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2.18.1 Introduction Confident extrapolation of flow laws determined under lab-

The rheological behavior of mantle rocks determines the
mechanical response of lithospheric plates and the nature of
convective flow in the deeper mantle. Geodynamic models of
these large-scale processes require constitutive equations that
describe rheological properties of the appropriate mantle
rocks. The forms of such constitutive equations (flow laws
or combinations of flow laws) are motivated by micromecha-
nical analyses of plastic deformation phenomena based on
physical processes such as ionic diffusion, dislocation migra-
tion, and grain-boundary sliding. Critical parameters in flow
laws appropriate for rock deformation such as the depen-
dence of strain rate on stress, grain size, temperature (activa-
tion energy), and pressure (activation volume) must be
determined from well-designed, carefully executed laboratory
experiments. Geophysical observations of the mechanical
behavior of Earth’s mantle in response to changes in the stress
environment due, for example, to an earthquake or the retreat
of a glacier provide tests of the applicability of the resulting
constitutive equations to deformation occurring under
geologic conditions.

oratory conditions requires an understanding of the physical
processes involved in deformation. Minerals and rocks deform
plastically by a number of different mechanisms, each of which
requires defects in the crystalline structure. Diffusion creep
involves the movement of atoms or ions and thus of point
defects; dislocation creep entails the glide and climb of line
defects; grain-boundary sliding necessitates motion along planar
defects. Within any deformation regime, more than one defor-
mation process may be important. For example, diffusion creep
can be divided into one regime dominated by diffusion along
grain boundaries and another dominated by diffusion through
grain interiors (the so-called grain matrix). Grain size, tempera-
ture, and pressure dictate which of these two processes is more
important. Likewise, in dislocation creep, deformation can be
divided into low-temperature and high-temperature regimes,
with glide of dislocations controlling the rate of deformation in
the former and climb of dislocations in the latter. As temperature
decreases, differential stress necessarily increases if deformation
is to continue at a given rate.

Plastic deformation is a thermally activated, kinetic, and irre-
versible process. Experimentalists frame laboratory investigations
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of plastic deformation in terms of strain rate as a function of
differential stress, temperature, pressure, and grain size and
other microstructural and chemical parameters. In contrast, geo-
dynamicists cast plasticity in terms of viscosity, the ratio of stress
to strain rate. In both cases, flow laws or constitutive equations
describe the relationships between these parameters, thus provid-
ing the basis for extrapolating from laboratory to Earth condi-
tions. Tests of the appropriateness of laboratory-derived flow laws
to processes occurring in Earth at much slower strain rates (higher
viscosities) — and thus necessarily much lower stresses and/or
much lower temperatures and/or much coarser grain sizes -
include comparisons of microstructures observed in experimen-
tally deformed samples with those in naturally deformed rocks
and of viscosities derived from laboratory experiments with those
determined from geophysical observations.

This chapter, therefore, starts with an examination of the role
of defects in plastic deformation, including a discussion of the
influence of water-derived point defects on kinetic processes.
Next, a section on some of the important mechanisms of defor-
mation introduces constitutive equations that describe plastic
flow by linking thermomechanical parameters such as strain
rate, differential stress, temperature, pressure, and water fugacity
with structural parameters such as dislocation density, grain size,
and melt fraction. Finally, profiles of viscosity versus depth in the
upper mantle are used to test the applicability of flow laws
determined from micromechanical models and laboratory exper-
iments to plastic flow taking place deep beneath Earth'’s surface.

2.18.2 Role of Lattice Defects in Deformation

Defects in rocks are essential for plastic deformation to proceed.
Zero-dimensional or point defects (specifically vacancies and
self-interstitials) allow flow by diffusive transport of ions, one-
dimensional or line defects (dislocations) permit deformation
by glide and climb, and two-dimensional or planar defects
(grain-grain interfaces) facilitate deformation involving grain-
boundary sliding and migration. More than one type of defect
may be simultaneously involved in deformation. For example,
diffusion creep involves not only diffusion by a point defect
mechanism but also sliding on grain boundaries (Raj and
Ashby, 1971), dislocation processes also frequently couple with
grain-boundary sliding (Langdon, 1994), and dislocation creep
necessitates glide on several slip systems often combined with
climb (Groves and Kelly, 1969; Paterson, 1969; von Mises,
1928). In addition, dynamic recrystallization frequently acts
as a recovery mechanism, producing a new generation of
dislocation-free grains that are more easily deformed than the
parent grains (e.g., de Bresser et al., 2001; Drury, 2005; Platt and
Behr, 2011; Tullis and Yund, 1985). In this section, some funda-
mental aspects of point defects, dislocations, and grain bound-
aries are introduced as background for discussing the rheological
behavior of rocks and the associated constitutive equations.

2.18.21
2.18.2.1.1 Thermodynamics

At temperatures above absolute zero, crystalline grains in ther-
modynamic equilibrium contain finite populations of vacan-
cies and self-interstitials. Although the enthalpy of a crystal
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increases linearly with the addition of vacancies or self-
interstitials, the entropy decreases nonlinearly. Hence, the
Gibbs free energy of a crystal is minimized not when the crystal
is perfect (i.e., defect-free) but rather when the crystal contains
a finite concentration of vacancies and self-interstitials (i.e.,
when the crystal is imperfect) (see, e.g., Devereux, 1983, pp.
296-300). In metals, the concentrations of these point defects
in thermodynamic equilibrium are determined by temperature
and pressure through their Gibbs free energies of formation
(Schmalzried, 1981, pp. 37-38). In ionic materials, the situa-
tion is more complicated because the concentrations of the
different types of point defects are coupled through the neces-
sity for electroneutrality, which requires that the sum of the
concentrations of the various types of positively charged point
defects equals the sum of the concentrations of all of the
negatively charged point defects (Schmalzried, 1981, pp. 38-
42). The concentration of one type of positively charged point
defect often greatly exceeds the concentrations of the other
positively charged point defects; a similar situation frequently
exists for negatively charged defects. This combination of pos-
itive and negative defects defines the majority point defects or
the defect type. The charge neutrality condition is then approx-
imated by equating the concentration of the positively charged
to the concentration of the negatively charged majority point
defects. An example serves to illustrate the salient elements of
point defect thermodynamics.

Consider the case of a simple metal oxide, MeO, where Me is
an ion such as Mg, Ni, Co, Mn, or Fe. Structural elements for this
system include Megi., 08, Metie, Mes*, V&, Vihe, and O . The first
two entries are termed ‘regular structural elements’ and the last
five are called ‘irregular structural elements’ or point defects in
the ideal crystal lattice. The Kroger-Vink (1956) notation is used
to indicate the atomic species, A, occupying a specific crystallo-
graphic site, S, and having an effective charge, C, relative to the
ideal crystal lattice: AS. In this nomenclature, the superscripted
symbols X, , and / indicate neutral, one positive, and one
negative effective charges. Vacant sites are denoted by a V, and
ions located at interstitial sites are indicated by a subscripted i.
The defect Me}. corresponds to a 3+ ion sitting at a site nor-
mally occupied by a 2+ ion, such as a ferric iron in a ferrous iron
site. In a strict sense, charge neutrality is given by

[Meti| +2[ve | +2[Merr| =2 [V{{] +2[0]']  [1a]

where the square brackets, | ], indicate molar concentration. In
a Mg-rich system, one possible disorder type is the combina-
tion Meg* and V{i. (Catlow et al., 1994), such that the charge
neutrality condition is approximated as

[Mes*] = [Vii] [1b]

In contrast, in an Fe-rich quasi-binary material such as (Mg,Fe)O,
likely majority point defects are Feys. and V{;. (Hilbrandt and
Martin, 1998), yielding the charge neutrality condition

[Fet,e] = 2[ViL] [1c]

where Fe},. is often written as h*, indicating a highly mobile
electron hole localized at a Fe?™ site.

To obtain expressions that give the dependences of point
defect concentrations on thermodynamic variables such as
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temperature, pressure, and component activities, reaction
equations are needed. The first reaction equation should
involve the majority point defects. In the case of the Frenkel
disorder type given by eqn [1b], the appropriate reaction starts
with a regular structural element resulting in

MeJ, < Me* +V/, 2]
for which the law of mass action yields
ey, Ay = Ame;, K2 [3a]

where K,=Kj is the reaction constant for the reaction in eqn
[2]. Since the activity of Mey;. is little affected by the presence
of a small concentration of point defects (typically <1073),
ame;, ~ [Mef, | ~ 1. Likewise, for ideally dilute solutions of
point defects, the activities of the point defects can be replaced
by their concentrations such that eqn [3a] becomes

(Meg*] [ViL] = Kr =exp ot [3b]
where Gy is the Gibbs free energy for the reaction in eqn [2]
and RT has the usual meaning. This reaction describes the
formation of the so-called Frenkel point defects (a vacancy-
interstitial pair). If the charge neutrality condition in eqn [1b]
and the mass action equation in eqn [3b] are combined, the
dependence on temperature and pressure of the concentrations
of the Frenkel defects is

Me*] = [Vil] = vRe =exp ok 14]
Frenkel majority point defects are an example of a thermal
disorder type, that is, the concentrations of these point defects
depend on temperature and pressure but not on the activities
of the components. A second example of thermal disorder
occurs if Schottky point defects, V. and Vg3, are the majority
point defects.
For the disorder type given by eqn |1c|, the appropriate
reaction involves a regular structural element plus a neutral
crystal component to yield

1
EOz(srg) +2Fe,, + Me},, < 2Fel,, + V|, +MeO(srg)  [5]

where the oxygen is provided from a site of repeatable growth
(srg) such as a dislocation, grain boundary, or crystal-gas
interface (surface). The law of mass action yields

[Fefie]” [Vile] ameo = [Fetie] Megi)f(7Ks 6]

where f, is the oxygen fugacity. If the charge neutrality con-
dition in eqn [1c| is now substituted into eqn [6] and the
approximation [Meg.] ~ameo =1 is made, then

[Fegse] = 2[Vile] = V2[Fesi ] F40 KL
—Gs
7

3RT 71
Thus, if a neutral crystal component is added from a site of
repeatable growth, the concentrations of the majority point
defects will depend not only on pressure and temperature but
also on component activities, often referred to as an activity-
dependent disorder type. In this case, it should be noted that

= ﬁ[FefAe] 2Bfgfexp

the material will be nonstoichiometric with typically [Vi;e] >>
[V&]. Also, a comparison of eqn [4]| with eqn [7| demonstrates
that the functional form and the magnitude of the concentra-
tion of V{;. depend on the charge neutrality condition.

Since [Vg] is generally several orders of magnitude smaller
than [V{e], O diffuses much more slowly than Me, at least
through the interiors of grains. Consequently, as discussed
later in the text, the rate of diffusion creep (specifically,
Nabarro-Herring creep) and rate of dislocation climb are lim-
ited by the rate of O diffusion. Hence, it is important to
examine the dependence of the concentration of Vg on tem-
perature, pressure, and oxygen fugacity. Since the dependence
of the concentration of V{j. on these parameters has been
determined earlier in the text, the formulation of a reaction
involving V¢ and V. provides a good starting point. The point
defects V&5 and V{j. are related via the Schottky formation
reaction

Me},, +0p « V{L. + Ve +MeO (8]

It should be emphasized that it is essential in reaction equa-
tions such as eqn [8] that the number and identity of the
atomic species, the crystallographic sites, and the effective
charges (recall AS) be the same on the two sides of the reaction
equation. The law of mass action for eqn |8] reads

Vii] V) =Ks =ep o o]

again using the approximations ame;, A doy ~ 1 with apyeo
equal to unity since MeO is present. For the Frenkel thermal
disorder type given by eqn [1b], [Mef*]=[Vi], if eqn [9] is
now combined with eqn [4], then
oo -1 KS _(GS_GI‘/Z)
Va]=[Vi] K= Jemen S o)
For the activity-dependent disorder type given by eqn [1c]|,
[Fetie] = 2[Viie], if eqn [9] is combined with eqn [7], then

(1] -1 X - — K
V] = [VKA/Q] Ks=V/4[Fesy.] 7 f o) GKT%
5
—(Gs —Gs/3)

—2/3 —
= Va[Fes] o) fep =

[11]

Under hydrous conditions, additional point defects must
be considered. Hydrogen ions, that is, protons, p*, occupy
interstitial sites, H}, near oxygen ions, thus corresponding to
hydroxyl point defects, (OH)g. This water-derived point defect
can be introduced through dissociation of a water molecule by
the reaction

H,0(s1g) + 205 + Mej;, < 2(OH)% + VI, +MeO(srg) [12]

In addition, point defect associates such as those produced
between (OH)g and Ve can form

(M) +Vij < {om ~viL.} [13]

where the curly brackets, { }, indicate a defect associate. This
and other defect associates and (OH)g must now be included
in the charge neutrality equation, eqn [1a]. Note that the defect
associate {(OH){)—V{\QE}/ is sometimes written in shorthand
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as H{. It should be kept in mind that, as stated in the preced-
ing text, protons occupy interstitial sites that are located very
near oxygen ions giving rise to hydroxyl point defects; protons
(or equivalently hydroxyl defects) can form defect associates
with metal vacancies; however, they do not literally occupy
metal vacancies. New disorder types such as

3] = [{tomg -V} | [14]
and
[Fefie] = {{(oma—%@ /} [15]

must also be considered. A summary of the dependencies of
the concentrations of various point defects on oxygen fugacity
and water fugacity for the system MeO is provided in Table 1
for a range of charge neutrality conditions.

2.18.2.1.2 Kinetics

Diffusion of atoms and ions through crystalline solids takes
place by the movement of point defects, namely, vacancies
and self-interstitials. That is, ionic diffusion takes place by a
vacancy or interstitial mechanism. Here, the discussion focuses
on vacancies; a parallel analysis applies for self-interstitials.
Since the fraction of vacant sites, Xy, on any specific sublattice
is small, typically < 1073 to <« 103, vacancies diffuse orders of
magnitude more rapidly than the ions on that sublattice. From
the point of view of a vacancy, all of the neighboring sites are
available, while from the perspective of an ion, possibly one
but more likely no neighboring sites are available at any par-
ticular moment. This connection between the movement of
ions and that of vacancies leads to the following relationship
between the diffusion coefficient for ions, Dj,,, and that for

vacancies, Dy:
XionDion :XVDV [163]

where X;,, is the fraction of sites on a given sublattice occupied

by the ions associated with that sublattice. Since
Xion=(1—Xv)=1, eqn |16a] is usually approximated as
Dion ~ XyDy [16b]
consequently,
Dijon < Dy [16]

that is, vacancies diffuse orders of magnitude faster than ions
because Xy < 1.

One consequence of the rapid diffusion of vacancies (as
well as of electron holes) is that equilibrium concentrations of
vacancies are attained relatively rapidly in response to changes

Table 1
[ Jocfo, i, 0- for several charge neutrality conditions for MeO

in oxygen partial pressure or oxide activity, typically in much
less than an hour under laboratory conditions for which diffu-
sion distances are on the scale of the sample size (Dieckmann
and Schmalzried, 1986; Mackwell et al., 1988; Ricoult and
Kohlstedt, 1985; Schmalzried, 1981, pp. 93-100;
Schmalzried, 1995, pp. 117-123; Wanamaker, 1994; Yurek
and Schmalzried, 1974). Point defect concentrations respond
even more quickly to changes in temperature and pressure for
which the appropriate diffusion length is the distance between
the sites of repeatable growth, which serve as sources and sinks
for point defects (Schmalzried, 1981, pp. 93-96; Schmalzried,
1995, pp. 10-12).

The concentration of vacancies in a mineral will differ from
one sublattice to the next. In a system composed of Me= (Mg,
Fe), Si, and O, the concentration of vacancies on the Me sub-
lattice is generally several orders of magnitude larger than the
concentrations on the Si and O sublattices, that is, [Vi;e] >>
[Ves], [VE//] (e.g., Nakamura and Schmalzried, 1983, 1984; Tsai
and Dieckmann, 2002). As a result, Dye>> Do, Ds;.

For deformation by diffusion creep or dislocation climb pro-
cesses, the flux of ions directly enters expressions for the strain
rate. The deformation rate is calculated from analyses of the flux
of ions between regions experiencing different stress states, such
as between grain boundaries in a rock that are oriented normal
to and those that are oriented parallel to the maximum principal
stress. In an ionic solid, the fluxes of all of the constituent ions
must be coupled in order to maintain stoichiometry (Dimos
et al., 1988; Gordon, 1973; Jaoul, 1990; Ruoff, 1965; Ready,
1966; Schmalzried, 1995, pp. 345-346). As a consequence, the
creep rate of a monomineral rock is controlled by the rate of
diffusion of the slowest-diffusing ion.

In the case of olivine, Me,SiO,, for diffusion along parallel
paths (i.e., one-dimensional diffusion), the fluxes of Me?T,
Si**, and O are given by (e.g, Schmalzried, 1981, p. 63;
Schmalzried, 1995, pp. 78-82)

i __DMeCMeﬁnMeu
IMe =R g
DiteCute [Opiper+ Oy
= 2F 1
RT < oc e [17a]
. DsiGsi Ongis+ _ DsiGsi (Ougio+ 9y
Jiv == = - (S arE) bl
and
. _ DOCo (97]02—7 DoCo a,uoz— &p
Jor =="pr o~ rr (o Fae) 17

where j is the flux, D the self-diffusivity, C the concentration,
and 7 the electrochemical potential of the appropriate ionic
species. In eqn [17], ¢ is a spatial variable. The electrochemical

Dependence of point defect concentrations on oxygen fugacity and water fugacity, expressed as the exponents p and ¢ in the relationship

Charge neutrality Meye Ve iMegse—Vire (OH)y {(OH)y =iz
[Meire] = 2[Vise] 1/6,0 1/6, 0 —-1/6,0 13,0 —112,1/2 112,172
[(OH)8] = 2[Vise] 1/4, —1/6 0,13 0,-1/3 1/4,1/6 0,1/3 0,2/3

[Mefe] = [{(OH)g — Vel 1/8,1/4 1/4, —1/2 —1/4,1/2 3/8, —1/4 —1/8, 3/4 1/8, 1/4
[(OH)3] = [{(OH)8 — Vi) ] 1/4,0 0,0 1/4,0 0,1/2 0,1/2
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potentials for the various ions are written in terms of the
chemical potential, y, and the electric potential, ¢, as (e.g.,
Schmalzried, 1981, p. 63)

n=pu+zFp (18]

where z is the charge on the ion and F is the Faraday constant.
To maintain stoichiometry during diffusion-controlled creep
in which transport of entire lattice molecules must occur
between sites of repeatable growth such as dislocations and
grain boundaries, the flux coupling condition is

Imert _Jsitt _Jo*

= 19a
Cme Gsi Co [19a]

Equation [19a] applies specifically to the case in which all of
the ions diffuse along a single path or parallel paths; the more
general case in which diffusion occurs along multiple paths
(e.g., along grain boundaries and through grain interiors) is
treated in Dimos et al. (1988; see also Kohlstedt, 2006).

The flux coupling equation provides a means of eliminating
the 9p/0¢ term from the flux equations. The flux coupling
condition for olivine in eqn [19a] can be rewritten as

2per+ = dgir+ =jor- [19b]
Then, since Dy, > Do > Dyg;, the approximation
a77Mepr a:uMez’ 8@
— = 2F—=0 20
oc ~ oc Toe [20a]
that is
(999 8,uM 2+
2F— =~ — < 20b
R ¢ [20b]

must hold in order to satisfy eqn [19b]. Using the implicit
assumption of local thermodynamic equilibrium, the chemical
potentials of the ions can be written in terms of the chemical
potentials of the oxides as

Hygert + o> = Hyjeo [21a]

and

Ui+ + 2o~ = Usio, [21b]

Combining eqn [19b] with eqns [17a], [17b], [20b], [21a], and
[21b], leads to the relation

Isio ou
Dgi—292 — (D, 4 2Dyg; ) —-4<0 22
Si PR (Do +2Ds;) PE [22]
Also, the flux of Si**, the slowest ionic species, becomes
CsiDs;i (Oug; 0
jSi"* =-_ ;Tsl ( 1351501 ) :[gvéeo) [233]
Since the chemical potential of olivine is
Hne,sio, = 2Hme0 T Hsio, [24]
the flux of Si*" can be rewritten as
CsiDs; D 0 ;
Jsi = =R Do+ aby MSZ“SIOA [23b]
o +4Dsi 4

The chemical potential of olivine contains an activity, a, term
and a stress, o, term such that

Oline,si0, RTa Iname,sio,

¢ 0¢

o
— ViMe,sio, 9 [25a]
where Vye,sio, is the molar volume of olivine (e.g., Dimos
et al.,, 1988; Gordon, 1973; Ready, 1966; Schmalzried, 1995,
p. 334). The first term on the right-hand side of eqn [25a] can
be expressed in terms of the gradient in the concentration of
vacancies on the Me sublattice (Dimos et al., 1988; Jaoul,
1990; Kohlstedt, 2006) as

RT@lna&ezslo4 - 2RT8[:;§E]
~-2 [(VKA/E>O] VMe,sio, %Z [26]

where [(V{,e)°] is the concentration of Me vacancies under
hydrostatic stress conditions. The gradient in the concentration
in metal vacancies results from the gradient in normal stress
between sources for vacancies (regions of minimum compres-
sive stress) and sinks for vacancies (regions of maximum com-
pressive stress). Since [(V{)°] is small, <1073, the second term
in eqn [25a] dominates such that

Oy, Si0, Jda
8;2% _VMEZSiO48_5 [25b]
Therefore,
. GsiDsi Do 0o
s = ——————— VMe,si0, — 2
Jsi RT Do rdDy  Mesi0ig [27a]
and if DO > DSir
CsiDg;i 0
Sil/Si (9 [27b]

Jsis+ = RT VMe;SiO_ia_é

2.18.2.2 Line Defects: Structure and Dynamics

Dislocations are line defects that separate regions of a crystal
that have slipped from those that have not slipped. Their
motion by glide and climb is central to the deformation of
most crystalline solids, much like point defects are essential
for diffusion. Unlike point defects, dislocations are not equi-
librium defects. While the change in enthalpy associated with
the formation of a dislocation is quite large, the change in
entropy is relatively small. In a simplistic analogy, the former
might be considered equal to the change in enthalpy due to
the formation of N vacancies, where the vacancies form a row
of the same length as the dislocation line. In contrast, the
change in entropy resulting from the formation of N vacancies
constrained to lie along a line will be significantly less than
that associated with the formation of N vacancies randomly
distributed in a crystal. The result is that, at equilibrium, a
crystal is expected to be dislocation-free (Devereux, 1983, pp.
368-372).

A dislocation is characterized by two vector quantities: its
line direction, £, which defines the direction of the dislocation
at each point along its length, and a displacement or Burgers
vector, b, which defines the displacement of the lattice
produced as the dislocation moves through a crystal. For a
dislocation loop such as that illustrated in Figure 1, the tan-
gential line direction changes from one point to the next along
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the loop, while the Burgers vector is the same at every point.
Regions along the dislocation loop for which b is perpendicu-
lar to £ are termed edge segments, while regions for which b is
parallel to £ are termed screw segments. Regions of a disloca-
tion for which b and £ are neither perpendicular nor parallel
are referred to as mixed segments.

Movement of a dislocation can take place by glide and
climb. An edge dislocation can move in one of two ways. If
an edge dislocation moves in the glide plane defined by b x £,
its motion is conservative. In contrast, if an edge dislocation
moves normal to its glide plane, the process is nonconservative
in that lattice molecules are added to or taken away from the
dislocation line by diffusion such that the dislocation climbs
out of its glide plane. A screw dislocation does not have a
specific glide plane since b and L are parallel to each other.
Hence, a screw dislocation generally glides on the plane that
offers least resistance to its motion. If it encounters an obstacle
to its movement, a screw dislocation can cross slip off of
its original glide plane onto a parallel glide plane in order
to continue moving. A dislocation must always move in
a direction perpendicular to its line direction. The displace-
ment resulting from glide of an edge dislocation is thus
parallel to the direction of dislocation glide, while the displace-
ment resulting from movement of a screw dislocation is per-
pendicular to its direction of motion defined by the velocity
vector, V, as illustrated in Figure 2. Finally, a slip system is

—_——
S

——> Burgers vector, b

————>» Linedirection, £

Figure 1 Sketch of dislocation loop indicating the directions of the
Burgers vector, b, and of the dislocation line, £, at four points along
the loop. The edge and screw segments of the dislocation loop

are denoted by e and s, respectively.

defined for a dislocation by the combination of a unit vector
normal to the slip plane, n, and b. As an example, important
slip systems in clinopyroxene include {110}(170), {110}
[001], and (100)[001] (Bystricky and Mackwell, 2001). Slip
systems in olivine include (010)[100], (001)[100], (100)
[001], and (010)[001] with the dominate slip system deter-
mined by stress, and water concentration as well as pressure
and temperature (Carter and Avé Lallemant, 1970; Castelnau
et al., 2010; Durinck et al.,, 2005; Jung and Karato, 2001;
Mainprice et al., 2005; Raterron et al., 2012).

To the first order, dislocations with short displacement
vectors are preferred over those with longer displacement vec-
tors since the energy per unit length of a dislocation, Egig), is
proportional to the square of the Burgers vector. For an edge
dislocation in an elastically isotropic material (Weertman and
Weertman, 1992, pp. 45-52),

2

Edgis) :% lnT—Tc (28]
where G is the shear modulus, r is the mean spacing between
dislocations, and r. is the radius of the dislocation core. In eqn
[28], the contribution of the core of the dislocation to the
elastic strain energy has been neglected. For elastically aniso-
tropic materials, the full matrix of elastic constants must be
considered, as discussed in detail by Hirth and Lothe (1968,
pp. 398-440).

Slip generally occurs on the closest packed plane that
contains b, that is, the most widely separated planes and
thus, in general, the most weakly bonded planes. In olivine,
[[100]| < [[001]| < |[010]| suggesting that b=[100] should
dominate. However, plastic deformation of a polycrystalline
material cannot proceed without opening up void space if only
one or two independent slip systems operate. Homogeneous
plastic deformation of a rock requires dislocation glide on five
independent slip systems, a condition known as the von Mises
criterion (von Mises, 1928), or glide and climb on three inde-
pendent slip systems (Groves and Kelly, 1969). Plastic defor-
mation can occur without fracture with glide on four
independent slip systems if deformation is allowed to be het-
erogeneous (Hutchinson, 1976). Processes such as grain-
boundary sliding, ionic diffusion, and twinning can also relax
the von Mises criterion.

Glide and climb of dislocations involve steps along the
dislocation line: steps that lie in the glide plane, called kinks,
facilitate glide and steps that are out of the glide plane, called
jogs, and facilitate climb.

Figure 2 Sketch illustrating that (a) the movement of an edge dislocation, e, and (b) the movement of a screw dislocation, s, with the same Burgers
vector (c) produce the same displacement of the upper half of a crystal relative to the lower half. Modified from Kelly A and Groves GW (1970)
Crystallography and Crystal Defects. Addison-Wesley Publishing Company, p. 199.
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Dislocations interact with one another and with an applied
stress field through the stress field that arises due to the
elastic distortion caused by the presence of each dislocation.
The stress fields associated with edge and screw dislocations
in elastically isotropic and elastically anisotropic media are
derived in Hirth and Lothe (1968, pp. 398-440) and in
Weertman and Weertman (1992, pp. 22-41). The force on a
dislocation is then calculated using the Peach-Koehler equa-
tion (Peach and Koehler, 1950). In its simplest form, the force
per unit length, f, on a dislocation is

f=ab [29]

where the stress ¢ arises, for example, from a neighboring
dislocation or an external force.

2.18.2.3 Planar Defects: Structure and Energy

Planar defects include twin boundaries, stacking faults, grain
boundaries, and interphase boundaries. The emphasis in this
chapter is on grain boundaries and interphase boundaries,
because of the important role of these two types of interfaces
in plastic deformation.

If the misorientation across a grain boundary is not too
large, say <15° (i.e., a low-angle boundary), the interface can
be constructed from a periodic array of dislocations. A low-
angle tilt boundary consists of a series of parallel edge disloca-
tion, as illustrated schematically in Figure 3 and imaged in
Figure 4. In the case of a low-angle tilt boundary, the spacing
between dislocations, h, can be expressed in terms of the mis-
orientation angle, 9, across the boundary as

b

"2 07 o

For a small misorientation, the misorientation angle can be
approximated by

|
|
ll h=b/%
|

|

(b)

Figure 3 Sketch of a low-angle tilt boundary formed by a series of
periodically spaced edge dislocations, which are denoted by the inverted
‘T’ symbols. Modified from Read Jr WT (1953) Dislocations in Crystals.
McGraw-Hill Book Company, New York, p. 157.

D [30b]

Starting with eqn [28], the elastic strain energy per unit area of
a low-angle tilt boundary can then be derived as (Read and
Shockley, 1950)

Gb?

Eipfy=——
tilt 47_5(17‘))

%(A— In¥) [31]
where parameter A accounts for the fraction of the elastic strain
energy associated with the cores of the dislocations. Once the
cores of the dislocations in a tilt boundary begin to overlap,
this simple description of a grain boundary breaks down.

A low-angle twist boundary requires two, generally orthogo-
nal, sets of screw dislocations. The elastic energy per unit area for
a low-angle twist boundary is similar to that for a low-angle tilt
boundary. A sketch of the atomic structure of a low-angle twist
boundary formed by rotating the lattices of two grains relative
to each through an angle ¥, thus forming orthogonal sets of
dislocations, is presented in Figure 5. A transmission electron
micrograph of a twist boundary is shown in Figure 6.

As illustrated in Figure 7, grain-boundary energy increases
rapidly with increasing o), as described by eqn [31], up to
¥ =220°. At larger values of ¥, grain-boundary energy is approx-
imately constant except for a few minima that occur at specific
orientations. Other than twin boundaries, these minima occur
at orientations for which a significant fraction of the lattice
points in the two neighboring grains are nearly coincident
(Chan and Balluffi, 1985, 1986). A simple example of this
coincidence structure illustrating the type of periodicity that
can be present in specific grain boundaries is shown in Figure 8
for a twist boundary.

Grain and interphase boundaries influence the physical
properties of rocks in several important ways. First, grain-
boundary sliding provides a mechanism for producing strain
in response to an applied differential stress. Grain-boundary
sliding takes place by the movement of grain-boundary dislo-
cations. As discussed in the next section, grain-boundary slid-
ing is an essential part of diffusion creep (Raj and Ashby,
1971). Grain-boundary sliding can also be important during
deformation in which dislocation glide and dislocation climb
operate (e.g., Langdon, 1994). In this case, lattice dislocations

Figure 4 Bright-field transmission electron micrograph of a low-angle
tilt boundary in olivine. Two sets of dislocations, one with 5 =[100]
and the other with #=[101], are present in this boundary. The darker
b=1[101] dislocations are more widely spaced than the lighter,
periodically spaced b =[100] dislocations. This image was taken with the
diffraction condition g=(002); hence, the h=[100] dislocations

exhibit only residual contrast. Modified from Goetze C and Kohlstedt
DL (1973) Laboratory study of dislocation climb and diffusion in olivine.
Journal of Geophysical Research 78: 5961-5971.
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Figure 5 Sketch of atomic configuration for a [001] low-angle twist
boundary in a simple cubic lattice with the boundary parallel to the plane
of the figure. In this example, ¥~10°. (a) In the unrelaxed atomic
configuration, the open circles represent atoms in the plane just above
the boundary, while the closed circles represent the atoms in the plane
just below the boundary. (b) In the relaxed atomic configuration, the
grains join in regions in which the atomic match is good with two
orthogonal sets of screw dislocations located between these regions.
Modified from Schmalzried H (1995) Chemical Kinetics of Solids. \CH
Publishers, New York, p. 51.

Figure 6 Dark-field transmission electron micrograph of two
orthogonal sets of screw dislocations, one with #=[100] and the other
with #=[001], forming a low-angle twist boundary in the (010) plane
of olivine. The boundary is very nearly parallel to the plane of the figure.
Modified from Ricoult DL and Kohlstedt DL (1983a) Structural width

of low-angle grain boundaries in olivine. Physics and Chemistry of
Minerals, 9: 133—138; see also Ricoult and Kohlstedt (1983b).
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Figure 7 Sketch of normalized grain-boundary energy versus
misorientation angle illustrating the energy minima that arise when the
two neighboring grains are oriented such that a significant fraction of
lattice sites are coincident, such as illustrated in Figure 8.
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Figure 8 Sketch of lattice sites in two simple cubic grains that have
been rotated relative to each other by ~53°. At this orientation, a
fraction of the lattice sites from the two grains coincide forming

a coincident-site lattice with a unit cell that is larger than those of the
two adjoining grains. Open circles represent atoms in the plane just
above the boundary, while the closed circles represent the atoms in the
plane just below the boundary.

can dissociate and enter grain boundaries resulting in enhanced
or stimulated grain-boundary sliding (Pshenichnyuk et al.,
1998). As discussed later in the text, grain-boundary sliding
often provides an additional mechanism of deformation and
can be particularly important in rocks composed of minerals
with fewer than five independent slip systems.

Second, grain boundaries migrate in response to a differ-
ence in dislocation density between neighboring grains. As
expressed in eqn 28], each dislocation introduces elastic strain
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energy into a crystalline grain. If during deformation the dis-
location density becomes higher in one grain than in the next
grain, a thermodynamic driving force exists that can cause the
grain boundary to migrate toward the region of higher dislo-
cation density, absorbing lattice dislocations into the grain
boundary, thus reducing the stored elastic strain energy. The
dislocation-free region left in the wake of the migrating bound-
ary will deform more easily than neighboring areas in which
glide is slowed by dislocation-dislocation interactions.

Third, grain boundaries are short-circuit paths for diffusion.
The rate of diffusion along a grain boundary is in general
several orders of magnitude faster than through a grain interior
(Shewmon, 1983, pp. 164-175). Thus, even though the cross-
sectional area of a grain boundary is small relative to that of the
grain itself, the flux of ions passing through a grain boundary
can be significant. The result is that, in the diffusion creep
regime, grain-boundary diffusion is often the primary mecha-
nism for deformation. It should also be noted that grain
boundaries provide storage sites for elements that, due to size
or charge, are incompatible in the grain interior (Hiraga and
Kohlstedt, 2007; Hiraga et al., 2003, 2004, 2007). The presence
of incompatible elements at grain and interphase boundaries
perturbs the structure and the local charge state of the bound-
ary, which in turn can affect diffusion kinetics (Mishin and
Herzig, 1999).

2.18.3 Mechanisms of Deformation and Constitutive
Equations

The mechanism of deformation that dominates the plastic
deformation of a rock depends both on the properties of the
rock such as grain size, d, and phase content, ¢, and on the
thermodynamic parameters such as temperature, pressure, P,
water fugacity, fy,o, and component (oxide) activity, dox. The
dependence of strain rate, ¢ on these quantities can be
expressed in a general constitutive equation or flow law as

é:é(d, P, T, P/szo/ Aox;, ) [32]

Diffusion-controlled creep tends to be important at lower dif-
ferential stresses in finer-grained rocks. In contrast, dislocation-
dominated processes govern flow at higher stresses in coarser-
grained rocks. In this section, some of the constitutive equa-
tions used to describe flow in the diffusion and dislocation
deformation regimes are first introduced. Then, the influence
on rheological behavior of two important fluids, water and
melt, is discussed. Finally, the development of crystallographic
fabrics and their resulting effect on deformation are presented.

2.18.3.1
2.18.3.1.1 Diffusion creep

Diffusion creep can be divided into two regimes, one in which
diffusion through the interiors of grains controls the rate of
deformation (Herring, 1950; Nabarro, 1948) and the other
in which diffusion along grain boundaries governs the rate of
deformation (Coble, 1963). The relative importance of these
two mechanisms depends primarily on grain size and
temperature.

Constitutive Equations

2.18.3.1.1.1 Grain matrix diffusion

The rate of deformation in the Nabarro-Herring creep regime in
which diffusion through grain interiors limits the rate of creep is
described by the relation (Herring, 1950; Nabarro, 1948)

ENH = mNH%% [33]
where oy is a geometric term and Dy, is the diffusion coeffi-
cient for the slowest species diffusing through the grain matrix
(gm), that is, the grain interior. Important points to note are
that strain rate is linearly proportional to the differential stress,
inversely proportional to the square of the grain size, and
exponentially dependent on temperature and pressure through

the diffusion coefficient since

AE, PAV, AH,
Dgm :ngexp <,M) = ngexp (7 gm) [34]

RT

where D, is a function of the lattice vibration frequency, jump
distance, and entropies for formation and migration of vacan-
cies (assuming a vacancy diffusion mechanism) (Shewmon,
1983, pp. 61-62). AEgym, AVgm, and AHgy, are the activation
energy, activation volume, and activation enthalpy for grain
matrix diffusion, respectively; if ionic diffusion occurs via a
vacancy mechanism, then each of these three terms is com-
posed of the sum of a contribution for vacancy formation and a
contribution for vacancy migration.

2.18.3.1.1.2 Grain-boundary diffusion
A similar expression applies in the Coble creep regime in which
the creep rate is limited by diffusion through grain boundaries
(Coble, 1963):

6V m 6Dy

=R

(35]

where o is a geometric term; o is the diffusion width of the
grain boundary, which is approximately equal to the structural
width of ~1 nm (e.g., Atkinson, 1985; Carter and Sass, 1981;
Ricoult and Kohlstedt, 1983a,b); and Dy, is the diffusion coef-
ficient for the slowest species diffusing along grain boundaries.
The grain-boundary diffusivity can be expressed as

AEg, +PAV g, AHgp,
ooy ()

RT RT

where Dg, is similar in nature to Dgy,, in eqn [34] (Schmalzried,
1995, pp. 240-241) and AE,,, AVy;,, and AHyy, are the activation
energy, activation volume, and activation enthalpy for grain-
boundary diffusion, respectively. Again, the strain rate increases
linearly with increasing differential stress and increases ex-
ponentially with inverse temperature while decreasing exponen-
tially with increasing pressure. However, in contrast to the
Nabarro-Herring case, strain rate for Coble creep varies
inversely as the cube, rather than the square, of the grain size.
Comparison of eqns [33] with [35] reveals the following
points: (i) Both creep mechanisms give rise to Newtonian
viscous behavior (éoca!) with viscosity, = 0c/¢, independent
of stress. (ii) As long as the grain size is small enough that
diffusion creep dominates over dislocation creep, Nabarro-
Herring creep (£0c1/d*) is more important than Coble creep
(éoc1/d’) at larger grain sizes. (iii) Nabarro-Herring creep
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dominates at higher temperatures and Coble creep at lower
temperatures because AHg, < AHgp,.

The analyses of Nabarro (1948) and Herring (1950) and of
Coble (1963) strictly apply to the deformation of a single spher-
ical grain. Subsequent analyses pointed out the necessity of grain-
boundary sliding in diffusion creep of polycrystalline materials
(Liftshitz, 1963; Raj and Ashby, 1971). The fact that grains tend to
be equiaxed in samples deformed in the diffusion creep field
indicates that grain-boundary sliding and grain rotation are
crucial. The creep process is essentially that of grain-boundary
sliding accommodated by diffusion both through grain interiors
and along grain boundaries, if grain boundaries are too weak to
support shear stress. For this case, on; =14 and oc=147. Since
grain boundary and grain matrix diffusion are independent/par-
allel processes, eqns [33] and [35] can be combined to give

. oV 70Dgy, 1
Eaiff = 14<ﬁ) (ng+ dg ) (?) [37]

In general, this deformation mechanism is referred to simply as
diffusion creep. In multicomponent minerals, the rate of dif-
fusion creep is controlled by the slowest species diffusing along
its fastest path (grain boundary or grain interior).

2.18.3.1.2 Deformation involving dislocations

As differential stress and/or grain size increases, a transition
occurs from diffusion creep to dislocation-dominated defor-
mation. One estimate of the stress required to move from the
diffusion creep regime to the dislocation creep regime is based
on a calculation of the stress required to operate a Frank-Reed
dislocation source, opg (Frank and Read, 1950), and thus gen-
erate the dislocations necessary to sustain deformation:

2Gb
OFR %T [38]

where L is the length of the dislocation segment operating as
the source of new dislocations. If the length of a dislocation
line is limited by the grain size, then for G=70 GPa,
b=0.5nm, and L=d=10 pm, opr~ 7 MPa.

The strain produced by a single dislocation moving across a
grain is very small, thus many dislocations must be generated
and move to accomplish a significant amount of deformation.
The strain, ¢, produced in a cubic grain of dimension d by one
dislocation moving through the grain is

=- 39

6= [39]
Thus, if d=1 mm, ¢~5x 10~7. Greater strain is achieved by
moving a large number of dislocations through the grain. The
density of dislocations, p, which scales with the magnitude of the
applied differential stress, is often written as (Karato, 2008, p.

160; Poirier, 1985, p. 109; Takeuchi and Argon, 1976;
Weertman, 1999)
g\2
| = 40
P (cb) [40]

such that, for olivine, p= 10° m~2 for a differential stress of
1 MPa. The strain produced by this density of dislocations
moving a distance x is

&= pbx [41]

For x=d, e~5x 10~%, which is still a small value. To produce
geologically significant strains, dislocations must be generated,
be moved through crystalline grains, and then be removed so
that new dislocations can be generated to maintain an approx-
imately constant (steady-state) density of dislocations and keep
the deformation process going. If steady-state deformation is
attained, then a balance must be achieved, and one step in this
series of steps will limit the rate of deformation.

A number of models have been proposed to describe the
rate of deformation in terms of applied stress, temperature,
pressure, and other thermodynamic and structural variables
(e.g., Evans and Kohlstedt, 1995; Poirier, 1985, pp. 94-144).
In this chapter, characteristic elements of these models are
reviewed in order to provide a framework for examining
laboratory-determined deformation data and extrapolating to
geologic conditions.

The dependence of the strain rate on differential stress for
deformation accomplished by dislocation processes can be
examined through the Orowan equation, which is obtained
by differentiating eqn [4 1] with respect to time and noting that
in steady state, the dislocation density is independent of time,
0dp/0t=0 (Orowan, 1940; Poirier, 1985, pp. 62-63):

&= pbv [42]

where 7 is the average dislocation velocity. It should be noted,
however, that the dp/dt term is critical in the discussions of
transient deformation (e.g., deformation immediately follow-
ing a change in stress). As discussed in reference to eqn [40],
the dislocation density is often taken to be proportional to the
square of the stress, such that éoccpoce?. In addition, an addi-
tional dependence of strain rate on differential stress enters
through the dislocation velocity term.

In this discussion, dislocation creep is divided into three
regimes. As with diffusion creep, the main parameters deter-
mining the relative importance of the various dislocation creep
mechanisms are differential stress, temperature, pressure, and
grain size. First, at high temperature (low stress) and relatively
large grain size, all of the strain can be accomplished by glide
and climb of dislocations. These conditions define the disloca-
tion creep regime. Second, at high temperature but smaller
grain size, grain-boundary sliding operates in conjunction
with dislocation processes to produce strain. These conditions
define a regime in which dislocation processes are accommo-
dated by grain-boundary sliding or grain-boundary sliding is
accommodated by dislocation processes, simply referred to
here as the grain-boundary sliding regime. Third, at low tem-
peratures (high stresses), deformation takes place by disloca-
tion glide limited by the intrinsic resistance of the lattice. These
conditions delineate the low-temperature plasticity regime.

2.18.3.1.2.1 Dislocation creep

To date, by far the majority of analyses of plastic deformation
in geologic materials have used a power-law equation to
describe experimental results. A general form of this flow law is

. a" D £q r Qu

3:Ad7ftoHzoa0x6XP*ﬁ [43]
where A is a material-dependent parameter and Q. is the
activation energy (strictly, enthalpy) for creep. The power-law

form of the creep equation arises by considering the roles of
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dislocation climb and grain-boundary sliding in the deforma-
tion process.

The potential importance of dislocation climb as the rate-
controlling step of high-temperature, steady-state creep was
suggested in the early 1950s by Mott (1951, 1953, 1956).
Subsequently, several climb-controlled creep models were
developed that relate strain rate to differential stress, tempera-
ture, and pressure, the latter two through the self-diffusivity
(for reviews, see Cannon and Langdon, 1988; Evans and
Kohlstedt, 1995; Poirier, 1985, pp. 94-144; Weertman, 1978,
1999). The rate of climb of edge dislocations depends directly
on diffusive fluxes of ions (e.g., Hirth and Lothe, 1968, pp.
506-519; Poirier, 1985, pp. 58-62). The justification for
emphasizing the importance of climb in high-temperature
(T> 2/3Tm, where T, is the melting temperature) deformation
of crystalline materials is the one-to-one correlation between
the activation energy for creep and the activation energy for
self-diffusion of the slowest ionic species, which has been
observed for a large number of metallic and ceramic materials
(e.g., Dorn, 1956; Evans and Knowles, 1978; Mukerjee et al.,
1969; Sherby and Burke, 1967; Takeuchi and Argon, 1976).

Two climb-based models of dislocation creep merit partic-
ular attention because of their pioneering contributions in this
area and because they incorporate most of the elements found
in subsequent models. Weertman (1955, 1957a, b) developed
a flow law for steady-state dislocation creep in which disloca-
tion glide produces most of the strain but dislocation climb
controls the stain rate. In this model, a dislocation source
generates a dislocation loop that expands by gliding until it
encounters an obstacle such as a dislocation loop that was
generated on a parallel glide plane. The two dislocations inter-
act to form a dipole that prevents further glide until the two
dislocations comprising the dipole climb to annihilate one
another. Once the dipole is annihilated, the dislocation
sources produce new dislocation loops (i.e., dislocation mul-
tiplication) to continue the deformation process. If glide is
rapid and climb is slow, then the average dislocation velocity is

latle Ly

V= v,
tottc be ©

[44]
where L is the glide distance, L. is the climb distance, and v. is
the climb velocity (Poirier, 1985, p. 110; Weertman, 1999).
The climb velocity, which is determined by diffusion of the

slowest atomic/ionic species, is given by the expression (Hirth
and Lothe, 1968, pp. 506-519)

oVm D 1

Ve =2TRT b Tn(Ro/ro)

[45]
where the average spacing between dislocations, R,, is usually
written in terms of the dislocation density as R, ~1/,/p and
the inner cutoff (core) radius, 7, is generally set at r.~b. A flow
law is then obtained by inserting eqns [40] and [45] into the
Orowan equation, eqn [42], to yield (Weertman, 1999)

e=2n

GV (0')3D 1 14 [46]

L (e R -
RT \G/ b* In(G/0) L,
Nabarro (1967) formulated a model for steady-state dislo-

cation creep based solely on dislocation climb. Bardeen-
Herring sources (Bardeen and Herring, 1952) generate

dislocations that form a network and continuously climb.
Dislocation multiplication occurs by the operation of disloca-
tion sources, thus increasing their density, while climb of
dislocations of opposite sign toward one another results in
annihilation, thus decreasing their density. A balance between
multiplication and annihilation results in steady-state creep
described by the flow law (Nabarro, 1967; Nix et al., 1971)

GV (0)3D 1

G/ 1? In(4G/no) [47]

G

Although the steady-state strain rates obtained from the
models developed by Weertman and Nabarro, eqns [46] and
[47], respectively, differ in magnitude, these flow laws share
fundamental elements. Both yield a cubic dependence of strain
rate on differential stress and a linear dependence of strain rate
on diffusivity. That is, both result in power-law equations
similar to that given in eqn [43] with m=0. The exponential
dependence of strain rate on temperature enters through D as
does at least part of the dependence of strain rate on oxygen
and/or water fugacity. In detail, the dependence of diffusivity
on fugacity enters through the concentration of the point
defects (e.g., vacancies) that enable diffusion of ions, as
expressed in eqn [16].

As discussed by Hirth and Lothe (1968, pp. 506-529) and
Poirier (1985, pp. 58-62), the climb velocity is directly pro-
portional to the concentration of jogs, ¢;, times the migration
velocity of jogs, vj,

Ve = GjVj [48]

The jog migration velocity is directly proportional to the flux of
ions to or from a dislocation and thus directly proportional to
the self-diffusion coefficient of the slowest ion. It is usually
assumed that dislocations are fully saturated with jogs (i.e.,
¢;=1) such that the concentration of vacancies remains at local
equilibrium along the dislocation line. If the concentration of
jogs is significantly below this level (i.e., ¢;< 1), then the jog
concentration introduces an extra energy term into the climb
velocity, such that the activation energy for climb will be larger
than that for self-diffusion of the slowest ion. In addition, as
discussed in the succeeding text, if the jog concentration
depends on the concentration of other point defects, then ¢;
may also be a function of thermodynamic parameters such
as oxygen fugacity and water fugacity (e.g., Hobbs, 1981,
1983, 1984).

For olivine under anhydrous conditions, the climb-based
flow laws in eqns [46] and [47] significantly underpredict the
observed rate of deformation for a given set of thermomecha-
nical conditions. Measured laboratory strain rates are a factor
of ~1000 slower than anticipated from eqn [47], for example,
and an unrealistic value of L4/L. of ~200 is needed to bring
experiment and theory into agreement (Kohlstedt, 2006). The
problem lies in the very slow rate of Si diffusion in olivine,
since Si is the slowest-diffusing constituent ionic species and
thus rate-controlling. Based on the Si diffusion results of
Dohmen et al. (2002) with eqn [45], a dislocation can climb
a distance of only ~1 nm in a 10 h experiment at an applied
stress of 100 MPa at 1500 K. This value is much smaller
than that indicated by the kinetics of dislocation recovery
(Goetze and Kohlstedt, 1973; Karato and Sato, 1982;
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Kohlstedt et al., 1980) and the dislocation microstructures in
laboratory-deformed samples (Bai and Kohlstedt, 1992;
Durham et al., 1977; Karato et al., 1986). A resolution to this
problem was proposed by Hirth and Kohlstedt (2014) in a
model that addresses the slow predicted rate of dislocation
climb and the difference between the measured and predicted
dependence of strain rate on stress (n=3.64+0.2 vs. n=3.0).
These authors emphasize the role of diffusion along disloca-
tion cores (pipe diffusion) as a mechanism that yields faster
rates of diffusion and thus of climb. This model introduces an
additional dependence of strain rate on dislocation density in
the Orowan equation, eqn [42], by scaling the total cross-
sectional area for pipe diffusion with the dislocation density
(Spingarn et al., 1979). In addition, this model incorporates
the measured dependence of dislocation density on applied
stress, p oc g'37, rather than the commonly assumed relation-
ship, poca? (eqn [40]). This approach thus directly accounts
for the observed rate of dislocation recovery and the measured
stress dependence of creep rate. It also helps explain the obser-
vation that, for constant oxygen fugacity conditions, the acti-
vation energy obtained from dislocation creep experiments,
450 kJ mol ' (Keefner et al., 2011), is smaller than the activa-
tion for matrix diffusion of Si, 530 kJ mol~' (Dohmen et al.,
2002), as activation energies for short-circuit diffusion are
consistently smaller than those for matrix diffusion.

2.18.3.1.2.2 Grain-boundary sliding and migration

Boundaries or interfaces separating neighboring grains often con-
tribute substantially to plastic deformation of rocks. In the diffu-
sion creep regime, sliding along grain and interphase boundaries
is an essential aspect of deformation (Raj and Ashby, 1971). Thus,
as discussed earlier in the text, diffusion creep might be more
descriptively named diffusion-accommodated grain-boundary
sliding.

Grain-boundary sliding (gbs) is also important during
deformation in which dislocations dominate flow. Grain-
boundary sliding has received a great deal of attention in the
literature on superplastic deformation, a deformation process
in which a solid is deformed (in tension) to very large strains
(~1000% elongation) without failing by necking and subse-
quent fracture (see, e.g., Ridley, 1995). Based on microstruc-
tural analyses, Boullier and Gueguen (1975) argued that
superplastic flow is responsible for deformation in at least
some mylonites. Schmid et al. (1977) and Goldsby and
Kohlstedt (2001) discussed the possibility of superplastic
flow in their deformation experiments on limestone and
ice, respectively. Recently, Hiraga et al. (2010) conclusively
demonstrated superplasticity in fine-grained aggregates of
forsterite + periclase and of forsterite + diopside + enstatite by
deforming samples in tension to strains of several hundred
percent without fracturing. However, as Poirier (1985, p.
204) pointed out, “superplasticity is a behavior, not a definite
phenomenon.” Thus, in this chapter, emphasis is given to the
coupling between grain-boundary sliding and dislocation glide
and/or climb as a deformation process without appealing spe-
cifically to the term superplasticity.

In this regime, strain rate varies with differential stress
according to a power-law relationship such as the one pre-
sented in eqn [43] with m>0 and n>1. This observation
immediately implies that grain-boundary sliding cannot be

accommodated simply by diffusion, which would lead to
a linear dependence of strain rate on stress (e.g., Ashby and
Verrall, 1973). A number of models examine deformation
processes involving grain-boundary sliding coupled with dis-
location motion. A few of these studies are mentioned here to
bring out the key elements of this process, with more extensive
lists of references available in Poirier (1985, Section 7.4) and
elsewhere (Kaibyshev, 1992; Langdon, 1994, 1995).

Ball and Hutchinson (1969), Mukherjee (1971), and
Gifkins (1976, 1978) considered the motion of grain-
boundary dislocations impeded by obstacles in the grain
boundaries. Stress concentrations that develop at ledges or
triple junctions are relieved by the generation of dislocations
that then move through the adjoining grains. These disloca-
tions, piled up against neighboring grain boundaries, are
removed by climb into the grain boundaries. As these extrinsic
dislocations move along grain boundaries, they contribute to
grain-boundary sliding. Kaibyshev (2002) in particular empha-
sized the importance of this excess population of dislocation in
grain boundaries due to the interaction of grain boundaries
with lattice dislocations. This approach leads to the flow law

&= Agbs

Dgp GV (a>2 [49]

‘& RT \G
where the value of the parameter Ag,, which depends on the
details of the grain-boundary sliding process and the disloca-
tion recovery mechanism (see Langdon, 1994), has a value of
order 10. This type of analysis is applied to the situation in
which a subgrain structure does not build up within the indi-
vidual grains so that dislocations move relatively freely from
one grain boundary, across the grain, to the opposite grain
boundary.

If grains contain subgrains, then dislocations that are gen-
erated by sliding along a grain boundary glide across the
adjoining grain until they encounter a subgrain boundary.
The dislocations then climb into the subgrain boundary, inter-
act with dislocations in the subgrain wall, and are annihilated
(Langdon, 1994). This type of analysis leads to a flow law of
the form

3
=t (0) 50

with Bgp,~1000. Note that eqns [49] and [50] differ in their
dependence on stress (6° vs. ¢°), on grain size (1/d° vs. 1/d),
and on temperature (Qgp, vs. Qgm)-

In silicates, evidence for creep involving dislocation-
accommodated grain-boundary sliding was identified in defor-
mation data for dry olivine (Hansen et al., 2011; Hirth and
Kohlstedt, 1995b, 2003; Wang et al., 2010) and was apparent
in the creep results for dry clinopyroxene (Bystricky and
Mackwell, 2001) for which a coarse-grained rock is a factor
of ~10 stronger than a fine-grained sample fabricated from
powders prepared from the coarse-grained rock. In rocks com-
posed primarily of highly anisotropic minerals such as olivine,
which has only three independent slip systems, grain-
boundary sliding can be very important because it relaxes the
von Mises criterion of five independent slip systems for homo-
geneous deformation or four independent slip systems for
volume-conserved inhomogeneous deformation. As a



Constitutive Equations, Rheological Behavior, and Viscosity of Rocks 453

consequence, the strength of coarse-grained dunites lies
between those of the stronger two slip systems (Keefner et al.,
2011), while the strength of fine-grained dunites for which
grain-boundary sliding is a significant deformation mechanism
approaches that of the weakest slip system (Hirth and
Kohlstedt, 1995b). Interestingly, this dislocation-
accommodated grain-boundary sliding regime appears to be
absent in olivine-rich rocks deformed under hydrous condi-
tions, possibly because a water (hydrogen)-induced enhance-
ment in ionic diffusivity and thus in dislocation climb velocity
provides the extra deformation process required to fulfill the
relaxed von Mises criterion (Hirth and Kohlstedt, 2003). As a
result, in the hydrous case, the strengths of coarse-grained and
fine-grained dunites are both similar to that of the weakest slip
system (Mei and Kohlstedt, 2000a).

In addition to their contribution to deformation by produc-
ing strain via sliding, grain boundaries facilitate deformation by
migrating in response to the strain energy associated with high
densities of dislocations within the grains. This dynamic recrys-
tallization process does not itself produce strain; however, it does
remove dislocations within grains, resulting in a population of
small grains that are, at least initially, free of dislocations. Dislo-
cations generated at grain boundaries can more easily glide
across these dislocation-free grains, unimpeded by interactions
with other dislocations, than through larger grains that contain
high densities of dislocations. In addition, since the contribution
of grain-boundary sliding to deformation increases with decreas-
ing grain size as indicated in eqns [49] and [50], grain-boundary
sliding can contribute to deformation in regions composed pri-
marily of small grains, thus also enhancing the rate of deforma-
tion. Hence, dynamic recrystallization often results in ‘strain
softening,” a reduction in creep strength with constant-rate, pro-
gressive deformation (i.e., increasing strain) of a rock (e.g., de
Bresser etal., 2001; Drury, 2005; Platt and Behr, 2011). Dynamic
recrystallization can also occur by subgrain rotation by which
dislocations are removed from the interiors of grains by addition
to low-angle boundaries (e.g., Poirier, 1985, pp. 169-177). As
dislocations are added to these (low-angle) subgrain boundaries,
the misorientation angle increases until distinct new grains (i.e.,
high-angle grain boundaries) form. An example of dynamic
recrystallization involving both grain-boundary migration and
subgrain rotation is presented in Figure 9. Again, the removal of
dislocations from within the grains reduces temporarily the
number of obstacles to dislocation glide, and the formation of
smaller grains makes the operation of grain size-sensitive
deformation processes (diffusion creep and dislocation-
accommodated grain-boundary sliding) more favorable.

2.18.3.1.2.3 Low-temperature plasticity

At lower temperatures and hence higher stresses, power-law
formulations underpredict the observed increase in strain rate
with increasing stress. As temperature decreases, diffusion
becomes too slow to permit a significant contribution of dis-
location climb to the deformation process. The rate of defor-
mation then becomes limited by the ability of dislocations to
glide past obstacles. In silicate minerals with a significant com-
ponent of covalent bonding, dislocations must overcome the
resistance imposed by the lattice itself, often referred to as the
Peierls barrier (e.g., Frost and Ashby, 1982, pp. 6-9). Motion of
dislocations over the Peierls barrier requires the nucleation and

Migrating
boundary

Recrystallized
grain

Figure 9 Transmitted light optical micrograph with polarizers
crossed of thin section of (Feqs Mg0 5),Si04 illustrating the process of
dynamic recrystallization occurring by both subgrain rotation and
grain-boundary migration. Sample was deformed in torsion to a shear
strain of y =4. Figure courtesy of Y.-H. Zhao.

migration of kinks (steps along dislocation lines that lie in the
glide plane), with the nucleation rate of pairs of kinks generally
assumed to limit the dislocation velocity (Frost and Ashby,
1982, p. 8). The dislocation velocity is determined by the
glide velocity, v, and consequently by the kink velocity, v:

VR Vg = Ol [51]

where ¢y is the concentration of kinks. The activation enthalpy
for the nucleation and migration of double kinks, AH\(c), is a
function of differential stress. A detailed analysis for AF (o)
yields (Frost and Ashby, 1982, p. 8; Kocks et al., 1975, p. 243)

(o2

wo-sn[i-(2)] e

where AF;, is the Helmholtz free energy of an isolated pair of
kinks, op is the Peierls stress, and r and s are model-dependent
parameters (Frost and Ashby, 1982, p. 9). From the Orowan
equation, eqn [42], the flow law then becomes

s=in(Q - {5E[1- (2]}

where ép is a material-dependent parameter.

2.18.3.1.3 Deformation mechanism maps

An illustrative method for displaying the conditions under
which a given deformation mechanism dominates flow is the
deformation mechanism map (Frost and Ashby, 1982). At
present, olivine is the only mineral for which data exist in the
diffusion, dislocation, grain-boundary sliding, and low-
temperature plasticity regimes. Four parameters are usually
considered when constructing a deformation mechanism
map: strain rate, stress, grain size, and temperature. The exam-
ination of eqn [32] indicates that other parameters could be
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included (e.g., pressure, water fugacity, and melt fraction)
depending on the application. Flow parameters for the diffusion
and dislocation creep regimes are taken from Hirth and Kohlstedt
(2003). Flow parameters for the dislocation-accommodated
grain-boundary sliding regime and modified flow parameters
for diffusion creep are used from Hansen et al. (2011), while
those for the low-temperature plasticity regime are from Mei et al.
(2010). The Mei et al. (2010) results, which were obtained in
creep experiments in a deformation-DIA apparatus, yield some-
what larger strengths than those obtained from microindentation
experiments of Goetze (1978) and Evans and Goetze (1979).

Here, the classical form is first used in which stress is plotted
as a function of temperature for a fixed grain size (and fixed
pressure, water fugacity, etc.) with strain rate illustrated para-
metrically. In Figure 10(a) and 10(b), differential stress is
plotted as a function of temperature for dunite rocks composed
of 10 pm grains and 1000 pm grains, respectively. For a fine-
grained rock with d=10 pm such as might be found in a shear
zone (Figure 10(a)), diffusion creep dominates at geologic
strain rates, 10”'°-10"'%s™", for stresses below ~100 MPa.
At higher stresses, dislocation-accommodated grain-boundary
sliding becomes important, and at still higher stresses, low-
temperature plasticity dominates. For a coarser-grained rock
with d=1000 um such as might be expected in the upper
mantle (Figure 10(b)), dislocation-accommodated grain-
boundary sliding is dominant over more than three orders of
magnitude in stress for strain rates relevant to both lithospheric
shear zones and asthenospheric flow.

An alternative form of the deformation mechanism map that
provides insight into mantle deformation process is obtained by
plotting stress as a function of grain size with strain rate again
shown parametrically, as illustrated in Figure 11. The greater
importance of dislocation-accommodated grain-boundary slid-
ing at the lower temperature (800 °C vs. 1300 °C) is clear in this
comparison. This behavior reflects the fact that the activation
energy for dislocation-accommodated grain-boundary sliding
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\\\

103

102

10!

Differential stress (MPa)

100

1071
0 500

1000
Temperature (K)

1500
(a)

appears to be smaller than that for dislocation creep,
~445 k] mol ! (Hansen et al., 2011) versus ~530 kJ mol ™!
(Hirth and Kohlstedt, 2003). Also, the contribution of low-
temperature plasticity is, as expected, greater at 800 °C. Finally,
at 1300 °C, the range of grain sizes over which dislocation-
accommodated grain-boundary sliding is the dominant mecha-
nism is reduced by an order of magnitude, which primarily
serves to increase the grain-size range over which dislocation
creep is the dominant mechanism.

2.18.3.2 Role of Fluids in Rock Deformation

Melt and water significantly influence the strength of a rock. If
either is present even in small concentration, it profoundly
affects rock viscosity.

2.18.3.2.1 Role of melt in rock deformation

The influence of melt on rock viscosity enters constitutive
equations in two ways (for reviews, see Kohlstedt, 1992,
2002; Xu et al., 2004). First, melt provides a path along
which ions can diffuse more rapidly than they can either
through grain interiors or along grain boundaries. Second,
since melt does not support shear stresses, for a given applied
macroscopic stress, the stress at the grain scale will be locally
increased if melt is present.

Both of these contributions to the high-temperature
strength of a rock were included in the analysis of Cooper
and Kohlstedt (1984, 1986) and Cooper et al. (1989) of the
effect of melt on diffusion creep of aggregates composed of a
fluid phase plus a solid phase. Such analyses depend critically
on the distribution of the melt phase. In this particular model,
the melt distribution was assumed to be dictated by surface
tension for an isotropic system under a hydrostatic state of
stress for which the dihedral angle, 0, is determined by the
relative values of the solid-liquid and solid-solid interfacial
energies, 75 and 7y, respectively:
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Figure 10 Deformation mechanism maps plotted as differential stress as a function of temperature for dunite with grain sizes of (a) 10 um and
(b) 1000 um. (a) At the smaller grain size for a strain rate of 10~'° s~ deformation occurs by diffusion creep for stresses up to ~200 MPa above
which deformation is dominated by grain-boundary sliding and then by low-temperature plasticity. (b) At the larger grain size for a strain rate

of 1075 s, deformation occurs by grain-boundary sliding for a much larger range of stress (0.2-600 MPa).
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Deformation mechanism maps plotted as differential stress as a function of grain size for dunite at temperatures of (a) 800° and (b) 1300 °C. (a)

At the lower temperature for a strain rate of 10~'° s~", deformation occurs by diffusion creep for grain sizes less than ~80 um, by grain-boundary sliding at
grain sizes between 80 and 10000 pm, and by dislocation creep at grain sizes larger than 10000 pum. (b) At a comparable stress for the higher temperature,
the boundary between diffusion creep and grain-boundary sliding occurs at a factor of ~2 smaller grain size than at the lower temperature, but the boundary
between grain-boundary sliding and dislocation creep occurs at a factor of ~100 smaller grain size than at a comparable stress for the lower temperature.

0> 60°

Figure 12  Sketch of melt distribution in a partially molten rock with isotropic interfacial energies. In (a) with 0° < 6 <60°, melt wets all of the triple
junctions and four-grain junctions; (b) cross section through a triple junction midway along a grain edge illustrates the presence of melt. In

(c) with > 60°, melt is confined to four-grain junctions; (d) cross section through a triple junction midway along a grain edge illustrates the absence
of melt. Modified from Riley Jr GN and Kohlstedt DL (1990) An experimental study of melt migration in an olivine—melt system. In: Ryan MP (ed.),

Magma Transport and Storage. John Wiley & Sons, New York, pp. 77-86.

0\ _ 7
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For the olivine+MORB case, the average dihedral angle
is ~40° (i.e., 0<0<60°) such that, ideally, melt forms an
interconnected network along three-grain junctions and
through four-grain corners, such as illustrated in Figure 12.
Average values for dihedral angle of <60° are observed for
many rocks composed of silicate minerals plus a silicate melt.

However, as illustrated in Figure 13, for melt fractions greater
than ~0.05, the model of Cooper and Kohlstedt (e.g., Cooper
and Kohlstedt, 1986) significantly underpredicts the decrease
in viscosity measured in experiments on partially molten rocks
in the diffusion creep regime (Hirth and Kohlstedt, 1995a;
Zimmerman and Kohlstedt, 2004).

One important aspect not taken into account in the
previously mentioned analysis is the fact that the wetting
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behavior of most partially molten systems is not isotropic (e.g.,
Cooper and Kohlstedt, 1982). As illustrated in Figure 14,
microstructural observations demonstrate that melt wets a
fraction of the grain boundaries, behavior not predicted for
an isotropic system with 0> 0°. Furthermore, the percentage of
grain boundaries wetted by melt increases with increasing melt
fraction, ¢ (Hirth and Kohlstedt, 1995b).

To deal with the influence of melt distribution on diffusion
creep, Takei and Holtzman (2009a) expressed the viscosity of a
partially molten rock in terms of grain-boundary contiguity, ¢,
a state variable equal to the ratio of grain-boundary area to
grain-boundary area plus grain-melt interfacial area. This
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Figure 13  Plot of normalized strain rate, &(¢p)/£(0), versus melt
fraction. Circles are the experimentally determined values; for ¢ <0.15,
data are from Hirth and Kohlstedt (1995a), while for ¢» >0.15, data are
from Scott and Kohlstedt (2006). Dashed curves are based on the model
of Cooper and Kohlstedt (1986) for 1°< 0 <59°. Solid line is a fit of the
experimental data to the empirical relationship &(¢)/&(0) = exp(«é),
yielding o =22.

Figure 14 Backscattered scanning electron micrograph of sample of
olivine +5% basalt. Both melt-filled triple junctions and wetted grain
boundaries are identified. The presence of wetted grain boundaries
demonstrates that the interfacial energies are anisotropic in this system,
since melt would be confined to triple junctions in an isotropic system
with a similar dihedral angle of 6 ~40°.

model extends that of Cooper and Kohlstedt (1984, 1986)
from two to three dimensions, incorporating the observed
anisotropic wetting of grains. The Takei and Holtzman
(2009a) analysis expresses the viscosity of a partially molten
rock in terms of contiguity and the viscosity of the melt-free
material, 7o, as

1(9) =026, =0.2(1-A¢") g [55]

Contiguity is then written in terms of melt fraction using the
semiempirical relationship ¢=(1—A¢?) with A=2.3. One
important result of this model is that it predicts a factor of
greater than five decrease in viscosity as melt fraction is
increased from 0 to 0.001 (i.e., 0.1% melt). This model yields
a good fit to the experimental data on samples of bor-
neol +diphenylamine, an organic binary eutectic system
(McCarthy and Takei, 2011), and samples of sol-gel-derived
olivine + basaltic melt (Faul and Jackson, 2007). Both mate-
rials exhibit the predicted large decrease in viscosity in going
from ¢=0 to ¢=0.001, as illustrated in Figure 15 for the
organic system.

Experimental determinations of strain rate as a function of
melt fraction in both the diffusion creep regime and the dislo-
cation creep regime have been empirically fit to the relation

&(¢) = &(0)exp(¢”) [56]

for melt fractions from near zero to the rheologically critical
melt fraction (RCMF) with r=1 for the olivine + basalt system
(Kelemen et al., 1997; Mei et al., 2002; Scott and Kohlstedyt,
2006) and the borneol plus eutectic melt system (Takei, 2005)
and r=3 for a partially molten granitic rock (Rutter and
Neuman, 1995; Rutter et al., 2006). This exponential depen-
dence of strain rate on melt fraction is consistent with the
dependence of viscosity on melt fraction derived by Takei
and Holtzman (2009a) given by eqn [55] for ¢20.01 with
r=1 and «=23, as illustrated in Figure 15.

1013

1 Ll 1 LI 1 Ll 1 T T T T T

i ® Supra-solidus (48°C) ]

@ e — =022,
o l - 1= 19 exp(-23¢) i
>
:‘5
Q
g 10"
>

1010 1 1 1 1 1 1 1 1 1 1 1 1

0 0.01 0.02 0.03 0.04 0.05 0.06
Melt fraction

Figure 15 Viscosity as a function of melt fraction for the borneol
(C10H150)—diphenylamine ((CeHs)2NH) binary eutectic organic system,
which has a eutectic temperature of T,=43 °C. The data are well fit by
eqn [55], which relate viscosity to melt fraction (Takei and Holtzman,
2009a). At melt fractions greater than ~0.01, the experimental results are
also well described by the empirically derived, exponential relationship
between viscosity and melt fraction, eqn [56]. Modified from McCarthy
C and Takei Y (2011) Anelasticity and viscosity of partially molten rock
analog: Toward seismic detection of small quantities of melt. Geophysical
Research Letters 38: http://dx.doi.org/10.1029/2011GL048776.
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At least for ¢ 20.01, melt has a greater influence on viscosity
in the dislocation creep regime than in the diffusion creep
regime for the olivine +basalt and partially molten lherzolite
systems (Mei et al, 2002; Scott and Kohlstedt, 2006;
Zimmerman and Kohlstedt, 2004). This point is illustrated in
Figure 16 with «=21 in the diffusion creep regime and
o=32 in the dislocation creep regime. At melt fractions greater
than the RCMF, a partially molten rock behaves as a fluid

(melt) containing suspended particles. The Einstein—
Roscoe equation (Roscoe, 1952),
U
MR (@) =—————33 [57]

(1.35¢—0.35)*°

which reasonably well describes the viscosity of a system with
¢>0.25-0.30, is also shown in Figure 16. In eqn [57], u is the
melt viscosity. It is also important to note that the onset of
melting will affect grain-boundary chemistry, which will indi-
rectly - but significantly - affect rock viscosity through its
influence on the rates of ionic diffusion along grain boundaries
(Hiraga et al., 2007; McCarthy and Takei, 2011).

Importantly, not only does a small amount of melt signifi-
cantly affect rock viscosity, but also, in turn, deformation pro-
foundly influences melt distribution (Holtzman et al., 2003a,b;
King et al., 2010; Kohlstedt and Zimmerman, 1996; Kohlstedt
et al., 2010; Takei and Holtzman, 2009a, 2009b). The scale and
extent of the influence of stress on melt distribution are deter-

mined by the compaction length, J. (Holtzman et al., 2003a;
Stevenson, 1989), where 6. =,/ (k/p) (4n+{) with k the perme-

ability, n the shear viscosity, and { the bulk viscosity. For o,
larger compared to the size of the region (sample) undergoing
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Figure 16 Plot of viscosity of a partially molten rock versus melt
fraction for ¢ > 0.01 illustrating the transition between flow controlled by
a framework of solid particles with interstitial melt and flow dominated by
melt with suspended particles. At low melt fractions, dislocation creep
and diffusion creep are described by eqn [55] with r=1 and «=21 and
32, respectively. At the rheologically critical melt fraction, which marks
the transition from solid-like to fluid-like behavior, viscosity plummets
rapidly with increasing melt fraction. At higher melt fractions, ¢ > 0.25-
0.30, the Roscoe-Einstein relation, eqn [56], describes deformation of a
mixture of melt with suspended particles. Modified from Scott T and
Kohlstedt DL (2006) The effect of large melt fraction on the deformation
behavior of peridotite. Earth and Planetary Science Letters 246: 177-187.

deformation, melt aligns 15-25° to the shear plane, antithetic to
the shear direction (Kohlstedt and Zimmerman, 1996,
Zimmerman et al, 1999). An example of stress-driven melt
alignment is presented in Figure 17 for the olivine+ basalt
system. For . smaller than the region of deformation, melt
spontaneously segregates into melt-enriched bands, again
aligned 15-25° to the shear plane, antithetic to the shear direc-
tion (Holtzman etal., 2003a,b; King et al., 2010; Kohlstedt etal.,
2010). An example of stress-driven melt segregation is included
in Figure 18 for an olivine + basalt+ chromite sample. The role
of chromite in this sample is to reduce the permeability and thus
the compaction length (Holtzman et al., 2003a).

The formation of melt-enriched bands or sheets occurs in
partially molten rocks for which viscosity decreases with
increasing melt fraction (Stevenson, 1989). In these rocks, the
melt-enriched bands develop at a low angle to the shear plane
(Figure 18) as a result of the viscous anisotropy produced by
stress-driven alignment of melt at the grain scale (Figure 17),
that is, microstructural anisotropy (Takei and Holtzman,
2009b; Takei and Katz, 2013). These melt-enriched layers
have a significantly lower viscosity than the neighboring
melt-depleted regions, thus forming zones of localized defor-
mation (shear zones) that reduce the rock viscosity relative to
the viscosity of a partially molten rock in which the melt is
homogeneously distributed (Holtzman et al., 2012; King et al.,
2010). Melt-enriched layers also act as high-permeability paths
for rapid extraction of melt from the mantle (Kelemen and
Dick, 1995; Kohlstedt and Holtzman, 2009).

2.18.3.2.2 Role of water in rock deformation

Water weakening of nominally anhydrous silicate minerals was
first observed in the mid-1960s in an experimental study of the
strength of quartz (Griggs and Blacic, 1965). In these solid-
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Figure 17 Sample of olivine + 3 vol% MORB deformed in general
shear. Melt (black) is aligned at the grain scale 20-25° to the shear plane,
antithetic to the shear direction. Olivine grains are light gray.

Modified from Kohlstedt DL and Zimmerman ME (1996) Rheology of
partially molten mantle rocks. Annual Review of Earth and

Planetary Sciences 24: 41-62.
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Figure 18 Reflected light photomicrograph of a tangential surface of a
sample of olivine (72%), chromite (24%), and basalt (4%) deformed in
torsion to an outer-radius shear strain of 1.3 at an outer-radius strain rate
of 1.8 x 1075 s~ and outer-radius shear stress of 57 MPa. The darker
bands trending NW-SE are melt-enriched, containing up to ~20 vol%
basalt. The lighter gray regions are melt-depleted, containing <1 vol%
basalt. Two unloading cracks extend from the top dunite piston a short
distance into the sample. Modified from King D, Zimmerman ME, and
Kohlstedt DL (2010) Stress-driven melt segregation in partially molten
olivine-rich rocks deformed in torsion. Journal of Petrology 51: 21-42,
http://dx.doi.org/10.1093/petrology/egp062.

medium deformation experiments, samples deformed with a
hydrous confining medium (talc) were weaker than samples
deformed with an anhydrous confining medium. Subsequently,
water weakening has been reported for other nominally anhy-
drous minerals (NAMs) including olivine (e.g., Avé Lallemant
and Carter, 1970), pyroxene (Avé Lallemant, 1978), and feldspar
(e.g., Tullis and Yund, 1980). These first studies of water weak-
ening emphasized the phenomenon. A second generation of
experiments focused on the mechanism of water weakening by
studying the dependence of viscosity on water fugacity, that is, on
the concentration of water-derived point defects (Chen et al.,
2006; Karato and Jung, 2003; Kohlstedt et al., 1995; Kronenberg
and Tullis, 1984; Mei and Kohlstedt, 2000a,b; Post et al., 1996).

The first model of water or hydrolytic weakening was built
on a mechanism in which water hydrolyzes strong Si—O
bonds forming weaker Si-OH---OH-Si bonds (Griggs,
1967). Thus, dislocation glide is easier under hydrous condi-
tions than under anhydrous conditions; effectively, the Peierls
stress/barrier decreases as Si—O—Si bridges become hydro-
lyzed. In this analysis, the rate of dislocation glide is limited
by the propagation of kinks along dislocations, a process facil-
itated by the diffusion of water along dislocation cores. Dislo-
cation velocity is then taken to be proportional to the
concentration of water (Griggs, 1974).

More recent models of water weakening have emphasized
the role of water-derived point defects, particularly hydrogen
ions (protons) (Hobbs, 1981, 1983, 1984; Mackwell et al.,
1985; Poumellec and Jaoul, 1984). Protons diffuse rapidly in
NAMs (for a review, see Ingrin and Skogby, 2000) such as
quartz (Kronenberg et al., 1986), olivine (Demouchy and
Mackwell, 2003; Kohlstedt and Mackwell, 1998, 1999;
Mackwell and Kohlstedt, 1990), and pyroxene (Carpenter
Woods et al., 2000; Hercule and Ingrin, 1999; Ingrin et al.,
1995; Stalder and Skogby, 2003). Thus, initially dry,
millimeter-size samples can be hydrated in high-
temperature, high-pressure experiments lasting a few hours
or less. The presence of protons in a NAM affects the velocity
of a dislocation in two possible ways. First, since protons are
charged, a change in the concentration of protons will result
in a change in the concentration of all other charged point
defects. Hence, the introduction of protons into a NAM will
directly affect the concentrations of vacancies and self-
interstitials on each ionic sublattice and consequently the
rates of diffusion of the constituent ions and the rate of
dislocation climb. In addition, extrinsic point defects, spe-
cifically water-derived point defects, can affect the concen-
trations of kinks and jogs along dislocation lines and thus
dislocation velocity as expressed in eqns [48] and [51]
(Hirsch, 1979, 1981; Hobbs, 1981, 1984). The effect of
water-derived point defects on the concentrations of kinks
and jogs can enter defect reactions in two ways. First, for
minerals containing a transition metal such as Fe (i.e., semi-
conducting silicates), the presence of water-derived point
defects will affect the concentration of electron holes, h®,
which in turn can affect the concentrations of kinks and jogs
by ionizing initially neutral jogs (Hirsch, 1979, 1981;
Hobbs, 1984). For the case of kinks, a positively charged
kink, k*, can be produced from a neutral kink by the
reaction

K*+h* o k* 58]

for which the law of mass action yields

[k*] = Kss[k*][h"] [59]

The total concentration of kinks then becomes

[K° = k*]+ [k*] = [k*](1 +K55[h*]) [60]

where the second term can be much larger than unity and
dominate the kink population. The dependence of kink con-
centration on water (proton) concentration or water fugacity
then enters through the concentration of positively charged
kinks, thus enhancing the dislocation glide velocity. A similar
argument can be used for increasing the concentration of jogs
and thus the dislocation climb velocity. While this approach
provides one mechanism for increasing dislocation velocity in
NAMs, it is not easily extended to minerals such as quartz that
do not contain significant concentrations of transition metals.
Therefore, a more direct influence of water-derived point
defects on kink and jog concentrations needs to be considered.
In point defect notation, the addition of protons, p*, to a
nominally anhydrous silicate will affect the concentration of
kinks through a reaction such as
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kK +p* e {k*-p°}° [61]

where the curly brackets, { }, indicate the formation of a
neutral kink associated with a proton. The application of the
law of mass action yields

[{k* —p°}"] =Ka [k*][p*] [62]
The total concentration of kinks is then
(K] =[]+ [{k* =p*}' ] = [K*](1+Ka [p])  [63]

Again, a similar equation applies for jogs. The dependence of
kink and jog concentrations on water concentration/fugacity
then comes directly through the dependence of proton con-
centration on water fugacity.

The high-temperature deformation behaviors of anorthite,
clinopyroxene, and olivine deformed in the dislocation creep
regime under anhydrous and under hydrous conditions are
compared in Figure 19. A similar comparison was made for
the diffusion creep regime by Hier-Majumder et al. (2005a). In
the dislocation creep regime, the dependence of strain rate on
water fugacity has been quantified for olivine (Hirth and
Kohlstedt, 2003; Karato and Jung, 2003; Mei and Kohlstedt,
2002b) and for clinopyroxene (Chen et al., 2006). In the case of
olivine, strain rate increases as water fugacity to the ~1st power,
while in the case of clinopyroxene, strain rate increases as water
fugacity to the ~3rd power. In the diffusion creep regime, creep
rate increases as water fugacity to the ~1st power for olivine
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Figure 19 Strain rate versus stress for samples of anorthite,
clinopyroxene, and olivine deformed in the dislocation creep regime
under anhydrous and hydrous conditions. In each case, samples
deformed under hydrous conditions are weaker than those deformed
under anhydrous conditions. The water fugacity for samples deformed
under hydrous conditions at a confining pressure of 300 MPa and

1473 K is ~300 MPa. Results are taken from R&D, Rybacki and Dresen
(2000); C,H,&K, Chen et al. (2006); Mei and Kohlstedt (2000a);

Chopra and Paterson (1984); and Bystricky and Mackwell (2001).

(Mei and Kohlstedt, 2000a) and to the ~1.4 power for clino-
pyroxene (Hier-Majumder et al., 2005a).

To help assess possible explanations for these observed
dependences of strain rate on water fugacity, Table 2 summa-
rizes the relationships between the concentration of various
point defects and water fugacity for several charge neutrality
conditions for a transition-metal silicate. For olivine under
hydrous conditions, the activation energy for dislocation
creep of 470-520KkJ mol ™! (Hirth and Kohlstedt, 2003;
Karato and Jung, 2003) is somewhat larger than those for Si
and O self-diffusion of 360 and 440 kj mol™}, respectively
(Costa and Chakraborty, 2008). Over the temperature range
explored experimentally (1200-1350 °C), the diffusivities of Si
and O are of similar magnitude. Thus, if the high-temperature
creep of olivine is controlled by dislocation climb limited by
the diffusion of the slowest ionic species, it is not clear which
species (Si or O) is rate-controlling. Karato and Jung (2003)
proposed a model in which creep rates are controlled by dis-
location climb with Si diffusing by a vacancy mechanism
coupled with positively charged jogs leading to a water fugacity
exponent of §=5/4 in eqn [43], close to the value that they
obtained from their deformation experiments of 1.2. A water
fugacity exponent of 5/4 is also satisfied by Si diffusing via a
vacancy mechanism with the dominate Si vacancy resulting
from the defect associate [(3H)%;] with the charge neutrality
condition [h*]=[H{s] (see Table 2). In both cases, it is diffi-
cult to reconcile the substantial difference between the activa-
tion energies for Si self-diffusion and creep.

The situation appears to be equally or possibly more com-
plex for clinopyroxene. The stress exponent is n=2.710.3,
consistent with the climb-controlled creep models discussed
in the preceding text. Unfortunately, diffusion data are lacking
for comparison with the creep data. The relatively strong
dependence of strain rate on water fugacity, §=3.0+0.6, in
the dislocation creep regime suggests that a simple climb-
controlled mechanism may not apply for high-temperature
deformation of clinopyroxene (see Table 2). One possible
way to reconcile this large value for the water fugacity exponent
is as follows: (a) Creep is climb-controlled; (b) charge neutral-
ity condition is given by [h*]=[H] or by [p*]=[Hl; (c)
strain rate is limited by Si diffusion by a vacancy mechanism
involving the defect associate {4p®—V&//}*=(4H); and (d)
dislocations are undersaturated with jogs with the jog concen-
tration dominated by neutral jogs associated with protons,
{i*-p*}*, as in eqns [62] and [63]. These scenarios yield a
water fugacity exponent for strain rate of 234 and 2%, both
within the experimental uncertainty of the measured value.
Clearly, diffusion data are critical in order to develop this
type of argument more completely.

As is evident from the previously mentioned analysis of
high-temperature creep data for olivine and clinopyroxene,
unambiguous identification of creep mechanism is difficult,
at best. The complication arises because multiple ionic species
and defect types are involved, including some of the following:
Si, O, Me, vacancies, interstitials, dislocations, jogs, and kinks.
At the very least, robust diffusion results are required for all of
the constituent ionic species, including not only the magnitude
of diffusivity but also the dependence of diffusivity on temper-
ature and water fugacity and on other thermodynamic param-
eters. Nonetheless, the application of rheological data to
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Table 2 Dependence of point defect concentrations on water fugacity, expressed as the exponent g in the relationship | }ocfﬂzo, for several charge
neutrality conditions for a transition-metal silicate
[Feve]  [Fes] [Vl — [(OH)s]  [Hiel — [CHJe] — [07] V]  [H&]  [@H)E]  [BH)s]  [(AH)S]
[h°] ]
[h*]1=2[V{e] 0 0 0 172 1/2 1 0 0 1/2 1 3/2 2
[P*]1=2[ViZel -1/6 1/6 1/3 1/3 2/3 1 1/3 2/3 1 4/3 5/3 2
[p*]=[Fes] —-1/4 1/4 1/2 1/4 3/4 1 1/2 1 5/4 3/2 7/4 2
[h*]=[Hiel 1/4 —1/4 -1/2 3/4 1/4 1 -1/2 -1 —1/4 1/2 5/4 2
[p°]=[Hvel 0 0 0 172 1/2 1 0 0 1/2 1 3/2 2

understanding and modeling mantle dynamics relies less on
detailed models of creep processes and more on robust exper-
imental results that can be extrapolated from laboratory to
geologic conditions.

2.18.3.3 Role of Texture in Rock Deformation

Many deformed rocks exhibit textures defined by crystallo-
graphic alignment of the constituent mineral grains. This align-
ment arises from the viscous anisotropy inherent to most
crystals, and strong crystallographic fabrics can therefore
impart anisotropy in viscosity to an aggregate of grains. Texture
development related to deformation is sensitive to deforma-
tion conditions, composition, and strain history. Several
approaches have been formulated to simulate texture develop-
ment and predict bulk constitutive behavior of rocks using
constitutive equations derived from the deformation of single
crystals. Thus, simulated textures and viscous anisotropy can be
compared to those derived in the laboratory under known
conditions and with known compositions to calibrate micro-
mechanical models of rock deformation. In turn, those models
can be used to interpret anisotropy in geophysical signals such
as seismic velocity, electric conductivity, and lithospheric
flexure.

2.18.3.3.1 Texture development during deformation
Single crystals deforming by the motion of dislocations change
shape due to the operation of specific slip systems. For a force,
F, applied to a crystal of cross-sectional area A, the shear stress
resolved onto a slip system in the slip direction, oy, is defined
by (Schmid and Boas, 1950, p. 105)
F
05 =—C0S0 COS f§ [64]
A

where o and f are the angles between the direction of the
applied force and the Burgers vector and normal to the slip
plane, respectively. The resolved shear stress results in a strain
rate following the constitutive behavior outlined in Section
2.18.3.1.2. The term cos ocos § is often referred to as the
Schmid factor. Individual slip systems can be characterized by
a critical resolved shear stress, which is the resolved shear stress
necessary for dislocations in that slip system to produce defor-
mation at a given strain rate. The glide of dislocations yields a
change in the shape of a single crystal, which is dominated by
the strain resulting from the most favorable slip system, that is,
the slip system with the most advantageous combination of
low critical resolved shear stress and high Schmid factor. The

change in shape induces a rotation of the crystallographic
reference frame relative to the direction of the applied force.
Schmid and Boas (1950, pp. 58-63) demonstrated that this
deformation is characterized (i) by the rotation of b toward the
direction of an applied tensional force or (ii) by the rotation of
the normal to the slip plane toward the direction of an applied
compressional force. Because the rotation results in changes in
the values of « and f, progressive deformation can lead to
weakening or hardening of the crystal. In a polycrystalline
rock, stresses and strain rates are partitioned among grains
with a distribution of orientations. Although all grains are
continually rotating, crystallographic textures can be devel-
oped if certain orientations are statistically favored (e.g.,
Wenk and Christie, 1991). For simple scenarios in which
only a few slip systems are available, the orientation and
shape of the crystallographic fabric can be used to infer the
operative (dominant) slip planes and slip directions.

A wide range of experimental studies have linked texture
development in rocks to deformation involving dislocations.
As depicted in Figure 20, olivine-rich rocks deformed under
dry, melt-free conditions in which n>1 exhibit a crystallo-
graphic fabric with most [010] axes normal to the slip plane
and most [100] axes parallel to the shear direction, consistent
with intragranular deformation dominantly produced by
(010)[100] slip (Bystricky et al., 2000; Carter and Aveé
Lallemant, 1970; Hansen et al., 2012b; Nicolas et al., 1973;
Zhang and Karato, 1995; Zhang et al., 2000). This observation
is anticipated based on experiments on single crystals, which
demonstrate that (010)[100] is the weakest slip system under
the relevant conditions (Bai et al., 1991; Durham and Goetze,
1977). The similarity between fabrics developed in the labora-
tory and those observed in naturally deformed rocks (e.g.,
Ismail and Mainprice, 1998) suggests that the same mecha-
nisms are accommodating deformation in both cases
(Figure 20). Notably, most of the available creep data for
aggregates of olivine have been obtained on samples deformed
in the dislocation-accommodated grain-boundary sliding
regime. Thus, even when sliding along grain boundaries con-
tributes significantly to deformation, intragranular deforma-
tion appears to control grain rotations and produce strong
crystallographic fabrics.

Because the weakest slip system has a significant influence on
the orientation of the resulting crystallographic fabric, transi-
tions in the relative strengths of slip systems result in a change in
the crystallographic fabric. The relative strengths of slip systems
depend on chemical environment (Bai et al., 1991; Mackwell
et al., 1985) and thermomechanical conditions (Raterron et al.,



Constitutive Equations, Rheological Behavior, and Viscosity of Rocks 461

[100]

[010]

uonnquisip
wuoyun jo sajdiyniy

Numerical, shear strain=2.7, max=6.1

Figure 20 Olivine crystallographic fabrics observed in laboratory
experiments, natural shear zones, and numerical simulations. All data
are one point per grain plotted on equal-area lower hemisphere
projections. Data from the laboratory are from a torsion experiment on an
aggregate of Foso (Hansen et al., 2014). Data from nature are from a
shear zone in the Josephine peridotite (Warren et al., 2008). Data from
numerical simulation are from a calculation using the viscoplastic
self-consistent approach with code provided by Ricardo Lebensohn
(Lebensohn and Tomé, 1993).

2007, 2009, 2012); therefore, crystallographic fabrics provide
valuable indicators of the thermodynamic state during deforma-
tion. As an important example, Mackwell et al. (1985) demon-
strated that for single crystals, (001)[100] slip becomes easier
than (010)[100] slip with a small addition of water; subse-
quently, Jung and Karato (2001) observed the related fabric
transition in olivine aggregates. Further details of transitions in
crystallographic fabrics associated with changes in experimental
conditions are described by Mainprice (2007) and Karato et al.
(2008).

Several studies have formulated numerical descriptions of
the development of crystallographic fabrics in rocks, as reviewed
by Karato (2008, pp. 262-265) and Wenk and Christie (1991).
Crystallographic fabric development in geologic materials is a
complex mechanical problem because many minerals exhibit
fewer than five independent slip systems such that the von Mises
compatibility criterion is not satisfied (von Mises, 1928). Some
of the most computationally efficient formulations describe
bulk behavior and do not deal with the complexity of grain-
grain interactions (Miihlhaus et al., 2004; e.g., Lev and Hager,
2008); unfortunately, the necessary assumptions limit their
applicability. Models that track multiple grains are bounded by
those that assume all grains are deforming either at the same
stress (Reuss, 1929) or at the same strain rate (Bishop and Hill,
1951; Taylor, 1938) with more sophisticated approaches allow-
ing both the stress and strain rate to vary between grains. Many
approaches use a self-consistent formalism in which each grain

is considered to be interacting with a homogeneous surround-
ing medium (e.g., Lebensohn and Tomé, 1993). These methods
include a second-order linearization (Castelnau et al., 2008;
Ponte Castafieda, 2002) and an approximation to that lineari-
zation often referred to as the viscoplastic self-consistent model
(Lebensohn and Tomé, 1993; Tommasi et al., 2000). Figure 20,
which compares results from this latter approach to fabrics
formed in naturally and experimentally deformed olivine-rich
rocks, demonstrates that numerical simulations based on exper-
imental results from deformation of single crystals can reason-
ably approximate deformation of aggregates, although
significant differences remain.

2.18.3.3.2 Texture as a constraint on deformation
mechanism

Because crystallographic fabrics are easily measureable and are,
in general, directly related to the activity of dislocations during
deformation, they are commonly used to infer the dominant
deformation mechanism in both experimentally and naturally
deformed rocks. As noted earlier in the text, strong crystallo-
graphic fabrics have been observed in laboratory experiments
in which deformation involved dislocations. In contrast, rela-
tively few experiments have been conducted in the diffusion
creep regime to high enough strain to comment on fabric
development. Samples from the few experiments that reached
moderate strains in the diffusion creep regime exhibit either no
or a relatively weak crystallographic fabric (Dell’Angelo and
Olgaard, 1995; Fliervoet et al., 1999; Rutter and Brodie, 2004;
Sundberg and Cooper, 2008). Thus, many studies have used
the presence or lack of a crystallographic fabric to distinguish
between deformation involving dislocations and that domi-
nated by diffusion creep, respectively. However, several recent
studies suggest that deformation by diffusion creep can result
in relatively strong fabrics if there is significant anisotropy in
grain shapes (Miyazaki, 2013; Wheeler, 2009) or anisotropy in
diffusion or reaction kinetics (Sundberg and Cooper, 2008);
thus, care must be taken if deformation mechanisms are
inferred from crystallographic fabrics.

Several studies have used the strength of crystallographic
fabrics measured in naturally deformed rocks to confirm
extrapolations of laboratory-derived flow laws. Reductions in
fabric strength have been correlated with the predicted transi-
tion from dislocation creep to diffusion creep or from
dislocation-accommodated grain-boundary sliding to diffu-
sion creep in plagioclase-rich mylonites (Mehl and Hirth,
2008), quartz-rich mylonites (Okudaira and Shigematsu,
2012), and olivine-rich mylonites (Linckens et al.,, 2011;
Warren and Hirth, 2006). In these studies, the transition in
deformation mechanism is hypothesized to result from
reduced steady-state grain size of the primary phase due to
dispersed secondary phases inhibiting grain growth (e.g.,
Olgaard, 1990). The relatively good agreement between
transitions in crystallographic fabric strength and predicted
transitions in deformation mechanism demonstrates the appli-
cability of laboratory-derived constitutive equations to real-
earth conditions.

2.18.3.3.3 Effect of texture on rock viscosity
In addition to being a valuable indicator of deformation mech-
anism, strong crystallographic fabrics result in macroscopically
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Figure 21 Normalized strain rates from experiments on both single

crystals and polycrystalline aggregates illustrating the mechanical
anisotropy of olivine. Single-crystal data are from Bai et al. (1991) (BMK)
and Durham and Goetze (1977) (DG). Aggregate data are from Hansen
et al. (2012a,b) (HZK). Strain rates are normalized by the highest rate in
each group. Flow laws from Bai et al. (1991) are calculated for three
different crystal orientations with the oxygen fugacity buffered by the Ni:
NiO reaction with T=1200 °C. Notation for crystal orientations follows
Durham and Goetze (1977) and Bai et al. (1991). Because the strong
crystallographic fabrics formed during the torsion experiments of
Hansen et al. (2012a,b) have symmetry similar to olivine single crystals,
data from torsion and tension experiments represent stress
orientations similar to [110]; and [010], respectively. Data from Durham
and Goetze (1977) were collected at 7=1600 °C, and data from
Hansen et al. (2012a,b) were collected at 7=1200 °C.

anisotropic mechanical behavior. Many minerals are mechan-
ically anisotropic as evidenced by deformation experiments on
single crystals of varying orientations. In Figure 21, results of
deformation experiments on olivine single crystals reveal a
variation of over two orders of magnitude in viscosity depend-
ing on which slip systems are activated (Bai et al., 1991;
Durham and Goetze, 1977). Further, in experiments with
applied compressive stresses along the primary crystallo-
graphic axes of olivine single crystals for which there is no
resolved shear stress on the available slip systems, viscosity is
over three orders of magnitude larger than for orientations
with large Schmid factors (Durham and Goetze, 1977).

Many of the numerical simulations used to predict texture
development in geologic materials have also been used to esti-
mate the magnitude of viscous anisotropy in those materials.
Such models are currently the primary source for estimating the
magnitude and symmetry of viscous anisotropy in Earth (for a
review, see Wenk, 1999). Geologic materials investigated in this

manner include ice (Castelnau et al., 1997, Lebensohn and
Canova, 1996; Rudolph and Manga, 2012), halite (Siemes,
1974; Wenk et al., 1989a), calcite (Lebensohn et al., 1998;
Tomeé et al, 1991), quartz (Lister and Hobbs, 1980; Lister
et al., 1978; Wenk et al,, 1989b), olivine (Castelnau et al.,
2008, 2009; Knoll et al., 2009; Lebensohn et al., 2010;
Tommasi, 1998; Tommasi et al., 1999, 2000, 2009; Wenk and
Tomé, 1999), and wadsleyite (Tommasi et al., 2004).

Several phenomenological constitutive models exist that
describe the macroscopic behavior of anisotropic materials.
In a manner similar to that used in elasticity theory, viscosity
can be defined as a fourth-rank tensor, 7;3;, which is related to
the deviatoric stress tensor, oj; and strain rate tensor, &,
through the expression

O'i]' = Zni]-klékl [65]

where subscripts indicate tensor indices following the Einstein
convention. Commonly, the viscosity tensor is assumed to
have transverse isotropy, which reduces the total number of
independent components to three (e.g., Han and Wahr, 1997).
Simplifying the problem to two dimensions further reduces the
viscosity tensor to two components (Christensen, 1987;
Honda, 1986). Although this approach allows easy incorpora-
tion into geodynamic models, it suffers from being limited to
Newtonian viscosity, that is, a constitutive equation with a
stress exponent of n=1.

A nonlinear form of a power-law flow law was first
extended to multiaxial deformation by Odqvist (e.g., Odqvist
et al., 1962). Written in terms of fluidity rather than viscosity,
which is more useful for application to laboratory experiments,
this power-law relationship is

W S )

&ij = @qklaklllrf [66]
where @, is the fluidity tensor (the inverse of the viscosity
tensor), II, is the second invariant of the deviatoric stress
tensor, and n is the stress exponent. The von Mises equivalent
stress is defined as o.=+/311,, which allows eqn [66] to be
rewritten in Voigt notation as

éi :37(%) (pijﬂ'jo'(enil) [67]

Note that eqn [67] is equivalent to eqn [37] in Karato (2008).
For the case in which the stress state is triaxial compression
(i-e., 01> 0,=03 such that o, is equal to the differential stress)
and the deformation maintains constant volume, the axial
strain rate measured in the laboratory is given by

él :37(%1)<D110'Z [68]

Note that, for triaxial compression, & = é.. If the stress state is
simple shear (i.e., o4 is the only nonzero stress component),
the shear strain rate measured in the laboratory is given by

éGZ@GGGg [69]

Note that, for simple shear, é; and o are related to the equiv-
alent strain rate, &, and equivalent stress, g, by & =2és/ V3
(where 2é is the engineering shear strain rate) and o, = 651/3,
respectively. If the material is isotropic, then ®@g;=2
(@11 — ®1,) and, through conservation of volume, ®5s=39,,
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and @, = —1@,,. Thus, the magnitude of viscous anisotropy
can be assessed through comparison of the components of the
fluidity tensor. A useful example is

_ 4)66
34311

[70]

For an isotropic material, d=1. If eqns [68] and [69] are
combined with eqn [70], then

5= (L) (““)n [71]
Een Oe,s
where the subscripts s and n denote equivalent values mea-
sured in simple shear and triaxial compression or tension,
respectively. Note that if the value of J is assessed at constant
equivalent stress, then eqn [71] reduces to the form used by
Hansen et al. (2012a,b).

Relatively few laboratory-based experiments have measured
the magnitude of viscous anisotropy in rocks. Muto et al.
(2011) deformed quartz single crystals in three different orien-
tations to high enough strains that dynamic recrystallization
produced fine-grained aggregates with crystallographic fabrics
with orientations controlled by the orientation of the starting
single crystal. Their experiments demonstrate that slip on the
basal plane is up to an order of magnitude less viscous than slip
on the prism plane. Wendt et al. (1998) conducted experi-
ments on cores of natural dunite with a preexisting crystallo-
graphic fabric. Although these experiments experienced
extensive brittle and semibrittle deformation behavior, the
viscosity was qualitatively determined to be a function of the
orientation of the applied stress relative to the orientation of
the preexisting fabric. As depicted in Figure 20, Hansen et al.
(2012a) performed torsion tests on olivine aggregates and
demonstrated that strong crystallographic fabrics favor slip
on the weakest slip system and reduce the bulk flow stress by
~30% relative to an isotropic aggregate. Subsequent tension
tests were performed on samples previously deformed in tor-
sion with the tensional stress applied along the dominant
[010] axis orientation, a geometry that minimizes the resolved
shear stress on the available slip systems (Hansen et al,
2012a). These latter tests demonstrated that the viscosity of
textured olivine aggregates can vary by over an order of mag-
nitude depending on the orientation of the applied stress
relative to the crystallographic fabric. However, the maximum
anisotropy observed is still multiple orders of magnitude smal-
ler than the anisotropy measured on olivine single crystals,
which suggests that small misorientations between grains and
the average orientation significantly affect the macroscopic
viscosity.

Several lines of field evidence indicate that viscous anisot-
ropy plays an important role in lithospheric deformation. The
examination of mantle shear zones exposed in orogenic peri-
dotites demonstrates that crystallographic fabrics have a con-
trolling influence on shear zone orientation (Michibayashi and
Mainprice, 2004). Further, the magnitude of localization in
these shear zones can only be accounted for if viscous anisot-
ropy is taken into account (Skemer et al., 2014). Investigations
of upper mantle seismic anisotropy in regions of incipient
rifting observe strong correlations between the orientation of
seismic anisotropy and the trend of the rift axes (Vauchez et al.,

1998). Additionally, some studies of lithospheric flexure have
noted that the flexural rigidity of the lithosphere is anisotropic
and the orientation of that anisotropy correlates well with the
orientation of seismic anisotropy (Audet and Mareschal, 2004;
Kirby and Swain, 2006; Simons and Van der Hilst, 2003).

2.18.4 Upper Mantle Viscosity

In this section, viscosity profiles for the oceanic upper mantle are
calculated. Radial gradients in upper mantle viscosity are respon-
sible for some of the key geodynamic characteristics of terrestrial
planets. For instance, lithospheric plates act as a mechanical
boundary layer to the convecting mantle because of a sharp
transition to significantly lower viscosities in the underlying
asthenosphere. Additionally, the presence of a sublithospheric
minimum in viscosity (i.e., the asthenosphere) may be crucial for
the operation of plate tectonics (Hoink et al., 2012). Three sets of
conditions are considered here: First, to examine the first-order
effects of temperature and pressure, viscosity profiles are calcu-
lated assuming dry, melt-free conditions. Second, viscosity is
calculated assuming the shallowest portions of the mantle are
dry and the deeper portions have a water content of 800 ppm
H/Si. Third, viscosity is calculated assuming the shallowest por-
tions of the mantle are melt-free and the deeper portions are
partially molten with a total melt fraction of 0.01.

Laboratory results for dunite (i.e., olivine volume
fraction >95%) - rather than for harzburgite or lherzolite -
are used because it is the only rock for which data are available
over a wide range of upper mantle conditions. Justification for
this choice is based on the observations that olivine is the
major mineral in the upper mantle and that, under conditions
for which data are available, the flow behavior of dunite is
nearly identical to that of lherzolite (Zimmerman and
Kohlstedt, 2004). Calculations are carried out assuming that
dislocation creep, dislocation-accommodated grain-boundary
sliding, and diffusion creep are all contributing to the strain
rate independently. Flow-law parameters for dislocation creep
and diffusion creep in olivine aggregates are largely taken
from Hirth and Kohlstedt (2003) with the activation volume
for wet dislocation creep taken to be 20 x 10~° m® mol ' (Mei
and Kohlstedt, 2000b), a value consistent with recent experi-
ments on single crystals (Girard et al., 2013). Flow-law parame-
ters for dislocation-accommodated grain-boundary sliding and a
modification of the preexponential constant in the diffusion
creep flow law are taken from Hansen et al. (2011). Grain
size is assumed to be at the steady-state value described by the
grain size-stress relationship determined experimentally by
Karato et al. (1980). Activation volumes for dry dislocation
creep and dislocation-accommodated grain-boundary sliding
flow laws are taken from the results of experiments conducted
on single crystals of olivine (Raterron etal., 2009, 2012). Because
dislocation creep requires activation of all three primary disloca-
tion slip systems in olivine to satisfy the von Mises criterion
(von Mises, 1928), we suggest that the activation volume for
dislocation creep is that of a single crystal deforming by
the motion of dislocations of the strongest slip system, (010)
[001] (3x107°m®mol™'). Similarly, because dislocation-
accommodated grain-boundary sliding appears to require only
the activation of a single slip system (Goldsby and Kohlstedst,
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2001; Hirth and Kohlstedt, 2003), we suggest that the activation
volume for grain-boundary sliding is that of a single crystal
deforming by the motion of dislocations of the weakest slip
system (010)[100] (12 x 10~® m> mol™'). Because (010)[001]
slip is predicted to become easier than (010)[100] slip at depths
greater than ~240 km (Raterron et al., 2012), we implement a
corresponding switch in activation volume. Most calculations
were carried out assuming that the differential stress is constant
throughout the upper mantle. Values of the differential stress
were chosen to yield magnitudes of viscosity that result in plate
velocities of approximately 5 cm year™ ' assuming a Couette flow
geometry, which is equivalent to an average strain rate of
4x 107" 57! for a 400 km thick upper mantle.

2.18.4.1 Effect of Temperature and Pressure

In Figure 22(a), viscosity is depicted as a function of depth for dry,
melt-free olivine. The temperature as a function of depth
was determined for 50 million-year-old lithosphere using a

half-space cooling model and an adiabatic geotherm with a poten-
tial temperature, Ty, of 1350 °C (Turcotte and Schubert, 2002, pp.
185—187). The resulting temperature profile is illustrated in
Figure 22(b). A differential stress of ¢ =0.8 MPa was required to
produce the desired plate velocity. A second calculation is depicted
in which the rate of viscous energy dissipation per unit volume, g¢,
is assumed to be constant (e.g., Christensen, 1989). For this
second calculation, a dissipation rate of 6&¢ =4 x 1072 Pas~! was
required to produce the desired plate velocity.

Because of the significant temperature dependence of the
viscosity of mantle rocks, the shallowest and thus coldest por-
tions of the upper mantle are characterized by large viscosities.
Therefore, the thermal boundary layer inherent to the half-
space cooling model yields a distinct mechanical boundary
layer characterized by a viscosity that decreases by approxi-
mately a factor of 10 per 10 km.

The calculated viscosity profiles are also characterized by a
minimum in viscosity at ~150 km, due to the increasing effect
of pressure relative to that of temperature. Minimum viscosities
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Figure 22 Viscosities as a function of depth in the upper mantle calculated using laboratory-derived flow laws for dunite. (a) Viscosities for dry,
melt-free conditions calculated using both uniform stress (solid line) and uniform viscous dissipation rate (dashed line) and the temperature profile for
50 million-year-old lithosphere depicted in (b). The temperature profile in (b) was used for all calculations. Viscosity profiles are colored according
to the mechanism of deformation that contributes most to the strain rate (dislocation creep=red; grain-boundary sliding=nblue; diffusion

creep =hlack). Viscosity profiles are compared to estimates from geophysical observations denoted by gray boxes and lines. Citation abbreviations
are as follows: CM, Craig and McKenzie (1986); KL, Kaufmann and Lambeck (2002); Pa, Panet et al. (2010); Pe, Peltier (1998); Po, Pollitz et al. (2006).
(c) Viscosities for hydrated conditions calculated using the profile of water content depicted in (d). (e) Viscosities for partially molten conditions
calculated using the profile of melt fraction depicted in (f). Calculations for partially molten conditions were conducted assuming either
homogeneously distributed melt (solid line) or melt segregated into melt-rich bands (dashed line).
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are 8.1x 10" and 1.1x 10°° Pas for calculations assuming
constant stress and constant dissipation rate, respectively.
Below the viscosity minimum, viscosity increases by a factor
of ~1.01 per 10 km. We note that the viscosity gradient below
the viscosity minimum is distinctly less pronounced than pre-
vious calculations of mantle viscosity using laboratory-derived
flow laws (e.g., Hirth and Kohlstedt, 2003) because of the
recently determined activation volumes used here. Thus, solely
the effects of temperature and pressure result in both a low-
viscosity zone and a mechanical boundary between the litho-
sphere and asthenosphere.

Several interesting observations can be made regarding
the relative contributions of different mechanisms to deforma-
tion. First, diffusion creep never dominates except in the
coldest portions of the lithosphere. Instead, dislocation-
accommodated grain-boundary sliding governs over the largest
volume of the upper mantle. With increasing depth, the dom-
inant mechanism switches to dislocation creep at ~175 km
due to the different activation volumes for the hardest and
easiest slip systems. Interestingly, the primary deformation
mechanism again becomes dislocation-accommodated grain-
boundary sliding at ~300 km because of the change in relative
slip system strength. The observed distribution of deformation
mechanisms is at odds with previous studies that have sug-
gested diffusion creep is the dominant mechanism in the dee-
per portions of the upper mantle based on the lack of seismic
anisotropy at those depths (e.g., Karato and Wu, 1993). We
point out, however, that the magnitude of seismic anisotropy is
a strong function of the total strain (e.g., Bystricky et al., 2000;
Hansen et al., 2014). Since the strain can be multiple orders of
magnitude larger near the viscosity minimum than at the base
of the upper mantle, there can be significant gradients in the
magnitude of seismic anisotropy even if dislocation creep or
dislocation-accommodated grain-boundary sliding is the dom-
inant flow mechanism (e.g., Behn et al, 2009; Podolefsky
et al., 2004).

2.18.4.2 Effect of Water

In Figure 22(c), viscosity is plotted as a function of depth for
conditions similar to those used in the previous section but
with the addition of a hydrated sublithospheric mantle. We
construct a profile of water content as a function of depth
following the argument of Hirth and Kohlstedt (1996). The
uppermost portion of the mantle is considered to be free of
water-related defects due to the extraction of water from mantle
peridotites during partial melting at a mid-ocean ridge axis. We
assume that olivine in the lower portion of the upper mantle
has a constant water content of 800 ppm H/Si and that the
water content gradually transitions from 0 to 800 ppm H/Si
between 60 and 110 km depth. The increase in water content is
formulated as a linear function of depth, which is expected for
batch melting (Hirth and Kohlstedt, 1996). We note that using
a nonlinear increase in water content, as expected for fractional
melting, does not significantly affect the results of this calcula-
tion. The water content as a function of depth is depicted
in Figure 22(d).

The resulting viscosity profile is very similar to that depicted
in Figure 22(a). Gradients in viscosity at shallower depths than
the viscosity minimum are comparable to those for the dry case.

However, the magnitude of the viscosity minimum
(2.8 x 10" Pas) is significantly less than for the dry case and
the viscosity gradient below the viscosity minimum (factor of
1.6 per 10km) is greater than for the dry case. Weakening
associated with water-related defects is manifested in the differ-
ential stress being a factor of 2 lower than that for the dry case.

The dominant deformation mechanisms are distinctly dif-
ferent in the hydrated case compared to the dry case, primarily
due to the absence of dislocation-accommodated grain-
boundary sliding under hydrous conditions. This mechanism
dominates in the dry upper 60 km of the model, but the
dominant mechanism becomes dislocation creep once the
water content increases at depths greater than 60 km. Diffusion
creep becomes the dominant mechanism at a depth of 220 km
and remains the dominant mechanism throughout the
remainder of the upper mantle.

2.18.4.3 Effect of Melt and Melt Segregation

Figure 22(e) depicts the viscosity of the upper mantle calcu-
lated assuming dry conditions, as in Figure 22(a), but includ-
ing a small volume of melt. The melt fraction is assumed to be
¢ =0 in the upper 80 km and to increase linearly to ¢ =0.01 by
100 km depth (Langmuir et al., 1992).

The effect of a partial melting on viscosity is calculated
using eqn [56] with =35 for both dislocation creep and
dislocation-accommodated grain-boundary sliding flow
laws and «=30 for the diffusion creep flow law. Based on
experiments on partially molten aggregates of olivine+
chromite+MORB (Holtzman et al., 2003a,b; King et al,,
2010), Holtzman et al. (2012) demonstrated that partially
molten systems in which the melt segregates into melt-rich
bands can have dramatically reduced viscosities. Figure 22(e)
presents a second calculation that takes the effect of stress-
driven melt segregation into account. Based on Holtzman
etal. (2012), the total strain rate is taken to be

&=dpép + éndp [72]

where the subscripts b and n denote band (melt-enriched) and
nonband (melt-depleted) regions, respectively, and a is the
volume fraction of those regions. The volume fractions are
given by

ap :%‘j [73a]
an=1—ap [73b]

where ¢, and ¢, are the total melt fraction and the melt
fraction in the bands, respectively. The total melt fraction is
set to ¢;=0.01, and the melt fraction in the bands is set to
¢r,=0.15. S describes the degree of melt segregation, which
varies from 0 to 1 for a homogeneously distributed melt and a
completely segregated melt, respectively. We use a value of
§=0.7, which Holtzman et al. (2012) determined to be the
steady-state value.

Both calculations involving melt-rich conditions result in
viscosity profiles similar to the dry, melt-free case depicted in
Figure 22(a). Viscosity gradients above and below the viscosity
minimum closely match those in Figure 22(a). Additionally,
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the dominant deformation mechanisms and their depth ranges
are approximately the same as in the dry, melt-free case. The
melt-rich case without segregation results in a viscosity mini-
mum (7.5 x 107" Pa s) similar in magnitude to the melt-free
case, but the stress, 3=0.7 MPa, is slightly less than the melt-
free case. Notably, the melt-rich case with segregation results in
a factor of eight reduction in viscosity at 100 km depth, corre-
sponding to the increase in melt fraction. This sharp viscosity
gradient illustrates the important role of stress-driven melt
segregation in local viscosity reduction and the localization of
deformation. The observed viscosity drop results in smaller
minima in viscosity (3.4 x 107 '° Pas) and stress (0.4 MPa)
than in the case without segregation.

2.18.4.4 Comparison to Geophysical Observations

Several geophysical observations place constraints on the vis-
cosity structure of the upper mantle. In Figure 22(a), 22(c),
and 22(e), calculated viscosity profiles are compared to esti-
mates of upper mantle viscosity from observations of glacial
isostatic adjustment and analyses of the geoid. Estimates of the
globally averaged upper mantle viscosity from isostatic adjust-
ment during the retreat of late Pleistocene ice sheets, as are
illustrated in Figure 22, range from approximately 10%° to
10%? Pa s (Kaufmann and Lambeck, 2002; Peltier, 1998). Esti-
mates of upper mantle viscosity from analyses of the geoid, as
illustrated in Figure 22, are based either on geoid observations
near oceanic fracture zones (Craig and McKenzie, 1986) or on
post-seismic variation in the geoid after the 2004 Sumatra-
Andaman earthquake (Panet et al., 2010; Pollitz et al., 2006).
Estimates of viscosity based on post-seismic deformation range
from 10'® to 10" Pas in the 100-150 km depth range and
from 10'° to 10%° Pa s in the deep upper mantle.

The calculations based on laboratory-derived flow laws
depicted in Figure 22 correlate well with certain aspects of
the geophysical observations and poorly with others. The vis-
cosities predicted between depths of 100 and 400 km fall into a
relatively narrow window (10"~ to 10% Pa s). The predicted
values near the base of the upper mantle overlap with those
predicted by investigations of glacial isostatic adjustment.
However, predicted viscosities are at least a half an order mag-
nitude larger than estimates from observations of the geoid.
Notably, none of the three sets of calculations (dry, wet, melt-
rich) predict geophysically observed viscosity profiles signifi-
cantly better than any of the others.

There are several potential explanations for the discrepan-
cies between viscosities determined by geoid observations and
those predicted by constitutive models. First, the age of the
lithosphere in the region of the Mendocino Fracture Zone, for
which the geoid was modeled (Craig and McKenzie, 1986), is
significantly younger than that used to predict the thermal
structure of the upper mantle in our calculations. Second, the
viscous portion of the deformation subsequent to the 2004
Sumatra-Andaman earthquake was geologically fast and there-
fore characterized by small strains, a situation more akin to the
transient portion of a stress-change test in the laboratory (Freed
etal., 2012). For small strains after a stress increase, the viscous
deformation of crystalline materials is typically characterized
by a gradual increase in viscosity until a steady state is reached
(e.g., Takeuchi and Argon, 1976). The flow laws used in our

calculations are for steady-state deformation, which thus over-
estimate the viscosity for small strain deformation. Third, both
stresses and strain rates during post-seismic deformation are
likely increased relative to background tectonic values. Because
the viscous deformation of the uppermost mantle is almost
certainly non-Newtonian (i.e., stress exponent n>1), an
increase in stress results in a decrease in viscosity. Fourth,
because our calculation is constrained to a set average strain
rate, only a larger gradient in the viscosity as a function of
depth allows for a lower viscosity minimum. Because the
total accumulated strain in the upper mantle likely varies
over multiple orders of magnitude as a function of depth
(e.g., Behn et al., 2009), incorporating strain into constitutive
models (e.g., Hansen et al., 2012a,b) would potentially result
in large enough viscosity gradients to match predictions from
geoid observations. With these caveats in mind, we suggest that
particular attention must be made to thermal structure, time-
scale of deformation, stress during deformation, and deforma-
tion history in comparing different estimates of viscosity.

2.18.5 Concluding Remarks

While the good agreement between laboratory and field obser-
vations for the viscosity structure of the upper mantle is
encouraging, even exciting, several important areas remain
that require experimental investigation of the rheological prop-
erties of mantle rocks. Possibly the most obvious void is the
paucity of deformation studies on transition zone and lower
mantle minerals and rocks. Progress in this field has been slow,
largely due to a lack of apparatuses capable of carrying out
experiments under well-controlled thermomechanical condi-
tions at very high pressures. However, recent developments
combining a new generation of deformation apparatuses
such as the deformation-DIA (D-DIA) and the rotational
Drickamer apparatus (RDA) with high-intensity, synchrotron-
produced x-rays hold promise for significant progress in this
area (e.g., Durham et al., 2009; Hustoft et al., 2013; Mei et al.,
2010; Raterron et al., 2011, 2012; Xu et al., 2005).

For the upper mantle, further work is needed to quantify
the deformation behavior in the low-temperature plasticity
regime, particularly under hydrous conditions, for application
to studies of deformation of the lithosphere. Furthermore,
laboratory (e.g., Jung and Karato, 2001) and seismic (e.g.,
Mainprice et al., 2005) observations indicate that a transition
in slip system occurs below a depth of ~250 km in Earth's
upper mantle, related to changes in water, stress, and/or pres-
sure conditions. At present, flow laws for the upper mantle are
primarily based on experiments carried out at relatively modest
pressures for which measurements of lattice-preferred orienta-
tions indicate that deformation in olivine is dominated by
dislocations with [100] Burgers vectors. If dislocations with
[001] Burgers vectors become important in deeper portions
of the upper mantle, the flow law determined at very high
pressures may deviate from that extrapolated from lower-
pressure conditions (Cordier et al., 2012; Couvy et al., 2004;
Mainprice et al., 2005; Raterron et al., 2011, 2012).

Finally, to date, most studies of plastic deformation of rocks
have concentrated on steady-state creep with little attention
given to transient deformation. While a steady-state approach
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may describe convective flow in the mantle reasonably well, it
cannot provide an adequate description of deformation that
occurs in an environment for which thermomechanical condi-
tions are changing and microstructures are simultaneously
evolving (e.g., Evans, 2005). This point has been appreciated
by a number of researchers, some of whom have taken a state-
variable or mechanical equation-of-state approach (e.g.,
Covey-Crump, 1994, 1998; Lerner and Kohlstedt, 1981;
Rutter, 1999; Stone et al., 2004). Such approaches will be
critical in the development of the next generation of constitu-
tive equations that must be capable of describing flow in
regions such as shear zones and metamorphic belts in which
changes in thermal and chemical environment - including
composition of fluids and evolution of material’s parameters
(e.g., dislocation density, grain size, and lattice-preferred ori-
entation) - occur continuously.
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