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A B S T R A C T   

Rome Capital City is located in a high heat flux area of central Italy, suitable for low-enthalpy geothermal 
exploitation. In the central-northern part of the city, near Tor di Quinto hippodrome close to Tiber River, a wide 
undeveloped area occurs, which is a possible future urban development site. We present the results of a 
geochemical and geophysical study aimed at assessing the presence in this zone of a low-enthalpy geothermal 
aquifer and at evaluating its depth, thickness and the physico-chemical characteristics of the geothermal water. 
Furthermore the natural CO2 output of this zone has been investigated. A soil CO2 flux survey with 551 mea-
surements over a surface of 3.09 km2 revealed the presence of parallel NW-SE trending positive flux anomalies. 
The total CO2 output was estimated to 87.77 t*day− 1, most of which (85%) of endogenous or mixed origin. An 
Electrical Resistivity Tomography survey, consisting of five parallel 355 m long and 100 m spaced profiles, 
allowed the reconstruction of the stratigraphy of the underground sediments, which are fluvial deposits of the 
near Tiber River. The geothermal water is hosted in a low-resistivity layer, corresponding to the Tiber base 
gravels, which are here 20 m thick and whose top is 40 m below the surface. The water has a nearly constant 
temperature of 17.5 ◦C, a relatively high salinity and an appreciable content in dissolved gas. This low-enthalpy 
resource is suitable for direct uses, e.g. individual and district heating/cooling, sanitary hot water, spa facilities 
for swimming and bathing.   

1. Introduction 

Geothermal energy, i.e. the utilization of the Earth inner heat, rep-
resents a fundamental renewable energy resource. Basing on the tem-
perature of the natural fluid, geothermal resources can be classified as of 
high-enthalpy (T >150 ◦C), medium-enthalpy (T = 90–150 ◦C) and low- 
enthalpy (T <90 ◦C). High and medium enthalpy resources are utilized 
mostly for the generation of electric power and for cascading direct uses 
of the exhausted fluid. These resources can be found only in geological 
zones (mostly volcanic) characterized by high heat fluxes, i.e. at 
diverging or converging plate boundaries or at hotspots within plates. 
Direct uses are the most common utilizations of low enthalpy resources, 
which can be found almost everywhere. Direct use include: geothermal 
(ground-source) heat pumps, bathing and swimming, space and district 
heating, greenhouse heating, aquaculture, agricultural and industrial 
applications (Lund and Toth, 2020). 

Space winter heating and summer air conditioning contribute greatly 

to the consumption of fossil combustibles and electric energy worldwide 
(see Lund and Toth, 2020 for a quantitative estimate). Because of the 
pollutant discharge from boilers (carbon particles and greenhouse 
gases), space heating contributes also to the environmental pollution. 
The natural thermal energy stored in the sub-soil, both in terrains and in 
groundwater, can be transferred to an edifice by means of a geothermal 
heat pump, obtaining significant economic and environmental benefits 
(Redko et al., 2019). The energy saving and the economic advantage 
significantly increase if the heat pump is fed by a geothermal resource, 
even of low or very low enthalpy. As a matter of fact, at the end of 2019, 
58.8% of the world installed thermal power for direct utilization (total 
107,727 MWt) was provided by geothermal (ground-based) heat pumps 
(Lund and Toth, 2020). In the period 2015–2020 the thermal energy 
used in heat pumps increased from 300 to 600 TJ/yr (Lund and Toth, 
2020). 

Rome, the capital of Italy, is a large city with over 2.8 million resi-
dents. It is located on the Tyrrhenian margin of central Italy, a volcanic 
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area characterized by a thinned continental crust (20–25 km), high heat 
flux (>80 mW m− 2; Gambardella et al., 2004) and a strong degassing of 
CO2 of deep provenance (1.4 × 1011 mol/year; Chiodini et al., 2004a). 
Tiber River crosses the entire city (Fig. 1) and Barberi et al. (2008), by 
processing data from dozens of water wells drilled in the Tiber Valley, 
showed that the base gravels of Tiber fluvial sediments contain a 
low-enthalpy geothermal aquifer. This aquifer has a temperature of 
16.9–21.6 ◦C and, due to its shallow depth (<60 m; Barberi et al., 2008), 
should be suitable and convenient for direct use of geothermal energy by 
feeding heat pumps for controlling the ambient temperature inside 
residential or office buildings (individual or district heating) and for 
providing sanitary hot water. Another interesting application within 
Rome city might be the development of a spa facility for bathing and 
swimming. 

Near Tiber River, in the central-northern part of Rome city (Fig. 1), 
the large open Tor di Quinto area occurs that is a possible future urban 
development site. Whatever will be its future destination, we think that 
its development could represent a good occasion to promote the direct 
use of geothermal energy in the city of Rome. Therefore, we carried out a 
multidisciplinary study aimed at:  

- Establishing depth and thickness of the Tiber basal geothermal 
aquifer, by geoelectrical investigations;  

- Establishing the physical, chemical and isotopic characteristics of the 
geothermal water by geochemical analyses of the water of some 
existing wells;  

- Evaluating the in-soil concentration of Rn and CO2 and natural soil 
CO2 flux in order to assess the environmental conditions of the site. 

The paper presents and discusses the results of these investigations 
with the aim of contributing to improve the liveability in a megacity and 
to reduce the environmental impact. To the same scope the total natural 
CO2 output from this sector of Rome city has been estimated. 

2. Geological and hydrogeological outlines of the Rome city 

The city of Rome is located between two Quaternary alkali-potassic 
volcanic districts belonging to the Roman Comagmatic Province 
(Washington, 1906): Mts. Sabatini to the NW and Colli Albani to the SE 

(Fig. 1). They are associated to a back-arc geodynamical domain affected 
by extensional tectonics as a consequence of the NE retreat of the slab 
since Messinian times (Patacca and Scandone, 1989). Magma generated 
by partial melting of a contaminated mantle rose to the surface through 
deep reaching faults, oriented NW-SE and NE-SW (Peccerillo, 2005). 

Both volcanoes are considered in a quiescent state, as the time 
elapsed since their most recent eruption (i.e. 70 ka at Mts. Sabatini and 
36 ka at Colli Albani) does not overpasses the maximum duration of the 
repose periods recorded during their recent eruptive history (Marra 
et al., 2020 and references therein). At Colli Albani the most likely ex-
pected event is an explosive hydromagmatic eruption generated by the 
interaction of an ultrapotassic magma with the water of Albano crater 
lake (Carapezza et al., 2010). 

A gravimetric study (Cesi et al., 2008) has shown that the Rome city 
area is characterized by the presence of NW-SE oriented alternating 
bands of gravity minima and maxima, with the most positive values (up 
to +22.5 mGal) found in Tor di Quinto zone (Fig. 2a). These negative 
and positive gravimetric anomalies correspond to structural lows and 
highs, respectively, of the buried Mesozoic calcareous basement, which 
hosts the main regional aquifer of central Italy (Capelli et al., 2008) and 
of its allochtonous flysch cover. In the Tor di Quinto gravimetric high, 
the top depth of the buried calcareous basement is estimated to ~ 750 m 
from the surface (Fig. 2b; Cesi et al., 2008). 

In the geothermal areas of central Italy, a gas-rich cap is frequently 
found at the top of the structural highs of the calcareous basement (e.g. 
Torre Alfina, Carapezza et al., 2015; Latera, Chiodini et al., 2007; 
Ciampino, Pizzino et al., 2002) and all free gas discharges of the wide 
Rome Metropolitan City occur in zones marked by gravimetric highs 
(Carapezza et al., 2019). 

The hydrogeological map of the central part of Rome city is reported 
in Fig. 3. The Pliocene shales of the Monte Vaticano Formation represent 
the impervious basal level of the Rome urban area (Capelli et al., 2008). 
This level acts as aquiclude for all aquifers contained in the overlying 
volcanic or sedimentary deposits (no. 16 in Fig. 3). The entire city area is 
crossed ~N-S by the Tiber River, which separates two different 
geological and hydrogeological units (Capelli et al., 2008; La Vigna 
et al., 2015, 2016): the Mts. Sabatini unit in the western side and the 
Colli Albani unit in the eastern side of Tiber River (Fig. 3). The latter 
represents the geological substratum for a large part of Rome munici-
pality (Capelli et al., 2008; Funiciello and Giordano, 2008). 

A third hydrogeological unit of Rome city is that of the “Tiber allu-
vial deposits”, limited to the river valley and its neighbours, including 
the Tor di Quinto area (no. 2 in Fig. 3). The Tiber valley is carved in the 
impervious complex of Monte Vaticano Pliocene clays (Fig. 3). The 
recent alluvial deposits are mostly made of impermeable fine silty se-
quences, but with permeable sandy and gravel levels. Basal gravels lay 
mostly directly above the Pliocene clays (Fig. 3); they have a high hy-
draulic conductivity (up to 6.5 m/day; Di Salvo et al., 2012) and host the 
aquifer representing the potentially important low-enthalpy geothermal 
resource for the city of Rome (Barberi et al., 2008). 

Most of the terrains outcropping in Tor di Quinto area are made of 
silt, sand and clay sediments of the alluvial plains of Tiber and Aniene 
rivers (both hosting a buried basal gravel level: see hydrogeological 
profile in Fig. 3). An important NW-SE trending extensional fault (Fosso 
della Crescenza; FC in Figs. 2 and 3) passes through the SW side of Tor di 
Quinto hippodrome (Funiciello and Giordano, 2008). 

3. Materials and methods 

All sampled water wells (apart #160) had a submerged pump and 
water was collected through the closest tap. Borehole #160 was no 
longer in use and a specific portable submersible collector was used for 
water withdrawal. Temperature, pH, electrical conductivity (EC), 
Oxidation-Reduction Potential (ORP) values were determined in situ 
using portable instruments. pH was measured with a XS® 70 + pH meter 
with automatic temperature compensation (ATC). Before taking a 

Fig. 1. Location of Tor di Quinto study area (yellow rectangle) in the map of 
Rome area including Mts. Sabatini and Colli Albani volcanic districts (modified 
after Luberti et al., 2017). Red line contours Rome municipality. 
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Fig. 2. (a) High pass gravimetric map of the Rome area (modified after Cesi et al., 2008). Black rectangle is the Tor di Quinto zone. FC designates Fosso della 
Crescenza fault. Geographic coordinates in WGS 84 UTM zone 33 N. (b) Gravimetric NW-SE (A-A’) and SW-NE (B-B’) profiles across Tor di Quinto zone (traces in a) 
and geological interpretation. 
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Fig. 3. Hydrogeological map and profile of the central sector of Rome city, centered on Tor di Quinto (modified after La Vigna and Mazza, 2015). FC red line is Fosso 
della Crescenza fault; red dashed lines are inferred faults. Blue and orange arrows represent the groundwater flowpaths. A-A’ line is the trace of the hydro-
geological profile. 
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measurement, the pH meter was regularly calibrated by using three 
appropriate buffer solutions having known pH values (4.01, 7.01 and 
10.01). EC was measured using a Thermo Scientific™ Eutech™ Cyber-
Scan COND 600. Calibration was performed by immerging the probe in 
two solutions of known salinity (1413 and 12,880 μS/cm); the EC values 
were automatically compensated to a reference temperature of 25 ◦C. 
ORP was measured by a XS® pH 6 m with automatic temperature 
compensation (NT 30 sensor). As a reference point, a 200 mV standard 
solution was used. Resolutions are 0.1 ◦C, 0.01 pH, 1 mV, 1μS respec-
tively. Alkalinity was determined in the field by titration with 0.05 N 
HCl and methyl orange as pH indicator due its clear and distinct color 
variance at different pH values. 

Water samples were filtered (0.45 µm) and stored in high-density 
polyethylene bottles for laboratory analysis. At the time of sampling, 
bottles were thoroughly washed 3 times with the groundwater to be 
sampled; moreover, the water samples were collected from the wells 
after pumping for 15–20 min, in order to remove groundwater stored in 
the well. 

Major anions (Cl− , SO4
2− ) and cations (Ca2+, Mg2+, Na+ and K+) 

were analysed in the Fluid Geochemistry Laboratory of INGV-Rome by 
ion-chromatography (Dionex™, DX500 and Portlab S001.2) on filtered 
and filtered and acidified (to pH ≤ 2) samples, respectively. The 
analytical error for major compounds was <5%. 

Samples for dissolved gasses were collected in 240 ml glass bottles 
sealed in the field by silicon/rubber septa, using special crimpers, and 
analysed according to the method described by Capasso and Inguaggiato 
(1998). Bottles were filled to the top to avoid even tiny bubbles and 
preventing atmospheric contamination. Dissolved gasses were analysed 
in the Fluid Geochemistry Laboratory of INGV-Rome by extraction after 
equilibrium was reached at constant temperature with a host gas 
(high-purity argon) and injection in the sample bottle. Afterwards, gas 
samples were injected in a Perkin Elmer AutoSystemXL gas chromato-
graph equipped with FID and TCD, with N2 and Ar as carrier gasses, 
respectively. Dissolved gas chemical composition (expressed in cc/L at 
STP) was calculated from the composition of the exsolved gas phase 
based on the solubility coefficients of each gas compound (Whitfield, 
1978). Analytical error was < 5%. 

The isotopic ratio of oxygen was measured using a Thermo Delta V 
Plus mass spectrometer coupled to a GasBench II, exploiting the equil-
ibration technique between H2O and CO2 (Epstein and Mayeda, 1953). 
For the determination of the hydrogen isotopic ratio, a Delta Plus XP 
mass spectrometer coupled with a TC/EA reactor was utilized. The 
isotopic values for the waters are expressed in δ‰ vs. V-SMOW (Vienna 
Standard Mean Oceanic Water). The uncertainties were ± 0.1% for δ 18O 
and ± 1% for δD. 

A completely automated procedure (Capasso et al., 2005) was uti-
lized to determine the δ13C (vs. V-PDB, Vienna Pee Dee Belemnite) of 
total inorganic carbon dissolved in water (δ13CTDIC). This method is 
based on the acidification of water samples transforming the total of the 
dissolved inorganic carbon species into CO2. Water samples are directly 
injected with a syringe into vials with screw caps that have a pierceable 
rubber septum. A GasBench II was used both to flush pure helium into 
the vials and to automatically dispense a fixed amount of H3PO4. 
Full-equilibrium conditions between the produced CO2 and water are 
reached at a temperature of 70 ◦C (± 0.1 ◦C) in less than 24 h. Carbon 
isotope ratios (13C/12C) were measured on a Delta V Plus mass spec-
trometer connected online with GasBench II. The uncertainties were ±
0.15% for δ13C. 

He isotopes were analysed with a static vacuum mass spectrometer 
(GVI Helix SFT), characterized by a double collector that allows the 
simultaneous detection of the 3He and 4He ion beams (isotopic precision 
ratio within ± 0.5%). The 3He/4He ratio was obtained by measuring 3He 
and 4He in an electron multiplier detector and in an axial Faraday de-
tector, respectively. Ne isotopes were measured by a multi-collector 
mass spectrometer (model Thermo-Helix MC plus) after standard puri-
fication procedures (e.g. Buttitta et al., 2020 and references therein). He 

isotopic ratios are reported as R/Ra values, where Ra is the He-isotope 
ratio in the atmosphere (1.39 × 10− 6). Isotopic analyses of O, H, C 
and He were carried out in the laboratories of INGV-Palermo. 

Samples for dissolved 222Rn were collected in a 0.6 L bottle equipped 
with a watertight cap provided with an expansion chamber, to allow air 
bubbling inside the bottle, and inserted in a closed circuit with a pump 
and an Activated Charcoal Collector (Mancini et al., 2000). The 
222Rn-enriched air stripped from water was pumped from the expansion 
chamber of the bottle and then adsorbed into the activated charcoal. 
Collectors were analysed in the Radionuclides Laboratory at INGV-Rome 
by a low background γ-spectrometer using a NaI(Tl) scintillator. The 
222Rn concentration was obtained by detecting the γ radiation deriving 
from the radon decay products 214Pb and 214Bi and correcting the gross 
datum by a decay factor that accounted for radon decay from the sam-
pling time to the analysing time (Mancini et al., 2000). 

Water temperature continuous measurement was performed by a 
Tinytag Aquatic 2 submersible data logger with a built-in sensor; logging 
interval was set at 15 min; reading resolution is 0.001 ◦C (technical 
specifications at http://gemini2.assets.d3r.com/pdfs/original/216-tg 
-4100-datasheet.pdf). 

Soil CO2 flux measurements were carried out with the accumulation 
chamber method (Chiodini et al., 1998; Carapezza and Granieri, 2004) 
by a West Systems portable fluxmeter (https://www.westsystems.co 
m/wp-content/uploads/2019/01/Handbook_Portable_9.1.pdf). Ac-
cording to Tonani and Miele (1991), the accumulation chamber method 
is the best way to measure soil CO2 fluxes of volcanological or 
geothermal interest, as it is an absolute method that does not require 
either assumptions or corrections depending on soil characteristics. 

The device is equipped with an IR detector for CO2 (Licor LI-820 
single-beam dual wavelength NDIR; range 0–2 vol.%; accuracy 3%) 
(https://www.licor.com/documents/srqy9vep2nocnnei7ksb). 

The measurements were always carried out in dry and stable weather 
conditions to reduce a possible atmospheric influence on soil CO2 flux. 
Mean distance between measurement points was of ~100 m (35 m 
within the hippodrome). 

Soil CO2 flux data partition has been performed with the Gaussian 
Mixture Model procedure described by Carapezza et al. (2020a); it 
allowed also finding the statistical threshold between soil CO2 flux of 
biological and endogenous origin. The soil CO2 flux map was obtained 
by conditional Gaussian geostatistical simulation in Arcgis 10.6. Geo-
statistical simulation, in fact, produces a better quantification of the CO2 
output with its uncertainty, as it generates a set of equiprobable re-
alizations of the spatial distribution of the soil attribute values (Goo-
vaerts, 2001). 

The in-soil concentration of CO2 and Rn was measured using a steel 
probe inserted in the ground at 30 cm depth and connected by a silicon 
tube to the measuring devices. For CO2 it was used a portable multigas 
device, in active mode (Draeger X-am 7000; technical specifications at 
https://www.draeger.com/Products/Content/sensors-ca-9046571-en. 
pdf). The device was equipped with an IR CO2 detector (range 0–100 
vol.%; resolution 0.01 vol.%). The in-soil Rn concentration was 
measured using a Durridge RAD7. The reported Rn activity is the 
average of the last 2 of 5 measurement cycles, continued until a stable 
value was reached; accuracy is ±2%. 

The “Electrical Resistivity Tomography” (ERT) survey consisted of 
five parallel profiles acquired using a SYSCAL Pro 10 channel resistivity- 
meter, equipped with 72 electrodes (IRIS Instruments). The instrument 
was configured to inject a square wave signal for 250 ms. Each profile 
was acquired using 72 steel electrodes spaced 5 m apart. Both dipole- 
dipole and Wenner array configurations were applied aimed at obtain-
ing vertical and horizontal sensitivity of the subsurface resistivity con-
trasts (Loke, 2012). The profiles length of 355 m provided a pseudo 
exploration depth of 60 m each. The spacing between profile lines was of 
about 100 m. An appropriate electrical coupling between adjacent 
electrodes and soil was achieved recording a resistivity ground contact 
of about 1 kOhm. The quality factor of the surface measurements, which 
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is calculated as the standard deviation of the V/I ratio for each quad-
rupole, is calculated using a stacking parameter of 5. Each stack is the 
result of a 10-ms cycle measurement in a 250-ms interval. Random noise 
in the survey area was low, as more than 90% of the measurements of 
the 5 profiles were recorded with a standard deviation <1%. To obtain 
true resistivity values from the measured apparent resistivity data, we 
used the smoothness-constrained least squares method considering 
models with an infinite perpendicular extension along the profile strike 
(Constable et al., 1987; DeGroot-Hedlin and Constable, 1990; Morelli 
and Labrecque, 1996). The inversion process for all five profiles was 
achieved with a mean RMS error < 5%. For stratigraphic calibration we 
used a water well located nearby the study area (ISPRA in Fig. 12a). 

4. Results 

The geochemical and geophysical investigation sites in Tor di Quinto 
zone are shown in Fig. 4. 

4.1. Geochemical investigations in Tor di Quinto area 

4.1.1. Thermal condition of the aquifer, water chemistry and isotopic 
composition 

The geochemistry of the groundwater of the Rome urban area is 
carefully described in the PhD thesis of Pizzino (2015), including the 
water of six shallow wells drilled in the Tor di Quinto zone, whose 
location is shown in Fig. 4. Physico-chemical parameters and chemical 
and isotopic composition of the water and dissolved gases from these 
wells are reported in Table 1. The depth of the wells is around 50 m and 
all wells reached the aquifer contained in the Tiber base gravels. 

The water temperature ranges from 19.5 to 21.0 ◦C (2013 summer 
discrete measurements), confirming the low-enthalpy character of the 
aquifer. The average annual air temperature of Rome, in the period 
1958–2017, was 16.5 ◦C with a standard deviation of 0.4 ◦C (Collegio 
Romano station, Salvati et al., 2019). 

Continuous measurement of undisturbed water table temperature at 
well #160, performed between December 2013 and February 2015, 

Fig. 4. The north-central part of Rome city, crossed by Tiber River, with location of the Tor di Quinto area investigated for soil CO2 flux (within the red perimeter). 
Location of water wells (yellow dots), sites of in-soil gas concentration measurements (white dots) and of the five ERT profiles carried out in the hippodrome (yellow 
arrows) are also indicated. Base image from Arc GIS; geographic coordinates in WGS 84 33 N. 
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Table 1 
Physico-chemical parameters, chemical and isotopic composition of the Tor di Quinto groundwater and dissolved gasses.  

Well 
(no.) 

T( ◦C) pH Eh(mV) EC(μS/cm at 
25 ◦C) 

F− (mg/ 
l) 

Cl− (mg/l) SO4
2-(mg/l) HCO3

− (mg/ 
l) 

Na+(mg/ 
l) 

K+(mg/ 
l) 

Mg2+(mg/ 
l) 

Ca2+(mg/ 
l) 

157 19.5 6.42 119 2187 0.93 166.19 160.81 957.70 131.07 102.84 45.48 244.05 
158 19.6 6.11 140 4032 0.74 363.74 348.22 1891.00 319.24 291.19 90.11 354.51 
159 21.0 6.12 − 47 4200 0.63 639.55 110.23 1671.40 546.70 185.34 71.87 220.20 
160 19.5 6.24 − 111 4682 0.00 742.01 115.27 1805.60 641.93 190.82 78.68 204.51 
165 20.5 6.79 75 1841 1.60 160.00 40.00 817.40 168.00 44.30 32.50 121.00 
192 19.6 6.29 n.d. 4635 0.83 669.95 85.63 1933.70 370.44 286.06 155.17 331.50 
Well 

(no.) 
He 
(cc/l) 

O2 

(cc/l) 
CH4 

(cc/l) 
CO2 

(cc/l) 
N2 

(cc/l) 
δ18OH2O 

(‰ vs. 
SMOW) 

δDH2O 

(‰ vs. 
SMOW) 

δ13CTDIC 

(‰ vs. PDB) 
R/Ra He/Ne R/Rac Rn 

(Bq/l) 

157 4.63e-4 3.39 0.17 201.68 21.89 − 6.14 − 35 − 1.88 n.d. n.d. n.d. 8 
158 5.60e-4 3.85 0.01 480.88 16.74 − 6.26 − 36 2.38 0.77 6.60 0.76 12 
159 1.94e-3 0.01 0.51 350.00 14.39 − 6.26 − 38 − 1.33 0.52 14.07 0.51 21 
160 n.d. n.d. n.d. n.d. n.d. − 6.09 − 34 − 2.90 n.d. n.d. n.d. 6 
165 n.d. n.d. n.d. n.d. n.d. n.d. n.d. − 3.79 n.d. n.d. n.d. 5 
192 1.97e-4 0.02 0.02 596.86 2.69 − 5.30 − 32 0.94 0.62 20.16 0.61 5 
ASW 4.55e- 

5** 
6.60* ~5e- 

5*** 
0.31* 12.30* n.d. n.d. n.d. 1 0.268 n.d. n.d. 

Air Saturated Water (ASW) sources: * at 25 ◦C, Capasso and Inguaggiato (1998); ** at 25 ◦C, Inguaggiato and Rizzo (2004); 
*** at 10 ◦C, Kulongoski and McMahon (2019). 

Fig. 5. (a) Time series of water temperature at well #160 in the period December 2013-February 2015; (b) zoom on 31 January 2014 flooding event (see text).  
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highlights a noticeable stable value over time, at about 17.5 ◦C (Fig. 5a). 
The stability of the thermal conditions of the aquifer was confirmed also 
when an exceptional rainstorm hit the central-northern sectors of Rome, 
where Tor di Quinto is located. In the morning of 31 January 2014, a 
huge quantity of rain (around 200 mm) fell in a short time interval (one 
hour and half; Flaminio meteo station, http://www.idrografico.regione. 
lazio.it/annali/index.htm) causing local flash floods, several landslides 
and widespread road interruptions. As it is shown in Fig. 5b, the tem-
perature of the aquifer dropped of only 0.3 ◦C and the pre-storm value 
(~17.5 ◦C) was restored in less than 24 h, remaining unchanged for the 
rest of the sampling period (one year). 

All Tor di Quinto waters show slightly acid pH ranging from 6.11 to 
6.79. The Eh values (from − 111 to 140 mV) indicate slightly reduced or 
oxidized conditions and the EC (from 1841 to 4682 μS*cm− 1, at 25 ◦C) 
indicates a high salinity in most of the water samples. 

The Tor di Quinto waters span from earth alkaline-bicarbonate to 
alkaline-bicarbonate hydrochemical facies (Fig. 6). However, despite 
the similarity of the chemical classification with respect to other Rome 
groundwaters belonging to both volcanic and sedimentary domains 
(Fig. 6), ion relative abundance and ratios are remarkably different in 
Tor di Quinto waters (Pizzino, 2015 and Pizzino et al., 2015). This im-
plies different water provenance, residence time and 
gas-water-rock-interaction processes. In particular, Pizzino (2015) and 
Pizzino et al. (2015) suggest that Tor di Quinto waters could acquire 
their salinity and thermality through mixing with deep salt-rich fluids 
issuing from the buried Mesozoic calcareous basement that acts as the 
regional geothermal reservoir in central Italy. Cation geothermometers 
cannot be applied to Tor di Quinto waters as they are “immature waters” 
in the sense of Giggenbach and Corrales (1992) and owe their chemistry 
to chemical dissolution of mineral/rocks and mixing with colder waters. 

As indicated by its acid pH, the Tor di Quinto water is rich in dis-
solved CO2 and has a log PCO2 from − 1.03 to − 0.30 bar (Table 1), 
considerably greater than CO2 content of a water in equilibrium with the 
atmosphere (Air Saturated Water, ASW, at 25 ◦C; Table 1). This indicates 
a remarkable input of CO2- rich fluids in the sampled waters. Further-
more, PCO2 is significantly above both the average value (log PCO2=

-1.49 bar) computed in groundwater of the Rome area (about 190 
samples; Pizzino, 2015) and that (log PCO2= -1.69 bar) calculated in 
970-groundwater circulating in the Roman Comagmatic Province 
(Gambardella et al., 2005). It is worthy of note that PCO2 values of the 
Tor di Quinto waters can be defined as weakly to highly anomalous 
following the classification proposed for Latium region by Doveri et al. 
(2010), who defined the following three PCO2 classes: i) highly anom-
alous, PCO2 > − 0.75 bar; ii) weakly anomalous, − 1.75 < PCO2 < − 0.75 
bar; iii) non-anomalous, PCO2 < − 1.75 bar. In particular, they also 
stated that groundwater having PCO2 > − 1.75 bar could reveal the 
possible existence of geothermal systems at depth. 

PCO2 affects the salinity of the waters, increasing their ion content, 
as reported in Fig. 7a and 7b. Dissolved CO2 promotes extensive gas- 
water-rock interaction processes (WRI) through the creation of acidic 
environments, as recognised in the volcanic aquifer (s) of Rome by 

Fig. 6. Langelier-Ludwig classificative diagram of Tor di Quinto groundwater 
(red squares). For comparison, other waters of Rome are shown (green dots; 
after Pizzino et al., 2015). 

Fig. 7. (a) log PCO2 vs. TDS and (b) log PCO2 vs. K in Tor di Quinto groundwater (red squares). For comparison, other waters of Rome are shown (green dots; after 
Pizzino et al., 2015). GWRI stands for gas-water-rock-interaction. 
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Pizzino (2015) and Pizzino et al. (2015). In particular, in Fig. 7b po-
tassium content vs. PCO2 is shown due to its role as guiding chemical 
element to define the extent of WRI in groundwater interacting with 
K-rich volcanic rocks of central Italy (Gambardella et al., 2005; Pizzino, 
2015; Pizzino et al., 2015). Tor di Quinto waters are also characterized 
by a low content of dissolved radon (< 21 Bq*l− 1, Table 1). 

The isotopic signature of oxygen (δ18O from − 6.26 to − 5.30 ‰ vs. 
SMOW) and deuterium (δD from − 38 to − 32 ‰ vs. SMOW) indicates 
that Tor di Quinto waters have a meteoric origin, as they plot near the 
Global Meteoric Water Line (GMWL, as refined by Rozansky et al., 1993) 
and the Local Meteoric Water Line of Central Italy (LMWL) proposed by 
Giustini et al. (2016) (Fig. 8). However, equilibrium isotopic exchange 
between groundwater and a rising CO2 phase can cause oxygen isotopic 
fractionation, as observed worldwide in low-temperature CO2-rich wa-
ters (e.g. Karolyte et al., 2017 and references therein). In this respect, the 
18O depletion in samples #157, 158 and 160 of the Tor di Quinto area 
(Fig. 8), as regards to both LMWL and GMWL, could be produced by 
isotopic exchange between water (δ18OH2O) and large quantities of free 
CO2 phase dissolving in the aquifer (δ18OCO2). Having the latter a 
stronger bond constant, 18O will preferably concentrate in the CO2 
phase. No shift towards less negative δ18O values, characteristic of 
evaporated hydrothermal waters (Fig. 8), is observed in the Tor di 
Quinto groundwater, indicating the absence of isotopic water–rock ex-
change at high temperature. 

The isotopic composition of the total dissolved inorganic carbon 
(δ13CTDIC from − 3.79 to 2.38 ‰ vs. PDB) suggests that CO2 has a deep 
origin, likely related to the mixing between a mantle derived CO2 and a 
CO2 generated in the buried carbonate aquifer by thermo-metamorphic 
decarbonation reactions (Pizzino, 2015). The same origin was also 
suggested for most of the natural CO2-dominated gas discharges of the 
large Rome Metropolitan City area (Carapezza et al., 2019). The deep 
origin of the gas dissolved in the Tor di Quinto water is confirmed by the 
3He/4He values (R/Rac ranging from 0.51 to 0.76; Table 1); in fact, these 
values are similar to the R/Ra values measured in the natural gas dis-
charges of Mts. Sabatini volcanic area (Cinti et al., 2011; Ranaldi et al., 
2016). R/Ra and 4He/20Ne ratios of both Tor di Quinto samples and ASW 
are shown in Table 1. To estimate the proportion of mantle and crust 

sources in the isotopic helium of Tor di Quinto dissolved gas we used the 
following endmembers:  

- European Sub-Continental Mantle, R/Ra = 6.5 (Dunai and Baur, 
1995; Tedesco, 1997)  

- Continental Crust, R/Ra = 0.02 (Mamyrin and Tolstikhin, 1984). 

We found that the mantle and crust proportions are in the ranges 
8–11% and 85–91%, respectively. Accordingly, the air content in Tor di 
Quinto dissolved gas spans from 1 to 4%. 

4.1.2. Soil CO2 flux and output estimate 
The area of Tor di Quinto, crossed by Tiber River, has been investi-

gated with 551 soil CO2 flux measurements over a surface of 3.09 km2 

(dataset in Carapezza et al., 2021b). The hippodrome surface (0.41 km2) 
was investigated in more detail, with a dense regular grid (319 mea-
surements; average spacing between points= 35 m). The diffuse soil CO2 
flux values ranged from 2.1 to 101 g*m− 2day− 1. The 551 soil CO2 flux 
samples have been statistically analysed using the Gaussian Mixture 
Model (Carapezza et al., 2020a). The dataset is optimally clustered into 
three Gaussian subpopulations (Table 2). The first cluster (C1) accounts 
for the 44.90% of data and has a mean soil CO2 flux of 17.14 
g*m− 2day− 1. The second subpopulation (C2) comprises the 42.14% of 
data, with a mean soil CO2 flux of 31.80 g*m− 2day− 1. The third sub-
population (C3) includes the 12.95% of data, with a mean soil CO2 flux 
of 53.97 g*m− 2day− 1. 

The posterior probability of each observation to belong to one of the 
three sub-populations is shown in Fig. 9; it allows to estimate the 
threshold values between clusters, which resulted to be 25.13 and 51.45 
g*m− 2day− 1 respectively (Table 2; Fig. 9). 

The value of 25.13 indicates the threshold of CO2 of biological origin. 

Fig. 8. δ18O vs. δD in Tor di Quinto groundwater. LMWL is the Local Meteoric 
Water Line for central Italy after Giustini et al. (2016); GMWL is the Global 
Meteoric Water Line after Rozansky et al. (1993). 

Table 2 
Main results of soil CO2 flux data partitioning.  

Statistical results 
Gaussian Mixture cluster C1 C2 C3 

Proportion% 44.90 42.14 12.95 
Avg. (g*m− 2d− 1) 17.14 31.80 53.97 
Std. Dev. (g*m− 2d− 1) 6.88 10.28 19.46 
Min-Max (g*m− 2d− 1) 2.1–25.06 25.20–51.38 51.52–101.22 
Cut-off 25.13 51.45   

Geostatistical results   
Soil CO2 flux Background Mixing Anomalous 
Area (m2) 618,900 2454,000 20,000 
Tot flux (t*day− 1) 13.32 73.30 1.15 
Std. Dev. (t*day− 1) 2.21 10.08 0.16  

Fig. 9. Posterior probability of each soil CO2 flux measurement to belong to 
one of the three Gaussian subpopulations represented by the three coloured 
lines (blu: C1, yellow: C2, orange: C3; see Table 2). 
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Similar biological threshold values have been estimated either in the 
southern-eastern part of Rome municipality (20–30 g*m− 2day− 1; Car-
apezza et al., 2020b) and in a climatically similar area north of Rome (in 
the same late spring-early summer season; Rey et al., 2002). The second 
threshold separates the fluxes characterized by CO2 of mixing 

provenance (biogenic + endogenous) from the soil CO2 fluxes of 
endogenous origin (values > 51.45 g*m− 2day− 1). 

The diffuse soil CO2 flux map of Tor di Quinto area is reported in 
Fig. 10. The soil CO2 fluxes below the local background (< 25.13 
g*m− 2day− 1) are coloured in blue and cover an area of 618,900 m2. In 

Fig. 10. Diffuse soil CO2 flux map of Tor di Quinto. White diamonds are the measurement points. Light blue dots are in-soil measurement points. Solid white line is 
the perimeter of the hippodrome. Red dotted line indicates Fosso della Crescenza fault (after Funiciello and Giordano, 2008). 
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most of the map, background values are scattered in small spots, with 
the exception of a wide band bordering the hippodrome. This is probably 
due to the different sampling spacing that was much tighter in the 
hippodrome area (35 m vs. 100 m). The intermediate class (25.13 to 
51.45 g*m− 2day− 1) of mixed origin is the most represented in the map 
and is spread over a surface of 2.45 km2 in the whole Tor di Quinto area. 
To highlight possible differences in the degassing pattern, this class was 
divided into three subclasses (yellow to orange colours in Fig. 10). The 

highest soil CO2 flux classes (> 51.45 g*m− 2day− 1; red to violet in 
Fig. 10) encompass zones (total area of 20,000 m2) characterized by CO2 
fluxes of deep origin. The main anomaly is located within the hippo-
drome and has a NW-SE direction. Other two smaller anomalies are 
present in the SE and W sectors of the map but, due to the low number of 
samples in those areas, only a qualitative evaluation can be done. 

The soil CO2 flux map of Tor di Quinto (Fig. 10) clearly shows that 
the main gas diffusing pattern is roughly NW-SE elongated, with a series 

Fig. 11. ERT profiles inversion results.  
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of alternating low and high flux zones. This is particularly evident in the 
hippodrome area, and might indicate the presence of gas leaking frac-
tures parallel to the Fosso della Crescenza fault (see Fig. 10). Actually 
the Rome area is affected by several NW-SE oriented extensional faults 
acting as leaking pathways for hot fluids rising from depth, which also 
generated in mid-Pleistocene some important travertine deposits, as 
those outcropping to the NW of Tor di Quinto (Funiciello and Giordano, 
2008). 

Based on 100 equiprobable geostatistical simulations, the total 
diffuse soil CO2 output from Tor di Quinto area (~3.1 km2) has been 
estimated to 87.77±17.79 t*day− 1 (mean ± standard deviation). Given 
the previously described statistical partitioning (Table 2), it was also 
possible to estimate the contribution (and uncertainty) to the total soil 
CO2 flux of the different sources, by summing the contributions of each 
cluster:  

- background = 13.32±2.21 tonnes*day− 1  

- mixing = 73.30±10.08 tonnes*day− 1  

- endogenous = 1.15±0.16 tonnes*day− 1. 

Results indicate that the natural CO2 output from Tor di Quinto is 
high, in particular if we consider that the biological contribution is only 
~15% of the total. The gas flux per surface unit (0.028 kg*m− 2d− 1) is 
actually high for an urban environment. This value is, in fact, compa-
rable to the CO2 degassing in some geothermal areas, as at parks in 
Auckland, New Zealand (0.020 to 0.0039 kg*m− 2d− 1, Mazot et al., 
2013) and at Mount Epomeo (Ischia, Italy) (0.038 kg*m− 2d− 1, Chiodini 

et al., 2004b). 
In two points to the NE and SW of Tor di Quinto hippodrome, radon 

activity and CO2 concentration have been measured at 30 cm depth in 
the soil (location in Figs. 4 and 10). These two points were chosen 
considering i) their proximity to Tiber River, i.e. they were suitable to 
estimate the gas upraise through the alluvial deposits and ii) to evaluate 
the soil gas concentration in the two sides of the NW-SE Fosso della 
Crescenza fault and in zones with low and medium soil CO2 flux 
(Fig. 10). In the SW point (low flux zone) values were relatively low 
(Rn= 1760 Bq*m− 3; CO2= 1.4 vol.%), whereas in the NE point (medium 
flux zone), located very near to the Tiber River, they were both much 
higher (Rn= 18,200 Bq*m− 3; CO2= 6.4 vol.%). Anomalous values of 
radon can be associated to deep endogenous gas release, with CO2 acting 
as gas carrier, or have a surficial origin due to the decay of radiogenic 
elements like U, Th and Ra, which are particularly abundant in the 
volcanic rocks of the area (Mts. Sabatini and Colli Albani). However, Tor 
di Quinto zone lies in a sedimentary sector and radon activity due to 
radiogenic elements decay should be very low, in agreement also with 
the Tor di Quinto groundwater chemistry (Table 1). In the light of the 
whole geochemical evidence, we infer that the anomalous gas release is 
of endogenous origin and is favoured by the nearby fault. 

5. Electrical resistivity tomography (ERT) 

In order to characterize the subsoil and to assess the top depth and 
thickness of the geothermal aquifer contained in the Tiber base gravels, 
five parallel SW-NE oriented geoelectrical profiles were carried out in 

Fig. 12. Resistivity values (a) correlated with well stratigraphy (b) of the ISPRA well no. 189509 (location in c) with yellow dot), modified after https://www. 
isprambiente.gov.it. 
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the Tor di Quinto hippodrome (location in Fig. 4). The volume electrical 
resistivity values may actually provide important information on the 
nature of the subsoil geological horizons, particularly in a context like 
that of Tor di Quinto hippodrome, characterised by alternating shales, 
silts and gravels, all belonging to the Tiber alluvional deposits. 

The inversion results obtained by the five profiles are shown in 
Fig. 11. All profiles show a common resistivity layering that corresponds 
to variations in the subsoil sedimentary stratigraphy. In order to obtain a 
correct interpretation of resistivity data, it is necessary to carry out a 
proper calibration using the real stratigraphy of at least one borehole 
located as close as possible to the investigation area, associating each 
resistivity value to a specific lithology. For this purpose, we used the 
stratigraphy of a water well located about 1 km north of Tor di Quinto 
(location in Fig. 12a) at approximately the same distance than the hip-
podrome from the Tiber River. Resistivity values in the inversion profiles 
are consistent with the lithologies recorded in the well log. Moreover, 
knowing the overall geology of the area, we can assume that resistivity 
variations describe sedimentary layers dominated by silty, clayey and 
sandy terms. Obviously, resistivity stratification is limited by the spatial 
resolution of the inversion modeling procedure, which may preclude the 
ability to discriminate small sedimentary intervals. Each resistivity 
layer, therefore, represents the effect of the dominant sedimentary 
component that characterizes the layer, such as clay, silt, or sand. 

Three main resistivity interval values are assumed to delimit the 
dominant component of the layers. The first interval is defined by re-
sistivity values lower than 20 Ohm*m, which are associated with clay 
dominant deposits. The second interval is defined by resistivity values 
between 20 and 30 Ohm*m, that can be representative of silt and sandy 
silt deposits. The third resistivity interval is defined by values normally 
higher than 30 Ohm*m and it is associated with sandy dominated de-
posits. Maximum resistivity values in the inversion models are around 
50 Ohm*m and can be interpreted as representative of more coarse 
sandy deposits or gravels. 

All ERT profiles, starting from the ground surface, show a similar 
electrical stratigraphy, even if there are some differences due to sedi-
mentary lateral variations. A clear example is represented by the 10–15 
m thick superficial clayey layer present in profile ERT2 (Fig. 11); it is 
more extended in profiles ERT3 and ERT4 and disappears in profiles 
ERT1 and ERT5. Profiles ERT1 and ERT5 show a first resistivity layer 
that can be associated to soil and sandy deposits, about 5 m thick, 

followed by a more conductive clayey dominated deposit, which is 5–10 
m thick. This layer is followed by a more resistive layer visible in profiles 
ERT 1, 2, 4 and 5, whereas it is not well resolved in ERT 3 (Fig. 11). Two 
more layers are resolved by the inversion procedure: a more conductive 
layer that is present in all profiles with an average thickness of about 20 
m, and a deep resistive layer starting from 40 m b.g.l. that can be 
associated with coarse sandy deposits (or gravels) containing the low- 
enthalpy aquifer, similarly to the ISPRA well stratigraphy (Fig. 12b). 

To better represent the horizontal variations of the underground 
sediments, we calculated two horizontal slices of the resistivity values 
using all the electrical inversion profiles. The first one was computed at 
10 m depth b.g.l. (Fig. 13a) in order to visualize the lateral variations of 
the conductive clayey layer visible in the ERT profiles. The second one 
was computed at 45 m b.g.l. (Fig. 13b) in order to visualize the resistive 
layer associated with the coarse sandy or gravel deposits containing the 
low-enthalpy geothermal aquifer. 

In summary, the ERT survey indicates that the geothermal aquifer 
has a wide extension in the Tor di Quinto zone, with a top depth of about 
40 m from the surface and a thickness of at least 20 m and it is confined 
underneath an impervious clay level (Figs. 11 and 13). Its relatively high 
thickness, compared to that estimated for the base gravel in the Tiber 
valley (Di Salvo et al., 2012), is likely due to the proximity of Tor di 
Quinto area to the confluence site between Tiber and Aniene rivers 
(Fig. 3), the latter providing high-permeability coarse clastic deposits 
directly overlying the Tiber basal gravel (Di Salvo et al., 2012). 

6. Discussion and conclusions 

The high estimated diffuse CO2 output of mixed or endogenous 
origin (74.45 t*day− 1 from ~2.5 km2) indicates that the Tor di Quinto 
zone of Rome city is interested by a significant deep degassing, as 
already indicated in the south-eastern part of the city by the frequent 
occurrence of gas blowout from shallow drillings (Carapezza et al., 
2020b and 2021a). Such an anomalous deep degassing depends on the 
location of Rome city in a high heat flux area of central Italy (Tuscan and 
Roman volcanic regions) characterized by a very high deep CO2 
degassing, i.e. 1.4 × 1011 mol/year (Chiodini et al., 2004a). Summing 
this value to the total deep CO2 degassing of the Campanian volcanic 
region (0.7 × 1011 mol/year), Kerrick (2001) estimated that the deeply 
derived carbon released from the continental volcanic areas of central 

Fig. 13. Horizontal slices of resistivity values computed at 10 m (a) and at 45 m b.g.l. (b).  
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and southern Italy corresponds to 10% of the estimated total CO2 
discharge from subaerial volcanoes of the Earth. The result obtained on a 
relatively small surface of Rome city indicates that, for estimating the 
real total CO2 release from Rome urban area, the endogenous contri-
bution has to be added to the anthropogenic one. 

Results of the hydrogeological, geochemical and geophysical study 
coherently indicate that the central-northern part of Rome city, 
including the Tor di Quinto hippodrome, hosts a shallow low-enthalpy 
geothermal aquifer suitable to be used for direct uses in any urban 
development plan. 

A schematic hydrogeological conceptual model is presented in 
Fig. 14. The geothermal resource is hosted within the Tiber base gravels, 
which at Tor di Quinto are at least 20 m thick and whose top is located at 
only 40 m depth from the surface (− 20 m b.s.l.). The geothermal aquifer 
has a temperature of 17.5 ◦C, which remains nearly constant through the 
year, as demonstrated by one and half year continuous monitoring 
(Fig. 5). Actually the geothermal aquifer is protected from the direct 
infiltration of rainwater by the presence of an impervious (k= 1 × 10− 8) 
thick clay layer (Fig. 14), well evidenced by the ERT profiles (Fig. 11). In 
this sector of Rome city, the gravel layer is confined on both valley sides 
by the low permeability (k= 1 × 10− 10) terrains of Monte Vaticano 
aquiclude (Fig. 14); therefore, water recharge of the Tiber base gravels 
aquifer is ensured here mostly by the water circulating within the fluvial 
sediments (Barberi et al., 2008; Di Salvo et al., 2012). 

The geothermal water is rich in dissolved CO2 (log PCO2 up to − 0.30 
bar). The isotopic composition of total dissolved inorganic carbon 
(δ13CTDIC= − 3.79 to 2.38 ‰) and dissolved helium (R/Ra= 0.51 to 0.76) 
indicate a deep origin of the dissolved gas. This gas rises to the surface 
along the NW-SE Fosso della Crescenza fault system (Fig. 14), as indi-
cated also by the preferential alignment of CO2 soil flux maxima 
revealed by the related map (Fig. 10). An anomalous local release of 
deep gas is indicated also by the high CO2 and Rn concentration at 
shallow depth in the soil (up to 6.4 vol.% and 18,200 Bq*m− 3 respec-
tively), and it is also shown by the high soil CO2 flux values in the 
hippodrome area (up to 100 g*m− 2 day− 1). In particular, the eastern 
side of Fosso della Crescenza fault seems more prone to deep gas release 
(Fig. 10). 

The geothermal water has a relatively high salinity (electrical con-
ductivity up to 4682 μS*cm− 1) due to gas-water-rock interaction 
enhanced by a CO2 rich slightly acidic aquifer (pH= 6.11–6.79) and 
possible mixing with deep saline waters issuing from the buried car-
bonate basement. 

The most convenient use of this geothermal resource seems space 
heating (both individual and district heating and conditioning) and 
production of hot sanitary water, utilizing borehole heat exchangers 
and/or energy piles (Cui et al., 2018). The joint development of spa 

utilities for bathing and swimming could also be very attractive in Rome, 
not only for economic and environmental reasons, but also to renew an 
ancient Roman tradition, as demonstrated by the Latin saying ‘salus per 
aquam’ (i.e. health by means of water). Romans actually built the first 
spas, which over time became places of socio-cultural meetings. The 
Romans promoted this instrument of care and wellbeing and in Imperial 
Rome there were more than 800 public and private spas. 

Our future efforts will be directed to the Rome administration and 
private building firms to promote the use of this low-enthalpy 
geothermal resource in building development plans of Tor di Quinto 
zone. The first action would be to test the aquifer productivity. Two 
wells will have to be drilled to the depth of the aquifer: the first for 
production and reinjection tests, the second to monitor the piezometric 
level, pH, T and electrical conductivity. These tests will allow also 
selecting the optimal technical solution for the resource exploitation. 
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