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A B S T R A C T

The actual thermal field of the ground is important for the design of systems that exchange thermal energy with 
the ground. This paper presents a characterisation of the thermal field and basal geothermal flow within the 
Sabatini volcanic succession, translating these into boundary conditions, and implementing site-specific moni
toring with implications for the broader area. Geothermal flow is evaluated using direct temperature data from a 
one-year in situ monitoring, rather than relying on indirect or model-based estimates, thus addressing a gap in 
the literature for shallow volcanic geothermal systems. Heat conduction in the lithostratigraphic successions area 
is investigated through a Distributed Temperature Sensing system installed in five boreholes of varying depths. 
Vertical and horizontal thermal gradients are calculated to explore the spatial distribution of ground temperature 
and the relative contributions of conductive and advective transport. Even though seasonal fluctuations impact 
only surface layers, deeper layers exhibit a non-uniform temperature field due to lithological heterogeneity and 
groundwater flow. The geothermal heat flow is predominantly upward-directed, up to 55 m depth, while upper 
layers show downward or null values, suggesting a dominant influence of groundwater and surface conditions. 
These findings demonstrate that assuming isothermal lower boundaries is inaccurate in volcanic lithologies and 
support the use of dynamic, data-driven boundary conditions in geothermal system modelling.

1. Introduction

A detailed understanding of the ground thermal field and backdrop 
geothermal heat flow of ground is essential for modelling the perfor
mance of Borehole Heat Exchangers (BHE) and, more generally, for 
monitoring low-depth systems which exchange heat with the sur
rounding ground. Estimation and monitoring of the ground thermal field 
have been the subject of few studies. Due to the strong site-dependency 
of these experiments and the mutual correlation between thermal and 
ground properties, additional data are desirable. Moreover, estimation 
of deep geothermal heat flow is often unrelated to direct temperature 
measurements as it mostly relies on existing well logs measurements 
adopted for the studies.

As reviewed by Hermans et al. [1], the more promising temperature 
measurement techniques for shallow geothermal systems consist of 
Electrical Resistivity Tomography method (ERT), Self-Potential method 
(SP) and Distributed Temperature Sensing (DTS).

ERT is an indirect measurement technique, typically associated with 
an average error ranging from 10 % to 20 % [2], which can lead to 

temperature uncertainties of at least 1 K in standard ground temperature 
monitoring scenarios. Meanwhile, the electrodes used in the SP method 
are temperature-dependent and sensitive to minor thermal variations 
[3], as commonly encountered in low-enthalpy geothermal applications.

DTS is a class of fiber optic sensors broadly employed in temperature 
measurement of large structures such as oil and gas wells, tunnels, and 
pipelines [4]. It provides real-time data collection that could also mea
sure the BHE spatio-temporal dynamics, not capturable by pressur
e–temperature survey tools [5]. This measurement system was already 
adopted in previous low-enthalpy geothermal system characterization 
studies, where the fiber was located inside the U-pipe as the closeness of 
the fiber with the pipe was a significative parameter: Fuji et al. [6] 
included DTS measurements to validate a non-linear regression used to 
estimate vertical distribution of ground thermal conductivites, while in 
the case-study of Acuna et al. [7] DTS measurements were used to cor
rect the estimation of the thermal resistance of the probe realized 
through the Ground Response Test (GRT). Hainar et al. [8] obtained 
thermal conductivities of different layers thanks to DTS measurements 
under single and double-U configuration, confirming the latter to be 
more accurate for TRT. Furthermore, Simon et al. [9] carried out both 
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numerical modelling and laboratory-scale experiments to validate the 
feasibility of using Active DTS (A-DTS) techniques to quantify the 
thermal conductivity of porous media and to characterize advective heat 
transport. Read et al. [10] demonstrated that Distributed Fibre-Optic 
Temperature Sensing (FO-DTS) enables high-resolution spatio-tempo
ral profiling of heat transport dynamics within fractured rock systems. 
Tyler et al. [11] used FO-DTS for monitoring heat and mass exchange of 
groundwater with the ground surface but also well circulation, snow 
hydrology and soil moisture.

For high enthalpy geothermal applications, however, DTS could face 
problems: geothermal fluids may include hydrogen which may damage 
the fiber and distort the optical signal through absorption, resulting in a 
lack of reliability [12].

Previously, among numerical studies which have characterized the 
thermal fields of the soil, Fuchs et al. [13] employed deep thermal field 
data to define a 3D numerical crustal temperature model by inverse 
optimization methodology for the conductive thermal field of the Danish 
onshore subsurface. Cherubini et al. [14] investigated the deep thermal 
profile of a basin in a North German site and its implications with 3D 
numerical simulations. Thirdly, Toth et al. [15] highlighted how the 
effects of anisotropy and asymmetry of basin groundwater flows have a 
critical role in discharge and accumulation patterns when using the 
ground as an inertial tank.

Measurements and assessments of heat flow in volcanic and 
geothermal areas are reported in the review paper from Wang and Pang 
[16] that illustrates the current state of the art of the methods used to 
target the geothermal resources.

Typically, basal geothermal heat flow is calculated from well log 
temperatures and Fourier’s law. An overview of the geothermal heat 
flow of Northern Italy was assessed by Pasquale et al. [17] thanks to 
measurements from exploration oil wells. Heat flow mapping and sub
surface isotherms were traced for high-enthalpy Larderello region in 
Italy. The region is enclosed by a 200 mW/m2 iso-heat flow contour line 
[18]. Surface heat flow density close to Phlegrean caldera reports un
disturbed values around 150 mW/m2 [19]. A review from Montanari 
et al. [20] reconstructed the temperature distribution at depth in west
ern Sicily through data acquired via oil and gas exploration data log. 
Studies for Heat Flow Densities (HFD) are performed in the tectonic 
provinces crossed by the southern segment of the European Geotraverse 
by Della Vedova et al. [21], concluding Tyrrhenian area observes values 
of the order of magnitude of 100 mW/ m2.

Yet, in many applications, the BHEs are much shallower than the 
depths tackled in these papers. In addition, the geographical area of the 
site does not present a baseline study neither regarding the thermal field 
nor the basal geothermal heat flow.

Thus, despite the growing interest in shallow geothermal systems, 
few studies have directly monitored the undisturbed thermal field and 
basal heat flow at depths relevant for BHEs in volcanic lithologies. Most 
existing work relies on extrapolated or modelled data from deeper wells 
or unrelated geologies. A research gap persists in the high-resolution 
characterization of the near-surface geothermal gradient and its impli
cations on heat exchange modelling. This study fills this gap by 
providing in-situ, year-round DTS monitoring in five boreholes, enabling 
the assessment of both vertical and lateral thermal gradients and their 
role in determining accurate boundary conditions for geothermal 
models.

The heat transfer affecting the volcanic lithostratigraphic succession 
under analysis is attributed to three primary phenomena: advection 
from the external environment, lateral advection contingent upon the 
presence of aquifers, which may result in heat supply or discharge 
depending on groundwater temperature, and conduction from the un
derlying strata due to the deep geothermal heat flux.

In this paper, heat flow and temperature evolution over space and 
time in the ground substrates of a low-enthalpy geothermal system are 
investigated and monitored over a year through measurements of tem
perature acquired via Distributed Temperature Sensing technique. By 
acquiring the data of the thermal field, thanks to the distribution of the 
optic fibre cable over depth for five wells, it is possible to determine: the 
vertical and horizontal thermal gradients over the monitoring period, 
their relevance in the heat conduction phenomena and the basal 
geothermal heat flow of the low-enthalpy resource up to a depth of 85 m.

The survey relates to volcanic substrates, as a prior investigation 
[22] documented the presence of the Sabatini volcanic succession in the 
ground domain utilized for the BHEs field.

2. Method

At the ENEA-Casaccia Research Centre, north of Rome (Italy), a pilot 
low-enthalpy geothermal system was installed in 2021. Ground tem
peratures are measured in 5 wells of different depths by using a 
Distributed Temperature Sensing system. The arrangement of the wells 
is shown in Fig. 1: each well is 9-metres distant from the adjacent one, 

Nomenclature

Symbols
c speed of light [m/s]
c P specific heat [J/kg K]
L spatial resolution of the optic fibre cable [m]
p Pearson correlation coefficient [-]
Pd probability of the photon of being detected [-]
q”

z vertical heat flow per unit area [W/sqm]
r vertical to spatial second thermal derivative normalized 

ratio
s 2 second-order coefficient of the grade 2 least-squares 

interpolating polynomial
t time [s]
t n1 measuring time [s]
T temperature [K]
vg refractive index [-]
x axial direction [m]
y longitudinal direction [m]
z ground depth [m]
ΔL distance between acquisition points of the optic fibre [m]

Δq“ geothermal heat flow accuracy [mW/m2]
ΔT temperature accuracy of the optic fibre [K]

Greek symbols
ε relative temperature sensitivity of the Raman effect [-]
λ thermal conductivity [W/m K]
Δλ thermal conductivity accuracy [W/m K]
ρ density [kg/m3]

Sub-index
m mean value

Abbreviations
BHE Borehole Heat Exchanger
DTS Distributed Temperature Sensing
ERT Electrical Resistivity Tomography
GRT Ground Response Test
P# Probe n. #
PZ# Piezometer n. #
SP Self-Potential
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except P4 and P5, that are 3-metres distant.
The installed optical fiber is a “DiTeSt Ordinary Temperature Sensing 

cable”, manufactured by Smartec SA (Switzerland). The cable has a 
nylon outer sheath and a steel core. The core tube is hermetically sealed 
and contains four optical fibers that can be used for measurements, each 
9 μm in diameter. They are insensitive to bending, with a double-layer 
acrylate coating to improve micro-curving performance. The cable of
fers high resistance to tensile strength, crushing, lateral waterproofing, 
chemicals, and abrasion.

The cable is installed outside the double U-pipe, as the final aim is to 
measure the BHE ground temperatures at each depth and the proximity 
of the fiber with the pipe was not a significative parameter.

The temperature limits of the measuring system are reported in 
Table 1.

The DTS system acquires measurements of temperature by Raman 
effect, an inelastic scattering of photons by matters that is used to detect 
the values of temperature distributed over the entire length of the fiber. 
Back-scattered light contains three spectral components, among which 
the intensity of the Anti-Stokes band is temperature dependent. The 
ratio of the latter to the Stokes component, which is temperature 
insensitive, provides the local value, as stated in the studies of Ukil et al. 
[23].

Temperature measurements uncertainties increase non-linearly with 
the length of the fiber. The quantification of the uncertainty through a 
proper calibration method and a temperature drift correction of the data 
shows robust results for the current technology as highlighted by Maz
zotti et al. [24]. DTS provides average values of temperature weighted 
on sample data acquired every settled measuring time. The performance 
criteria and standards of accurate Raman DTS measurements are re
ported by Bolognini and Hartog [25].

Different trade-offs among measuring time (tn1), spatial resolution 
(L) and temperature accuracy (ΔT) are summarized by Equation (1)

firstly proposed by Stierlin et al. [26] and subsequently reviewed by 
Bolognini and Hartog. The required measurement time to achieve the 
desired temperature resolution is function of the sensing fibre length, 
the distance between an acquisition point and the successive one (ΔL), 
equal to 2 m for the current case, the relative temperature sensitivity of 
the Raman ratio (ε) equal to 0.007 K− 1, the refractive index (vg) equal to 
1.5, the probability of a photon of being detected for any probe pulse 
(Pd) equal to 0.1, and the speed of light (c): 

tn1 =
2 vg L

ΔL ΔT2 ε2 Pd c
[s] (1) 

Eq. (1) was reversed to obtain the temperature accuracy of the DTS 
measurements of the pilot system located at the ENEA Casaccia research 
centre. 

ΔT =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

2 vg L
ΔL tn1 ε2 Pd c

√

[K] (2) 

As the acquisition time (tn1) was set to 15 min, each well, depending 
on its total length (L), consisting of both the vertical and the horizontal 
section, connecting the well-head with the acquisition PC, will be 
characterized by a different sensitivity of measure. Note that the hori
zontal section of P2 cable, which is the nearest well to the acquisition 
PC, is 10 m long. Temperature measurements are taken only over ver
tical depth. Results of temperature accuracy in function of the total 
lengths are collected in Table 2, where L, as previously stated, consists of 
both the vertical and horizontal length of the optic fibre cable.

Soil stratification was determined from the excavated material dur
ing the construction of the wells. The thermophysical properties were 
measured on rock samples: thermal conductivity, thermal resistance, 
and the undisturbed temperature of the ground, have been extrapolated 
by the thermal profiles of the probes obtained after the Ground Response 
Test. Subsequently, the data were corrected through measurements on 
rock core samples from the stratigraphy, executed with a conductivity 
meter. According to its technical specifications, the instrument has an 
uncertainty of 5 %. This allowed for the creation of a detailed specific 
lithostratigraphic sequence for each well, enabling the determination of 
the thickness of each lithotype, the changes, and heteropies of facies in 
each layer. Fig. 2 shows the reconstruction of the stratigraphy on the 
vertical plane from P2 to P4.

Table 3 reports the thermos-physical properties of the specific lith
ostratigraphic succession for well P4.

GRT results order of magnitude is coherent with precedent studies 
dealing with ground thermal conductivity estimation in presence of 
sandy loam, as shown by the studies of Urresta et al. [28] and clay li
thologies, as reported by the studies of Busby [29] on different soil types 
in Great Britain, where associated thermal conductivities were esti
mated using soil texture data from the “BGS Parent Material Map”.

The heat flux rate is calculated as a purely conductive field. Each 
layer is assumed to be isotropic. The impact of groundwater flow is 
neglected..

According to the previous hypothesis, Equation (3) is used for 
calculating the vertical heat flux per unit area (q”

z) in function of the 
thermal conductivity of the specific lithology (λ(Δz)), the temperature 
(T) and the ground depth (z). In addition, the method chosen for the 
calculation of the heat flow matches the method adopted by the 

Fig. 1. View from above of the borehole field including the depth of wells.

Table 1 
Technical temperature limits for DiTeSt.

Lower limit (K) Upper limit (K)

Installation temperature 263.15 323.15
Operating temperature 233.15 358.15
Short-term temperature (max 1 h) 223.15 423.15

Table 2 
Temperature accuracy of DTS measurements for each well.

Well 
P1

Well 
P2

Well 
P3

Well 
P4

Well 
P5

Depth (m) 70 35 50 85 26
Horizontal distance from 

acquisition unit (m)
19 10 19 31 28

Total length (m) 89 45 69 126 54
ΔT (K) 0.095 0.048 0.073 0.124 0.057
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International Heat Flow Commission [30] in the determination of the 
Global Heat Flow Database. The convention used for the sign of the heat 
flow is positive in the direction of the superficial surface, i.e. opposite to 
gravity force, whilst the z axis is directed downward. 

qʹ́
z = − λ (Δz)

(
Tz − T(z + Δz)

)

Δz

[
W
m2

]

(3) 

The relative uncertainty of the vertical heat flow is calculated as the 
root-sum-square of the relative uncertainty of the thermal conductivity 
and the propagated uncertainty of the temperature difference, as shown 
in Eq. (4): 

Δqʹ́

qʹ́ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(

Δλ
λ

)2

+

(
ΔTm

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2 (1 − p)

√

(
Tz − T(z + Δz)

)

m

)2
√
√
√
√

[%] (4) 

The average uncertainty value for the temperature measurement is 
taken from Table 2 for well P4, which is the one used for heat flux 
calculations, equal to 0.124 K. The relative uncertainty of the conduc
tivity meter, as previously mentioned, is 5 %. Since the temperature 
difference along the vertical axis (z-axis) is measured by the same optical 
fibre, its associated uncertainty is correlated. The effect of this correla
tion is accounted for using the Pearson correlation coefficient [31], 
which quantifies the linear relationship between two datasets. In this 
case, the coefficient p is 0.99. The average vertical temperature differ
ence in the field, measured every 2 m, is 0.29 K. Consequently, the 
relative error in the vertical heat flux calculation is 6.85 %.

Within the aforementioned hypotheses the temperature field is 
described by Fourier’s law. 

∇2T =
ρ cP

λ
∂T
∂t

[
K
m2

]

(5) 

Where Laplace’s operator, in cartesian coordinates, is the sum of the 
second derivatives along each axis. 

∇2T =
∂2T
∂x2 +

∂2T
∂y2 +

∂2T
∂z2

[
K
m2

]

(6) 

The z-axis is parallel to gravity downward oriented, corresponding to 
the depth. The x-axis is along the line where P2, P3, P4 and P5 are 
aligned, while the y-axis is orthogonal to x and y, aligned to the line from 
P1 to P2.

According to Eq. (5), the time evolution of the temperature is pro
portional to Laplace’s operator. The DTS provides enough temperature 
values for the calculation of the third addendum on RHS of Eq. (6). Yet, 
using data from the different wells it is possible to calculate the second 
derivatives of the temperature field along x-axis. Considering its limited 
accuracy due to the scarcity of measurement points, it is useful to 
establish its magnitude, whether negligible or significant, compared to 
the vertical second derivatives of the temperature field. This calculation 
is therefore intended to refute the hypothesis that any anomalies in the 
geothermal heat flux estimation are significantly influenced by hori
zontal temperature gradients and thereby also validate the use of Eq. (3)
for the current case.

The second derivative is calculated by applying the Ordinary Least 
Squares (OLS) method to the temperature measurements matrix. Eq. (7)
shows the relation between the second derivative and the second-order 

Fig. 2. Lithostratigraphic sequence over depth on the vertical plane from P2 to P4 [27].

Table 3 
Thermal conductivities of the lithostratigraphic succession for well P4.

Material Thermal conductivity 
(W/ m K)

Depth 
(m)

Thickness 
(m)

Ignimbrite 1.02 0.00 – 
3.00

3.00

Brown tuff 0.93 6.00 3.00
Incorporated lithics tuff 0.89 7.50 1.50
Fine-grained tuff 0.83 10.00 2.50
Clear sandy tuff 0.87 11.00 1.00
Grey slag tuff 0.86 15.00 4.00
Pyroclastic clayey material 0.81 17.50 2.50
Clay tuff 0.87 19.00 1.50
Variable-grained tuff with 

heterogenic lithics
1.01 22.00 3.00

Lava 1.48 33.50 11.50
Earthy tuff 0.79 34.50 1.00
Sandy pozzolana 0.90 36.50 2.00
Greenish pozzolana 1.07 38.50 2.00
Ochre tuff 0.98 46.50 8.00
Reddish-brown tuff 0.93 52.00 5.50
Black slag red tuff 1.00 65.50 13.50
Sandy loam tuff 0.66 69.00 3.50
Avana tuff 0.78 82.00 13.00
Sacrofano tuff 0.89 86.00 4.00
Sandy silt 1.06 94.00 8.00
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coefficient of the grade 2 least-squares interpolating polynomial (s2). 

d2T
dx2 = 2 s2

[
K
m2

]

(7) 

The installation near the BHE system of two piezometers (PZ1 and 
PZ2), 100 m apart, has made possible to quantify the basic hydrological 
and thermal properties of the aquifer. Measures acquired through pie
zometers are reported in Table 4.

The hydraulic load is calculated from the hydraulic head difference 
between the two piezometers. The groundwater temperature is 17.50 ◦C, 
in agreement with the results for adjacent aquifers reported by Taviani 
et al. [32].The measured value of hydraulic gradient, equal to 9 mm/ 
100 m, indicates the presence of the regional aquifer of lake Bracciano, 
which intersects both the piezometers and the geothermal wells 
perpendicularly and influences the groundwater flow regime in the 
Sabatini volcanic area. Consequently, the aquifer’s contribution to heat 
exchange within the ground domain is mainly horizontal, orthogonal to 
the probes.

During the drilling of the geothermal field, the groundwater level 
was first encountered at the base of the lava flows and later stabilized 
within the lava unit itself, at a depth of approximately 26 m. This 
observation is consistent with measurements from the piezometers and 
reflects the high permeability and fracturing of the lava formations, 
which allow for significant groundwater flow. These hydrogeological 
conditions support the presence of horizontal flow across the wells.

The current analysis focuses on the evolution of the undisturbed 
thermal field during the period following the installation of the 
geothermal probes (from 1st May 2021 to 30th April 2022), when the 
borehole field was still inoperative. Data start from two weeks after the 
end of the Ground Response Test (GRT), that was done to measure the 
thermal properties of the ground along each probe. The Ground 
Response Test has been performed exclusively on well P1, so the other 
probes had experienced no thermal perturbation after the completion of 
their casings.

3. Results and discussion

Continuous monitoring with DTS allows analysis of the evolution of 
the thermal field over time and depth. The components of Eq. (6) are 
analysed to determine the preferential direction of the thermal gradient. 
Once through Eq. (7) the vertical gradient is verified to be dominant 
over the horizontal contribution, through Eq. (4) the basal geothermal 
heat flow has been evaluated.

Figs. 3 to 10 show the evolution of the thermal field at different 
depths, from 2 to 85 m depth.

At 2 m depth there is a seasonal temperature variation of the layer of 
almost 30 degrees. The temperature evolution is homogeneous for all 
wells. These values are compared with the climate data of the research 
centre ENEA Casaccia for year 2021 [33]. The maximal external air 
temperature is 38 ◦C and the minimal is − 1 ◦C. However, Fig. 3 displays 
the daily averages of the external air. The difference between ground 
and air temperature is larger during summer, close to 10 K, while it is 
smaller during winter, approximately 2 K, due to the contribution of 
solar heating to surface temperature.

Fig. 4 shows how surface heat transfer becomes less relevant with the 
increase of depth. Even though one probe, P3, is more strongly influ
enced by external conditions. This peculiarity is due to the wider con
crete cylinder of the surface section of the well (due to a collapse 
occurred during well construction phase).

From Figs. 4–6, all probes show a temperature decrease during the 
observation period, at almost any depth, while the steepness of the 
decrease is quite variable. Most time series show a decrease of 0.5 K in 
200 days, while P4 at 18 m and P3 at 24 m have a 1 K decrease in 50 
days. As these two values correspond to permeable surface layers, this 
phenomenon is attributable to advection due to groundwater flow in a 
non-horizontal layer with heat transfer mainly due to conduction to the 
other layers.

At 30 m depth, in proximity to the end of the lava layer, the strongest 
impact of the groundwater flow on the thermal field is observed. This 
result agrees with the results of the previously exposed piezometers. In 
fact, comparing Fig. 6 and Fig. 7, a significant variation is experienced 
by all wells in a 6-metres depth difference. Particularly, well P3 and P4 
see a decrease of more than 0.5 K from 24 to 30 m in depth. In addition, 
the spatial gradient between the different wells flattens out.

By observing Figs. 5–8, it is evident that the temperature differential 
between well P1 and P4 decreases as the depth of measurement in
creases, from more than 1 K at 18 m depth to less than 0.25 K at 50 m 
depth. This demonstrates that while thermo-stratigraphic properties 
play a role in shaping the transient evolution of the thermal field, the 
influence of the background geothermal heat flow becomes more sig
nificant at greater depths, as also verified by the groundwater table 
estimated with piezometers.

At the beginning of the measurements at 50 m depth, well P1 has a 
greater temperature due to the Ground Response Test. Its effects become 
irrelevant after at least 150 days from the beginning of the monitoring 
period.

Figs. 8 and 9 exhibit similar temperature profiles evolution for well 
P1 and P4, with different average values. Finally, observing Fig. 9and
Fig. 10, the intensification of the basal geothermal heat flow is evident 
with a global increase of temperature field of almost 1 K between 69 m 
depth and 85 m depth.

Moreover, time evolution of the temperature at the deepest measure 
point, which is shown in Fig. 10, at the depth of 85 m, over a 1-year time 
period shows unexpected fluctuations. These may be due to fluctuations 
in the upwellings of hydrothermal fluids from the bottom, even though 
the maximum variations are only slightly above the measurement 
precision.

The recorded thermal field indicates that the deep geothermal heat 
flow is non-constant due to fluctuations that may be due to hydrother
mal hot spots. Hence, assuming the background as an isothermal basal 
surface is inaccurate. Therefore, it is necessary to investigate the dy
namic changes in deep geothermal heat flow to determine its magnitude 
and estimated value over the specified 1-year period.

Figs. 11 to 13 show the temperature profiles along each probe at the 
first, at half campaign, and at the last day of considered data.

The overall temperature of wells P1 and P2 is lower than the others. 
The spatial gradient is due to both the different thermos-physical 
properties of the lithostratigraphic succession, reported in Fig. 2 and 
the influence of groundwater flow, which permeates differently the 
stratigraphy due to the natural spatial anisotropy of lithofacies.

The vertical gradient regularizes in the underlying layers. This is 
compatible with the presence of an aquifer, as verified by measurements 
of the piezometers. The deepest layer, in correspondence of well P4, 
consisting of sandy silt, presents higher temperatures at the bottom, as it 
is near the bed of the aquifer composed of clays where it is affected by 
the deep ground geothermal heat flux.

Comparison of data from different wells reveals a horizontal tem
perature gradient at depths where there are no surface effects. This 
implies that the lithologies are not perfectly horizontal, as illustrated in 
Fig. 2, evidencing the significant impact of the different thermophysical 
properties of the material on the heat transfer [27].

To highlight whether the horizontal heat transfer is relevant, the 
ratio of the vertical to the spatial second thermal derivative is calcu
lated, these are the third and the first addends in Eq. (6). To ease the 
detection, the hyperbolic tangent of the ratio is calculated Equation (8): 

Table 4 
Measurements of piezometers.

Piezometer Hydraulic head (m) Distance with PZ1 (m) Temperature (◦C)

PZ1 25.30 − 17.50
PZ2 26.20 100 17.50
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a value close to 1 implies the vertical second thermal derivative is of a 
higher order of magnitude, a value close to 0 implies the two compo
nents of the gradient are comparable. 

r = tanh

⎛

⎜
⎜
⎝

d2T
dz2

/

d2T
dx2

⎞

⎟
⎟
⎠ (8) 

Fig. 14 shows the results of the 3D plot of r in function of ground 

depth and time (in the period between 1st and 22th August 2021). The 
vertical second thermal derivative is always the dominant term, with the 
exception of two specific depths (8 and 18 m): in these layers the second 
derivative along vertical direction of the temperature field changes sign, 
as observable in Fig. 11, so a value of r close to zero is expected at those 
depths. Thereby, the hypothesis of dominant vertical thermal gradient is 
verified. This confirms that Eq. (5) and Eq. (6) could be simplified to the 
more immediate Eq. (3), without introducing simplifications for the 
study of the present physical phenomenon.

Fig. 3. Temperature evolution in well P1, P2, P3, P4, P5 and air temperature at 2 m depth.

Fig. 4. Temperature evolution in well P1, P2, P3, P4, and P5 at 8 m depth.
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With the latter equation, the vertical heat flow of well P4 is evaluated 
and reported in Fig. 15. Results are reported from 20 to 90 m because 
above these depths the heat exchange is off the scale as it is mainly 
dominated by the surface heat flow.

The distribution of heat flux rate shown in Fig. 15 suggests that a 
basal geothermal flux has an influence between 50 and 85 m depth, then 
it tends to be null. The upper layers, on the other hand, are significantly 
influenced by the activity of the aquifer, which releases the thermal 
energy trapped in the ground.

The accuracy of the measurements is 6.85 %, previously calculated 

with Eq. (4), and this is backed by the low deviations of values from the 
trend lines appreciable in Figs. 16–18. In addition, distinct layers exhibit 
varying heat flux responses, allowing for an appreciation of chrono
logical changes in thermal response.

The enhancement of the heat flow with depth can be appreciated in 
Fig. 16 and Fig. 17. Indeed, between 75 and 79 m depth the geothermal 
specific heat flow rate is constant between 20 and 40 mW/m2, while 
towards 85 m depth it fluctuates between 80 and 100 mW/m2. The 
greater proximity to the aquifer and its horizontal heat dissipation jus
tifies a lower flow for the shallower layers.

Fig. 5. Temperature evolution in well P1, P2, P3, P4, and P5 at 18 m depth.

Fig. 6. Temperature evolution in well P1, P2, P3, P4, and P5 at 24 m depth.
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Increasing heat flow rates identified below 50 m depth agrees with 
previous results as the one from Fuchs et al. [34], regarding the terres
trial heat flow in Germany, and Verdoya et al. [35,36], who analysed the 
center and northern Apennines in Italy. The latter states for Tyrrhenian 
domain of ground a median specific heat flow rate of 75 mW/m2.

While the order of magnitude corresponds, the difference of the 
specific values between the current case and the literature references is 
addressed to both the different depth of the present measurement system 
and the different lithologies respect to the reference case.

Moreover, the entity of the basal geothermal heat flow detected at 

85 m matches with the estimation of Pauselli et al. [37], which divided 
the heat flow intensity of middle Italy in two areas, with the western side 
characterized by high and spatially inhomogeneous heat flows.

Eventually, both Fig. 16 and Fig. 17 show slight decreases and in
creases of the specific heat flow rate suggesting a yearly variability: a 
cause may be the influence of the production of the neighboring aqui
fers, influenced by many factors (for example yearly rainfall) as reported 
by Ratouis et al. [38], as well as the presence of hydrothermal vents, 
already found in the field.

Heat fluxes are positive upward-directed up to a depth of 55 m, while 

Fig. 7. Temperature evolution in well P1, P2, P3, and P4 at 30 m depth.

Fig. 8. Temperature evolution in well P1 and P4 at 50 m depth.
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upper layers show negative or null values, implying the magnitude of 
the basal heat flux becomes less significant compared to other heat ex
change phenomena such as groundwater flow advection and heat ex
change with the external environment.

Della Vedova et al. [21–39] pointed out the heat flow distribution in 
the Tyrrhenian area, comprehensive of Latium, reflects a background 
heat transfer controlled by advection-processes. The results presented in 
Figs. 16–18 are also in agreement with the heat flow values provided by 
the Geothopica database for the Tyrrhenian region [40]. The tempera
ture distribution in the shallow layer is greatly affected by processes 

occurring near the crustal surface. For this reason, the determination of 
the boundary conditions of ground domain models is more consistent if 
the backdrop heat flow is calculated.

The effect of an aquifer is appreciable in Fig. 18, where the different 
lithologies, according to different degrees of fracturing, experience 
differently the energy balance between the upcoming geothermal heat 
flow and the transversal groundwater heat flow discharge. Positive 
vertical heat flow means that the basal geothermal heat flow is still 
dominant, while negative vertical heat flow implies that groundwater 
flow removes more heat than comes from the basal surface. The 

Fig. 9. Temperature evolution in well P1 and P4 at 69 m depth.

Fig. 10. Temperature evolution in well P4 at 85 m depth.
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phenomenon is not constant over time, in accordance with the trend of 
the aquifer, of which the flow is a function of several variables, including 
seasonal rainfall.

The heat flow evaluation of Figs. 15-18 confirms estimates of pre
vious studies in the literature and validates them, as the current calcu
lation is based on DTS and GRT measurements while previous studies 
defined Geothermal Heat Flow maps from temperature measurements 
from deeper wells.

4. Conclusions

The analysis of both temperature and heat flow along the deepest 
probe, P4, leads to the conclusion that the baseline bottom surface 
should be considered at constant heat flow due to observed fluctuations: 
in fact, the temperature in the Sabatini volcanic lithostratigraphic suc
cessions is far from being constant and uniform even at depths where the 
influence of surface heat transfer is not relevant.

Continuous, high-resolution, DTS measurements are integrated in a 

Fig. 11. Temperature profiles along 4 wells in function of depth on the first day of data sampling.

Fig. 12. Temperature along 4 wells in function of depth at half campaign of data sampling.
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multi-well volcanic context to characterize the shallow geothermal field 
over time. It highlights the limits of static, isothermal boundary as
sumptions and provides a novel, data-driven approach to inform more 
accurate geothermal system modelling. Groundwater flow and litho
logical heterogeneity have major influence on the thermal field. Thus, 
significant discrepancies should be expected between analytical evalu
ation of BHEs and their actual performance.

The thermal field analysis executed at the ENEA Casaccia site con
firms that Tyrrhenian regions report strong anomalies of undisturbed 

conductive heat flow greater than 100 mW/m2, with Latium and the 
central-southern Tyrrhenian Sea showing wide areas with heat flow 
values in excess of 200–250 mW/m2. The results could be helpful for 
estimating the geothermal potential of the areas within the ‘Cesano 
geothermal field’, whose lithotypes belong to the Monti Sabatini vol
canic province. This estimate also verifies the previous heat flow map
ping of larger regions previously made with less specific data.

Nonetheless, temperature gradients along the vertical axis are much 
more relevant than those in a horizontal plane. Therefore, even if the 

Fig. 13. Temperature along 4 wells in function of depth at half campaign of data sampling.

Fig. 14. Vertical to spatial second thermal derivative normalized ratio over depth and time.
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lithostratigraphic succession of a ground field contains discontinuities, 
temperature measurements along vertical probes are sufficient to eval
uate the geothermal contribution to a BHE.

Depending on the depth, the influence of groundwater flow is not 
negligible, especially in the middle of the field, where superficial and 
basal heat transfer phenomena are less relevant. Time evolution of 
geothermal heat flux rate in deep layers shows changes in direction that 
are related to this effect.

As the definition of the basal surface boundary conditions of a 

numerical model significantly affects its final solution, the current study 
is proposed as reference for design and research purposes in the context 
of soils similar to the Sabatini stratigraphy. Instead of imposing a con
stant basal temperature, the definition of an almost constant heat flow at 
the deepest surface of the geometry is more appropriate to characterize 
the model of a low-enthalpy geothermal field.

Future outlooks of the current research should focus on the impact of 
groundwater flow on a BHE field through a more detailed qualitative 
and quantitative analysis of its contribution and how different 

Fig. 15. Backdrop heat flow of well P4 the last day of data sampling.

Fig. 16. Backdrop heat flow between 80 and 85 m depth, probe 4.
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lithologies react to the mutual presence of a BHE field and an aquifer. 
Moreover, the influence of the ground thermal field distribution over 
depth on the BHE working fluid temperature profile and heat transfer 
coefficient throughout BHE transient operation should be investigated.
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