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Abstract 14 

The complex behaviour of the Suio hydrothermal system (central Italy) and its potential 15 

exploitation as a renewable energy source are still unclear. To quantitatively evaluate the 16 

geothermal resource, the Suio hydrothermal system has been investigated with a 17 

hydrogeological numerical model that couples fluid flow, thermal convection, and transport 18 

of diluted species inside a hybrid continuum-discrete medium. The numerical model, 19 

calibrated and validated with available and new experimental data, unveiled the complex 20 

behaviour of the hydrothermal system. The normal tectonic displacements, the fracturing of 21 

the karst hydrostructure, and the aquitard distribution, strongly influence the hydrothermal 22 

basin. In particular, a dual fluid circulation, sustained by steady-state thermal and pressure 23 

gradients, modulates the hydrothermalism at the several springs and wells. The presence of a 24 

medium to a low-temperature reservoir allows for potential exploitation of the geothermal 25 

resource. 26 

1 Introduction 27 

In recent decades, the worldwide growth of energy demand and the increase in CO2 28 

emissions boosted the development of new techniques for the exploitation of non-carbon 29 

sources of energy from the sun, wind, tides and subsurface heat. In Italy, geothermal energy 30 

aroused a growing interest [1]. Indeed, the Italian geothermal potential up to economically 31 

convenient depths is considerable, with high temperature resources (>150°C) located in the 32 

peri-Tyrrhenian sector of central Italy and in some islands of the Tyrrhenian Sea, while 33 

medium-to-low temperature resources (<150°C) are located in vast areas of the national 34 

territory [2] (inset in Figure 1a). Exploration and exploitation have concentrated for high and 35 

medium enthalpy fluids at shallow depth in areas of recent magmatism only [1,3,4]. 36 

However, the recent technological developments in the field have extended the potential of 37 

geothermal reservoirs to lower temperatures and greater depths [5]. Several exploration 38 

permits have been requested by private companies in Italy, indicating the significant interest 39 
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of industry for this renewable resource [6]. It is therefore essential to improve the knowledge 40 

of potentially exploitable hydrothermal areas in order to increase energy production from 41 

renewable and environmentally sustainable resources.  42 

The Suio hydrothermal basin (Figure 1a) shows all the characteristics of high potential, 43 

medium to low enthalpy geothermal system. The area shows several thermal springs with 44 

temperatures up to 50 °C and gaseous emissions, located along the southeastern boundary of 45 

the Eastern Aurunci Mts, at the contact with the Roccamonfina volcanic edifice. The Suio 46 

area has been investigated by previous geological, hydrogeological, geophysical and 47 

geochemical studies [7–10]. These works provided valuable hints about the subsurface 48 

setting of the area and allowed for the construction of a hydrogeological conceptual model of 49 

the deep and shallow groundwater flow systems. The proposed conceptual model would 50 

explain the geochemical features of the Eastern Aurunci Mts springs and the 51 

hydrothermalism of Suio basin [8]. However, none of these works validated the proposed 52 

scheme of the Suio hydrothermal basin with numerical models. In recent decades, new 53 

numerical tools of flow and transport within porous and fractured media have been developed 54 

for the investigation of hydrothermal systems. These tools allow to properly considering most 55 

of the critical features such as the lithostratigraphy, the tectonic setting, the groundwater flow 56 

and the heat source [11–18]. The most commonly applied methods can be grouped into three 57 

main categories: i) continuum methods, including finite difference methods (FDM), finite 58 

element methods (FEM) and boundary element methods; ii) discrete methods, including 59 

discrete-element and discrete-fracture network methods; and iii) hybrid continuum-discrete 60 

methods [19]. The choice between continuum and discrete methods depends mainly on the 61 

problem scale. 62 

In this work, we developed a large-scale numerical model of the Suio hydrothermal area 63 

applying a hybrid continuum-discrete approach. The developed model has a double scope: i) 64 

verify the conceptual model of groundwater flow and heat, taking into account the fractured 65 

nature of the system; ii) provide a valid tool which can be used for a quantitative evaluation 66 

of the geothermal potential of the area for future exploitation. In detail, we calculated the 67 

effect of temperature, pressure gradients, and dissolved gases on the groundwater flow inside 68 

the hydrothermal system and we verified the modelling results with available and new data. 69 

The results unveiled the complex behaviour of the Suio hydrothermal area and provided 70 

useful insights into the dynamics and exploitation of hydrothermal systems. 71 

2 Data and Methods 72 

2.1 The Suio hydrothermal area 73 

The Suio hydrothermal basin is located in the southern part of Lazio Region, central–74 

southern Italy, between the Eastern Aurunci Mts and the Roccamonfina volcanic edifice 75 

(Figure 1a). At its southeastern edge, the carbonate complex of the Eastern Aurunci Mts (CC) 76 

is dissected and lowered by three normal faults (Figure 1b). The first fault has a NE-SW trend 77 

and reuses an old frontal thrust, the second has a NE-SW trend and delimits the Garigliano 78 

graben, and the third has an E-W trend and reuses an old contractional lineament [20,21]. 79 

These faults dislocate the CC complex roof to more than 1000 meters below the sea level [9] 80 

making it at contact with turbiditic (FC) sandy-conglomeratic (GC) and volcanic (VC) 81 

complexes (Figure 1c). For a detailed description of the geological evolution of the area, see 82 

Saroli et al. [8].  83 

The hydrogeology of the area is driven by the vast karst hydrostructure of the Eastern 84 

Aurunci Mts with high-discharge basal springs, located at the more topographically 85 

depressed aquifer boundaries (Figure 1b). The other complexes have low average 86 
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permeability, hosting local confined or phreatic aquifers that may feed small seasonal 87 

springs. Indeed, the Gallo well (85-1) [7] (Figure 1a), drilled approximately 800 m inside the 88 

Roccamonfina caldera, shows negligible fluid flow and temperatures up to 35.6°C at the 89 

bottomhole (Figure 2). Therefore, groundwater flow entirely develops inside the CC 90 

complex, while the other complexes can be assumed as impermeable.  91 

 92 

Figure 1: a) Hydrogeological map of the Eastern Aurunci Mts and Roccamonfina Volcano, modified from [8] 93 
The inset shows the mean temperature at 3000-meter depth [2]. b) Detail of the Suio Terme area (the back 94 

dashed rectangle in panel a). The numbers refer to the surveyed springs (S) and water wells (W). c) Geological 95 
and hydrogeological section of the Suio area, passing through the A-B cross section line in panel a. Key to the 96 

legend: 1) alluvial complex (AC). 2) Volcanic complex (VC). 3) sandy-conglomeratic complex (GC). 4) 97 
Turbidites complex (FC). 5) Carbonate complex (CC), the light-blue circles indicate the presence of gas. 6) 98 

lower crust or metamorphic rocks (MC). 7) Normal faults: (a) certain, (b) inferred. 8) Thrust faults: (a) certain, 99 
(b) inferred. 9) Inferred faults (panel c only): (a) normal and (b) thrust. 10) Caldera nest (panel a only). 11) Main 100 

springs (panel a only). 12) Springs with temperature (a) T<20°C, (b) 20<T<35°C, (c) T>35°C (panels b and c 101 
only). 13) Linear springs. 14) water-wells with temperature (a) T<20°C, (b) 20<T<35°C, (c) 35<T<50°C, (d) 102 
T>50°C. 15) Groundwater flux (blue arrow) and piezometric line (dashed blue curves). The numbers indicate 103 
the groundwater elevation in meters a.s.l. (panels a and b). 16) Groundwater table (panel c only). 17) Cold (a) 104 
and thermal (b) groundwater fluxes (panel c only). 18) The position of the Gallo-well (GW) 85-1 [7] (panels a 105 

and c only). 19) Location of the geomechanical stations (panel b only). 106 

 107 
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 108 
Figure 2: Temperature profile and stratigraphy of the Gallo well (85-1) [7]. Key to the legend: 1) Lava flow 109 

(VC), 2) Tuff (VC), 3) Sandstones (GC). 110 

The conceptual model of the hydrothermal system, based on literature information, can be 111 

resumed as follow. The fluid flow is mainly oriented NW-SE into a relatively small volume 112 

(Figure 1a) [8]. The permeability of the CC complex is high because of tectonically induced 113 

fractures, which favours the development of karst features (e.g. solution enlargement of joints 114 

and fractures). Hydrothermal features originate from the hot metamorphic crustal rocks that 115 

delimit the bottom of the CC complex at approximately 4000–5000 meters below the sea 116 

level [7,9,22]. These rocks are hot because of the peri-Tyrrhenian volcanism [23], where the 117 

Roccamonfina Volcano represents the shallowest expression. Metamorphic rocks generate 118 

heat, warming the huge aquifer hosted in the carbonate hydrostructure and feeding stationary 119 

convective loops inside the reservoir, which pulls up hot fluids that subsequently mix with 120 

the cold water coming from the CC complex hydrostructure (Figure 1c) [8]. Indeed, the most 121 

noticeable hydrothermal effects are observable at the contact between the CC complex and 122 

the Roccamonfina volcano. Here, the mapped springs (from S2 to S19 in Figure 1b) and 123 

water wells (from W1 to W31 in Figure 1b), show temperatures and non-karst ion 124 

concentrations that progressively increase moving towards the Roccamonfina edifice. 125 

Hydrochemical studies [7,8,10,24] show that at the NE and SW limits of the Suio 126 

hydrothermal basin (S2 and S19 in Figure 1b), the groundwater is cold (T ≈ 16°C) with a 127 

predominance of dissolved karst ions (Ca
2+

, HCO3
-
). Conversely, moving towards the SE 128 

limit of the hydrostructure, the water temperature strongly increases up to 50°C (S9 spring in 129 

Figure 3a), and non-karst origin ions (Na
+
, SO4

2-
, Cl

-
 and K

+
) prevail respect to the karst 130 

ones. Non-karst ions cannot come from the other hydrogeological complexes bounding the 131 

reservoir because of their low permeability and minor water circulation [8]. Therefore, the 132 

recorded hydrochemical features [8] strongly suggest a continuous mixing between the cold, 133 

calcium-carbonate signature waters with hot, deep fluids. The admixed fluids have a relevant 134 

salinity due to the leaching of the karst network and possess high temperatures and non-karst-135 

origin ions due to the interaction with the heat source hosted in the metamorphic rocks. 136 

Moreover, the hot fluids leach the karst network of the carbonate rocks and enrich in diluted 137 

gasses (mainly CO2 and subordinately H2S). The rising diluted gas gradually decompresses 138 

and consequently degas, producing fumaroles, bubbling water from hot springs (Figure 3a), 139 

and the supposedly artesian behaviour of water wells (Figure 2b-d). The mean temperature of 140 
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the carbonate reservoir varies between 140 and 170°C according to geo-thermometer 141 

estimations [8,10]. 142 

 143 

Figure 3: Examples of hydrothermal springs and water wells. a) S9 spring, with a temperature up to 50°C. b) 144 
W15 water well, whose apparent artesian behaviour is related to the degassing phenomenon. c) and d) Drilling 145 
of the W9 water well (1977). Images courtesy of Dr Geol. Francesco Nolasco. The images show the moment 146 

when the drilling reaches the deep hydrothermal water inside the carbonate complex (CC). The CO2 degassing 147 
rises the water column up to 20 m above the ground. 148 
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2.2 Governing equations for hydrothermal systems 149 

To validate the conceptual model of Figure 1c, we simulated the steady-state pore fluid 150 

diffusion by coupling the heat transfer and the fluid mass circulation with dilute species in 151 

porous media. The modelisation has been performed with the COMSOL Multiphysics
®

 152 

software package [25] assuming an undeformable porous medium (i.e., uncoupled stresses 153 

and strains), laminar fluid flow regime, incompressible fluid, and ideal gases. 154 

The heat transport equation describes the heat transport in the subsurface [26]: 155 

(𝜌𝐶𝑝)𝑒𝑓𝑓
𝜕𝑇

𝜕𝑡
+ 𝜌𝐶𝑝𝑢 ∙ 𝛻𝑇 = 𝛻(𝜆eff ∙ 𝛻𝑇) + 𝑄   (1) 156 

Where ρ (kg/m
3
) is the density of the fluid, Cp (J/Kg K) is the fluid heat capacity at constant 157 

pressure, (Cp)eff  (J/m
3
 K) the effective volumetric heat capacity at constant pressure, T (K) 158 

is the temperature, u (m/s) is the fluid velocity field, Q (W/m
3
) is the heat source, and eff 159 

(W/m K) is the effective thermal conductivity of the solid-fluid system. eff is given by the 160 

weighted arithmetic mean of fluid and porous matrix conductivities: 161 

𝜆𝑒𝑓𝑓 = 𝜃𝑝𝜆𝑝 + (1 − 𝜃𝑝) ∙ 𝜆       (2) 162 

where 𝜆 p and 𝜆 are the thermal conductivity of the solid and fluid, respectively, and 𝜃𝑝 (-) is 163 

the volume fraction of the solid, given by 1-p, where p (-) is the porosity.  164 

Properly solving heat transport requires incorporating the flow field. In particular, Darcy’s 165 

law can describe the fully saturated and mainly pressure-driven flow in deep geothermal 166 

strata: 167 

𝑢 = −
𝜅

𝜇
∇𝑝        (3) 168 

where the velocity field u (m/s) depends on the permeability (m2
), the fluid’s dynamic 169 

viscosity (Pa s), and is driven by a pressure gradient p (Pa). Darcy’s law is then combined 170 

with the continuity equation: 171 

𝜕

𝜕𝑡
(𝜌𝜀𝑝) + ∇(𝜌𝑢) = 𝑄𝑚      (4) 172 

Where ρ (kg/m
3
) is the fluid density, and Qm (m

3
) is a mass source term. If the simulated 173 

scenario concerns large geothermal time scales, the time dependence due to storage effects in 174 

the flow is negligible. Therefore, the first term on the left-hand side of the equation above 175 

vanishes because the density and the porosity can be assumed constant over time. 176 

Fracture flow may locally dominate the flow regime in geothermal systems, such as in karst 177 

aquifer systems. Flow inside fractures is governed by the same equations governing the fluid 178 

flow inside porous media (equations 5 and 6):  179 

𝑢 = −
𝜅𝑓

𝜇
∇𝑇𝑝        (5) 180 

𝑑𝑓
𝜕

𝜕𝑡
(𝜌𝜀𝑓) + ∇𝑇(𝜌𝑢) = 𝑑𝑓𝑄𝑚     (6) 181 

Acc
ep

ted
 ar

tic
le



Hindawi Template version: May18 

 

 7 

where ∇T denotes the gradient operator restricted to the fracture’s tangential plane, df  (m) is 182 

the fracture thickness, and f  (m
2
) and f  (-) are the fracture permeability and porosity, 183 

respectively. 184 

Finally, the presence of diluted gas is modelled by simulating the transport of diluted 185 

chemical species through diffusion and convection according to the mass balance equation: 186 

𝛿

𝛿𝑡
(𝜀𝑝𝑐𝑖) + 𝑢𝛻𝑐𝑖 = 𝛻(𝐷 ∙ 𝛻𝑐𝑖) + 𝑅     (7) 187 

where ci (mol/m
3
) denotes the concentration of species i in the fluid, R (mol/m

3
 s) is a 188 

reaction rate expression for the species, u (m/s) is the solvent velocity field, and D (m
2
/s) is 189 

the molecular diffusion coefficient of the diluted species, assumed temperature-dependent 190 

according to the following equation: 191 

𝐷 = 𝑎 ∙ (
𝑇

293.15
)

3/2
       (8) 192 

where a = 1 x 10
-9 

m
2
/s is the average molecular diffusion in water, and T (K) is the 193 

temperature [26–28]. 194 

2.3 Finite Element model setup 195 

The conceptual cross section of Figure 1c [8] has been assumed as a reference to build the 196 

numerical model. A 2D finite element model (Figure 4) that extends 21.5 km horizontally 197 

and to a depth of approximately 6 km has been implemented. The mesh is composed of three-198 

node, triangular elements (18346 elements). The 2D geometry crosses the area characterised 199 

by the higher water circulation and hydrothermal effects, and it is almost parallel to the fluid 200 

flow [8]. 201 

The model geometry is discretized into five layers (Figure 4), whose thickness has been 202 

estimated according to the available literature [8,9,29]: the volcanic complex (VC), the Sandy 203 

conglomeratic complex (GC), the Turbidites complex (FC), the Carbonate complex (CC), 204 

and the lower crust or metamorphic rock (MC). Hydraulic boundary conditions have been 205 

selected according to the hydrogeological setting of the area [8]. The dashed blue line at 206 

boundary 1 in Figure 4 simulates the mean piezometric level inside the CC complex 207 

employing a linear hydraulic head with a gradient i=0.4% [30,31]. Boundaries 2, 3, 4, 5 and 6 208 

in Figure 4 are impermeable (no flow orthogonal to the boundary) because the bottom and the 209 

right side of the model are bounded by impervious lithologies (MC and VC complex in 210 

Figure 1), while the left side corresponds to the watershed limit of the Eastern Aurunci 211 

hydrostructure [8]. Along the topographic surface (boundary 7, 8 and 9 in Figure 4), a mixed 212 

boundary condition is used to split the boundary into a Dirichlet portion for the potential 213 

seepage face and a Neumann portion for the regions above the seepage face [32]. In detail, 214 

boundaries above the assumed groundwater table have a Neumann-type condition (no flow), 215 

while boundaries below the groundwater table have a Dirichlet-type condition (allowed 216 

flow).  217 
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 218 

Figure 4: 2D Finite element model derived from the hydrogeological section in Figure 1c. The model shows the 219 
location of the temperature measurement points of the Suio springs and at the bottom of the Gallo Well and the 220 

Suio water wells along the Garigliano River. The area bordered by the green dashed polygon represents the deep 221 
reservoir. The dashed blue line represents the piezometric level inside the carbonates. The two red segments (a 222 
and b) represent the modelled discrete fractures. For the nomenclature of each layer, please refer to the caption 223 

of Figure 1. 224 

Thermal boundary conditions consist of a heat source with constant temperature Tmax at the 225 

bottom left of the model (boundary 4 and 5 in Figure 4) representing the heat flux coming 226 

from the hot metamorphic rocks close to the Roccamonfina volcano’s caldera. The location 227 

and extent of the heat source have been selected according to the mean temperatures and heat 228 

flux at depth available in the study area (inset in Figure 1a) [2]. The bottom right (boundary 229 

3) and the sides of the model (boundary 2 and 6) are assumed thermally insulated since the 230 

right side approximately corresponds to the vertical axis of the Roccamonfina volcano. Along 231 

the topographic surface, the convective heat flux is assigned to boundaries 7 and 9 with a 232 

mean heat transfer coefficient h = 5 W/m
2 
K and an external mean temperature of 20°C [33], 233 

while the boundary 8 is assumed as an outlet with an orthogonal convective flow, as typical 234 

boundary conditions. 235 

Finally, boundary conditions for dilute species concentration consist of a fixed gas 236 

concentration c0 at the boundary line 4, no mass flows orthogonally to the boundaries 2, 3, 5 237 

and 6, and an open boundary condition is assumed for the topographic surface (boundary 7, 8 238 

and 9) to simulate convective outflow, with an external species concentration c0 =0 mol/m
3
. 239 

The two main faults that dissect and downthrow the carbonate complex (Figure 1c) have been 240 

modelled as discrete fractures (the red segments a and b in Figure 4). The fracture is 241 

simplified with a set of parallel segments to study the fluid flow through it. By assuming 242 

laminar flow between the two flat parallel segments, the fluid flow obeys to the Darcy law 243 

(equations 5 and 6) and the relation between fracture aperture and its corresponding 244 

permeability f  (m
2
) in the direction parallel to the fluid flow is derived from the well-known 245 

cubic law [34]: 246 

𝜅𝑓 =
𝑑𝑓

2

12
       (9) 247 

where df (m) is the fracture’s aperture. The fracture permeability tensor computed with 248 

equation (9) is aligned with the local coordinate system of the fracture itself. This local 249 

coordinate system is often rotated by an angle θ respect to the global coordinate system of the 250 
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model (Figure 4). Therefore, the permeability tensor of every fracture should be stated in a 251 

global coordinate system according to the following relation [35]: 252 

𝜅𝑓𝑔 = [
𝜅𝑓𝑥𝑥𝑐𝑜𝑠2𝜃 + 𝜅𝑓𝑦𝑦𝑠𝑖𝑛2𝜃 (𝜅𝑓𝑥𝑥 − 𝜅𝑓𝑦𝑦)𝑠𝑖𝑛𝜃 ∙ 𝑐𝑜𝑠𝜃

(𝜅𝑓𝑥𝑥 − 𝜅𝑓𝑦𝑦)𝑠𝑖𝑛𝜃 ∙ 𝑐𝑜𝑠𝜃 𝜅𝑓𝑦𝑦𝑠𝑖𝑛2𝜃 + 𝜅𝑓𝑥𝑥𝑐𝑜𝑠2𝜃
]  (10) 253 

where fg (m
2
) is the permeability tensor respect to the global coordinate system and  is the 254 

positive counter-clockwise rotation angle between the global x-axis of Figure 4 and the 255 

modelled discrete fractures. 256 

2.4 Model-parameter estimation 257 

The parameters of the different components, i.e., the fluid and solid phases, have been 258 

calibrated using field and literature data. The simulated fluids consist of water filling the 259 

pores, and CO2 for the diluted gas, the latter being the dominant diluted species [8]. Fluid 260 

density, dynamic viscosity, specific heat capacity, and thermal conductivity vary with the 261 

temperature according to well-known experimental relationships [36,37]. For the solid 262 

matrix, each layer in Figure 4 has different properties. Mass density, specific heat, and 263 

thermal conductivity have been determined for each complex through laboratory experiments 264 

and literature data [38–42] (Table 1). 265 

Table 1: Thermal and state parameters adopted in the numerical analysis 266 

Material property 
Complex  

CC VC FC GC MC 

Mass density (kg/m3) 2750 1700 1950 1700 2850 

Specific heat Cp (J/Kg K) 907.93 1300 928.8 928.8 1004 

Thermal conductivity (W/mK) 2.8 2.3 2.25 2.25 3.3 

 267 

Regarding the hydraulic parameters, i.e., permeability and porosity, the collected 268 

bibliographic data [31,43] outline that fluid diffusion develops essentially inside the 269 

carbonate complex (CC), which is permeable by fractures and karst processes, while the other 270 

lithologies can be assumed as impervious [8,43,44]. Therefore, the VC, GC, FC and MC 271 

complexes present a common isotropic value of permeability and porosity, equal to 1 x 10
-12

 272 

m
2
 and 0.01, respectively. 273 

The determination of the hydraulic properties for the CC complex is not straightforward. 274 

Indeed, the carbonate rock presents a series of fractures and discontinuities caused by 275 

tectonics and weathering processes [45], whose orientation and spatial distribution affects the 276 

hydraulic properties of the rock mass. Fractures induce anisotropy in the permeability tensor 277 

[46]. Local geometric and rheological anisotropies, joint density and orientation, and 278 

previous stress path significantly influence the hydraulic properties of rocks at the scale of 279 

tens of meters. Permeability and porosity from the literature show considerable variability, 280 

ranging from 10
-8

 to 10
-14

 m
2
 and from 0.1 to 50%, respectively [47,48]. Model parameters 281 

depend on the size of the modelled domain. Therefore, since the modelling of each discrete 282 

fracture is unfeasible at the chosen simulation scale, an equivalent continuum approach is 283 

adopted [49]. It is assumed that each stratum is continuous, and we derive the equivalent 284 

hydraulic parameters from the properties of both the intact rock and joints. In particular, we 285 

followed a geomechanical approach [50,51] to characterise the equivalent rock mass 286 

permeability of the CC complex, according to the following steps: 287 

 Identification of the fracturing state of the rock-mass using geomechanical surveys; 288 

 Definition of a Representative Element Volume (REV) [37], typical of the rock-mass 289 

fracturing state and density; 290 
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 Simulation of the fluid flow inside the discrete fractures of the REV and calculation 291 

of the equivalent permeability [51]; 292 

 Assignment of the estimated permeability to the CC complex of the large-scale 293 

numerical model in Figure 4. 294 

Geomechanical surveys allow analysing the fracturing state of a rock-mass by identifying one 295 

or more families of rock joints, constituted by planes parallel to each other, i.e., the joint set. 296 

For hydro-mechanical purposes, the joint has been assumed smooth and planar. Thus, only 297 

the fracture’s aperture and the spacing have been measured during the geomechanical 298 

surveys; the aperture is the distance between the walls of the single joint, while the spacing is 299 

the orthogonal distance between two joints of the same set. The measures involved the 300 

carbonate rock-masses of the Eastern Aurunci Mts at four locations (coloured triangles in 301 

Figure 1b) and provided minimum and maximum values of aperture and spacing for every 302 

recognised joint-set. The performed geomechanical surveys (Figure 5) highlight a well-303 

organised fracturing setting with several joint-sets that take origin from the stratigraphic and 304 

tectonic features of the investigated rock-mass. Four joint-sets have been defined for the 305 

investigated area, as shown in Table 2, with a diffuse high-angle dip between 70 and 90 306 

degrees. The spacing and the aperture of these joint sets are variable and depend on the local 307 

heterogeneities that affect the rock-mass, varying from 0.05 and 1.5 cm, and from 5 to 120 308 

cm, respectively. The rock also has bedding, with a subhorizontal dip and an average spacing 309 

and aperture of 30 cm and 0.05 cm, respectively. 310 

 311 

Figure 5: Rose diagrams showing the observed fracture orientations at each geomechanical station. The colour 312 
of each diagram corresponds to the colour of the triangles identifying the location of each geomechanical station 313 

in Figure 1b  314 

Table 2: The main joint-sets identified in the Eastern Aurunci area. 315 

Orientation Persistence Dip Aperture [cm] Spacing [cm] 

NW-SE >20 Subvertical 0.05-7 5-60 

NE-SW 10-20 Subvertical 0.05-4 5-100 

E-W 5-10 Subvertical 0.05-4 10-100 

N-S 1-2 Subvertical 0.05-1.5 30-120 

Bedding - Subhorizontal 0.05 30 
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According to the estimated fracturing state of the carbonate rock-mass, we constructed a 2D 316 

REV (Figure 6). The REV allows relating the microscopic hydraulic properties of the 317 

fractures to the macroscopic ones used in the equivalent continuum model of Figure 4.  318 

The REV’s x- and y-axes are oriented like those of the 2D numerical cross-section in Figure 319 

4. Therefore, the x-axis corresponds to the horizontal fluid flow in the NW-SE direction 320 

(Figure 4), and the y-axis corresponds to the vertical fluid flow. The REV dimensions, i.e., 321 

4.5 m x 4.5 m, are selected in order to represent the rock-mass fracture field adequately. 322 

Indeed, assuming a larger REV does not change the average fracture density inside the 323 

volume, as well as the REV’s equivalent permeability. The REV’s internal boundaries 324 

represent the discrete fractures, whose aperture and spacing are selected according to the 325 

results of the geomechanical surveys (Table 2). The NW-SE joint-set is not included since it 326 

is parallel to the modelled 2D cross-section (Figure 4). The orientation and the spacing of the 327 

fractures have been assumed equal to the observed average values, while the aperture has 328 

been varied between the observed maximum and minimum values, respectively (Table 2). 329 

 330 

Figure 6: scheme of the REV’s discrete fracture network investigated by numerical analyses. 331 

The macroscopic equivalent permeability of the REV is then calculated by assuming the 332 

simultaneous presence of the bedding and the joint-sets of Table 2 and simulating the flow 333 

numerically through the discrete fractures [37], according to the procedure proposed by 334 

Lancia et al. [51]. The fluid flow inside the fractures obeys to the Darcy law (equations 5 and 335 

6), while the flow through the porous matrix is neglected by assuming an arbitrarily low 336 

permeability. The permeability of the single fracture (f) is calculated according to equation 9 337 

and depends on the fracture’s minimum and maximum aperture in Table 2. The flow through 338 

the rock fractures has been simulated alternatively along the x- and y-direction, respectively. 339 

Boundary conditions consist of an imposed pressure difference (p1 and p2 < p1) along two 340 

opposite faces of the block, i.e., boundaries A and B for fluid flow along the x-direction, and 341 

boundaries C and D for fluid flow along the y-direction (Figure 6). The remaining boundaries 342 

are assumed impermeable. A porous-equivalent macroscopic permeability is then calculated 343 

at the end of the seepage flow analysis along the x (xx) and y (yy) directions by measuring 344 
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the mean discharge along the outflowing boundary of the REV in steady-state conditions and 345 

applying the Darcy law (equation 3), solved respect to the permeability value. 346 

The estimated equivalent permeability tensor is then applied to the CC complex of the 2D 347 

numerical model in Figure 4 to estimate the steady-state hydrothermal flow field. However, 348 

the macroscopic permeability tensor from the REV is representative of the near-surface 349 

fracture field only. At depth, the permeability of the Earth’s crust generally decreases 350 

nonlinearly [48,52,53] because of the increase in lithostatic load and the resulting fracture 351 

closure. Thus, according to the literature [54–56], we assumed an exponential decrease of the 352 

permeability tensor of the CC complex with depth according to equation 11: 353 

𝜅𝑖𝑖(𝑧) =  {
𝜅𝐿𝑖𝑖 +

𝜅0𝑖𝑖+𝜅𝐿𝑖𝑖

e𝛼∙𝛽 ∙ e𝛼∙𝑧           𝑧 ≤  𝛽

𝜅0𝑖𝑖           𝑧 > 𝛽
 for i = x, y   (11) 354 

In equation 11, z (m) is the height respect to the mean sea level (Figure 4), 0ii (for i = 1, 2) is 355 

the permeability tensor calculated from the REV analysis, Lii (< 0ii) is the asymptotic 356 

permeability value at depth,  (-) is an exponential decay index, and  (m) is a threshold 357 

height, assumed equal to the average sea level, i.e., =0. The latter value accounts for a 358 

negligible permeability variation for the first 1000 meter depth inside the Eastern Aurunci 359 

Mts. Indeed the high fracture density and the presence of karst conduits affect the 360 

permeability more than the increasing stress [8]. Assuming higher  values does not change 361 

the results substantially. 362 

The unknown parameters, i.e., the temperature Tmax (K) and gas concentration c0 (mol/m
3
) at 363 

the bottom of the model, the exponential decay coefficient  (-), the CC complex porosity p 364 

(-), the discrete fracture aperture (a and b in Figure 4) df (m), and the asymptotic permeability 365 

values Lii (m
2
)(for i = x, y) are estimated with the Nelder-Mead optimisation procedure [57]. 366 

The unknowns are varied between predefined ranges and selecting those values that minimise 367 

the sum of squared residuals (SSR) between the measured temperatures at selected water 368 

wells and springs and the corresponding modelled temperatures at the same positions 369 

(equation 12): 370 

𝑆𝑆𝑅 =  ∑ (𝑇𝑜 − 𝑇𝑚)2𝑛
𝑖=1       (12) 371 

In equation 12, To and Tm are observed (i.e., measured) and modelled temperatures, 372 

respectively. 373 

3 Results  374 

3.1 Equivalent permeability of the carbonate complex 375 

The results of the numerical simulation of fluid flow inside the REV show an overall 376 

homogeneous steady-state flow through the discrete fractures along both the x and y 377 

directions (black arrows in Figure 7a and b). The macroscopic permeability of the REV is 378 

then estimated according to the Darcy law (equation 3) as the ratio between the mean flow 379 

discharge, orthogonal to the flux direction, and the imposed pressure gradient. Since we 380 

assumed the maximum and minimum fracture aperture of Table 2, the final permeability 381 

tensor 0ii (13) is given by the mean value between the permeability tensors calculated 382 

assuming the minimum and maximum fracture aperture along the x and y-direction, 383 
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respectively. The estimated equivalent permeability tensor from the REV (13), representative 384 

of the near-surface fracture field, is then assigned to the CC complex of the 2D numerical 385 

model (Figure 4) through equation 11, to simulate the steady-state hydrothermal flow field. 386 

 387 

Figure 7: Example of results concerning Darcy velocity flow (coloured lines) inside the 2D fractures along the 388 
x-direction (a) and y-direction (b) for the case with the minimum fracture aperture. The black arrows indicate 389 

the flow direction inside the fractures. 390 

𝜅0𝑖𝑖 (𝑚2) = [
𝜅0𝑥𝑥 0

0 𝜅0𝑦𝑦
] = [4.11 ∙ 10−9 0

0 3.84 ∙ 10−8]    (13) 391 

3.2 Steady-state model 392 

The estimated parameters at the end of the optimization procedure are Tmax = 290°C, c0 = 45 393 

mol/m
3
, p = 0.4, = 1 x 10

-4
, df = 2.63 x 10

-7
 m, and Lxx=Lyy = 4.11 x 10

-10
 m

2
, respectively. 394 

The horizontal and vertical permeability distributions inside the CC complex are shown in 395 

Figure S1 in the supplementary material. 396 

The results of the numerical simulation are shown in Figure 8. The computed steady-state 397 

temperature distribution (Figure 8a) is maximum close to the heat source at the bottom right 398 

boundary of the model and then gradually decreases moving away from the imposed heat 399 

source. The estimated mean temperature inside the deep hydrostructure (the green dashed 400 

polygon in Figure 4) is approximately 169°C and agrees with the temperature interval of 401 

approximately 150°C - 170°C estimated by geothermometers [8,10]. 402 

The comparison between the measured and the optimally computed temperatures is shown in 403 

Table 3. The water wells and springs selected for the optimisation procedure are those closest 404 

to the modelled A-B cross-section in Figure 1b. There is a general agreement between the 405 

available temperature data and the modelled values. The measured temperature variability at 406 

depth for water wells W15 to W26 cannot be reproduced within our 2D model; thus, we 407 

assumed a mean adiabatic value for the comparison with the modelled values. For the Gallo 408 

well, the computed temperature at the bottomhole reasonably agrees with the measured value 409 

at the same depth.  410 
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 411 

Figure 8: Main results from the steady-state numerical model with optimal parameters. a) Temperature 412 
distribution inside the modelled cross section. b) Fluid flow velocity (the coloured pattern), path (the grey 413 

curves) and direction (the red arrows) inside the CC complex. c) The concentration of dissolved gas, with the 414 
grey arrows showing the steady-state convective flux.  415 

 416 

 417 

 418 
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The pore fluid diffusion (Figure 8b) develops entirely inside the CC complex, while the other 419 

lithologies, being less permeable, behave as a barrier for fluid flow. A dual fluid circulation 420 

develops inside the CC complex with average velocities of 1 x 10
-13

 m/s, peaking up to 1 x 421 

10
-9

 m/s. The first one generates in the shallow aquifer of the Eastern Aurunci Mts (left side 422 

of the model in Figure 8b), and it is continuously fed by the imposed pressure gradient inside 423 

the karst aquifer. The other one develops in the deep aquifer below the Roccamonfina 424 

volcano (right side of the model in Figure 8b), and it is sustained by the convective loops 425 

triggered by the strong temperature gradient at depth. Because of this dual fluid circulation, 426 

the thermal and chemical features of the water flowing at the final delivery point, i.e., the 427 

Suio wells and springs (Figure 8b), are the result of the heat exchange between the cold water 428 

from the shallow karst circuit and the hot water from the deep aquifer. 429 

 430 
Table 3: Springs and water wells selected for the parameter optimisation 431 

Id                                                     

(S = spring; W = water well) 

Temperature (°C) Depth (m) 

Data [7,8] Model Data [7,8] Model  

S7 47 46-48 0 0  

W15 57.4 

48-50 

- 

100-170 

 

W16 51 -  

W17 48.3 73  

W18 48 73  

W22 50 120  

W25 54 167  

W26 54 80  

W- Gallo well 35.6 36.7 886.5 886.5  

 432 

Finally, the computed spatial distribution of the steady-state gas concentration and flux is 433 

shown in Figure 8c. The deep reservoir water shows a maximum gas concentration up to 45 434 

mol/m
3
 because of the continuous feeding in diluted gases done by the nearby volcanic rocks, 435 

while the shallow reservoir on the left does not contain dissolved gases. The gas 436 

concentration gradually reduces to zero moving toward the ground surface. However, at the 437 

delivery point of the Suio wells and springs, the mixing of shallow water with the deep, gas-438 

rich water produces a gas concentration of approximately 3-10 mol/m
3
. 439 

4 Discussion 440 

The simulation results unveiled the complexity of the Suio hydrothermal system. The applied 441 

diffusion-thermal approach identified the presence of a dual fluid flow circulation inside the 442 

CC complex. To the NW of the modelled section, the pore pressure gradient inside the 443 

Eastern Aurunci reservoir feeds the fluid flow of meteoric karst water. To the SE, the sharp 444 

temperature gradient sustains stationary convective loops, where the water increases its 445 

temperature and enriches in gas and non-karst origin ions (Figure 8b and c). As a result, the 446 

water flowing at springs and intercepted by water wells along the Garigliano River (Figure 447 

1b) shows temperatures, hydrochemical composition, and gas concentration that depend on 448 

the prevailing flow circulation system. At the NE and SW limits of the Suio hydrothermal 449 

basin (springs S2 and S12 to S19 in Figure 1b), the cold groundwater, with dominantly karst 450 

ions [8], originates from the surficial karst flow system, since the volcanic heat source is far 451 

and the convective loops are negligible. Conversely, moving towards the Roccamonfina 452 

volcano (springs S3 to S11 in Figure 1b), the measured increase in water temperature and 453 

non-karst origin ions, together with the increase in dissolved gases, testifies the prevailing 454 

action of deep convective loops. 455 
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The diffusion process is governed mainly by pressure and temperature gradients and to a 456 

lesser extent by the presence of dissolved gases. The latter is required to explain the apparent 457 

artesian behaviour of water wells located at the SE limit of the Eastern Aurunci 458 

hydrostructure (W1 to W27 in Figure 1b and Figure 3b-d), which is caused by the 459 

progressive degassing of diluted gas. 460 

The modelled discontinuities dissecting the CC complex, i.e., the main faults a and b in 461 

Figure 4, do not substantially modify the fluid flow at the scale of the performed analysis. 462 

The optimised fracture thickness associated with those discontinuities (df = 2.63 x 10
-7

 m) is 463 

unrealistically small, and the corresponding fracture permeability tensor does not modify the 464 

fluid diffusion substantially. Indeed, further models neglecting the discrete fractures (a and b 465 

in Figure 4) confirmed the results shown in Figure 8. Instead, the anisotropic equivalent 466 

permeability of the CC complex (Figure S1) plays a fundamental role in controlling the fluid 467 

circulation, the temperature distribution, and the transport of diluted gases at the Suio wells 468 

and springs. Indeed, preliminary parametric analyses (not presented), assuming a constant, 469 

isotropic permeability, provided a steady-state temperature distribution, fluid flow paths and 470 

gas concentrations inconsistent with the hydrogeological observations [58]. 471 

The diffusion process occurs entirely in the CC complex, whose permeability governs fluid 472 

pressure, velocity, and thermal convection. Assigning a different permeability to the VC, FC, 473 

GC and MC complexes (Figure 4) does not modify the fluid diffusion significantly. Because 474 

permeability actively controls the fluid diffusion in porous media, an accurate estimation of 475 

the fracture-related permeability tensor in karst structures is required for a better prediction of 476 

the behaviour of complex hydrothermal systems. 477 

Despite the overall agreement between the modelling results and the conceptual 478 

hydrogeological model of the area [8], it is worth discussing the significance of the results 479 

regarding the modelling assumptions. In our modelling, the permeability tensor of the CC 480 

complex has been estimated using geomechanical surveys. Such an approach reconstructs the 481 

rock fracture heterogeneities by local measurements that often are unevenly distributed over 482 

the study area, because vegetation or detritus may hinder the carbonate unit. Moreover, 483 

without explorable karst conduits and caves, all the measures are performed along the 484 

topographic surface. Thus, the obtained joint sets could not be representative of the fracturing 485 

condition in depth. For this reason, we assumed an exponential decay of permeability with 486 

depth (equation 11). Though the assumed decay is difficult to validate with in-situ data, it is 487 

consistent with the available literature [48,52]. 488 

The fracture permeability in both the 2D numerical model and the REV has been estimated 489 

according to the cubic law [34] (equation 9), which is valid under laminar fluid flow only. 490 

Laminar conditions are not acceptable in case of flux through extensive fractures or karst 491 

conduits where the flow is locally turbulent. Given the regional character of the work and 492 

considering that karst processes are young and not well-developed in the studied area [8], 493 

turbulent conditions have not been assumed in our analysis.  494 

The negligible effect of the modelled discrete fractures on the overall fluid circulation is 495 

related to the scale of the performed modelling. At the macroscale, the equivalent fracture 496 

permeability of the rock mass affects the observed temperature distribution and the dual fluid 497 

flow, rather than the presence of discrete discontinuities. However, at medium to low scale, 498 

the presence of conduits could influence the fluid flow and the heat transfer. In case of local 499 

scale analyses, specific laboratory and field tests are required to investigate the relationship 500 

between fractures and fluid circulation and the transition from laminar to turbulent flow. 501 

The assumed 2D geometry does not allow estimating water temperatures, discharge, and gas 502 

concentrations at each of the springs and water wells along the Garigliano River (Figure 1b) 503 

However, the performed modelling focuses more about the process characterisation than 504 

effective resource evaluation [59]. Therefore, the general patterns of temperatures, fluid flow 505 
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and gas concentration (Figure 8) have been considered for describing and validating the 506 

investigated scenario, rather than absolute magnitudes. A 3D model is necessary for a proper 507 

spatial estimation of each quantity and correct well and spring exploitation. 508 

Overall, the results of the performed numerical model confirm the hydrogeological setting 509 

proposed by Saroli et al. [8] and agree with the available literature over the study area. 510 

Indeed, the estimated gas concentration at the delivery point of Suio wells and springs (3-10 511 

mol/m
3
) is in agreement with the approximately 4-6 mol/m

3
 measured at some springs along 512 

the Garigliano river [60]. Moreover, the computed temperature distribution at depth 513 

approximately follows the estimated subsurface temperature distributions for the whole 514 

Italian territory at 1, 2 and 3 kilometres below the sea level [2] (Figure S2 in the 515 

supplementary material). 516 

The findings of the numerical model confirm the presence of a medium-to-low temperature 517 

reservoir. By this model, preliminary quantitative evaluation of the groundwater resource and 518 

its geothermal potential can be derived with minimum future efforts. Indeed, the investigated 519 

hydrothermal system represents a significant energy resource, potentially exploitable for both 520 

urban heating systems and industrial processes. In particular, this model is suitable to predict 521 

temperature variations of springs and wells if an increasing water withdrawal is performed, or 522 

in a different climate scenario where recharge from carbonate aquifer is shortened. More 523 

generally, the calibrated numerical model can be used as a predictive tool for the simulation 524 

of potential exploitation scenarios and sustainable use of the geothermal resource. 525 

5 Conclusions 526 

In this work, the complex behaviour of the Suio hydrothermal system has been validated 527 

employing a hybrid continuum-discrete numerical model, calibrated with available and new 528 

data.  529 

Simulations coupled fluid diffusion, thermal convection and transport of diluted species in 530 

porous media, as well as the flow through discrete fractures. The simulation results show that 531 

the Suio hydrothermal activity, i.e., the temperature, chemical composition and diluted gas of 532 

the hot springs and wells, is linked to: 533 

i. a heat source at depth, related to the peri-Tyrrhenian volcanism, responsible for the 534 

strong temperature gradient;  535 

ii. the mutual interaction between the dual fluid flow circulation inside the CC complex; 536 

one sustained by the hydraulic gradient inside the Eastern Aurunci Mts, and the other 537 

feed by convective loops; 538 

iii. the fracture-related anisotropic permeability of the CC complex, which regulates both 539 

the heat transfer, fluid diffusion, and transport of diluted gas. 540 

Such results corroborate and numerically quantify the hydrogeological conceptual model of 541 

the Suio hydrothermal area [8], allowing for an easy future first-order evaluation of 542 

sustainable exploitation and planning of the geothermal resource. 543 
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