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Abstract

Numerical modelling of flows in geologic porous media with account for plastic
behavior of rocks at high temperatures and hydrofracturing at high fluid pres-
sures is required for better understanding of hydrothermal and volcanic systems.
Investigation of these systems is limited due to lack of reliable and being at hand
reservoir simulation software that accounts for the complicated rock behavior at
elevated temperatures. In this paper we present such software as an extension of
the MUFITS reservoir simulator. We describe the mathematical model utilized
for modelling of elastic and plastic behavior of rocks and input data formats to
the simulator. We present several application examples related to modelling of
the brittle-ductile transition in hydrothermal systems, in particular perturbed
with emplaced degassing magma body, and provide the corresponding simulator

input data to facilitate and ease its further usage.

Key words: Porous media, plastic rock, brittle-ductile transition, hydrother-

mal system, reservoir simulator, MUFITS
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1 Introduction

1.1 On the brittle-ductile transition

Fluid transport in hydrothermal and volcanic systems is complicated by high tem-
peratures and pressures that are reached in deep parts of such systems and near de-
gassing magma bodies. The temperatures and pressures can far exceed that in critical
point of water at and over which nonlinear fluid properties complicate flows through
geologic porous media. Besides fluid properties the transport in high-temperature hy-
drothermal, especially porphyry, systems is also complicated by plastic rock behavior
Fournier (1999); Parisio et al. (2019). The rock material can be assumed elastic (brit-
tle) only at shallow depths where temperature, T, is relatively low, T < T, (Fig. 1).
With increasing depth and temperature, the plastic (ductile) behavior of rocks becomes
progressively more relevant in the brittle-ductile transition zone, at T, < T < T, and
below this zone the rocks are ductile, at 1" > T;. The threshold temperatures T}, and
T, depend on rock material but as suggested by Hayba and Ingebritsen (1997); Weis et
al. (2012) we assume T;, = 360°C and T, = 500°C.

The transition from brittle to ductile zone results in redistribution of local stresses
and strains in the rock matrix what influences fluid transport (Streit and Cox, 2001;
Cox, 2010; Weis et al., 2012). In particular, relaxation of the differential stress at
high temperatures increases the failure pressure, that is the maximum pore pressure
the porous rock can sustain. Also, the permeability of plastic rock matrix reduces
at elevated temperatures (Watanabe et al., 2017). As proposed by Weis (2015) for
tectonically active Earth crust, the local stress state and permeability of rocks can
be characterized by two empirical functions of pressure and temperature. First is the
failure pressure given as function of T" and being equal to lithostatic pressure at high
T. The other function defines the permeability dependence on temperature and fluid
pressure. The permeability of rocks is set to decrease with temperature and increase
with pressure describing counteraction between plastic permeability closure at high
temperatures and its opening at high pressures. Using such parametrization Weis et al.
(2012); Weis (2015) simulated formation of a porphyry deposit above degassing magma
body also applying a model of hydrofracturing at elevated pressures. It was found that
a strong interaction between the permeability changes below the brittle-ductile interface

and phase transitions in the fluid can cause permeability waves traveling from magma
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Figure 1: Schematic view of the investigated processes that are induces by magma
degassing and the hot exsolved fluid flow to surface. The degassing leads to local uplift
of the brittle-ductile transition which is limited from above by hydrothermal convection.
The flow is complicated by the plastic behavior of rocks and hydraulic fracturing. The

gray lines are the instant fluid streamlines.

body to the Earth surface. In these waves the hydraulic fracturing of rocks alternates
with the ductile creep what is supported with geologic evidence of multiple episodes of
fracturing in porphyry systems (Sillitoe, 2012).

Besides porphyry deposits, modelling of fluid flow in porous rocks with account for
transport through the brittle-ductile transition zone has a more general application
area to all kinds of hydrothermal systems which can be saturated with different and
more complicated multicomponent fluids, as compared to the NaCl-H,O mixture con-
sidered by Weis (2015), and can include inhomogeneous and anisotropic rock material.
Many hydrothermal and volcanic systems exhibit periodic behavior (e.g., Chiodini et
al., 2016; Jasim et al., 2018) that can be tried to explain with permeability changes
in the brittle-ductile transition zone. Such explanations are limited nowadays due to
lack of simulation software capable of modelling of the rock properties in the ductile
zone. Indeed, only the fluid transport in elastic rocks can be simulated with the avail-
able academic simulators (TOUGH2, Pruess et al. (2012); HYDROTHERM, Hayba
and Ingebritsen (1994); Open Porous Media Initiative, Lie et al. (2012); and others)

and more advanced industrial reservoir simulators. Their application areas are mostly
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related to flows at relatively shallow depths (petroleum reservoirs, subsurface gas stor-
age, geothermal energy extraction, etc.) not covering the temperatures of the ductile
zone. The only exception is the CSMP++ software (Geiger et al., 2006; Coumou et
al., 2008) that was recently applied by Weis (2015) to the porphyry deposits. However,
this software remains not available to scientific community as applicable in ”one click”

simulator with examples of input data and comprehensive manual.

1.2 Scope of this work

In this work we present an extension of the MUFITS reservoir simulator for the
brittle-ductile transition modelling in accordance with the noted parametrization of
Weis (2015). The simulator merges the standard for petroleum industry accelerated
numerical algorithms and input data formats with a number of complicated fluid prop-
erty modules that extend its application area to hydrothermal and volcanic systems
(Afanasyev, 2015). Previously, the simulator was applied to investigation of fluid flows
in kimberlite pipes (Afanasyev et al., 2014), deep supercritical parts of hydrothermal
systems (Afanasyev et al., 2015), porphyry systems (Afanasyev et al., 2018), and others.
Although each of these applications concerns flows at high temperatures (at T > Ty),
the plastic behavior of rocks was neglected. Understanding of these flows can be im-
proved by accounting for the dynamic permeability changes in and below the brittle-
ductile transition. This work aims at presenting the MUFITS extension which provides
necessary software developments for further application by scientific community to the
noted and other geophysical systems.

Because the present paper concerns the development of the new modelling option
and not its application to a particular geophysical system, we keep the fluid as simple
as possible. We assume that rocks are saturated with pure HyO in single-phase lig-
uid (or supercritical fluid) state. Thus, investigation of the permeability waves (Weis,
2015) which are partly induced by phase transitions in the NaCl-H5O fluid lies outside
the scope of this work. We give more attention to possible simulation scenarios and
boundary conditions by presenting simple problem statements that can further be used
as templates for development of more complicated numerical reservoir models. The
problem statements are new because they are designed for demonstration and valida-

tion of simulator applicability to modelling of the brittle-ductile transition rather than
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the multiphase flows in elastic rocks that were considered by Hayba and Ingebritsen
(1997); Pruess et al. (2012); Weis et al. (2014), and others. Previously, MUFITS was
extensively validated against such "multiphase” benchmark problems (e.g., Afanasyev,
2015; Afanasyev et al., 2016), therefore we do not consider them here assuming that
the simulator accuracy for modelling fluid transport is proven.

The application examples, besides demonstration of the software capabilities, have
also a scientific value as byproduct because they uncover the influence of hydrothermal

convection in the shallow brittle zone on depth of the brittle-ductile transition.

2 Mathematical model

2.1 Basic equations

For simplicity, we formulate the model for non-isothermal flow of a single-phase fluid
assumed to be HyO in further application examples presented in Sect. 4. Such flow in
a porous medium is governed by the equations (e.g., Aziz and Settari, 1979; Pruess et
al., 2012; Afanasyev, 2013)

8, (6p) +V (pw) = 0 (1)
O (ppe + (1 — @)prey) + V (phw — AVT) =0 (2.2)
W=~ (TP~ pe) (23)
p(P,T), h(P,T), wPT) (2.4)
pr = const, e, =C,T, \=const (2.5)

where 0, = 0/ 0t, ¢ is the porosity, p is the fluid density, w is the Darcy’s velocity, e
is the specific internal energy, p,, e, and C, are the rock density, internal energy and
heat capacity, h = e+ P/p is the fluid enthalpy, A is the heat conductivity of saturated
porous medium, 7" is the temperature, K is the permeability tensor, u is the viscosity,
P is the fluid pressure, and g is the gravity acceleration.

Eq. (2.1) is the mass conservation equation for the fluid. Eq. (2.2) is the energy
conservation equation for saturated porous medium in that we account for both the
convective and conductive heat transfer (the terms phw and —AVT, respectively).

Eq. (2.3) is the Darcy’s law. The functions (2.4), which are assumed to be given, are
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the equations of state for fluid. The relations (2.5) define the thermophysical parameters
of rock, where for simplicity we assume that rock material is incompressible and its heat
conductivity and capacity are constant.

We assume that the permeability tensor (e.g., Aziz and Settari, 1979; Fanchi, 2006)

me Kacy sz
K=|kK, K, K, (2.6)
sz Kyz Kzz
is the sum of two terms
K=K, +K, (2.7)

where K, is the permeability of dynamic fractures that can open only at high pressures
and K, is the permeability of matrix, i.e. the medium between fractures. The matrix
permeability remains constant (static) in the brittle zone and reduces with temperature
in the ductile zone (Watanabe et al., 2017). Hence, according to Eq. (2.7), we follow the
single-medium approach for the dynamic fractures modelling that assumes modification
of the hydraulic conductivities in elementary volumes of the medium through which

fractures pass (e.g., van Lingen et al., 2001).

2.2 Equations for the dynamic fractures

The fractures permeability is described with the following relationship
Kd = Kd,max£ (28)

where Kgnax is the tensor of maximum permeability, i.e. at maximum aperture of
fractures, and the empirical parameter ¢ characterizes the aperture. The values of
& =0 and £ =1 correspond to fully closed and opened fractures, respectively, whereas
0 < & < 1 correspond to partly opened fractures.

The progressive hydrofracturing, that is the incremental opening of dynamic frac-
tures if the fluid pressure exceeds the local stress state-dependent failure criterion, is

governed by the following equations

0o = F(N), & =min ({nax(A), max (0,&)) (2.9)
where F'(\) and & () are given functions and
P
A= —
P
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is the pore-fluid factor, i.e. the fluid pressure P over the rock failure pressure P, = Pyq
(Streit and Cox, 2001; Cox, 2010). The failure pressure Ppq; is the fluid pressure at
which a critical stress for brittle rocks is reached, then leading to hydrofracturing.
The non-decreasing functions &.x(A) and F'(\) define for every given A the maximum
aperture and the rate at which the fractures close or open. They are assumed to satisfy
the following constraints

dF A& max

—_— >
dA 20, d\

The function F(A) is equal to 0 if A = 1 (Fig. 2). Therefore, according to Egs. (2.8)—
(2.10), if A < 1 then the aperture £ decreases with time (0;§, < 0) what corresponds to

F(1)=0, VA: >0 (2.10)

reduction of the permeability K, due to fractures closing. On the other hand if A > 1
(i.e. if P is high) then ¢ increases with time (9;{, > 0) what corresponds to production
of the permeability K, due to fractures opening.

Using a particular shape of function F'()\) one can specify either the reversible hy-
drofracturing when fractures close with pressure decrease or the irreversible hydrofrac-
turing when once created fractures are not closing. In the case of reversible behavior
the function F'(A\) has intervals of both positive values at A > 1 and negative values at
A < 1 (Fig.2, line 1). Thus, if in an elementary volume of porous medium the fluid is
released through a fracture then A (and P) drop down and, according to Eq. (2.9), the
fracture permeability reduces. In the case of irreversible behavior the function F'()) is
non-negative both at A > 1 and within an interval at A < 1 (Fig. 2, line 2) leading to
the non-negative derivative 0;{y what means that fractures are not closing.

Our Eq. (2.9) differs from Eq. (14) in Weis (2015) in that it does not depend on the
time step of numerical algorithm. Furthermore, according to Eq. (2.9), the fractures
close progressively with time when the fluid pressure is released (A < 1) whereas instant
fractures closing at A < 1 is assumed in Weis (2015). It should be noted that a more
standard approach for the dynamic fractures modelling is based on the following, instead
of Eq. (2.9), relationship for &, (e.g., Pedroso and Correa, 1997):

o = exp (v (P — Prau)) (2.11)

where 7 is a positive constant. However in the present study aimed at the brittle-ductile
transition modelling we use Eq. (2.9) to be consistent with Eq. (14) in Weis (2015).
In other studies the hydraulic fracturing can be described with the relation (2.11) by

7
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Figure 2: Examples of the function F'(\) for reversible and irreversible hydrofracturing,

lines 1 and 2, respectively.

setting &max equal to the right-hand-side of Eq. (2.11) and specifying large positive
values of F' for A > 1. According to Eq. (2.9), in this case & will be equal to &yax
due to the high permeability production rate F. Thus, our model of dynamic fractures
merges the standard approach with Eq. (14) in Weis (2015).

The tensor K, max characterizes local directions of fractures. For example, in the
case of a system of horizontal fractures one can specify zero zz, yz and zz and non-zero

zz, xy and yy components of the tensor Ky max (see Eq. 2.6).

2.3 Equations for the plastic rock permeability

For modelling the ductile closure of permeability and its counteracting opening at
elevated pressures we follow the formulation proposed by Weis (2015) which implies
that for every radius-vector r the permeability of plastic rocks depends on A and T

whereas the failure pressure is the function of only T
Ks()\a T) = Ks,rnaXD()‘: T)a P*<T) = Pfail + (Plith - Pfail) U(T) (212)

Here, K max is the maximum permeability, i.e. if rocks are elastic at low 7" < 7T}, in the

brittle zone, Py, can be interpreted as the lithostatic (or overburden) pressure, and

8
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Figure 3: Example of the functions n(7") and D(\,T) for the plastic rock model.

D(A\, T) and n(T') are given function of the form schematically shown in Fig. 3, where,
as before, the temperature intervals T' < Ty, T, < T < T, and T > T, correspond to
the brittle, transition and ductile regions, respectively (Fig. 1).

The functions D and 7 characterize the plastic behavior of rock material. The
following constraints for D(A,T") and 7(T") hold

950, Loy D5y
oN= " 9T = 4T~ (2.13)

VI'<Ty: n(T)=0, DNT)=1 VT'>T,: nT)=1

YA, T: DW\T) =1 DQ1,T)=1,

According to Eq. (2.13) the permeability is constant in the brittle zone, Ky = K max,
because D =1 at T' < T}, and the function 7(7") is equal to 0 what leads to P, = Prgi.
In the transition zone T, < T < T} the failure pressure P, increases to the overburden
pressure Py, with rising T'. This can be interpreted as a result of the differential stress

relaxation at high temperature (Fournier, 1999; Cox, 2010). In the ductile zone T' > Ty

9
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the failure pressure is equal to the lithostatic pressure P, = Py, (n = 1). With a
fixed A (i.e. fixed P) and increasing 7' > Ty, the permeability decreases over several
orders of magnitude modelling the ductile creep of hot rocks (0D/0T < 0; Fig. 3).
This permeability closing is counteracted by its opening with rising A (0D/ 90X > 0).
Indeed, for a fixed T' > T}, and rising A the function D increases reaching D = 1 at
A= 1

2.4 Parametrization in space

The models of hydraulic fracturing and ductile creep are parametrized in space with

the following distributions

Pfail(r); -Plith(r)a Kd,max(r)a Ks,max(r> (214)

where r is the radius-vector. Before the fluid flow modelling, the distributions of strains
and stresses of rocks can be calculated with account for its fractures and faults network
and forces applied to considered geologic reservoir, e.g. tectonic extension or compres-
sion or volcanic edifice load (Parisio et al., 2019). From that calculation the distribu-
tions (2.14) can be derived and then used in the dynamic modelling of fluid flow. For
instance the distributions (2.14) can be specified using the averaged depth-dependent
relationships for tectonically active crust. The permeability K max can follow the log-
arithmic profile of Manning and Ingebritsen (1999) whereas the overburden pressure
Py, can linearly increase with depth. The failure pressure Pyq; can also be specified as
a function of depth being the maximum pore pressure of the brittle shear and extension
(Weis, 2015).

A more comprehensive approach, which although lies outside the scope of the present
work, could be a full hydro-mechanical coupling when the distributions (2.14) are mod-
ified dynamically by calculation at every time the stress state in the reservoir. In
practice, this can be implemented through a program interface between hydrodynamic

and geomechanic simulators.

3 Numerical implementation

The models described in Sect. 2.2 and 2.3 are implemented in MUFITS as two

separate modelling options. The first option allows the dynamic fractures modelling in

10
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accordance with the equations in Sect. 2.2 whereas the second option extends MUFITS
for the plastic behavior of rocks modelling as it is described in Sect. 2.3. The model
parameters, in particular the empirical functions F'(\), n(T) and D(A, T) characterizing
the rock material properties, can be specified in an engineering manner using tabulated
input format which is described in Appendix.

The principal directions of the static and dynamic permeability tensors, K nax and
K max, are assumed to be aligned with the grid. Therefore, the mixed components of
the tensors (zy, yz and zz, see Eq. (2.6)) are equal to zero.

The standard for reservoir simulation fully-implicit method is applied in the exam-
ples presented in Sect. 4. The finite volume approach with the upwind discretization
scheme is utilized (Aziz and Settari, 1979; Fanchi, 2006). The primary simulation vari-
ables are the pressure, P, and the temperature, 7T

Both modelling options can be applied with any non-isothermal equation of state
module implemented in MUFITS (Afanasyev, 2015).

4 Example simulations

4.1 Overview

In order to demonstrate the models application with MUFITS we consider several
1D and 2D benchmark simulation scenarios. The problem set-up is schematically shown
in Fig. 4. We apply homogeneous Cartesian griding to the rectangular domain of 36 km
width and 12 km height which corresponds to a cross-section of the Earth crust. Thus
the porosity and matrix permeability follow the average depth-dependent profiles for
tectonically active continental crust (Vitovtova et al., 2014; Manning and Ingebritsen,
1999):

logp = —0.65 — 0.1z + 0.001922
log Ks,max =1-3.2 lOg Z, Ks,max = (Ks,max)$x = (Ks,max)zz

where and in what follows z units are km, the permeability units are mD (millidarcy),
and the pressure units are bar. The maximum fractures permeability is assumed to be

five times the matrix permeability
Kd,max - 5Ks,maxa Kd,max - (Kd,max>m: - (Kd,max)zz

11
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Figure 4: The simulation domain. The point source is specified only in the problems

3a and 3b. The damage zone is used only in problem 3b.

The failure and lithostatic pressures follow the depth-dependent linear profiles:
Proii =14 100z, P =1+ 270z (4.1)

The function F'(A) for dynamic permeability model is a quadratic function (Weis,
2015):
F(\) = 0.001(\ — 1)? (4.2)

where F' units are 1/day. The function’s (4.2) graph is the line 1 in Fig. 2.

The failure pressure and the permeability of plastic rock are governed by the rela-

tions
T -1,
T<Ty: n=0 TellT): n(T)= L T>Ty: n=1
T,—T,
A_)\min 2
A > A - D(A,T):a<1—(ﬁ>> )

A< Amin: DOAT) = DAin, T)

where the constants T, = 360°C, T; = 500°C, a = 6.5, and Ay;, = 0.3 are chosen to
resemble parameters of the Weis (2015) model. The constraints (2.13) are hold for the
functions (4.3) plotted in Fig. 3.

Other rock parameters are p, = 2700 kg/m?3, C, = 1 kJ/(kg°C), and \ = 2
W/(m°C).

12
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The fluid is assumed to be pure HyO. The functions (2.4) are calculated using cubic
equation of state for water (Afanasyev, 2013) calibrated against IAPWS formulation for
the HyO properties. The initial and boundary conditions for the problems considered
below are intentionally chosen to avoid H,O partitioning in vapor and liquid phases.
Thereby, we reduce the problem complexity because the phase transitions can lead to
periodic behavior of flows (McGuinness et al., 1993; Weis, 2015). Thus HyO remains in
single-phase state of liquid or supercritical fluid at high P and T'.

At the initial moment of time, t = 0, we specify that the pressure is equal to the
lithostatic pressure and the temperature is a linear function of depth corresponding to
the geothermic gradient of 55°C /km:

t=0: P=Py, T=20+55 (4.4)

We impose the atmospheric pressure and temperature at the open top boundary
z = 0 km, corresponding to the the Earth surface, and also keep constant P and T at

the bottom boundary z = 12 km:

z=0km: P=1 T =20°C (4.5)
z=12km: P = Py, — AP(xz), T =680°C (4.6)

The P and T values in conditions (4.5) and (4.6) are in accordance with the depth-
dependent profiles (4.1) and (4.4). The left and right boundaries, x = 18 km, are
impermeable and heat insulated. They do not influence the processes in the center part

of the domain at £ = 0 km.

4.2 Benchmark problem 1

First we consider the 1D problem when the Cartesian grid has only one element
along axis x. The pressure at z = 12 km is kept AP = 75 bar less than the lithostatic
pressure (see Eq. (4.6)). According to Egs. (4.1) and (4.6) it is equal to 3186 bar.

At ¢ > 0 the pressure and temperature redistribute in the domain during initial
transient processes and the steady state distribution evolves at ¢ > 250 ky (Fig. 5). In
this steady state the pressure follows hydrostatic distribution in the shallow part of the
domain z < 4.5 km, where T < Tj,. Here, the pressure gradient V,P decreases with
depth, z, leading to a nonlinear distribution P(z) which is caused by the fluid density

13
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Figure 5: Distributions of P and T" at ¢t = 500 ky in problem 1 (solid lines) and problem

2 along an ascending and descending plume (dashed and dotted lines).

decrease with rising 7. In the bottom part of the system at z > 6.5 km (7" > T})
the pressure has approximately equal difference AP from the lithostatic pressure as
at the bottom boundary and in general it follow the linear lithostatic profile. The
depth interval of z € [3.5,6.5] km corresponds to the brittle-ductile transition where P
changes with depth from the hydrostatic to the lithostatic value.

The pressure is less than the failure pressure P, over the whole depth interval, thus
the hydrofracturing does not occur (£ = 0).

The distribution of T differs from the initial linear profile; the T'(z) graph is a convex
upward curve (Fig. 5b). This is because the imposed boundary condition (4.6) for P
results in a small HyO flux from bottom to top of the domain of 0.0069 kg/(day-m?)
magnitude. Indeed, this is caused by a larger than the hydrostatic value of pressure.
The flux magnitude is controlled by the pressure difference from the lithostatic pressure,
AP, at z =12 km. A smaller AP leads to a larger flux. Thus the temperature profile

is affected by both the conductive and the convective heat transport and the convective
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flux results in the convex upward distribution 7°(z).

4.3 Benchmark problem 2
4.3.1 Problem 2a

The mathematical statement of the problem 2a is identical to that of the problem 1
with the exception of grid resolution. Now, the problem is 2D, i.e. the grid has multiple
grid blocks along both x and z axes (Fig. 4). As before, the fixed pressure of 3186 bar
and temperature of 680°C are maintained at the bottom boundary, z = 12 km (see
Eq. (4.6)).

The simulation results are shown in Figs. 5 and 6a at ¢ = 500 ky. The temperature
remains below 7T, in the top ~ 5.5 km of the domain corresponding to the brittle zone.
Here, the convective flow develops in which the plumes of hot ascending fluid alternate
with the plumes of colder descending fluid. The fluid cools down near the top boundary,
corresponding to the Earth surface, then it sinks down to the brittle-ductile transition.
Near the transition zone the fluid heats up and expands and then due to buoyancy
it ascends back to surface. Thus, the convection is limited from below by the brittle-
ductile transition, located at z € [5,8] km. The flow at ¢ = 500 ky (Fig. 6) occurs
under quasi-steady state what means that the plumes are not actually steady. They
move laterally along axis x, and two plumes can merge at some times what is followed
by formation of a new plume. However, the average distance between the plumes
remains constant. In the transition and ductile zones (z > 6 km) the convection does
not develop. Here the flow is in direction from bottom to top.

The pressure and temperature along vertical straights passing through an ascending
(x = 0.3 km) and descending (z = —2.5 km) plume are shown in Fig. 5. These
temperatures coincide in the ductile zone whereas in the brittle zone T is higher in the
ascending than in the descending plume for every depth z (Fig. 5b).

The convection (problem 2a) moves the brittle-ductile transition 1 km deeper as
compared to the 1D case of no convection (problem 1). Indeed as shown in Fig. 5a the
pressure changes from hydrostatic to lithostatic value in a 1 km deeper zone. This is
caused by that the convection leads to more intense, as compared to the heat conduc-
tion, heat transfer to surface. In the case of convection the brittle-ductile transition zone

is cooled more intensely and so it moves deeper into hotter region. The convection also
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Figure 6: Simulation results at ¢ = 500 ky for the problems 2a, 2b and 2¢ (a, b and
¢, respectively). The color shows the distribution of —log D and &, the black arrows
are direction of the fluid flow, and the blue and red lines are isobars and isotherms,

respectively.
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increases the temperature gradient in the ductile zone (Fig. 5b) because a larger heat
flux through this zone is needed to support convection near the surface. Another effect
that can be seen in Fig. 6 is that the ascending plumes locally (beneath them) move
the transition zone upward because T is higher in such plumes. This localized uplift
shift of the transition follows the plumes when they move laterally in the intermittent

convection.

4.3.2 Problem 2b

Now we modify the problem 2 and impose elevated pressure at the bottom boundary
z =12 km near z = 0 km. Thus we assume that the boundary conditions are (see also
Eq. (4.6))

z =12 km: AP =75 — Aexp (— <§>2) , T =680°C (4.7)
where A = 75 bar. The distribution (4.7) is shown in Fig. 7. The higher pressure in
the center region near x ~ 0 km can be interpreted as the influence of a magma body
emplaced at x = 0 km and z > 12 km. When magma cools down and solidifies the hot
fluid is exsolved in the rocks above it what is simulated with elevated pressures imposed
at v ~ 0 km and z = 12 km.

The simulation results for the problem 2b are shown in Figs. 6b and 7. The elevated
pressure at the bottom results in a locally higher flux into the domain through the
boundary z = 12 km (Fig. 7). The flux increases up to 0.049 kg/(m?-day) at z = 0 km
leading to upward movement of the transition zone which stabilizes at shallower depth
of 4-5.5 km than that near x = £18 km. The higher heat flux in the center region
intensifies convection leading to more frequent plumes near z = 0 km.

The pore pressure P stays below the failure pressure Py, for every r in the problems

2a and 2b, thus the hydraulic fracturing does not occur (£ = 0).

4.3.3 Problem 2c

Now we increase the pressure ”anomaly” at the bottom by setting A = 100 bar in the
boundary condition (4.7). Consequently, the pressure exceeds the failure (overburden)
pressure at z = 12 km triggering the hydraulic fracturing.

The simulation results for this problem 2c¢ are shown in Figs. 6¢c and 7. A higher, as

compared to the problem 2b, pressure at x = 0 km, z = 12 km results in a larger fluid
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Figure 7: The pressure and the calculated fluid flux at z = 12 km.

flux from bottom into the domain which maximum of 0.137 kg/(day-m?) is reached at
x = 0 km. The fractures open up to &~ 8 km depth in order to allow the higher flux
(¢ > 0 in the bottom of Fig 6¢). The transition zone moves up to 2-3 km depth causing
very intense convection above it. This upward displacement of the transition results in
much narrower ascending plumes and the distance between them reduces from 8 km to

2 km.

4.4 Benchmark problem 3
4.4.1 Problem 3a

The fluid flux from a cooling magma body can also be modelled using a point source.
Let us now assume the parameters at the boundary z = 12 km are given by Eq. (4.6)
where AP = 75 bar is constant and the reservoir is perturbed with a point source
placed at x = 0 km and z = 10 km (Fig. 4). A hot fluid of T'= 680°C at P = 3000 bar
is injected into the reservoir. The injection begins at t = 250 ky and its rate is constant

at 1000 kg/(day-m).
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Figure 8: Simulation results at ¢ = 275 ky for the problems 3a and 3b (a and b
respectively). The color shows the distributions of —log D and &, the black arrows are

direction of the fluid flow, and the blue and red lines are isobars and isotherms.

The simulation results are shown in Fig. 8a at ¢t = 275 ky. The fluid injection triggers
hydrofracturing near the point source and above it. A high-permeability pathway forms
through which the fluid flows through the ductile and transition zones reaching the
region of convection in the brittle zone. Thereby, the transition zone moves upward

above the point source.

4.4.2 Problem 3b

The scenario 3b is complicated by imposing an inclined damage zone of 0.5 km
width as it is shown in Fig. 4. The angle of inclination is 45°. The hydraulic fracturing
is enabled only in the damage zone. This is simulated using two different rock types

(i.e. lithological units). The first type is for the damage zone and the second type is for
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the rocks outside the damage zone. The hydrofracturing model (Sect. 2.2) is enabled
only for the first type of rocks.

The result of the flow simulation over 25 ky of injection is shown in Fig. 8b. The
fluid injection causes the fractures opening in the damage zone, and the fluid rapidly
ascends to surface through this zone. During initial transient processes the brittle-
ductile transition moves up near the damage zone shifting to the right of the point
source. Later on after the transient processes ceases the transition shifts back to the

center region above the source although the asymmetry partly remains.

5 Summary

The brittle-ductile transition can now be simulated with the MUFITS simulator.
The developed modelling options allow simulations of flows in porous media with ac-
count for the plastic behavior of rocks at high temperatures and hydrofracturing at
elevated pressures. We provide several benchmark examples demonstrating the soft-
ware applicability and possible boundary conditions. The examples can further be
used as templates for more complicated reservoir models development and for bench-
marking in other software development efforts. Also, the examples demonstrate that the
hydrothermal convection in the shallow brittle zone can significantly change the depth
of the brittle-ductile transition. The simulator with the noted development can further
be used by scientific community in a more detailed modelling of different transport

phenomena in high-temperature hydrothermal and volcanic systems.

Supplementary materials

The presented examples are supplemented with animated figures showing the flow
parameters evolution with time. The input data files with comprehensive comments for
selected benchmark examples as well as the latest version of the MUFITS executable

and its manual can be found at the simulator website www.mufits.imec.msu.ru.

20



384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

404

405

406

407

408

409

410

411

412

413

Acknowledgements

Funding for this work was provided by the RF President’s Council on Grants (MD-
3567.2018.1).

Appendix. MUFITS keyword and mnemonics

In this appendix we provide technical aspects of modelling the brittle-ductile tran-
sition with the MUFITS simulator. Any input data file to the simulator contains
description of the problem in the language of keywords and mnemonics. A keyword is
command to the simulator with that a particular modelling option is activated or input
data are loaded in simulation. A mnemonic is brief abbreviation of a physical property
(e.g., the pressure is PRES). Thus, description of any new modelling option reduces to
the description of the corresponding keywords and mnemonics.

The dynamic fractures modelling option based on the equations in Sect. 2.2 is acti-
vated by specifying the DYNFRACK keyword in the first configuration section of the
input data file. Then the rock failure pressure Pj,; and the fractures permeability
K max must be specified for every grid blocks in the GRID section of the input file.
Thereby, the space distributions Ppe;(r) and Ky max(r) are uploaded in the simulation
(see Eq. (2.14)). The specification of Py, and Kgmax is done using standard methods
for operations with arrays in MUFITS. The associated mnemonics are given in Table 1.
This table also contains the mnemonics for the fractures aperture ¢ and the pore-fluid
factor A for reporting calculated distributions of these parameters at selected simulation
times.

The functions F'(A) and &pax(A) in Eq. (2.9) are specified for every rock type by the
DYNFRTAB keyword (within the ROCK-ENDROCK brackets) which is followed with
a table of the syntax given in Table 2. Thus, the number of DYNFRTAB tables loaded
in a reservoir simulation is equal to the number of rock types (or lithological units)
present in that reservoir model. The table consists of three column which from left to
right correspond to A\, F' and &,.«. Every row of the table defines points belonging to
the curves F'(A) and &pax(A). The values of A in the first column must increase down
the table and include the value A = 1. Therefore, according to Eq. (2.10), the data in

the 2nd and 3rd columns must not decrease down the table and in the row A = 1 the
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Table 1: MUFITS mnemonics associated with the DYNFRACK and DUCTILE options.

Parameter Mnemonic

Prai PRESFAIL
P PRESLITH
P, PRESFDYN

K max PERMX, PERMY, and PERMZ
(xzx, yy, and zz components)
K max PERMXFR, PERMYFR, and PERMZFR

(xzx, yy, and zz components)

D DCTTMULT
§ TRANFRMT
A PFLDFACT

Table 2: The DYNFRTAB keyword syntax
DYNFRTAB

)\1 Fl (émax)l

/\2 F2 (5max)2

~— T~ T~

)\m Fm <€max)m
/

function F' in the second column must be equal to 0. The default value of &, in the
3rd column is 1.

The modelling option for the plastic behavior of rocks based on the equations in
Sect. 2.3 is activated by specifying the DUCTILE keyword in the first configuration
section of the input data file. Then the lithostatic and failure pressures, Py, and P,
as well as the matrix permeability, K n.x, must be specified for every grid block in the
GRID section of the input file. Thereby, the space distributions Py (r), Preu(r) and
K max(r) are loaded in the simulation (see Eq. (2.14)). The specification of Py, Praa
and K ,ax is done using standard methods for operations with arrays in MUFITS. The
associated mnemonics are given in Table 1, so the matrix permeability is the "standard”
permeability provided for every grid block in any simulation. The Table 1 also contains

the mnemonics for the magnitude of ductile creep, —log D, the failure pressure, P,
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Table 3: The DUCTTAB keyword syntax

DUCTTAB
Units T1 TQ e Tn /
™ 12 E M /
A —logDyy —logDyp --- —log Dy, /
)\2 — log DQl — log D22 s — lOg Dgn /
Ak —log Dy —logDyy -+ —log Dy, /

and the pore-fluid factor, A, for reporting calculated distributions of these parameters
at selected simulation times.

The functions n(7") and D(A,T) in Eq. (2.12) are specified for every rock type by
the DUCTTAB keyword (within the ROCK-ENDROCK brackets) which is followed
with a table of the syntax given in Table 3 (this syntax corresponds to the n(7) and
D(A, T') graphs layout in Fig. 3). Thus, the number of DUCTTAB tables loaded in a
reservoir simulation is equal to the number of rock types (or lithological units) present
in that reservoir model. The table consists of arbitrary number of columns and rows
which are further denoted as n+ 1 and k+ 2 (n, k > 2).

The data in the first row define the temperatures for which the values of n and D are
provided. The first item in the row ”Units” defines the units of the following n values
of temperature. The possible input values for " Units” are "K” (default value) and ”C”
corresponding to degrees Kelvin and Celsius respectively. The values of temperature
must increase in the row.

The data in the 2nd row define the values of 7 for the corresponding values of T.

According to the constraints (2.13) the values of 7 are subject to the following rules
e The values of n must not decrease in the row;
e At least one value of 7 = 0 and one value of n = 1 must be present;
e The temperature 7} is the maximum temperature in the 1st row for which n = 0;

e The temperature T, is the minimum temperature in the 1st row for which n = 1.
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446 The following rows from 3rd to k+2 th are intended for loading the function D(\, T').
w7 Here, in every row the first item is A which is followed with n values of —log D for this
us A and the temperatures defined in the 1st row. The values of A must decrease down the
a9 table and the maximum A (i.e. A;) must be equal to 1. According to the constraints

0 (2.13) the values of D in the table are subject to the following rules:

451 e The values of —log D for all T' < T, must be equal to 0;

452 e The values of —log D for A =1 (i.e. in the 3rd row) must be equal to 0;
453 e The values of —log D must not decrease in every row and column.

454 The cubic and bicubic interpolation is applied to the data provided with the DYN-
iss FRTAB and DUCTTAB keywords in order to calculate F'(N), &nax(A), n(T) and D(A, T)
s6  at all intermediate values of A and 7.

457 The description of other keywords and mnemonics associated to the developed mod-

s elling options can be found in the simulator manual at its website www.mufits.imec.msu.ru.
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