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Abstract Many lakes have been the object of hydraulic

works in historical times, and the drainage tunnel carved by

Romans for regulating the level of Lake Albano (Central

Italy) can be considered as one of the most important

historical hydraulic tunnels in the world. We sampled and

analysed lake water, as well as groundwater samples from

the Lake Albano emissary and another hydraulic work in

the area (Ninfeo), which were analysed for their geo-

chemical and isotopic composition in order to extract

useful information for a possible reuse of the tunnel for

anthropogenic purposes. The collected water samples

exhibit common chemical features, typical of water–rock

interaction processes in volcanic areas. Analyses of minor

and trace elements confirmed the abovementioned results,

indicating the presence of an atmospheric pollution source

for heavy metals, although their concentrations are mostly

below the Maximum Admitted Concentrations for drinking

water issued by the World Health Organization. The

chemical composition of dissolved gases indicated that

both lake and groundwater are mainly enriched in CO2.

Isotopic analyses suggested a clear volcanic origin for CO2

dissolved in lake water, while carbon dioxide in ground-

water from the Roman emissary is produced by soil res-

piration. As further confirmed by Oxygen and Deuterium

isotopic composition, the Roman emissary drains local

suspended aquifers neither in contact with the lake water

body nor influenced by volcanic activity, suggesting the

opportunity to use the tunnel as a ‘‘zero-condition’’ moni-

toring site for individuating a possible future renewal of

volcanic activity.

Keywords Hydrochemistry � Isotopes � Lacustrine

environment � Drainage tunnel � Volcano monitoring

Introduction

In ancient times, many lakes have been subjected to several

types of drainage works, in order to: (1) obtain fertile soils

for agricultural practices, (2) act as protection measures

against floods, (3) simply regulate the water flow and (4)

transport and distribute water to nearby human settlements,

for the advantage of local inhabitants (Castellani and

Dragoni 1990; Parise and Sammarco 2015). Lakes with no

natural outlets, and therefore significantly affected by

water-level variations, especially in consequence of heavy

rainfalls, were in particular interested by excavation and

management of artificial drainage tunnels, known as

emissaries. In central Italy, the occurrence of geomorpho-

logical settings such as lakes of volcanic origin and karst

poljes made necessary the realization of emissaries for the

permanent and/or temporary regulation of water levels

(Judson and Kahane 1963; Galeazzi et al. 2012). Within the

framework of a nationwide project by the Italian Speleo-

logical Society, dedicated to ancient underground aque-

ducts and related hydraulic works (Parise et al. 2013),

twenty-one underground artificial drainage tunnels have

been identified and described in Italy, of which thirteen are

located in Latium.

Apart from the importance of their remains as cultural

heritage, which testify the high capability of ancient
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populations in transporting and distributing water resour-

ces, the historical hydraulic works carved in volcanic areas

have an additional great importance as monitoring sites of

groundwater in volcanic surveillance programs. A

paradigmatic example is the Olivella drainage tunnel,

carved in Roman age on the northern flank of Mt. Vesu-

vius, presently one of the most important sites of the Italian

National Institute of Geophysics and Volcanology (INGV)

monitoring network dedicated to the geochemical surveil-

lance of the Neapolitan area, the highest volcanic risk zone

in the world (Federico et al. 2004; Madonia et al.

2008, 2014).

The drainage tunnel carved in Roman age for regulating

the level of Lake Albano (Central Italy) can be considered

as one of the most important historical hydraulic works in

the world. The reasons are the technical difficulties

encountered during the excavation, its functionality that

had remained intact until the 1960s, and the geologic nat-

ure of the terrains crossed by the tunnel: it is located inside

a dormant volcanic area prone to a significant gas hazard in

case of renewal of volcanic activity (Caputo et al. 1974;

Anzidei et al. 2008).

These considerations prompted our study, aimed at

comparing the chemical and isotopic compositions of

groundwater drained by the Lake Albano emissary with

those of the lake, and with dripping waters collected in

other ancient hydraulic works in its immediate surround-

ings as well. We extracted information about water–rock

and water–magmatic fluids interaction processes, useful for

a possible reuse of the tunnel as a monitoring site for

volcanic surveillance and/or as a water source for anthro-

pogenic uses.

Geo-environmental, historical and hydraulic
settings

The western margin of Central and Southern Italy is

occupied by a complex volcanic-geothermal area, charac-

terized by a Quaternary alkali-potassic volcanism (Mattei

et al. 2010) and a strong endogenous CO2 degassing from

high-pressure sources at depth (Chiodini et al. 1995, 2004).

Colli Albani are located few kilometres SE of Rome and

represent the most recent potassic volcanoes of Central

Italy. Their activity started about 600 ka ago and continued

up to the Holocene (5.8 ka). Three main phases of volcanic

activity have been recognized at Colli Albani (Fornaseri

et al. 1963; De Rita et al. 1995; Karner et al. 2001; Marra

et al. 2003), but only the last two are represented in our

study area (Fig. 1): (1) the Faete phase (0.3–0.2 Ma), from

the homonymous intra-caldera cone, characterized by lava

and pyroclastic flows and scoriae; and (2) the

hydromagmatic phase (0.20 to about 0.02 Ma), during

which most recent stage maars and tuff cones formed along

the western and northern slopes of the volcano. Their

products are referred as the Via dei Laghi composite

lithosome (Giordano et al. 2006). In general, the Colli

Albani rocks are characterized by a silica undersaturated

ultrapotassic composition, ranging from tephrite to foidite

(leucitite) and tephra–phonolite (Peccerillo 2005, and ref-

erences therein). Main phenocrystal phases include leucite

and Ca-rich clinopyroxene, with minor amounts of olivine

and Fe–Ti oxides (Peccerillo 2005, and references therein).

The Colli Albani volcanic deposits lie in an area affected

by NW–SE, NE–SW, and N–S extensional and strike-slip

faults (Peccerillo 2005). The ellipsoidal Albano coalescent

crater lake, formed during the last hydromagmatic phase

(Funiciello et al. 2002, 2003), follows the NW–SE regional

tectonic trend along a buried structural high of the car-

bonate basement. The lake is about 3.5 km long and

2.2 km wide, with a maximum depth of 167 m (Anzidei

et al. 2006). It is bordered by faults from which deep gases

escape (Carapezza et al. 2003), while Caputo et al. (1986)

reported strong CO2 degassing from the bottom of the lake.

The lake level experienced fluctuations during the past,

suggested by migration of ancient settlements (during

Middle Bronze age, 3.5 ka) from the lakeshore to higher

elevations during Late Bronze age (3.2–3.0 ka) (Chiarucci

1987). Moreover, Albano lake overflows were reported

since the fourth century B.C. by ancient historians like

Plutarchus and Titus Livius (Funiciello et al. 2002). These

fluctuations induced the Romans to excavate a drainage

tunnel, fixing the maximum lake level 70 m below the

lowest crater rim. Historical sources date the excavation of

the tunnel in the range 398–356 B.C. (Galeazzi et al. 2015).

The inlet of the Roman emissary is located at an ele-

vation of 293 m a.s.l. (Anzidei et al. 2008) on the south-

western side of the lake (Fig. 1) and after a southwestward

underground path, 1450 m long with an average slope of ca

0.14%, the tunnel emerges at a site called ‘‘Le Mole’’. The

literal translation of this locality name is ‘‘the millstones’’,

and its origin is linked to the presence, during the High

Middle Age, of factories powered by the water flow from

the tunnel (Giannini 2006). The section of the emissary is

rectangular, 1.2 m wide and 2.5 m high, but about 600 m

upstream from the outlet the tunnel is obstructed by calcite

speleothems (Fig. 2). Presently the inlet is about 6 m above

the lake level (Anzidei et al. 2008), and although lake

water cannot be drained anymore, the tunnel is hydrauli-

cally active, supplied by intense dripping mainly originat-

ing from the area of the speleothem obstruction.

The Lake Albano area is heavily populated and urban-

ized, with about the 50% of the surface covered by

buildings, roads and railways (Fig. 1).
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Sampling and analytical methods

Six water samples were collected as follows (sampling sites

shown in Fig. 1): (1) lake water at 1 and 5 m of depth using

a 1 l Niskin Water Sampler; (2) groundwater in the emissary

at the inlet and in the tunnel at the speleothem obstruction

(one sample in the main water body and another directly

from a stalactite); (3) dripping water at the Ninfeo Ber-

gantino, an archaeological site located about 300 m north of

the inlet, dating back to the first century AD.

Chemical–physical parameters (temperature, pH, Eh and

electric conductivity) were measured directly in the field

using Thermo Orion instruments equipped with fabric

electrodes. Water samples used for the determination of

dissolved major and trace elements were: (a) first filtered

using 0.45-lm MF-Millipore membrane filter, and then,

(b) collected in 2 LD-PE (low-density polyethylene) bottles

for major element analyses, acidifying to ca pH 2 with HCl

the sample contained in the bottle for cation determination;

(c) collected in PP (polypropylene) bottles for trace

Fig. 1 Location of the Roman

emissary (blue dashed line) of

Lake Albano (Italy) with

indication of water sampling

points (red circles), lake

bathymetry (m below lake

level), elevation contour lines

(light grey lines, m a.s.l.),

geology and anthropogenic

elements. Bathymetric data are

from Anzidei et al. (2008),

geological data from Giordano

et al. (2006), elevation contour

lines and anthropogenic

elements from the Web GIS of

Regione Lazio (www.regione.

lazio.it/rl_sitr, accessed 15/02/

2017)

Fig. 2 Typical cross section of the Roman emissary (a) and particular of the speleothem obstruction located 600 m from the outlet (b)
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element analyses, acidified to ca pH 2 with ultrapure

concentrated HNO3. Untreated aliquots were stored for

alkalinity determinations, made via titration with HCl

(0.1 N). Samples were stored in cool and dark conditions

prior to laboratory measurements. Water samples for dis-

solved gas chemistry analyses were collected using 120-cc

glass bottles. Chemical and isotopic analyses were per-

formed in the INGV laboratories, at the Palermo facility.

Major ions were determined by Ion chromatography

using Dionex columns AS14 and CS12 for anions and

cations, respectively. Trace elements were analysed by

ICP-MS (Agilent 7500ce) equipped with a Micromist

nebulizer, a Scott double-pass spray chamber, a three-

channel peristaltic pump, an autosampler (ASX-500,

Cetac), and an octopole reaction system (ORS) to remove

the interferences. The concentration of the internal stan-

dard was about 10 lg/L in all sample and calibration

solutions. Data accuracy was evaluated by analysing

standard reference materials (Spectrapure Standards SW1

and 2, SLRS4, NIST 1643e, Environment Canada TM

24.3, and TM 61.2) for each analytical session, and the

error for each element was\15%.

Physico-chemical data were elaborated by the PHREEQC

code (version 2.15.0) adopting the Lawrence Livermore

National Laboratory (LLNL) internal database (Parkhurst

and Appelo 1999), in order to calculate saturation indexes

(SI) of several mineralogical phases for water samples.

The dissolved gases in water samples were measured

after equilibration in a host gas (Ar) and extraction, fol-

lowing the procedure described by Capasso and Inguag-

giato (1998). The gas chemical composition was measured

by a PerkinElmer Clarus 500 Gas Chromatograph, equip-

ped with a Shincarbon ST column (100/120 mesh, 3 m

long, and a 1/800 outer diameter). The carrier gas was Ar,

and the detectors were a TCD and a FID; the latter was

preceded by a methanizer to convert CO and CO2 into CH4.

Certified gas mixtures were used as external standards.

The dD and d18O compositions were determined using

an online pyrolysis system and the CO2–water equilibration

conventional technique, respectively. Isotope ratios,

reported in delta notation versus V-SMOW, were measured

with a CF-IRMS (Delta Plus, Thermo Bremen, Germany).

Analytical precision for each measurement was better than

0.1% for d18O and 1% for dD. The d13C of Total Dis-

solved Inorganic Carbon (TDIC) was determined using an

Analytical Precision AP2003 continuous flow mass spec-

trometer, connected online with an injection system. An

Analytical Precision ‘‘Carbonate Prep System’’ was used

both to flush ultrapure helium (99.9996 vol%) into the vials

and to automatically dispense a fixed amount (100–200 ll)

of 100% H3PO4 (Capasso et al. 2005). Data are reported in

d% relative to the conventional international standard

V-PDB, with an analytical precision better than ±0.3%.

Golden Software Surfer (release 13) and QGis (release

2.8) were used for plotting maps, Grapher (release 11) for

drawing binary and ternary diagrams.

Data presentation

Field parameters, concentration of major, minor and trace

elements, dissolved gases chemistry and isotopic composi-

tions of the collected water samples are illustrated in Table 1.

Chemico-physical parameters and major elements

Values of pH and electrical conductivity (EC) rank into

two different groups of samples. The first one (A) includes

all the samples collected in the Roman emissary (inlet,

600-m tunnel and dripping), with pH and EC in the ranges

7.34–7.50 and 608–691 lS cm-1, respectively. Lake water

(at depth of 1 and 5 m) and dripping collected at the Ninfeo

(Group B) exhibit higher pH and lower EC, with ranges of

8.09–8.17 and 429–487 lS cm-1, respectively. As for Eh,

all the samples indicate an oxidizing environment, with

measures between 144 and 199 mV.

The presence of two chemical sub-groups is further

confirmed by the distribution of major elements in the

Langelier–Ludwig diagram shown in Fig. 3. Although all

the samples are clustered at the boundary between the

bicarbonate–alkaline and the bicarbonate–earth–alkaline

quadrants, points representative of the Roman emissary

have abundances of chlorine and sulphates slightly higher

than those of the other group. Nitrates are between 16 and

44 mg l-1 in the groundwater samples, but below the

detection limit in the lake water.

Minor and trace elements

Minor and trace element concentrations (Table 1; Fig. 4) range

from[0.1 lg l-1 for trace elements (e.g. Tl, Pb, Mn, Cd, Co,

Cr, Sb) up to four orders of magnitude higher for minor ele-

ments (Sr, B, Rb). Relative abundances of these elements are

similar in all the samples. The lowest values of absolute con-

centrations are found in the lake water, the intermediate ones at

the Ninfeo, while the highest are in the Roman emissary, with

the maximum value in the sample collected at its inlet.

As expected for metals in aqueous solution, concentra-

tions of the determined elements generally negatively

correlate with pH. Sr, Rb, Ba and Cs, more concentrated in

lake samples, represent the exceptions. The concentrations

of all the determined chemical species were compared to

the Maximum Admitted Concentrations (MACs) for

drinking water (Fig. 4), suggested by the World Health

Organization (WHO 2011). As a general remark, all the

samples show values below these limits, with the exception

 289 Page 4 of 10 Environ Earth Sci  (2017) 76:289 

123



Table 1 Chemico-physical

field parameters, concentrations

of major, minor and trace

elements, C, D, O isotopic

composition and dissolved gas

chemistry measured in lake and

groundwater of Lake Albano

and the Roman emissary (unit of

measures between brackets,

b.d.l. is below detection limit)

Inlet Ninfeo 600 m, tunnel 600 m, dripping 1 m, lake 5 m, lake

T (�C) 15.3 13.7 14.8 12.7

pH 7.5 8.14 7.41 7.34 8.09 8.17

E.C. (lS cm-1) 608 487 691 686 429 482

Eh (mV) 144 158 198 194 178 199

Na (mg l-1) 58.0 31.6 48.5 43.9 32.3 32.4

K (mg l-1) 75.2 53.1 62.7 55.9 48.7 48.9

Mg (mg l-1) 21.7 12.0 22.9 19.8 17.3 17.6

Ca (mg l-1) 49.1 55.3 73.7 68.9 23.6 23.7

F (mg l-1) 1.81 0.897 1.29 1.25 0.955 0.946

Cl (mg l-1) 39.3 19.1 36.4 34.7 20.4 20.2

NO3 (mg l-1) 34.9 15.8 43.7 43.9 0 0

SO4 (mg l-1) 53.7 19.7 51.5 45.4 8.39 8.43

HCO3 (mg l-1) 353 315 382 360 271 272

Li (lg l-1) 28.8 13.2 30.1 26.0 5.85 5.72

B (lg l-1) 249 102 241 235 92.9 91.7

Al (lg l-1) 29.3 1.85 5.27 4.32 10.0 10.5

Ti (lg l-1) 2.26 3.61 2.825 3.21 0.206 0.194

V (lg l-1) 55.8 31.1 35.3 31.7 4.84 4.79

Cr (lg l-1) 0.336 0.220 0.355 0.375 b.d.l. b.d.l.

Mn (lg l-1) 0.654 b.d.l. 0.120 b.d.l. 0.208 b.d.l.

Fe (lg l-1) 6.43 1.10 1.87 2.43 1.32 1.32

Co (lg l-1) 0.446 0.135 0.361 0.269 0.068 0.060

Ni (lg l-1) 0.722 b.d.l. 1.890 0.412 b.d.l. b.d.l.

Cu (lg l-1) 3.92 1.19 1.13 0.953 0.539 0.286

Zn (lg l-1) 36.1 3.08 5.10 1.14 2.14 2.30

As (lg l-1) 11.5 6.55 7.31 7.13 2.68 2.69

Se (lg l-1) 0.974 0.515 0.883 0.832 0.046 0.040

Rb (lg l-1) 63.7 62.7 54.9 49.0 72.9 71.5

Sr (lg l-1) 552 191 506 447 809 802

Mo (lg l-1) 4.46 1.38 3.01 2.68 0.248 0.227

Cd (lg l-1) 0.020 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.

Sb (lg l-1) 1.25 0.836 0.821 0.801 0.125 0.126

Cs (lg l-1) 0.332 0.769 0.146 0.119 1.05 1.06

Ba (lg l-1) 12.5 3.32 10.8 11.6 13.1 12.9

Tl (lg l-1) 0.049 0.057 0.027 0.020 0.011 0.010

Pb (lg l-1) 0.287 0.094 0.111 0.067 0.089 0.099

U (lg l-1) 20.5 12.2 20.1 18.2 4.75 4.59

dD (V-SMOW) -34.7 -37.1 -33.8 -35.0 -1.16 -2.89

d18O (V-SMOW) -6.43 -5.84 -5.97 -6.09 0.368 0.631

d13C TDIC (V-PDB) -13.87 4.45

d13CCO2
(V-PDB) -22.5 -4.69

H2 (cc l-1 STP) 0.0007 0.013

O2 (cc l-1 STP) 5.57 7.98

N2 (cc l-1 STP) 15.3 14.4

CO (cc l-1 STP) b.d.l. 6.69E-05

CH4 (cc l-1 STP) 0.001 0.0009

CO2 (cc l-1 STP) 9.18 2.08

d13CCO2
is recalculated from TDIC
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of U and As, whose MACs are exceeded in groundwater

collected inside the emissary (600-m tunnel and dripping)

and at its inlet, respectively.

Finally, significant concentrations of boron are found in

all the samples, with groundwater from the drainage tunnel

showing the highest values.

Gas chemical composition

Table 1 reports the concentration of dissolved gaseous

species as cc l-1 STP, also illustrated in the CO2–N2–CH4

ternary diagram of Fig. 5 in comparison with the previ-

ously determined values for lake water (Carapezza et al.

2008) and Air Saturated Water (ASW). The composition of

surficial lake water (sample 5 m) is dominated by N2, while

CO2 prevails in groundwater (sample 600 m). Both sam-

ples show minor amounts of CH4 and lie on the curve

representative of the compositional variations of lake water

with depth, based on literature data (Carapezza et al. 2008).

C, D, O isotopic composition

Values of d18O, dD and d13C of TDIC determined in the

samples are reported in Table 1. We also show recalculated

d13C for CO2 in equilibrium with the measured TDIC,

following the equilibrium reaction equation between car-

bonate species (Favara et al. 2002). The scatterplot of

Fig. 6 illustrates the d18O versus dD relationship, com-

paring the measured values with the Central Italy Meteoric

Water Line (CIMWL, Longinelli and Selmo 2003) and

other values from the literature (Carapezza et al. 2008).

Isotopic compositions of groundwater samples lie close

to the CIMWL in the region typical of local precipitations

while lake samples, as expected, are more positive and

shifted along the evaporation path, with values compatible

with those previously reported (Carapezza et al. 2008). The

d13C of TDIC (Table 1) shows a huge difference between

the two analysed samples: its value is 4.45 d% in the lake,

similar to other ones previously reported in the literature

(Cabassi et al. 2013) and compatible with a magmatic

origin. Groundwater collected in the Roman emissary is

much more negative (-13.9 d%) and in equilibrium with a

CO2 at -22 d% (Table 1): this value is typical for CO2

produced by soil respiration (Boutton 1991).

Data discussion

The collected water samples exhibit common chemical

features (Table 1; Fig. 3), with Ca2? and K? and HCO3
-

dominating among cations and anions, respectively. Origin

of the main cations is related to leaching of the volcanic

Fig. 3 Langelier–Ludwig diagram illustrating the main chemical

composition of water samples collected in Lake Albano and in the

Roman emissary

Fig. 4 Concentrations of minor

and trace elements determined

in water samples from Lake

Albano and the Roman emissary

compared with Maximum

Admitted Concentrations

(MACs) for drinking water

(WHO 2011)
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rocks cropping out in the area, characterized by potassium-

and calcium-rich minerals (Cioni et al. 2003; Peccerillo

2005). Bicarbonates derive from CO2 dissolution, both of

magmatic and pedogenic origin (see Sect. 4.4). The only

significant difference is the major dilution of lake water

with respect to groundwater, due to the direct accumulation

of rainfall into the lake water body.

The same general behaviour is shown by the distribution

patterns of minor and trace elements (Fig. 4), whose

primary source is the leaching of the volcanic rocks hosting

both groundwater and the lake water body. The lake water

is characterized by lower concentrations than groundwater,

while both of them exhibit similar proportions of the

determined chemical species. Anomalies are represented

by Al, Cs, Rb and Sr, more enriched into the lake. The

higher alkaline pH of the lake ([8) with respect to

groundwater (\7.5) can explain the enrichment in alu-

minium, almost insoluble at pH between 6 and 8, but more

mobile outside this range (Gensemer and Playle 1999). The

same mechanism cannot account for the Cs, Rb and Sr

anomalies, because these elements are more soluble at

lower pH, and their concentrations should therefore be

higher in groundwater rather than in the lake. A plausible

explanation could be found in a direct deposition into the

lake from an atmospheric source, of likely anthropic origin

due to the heavy urbanization and vehicular and rail traffic

in the surroundings (Fig. 1). The effect of an atmospheric

pollution source is clearly highlighted by the higher con-

centrations of several metals, as Al, Co, Cu, Fe, Mn, Mo,

Pb, Sb, V and Zn, found in the sample collected in stagnant

water at the inlet of the emissary, directly exposed to the

outer atmosphere and located less than 20 m apart from a

road running around the lake. The noticeable amounts of

boron found in all the samples (Table 1) are compatible

with the leaching of the volcanic deposits, since these were

deposited during hydromagmatic activity.

We computed saturation indexes (SI) for the main miner-

alogical phases compatible with the ionic species of the

analysed water samples (Table 2). These calculations indicate

that all the samples are close to the equilibrium or slightly

supersaturated with respect to aragonite, calcite and dolomite,

which explains the occurrence of carbonate speleothems

found inside the Roman emissary. Dripping water (both

600 m and Ninfeo) and stagnant water at the inlet show a

remarkable supersaturation in iron minerals (goethite and

haematite). The origin of iron is linked to the leaching of

volcanic rocks for dripping water, whereas it is anthropogenic

at the inlet (see previous considerations about trace elements).

The comparison of the concentration of trace elements with

the MACs for drinking water (WHO 2011; Fig. 4) suggests

that groundwater drained by the Roman emissary is compat-

ible with a possible anthropic use. Uranium is the only element

exceeding its MAC, while it is particularly worth of note that

arsenic is below the limit suggested by the WHO. This fact is

relevant because hazardous As concentration in groundwater

is a public health problem in Central Italy (D’Ippoliti et al.

2015), due to the prevailing volcanic origin of the rocks

hosting the aquifers. Moreover, also nitrates (Table 1) are

below the threshold of 50 mg l-1, fixed by the WHO as safety

limit for drinking water destined to infants.

The chemical composition of dissolved gases measured in

the lake (Fig. 5) indicates that both lake water (5 m) and

Fig. 5 Ternary N2–CO2–CH4 diagram illustrating the chemical

composition of dissolved gases measured in water samples from

Lake Albano and the Roman emissary compared to literature data.

Compositions of Air Saturated Water (ASW) and previously deter-

mined lake samples (Carapezza et al. 2008) are also shown

Fig. 6 d18O versus dD diagram of lake and groundwater collected in

Lake Albano and the Roman emissary. Dashed line is the Central

Italy Meteoric Water Line (Longinelli and Selmo 2003). Literature

data from Carapezza et al. (2008) of lake at 10 m depth are also

shown
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groundwater (600 m) are mainly enriched in CO2 with respect

to a normal air saturated water (ASW); minor amounts of

methane are also present. The lake sample is perfectly inserted

into the CO2 enrichment trend with depth that characterizes

Lake Albano (Carapezza et al. 2008); the sample collected

into the Roman emissary shows a high dissolved CO2 content,

comparable to that of the lake at 50 m depth reported by

Carapezza et al. (2008). The dissolution of CO2 and the

availability of the Ca2? ion from the leaching of volcanic

rocks well explain the formation of calcitic speleothems inside

the tunnel (Fig. 2), even in the absence of carbonate rocks.

Isotopic analyses were crucial for correctly attributing the

origin of CO2 and groundwater in this mixed natural-an-

thropic geo-hydraulic system. While the value of 4.45 d%
for TDIC measured in the lake sample (5 m, Table 1) indi-

cates a clear volcanic origin of CO2 (Cabassi et al. 2013), that

one measured in groundwater (600 m) implies that the iso-

topic composition of the dissolved CO2 (-22 d%) is com-

pletely different and compatible with a gas produced by soil

respiration (Boutton 1991). By contrast, d18O and dD of

water samples plotted in comparison with the Central Italy

Meteoric Water Line (Fig. 6) suggest a common origin for

lake and groundwater. Both originate from local rainfalls,

and water accumulated into the lake is affected by evapo-

ration, causing the shift towards more positive values.

Conclusions

The chemical characterization of groundwater and lake

samples indicates the leaching of the volcanic rocks as the

main source for dissolved ions. The abundance of bicar-

bonates is linked to the CO2 underground circulation, both

volcanogenic and pedogenic. The isotopic signature sug-

gests a meteoric origin for both the lake water body and the

groundwater drained by the Roman emissary, with the

former clearly affected by the isotopic shift associated to

evaporation processes. This observation and the relative

position of the tunnel inlet with respect to the lake surface,

with the former 6 m above the latter, exclude a possible

direct supply from the lake. Moreover, the d13C of TDIC of

groundwater sampled into the tunnel indicates soil respi-

ration as the source of CO2, excluding the direct influence

of volcanic activity.

The abovementioned considerations suggest that the

drainage of a suspended aquifer is the most reasonable

source for water flowing in the Roman emissary. As shown

in Fig. 7, the thickness of the volcanic deposits overlying

the tunnel (up to 130 m in the thickest point) and the

dipping of the strata are compatible with the presence of a

suspended aquifer lying over a definite or indefinite per-

meability limit. The spilling point at 600 m (see also

Fig. 1) can be attributed to the intersection between the

tunnel and the aquifer, or could have been generated by

fractures.

The absence of a volcanic signal suggests the opportu-

nity to use the tunnel as a possible site for the geochemical

monitoring of the Lake Albano area, fixing a ‘‘zero-con-

dition’’ for individuating possible future anomalies gener-

ated by a renewal of the volcanic activity. In particular,

changes in concentration and/or isotopic composition of

dissolved CO2 can be used as a tracer of volcanogenic

fluids. Artificial cavities have been used in the recent past

for geophysical monitoring purposes. An example is the

‘‘Ipodata Project’’, carried out in partnership by the Com-

mission for Artificial Cavities of the Italian Speleological

Table 2 Saturation indexes of

the main mineralogical phases

calculated using the Phreeqc

software

Phase Inlet Ninfeo 600-m tunnel 600-m dripping water 1-m lake 5-m lake

Aragonite 0.22 0.58 0 -0.11 0.16 0.19

Calcite -0.08 0.73 0.15 0.04 0.3 0.33

Dolomite 0.91 2.13 1.08 0.87 1.82 1.88

Goethite 4.12 3.3 3.47

Haematite 9.19 7.55 7.88

Fig. 7 Longitudinal

topographic section passing

trough the Roman emissary. The

suspended aquifer feeding the

tunnel is also shown.

Topographic data are from the

Web GIS of Regione Lazio

(www.regione.lazio.it/rl_sitr,

accessed 15/02/2017)
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Society and INGV, with the goal to select cavities

matching specific criteria to host Very Broad Band seis-

mometers (Casale et al. 2012).
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