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ABSTRACT	 A two-dimensional, time-dependent, numerical study of natural convection in porous 
media is presented. The finite element models are based on an idealised crustal 
section, including the main structural features characterising many hydrothermal 
systems. The onset of the thermal convection is investigated by exploring different 
thermal boundary conditions, accounting for variable permeability values of the 
geothermal reservoir and the presence of middle-crustal magmatic intrusions (10 km 
deep) as well as upper-crustal plutons (5 km deep). The basic mathematical framework 
for convection in porous media governed by Darcy’s Law is outlined together with an 
ensemble of constitutive laws useful in the description of the macroscopic behaviour 
of the magmatic heat source and the porous rocks. The results are analysed together 
with the key parameter for convection, the Rayleigh number. Large-scale convective 
cells develop at moderate-to-high Rayleigh numbers, when the reservoir permeability 
overcomes a threshold value of the order 10–15-10–14 m2. The temporal evolution of 
the surface heat flow above the hydrothermal system, together with the 2D thermal 
structure around the magmatic heat source and within the geothermal reservoir, are 
also investigated and discussed.
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1. Introduction

Heat transfer occurs by three different mechanisms: conduction, advection, and radiation. 
The thermal conduction, i.e. the transfer of internal energy by microscopic collisions of particles 
within a solid, is the leading heat transport process in the Earth’s lithosphere (Clauser, 2009). 
When rock temperature exceeds several hundred Celsius degrees, the thermal radiation, i.e. the 
electromagnetic radiation generated by the thermal motion of particles in solid, begins to sizably 
contribute to the overall heat transfer in most polycrystalline materials and its contribution 
cannot be neglected in thermal studies involving the upper mantle (Gibert et al., 2003, 2005). 
The heat advection by free or forced convection shows an important role in near-surface regions 
with high crustal permeability. As circulating fluids carry out a not negligible amount of thermal 
energy, groundwater flow influences the distribution of the temperature field in the Earth’s crust 
(Ingebritsen et al., 2006; Kooi, 2016).

The thermal structure of the Earth’s lithosphere is typically predicted on the basis of the 
terrestrial heat flow observations and inferences on the layered thermal conductivity and radiogenic 
heat production distributions (Chapman et al., 1984; Stein, 1995; Majorowicz et al., 2019; Verdoya 
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et al., 2019). A broadly used approach assumes a horizontally layered, isotropic Earth governed 
by a steady-state, conductive thermal regime (Funnel et al., 1996; Verdoya et al., 2021). These 
assumptions are valid in stable continental areas, which are mostly in, or close to, thermal steady-
state (Jaupard et al., 2015). Deviations from these conditions may result both from deep tectono-
thermal signals and hydrothermal circulation (Ranalli and Rybach, 2005; Cloetingh et al., 2010).

The onset of free convection depends on various factors, such as rock permeability, 
temperature gradient, thickness of the permeable layer and fluid properties. Locally, borehole 
temperature profiles show various signs of subsurface fluid movement, such as shallow high 
geothermal gradients, isothermal sections or even temperature reversals (Castaldo et al., 
2017; Montanari et al., 2017). In these circumstances the assumption of a purely-conductive, 
steady-state thermal regime fails. In tectono-magmatic environments, the emplacement of a 
deep-seated magmatic body results in a large thermal perturbation, which is dispersed by both 
heat diffusion (conduction) and fluid circulation (convection). The generation of a fluid potential 
field is a direct consequence of a thermally-driven density instability within the water column 
(free convection), superimposed on a background fluid flow driven by the natural recharge and 
topographic irregularities (forced convection).

Although the upward migration of deep fluids from the lower crust assumes a crucial 
role in the regional metamorphism (Harlov, 2012), at middle-to-lower crustal levels  
(z > 10-15 km) the permeability of the metamorphic rocks limits a significant convective heat 
transport operated by the deep crustal fluids, so that the resulting temperature distribution is 
mainly controlled by thermal conduction (Manning and Ingebritsen, 1999; Ingebritsen and 
Manning, 2003). Conversely, in upper crustal layers (z < 5-10 km), higher permeability values allow 
a more efficient convective heat transport, especially in sedimentary basins. However, also in 
crystalline rocks, where primary porosity is negligible, the capability to channel fluids is guaranteed 
by open fracture networks (Stober and Bucher, 2014). In this context, extensional normal faults and 
brittle shear zones, which may affect the crust down to the brittle/ductile transition, play a key role 
in controlling the fluid paths at large depths, as recognised both in exhumed geothermal systems 
(Liotta et al., 2015) and active geothermal areas (Brogi et al., 2005) in the Tuscan Archipelago and 
the inner zone of the northern Apennines, respectively. In active magmatic areas, an additional 
aspect consists in the rheological control of the host rocks (e.g. strengths and temperature of the 
continental crust) on the magma ascent and its emplacement within the crust (Gorczyk and Vogt, 
2018). The initial yield strength of the crust controls the different modes of intrusion (e.g. dikes, 
cone sheets, sills, plutons), the surface uplift as well as the degree of crustal faulting. In turn, these 
fractures are potential pathways for magma-derived fluids.

From a conceptual point of view, a hydrothermal system is characterised by five specific 
features (Santilano et al., 2015; DiPippo, 2016): i) a heat source, such as a cooling crustal magma 
body or a high regional heat flow due to tectonic processes, allowing the rock formation to reach 
elevated temperatures; ii) a permeable volume of rock, corresponding to the geothermal reservoir 
hosted in geological units having interconnected porosity and/or open fracture networks; iii) 
the presence of a heat transfer fluid, which enhances the energy transport in the permeable 
formation; iv) the occurrence of a natural recharge, such as rainfall or snow melt, which supplies 
water to the reservoir; and v) an impermeable cap-rock, which seals the deep-seated reservoir 
from the surface, preventing heat and mass dispersion. Where the above-mentioned favourable 
geological conditions lead to the development of a deep-seated hydrothermal system, the 
thermal energy transported by the upwelling fluids is responsible for surface heat flow values 
that, in young magmatic areas, are well beyond 102 mW·m−2 and, locally, can even reach 103 
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mW·m−2 (Bellani et al., 2004). In this circumstance, the convective component of the observed 
heat flow results larger than the conductive one (Norton, 1977; Norton and Knight, 1977).

Thanks to the availability of high-temperature geothermal fluids, the young magmatic 
geological provinces represent the most interesting areas where geothermal exploration 
focus. For this reason, the knowledge of the age of the last magmatic event, as well as the 
emplacement depth and temperature of the magmatic intrusion, are essential aspects allowing 
us to characterise the hydrothermal system and assessing its geothermal potential (Gola et 
al., 2017, 2021). Moreover, how long magma bodies persist in the middle-to-upper crust is a 
fundamental information to unravel the relationship between magmatism and the development 
of hydrothermal systems in continental settings.

In this work, the evolution of the temperature distribution in a layered crust accounting for 
the presence of a magmatic heat source has been investigated both in conductive and convective 
thermal regimes. Albeit with some simplifications, the numerical models describe the thermal 
evolution around a magmatic intrusion taking into account the relevant physical processes. A 
sequence of numerical experiments is resolved in order to ascertain the effects of a number 
of geological parameters on heat and fluid transport phenomena. Among all the possible 
variables, the time-dependent temperature distribution is explored by varying the pluton size, 
its emplacement depth, as well as the rock permeability of the overlying geothermal reservoir.

2. Methods

The most important feature of the high-temperature hydrothermal systems is the 
effectiveness of the heat source represented by crustal magmatic intrusions. The geological 
mechanisms leading to melting of the lithosphere, magma segregation and its migration in the 
Earth’s crust are key issues. A comprehensive overview of granitic magma generation, ascent and 
emplacement can be found in Petford et al. (2000) and Annen et al. (2008). Given the average 
thickness of the continental lithosphere (~100 km), a typical conductive geotherm constrained 
by a mantle potential temperature of 1300 °C (Wang and Currie, 2015; Shellnutt and Thuy, 
2018) does not generate temperatures high enough to melt common crustal rocks, although 
volumes of mafic melts can be produced at large depths by hydration processes of the mantle 
lithosphere (Liu et al., 2017). In order to attain melting temperatures at shallower depths, the 
thinning of the lithosphere resulting from extensional tectonic and lithospheric erosion has been 
invoked as the driving mechanism to explain regional high thermal anomalies and associated 
magmatic processes in either off-shore or continental areas, like in the Tyrrhenian basin and the 
inner sector of the northern Apennines (Pasquale et al., 2010). In Fig. 1A, the above-mentioned 
conceptual models for melting under continents are displayed.

The numerical procedure presented here simulates the time-dependent temperature and 
fluid pressure variations in a layered crust induced by a fast emplacement and successive cooling 
of a hot magmatic body over a time interval of 1.0 Myr. The simulated time interval does not 
represent a specific geological period but allows the simulations to reach a quasi-steady-state 
solution. Based on analytically obtained magma ascent velocities in highly porous rocks as 
high as 10-1000 m/yr (Turner and Costa, 2007), an instantaneous magmatic emplacement is a 
reasonable assumption. Tough the effects of an incremental growth of the magmatic chamber 
(or pluton) are neglected, the magmatic emplacement temperature is kept constant for a given 
time interval accounting for a likely rate of replenishment from below (see section 2.2).
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In presence of a heat source, the fluid circulation is controlled by: i) external forces, i.e. 
the regional hydraulic gradients determined by the variations in the topographic elevation of 
the recharge areas, and ii) internal forces, i.e. the buoyancy forces within the water column 
triggered by thermally-driven density differences. As fluid flow in fractured rocks differs from 
porous media flow, for practical purposes, the numerical models assume that a representative 
elementary volume exists over which fracture permeability can be described by an equivalent 
porous medium approximation (Ingebritsen et al., 2010). Other important assumptions are that 
a single-phase fluid (H2O) circulates in the subsurface and it does not react with the hosting 
rocks. Although in real hydrothermal reservoirs of magmatic origin, geochemical evidence 
suggests that reactive and multi-component fluid flow occur (Chiodini et al., 2003, 2004), here 
the numerical aspects covering precipitation and dissolution of minerals, commonly referred 
to as “reactive transport” are not accounted for. The assumption that pure water circulates 
in the subsurface allows an accurate description of the physical properties of the fluid (i.e. 
density, viscosity, thermal conductivity, and heat capacity) in the pressure-temperature domain 
according to IAPWS-IF97 (Wagner and Kretzschmar, 2008). As some level of approximation of 
fluid properties remains ubiquitous in hydrothermal modelling, the assumption that the normal 

Fig. 1 - Thermal model: A) conceptual models for melting under continents: the approximate wet (dashed) and dry 
(dotted) solidi are shown for both granite (a proxy for the felsic crust, in orange) and peridotite (a proxy for both lower 
lithosphere and mantle, in green). The melting temperatures are computed as function of pressure by applying the 
equations in Gorczyk and Vogt (2018) and assuming a density of 2900 kg·m−3, 3000 kg·m−3, and 3300 kg·m−3 for the 
felsic crust, mafic crust, and mantle, respectively. With a mantle potential temperature of 1300 °C, the cold geotherm 
(dotted line) displays the difficulty of producing mantle melt under thick lithosphere (lithosphere-asthenosphere 
boundary-LAB at 100 km). When the lithosphere is thinned by half (LAB at 50 km), in upper mantle and lower crust, 
ambient temperatures exceed the wet solidi and are very close to the dry solidi, creating the conditions for melting. 
The black arrows show the depth to intersection of the linear lithospheric thermal gradient with the dry and wet 
solidi; B) geometry setting of the 2D numerical models: the lithothermal units used as input to build the models are: 
1) the cap-rock, 2) the reservoir, 3) the upper crust, 4) the lower crust, and 5) the magmatic heat source. The dashed 
ellipsoids represent the magmatic heat sources set at different emplacement depths (ZHS = 10 km and 5 km b.s.l.). 
The boundary conditions of the conductive-convective problem (To: surface temperature; Po: surface pressure; ho: 
hydraulic head; Tbasal: basal temperature, Tmag: magmatic temperature) are displayed. Blue arrows highlight the water 
recharge zones.
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or expected circulating fluid in the upper continental crust is meteoric water is a widely accepted 
simplification, even in magmatic settings (e.g. Della Vedova et al., 2008; Ingebritsen et al., 2010; 
Ebigbo et al., 2016; Montanari et al., 2017). Moreover, the single-phase simplification sensibly 
reduces the computational time allowing us to numerically investigate the sensitivity of the key 
parameters and boundary conditions (Castaldo et al., 2017). The different simulated scenarios 
are summarised in Table 1.

The governing partial differential equations (see section 2.2) are solved numerically through 
the finite element method by using the Comsol Multiphysics® software. A triangular mesh grid 
is defined, counting ~16·103 elements with edge’s dimension variable from 50 to 500 m. The 
temporal step-size Δt at which the solutions are written out is set to 500 yr. Nevertheless, it 
does not correspond to the time-step the numerical solver takes, which follows an adaptive 
time-stepping scheme. During the solution of the time-dependent problem, the solver may use 
internally smaller time-steps, if needed, to resolve any fast variations in the solution preserving 
a user-defined accuracy, here set to 10−3. Therefore, smaller time-steps are used when solving for 
the temperature distribution during the fast magmatic emplacement event, as well as during the 
cooling of the magmatic body accounting for the latent heat of crystallisation.

Table 1 - Summary of the parameters used in the steady-state and time-dependent thermal models. ZHS is the centroid 
depth of the magmatic heat source, HHS is its maximum vertical extension, and Ko RES is the superficial permeability of 
the reservoir unit.

Model ZHS (km) HHS (km) Ko RES (m
2)

1 steady-state - - -

2a

time-dependent

10 4 -

2b 5 1 -

3a - - 1·10−15

3b - - 1·10−14

3c - - 1·10−13

4a 10 4 1·10−15

4b 10 4 1·10−14

4c 10 4 1·10−13

5a 5 1 1·10−15

5b 5 1 1·10−14

5c 5 1 1·10−13

2.1. Geometrical model

The two-dimensional thermal models are solved assuming a standard continental profile 
(Chapman, 1986), as depicted in Fig. 1B. The cross-section involves an approximately 26-km thick 
crust with a lateral extension of 35 km. At its top, an irregular topographic relief is accounted for, 
defining a background, regional fluid flow from the recharge zones. The crustal domains include 
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four main lithothermal units corresponding to, from the top to the bottom: i) the impervious 
cap-rock (unit 1, 1 km thick), ii) the permeable reservoir (unit 2, 3 km thick), iii) the crystalline 
basement (unit 3, ~16 km thick) matching the upper crustal layer supposed to be granodioritic in 
composition (Weaver and Tarney, 1984; Meissner, 1986; Brown and Mussett, 1993), and iv) the 
lower crust (unit 4, 10 km thick) of mafic composition (Schmid and Wood, 1976; Hunziker and 
Zingg, 1980; Sills, 1984; Pittarello et al., 2012). The topology of the deep-seated magmatic body 
(unit 5) is defined by a simple ellipsoid, whose dimension and emplacement depth change in 
the different simulated scenarios. The geometrical models assume: i) a middle-crustal magmatic 
intrusion, with an emplacement depth (referred to the centre of the ellipsoid) of 10 km b.s.l. and 
a maximum vertical axis of 4 km; and ii) an upper-crustal pluton, with an emplacement depth of 
5 km b.s.l. and a maximum vertical extension of 1 km. A common horizontal extension of 10 km 
is defined.

2.2. Thermal model

The heat and fluid transfer processes are described by the combination of the mass, 
momentum and energy conservation equations:

(1)

(2)

(3)

where u is the Darcy flux (m·s−1), g the gravitational acceleration (9.81 m·s−2), p the pressure (Pa), 
z the depth (m, positive below ground surface), T the absolute temperature (K), t the time (s), ρ 
the density (kg·m−3), K the intrinsic permeability (m2), µ the dynamic viscosity (Pa·s), cp the specific 
heat (J·K−1·kg−1), k the thermal conductivity (W·m−1·K−1), HS and A are the heat source terms 
(µW·m−3) due to the magmatic intrusion and the radiogenic heat production of crustal rocks, 
respectively. The subscripts r and w refer to the porous rock and water properties, respectively. 
In the definition of the convective problem, the Boussinesq approximation is assumed. Then, the 
density variations have a negligible effect on the fluid volume via conservation of mass, which 
reduces to the condition of incompressibility.

The magmatic body is integrated into the numerical model as a heat source term HS (W·m−3), 
whose magnitude varies with time, being proportional to the difference between the magmatic 
emplacement temperature and that of the surrounding rocks. The temperature of the magmatic 
body increases almost instantaneously to the imposed magmatic temperature Tmag (K) and, 
accounting for a likely rate of replenishment from below, it is taken constant during a discrete time 
interval of 49 kyr (from t1 = 1 kyr to t2 = 50 kyr). To accomplish this, a time, dependent, rectangular-
shaped pulse function f(t) is adopted. As the definition of boundary conditions, that vary abruptly 
with respect to time, can be difficult to solve numerically, the pulse function f(t) is smoothed by 
means of a transition window 500-yr wide and centred on (t1 – Δt/2) and (t2 + Δt/2). This allows 
us to achieve the emplacement temperature Tmag as well as to stop the magmatic replenishment 
phase in one time-step. The heat source term is scaled by the volumetric heat transfer coefficient, 
δht (W·m−3·K−1), defined as the product of the heat transfer coefficient α (W·m−2·K−1) to the interfacial 
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area a (m−1). Experimental heat flux measurements, obtained at liquidus-subliquidus temperatures 
for basaltic lavas by means of convective heat flux probes (Hardee and Dunn, 1981), constrain the 
value of α around 0.1 W·m−2·K−1. Concerning the interfacial area, it can be interpreted as the total 
contact area between solid and fluid phases, divided by rock matrix volume. Its value depends 
on many factors, such as pore shape, size and concentration of the fluid phase. Image processing 
studies (Garfi et al., 2019; Hussaini and Dvorkin, 2020; Scanziani et al., 2020) give a wide range of 
the a value, from less than 0.01 mm−1 to more than 10 mm−1. However, the large uncertainty in 
defining the above-mentioned parameters does not affect the numerical solutions as they play an 
effective role only in the internal time-steps of the solver.

The further heat source term corresponds to the radiogenic heat production A (µW·m−3). 
It is accounted for by an exponential distribution model (Lachenbruch, 1970) with a drop-
off length DA of 10 km (Lachenbruch, 1968) and values assigned by lithology (Morgan, 1985; 
Verdoya et al., 1998). The constitutive laws describing the heat source terms HS and A are 
displayed in Table 2.

Regarding the boundary conditions (Fig. 1B), a stationary air temperature (To) and 
atmospheric pressure (Po) are set at the ground surface as function of the topographic elevation 
following the U.S. Government Printing Office (1976). The upper boundary is open to the fluid 
flow with the implicit assumption that groundwater table coincides with the ground surface. 
The regional fluid flow is defined by setting on the vertical sides of the model a hydraulic head 
(ho) proportional to the topography elevation. Due to the temperature boundary condition 
adopted for the top surface, cold water enters the system in areas of high topographic relief, 
i.e. the recharge areas set at the sides of the geothermal reservoir. Indications of a decreasing 
permeability with depth (Manning and Ingebritsen, 1999) support the assumption of an 
impermeable lower boundary. Few exposed locations on Earth, e.g. the Ivrea-Verbano Zone 
(IVZ) in Southern Alps (Italy), allow the study of archetype of continental crust. In the IVZ, 
petrological studies suggest that lower continental crust consists of highly variable amphibolite 
to granulite facies rocks (e.g. Schmid and Wood, 1976; Hunziker and Zingg, 1980; Sills, 1984; 
Pittarello et al., 2012). At pressures of 0.8-0.9 GPa, which are typical of crustal levels 25-30 km 
deep, the equilibrium temperatures are in the interval of 550-700 °C and greater than 650-700 °C,  
for amphibolite and granulite metamorphic facies, respectively (e.g. Turner, 1968; Wright, 
1989). According to the above-mentioned pieces of evidence, a fixed basal temperature, 
Tbasal = 650 °C, is set at the bottom of the numerical domain, reflecting the average thermal 
condition at the base of a continental crust 26 km thick. The lateral boundaries are thermally 
and hydraulically insulating. These assumptions do not affect the numerical results of the 
model, whose sides are far enough from the heat source. The time-dependent simulations are 
initialised assuming a conductive, steady-state temperature distribution without the magmatic 
heat source and a hydrostatic pressure regime (model 1 of Table 1).

2.3. Transport properties of the rocks and melts

The physical properties of the porous rocks are defined according to in-situ conditions, i.e. 
depth and temperature. The rocks are modelled as a homogeneous, downward anisotropic 
material by applying the set of constitutive laws displayed in Table 2. The physical parameters 
are defined by lithothermal units as displayed in Tables 3 and 4.

04-210296 - OGS.BGTA-Gola.05_online21_10_21.indd   621 16/12/21   10:04



622

Bull. Geoph. Ocean., 62, 615-636 Gola

Table 2 - The constitutive laws used to describe the macroscopic behaviour of the magmatic heat source and the porous 
rocks.

Property Constitutive law Reference

Magmatic heat source Gola et al. (2017)

Radiogenic heat 
production Lachenbruch (1970)

Porosity Sclater and Christie (1980)

Rock thermal conductivity

Pasquale et al. (2011)

This work

Sekiguchi (1984)

Shatz and Simmons (1972)

Rock thermal capacity Pasquale et al. (2011)

Magma thermal capacity Carslaw and Jaeger (1959)

Magma density This work

Magma thermal 
conductivity This work

Rock permeability Ebigbo et al. (2014)

The pore-filling water has a lower conductivity and a higher volumetric heat capacity than 
the rock-forming minerals, so that the effective thermal properties are very sensitive to the 
porosity fraction. According to Sclater and Christie (1980), the porosity is assumed to decrease 
exponentially with the burial depth z (km) from a superficial porosity φo to an irreducible porosity, 
φi. The decreasing rate is defined by the compaction coefficient β (km−1). A common value of the 
irreducible porosity, φi = 0.005, is assumed.

The effective rock thermal conductivity kr (W·m−1·K−1) is computed by the geometrical mean 
model (Clauser and Huenges, 1995; Pasquale et al., 2011) combining the temperature-dependent 
thermal conductivity of the rock matrix, km, and of the water, kw, with the depth-dependent 
porosity. The matrix thermal conductivity is modelled as the sum of the lattice, kL, and radiative, 
kR. components. The temperature dependence of kL, is accounted for by the equation proposed 
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by Sekiguchi (1984), which defines a non-linear decreasing trend as function of T −1. Although kL 
prevails over the typical temperature range of the upper crust, kR becomes significant for T > 500-
700 °C (Birch and Clark, 1940; MacPherson and Schloessin, 1982) due to its T 3 dependence (Shatz 
and Simmons, 1972; Clauser, 2009). The radiative term balances and sometimes even reverses 
the decreasing trend of kL. In order to quantify kR, the thermal behaviour of the orthopyroxene 
(enstatite) and quartz minerals, together with their refractive index and absorption coefficient 
values, are assumed as representative mineralogical constituents of the lower and upper crust, 
respectively (Wang and Currie, 2015). In Fig. 2 the thermal conductivity measured on single 
crystals of enstatite and quartz in the 300-1500 K temperature interval (Hofmeister et al., 2014) 
is displayed together with the modelled lattice and radiative components. At about 1000 K, the 
radiative component is 0.3 and 0.4 W·m−1·K−1 for the orthopyroxene and quartz, respectively, and 
it increases to 0.7 and 1.2 W·m−1·K−1 at a temperature of 1400 K.

Table 3 - The physical parameters of the rocks used to compute the thermal models. φo is the superficial porosity, β 
the compaction factor, kmo the rock matrix thermal conductivity at ambient conditions, n the refractive index, ε the 
absorption coefficient, ρm the rock matrix density, cp mo the rock matrix specific heat at ambient conditions, Ko the su-
perficial permeability, and Ao the superficial radiogenic heat production.

Unit φo
(-)

β
(km−1)

kmo
(W m−1 K−1)

n
(-)

ε
(cm−1)

ρm
(kg m−3)

cp mo
(J K−1 kg−1)

Ko
(m2)

Ao
(µW m−3)

1 0.400 0.293 2.0

1.544 17

2300 800 10−18 2.0

2 0.250 0.284 4.0 2500 750 10−15 – 10−13 1.5

3 0.050 0.400 3.2 2650 850 10−16 3.5

4 0.050 0.400 3.7 1.650 30 2800 900 10−16 0.4

Table 4 - The physical parameters of the magmatic body used to compute the thermal models. k is the thermal con-
ductivity, ρ the density, and cp the specific heat, referred to the solid and melting temperature T, L is the latent heat of 
crystallisation, α the heat transfer coefficient, and a the interfacial area.

Unit T (°C) k
(W m−1 K−1)

ρ
(kg m−3)

cp
(J K−1 kg−1)

L
(kJ kg−1)

α 
(W m−2 K−1)

a 
(m−1)

5
solid 650 3.2 2650 1340

250 0.1 250
melt 850 1.0 2250 1350

The effective volumetric heat capacity of the rocks, defined as the product of the specific heat 
cp (J·kg–1·K–1) to the density ρ (kg·m–3), is calculated according to Kopp’s law as the arithmetic 
mean of the individual matrix and fluid contributions weighted by their volume fractions. The 
temperature dependence of the matrix specific heat is accounted for by a third order polynomial 
relationship (Pasquale et al., 2011), while the temperature effect on the matrix density is 
neglected, as the thermal expansion of geological materials is small (~10–5 °C–1). In Fig. 2 the 
effective thermal properties profiles across the crustal section are displayed assuming a reference 
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temperature distribution as computed by the steady-state thermal model (model 1 of Table 1).
Real porous media are hydraulically heterogeneous. Nevertheless, in some cases, this 

heterogeneity might be sufficiently small-scale and statistically random that a single bulk 
permeability is a reasonable description of the medium. It is straightforward to account for 
basic permeability variations by simply allowing the permeability to vary spatially, especially 
along the vertical axis. Here, the effective rock permeability, Kr (m2), is assumed to decrease 
as function of burial depth following an exponential trend with a drop-off length DK of 2.5 km 
(Ebigbo et al., 2014). In particular, the reservoir permeability is defined by superficial values 
of 1.0·10–15, 1.0·10–14 and 1.0·10–13 m2, giving an average reservoir permeability, in the depth 
interval 1-4 km b.s.l., of 3.9·10–16, 3.9·10–15 and 3.9·10–14 m2, respectively. The low-permeability 
units, corresponding to the shallow cap-rock and the basement rocks (upper and lower crust), 
have a superficial permeability of 1.0·10–18 m2 and 1.0·10–16 m2, respectively.

The magmatic body is supposed to be rhyolitic in composition. Rhyolitic melts may have a 
wide range of melting temperatures (750-1000 °C) but most rhyolites are nearly completely 
liquid at temperatures above 870 °C and solid below 570 °C. According to Dini et al. (2005), 
crustal melts are emplaced under lithostatic conditions in the Tuscan Magmatic Province (Italy) 
for temperatures close to 850 °C. In this work, an average melting and solidification points of 850 
and 650 °C, respectively, are assumed. Furthermore, according to Lesher and Spera (2015), the 
density, the specific heat, and the lattice thermal conductivity of typical rhyolitic melts, bearing 
2 wt% of dissolved water, are 2250 kg·m−3, 1600 J·kg−1·K−1, and 1.0 W·m−1·K−1, respectively. Below 

Fig. 2 - Physical properties of the crust: A) the experimental (green circles) and modelled (black line) thermal con-
ductivity values of orthopyroxene crystal at high temperatures; B) the experimental (orange circles) and modelled 
(black line) thermal conductivity values of quartz at high temperatures. The modelled radiative (red) and lattice (blue) 
components of thermal conductivity are also displayed; C) the temperature (continuous line) and the radiogenic heat 
production (dotted line) profiles, corresponding to the initial conditions of the time-dependent models. The amount 
of the radiogenic heat production within each lithothermal unit is reported; D) the porosity (dotted line), thermal 
conductivity (continuous line on the right side), and thermal diffusivity (continuous line on the left side) profiles ac-
counting for the in-situ conditions (depth and temperature).
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the solidification temperature, the thermal properties of the magmatic body are assumed to 
match those of the upper crustal rocks (unit 3). When the temperature of the cooling magmatic 
body belongs to its interval of crystallisation, the density and the lattice thermal conductivity vary 
linearly between those of the melt and the solid rock. The latent heat of crystallisation is about 
250-300 kJ·kg−1, then, an additional amount of heat, corresponding to 1250 J·°C−1, is released 
to the surrounding rocks when the temperature of the magmatic body decreases from 850 to 
650 °C. The heat of crystallisation L (kJ·kg–1) is modelled by adding the distributed portion of the 
latent heat to the effective specific heat (Carslaw and Jaeger, 1959). The physical properties of 
the magmatic body are displayed in Table 4.

3. Results

3.1. Thermal conduction

Preliminary time-dependent conductive models (models 2a and 2b of Table 1) are solved 
to study the evolution of the thermal structure by varying the topology and the emplacement 
depth of the magmatic heat source. It must be emphasised that these conductive models do not 
consider the growth of the magma chamber or pluton, neither as the cooling facilitated by the 
fluid circulation. Nonetheless, they are useful as baselines against which the thermal evolution 
of the more dynamic hydrothermal models can be compared. 

In Fig. 3 the time-temperature curves at selected control points display the evolution of 
the thermal structure in absence of permeable geological units, when the thermal diffusion is 
the dominant process. Three main phases are distinguishable: an initial heating phase, a quick 
cooling phase evolving toward a final slow cooling phase. As soon as the magmatic event ends 
(t2 = 50 kyr), the temperature at the centre of the magmatic body and at the rock-melt interface 
decreases by conductive cooling following an exponential trend. Instead, the diffusion of the 
thermal wave in the surrounding rocks increases the temperature. The thermal signal migrates 
upwards according to the thermal time constant τ = d2/D, where d is the distance (m) and D the 
thermal diffusivity (m2·s–1). During the cooling phase, a detectable positive thermal anomaly 
persists even for very long times.

The effect of the latent heat is not negligible as it affects both the cooling history of the 
magmatic body and the temperature distribution above it. As the latent heat provides energy 
to the system, the cooling rate is lower. Ignoring this additional heat leads to a slightly cooler 
temperature in the surrounding region and a somewhat shorter life of the magmatic intrusion. 
The results show that the temperatures in the overlying hosting rocks are 50 to 100 °C higher and 
the crystallisation times are 60 to 70 kyr longer in comparison to the models where the latent 
heat is not accounted for.

3.2. Hydrothermal convection

The presence of a geothermal gradient leads to the formation of a density stratification in 
the pore-filling water column, with less dense warm water lying below denser cold water. Such a 
stratification is unstable: if a parcel of fluid is raised slightly, it will experience a weaker downward 
buoyancy force than its neighbours and will continue to rise. The fluid motion that ensues is called 
thermal convection. Not all density, or thermal, gradients lead to convection: the dissipative action 
of the fluid viscosity and the thermal diffusion of temperature act to inhibit convective motion. 
The comparison of the strength of the buoyancy forces with these dissipative effects gives rise to a 
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Fig. 3 - Conductive heating and cooling of a magmatic body and hosting rocks. The temperature evolution at four 
control points set at centre of the magmatic body (A), at its top (B), 1 km above (C) and 3 km above (D). The heat 
source has a characteristic emplacement depth ZHS = 5 km b.s.l. (continuous line) and ZHS = 10 km b.s.l. (dashed line) 
with a vertical axis of 1 and 4 km, respectively, and an emplacement temperature Tmag = 850 °C. The dashed-dotted 
line corresponds to the temperature evolution evaluated without considering the latent heat of crystallisation, for the 
scenario having an emplacement depth of 10 km. The inset figure in panel D display the pulse function f(t) defining 
the time interval during which the heat source is active (t1 = 1 kyr and t2 = 50 kyr).

dimensionless ratio known as the Rayleigh number, Ra. If the Rayleigh number is small, dissipative 
forces act to inhibit convection, whereas if it is large, buoyancy forces dominate and drive strong 
convective flow. When the boundary conditions consist of a basal heat flow, and fixed temperature 
and fluid pressure at the top, the Rayleigh number is given as (Nield and Bejan, 2006):

(4)

where ρo, cp, ρ, β and µ are the reference density (ρo = 1000 kg·m–3), the temperature-dependent 
heat capacity, density, thermal expansion and dynamic viscosity of the fluid, respectively, g is the 
gravity, q the heat flow at the base of the system, H the length scale of the system (equals to 
the reservoir thickness), Kr and kr are the effective permeability and thermal conductivity of the 
reservoir, respectively.

In an infinitely-extended horizontal porous layer uniformly heated from the below and cooled 
from above, when Ra exceeds the critical value of 4π2 (Ra ≈ 40), the conductive regime becomes 
unstable and the fluid flow starts to exhibit convective structures. The domain aspect ratio, i.e. 
the ratio of the horizontal (W) to the vertical (H) dimension of the Rayleigh-Darcy domain, may 
significantly affect the convective pattern. When W/H is smaller than the smallest unstable 
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wavelength , no convection occurs due to the stable conduction state 
(Horton and Rogers, 1945). To obtain reliable results, the Rayleigh-Darcy domain should contain 
at least one sustained megaplume (Wen et al., 2013) and, for Ra = 4π2, the horizontal dimension 
must be at least twice the vertical one (λ = 2). This condition is met as the aspect ratio of the 
modelled geothermal reservoir is 5 (  = 15 km, H = 3 km).

In Fig. 4 the Ra numbers, calculated by Eq. 4 at every time-step using the surface-averaged 
parameters relative to the reservoir domain, are displayed for different boundary conditions, 

Fig. 4 - Averaged Rayleigh number and conductive-convective temperature profiles. The evolution of the Ra number, 
computed at each time-step of the time-dependent models, for the scenarios involving a reservoir heated from below 
by a regional heat flow (A), a magmatic body 10 km deep (E) and 5 km deep (I) is displayed. The vertical temperature 
profiles, crossing the models at the middle point of the horizontal distance, are also displayed for selected times (5, 
50, 250, 500, and 1000 kyr) and for the scenarios involving a reservoir heated from below by a regional heat flow (B 
to D), a magmatic body 10 km deep (F to H) and 5 km deep (J to L). See Table 1 for details of the model parameters.
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Fig. 5 - 2D conductive-convective thermal models. Time-dependent temperature distributions computed with and 
without the presence of a magmatic heat source. See Table 1 for details of the model parameters. The dashed lines in 
the upper-left panel indicate the boundaries and the domain on which the heat flow and temperature values of Fig. 
6 are averaged.

together with the vertical temperature profiles at selected time-steps, evaluated at the middle 
point of the horizontal distance. First, the thermal structure is resolved for the more general 
situation corresponding to a geothermal reservoir heated from below and neglecting the 
magmatic heat source (models 3a to 3c of Table 1). Successively, the magmatic heat sources, 
10 and 5 km deep, are considered (models 4a to 4c and 5a to 5c of Table 1, respectively). The 
reservoir permeability, as well as the heat flow at the base of the reservoir domain, provide 
the main constraints on the size of the Rayleigh number. As the temperature gradient, or the 
heat supplied to the system, is increased, the convection pattern undergoes transitions to new 
modes of behaviour. The heat transport in low-permeability rocks (KRES ~ 10–16 m2) is unlikely 
to be convective, even when a deep magmatic body occurs, as displayed in the models 3a 
(Ra = 3) and 4a (Ra = 3-16). Instead, in presence of a relatively shallow magmatic body, the 
heat carried out by the motion of the geothermal fluids defines convex-upward temperature 
profiles, as displayed in the model 5a (Ra = 3-88). Nevertheless, the vertical temperature 
profiles of models 3a, 4a, and 5a do not display isothermal sections. Instead, the transition to 
well-defined convective patterns, characterised by isothermal sections or even temperature 
reversals, occurs when the effective reservoir permeability assumes medium-to-high values 
(KRES ~ 10–15-10–14 m2), as displayed in all the remaining models.

In Fig. 5 the 2D temperature distributions relative to the high-permeability models (3c, 
4c, and 5c of Table 1) are displayed at selected time-steps, corresponding to the early and late 
magmatic stages (5 and 50 kyr, respectively), and the middle and late cooling stages (250 and 500 
kyr, respectively). As a rule, the onset of the thermal convection is a time-dependent process, 
whose occurrence depends on the initial thermal conditions and rock permeability. The large-scale 
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convective cells develop after few hundred or thousand years. In magmatic environments, the 
onset of a more vigorous thermal convection rests on the time required to the thermal pulse to 
migrates upwards from the magmatic heat source to the lower boundary of the reservoir. As soon 
as the magmatic thermal input warms the reservoir rocks, the large convective flow transports the 
thermal energy from the base to the top boundaries of the reservoir domain faster than the energy 
can be dissipated conductively through the impervious cap-rock unit. This condition determines 
vigorous horizontal fluxes at the top of the permeable layer, which control the lateral extension of 
the thermal plume.

4. Transient effects on the surface heat flow and reservoir temperature

Heat is continuously transported from the Earth’s interior towards its outer surface. 
Measurement of the heat flow provides important constraints on temperatures at depth. In 
this context, the heat transfer from the top of the reservoir units to the surface occurs via 
thermal diffusion, due to the low permeability value of the caprock unit. The transient tectono-
magmatic and hydrothermal processes are responsible of the surface heat flow variations, whose 
magnitudes are function of space, time and hydraulic properties of the underlying permeable 
units.

In Fig. 6, the temporal evolution of the surface heat flow, with its maximum and minimum 
values, the top and bottom reservoir temperatures as well as the average reservoir temperature, 
are displayed for the different model scenarios. The analysed quantities are averaged values. 
In detail, the surface heat flow and the reservoir top and bottom temperatures correspond to 
the spatially averaged values along the 1D topographic, upper and lower reservoir boundaries, 
respectively; instead, the average reservoir temperature corresponds to the surface averaged 
values relative to the 2D reservoir domain, as displayed in Fig. 5.

The steady-state conductive model gives an initial heat flow of 70 mW·m–2; an average 
reservoir temperature of 116 °C, with bottom and top temperatures of 156 and 75 °C, 
respectively. Small variations of the heat flow (±6 mW·m–2) depend on the isotherm refraction 
due to topographic irregularities and subsurface thermal conductivity contrasts. The thermal 
convection, triggered by the regional thermal gradient (models 3b and 3c of Table 1), is 
responsible for the growing surface heat flow up to 80 and 100 mW·m–2, for an effective 
reservoir permeability of the order of 10–15 and 10–14 m2, respectively. Large deviations from 
the average heat flow value, both in the positive and negative directions, occur where the 
convective currents define up-welling and down-welling zones, respectively. The transient 
nature of the thermal convection is well recognisable and the time at which the convection 
starts decreases with the increasing permeability. The thermal convection homogenises 
the reservoir temperature, so that the temperature differences between top and bottom 
boundaries decrease with time, until a stable convection is reached.

The magmatic input (models 4a to 4c and 5a to 5c) determines higher average heat flow 
values at surface of the order of 200-300 mW·m–2, with picks up to 450 mW·m–2 at the early-
stage of the magmatic phase and for a reservoir permeability of the order of 10–14 m2. The 
mid-crustal magmatic body (10 km deep) warms the geothermal fluids up to 250 °C in the 
deepest section of the reservoir. Nevertheless, the average reservoir temperatures grow to 
maxima values in the interval 150-180 °C. In order to have high-temperature geothermal 
fluids available, the emplacement of upper-crustal plutons is required. Shallow plutons are 
capable to warm the geothermal fluids up to an average reservoir temperature of 260-280 °C. 
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Nevertheless, the intrinsic transient nature of the magmatic hydrothermal systems, confines 
their life-time to few hundred thousand years, with thermal pick limited to the early-stage 
of the magmatic phase. Locally, thermal convection is capable to transport towards the 
upper boundary of the reservoir high-temperature fluids up to 180-280 °C. Conductive heat 
transfer from a magmatic intrusion to the surrounding groundwater occurs in the roots of the 
geothermal system below the depth of typical conventional geothermal wells. The modelling 
results suggest that superhot geothermal fluids, with temperatures exceeding ~400 °C, may 
exist at the boundary between geothermal systems and the magmatic heat source.

5. Conclusions

The nature of heat and fluid transport in continental setting, also accounting for the role of 
deep-seated magmatic intrusions, has been analysed numerically by a series of heuristic models 
able to describe the general features of many hydrothermal systems. With the aim of studying the 
style and magnitude of the fluid circulation together with its thermal effects, the hydrothermal 
system has been investigated for a variety of rock permeability, magma emplacement depth, and 
topology of the magmatic heat source. Although the selected variables do not cover the whole 

Fig. 6 - Temporal variations of surface heat flow and reservoir temperature. The time-dependent heat flow values (con-
tinuous line) averaged over the topographic boundary overlying the geothermal reservoir (see Fig. 5), together with the 
maximum and minimum values (dashed line), evaluated for the low (A: Ko RES = 1·10−15 m2), medium (B: Ko RES = 1·10−14 m2) 
and high (C: Ko RES = 1·10−13 m2) reservoir permeability models. The time-dependent temperature values (continuous line) 
averaged over the reservoir domain (see Fig. 5), together with the temperatures averaged over the lower and upper res-
ervoir boundaries (dashed line), evaluated for the low (D), medium (E) and high (F) reservoir permeability models. The 
curves refer to the model results corresponding to the scenarios without the magmatic heat source (black line), with the 
magmatic heat source 10 km deep (green line) and 5 km deep (red line). See Table 1 for details of the model parameters.
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spectrum of the physical parameters characterising the hydrothermal systems, they represent 
the key variables controlling the subsurface temperature distribution as well as the rheological 
stratification in magmatic environments, as it has been highlighted in former studies in volcanic 
areas like Ischia Island (Castaldo et al., 2017) and Long Valley Caldera (Gola et al., 2021).

Prior conductive models pointed out the key role of the latent heat of crystallisation in the 
definition of the magnitude and life-time of the thermal anomaly induced by the magmatic heat 
source. Neglecting the amount of heat released during the crystallisation of the magmatic body, 
the temperatures in the vicinity of the intrusion should be underestimated up to 50 °C and, even 
more important, the cooling time shortened up to 70 kyr. Both temperature and time are essential 
parameters in contact metamorphism studies. They control the thermal peak recorded by the 
hosting rocks overlying a magmatic intrusion as well as the thickness of the thermal aureole. In 
this context, the modelling of thermal evolution as function of the distance from the heat source 
may be a valuable technique to unravel the magmatic emplacement depth and temperature as 
well as the timing and the duration of the magmatic input. However, when the petrological and 
geochronological information from core samples are integrated with the numerical results, any 
uplift and erosion effects must be considered. As a matter of fact, the actual position (i.e. the 
depth) of the core samples may not coincide with the original one at the time of the intrusion, 
as indicated by Dallmeyer and Liotta (1998) for the case of the long-lived magmatic system of 
Larderello (Tuscany, Italy).

The convective models show that the large heat flow from the heat source triggers a vigorous 
thermal convection when the rock permeability is larger than 10–16 m2. In the absence of a heat 
source of magmatic origin, thermal convection requires rock permeabilities larger than 10–15 m2. 
In these conditions, the spatial redistribution of thermal energy notably differs from a purely 
conductive thermal model. In fact, the permeability provides one of the main constraints on the 
size of the Rayleigh number, which, in the magmatic geothermal systems, can assume values of 
the order of 103-105, well beyond its critical value. Furthermore, the time-dependent models 
show three distinct stages: 1) an early-stage, during which conduction dominates meanwhile 
the Ra number grows to the critical value, 2) a middle-stage, during which an array of plumes 
rapidly grows above the lower surface, and 3) a late-stage, during which large-scale convection 
cells appear and, gradually, the layer becomes dominated by the buoyancy forces.

The hottest hydrothermal plumes and high surface heat flow values are associated with rather 
higher permeability (Figs. 6a to 6c). When magma intrudes and heats host rock, uniformly “high” 
reservoir permeabilities (approximately ≥ 10−14 m2, models 4c and 5c) lead to relatively low heat 
flow values because heat advects rapidly away from the magma reservoir. “Low” permeability 
values (approximately ≤ 10−16 m2, models 4a and 5a) also lead to lower heat flow values, in 
this case because the thermal regime is conduction‐dominated. Intermediate permeability 
(∼10−15 m2, models 4b and 5b) lead to the highest surface heat flow values. When the crust 
undergoes thermal perturbation of magmatic origin, the time necessary to return to its initial 
thermal equilibrium is long, so that the temperature and heat flow anomalies (Figs. 4 and 5) 
are still detectable after several hundred thousand years. In order to have high-temperature 
geothermal fluids at economically drillable depths, with temperatures above 200 °C, or similarly 
with surface heat flow values larger than 150 mW·m−2, the emplacement of young (<< 1 Myr) 
upper-crustal (< 5-10 km) plutons is required. These pieces of evidence are in agreement with 
the main outcomes reported by Rochira et al. (2018). Although the authors performed time-
dependent conductive thermal models accounting for the emplacement of a granitic body 3 
km deep beneath the Larderello area (Tuscany, Italy), they reproduced the regional heat flow 
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anomaly of 150-200 mW·m−2 invoking an instantaneous magmatic event 0.3 Myr old. Even 
accounting for an incremental growth of the magmatic intrusion, the observed thermal anomaly 
can be replicated only in the final stages of pluton accretion at 0.3 Myr by present. This age 
is considerably lower than the geochronologic dates (3.8-1.3 Myr) available for some intrusive 
rocks cored in exploratory wells in the Larderello geothermal field [see Gola et al. (2017) and 
references therein for a comprehensive geochronological compilation]. Based on these thermal 
pieces of evidence, a relatively continuous magmatic activity is required to sustain such as long-
lived magmatic geothermal system and the findings of younger granites in future drillings cannot 
be ruled out.

The present results can be also framed into other real cases, like the high temperature 
geothermal system beneath the Ischia Island (Castaldo et al., 2017). The temperature profiles 
coming from the deep boreholes in the south-western sector of the island display a typical 
conductive feature at shallow depth down to about 200-400 m b.g.l. related to an impermeable, 
mainly argillic, layer acting as caprock. The deeper green tuff and lava formations constitute the 
deep-seated geothermal reservoir where an isothermal profile at 150-180 °C is observed down 
to a maximum depth of about 1000 m b.g.l. Below this convective layer, the thermal gradient 
abruptly increases conductively to a maximum temperature of 225 °C at 1100-1200 m b.g.l. 
Additionally, water equilibrium temperatures, evaluated by Na-K-Mg geothermometers, in the 
240-300 °C range support the hypothesis that the geothermal system of Ischia extends down 
to greater depths. In such a geological context, a shallow mush magmatic intrusion at about 
600 °C with the top located at a depth of about 1.3-1.7 km, as inferred from gravimetric and 
magnetic modelling, represents the principal heat source. These thermal features mimic the 
results displayed in Figs. 4 and 6 for the case of the upper crustal pluton.

As final remark, the models presented in this work highlight the main thermal aspects of 
interest in the geothermal research with possible applications also in other fields, such as the 
study of magmatic and metamorphic crustal processes. Given the general nature of this study, 
some specific aspects such as fluid-rock reactions or surface deformations (uplift/erosion) 
were not considered. This approach represents a reasonable balance between the complexity 
of real natural systems and the simplifications necessary in the development of physical/
mathematical models. The main objective of this work is to investigate and, if applied to natural 
cases, to replicate the thermal characteristics observable at the surface (heat flow) or at depth 
(underground temperatures) in a dynamic (time-dependent) context.
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