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SUMMARY

We present a hydro-geophysical model to compute surface ground deformation and gravity changes in a volcanic
edifice caused by variations in fluid temperature, pore pressure and density due to perturbation of a geothermal
system. The hot fluid circulation in the volcano is simulated by the well-known MUFITS software, which provides
the temperature, pressure and density changes and gas saturation, then used by the thermo-poro-elasticity model
to compute the surface ground deformation and gravity changes. Two numerical methods have been investigated
for solving thermo-poro-elasticity equations: (i) a numerical finite element method, implemented within the COM-
SOL environment; (ii) a semi-analytical method useful for fast computation in simplified geometries. Comparison
between the two methods shows results in good agreement.
Codes have been implemented as MATLAB scripts for the automation of the calculation and the pre- and post-
processing of input data and solutions.

1. INTRODUCTION

The continuous monitoring of geophysical observables and their quantitative assessment through mathematical
models play an important role in advancing the comprehension of volcano geothermal system. These models,
reproducing the evolution in space and in time of the ground deformation and gravity changes, compared with
the observed data allow to quantify the underlying processes and provide hints about possible scenarios in the
volcanic edifice (Currenti and Napoli 2017; Currenti et al. 2017; Del Negro et al. 2013). Ground deformation
and gravity changes in fact represent the superficial manifestations of the perturbation of the volcano geothermal
system at depth (Troiano et al. 2011). Particularly, in a volcano geothermal system, the fluid circulation causes
temperature and pore pressure changes, which in turn engender fluid density, stress and strain changes. Stress and
strain variations are mirrored in ground deformation, while density variations are reflected in gravity field changes
(Currenti and Napoli 2017; Currenti et al. 2017). Usually, these geophysical observables are modelled in terms of
volume or pressure sources embedded in an elastic medium (Juncu et al. 2019; Drouin et al. 2017) using standard
analytical solutions (Mogi 1958; Okada 1985; Yang et al. 1988). Indeed, this approach appears at odds with the
complex processes in which hot fluids from magmatic origin interact with hydrothermal system producing heating
and pressurization. A quantitative evaluation of this interaction is fundamental for a correct assessment of the
geophysical observations and their interpretation in volcanic geothermal areas. A thermo-poro-elastic numerical
model is here proposed to jointly evaluate ground deformation and gravity changes caused by hydrothermal fluid
circulation in complex media.
To evaluate numerically how the temperature, pore pressure and density changes affect the geophysical obser-
vables, we implemented a hydro-geophysical model (Figure 1), which exploit the use of the MUFITS (Mul-
tiphase Filtration Transport Simulator) reservoir simulation model (Afanasyev 2012; Afanasyev 2013a, b) and
thermo-poroelasticity model:

1. The MUFITS reservoir simulation software simulates the circulation of a non-isothermal multiphase
fluid of two components (H2O and CO2) in a porous medium. The software solves, by using a finite volume
discretization, the mass and energy balance equations in the temperature and pressure range 0-1000 ◦C and
0-350 MPa, respectively. It provides the solutions for gas saturation and temperature, pore pressure and
density changes, which are used as input values in the thermo-poroelasticity model.

2. The thermo-poroelasticity model is implemented to evaluate the geophysical observables, in particular
the ground deformation and gravity changes. We compared two codes. The first one uses the finite element
COMSOL Multiphysics software (COMSOL 2012) for solving the elastostatic equation and to evaluate ground
deformation and the Poisson equation to evaluate gravity changes. The second code enables to fast compute
the observables using semi-analytical solutions for simple homogeneous half-space models.
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The implemented hydro-geophysical code (Stissi et al. 2021) provides the opportunity to explore different model
configurations that cannot be taken into account using standard analytical models. Since the physics of the
modelled hydrothermal system is similar to any geothermal system, the approach is generally applicable to study
geothermal areas, such as Krafla.

Figure 1: Operation Map of the Hydro-Geophysical Model. The hydro-geophysical model includes: (i) the reser-
voir simulation model which simulates the circulation of a fluid in a porous medium using the MUFITS code
and allows to evaluate the variations of temperature, pressure and density, (ii) the thermo-poro-elastic model,
developed within the COMSOL software, which evaluates the ground deformation and gravity changes using MU-
FITS solutions (temperature, pressure and density changes). The two models were linked by implementing codes
in MATLAB for data transfer.

2. GRAVITY AND GROUND DEFORMATION FORMULATIONS

We here describe the models and the governing equations. A brief overview of the MUFITS code is given to
illustrate the input data to be provided to run properly the code.

2.1 Reservoir Simulation Model

MUFITS software

The circulation of a non-isothermal multiphase mixture of water and carbon dioxide, under sub- and super-critical
conditions, is simulated exploiting the BINMIXT module of the MUFITS software. In addition to the MUFITS,
also the EOS2 module of the TOUGH2 software (Pruess et al. 1999) simulates the flows of binary mixture of water
and carbon dioxide in porous media. However, we have chosen to use the MUFITS software mainly for two reasons:

1. To allow a more realistic modeling of geophysical observables. In TOUGH2 in fact the injection of the mixture
is limited to the most superficial area as the software works up to a temperature of 350 ◦C. The presence of
supercritical fluids, generally present due to the high temperatures reached in the deeper areas of a volcanic
edifice, is thus neglected.
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2. For a greater numerical stability in the vicinity of critical conditions (Afanasyev 2013b).

Hydrodynamic simulations

MUFITS uses a different technique to evaluate the properties of the mixture. They are specified by means of
a thermodynamic potential σ̄(P, h, x) as a function of the primary variables (pressure P , total enthalpy h and total
composition x of the mixture), which is calculated with an iterative procedure only once before the hydrodynamic
simulations. The calculated potential is used, in a first step, to define, in a non-iterative manner, the properties of
the mixture, and in the next step, in the hydrodynamic simulations for the resolution, in every cell, of a maximum
conditional problem to evaluate the multiphase thermodynamic equilibrium.
The flow of the mixture is then simulated by solving the hydrodynamic equations (Afanasyev 2013a; Coco et al.
2016), i.e. the mass balance equations (1), in equal number k = 2 of components of the mixture, the energy balance
equation (2), and the Darcy’s law (3) at which the mass flow rates Fβ = ρβwβ obey:

∂
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φ
∑
β

(
ρβSβχ

k
β

))
∂t

+∇ ·

∑
β

χkβρβwβ

 = qM
k

, k = 1, 2, (1)
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)
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+∇ ·

−λ̃∇T +
∑
β

(hβρβwβ)

 = qE , (2)

wβ = −K kβ
µβ

(∇P − ρβg) . (3)

While wβ is the Darcy velocity at phase β, the equations (1-3) allow to evaluate the fluid phases composition, gas
saturation distribution and temperature, pore pressure, and density variations. The equations are solved for the
primary variables (pressure, total enthalpy and total composition), which are calculated with the iterative procedure
to evaluate the fluid phase equilibria (Afanasyev 2012, 2013a). The other quantities appearing in equations (1-3)
(Table 1) can be user-supplied para-
meters or non-linear functions of the primary variables:

Primary Variables Variables Parameters
h Total enthalpy T Temperature φ Porosity
P Pressure Sβ Saturation of the phase β λ̃ Thermal conductivity
x Total composition eβ Internal energy of the phase β K Absolute permeability

χkβ Mass fraction of the k-th component of the phase β ρr Rock grain density
ρβ Density of the phase β qM

k , qE Source terms
hβ Enthalpy of the phase β g Gravity acceleration
kβ Permeability of the phase β
µβ Viscosity of the phase β
er Rock grain internal energy

Table 1: Parameters and variables of the governing equations (1-3)

The equations (1-3) does not present any singularities in the vicinity of the critical thermodynamic conditions since
these primary variables are used, ensuring greater stability and thus avoiding a reduction of the time step. As a
result, MUFITS also ensures a CPU time saving since the maximum conditional problem and the
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hydrodynamic equations (1-3) are solved for the same thermodynamic variables, which therefore do not need to be
recalculated, as there is no transition to a different set of variables at phase transitions.

The MUFITS code allows to simulate three phases β: a liquid phase consisting mostly of H2O, a gaseous phase
consisting of vapor H2O and gaseous CO2, and a phase consisting of liquid CO2 present only at high pressures and
temperatures below to the critical temperature of CO2.

Two different periods are generally simulated:

(1) the steady state phase (simulation 1) which leads to the achievement of the stationary conditions of pressure
and temperature;

(2) the unrest phase (simulation 2) in which the geothermal system is perturbed, with a change in the flow rate
and chemical composition of the injected mixture and/or the permeability of the porous medium.

The aim is to evaluate, at the end of the unrest phase, the variations in temperature, pore pressure and density
with respect to the stationary conditions, to modeling the geophysical observables.

2.2 Thermo-poroelastic model

The thermo-poroelastic model allows to evaluate the ground deformation and the gravity changes due to tem-
perature, density and pressure variations which are provided by the MUFITS simulations.
To evaluate them, we have adopted two different methods: the first uses a semi-analytical solution and the second
uses the COMSOL Multiphysics software which solves a set of PDEs that describe the geophysical problem.

2.2.1 Semi-Analytical Solution

Gravity changes

We start with the description of the semi-analytical solution in which the variation of gravity at an observa-
tion point P is calculated using the point mass solution (Hemmings 2014).

The approach used by Hemmings (2014) to give a gravitational formulation takes into account the contribution
of the gravitational force F , calculated according to Newton’s law of universal gravitation, that each cell element
(xi, zi) in the 2D domain (plane x-z) exerts on an observation point P(xP , zP ) placed on the surface (see Figure
2):

F = Gmi

s2 , (4)

with G = 6.67 10−11 m3

kgs2 the universal gravitational constant, mi the mass of the element (xi, zi) and s =√
(xi − xP )2 + (zi − zP )2 the distance between the element (xi, zi) and the point P(xP , zP ).

The gravimeters record the vertical component of this force, which is given by:

Fz = Gmi

s2 sinα = Gmi

s3 (zP − zi). (5)
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By integrating over the entire domain the gravitational signal is generated by density variation ∆ρi of all elements
in 2D, at time ∆t on the point P:

∆g(P,∆t) =
∫
x

∫
z

G∆ρi
s3 (zP − zi)dxdz. (6)

Clearly, since a 2D domain has been considered, while the gravity measurements depend on the density variations
in all directions, it is appropriate to extend these results into a 3D domain. The approach presented by Hemmings
(2014) is to consider an axisymmetrical mass distribution.

Figure 2: Gravitational force that the element (xi, zi) exerts on the survey point P (after Hemmings 2014)

We consider an axisymmetric domain with respect to x = 0 and an element (xi, zi) in the 2D domain (plane x-z),
which is an element of a ring centered at x = 0 and radius xi. We indicate with mi = ρixidxdzdϑ the mass of the
element (xi, zi), with dxdz the area and dϑ the length (see Figure 3).

Figure 3: Elemental ring Scheme (after Hemmings 2014)
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In cylindrical coordinates the vertical gradient of the gravitational potential due to a single ring detected on the
point P is obtained by integrating around the ring:

gi(P) = Gρixidxdz

∫ 2π

0

zP − zi
(x2
i − 2xPxi cosϑ+ x2

P + (zP − zi)2) 3
2
dϑ, (7)

where 0 < ϑ < 2π, and, by adding on the contributions given by each ring, we obtain the gravity change due to a
2D axisymmetrical mass distribution detected on the point P:

∆g(P,∆t) = G
∑
xi

∑
zi

xi∆ρidxidzi(zP − zi)
∫ 2π

0

1
(x2
i − 2xPxi cosϑ+ x2

P + (zP − zi)2) 3
2
dϑ. (8)

Ground deformation

We now illustrate the vertical ground deformation, considering the case of a single dipole without a pre-existing
cavity in the medium (Afanasyev and Utkin 2020; Davies 2003; Rinaldi et al. 2010; Rinaldi et al. 2011). We first
consider the displacement Uzi(P) due to a single dipole and then we sum the single contributions to obtain the
total displacement at the observation point.

The variation of the relative volume (dilatation or compression) of each grid block centered in the element (xi, zi)
is given by (Rinaldi et al. 2010):

εi = ∆Vi
Vi

= β

Kd
∆P + αT∆T,

where αT is the volumetric thermal expansion coefficient and β = 1 − Kd

Ks
is the Biot-Willis coefficient, with Kd

and Ks the drained and solid bulk moduli, respectively.

From Rinaldi et al. (2010) we have:

Uzi(P) = − 1 + ν

12π(1− ν)εiVi
[

−h
((xP − xi)2 + (zP − zi)2) 3

2
− (3− 4ν) h

((xP − xi)2 + (zP − zi)2) 3
2

]
, (9)

from which:

Uzi(P) = 1 + ν

12π(1− ν)εiVi
[
4(1− ν) h

((xP − xi)2 + (zP − zi)2) 3
2

]
= 1 + ν

3π εiVi
h

((xP − xi)2 + (zP − zi)2) 3
2
, (10)

where ν is the Poisson’s ratio and h is the arm of the dipole.

As in the case of the calculation of gravity changes, in cylindrical coordinates, we have:

Uzi(P) = 1 + ν

3π εixidxdz

∫ 2π

0

zP − zi
(x2
i − 2xPxi cosϑ+ x2

P + (zP − zi)2) 3
2
dϑ. (11)

The vertical displacement of an axisymmetrical mass distribution detected on the point P is obtained summing on
the single contributions.

The integral in formulas (7) and (11) is computed numerically using the quad function of MATLAB, which
solves the integrals with the recursive adaptive Simpson quadrature formula.
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2.2.2 COMSOL Solution

The method just described has a limited range of applications, as the solutions have been derived under the
assumption of an homogeneous half-space model. To overcome this limit we considered a numerical finite
element method, implemented within the COMSOL software, which evaluates ground deformation and changes in
gravity, even on heterogeneous and with topography domains.
The modules used in COMSOL are the Solid Mechanics and the classical PDE for the calculation of the ground
deformation and gravity changes.

Ground deformation

Variations in temperature and in pore pressure are responsible for the ground deformation. The model solves
the elastostatic equation coupled with thermo-poroelastic extension of the Hooke’s law (Fung 1965; Jaeger et al.
2007), which takes into account of changes in temperature ∆T and pressure ∆P :

∇ · σ = 0, (12)
σ = λtr(ε) + 2µε+ αTKd∆T I + β∆P I, (13)

ε = 1
2
(
∇u + (∇u)T

)
. (14)

In the equations, σ and ε are the stress and strain tensors, respectively, λ and µ are the Lame’s elastic medium
parameters and u is the unknown deformation vector.
If n is the normal vector to the ground surface, to close the problem zero displacements are imposed at infinity
and stress-free boundary condition σ · n = 0 on the ground surface.

Moreover, in the model it is assumed that the deformation occurs very slowly over time, to allow the pressure
equilibrium and the quasi-static equilibrium of the rock.

Gravity Changes

Variations in density are responsible for the gravity changes. The model solves a Poisson equation for the gravita-
tional potential ϕg (Currenti and Napoli 2017):

∇2ϕg = −4πG∆ρ, (15)

∆g = −∂ϕg
∂z

. (16)

In the equation, the total density variation ∆ρ of the fluid, which occupies the porous volume fraction φ, is calcu-
lated as follows: ∆ρ = φ

∑
β ρβSβ .

To close the problem the gravitational potential is set to zero at infinity.

We developed the codes useful to simulate the injection of hot fluid in an axi-symmetric domain. The inlet is placed
at the bottom, near the axis of symmetry. Below, we describe the codes implemented in MATLAB scripts for: (i)
automating the generation of the input file of MUFITS; (ii) the transferring of MUFITS solutions for each time
step to COMSOL; (iii) solving iteratively the elastostatic equation and the gravity Poisson PDE under COMSOL
software for each time step.
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2.3 Numerical codes

We implemented the codes distinguishing two different phases:

• Pre-Processing Phase, which concerns the generation of the input file used by MUFITS for the simulation
(simulation 1) at the end of which the solutions, including pore pressure, temperature, fluid composition, gas
saturation and density, are released for each grid block;

• Post-Processing Phase, in which we developed two different codes:

1. a code that allows to write the input file for a further simulation (# 2) in MUFITS that extends the
previous simulation (# 1) and in which the initial conditions are set up from the temperature, pore
pressure and mixture composition solutions released by the previous simulation (# 1);

2. a code that reads the values of temperature, pressure, density and gas saturation released at the end of
the simulation 1 and those released by the simulation 2 for each time step, to evaluate their variations
over time beetwen the two simulations and provide them to the COMSOL software in order to compute
the ground deformation and gravity changes.

The subroutines we have implemented and which we will describe in detail below are summarized in Table 2:

PRE-PROCESSING PHASE subroutines POST-PROCESSING PHASE subroutines
Geometry.m: to define the geometry

of the problem. Releases the thicknesses and READVTK.m: to read the .vtk file solutions
the number of blocks along the r axis released by the simulation in MUFITS

and the number of blocks along the k axis
act.m: to define the active and Init_MUFITS.m: to write the initial conditions

inactive blocks of the grid for a new simulation in MUFITS (# 2) starting
from the values released of a previous simulation (# 1)

SampleRocks.m: to define the different regions Solution_def.m: to compute ground deformation
with certain permeability and porosity values

Generate_INPUT_MUFITS.m:
calling previous subroutines, Solution_grav.m: to compute gravity changes

generates the MUFITS input file

Table 2: Subroutines developed for pre- and post-processing phases
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a. PRE-PROCESSING PHASE - MUFITS input file

Figure 4: Pre-Processing Scheme

We have first implemented a script (Generate_INPUT_MUFITS.m) that automatically releases, on the basis
of some data provided by the user as input to the code, the INPUT file SPE1.RUN for an axisymmetric domain,
necessary for the MUFITS software to start the hydrodynamic simulation. The script writes the file SPE1.RUN,
which contains several data organized in SECTIONS, according to MUFITS input file, which are listed below:

• Section GRID in which the user inserts the data necessary to set up the axi-symmetric domain: the number
of blocks along r and k directions and their thicknesses, the geometry of the domain, the blocks in which the
user defines the point sources, the blocks in which the user imposes the Dirichlet boundary conditions, the
heat conduction coefficient λ̃, the rock absolute permeability K and the rock porosity φ.

• Section PROPS in which the user inserts the properties of the rocks: the rock grain density ρr and heat
capacity, the relative permeability of each phase kβ .

• Section INIT in which the user inserts the initial conditions in the whole domain. The user enters also the
values that the temperature, pressure and initial composition assume in the boundary.

• Section SCHEDULE in which the user establishes the sequence of steps to simulate: define the temperature,
pressure and initial composition values of the mixture to be injected in the inlet (in the point sources) (this
procedure can also be inserted in the INIT section), define the total flow rate to be injected, define the duration
of the simulation (in days) and the time steps (in days) in which the user wants to print the solution.

• Section POST in which the .SUM solutions (one for each time step established by the user in the previous
section) are converted into the .vtu format.

During the simulation, together with the input file, the EOS-file CO2H2O_V3.0.EOS for the prediction of the
thermophysical properties of water and carbon dioxide mixture, of the sub-critical and super-critical conditions for
water and pure carbon dioxide, of the mono-, bi- and tri-phase states of the mixture, must be provided. The code
Generate_INPUT_MUFITS.m automatically loads it in the PROPS section.

We describe in detail the various sections and in particular the data that the user must provide as input to
the code so that the file SPE1.RUN is automatically created.
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Section GRID

The input values that the user must provide are:

• par_ss: this parameter can assume two values: it assumes value 1 if the user is writing the input file for
the simulation 1, it assumes value 2 if the user is writing the input file for the simulation 2, which is a
continuation of the previous simulation (post-processing phase). In the pre-processing phase, therefore, the
parameter must have value 1.

• L [m], lower [m], top [m]: these parameters define respectively the length of the domain (L) and the lower
(lower, < 0 if the domain is below sea level) and upper (top, < 0 if the domain is below sea level) limit along
the z axis. With these parameters provided by the user, the code automatically writes to the file SPE1.RUN
a domain with these length and height limits:

RTZBOUND
0 L -0.0314159 0.0314159 -top -lower /

To specify the grid, in an axisymmetric domain, MUFITS considers only the hundredth part of the en-
tire circle. After defining all the parameters, always in the Section GRID, the code automatically writes to
the file SPE1.RUN the keyword that allows to multiply by 100 the cell volumes and interface areas (both in
r and k directions).

• stepV [m], l [m], N: through these parameters supplied by the user, the horizontal and vertical steps of the
grid blocks are established. In particulare, stepV defines the thickness of the blocks along the k direction,
assuming the grid is uniform. The parameters l and N allow to define the thickness (which increase in geo-
metric scale) of the blocks along the r direction. These parameters are used to solve the following equation:
lxN+1−Lx+ (L− l) = 0, of which we consider the largest root q among those greater than 1. The thickness
are then defined by the cumulative sum of the vector [l, lq, lq2, ..., lqN ]. The function Geometry.m called by
the code Generate_INPUT_MUFITS.m, allows to calculate these roots and automatically releases the
thickness and the number of blocks (Col) along the r direction and the number of blocks (Row) along the
z direction, necessary to set the file input.

The code automatically writes to the file SPE1.RUN:

RADIAL Col 1 Row /,
to define the hundredth part of an axi-symmetric domain (RADIAL) with Row blocks along the k direction
and Col blocks along the r direction,

DRV
block 1 thickness block 2 thickness ... /,

to define (from left to right) the thickness (in meters) of each grid block along the r direction,

DZV
Row*stepV /,

to define (from top to bottom) the thickness (in meters) of each grid block along the k direction assuming
the grid is uniform. Otherwise it is necessary to report the thickness of each grid block as seen above.
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• act_val: through this parameter the user defines if the domain is flat (value 0) or has a topography (value
1). In this second case the topography must be supplied to the code (providing the coordinates along the
r axis and along the z axis of the boundaries of the chosen geometry). The code automatically prints, by
calling the function act.m, a file ACTNUM.INC that is supplied during the simulation together with the
file SPE1.RUN. The file ACTNUM.INC defines the active (i.e. it is part of the computational domain and
it is marked with value 1) and inactive (marked with value 0) blocks of the grid based on the topography
of the domain. At the same time the code releases a matrix Dom whose number of rows coincides with the
number of blocks along k and the number of columns coincides with the number of blocks along r. Each
element of the matrix indicates a block of the grid which takes the value 1 if it is an active block, value -1
if it is an inactive block and value 0 if it is an active block in the upper limit. The blocks in the matrix are
sorted from left to right and from top to bottom.

• inlet [m]: the length of the inlet from which the injection of the CO2 and H2O flow rates is simulated. In
the code the inlet is placed at the base of the domain near the axis of symmetry. The code automatically
computes the number n of point sources in the inlet and the blocks (along r and k) in which to define those
sources. The code writes to the file SPE1.RUN:

SRCSPECG
INJE1 1 1 Row /
INJE2 2 1 Row /
INJE3 3 1 Row /
INJE4 4 1 Row /
...
INJEn n 1 Row /

/,

where n 1 Row indicate respectively the blocks along r, y and k in which the n-th source (INJEn - 8-
byte character) is placed.

• par_TP and par_heat: The code Generate_INPUT_MUFITS.m automatically allows the user to impose
the boundary conditions through the keyword BOUNDARY. With the keyword BOUNDARY, MUFITS
creates additional grid blocks in the direction assigned by the user. In particular, the code was designed to
impose Dirichlet conditions (through the INFTHIN keyword within BOUNDARY keyword) on the upper
boundary of the domain. Boundary conditions other than those upper BC must be entered manually by the
user in the input file.

For example the code writes:

BOUNDARY
111 1 58 2* 1 21 I- I+ K- 3* INFTHIN ACTBASED 3* 1 1* CELL /
222 59 171 2* 22 75 I- I+ K- 3* INFTHIN ACTBASED 3* 1 1* CELL /

/

to impose Dirichlet conditions in the upper boundary (I- I+ K-) for grid blocks characterized by coor-
dinate values z ≥ 0 (111) and for grid blocks characterized by coordinate values z < 0 (222). The code
automatically compute and writes the blocks along r and k directions where to impose the conditions. In the
example, the BC 111 are imposed on blocks that have index r from 1 to 58 and index k from 1 to 21.
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In general, to impose the Dirichlet conditions in the upper boundary, it must be written on the input file:

BOUNDARY
frn rmin rmax 2* kmin kmax I- I+ K- 3* INFTHIN ACTBASED 3* 1 1* CELL /

/,

where frn is the fluxnum region number.
The number 1 indicates the TYPENUM number, which assumes the default value 1. It assumes value 2 for
impermeable blocks in which only the heat conduction equation (2) is solved.

The grid blocks that represent boundary conditions are marked with the keyword ACTNUM equal to
2 in the case in which the pressure and temperature values are to be fixed in these blocks. For the upper BC
the code does it automatically. For example the code writes:

REGALL
EQUALREG

ACTNUM 2 FLUXNUM 111 /
ACTNUM 2 FLUXNUM 222 /

/

to fix pressure and temperature in the upper BC.

The only parameters that the user must provide to impose the BC in the most appropriate way are: par_TP
and par_heat. The parameter par_TP allows to fix the pressure and the temperature also in the blocks
of the inlet (where there are the point sources), while par_heat allows to fix only the temperature also in
the blocks of the inlet. In this second case the code automatically assigns a high value to the heat capacity in
those blocks. par_TP and par_heat assume a value of 1 if the user wants to set the parameters, otherwise
they must be set equal to 0.

The keyword REGALL must be inserted at the beginning of each section (except POST section) where
arithmetic operations are performed on grid blocks created with BOUNDARY keyword.

• typenum: this parameter, provided by the user, allows to define permeable boundaries (value 1) and im-
permeable boundaries (value 2). The value is inserted by the code within the BOUNDARY keyword. In the
example given above it is the value 1 which we highlighted in blue.

• cond: to define the heat conductivity coefficient [W/m/K].

• include_perm: The model can have homogeneous or heterogeneous permeability and porosity configu-
rations. The parameter inlude_perm takes the value 0 if the configurations are homogeneous, 1 if the
configurations are heterogeneous. In the first case, the user assigns the permeability and porosity values of
the entire domain through the parameters permability and porosity. In the second case, the code calls
the function SampleRocks.m to define the different regions of the model with the same permeability and
porosity values and assigns the values using the parameters perm and pore given by the user in the blocks
of the regions. In this second case, the code automatically prints a file PERM.INC that assigns the per-
meability and porosity values given by the user to each grid block and that must be supplied at simulation
together with the input file.
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Section PROPS

The input values that the user must provide are:

• rock_density: to define the rock grain density [Kg/m3].

• heat_capacity: to define the heat capacity [kJ/Kg/K].

• The relative permeability of the rock must also be entered in this section, through the keyword SATTAB.
The code was designed following the Corey’s law:

kl = Ŝ4, kg = (1− Ŝ2)(1− Ŝ)2,

where Ŝ = Sl−Slr

1−Slr−Sgr
, with Slr = 0.33 and Sgr = 0.05 the irriducible liquid saturation and irriducible gas

saturation, respectively.

• In this section, the phases for output are also defined using the PHASES keyword. With this keyword is
possible to define the phases of the mixture, with the aim of obtaining, at the end of the simulation, the
quantities related to the phases, for example, the saturation and density of the liquid and gas phases. It does
not affect the solutions of temperature, pressure and total density during and at the end of the simulation.
For each phase the user must enter the characteristic parameters of the phase: the name of the phase (4-byte
character), the pressure, the total molar enthalpy, and the quantities of H2O and CO2 in the phase as a
function of the molar composition:

PHASES
phase name 1 pressure 1 molar enthalpy 1 comp1t 1 comp2t 1 /
phase name 2 pressure 2 molar enthalpy 2 comp1t 2 comp2t 2 /

...
/ ,

where comp1t and comp2t are the molar composition of the first (CO2) and second (H2O) component,
respectively.

In particular, in the code we have defined two phases: one rich of H2O (LH2O) and one rich of CO2 (SCO2).
The user must provide the pressures (pres_h2o and pres_co2) and total molar enthalpy (ent_h2o and
ent_co2) characteristic of the phases. The two enthalpies at a given temperature can be obtained from a
simulation for the calculation of the properties of the mixture (the input file in this case is PVT.RUN; you
can download an example on the website of the author of the MUFITS code).

Section INIT

The code was designed to automatically assign the initial conditions considering the geothermal gradient in the
whole domain. The input values that the user must provide are:

• Ttop: to define the temperature in the upper boundaries [◦C].

• Ptop: to define the pressure in the upper boundaries [MPa].

• gradT: to define the temperature gradient [◦C/m].

• gradP: to define the pressure gradient [MPa/m].
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At the upper boundary the temperature and pressure are respectively Ttop and Ptop, while in the domain, for
each grid block the pressure and the temperature values are assigned in this way:

T = Ttop + hvalT*gradT,
P = Ptop + hvalP*gradP,

where hvalT and hvalP are the quantities represented in figure 8. In particular, hvalT is the distance of the grid
block from the upper limit, hvalP indicates the same distance only for grid blocks that fall within the perimeter
of the domain extending above sea level. Otherwise it is the distance from the grid block to the free surface of the
water. hvalT [m] and hvalP [m] values for each grid block are gived by two files HVALT.INC and HVALP.INC
which are automatically printed by the code and must be provided during the hydrodynamic simulation together
with the input file SPE1.RUN.

Figure 5: hvalT and hvalP values

The molar composition in the whole domain and in the upper boundary is obtained from the Dalton’s law on
partial pressures, assuming that the partial pressure of CO2 is derived from the total pressure by dividing by 4 106.

In this section it is also possible to enter the pressure, temperature and molar composition of the mixture of
H2O and CO2 to be injected. Otherwise it can also be inserted in the next section.

Section SCHEDULE

The input values that the user must provide are:
• Temp_inlet [◦C] and Pres_inlet [MPa]: to define temperature and pressure of the mixture being injected.

For example, the code write in the input file:

RESETNAM
INJE* /

/
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EQUALNAM
PRES 19.0 INJE* /
TEMPC 350.0 /
COMP1T 0.166698 /
COMP2T 0.833302 /

/

UPDATNAM
INJE* /

/

to inject in the point sources (INJEi) a mixture of H2O (about 83%) and CO2 (about 17%) at a tempe-
rature of 350 ◦C and a pressure of 19 MPa. The keywords RESETNAM and UPDATNAM must be
entered if the pressure, temperature and molar composition of the mixture are defined in this section.

• H2O_rate and CO2_rate: to define the total flow rate of water and of carbon dioxide (in ton / day) to be
injected through the sources. The code automatically calculates the flow to be supplied to each point source
of the inlet, and the initial compositions comp2t_inlet and comp1t_inlet of water and of carbon dioxide
in the inlet blocks inserted with EQUALNAM keyword.

• pres_out [MPa]: to define the maximum pressure at the pump outlet. The user must enter the maximum
pressure high enough to ensure that it is not reached in the simulation.

• In this section also provides information on the data the user want to output:

RPTSOL
ASCII FLUXNUM COMP1T PHST PRES TEMP SAT#LH2O SAT#SCO2 ENTHT
COMP2T K-IJKRES FLUXK#T FLUXI#T /

RPTSUM
PRES TEMPC COMP1T COMP2T ENTHT SAT#LH2O SAT#SCO2 CP1#LH2O
CP1#SCO2 CP2#LH2O CP2#SCO2 DEN#LH2O DEN#SCO2 DENT PERMI ASCII

/

In the example, in output, from RPTSUM, we will have: pressure, temperature, composition of carbon
dioxide, composition of water, total enthalpy, saturation of liquid phase (phase defined with the keyword
PHASES), saturation of gas phase (phase defined with the keyword PHASES), molar fraction of carbon
dioxide in liquid phase, molar fraction of carbon dioxide in gas phase, molar fraction of water in liquid phase,
molar fraction of water in gas phase, density of liquid phase, density of gas phase, total density and perme-
ability. While from RPTSOL we have also FLUXK#T [ton/day] and FLUXI#T [ton/day] which indicate
for each grid block the total mass flow along k and r directions, respectively.

• Finally, information on the time step must be given:

TUNING
dtlimit dtmax dtexp dtmin /,
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where
dtexp and dtlimit indicate the next time step and its limit, respectively,
dtmax and dtmin indicate the maximal and the minimal time step, respectively,

and

TSTEP
tstep1 tstep2 tstep3 ... /,

where tstep# indicates the time step [day]. For each tstep# the simulation proceeds and a new .SUM
solution file is printed.

• If we insert the keyword EXPORT at the end of this section, at the end of the simulation the values of
temperature, pressure and composition (of CO2 and/or H2O) can be released, which can be used as initial
conditions for a subsequent simulation (# 2):

EXPORT
PRES 2* PRESSURE.INC /

EXPORT
TEMPC 2* TEMPERATURE.INC /

EXPORT
COMP1T 2* COMPT.INC /

Section POST

For each time step, the simulation releases a .SUM solution file. Only at the end of the simulation, the MU-
FITS, through the POST section in the file input, converts these solutions in the .vtu format.

OUTPUT of the code Generate_INPUT_MUFITS.m:
• Input file SPE1.RUN;

• the matrix that gives information on active and inactive blocks by means of a file Dom.txt;

• Blocks_bottom.txt which contains the indexes of active blocks from bottom to top, blocks.txt which
contains the indexes of active blocks from top to bottom;

• files HVALT.INC and HVALP.INC to set the initial conditions;

• files ACTNUM.INC and PERM.INC if requested by the user to define, respectively, the active blocks
and the rock permeability and porosity values.

OUTPUT of the MUFITS simulation:
• TEMPERATURE.INC, PRESSURE.INC, COMPT.INC files, if requested by the user.

• Solutions in .vtu format. The solutions in the .vtu format released by the simulation in MUFITS are displayed
through the ParaView platform, which converts them into the .vtk format. We have used the version 3.12.
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ParaView

MUFITS: Solution in .vtu format =⇒ Solution in .vtk format

b. POST-PROCESSING PHASE

b.1 Input file of a simulation that is a continuation of a previous simulation

We now describe the codes we implemented to write the file input SPE1.RUN of a simulation which is the
continuation of a previous simulation (# 2). The peculiarity of this new simulation is that the values of the initial
conditions (temperature, pressure, mixture composition) are provided by the output of the previous simulation (#
1).

Figure 6: Post-Processing Scheme: Continuation of a previous simulation

The code to write the file input for the simulation 2 is alwaysGenerate_INPUT_MUFITS.m. The parameters
that the user must supply are those already described above. It is possible that the parameters remain unchanged,
or they must be changed because, for example, the second simulation is characterized by a greater flow rates of
water and carbon dioxide, and/or by a change in permeability and porosity values.

The parameter that must certainly be changed by the user is par_ss, which must have value 2. There are,
now, two different methods to impose the initial conditions for simulation 2 (Figure 6).

1. The user already has the pressure, temperature and composition values of the mixture through the TEM-
PERATURE.INC, PRESSURE.INC and COMPT.INC files released by the previous simulation. Otherwise,
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2. Generate_INPUT_MUFITS.m calls the following two functions before writing the input file:

• READVTK.m:

Input:
(a) Dom.txt released by the code Generate_INPUT_MUFITS.m in the previous simulation (# 1);
(b) Last .vtk file of the first simulation provided from ParaView (date_sim1.vtk).
The code reads the file .vtk and creates a table Sol_sim1 which contains for each active grid block
the values of the parameters that have been specified in the MUFITS input file using the RPTSOL
and RPTSUM keywords. In particularthe code was written to release automatically: the values of the
coordinates along r and along k directions, pressure, temperature, gas saturation, density of the liquid
phase, density of the gas phase, total density, molar composition of carbon dioxide, mass flow rate along
r and k directions. If the user want solutions other than these, he must enter the parameters as output
parameters in RPTSUM, and modify the code READVTK.m.

Output: Sol_sim1

x1 z1 P1 T1 Sg1 ρl1 ρg1 ρ1 xCO21 fr1 fk1

x2 z2 P2 T2 Sg2 ρl2 ρg2 ρ2 xCO22 fr2 fk2
...

...
...

...
...

...
...

...
...

...
...

• Init_MUFITS.m:

Input:
(a) Sol_sim1;
(b) File blocks.txt released by the code Generate_INPUT_MUFITS.m in the previous simulation (#

1).
The code reads, from the file Sol_sim1, the values of temperature, pressure and carbon dioxide compo-
sition for each grid block. Automatically prints the files TEMPERATURE.INC, PRESSURE.INC
and COMPT.INC.

Output: TEMPERATURE.INC, PRESSURE.INC and COMPT.INC. These files must be provided
together with the SPE1.RUN input file to the hydrodynamic simulation.
The code Generate_INPUT_MUFITS.m automatically loads them into the INIT section when the pa-
rameter par_ss is equal to 2. In this way the initial conditions of the new simulation (# 2) are set
through these files and not through the geothermal gradient. At the end of this second simulation, all
files released in .vtu format are converted to .vtk format through the ParaView platform.

b.2 Codes to evaluate ground deformation and gravity changes within COMSOL software

After completing the hydrodynamic simulations in MUFITS (# 1 and # 2), we can compute the surface ground
deformation and gravity changes. We describe the codes we have implemented for data transfer between MUFITS
and COMSOL (Currenti and Napoli 2017, Currenti et al. 2017): Solution_def.m and Solution_grav.m (Figure
7).
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Figure 7: Post-Processing Scheme to evaluate surface ground deformation and gravity changes
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Input to the matlab codes Solution_def.m and Solution_grav.m:

The data that must be provided in INPUT for both codes are:

• the last .vtk file from simulation 1: date_sim1.vtk;

• all .vtk files from simulation 2: date_i.vtk (note that the values of pressure, temperature and mixture
composition between date_sim1.vtk and date_0.vtk are the same);

• the matrix Dom.txt released from the code Generate_INPUT_MUFITS.m;

• the parameters Row and Col: to define the number of blocks along k and r directions, that we can get either
from the input file SPE1.RUN of one of the two simulations or from the code Generate_INPUT_MUFITS.m;

• the vector time_step [s]: in which the user enters the times in which the solutions (date_i.vtk) of simulation
2 were printed. So for each time step we have a .vtk file of simulation 2 (date_i.vtk) and it will therefore be
possible, for each time step, to compute the variations in temperature, pressure and total density between
the values of simulation 2 and the values of simulation 1 (date_sim1.vtk).

Code steps:

For each time step, the scripts call the function READVTK.m to create, given the .vtk files from the two
simulations, the tables of solutions Sol_i. Therefore, the code Solution_def.m computes the pressure and tem-
perature variations between the two simulations, while the code Solution_grav.m computes the total density
variation and gas saturation between the two simulations. The values of pressure, temperature and density, for
that time, are stored in the files PT.txt and Rho.txt for simulation 2 and in the files PT0.txt and Rho0.txt
for simulation 1. The files PT.txt and Rho.txt change for each time step.

After the first time step, the COMSOL software must be set up to solve the equations (12-14) to evaluate vertical
and horizontal ground deformations and separately to solve the equations (15-16) to evaluate gravity changes.

To compute ground deformation, COMSOL:

• Requests the topography provided through a text file (the same file provided to the code
Generate_INPUT_MUFITS.m) to build the model geometry.

• Requests the values of the temperature and pressure PT0.txt and PT.txt. These values are interpolated
and adapted by COMSOL on the new grid.

• Requests the values of the parameters needed to solve the equations (12-14):

1. Lame’s elastic medium parameter µ;
2. volumetric thermal expansion coefficient αT ;
3. bulk Ks and drained Kd moduli;
4. Poisson’s ratio ν and Young’s modulus E.

• Sets the free boundary conditions along the surface of the computational domain.

• The computational domain is bounded by infinite mapped elements, that with appropriate transformation
functions map the finite domain into an infinite domain, and therefore the vertical and horizontal deformations
vanish toward infinity (Currenti 2014; Currenti and Napoli 2017).
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To compute the gravity changes is instead necessary:

• Provide the topography.

• Provide the porosity values of the rock.

• Provide the universal gravitational constant G.

• Provide the values of density Rho0.txt and Rho.txt. These values are interpolated and adapted by COM-
SOL on the new grid;

• Impose that the gravitational potential is zero at infinity.

After having set the two models, COMSOL releases two scripts in MATLAB, Def.m and Grav.m, which at each
time step, are recalled respectively by the scripts Solution_def.m and Solution_grav.m, allowing to automate the
data transfer, since at each time step, the temperature, pressure and density files are automatically loaded, the
equations are solved and the solutions released.

The boundaries of the domain in COMSOL are marked by a numerical value, which is assigned by the soft-
ware during the setting phase of the model. To compute the vertical and horizontal deformations (dat_u and
dat_w) and the changes in gravity (dat), in the codes Solution_def.m and Solution_grav.m, respectively, it is nec-
essary to provide such values (which can be read in COMSOL in the setting phase of the model) as input. Example:

dat_u = mpheval(model, { ’u’ } , ’edim’, ’boundary’, ’section’, [15:16])

dat_w = mpheval(model, { ’w’ } , ’edim’, ’boundary’, ’section’, [15:16])

dat = mpheval(model, { ’u2z * le8’ } , ’edim’, ’boundary’, ’section’, [49:54]).
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We report below the results obtained for vertical deformation and gravity changes both with the semi-analytical
solution and by means of the COMSOL software, for a geothermal system in a flat and homogeneous domain. The
results are in good agreement.

Figure 8: Comparison between semi-analytical solution and numerical solution for gravity (top) and vertical ground
deformation (bottom). To derive the numerical solution in COMSOL, we have reproduced the results reported in
Rinaldi et al. (2010), where the domain is flat and homogeneous. After the steady state phase in which a mixture
of H2O (2400 t/d) and CO2 (1000 t/d) was injected, the unrest phase, in which the flow rate of the mixture and
CO2 content were increased (6000 t/d of CO2 and 6100 t/d of H2O), was simulated for 1 year. For both models
the parameters assume the following values: φ = 0.2, ν = 0.25, Kd = 5 109 Pa, Ks = 30 109 Pa and αT = 10−5

K−1. For COMSOL software we have set µ = 2 109 Pa and E = 7.5 109 Pa.

Code availability

The code is fully available upon request to the developers. Applications of the code can be found in Stissi et
al. (2021).
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