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A porous-media model for reactive fluid-rock interaction in a dehydrating rock

Andrea Zafferi, Konstantin Huber, Dirk Peschka,
Johannes Vrijmoed, Timm John, Marita Thomas

Abstract

We study the GENERIC structure of models for reactive two-phase flows and their connection to a
porous-media model for reactive fluid-rock interaction used in Geosciences. For this we discuss the equi-
libration of fast dissipative processes in the GENERIC framework. Mathematical properties of the porous-
media model and first results on its mathematical analysis are provided. The mathematical assumptions
imposed for the analysis are critically validated with the thermodynamical rock data sets.

1 Introduction

During its journey towards the subduction zone, the oceanic lithosphere cools and becomes hydrated, so that
the fluid is chemically bound in solid phases. During subduction into the earth mantle, in turn, the plates heat
up and the hydrous minerals become unstable. The resulting dehydration reactions are strongly temperature-
dependent, and due to the solid solutions of the minerals involved, this dehydration is a continuously evolving
process driven by the steady, slow heat flow into the plate, Fig. [1|right. Evidence from the global volatile budget
indicates [vKHSA11]| that there must be a fluid escape mechanism that can keep pace with the slab descent
velocity (cm/year) to avoid the fluid being lost to the earth interior. This dynamic fluid escape mechanism leads
fluid flow to organize itself into large-scale and high-flux transport systems through which fluids can escape from
the subducting plate, cf. e.g., [VKHSATT, IPJPT17]. In fact, it has been shown in various field-based studies that
intra-slab fluid flow and fluid escape from the slab are channelized and reactive, cf. e.g., [CHJT19, JGP 12,
APDH™ 14, HJBS12, TJB™ 18, IPNTG™10].

Dehydration reactions often lead to a densification of the solid phases of the plate and thus to the forma-
tion of a fluid-filled porosity. The initial porosity forms at the sub-mm scale and is heterogeneously distributed
across the rock as defined by the local bulk composition [PJP™17]. As dehydration progresses, these initial vein-
like porosity structures merge and form a vein network that allows fluid flow in the rock [JKGGS08, TJB™ 18|
PJPT17, BJKT 18, [CPNT19]. Hereby, reactive fluid flow is able to trigger further rock dehydration and to trans-
form an initially fine and small-scale high-porosity structure into wider and larger vein systems that may also
develop reaction halos [HVJ22] by chemical interaction with the wall rock, cf. also [TJBT 18, JGPT12]. The
works [PJP ™17, IBJV 20, [HVJ22] develop thermodynamically consistent porous-media models which explain
the generation of porosity and veining due to dehydration reactions. They provide a first step towards a mecha-
nistic understanding on how dehydration leads from the first stage of chemistry-controlled local dehydration to
the development of intra-slab flow structures that are highly channelized. These channels may show only limited
interaction with the wall rock, cf. e.g., [BA02, SPR11}[HJBS12], but they may also have well-developed reaction
halos, cf. e.g., [TJB 18, UGP 12| [HVJ22).

In this work we discuss the porous-media models developed in [PJPT 17, [BJV 20, [HVJ22] in more detail from
a mathematical point of view. In particular, the porous-media model deduced in [PJP™ 17| takes the following
form

0 (0s(1 — Xn)(1 — ¢))
0 (05(1 — ¢) + 6¢0)

0, (1.1a)
A (@fK(ap)vw) . (1.1b)

DOI 10.20347/WIAS.PREPRINT.2999 Berlin 2023



A. Zafferi, K. Huber, D. Peschka, J. Vrijmoed, T. John, M. Thomas 2

Z arc magmatism

oceanic H,0O bound
lithosphere in rock
0 1 3
——+—+wt.%

sediment [

basaltic pillows E&=

sheeted dikes \

isotropic gabbro

layered gabbro

serpentinised melting

mantle

depth

cold

Figure 1: Schematic view of a subducting slab that heats up from top and below and therefore dehydrates on its
way into the hot earth mantle. Colors within the slab indicate temperature. The left box shows a typical profile
through the uppermost part of the slab as it enters the subduction zone. Different lithologies contain various
amounts of H,O that is bound in hydrous minerals. On its decent into the mantle the slab is heated up by heat
conduction from the surrounding mantle. Increasing temperatures lead to dehydration, i.e. the release of the
rock-bound H,O in a free fluid phase (small dashed arrows). These fluids cause partial melting of the mantle
which gives rise to arc magmatism at the surface. Dimensions are not to scale. Rock-bound H,O contents are
taken from [RMHC04].

Here, ¢ denotes the porosity, 7 the fluid pressure, and X3, the HyO-content of the solid phase. Moreover, with
index ¢ € {f, s} forfluid and solid ¢; denotes the "pure* mass density of the respective phase and the expression
K(¢) is a Kozeny-Carman-type permeability of the form K (¢) = gqb:)’ with positive constants «, i > 0. In
this way, (T.14) expresses the conservation of mass for the immobile solid and (1.1b) provides the conservation
of total mass. Given suitable initial data, one observes that may be explicitly solved for the porosity

_ R0-XP)(1-¢")
o=1-"Fa %y
where quantities with superscript 0 denote given initial data. Additionally, the models studied in [BJV 20, [HVJ22]
also take into account the influence of further chemical species transported with the fluid on the dehydration

process. This chemical species is CO» in and SiO5 in [HVJ22]. It is assumed to undergo a diffusion
process in the fluid phase, so that the model in reads:

0u(0,(1 = 6) + 6r0) = V- (6K (6)V7) (1.22
Or(0ses(1 = 9) + rerd) = V - (2rerK ()Y + rers DoV ) (1.2
p=1- Bla X)) (1.20)

where ¢, m, Xy, 0, 0s, and K (¢) have the same meaning as in (1.1). In addition, with index i € {f,s}
for fluid and solid ¢; is the SiOz-content of the respective phase and D, in (1:2b) is a diffusion coefficient.
Again, quantities with superscript 0 denote given initial data. In [PJPT17], resp. [HVJ22], systems and
(1-2) are numerically solved for the unknowns ¢, 7w, and ¢ by a finite difference method, whereas the the
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remaining quantities ¢f = ¢ (7, ¢s,0), X}, = Xh(Tr, s, 0), 05 = éi(w, ¢s,0),1 € {s,f}, implicitly depend on
the unknowns and on the (given) temperature . Their values are obtained from equilibrium thermodynamical
closing relations.

In this present work we further discuss models and from a mathematical point of view. First, based
on our findings in [ZPT21], we investigate the thermodynamical structure of models and in the frame-
work GENERIC (the acronym for General Equations of Non-Equilibrium Reversible Irreversible Coupling). For
this, we briefly review the modeling concept of GENERIC in Section [2| and use it to develop a model for re-
active two-phase Darcy flows, cf. Sec. Many porous-media models in literature also consider chemical
reactions in a thermodynamically consistent way, cf. e.g. [OSC15| [EhI09]. Yet, many treat reactions only within a
phase or the exchange of mass between the different phases is incorporated by rather heuristic exchange terms
[Cou04!|/ADDNO04, [Krai4]. The reactive two-phase Darcy-flow model, that we obtain with the aid of the GENERIC
framework, allows for the exchange of mass between the different phases by chemical reactions, where the cor-
responding reaction terms are directly inferred from the thermodynamical functionals and dissipative operators
related to the chemical reactions. In this way the exchange process is incorporated in a thermodynamically
consistent way and the structure of the process including the reaction kinetics is highlighted very well.

As mentioned above, in the works [PJPT17, BJV ™20l [HVJ22] the determination of the quantities c¢, X}, Os,
and 9r stems from equilibrium thermodynamical closing relations deduced by Gibbs minimization. This approach
rests on the assumption that chemical reactions take place on much faster time scales than flow and transport
so that they can be assumed to be in local equilibrium. In Section [3|we therefore discuss the local equilibrium
of fast dissipative processes in the GENERIC framework and deduce equations for the effective system. For
this, we follow the ideas of [MPS21]. We apply this approach to the equilibration of temperature in the two-
phase system and to the equilibration of chemical reactions. These considerations put us in the position to
show in Section 4] that the models and originate from the reactive two-phase Darcy flow model
deduced in Sec. by equilibration of the fast reactions. Finally, Section |5 provides first analytical results on
the existence of weak solutions for the models. Here we take into account the discretization scheme used in
[HVJ22] for the numerical simulations and we critically discuss the mathematical assumptions with respect to the
evidence of the thermodynamical properties given by the chemical composition of the rock samples considered
in [PJPT17, HVJ22)].

2 GENERIC structure of reactive two-phase systems

Short introduction to the GENERIC framework The thermodynamical modeling framework of GENERIC
(General Equations of Non-Equilibrium Reversible Irreversible Coupling) was introduced by Ottinger and Grmela
in [GO97, I0G97]. It characterizes the evolution of a thermodynamical system in terms of a state space Q with
dual Q*, thermodynamical potentials such as energy € and entropy 8, and geometric structures J and K, which
encode the reversible (Hamiltonian) or irreversible (Onsager) nature of the process. Characteristically for this,
the Poisson structure J(q) : Q* — Q is antisymmetric J* = —J and satisfies Jacobi’s identity, whereas the
Onsager operator K(q) : Q* — Q is positively semidefinite (£, K(g)&) > 0 for all £ € Q* and symmetric
K* = K. The triple (Q, &£, J) forms a Hamiltonian system for reversible dynamics and the triple (Q, 8, K) forms
an Onsager, resp. gradient system for dissipative dynamics. A GENERIC system (Q, &, 8, J, K) couples the
two via the non-interaction conditions (NIC)

J(@)D38(q) = 0 =K(q)DE(q) , (2.1)
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Symbol(s)  Unit Definition Reference
Q Spatial domain in R? (2.4)
v; ms~! Velocity of solid-s and fluid-f (2-5]
P; Momentum density of solid-s and fluid-f (2.9
C; Concentration density vector of solid-s and fluid-f (2.9).(2.10}, Ex.
U; Jm™3 Internal energy density of solid-s and fluid-f (2.9
S; JK™Im™  Entropy density of solid-s and fluid-f @1).@11).@22)
E; Jm™3 Total energy density of solid-s and fluid-f (2.1},(2.11
M; kg mol 1 Vector of molar masses of solid-s and fluid-f (2.10),Ex.
0; kg m—3 Mass density of solid-s and fluid-f (2.10
ur Pa Pressure of solid-s and fluid-f
0; K Temperature of solid-s and fluid-f (2.12
i Jmol™! Chemical potential of solid-s and fluid-f (2.12
¢ vol. fr. Porosity (11}, (1.2, Sec.
0i kg m~3 “pure” mass density of solid-s and fluid-f (1.1). (1.2}, (4.6
cf, Cs wt. fr. SiO9 content of solid-s and fluid-f Sec.
X, wt. fr. H,O in solid (T2), Sec
q State vector Sec. (2.9]
q=0q Partial time derivative of ¢ (1.1).(1.2).(2.3]
Q, 9* State space and its dual Sec.E
n,§ Element of Q* 2.19a
€ J Total energy functional Sec.|2
S JK1 Total entropy functional Sec. 2| @17],
J Poisson operator Sec.[2| (2.14
K Onsager operator Sec. 2] (2.15),(2.24
DA Functional derivative Sec. 2| (2.13
T Transformation between state spaces
L, I Fréchet derivative of T, I. := DT and its adjoint IL
Table 1: List of most recurring symbols with references to definitions, sections and relevant examples.

and the mass conservation condition

J(g)DM(q) = 0 = K(g)DM(q) (2.2)

for the total mass M of the system. We call conditions and degeneracy conditions. Above, D denotes
the Fréchet derivative of the driving functional with respect to q. The properties of J and K together with the NIC
ensure the compatibility of the system with the laws of thermodynamics and ensures the conservation
of the total mass of the system. The evolution of a state vector q : [0, T] — Q describing the mechanical and

thermodynamical properties of the system is then given by
dq = J(g)DE(q) + K(q)Ds(q) . (2.3)

For more details on the GENERIC framework we refer to [GO97, (0G97] and with regard to transformation
properties of GENERIC systems also to [ZPT21].
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In [ZPT21] we discussed the GENERIC framework for reactive fluid flows. In this section we extend these results
to multiphase systems. For this, we will introduce a two-phase Darcy model in Sec. [2.1]and study a multiphase
system with diffusion and chemical reactions between the two phases in Sec.[2.2] Subsequently, we will combine
these results in Sec.[2.3]to obtain the GENERIC structure of reactive two-phase Darcy flows.

Kinematics of two-phase flows We follow here the approach to the theory of porous media as outlined e.g. in
[ERIOY] and describe the two-phase system, consisting of a fluid (f) and a solid (s) phase, in the Eulerian frame,
where Q(t) C R? denotes the domain in Eulerian coordinates at time ¢ € [0, T]. To each phase i € {f,s}
there is an associated reference domain £; C R% and a sufficiently smooth flow map x; : [0, T] X QO — Rd,
(t,®) € [0,T] x Q; — = = x,;(t, %) € Q(t), so that

Q(t) == {x e RY, & = x;(t, &) for some T; € Q;} fori € {s,f}. (2.4)
When there is no chance for misunderstanding we omit indicating the time dependence of the current configu-

ration, i.e., we write €2 for (). The motion of phase 1 is characterized by the following ODE Cauchy problem

ox;(t, ) = vi(t, x;(t, T)) forallz € Q;, t € [0,T], (2.5a)
x;(0,Z) =T forall Z € €, (2.5b)

where v; : [0, T] x Q(t) — R? denotes the Eulerian velocity field of phase i and we ask that
vs(t, ) = ve(t,-) on OQ(t). (2.6)

In order to ensure that the flow map is orientation-preserving we claim that its Jacobi determinant is positive,
i.e.,

Vi :=detVy; >0, (2.7)
and we denote the Jacobi matrix by
F;:==Vx;, where (Fi)r = (VX)) = 0z, (X)) (2.8)
where & = (Z1, . .. ,isd)T are the coordinates of the Lagrangian domain Q; of phase 1.

2.1 Two-phase Darcy flow

We now deduce the GENERIC structure for a two-phase Darcy model without reactions but with an interphase
friction term. For this we extend our findings from [ZPT21], Sec. 6] to the two-phase setting. To keep the presen-
tation concise, we directly start the considerations in Eulerian coordinates. As described above, the state g € Q
of the multiphase flow is defined by a vector of fluid (f) and solid (s) quantities

P.:Q — R?

C,:Q— RN

qs Us: Q=R

q:< >: Pi: QR4 @9
Cf:Q—)RNf
Uf:Q*)R
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In each phase i € {s,f} there are N; components with a vector of concentrations C; = (Ci7k)f€v;'1 c RN
and a corresponding vector of molar masses M ; = (Mlk)i\il € RYi, such that each phase has the mass
density p; and the total mass density is oot defined by

N;
0i= ) M;pCip=M;-C; and ot = 0s + 0t (2.10)
k=1

Additionally, each phase has a separate momentum P; and internal energy Uj;. At this point we observe that
the quantities here defined account already for the volume fraction of the respective phase. Definitions of “pure”
and “partial” quantities and their relation to volume fractions are treated in Sec.

Above notation allows us to define the functionals for total energy € and entropy S as

P;?
&(q) :z/Es(qs)+Ef(qf)d<B with Ei(Qi):‘29‘+Ui (2.11a)
Q )

3(q) ¢=/Ss(Cs,Us)+Sf(Cf,Uf)dw, (2.11b)
Q

where the total energy and entropy densities are & = E5 + Ef and S = S + St. The entropies satisfy the
Gibbs relations
U 1 .
%= S~ Cide,S; — Uidy,Si, = = 0u.S;, =005 (2.12)
0; 0; 0;
separately for each phase i € {s,f} with pressure 7;, temperature 6;, and chemical potential z;. This gives
the driving forces for the GENERIC evolution as

Ps/Qs 0
0 tis/0s
1 1/0
@ =n=|p (9) =¢ 0 (2.13)
0 e/ Of
1 1/6¢

where we will denote with the subscript DA, &, and 7, the a-component of the vectors DA, &€, 17. The re-
versible dynamics of the system follows the evolution given by the Poisson structure

Jp.p. Jp.c. Ip.u, 0 0 0 Jp.p,0:=—(VO) P, — V- (P;@0),
"HCSPS 0 0 0 O 0 JPCD = —(VD)TCZ,
I(q)= Ju.p, 0 0 0 0 0 with J l ID =-V-(C;®0) (2.14)
9 0 0 0 Jp,p, Jpic, Jpius CiPi— = ! ’ '
0 0 0 Jep 0 0 Jp,y,0:=-U;VO+ V(On,),
0 0 0 Jup, O O Jo.p,0 = —V- (U:0) + 7,V-0.

The irreversible processes are encoded in an Onsager operator

f
K(g) = (Kssm) Ksm)) _ (K+Kh 0 ) Ko Ko K, + Ky
Ki(q) Ki(q) 0 KuetKi/)  \KE +KE, Kl +Kh)’

VisC fric fric

(2.15)

DOI 10.20347/WIAS.PREPRINT.2999 Berlin 2023



A porous-media model for reactive fluid-rock interaction in a dehydrating rock 7

where each of the blocks K;; for 7, j € {s,f} is @ 3 x 3 block acting on the derivatives of 8 with respect to
q; = (P;,C;,U;)". Single-phase effects are solely encoded in the diagonal operators K, Kg and inter-
action terms are encoded in all the components of K. We consider irreversible processes due to single-phase

Stokesian viscous dissipation Kiisc and heat transport Kflt. Phase interaction is due to interfacial friction Kgic

and due to heat exchange Kffe. First we consider the single-phase effect of viscous dissipation

Kpg'0 =~V - (20:A Va0 + 0:Gitr(V D))
Koo' 0 = (20,0 Vv | + 0;¢; tr (Vi) )T,
K50 = — (20,0 V0 + 0;¢;tr(ViO) 1) -V
KIS0 1= V- (20,0 View; + 0 Cite(Vew) 1))

visc,t visc,?
KPP 0 KPU
vise = 0 0 0 with

visc (2.16)
visc,i visc,i
KUP 0 KUU

where \;, (; are the viscous parameter of the solid and fluid Stokes dissipation and v; = P;/p; the single-
phase velocity. Furthermore we have the symmetric gradient V[ = %(VD + VOT). The heat conduction is
given by the operator

00 0
k=1{00 0 with Kpi0 = —V - (62k;,V0), (2.17)

ht,i

0 0 K'p

where k; is the heat conduction of each phase. The heat exchange is of the 6 x 6 block form

00 0 00 0
00 0 00 0
ss st 00 +1 0 0 —1
<K£ K};ﬁlf:)_khe(q) 00 0 00 0 (2.18)
00 0 00 0
00 -1 00 +1

for some some given heat exchange coefficient function kpe(q) > 0. The isotropic Darcy interaction between
the two phases is generated by the dual dissipation potential

Ko 0
Q 2 65+ 06

Ti(g, &) = lw|*de, (2.19a)

where w = {p_ — E{p, — (aéy, + (1 — a)&y, ). Here v = (vs — vs) and a(q) € (0, 1) is arbitrary and
controls how much of the generated entropy is converted into heat of the solid and fluid phase, respectively. The
Onsager operator corresponding to this dual dissipation is

+1 0 —Yo -1 0 —v(1-0«)
0 0 0 0 0 0
050 —ya 0 AP ya 0 [yPa(l-a)
KfI‘lC KD(Q) es T ef 1 0 ~o +1 0 7(1 _ Oé) (219b)
0 0 0 0 0 0
v -a) 0 hfa(l—a) v(1-a) 0 R2(1—a)?
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Based on these definitions, the GENERIC evolution of the compressible two-phase flow reads

P,+V. - (Ps®vy) =V, — Kpy+V -0y, (2.20a)
P+ V- (Pr@ug) = —vrrf + Kpy+V oy, (2.20b)
Ci+V-(Cs®vg) = (2.200)
Ci+ V- (Crowvp) = (2.200)
Us + V- (Uswvg) = —wsv vs + aKp|y|? + kne(05 — 071 + V- (ksV65), (2.20e)
Us + V- (Upvg) = —m¢V - v + (1 — ) Kp|y|* — kne(05 — 0,1 + V- (ke V),  (2.20f)

with the Cauchy stress tensor o; = 2);(Vsv;) + (;(V - v;)1, for each phase. Using the fundamental Gibbs
relation one can verify that J(g)D8(q) = 0 and K(g)DE(g) = 0 hold even true on the level of each
individual dissipative process, i.e., heat transport, heat exchange, Stokes dissipation, Darcy dissipation. The
Darcy friction is objective and conserves the total momentum. The total mass density of the system evolves
according to

O0t0tot + V- 010tV = 0,  where 0otV = 055 + 01Vs. (2.21)

2.2 Two-phase reaction-diffusion system

We now discuss the gradient/Onsager structure of a two-phase system that allows for the diffusion of species
and intra-phase as well as inter-phase chemical reactions among the species. For this, we suitably adapt the
results of [ZPT21, Sec. 5 & 6.1] to the two-phase setting. For this two-phase system of solid (s) and fluid (f)

phase in Eulerian coordinates we consider the state vector ¢ = (gqy, q5) from (2.9). In particular, we as-
sume that the two-phase system is composed of N = Ng + N¢ chemical species Z1, ..., Zy. Hereby,
the first N species Z1, ..., Zn, belong to the solid phase and the Nt species Zy_,,,..., 4N belong to

the fluid phase and we denote by CY, the particle density of species Z, k € {1,..., N}. Accordingly, we
set CS = (Cl, ceey CNS)T = ( %, e ,C]SVS)T, Cf = (CNSJrl, e ,CN)T - (0{7 e ;C]fvf)T7 and
C = (Cy,...,Cn) . The total energy and entropy of the system are of the form (2.11), with the chemical part
of the entropy of logarithmic type, i.e., S; in ( is of the form

N;
Si(Cy, Us) = SMU;) + Y Ci(InCj — 1) (2.22)
k=1
with S;h(Ui) a thermal contribution. This leads to the driving force
D¢, Si(Ci, Ui) = (InCh)v (2.23)

We further assume that the conservative contribution to dynamics is represented by the operator J from (2.14).
In analogy to (2.15) we introduce the general structure of the Onsager operator for the two-phase reaction-
diffusion system as follows

sS st B 0 0 0
Ko = K;g K;fd with K7 := | 0 Ke,o; 0] and Koo, = KEE, +Kdlff (2.24)
rd rd 0 0 0

fori,7 € {s,f}. In this way the operators Kiﬁ only account for dissipative interactions of the vectors of con-
centrations in terms of chemical reactions Kr(fi‘;%j and diffusion K%ffcj, whereas dissipation due to changes in
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momentum P; and internal energy Uj is not considered for i € {s,f}. We note that E‘??gy describes intra-

phase chemical reactions for i = j and inter-phase chemical reactions for i # j. Following [ZPT21], Eq. (6.9)]
we now introduce the Onsager operators K&7¢ - and K%‘{fcj.

Onsager operator for diffusion. Following [ZPT21] Sec. 5 & 6.1] we introduce the Eulerian dual dissipation
potential for diffusion

V(s m) ::/ﬂéMccVn:Vndm (2.25)

for any n = (ns,m¢) = (Mc,,Mc,)- Differentiation with respect to 17 and integration by parts under the
assumption of homogeneous boundary conditions gives the Onsager operator

i M M
K4y = V. (MccVn) with Moo = (4,0 1) e RN (2.26)
Mc,c, Me;c;

a positively semidefinite matrix of diffusion coefficients, which may depend on the state vector q. Comparing

(2.26) with (2.24) shows that
Kgffcjm =V (Mc,c,VO) with Mc,c, € RN*N (2.27)
and [ indicates where the argument has to be placed.

Onsager operator for chemical reactions. Assume that above N chemical species react with each other in
R chemical reactions according to

r

k
A Zi4. . AN ZNs N1 ZNs g1+ AN ZN k:* BYZy+ . A BN INA Bsi1 Zi4- - A+ BN DN

(2.28)
for r = 1,..., R. For each reaction r there are the vectors of stoichiometric coefficients a” = (a, af) =
(of,...,al)and B" = (B, B;) = (B1,....By) € N&. as well as the forward and backward reaction

rates k', , k” > 0, which may depend on the state g. The equations governing the reaction kinetics are given
by an ODE system of the form

R
dic;=>" (ki(q)C"T - k‘i(q)C"”) (af — B]) fori e {s,f}, (2.29)
r=1

where we use the notation C® := C7"* - - - 3" and where d} denotes the material time derivative with respect
to the velocity of phase ¢. The material time derivative is generated by J, see (2.20c) & (2.20d). Furthermore,
we assume a detailed balance condition, i.e., there exists a steady state C'..¢, such that

k'(q) =k (q)C% = k" (q)C-; forallr =1,...,R. (2.30)

Under this condition the system (2.29) can be written as an Onsager system, cf. e.g. [Mie11]. Based on [ZPT21],
Sec. 5] we introduce the dual dissipation potential for chemical reactions

Uleac(@;m) := /Qé (Zi) -Hee(q) <Zi> de, (2.31a)
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with the Onsager operator Hc . Due to (2.23) it follows that the Onsager operator has the following expression

R r a” 8"
C C _
Heel(q) == 2 kf)e ((Cref> : <Cref) > S, (2.31b)

r—=

S"i=(a" -8 @ -0"), (2.31¢)
_u=v

Lu,v) := {log“k’g” oruF v, (2.31d)
v foru =v.

Comparing (2.31b) with (2.24) we gather that

c.c. Kc&ie
_ sUs sUf
Heel(q) = o oo and (2.32a)
C:Cs CiCy
R

k" c\¥ [/ c\ .
K (@) = ) kf)f((cmf) (&) )(a;‘—ﬂ;f)@(a;—xs;) fori.j € (5.1} (2320

r=1

Example 2.1 (Rock dehydration). Consider the process of dehydration of serpentinite
(Mg, Fe)381205(OH)4 + (Mg, Fe)(OH)Q = 2(Mg, Fe)QSiO4 + 3H,0O

as an example for a single reaction in a two phase system with four species corresponding to antigorite
Z1 = (Mg,Fe)381205(OH)4, brucite Zo = (Mg, Fe)(OH)g, olivine Z3 = (Mg,Fe)QSiO4 and wa-
ter Z4 = H2O. Therefore we have the liquid phase composed only by water and the remaining miner-
als forming the solid part. If we consider purely Mg-minerals then the vector of molecular masses is M =
(277.11, 58.32,140.69, 18.01) expressed in g/mol with stoichiometric coefficients

o = (1,1,0), ar = (0),
ﬁs:(03072)3 ﬂf:(?’)'

Note that conservation of mass is ensured by M - (as — B¢) + M - (as — B¢) = 0. Finally, the system of
ODEs reads

C,

0| €| g (e’ ey Y[
CB (Cg7ref)2 (04,ref)3 Cl,refCQ,ref -2
Cy -3

2.3 Two-phase reactive Darcy flow

Here we combine our findings from Sections [2.1]and[2.2)to obtain the GENERIC structure for a two-phase Darcy
flow with reactions and diffusion of chemical species. We thus again consider the state vector g from (2.9), the
driving functionals € and 8 from with the properties of the chemical part of the entropy as in and
the properties of the chemical species as discussed in Sec.[2.2] The Poisson operator J for reversible dynamics
is again given by (2.74), while the Onsager operator for the coupled dissipative processes results by the sum of
Kspy from and K4 from (2.24), i.e.,

Kraspn = Kiqa + Kspn - (2.33)
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Following the lines of [ZPT21], Sec. 6.1] it can be checked that this choice of driving functionals and operators
complies with the degeneracy conditions and (2.2). Moreover, the evolution equations of the GENERIC
system for the reactive two-phase Darcy flow read

P, +V-(Ps®vy)=—-Vr,— Kpy+V -0y, (2.34a)
P+ V- (P;®uvg) = —V7rf + Kpy+V -0y, (2.34b)
Cs+ V- (Cs® ) Z k" (q (Cﬁ’" — CO‘"'> (al — 37, (2.34c)
Ci+ V- (Cr @ vy) Z k" (q (CBT — CO‘T) (af — BF), (2.34d)

Us+ V- (Ugws) = —WSV s+ aKp |y + kne(051 = 0,1 + V- (ks V6s) (2.34¢)

Us +V - (Upvg) = —mV - v + (1 — ) Kp|y|* — kne(05 — 0,1 + V- (ke V). (2.346)

Our deduction shows that the two-phase system has a GENERIC structure. This in particular brings
about that each phase has its own individual internal energy, entropy, and temperature. It is our goal to show
that the porous-media models and result from system and its GENERIC structure. For this we
shall investigate the limit to a joint system’s temperature by assuming that heat can be equilibrated infinitely fast
throughout the phases. In addition we will assume that the chemical reactions take place on much faster time
scales than diffusion and Darcy flow. To this end we subsequently study on a formal level the equilibration of
fast dissipative processes within the GENERIC framework.

3 Equilibration of fast dissipative processes

We consider GENERIC systems of the form

q = J(q)D&(q) + K(q)DS(q) (3.12)
where the irreversible processes encoded in K are of the form
K(Q) = Kslow(q) + 571Kfast(‘1)a (3.1b)

and where J, K satisfy the usual conditions of a GENERIC system. The NIC for K is satisfied for slow and
fast processes separately, i.e., Kqow (q@)DE(q) = 0 and Keast () DE(q) = 0. We are interested in deriving
the effective dynamics for solutions g : [0, T] — Q of as ¢ — 0. Based on the considerations in
previous sections, we are interested in two particular cases, i.e., the limit of fast exchange of thermal energy
and the limit of fast reactions. In the following we present two possible approaches based on considerations in
IMPS21, [ZPT21] that are closely linked to the Gibbs-minimization formalism described in [BPL82].

3.1 Fast exchange of thermal energy

We consider a GENERIC system where energy and entropy are of the form

&(q) = B | |Pe? + U, + Updz, (3.2a)
Q 20s 20¢
- / Su(d,Us) + St(d, Uy) de, (3.20)
Q
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and we write ¢ = (Pg, Py, ..., Us, Us) = (¢, Us, Ur). To simplify the notation for the next consideration we
introduced ¢, which contains all state variables except for the internal energies.

Remark 3.1. Note that S; for ¢ € {s,{} does not depend on the momentum and that the entropy of one
phase does not depend on any variables of the other phase. While this structural assumption might be quite
restrictive and prevent entropies that feature interaction between phases such as in the Flory-Huggins theory
[Flo42, [Hug41], this is necessary in order to guarantee the non-interaction condition J(q)D8(g) = 0 for J in
the current form. In general, Flory-Huggins theory features phase-separation via a non-concave entropy, which
we also exclude here.

Corresponding to this 3-component representation of the state variable g = (¢, Us, Us), we consider fast
processes of the form

0 0 O
Kfast = {0 +1 —1], (3.3)
0 -1 +1

without any dependence on g. Due to DE(q) = (DsE(q), 1, 1) we satisfy the NIC for the fast processes,
i.e., Keast DE(g) = 0. Then fast exchange of thermal energy is equivalent to the requirement

¢, = Du.8(q) = DuS(q) = &ur (3.4)

which correspondingly gives us the linear system with Lagrange multipliers

A~

q 0
q=|Us | =I(q)D&(q) + Kqiow(q)DS(q) + | +A |, (3.5a)
U; —A
——
=:A
0=D,8(g) — Dy, 8(q) =6, — 6, (3.5b)

The advantage of the formulation with Lagrange multipliers is that it is directly accessible from the full model,
but it has the disadvantage of increasing the number of unknowns.

Remark 3.2 (NIC for effective dynamics). Using the chain rule we have

Sela(t) = (De(@), 4) =0,
£ 5(a(1)) = (DS(a). Kuiow (@)DS(@)) + (DS(a), A) > 0.

>0 =0
This shows that the effective dynamics complies with thermodynamic consistency.

The system (3.5) with Lagrange multipliers presents one possibility to write the fast thermal equilibration limit of
the general evolution. Alternatively, we can define the simple transformation

Tu(q) = (U =Us+ Us) = q, (3.6)
which, using (3.4), is invertible on the set that also satisfies (3.4). If we define

8(q) :=8(T;'(@), €@ :=&(T;'(a)),
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and using Ly = DT7(q) gives the transformed evolution
J(@) = Lo J(T5 (@) Ly,
Kslow(é) = ]LU KSIOW(Tal (EI)) *U7
governing the reduced dynamics for 85 = 0y = 0 via

q = J(@)DE(@) + Kqow (@)DS(7). (3.7)
We give a simple ODE example, which shows how this reduction can be performed in more detail.

Example 3.3 (Fast thermal equilibration ODE). Consider ¢ = (1, x2, p1, P2, U1, u2) € RS as state variable,
where x; denotes position, p; the momentum, and u; the internal energy of the components/phases i € {1, 2}.
The total energy E and entropy S of the system are

2
B(g) =Y tuw,  Sl@)=Y Siziu),

2m;

using the entropy S;(x;, u;) for each separate phase and with the Gibbs relations 9,,,S; = 1/6; and 0,,,.S; =
m; /0; defining temperature 6; and pressure ;. Consider the GENERIC system

q = J(a)DE(q) +K(g)DS(q), (3.8a)
where the GENERIC structure is defined and NIC J(g)D8(q) = 0 satisfied by using
00 1 0 00 2 m1/01
§34 188 i o
Ja)= o-10 0 0m |, DE(@=]|T% |, DS = R (3.8b)
0 0 -m 0 00 ma 1/6,
0 0 0 —mm 0 0 % 1/65

For the dissipation K(q) = Kgiow(q) + ¢ ' Ktast (@) and with m;v; = p; we use

00 0 0 0 O 000 0 0 O 0000 0 O
IRERN IRy
—v
Kelow(q) =01k1| 00 0 0 0 0 | +02k2| 000 1 0w |, Kus=/[00000 § |, (38
00—v1 0+v}0 000 0 0 O 000041 -1
00 00 0 0O 000 —v2 0 4v3 0000 —1+1
and observe that it satisfies the other NIC K(g)DE(q) = 0. We obtain the following evolution equations
. Di .
G =v; =",  pi=m— ki, (3.9a)
m;
o 2, _—lip—1 _ p—1
Uy = —mvy + k‘l’l)l +é (91 - 92 ), (3.9b)
Uiy = —mvg + kovd + e (0,1 —071), (3.9¢)

for7 € {1,2}. We introduce an oscillator with w; € R and heat capacities ¢; € R such that

i—Vi(zq
Si(xi,ui) = ¢ log(ucii(r)) = ¢; log 6;, Vi(z;) = %wimg,
so that ¢;0; = u; — Vi(z) and m; = —0,Vj. Using 01 = 62 = 0, for the total internal energy we get

u=uy +ug = (c1 + c2)0 + Vi(x1) + Va(x2). Correspondingly, the energy F and entropy S = S1 + S5
can be expressed in ¢ = (:Ul, T2,p1, P2, u) € RS with

E(q) = 2m1 + 2m2 + u, S(x1,z9,u) = (c1 + ¢2)log (W) . (3.10a)
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25

energy

temperature
o

05
104 10 102 107! 10° 10!
time

Figure 2: Solution of GENERIC system withe = 1072 and by = ko = 1/5,m; = 1, mg = 1/2,
c1=1,¢c0=2w =1, wy =4withq(t =0) = (0,0,1,-2,1,1)" and g(t = 0) = (0,0,1,-2,2)".
Numerical solution showing (left) kinetic energy Ekin,z’ = p?/Zmi, thermal energy Ethermi =cb;,=u;—V;
potential energy V; and total energy E and (right) temperatures of full model 6; and effective model 6.

Note that S is not a sum of contributions from both components. Using the operators

00 1 0 0 00 0 0 0 000 0 O
- (588 5 5), & 80 ¢ 0 a8 8 8
=|-10 0 0 = —v
J o a0 o 7;; ) Kaow = 0k1 00 0 0 o} + 0k [ 000 ¢ A I (3.10b)
0 0 —m —m2 0 00 —vy 040 000 —vz +v3

the effective dynamics is g = j((])DE((}) —|—]KS]0W(F1)D§((1). An exemplary solution is shown in Fig. where
the left panel shows the energetics of the full solution g(t), and the right panel shows the convergence of the
temperatures 6; to the temperature 6 of the effective solution g(¢).

3.2 Fast reactions equilibrium

Similar to what is presented in [MPS21], we apply now the aforementioned method to systems where fast
chemical reactions happen on a very short time scale compared to the other involved slow processes. In this
case, however, it is not necessary to distinguish between a solid and a liquid phase, but rather between the
species involved.

Consider a system where R possible reactions with stoichiometric coefficients o”, 3" € Név between N
species occur. The particle density is denoted by the IN-tuple C' = (C’Z)fil We assume that the total energy
and total entropy of the system can be expressed in the following way

[ |P)?
S(q)—/S(q,C)dw, (3.41b)
Q

where g = (P, U, C) = (4, C) with U being the internal energy of the system and P the momentum density.
We consider fast processes of the form
0 0
Keast = (0 H) , (3.12)

where H = > (a” — B") ® (a” — ") is the reactive operator. In order to have mass conservation and
to satisfy the NIC, we require that the vector of particle masses M lies in the kernel of the matrix H, i.e.,
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M - (a" — 3") = Ofor all reactions r = 1, ..., R. Then a fast reactions limit is equivalent to the equilibrium
condition

(a" — B7) - DeS(q) éoj forallr € {1,..., R}, (3.13)

Introducing the constrained dynamics by using Lagrange multipliers A, the effective dynamics can be written
as

q= ( g) = 1(g)DE(q) + Kuion(0)DS(q) + (Er(aro— B”)M) | o14e

=A
0=(a"—B")DcS(q) forallre{1,...,R}. (3.14b)

Remark 3.4 (NIC for effective dynamics). Similarly as in Remark one confirms that the total energy is
conserved and entropy is non-decreasing:

e(g(1)) = (DE(a), A) =0, (3.15)
%S(q(t)) = (D8(q), Kyow(9)DS(q)) + (DS(g), A) > 0, (3.16)
>0 =0

where we have used M - (a” — 3") = 0.

The constrained system presents one way to write the fast reactions limit. Another possibility is to define
a transformation T'c that reduces the number of variables based on the condition (3.13). In order to build this
transformation we use the method presented in [MPS21], similar to the reduction presented [ZPT21]. We start
by considering the space

.= span{ar—ﬁrlrzl,...,R}CRN, (3.17)
and its orthogonal complement I, After finding a basis {v1, ..., v} of ', we construct the adjoint of the
transformation Q as QT = (v1, ..., v,,) € RVX™_ Finally the transformation can be defined as

Tc(q) = (6,0 =QC) =g, (3.18)
which is invertible on the set defined by (3.13). We define
£(a) = &(T5'(@) 8(q) = 8(Tc' (@) (3.19)
and set Lc = DT¢(q). This gives the transformed operators
J(@) =Lc (T (@) Le., (3.20a)
Kaow () = Lo Kaow (Tg' (@) L, (3.200)

governing the reduced dynamics for (& — 3") - u = Oforevery r € {1,..., R} via
= J(@)DE(q) + Kaow(@)DS(q).

Note that the determination of effective equations of state E’(f]) 5‘(?]) and derived quantities is similar to that
in the Gibbs minimization process, e.g. cf. [BPL82], which in general is performed for non-convex potentials with
the goal to determine the possible phases a mixture attains under the constraint of a prescribed composition of
materials.

We now give an explicit example on how the reduction approach can be applied to rock dehydration processes.
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Example 3.5 (Fast reactions equilibration for rock dehydration processes.). Consider the following process
where water chemically bound to a rock is released

hydrous solid = non-hydrous solid + H>O

and the state ¢ = (U, C) " = (U, Cs 1, Cs nhs Cf,HQQ)T = (u, C1,Ca, Cr) " with Cs 1, and Cs 1, being the
concentrations of the hydrous and non-hydrous solid respectively, and u the internal energy. The stoichiometric
coefficients for forward and backward reactions are = (1,0,0)" and 3 = (0,1, 1)T and the vector of
particle masses M = (M, Mo, M), with My = M — M. One can see immediately that (ae—3)-M = 0
and thus the condition for conservation of mass is satisfied. For this example we focus only on dissipative
processes but the transformation we are going to show applies in the same way to the reversible contributions.
Consider then the following Onsager system

atq = (KSIOW(Q) + éKfast((D) DS(Q) )

where

K K K K 0 0
K = 1u 11 12 1f Keooy = ( 1><3> _

O3><1 H

The total entropy is of Boltzmann type and has the typical "log” structure

/ZC’* (g*> dex where A\p(y) :==ylogy —y+1,

and where C*(u) = (Cf (u), C5(u), Cf (u)) " is the vector of positive concentrations related to the detailed-
balance condition. We can directly compute the driving force

DS = & cs), = (). =logCi/C;

The reduction () is build from a basis of the orthogonal space of span {& — 3}
0= My My Mg
S \My My, 0 )°
Combining Q with the identity for u we define the nonlinear mapping

q = TC(Q) = (U, QC) = (’LL, Otot s an)T )

where gny is the mass density of the non-volatile solid, meaning the mass density of the solid that has no
chemically bound water. In order to find out the transformed Onsager operator we need to linearize T ¢ and
compute its adjoint:

Lo o o 0 My M
Lc:=DTc= |0 M My M|, Lo = 0 M; Mz
0 My My O 0 My O
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The transformed Onsager operator is then given by (3.20b)

Kuu Zie{l,Q,f} KuiMi KulMl + KuQMQ
LK(@)L" = | Xicq12.6 MiKiu >ijei2,n MiKig M; e Mi(Kin + Kig) My
MoKy, + MoKy, 216{1725} M (Kyi + Koi) M Zide{l,g} MoK Mo

This transformed operator and the entropy functional have to satisfy the conditions and (3.19), re-
spectively. One can see that it is verified by using Tal. On the set where the equilibrium condition, i.e.,
w1 = pe + ug, is satisfied the transformation T'c is invertible and we can reconstruct the vector of con-
centrations via C' = TEI((})

G = % [K* + ]\anvv + Qt(;\};zsnv— f(u, oot an)] ,  with K* := Cﬁhcglw,
Gz = ]\anvh - % [K "+ ]\Q;:V + Qt})\};;m— f(u, oot an):| :
R
with f(u, Otot, Onv) = (AQ;:V - Qt‘;\};ﬁ“)z + <K*2 I QIEinv n 2K (j\@;;;; an)> _

*

Remark 3.6 (Equations of state for concentrations and thermodynamic quantities). In Example [3.5 we exam-
plarily showed the reduction of the GENERIC structure under fast processes, which is based on the assumption
that T'¢ is invertible. Therefore, we can write the original concentrations C'; using an equation of state in terms
of the new variable. Similarly, we can express all other derived thermodynamic quantities in terms of the new
variables, e.g., chemical potential, temperature and pressure by

0(a) = 0(T5 (@), @) =nw(Te @), (@) =m(T5@), Cia) = (Tc"(@)c, (@3.21)

Remark 3.7 (The Gibbs energy minimization method). The Gibbs energy minimization method is used for a
wide variety of applications to multiphase/multicomponent systems [KPQ6|, especially in geosciences where
the size and heterogeneity of the system makes it disadvantageous to apply the direct approach described
in Sec. The main idea behind this method is to find the system composition for which its Gibbs energy is
minimized, eventually subject to mass constraints. It can be shown by standard laws of thermodynamics [Con17]
that a stable configuration corresponds to a minimum of the Gibbs energy. Although this idea could be applied
to other free energies, the energy dependence on pressure 7 and temperature 6 makes it particularly suited for
geological applications. We focus here on the application of Gibbs energy minimization to chemical reactions
and show that the equilibrium conditions met by this approach are (3.13). We consider the Gibbs energy
related to a reactive system where reactions are described through a stoichiometric expression like with
N different components:

G == G¥(7,0,C), withC = (C;)N,. (3.22)

We recall also that the Gibbs energy of a system can be obtained by means of a Legendre transform applied to
the internal energy or Helmholtz free energy. Let us assume for the moment that only one reaction occurs. We
define a new variable called extent of reaction & : € — [0, 1] and write

C=C"+(B-a),
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where CY = C(t = 0). We can rewrite (8:22) as a function of ¢:
G .= G¥(m,0,¢§), (3.23)

then, by keeping pressure and temperature fixed and recalling that 9c¢G = w, the necessary condition for a
minimum implies

DeG™(€) = (B—a) - p=0, (3.24)

which is again (3.13) for a single reaction.

4 Damped-Hamiltonian structure of models (1.1) and (1.2)

4.1 Limit of fast irreversible processes

In this section we reproduce the results from [PJP™17] in GENERIC form. The two-phase system introduced
therein aims to model rock dehydration processes at their primal stage, that is when bounded water is released
via chemical reactions and starts flowing through the newborn pore system. Although for the moment we will
consider only one single reaction, other reactions are possibly involved in rock dehydration processes. Our
example is the following dehydration reaction

(Mg, Fe)488134085(OH)62 + QO(Mg, Fe)(OH)Q = 34(Mg, Fe)QSiO4 + 51H-0,

where antigorite [(Mg, Fe)48Si340g5(OH)g2] together with brucite [(Mg, Fe)(OHz)| are transformed into
olivine [(Mg, Fe)2Si04] and a fluid phase [H2O]. Antigorite is an abundant mineral in rocks that undergo
subduction and is relevant in subduction zone dynamics because of its high water content. The reaction of
antigorite and brucite to olivine and fluid is further discussed in Example in a simplified version. We start
from the full two-phase GENERIC system of the form

P, +V. - (Ps®vy)=—-Vr,— Kpy+V -0y, (4.1a)
Pi+V . (P;@uvg) = —Vm+ Kpy+ V- oy, (4.1b)
Cy+ V- (Cs® ) Zkr (Cﬂ" . CO”) (al — 87), (4.1¢)
C;+V-(Ci®wvy) Z k" (q ( - C“T) (af — BF), (4.1d)

Us + V- (Ugvs) = —msV - vs + aKp|v|* + kne(65 1 — 0;71) + V - (ksV6s) (4.1e)

Us +V - (Upvg) = —mV v + (1 — ) Kp|y|* — kne(05' = 0,1) + V- (ke V),  (4.16)

and assume that both heat-exchange and reactions are fast, i.e., kpe, k7 — 00.

Fast thermal exchange Using fast heat-exchange we find new state variables with a combined internal energy
U = U + Uy, following the evolution equation

U+ V- (Usws 4 Upvg) = =1V - v — 1V - v5 + Kplvy|*> + V - (kV6) (4.2)

DOI 10.20347/WIAS.PREPRINT.2999 Berlin 2023



A porous-media model for reactive fluid-rock interaction in a dehydrating rock 19

where k = kg + k¢. We can express U; = U;(Cs, Ct,U) and all resulting thermodynamic quantities using
the new state variable ¢ = (Pg, Cs, Py, C¢, U) under the assumption of 65 = 6. As outlined in the previous
section, this also produces an energy and entropy

- P2 2
q) = >+ — 4+ Ude, 4.3
@ Q 20s  20f *9)
S@) = S(CS7Cf7U) dZB, (4 4)

such that £(g) = &(q) and 8(§) = 8(q). This results in the new evolution ¢ = J(q)DE(g) + K(q)DS(q).
The previous Example [3.3|provides a practical recipe how the effective GENERIC dynamics is constructed.

Fast reactions In a similar spirit, we assume fast reactions and transform the fast reactions via (Cl, Cf)T —
Q(Cs, Cy) T, where the column vectors of QT span the space I' orthogonal to the stoichiometric space T’
defined in (877). Since M € A+ we will always use the conservation of total mass as one evolution
equation. As suggested in [PJPT17], we also assume that the dehydration processes can be formulated in
terms of the mass density of non-volatile solids o,y = 0s(1 — X},), which can be obtained through the trans-
formation (). Here, 0 < X} < 1 is the relative hydrous content of the solid (rock) phase, that can potentially
converted into the fluid phase. The precise definition of X}, depends on the interpretation of the components in
M = (Mg, Mf)T. Having the invertibility of the corresponding equilibrium constraints from the Gibbs mini-
mization we can write C; = C;(q) and all remaining thermodynamic quantities with the help of the reduced
concentration-like variables C = (0, Ony, -..) = QC assuming that the reactions are in equilibrium. As be-
fore, we can define the driving energy &(§) and entropy S(g) for this evolution in terms of the new state variable
q = (Pg, Py, U, CL). While details of this construction depend on the stoichiometry and the original entropy
density, the final result maintains the GENERIC structure with modified operators and driving functionals. A
concrete example relating to fast dehydration reactions as in was provided in Example[3.5

4.2 Discussion of model (1.7)

We assume that by the limit of fast irreversible processes for heat exchange and reactions we have obtained
a GENERIC formulation for ¢ = (Ps, Py, U, CL)T with driving energy é((j) and entropy S(f]) as they were
constructed before. In geoscientific applications, however, evolution equations are usually formulated in certain
compositional variables [PJP+17, BJVT20, HVJ22|, which we address below.

For simplicity, we assume that the reduced concentrations are Cct = (0tot, Onv), i-€., the total mass density
and the mass density of non-volatile solids. For more complex systems and other slow processes one might
have to include further state variables into C'-.

For each phase ¢ € {s, f} we assume the existence of volume fractions ¢; : 2 — [0, 1], such that

0<¢i(x)<1 forallz € Q and (4.5a)
ds(x) + ¢pe(x) =1 forallx € Q. (4.5b)

Based on these variables it is now possible to define “pure” mass densities, i.e., the value of p; if only phase
would be present in the system,

A O

0i = ok fori € {s,f}. (4.6)
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Similarly, it is possible to generalize the previous relation for any extensive variable A’ and distinguish it between
“oure” and “partial” where the former will be denoted by A and related via

Al(x) = A(x)pi(x),  forie {s,f}.

Remark 1 (Weight fractions). Another commonly used variable is the weight fraction X}, of a given chemical
compound h, where h could be a species C;; itself or just part of it. Here we are interested in the weight fraction
of bound water within the solid phase. We will denote it by X3,0 and introduce

0s(1 = Xpm,0) = 0nv - & 0s(1 — Xpm,0) = Onv (4.7)
for the system described above.

In total this gives the following evolution equations for the two-phase system

OPs = -V - (Ps®vs) — V7s + Kp (vs — vg) , (4.8a)
0Py = -V - (P ® v¢) — Vrg — Kp (vf — vs) (4.8b)
U+ V- (Usvs + Upvg) = =7,V - vg — 1V - vp + Kp |vg — vg|* + V- (kV),  (4.8c)
Orotot = O ((1 — ¢)0s + d50r) = =V - ((1 — ¢¢) 6svs + D1 05vs) (4.8d)
Otony = O ((1 — ¢1)0ny) = =V - ((1 — @) Oy Vs + an,kjk) ) (4.8e)

where at this point the evolution for the volume fraction ¢ is not yet determined. For a discussion of this evolution
we refer to [MR13], [EhI09]. However, we will assume that the solid is immobile, i.e., vs = 0 such that

(1 = ¢s(t = 0))nv (t = 0)
Onv (1)

oe(t) =1 - ; (4.9)

e.g. see [PJPT17, Eq. 11]. In this equation, as discussed in Example , 0s, O are given by an equation of
state as in (3.21) and the weight fraction for water is given by (4.7).

Neglecting the diffusion flux in the non-volatile solid and making the identification of the Darcy flux vy =
—KBIVTFf, setting the temperature to a given constant, the evolution equations for the mass densities be-
come

O (0s(1 — Xpr0)(1 — ) =0, (4.10a)

O (6(1 — 61) + brde) = V7 - (‘iﬁ?f m) . (4.106)
D

This is, in fact, an evolution system for the unknowns o,y and o:ot. However, the construction in [PJPT17]
suggests that a change of variables in the sense of [ZPT21] should be applied, where the equations of state are
determined as functions of temperature 6 and fluid pressure ¢. This is the model (T.1) from [PJPT17].

4.3 Discussion of model (1.2)

Analogously to what is described in Sec. [4.2] we can obtain system as a GENERIC system in the limit
of fast irreversible processes for temperature and reactions equilibration. In this case we will also account for
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reactions in which other species are released along with the fluid and are subject to diffusion. An example for
this type of reaction is:

(Mg, Fe)488134085(OH)62 = 34(Mg, FG)QSiO4 + 31H50 + 10810524,

where Si02?? on the product-side (right) diffuses within the fluid. Therefore we extend the GENERIC sys-
tem by adding the diffusive Onsager operator (2.26). Herein, since no solid-state diffusion is assumed
here, we set all diffusion coefficients except for that of C si0, to zero. System is then recovered taking
the limits of fast heat exchange and of fast reactions, for which we assume the reduced concentration vector to
be C*+ = (0tots Onv, 0Si0, )- By assuming zero solid velocity, i.e., vs = 0 and conservation of the non-volatile
mass density oy, the evolution equations of C- give exactly (1.2a)-(T-2c). Furthermore, it should be noted
that in applications a variable is often used to denoted the total amount of a particular chemical element or
constituent in a compound/phase. In this way, the content of k-th component in the i-th phase can be defined
as follows

e MipCig

C; =
i
Oi

In equations (1.2) we omit the superscript SiO4 since no misunderstanding is possible. In fact, (1.2b) is the
evolution equation for psi0, = 0s¢s(1 — @) + orced.

4.4 Geological interpretation of the models

The model defined by the set of equations (4.10), resp. (1.1), describes the general case of fluid flow through
a porous rock where mass is exchanged between the fluid and the solid phase by mineral dissolution and
precipitation. The assumption of an immobile solid, i.e., of zero solid velocity, is valid for small length scales
(sub-m to mm) where gravitational effects can be neglected because the density contrast is small compared to
the variations in fluid pressure controlled by the local thermodynamic equilibrium.

On such small length scales the large-scale temperature gradients, see Fig. [1} can be neglected and thus, for
a given pressure and temperature, the local bulk composition controls when the dehydration reaction occurs.
Therefore, chemical heterogeneities, i.e., local bulk composition variations in the domain, and chemical pro-
cesses such as reactive fluid flow dominate rock dehydration on small length scales. Such variations in the
composition are taken into account in model in terms of the silicon dioxide SiO9 content cg and its diffusion
and transport.

The focus of this study on the dehydration reaction of antigorite and brucite sets certain limits to the range
of variables of models and (1.2), especially the values for temperature, pressure and cs. Pressure and
temperature are confined to values that occur during ongoing subduction and ¢ is limited to values where the
minerals of interest are stable.

As antigorite and brucite form solid solutions between magnesium (Mg)- and iron (Fe)-endmembers, the reaction
occurs not at a single point in -0 space but rather in a divariant -6 field. The onset of the reaction typically
occurs at around 350 °C with the reaction of Fe-rich antigorite and brucite and is limited to higher temperatures
by the stability limit of Mg-rich brucite at around 550 °C. Pressures depend on the depth at which the slab
reaches those temperatures and on the fluid pressure that is controlled by the local thermodynamic equilibrium
of the reaction. Typical lithostatic pressures, i.e. the pressure exerted on the solid by the overlying rock column,
are in the range of 1-2.5 GPa (for a compilation of -6 paths during subduction see e.g. [SYKA10]).

The third variable controlling the stable mineral assemblage is the rock composition. A serpentinite that consists
entirely of antigorite has a bulk Si content of c5 ~ 0.205. However, Si is distributed heterogeneously in the rock
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Antigorite

0.18 0.185 0.19 0.2
C, (wt. fr.)

Olivine

0.18 0.185 0.19 0.2
CS (wt. fr.)

Figure 3: Abundances (volume fraction) of antigorite (hydrated mineral) and olivine (dehydrated mineral) as a
function of silica content in the solid (cs) and pressure () for a fixed temperature 6 = 480 °C. An almost olivine-
pure mineral assemblage forms at ¢, ~ 0.19 for pressures below 1 GPa while for higher values antigorite
becomes the dominant phase. Again, we underline that these plots are for a given composition at a given
temperature, however the qualitative behaviour does not change for composition and temperature within the
range of values discussed in Section[4.4]

and cg can therefore vary on smaller local domains within the rock. At low temperatures, cg values below 0.205
lead to an increase of brucite abundance. A domain with a Si content of ¢ =~ 0.17 contains significant amounts
of brucite and antigorite at lower temperatures. At higher temperatures, this domain will form an almost pure
olivine mineral assemblage. We therefore limit the range of ¢, values to 0.17 — 0.205 because in this range the
mineral assemblage consists of various proportions of antigorite, olivine and brucite. For values ¢ > 0.205 talc,
another hydrous mineral that dehydrates to the dry mineral orthopyroxene, becomes stable. This dehydration
reaction however is not within the scope of this study.

5 Towards the analysis of models (1.1) and (1.2)

In this section we discuss first steps and results on the mathematical analysis of models (T.7) and (T-2). Our
approach combines a Galerkin approximation in space with an implicit Euler scheme in time as to provide a
convergence result for a discretization scheme close to that already used in for their numer-
ical implementation. As a first step, we revisit the two models and reformulate them as a system of parabolic
equations by means of a suitable transformation of variables. Based on this we state first existence results,
which are deduced in detail in [ZT23]. Our mathematical results require certain smoothness assumptions for
the transformation maps and the resulting coefficient functions. We validate them in detail for specific thermo-
dynamical rock data in Sections[5.1.3]and[5.2.3] This perusal will show that the mathematical assumptions are
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Figure 4: Pressure-temperature dependence of solid density, fluid density, solid-bound H,O content and fluid
composition wrt. SiO, for a typical serpentinite bulk rock composition as also used in the model of [HVJ22].
Their model uses these pre-computed values as lookup tables to close the system of equations. One can see
the qualitative changes of these functions for different values of (7, #). More specifically, the rapid change in
color for the solid mass density in the top left corner at fixed @ with varying 7 corresponds to a kink w.r.t. 7 of

the type shown in Fig. Bl

met in a certain "good"range of the thermodynamical data set but violated in another regime of the data set. We
prove that a well-prepared initial datum keeps a solution within the good range for all times.

In this section we will denote the “pure” mass densities by os and gr in contrast to g5 and gr in model (1) and

(1.2).

5.1 Results and challenges of model (1.7)
5.1.1 Parabolic form of system

Model consists of the conservation of the mass of non-volatile species (1.1a) and of the conservation of
total mass (1.1b). As a direct consequence of relation the porosity ¢ can be explicitly determined as

follows o 01—
O(1-X0)(1—¢

It is further assumed in [PJP™17] for the mass densities p5 and gr of the solid and the fluid, and for the fraction
X3, of fluid stored in the solid that

Os = @s(ﬂ'v 9)5 of = éf(ﬂ-v 0)7 and X, = XVh(ﬂ-’ 9)
are functions of pressure 7 and temperature 6.

(5.2)
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Although the closed mathematical expression for these functions is not known, the values of og, or, X} in
dependence of 7 and  can be recovered from thermodynamical data tables. An example of data so produced
is shown in Fig. |4l Due to this, also the porosity can be seen as a function of 7 and 6, while also dependent on
the initial data o, X} as well , i.e. gives

L R0-X)0—¢%) _ -
¢=1- S roa-Tmay — oM 0)- (5.3)

Similarly, the terms appearing in can be rewritten as functions of 7 and @, i.e., we introduce

o(m,0) = (o¢(m,0)p(m,0) + os(m,0)(1 — ¢(m,0))) and (5.4)
K(m,0) = o¢(m,0)Ky(¢(m,0)) = d¢(r, e)gé(w, 0)3 with constants x, j1 > 0 (5.5)
for the total mass and for the permeability. Then takes the form

8,0(m,0) =V -K(m,0)Vr. (5.6)
Now we set
0:= i, 6) (57
and we assume that
for all @ > 0 fixed the function g(-, 6) is invertible in 7, (5.8a)
the inverse function 51 (-, #) is continuously differentiable, and (5.8b)
1
there are constants 0 < ¢, < ¢* such that & < 9,6 1(p,0) = ————— <Ll (580
" ¢ ¢ ’ aﬂg(g_l(g(ﬂ,e),ﬁ),e) ¢
Thus, for any 6 > 0 fixed we find
m=7(0,0) := 0 '(0,0). (5.9)

Due to the fast equilibration of temperature discussed for the model (1.7) in Sec. |4, we can assume that 6 is
constant in space. Thus, in view of together with the chain rule and the rule for differentiating the inverse
we calculate

Vr =V7(o,0) = 0,m(0,0)Vo= —=—>=Vo (5.10)
This gives the relation

K(7(0,0).6)
0-0(7(0,0).0)

Hence, can be rewritten as a parabolic equation for the total mass density o

I~((7r, OV = K(‘Q, 0)V o with IA{(Q,H) = (5.11)

Oo=V -K(p,0)Vo. (5.12)
Furthermore, for K we make the assumptions

for all @ > O fixed the function IA((Q, 6) is continuous and (5.13a)
there are constants 0 < k, < k* such that ky < IA{(Q, 0) < k* forall o € R. (5.13b)

We point out that above assumptions (5.13) are satisfied if K is continuous and uniformly bounded, and if
properties hold true. This, in turn, is closely linked to the properties of the given functions ¢(+, 8), as(+, ),
@f(~, (9), and Xj,.
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5.1.2 Existence of a weak solution

Thanks to the above assumptions one can deduce the existence of a weak solution ¢ : [0,7] x Q —
(0, 00) for the transformed system (5.12). Since the assumptions guarantee the bijectivity of the transfor-
mation map one can also infer the existence of a weak solution 7 : [0, 7] x Q — (0, 00) for the original system
(1-7). Our existence result reads as follows:

Theorem 5.1 (Existence of a weak solution for system (5.12)). Let T > 0 and let Q@ C RY be a bounded
Lipschitz domain. Let Q1 := (0, T) x € denote the space-time cylinder and set

Vi.=HY(Q). (5.14)

Then the following statements hold true:

1 Letpg € V be a given initial datum and assume that IA((, 0) satisfies (5.13). Then there exists a function

o€ HYO, T; V)N L*0, T; V)N L*>®(0, T; L*()) N C°([0, T]; L*(Q)), (5.15a)

which satisfies

/ (8tQU + K(Q, 0)Vo - Vv) dzdt =0 forallve L*(0,T;V) (5.15b)

T

and 0(0) = oo.

2 Further assume that there are constants 0 < r, < r* such thatr, < po(z) < r* holds true for a.e.
x € CQ for the initial datum gg. Then for all t € [0, T| also a solution o satisfies . < o(t,z) < r* for
ae x €

Comments on the proof: We refer to [ZT23] Sec. 3, 4] for the details of the proof. Here we give a short outline
of the main steps.

To 1. In order to prove the existence of a weak solution satisfying we introduce a discretization in time

={t =0,t" = krforr = T/N, k = 1,...,N € N} and a Galerkin approximation in space by
finite-dimensional subspaces V" = span{ey,...,e,} C V,n € Nsuchthat {J,cy V" C V densely, with
ei, 1 = 1,...,n denoting a basis of VV"* . By invoking [Zei86} Prop. 2.8, p. 53] we obtain for every time-step
k< N,al N € N, and all n € N the existence of a vector of coefficients @',rf = (g;]f, el Qﬁﬁ) providing an
element o7% = S"" | o7ke; € V™ that solves the system of n nonlinear equations

an Q:L]’LC ! > Tk _ .
Z M —eie; + K(o;, ,9)gm Ve;-Vej)de =0 forallj=1,...,n. (5.16)

By testing (5.16) with QTk € V"™ and summing up over k < [ € {1,..., N} one obtains the following a priori
estimates umformly foraln € Nand7=T/N,N € N:

l

sl 172 +ZT]€*”VQZLICH%/2(Q7RC1 < 5ller 1720y = [IPnollF2(q) .  hence:
k=1
e i + 3 TRl < b+ Th)Pacolaey 5.17)
k=1
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where IP,, o is the projection of the initial datum og € V into V™ and where we have also used (5.13). For each
ke {l,...,N}, with N € Nfixed, as n — o0, this provides the existence of a (not relabelled) subsequence
(07%)nen and of an element o™ € V' such that

Q:Lk —~0F inV asn— x. (5.18)

By the compact embedding V' & EQ(Q) and the boundedness of K we conclude by the dominated convergence
theorem that K(o7¥)VP,v — K(o[F)Vu for every test function v € V and for all k € {1,..., N}, and
7 =T/N, N € N. Therefore we deduce by weak-strong convergence arguments that

_ Tk—1
0 = Z / Qn s P K(ofF, 0) Vot VIP’an’“)da: (5.19a)
I n—oo

N Tk _ tk—1 =
0 = ZT/ (ika-FK(QTk,G)VQTk'VUTk) dz forallv™ € V.  (5.19p)
~

We introduce the piecewise constant o, o, and affine o, interpolants in time, i.e., for any ¢t € (tffl, tf],
k=1,...,N we set

t—th1 th—t¢ _
o, (t) =0, o (t) =", or(t) = p— o™k + — o™* 1 aswellas?,(t) :=tF, (5.20)

and we write ¢ (t) = (o™ — o™*~1) /7, k € {1,..., N}, for the time-derivative of the affine interpolant o,
We approximate any test function v € L2(0,T; V') by

Tk 1 tr
v = — v(s)ds
T Jik-1

and use these values to introduce the interpolants v, v.., and v as in (5.20). This ensures strong convergence
of the interpolants, i.e., U+, v, v — v strongly in L? (0, T; V). Moreover, for the interpolants @T’QT’ or) the
estimate (5.17) together with (5.79) provides the following bounds uniformly in7 = T/N, N € N :

lo-lIBo,1;202)) + le, [IBO,T:22000)) + IO llBO,T:L200)) < O (5.21a)
lo-ll2omvy < C, (5.21b)
||QT||L2(0,T;V*) < C, (5.21¢)

with a constant C' > 0 independent of 7 = T/N and N € N. Accordingly, one concludes the existence of a
(not relabelled) subsequence and of a limit p of regularity (5.15a) such that the following convergence properties
hold true:

07,0, 07 5o weakly-x in L(0, T; L*(Q2)), ( )
O.,0r — o weaklyin L>(0,T;V), ( )

o0r — o weaklyin L2(0,T;V*), (5.22¢)
9.0 — o stonglyin L*(0, T; L*(Q)), (5.220)
0-(t),0_(t), 0-(t) X o(t)  weakly-xin V*forallt € [0,T]. ( )

Here, convergences (5.22a)-(5.22¢) follow from standard compactness arguments. Moreover, convergence
(5.22d) is deduced from estimates (5.270b) and (5.27c) by means of a time-discrete version of the Aubin-Lions
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lemma, cf. [DJ12, Thm. 1]. We further observe that estimates (5.27a) and (5.21c) result in a uniform bound for
the interpolants in BV (0, T; V*). From this, the pointwise convergence in time ensues by means of
Helly’s selection principle [MR15, Thm. B.5.10, p. 610]. Convergence results then enable us to pass to
the limitinT = T/N — 0as N — ocoin and to conclude the validity of the weak formulation (5.75Db).
In addition, convergence result allows it to deduce that the initial datum is attained, i.e. that o(0) = g in
V. Let us also note that the regularity o € H'(0, T; V*)NL2(0, T; V)N L>(0, T; L?(Q2)) in (6.15a) ensues
from convergence results (5.22), while o € C9([0, T]; L3(£2)) is a consequence of the regularity in Bochner
spaces for the Gelfand triple V' € L?(Q2) C V*.

To 2. Assume that the initial datum satisfies 7. < go < r* a.e. in §2. We observe that the functions max{p —
7,0} 10,4 and min{o — 74, 0}[j0 4 for all t € [0, T] are admissible test functions for since they are
compositions of Lipschitz-continuous functions with Sobolev functions, cf. [MM79]. Subsequent integration by
parts in time results in the relations

0 = Hmax{g(t) 77"*,0}”%2((2) — Hmax{go 7,,'-*’0}”%2(9) +/Q [ }K(ga g)vgvgd$d5,
tNo>r*
0 = [[min{o(?) — T*’O}Hi?(ﬂ) — [ min{go — T*’O}H%Q(Q) Jr/Q - ]K(Q»e)VQ -Vodzds
tNo<rx

for any ¢ € (0, T]. In both expressions, the second term is zero due to the boundedness of the initial datum.
Moreover, in both expressions the third term is non-negative thanks to (5.13). Thus, necessarily max{o(t) —
r*,0} = min{o(t) — r«,0} = 0 a.e. in 2, which concludes the proof of statement 2. O

Remark 5.2 (Boundary conditions). For simplicity we have formulated Thm. with homogeneous Neumann
boundary conditions K(Q(t), 0)Vo(t) -n = 0on 0N for all t € [0, T] with n the outer unit normal vector
to 9€). This can be extended to inhomogeneous Neumann boundary conditions for a prescribed datum h €
H~12(0Q,R%), so that additionally features the term fOT S0 hv dS dt. Introducing ) # Op2 C 9Q
as the Dirichlet boundary and ONQ2 = OQ\Op€2, Thm. can also be adapted to inhomogeneous Dirichlet
boundary conditions on Ip{2. For this, consider g € H'(£2) an extension of the given Dirichlet datum into the
domain 2 and replace ¢ in by the shifted function o 4 g, where both p and the test functions v are
now chosen in Vg := {u € H'(Q)|u = 0on dpf} in space. This setting even provides a unique weak
solution. We note that also statement 2. can be adapted to the case of inhomogeneous Dirichlet conditions:
Given gp € H'/2(9pQ) such that gp € [r,,7*] a.e.on IpQ and g € H' () an extension of gp into €2 one
observes that max{o + g — 7*,0} € Vp and min{p + g — r., 0} € V} are admissible test functions, so that
the proof of 2. can be reproduced.

5.1.3 Perusal of assumptions & (5.13) for thermodynamical rock data

In the following we validate the mathematical assumptions and with the thermodynamical rock data
used in [PJPT17]. Figureshows the total mass density o = o(7) as a function of pressure 7 in its geologically
relevant range of 0.8-2 GPa, see also Sec. Fig. |5 confirms that ¢ is a continuous and strictly monotone
function of pressure 7, hence bijective. Yet, it also turns out that the map suffers from a kink at 1 = 1.2 GPa,
which hampers the assumption of continuous differentiability of ¢ and its inverse @‘1 cf. (6.8b). Indeed, this
kink coincides with a phase transformation between antigorite and olivine as shown is Fig. 3 and in Fig. 4] It
therefore also appears in the porosity ¢ = ¢(, #) and in the coefficient function K(Tf‘ 0) atm = 1.2 GPa, see
Fig. @ As expected this translates into a discontinuity of the coefficient function K( 0) at o =~ 2600 kg/m
We further point out that the porosity shown in Figlg] is strictly positive and bounded from below by the value
$(2GPa, 480°C) = 0.035 > 0. In turn, we find the coefficient function K(-, 8) to be uniformly bounded from
above and from below by a value strictly larger than zero, so that assumption is satisfied.
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Figure 5: on the left: Example of ¢ = o(m, ) for a given composition and at fixed temperature of 480°C.
One can see the continuity and strict monotonicity of ¢ which in return guarantee the existence of a continuous
inverse g~ 1. On the right: plot of the derivative 00/ 0 for two possible discretizations. It can bee seen that it is
discontinuous at m = 1.2GPa and that is bounded from below and above satisfying assumption (5.8¢).

As the violation of the continuity assumptions for K(, ) and are concerned, we point out that
the analytical results given in Thm. 2. predict that the weak solution o(t, -) for all ¢t € [0, T] stays confined
between values 0 < 7, < r* a.e. in £, if the initial datum g is chosen with this property. In other words, if the
initial datum is chosen with values strictly below or strictly above the critical value of o = 2600 kg/m? (corre-
sponding to the critical pressure of 1.2 GPa), then also the solution will not exceed this value apart from a set
of zero measure at any later time ¢ € (0, T]. Thus, under this additional assumption on the initial datum, all the
assumptions and are met and therefore existence of a unique weak solution is guaranteed by Thm.
[61] 1. However, this also means that in this setting the phase transition, with ¢ exceeding the critical value on
sets of positive measure, cannot be described by Thm.[5.1|using the original thermodynamical data set. Instead,
in order to cover also this case, one would have to mollify 3(-, 6) and K (-, 8) in a small neighbourhood of the
non-smoothness. From a geological perspective, even though the interesting pressure range is between 0.8-2
GPa, it is very difficult for a geological system to experience this complete range. Usually, pressure variations
are very small and 7 is confined to a neighborhood of a certain value. Therefore it is usually sufficient to study
one of either areas below or above 1.2 GPa. Additionally let us point out that the phase stability, hence the
position of the kink, varies with temperature and rock composition: If the system has a high iron content, one
would find this kink in the mass density for higher values of pressure, cf. [HVJ22]. As explained in Fig. 3] for the
composition and temperature of this specific example, antigorite, the hydrated rock, is stable for pressure values
above 1.2 GPa and olivine, the dehydrated rock, is stable at pressure values below 1.2 GPa. In conclusion,
since the interest lies in the investigation of the dehydration process, we can confine the analysis to the regime
below 1.2 GPa.

5.2 Results and challenges of model (1.2)

Although the application of a similar approach as the one used in Section might seem straightforward, the
thermodynamical data behind the model hide a series of challenges that require a special treatment. We
dedicate this section to their description.
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Figure 6: Example of ¢ = ¢(, ), K (m,6) and K (, ) for a given composition and at fixed temperature of
480°C. For these simulations we have set ratio between permeability of the medium and viscosity of the fluid
K/,u = 1. Thus, positivity and continuity of K relies on ¢, which never reaches zero.

5.2.1 Parabolic form of system (1.2

Also in model it is assumed that the quantities

0s = 0s(m,¢s,0), o0f = 0¢(m,cs,0), ¢ = é(m,cs,0) are given functions (5.29)
of pressure 7, concentration ¢, and temperature 6 . ’

Again, their analytical form is unknown, but their values can be determined from thermodynamical data tables.
Combining (5.23) and also the porosity ¢ can be understood as a function of the variables (7, cs, 6) as
follows

_ (1= —-XP)(1—9%) 7
p=1- gs(ﬂ,cs,e)(1755}7)2},(77,%,9)) Ho(m, s, 0) - (5:24)

Based on this we introduce the notation

@1(71_70870) = éf( 7CS79>$(7T cSv + és(,]rac&e)(l - é(ﬂ_7 CS79>) ’ (525a)
02(m,cs5,0) = gp(m ,Cs,9)¢~>(7f Cs,0)Ct (7, cs,0) + 0s(7, cs, 0) (1 - Qg(ﬂ—aCSaG))cm (5.25b)
Ki(m,c5,0) = gr(m,cs,0)Kp(d(m, cs,0)), (5.25¢)
KQ(TI',CS,H) = é (7T Cs, ) f(ﬂ- Cs, )Kd,(&(ﬂ',cs,e)), (5.25d)

~ ,{/ ~
K¢>(¢(7T7 Cs, 0)) = p(ﬁ(ﬂ y Cs, )3 ) (5259)
IB)(W, cs,0) = or(m,cs, 9)&(%, ¢s,0)De., (5.25f)

with constants &, u, D > 0. Thus, equations and can be rewritten as follows

diar(m e 0) = V- (Ki(r,e,,0)97), (5.26a)
Oi02(m,c5,0) = V- (KQ(W,CS,Q)VTF —l—]ﬁ(ﬂ', 05,9)V6f(7r,cs,9)) . (5.26b)

This is a PDE system of the form
oo(q,0) — V- (ﬁD(q, G)Vq) =0 with (5.27a)

m - (& - K, 0

= , =21, Kp: =1~ o~ o~ 1, 5.27b
d (Cs> e <92> b (KQ + 0 ¢fD acs Cf]D)) ( )
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where we have used the chain rule Vg = 0,6V + 0., ¢rVes. Now we set
o :=0(q,0) (5-28)
and make the following assumptions on the map @ and its inverse

for every 6 > 0 fixed the function g(-, ) is continuously differentiable in q
and invertible in g and the inverse (5.29a)

& 1(-,0) is continuously differentiable.
We note that assumptions (5.29) amount to the following conditions

Or01(-,0) Oc,01(-,0)
871'@2('7 9) aCséZ(” 0)
det Dgo(q, ) > 0 for all admissible g € R?, and also (5.30b)
DQ,(:)*l(-, 0) = Dqé(éfl(', 6),6) ! is a continuous function in @. (5.30c)

For all @ > 0 the Jacobian Dg (-, 8) = ( > is continuous with  (5.30a)

Then we have
q=20""(e,0) = G(e,9) (5.31)
and system (5.27) can be rewritten as a parabolic PDE system of the form

00—V - (IA{D(Q, G)Vg) =0, (5.32a)
where we used the relations
Vg =0,4(e.0)Ve and Kp(e,0) :=Kp(d(e,0),0)0,d(0,0). (5.32b)
We now state the following assumptions on IA(D:

For all @ > 0 the matrix KD(-, 0) has the following properties:
° KD(-, 6) : R? — R?*Z is continuous, (5.33a)
. IA{D(q, 6) : R**? — R?*? is bounded and positively definite uniformly wrt. (g, 6), (5.33b)
i.e., there are constants 0 < K, < K* s.th. for all (g, #) and all v € R? there holds :
K.Jv|> <v-Kp(g,0)v < K*v|?.

5.2.2 Existence of weak solutions

We observe that assumptions (5.30) and (5.33) are the immediate translation of the assumptions from the
scalar-valued to the vector-valued setting. Accordingly, we here state the following existence result. Its proof
closely follows the outline given in Section[5.1.2|and we refer the reader to [ZT23] Sec. 3, 4] for further details.

Theorem 5.3 (Existence of a weak solution for system (5.32)). Let the prerequisites of Theorem[5.1| be satisfied
and denote V' :=V x V. Then the following statements hold true:

1 Let oo € V be a given initial datum and assume that KD( -, 0) satisfies (6.33). Then there exists a
function

o€ HY0,T; V)N L*0,T; V)N L>®(0, T; L>(Q,R?)) n C°([0, T); L*(Q; R?)),  (5.34a)
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Figure 7: Plots of the total mass density g1 = 01(7, cs, ). On the left a 2D plot showing the discretiza-
tion grid resulting from an interpolation of the thermodynamic dataset. The non-differentiability points are
marked with a red line in the right plot. This shows the division into three main areas ((0.8,1)GPa X
(0.17,0.196), (0.8,1)GPa x (0.196,0.2) and the remaining part of the domain) delimited by two straight
lines and one curve with a contact point around (1GPa, 0.195). These three subdivisions and the values for
which g1 is continuous but not differentiable are more clearly seen in the 3D plot on the right.

which satisfies

/ (8tg v+ KD(Q,G)VQ : V'v) dzdt =0 forallv e L*(0,T;V). (5.34b)

T

and ¢(0) = go.

2 Further assume that there are constants 0 < 11, < r] and0 < ra, < 13 suchthatri, < pio(x) < rj
as well as 9. < 020(x) < 73 holds true for a.e. x € € for the initial datum g9 = (010, 020) "
Then for all t € [0, T] also a solution @ = (01,02)" satisfies r1. < 01(t,x) < 7% as well as
Tox < 02(t,x) < rj fora.e.x € Q.

5.2.3 Perusal of assumptions (5.30) & (5.33) for thermodynamical rock data

Firstly we recall that system is written in terms of ¢ = (, cS)T, i.e., in terms of the pressure 7 and the
concentration of silica in the solid cs. A close inspection of the thermodynamical rock data sets reveals that the
introduction of this additional complexity causes the resulting mass densities to have regions of non-invertibility
and non-differentiability, as it can be seen in Figuresand for the mass densities 91 and gs. This is in analogy
to the kink in the thermodynamical data of model shown in Fig. |§| More precisely, we see in Fig. that
the total mass density o; is strictly monotonously increasing with respect to pressure and silica-content, but
that kinks arise in the region of the antigorite-olivine phase transition discussed in Fig.[3] Similarly, also Fig.
shows a monotone behavior of the total silica-mass density g2 in pressure and silica-content, also with kinks
arising at the antigorite-olivine phase transition. Obviously, within this region assumptions (5.29) and (5.30) are
not satisfied.

Additionally we point out that in the gradient of the silica concentration in the fluid ¢¢ drives the diffusion
process. Hence, it would be natural to chose ¢t as a variable. However, as Fig. |§| reveals, in wide areas of the
data range ¢t is constant with respect to cg, so that the function is not invertible in these areas. This is the
reason why system (5.26) is written in terms of the variables 7 and cs. Indeed, such plateau regions followed
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Figure 8: Plots of the total mass density of silica 02 = g2(7, ¢, #). On the left a 2D plot showing the dis-
cretization grid resulting from an interpolation of the thermodynamic dataset. The non-differentiability points are
marked with a red line in the right plot. This shows the division into three main areas (the same of 91 shown
in Figure . These three subdivisions and the values for which g9 is continuous but not differentiable are more
clearly seen in the 3D plot on the right.
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Figure 9: The figure shows isolevels for the function ¢¢ (7, és) at # = 480°C. One can see that in most parts of
the considered domain we have Jcg/Jcs = 0 which translates to no diffusion occurring in the system. However
it is worth noticing that there is a small area in the bottom right corner where this condition is not met. In addition,
a discontinuity point where the lines are more dense can be seen around cg ~ 0.195. This discontinuity would,
i.e., invalidates assumption (5.332)

by kinks as in Fig.[9]are common in thermodynamical rock data sets. They are also predicted in [Guy93] in the
case of non-convex thermodynamical functions, which is again closely related to phase stability.

As can be seen from (5.27), in regions where 0¢;/0cs = 0, diffusion of silica is absent and the mathematical
classification of the PDE system becomes unclear. Similar to Section one may also try here to confine the
initial data to a data range that ensures the validity of assumptions (5.30) and (5.33). Then the results of Theorem
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would also guarantee that solutions are confined to that data range for all times ¢t € (0, T"]. However, as
can be seen from the positive definiteness of IA{D, and hence the classification of the PDE system, is not
solely linked to the positive definiteness of the Jacobian D40 but also to the values of the material constants
K, 1, and D, contributing to the non-symmetric coefficient matrix K in (5.27). These material constants are, in
fact, the main contributors, together with O¢¢ /Ocs and O¢¢ /O, to the parabolicity of the system. In the literature,
see e.g. [WW97], it is discussed that potential values for D,. and j range from 1078-107'm? /s and 10~*Pa-s
while for the permeability x one finds 10~ 17-10~m?, see e.g. [MI99]. An unprecise tuning of the system might
lead to fail the assumption (5.33b). This is exemplary seen in Figure [T0} where we have plotted the eigenvalues
of symf( == 1/2(K + KT). In the considered range of pressure and concentration it turns out that its smallest
eigenvalue is negative whereas the largest eigenvalue is positive. In fact, the uniform positive definiteness of K
i.e., a lower bound as in (5.33b), is equivalent to sym_f( being positive definite.

As a further difficulty it turns out that the computation of the thermodynamical data set is highly sensitive to the
total composition and therefore to the function ¢¢. This creates approximation errors in the plateau region where
0¢¢/Ocs = 0 that may cause backward diffusion in the system.

Different strategies can be deployed to circumvent this problem: the interpolation of the approximated ¢; function
could be constructed to ensure that 9¢t/dcs = 0 > § > 0. Alternatively, more sophisticated and invasive
solutions rely on extensions of the system that account for further geophysical phenomena that could help
mitigate this behavior. One possibility is to include more species and phases, which would lead to a change
in the landscape of ¢, possibly avoiding a plateau of the previous type. In general, non-convex regions in the
energy landscape can produce 0¢t/dcs = 0 of different signs, indicating that phase separation is taking place.
In such a case, higher-order derivatives as in the Cahn-Hilliard model might help to ensure the mathematical
well-posedness of the problem.

Smallest eigenvalue of symk :
147 ‘ ~7.16 % 10°

—107

©
o
[ 1 ’
—10°

08! : . . . . ] —7.16 x 10°
0.17 0.175 0.18 0.185 0.19 0.195 0.2
CS (wt. fr.) )
L t ei 1 f K
argest eigenvalue of sym 145 x 101
101
10”
108
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Figure 10: The figure shows the eigenvalue for the symmetrized operator symK = 1/2(K + KT) for 6 =
480°C. For the considered range of pressure and concentration the smallest eigenvalue is well kept below 0
while the largest is clearly positive.
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