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The energetics of steady state heterogeneous shear in mylonitic rock

Mark R. Handy

Geologisches Institug, Universitit Bern, Bern (Switzerland)

Abstract

Deformation of Earth's lithosphere below about 5-10 km depth is accommodated heterogencously in mylonitic shear
zones, The persistance of heterogencous mylonitie deformation to very high strains is a manifestation either of slow
transicnt rheological instability or of heterogencous steady state creep. The latter possibility may be explamed with the
following hypothesis: rock deforms at heterogeneous steady state when 1t acquires a structure that minimizes the overall
rate of strain energy dissipation, and when the effective {i.e. volume-weighted) rate of strain energy dissipated within this
structure is wyiform and constant. Thus small volumes of weak anastomozing shear zone deforming at high strain rate
dissipate the same amount of viscous strain energy per unit time as do much larger volumes of strong country rock
deforming at Jower strain rate. The relative magnitude of differential creep stresses in the shear zone and country rock
during heterogeneous shear depends on the relative creep parameters of weak and strong rock. Strain localization leads to
a modest reduction in the bulk strength of the whole rock at steady state,

1. Introduction

Rock deforms heterogencously on all scales of
observation, from the scale of individual grains and
minerals 1o the scale of Earth’s lithosphere. This strain
heterogenceity reflects rheological contrasts amongst
rocks and minerals that cither were inherited from
carlicr geological events {e.g. differences in composi-
tien due to metamorphism and magmatism) (Figs. 1{a]
and 1(b}) or developed from mechanical instabilities
during deformation (e.g. shear zones or shear bands)
(Figs. 1{c} and 1{d)) [2. 3]. Shear zones are a particu-
larly important type of mechanical heterogeneity
because they accommodate relative plate movement
and cffect the burial and uplift of large volumes of
crustal material at plate boundaries (Fig, 2}, Farth's
lithosphere is therefore a composite material whose
constituent phases undergo geometric and rheological
changes in time and space.

Shear zones are narrow anastomozing domains of
highly strained rock that cnvclop lozenges of less
deformed. or undeformed, country rock (Fig. 2 and
3(a)). The shearcd rock is a “mylonite” or is termed
“mylomtic” if most of the strain in the rock was accom-
modated within mineral(s) deforming by thermally acti-
vated viscous creep mechanisms (dislocation glide and
creep, diffusion- or dislocation-accommodated grain
houndary sliding). Often, but not always, mylonitiza-
tion involves a reduction of grain size in the shear zone
with respect to that of the country rock, or protolith.
Mylonitization is typical of delormation at depths
below 5-10 km where homologous temperatures anc
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cffective pressures are  sufficiently high (7, 20.3,
P.2 150 MPa) to favour creep (Fig. 2) [4]. Bevend this
depth range, the deformation in shear zones involves
predominantly brittle {racturc and frictional sliding
along discrete surfaces, or faults. and is termed “cata-
clastic™ (Fig. 2). The interested reader is referred to
reviews by White et af. [5], Tullis er af. |6], Knipe |7]
and Schmid and Handy |8] [or discussions of deforma-
tion mechanisms and nomenclature in fault rocks.

Mylonitic shear zones oceur on scales ranging from
kilometre-wide to micrometre-wide zones {see refs. 9
and 10 for some examples). Finite shear strain y typic-
ally incrcascs from the margins to the centres of such
shear zones (Fig. 3{b)) [11] and attains values as greal
as 10-100 [12]. Where il can be established that the
shear zone formed during a single continuous kine-
matic event, strain profiles like that in Fig. 3(b) indicate
that strain rate increased into the active shear zone.
Consequently, the rock is inferred to have softened
locally (i.e. becomes less flow resistant) (Fig. 3(c)) with
respeet to the adjacent country rock (e.g. see ref. 13).
Although shear zoncs occupy only a volumetrically
small portion of rock on any of these scales, the fact
that they are weaker than their host rock suggests that
they strongly aflect the bulk rheology of Earth's litho-
sphere [14].

Geological evidence of structural and rheological
heterogeneity at high strains lcaves earth scientists
tacing a basic dilemma: is heterogencous strain an indi-
cation of transient rheological behaviour or of steady
state? In the former case, heterogeneous shear s
regarded only as a stage in the long slow evolution
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Fig. 1. Some natural examples of heterogeneous mylonitic shear, (a) Lenticular dark layers {boudins) of pyroxene {labelled PX) are
deformed within a mylonitic gabbro rock comprising mainly plagioclase feldspar {Ca-Na-Al framework silicatc} and pyroxene
{vg~Fe chain silicate). This rock originated at a depth of 20-25 km in Earth’s lower crust and was subsequently deformed at a
pressure of about 800 MPa and temperature of 700-800°C [1]. The asymmetrical orientation of the pyroxene segments {below the
hammer) reflects rotational mylonitic flow in the gabbro. The hammer (for scale) is 55 em long. {b) Thin section (30 gm) of
mylonitic granite comprising a fine-grained matrix of dynamically recrystallized quartz {Q) and large darker grains of feldspar {F).
Grain size refinement in feldspar involves fracturing (top centre) as well as limited dynamic recrystallization and pressure solution at
grain rims. Note the localized reduction in size of dynamically recrystallized quartz grains between impinging feldspar grains. This is a
thin section viewed in polarized transmitted light. The frame length scales to 5.6 mm. {¢) Confluence of two conjugate mylonitic shear
zones (SZ) in a mylonitic granite (see the overall configuration in Fig. 3(a)). This rock deformed at a depth of about 10 km and
temperature of 300-400°C [1]. The pen cap {for scale) is 6 cm long. {d) Narrow shear band of fine dynamically recrystallized
quartz (R} separating two large elongated grains of unrecrystallized quartz. Note the evidence of dynamic recovery (polygonal
subgrains (S) and deformatien bands (B)) in the unrecrystallized grains. This is a thin section viewed in polarized transmitted light. The
frame length scales to 1.4 mm.

surface

cataclastic _ toward homogeneous steady state shear on all scales.
frictional | shear However, if rocks can deform heterogeneously at
nscous \\ mplamitie = steady state, then criteria are required to explain how

\\,\ shear and why this occurs on any given scale. To this end, the
N notion of heterogeneous steady state is accepted here
) \\\\\ - as a working hypothesis.
N This paper presents a model of shear zone evolution
Fig, 2. Schematic profile through the upper to the intermediate  jn which heterogeneously deforming rock is treated as
part of Earth’s llth_osphelc showing the anatomy of a fauIF zone. an isothermal system comprising two phases with vari-
Shallow deformation (less than 5-10 km) is cataclastic and . .
depends strongly on effective pressure, whereas deeper defor- abtle \:'Olume propomons and st{gctlfre. Hypothetical
mation is predominantly mylonitic and depends strongly on tem-  CTiteria of strain energy rate partitioning are proposed
perature and strain rate {see text). to describe structural and mechanical steady state in
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Fig. 3. (a) Anastomozing shear zoncs in heterogencously sheared
mylonitic rock: --—, oricntation and relative intensity of folia-
tion. (b}, {¢) Schematic profiles, respectively, of relative shear
strain and inferred relative shear viscosity across the shear zone
scgment outlined in (a),

heterogeneously creeping rock. It is argued that the
persistence of heterogenecus deformation to  high
strains may actually reflect the tendency for mylonitic
rock to develop a uniform power dissipation capacity.
The criteria of strain energy rate partitioning are then
used to show how power dissipation and stress may
evolve in heterogeneously deforming rock.

2. A hypothesis of heterogenecus steady state creep

2.1. Boundary conditions and assumptions

In modelling composite materials, it is important to
distinguish between the behaviour of the deformational
system as a whole (in this case, a rock) and that of its
constituent mechanical phases. In this paper, “phase” is
defined in a purely mechanical sensc as a material with
distinctive rheological propertics, irrcspective of its
composition. The adjectives “weak” and “strong”
describe the relative strength of two phases as
mcasured at a reference temperature and strain rate
outside of the rock. The ratio of these strengths, i.e. the
“strength contrast” or “competence contrast”, is there-
forc an absolute measure of the relative deformability
of the two phases at a given temperature and strain
rate.

Consider a monomineralic rock undergoing plane-
strain simple shear at constant bulk strain rate y,. The
rock comprises two mechanical phases, a weak phase
(highly sheared rock]) and a strong phase (unsheared or
less sheared country rock). Both phases are isotropic
and deform isochorically, isothermally and compatibly
tn the solid state by viscous creep. The isothermal con-
dition ensures that there is no localized shear heating

and that there are no contributions to the energy and
volume budgets in egns. (4) and {8) below from syntec-
tonic metamorphic reactions or other sources besides
the viscous creep of the two phases constituting the
rock. This is justified by many microstructural and
mineralogical studies on mylonites indicating that the
effect of shear heating on localization is minor com-
pared with externally imposed changes in the ambient
temperature, pressure and fluid composition [1]. Any
dilatancy within, or mass transfer between, the phases
is assumed to be negligible. The phase boundaries are
ideal discrete surfaces that are incoherent and mobile,
i.e. they accommodate slip to maintain compatibility
and also move laterally as the rheologies and volume
proportions of the phases change with strain.

2.2, Geometry and rheology of the phases during shear
zone development

The formation of mylonitic shear zones can be
divided into two stages, each corresponding to an end-
member microstructure observed in naturally and
experimentally deformed rocks (Fig. 4) 15, 16] as
follows,

2.2.1. Nucleation and early growth

Structural and/or chemical heterogeneities in the
rock are the sites of stress and strain concentration that
can induce transient flow instabilities. These primary
perturbations include grain and phase boundaries,
voids, fluid or solid inclusions, and, in general, struc-
tures on all scales that develop before or during shear-
ing. With increasing strain, the instabilities grow into
elongated domains oriented subparallel to the shearing
plane, Strain-dependent weakening of these domains is
usually attibuted to one or a combination of the follow-
ing processes: rotation of anisotropies [17, 18],
dynamic recovery and recrystallization [19], mineral
phase transformations [20), strain and strain rate weak-
ening, and fluid weakening [21].

The model at hand disregards the nucleation of
instabilities during the initial increments of strain and
assumes the existence of a weak phase. At low strains
before stage 2 below, the stably deforming part of the
rock forms a load-bearing framework (LBF) structure
surrounding pockets of unstable weak phase (Fig. 4{a)).
The system (strong stable rock plus unstable weak
domains) is assumed to deform at or near uniform
strain rate, even as the weak instabilitics grow at the
expense of the framework.

2.2.2. Coalescence and stabilization

After a critical strain, the unstable regions coalesce
to form an interconnected weak layer (IWL) structure
surrounding elongated lozenges of stronger less
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Fig, 4. Ideal structures modelled in this paper: {a) low strain load-
bearing framework {(LBF) struciure; _(b) high strain inter-
connected weak layer (IWL) siructure, y denotes average shear
strain rate, and the subscripts r, w and s denote rock, weak phase
and strong phase respectively.

deformed rock (Fig. 4(b)). Slip along the incoherent
phase boundaries accommodates strain incompatibili-
ties arising from the heterogeneous deformation of the
two phases. The growth rate of the interconnected
weak instabilities decreases to zero and the IWL struc-
ture stabilizes {i.e. becomes statistically invariant with
time and strain), The attainment of this structural
steady state is presumed to coincide with the onset of
mechanical steady state (the invariance of bulk flow
stress with time and strain). Means [22] refers to such
simultaneous structural and mechanical steady state as
“true steady state”™, In the medel here, the partitioning
of stress and strain rate in a stable IWL structure
depends on the strength contrast between the country
rock and shear zone, as well as on the stable volume
proportions of the phases (see the next section).

Although the deformation of both phases in the LBF
and TWL structures is heterogeneous in nature, only
the average shear strain rate of each phase is known or
specified in the model. Because flow of the hypotheti-
cal rock is isochoric and strain compatibility is main-
tained amongst the constituent phases, the effective
{ie. volume-weighted} strain rates of the phases are
additive in both LBF and [WL structures:

}-’l' = ‘;\\‘ ¢\V + }?"l ¢5 ( l )

where 7, and 7, are the average shear strain rates of the
weak and strong phases respectively, and where ¢,, and
¢, arc the volume proportions of weak and strong
phases in the rock. The volume of the rock is set equal
t0 unity, so that the volume proportions of the phases

sum to unity, ¢, +¢.=1. Note that, because slip is

allowed between the phases, this equation implies that
the average stress in the two phases can differ. This
condition is particularly relevant in the high strain IWL
microstructure,

Strain rate is related solely to differential creep
stress in the rock because inertial forces are negligible
at the low natural strain rates in mylonite (1077-10 13
s 1) For the sake of simplicity and because transient
creep in geologic materials is poorly understood [23],
the rheology of both phases is assumed to be strain
invariant. The empirically derived constitutive equa-
tien for creep that relates shear stress t to average
shear strain rate y in the weak and strong phases is
(modified from the expressions of Weertman [24] and
Paterson [25])

1 Q ’ﬁém
=expl— 99—+ T
T e\p(n [RT ln[Blf)ilffAA]]) (2)

where () is the activation enthalpy of creep, T is the
temperature, and & is the average grain diameter, The
exponents n and s are respectively the stress and grain
size sensitivities of strain rate. The pre-exponential
function A is multiplied by the factor 31+ /2 [26, 27]
to convert the axisymmetric stresses and strain rates of
the laboratory flow laws 1o the plane-strain simple
(octahedral) shear configuration assumed here. For the
sake of simplicity, both phases are assumed to deform
solely by grain-size-insensitive dislocation creep
(m=0). The stress value obtained at an average shear
strain rate in eqn. (2} slightly overestimates the average
stress because minerals undergoing grain-size-
insensitive dislocation creep are non-linear (for rock,
generally n=2-6 [4]). This discrepancy in stress values
increases with decreasing strain rate and increasing
values of #, but is small compared with the discrepan-
cies associated with the experimental error in the creep
parameters [25).

2.3 Criteria for structural and mechanical steady state
1 heterogeneons systems

Two questions guide the search for a quantitative
criterion of heterogeneous steady state in mylonites: (1)
which configuration (LBF or IWL} of weak and strong
phases is stabler at given temperature, volume propor-
tions of phases, and bulk strain rate? {2) what are the
steady state values of stress, strain rate and volume
proportions for the phases in a rock deforming under
these same conditions? The first question pertains to
structural or configurational steady state, whereas the
second question relates primarily to mechanical steady
state. A satisfactory criterion of combined structural
and mechanical steady state must provide answers to
both questions. :
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To answer the first question it is hypothesized that,
for given conditions of deformation, the configuration
with the lower rate of total energy dissipation is more
stable at the prevailing temperature and bulk strain rate
than the configuration with the higher rate of total
strain energy dissipation. The total rate of viscous
strain energy dissipated in a hetcrogeneously deform-
ing rock E, is equal to the sum of the volume-weighted
rates of energy dissipated in the constituent phases.
Another way of stating this is that the power dissipa-
tion capacity of a rock is equal to the sum of the power
dissipation capacities for each of the phases / in the
rock:

N

Er= Zt,—}'f,gﬁ, (3)

i-1

where the 7, and 7, are respectively the shear stress and
incremental shear strain rate tensors, and the ¢, are the
volume proportions of the phases. For a two-phase
rock, the terms for weak and strong phases are denoted
with the subscripts w and s.

In a rock with an ideal low strain LBF structure, the
LBF forces the pockets of weak phases to deform at
the same average rate as the shear strain rate of the
whole rock {Fig. 4(a)). The average power dissipated in
a rock with LBF structure %% is found by substitut-
ing the uniform strain rate into eqn. (2} for both phases,
and then substituting the resultant stress values,
together with the uniform strain rate, into the stress and
strain rate terms in eqn. (3). Thus

EerBF: Tor }.’r¢w + fsr};r¢3 (4)

where t,,, and r, are the average shear stresses in the
weak and strong phases at temperature T and bulk
shear strain rate of the rock y,.

For rock with an ideal high strain IWL structure, the
strain rates of the weak and strong phases partition not
only according to the volume proportions of those
phases in the rock ¢, and ¢,, but also as a function of
the viscous shear strength contrast 7., between the
phases. t, is defined as the ratio 7../7,, of the average
octahedral shear stresses in the strong and weak phases
measured separately (7.e. outside the aggregate) at tem-
perature T and at a reference shear strain rate that
equals the overall shear strain rate of the rock y,.

Strain rate partitioning in the IWL structure is con-
strained in the following way.

{a) As the viscous strength contrast of the phases
approaches infinity, the bulk strain rate is concen-
trated into the volume of rock comprising the weak
phase, while the average strain rate of the stronger

phase tends toward zero. That is y.—7¥ ¢, ' and

7.~ 0, where 0 < g, < 1.

W
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(b) As the viscous strength of the two phases
approaches unity (condition of rheological homo-
geneity), deformation becomes homogeneous and the
strain rate in both phases equals that of the rock for any
volume proportion of phases: 7, =y.=7 for
0<g, <1.

These two constraints allow an expression to be
derived that describes how the average strain rate of
the weak phase varies with the strain rate of the rock,
and with the volume proportions and the viscous
strength contrast of the two phases. This expression is
similar to the limit in condition (a) above: -
}"\V=?T¢W71 (S)
where x is a function of r_for 1 € 7,< . The function
x 1s a measure of the 7 sensitivity of strain rate parti-
tioning in the rock. It determines what proportion of
the bulk strain rate is accommodated by the volume of
weak phase. Substituting eqn. (5) into eqgn. {1) and solv-
ing for 7, yields an expression for the average strain
rate of the strong phase:

7= 1= g (1 g {6)

The 7, dependence of x in eqns. {5) and (6) is deter-
mined with three constraints: (1) 0<x<1 for
0 < ¢, <1 (conditions {a) and {b)}; (2) x~1 as 7.~
(condition (a)); (3) x—~0 as 7,—~ 1 {condition {b)). The
simplest smooth function that satisfies the constraints
on strain rate partitioning at 7.= 1 and 7_= % is

e

The functien x is undefined in rheologically homo-
geneous rocks, so obviously y, =7, at ¢, =1 and .=y,
at ¢, = 0. It is emphasized that the exponential depend-
ence of strain rate partitioning on 7, derived above is
not a unique relation, but merely satisfies the available
constraints at the limiting conditions of z,=1 and
T.=%: More complicated relations are conceivable,
but not justified in the absence of additional constraints
for 7, values between 1 and o,

Equations (5) and (6) arc purely phenomenological
descriptions of strain rate partitioning in a rock with
IWL structure. Nevertheless, when combined with eqn.
{7), they facilitate predictions of viscous composite
rheology that compare successfully with rheological
data for experimentally dcformed two-phase aggre-
gates [16].

The average power dissipated in a mylonitic rock
with IWL structure is obtained by first substituting
equs. {5) and (6) into eqn. (2}, and then substituting the
resultant stress values from eqn. (2), together with the
strain rates from eqns. (5) and (6), into the stress and
strain rate terms in eqn. (3). This yields

0<g,<1 {(7)
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Er]WL= ?r[rwséwi_x + [N (1 - ¢w] _I)] (8}

where 7, and r, are the average shear stresses in the
weak and strong phases at temperature 7, volume pro-
portion ¢, and bulk shear strain rate y,.

To determine whether the LBF or the IWL structure
is stabler at given values of ¢, 7 and y,, one just com-
pares the total power dissipation levels obtained with
eqns. {4) and (8) to see which structure dissipates less
energy per unit time. Note that this criterion alone
suffices to calculate viscous strength vs. volume pro-
portion diagrams for any two-phase aggregate in which
the volume proportions of the phases is invariant with
strain {see the structural stability diagram in Fig. 9 of
ref. 16). If the relative amount of phases in the aggre-
gate can vary with strain, however, then an additional
criterion is necessary that stipulates a condition of
steady state within the heterogeneous system. Without
this second criterion, and using only the criterion of
power dissipation minimization above, deformation
would be predicted to continue until the rock com-
prised only weak phase and strain is homogeneous.

To answer the second question posed above, there-
fore, it is postulated that the stress, strain rates and
volume proportions of phases remain constant in a
rock when the power dissipation capacities of the con-
stituent phases are equal. In other words, hetero-
geneous steady state in a rock is attained when this
rock has a uniform power dissipation capacity. This
condition is referred to as internal power equilibrium,
For the two-phase rock considered here, the criterion
of internal power equilibrium is expressed as

Tw 1/:w(if'“-‘ =T }':'.s $, (9)
where all the terms are defined above for the LBF and
IWL structures. Equation (9) implies that any viscosity
contrast between the constituent phases results in dif-
ferent strain energy dissipation rates, and therefore
also in different volume proportions of these phases at
dynamic steady state. The steady state values of 7, 3,
and ¢ for both weak and strong phases can be obtained
by solving eqn. {(9) iteratively for these terms at con-
stant temperature and bulk shear strain rate.

In summary, the criteria for structural and mechani-
cal steady state proposed above can be combined to
form a general criterion for heterogeneous steady state:
a rack deforms heterogeneously at steady state when it
attains a configuration that minimizes its total power
dissipation and when the power dissipation capacity
within this structure is uniform and constant.

3. An example: heterogenecus shearing of quartzite

To visualize the concepts outlined above, imagine a
mylonitic quartzite comprising two quartz phases with

different rheclogies. The heterogeneous rheology of
this quartzite reflects localized strain-induced varia-
tions in its texture, microstructure and defect chemistry
(e.g. see ref. 5). The criteria postulated in the previous
section are used here to calculate the compositional
dependence of power dissipation capacity, stress and
strain rate in the quartzite and its constituent phases.

The diagrams in Fig. 5 plot normalized power dissi-
pation capacity vs. the volume proportion of weak
quartz phase, at phase strength contrasts of 2 (Figs. 5(a)
and 5(b)} and 5 (Figs. 5(c) and 5(d)};. The normalized
power dissipation capacity is defined as the power dis-
sipation capacity of a rock or phase divided by the
power dissipated in the purc strong phase of that rock
(i.e. the power dissipated in the strong phase at ¢, =0
Is set equal to wnity). Diagrams like this facilitatc a
direct comparison of the energy dissipation of different
sheared materials. The phase strength contrast
between the strong and weak quartz phases in Fig. 5
was varied by adjusting the temperature at constant
bulk strain rate. The creep parameters were assumed
to remain constant throughout the deformation (condi-
tions and experimental creep parameters were as listed
in the caption to Fig. 5). However, to simulate the
effects of progressive strain on rheology one can also
vary 7, by adjusting the creep parameters of the phases
with respect to each other at constant temperature and
bulk shear strain ratec. Generally, higher values of 7,
correlate with greater bulk shear strain due to the posi-
tive feedback relationship between structural and rheo-
logical heterogeneity. Strain and time are not
incorporated as variables in the equations above used
to construct these diagrams, but they both scale with
¢,. Therefore the plotted position of a progressively
deforming rock in Fig. 5 moves from ¢,=0 to the
right.

The LBF structure is only stable at low volume pro-
portions of weak phase, whereas the IWL structure is
stabler over a broad compositional range (Figs. 5(a)
and 5(c)). With increasing strength contrast between
the phases, the transition from an LBF to an IWL
structure shifts to lower values of ¢, and therefore also
of strain. This structural transition coincides with a
jump in the power dissipation capacities of weak and
strong phases (Figs. 5(b) and 5(d)}. A glance at the rela-
tive strain rate and relative stress diagrams in Fig. 6
shows why this is so. In rock with an LBF, the strong
phase supports most of the stress and so dissipates
much more power per unit voiume than do the isolated
pockets of weak phase deforming at the same rate. In
the IWL structure, however, the contiguous shear
zones of weak phase are free to deform much faster
than the strong phase and so dissipate strain energy at a
greater rate. At high 7. values, the strain rate partition-
ing in the IWL structure is so large that the power dissi-
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P Dy

Fig, 5. Plots of normalized power dissipation capacity ¥, vs. volume proportion of weak quartz phase ¢, for a heterogeneously
deformed quartz mylonite at two values of phase strength contrast 7.: {a) whole rack at 7,=2; (b} phases at 1,= 2; (¢} whole rock at

—, siable; - - -, metastable; O, LBF-IWL transition; O, internal power equilibrium. The subscripts r, w, s

and ss denote rock, weak phase, strong phase, and steady state values of power dissipation capacity and volume proportion of weak
phase (projected orthogonally along thin dotted lines from squarces). The steady state creep parameters for quartzite from Jaoul er af,
121] were: for weak “water added” Heavitree guartzite n=14, Q=146 kI m ', A=525% 10" MPa~" s~'; and for strong “as is”
Heavitree quartzite n=24, =163 kI m ', A=10"* MPa " s !. The conditions of shearing arc constant bulk shcar strain rate
¥, =107 s~ at temperature T=240°C for 7,= 2, and T=301°C for 7,=5.

pation capacities of the phases cross at the LBF-IWL
transition (Fig. 5(d)). In nature, the power dissipation
capacity curves for phases at the LBF-IWL transition
are probably not vertical as depicted in Fig. 5, but they
certainly may be very steep as strain rate within the
LBF structure becomes increasingly non-uniform just
before the coalescence of weak instabilities,

The intersection of the stable power dissipation
capacity curves in Figs. 5(b) and 5{d) represents the
condition of heterogencous steady state where the
power dissipation field in the rock is uniform. This is
the point of internal power equilibrium {eqn. (9);
squares in Fig. 5). The ¢,, value beneath this point is the
stable volume proportion of active weak shear zones at
the ambient temperature and bulk strain rate. Note that
the criterion of heterogeneous steady state proposed
above in equ. (9) does not correspond to a minimum in
the power dissipation capacity of the whole rock (Figs.
5(a) and 5(c)). Rather, it is the net power dissipation
capacity of the phases which is minimized (Figs. 5(b)
and 5{d}}.

At low values of 7., internal power equilibrium
occurs within the IWL field, but at higher 7, values this
equilibrium condition coingides with the LBF-IWL
transition (Figs. 5(b) and 5(d}). This is seen more
clearly in Fig. 7(a), which shows how ¢, values at the
LBF transition and at internal power equilibrium vary
with phase strength contrast. At 7, values less than 2.8,
both ¢, values decrease sharply with increased t,, and
internal power equilibrium occurs in the [WL siruc-
tural domain. For phase strength contrasts of 2.8 or
more, however, internal power equilibrium in this
quariz mylonite is inferred to occur at the LBF-IWL
transition (stippled parts of curves in Fig. 7(a)}. This
inference is based on a comparisen of the stable and
metastable curves in Fig. 5. Their relative positions
indicate that internal power equilibrium can never be
attained in an LBF structure because this structure is
always unstable at ¢, values greater than 0.5. Whether
a deforming rock reaches internal power equilibrium in
the IWL field or at the LBF-IWL transition is expected
to depend on the relative rates of localization and rheo-
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Fig. 6. {a) Relative shear strain rates and (b) relative shear
stresses of the weak and strong quartz phases vs. volume propor-
tion of weak quartz phase ¢, in a quartzite mylonite. , Con-
tours for 7, values from 1 to 10 at a bulk shear strain rate
p,= 107571 o, internal power equilibrium; O, transition from
LBF (ltft) to [WL structure (right) in the rock; & l coincidence of
internal power equilibrium with the LBF-IWL transition. Creep
parameters for quartzite were as in Fig, 5.

logical change. Relatively high rates of localization
probably lead to a stable configuration such as that in
Figs. 5(a) and 5(b), whereas relatively high rates of
rheological change might result in that of Figs. 5(c}and
5{d).

Figure 6 demonstrates that, in quartzite deforming
at heterogeneous steady state with moderate to large
phase strength contrasts (z. 2 3), the shear zones are
predicted to deform at higher stress and strain rate
than in the country rock, While the strain rate amplifi-

cation in the shear zones is considerable (Fig. 6(a)), the
stress amplification is more modest {(Fig. 6(b)). The
predicted stress contrasts of up to 2 for strength
contrasts of 1-10 (Fig. 6{b)) are within the same order
of magnitude as stress amplifications of 1.5-10 esti-
mated from the decrease in dynamically recrystallized
quartz grain size across mylonitic shear zones in grani-
tic rocks [28].

Surprisingly perhaps, one finds that straining a rock
until it deforms at heterogeneous steady state effects
only a modest decrease in its total power dissipation
capacity (Figs. 5(a) and 5(c)). For the quartzite con-
sidered here, a minimum in the total power dissipation
capacily at heterogencous steady state occurs at a
phase strength contrast of about 2 {Fig. 7(b}). This
minimum value is still 82% of the power dissipation
capacity of the strong quartz phase (Fig. 7(b)). At con-
stant bulk shear strain rate, the normatized power dissi-
pation capacity in the rock is equal to its normalized
viscous strength. Thus heterogeneous shearing causes a
maximum strength drop of 18% for the quartzite.

4, Discussion

The main point to emerge from the example above is
that it is the uniformity of the effective rate of work
done within the rock, rather than the minimum abso-
lute rate of work done on the whole rock, which
characterizes heterogeneous steady state creep.
Although low viscosily shear zones dissipate strain
energy at a higher rate (the product of stress and strain
rate) than the more viscous country rock, at true steady
state they dissipate the same amount of strain energy
per unit time (the product of stress, strain rate and
volume) as do much larger volumes of more viscous
rock deforming at lower strain rates.

Viscous power dissipated in a deformational system
at heterogeneous steady state can be regarded as defor-
mational energy that is evenly distributed amongst the
phases per increment of time, strain and volume. The
net power believed 1o drive an isothermal viscously
deforming system towards helerogeneous steady state
can be divided into two components {Fig. 8} {1} a dif-
ference in total power dissipation capacity between the
I.LBF and IWL structures; (2) a difference in the power
dissipation capacity between the weak and strong
phases within these two structures. The LBF-IWL
trapsition is like a spontaneous irreversible reaction
that involves a decrease in the overall power dissipa-
tion capacity of the rock. Although the total entropy of
the rock increases with time and strain, the overall rate
of entropy production is inferred to decrease as the
phase distribution in the rock becomes progressively
less uniform and weak zones interconnect to form a
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Fig. 7. (a} Volume proportion of weak quartz phase ¢, vs. phasc
strength contrast 1, at the LBF-TWL transition (---) and at
internal power equilibriom ( % = - -, curve constructed with
eqns. {4) and {8} , curve constructed with eqn. (9);, - -,
metastable curve in the LBF field which degenerates at 7.> 3.
Stipples show inferred conditions for heterogencous steady state
{sce text). {b) Normalized power dissipation capacity of quartz
mylonite at heterogeneous steady state E_*° vs. viscous phase
contrast 7. . ===, curves as in {a). Crecp parameters for
quartzite arc the same as in Figs. 5 and 6,

strong anisotropy subparallel to the shearing planc.
Once an IWL structure has formed, changes in the
power dissipation capacities and velume proportions
of the phases are expected to be reversible within the
IWL ficld. Altering the temperature or strain rate will
narrow or broaden the shear zones, depending on the
phases’ relative activation energies and creep expo-
nents. The amounts of strain energy dissipated and
entropy produced in a helerogeneous viscous system
changing from one structural state to another are path
dependent and may be non-linear in time. If so, non-
equilibrium thermodynamics might provide the appro-
priate formalism to describe the energetics of viscously
deforming rocks in future studies [29].
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Fig. 8. Schematic plot of power dissipation capacity £ vs. volume
proportion of weak phase ¢, based on Figs. 5(a) and 5(b). The
diagram depicts the net power dissipation capacities associated
with (1) the irreversible breakdown of the LBF structure to form
an IWL structure, and (2) changes in the volume proportions of
weak and strong phases: 0, point of internal power equilibrium,
0, LBF-to-TWL transition. The subscripts r. w and s denote
whole rock, weak phase and strong phasc respectively.

fpitial ———5 steady
state

This paper has not presented any ungquivocal argu-
ments for or against the postulate in eqn. (9) that the
power dissipation capacity of a composite is uniform at
heterogeneous steady state. Therefore the dilemma of
whether to interpret high strain mylonitic shear zones
as manifestations of transient rheological instability or
of steady state heterogencous creep remains un-
resolved. To this author, at least, it seems likely that
heterogeneity will always exist on some scale of obser-
vation, even though this scale may change with time, If
heterogeneous shear is only a transient condition on
the path to homogeneous steady state shear, then why
do initially homogeneous systems develop instabilities?
Research is needed to characterize the link between
time and size scales of heterogencous strain.

The equations of power dissipation parlitioning
derived above are all hypothetical and clearly require
testing. In particular, the strain rate concentration func-
tion x in eqns. (5) and {6) is likely to be more compli-
cated than expressed in eqn. (7). Synkinematic
microscopy of rock-analogue materials with low melt-
ing temperatures (organic compounds [22] and metals
[30]) is a promising way of investigating polyphase flow.
This method allows the evolution of mylonitic micro-
structures to be observed under a microscope while the
mechanical history of the sample is monitored. Besides
more experimental work, the theoretical basis of
heterogeneous steady state creep can be extended to
account for other processes. For example, synkine-
matic phase Iransformations may atfect the energy
budget of a viscously deforming rock. This is especially
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true if such reactions have activation energics compar-
able with the activation energy of creep and if the reac-
lions occur on the same timescale as the deformation.
Deformation mechanisms  that  involve  significam
volume change {e.g cataclasis) and/or mass transfer
{e.g. diffusion creep) amongst the phases also perform
work on the system and this can be incorporated into
the heterogencous creep model.

5. Implications for the structural and rheological
history of mylonitic shear zones

It is tempting to consider the evolution of mylonitic
shear zones in light of the quartzite example and the
discussion above. Structural and rheological change
during localization can be regarded as the integral of
many increments of equilibrium in which material
propertics vary incrementally with time. This allows
the criterion of heterogeneous steady statc 1o be
applied to describe how the evolution in energy and
stress partitioning within a rock is related to its struc-
ture. This is shown qualitatively in Fig. 9 for a hypo-
thetical rock deforming at constant shear strain rate.
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Lnergetics of shear in mylonitic rock

Tmmediately after instabilities nucleate in an initially
homogeneous rock, the average stress in the weak
unstable pockets is low, even though very high stresses
concentrate at their propagating tips. At the same time,
stress in the LBF is almost as high as the peak strength
of the rock uself. As the framework begins to disinte-
grate and an IWL structure forms, the strain in the rock
becomes progressively less uniform. Power dissipation
capacity and creep stress increase sharply in the small
volume of coalescing weak phase and drop abruptly in
the strong phase. In comparison, the power dissipation
capacity and strength of the whole rock falls gradually
(Fig. 9).

Once the weak phasc coalesces, 1wo end-member
histories are envisaged, depending on the rheological
contrast of the constituent phascs at steady state. In
type 1 evolution, if a moderate to high phase contrast is
attained (Figs. 9(a) and 9{b)}, then stress in the inter-
connected weak phase reaches a steady state value at
the LBF-IWL transition (Fig. 9(b)). This stress is
higher than the maximum creep strength of the rock
and persists to greater strains because internal power
cquilibrium coincides with the LBF-IWL transition
{(Fig. 5{a)). If the creep stress in the strong country rock
is less than the mechanism-dependent critical shear

LBF =Wl 7 .
ss ol . N t)l
rock S'[ | . |
*l ‘ ......’.’-:.‘.‘-:.‘.‘.r.q,.u Ew
\- .
A
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Fig. 9. Evolution of heterogencously deformed rock described in the text for high steady state 7, values (type [) and low to moderate
steady state 7, values {type 2} {a), (c) power dissipation capacity /2 vs. velume propertion of weak phase ¢, (b, {d) sheur stress 7 ws.
shear strain p or time #; —>—, path of deforming rock: ---, stable curves beyond internal power equilibrium not traversed by
deforming rock; C. internal power equilibrium. The superscript ss denotes steady state; the subseripts r, w and s denote whole rock,

weak phase and strong phasc respectively.
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stress required for creep, then the strong phase stops
deforming, In type 2 evoluton, for low steady state
phase strength contrasts (Figs. 9{c) and 9(d}), creep
stress in the weak shear zones relaxes from a peak
value at the LBF-IWL transition to a level that is con-
sistent with internal power equilibrium in the IWL field
(Fig. 9(d), see also Fig, 5(b)). This postpeak stress drop
occurs while the shear zones are still broadening and
their power dissipation capacity increases (recall Fig,
5(b)). Unlike type 1 stress histories, the local steady
state creep stresses in thc shear zone and the country
rock are, respectively, less than and greater than the
composite stress in the aggregate. Consequently, the
country rock continues to creep at a higher stress,
albeit at a lower strain rate than the shear zone.

These contrasting mechanical histories are expected
to leave different microstructural signatures in rock.
During a type 2 history, continued creep in the country
rock after localization overprints older structures. In
rocks with a type 1 history, however, the microstruc-
tures associated with deformation before localization
are preserved outside the shear zones if the following
two conditions are met. (1) The stress drop adjacent to
the narrowing shear zones is fast compared with the
stress sensitivity of the microstructures, Prior et af, [31]
estimate minimum stress relaxation rates of about
1079-10-"* MPa s~! for the preservation of dynamic-
ally recrystallized quartz grains in greenschist facies
mylonites { 7= 350 °C, P= 300 MPa}. (2) The ambient
temperature is sufficiently low, or the cooling time is
fast enough, to inhibit static recrystallization and
annealing. The kinetics of static grain growth in quartz
become very sluggish at temperatures below about
300°C [32]. Stress histories other than those shown in
Fig. 9 are possible, depending on the combination of
creep parameters and physical conditions used in eqns.
{(4)-(9). However, a complete analysis of these mechan-
ical histories and their geological implications lies
beyond the scope of this paper and will be treated else-
where.

The concepts of power partitioning expressed in
eqns. (5)-(9) provide a plausible explanation for the
common observation in mylonitic shear zones of grain
size reduction involving dynamic recovery and in situ
dynamic recrystallization {e.g. Bell and Etheridge [33]).
In this type of dynamic recrystallization, the strain-
dependent polygonization of subgrains leads to the
nucleation of new strain-free grains which then grow at
the expense of larger, older, strained grains {e.g. see ref.
34, and the regime 2 dynamic recrystallization of Hirth
and Tullis [35]). The high rate of strain energy dissi-
pated in shear zones leads to a local increase in the
average unbound dislocation density and so augments
the stored crystal plastic energy. This energy drives
dynamic recovery and recrysiallization, and the nuclea-

tten rate of new small grains increases with respect to
the rate of grain growth. The average grain size in shear
zone then decreases for two reasons: { 1) the proportion
of new, strain-free, grains increases with increasing
strain [33, 36); (2) the grain size in dynamic equilibrium
with creep stress in the shear zone [37, 38] is often
smaller than the size of the old {usually statically re-
crystallized) grains in the country rock. Note that the
occurrence of small dynamically recrystallized grains in
shear zones does not necessarily mean that the creep
stress in the shear zone was higher than in the country
rock, but merely that the product of stress and strain
rate in the shear zone was higher, However, if subgrains
and dynamically recrystallized grain sizes decrease
across a shear zone or shear band [39] and these grains
can be shown to have formed simultaneously (e.g. Fig.
1(d) above, and Figs. 2-4 in ref. 16), then it is possible
to infer a stress concentration in the shear zone (type 1
evolution in Fig. 9(b)). Microstructural gradients across
shear zones are preserved at the end of the deforma-
tion if the stress decreases abruptly in the whole rock,
effectively freezing in the microstructure in all parts of
the rock simultaneously.

6. Conclusions

Mylonitic rock may deform heterogeneously at
steady state if it attains a structure that minimizes its
total power dissipation and if the power dissipation
capacity within this structure is uniform and constant.
The strain-dependent growth and coalescence of rheo-
logical instabilities to form interconnected shear zones
is believed to be an irreversible process that effects
only a modest reduction in total rock strength, but that
leads to significant changes in stress and strain rate par-
titioning between the constituent phases. Therefore the
strength evolution of a heterogeneous rock differs sig-
nificantly from its internal stress history.

To the extent that they predict heterogeneous behav-
iour in rocks, the steady state criteria proposed in this
paper may apply to all viscous composite substances.
There are potential applications of this work in both
the geological and materials engineering sciences. For
example, the mixed phase flow laws in eqns. (4) and (8)
enable geologists to estimate the dependence ol litho-
spheric strength on rock composition [16] and strain
heterogeneity. Such information may be useful in refin-
ing mechanistic models of seismicity. The criteria of
heterogeneous steady state in this paper were
developed with an awareness that understanding
steady state is the first simple step towards a more
sophisticated treatment of polyphasc viscous media
such as mylonitic rocks. )
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