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Rock Strength and Texture Evolution During Deformation
in the Earth's Ductile Lithosphere: A Two-Phase
Thermodynamics Model

Benoit Bevillard''"', Guillaume Richard'", and Hugues Raimbourg!

Institut des Sciences de la Terre d'Orléans, UMR 7327 CNRS/Université d'Orléans 1A rue de la Férollerie, Orléans
Cedex 2, France

Abstract Building upon the two-phase and grain damage theory, we propose a new formulation
allowing to track the evolution of phase mixing/segregation during ductile deformation of a two-phased
aggregate. Our model is based on a set of variables characterizing a rock texture: the mean grain sizes
and the phase proportion. During ductile deformation, activation of different micromechanical processes
impacts the aggregate texture. Dislocation and diffusion creep are the two main deformation processes
considered. We only account for the effect of Zener pinning in slowing down grain growth and allow for
active grain-size reduction mechanisms in the diffusion creep domain. For this purpose, an equation is
proposed to track the phase mixing evolution during ductile deformation. Numerical application using
anorthite rheology shows that any grain reduction mechanisms that could be active in the diffusion creep
regime requires a very high partition fraction in order to reach the grain size predicted by the feldspar
piezometer. Application of this model to gabbroic composition, relevant for the ductile crust, demonstrates
that the strong coupling between phases grain sizes and interface evolution results in steady-state grain
sizes far below the field boundary. This effect is coeval with an important increase of mixing between the
two phases. In addition, accounting for the phase mixing results in a drop of the global aggregate stress
during deformation. This model allows for further comparison of mylonitized textures evolution with
natural shear zones at the local and regional scales.

Plain Language Summary In the Earth lower crust, the rocks deform by slow creep instead
of breaking due to high temperature and pressure. Observations of natural material deformed in such
conditions show that deformation concentrates on narrow-banded structures. At small scales (1 cm to

1 um), these shear bands generally present a very fine mean crystal size and a very good mixing of the
minerals. These features are characteristic of deformed rocks, but their origins and consequences on
geological structures at larger scales (1 m to 100 km) are yet to be fully understood. In this study we propose
a physical model (a mathematical representation of reality) that allows to represent a rock consisting of
two minerals, their mean crystal sizes and proportions and the quality of their mixing. This is based on
parameters constrained experimentally for each pure mineral. Using this model, we are able to track the
evolution of these rocks microscopical characteristic and their consequences on the rock strength during
deformation. Eventually, the results allow us to refine our understanding of the implied processes by
comparing the computed variables to measures performed on rock samples. The physical equations
proposed could then be used to model the rock strength in geodynamical models at larger scales.

1. Introduction

Since the development of the theory of plate tectonics, the lithosphere is described as the upper bound-
ary layer of mantle convection. Within this layer, the stress field induced by the motion of convective
asthenosphere is mainly accommodated by deformation at plate boundaries. Within the Earth crust, this
deformation appears heterogeneously distributed. This is evidenced by large-scale geological structures such
as mountain ranges, rifts, oceanic margins, strike-slip faults, or subduction trenches which exhibit intense
deformation and bound regions of much weaker strain. While the uppermost part of the crust exhibits brit-
tle deformation, the lower crust and lithospheric mantle are considered to accommodate tectonic stresses
through plastic deformation and creep flow (Kohlstedt et al., 1995; Wilks & Carter, 1990). The rheology of
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such materials is classically approximated by viscous flow with an effective viscosity depending on the inten-
sive parameters and/or the properties of the material (Kohlstedt, 2007; Nabarro, 1967; Weertman, 1957).
Numerous control factors play a role in the rheology of lithospheric rocks.

Deformation experiments (Hirth & Kolhstedt, 2003; Karato et al., 1986) on olivine aggregates described its
rheology as a combination of power-law and Newtonian behavior. In the case of lower crust materials, simi-
lar experiments involving plagioclase yielded similar conclusions (Rybacki & Dresen, 2000, 2004; Tullis et al.,
1991). The power-law rheology generally corresponds to dislocation (grain size insensitive) creep where
the material undergoes dynamic recrystallization and grain-size reduction. On the other hand, at lower
strain rate or higher temperature, the deformation is dominated by diffusion (grain size sensitive) creep, and
the material displays a Newtonian behavior. These studies provided empirical flow laws which remain an
essential tool in order to understand the ductile behavior of the rocks composing the lithosphere. Figure E1
displays a stress/grain-size deformation map for anorthite (Rybacki & Dresen, 2000), illustrating the rheol-
ogy resulting from a combination of these two mechanisms. These rheological laws yield an Arrhenius-type
dependence on the temperature which has been demonstrated to control the effective viscosity of rock at
large scale (Kameyama et al., 1997; Kaus & Podladchikov, 2006; Leloup et al., 1999; Schubert & Yuen, 1978).
Field studies on ductilely deformed rocks widely support the characteristic grain size as a crucial parameter
controlling effective viscosity, especially at scales at which the thermal diffusion would prevent significant
viscous drop due to temperature. Indeed, natural shear zones or shear bands from the scale of a few centime-
ters to regional scale commonly exhibit very high and localized grain-size reduction (Carreras, 2001; Fossen
& Cavalcante, 2017; Pennachioni & Mancktelow, 2007). This characteristic defines the mylonitic fabric. The
dependence of grain size on the driving stress promoted the use of grain-size measurements as piezometers
in natural mylonites (Stipp & Tullis, 2003; Twiss, 1977).

Grain-size reduction usually results from dislocation creep through dynamic recrystallization (Derby, 1991;
Derby & Ashby, 1987; Drury & Urai, 1990; Shimizu, 1998, 2008; Twiss, 1977). On the other hand, Newto-
nian creep is highly dependent on the grain size because of diffusion processes (Herring, 1950; Nabarro,
1967), but in the absence of a grain reduction mechanism, it results in grain growth. It has been proposed
that the coupling between dynamic recrystallization and grain-size sensitive creep can explain plastic weak-
ening at small scales (Drury et al., 1991; Poirier, 1980; Van der Wal et al., 1993). Dislocation creep allows
the mean grain size to decrease deep into the diffusion creep domain thus producing stress weakening.
Figure E1 green arrow (1) illustrates such an evolution toward the Post and Tullis (1999) piezometer (red
line) in the case of a feldspar aggregate. However, Austin and Evans (2007) and Ricard and Bercovici (2009)
proposed that the steady-state grain size depends on the rate of deformational work instead of the stress
alone, regarding the steady-state grain size as a paleo-wattmeter instead of a paleo-piezometer. Furthermore,
De Bresser et al. (2000) emphasized that such an interaction between dislocation and diffusion creep results
in a grain-size equilibrium at the transition between the two mechanisms and prevents any significant weak-
ening as schematized in Figure E1 green arrow (2). Therefore, explaining both the observed grain sizes
and the formation of shear bands imposes a grain-size reduction mechanism occurring below the grain
size insensitive/grain size sensitive transition grain size (Bercovici & Ricard, 2012; Platt, 2015; Rutter &
Brodie, 1988).

The nature of this mechanism and its potential control factors remains an important question. The complete
grain-size distribution and not only a characteristic grain size (Czaplinska et al., 2015; Herwegh et al., 2005;
Karato, 1984; Rozel et al., 2011; Ter Heege et al., 2004) and the presence of secondary phases, a common
characteristic of very fine grained shear zones (Herwegh et al., 2011; Hiraga et al., 2010; Linckens et al., 2015;
Platt, 2015) have been proposed to play a role in the transition between grain-size insensitive (dislocation)
to grain-size sensitive (diffusion) creep. Bercovici and Ricard (2012) proposed that grain splitting because of
pinning by a second phase could reduce grain size in the diffusion creep regime. More recently, Precigout
and Stunitz (2016) documented a possible grain nucleation mechanism triggered by grain boundary sliding
in diffusion creep domain. This mechanism is likely to produce important grain-size reduction. High strain
experiments of Cross and Skemer (2017) also produce well-mixed mylonitized textures.

The numerous studies on secondary phases, pinning, and phase mixing advocate for models with a more
complete description of deforming aggregates, taking into account grain-size distributions, secondary
phases, and the mixing state between them, that could be efficiently compared to field and experimental
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observations. A two-phase theory was proposed by Bercovici and Ricard (2012) using a continuum descrip-
tion of the system and involving the mean curvature of the interface as a measure of the phases mixing. This
theory encompasses the effect of pinning and provides an easily scalable framework to compare numerical
models of texture evolution to statistical measures on natural samples.

Our main objective is to propose a model allowing to compare numerical application with natural shear
zones. The two-phase damage theory (Bercovici & Ricard, 2012) was developed specifically for large-scale
purposes such as plate tectonics generation and persistence (Bercovici & Ricard, 2013). In this study, we
adapt it by using the smaller-scale model to compute a texture-dependent viscosity that could be imple-
mented in a geodynamical model and compared to field observations at both the textural and local/regional
scales. We choose to account for the interdependence between interface density and the phases mean grain
sizes in the entropy production equation. A modification of the equations for grain size and interface mean
curvature evolution is proposed, in order to limit the effect of Zener pinning to grain growth. To account
for the possible effect on the material viscosity of grain-size reduction mechanisms potentially active in the
diffusion creep domain (Bercovici & Ricard, 2012; Menegon et al., 2015; Precigout & Stunitz, 2016; Tasaka
et al., 2017), we introduce another generic deformation partition coefficient. Furthermore, we propose an
equation for the effective viscosity of the material that not only depend on the effective viscosity of the two
phase but also on their mixing state. For two phases A and B, this mixing state is measured from the rel-
ative quantity of AB and AA, BB grain-boundaries densities (Heilbronner & Barrett, 2014). Eventually, we
modify the scale numbers proposed in Bercovici and Ricard (2012) in order to account for different min-
eral rheologies. The variables used are specifically designed to be measurable on natural samples in order
to provide useful constraints from both natural and experimental data. We finally present simple numerical
applications, to display and discuss the general behavior of the equations.

2. Continuum Description of Grained Rocks

2.1. Grains Properties and Size Distributions

Following the formalism described in Bercovici and Ricard (2012, appendix A), within a control volume 5V,
all the macroscopic variables and their derivatives are considered continuous. In the following description,
all variables accented as X are related to one grain of specific size R, variables accented X are related to
interfaces, and variables indexed X; are phase dependent (i = 1lor2, see Appendix E and Table E3). We
consider two immiscible phases represented by a function ¢; such that ¢; = 1 where only the phase i is
present and 0 where not. Therefore, the volume of phase i in 6V is

5V, = / 0, dV = ¢,6V, )
%

2 —
and ¢; satisfy Zi—1¢i = 1. Any variables summed over the two phases is written X = ) .¢,X;. The volume
and surface area of one grain of phase i are written as the following:

7 — 3
Vi=-zR, )
A; = AP, = 47R?P, 3)

which defines the grain-size variable R; and the grain “roughness” or “shape factor” P,. The grain-size vari-
able R; corresponds to the radius of the sphere with a volume equivalent to the grain as schematized by
Figure E3a. The grain roughness P, accounts for the amount of area in excess from the minimum area com-
patible with the grain volume (the area of a sphere of radius R;). All grains of a size R; share an identical
roughness P,. This is also illustrated in Figure E3a. Therefore, the grain volume and associated quantities
only involve the variable R,, while grain surface depends on both R; and P;. The mean curvature of one
grain reads

k=2 @

av, R

i

Each phase within a control volume is described by a continuous and convergent distribution v, of grain size
R, (the distribution function v; vanishes at finite maximum and minimum R;). The variable R, is the mean
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grain size and the variable P, the mean grain roughness of the phase i grain population (Appendix B). The
volume of phase i reads (see; Bercovici & Ricard, 2012, appendix B, equation B.3)

8V, = < / ) Vivid,R) ¢V, 5
0

/ VvdR =1, (6)
0

which because of equation (1) yields

implying that there is no void of any kind between the grains. The two phases being considered incompress-
ible, we will write all mass-dependent quantities as volume dependent. The general equations concerning
grain-size distributions are displayed in Appendix B.

2.2. Interface Density and Mean Radius of Curvature

Accounting for the effect of phase mixing on the rheology of two mineral phases materials such as the one
displayed in Figure E3b is one of our objectives. The interface area is defined as the sum of all the surfaces
separating a grain of phase A from a grain of the phase B in a given volume as illustrated by the red lines
in Figure E3b. On the other hand, the intraphase boundary area is defined as the sum of all the surfaces
separating two grains of the same phase (green and olive green lines in Figure E3). The amount of mixing
between the two phases is related to the relative quantity of interfacial area (AB) with respect to intraphase
grain boundaries AA or BB (Heilbronner & Barrett, 2014, chapter 18). The grain boundary area defines the
sum for one phase of the interface and intraphase boundary area. The total interface area 64, in the control
volume 6V is written (Bercovici & Ricard, 2012, appendix A, equation A.3)

8A; = / adV, (7
sV

which defines the interface density « as the total interface area normalized by the considered volume. A
grain-boundary density «; is similarly defined and corresponds to the sum of interface and intraphase grain
boundary area for all the phase i grains:

aiz/ A;v,dR. ()
0

The phase grain boundary area density is ¢;a;, and the total grain boundary surface of phase i yields

bA; = / ¢, dV. ©)
8V

The interface density should be a function of the phase volume fraction ¢;, the phase mean grain sizes R,
and mean roughness P;. Furthermore, @ must vanish if either ¢, or ¢, = 0which advocate fora = f (¢,¢,)
(Bercovici et al., 2001; Bercovici & Ricard, 2012). If the interface density has to be a function of the phases
proportions and grain-size distributions, another independent variable is required in order to describe the
mixing state of the phase. On the basis of the work done by Ganesan and Poirier (1990), Bercovici et al.
(2001), and Bercovici and Ricard (2005), Bercovici and Ricard (2012) propose the general formula:

3¢9,

a =3 F=——, (10)

thusintroducing the interface mean radius of curvature r as an independent variable measuring the interface
coarseness (inverse of interface fineness 7). However, in the following development, we will consider the
interface density as a function of not only phases volumic fractions ¢, and interface mean radius of curvature
r but also of the mean grain sizes R;, thatis, a = f (¢, 1, R;).

3. Thermodynamics of Coupled Two-Phase Deformation

3.1. Damage, Self-Similarity, and Entropy Production
Grain “damage” is related to the processes affecting grains evolution during deformation (Ricard &
Bercovici, 2009). The damage theory is generally based on the proposition that the internal energy E of a
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given system depends on its entropy S and density p but also on a third state variable D related to damage,
thatis, E = f (S, P, 2). However, if p and S are clearly conjugated to the pressure P and the temperature 7,
the conjugate variable of D is only defined by the partial derivative of the internal energy with respect to D.
The approach proposed by Bercovici et al. (2001) considers the damage variable D as the quantity of interfa-
cial surface energy present in the system. Thus, the internal energy is now written as E = f (S, p, &) where a
is the interfacial area density. The conjugate variable of @ becomes 7, the interfacial surface tension. There-
fore, grain damage results in storage of deformation energy as surface tension energy through the creation
of grain boundary area. Even if mylonitized rocks exhibit a strong anisotropic fabric, we follow Bercovici
and Ricard (2012) and assume a scalar « (grains properties are isotropic). As they demonstrated, mass con-
servation implies to split the grain-size fluxes in the grain-size space into continuous (grains vanishing or
growing) and discontinuous fluxes (grains breaking or fusing, see Appendix A for further details).

Furthermore, Rozel et al. (2011) consider that the grain-size distribution remains self-similar through-
out deformation (all distribution moments are only function of the mean). The self-similar grain-size
distribution function v, reads

v, =B(R,)Hw). (11)

1

The function B is an amplitude depending only on R;, H is the shape function of the distribution which
depends on the self-similarity variable u = R/R,. Rozel et al. (2011) comes up with an equation for grain-size
evolution where the continuous fluxes of grain size are related to grain coarsening and the discontinuous
fluxes corresponds to grain damage:

dr;
- = C(R,)-D(R). (12)

where C (R;) and D (R;), respectively, represent the continuous and discontinuous fluxes of mean grain
sizes R; (see section B2 and equation (B11)). The two phases grain-size distributions are assumed to be
log-normal (Rozel et al., 2011), which allows to compute the various integrands related to grain-size distri-
bution. From these leading hypothesis, it becomes possible to write the entropy production within a control
volume under deformation (section C2) and to use it in order to derive phenomenological evolution laws for
mean grain sizes and interface density. The main difference with the previous model at this stage is that we
consider the interface density alpha to depend not only on phase volumic fractions ¢; and interface mean
curvature r but also on the phases mean grain size R;. As a consequence, we cannot assume the mean grain
size and interface density to satisfy entropy positivity independently. However, using Onsager's phenomeno-
logical relations requires each thermodynamical flux to be independent from the other. We therefore rewrite
the interface density « as the sum of all its partial derivative with respect to the grain size R, the phase volu-
mic fraction ¢;, and the interface mean radius of curvature r. Assuming that the grain-size distribution of
each phase remain self-similar, assuming that these grain-size distributions are log-normal and neglecting
heat production and transfer terms, because the thermal diffusion overcomes the heat produced by viscous
dissipation (high Brinkmann number) at the scales of interest,

yields the equation for the production of entropy (see section C2 and equation (C20)):

30,07, P, da | dR; da or oa D¢1 .
Y= —_— —yy— | — -y — = - — +AIl | — +y* > 0. 13
Z [ P TN B TR R TANANG v (13)

The first term corresponds to the processes related to grain-size evolution and encompasses the inter-
face variation due to grain size (—y;0a/0R; term). The second term corresponds to processes that modify
interface density independently of grain size (for instance, phase mixing at constant mean grain sizes).
The third term is relative to phase volumic fraction, AII being the effective pressure difference defined as
AIl = II, — II, and IT; = P; + y;K; (see sections C1 and C2, the mean grain curvature K; is defined by
equation (4)). The intraphase boundary surface tension energy is y;, while the true interfacial energy is 7;.
However, in the following development, the surface tension energy related to interface area corresponds to
an effective surface tension energy y; = 7;— ).,7; (Bercovici & Ricard, 2012, appendix E.1, equation E.1). The
log-normal shape of the grain size allows to compute the grain-size distribution nth moment (section B2):

A, = / u"H (u)du = e"'o°/2, 14)
0
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where again u is the self-similarity variable (see equation (11)), and ¢ is the dimensionless variance. An
important quantity is the grain boundaries density «; that is computed from the equations (8) and (11) for
self-similar log-normal distribution (see section B1 and equation (B6) for the form of v;):

3/17)
zx—/ .AvdR— z (15)

Similarly, from equation (4), the mean grain boundaries curvature K; reads

24,P,
K = /deR_ =2 (16)
3Ri

3.2. Nonequilibrium Thermodynamics

In order to use the equation (13) to derive evolution equations for R; and r, we consider that there are
only linear and homogeneous (phenomenological) kinetic relations between thermodynamical fluxes J and
dissipative forces X. Under this hypothesis, the entropy production equation is written as a scalar product
of thermodynamical fluxes and dissipation forces yielding:

4

=Y IX +yt 20 (17)
k=1

According to Onsager (1931), satisfying the positivity of entropy production requires to write the thermody-
namical fluxes J as

Je= 2 KX, (18)
]
where K is a positive definite square matrix. Therefore, the entropy production reads
T =) XKX; > 0. (19)
kil
The positive definiteness of K is sufficient to ensure the positiveness of . The Onsager's reciprocal relations

also imply that K is symmetrical. The thermodynamical fluxes are generally defined as the whole material
derivative Y of the state variables Y (Fischer et al., 2014), which reads

Rl 7zl

Y= Ry Y= 732 (20)
r r
b, b,

The effective deformational work rate, y*, is defined as the tensorial product of the strain-rate tensor ¢ with
the effective stress tensor z*, that is,

yr=rtie (21)

(see section 3.5.3 and equation (122)). It is generally considered that the strain-rate tensor corresponds to
the thermodynamical flux associated to a dissipative force that is the stress tensor (De Groot & Mazur, 1984).
When writing the Onsager's matrix, this results in a rheological equation relating the strain-rate tensor to
a linear function of all the dissipative forces including the stress tensor. However, in the case of deforming
mineral aggregates, the rheologies are nonlinear (see sections 3.5.3 and D2). Furthermore, assuming the
strain rate as the thermodynamical flux induces two other questions. First, fluxes and forces that are not
of the same tensorial order should be decoupled (De Groot & Mazur, 1984). As the considered medium is
assumed isotropic (mean grain sizes are scalars), this implies that the mean grain-sizes evolution equations
should be decoupled from stress. Second, Austin and Evans (2007) and Ricard and Bercovici (2009) show
that mean grain sizes depend on deformational work rate rather than stress alone. Keeping with this result
and the phenomenological hypothesis implies that the dissipative force in that case has to be the deforma-
tional work which in turn implies the conjugated thermodynamical flux to be 1 so that the thermodynamical
fluxes are written as linear functions of the deformational work rate. We acknowledge the exotic char-
acter of this choice but will demonstrate that this assumption allows to recover the general forms of the
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equations proposed by Bercovici and Ricard (2012) and Rozel et al. (2011). Therefore, we choose to define
the thermodynamical fluxes J and dissipative forces X as follows:

Jo=Y, for k=1, ...,4, (22)
Js=1, (23)
Xe=f, for k=1,...,4, (24)
X =y, (25)
Taking into account equations (13) and (26), the forces are thus given by
(3}»24’1 nPr _ ()_a)
A3R? 4 oR,
3Py, Oa
13R2 4 oR,
f= da . (26)
Iy
Ja
- <Y1E + AH)
ll/*
This yields the entropy production equation:
4
(YY) = Y fi¥+w" >0 (27)
k=1
The Onsager's reciprocal relations imply K, = K}, yielding the corresponding system of phenomenological
relations:
Ry =Ky [y +Kip o + K f3 + Kia oy + Kysyr™, (28)
Ry =Ky fy + Kop fo + Ko [ 3+ Kou oy + Kosyr™, (29)
F=Ki3f) + Ky fy + Kaa f3 + Kyu fy + Kasyr™, (30)
by = Kiuf1 + Koufo + Ky f5 + Ku fy + Kysyr™, (31
1=Ksf1 +Kpsfr + Kss /3 + Kys s + Kssy™, (32)
where we should have K, > 0 and K, K > i (K + sz)2 for K to be positive definite.
3.3. Phases Proportions
As we neither consider phase transition nor any mass transfer between the two phases, and we assume
equivalent velocities between the two phases (see section 3.2), we prescribe D¢, /Dt = 0 in a given control
volume. Furthermore, we consider all the equations (28)-(30), and (32) to be decoupled from ¢, (31) which
imposes K;, = 0. The phases volumic fractions ¢; will be considered as constant parameters. The system
thus reduces to
Ry =Ky f1+Kifo +Kisf + Kisw™, (33)
R, =Ky fy + Ko fr + Kos f3 + Kosw™, (34)
F =Ky f1+ Ky fr + Kaa f3+ K5y, (35)
(ﬁl =0, (36)
1=K5/1 +Kpsfr + Kss /5 + Kssyr ™ (37)
BEVILLARD ET AL. 7
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To achieve the ¢, = 0 condition, either K,, or f, or both has to be 0. The condition

f4 = 0’ (38)
taking into account the expression of the dissipation force f, (equation (26)) yields
Ja
—y;—— = AIL 39
Y1 9¢, (39)

According to Bercovici and Ricard (2012), the pressure difference term reads AIT = IT, — I1, where I, is an
effective pressure taking into account the effect of surface tension, that is, I; = P; + y,K; (see Appendix C).
Equation (39) describes the equilibrium between the variation of surface tension on the interface and the
pressure difference on both side of the interface. It is equivalent to Bercovici and Ricard (2012, appendix E,
equation E.23a) and corresponds to the Laplace quasi-static equilibrium across the interface.

3.4. Grain-Size Evolution Equation Without Deformation
The system now reads

Ry =Ky fi + Ko fr + Kis f3 + Kysw™, (40)
R, =Ky fi + Ko fr + Kps f3 + Kosw™, (41)
F=K3fi +Kuf + K fi + Ky, (42)
1 =Kisf1 +Kpsfr + Kss /3 + Kssp™ (43)

At this point, we assume that the diffusion processes occurring in each phase are independent, the phases
are only coupled through the evolution of interface density, this assumption implies K;, = 0, and the system
comes down to

Rl =Kn/i+ K f3+ Kisy's (44)
Ry =Ky fr + K3 [+ Kpsyr™, (45)
F=Kyj3f1+ Ky fr + Kas f3+ K5y, (46)
1=Ks/1 +Kpsfr + Kss fs + Kssyr ™ 47)

3.4.1. Mono-Phase Aggregate
For one phase (¢; = 1), considering the continuous and discontinuous grain-size fluxes to independently
satisfy the positivity of entropy (Ricard & Bercovici, 2009), and if there is no deformation, we are left with

R, =K fi +Kisfs (48)
which, once introduced the expression of the forces (equation (26)) and taking into account that & must
vanish if either ¢, or ¢, = 0, yields

31 P
R = 2011 P

= K. 49
1 /1373% 11 (49)

This equation appears similar to the equation (12) proposed by Rozel et al. (2011) in the case of no
deformation (D (R;) = 0):

R,=C(R)). (50)

Following Ricard and Bercovici (2009) and Rozel et al. (2011), we consider that, in the absence of deforma-
tion, the grain size evolution results from mass diffusive transfer driven by surface tension minimization,
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that is, classical grain growth. This implies that the coefficient K;; should be related to the rate of growth of
the grains volume and yields

R,=C(Ry)
_ 30 P
- RR2 (51)
j— Gl
p-1’
DR,

where G, is the rate (f[m]?.[s]!) at which the mean grain size grows in order to decrease surface tension and
p is the grain-growth power exponent (Bercovici & Ricard, 2012; Rozel et al., 2011). Taking all these remarks
into account yields a K, coefficient of the form:

_ 3G R,y

= . (52)
U 64,7

3.4.2. Two-Phase Aggregate
3.4.2.1. Grain-Size Evolution Equation

The discontinuous fluxes which depend on deformational work rate are related to grain damage (Ricard
& Bercovici, 2009; Rozel et al., 2011). In the absence of deformation, the deformation work terms in the
system vanish, which, using the equation 52 and the expressions for the thermodynamical forces of the
equation (26), yields the system:

. 34,0111 P, da Ja
R, = ———— —y,— | K;; —y;—K;, 53
1 ( 137%% 41 IR, 11~ 71 or 13 (53)

- 34,0,1,P, da Ju
R,=| ———=—y,— |K,;, —7v,—K,,, 54
2 ( /137%; Y1 IR, 21 =71 or 23 (54)
. 34,01 P; o 34,0,7,P, Jda Jua
= ——— -y, — | K. +| ———=—= —y,— |K,, —y,—Ka,. 55
( /lst 71 IR, 13 /lng 14 IR, 23 ~ T or 33 (55)

During grain growth, the presence of interfacial area related to the second phase particles is likely to impede
the migration of grain boundaries allowing the mean grain size to reach a steady-state at smaller size. This
mechanism called Zener pinning has been described by Smith (1948) and widely investigated for metallur-
gical purposes as it constrains the influence of impurities on the rheology of metallic alloys (see; Roberts,
2008; Smith, 1948, for instance). It occurs when a migrating grain boundary passes through a smaller inclu-
sion which increases the interface curvature, thus increasing surface tension energy and impeding grain
growth (Herwegh et al., 2005; Mehl & Hirth, 2008). In geological materials, this process extends to the grain
effect of one phase on the other during grain growth. In classical grain-growth theories, the Zener pinning
effect involves the second phases particles that are very small in size and proportions with respect to the
major phase in such a way that they do not evolve during the coarsening of the opposite phase. In this case
Hillert (1965) proposes that the pinning effect could be represented by an equation of the form:

2
dd—ﬁz: [1—z<7§>], (56)

thus allowing a steady-state when the major phase grain-size R reach a given critical size R .. Additionally,
Bercovici and Ricard (2012) build a micromechanical model for Zener pinning allowing the two phases to
be of relative equivalent proportions and grain sizes and end up with a comparable equation:

R _ G |,_.q R\
T e | -0 (%)

— Gi z
=—=Z,
PR;

(57)
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where the critical grain size R, corresponds to the interface mean curvature radius r. The coefficient z reads
— 3bnj'n+1 , (58)
2(m+3)4,
where n depends on the assumed function accounting for the evolution of grain surface curvature during
pinning (Bercovici & Ricard, 2012, appendix F.4, equation F.27). We assume that each thermodynamic flux
satisfies the positivity of entropy independently. The coefficients K, and K,; which couple the grain size
R; and the mean radius of curvature r evolution equations are thus imposed to be 0 (K;; = K,; = 0).
Substituting equation (52) in (53) and (54) and factorizing reads
. G 114 Ry
Ry=—(1- 220 00 ) (59)
pR‘llF 34,17,y OR,
, G 114:R;3
Ry = —2_(1- 222 0x ) (60)
pRIZ’_ 34,$,7,P, 0R,
da
-V = o K;;. (61)
In the case of grain growth alone, we aim to recover the form of the Zener pinning coefficient proposed by
Bercovici and Ricard (2012). Comparing equations 59 and (60) with (57) yields
R, \? nARE
—Z(1—¢1)<—1> -1 A3 ox (62)
r 34,171 P, OR,
R Y14:sR;5
(1_4)2) <_2> =1_#a_a, (63)
34,0,7,P, 0R,
and thus allows to constrain the partial derivatives of the interface density:
da _ 3,01$,2n Py ’ (64)
oR, Ayyr?
da _ 312(151(1’21727)2. (65)
0R, Asypr?
The simplest solution of this system is
3/12¢1 $:2
a= Z nPR; |+ ZIi, (66)
with I, being the integrand constant relative to phase i. This expression appears consistent with the
form of the interface density a used by Bercovici and Ricard (2012) to derive their two-phase model (see
equation (7)). In the absence of a better choice, we will further assume the two integrand constants I; to
be zero.
3.4.2.2. Interface Mean Radius of Curvature Evolution
From deriving the equation (64) with respect to the interface mean curvature radius r, one can write
64
da _ 5452 > P, (67)
or T
which yields from equation (61):
. 6401952
= 2/1 ;2 2 Z ¥ PRKss. (68)
According to Bercovici and Ricard (2012, appendix E, equation E.23b), the coarsening term of the interface
evolution equation reads
3¢,4,G
— ¢1¢2 1 . (69)
gra-t
BEVILLARD ET AL. 10
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To remain consistent with this expression but keeping with the dependence of @ on R;, we impose that
G
K;; = 70
5= (70)
which provided that the interface coarsening contributions of phases 1 and 2 written as G;/y; are equal to
the interface coarsening rate G;:
G G R
—=—==0, (71)
141 1§)
and that ¢ = 4 yields the interface coarsening expression:
6 1,26
841924:2G; 2 PR, (72)
gt
3.5. Grain Growth and Damage Evolution Laws
3.5.1. Time Evolution of a Mono-Phase Aggregate With Deformation
Using equation (52) and considering that « = 0if ¢, or ¢, = 0 leads from equations (44) and (47) to
R, = T+ Ksw, (73)
pR"
340 P
1=K ;——— + K.y™". 74
15 /137%% ss¥ (74)
The last term in equation (73) depending on y* is related to damage. It has to be negative as damage must
reduce grain size (see equation (12)), but the deformation work rate y* is positive. Thus, the coefficient K
must be negative. Recasting the equation (74) as
34,01 P,
———— =1-K.y", 75
15 /ISRf ss¥ (75)
it implies that
1-Kyp* <0. (76)
In order to remain consistent with the Rozel et al. (2011) formalism, this condition is satisfied provided that
K, =%
557y (77)
X =21
Furthermore, we assume that damage to grains occurs through two mechanisms:
1. Dynamic recrystallization in the dislocation creep domain; and
2. Potential grain reduction mechanisms in the diffusion creep domain (Bercovici & Ricard, 2012; Menegon
et al., 2015; Precigout & Stunitz, 2016; Tasaka et al., 2017).
To account for these mechanisms, we propose to write the function X as
X=(1+fp) F+ (1+fn) A= F), (78)
where f;,; accounts for the storage of deformation energy due to dynamic recrystallization during dislocation
creep, while fy; corresponds to the possible grain-size reduction mechanisms active in diffusion creep. This
yields the phenomenological coefficient K;:
[(1 + fDl) F+ (1 + le) 1 —F)]
Ky = , (79)
Yok
where
0 < fm<L (80)
0 < fu<L (81)
BEVILLARD ET AL. 11
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The function F must constrain the activation domains of each mechanisms (Figure E1); to stay consistent
with Rozel et al. (2011) equation, we set
RX
F=—"1—, 82
R+ Ry 82)
Rx
1-F=—9 | (83)
RL+RY
where R, is the transition grain size between the two mechanisms (field boundary grain size), defined by
the equation (section D2 and equation (D13)):
1/m;
b\
R, = — . (84)
a7,
and x is an exponent controlling the sharpness of the transition, F — 1if R, > R, andF - 0if R, << R,.
Substituting equations (82) and (83) into (79) yields the phenomenological coefficient:
RX R
[0+ o) i + (4 ) i
K = - , (85)
W
which allows to constrain K ; from equation (75):
3 /1 P Rx Rx X Rx
15 sl - = X - 5% = x (1+fD1)x—1x+(1+fN1)x—C1x
A3R2 RL+RT R +R] R+ R R+ R
x x (86)
3hénPr _ LS _ fmRa
BTBRI L Ry R+ Ry
K. = AR (T Ry + FniRY,) 87)
15— — .
34,01 Py (RY, + RY)
If we do not consider any grain-size reduction mechanism in the diffusion creep domain (fy; = 0) and
consider spherical grains (P; = 1), we recover the grain-size evolution law proposed by Rozel et al. (2011):
G ﬂ RZW*
| = — > F. (88)
pRY 34,011 Py
where F,, is defined by
Rx
Fpy = —im L (89)
(Rcl + Rl)
On the other hand, the existence of a nucleation mechanism yields
. G )«3R2W>‘<
R, = ;71 - ! (Fpy +Fyy) (90)
pRY 3,017
with Fy, defined by
RX
Fy = —E“ Clx . (91)
(Rcl + Rl)
We are only interested here in accounting for such mechanisms and their potential roles and magnitudes in
producing the textural variations observed in natural mylonites (see Figure E2). It is not in the scope of this
study to propose a complete micromechanical model at grain-size scale explaining these processes, even if it
could be added later by relating the partition functions fj; and f; to grain-scale micromechanical models.
3.5.2. Time Evolution of a Two-Phase Aggregate With Deformation
Reintroducing all the interface dependent terms in the system yields
. G
Ry = ?21 + K5y, (92)
1
BEVILLARD ET AL. 12
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. G,
Ry = —=Z, + K", (93)
PR}
_ 6¢1¢2}“22@1 *
sl Z PR, + Ky, (94)
34,0,7, P 30,0,7,P. 64,0, 9,2 N
1= Kls%a +K2513;R§222 - Kxﬁ (nP\R, + 1, PyR,) + Kssyr™. (95)

3L¢11 P + 34,0,1,P, 6,0,0,2
5 <1 e— —

Z,— K5 s (nPiR, +1r,PyR,). (96)
3

Because the coefficients K;; must be negative and to remain consistent with Bercovici and Ricard (2012)
formalism, we propose to write the phenomenological coefficient Kys:

o [(T4Fpy) RY + (14 ) RY N ¢y [(1+Fp2) RE+ (1+Fy2) R 2]

= 97
. v (R4 1) v (R RY) 7

with fp; the deformational work partition fraction relative to dislocation creep and dynamic recrystallization
processes and fy; a deformational work rate partition fraction accounting for grain-size reduction mecha-
nisms occurring in the diffusion creep domain. In each case a portion of this energy is stored by creating
intraphase grain boundaries, while the rest of available energy is stored through the creation of interface
surface. In order to account for these energy storage processes, we introduce the forms

fpi = fufpi t+ (1 - fai) fpis (98)
fni = Fafn+ (1= i) Tie (99)

Taking into account equation (97), the left-hand side of equation (96) becomes
1-Kssy™ =—¢, [fal (FDI +FN1) + (1 - fal) (FDI +FN1)]
- ¢, [faz (FDz +FN2) + (1 - faz) (FD2 +FN2)] >

where Fp,; and Fy; are defined by equations (89) and (91). By comparing this expression with the right-hand
side of equation (96), we propose

(100)

34,171 P
KIS_ZA ;{1 L2, =1 (Fpy + Fyy) (101)
37V
32,0,7,P
. 202175, _ ~$sf22 (Fpy + Fyz) (102)
A’SRZ
64,$10,2
Kss 2,1 ;3 = (PR + 1 PyRy) = Z &i (1= o) (Fp; + Fi) » (103)
3

which yields the following expressions for the phenomenological coefficients:

AR

Ko=-—1% (F +F,), (104)
15 3)'27/17)121 ( D1 Nl)

A3R§flx2
Kyo=-—22 (F +F,), (105)
25 3127/27)222 ( D2 NZ)

K= _/13"3 (X (1= o) (Fpi + Fyi) | (106)
® 64,0, 9,2 (71P1R1 + J’zszz)
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Replacing equations (104), (105), and (106) into, respectively, (92), (93), and (94), the set of evolution
equations reads

G1 _ /13R§fa1
pRI™ b 3pnz,

R, = (Fpy + Fyy) v, (107)

GZ /13 R% faZ

R, = z, -
’ pRET! P 3hnPZ,

(Fpy + Fy,) v, (108)

_ 60,054,726, Z PR, — A Y (1= o) (Fpi + Fui)

(109)
Asqra~! 64,019,z (Zi}’ipiRi)

We consider the Zener pinning effect to be only related to grain growth, and we therefore aim to limit
the effect of Zener pinning to the grain-growth member of the grain-size evolution equation (C (Ri)
equation 12). For this purpose, a variable change is necessary in order to allow for the Zener coefficient Z;
to decrease interface curvature which is an expected effect of Zener pinning (distorting interface), while
grain-size damage is the result of deformation energy storage on grain boundaries. To do so, we write f,; as

R.\*
fui = X — )(iqbiz(Tl) . (110)

This yields

R\’
1-fu=1- i+ 1dz - (111)

Eventually, substituting equation (111) into (107)-(109), the final set of evolution equations reads

G, 1373%)(1

R, = zZ, -
! pR‘;F1 ! 34,nP,

(Fpy + Fyy) v, (112)

. G MRy, .
R,= ——2Z,- 2 (Fpy + Fya) w*, (113)

6¢1¢2/12ZG1 Z PR ’13 I ( ) (FDL + FNL)

(114)
Ay qra- C daqrit 612¢1¢2Z217’1 i

3.5.3. Two-Phase Deformational Work Rate
3.5.3.1. Mixing Variables

For two phases A and B, the mixing state of the aggregate is defined by the relative quantity of interfacial area
AB and intraphase grain boundaries areas AA and BB (Heilbronner & Barrett, 2014, chapter 18). Normalized
by the volume, these quantities are the interface density « and the intraphase grain boundaries densities a;;
and a,, (which are different from the phases grain boundaries densities «; and a,). According to Heilbronner
and Barrett (2014, chapter 18), a relevant way to estimate the mixing state is to compute the ratio of the
interface area over the sum of interface and both intraphase grain boundaries areas:

§=—9®2 (115)
a+ aqq + Qyy
The interface density is given by the equation (66), and the phase intraphase grain boundaries densities could
be estimated as the phase grain boundaries density minus the interface density. This is only an estimation
because of the grains that are cut by the control volume surfaces; however, for very large number of grains,
this error should be small (i.e., if L the volume characteristic length is much larger than R;, which is already
a necessary condition for continuous grain-size distributions). S therefore reads

§=—9% (116)
ata,—a

BEVILLARD ET AL.
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where q; is given by equation (15). For a given phase volume fraction, the mixing state of the aggregate is
therefore only dependent on the evolution of both phases mean grain size and interface mean curvature
radius. Grain growth by removing primarily intraphase grain boundaries (coalescence of neighboring
grains) increases the mixing of the phases. In two phase aggregates, dislocation creep which involves grains
splitting either by subgrains rotation or bulging (Shimizu, 2008) creates intraphase grain boundaries and
results in clusters formation (Raimbourg et al., 2008) thus decreasing the phase mixing. In the diffusion
creep domain, the evolution of the mixing state must depend on the mechanism considered. However,
fine-grained mylonite often exhibits well-mixed pattern that advocate for a grain reduction mechanism
with important creation of interface such as nucleation (Dimanov et al., 2007; Precigout & Stunitz, 2016).
3.5.3.2. Phases Effective Viscosities

It is now necessary to define the form of the deformational work y*. Even if numerous microscopic, ele-
mentary processes are simultaneously involved in ductile rock deformation (dislocation glide and climb,
diffusion through grain boundaries or interiors, and grain boundary sliding), the macroscopic deformation
and associated flow laws are classically classified under two main types:

1. dislocation or grain size insensitive creep; and
2. diffusion or grain-size sensitive creep.

The effective viscosities associated with these two mechanisms reads (see section D2):

. -1
s = %(air{”"l) ’ (117)
aift _ 1 <Rm">
===, (118)
A

with 7; being the second invariant of the stress tensor in phase i. We consider that within a phase i, all
grains share a stress Z, equivalent to the macroscopic stress 7 (Bercovici & Ricard, 2012; Rozel et al., 2011).
Furthermore, the deformation of a grain can be due to the two mechanisms acting simultaneously, thus
the total strain rate is assumed to be the sum of the strain rate related to each deformation mechanism. We
therefore use a composite rheology of the form:

: A B,
o odisl | o diff _ n;—1 i
e=¢ t¢g = (aﬂ} + ﬁ) T (119)

1

where the coefficient B; = b; Ai‘"’ accounts for the effect of grain-size distribution variance on the overall
3
rheology (Rozel et al., 2011). This relation defines the phase i global viscosity:

-1
1 . B
= §<airl."‘ s R_'l") . (120)

L

3.5.3.3. Effective Deformational Work Rate

The simplest hypothesis is to assume the aggregate effective viscosity u* to be a volume average of the
phases viscosities, we get u* = = Y ,¢p;u; and y* = y (Bercovici & Ricard, 2012). However, the influence
of phases mixing on the material rheological behavior may be taken into account in defining the effective
deformational work rate. Therefore, the aggregate viscosity u* is written as a function of phases viscosities
u;, volume fractions ¢;, and the variable S quantifying the degree of mixing between the phases. Evaluat-
ing the rheology of heterogeneous materials requires a complex mathematical treatment (Drew & Segel,
1971; Hill, 1965; Ravichandran & Seetharaman, 1993). Here the effective viscosity is considered to be a
function of the two pure phase end-members viscosities, whose relative contributions is a function of the
aggregate “mixing pattern” depicted by the variable S. The aggregate is considered to evolve between two
end-member cases:

1. The phase tends toward clustering (see Figures E2b and E2e), when S — 0 (i.e., intraphase boundaries
are dominant); and

2. The phase tends toward maximum mixing (see Figures E2c and E2f), when S — 1 (i.e., interface
boundaries are dominant).

If interface grain boundaries are dominant, the variable S tends toward unity (the case S = 1 corresponds to
the perfect mixing state where there is no intraphase boundaries anymore akin to the chessboard pattern). In

BEVILLARD ET AL.
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contrast, even if the texture includes large clusters, the presence of two phases implies a nonzero amount of
interface. As a consequence, if S could be low depending on the amount and size of grains clusters, it cannot
reach zero. The evolution of the aggregate mixing state is likely to be controlled by the dominant deformation
mechanism acting on each of the two phases. In order to compute the material effective viscosity, we consider
that in case (1) the whole rheology is dominated by the clusters (or layers) of the weakest phase, while the
homogeneous mixing of case (2) is likely to results in an average of the two phases viscosities. These remarks
lead us to propose the following expression for the aggregate effective viscosity:

u* =S(¢1ﬂ1 +¢2/‘2)+(1_S) (ﬁ) . (121)
Thus, when the phases are clustered (S — 0), the first term is negligible, and the rheology is dominated
by the weakest phase (harmonic mean). On the contrary, when the phase are well mixed (S — 1), the
viscosity is approximated by the first term and results from a volume average of the two phases viscosities.
This averaging hypothesis on the rheology of the general aggregate is still linear with respect to the strain
rate, thus the total work rate acting on the control volume reads

yr=1"e
=2 (122)
=28 |S (byuy + doiiy) + (1= S) <L)] .
¢1ﬂ2 + ¢2ﬂ1

4. Application of the Model in Mono and Two-Phase Cases

4.1. Dimensionless Equations and Solving Method

In deriving dimensionless relations, we account for the possibility of different phases rheological laws. The
phase 2 rheological parameters a, = a,exp (~E3*!/RT), b, = b, exp (—EJ/RT) are scaled using the cor-
responding parameters of the phase 1, thus the imposed strain rate ¢ and the rheological parameters of the
phase 1, a, = a,exp (—ES*!/RT) and b, = b, exp (—ESi/RT) are our main scaling parameters:

BEVILLARD ET AL.

e=ed with ¢, =e, (123)
, ) 1
t =t with ¢ = 3 (124)
1
’ . & \
T =17 with z,=(—=| , (125)
Qs
1
’ . Ts\™
R=RR  with R, =(b,=]) , (126)
eS
a, =aa)  with a=a, (127)
B, =B, B/  with B =B, (128)
1-m
! s éS éS "2
a, = a,a, with a, = oy =— (129)
N al ny
, ) R;%e % _ma(iony ) (1) %
B,=ByB, with By=——=B"¢ —mn a"", (130)
N
where
Aem,
B, = —ip,. (131)
’13
Using these scaling parameters, the rheological equation does not change and yields
Bl
N i
¢ =ar"+ R 7. (132)
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From equations (112) and (113), using the scaling parameters described above, the grain size evolution law
reads

) Gi <R,>z j'3 (1_}(1)R;2RSTS
R'=—1  |1-z(1-¢) (=) | - Fp; + Fy;) v'*, (133)
' pRgp_l)és ( l) r 34,7 P; ( b Nl)
R" =Cz; ~ DRIV (Fp; + Fyy) w'™*, (134)

where C;, Z;, and D; are given by

Ci=—-, 135
! R2¢, (135)
RN\’

Z,=1-z(1-¢,) <r—,‘> , (136)

A iR
D, = PAXIRSTs (137)

34,1P;

The dimensionless mean radius of curvature equation reads from equation (114):
y:’ _ 3¢1¢212ZG_I Z PR — q/13r,3RSTSZi¢i (1 - )(izi) (FDi + FNi) y//* (138)
AyqraDRJe 4400 64,016,227 PR, '
_ @Y ¢ (1= 4.Z,) (Fp + Fy
7 =C; Y PR, ~D, it (1= 47) (Fi + Fo) w', (139)
i ZiyiPiRi
with the coefficients:

3¢, b, 4,26

¢, = 200l (140)
A Rgeg
AR

D, = M (141)

64,414,z

To evaluate the behavior of the model, we assume velocity boundaries conditions to be v = u(y)X (simple
shear), applied to a horizontal layer infinite in x and finite in y. The medium is considered uniform in both
x and y directions so the volume fractions ¢ and ¢, = 1 — ¢ remain constant and uniform throughout the
calculation. Therefore, all material derivatives become only dependent on time ¢, and we have

D d

= == 142
Dt dt (142)

In simple shear and zero dimension, the only imposed strain-rate tensor component is é = %3—: Thus, the
only component of stress tensor is given by

1/ni
¢
g ——— . (143)
l (ai+BiR;mir;_"i)

which is evaluated numerically using a Picard fixed point scheme. This yields the deformational work on
each phase i through

w, = 2¢1,. (144)

Then, the total deformational work rate y* is computed using equation (115) which then allows to calculate
the time evolution of R,, R, (equation (134)), and r (equation (139)) using a fourth-order Runge-Kutta
explicit iterative scheme. The code was developed with using Matlab©.
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4.2. Model Parameters

4.2.1. General Parameters and Rheological Laws

The role of the grain-size distribution dispersion during two-phase material deformation could be important
(Rozeletal., 2011). Accordingly, we choose to use rheological laws for dislocation and diffusion creep derived
from the same starting material. We use the rheological parameters from Hirth and Kolhstedt (2003) for
olivine flow laws, Rybacki and Dresen (2000) for anorthite, and Dimanov and Dresen (2005) for diopside. For
grain-growth laws, we use the parameters proposed by Karato (1989) for olivine using an activation energy of
310° Jmol'K~! (Bercovici & Ricard, 2012). The growth laws used for anorthite and diopside are from Dresen
et al. (1995) and Fisler et al. (1997), respectively. The experimental parameters are summarized in Table E1.
A rough estimate from Hidaka gabbro thin section measurement (ratio of measured grain perimeter over the
perimeter of a circle of equivalent area, 2-D measures) yields a value of 1.2 for the grain roughness P;, which
we will adopt for our computations. Grain boundaries and interfaces surface tension energy differences are
assumed close enough to be assumed equal to 1J (Bercovici & Ricard, 2012; Duyster & Stockhert, 2001).
As the medium is considered incompressible, we do not account for activation volume and also neglect the
possible effect of water fugacity. All the parameters are summarized in Table E1 below. The rheological laws
for plagioclase, diopside, and olivine are plotted in a deformation map (stresses as a function of grain size)
in Figure E5. We impose throughout the computation a constant strain rate of 107'2s~! as a reasonable order
of magnitude for geological deformation processes.

4.2.2. Zener Pinning Parameters

The value of the pinning coefficient z is computed using the value of n = 1 which yieldsb, = 1/20 and
zZ= 12312 . The exponent of the mean interface curvature radius is ¢ = 4 as comes out of our equation (72)
and was also proposed by Bercovici and Ricard (2012). To determine the interface mean curvature radius
growth rate GI by comparing the model to the grain growth experiments of Hiraga et al. (2010), Bercovici
and Ricard (2012) proposed the form

G, = q_Gi;,(q—p), (145)
p250
where G, the phase growth rate considered identical for the two phases, p is the grain growth exponent
considered to be 2 (Hashim, 2016), and 7 is the experimental interface roughness considered to be of the
order 1 ym (Bercovici & Ricard, 2012, 2013). In the current case, in order to account for different grain-size
growth rates, we propose

GI =& (¢2G1 + ¢1G2) ) (146)

because in the case of ¢; >>> (1 — ¢,)), the interface growth rate should be dominated by the less abundant
phase. This equation imposes a linear dependence of é, on the phases volumic fractions. Another possibility

can be
N G,G, )
G =g —2—), (147)
18 <¢1G1 + ¢,G,

which yields a hyperbolic relationship between G; and ¢,. These equations are likely to be valid when ¢; — 0,
but in the limit case where ¢; = 0, the whole equation for the interface mean radius of curvature r vanishes,
and this equation does not make sense anymore. We will choose the equation (146) as the simplest choice
for the following numerical applications. The parameter g; is fixed to 7.910~2 because lower values yield
unphysical negative value of the Zener coefficient Z;. The grain growth rate G; is given by

_EEow
G, =g"exp < - > , (148)

R

where R is the gas constant, T is the temperature, and g; and E;  are, respectively, a prefactor and an acti-
vation energy (Table E1). As the phases volumic fraction may have an important impact on the grain-sizes
growth rates, we display on Figure E4 the grain sizes of during grain growth using the grain growth law of
Dresen et al. (1995) for anorthite (phase 1) and Fisler et al. (1997) for enstatite (phase 2) computed with
varying ¢,. The mixing variable S growth until the aggregate reach the maximum mixing possible, that
is, all the intraphase boundaries have disappeared in the less abundant phase, all its grains are therefore
dispersed within the “matrix” phase. As expected, the maximum S value is reached for ¢; = ¢, = 0.5

grow
i
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(Figure E4, cyan curves), while strongly different volumic fractions yield a weaker mixing (Figure E4, green
and brown curves).

4.2.3. Deformational Work Partition Fractions

To constrain the value of the deformational work partition fraction f,;, we consider the case of a pure phase
aggregate, where according to De Bresser et al. (2000), we should obtain steady-state when the mean grain
size reaches the field boundary. This assumption allows to compute the corresponding partition functions
fp; using equation (134) in the case of ¢; = 1 and taking into account that Fy,; = fp;/2:

2Ci

= —F, (149)
DiRiiV’*

i

where R ; is the transition grain size computed using equation (84), and the stresses are evaluated numer-
ically using equation (119). With the rheological parameters summarized in Table E1, this equation yields
the following f;,; values for each phase.

The dimensionless variance o of the experimental grain-size distributions used to constrain the flow laws
parameters is estimated from the Rybacki and Dresen (2000) for anorthite. The value of 0.8 yields a
steady-state grain size on the field boundary for a partition fraction fp,; of 9.8445107° as depicted on Table E2
column 3. For olivine and diopside, the values for ¢ and f,; are estimated by computing the steady-state grain
size using equation (92) and comparing the resulting values to the experimental stress/grain-size curves dis-
played in Figure E5. For the grain sizes to achieve steady-state on the field boundary requires the value of
o and fp,; displayed in Table E2 columns 2 and 3, respectively. In the case of olivine, our estimated value
lies within the range predicted by the Mulyukova and Bercovici (2017) parametrization (f,; = 9.9 10~ to
1.5 107! depending on the chosen activation energy) for a temperature of 1,000 K, taking into account the
value of P;. For the following computation, we therefore use the values computed for the pure phase aggre-
gate and displayed in Table E2 last column, while assuming that the two phases share similar normalized
variance o. This does not change the values computed for anorthite and olivine; however, the value of f,
for pyroxene using a dimensionless variance of 0.8 is displayed in Table E2 column 4.

One of the main parameter of the model is the partition function y; between intraphase and interface grain
boundaries (between R; and r). So far, we cannot explicitly constraint its potential range of values. However,
a discussion on the expected behavior of our set of variables with respect to the texture evolution during
deformation is able to provide significant insight on y;.

First, it is expected that dislocation creep forms grain clusters (for instance, recrystallized tails around por-
phyroclasts; Passchier & Trouw, 2006; Raimbourg et al., 2008), which could be deformed as the deformation
goes on. In this case, when a new small grain forms, a large portion of its boundary remains “intraphase.”
In the extreme limit, one could think of a large grain segmenting in smaller ones without any change of
its extern boundary. Within our model framework, this case would lead to a mean radius of curvature
decreasing more slowly than the mean grain size yielding a decrease of S, the degree of mixing.

Second, when classical diffusion creep becomes the dominant mechanism, the mean grain size increases.
This results from the migration of intraphase grain boundary in order to decrease surface tension energy.
Simultaneously, grain growth involves a smoothing of the interface, but interfacial grain boundaries den-
sity would not decrease at the same rate than intraphase boundaries densities. Indeed, for one grain to be
consumed by another one separated by the other phase requires mass transfer of one phase across the other
one, a process slower than simple intraphase boundaries migration between two grains of the same phase.
The corresponding evolution of our variables yields mean grain sizes R; growing much faster than the mean
interface curvature radius r. As a consequence, the aggregate degree of mixing increases because of grains
clusters are consumed by the growing grains.

Eventually, if any processes reducing grain size is active in the diffusion creep domain, the formation of a
new small grain involves the creation of an important amount of interfacial area. In this model, this results
in a difference between the rate of decrease of the grain size and the interface mean radius of curvature, the
later decreasing more rapidly. The main parameter controlling the relative evolution of R; and r rates is the
function y;. For anorthite compositions, a value below y; = 0.5yields an interface mean radius of curvature
of the interface decreasing more rapidly than the grain size, while a value of approximately y; = 0.7 leads
to similar rates of evolutions. We have chosen the y; = 1 value to be consistent with this interpretation.
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4.3. Application to a Gabbroic Aggregate

4.3.1. Mono-Phase Deformation and Grain Size Reduction in the Diffusion Creep Regime

Figure E6 depicts the effect of a grain-size reduction mechanism active in diffusion creep domain. In the case
where no grain-size reduction is allowed within the diffusion creep regime (Figure E6, blue solid lines), the
anorthite grain size stabilizes on the dislocation/diffusion transition grain size depicted by the blue-dotted
line. The rate of grain-size decrease is controlled by the partition fraction fp, adjusted in section 4.2.3 to
match the field boundary hypothesis. The small weakening observed on the stress curve is due to the por-
tion of the grain-size distribution that is already deforming in the diffusion creep domain when the mean
grain-size approach the transition between the two domains. If a grain-size reduction mechanism is active
in the diffusion creep domain (Figure E6, red solid lines), as expected, both the steady-state grain size and
stress appear much smaller than the ones reached in the previous case, highlighting the role such a mech-
anism to weaken the material. The importance of this effect is related to the partition fraction f,;. Within
our model framework and given the chosen parameters, a portion function f; =~ 160f; is required to reach
the Post and Tullis (1999) piezometer. Therefore, if the mechanism involved remains compatible with a
dissipation of deformation work under the form of surface tension energy, it has to be much more efficient.
4.3.2. Bi-Phase Aggregate, Dislocation Creep, and Phase Mixing

Figure E7 depicts a deforming two-phase aggregate of gabbroic composition (70 % anorthite/30% diopside)
computed with the rheologies depicted in Table E1. If no energy storage in the diffusion creep regime is
allowed (a), the two mean grain sizes R, and R, stabilize on the field boundary (dotted green and blue
lines). The rates of evolution of the phases mean grain sizes and interface mean radius of curvature depend
mostly on the value of the coarsening rate G, (equation (146)). As expected, the interface density « achieves
steady-state when the value of the smallest phase grain boundary density is reached. The mixing degree S
(magenta solid line) displays a decrease when dislocation creep is dominant. This is due to the small rate of
decrease of r with respect to R, and R,. An important stress drop is synchronous of the mechanism transi-
tion due to the most abundant phase grain size (anorthite, blue lines) stabilizing below the field boundary.
The minimum stress is reached at about 1 My.

If an active grain-size reduction mechanism is active in the diffusion creep domain (fy; # 0, Figure E7b), the
behavior of the main variables appears much more disturbed. Both mean grain sizes show a sharp decrease
at the transition between dislocation and diffusion creep and reach smaller values than presented in the case
Figure E7a. The interface density appears to achieve steady-state near the smaller grain boundary density.
The computed steady-state grain sizes appear compatible with the fine grain size and the mixture pattern
observed in natural ultramylonites (Drury et al., 2011; Warren & Hirth, 2006). The behavior of the mixing
variable S appears similar to the case Figure E7a during dislocation creep but displays a smaller increase
when diffusion creep is dominant while the contrary would have been expected. The stress decrease is very
sharp, and the smallest stress value are reached as soon as diffusion creep becomes active and much sooner
(30,000 years) than the case without important grain-size reduction in the diffusion creep regime.

The final grain size and the difference between the two phases depend mostly on volumic fraction as illus-
trated by Figure E8. Especially, anorthite grains can reach a size compatible with the Post and Tullis (1999)
piezometer for small volume fractions.

5. Discussion

5.1. Model Objectives

Natural shear zones or shear bands are characterized as “band-like structures of higher strain and vorticity
than their surrounding” (Mancktelow, 2002). This definition appears valid at all the scales where deforma-
tion localization is observed, that is, from the thin section (millimeters) to regional scales (100 km). From a
mechanical point of view, such a localization phenomenon requires stress weakening, which could results
from great variety of control factors, over the involved range of scales (White et al., 1980). However, grain-size
reduction appears to be a very common feature of deformation localization whatever the scale of observation.
Whether it is a consequence or a cause of the related high strain is still largely debated. In the case of rel-
atively homogeneous materials (granites, gabbro, and peridotite) where neither preexistent heterogeneities
of higher scales nor external factors could be identified, the inherent rock mechanical properties have to
be the crucial factors to explain rock complex rheologies especially deformation localization (Raimbourg
et al., 2008; Sullivan et al., 2013). These mechanical properties are determined by the rock microstructural
organization, that is, the rock texture. The rock texture depends both on its nature (the mineral phases that
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are present, their proportions, and chemical compositions) and its history (the deformation history and a
resulting preexistent fabric and the thermal history that control the rate of grains recovery).

From a numerical point of view, geodynamical models are based on the known deformation mechanisms,
and the related experimental data provided the hypothesis that the results obtained at high experimental
strain rate (10~ to 10~7s~!) can be linearly extrapolated to geological ones (107!2 to 10~14s71). The flow laws
(see Appendix A) related to these mechanisms are yet the only available mean to connect strain rate to stress
for geological materials.

The model presented here aims to connect the evolution of rock textures with the underlying dominant
creep mechanisms while keeping with the self-consistent framework of the grain damage theory. This is
obtained by linking the theoretical evolution of the statistical variables described by our set equations to the
observation and interpretation of natural mylonitic texture. To this end, it is crucial not only to measure and
constrain the evolution of phases mean grain sizes during deformation and grain recovery but also to define
and characterize a set of variable able to fully describe the variety of mylonite textures. To serve this purpose,
the self-consistent physical framework provided by the Bercovici and Ricard (2012), Ricard and Bercovici
(2009), and Rozel et al. (2011) grain damage theory appears to be of great efficiency. Indeed, the continuum
approach using statistical variables allows to represent geological processes over a wide range of scales and
statistical variables can easily be compared to natural or experimental measures.

In this model, we consider a set of five statistical variables to be sufficient in describing the microscopic
texture characterizing a mylonitized two-phase aggregate. These variables are the two mean grain sizes R,
and R,, the mean interface curvature radius r which depicts the overall coarseness of the interface area
between the two phases and eventually the phases volumic fractions ¢; and ¢, = 1 — ¢,. If the whole
grains-size distributions are taken into account, the assumption of self-similar distribution (Rozel et al.,
2011) implies that all distributions parameters are only function of the mean R, in this case the normalized
variance ¢ (normalized by the mean grain-size) also has to be fixed (see section B2). Even if, rigorously
speaking, we do not account for the anisotropic fabric ubiquitous in ductile deformation, the “roughness”
variable P; could to some extent be regarded as a measure of grain shape variation (stretching and distortion
of crystal surface), but we keep it constant in the current formalism.

5.2. Zener Pinning, Phase Mixing, and Texture Evolution

In dealing with two-phase aggregates, Bercovici and Ricard (2012) proposed a micromechanical model to
account for the effect of interface in grain-size evolution, eventually yielding an equation where Zener pin-
ning not only impedes grain recovery but also actively promotes grain-size reduction during deformation.
We consider that the Zener pinning effect is only relevant to grain coarsening. This leads to a grain-size
equation where the Zener coefficient Z; appears only in the coarsening term of equations (112) and (113).
We achieve this by proposing a partition function f,; of the Zener coefficient Z; (equation (110)).

Unlike previous studies (Bercovici & Ricard, 2012), we do not assume entire independence of the interface
density a on the two phases mean grain sizes R;. We use the Zener pinning mathematical description of
Hillert (1965) and Bercovici and Ricard (2012) in order to propose an equation for « that depends on the full
set of statistical variables (R, R,, 1, ¢;, and o). Thus, each grain-size equation appears related on r and vice
versa. This dependence implies to modify the evolution equation for the interface mean curvature radius,
as both coarsening and damage term appears now dependent on grain size. Furthermore, in spite of reliable
knowledge of the related micromechanisms, we choose to allow for work storage in the diffusion creep
domain. Within the general framework of this model, we show that such a mechanism requires a partition
fraction at least 160 time the dislocation creep one in order to reach the steady-state grain size predicted by
the Post and Tullis (1999) piezometer (Figure E6). The presented model allows for different phase rheologies
and grain growth laws. As a consequence, an expression for the interface mean curvature radius coarsening
rate G; that is slightly different than the Bercovici and Ricard (2012) one is proposed (equations (145) and
(146)). The resulting coarsening rate appears higher, but it does not significantly impacts the results.

In order to represent the textural evolution of a two-phase aggregate, we are especially interested in mea-
suring the amount of mixing between the two phases. Indeed, the evolution of mixing (Figure E2) can be
regarded as a critical clue to characterize both the active deformation mechanisms and the relative strength
of the deforming material (Bercovici & Skemer, 2017; Cross & Skemer, 2017; Menegon et al., 2015; Precigout
& Stunitz, 2016). Taking into account the proposed set of variables, the degree of mixing of the aggregate and
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its evolution are described using the ratio between the interface area « and the sum of all grain boundaries
within the control volume a; + a,, + o (Heilbronner & Barrett, 2014; see section 3.5.3 and equations (115)
and (116)). This variable called S measures the quantity of grain clusters and their relative sizes with respect
to the mean grain sizes. Therefore, taking into account the equation for a (66) and «; (15), the evolution
of the mixing state between the phases is controlled by the difference between the grain size R; and mean
interface curvature radius r. Mixing requires the mean interface curvature r to be smaller than the mean
grain sizes, while phase segregation (or clustering, because formation of clusters requires intraphase grain
boundaries creation) requires the mean grain sizes to be smaller than the mean interface curvature.

In the presented formalism, the dependence of the partition function f,; implies that the damage term of the
interface mean curvature radius equation is coupled to the grain-growth slow down (equation (111)). The
evolution rates of these variables are directly controlled by the partition function y;, which is imposed to be
1 in order to couple interface damage with Zener pinning and the interface coarsening rate GI. Therefore,
constraining the forms or the values of y; requires to constrain the effect of deformation mechanisms on
the textural characteristics of the aggregate. Accordingly, the grain damage and mixing that is depicted in
Figure E8a results from this coupling. They are coherent with the effect of a nucleation mechanism on the
aggregate (Precigout & Stunitz, 2016) because nucleation would promote both the formation of very small
grains and an important quantity of interface grain boundaries. However, here this effect relates on the Zener
pinning coefficient promoting the damage of interface to the point where the Zener pinning itself becomes
negative (R; < r; see equation (57)) which cannot explicitly be related to nucleation.

5.3. Thermodynamics and Grain-Size Distributions

In the physical development of section 3, we use Onsager (1931) and Fischer et al. (2014) thermodynamical
formalism to infer the relationship between the evolution equations. However, dealing with the full coupling
between the variables describing a rock fabric and stress/strain-rate tensor requires our variable to be of the
same tensorial order (De Groot & Mazur, 1984).

In theory, the deformation work rate term of the entropy production equation should be written as the
product of the strain rate (a thermodynamical flux) and the stress (a dissipation force; De Groot & Mazur,
1984). However, because of the non-Newtonian rheology of mineral aggregates, the stress depends on the
strain rate; therefore, the dissipation force is a function of the thermodynamical flux which requires a more
general thermodynamical extremum principle. As a consequence, keeping with the hypothesis of linear
and homogeneous evolution equations yields formally an unusual deformation work rate equation where
the dissipation force has to be the deformation work rate while its conjugate thermodynamical flux is 1
(equations (74) and (95)). In such a framework, we show that equations equivalent than the ones of previous
studies (Bercovici & Ricard, 2012; Rozel et al., 2011) can be obtained.

Concerning the shapes of the grain-size distributions, we assume self-similar log-normal grain-size dis-
tributions (Rozel et al., 2011). This choice simplifies the mathematical treatment and remains reasonably
consistent with natural observations in mono-phase (Faul & Scott, 2006; Feltham, 1957; Slotemaker, 2006)
and polyphase (Brodhag & Herwegh, 2010; Dimanov et al., 2003) aggregates. Rozel et al. (2011) proposes to
account for the effect of self-similar grain-size distribution (variance normalized by the mean) on the prefac-
tor of diffusion creep rheological law (see section B2 and equation (A12)). However, experimental flow laws
parameters already incorporate this effect (characteristic of the experimental aggregate). Therefore, allowing
avariable variance in the model requires a correction of the b; parameter using the experimental variance of
the aggregate used to constrain the rheological law (Table E2). As illustrated by Figure E5 (red-dashed line),
taking into account this correction, the variance of the grain-sizes distribution has a nonnegligible impact
on the aggregate rheology by shifting the steady-state mean grain size toward smaller sizes. When the mean
grain size reaches the field boundary, most of the grains are already deforming in the diffusion creep regime,
while in term of mass, the phase is still predominantly recrystallizing.

Eventually, upscaling this model from 0.1-1 m to shear-zone scales (100 m to 10 km) requires to account for
the temperature variations due to dissipative processes. Indeed, the energy not dissipated by grain-damage
mechanisms has to be dissipated through heat. However, temperature increase as a result of deformation
(“shear heating”) is not expected to play a major role at the space/time scales that are in the scope of this
study. Indeed, heat diffusion would be too efficient, and thermal dissipation cannot result in an effective
viscosity drop (low Brinkmann number). Therefore, we do not treat heat sources and fluxes in this study.

BEVILLARD ET AL.

22



~1
AGU

Geochemistry, Geophysics, Geosystems 10.1029/2018GC007881

Indeed, due to the nonlinear dependence on temperature of rheological laws (Arrhenius), Onsager's linear
formalism would not be sufficient and a nonlinear thermodynamical formalism required.

6. Conclusion and Perspectives

This study provides a model for the evolution of two-phase rock texture evolution during ductile deforma-
tion from the two-phase damage theory of Bercovici & Ricard (2012, 2013). The coupling between mean
grain size and interface density allows us to track the effect of microscopical deformation mechanism on the
texture and to propose an equation to transfer this effect on the macroscopical scale. Grain-size relevant for
ultramylonites could be reached either by considering the activation of a grain-size reduction mechanism in
the diffusion creep domain or by the interaction between interface and intraphase grain boundaries area in
two-phase aggregate (section 3.5.2). The evolution of phases mixing during long-term deformation at con-
stant strain rate displays a complex global aggregate strength involving important stress weakening whose
impact has to be investigated at larger scales. This rheology is likely to impact the initiation and dynamic
of shear zones and to study the scale transfer of strain localization from shear bands to fully developed
shear zones.

Even if the observation of natural and experimental rock samples provides meaningful insights on the rel-
ative behavior of the model variables in order to accurately represent the textural evolution of rock during
deformation, a reliable set of quantified data is required to constrain the magnitude of the variables and their
relationships. Measured mean grain sizes and phase proportions are generally available in the literature
treating of rock microstructures, and grain-size distribution parameters appear to be increasingly included.
However, there is few data available on interface and mixing quantification (Kruse & Stunitz, 1999). In
order to test the validity of our set of equations in accurately describing texture evolution during deforma-
tion, we will constrain their values and relations using natural mylonites samples. While not in the scope of
the current model, the understanding of grain-size reduction mechanisms during diffusive creep requires a
micromechanical model in order to link the magnitude of the partition fraction fy; to the aggregate fabric,
intensive parameters, and deformational work rate.

In mylonitized rocks, the microstructural fabric displays a strong anisotropy characteristic of the magnitudes
and orientations of principal stresses. However, in the current state of the model, considering scalar variables
implies textural isotropy. Acknowledging for the strong anisotropy observed in natural samples thus requires
to consider tensorial variables accounting for textural variations in all space directions. This is also required
to self-consistently link the geometry of mylonite texture to the stress and strain-rate tensors.

The model of textures evolution proposed here will be implemented in a 2-D framework to study its impact
on strain localization and ductile deforming rock dynamic at higher scales. Indeed, the framework provided
by the Bercovici and Ricard (2012) theory allows to study the effect of scale transfer between the length scale
on which the statistical variables are averaged (the volume characteristic size represented by the averaged
variables) and the length scale of the geodynamical model where each point yields an effective viscosity that
depends on the statistical variables. Therefore, numerical results could be discussed with respect to natural
rocks at two different scales which could provide efficient mean to both constraint the physics of the model
and the effect of textural variables on the evolution of the whole material rheology.

Appendix A: Mass Conservation

According to Bercovici and Ricard (2012), considering the two phases to fill the entire control volume (no
gap or void of any king the grains), the two phases incompressible, and no mass transfer between the two
phases, the mass conservation equations reads

op;

6_tl +V.(¢v;) =0, (AD)
where the term v; accounting for phase velocity could be potentially different for each phase. However, as
stated in Bercovici and Ricard (2012), in presence of two solid silicates phases, the relative difference between
v, and v, is considered negligible so that v; = v, = v. Therefore, the velocity averaged over the control
volume is v = Y ¢,v; = v, and there is only one mass conservation equation that yields

i
o¢

S, tVVé=0 and Vv=0, (A2)
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where ¢ could be indifferently ¢, or ¢,. In a finite volume AV, the number of grain between sizes R; and

R, is
R,
n; = / / v;dR¢;dV. (A3)
av Jr,

v; being the grain-size distribution function. The control volume AV is considered open and fixed, and in
the same conditions, the portion of grain-size space between two grain sizes R, and R, is fixed and open to
mass transfer from other populations in the grain-size space. Therefore, the rate of change of grains number

reads
on, Rz ov,¢p,
& / / Mt yrdy (A4)
ot N R

RZ R2
= / / v,dR¢,v; - AidA — / [V,R,.]ﬁ2 ¢, dV + / / I, dR¢,dV, (A5)
A JRy AV ! AV JR,

where AA is the surface area of the volume AV, i is the unit vector normal to a surface element dA, Ri is
the growth rate of a grain of size R, and I'; is the discontinuous transfer of populations dispersed within the
grain-size distribution resulting of breaking or fusing of grains. Considering the limit where R, — R, — 0,
taking in account that v; and ¢; are independent from the grain-size R and using Stokes theorem yields the
distribution continuity equation (Bercovici & Ricard, 2012, appendix B, equation, B.11):

dv,

6lt L4V (Vigyy) + ¢10R (Ryv;) =Ty, (A6)
which, using the equation (A1), could be written
D,v; 0 -
Lty = (Rv.))=T. A7
o +or (Rv) =T (A7)
with the differential operator:
D, 0
-t _ =2 V. A8
DotV (A8)

From there, it is possible to write the evolution of any grain property 6;:

ERAGE

©f( db, o .
_/AV/O < ?—E(Rﬂl l)+0F>dR¢idV, (A10)

defining the full derivative in grain-size space:
d D . 9

—=—+R,—.
dt Dt ‘oR

D6 Rae 9 (R4, 6T, | dRp.dV (A9)
D TRar |~ og (Rfw) +6T; | dRe

(A11)

Given the fact the distribution must vanish at a definite maximum and minimum grain size (i.e., R;6,v; = 0
if R — 0 or o) and that 6, is an extensive property then equation (A10) yields

D.®. © (4.8 y
i R / / (Vi# + Fﬁi) dRg,dV. (A12)
Dt Jav o dt

Written in term of the grain mass, it reads

A

where m; is the mass of one grain and M; the total mass of phase i in the volume AV. The volume AV is
closed, assuming that locally within its limits, mass is conserved, thus % = 0 which implies

0 d X,
/ <vi—+Fm>dR=0. (A14)
o dt

> dR¢,dV, (A13)
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So that, the sum of discontinuous and continuous mass transport within the volume AV must satisfy mass
conservation. Furthermore, following Ricard and Bercovici (2009), it is assumed that continuous processes
(grains growing or shrinking) and discontinuous ones (breaking or fusing of grains) are decoupled:

/ " i dR=0 (A15)
,  dr T

/ rm,dR = 0. (A16)
0

A general differential operator is defined as
5 _d
Dt dt
so that equations (A12) and (A13) read:

D6, © D0,
e g / / v, dR¢,dV, (A18)
AV Jo

= L4 RZ + L, (A17)

Dt dt

D;M; _ * Dy d _
/1= v;dR¢,dV = 0. (A19)
Dt avto dt

Appendix B: Grain-Size Distributions

B1. Self-Similar Grain-Sizes Distributions

The grain-sizes distribution (v;) evolution is calculated using the same self-similarity hypothesis than Rozel
et al. (2011). Self-similarity implies that the distribution shape remains similar throughout deformation.
As a consequence, all the distribution moments (mean, variance, skewness, etc.) are functions of a mean
grain-size R; which is time dependent. If this assumption is valid for grain growth in the limit of long times,
there is qualitative arguments to maintain it even in the presence of deformation. Indeed, small grains should
be less sensitive to deformation than bigger ones. Consequently, the distribution variance and mean are
driven down simultaneously. Rozel et al. (2011) defines the self-similar grain-size distribution v; as

v;(R,x,0) =B (R; (1)) Hu), (B1)

where R; is the time-dependent characteristic mean grain size of phase i, u = R/R,; is the self-similarity
variable (assumed identical between the two phase for the sake of simplicity even if it is not truly exact),
B(R;) an amplitude function, and H (1) the shape function of the distribution. Taking into account the
assumption thatv; = ¥ = v, all the material derivatives become equivalent to D/Dt = 0/dt+v.V. Therefore,
all variables that are function of both time ¢ and space x become function of time ¢ following a particle with
avelocity v, thatis, f (R, x,t) = f (R, t). Using equation (6),

/ VvdR = 1. (B2)
0
The amplitude B can be directly derived:
/ Vv,dR = gnR;‘B (R) / wHwdu=1, (B3)
0 0

yielding
_ 3
4riRE

(B4)

In this equation the term A, is the third moment of the grain-size distribution, defined according to Rozel
etal. (2011) as

Ay = /oo u"H (u)du, (B5)
0
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for n = 3. Accordingly, the distribution v; yields from equations (B1) and (B4):

3H(u)
v, = - (B6)
An iy R
Derived with respect to time variable, it yields
Dy _ov 3 dRild(u“H). (B7)

Dt ot 4riyRP dt w3 du

Rozel et al. (2011) demonstrated that the form of Dv,/Dt must constrain the form of R; and I'; because they
have to be symmetrical in order to be balanced in equation (A7), thus leading to
1d (u“H )

3
= e (B8)

where D (Ri) is an amplitude function of R; accounting for discontinuous fluxes of grains populations.

Symmetrically, the % term reads
d (R, d(u*H
() 5y 1400H) -
JR 471'/13Ri5 w3 du
which after integration yields
R, =C(R)) £+u+i/uH(u')du’ , (B10)
1 1 H H o

where C (R;) is the amplitude function of R, that account for the continuous fluxes of grains populations.
Substituting equations (B7)-(B9) into the equation (A7), Rozel et al. (2011) proposes the mean grain-size

kinetic equation:

% =C(R;,)-D(R)). (B11)

B2. Log-Normal Grain-Size Distributions
To explore the model behavior, we need to choose the form of the self-similar distribution. A log-normal
distribution function, that is, a Gaussian distribution when plotted in logarithmic coordinates, appears to
be a reasonable approximation for natural grain-size distributions, considering the mean of the grain-size
distribution plotted in logarithmic coordinate as the “mean grain size” R; (Rozel et al., 2011). The self-similar
distribution reads

H(u) = —— losw?/2o?) (B12)

2rou

where u is the self-similar variable R/R;, and ¢ is the dimensionless variance of the distribution plotted as
a function of In (R/ Ri). This choice yields the following important quantity from equation (B5):

o 2.2
A, = / u"H(u)du = exp <n26 > . (B13)
0
The true mean grain size reads
“ Rv(R)dR 2
(R) = /Om# =R, exp ("—) , (B14)
Jo v(R)dR
and the variance function of R; yields
o* (R;) = R?exp (6°) [exp (o?) — 1] . (B15)

Appendix C: Thermodynamics of Two-Phase Aggregates
C1. Energy
Using the framework described above, the rate of total energy (where the volume kinetic energy is neglected)
derived by Bercovici and Ricard (2012) and Ricard and Bercovici (2009) reads
oE

E:—JE—JY+Wb+WS+Wl—/qu+/QdV, (C1)
SA 2%
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with

1.J,: energy flux due to grain internal energy and surface tension of grain boundaries;

2.],: energy flux due to surface tension of interfaces between phases;

3. W,,: work done by body forces;

4. W,: work done by surface forces;

5. W;: work done by line forces;

6. q: surface heat flux; and

7. Q: heat source.

The Gibbs energy written for a grain reads (Bercovici & Ricard, 2012, appendix E, equation E.6):

d.g. ds. . d(1/p;

il =T#—Pi—( /o). (C2)

dt dr dt
£ is the grain specific internal energy, S; is the grain specific entropy, T is the temperature within the control
volume, P; the pressure in phase i, and p; the phase i density. The chemical potential of a grain is (Bercovici
& Ricard, 2012, appendix E, equation E.7):
i, =& —TS, +Pp,. (C3)

Taking into account that

1. the temperature T is assumed homogeneous across all grains of all phases within the control volume 4V.

2. both phases are incompressible which leads to % = 0 and d¢, = TdS; and applying expansion of scale
yields &, = TS, and ji; = P,/p; (Bercovici & Ricard, 2012, appendix E).

3. the velocities of both phases are assumed very close, thatis,v; =v, =V =v.

4. the effective pressure IT; = P, + y,K; includes the work done by grain boundary surface tension on the sur-
face of the control volume (K; being the average grain-boundary curvature of phase i; Bercovici & Ricard,
2012, appendix D).

5. the effective pressure difference AIl is defined as AIl = II, — II; (Bercovici & Ricard, 2012, appendix D).

6. the effective interface surface tension is defined as y; = 7; — X ,¢;7; with 7, being the interface surface
tension energy and y; the intraphase grain boundaries surface tension energy (Bercovici & Ricard, 2012,
appendix E.1).

7. the phases volume fraction is defined as ¢ = ¢; = 1 — ¢, (Bercovici & Ricard, 2012, appendix D).

and using standard method (see; Ricard & Bercovici, 2009 and; Bercovici & Ricard, 2012, appendix E.1 for
details), the equation (C1) eventually reduces to
o @ (mg) D (m/p) Dom, DA, Da
Z/ T - P i 4+, T ) vdR 4y
~ Jo ( Dt Dt Dt Dt Dt (c4)
D
=c(AV) +y* — AH~—¢ +Q-V.aq,
Dt
where 7, is the mass of grain of phase i, c(Av)? is a drag coefficient depending on the phases velocities, Q is
the heat source within the control volume, V.q is the heat fluxes across the control volume boundaries, and
the differential operator D/t is the material derivative in the framework of phase i defined by (A15):
D _d T
L =241 C5
Dt dt )
and the differential operator D/Dt is the material derivative in the framework of interface defined by the
equation:
D D
=z = = C6
b Z “IDt (c6)

The coefficient w; accounts for how the interfacial surface energy is partitioned between each phase (see;

Bercovici et al., 2001; Bercovici & Ricard, 2003, 2012, appendix D).
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C2. Rate of Entropy Production

The energy balance equation, as well as the Second Law of Thermodynamics, allows to infer the entropy
production rate. As this production must inevitably be positive in the case of irreversible work, it becomes
possible to use nonequilibrium thermodynamics to infer phenomenological laws and damage relations (De
Groot & Mazur, 1984). Following Bercovici and Ricard (2012, appendix E.2), the total entropy of the control

volume AV'is
/ / #,S,v,dRAV. cn
AV

The Second Law of Thermodynamics states that entropy production must be equal or greater than to zero

which is written as
/ Z/ (,5) dRAV > / L ada (C8)
v —q.ndA,
AV Dt aaT

where the last term, on the left-hand side of the inequality, represents the entropy flux through the surface
of the control volume. Therefore, using the equation (C3) divided by T which is assumed uniform at every
points of the control volume, the entropy production X reads

e D, D, A, Da D¢,
T = . P/p —gg) —4/—L_, "1 dR — — — All—
Z@A'<“M'M)®t %@t>v i Dt

c(AV? +y* +Q — %q.VT >0

(C9)

where A, is the boundary area of a grain of size R defined by equation (3). According to the assumptions
made for equation (C3), that is, ji; = P;/p;, equation (C9) becomes

© DA Da D¢
2=_Z¢m | = LydR — G —Anﬁwc(m;) + +Q——qVT 0, (C10)
1

which is the relation used by Bercovici and Ricard (2012) to derive phenomenological laws plus the heat
source and fluxes terms. This equation describes the different entropy sources related to intraphase grain
boundaries, interfaces, phases volumic fractions, deformational work, heat production, and fluxes. The drag
work term c(Avi)2 will be neglected as we expect two mineral phases to have macroscopic velocities of the
same order (Bercovici & Ricard, 2012). At the scales involved in the following model, the heat diffusion is
not expected to play a major role; therefore, we neglect the heat production and fluxes terms.

C2.1. Intraphase Grain Boundary Entropy Production Terms

Using the expression of the effective grain area .4, (see equation (3)):

P'U(

A; = AP, = 42R’P, (C11)

and the definition of the ® /Dt operator (equation (C5)), the first member of equation (C10) yields

* DA,
_Z‘Pi},i/(; Y, VidR—_zi,Cbi}’i(/ _VdR+/ AFdR)
= A5,
== Z b7 / i v;dR +/ APT,dR
i 0

(. . dP )\ d4 © L
==Y ¢ [ / (Pi +Ai—j> 5 VR + / AiPiFidR} (€12)
i 0 i 0
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Then, using equations (B8) and (B9) for the continuous (0§vi /0R) and discontinuous (I';) fluxes of grains
in the grain-size space, respectively, the entropy production terms related to intraphase grain-boundary
evolution eventually reads

® DA _ 3¢, C(Ry) (. . db,\1d(u*H)
en [ g [ [ (0n G )i e

) (C13)
3¢::D (R) /°° B, d (u'H) du
137-\),12 0 u du ’
where we recall that u = R/R, is the self-similarity variable, and H (u) and 4, are, respectively, the
shape function and the nth moment of the self-similar distribution (see Appendix B and equations (B12)

and (B13)).

C2.2. Interface Entropy Production Term .

From the entropy production equation (C10), given that g =, w5 is the material derivative related
to phase interface, using the fact that }},w; = 1 (see; Bercovici & Rlcard 2012, appendix D), and using
equation (B11), the interface density term reads

Da oa OR;  da 6r da 0P,
=2 = oe ge Cl4
Ty ”< oR. ot T orot " ag, ot (C14)
_ Zd_a[C(RA)_D(R.)]_i_a_aa_r_‘_a_a% (C15)
I\ &R, i T 5r ot " op, ot )

C2.3. Final Entropy Production Equation
Substituting the expressions (C13) and (C15) in (C10) and factorizing yields the entropy production

equation:
~ 3 [ db, \ 1d(u'H) da
Z_Z{[ﬂng/o <P Aa)a TR C(R,)

3d.v.D (R, © b d(u*H
~[3¢D ( l)/ Bd(wH) o D(R) b —p22 0 (C16)
,13Rl_2 o u du oR; or ot
—( a—0‘+AH) ¢1
9, Dt

For the sake of simplicity, we then choose to assume that the grain roughness variable P; remains indepen-
dent from the grain-size variable Ri and constant with respect to time, that is, all the grains of phase i share
the same shape, or the shape of a grain does not depend on its size. Therefore, the variable P, is considered
in the following model as a mean parameter P, representing the average “shape” of the grains. As a con-
sequence, the grain roughness P, is not different from the II, coefficient proposed by Ricard and Bercovici
(2009, section 2.2) to account for averaged grain shapes. However, we retain the variable P, in the current
model. This simplification yields from (C16):

_ 3Py [ 1d(uH) da
Z_Z{[ LR /0 ©dw TR, | € (R

3¢y, P [°1d(u'H
ﬂlzl/ ludu_ha_“ D(R) (C17)
AR? Jo u  du R,
da or o D¢,
T (), 22 A 22 4y,
" or o <”a¢1 * ) B Y

which for log-normal distributions (see section B2) and using equations (B12) and (B13) allow to evaluate
the integrand through integration by parts (Rozel et al., 2011):

© 1 d (u4H) 3 o0 e 2
/o <ET> du = [wHw), +/o wHdu (C18)

= .
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The final entropy production equation reads

3AZ¢LYL i ()a 3/12¢iyl‘7)i alx
o _, 2% o(r,) - | 228N o
R R

da 0
D(Ri)} Yla_(:a_:

! (C19)
da &,
— + Al ) — +y7,
<“ o, > v
and making use again of equation (B11) can be reduced to
3h¢iriP oa | AR gaor da D¢,

T = ) P E TN | ) TR C20
Z [ R TR, | Tdr T arar T \ag, o Y (C20)

Appendix D: Flow Mechanisms, Viscosities, and Deformation Work Rate

D1. Micromechanical Deformation Mechanisms

Even if numerous microscopic, elementary processes are simultaneously involved in ductile rock deforma-
tion (dislocation glide and climb, diffusion through grain boundaries or interiors, and grain boundary slid-
ing), the macroscopic deformation is generally described by two main mechanisms to which experimental
flow laws are associated:

1. dislocation or grain size insensitive creep
2. diffusion or grain-size sensitive creep

D1.1. Dislocation creep

Dislocation creep requires creation and motion of dislocations in the crystal lattice. Recrystallization
operates in parallel to decrease the stored strain energy, resulting, through grain boundaries migration
or the formation of subgrains, in creating new, strain-free, grains of smaller size (see; Drury & Urai,
1990; Shimizu, 2008; Twiss, 1977 for instance). From experimental data, an empirical rheological law as
been proposed:

e=aq;rh Dislocation flow law (D1)

where ¢ is the strain rate, 7 is the deviatoric stress, and a; and n are, respectively, a rheological coefficient
and an exponent depending on phase i and experimentally calibrated.

D1.2. Diffusion creep

Diffusion creep mechanism results from atom diffusion through vacancies in the lattice from the regions
undergoing maximum stress to the minimum stress regions. The grain atoms could diffuse at grain
boundaries (Coble creep, Coble, 1963) or through the grain lattice (Nabarro-Herring creep, Herring, 1950)
depending on the intensive conditions of deformation. It could also imply a component of grain boundary
sliding. Diffusion creep flow law reads

e=b7"R ™ Diffusion flow law (D2)

where R is a characteristic grain size. The rheological coefficient b; and the exponent n; and m; both depend
on the mineral phase i considered. Thus, diffusion creep involves a dependence on grain size. In these two
different flow laws, the rheological coefficients a; and b; usually take the form of Arrhenius-type equations:

_EidiSI ) ; _E?iff b
a; = a; exp RT i i €Xp RT > ( )

with a; and b; being prefactors, E®*! and E{if activation energies, T the temperature, and R the gas con-
stant. The prefactors a;, b;, the activation energies E'™ and E, and the exponents n;, m; are constrained
by experimental studies. Consequently, they are theoretically only valid for a given mono-phase aggregate
with specific chemical composition and grain-sizes distributions. These flow laws defines two mechanical
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domains according to the mean grain size of the deforming aggregate. The transition between these two
mechanisms could lead to mechanical weakening provided that the mean grain size could still decrease
while the material is deforming in diffusion creep domain.

D2. Effectives Viscosities and Deformational Work Rates
We consider the aggregate mechanical strength to be controlled by the dislocation and diffusion creep
rheologies. The corresponding rheological laws (equation (D1) and (D2)) are assumed equivalent to

T _ 2#dlSI dlSl (D4)

I = Zﬂldlff_dlff, (DS)

where 7; is the stress tensor, and ¢ is the strain-rate tensor. These relations are used to define effective
viscosities associated with each deformation domain:

disl _ 1 n—=1 ! D6
Mi = E aiTi s ( )

R™
ut = 2( ; ) (D7)

L

with 7; being the second invariant of the stress tensor in phase i. The deformational work rates associated
with each mechanism thus yield

lI/idlff =1 g(1151 — zﬂlqlslgdlsl : gdlsl — —, (D8)
- T’
52T M;
. di i diff . adi e“R™i
WldlSl T : gdlff — Zﬂidlffgdlff : gcllff — 5 . (D9)

L

We assume that within a phase i, all grains share a stress 7, equivalent to the macroscopic stress 7* (Bercovici
& Ricard, 2012, appendix F; Rozel et al., 2011). Furthermore, the deformation of a grain can be due to the
two mechanisms acting simultaneously; thus, the total strain rate is assumed to be the sum of the strain rate
related to each deformation mechanism. We therefore use a composite rheology of the form:

. B.
disl | diff _ n;—1
¢ = ¢lish 4 oliff = (airi + —,lnl_>zi, (D10)
R,
where the coefficient B = b = accounts for the effect of grain-size distribution variance on the overall
rheology (Rozel et al., 2011). Thls relation defines the phase i global viscosity:
B -1
1 n;—1 i
" = —<Cli7.'i + —ml> s (Dll)
2 R,
and yields the deformational work rate related to each phase
B -1
v, =71, é= Zﬂiéz = <airirli_1 + R_rln) 2. (D12)
i

The point where each mechanisms contribute equally to the grain deformation defines a transition grain

size R given by the equation:
b 1/m;
Ry = ( L ) : (D13)
ot
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Appendix E: Table of Used Symbols
These tables gather all the symbols used in the model description as well as the section number in which
they first appear of are defined and the related equation number.
Table E1
Model Parameters
Symbols Value Dimension SI Description Reference
T 1,000 K Temperature
y 1 J Surface tension of grain boundaries and interfaces Duyster and Stockhert (2001)
AgliSI 1.1010716 Pa’ot g1 Prefactor of olivine dislocation creep law Hirth and Kolhstedt (2003)
EgliSl 5.3010° J-mol™'- K1 Activation energy of olivine dislocation creep law Hirth and Kolhstedt (2003)
Ny 3.5 %] Stress exponent of olivine dislocation creep law Hirth and Kolhstedt (2003)
Agliff 1.5010715 m™ol . Pa~1 .51 Prefactor of olivine diffusion creep law Hirth and Kolhstedt (2003)
Egliff 3.7510° J-mol™!.K! Activation energy of olivine diffusion creep law Hirth and Kolhstedt (2003)
My 3 %] Grain-size exponent of olivine diffusion creep law Hirth and Kolhstedt (2003)
Agifll 5.01107° Pa'tdio 51 Prefactor of diopside dislocation creep law Rybacki and Dresen (2000)
Egifll 6.4810° J-mol~!.K! Activation energy of diopside dislocation creep law Rybacki and Dresen (2000)
Nan 3 (%] Stress exponent of diopside dislocation creep law Rybacki and Dresen (2000)
Adift 1.2610712 m™dio . Pa~! . g1 Prefactor of diospside diffusion creep law Rybacki and Dresen (2000)
Egirff 4.6710° J-mol~!.K! Activation energy of diopside diffusion creep law Rybacki and Dresen (2000)
My 3 (%] Grain-size exponent of diopside diffusion creep law Rybacki and Dresen (2000)
Agizl 31010728 Pa'tdio 51 Prefactor of diopside dislocation creep law Dimanov and Dresen (2005)
Egizl 6.9110° J-mol™!-K™! Activation energy of diopside dislocation creep law Dimanov and Dresen (2005)
Ngio 5.5 %) Stress exponent of diopside dislocation creep law Dimanov and Dresen (2005)
Agf 3191071 m™dio . Pa~! . g1 Prefactor of diospside diffusion creep law Dimanov and Dresen (2005)
Eggf 5.2810° J-mol™!-K! Activation energy of diopside diffusion creep law Dimanov and Dresen (2005)
Mgio 3 %) Grain-size exponent of diopside diffusion creep law Dimanov and Dresen (2005)
gilmw 2.801078 mP s~ Prefactor of olivine grain-growth law Karato (1989)
Efflmw 3.0010° J-mol!-K! Activation energy of olivine grain-growth law Karato (1989)
ir;w 2.591074 mP s~ Prefactor of anorthite grain-growth law Dresen et al. (1995)
Ef‘r’i’w 3.6510° J-mol!-K! Activation energy of anorthite grain-growth law Dresen et al. (1995)
%rnosw 3301073 mP s~ Prefactor of enstatite grain-growth law Fisler et al. (1997)
grnosw 4.0010° J-mol!-K! Activation energy of enstatite grain-growth law Fisler et al. (1997)
Table E2
Values of the Partition Function Related to Dislocation Creep fp;
Mineral phase Estimated ¢ fp; with estimated o fp; withe = 0.8
Olivine 0.8 2.43261078 2.43261078
Plagioclase 0.8 9.8445107° 9.8445107°
Pyroxene 0.4 52531107 3.8146107°
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Table E3
List of Used Symbols
Symbol Description Dimension SI Section Equation no.
0; Variable related to one specific phase (i = 1,2) 2.1
6 Variable related to one specific grain 2.1
6 Variable related to the interface between phases 2.1
0 Dimension analysis scale 4.1
0 Dimensionless variable (o] 4.1
0 Simple weighted average of the variable 8, 8 = ¥ ¢,6; 2.1
i
0* Variable averaged over the entire control volume 3.5.3 (11)
a; Dislocation creep prefactor Pa~"s7! D (D3)
ag Scale of dislocation creep prefactor Pa~"s~1 4.1 (126)
q; Prefactor of the dislocation creep Arrhenius coefficient Pa~"s1 D (D3)
A Area m? 2.1 3)
fti Effective grain boundary area m? 2.1 ?3)
b; Diffusion creep prefactor m™ . Pa~l.s1 D (D3)
b; Prefactor of the diffusion creep Arrhenius coefficient m™ - Pa~l.g71 D (D3)
B Amplitude coefficient of the self-similar distribution function (] B1 (B4)
Bg; Scale of corrected diffusion creep prefactor m™ . pa~l.s71 4.1 (127)
B; Diffusion creep coefficient variance corrected m™ . Pa~l.g71 4.1 (131)
€ Drag coefficient s71 C1 (C4)
(6} (Rl-) Amplitude function accounting for continuous grain-size fluxes m/s 3.1, B1 (12),(B11)
C; Coarsening coefficient of phase i (0] 4.1 (134)
Cy Coarsening coefficient of interface (%] 4.1 (139)
D (Ri) Amplitude function accounting for discontinuous grain-size fluxes m/s 3.1, B1 (12),(B11)
D; Damage coefficient of phase i (%) 4.1 (136)
D, Damage coefficient of interface (%) 4.1 (140)
e Total strain rate s71 3.5.3 (118)
E?iSI Dislocation creep activation energy of phase i Jmol 1K1 D (D3)
E?iff Diffusion creep activation energy of phase i Jmol 1K1 D (D3)
EigrOW Grain growth activation energy of phase i Jmol 1K1 D (D3)
f Vector of thermodynamical forces 3.2 (26)
fpi Partition fraction of the deformational work rate (0] 3.5.1 (79)
related to dislocation creep
i Partition function of the deformational work rate @ 3.5.1 (79)
related to grain damage in the diffusion creep domain
fui Partition fraction of the deformation work rate @ 3.5.2 (110)
F Deformation mechanisms partition function (] 3.5.1 (79)
F Fineness of the interface (Bercovici & Ricard, 2012) m~! 2.2 (7)
g Prefactor of the grain growth Arrhenius coefficient mPs~1 422 (148)
G; Grain growth rate of phase i mPs~1 422 (148)
Gy Bercovici and Ricard (2013) coarsening rate of mean mds~1 4.2.2 (145)
interface curvature radius r
Gy Generic grain growth rate of interface roughness r mds~! 422 (146)
H Shape function of the self similar distribution (%) 3.1,B2 (11),(B12)
i Phase indice = 1 or 2 (%] 2.1
I Integrand constant related to phase i 34.2 (66)
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Deformation map for Anorthite
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Figure E1. Deformation map for anorthite (blue lines) using Rybacki and Dresen (2000) flow law parameters and
computed at 1,000 K. The red line displays the piezometer proposed by Post and Tullis (1999) with the uncertainties
(dotted red lines). The dotted blue line corresponds to the fields boundary. As demonstrated by De Bresser et al. (2000),
the known behavior of grains deforming under dislocation and diffusion creep alone implies a steady-state grain size
limited to the boundary between the two domains (green arrows 1). In order to reach the piezometric grain size, other
mechanisms are needed (green arrows 2).

Figure E2. Optical microscope images of thin sections presenting different textures exhibited by the Hidaka shear zone
(Hokkaido, Japan). Upper pictures are in plane light and lower ones in cross-polarized light. (a) and (d) present the
quasi-undeformed texture. (b) and (e) display a classical dislocation creep texture where pyroxenes grains tend to
cluster around porphyroclasts and plagioclase ones form layers. Grain sizes are decreasing through predominant
dynamic recrystallization. (c) and (f) illustrate a pattern of very fine and well-mixed grain where grain boundary
sliding-induced nucleation is suspected. All the samples consist of mylonitized gabbro deforming under
granulitic/amphibolitic conditions.
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Table E4
List of Used Symbols
Symbol Description Dimension SI Section Equation no.
J Vector of thermodynamical fluxes 3.2 (18)
k Indice of the phenomenological coefficients 3.2 (18)
K Matrix of phenomenological coefficients 3.2 (18)
Kk Phenomenological coefficient 3.2 (18)
K Mean curvature of a grain surface m! 2.1 4)
K Mean curvature of a grain boundaries averaged over the volume AV m~! 2.1 (@)
1 Indice of the phenomenological coefficients 3.2 (18)
m Grain-size exponent of the diffusion creep law %} 3.5.3 (118)
m; Mass of one grain of size Iii kg A (A15)
M; Total mass of phase i kg A (A15)
n Stress exponent of the dislocation creep law (] 3.53 (117)
n; Number of grain of phase i %) A (A3)
n Unit vector normal to element dA (] A (A6)
P Pressure Pa C1 (C2)
P Roughness variable relative to one grain %} 2.1 3)
P Mean grain roughness variable %} 2.1
q Heat fluxes across the control volume surface J/m? C1 (C1)
Q Heat source within the control volume J C1 (C1)
r Interface mean curvature radius of curvature m 2.2 (10)
(Bercovici & Ricard, 2012)
R Gas constant J-mol™' - K! 4.2.2 (148)
R Grain-size variable in the grain-size space m 2.1 )
(radius of the sphere equivalent of a specific grain)
R Mean grain-size variable m 21
R Transition grain size between GSI and GSS creep m 3.5.1 (84)
R Grain-size (microscopical) scale m 4.1 (126)
S Mixture variable (%] 3.5.3 (115)
S Total entropy (%] 3.5.3 (115)
S; Entropy of one grain of phase i (%] 3.5.3 (115)
between grain size and interface
t Time variable S 4.1 (124)
fis Time scale S 4.1 (124)
T Temperature K 4.2.2 (148)
u Self-similarity variable u = R/R (%] Bl (B1)
1% Volume m3 2.1 (1)
v Velocity tensor m/s 4.1
x Exponent of partition function @ 3.5.1 (82)
b4 Vector of space coordinates 0] B (B1)
X Undetermined partition function (%] 3.5.1 (77)
X Vector of dissipative forces 3.2 7)
Y Vector of state variables 3.2 (20)
Y Vector of kinetic variables 3.2 (20)
Z Coefficient of Zener pinning (] 4.1 (136)
b4 Amplitude coefficient of Zener pinning %] 3.4.2 (58)

Note. GSI = grain size insensitive; GSS = grain size sensitive.
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Figure E3. (a) Sketch representing the overall assumptions and relations between the “real” two-phase aggregate and

its physical representation in the model. (b) Manually segmented pictures of a quasi-two-phase aggregate (gabbro from
Hidaka, Japan), illustrating the relationship between phase proportion, grain-size distributions, and the mean
curvature radius of the interface r. The mixture quality of the aggregate is a function of all these variables. The orange

and black grains are scarce amphiboles and oxides, respectively.
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R1, Ry vs time
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Figure E4. Evolution of the two grain size R, R, without deformation at a temperature of 1,000 K. All initial grain
size are set up to 5um. (black) Grain size computed with anorthite grain-growth law (Dresen et al., 1995) without active
Zener pinning. (blue curves) The two phases share anorthite grain-growth law (Dresen et al., 1995) with volumic
fractions ¢; = 0.7. (green to brown curves) Grain sizes computed with anorthite grain-growth law (Dresen et al., 1995)
for phase 1 and enstatite grain-growth law (Fisler et al., 1997) for phase 2 at varying phase volumic fractions. Using
different grain growth laws for the two phase shows little difference in the final grain sizes at 10° years, the main
controlling parameter being the phase volumic fractions. The maximum mixing state is reached for ¢; = ¢, = 0.5,
while much larger difference in phase proportion decreases the value of the maximum S.
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Table E5
List of used symbols
Symbol Description Dimension SI Section Equation no.
a Interface area volume density m~! 34.2 (66)
a; Grain boundary volume density m~! 3.1 15)
Vi Surface tension of intraphase grain boundaries s—2 3.1 (13)
vr Effective surface tension of interfaces 572 3.1 (13)
I; Discontinuous flux of grain size in grain-size space s71 B1 (B8)
Vi Grain-size distribution function of phase i (%) 3.1, Bl (11),(B1)
1II; Effective pressure within phase i, I1 = P; + 7, K; Pa 3.3 (39)
i Density of phase i kg/m3 C1 (C2)
An nth moment of the grain-size distribution (%) 3.1,B1 (14),(B13)
(Rozel et al., 2011)
Hi Effective viscosity of phase i Pas 3.53 (120)
o Variance of the grain-size distribution (%] 3.1 (14)
normalized by the mean
o (R) True variance of the grain-size distribution m? B2 (B15)
3 Entropy production J.K1.s1 3.1 13)
T Stress (second invariant of the stress tensor) Pa 3.5.3 (117)
b; Phase i volume fraction (%] 2.1 (1)
i Phase i deformation work rate partition coefficient ()] 3.5.2 (110)
®; Phase i spacial continuous function (%] 2.1 (1)
v Deformation work rate W 3.5.3 (122)
Deformation map for Anorthite, Olivine and Pyroxene
L i e e
g . ]
3
= 10%E E
& f 3
S | ]
r Steady-state grain-sizes
n .
0 as a function of stress
8 computed with: & = 1072 s
%102k T = 1000 K
TS F — Diopside (Dimanov & Dresen 2005)
= E — Anorthite (Rybacki & Dresen 2000)
Q:) F = Olivine (Hirth & Kohlstedt 2003)
s r 4 | Dislocation/Diffusion creep
% ansition grain-size
A 10t £ S
;;ml partition functions ¢ d in table 2
o Steady-state recrystallized grain-size
computed with a "nucleation’ partition function
varying from 0 to 250f;,
«s+ Steady-state recrystallized grain-size
computed with a normalized variance
100 Y AT L i varying from 0 to 1
10° 10! 102 10° 10
Grain size (um)
Figure E5. Deformation map for olivine, anorthite, and diopside computed at a strain rate of 10~'2s~!. The grain
size/stress curves are displayed as solid lines, and the grain size insensitive/grain size sensitive domains are defined by
the blue and green dashed lines (the field boundary limit; De Bresser et al., 2000). The stars display the steady-state
grain size computed using the partitions functions f, and the variances ¢ displayed in Table E2 for each mineral
phases. The red solid line presents the effect of a varying partition function fy on the steady-state grain size (f varying
between 0 and 250fp). The dashed red lines illustrates the effect of a varying variance on the steady-state grain size
(from 0 to 1). Generally, a higher dimensionless variance o results in a smaller steady-state mean grain size at fixed
temperature and strain rate.
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(a) R1 vs time . (b) Deformation map for Anorthite
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Phase rheology = anorthite | ¢ =10712 s~ | T = 1000 K
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Figure E6. (a) Evolution of the aggregates variables (mean grain sizes R;, grain size insensitive/grain size sensitive
transition grain-sizes R;, and stresses 7; during deformation without dissipation of energy in the grain size sensitive
domain [blue lines] and when such a mechanism is occurring [red lines]). Comparing the grain-size evolution yields as
expected, smaller steady-state grain size and lower stress when deformation energy dissipation is possible in the
diffusion creep domain. In this case a partition function fy; of about 160 time fp; is required to reach the steady-state
grain size predicted by the Post and Tullis (1999) piezometer. (b) Deformation map for anorthite comparing the
computed steady-state grain sizes with the stress/grain-size curve computed using Rybacki and Dresen (2000) flow
laws and the Post and Tullis (1999) piezometer.
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Figure E7. Time evolution of the phases mean grain sizes (R;), interface mean radius of curvature r, degree of mixing
S grain boundary and interface densities (@ and «;), and stresses (z;) describing gabbroic texture evolution during
deformation. The rheological parameters are described in Table E1. (a) No storage of deformation work is allowed in
the diffusion creep regime. The two phases mean grain size stabilize near the field boundary (dotted lines). The
interface mean radius of curvature r decrease slowly during dislocation creep (clusters formation) and more rapidly
when diffusion creep becomes dominant. The mixing degree S describes this evolution with a decrease during dynamic
recrystallization and a important increase when diffusion creep is active. (b) If deformation energy storage is allowed
in the diffusion creep regime, the two phases depict a sharp decrease near the field boundary. The steady-state mean
grain size are much smaller, and the resulting stress drop appears very sharp and occurs much earlier than the
previous case.
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Figure E8. Evolution of a gabbro aggregate during deformation. (a) Time evolution of phases mean grain sizes (R;),
interface mean radius of curvature r, degree of mixing S grain boundary and interface densities (« and «;), and stresses
(7;). Even in the absence of work storage in the diffusion creep domain, the coupling between interface and grain-size
evolution allows the two phases to reach smaller steady-state grain sizes. (b) Deformation map computed for anorthite
(blue solid line) and diopside (green solid line) along with the Post and Tullis (1999) piezometer for feldspar (red solid
lines). The dashed blue and green lines display the computed steady-state grain size for anorthite and diopside,
respectively, when we vary the phase volumic fraction from 0.1 to 0.9.

References

Austin, N. J., & Evans, B. (2007). Paleowattmeters: A scaling relation for dynamically recristallized grain size. Geology, 35, 343-346.

Bercovici, D., & Ricard, Y. (2003). Energetics of a two-phase model of lithospheric damage, shear localization and plate-boundary formation.
Geophysical Journal International, 152, 581-596.

Bercovici, D., & Ricard, Y. (2005). Tectonic plate generation and two-phase damage void growth versus grain size reduction. Journal of
Geophysical Research, 110, B0O3401. https://doi.org/10.1029/2004JB003181

Bercovici, D., & Ricard, Y. (2012). Mechanisms for the generation of plate tectonics by two phase grain damage and pinning. Physics of the
Earth and Planetary Interiors, 202-203, 27-55.

Bercovici, D., & Ricard, Y. (2013). Generation of plate tectonics with two-phase grain-damage and pinning: Source sink model and toroidal
flow. Earth and Planetary Science Letters, 365, 275-288.

Bercovici, D., Ricard, Y., & Schubert, G. (2001). A two-phase model for compaction and damage 1 general theory. Journal of Geophysical
Research, 106(B5), 8887-8906.

Bercovici, D., & Skemer, P. (2017). Grain damage, phase mixing and plate-boundary formation. Journal of Geodynamics, 108, 40-55.

Brodhag, S. H., & Herwegh, M. (2010). The effect of different second-phase particle regimes on grain growth in two-phase
aggregates: Insights from in situ rock analogue experiments. Contributions to Mineralogy and Petrology, 160, 219-238.
https://doi.org/10.1007/s00410-009-0474-6

Carreras, J. (2001). Zooming on Northern Cap de Creus shear zones. Journal of Structural Geology, 23, 1457-1486.

Coble, R. (1963). A model for boundary diffusion controlled creep in polycrystalline materials. Journal of Applied Physics (US), 34,
1679-1682.

Cross, A. J., & Skemer, P. (2017). Ultramylonite generation via phase mixing in high-strain experiments. Journal of Geophysical Research:
Solid Earth, 122, 1744-1759. https://doi.org/10.1002/2016JB013801

Czaplinska, D., Piazolo, S., & Zibra, I. (2015). The influence of phase and grain size distribution on the dynamics of strain localization in
polymineralic rocks. Journal of Structural Geology, 72, 15-32.

De Bresser, J. H. P, Ter Heege, J. H., & Spiers, C. J. (2000). Grain-size reduction by dynamic recrystallisation: Can it result in major
rheological weakening? International Journal of Earth Sciences, 90, 28-45.

De Groot, S., & Mazur, P. (1984). Non-equilibrium thermodynamics. New york: Dover publications.

Derby, B. (1991). The dependence of grain size on stress during dynamic recrystallisation. Acta Metallica Materials, 39(5), 955-962.

Derby, B., & Ashby, M. F. (1987). On dynamic recrystallisation. Scripta Metallurgica, 21, 879-884.

Dimanov, A., & Dresen, G. (2005). Rheology of synthetic anorthite-diopside aggregates: Implications for ductile shear zones. Journal of
Geophysical Research, 110, B07203. https://doi.org/10.1029/2004JB003431

Dimanov, A., Lavie, M. P., Dresen, G., Ingrin, J., & Jaoul, O. (2003). Creep of polycrystalline anorthite and diopside. Journal of Geophysical
Research, 108(B1), 2061. https://doi.org/10.1029/2002JB001815

Dimanov, A., Ribacki, E., Wirth, R., & Dresen, G. (2007). Creep and strain-dependent microstructures of synthetic anorthite diopside
aggregates. Journal of Structural Geology, 29, 1049-1069. https://doi.org/10.1016/j.jsg.2007.02.010

Dresen, G., Wang, Z., & Bai, Q. (1995). Kinetics of grain growth in anorthite. Tectonophysics, 258, 251-262.

BEVILLARD ET AL.

41


https://doi.org/10.1029/2004JB003181
https://doi.org/10.1007/s00410-009-0474-6
https://doi.org/10.1002/2016JB013801
https://doi.org/10.1029/2004JB003431
https://doi.org/10.1029/2002JB001815
https://doi.org/10.1016/j.jsg.2007.02.010
https://zenodo.org/record/2539301

~1
AGU

100

ADVANCING EARTH
AND SPACE SCIENCE

Geochemistry, Geophysics, Geosystems 10.1029/2018GC007881

Drew, D. A., & Segel, L. A. (1971). Averaged equation for two-phase flows. Studies in Applied Mathematics, 3, 205-230.

Drury, M., Lallemant, H. V., Pennock, G., & Palasse, L. (2011). Crystal preferred orientation in peridotite ultramylonites deformed by grain
size sensitive creep, Etang de Lers, Pyrenees, France. Journal of Structural Geology, 33, 1776-1789.

Drury, M. R., & Urai, J. L. (1990). Deformation-related recrystallization processes. Tectonophysics, 172, 235-253.

Drury, M. R., Vissers, R. L. M., Van der Wal, D., & Strating, E. H. H. (1991). Shear localisation in upper mantle peridotites. Pure and Applied
Geophysics, 137(4), 439-460.

Duyster, J., & Stockhert, B. (2001). Grain boundary energies in olivine derived from natural microstructures. Contributions to Mineralogy
and Petrology, 104, 567-576.

Faul, U. H., & Scott, D. (2006). Grain growth in partially molten olivine aggregates. Contributions to Mineralogy and Petrology, 151,101-111.

Feltham, P. (1957). Grain growth in metals. Acta Metallica Materials, 5, 97-105.

Fischer, F. D., Svoboda, J., & Petryk, H. (2014). Thermodynamic extremal principles for irreversible processes in materials science. Acta
Materialia, 67, 1-20.

Fisler, D. K., Mackwell, S. J., & Petsch, S. (1997). Grain boundary diffusion in enstatite. Physics and Chemistry of Minerals, 24, 264-273.

Fossen, H., & Cavalcante, G. C. G. (2017). Shear zones—A review. Earth Science Reviews, 171, 434-455. https://doi.org/10.1016/
j-earscirev.2017.05.002

Ganesan, S., & Poirier, D. R. (1990). Conservation of mass and momentum for the flow of interdendritic liquid during solidification.
Metallurgical and Materials Transactions A: Physical Metallurgy and Materials Science, B 21, 173-181.

Hashim, L. (2016). Unraveling the grain size evolution in the Earth's mantle (Ph.D. thesis), UniversitAl'd' OrlAl'ans.

Heilbronner, R., & Barrett, S. (2014). Image analysis in Earth sciences. Berlin, Heidelberg: Springer.

Herring, C. (1950). Diffusional viscosity of a polycrystalline solid. Journal of Applied Physics, 21(5), 437-445.

Herwegh, M., De Bresser, J. H. P., & Ter Heege, J. H. (2005). Combining natural microstructures with composite flow laws: An improved
approach for the extrapolation of lab data to nature. Journal of Structural Geology, 27, 503-521.

Herwegh, M., Linckens, J., Ebert, A., Berger, A., & Brodhag, S. H. (2011). The role of second phases for controlling microstructural evolution
in polymineralic rocks: A review. Journal of Structural Geology, 33, 1728-1750.

Hill, R. (1965). Self-consistent mechanics of composite materials. Journal of Mechanics and Physics of the Solid, 13, 213-222.

Hillert, M. (1965). On the theory of normal and abnormal grain growth. Acta Metallurgica, 13, 227-238.

Hiraga, T., Tachibana, C., Ohashi, N., & Sano, S. (2010). Grain growth systematics for forsterite +/- enstatite aggregates: Effect of lithology
on grain size in the upper mantle. Earth and Planetary Science Letters, 291, 10-20.

Hirth, G., & Kolhstedt, D. (2003). Rheology of the upper mantle and the mantle wedge: A view from the experimentalists. In J. Eiler (Ed.),
Inside the subduction factory (Vol. 138, pp. 83-105). Washington DC: American Geophysical union.

Kameyama, M., Yuen, D. A., & Fujimoto, H. (1997). Interactions of viscous heating with grain-size dependent rheology in the formation
of localized slip zones. Geophysical Research Letters, 24(20), 2523-2526.

Karato, S. I. (1984). Grain size distribution and the rheology of the upper mantle. Tectonophysics, 104, 155-176.

Karato, S. (1989). Grain growth kinetics in olivine aggregates. Tectonophysics, 168, 255-273.

Karato, S. I., Paterson, M. S., & FitzGerald, J. D. (1986). Rheology of synthetic olivine aggregates: Influence of grain size and water. Journal
of Geophysical Research, 91(B8), 8151-8176.

Kaus, B. J. P., & Podladchikov, Y. Y. (2006). Initiation of localized shear zones in viscoelastoplastic rocks. Journal of Geophysical Research,
111, B04412. https://doi.org/10.1029/2005JB003652

Kohlstedt, D. L. (2007). Properties of rocks and minerals—Constitutive equations, rheological behavior, and viscosity of rocks. In Treatise
on geophysics (Vol. 2, pp. 389-417): Elsevier. https://doi.org/10.1016/B978-044452748-6.00043-2

Kohlstedt, D. L., Evans, B., & Mackwell, S. J. (1995). Strength of the lithosphere: Constraints imposed by laboratory experiments. Journal
of Geophysical Research, 100(B9), 17,587-17,602.

Kruse, R., & Stunitz, H. (1999). Deformation mechanisms and phase distribution in mafic high-temperature mylonites from the Jotun
Nappe, Southern Norway. Tectonophysics, 303, 223-249.

Leloup, P. H., Ricard, Y., Battaglia, J., & Lacassin, R. (1999). Zones heating in continental strike-slip shear zones: Model and field examples.
Geophysical Journal International, 136, 19-40.

Linckens, J., Herwegh, M., & Muntener, O. (2015). Small quantities but large effect—How minor phases control shear localization in upper
mantle shear zones. Tectonophysics, 643, 26-43.

Mancktelow, N. S. (2002). Finite-element modelling of shear-zone development in viscoelastic materials and its implications for localisation
of partial melting. Journal of Structural Geology, 24, 1045-1053.

Mehl, L., & Hirth, G. (2008). Plagioclase preferred orientation in layered mylonites: Evaluation of flow laws for the lower crust. Journal of
Geophysical Research, 113, B05202. https://doi.org/10.1029/2007JB005075

Menegon, L., Fusseis, F., Stunitz, H., & Xiao, X. (2015). Creep cavitation bands control porosity and fluid flow in lower crustal shear zones.
Geology, 43(3), 227-230. https://doi.org/10.1130/G36307.1

Mulyukova, E., & Bercovici, D. (2017). Formation of lithospheric shear zones: Effect of temperature on two-phase grain damage. Physics
of Earth and Planetary Interiors, 270, 195-212.

Nabarro, F. (1967). Steady-state diffusional creep. Philosophical Magazine, 16, 231-237.

Onsager, L. (1931). Reciprocal relations in irreversible processes. Physical Review, 37, 405.

Passchier, C. W., & Trouw, R. A. (2006). Microtectonics (2nd ed., Vol. 144): Cambridge University Press. https://doi.org/10.1017/
S0016756806002792

Pennachioni, G., & Mancktelow, N. S. (2007). Nucleation and initial growth of a shear zone network within compositionally and structurally
heterogeneous granitoids under amphibolite facies conditions. Journal of Structural Geology, 29, 1757-1780.

Platt, J. P. (2015). Rheology of two-phase systems: A microphysical and observational approach. Journal of Structural Geology, 77, 213-227.

Poirier, J. P. (1980). Shear localization and shear instability in materials in the ductile field. Journal of Structural Geology, 2(1/2), 135-142.

Post, A., & Tullis, J. (1999). A recrystallized grain size piezometer for experimentally deformed feldspar aggregates. Tectonophysics, 303,
159-173.

Precigout, J., & Stunitz, H. (2016). Evidence of phase nucleation during olivine diffusion creep: A new perspective for mantle strain
localisation. Earth and Planetary Science Letters, 405, 94-105.

Raimbourg, H., Toyoshima, T., Harima, Y., & Kimura, G. (2008). Grain-size reduction mechanisms and rheological consequences in high
temperature mylonites of Hidaka, japan. Earth and Planetary Science Letters, 267, 637-653.

Ravichandran, K. S., & Seetharaman, V. (1993). Prediction of steady state creep behavior of two phase composites. Acta Materalia, 41(12),
3351-3361.

BEVILLARD ET AL.

42


https://doi.org/10.1016/j.earscirev.2017.05.002
https://doi.org/10.1016/j.earscirev.2017.05.002
https://doi.org/10.1029/2005JB003652
https://doi.org/10.1016/B978-044452748-6.00043-2
https://doi.org/10.1029/2007JB005075
https://doi.org/10.1130/G36307.1
https://doi.org/10.1017/S0016756806002792
https://doi.org/10.1017/S0016756806002792

~1
AGU

100

ADVANCING EARTH
AND SPACE SCIENCE

Geochemistry, Geophysics, Geosystems 10.1029/2018GC007881

Ricard, Y., & Bercovici, D. (2009). A continuum theory of grain size evolution and damage. Journal of Geophysical Research, 114, B01204.
https://doi.org/10.1029/2007JB005491

Roberts, C. (2008). Grain growth and the Zener pinning phenomenon: A computational and experimental investigation (PhD thesis),
Carnegie Mellon University.

Rozel, A., Ricard, Y., & Bercovici, D. (2011). A thermodynamically self-consistent damage equation for grain size evolution during dynamic
recrystallization. Geophysical Journal International, 184, 719-728. https://doi.org/10.1111/j.365-246x.2010.04875.x

Rutter, E. H., & Brodie, K. H. (1988). The role of grain-size reduction in the rheological stratification of the lithosphere. Geologische
Rundschau, 77(1), 295-308.

Rybacki, E., & Dresen, G. (2000). Dislocation and diffusion creep of synthetic anorthite aggregates. Journal of Geophysical Research,
105(B11), 26,017-26,036.

Rybacki, E., & Dresen, G. (2004). Deformation mechanism maps for feldspar rocks. Tectonophysics, 382, 173-187.

Schubert, G., & Yuen, D. A. (1978). Shear heating instability in the Earth's upper mantle. Tectonophysics, 50, 197-205.

Shimizu, I. (1998). Stress and temperature dependence of recrystallized grain size: A subgrain misorientation model. Geophysical Research
Letters, 25(22), 4237-4240.

Shimizu, 1. (2008). Theories and applicability of grain size piezometers: The role of dynamic recrystallization mechanisms. Journal of
Structural Geology, 30, 899-917.

Slotemaker, A. K. (2006). Dynamic recrystallization and grain growth in olivine rocks (PhD thesis), Utrecht University.

Smith, C. S. (1948). Grains, phases, and interfaces: An interpretation of microstructure. Trans AIME, 175, 15-51.

Stipp, M., & Tullis, J. (2003). The recristallised grain size piezometer for quartz. Geophysical Research Letters, 30(21), 2088.
https://doi.org/10.1029/2003GL018444

Sullivan, W. A., Boyd, A. S., & Monz, M. E. (2013). Strain localization in homogeneous granite near the brittle-ductile transition: A case
study of the Kellyland Fault Zone, Maine, USA. Journal of Structural Geology, 56, 70-88.

Tasaka, M., Zimmerman, M. E., Kohlstedt, D. L., Stunitz, H., & Heilbronner, R. (2017). Rheological weakening of olivine + orthopyroxene
aggregates due to phase mixing, part 2: Microstructural development. Journal of Geophysical Research: Space Physics, 122, 7597-7612.
https://doi.org/ 10.1002/2017jb014311

Ter Heege, J. H., De Bresser, J. H. P., & Spiers, C. J. (2004). Composite flow laws for crystalline materials with log-normally distributed
grain size: Theory and application to olivine. Journal of Structural Geology, 26, 1693-1705.

Tullis, T. E., Horowitz, F. G., & Tullis, J. (1991). Flow laws of polyphase aggregates from end-member flow laws. Journal of Geophysical
Research, 96(B5), 8081-8096.

Twiss, J. (1977). Robert. Theory and applicability of a recristallized grain-size paleopiezometer, Pure and Applied Geophysics, 115, 227-244.

Van der Wal, D., Chopra, P., Drury, M., & Gerald, J. F. (1993). Relationship between dynamically recrystallization grain size and deformation
conditions in experimentally deformed olivine rocks. Geophysical Research Letters, 20(14), 1479-1482.

Warren, J. M., & Hirth, G. (2006). Grain size sensitive deformation mechanisms in naturally deformed peridotites. Earth and Planetary
Science Letters, 248, 438-450.

Weertman, J. (1957). Steady-state creep through dislocation climb. Journal of applied physics, 28, 362-364.

White, S. H., Burrows, S. E., Carreras, J., Shaw, N. D., & Humphreys, F. J. (1980). On mylonites in ductile shear zones. Journal of Structural
Geology, 2(1/2), 175-187.

Wilks, K. R., & Carter, N. L. (1990). Rheology of some continental lower crustal rocks. Tectonophysics, 182, 57-77.

BEVILLARD ET AL.

43


https://doi.org/10.1029/2007JB005491
https://doi.org/10.1111/j.365-246x.2010.04875.x
https://doi.org/10.1029/2003GL018444
https://doi.org/10.1002/2017jb014311
https://doi.org/10.1002/2017jb014311

	Abstract
	Plain Language Summary


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


