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INTRODUCTION

The low water volume and lack of buffering potential
in some small lakes (surface area <0.5 km2) can make them
particularly sensitive to changes in local environmental
conditions and a potential resource for paleohydrologic re-
construction (Wetzel, 2001; Cohen, 2003). However, the
contribution of groundwater to the overall water budget of
small lakes is often overlooked or underrepresented (Wet-
zel, 2001; Perini et al., 2009; Rosenberry and
Lewandowski, 2015). Lake Lungo and Lake Ripasottile,
located in the Rieti Plain (central Italy), are small water
bodies that have experienced recent eutrophication
(Franceschini et al., 2004). These lakes are of particular in-
terest because of their location within a nature reserve, Ris-
erva Naturale dei Laghi Lungo e Ripasottile (hereafter

referred to as Riserva), which was established in 1985
(Franceschini et al. 2004). Previous studies on the hydrol-
ogy of the Rieti Plain suggest a combination of inputs from
groundwater and drainage from manmade irrigation chan-
nels (Franceschini et al. 2004; Martarelli et al. 2008). The
unknown magnitude and seasonality of these surficial in-
puts create a challenging scenario for quantifying the lakes’
water budgets. Major ions and environmental isotopes as
tracers can provide a means for building a conceptual
model of water contributions and connectivity. This
methodology has been previously used to study neighbor-
ing groundwater systems in the intermontane basins of the
central Apennines (Petitta et al., 2011, Carucci et al., 2012;
Sappa et al. 2012; Tassi et al, 2012; Tallini et al., 2014), as
well as groundwater-surface water interactions in other re-
gions (Gourcy and Brenot 2011; Sacks et al., 2014). 
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ABSTRACT
Lake Lungo and Lake Ripasottile are two shallow (4-5 m) lakes located in the Rieti Basin, central Italy, that have been described

previously as surface outcroppings of the groundwater table. In this work, the two lakes as well as springs and rivers that represent
their potential source waters are characterized physio-chemically and isotopically, using a combination of environmental tracers.
Temperature and pH were measured and water samples were analyzed for alkalinity, major ion concentration, and stable isotope
(δ2H, δ18O, δ13C of dissolved inorganic carbon, and δ34S and δ18O of sulfate) composition. Chemical data were also investigated in
terms of local meteorological data (air temperature, precipitation) to determine the sensitivity of lake parameters to changes in the
surrounding environment. Groundwater represented by samples taken from Santa Susanna Spring was shown to be distinct with
SO4

2– and Mg2+ content of 270 and 29 mg/L, respectively, and heavy sulfate isotopic composition (δ34S=15.2‰ and δ18O=10‰).
Outflow from the Santa Susanna Spring enters Lake Ripasottile via a canal and both spring and lake water exhibits the same chemical
distinctions and comparatively low seasonal variability. Major ion concentrations in Lake Lungo are similar to the Vicenna Riara
Spring and are interpreted to represent the groundwater locally recharged within the plain. The δ13CDIC exhibit the same groupings
as the other chemical parameters, providing supporting evidence of the source relationships. Lake Lungo exhibited exceptional
ranges of δ13CDIC (±5‰) and δ2H, δ18O (±5 ‰ and ±7 ‰, respectively), attributed to sensitivity to seasonal changes. The hydrochem-
istry results, particularly major ion data, highlight how the two lakes, though geographically and morphologically similar, represent
distinct hydrochemical facies. These data also show a different response in each lake to temperature and precipitation patterns in the
basin that may be attributed to lake water retention time. The sensitivity of each lake to meteorological patterns can be used to un-
derstand the potential effects from long-term climate variability.
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327Hydrochemical determination of source waters

The aim of this study is to gain a better understanding
of hydrologic connectivity between the two lakes in the
Riserva, to the nearby surface water, as well as to local
and regional aquifers. The definition of inputs into each
lake will serve two major purposes.

First, it will allow for more informed conservation
management practices, particularly in response to a
changing climate. To this end, a hydrochemical approach
using major ion concentrations and stable isotopes was
chosen in this system where physical measurements of
surface inflow and outflows are a less informative
method. This method can show temporal variations when
no physical monitoring equipment is in place, as in the
case of these lakes. It also can define the commonly over-
looked groundwater influence on lake water budget with-
out directly studying subsurface hydrology. The second
purpose of this study is to use the modern characterization
of inputs to make informed interpretations of paleolim-
nology of this system and regional paleoclimate going
back three millennia, as part of an ongoing study of lake
cores from the Riserva (Mensing et al., 2015). Before the
interpretation of geochemical, paleoecological and iso-
topic signals in the cores, it is necessary to determine what
factors in the lake and catchment area drive modern
changes in these parameters.

The past few decades in the Mediterranean region, and
particularly central Italy, were marked by decreases in both
total precipitation and number of wet days (Brunetti et al.
2012; Carucci et al. 2012). Regional karstic aquifers in this
region, hosted in the carbonate ridges, have already expe-
rienced decreases in storage and associated spring dis-
charge (Di Matteo and Dragoni, 2006; Fiorillo et al., 2015).
The Santa Susanna Spring, for instance, discharging the
basal flow of the regional carbonate aquifer located to the
northeast of the study area (Fig. 1), has experienced a 30%
reduction in recharging water over the past several decades
(Spadoni et al. 2010). The warming trend observed in Italy
over the last approximately 40 years, especially the signif-
icant increases in summer temperatures (Fioravanti et al.
2015), combined with agricultural demand for water in the
basin (Massarutto, 1999) will also likely impact water sup-
ply to these lakes. Changes in precipitation and air temper-
ature associated with local impacts of predicted global
climate change are the primary parameters of concern as
they directly and indirectly affect water supply. Without ac-
cess to groundwater data, this study was limited to postu-
lating the impacts of meteorological trends and looking for
evidence of a limnological response. The relationship be-
tween these trends and the within-lake conditions was as-
sessed by examining correlations of lake chemical and
physical measurements with local meteorological data for
the same period. This lake-sensitivity analysis may also
help predict how these protected and significant water bod-
ies will react to future shifts in temperature or precipitation.

Informed management of these lakes, for wildlife conser-
vation, water quality and water supply, is dependent on an
overall better understanding of hydrology in the Rieti
Basin.

Regional geologic, hydrogeological,
and climatic setting

The Rieti Basin is an intermontane depression located
in the central Apennine thrust system (Fig. 1). Recently
uplifted marine sediments, comprised primarily of lime-
stone, characterize the geology of this region. During the
Miocene, compressional tectonics forced pelagic carbon-
ate sequences upwards above sea level (Cosentino et al.,
2010). Extensional tectonics dominate in the region since
the Upper Pliocene - Lower Pleistocene, forming basins
such as Rieti that subsequently aggraded with clastic la-
custrine and alluvial deposits (Cavinato and De Cellis,
1999). The Rieti Basin remains seismically active and
deep normal faults mark the boundaries between the
Meso-Cenozoic carbonate ridges and the recent continen-
tal deposits on the northern, western and eastern edges of
the plain. The recent plain-filling alluvial unit ranges in
thickness from 80 m on the eastern side of the plain to
over 400 m on the western side (Martarelli et al., 2008).

Carbonate ridges hosting regional aquifers (Boni et al.,
1986) characterize the hydrogeology of the central Apen-
nines. Discharge occurs at their contact with less permeable
units and yields springs with high flow (up to 18 m3 s–1).
Normal faults at the border of the plain separating these two
units also serve as a conduit for groundwater to travel to
the surface and discharge at springs. The hydrogeology of
the Rieti Plain, studied and mapped by Martarelli et al.
(2008) and Capelli et al. (2012), is characteristic of the
Apennine tectonic basin flow regime, where the regional
flow system is hosted by the surrounding carbonate
bedrock and a shallower layered aquifer exists within the
more recent alluvium deposits filling the plain (k). These
plain-filling deposits are low permeability Pleistocene-
Holocene fluvial and lacustrine sediment interbedded with
gravelly colluvium and occasional peat layers. The makeup
of this unit creates a scenario where local recharge is rela-
tively limited if compared with that of the surrounding car-
bonate aquifers and groundwater flow mainly occurs in the
coarser grained units or at the contacts between the beds
(Martarelli et al. 2008; Capelli et al., 2012). At the north-
eastern edge, the Santa Susanna Spring (hereafter referred
to as SUS) (Tab. 1) represents the highest discharge spring
of those in direct contact with the plain as well as the base-
flow of the regional aquifer (Zuppi and Bortolami, 1982).
This regional aquifer is hosted in the Terminillo and Reatini
mountain carbonate aquifer units to the east and the spring
emerges at the intersection of two normal faults bounding
this unit (Martarelli et al., 2008; Spadoni et al., 2010).
Mesozoic evaporites comprise a portion of this carbonate

Non
-co

mmerc
ial

 us
e o

nly



328 C. Archer et al.

unit, underlain at the base by Triassic dolomites (Capelli et
al., 2012).

The Vicenna Riara Spring (hereafter referred to as
VIC) (Tab. 1) is distinct among springs included in this
study because of its location near the center of the plain,
about 0.8 km SSE of Lake Lungo. Water flows to this
spring along a buried fault and through preferential flow-
paths within the Pleistocene conglomeratic alluvial de-
posits that lie in the central-eastern part of the plain
(Martarelli et al., 2008).

The Velino River (Fig. 1) represents the major portion
of surface water flowing into the plain (35 m3 s–1, Tab.1;
the Turano and the Salto Rivers enter the plain at 2 m3

s–1 and 1 m3 s–1, respectively, and converge with the Velino
River). Velino’s waters are sourced upstream to the south-

east from the regional carbonate aquifer. Here, at its head-
waters, the river acts as a linear spring, discharging
groundwater from the regional aquifer (Petitta, 2009).
Downstream of this, and within the Rieti Plain, the river
is mostly a losing stream, with its water contributing to
the alluvial aquifer of the plain.

Located about 8 km upstream from the Rieti Plain in
the Velino River Valley, the San Vittorino Plain holds sev-
eral springs that discharge in the same manner as SUS,
where large discharges occur at the contact between car-
bonate units and plain-fill deposits. Two of these springs
were sampled in this study, the Peschiera and the Terme
di Cotilia springs (hereafter referred to as PES and COT,
respectively) (Fig. 1). These localities were included be-
cause of their large discharge (Tab. 1) and potential con-

Fig. 1. Map of study area. Black dots indicate sampling localities. Elevations contours show 150 meter intervals. Numbers correspond
to names given in Tab. 1: 1, Lake Lungo (LUN); 2, Lake Ripasottile (RIP); 3, Velino River (VRV); 4, Vicenna Riara Spring (VIC); 5,
Santa Susanna Spring (SUS); 6, Peschiara Spring (PES); 7, Cotilia di Terme Spring (COT).
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329Hydrochemical determination of source waters

tribution to the waters of the Rieti Plain. Previous hydro-
chemical investigations were also conducted on these wa-
ters, allowing the limited number of samplings from this
study to fit into a greater context. Local research has also
focused on Lake Paterno, a sinkhole lake located in the S.
Vittorino Plain with a similar geologic setting to Lake
Lungo and Ripasottile (Tassi et al. 2012). Many of the
previous studies on groundwater in this area focused in
part on how tectonic discontinuities allow deep, mineral-
ized fluids to migrate up and mix with regional aquifer
water, as in the case of COT, and to mix with lake water,
as in the case of Lake Paterno (Zuppi and Bortolami,
1982; Petitta et al., 2011; Tassi et al., 2012). PES, with
the highest discharge in the study area (i.e., 18 m3 s–1),
represents a major drinking water supply to Rome. The
groundwater contribution to the spring is mainly from the
aquifer hosted within the uplifted carbonate shelf deposits
to the ESE, in bedrock consisting of Triassic-Paleocene
limestone located in the Giano-Nuria mountains (Petitta,
2009; Civita and Fiorucci, 2010).

The surface water hydrology of the Rieti Plain is com-
plicated by the extensive human alteration of the landscape
and waterways (Franceschini et al., 2004; Martarelli et al.,
2008). Prior to human modification, the plain was occupied
by one large lake, Lacus Velinus, until approximately the
Roman Era, when a combination of human land-reclama-
tion efforts and climate change decreased the area and
water level of the lake. The area was modified to its current
configuration in the 1930’s, when canal construction and
drainage efforts removed excess surface water (Calderoni
et al., 1994; Martarelli et al., 2008). Presently, a network
of canals and ditches drains water from nearby springs and
agricultural land into wetlands surrounding both Lake
Lungo and Ripasottile (hereafter referred to as LUN and
RIP). RIP also receives inflowing water from an artificial
channel from the nearby SUS. This water flows from the
spring then is diverted through a fish farm before flowing
into the RIP. The magnitude of SUS as a water source and
its impact on RIP’s water balance was not previously stud-
ied. Another artificial channel connects RIP to the wetlands
on the west end of LUN. The level of the lakes is main-

tained by a pumping station located at the northwest corner
of RIP where effluent is directed into the Velino River. This
prevents the lake depths from increasing and maintains a
scenario where the shallow lakes’ water columns continue
to mix throughout the year without a prolonged period of
stratification.

The Rieti Basin experiences climate with typical
Mediterranean precipitation patterns, characterized by the
majority of precipitation occurring in autumn and winter
(Supplementary Tab. 1), with relatively arid summers
(Combourieu-Nebout et al., 2015). Within Italy, the Rieti
Plain lies in the climate region categorized as the warm
temperate mountainous zone based on the continentality
(seasonal shifts) of annual temperatures, the mean annual
precipitation, and the potential evapotranspiration
(Costantini et al., 2013). The mean monthly temperature
in this area varies between 4°C in January and 21°C in
July (Leone, 2004). Studies based on long-term records
prior to the 21st century found the annual mean precipita-
tion at 1117 mm (Leone, 2004), though the mean annual
precipitation from 2003-2015 collected from gauges in
Rieti was 1013 mm (Supplementary Tab. 1).

METHODS

Data compilation

Monthly data collected by the regional environmen-
tal protection agency, ARPA Lazio, from 2010-2015 re-
garding lake temperature, pH, alkalinity, conductivity,
and major ion concentrations were compiled. Monthly
mean temperature data and total precipitation data over
the sampling period were extracted and tabulated from
annual records published on the website of the Ufficio
Idrografico e Mareografico, Lazio (Supplementary
Tabs. 1-4).

Another dataset of lake physio-chemical parameters
collected by ARPA Lazio between 2010 and 2015 was
also included in the present study with data collected be-
tween 2010-2015. These data, although not continuous,
serve as a high-resolution record of near monthly lake

Tab. 1. Geographic and limnologic characteristics of the study sites.

                                                                   Sample code                Coordinates             elevation       Surface area       lake volume       Mean depth
                                                                                                                                            (m asl)         or discharge               (m3)                      (m)

Surface waters             Lago Lungo                  LUN              42.4723° N  12.8484° E         370                0.41 km2               870,000                     3
                                    Lago di Ripasottile        RIP               42.4741° N  12.8170° E         367                0.63 km2              1,000,000                    3
                                    Velino River                 VRV              42.4799° N  12.8085° E         374                35 m3 s–1                                                0.5
Groundwater springs   Vicenna Riara               VIC              42.4679° N  12.8602° E         375              0.07 m3 s–1

                                    Santa Susanna               SUS              42.5020° N  12.8519° E         388               5.0 m3 s–1

                                    Peschiera                       PES              42.3655° N  13.0043° E         413                18 m3 s–1

                                    Terme di Cotilia           COT             42.3764° N  12.9981° W        414              0.25 m3 s–1
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330 C. Archer et al.

temperature, alkalinity, pH, and conductivity over several
years. Major ion concentration data for the two lakes was
available monthly for one year (2011).

Sample collection

Field surveys and sample collection for this study
were conducted five times over a 15-month period during
the following months: June 2014, July 2014, February
2015, May 2015 and September 2015. At each lake local-
ity (1 and 2 in Fig. 1), samples were collected from the
center of the lake at the median depth in the water column
using a Van Dorn sampler (Priscu and Dodds, 1988).
Physical parameters (temperature, pH, electrical conduc-
tivity) were measured on-site using a Yellow Springs In-
strument (YSI®) 85 multi-parameter sensor and an
Oakton® pH meter. Water samples were filtered on-shore
using a 0.45 µm Millipore filter, then alkalinity was meas-
ured by titrating with 1.6N sulfuric acid to a pH endpoint
of 4.5. Replicate analysis of samples for alkalinity showed
that the standard deviation from the mean was within 5%.
The remaining filtered samples were stored in high-den-
sity polyethylene (HDPE) bottles with no head space, then
one aliquot was placed in a 10-mL glass vial for stable
isotopic analysis of oxygen and hydrogen in water. During
subsequent storage and transport of samples, a tempera-
ture of 4.5°C was maintained.

The Velino River (hereafter referred to as VRV; 3 in
Fig. 1) was sampled 1 meter from shore, at the depth
halfway between the channel surface and bottom. At each
spring locality (4. 5, 6 and 7 in Fig. 1), samples were col-
lected as close as possible to the discharge point. All sub-
sequent procedures for sample collection and physical
parameter measurement were identical to those described
above for the lake localities.

Lake surveys

During the May 2015’ field season, surveys of LUN
and RIP were conducted to quantify lake bathymetry and
to explore the potential for groundwater flow or seepage
at the lake perimeter. A handheld sonar system (Hawkeye
H22PX) was used to determine water depth along tran-
sects, and a GPS (global positioning system) unit was
used to record position. The depth data from these tran-
sects were used to calculate lake volume by creating a tri-
angulated irregular network (TIN) in ArcGIS 10.4
(ESRI®). The YSI sensor was also used to survey temper-
ature at 24 points along the LUN perimeter (<1 m water
depth) and 48 points at RIP perimeter. Volumetric flow
rate in the channel connecting the two lakes and in the ar-
tificial channel originating at SUS and entering RIP was
determined by measuring channel cross sectional area
then multiplying by average flow velocity.

Analyses

Major ion concentrations of all samples were deter-
mined using ICP-MS and ICP-OES at the Western Envi-
ronmental Testing Laboratory in Sparks, NV, USA.
Samples were prepared by trace metals digestion using U.S.
EPA method 200.2 (Martin et al., 1994). Chloride and sul-
fate were analyzed using EPA method 300.0 (Pfaff, 1993)
and all other ions using EPA method 200.7 (Maxfield and
Mindak, 1985). The accuracy was controlled by using in-
ternal laboratory standards prior to every sample run, after
every tenth sample, and immediately following a sample
run. Replicate analysis of one field duplicate, one analytical
duplicate sample and two laboratory standards per sample
collection date showed that the precision was within 5%.

Waters were prepared for isotopic analysis by precipi-
tation of dissolved sulfate as BaSO4 following the method
of Carmody et al. (1998). BaSO4 precipitates were analyzed
for δ34S using V2O5 as a combustion aid, and followed the
methods of Giesemann et al. (1994) and Grassineau et al.
(2001). BaSO4 precipitates were analyzed for δ18O follow-
ing the method of Kornexl et al. (1999). The analytical
error, estimated by replicate analysis, was ±0.2‰ and ±0.4
‰ for δ34S and δ18O of dissolved sulfate, respectively.
Water samples were prepared for isotopic analysis of dis-
solved inorganic carbon by precipitation as SrCO3 after the
method of Usdowski et al. (1979), and then analyzed using
the method of Harris et al. (1997), with analytical error
within ±0.2‰. Waters were analyzed for δ18O using the
CO2 - H2O equilibration method of Epstein and Mayeda
(1953), and for δ2H using the method of Morrison et al.
(2001). The analytical error of these measurements was
±0.1‰ and ±1.0‰ for δ18O and δ2H, respectively. All stable
isotope analyses were carried out at the University of Ne-
vada, Reno. All values are reported using delta notation
(δ‰), and the standards used were V-SMOW for oxygen
and hydrogen, V-PDB for carbon and V-CDT for sulfur.

Descriptive statistics of the local meteorological data
(mean temperature and total precipitation; Supplementary
Tabs. 1 and 2) and records of lake physical and chemical
parameters were calculated initially to confirm a normal
distribution of the data. Correlation between these data
sets was then investigated using the Pearson product-mo-
ment correlation. This analysis, and all r-values, were cal-
culated using the Excel Data Analysis tool pack and
values are displayed in correlograms. The significance of
these correlations was determined using the table of crit-
ical values for Pearson’s r. The significance level of cor-
relations is indicated by the degree of shading in the
correlograms.

Saturation indices for calcite, anhydrite and gypsum
were calculated using the program PHREEQC for Win-
dows, version 2.16.02 (Parkhurst and Appelo, 1999).
PHREEQC was also used to simulate mixing between se-
lect waters.
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331Hydrochemical determination of source waters

RESULTS

Physical-chemical parameters

Physical-chemical data collected during the sampling
period (Tab. 2) were compiled with meteorological and
physical-chemical data for the two lakes that were col-
lected over a longer time period by ARPA, Lazio. Major
ion concentration data collected and analyzed by ARPA
were also available monthly for 2011. The data collected
during this study (2014, 2015) fall within the range of val-
ues observed for previous years (2010-2015). The local
meteorological data (mean monthly temperature, total
monthly precipitation; Supplementary Tabs. 1 and 2) were
used to test the sensitivity of the two lakes to changes in

local climate factors over short (monthly) time scales. 
Lake surveys yielded updated lake bathymetric data

that were used to calculate lake volume. The maximum
depth in LUN was 4.5 m and in RIP was 4.2 m. These re-
sults contrasted with previous studies on the lakes’ phys-
iography that found a maximum depth in LUN of 7.25 m
and in RIP of 7.5 m (Riccardi, 2006). Physical surveys of
the perimeter of LUN yielded no measurable flowing
water. These surveys also found that for the measured lo-
cations around the perimeter, LUN temperature variations
were ±0.5°C. In RIP the temperature was 8°C colder
(10°C versus 18°C) at the entrance of the SUS- diverted
channel inflow, but 18±0.7°C along the rest of the perime-
ter. Physical surveys conducted during July 2014 and May

Tab. 2. Physical and chemical parameters of all waters sampled, including major ion concentrations in mg L–1. Results of the mixing
simulation carried out using PHREEQC are also included. 

                                    Temperature     Conductivity      pH     Cl–    SO4
2–           HCO3

–
                   na2+     Mg2+     K+     Ca2+       Sicalcite     Sianhyd    Sigyps

                                           (°C)                 (µS/cm)                                       (from alkalinity)

SUS
2015-September                 10.4                     855              7.3     3.6      270               275                2.9        30     0.55     140       0.18        -1.5       -1.0
2015-May                           10.3                     798              7.1       3       260               235                2.8        29     0.68     130       -0.1         -1.5       -1.0
2015-February                    10.7                     851              7.6     3.7      280               296                2.6        30     0.56     120       0.53        -1.5       -1.0
2014-July                            10.9                     835              7.4     3.7      270               266                 2          27        0       110       0.13        -1.5       -1.0
VIC
2015-September                 12.2                     520              7.4     6.7        7                 304                5.3         2       1.2       95        0.29        -3.0       -2.6
2015-May                           13.2                     506                7       6.6      6.8               299                5.2        2.1      1.7       94          0           -3.0       -2.6
2015-February                     13                      527              7.4     4.8       10                357                 3         2.1     0.78     100       0.38        -2.9       -2.4
2014-July                             13                      534              7.3     5.5      6.3               292                4.2         2       1.2       96        0.16        -3.0       -2.6
PES
2015-September                 12.4                     597              7.2       4        6.8               411                4.4        18      1.1      100       0.22        -3.1       -2.6
2015-May                           11.4                   594.8              7       3.4      8.9               409                3.1        19     0.84     100      -0.44        -3.0       -2.5
2015-February                     10                      653                7        7        6.8               540                4.9        20      1.2      100       0.09        -3.1       -2.6
2014-July                            12.8                     617              7.2     4.1      8.4               404                2.6        19      0.8       94        0.12        -3.0       -2.6
COT
2015-September                 14.6                    2024             5.6      22      130              1534               18         56      3.7      340      -0.44        -1.6       -1.2
2015-May                           14.2                    1925             5.7      17      130              1183               17         55      3.8      340       0.37        -1.6       -1.1
2015-February                    12.4                    2040               6       23      150              1721               16         58      3.3      350      -0.03        -1.5       -1.1
RIP
2015-September                 16.2                     792                8       5.5      220               201                3.5       28.5    0.86     130        0.8          -1.5       -1.1
2015-May                             18                      837              7.5     3.5      210               232                3.2        26     0.87     120       0.08        -1.5       -1.2
2015-February                    10.1                     755              8.4     5.4      190               333                3.6        25     0.86     120       1.28        -1.6       -1.2
2014-July                            17.8                     760              8.2     5.5      210               239                2.7        23        0       100       0.96        -1.6       -1.2
LUN
2015-September                 19.6                     517              7.9     7.4     11.4              240                7.6        7.1      1.8      105       0.83        -2.7       -2.4
2015-May                           22.8                   419.5             7.6     8.7      9.3               220                8.6         5         1        58        0.34        -3.0       -2.6
2015-February                    10.3                     666              7.7     8.7       21                384                7.1        6.4      1.5      110       0.69        -2.6       -2.8
2014-July                            20.1                     587                8       6.8      9.9               307                5.6        4.9       1        84        0.94        -2.8       -2.5
VRV
2015-September                 12.8                     789                7       9.7       32                546                5.4        24      1.2      108       0.15        -2.4       -2.0
2015-May                           12.4                     798              6.9     5.8       27                534                5.4        20      1.3       20       -0.07        -2.4       -2.0
2015-February                     9.2                      613              8.7     9.2       20                549                6.2        14      1.3       91        1.66        -2.7       -2.2
2014-July                            12.7                     769              7.5     9.4       27                470                6.2        20      1.2      110        0.5          -2.5       -2.0
MIX 80:20% SUS:LUN      4.3                      218              275     2.7       23                0.2                105      0.28    -1.6     -1.3
(PHREEQC simulation)
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2015 indicated a flow velocity of close to zero in the chan-
nel between the two lakes. The volumetric flow rate of
the diverted channel entering RIP was approximately 1
m3 s–1 during May 2015 and September 2015. Lake sur-
face area and volume in LUN was calculated at 413,000
m2 and 870,000 m3, respectively (Tab. 1). In RIP, surface
area is 626,000 m2 and volume is 1,000,000 m3.

Correlation matrices (Figs. 2 and 3) display how the
physical and chemical parameters may be influenced by
meteorological data (temperature, precipitation) at lakes
LUN and RIP. The stronger r-values (those approaching
1 or -1), indicated by the degree of shading in the box,
were observed between LUN water temperature and av-
erage monthly air temperatures (0.92). Other notably high
correlations (r>0.75, r<-0.75) were found between LUN
nitrate concentration and sulfate, calcium, and air temper-
ature, as well as RIP sulfate and potassium concentration.
RIP shows less correlation between air and lake water
temperature (r=0.64) than LUN, but a potentially negative
correlation between air temperature and alkalinity

(r=-0.7). In LUN, temperature compared to nitrate, sul-
fate, and calcium concentrations exhibited high values,
while in RIP the only ion that may correlate with temper-
ature was nitrate.

Results of the PHREEQC geochemical modeling of
the saturation index of the lakes and spring waters with
respect to calcite (SIcalcigte) shows that the lakes (RIP,
LUN) had consistently positive values throughout the
sampling period (Tab. 2). The other sites were variable
throughout the year, ranging from -0.44 at COT (Septem-
ber 2015) to +1.28 at RIP (February 2015). All samples
were undersaturated with respect to gypsum and anhydrite
(SIgypsum, SIanhydrite <-1).

The major ion data collected and analyzed during
2014-2015 (Tab. 2, Fig. 4) were used in the delineation of
two main hydrochemical facies in the study region: Ca-
HCO3

– type water and Ca-HCO3
–SO4. SUS and RIP rep-

resent the Ca-HCO3
–SO4 facies, whereas VIC and LUN

represent the Ca-HCO3
– facies. VIC and LUN are also dis-

tinct in their slightly elevated Na+ and K+ relative to the

Fig. 2. Correlograms of lake physical parameters and local meteorological data in a. LUN and b. RIP, during each season over the years
2010-2015. Values of the correlation coefficient (r) are displayed, while shading denotes the level of significance (p). Black denotes the
most significant linear correlation and white denotes not a significant correlation; the null hypothesis cannot be rejected. 
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333Hydrochemical determination of source waters

other waters. Additionally, a third facies can be catego-
rized as the high-TDS Ca2+-HCO3

– type exemplified by
COT, with average TDS values almost four times that of
the other samples.

Stable isotopes

The δ2H and δ18O composition of the waters sampled
ranged from -58 to -37‰ and -9.0 to -5.3‰, respectively
(Fig. 5 and Tab. 3). Samples generally fall along the cen-
tral Italian Meteoric Water Line (cIMWL) calculated by
Longinelli and Selmo (2003), with only a few notable ex-
ceptions. The major groupings of sites by their position
along the local meteoric water line are: i) the samples of
three waters with origins upstream from the basin in the
Velino River Valley (VRV, PES and COT); ii) SUS and

RIP; iii) LUN and VIC. LUN shows the largest variability
of any of the localities’ samples. Values of precipitation
from rain gauges were also included (locations given in
Fig. 1, from Spadoni et al., 2010; Tab. 3) at two different
elevations within the study area; the first within the Rieti
Plain at 378 m asl and the second along the carbonate
ridge to the east at 1375 m asl.

The δ13CDIC versus HCO3
– concentration shows similar

groupings to that of the δ2H and δ18O data (Tab. 3 and
Fig. 6). Samples collected from VRV and PES group to-
gether with more enriched δ13CDIC and high concentrations
of HCO3

–. RIP and SUS again plot together, as do LUN
and VIC during February and July 2014. COT plotted sep-
arate from all other sites, with comparatively enriched
δ13CDIC values of +2.9 to +4.7‰. Little variability was
seen in δ13CDIC during the different sampling periods at all

Fig. 3. Correlograms of major ion concentrations in a. LUN and b. RIP for the only year where monthly data was available, 2011. Also
included are mean monthly local air temperature and total monthly precipitation during 2011. Shading pattern is the same as in Fig. 2.
Major ion concentrations for this time-period were collected and analyzed by ARPA, Lazio. Meteorological data (Temp., Precip.), re-
trieved from http://www.idrografico.roma.it/, are the monthly mean air temperature or total precipitation from the month when the
major ion sample was taken. Phosphate (PO4

–) concentrations were not available for RIP, so are not included in (b.).
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localities, with the exception of LUN. The range in values
from LUN was -8.9 to -13.9‰, with the most depleted
values in July 2014 and an enrichment observed during
May and September 2015. The amount of DIC in each
water, represented by the HCO3

– concentration, did not
change substantially over the sampling period.

δ34Ssulfate and δ18Osulfate ranged from -9.9‰ to +17.2‰,
and from -0.7‰ to +10.8‰, respectively. The sites that
exhibited the most temporal variability were VIC, LUN,
and VRV (Tab. 3). The range of δ34Ssulfate values was 25‰,
3.3‰, and 5.4‰, respectively in VIC, LUN and VRV. The
comparison of values in this study with typical ranges of
sulfate stable isotope values (Fig. 7) are displayed using
the mean values of δ34Ssufate and δ18Osulfate at each locality
for all the sampled months.

DISCUSSION

Hydrologic provenance

In the central Apennines, recharge elevation is the pri-
mary control of oxygen and hydrogen stable isotopic val-
ues of groundwater (Zuppi and Bortolami, 1982;
Longinelli and Selmo, 2003, Tallini et al., 2014). The wa-
ters sampled located in the Velino River Valley, i.e., PES,
COT and VRV, have δ18O and δ2H values that support a
high-elevation recharge area. The recharge area for PES
is the Velino-Nuria Mountains to the southeast, extending
from approximately 415 m to 2000 m asl (Petitta, 2009;
Civita and Fiorucci, 2010). 

The relatively enriched δ13CDIC values of PES, VRV
and COT can be attributed to water-rock interactions be-
tween groundwater and carbonate shelf deposits and lo-
calized dolomites making up the hydrogeological unit
hosting the aquifer (Petitta, 2009; Petitta et al., 2011). The
VRV is predominantly a gaining stream in the upstream
Velino Valley adjacent to PES and COT, where discharge
originates from linear springs (Petitta, 2009). The river
was sampled, however, downstream in a location where
it feeds groundwater of the plain (Martarelli et al., 2008).
COT, discharging on the northern edge of the plain, re-
ceives groundwater from both the regional carbonate
aquifer and gas-rich waters uprising along tectonic dis-
continuities (Zuppi and Bortolami, 1982; Petitta, 2009).
The input of mineralized water from a deep source with
extensive water-rock interactions give to this spring its
distinct high-dissolved ion signature, low pH, and signif-
icantly enriched δ13CDIC values (Tab. 3). Unlike Lake Pa-
terno, as shown by Tassi et al. (2012), however, the lakes
of the Rieti Plain do not receive significant contributions
from this mineralized spring water. This could be because
of the difference in physical proximity to COT and related
waters or because of the difference in lake depth (Lake
Paterno maximum depth is >50 m) prevents communica-

tion of the Rieti Plain lakes with the deep aquifer system.
The recharge occurring in the carbonate unit of the

Reatini Mountains to the east of the plain that supplies
SUS extends over a broader area and wider range of ele-
vations compared with the springs in the Velino River Val-
ley (Fig. 1, Spadoni et al., 2010), producing the slightly
more positive values of SUS compared to these upstream
spring samples. The two major springs sampled within the
plain, VIC and SUS receive water from two hydrochem-
ically differentiable sources. Evidence for this is seen in
the divergence in major ion concentrations (Fig. 4), the
stable isotope values (Figs. 5-7), and the difference in
flow rate (Tab. 1). The δ18O and δ2H values of VIC water
are heavier than samples from the other springs, indicating
a predominant local recharge component with contribu-
tions also from infiltration through the alluvial-conglom-
erate fan unit at the eastern edge of the plain (Fig. 8). The
VIC hydrochemistry showed a lack of elevated SO4

2– con-
centrations and absence of the δ18Osulfate, δ34Ssulfate, and
δ13CDIC signature that characterizes water from the re-
gional carbonate aquifer. These data indicate that there is
not a significant contribution from the regional carbonate
aquifer to this spring. Our data indicate that the low-per-
meability lacustrine and fluvial deposits at the lowest el-
evations of the plain prevent notable water exchange
between this unit and the regional carbonate aquifer unit.

The δ18Osulfate and δ34Ssulfate values of SUS are similar to
those of COT, indicating the possibility of a related sulfate

Fig. 4. Piper diagram of major ion concentration of waters in
the Rieti Basin area. Values are the mean of the five seasons
sampled. For individual season values, refer to Tab. 2.
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335Hydrochemical determination of source waters

source (Fig. 7). A likely common source is groundwater
from the same hydrogeological unit, the Mt. Terminillo
thrust belt (Petitta, 2009; Spadoni et al., 2010), where Tri-
assic marine evaporites present in the Mesozoic sedimen-
tary sequence are the dominant source of sulfate (Petitta et
al., 2011). The mean δ18Osulfate and δ34Ssulfate of PES, VRV,
RIP and LUN also fall within the field of typical values for
waters influenced by dissolution of marine Mesozoic evap-
orites (Fig. 7). The water sampled that falls outside this
range, VIC, was in the range of values typical of terrestrial
evaporites or sulfate formed by oxidation of reduced sulfur
compounds in soil (Krouse and Mayer, 2000).

The analysis of waters from the two lakes, LUN and
RIP, provides information on the relationship between sur-
face and groundwater. Previous work noted the connection
between the lakes and groundwater (Franceschini et al.,
2004; Martarelli et al., 2008), but they do not specifically
examine the mechanism or the provenance. The results of
this study found that chemical and physical parameters of
RIP group closely to SUS, especially conductivity, alkalin-
ity, and dissolved SO4

2– and Mg2+ concentrations. The sim-
ilar grouping of SUS and RIP also can be seen in stable
isotope values (δ2H, δ18O δ13C and δ34S, Figs. 5-7), demon-
strating the magnitude of water flowing from the artificial

Tab. 3. Stable isotope data. Values are expressed in per mil (‰) relative to the standard indicated in the subscript.

                                                                            δ13CPDB                  δ34SVCDT                δ18O-sulfate              δ18OVSMOW             δ2HVSMOW

SUS
2015-September                                                       -8.8                            15.5                              9.6                              -8.4                              -53
2015-May                                                                 -8.9                            14.9                             10.0                             -8.6                              -54
2015-February                                                          -9.0                            15.4                              9.3                              -8.4                              -52
2014-June                                                                 -9.0                                                                                                    -8.6                              -53
2014- July                                                               -10.0                           15.3                             10.7                             -8.6                              -53
VIC
2015-September                                                      -13.5                           15.2                              6.0                              -7.1                              -45
2015-May                                                                -12.0                            8.6                               4.2                              -7.4                              -46
2015-February                                                         -13.5                            8.8                               5.2                              -7.1                              -43
2014-June                                                                -13.4                                                                                                   -6.9                              -43
2014- July                                                               -13.8                            -9.9                             -0.7                             -6.9                              -43
PES
2015-September                                                       -4.8                            12.1                              9.0                              -9.0                              -57
2015-May                                                                 -4.2                            12.1                              8.3                              -9.0                              -57
2015-February                                                          -3.9                            12.2                              9.0                              -8.9                              -55
2014- July                                                                -6.1                            10.2                              8.0                              -8.9                              -56
COT                                                                                                                                                                                                                          
2015-September                                                        2.9                             16.9                             10.6                             -8.9                              -57
2015-May                                                                 4.7                             17.2                             10.2                             -9.0                              -58
2015-February                                                          4.1                             17.0                              9.9                              -9.0                              -56
RIP                                                                                                                                                                                                                            
2015-September                                                       -7.7                            15.8                              9.3                              -7.7                              -49
2015-May                                                                 -8.8                            15.3                              9.5                              -8.2                              -52
2015-February                                                          -9.2                            15.1                              9.4                              -8.2                              -50
2014-June                                                                 -8.7                                                                                                    -7.7                              -48
2014- July                                                               -10.7                           15.3                             10.8                             -7.7                              -48
LUN                                                                                                                                                                                                                          
2015-September                                                       -8.9                            14.4                              7.4                              -5.3                              -37
2015-May                                                                 -9.5                            12.2                              7.7                              -6.0                              -41
2015-February                                                         -12.0                           12.3                              9.3                              -7.0                              -44
2014-June                                                                -11.2                                                                                                   -6.3                              -40
2014- July                                                               -13.9                           11.1                              6.8                              -6.3                              -40
VRV                                                                                                                                                                                                                          
2015-September                                                       -3.1                            14.5                             10.0                             -8.7                              -56
2015-May                                                                 -4.1                             9.1                               9.2                              -8.7                              -56
2015-February                                                          -6.6                             9.2                               8.5                              -8.1                              -50
2014- July                                                                -4.7                            13.0                              8.5                              -8.7                              -55
Rain Gauges - Spadoni et al. (2010)                                                                                                                                                                         
Elevation                                                                                                                                                                                                                   
378.0                                                                                                                                                                                   -6.0                              -36
1375.0                                                                                                                                                                                 -8.2                              -53
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channel diverting SUS water into RIP. The concentrations
of the conservative ions Na+, K+, and Cl– (Tab. 2), however,
are slightly higher in RIP than SUS and the δ18O and δ2H
are heavier, suggesting dilution by another minor compo-

nent. The channel connecting LUN to RIP was not flowing
or contributing significantly during the sampling period,
exhibited by the lakes’ markedly different chemistries in
most parameters. The high water table in this part of the

Fig. 5. Oxygen and Hydrogen isotope composition of waters in the Rieti Basin and Velino River Valley. MMWL, cIMWL (Longinelli
and Selmo, 2003), and GMWL, are the Mediterranean Meteoric Water Line, central Italian Meteoric Water Line, and the Global Meteoric
Water Line, respectively, and from top to bottom. Rainwater samples are from locations within the Rieti Basin and surrounding mountains
from Spadoni et al. (2010). Month is indicated for LUN samples that fall below the meteoric water line.

Fig. 6. Bicarbonate concentration versus carbon isotope composition of dissolved inorganic C in sampled waters. Major groupings, I,
II, and III, are denoted by the dashed circles and described in the text. LUN sample months that are outside the groupings are labeled.
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337Hydrochemical determination of source waters

plain, varying between 1 and 4 m below the ground surface
(Martarelli et al., 2008) links both lakes to the shallow
aquifer within the plain (Fig. 8). The relative importance of
this groundwater through the low-permeability sediments
can be estimated by examining the chemical data and mod-
eling the mixing of sampled waters using PHREEQC. The
results show that the chemistry of RIP can be produced by
mixing 80% SUS and 20% LUN water (Tab. 2). LUN was
used as a representative of the shallow alluvial aquifer be-
cause this water was not sampled and because LUN re-
ceives the majority of its water from local recharge and the
shallow plain aquifer. LUN water chemistry was similar to
the alluvial spring, VIC, in most parameters but the major
ion concentrations are slightly greater than the spring. This
suggests lake water evaporation and/or a minor contribution
to the plain aquifer of the SUS-type groundwater. Field sur-
veys of the LUN perimeter temperature and flow conducted
during this study found an absence of relatively colder
water or anomalies. This was evidence for the lack of a
point source of surface flow or groundwater contribution
to the lake. The piezometric data collected by Martarelli et
al. (2008) showed that the groundwater table decreases
from SUS in the direction of LUN, so a percentage of this
groundwater may contribute to the plain aquifer but the low
permeability of the lacustrine unit surrounding LUN likely
prevents a large conveyance.

Effect of season on waters sampled

LUN is an interesting case because two of the samples
(May and September 2015) have δ13CDIC values that group
with SUS and RIP, where the other samples (June and July
2014, February 2015) plot separately (Fig. 6). A scenario
where groundwater represented by SUS is feeding into
LUN during this period does not agree with the stable iso-
topic composition of δ18O and δ2H in LUN (Fig. 5). The
dissimilar major ion data also does not support this (Fig.
4), as samples from LUN do not exhibit elevated SO4

2–,
another chemical tracer of groundwater discharging at
SUS. Lake metabolism and primary productivity also play
a role in changing the isotope signature of the DIC pool
(Bade et al., 2004; Myrbo and Shapley, 2006). The satu-
ration indices with respect to calcite (SIcalcite) in LUN show
saturation (0< SIcalcite <1) during all months sampled. A
large change in lake productivity would consume CO2 and
drive lake carbonate equilibrium towards lower saturation
with respect to calcite (Profft and Stutter, 1993; Wetzel,
2001). The SIcalcite values of LUN in May and September,
however, do not display a shift towards lower values
(Tab. 2). The seasonal shift of LUN isotopic values, then,
is likely related to a change in relative contributions of
watershed, or surface water, DIC to LUN, instead of a
major change in primary productivity. 

Fig. 7. Sulfur and oxygen isotope composition of sulfate in waters of the study area. Plotted values are the means of the four seasons
sampled. Fields indicate typical ranges in values of sulfate from terrestrial sources, atmospheric sulfate, soil sulfate, and from marine
evaporites (Modified after Mayer, 2005; 67-81, Fig. 1; with permission).
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In 2015, the months sampled (May and September) fall
into a period of above average temperature and below-av-
erage precipitation for this region (Supplementary Tabs. 1
and 2). The previous summer (June and July 2014) and
prior months experienced above-average precipitation.
Temperature during the summer of 2015 (May-September)
was also above average every month. This suggests that the

most noticeable difference between the two years for the
lakes was the water supply and degree of potential evapo-
ration and evapotranspiration. The δ18Oand δ2H values sup-
port this hypothesis. The May and September 2015 LUN
samples plot below the cIMWL (slope=7.15) on a line with
markedly lower slope (3.9). This value falls within the
range (3.5 to 6) of surface water evaporation lines (Gourcy

Fig. 8. Conceptual model of groundwater and surface water flow in the northern sector of the Rieti Plain. Drawing is not made to scale
but as relative orientation. A) Map-view of the plain. B) Cross-section view. 1, Plain-filling fluvial and lacustrine deposits (Holocene);
2, lenses of peat and peaty clays (Late Pleistocene- Holocene); 3, conglomeratic alluvial deposits and braided gravels (Pliocene- Pleis-
tocene); 4, carbonate bedrock (Mesozoic) and regional aquifer; 5, lakes (overhead and cross-sectional view); 6, Velino River; 7, man-
made waterways or canals; 8, water table; 9, major spring; 10, Eastern boundary normal fault; 11, buried normal fault; 12, water flow
in surface water courses - arrow size is relative to flow; 13, groundwater flow in low-permeability units; 14, aquifer recharge - size of
arrow corresponds to potential infiltration; 15, groundwater flow paths through major aquifers.
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339Hydrochemical determination of source waters

and Brenot, 2011; Gat, 1981). The June and July 2014 sam-
ples plot close to or above the line (Fig. 5). The similarity
in δ18O and δ2H values between LUN and VIC during the
high-precipitation year suggests that both receive signifi-
cant contributions from local recharge within the plain. RIP
did not display the same evaporation signal, with all sam-
ples clustered around the meteoric water line.

The carbon isotope values respond to seasonal changes
through several mechanisms. With apparently less contri-
bution from the alluvial groundwater and more time for the
lake water to exchange with atmospheric CO2 (atmospheric
δ13CDIC values=-7‰, Clark and Fritz, 1997), these low-pre-
cipitation samples (May and September 2015) are more en-
riched and approach -7‰. Li et al. (2011) found a similar
response in lakes in southwestern China, although this re-
gion in Asia experiences opposite timing of wet and dry
seasons than in central Italy. The July 2014 sample could
also be anomalously depleted for warm-season δ13CDIC in
LUN because above-average precipitation brought in-
creased runoff and a greater flux of soil DIC (δ13CDIC values
~23%, Clark and Fritz, 1997) to the lake.

The greatest seasonal changes in δ18Osulfate and δ34Ssulfate

were observed in the samples LUN and VRV as well as the
spring located within the plain, VIC. All other samples
showed variability from season to season of less than 1-2
‰. The concentration of sulfate in all the samples, however,
did not change substantially among seasons (Tab. 2). This
could indicate that the influence of anaerobic bacteria sea-
sonally metabolizing sulfate is more important in some
samples. Otherwise, a change in flux water containing soil
particles where these microbes proliferate causes the iso-
tope values to change during wetter periods (Jedrysek,
2005). The influence of sulfate in fertilizers applied to crops
in this area should not be disregarded (Vitòria et al., 2004),
nor should the potential influence of atmospheric deposi-
tion of sulfate (Krouse and Mayer, 2000). The strong cor-
relation in LUN between nitrate and sulfate concentrations
(Fig. 3a) suggests that sulfate inputs may be related to fer-
tilizer application or runoff of soil into the lake.

Sensitivity to meteorological parameters

The effect of different weather conditions, and poten-
tially past and future climate, on lake physio-chemical pa-
rameters was investigated using correlation analysis (Figs.
2 and 3) and also by identifying seasonal shifts in some
stable isotope values (Figs. 5 and 6). 

The high coefficient values for monthly mean air tem-
perature and water temperature in LUN (0.92) versus
lower in RIP (0.64) can be related to the hypothesized
longer residence time of water in LUN. If this is the case,
then other parameters, such as total dissolved solids
(TDS) or accumulation of contaminants, will also be
higher in LUN compared to RIP and may also be more
sensitive to outside forcing. The negative correlation co-

efficients between precipitation and air temperature in
both lakes is likely a consequence of the Mediterranean
climate in this region of Italy, where the majority of rain
and snow fall during the cold months. Alkalinity is greater
in both lakes during colder periods, likely because of in-
creased delivery of dissolved ions, particularly HCO3

– and
CO3

2–, during cold and associated wet months.
The major ion correlations with meteorological pa-

rameters (Figs. 2 and 3) also offer insight to lake hydrol-
ogy during different periods of the year. Nitrate showed
strong negative correlation coefficients with temperature
in both lakes, suggesting that either wet-season (winter)
runoff from surrounding agriculture delivers most of the
nitrate to the lakes, or that algal assimilation of nitrate is
most intense in the warm months, leaving lower de-
tectable concentrations during warm periods (Wetzel,
2001). These potential explanations, if further investi-
gated, can be utilized in the management and remediation
of the eutrophication of these lakes. Although marshy veg-
etation surrounds much of both lakes, intercepting the ir-
rigation canal-water before it flows in, this system may
be less effective at preventing nitrate from entering during
the rainy months. In LUN, SO4

2–and Ca2+ also show sig-
nificant negative correlation coefficients with respect to
temperature. These ions may also be delivered to the lake
by a greater flux of water during the wet months.

While there is not sufficient data available to quantify
the water budgets for these two lakes, the correlation data
and water stable isotope data suggest a substantial differ-
ence in one or more of the terms of the budget between
them. A simplified water budget in lakes is given by the
equation (modified from Rosenberry et al., 2015):

ΔV/Δt=P–E±SF±GF                                               (eq. 1)

where ΔV/Δt is the change in storage over time, or re-
newal time, P is precipitation, E is evaporation, SF is sur-
face flow (either into or out of the lake) and GF is
groundwater flow (also either in or out of the lake). The
mean annual evaporation can be estimated using the equa-
tion derived by Dragoni and Valigi (1994) for lakes lo-
cated in central Italy:

Em=19.007 im
3.063 Tm

0.486                                           (eq. 2)

where Em is the monthly evaporation (in mm), im is the
Thornthwaite insolation monthly index (42° N latitude)
and Tm is the monthly average air temperature. The annual
mean value of 1059 mm yr–1 was calculated using
monthly temperature over the period of 2003-2015. Mean
annual precipitation, calculated by adding monthly totals
over each 12-month period, over the same time period is
1010 mm yr–1. As warmer and drier conditions prevail, a
concurrent increase in E and decrease in P may lead to a
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further deficit in P compared to E (Fioravanti et al., 2015;
Brunetti et al., 2012). The groundwater flow in and out
was also assumed equal and opposite solely for the pur-
pose of this estimation. Removing these terms, the ‘theo-
retical renewal time’, or the volume of the lake divided
by the volume of its outflow (Ambrosetti et al., 2002),
was calculated. The volumetric flow rate through the ar-
tificial channel from SUS to RIP, measured during May
2015 and September 2015 at 1 m3 s–1, is the only active
surface flow observed in the two-lake system.

Although data for the rate of pumping water out of
RIP was not obtained, a daily record of lake surface level
from March- December 2014 shows that the level was
maintained within 0.2 m, so the volume of outflow was
estimated as the volume of this inflow channel water. In
this scenario, the rate of water cycling through RIP would
cause average renewal time of 11.7 days. This value is
low compared with other studies on lake renewal time but
it is reflective of the more than two orders of magnitude
difference in volume between RIP and these lakes (Am-
brosetti et al. 2002; Varekamp, 2003). Without measurable
or quantifiable water flowing in or out of LUN, the same
estimation was not possible for this lake but a conceptual
comparison is now feasible. It is unlikely, based on phys-
ical surveys, that significant through-flow for LUN at the
surface or even as an unmeasured groundwater compo-
nent, persists throughout the entire year with near constant
discharge as in RIP. This difference in theoretical renewal
time yields an explanation for the dissimilarities in chem-
ical parameters observed. This calculated rapid renewal
rate in RIP also provides an explanation for the lack of
sensitivity of major ions in RIP to air temperature or pre-
cipitation (Fig. 3) and lack of seasonal variation in δ2H,
δ18O, and δ13CDIC values (Figs. 5 and 6). In these parame-
ters, the lake chemistry resembles the spring contributing
inflow (SUS), instead of reflecting within-lake processes,
such as primary productivity or evaporation. The differ-
ence in theoretical renewal time of the lakes also has po-
tentially significant implications for how contaminants,
agricultural runoff, and nutrients persist and cycle.

CONCLUSIONS

This hydrochemical investigation provides information
on the provenance of source water for Lake Lungo and
Lake Ripasottile and the response of these lakes to seasonal
variations in temperature and water supply. Using chemical,
isotopic, physical and meteorological data we could show
that there is limited connectivity between these two lakes
and that they respond independently to local weather con-
ditions. Despite the human landscape modifications of
LUN and RIP and their geographical proximity, it was
found that nearly all lake chemical parameters were more
similar to their primary prospective groundwater influences

than to each other. These findings are evidence for hydro-
chemical investigations as viable approaches in limnolog-
ical studies when the availability of physical measurements
of flow is limited.

The recharge areas and elevations of the springs sam-
pled (SUS and VIC) are separate and distinct, evidenced
by the difference in the δ2H and δ18O of the waters. These
observations supported the characterization of these
springs as representative of the distinctive source waters
to the lakes. RIP, similar to SUS in almost all chemical
and isotopic parameters, is sourced primarily from the car-
bonate aquifer and higher elevation recharge, whereas
LUN, along with VIC, is sourced mainly from the alluvial
aquifer and local recharge. The conveyance of carbonate
aquifer water to RIP, represented by SUS water, is mainly
transferred via flow in an artificial channel that discharges
into the lake. This creates a faster flow-through regime
than in LUN. Seasonal changes in LUN stable isotopes of
water also indicate a longer residence time of water in this
system compared to RIP. The variable seasonal contribu-
tion of groundwater and local recharge to LUN is evident
in its hydrochemistry, especially demonstrated by LUN
δ13CDIC values.

In the context of Italy’s past and future climate, the
physio-chemical response of these lakes to changing sea-
sons demonstrates how they may respond to shifting cli-
mate trends. If water supply to the lakes decreases in the
future because of continuing patterns in lower wet-season
precipitation and higher temperatures, there may be sig-
nificant effects on lake water chemistry and trophic status.
To determine the specific effects at RIP, a more frequent
sampling campaign may be employed that reflects the fast
water renewal rate calculated in this work. LUN showed
more sensitivity to changes in seasonal weather parame-
ters, particularly illustrated by the correlation between ni-
trate concentration and the local air temperature. This
should be considered for management of the protected
area, especially within the context of increasing agricul-
tural demands on groundwater in the basin and how this
demand may grow with a changing climate.
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