
close to the seawater ratio indicating possible mixing 
with seawater, where groundwater becomes enriched in 
Cl– that leads to decrease the value of this ratio (Figure 
7(c)). These spring and well water samples show also 
low Ca/Na ratios close to the seawater ratio (0.04), how- 
ever for the springs and groundwater belong to Ca-Mg- 
HCO3 type, Ca/Na molar ratios are much more than 
those of seawater, as the carbonate dissolution and/or 
depletion of Na become the prevailing processes in the 
aquifer matrix (Figure 7(d)). In addition, bromide ions 
are considered good indicators of seawater intrusion in 
the coastal aquifers due to their similar geochemical be- 
havior and low chemical activity [38]. 

Br and Cl are relatively conservative in hydrological 
systems and the Br/Cl ratios are often associated to study 
the origin of chloride and the anomalies of salinity. In the 
study area, Ca-Mg-HCO3 type spring and well water 
samples show low Br values (<0.01 mg/l), however for 
Na-Cl type waters Br/Cl ratios similar to normal and 
modern seawater ratio of 0.0015 to 0.003, respectively 
[39,40]. 

4.4. Stable Isotope Analysis of Spring and Well 
Water 

The isotopic composition (18O and 2H) and the calculated 
deuterium excess values of spring and well water sam- 
ples, recorded in different periods, are presented in Table 
3. For the isotopic characterization of the spring samples 
from Lepini, Ausoni and Aurunci Mountains and the well 
samples from Pontina Plain, we plot the isotope data of 
sampled waters in the binary diagram of δ2H-δ18O (Fig-
ure 8). The Mediterranean meteoric water line (MMWL), 
[41], the world meteoric water line (WMWL), [42], and 
the central Italy meteoric water line (CIMWL), [43], are 
also plotted on the same diagram. The equations describe 
the relationship between 18O and 2H are the following: 

188.13 O 10.8WMWLδ δ          (5) 

8 O 22WMWLδD δ             (6) 

187.047 O 5.608CIMWLδD δ       (7) 

The comparison of δ18O and δ2H values of spring and 
well water samples with meteoric water lines (Figure 8) 
shows that most of the samples fall to the left of the 
world meteoric water line suggesting input to local rain-
fall that derives from weather fronts coming from the 
Mediterranean Sea. 

The precipitation of Mediterranean origin should con- 
tribute to the recharge of the regional aquifers.  

The deviation of data points from the meteoric lines  
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Figure 7. (a) Relationship between Cl vs. Na/Cl; (b) Relationship between Cl vs. SO4/Cl; (c) Relationship between Cl vs. 
HCO3/Cl; (d) Relationship between Cl vs. Ca/Na. 
 

 

Figure 8. Isotope values (δ2H and δ18O) of spring water samples from Lepini, Asusoni and Auruci Mts. and well water sam- 
ples from Pontina Plain. Samples plotted together with the Mediterranean Meteoric Water Line (MMWL) (Gat and Carmi, 
1970), the World Meteoric Water Line (WMWL) (Rozanski et al., 1993) and the Central Italy Meteoric Water Line (CIMWL) 
(Longinelli and Selmo, 2003). 
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Table 3. Isotope composition, deuterium excess (dexcess) values and calculated recharge elevations of spring and well water 
samples. 

Sample Codes Date (dd/mm/yy) 
　18O‰ vs 
V-SMOW 

　2H‰ vs 
V-SMOW 

dexcess 
(‰) 

Discharge 
Elevation 

(m asl) 

Recharge 
Elevation 

(m asl) 

LP01 28/02/03 –6.07 –39.0 9.6 5 618 

LP02 28/02/03 –5.91 –36.1 11.2 42 489 

LP03 28/02/03 –4.86 –32.2 14.7 64 350 

LP04 28/02/03 –5.82 –35.5 11.1 185 449 

LP05 28/02/03 –6.28 –40.0 10.3 12 697 

LP06 28/02/03 –6.95 –42.5 13.1 840 930 

LP07 28/02/03 –5.27 –34.8 7.3 5 302 

LP08 12/05/04 –7.58 –42.8 17.8 1110 End member 

LP09 12/05/04 –7.34 –42.6 16.1 740 1023 

LP10 12/05/04 –6.43 –37.0 14.4 360 635 

LP11 12/05/04 –6.40 –36.8 14.4 360 622 

LP12 13/05/04 –7.42 –42.72 16.6 1065 1072 

AS01 26/04/02 –6.52 –33.5 18.7 92 543 

AS02 26/04/02 –6.69 –33.2 20.3 98 572 

AS03 26/04/02 –6.29 –30.3 20.0 95 388 

AS04 26/04/02 –6.99 –33.9 22.1 95 662 

AS05 26/04/02 –6.66 –34.9 18.4 6 619 

AS06 26/04/02 –6.86 –34.3 20.6 4 644 

AS07 26/04/02 –6.71 –35.3 18.4 2 644 

AS08 26/04/02 –6.45 –32.9 18.7 10 509 

AS09 26/04/02 –6.36 –32.4 18.5 6 470 

AS10 26/04/02 –6.40 –30.9 20.3 4 433 

AS11 26/04/02 –6.89 –32.1 23.0 18 582 

AS12 26/04/02 –6.31 –30.9 19.5 20 413 

AS13 26/04/02 –6.52 –33.8 18.3 10 554 

AS14 14/05/04 –6.34 –36.41 14.3 475 596 

AS15 14/05/04 –6.20 –36.1 13.5 100 554 

AS16 14/05/04 –6.35 –36.6 14.2 500 604 

AR01 03/02/03 –6.45 –37.4 14.2 18 653 

AR02 03/02/03 –5.77 –32.0 14.1 7 325 

AR03 03/02/03 –6.36 –35.9 15.0 13 584 

AR04 03/02/03 –6.16 –36.4 12.9 15 555 

AR05 03/02/03 –6.61 –36.5 16.3 17 661 

AR06 03/02/03 –6.53 –36.6 15.6 12 646 

AR07 03/02/03 –6.38 –37.8 13.2 14 651 
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Continued 

AR08 03/02/03 –6.39 –38.0 13.2 13 657 

AR09 03/02/03 –6.47 –35.9 15.9 8 609 

AR10 03/02/03 –6.51 –37.0 15.1 12 653 

AR11 27/01/03 –6.60 –37.7 15.1 39 698 

AR12 27/01/03 –6.28 –37.2 13.1 31 607 

AR13 27/01/03 –5.94 –33.6 13.9 85 414 

AR14 27/01/03 –6.34 –34.8 15.9 77 545 

AR15 27/01/03 –5.43 –31.4 12.0 83 229 

AR16 27/01/03 –6.10 –33.9 14.9 70 459 

AR17 27/01/03 –5.50 –31.9 12.1 74 259 

AR18 19/09/03 –7.02 –39.7 16.5 17 856 

AR19 18/12/03 –7.04 –42.1 14.2 17 938 

AR20 20/01/04 –6.54 –38.6 13.7 11 712 

AR21 21/01/04 –6.94 –39.5 16.0 65 832 

AR22 22/01/04 –6.38 –36.4 14.6 1 604 

AR23 16/05/04 –7.03 –38.3 17.9 1050 End member 

AR24 20/05/04 –6.54 –37.6 14.7 700 916 

AR25 20/05/04 –6.83 –38.9 15.7 870 1024 

AR26 20/05/04 –6.77 –39.9 14.3 700 1043 

PP01 03/06/03 –6.40 –38.8 12.4 9 686 

PP02 03/06/03 –7.14 –45.0 12.1 2 1056 

PP03 03/06/03 –7.05 –46.2 10.2 0 1073 

PP04 03/06/03 –6.68 –42.1 11.3 84 857 

PP05 03/06/03 –6.77 –43.3 10.9 40 914 

PP06 03/06/03 –6.28 –38.6 11.7 4 652 

PP07 03/06/03 –7.12 –45.4 11.5 12 1064 

PP08 03/06/03 –6.39 –40.2 10.9 18 731 

PP09 17/06/03 –7.17 –46.1 11.2 19 1097 

PP10 17/03/03 –5.85 –37.3 9.5 5 514 

PP11 17/03/03 –5.43 –34.5 8.9 4 329 

PP12 17/03/03 –5.84 –39.3 7.5 12 575 

PP13 17/03/03 N.D. N.D. N.D. 7 N.D. 

PP14 27/07/06 N.D. N.D. N.D. –1 N.D. 

PP15 27/07/06 N.D. N.D. N.D. 2 N.D. 

PP16 28/07/06 N.D. N.D. N.D. –0.30 N.D. 

PP17 28/07/06 N.D. N.D. N.D. 6 N.D. 

PP18 30/09/06 N.D. N.D. N.D. 0 N.D. 

PP19 30/09/06 N.D. N.D. N.D. –0.80 N.D. 

PP20 30/09/06 N.D. N.D. N.D. –0.80 N.D. 
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can be attributed to evaporation both during the falling of 
the rain and by run-off on the ground surface before in- 
filtration, i.e. the dotted line shows linear regression of 
all data. A slope of 4 to 6 is attributed to waters with a 
significant rate of evaporation relative to input [44,45]. 
The dotted line has a slope of 4.8 and is calculated from a 
linear regression on all data. Most of the samples from 
Lepini springs fall above and below the CIWML, how- 
ever, spring samples LP01 and LP07 plot below the 
WMWL suggesting that the water has evaporated or has 
mixed with evaporated water. The plot of δ2H values 
versus δ18O for spring samples from Ausoni Mts., col- 
lected during April 2002, shows a distribution which 
tends to converge with the MMWL showing more δ18O 
enrichment at the expense of δ2H. Samples AS14, AS15 
and AS16, collected during May 2004, fall above the 
CIWML. The measured isotope values of the spring sam- 
ples from Aurunci Mts., are aligned near to and above 
the CIWML. In Pontina Plain, the isotope compositions 
of the groundwater samples plot below the CIWML and 
close to WMWL. However, PP10, PP11 and PP12, sam- 
ples fall below the WMWL: it may be related to an 
evaporation process from falling rain or before infiltra- 
tion through soils and sand surfaces in the recharge areas 
(Figure 8). 

A deuterium excess of 10‰, the average value for 
global precipitation, is significantly lower than that of 
Eastern Mediterranean meteoric water line (EMMWL), 
where a significant part of the vapour mass has origin- 
nated in a closed basin. The low d-values of precipitation 
reflect slow evaporation at its source region due to high 
humidity, whereas the high d-values reflect fast evapora- 
tion at its source region due to low humidity [3]. Previ- 
ous studies showed that the western part of the Mediter- 
ranean basin has a d-excess of 14‰, whereas the eastern 
part shows an excess of + 22‰ and this variation reflects 
a mixture between the Mediterranean and the Atlantic air 
masses [46]. These high values probably are related to a 
strong kinetic isotopic effect during evaporation in the 
summer above the Mediterranean Sea because of the low 
relative humidity of the atmosphere. The values of the 
deuterium excess (d) of spring and well water samples 
were calculated by the following equation [47]: 

18D 8 O 10.8d δ δ              (8) 

The relationship between δ18O and δ2H, for spring and 
well water samples, shows shifts of both the slope andthe 
deuterium excess when compared to the global and cen- 
tral Italy meteoric water lines.  

The deuterium excess values has been found in the 
study area with a range of “d” values minimum +7.3‰ in 
February 2003 and maximum + 23‰ in April 2002 (Ta-
ble 3). These values include the range from 10 for global 
precipitation to 22 for the eastern Mediterranean area 

indicating the significance of the Mediterranean as a 
moisture source for Italy [48]. Most of the spring sam- 
ples with high deuterium excess values (above 14‰) 
suggest that the precipitation in the groundwater comes 
from the Mediterranean sector (Figure 9). On the con- 
trary, groundwater samples from Pontina Plain show low 
d-excess values (ranges from 7.5‰ to 12.5‰). 

A d-parameter value around 10 ‰ indicates that the 
water has not been significantly evaporated, and plots on 
the WMWL and close to the LMWL. The spring and 
well water samples plot below WMWL show low deute- 
rium excess values (<10‰) indicating the groundwater is 
isotopically different from its original isotopic composi- 
tion due to evaporation. 

The altitude effect has been used to estimate the mean 
elevation of recharge of spring and well water samples. 
The mean isotopic gradient with altitude can be deter- 
mined directly from the samples collected at a series of 
sites located at different altitudes, as well as from a series 
of rainwater samples obtained by different pluviometric 
stations. As no there is no precipitations isotope data 
were available for precipitation in the area under study, 
for the identification of mean isotope gradients, we use 
the isotope (18O-2H) and elevation values of precipita- 
tion, obtained from the four sampling pluviometers near 
study area (Sabaudia, Roccamonfina, Vairano 1 and Vai- 
rano 2). 

This methodological process is used to confirm the hy- 
pothesis of the conceptual hydrogeological model about 
groundwater circulation. 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‰ per 100 m 
elevation for δ18O and δ2H, respectively (Figure 10). 
Then, the calculated gradients (Δ18O/Δh = –0.22‰/100 
m and Δ2H/Δh = –1.55‰/100 m) were used to obtain 
information about recharge elevations for each spring 
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Figure 9. Box plot of deuterium excess values of spring and 
well water samples. 
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Figure 10. Relationship between δ18O isotope values and 
elevation (m asl) of precipitation samples from pluviometric 
stations. (S) Sabaudia (17 m asl) weighted mean δ18O (–5.13) 
and δ2H (–27.0); (V1) Variano 1 (155 m asl) weighted mean 
δ18O (–5.72) and δ2H (–32.7); (V2) Variano 2 (135 m asl) 
weighted mean δ18O (–5.86) and δ2H (–35.7); (R) Rocca-
monfina (620 m asl) weighted mean δ18O (–6.64) and δ2H 
(–37.8). 
 
and well water samples comparing the elevation at which 
the measured isotopic content of the water samples match 
the isotopic content of precipitation. As a matter of fact, 
for the calculation of mean recharge elevation of spring 
and well water samples, we use: 

i) an average weight value of δ18O (–5.13) and δ2H 
(–27.0) [43], which come from the rain gauge station at 
Sabaudia (17 m asl), for lower elevations in the Lepini, 
Ausoni, Aurunci Mts. and Pontina Plain; 

ii) for higher elevations in Lepini Mts., the isotope 
value of δ18O (–7.58) and δ2H (–42.8) of LP08 (Santa 
Serena) sample as end-member ,whose recharge eleva- 
tion is less than 1200 m asl. 

iii) the isotope value of δ18O (–7.03) and δ2H (–38.3) 
from end member sample AR23 (Mt. Revole), whose 
recharge elevation topographically does not exceed 1200 
m asl, in Aurunci Mts. for the higher elevations. Identi- 
fied recharge elevations for each spring and well water 
samples are presented in Table 3. 

The distribution of δ18O values of sampled waters 
show a gradual decrease with increasing recharge eleva- 
tion (Figure 11).  

The main directions of identified groundwater flow 
paths are shown in Figure 12. For Lepini springs, dis- 
charge at higher elevations, the estimated mean recharge 
elevations vary between 900 and 1100 m asl (LP06, 
LP08, LP09, LP12), while for LP10 and LP11 samples, 
discharge at 360 m asl, the calculated mean recharge ele- 
vation is about 630 m asl. These springs discharge near 
the recharge area and characterized by low TDS concen- 
trations (<300 mg/l) indicating low mineralization/short  

 

Figure 11. δ18O values of analysed spring and well water 
samples plotted versus recharge elevations. Data refer to 
Table 3. 
 
residence time (Mg/Ca ~ 0.3) and short groundwater 
flow paths (Table 3). LP01 and LP05 spring samples, 
discharge at lower elevations, show a mean recharge 
elevation of 618 - 697 m asl, respectively. However, for 
LP07 spring, discharge at 5 m asl, the estimated mean 
recharge is about 302 m asl. These samples show average 
TDS concentration of 900 mg/l. LP07 spring shows a 
short groundwater flow path considering its recharge ele- 
vation, thus the high TDS value is attributed to seawater 
intrusion. Calculated mean recharge elevations for the 
springs LP02, LP03, LP04, located in the eastern part of 
Lepini Mts., range between 350 and 489 m asl. The ave- 
rage TDS concentration of these samples is 350 mg/l. 
This is attributed to the short residence time of water 
flowing along the flow paths (i.e. Mg/Ca ratio ~ 0.25). In 
Ausoni Mts., for the most elevated springs, AS14 and 
AS16 (500 m asl), the calculated mean recharge eleva- 
tions are similar to the discharge elevation highlighting 
short groundwater flow paths. On the contrary, for the 
samples located at lower discharge elevations (<20 m 
asl), the mean recharge elevations range between 413 and 
644 m asl.  

Among these samples AS07, AS08 and AS09, located 
near the coast, show the highest TDS concentrations 
(~1300 mg/l) suggesting long groundwater flow path, 
long residence time (Mg/Ca ~ 0.87) and seawater intru- 
sion (Tables 1 and 3). For the samples AS01, AS02, 
AS03, AS04, AS15, which are located at the north part of 
Ausoni Mts., the average discharge elevation is about 95 
m asl. The mean recharge elevation for these springs va- 
ries between 388 and 662 m asl suggesting long ground- 
water flow paths, but short residence time (Mg/Ca ~ 0.2) 
and low TDS concentrations ( ~323 mg/l). Based on the 
isotopic gradients, three different recharge areas occur in 
the western Aurunci: two recharge areas are located in 
the north and the other one is in the south part of the 
massif. The first area in the north feeds the springs AR23, 
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Figure 12. Site study area, location of sampled springs and wells and the main directions of groundwater flow paths (LP: 
Lepini springs, AS: Ausoni springs, AR: Aurunci springs, PP: Pontina Plain wells). 
 
AR24, AR25 and AR26. For these springs, the mean 
recharge elevation range between 916 and 1050 m asl 
and the average TDS content is less than 300 mg/l indi- 
cating short groundwater flow paths and short residence 
time (Mg/Ca ~ 0.04). Considering the mean recharge 
elevation of these springs and their low mineralization, it 
can be assumed that they are recharged by a perched aq- 
uifer. The second area in the north recharges the springs 
AR13, AR14, AR15 and AR16. The mean recharge ele- 
vations varies from 229 to 545 m asl for these springs. 
These springs show average TDS concentrations of 347 
mg/l. The recharge area occur in the south part recharges 
the springs AR18, AR19, AR21 and AR22. The dis- 
charge elevation of these spring samples occur at lower 
elevations, while the mean recharge elevation range be- 
tween 604 and 938 m asl indicating long groundwater 
flow paths, short residence time (Mg/Ca ~ 0.3) and low 
TDS (<325 mg/l) concentrations. In the eastern part of 
Aurunci Mts., the identified recharge area feeds the 
springs located at lower elevations (AR01 to AR12 and 
AR20). For these samples the mean recharge elevations 
vary from 325 to 712 m asl suggesting long groundwater 
flow paths. The samples AR01, AR08 and AR20 show 
higher TDS contents (~1100 mg/l) than other sampled 
springs, which may be related to the enhanced water-rock 
interaction along the groundwater flow paths (Tables 1 
and 3). Calculated mean recharge elevations, identified 
by the isotopic analysis, for well water samples from  

Pontina Plain, range between 652 and 1097 m asl, except 
for the samples PP10, PP11 and PP12 (329 - 575 m asl). 
The identified mean recharge elevations for these well 
water samples (PP01 to PP09) are higher than the re- 
charge elevations of Ausoni springs (<650 m asl), which 
indicates that the aquifer feeding them is the carbonate 
aquifer of Lepini Mts. The mean recharge elevations 
correspond to approximately the topographic elevations 
of the study area. The samples PP02, PP03 and PP06 
show high TDS concentrations (1200 mg·L–1) and me- 
dium residence times (Mg/Ca ~ 0.56), which indicates 
enhanced interaction with calcareous and calcareous- 
dolomitic lithologies and/or seawater intrusion. However, 
samples PP14, PP16, PP18, PP19 and PP20 show the 
highest TDS concentrations (>2500 mg/l), according to 
Lepini, Ausoni and Aurunci springs, which is related to 
seawater intrusion in the coastal area. In Pontina Plain, 
the mean recharge elevations of some well water samples 
(PP13 to PP20) were not determined due to the lack of 
isotope data. 

5. Conclusions 

A combined geochemical and isotopic investigation tech- 
niques were applied to spring and well waters from the 
carbonate aquifers of Southern Latium region, Italy, 
which are the most important groundwater reservoirs in 
this area, in order to define in detail the hydrogeological 
conceptual model of these aquifer systems. The geo- 
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chemical characterization of spring and well water sam- 
ples lead to the definition of the aquifers, based on both 
hydrogeochemical facies and TDS concentrations. In fact, 
the results of chemical composition and identified re- 
charge elevations of springs and wells allowed us to ad- 
vance realistic assumptions about the type of aquifer rocks, 
formed mostly of carbonates, the length of groundwater 
flow paths and groundwater residence times. The geo- 
chemical characteristics of the spring and well water 
samples, identify different types of groundwater evolu- 
tion consisting of modifications of chemical composition. 

The most common hydrofacies for the spring samples 
in the Lepini, Ausoni and Aurunci Mts., Ca-Mg-HCO3- 
type, however some samples show a composition of 
Na-Cl-type. On the contrary, most of the well water 
samples from Pontina Plain show the characteristics of a 
typical composition of Ca-Cl and Na-Cl type waters. The 
identified hydrochemical facies suggest that water types 
undergo further geochemical evolution through water 
rock interaction and/or seawater intrusion in coastal area 
to reach a final stage of evolution represented by the 
Na-Cl water type. 

The results of geochemical modeling suggest that most 
of the spring and well water samples are saturated with 
respect to calcite and dolomite, however all sampled wa- 
ters were undersaturated with respect to gypsum and hal- 
ite. The high dissolution rate for carbonate formations 
allows for waters close to saturation with respect to cal- 
cite and dolomite and evaporate minerals (gypsum and 
halite) to remain undersaturated, resulting in continued 
dissolution along flow paths. The hydrochemical pro- 
cesses controlling the chemistry of spring and well wa-
ters were identified using different ionic ratios (Mg/Ca, 
Na/Cl, SO4/Cl and HCO3/Cl, Ca/Na and Br/Cl). Most of 
the groundwater samples from Pontina Plain and low 
elevation Lepini and Ausoni Mts. springs have molar 
ratios of these ionic constituents nearly close to the sea- 
water ratio indicating the contribution of seawater. The 
results of geochemical modelling and the selected ionic 
ratios shows that the chemical weathering along with the 
dissolution of rock-forming minerals and seawater intru- 
sion, in the coastal area, which have contributed in the 
modification of the groundwater chemistry.  

The evaluation of δ18O and δ2H values of spring and 
well water samples shows that most of the samples fall to 
the left of the WMWL suggesting input to local rainfall 
that derives from weather fronts coming from the Medi- 
terranean Sea. This fact is also confirmed by the high 
deuterium excess values (above 14‰) of spring samples 
suggesting the precipitation in the groundwater comes 
from the Mediterranean sector. Groundwater samples 
from Pontina Plain show low d-excess values (ranges 
from 7.5‰ to 12.5‰) indicating that they were affected 
by evaporation. The relationship between δ18O and δ2H, 

for spring and well water samples, shows shifts of both 
the slope and the deuterium excess when compared to the 
world meteoric (WMWL) and central Italy meteoric 
(CIMWL) water lines. The deviation of data points from 
the meteoric lines can be attributed to evaporation both 
during the falling of the rain and by run-off on the 
ground surface before infiltration. Stable isotope values 
(δ18O and δ2H) of spring and groundwater samples and 
their relationship between meteoric water lines show that 
Lepini and Aurunci springs and groundwater samples 
from Pontina Plain follow what appear to be linear trends 
that suggest varying source elevations for different 
springs, while Ausoni springs does not seem to show this 
trend; suggesting a similar recharge elevation for waters 
discharging at all springs in the Ausoni Mts. system. 
Based on the isotopic characterization and geographic 
positions of the various springs, four different recharge 
areas identified in the Aurunci Mountains. In Pontina 
Plain, the elevations of the recharging areas, identified by 
the isotopic analysis, suggest that the Lepini carbonate 
aquifers are feeding them. 

The primary contribution of this paper was the de- 
lineation of potential recharge areas and elevations in 
several mountain blocks in Central Italy using environ- 
mental isotopes, which are a common natural tracer, to 
predict recharge elevation and constrain recharge area. 
Geochemistry was also used to infer source region and 
hydrochemical processes control groundwater composi- 
tion. The results demonstrate the importance of integrat- 
ing knowledge of environmental isotopic and hydro- 
chemical characterization for the better management of 
these aquifer systems in the region. 
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