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Abstract. We propose a simple parameterization of the transition between
dislocation creep and grain-size-sensitive creep under conditions characteristic of
the lithospheric mantle and derived from the results of laboratory experiments on
olivine-rich rocks. Through numerical modeling and linear stability analysis, we
determine the conditions under which this transition takes place and potentially
leads to strain localization. We pay particular attention to the effect of cooling rate
and strain rate which are likely to be dominant parameters in actively deforming
tectonic areas. We conclude that at constant temperature, strain localization
can only take place if the rheology of the material is nonlinearly related to grain
size; that strain localization is facilitated by syndeformation cooling; that there is
only a narrow region in the strain rate versus cooling rate parameter space where
localization is likely to take place; and that grain growth inhibits strain localization
at fast cooling rates but may lead to “grain growth localization” at low cooling
rates. We draw attention to the potential consequences of our analysis of strain

localization for the style of plate motions at the Earth’s surface.

1. Introduction

Tectonically driven deformation of the lithosphere
may lead to strain localization through the formation
of frictional faults under low P-T conditions and my-
lonitic ductile shear zones under high P-T conditions.

Localization in the lithospheric mantle plays a crucial
role in determining the style of plate tectonics at the
surface of the Earth. Recent three-dimensional mod-
els of mantle convection have demonstrated that basic
features of plate motion near the surface such as asym-
metric subduction zones and oblique (strike-slip) plate
boundaries require some sort of rheological weakening
to be included in the models [Zhong and Gurnis, 1996],
such as shear heating [Bercovici, 1996] or strain soften-
ing [Tackley, 1998].

While localization in the brittle regime is relatively
well documented [Paterson, 1978], the processes of strain
localization in the ductile regime (or mylonization) are
relatively poorly constrained [e.g., Poirier, 1980]. These
processes could be associated with a rapid drop in
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strength (or softening) related to deformation-driven
grain size reduction leading possibly to grain-size-
sensitive (GSS) creep competing with dislocation creep to
become the dominant deformation mechanism [Poirier,
1980]. This hypothesis is supported by numerous ob-
servations of grain size reduction in strongly deformed
lithospheric mantle shear zones [ Vissers et al., 1995; Jin
et al., 1998].

Stress versus strain rate (or constitutive) relation-
ships have been determined in the laboratory for olivine-
rich rocks both in the dislocation and GSS (diffusion)
creep regimes [Karato et al., 1986; Hirth and Kohlst-
edt, 1995a,b]. A grain size versus deviatoric stress (or
piezometric) relationship has also been clearly estab-
lished for olivine-rich rocks and appears to hold for a
large range of stress, temperature, and water content
[Van der Wal et al., 1993; Twiss, 1977]. Note that such
a piezometric relationship is not unique to olivine-rich
rocks [Twiss, 1977] and is also commonly observed in
other rocks [e.g., Rutter and Brodie, 1988], metals [e.g.,
Sakai, 1989] and salt [e.g., Eggeler and Blum, 1981].

Our focus here is on combining these relationships in
order to develop a formalism (or parameterization) that
predicts the evolution and spatial distribution of grain
size in an actively deforming system and its effect on
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rock strength. Our emphasis on grain size is justified
because grain size distribution is commonly the main (if
not the only) record of strain localization in the ductile
regime found in naturally deformed rocks.

The end product of this study is a relatively simple
parameterization of strain localization by grain size re-
duction that can be incorporated in large-scale numer-
ical models of lithospheric deformation and/or mantle
flow and, potentially, help to estimate the importance of
localization on the style of plates motion at the surface
of the Earth.

Attempts at including strain softening by transition
from dislocation creep to grain-size-sensitive diffusion
creep in numerical models have been ad hoc and only
marginaly successful at producing strain localization
[Govers and Wortel, 1993; Hopper and Buck, 1993; Fur-
long, 1993]). More recently, Kameyama et al. [1997]
have proposed a parameterization very similar to the
one developed here. In the present study we go several
steps further by (1) clearly defining the conditions un-
der which strain localization is likely to take place in
the lithospheric mantle, (2) considering strain localiza-
tion under constant temperature and constant cooling
conditions, and (3) predicting grain size distribution at
the end of a synthetic tectonic experiment which can be
directly compared to field observations.

2. Formalism

First, we assume that dislocation creep and GSS
creep operate independently (ie, the fastest process
dominates) [Langdon and Mohamed, 1977]. Such an ap-
proximation is appropriate to model deformation within
a mylonitic shear zone in which planar foliational lay-
ers develop parallel to the shearing plane [Handy, 1990].
The combined deformation process can be described by
an effective viscosity (or ductility) 5, given by

e &
n Ndt ~ 1MGSS
where 7, and 7 g are the viscosities describing the
dislocation creep and GSS creep processes, respectively.
Second, we use relatively well-established constitu-
tive relationships derived from high-pressure, high-
temperature deformation experiments [e.g., Karato et
al., 1986] which describe dislocation and GSS creep of
(wet) olivine aggregates. For dislocation creep,

€= A" exp(——g—}—) = A" (2)

For GSS creep,

) _ Q2 _
= Ay ord™™ —==) = Ayrd™ ™.
é 2,07 exp( BT oT 3)
From these, expressions for 1y and ngss may be de-
rived.
Third, we assume that grain size d tends toward its
piezometric value (do,, determined by the flow stress
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value 7) with increasing strain; the simplest formalism
that can describe this behavior relates the rate of change
of grain size d to the deformation rate é according to
; é
d=——

(d - de), (4)

€T

where do, obeys the following piezometric relationship
[Van der Wal et al., 1993]:

deo = BT7P. (5)
Because they are generally insensitive to temperature
conditions, piezometric' relationships have been inter-
preted [Van der Wal et al., 1993; Derby and Ashby,
1987] to be the result of the competition between grain
size reduction processes and grain growth. At temper-
atures characteristic of the lithospheric mantle, grain
size reduction takes place by subgrain rotation, grain
boundary migration, and/or low-temperature nucleation
[Poirier, 1980] and is therefore likely to dominate (or at
least compete with) grain growth as long as deforma-
tion takes place in the dislocation creep regime. For sys-
tems deforming in the GSS creep regime, grain growth
may become the dominant factor in determining grain
size [Karato, 1989]. Consequently, the simple relation-
ship (4) is probably only valid when deformation occurs
in the dislocation creep regime. In situations where
grain reduction processes are inhibited, grain growth
proceeds at a rate that is (1) a strong function of tem-
perature and (2) independent of deformation but depen-
dent on the inverse of current grain size. As suggested
by Kameyama et al. [1997], the transition between dy-
namic recrystallization in the dislocation creep regime
and grain growth only in the GSS creep regime can be
parameterized by adding a term to the grain size evolu-
tion equation (4) as derived from the experimental work
by Karato [1989]:

. é k
d=——(d—-dy -7,
eT( )+ il (6)
where 0
- _ X3
k = ko exp( RT) (M
and
— _ Mess @)
NGSss + Ndi

The factor « is introduced to make grain growth the
dominant mechanism in the GSS creep regime only.
Note that grain size evolution relationships similar to
(4) and (6) have been introduced in various model-
ing and theoretical studies [Derby and Ashby, 1987;
Kameyama et al., 1997].

In our analysis we first assume that relationship (4)
is always valid (this is equivalent to setting v = 0 in 6).
This simplification permits us to analyze the behavior
of our formalism in greater detail by linear perturbation
analysis. Later, we evaluate how grain growth can po-
tentially inhibit strain localization near the transition
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Figure 1. Numerical experiment setup; a volume of
rock of length L is sheared at a velocity ug; the volume
is divided into N bands to solve the problem by finite
difference.

between dislocation creep and GSS creep by comparing
the results of computations performed under the two
assumptions: v =0 and v # 0.

The parameter er is a characteristic strain required
for the system to approach the recrystallized grain size.
It is introduced here to represent the basic behavior of
many materials in which the degree of dynamic recrys-
tallization is a function of total accumulated strain.

Laboratory experiments provide only limited infor-
mation on the amount of strain required for a material
to develop a grain size distribution that is directly re-
lated to the ambient deviatoric stress value. In metals,
strain values of 20 to 100% are necessary to bring the
grain size value to the so-called “steady state” struc-
ture that is uniquely related to the stress value [Ur-
cola and Sellars, 1987; Sakai, 1989; Taplin et al., 1979)].
In salt, grain size and dislocation density reach steady
state value after 3 to 6% transient deformation [Eggeler
and Blum, 1981]. In Carrara marble, Rutter [1995] re-
ports values of 35% strain at 600°C and 20% at 700°C,
causing substantial (tens of percents) but not complete
recrystallization of the sample. At higher temperature,
total dynamic recrystallization can be reached through-
out the sample after 30% strain. This critical strain
value decreases with increasing temperature. Dynamic
recrystallization leading to so-called “foliation weaken-
ing” in quartz diorite is observed to develop after 30%
strain in coaxial experiments [Handy, 1990]. Rutter and
Brodie [1988] suggest that strain softening that accom-
panies the transition to GSS creep following dynamic
recrystallization in olivine should occur after ~ 40% of
permanent natural strain. This estimate is based on
the work by White et al.[1985] on polycrystalline mag-
nesium. On the basis of a series of deformation experi-
ments on Aheim and Anita Bay dunite samples [Karato
et al., 1980, 1982; Ross et al., 1980], Van der Wal et al.
[1993] report that dynamic recrystallized grain size ad-
justs to a change of flow stress rather rapidly, provided
that enough strain has been achieved (>3% shorten-
ing). This rather fragmented information suggests that
acceptable values for the parameter er in rocks (the
only “free” parameter introduced in our formalism) lie
between 3 and 40%. There is also a suggestion of a mild
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temperature dependence [Rutter, 1995]. Note that the
large range of observed values for er may arise from
differences between the piezometric grain size and the
initial grain size in different experiments.

3. Tectonic Problem

To investigate the behavior of the rheological system
described above, we submit it to a simple numerical
experiment in which a volume of rock is sheared at a
velocity uo, as shown in Figure 1. This is equivalent to

imposing a bulk strain rate, ég = uo/L, where L is the

arbitrary width of the deforming volume.

Static equilibrium (07/0x = 0, where 7 is the shear
stress) imposes that the following partial differential
equation (PDE):

0 Ou

52135 = O 9)
on u(z), the y velocity, must be satisfied everywhere
inside the rock. This simplified form of the full three-
dimensional static equilibrium equations is based on the
assumption that at the onset of localization a strong
planar foliation rapidly develops in a direction parallel
to the shearing direction such that stress concentration
is not permitted [Handy, 1990].

This simple PDE, coupled to (1), (4), (2), (3), and
(5), can be solved by finite difference. Table 1 gives
the values of the various flow parameters used in the
numerical experiments. We further assume that as the
volume is deforming, it is likely to move toward the
Earth’s surface and therefore experience cooling at a
rate T'.

The width of the volume is discretized in 201(=N+1)
nodes (or, equivalently, N bands), and the time evolu-
tion of the system is discretized in 10,000 steps. Each
band of the volume comprised between two successive
nodes is assigned an initial mean grain size, which we
refer to as the “grain size” of the band. The grain size

Table 1. Value of Rheological Parameters Used in This
Study.

Parameter Value Source
B 15 mm MPa?/? 1
D 4/3 1

Ao 1.9x10% s~! MPa~® 2
n 3 2
Q1 420 kJ mol™! 2
Asg 1.5x1072* s7! MPa~! mm?® 2
m 3 2
Q- 250 kJ mol™? 2
R 8.314 J mol ™! K™! 2
ko 1072 mm? s~?! 3
Q3 200 kJ mol~? 3

See text for the meaning of the various symbols.
Sources are (1) Van der Wal et al. [1993), (2) Karato et al. [1986], and

(3) Kameyama et al. [1997].
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in each band is allowed to vary in response to changing
conditions and according to (4).

Initially, a random grain size distribution is imposed
among the bands with a mean value of 1 mm and a
maximum deviation of 0.1 mm. Note that the solution
does not depend on these values as long as they are
“reasonable” for Earth materials.

This setting is quite similar to the numerical experi-
ments undertaken by Dutruge et al. [1993] but in which
the kinetics of grain size reduction by recrystallization
was simulated by a simple grain division process.

It is important to realize here that the experiments
are done (1) at constant velocity, (2) at spatially uni-
form but time-varying stress level and temperature (the
stress is derived from the static equilibrium condition,
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Figure 2. Results of numerical experiments at con-
stant temperature as plots of minimum (circles), mean
(squares), and maximum (diamonds) strain rate as a
function of strain; parameter values for each run are
given in the corresponding legends. The dashed lines
indicate the contribution of each deformation mecha-
nism to the total deformation (1, dislocation creep; 0,
GSS creep). Note that the range of strain and strain
rates is varied.

while the temperature is artificially imposed), and (3)
at varying grain size and strain rate, both spatially and
temporally, as determined within each band by the as-
sumed constitutive relationship and the grain size evo-
lution equation.

4. Constant Temperature Experiments

A large number of numerical experiments were con-
ducted at various temperatures and for various values
of the imposed strain rate and the parameter e7. All
experiments were carried out for a total shear strain of
300%. The results of five of these experiments are shown
in Figure 2 as plots of the evolution of the average, max-
imum, and minimum strain rates against accumulated
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Figure 3. Results of numerical experiments at
viscosity as a function of strain.

deformation. Figure 3 shows the evolution of the mean
viscosity (i.e., flow stress 7 divided by imposed strain
rate ép) of the system with strain.

In all experiments but experiment V, the system has
evolved into the GSS creep regime (i.e., GSS creep has
become the dominant deformation mechanism). This
change of deformation mechanism is accompanied by a
reduction in viscosity.

In experiments I, II, and III the system has evolved
into localization as, after some finite deformation, the
distribution of strain rate in the bands becomes diver-
gent with some bands deforming at very large strain
rate and developing very fine grain size, while others
stop deforming and are “locked” with relatively large
values of the grain size. The localization is also accom-
panied by a marked reduction in mean viscosity.

The localization is not permanent as, after some de-
formation, the grain size in the fine grain bands starts
to grow back with accumulating strain and the grain
size in the coarse grain bands decreases. This phase of
grain growth is permitted because even though we are
using equation (4) and thus neglect the explicit grain
growth term in (6), (1) the piezometric grain size has
increased in response to the stress/strength drop associ-
ated with the transition to GSS creep and (2) we assume
that the system always tries to reach the piezometric
grain size which results from the competition between
grain growth and grain size reduction processes. Ulti-
mately, all bands are characterized by the same grain
size and the localization event is erased from the infor-
mation contained in the grain size distribution. Note
that this reequilibration to a unique grain size is not
instantaneous and has not yet been reached in the first
experiment after 160% of strain.

This long-term (i.e., large deformation) behavior de-
pends strongly on assumptions we make regarding the
grain size evolution beyond the transition to GSS creep.

constant temperature as a comparative plot of

The conditions for localization do not depend on these
assumptions as localization takes place while the system
is near or at the transition.

To summarize, the results of this first set of compu-
tations clearly show that depending on the conditions
under which the experiment is conducted and depend-
ing on the value of the parameter er, the system shows
a range of behaviors that includes (1) uniform deforma-
tion in the dislocation creep regime (experiment V), (2)
uniform deformation in the GSS creep regime (experi-
ment IV), and (3) transient localized deformation after
entering the GSS creep regime (experiments I to III).
This suggests that although based on a relatively simple
formalism, the system is complex and therefore requires
better understanding. We propose now to investigate
the transition between the dislocation and GSS creep
regimes under constant temperature conditions using a
simplified linear perturbation analysis.

5. Linear Perturbation Analysis: Part 1

5.1. Transition to Diffusion Creep at Constant
Temperature

The transition to GSS creep takes place when the
stress level required to accommodate the deformation
at the given strain rate and temperature by GSS creep
is smaller than the stress level required by dislocation
creep.

We assume that the system is deforming in the dis-
location creep regime at a flow stress value given by

(2):

€0, 1
T= ( Z; ’ (10)
while the grain size tends towards the piezometric value
(5):
deo = B77P = B( )_ (11)
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Figure 4. Location in the temperature-strain rate parameter space of the transition between
dislocation creep and GSS creep for isothermal deformation as derived from laboratory data for

olivine-rich rocks.

Transition into the GSS creep regime will take place
when the flow stress value in the GSS creep regime,
given by (3)

g

Tzdm(e—‘;) B™( N (12)

Al)
is smaller than the flow stress value in the dislocation
creep regime. This is equivalent to the following in-
equality representing the conditions for the system to
enter the GSS creep regime:

eTmPT 5 AtmPpmn g T, (13)

This relationship is show in Figure 4. Typical Bulk
geological strain rates being rarely greater than 10™"s™
suggests that GSS creep can only be an efficient dcfor—
mation mechanism in the uppermost part of the litho-

spheric mantle at temperatures lower than 840°C.

5.2. Condition for Localization at Constant
Temperature

To derive a condition for localization, we shall as-
sume that at the transition between dislocation and
GSS creep, deformation is equally accommodated by
the two mechanisms and therefore in each band 7 the
following constitutive relationship applies:

1 n 1 —m —m
€ = §A1T + —Z-AQTdi = A2Tdi s (14)
while the piezometric relationship (5) is still valid. This
is an approximation that is certainly valid during the
transition from dislocation creep to GSS creep, while in
each band a nonnegligible proportion of the material is
still in the dislocation creep regime.
The grain size in band ¢ can be expressed as

d; = d+ D; (15)

where d is the mean grain size (averaged over all N
bands), with the conditions that

N
> D=0 (16)
=1
and _
D; << d. (17)

_ One can show (Appendix A) that the mean grain size
d obeys the following evolution equation:

I=-2G-dy.),

(18)
€r

whereas the deviation from the mean grain size in band

i, D;, obeys (Appendix A)
. é d .
D;=-22Di[1 —m(1 - ==2)]. (19)

€T d

The solution of (19) is quite complex, as d is a func-
tion of the flow stress and hence of time. However, one
can easily see that it takes the form of a growing expo-

nential in situations where
1—

m(1 %:3) <0 (20)

or

d d 21
7 =1 % (21)
which leads to a rapid decrease in grain size (D; < 0) in
the bands characterized by a grain size smaller than the
mean (D; < 0) and an equally rapid increase in grain
size (D; > 0) in the bands characterized by a grain size

larger than the mean (D; > 0). This explosion in grain
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Figure 5. (a) Contour plot of the logarithm of the minimum grain size required for localization
during deformation at constant temperature; the shaded area corresponds to the region of the
parameter space where dislocation creep is more efficient than GSS creep at accommodating
deformation; (b) computed grain size at the onset of localization assuming that equation (4) is
always valid (e = 0.4 in all experiments); (c) same as Figure 5b but assuming that equation (6)

determines the evolution of grain size.

size away from the mean value leads to an increase in
strain rate (and thus localization) in the bands where
the grain size decreases exponentially and a decrease in
strain rate in the bands where the grain size increases
exponentially.

Equation (21) may be rewritten as

m

_ A 1
d>| B(—e.f)"]m, (22)

m—1

which can be used as a criterion for localization based
on the mean grain size of a volume of rock undergo-
ing deformation at an imposed strain rate é; and at a
temperature T' (which will determine the value of the
parameter Ag).

Physically, this condition (21) states that when the
system is at the transition between the dislocation creep
and GSS creep regimes, the mean grain size must be
substantially greater than the piezometric value for lo-
calization to take place. The condition is dependent
on the grain size exponent in the GSS creep constitu-
tive relationship m. This implies that the condition for
localization is more likely to be fulfilled in highly non-
linear systems (m > 1) as m/m — 1 then tends toward
unity; but it cannot be fulfilled if the GSS rheology is
linearly dependent on the grain size (m = 1). This
result is in agreement with the “minimum” condition
for localization expressed by Jin et al. [1998] that the
grain size at the transition from dislocation creep to
GSS creep must be greater than the piezometric value
at the corresponding stress level. This condition for lo-
calization, combined with condition (13) for transition

to GSS creep, is shown graphically on Figure 5a as a
contour plot of the minimum mean grain size required
for localization during the transition to GSS creep. Fig-
ure 5b shows contours of the mean grain size at the time
of onset of strain localization computed from a large
number of numerical model runs in which strain rate
and temperature were systematically varied from 10~7
to 107'7s™! and 400 to 900°C, respectively. Comparing
Figures 5a and 5b demonstrates the agreement between
the results of the linear stability analysis and the numer-
ical model. Differences arise from (1) the initial grain
size distribution assumed in the numerical model and
(2) the definition of ‘strain localization’ in the numerical
model. Two important points must be stressed:

1. Equation (18) indicates that the asymptotic value
(at t = oo) for the mean grain size (d = du,) does
not satisfy the condition for localization (21), which im-
plies that localization at constant temperature is always
transient: as time evolves (or more exactly as strain
accumulates), d will ultimately always fall below the
critical value for localization; note that this result is
dependent on the assumed behavior for the grain size
evolution during finite deformation in the GSS creep
regime;

2. the condition for localization does not depend on
the value of the constant er.

6. Cooling Experiments

The results of an experiment in which the rock vol-
ume is forced to cool from 1350°C to 400°C at a rate of
10712 °C s~! are shown in Figure 6 as plots of the min-
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Figure 6. Results of a numerical experiment at con-
stant cooling rate (see text for parameter values); (a)
evolution of the minimum, mean, and maximum grain
size with strain and (b) final grain size distribution.

imum, maximum, and average grain sizes in the volume
as well as the final grain size distribution. The strain
rate is fixed at 1071% s~! and e = 0.05. The total
strain at the end of the experiment is 95%.

Note that the unrealistically large values of the grain
size computed at high temperatures are an artifact of
using the piezometric relationship (4) in a range of flow
stress values at which it is not applicable. This has no
effect on the grain size evolution during the transition
to GSS creep which takes place at relatively low temper-
atures under stress conditions at which the piezometric
relationship is well constrained.

For these values of the strain rate, cooling rate, and
et the experiment evolves into localization after 68% of
deformation at a temperature of 700°C (Figure 6a). At
this point, only a small proporticn of the bands con-
tinues to experience grain size reduction and accom-
modates most of the deformation. At the same time,
the other bands are abandonned and due to the lack of
deformation are frozen at a relatively large grain size.

The final grain size distribution (Figure 6b) shows
that at the end of the experiment, only 20% of the bands
are still deforming and are characterized by a grain size
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of 15 pm, while the rest have been abandonned at var-
ious grain sizes ranging from a few tens of microns to
nearly 1 mm. At the end of the experiment the flow
stress is 180 MPa, while the coarse grain bands have
stopped deforming at a stress level of 20 MPa.

Changing the parameters and physical conditions of
the experiment leads again to a variety of behaviors in-
cluding (1) deformation in the dislocation creep during
the entire experiment, (2) transition to GSS creep with-
out localization, (3) transition to GSS creep that leads
to transient localization, and (4) transition to GSS creep
that leads to permanent localization.

We also conducted a series of experiments during
which the temperature was allowed to increase during
deformation; in this situation, regardless of the value
of the heating rate, deformation did not lead to local-
ization, Furthermore, in other experiments where the
temperature was allowed to vary periodically with time,
deformation was always uniform when the temperature
was increasing even in situations where strain localiza-
tion took plaee during the cooling part of the imposed
temperature cycles.

To understand this range of behavior we now gen-
eralize the conditions for transition to GSS creep and
localization at constant temperature derived from the
linear stability analysis to conditions of changing tem-
perature. '

7. Linear Stability Analysis: Part 2

7.1. Transition to Diffusion Creep During
Cooling

Because the piezometric grain size value decreases
with increasing stress, and thus with decreasing temper-
ature, an additional condition arises for the transition
from dislocation to GSS creep in the case of a eooling
system. For large values of the cooling rate it is possi-
ble that the rate of change of the piezometric grain size
with deformation (and thus time) is too large for the
grain size to ever reach the piezometric value.

The condition on cooling rate for the transition to-
ward GSS creep in a cooling environment can be ex-
pressed as (Appendix B)

(23)

This leads to a new condition on the strain rate for the
transition from dislocation to GSS creep (Appendix B);
i.e., (13) becomes

G S AP AT ()™, (2)

where :
o= JLpREL
RT?2" n ¢
This relationship is shown in Figure 7. Again, as-
suming that bulk geological strain rates never excede

(25)



BRAUN ET AL.: STRAIN LOCALIZATION IN DUCTILE REGIME 25,175
'1 3 LI . T T 1T T T T LI A
-14 | ]
T 15 f ce
© A g —=—-16
£ 16 —o—-14
— 0 . . -13
(@) ——— —_—
e - B — 12
17 b :
-18 )_ L1 Lo L1 L ‘ L1 -
400 500 600 700 800 900

Temperature (°C)
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dislocation creep and GSS creep for a range of cooling rate as derived from laboratory data for

olivine-rich rocks.

10~14 s~1 implies that GSS creep can only be an ef-
ficient deformation mechanism at temperatures lower
than 840°C and for cooling rate lower than 107! °C
s~! (=~ 300°C Myr~!). This estimate is based on an as-
sumed value of 0.1 for er; for smaller values of er this
estimate of the maximum cooling rate is larger and vice
versa.

7.2. Condition for Localization Durin’g Cooling

The condition for localization is still determined by
the behavior of (19) in which dy, (the piezometric grain
size) varies exponentially with temperature, thus with
time, thus with deformation.

The condition for localization becomes (Appendix C)

m

- Ay I
™ B2y, 2
I> [T BT (26)
Using (5) and (A3), one can write
doo = BCE2YPd™, (27)
éo
and (26) becomes
- m
d> (7 )de, (28)
where 0
K= - 2 €T V4 (29)

T RT? & 1+mp

Because k is always negative during cooling experi-
ments, (28) clearly shows that cooling makes the con-
dition for localization less stringent; it is even possible
to drive a material which has a linear grain size depen-
dence (m = 1) into localization by cooling it during
deformation.

Unlike in the constant temperature case, localization
during cooling can lead to permanent localization. One
can easily derive (Appendix C) the condition for the
localization to be permanent:

RT? ¢y 1+ mp

171> Q2 erp(l+m)

(30)

Note that this relationship is dependent on the assumed
grain size evolution “rule” for large deformation in the
GSS creep regime.

7.3. Verification of Liriear Perturbation
Analysis Results

To verify the validity of the predictions of the linear
stability analysis, we conducted a large niimber (16,000)
of numerical experiments in which the strain rate, the
cooling rate, and the parameter e were varied system-
atically. In all experiments the volume of rock that
underwent deformation and cooling was forced to cool
from 1350°C to 400°C at the set rate. Note that the
results obtained were independent of the starting tem-
perature as long as it was above 850°C. For each ex-
periment we calculated, at each time step, the ratio of
the maximum and minimum strain rates among the 201
bands. When that ratio was ; 10, we considered that
the experiment had led to localization, and we recorded
the temperature at which it happened. If it did not, the
recorded temperature was arbitrarily set to 400°C.

The results are shown in Figure 8a in which the local-
ization temperature is plotted as a function of the strain
rate ép and the product of the cooling rate ITI by the
constant er. Figure 8a clearly shows that there is only
a narrow region in the [, |T|er] space in which local-
ization takes place. It follows a straight line in log-log
coordinates that can be approximated by
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Figure 8. Perspective plot of the temperature at which
localization takes place as a function of imposed strain
rate and cooling rate; where the temperature is set at
400°C, no localization took place during the numerical
experiment. See text for description of regions I, II, and
II1.

log, o €0 = logy |Tler — 1.7. (31)

We also note in Figure 8a that the temperature at
which localization takes place is inversely proportional
to both the strain rate and the cooling rate.

In each experiment we also calculated whether the
condition for the transition into GSS creep (23) and
(24) and the condition for localization (28) were satis-
fied. When both conditions were satisfied, a parameter
C was set to one; when either of the two conditions (or
both) was (were) not met, the parameter C' was set to
zero. In Figure 8b we show the variation of this param-
eter C in the [éy, |T|er] space. The region of the space
where it is equal to 1 is similar to the region of the
space where localization takes place, confirming that
the conditions for localization derived from the linear
perturbation analysis are fully applicable to the nonlin-
ear situation too.
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The region of the [éo,|T|ez] space marked I in Fig-
ure 8a corresponds to situations in which the cooling
rate is too large (in comparison with the assumed strain
rate) for the system to ever reach the GSS creep regime.
The region of the [éy, |T'|er] space marked IT in Figure 8a
corresponds to situations where the strain rate is too
large and thus the shear stress is too high, and thus the
mean grain size is too low (at the time of transition to
GSS creep) for localization to take place.

At-low cooling rate and high strain rate the factor
k defined in (29) becomes much smaller than unity
and the condition for stability (28) reverts to the con-
dition for stability in the isothermal state (21). This
explains the existence of localizing experiments in the
[high strain rate, low cooling rate] region (marked III)
of the diagram in Figure 8a.

8. Final Grain Size Distribution

In nature, grain size distribution is the main record of
localization in the ductile regime. To compare directly
the results of our parameterization to natural examples
of localization, we present the predicted grain size dis-
tribution in four numerical experiments carried out at
various strain rates but for which the cooling rate was
set to a value leading to localization, i.e., using (31).
The results are shown in Figure 9.

All experiments predict the following grain size dis-
tribution: (1) a family of very fine grain bands which
have deformed in the GSS creep regime since the lo-
calization initiated and accommodates all the deforma-
tion at the end of the experiment, (2) another family of
much coarser grain bands which have experienced lit-
tle (if any) deformation in the GSS creep regime, and
(3) a third family of bands of intermediate grain size,
the distribution of which is skewed towards the larger
grain size; these intermediary bands have formed after
the transition to GSS creep but have been abandonned
at various stages since the initiation of localization.

The final mean grain size is inversely proportional to
the strain rate (and cooling rate); the ratio of grain sizes
in the large grain bands (the “undeformed matrix”) and
the small grain bands (the “mylonites”) is also inversely
proportional to the strain rate. The proportion of the
bands that are in the large grain size fraction (and thus
remain relatively undeformed) is also inversely propor-
tional to the strain rate.

The grain size in the fine grain bands is determined
by the stress value at the end of the experiment. The
grain size in the large grain bands is determined by the
stress value at the time of the transition into GSS creep.

Caution should be taken, however, before grain size
distributions derived from observations of naturally de-
formed mantle peridotites are compared to the pre-
dictions of our simplified one-dimensional numerical
model. The numerical model is based on the assump-
tion that the deforming shear zone is made of perfectly
decoupled (i.e., independent) layers; such an idealized



BRAUN ET AL.: STRAIN LOCALIZATION IN DUCTILE REGIME

25,177

0.5 _Y T T 7 T T 17T LI B B | l LN R B | 1 17T ! T 177
H ———— 14 _
B -15 W
0.4 o ——-16 -
: —-17 J
& 03F = B
© -
8 L
e i I
2 02}
0.1 | WL ------- : -
: =1
O Ll LI 1 [ r
0.5 2.5 3 3.5

1.5 2
log(d) (um)

Figure 9. Final grain size distribution for a series of numerical experiments conducted at various
strain rates and cooling rates; the strain rate values are indicated in the legend; the cooling rates
are chosen to fall within the values necessary for localization as shown in Figure 8.

geometry can only be encountered in nature in situ-
ations where a strong foliation has developed in the
direction parallel to the shearing direction and stress
is therefore quasi-uniform across the structure [Handy,
1990].

9. Grain growth

As stated in section 2, there is evidence [Karato, 1989]
that in olivine, once GSS creep becomes the dominant
deformation mechanism, grain growth may dominate
dynamic recrystallization in determining grain size (i.e.,
grain size reduction processes are inhibited).

We have intentionally neglected to incorporate this
process in our formulation so far for two reasons: (1)
because it is still unclear under what exact conditions
grain size reduction processes are inhibited during the
transition to GSS creep, we find it difficult to include it
in our parameterization which we wish to remain sim-
ple, and (2) it is always more instructive to study a
complex system by emphasizing its basic behavior and,
in a second step, assessing how this behavior is affected
by secondary, less well documented, processes.

To investigate the potential effect of such a simpli-
fication on our results, we performed a series of nu-
merical experiments at constant temperature in which
equation (6) was used to determine the grain size evolu-
tion. The results of these experiments are summarized
in Figure 5c¢ and should be compared to the equivalent
model results performed with equation (4) and shown
in Figure 5b. The main difference is an inhibition of lo-
calization at high temperatures. This is because grain
growth is a thermally activated process. This result is
in agreement with the conclusion of Kameyama et al.
[1997] that grain growth has a stabilizing effect on the
development of shear zones during the transition from

dislocation to GSS creep even, as their analysis showed,
in the presence of viscous heating.

We also performed a series of experiments under con-
stant cooling conditions, similar to those shown in Fig-
ure 7 but with equation (6) used instead of (4). The re-
sults are shown in Figure 10a and clearly demonstrate
that localization is inhibited by grain growth but not
prevented. In other words, localization takes place for
a similar range of values of cooling rate and strain rate
but at lower temperatures than when equation (6) is
used to describe grain size evolution.

More interestingly, localization has appeared in a sep-
arate region of the [éo, |T|er] parameter space. This re-
gions corresponds to a regime in which grain growth is
the dominant mechanism in determining grain size dur-
ing and after the transition to GSS creep. This could
be called “strain localization by grain growth.”

As shown in Appendix D, this new localization regime
can be constrained to be in regions of the parameter

space where ,

7] < QIfRT .

d?Qs

Physically, this means that localization may result from
selective strengthening of parts of the system by grain
growth (which are driven back into the dislocation creep
regime) and, subsequently, relative weakening of the re-
maining parts. In this situation the onset of localization
depends on our assumption that the system is forced to
deform at a given strain rate.

Several other formulations could be envisaged to in-
corporate grain growth in a model for grain size evolu-
tion in a deforming rock volume. We have performed
a series of model runs at constant cooling rate under
the assumption that (1) grain growth becomes impor-
tant when the grain size is smaller than the piezometric
value (for the current stress level) and (2) grain growth

(32)
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is always competing with dynamic recrystallization, i.e.,
~ =1 always. The results of these two series of model
runs are shown in Figures 10b and 10c, respectively.
Under the first assumption the solution is very similar
to the one obtained by neglecting grain growth; under
the second assumption the localization can only take
place by grain growth, at relatively low cooling rates,
as determined by (32).

It is also interesting to note that recent laboratory in-
vestigations [Beeman and Kohlstedt, 1993] have brought
new evidence that there may be a region within the
dislocation creep regime where the flow law becomes
slightly grain size sensitive. This region lies near the
transition to diffusion creep and corresponds to a tran-
sition from dislocation creep by slip along the stronger
[c] slip system to the weaker [a] slip system [Hirth and
Kohlstedt, 1995b; Drury and Fitzgerald, 1998]. This
certainly warrants further investigation and possible in-
corporation in models of the type described here.

Recent work by De Bresser et al.[1998] led to the hy-
pothesis that dynamic recrystallization may represent
a balance between grain growth and grain size reduc-
tion processes that occurs exactly at the boundary be-
tween dislocation creep and GSS creep. In such a situa-
tion the piezometric relationship is defined by the grain
size value at which both deformation mechanisms ac-
commodate deformation at the same stress value. As
shown by De Bresser et al.[1998], this hypothesis leads
to a temperature dependence of the recrystallized grain
size. We have tested the consequences of this hypothesis
on the onset of localization by transition to GSS creep
in olivine by replacing the piezometric relationship (5)
with the equivalent temperature-dependent stress-grain
size relationship derived by De Bresser et al.[1998]. A
new set of numerical experiments exploring the [, T]
space showed that under the hypothesis put forward by
De Bresser et al.[1998], localization is not possible for
any of the parameter values investigated.

10. Conclusions and Discussion

We have presented a new formalism to parameterize
the transition between dislocation creep and GSS creep
in olivine-rich rocks in conditions characteristic of the
lithospheric mantle. From this formalism we have de-
rived a series of inequalities (13), (21), (24), (28), and
(32) that define the physical conditions and parameter
values for which the transition can occur and potentially
lead to localization at constant temperature or during
constant cooling.

These inequalities provide relatively tight constraints
on the range of physical conditions under which local-
ization in the GSS creep regime can take place. In par-
ticular, we show that (1) localization at constant tem-
perature is favoured for rheological laws where grain
size sensitivity is highly non-linear, (2) localization at
constant temperature is not possible in rocks where the
grain size dependence of the rheology is linear, (3) local-
ization at constant temperature can only be transient,
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Figure 10. Effect of grain growth on strain localization
in a cooling environment; (a) assuming grain growth is
dominant in the GSS creep regime only; (b) assuming
grain growth is dominant when d; < dy only; and (c)
assuming grain growth is activated in all situations.

(4) localization is more likely to take place during cool-
ing, (5) localization can be triggered in a linear GSS
material if deformation is coeval with cooling, and (6)
localization in a cooling environment may lead to per-
manent localization.

Note that cooling leads to permanent localization be-
cause it results in an increase in flow stress with time
(and deformation) which, in turn, causes smaller grain
sizes to develop in accordance with equation (5) in
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the actively deforming shear bands. Scenarios could
thus be envisaged in which permanent strain localiza-
tion caused by stress buildup (such as in the early stages
of an orogeny) develops in an isothermal environment.

The grain size distributions predicted by our new pa-
rameterization can also be used to constrain the con-
ditions under which naturally formed mylonitic shear
zones have developed by comparing them to field obser-
vations. This requires, however, that the various flow
law parameters used in this study be known with rea-
sonable confidence.

Grain growth inhibits localization by dynamic recrys-
tallization but permits a new type of localization (which
we call strain localization by grain growth) at relatively
low cooling rate.

It is interesting to note that the results of our numer-
ical model (based on the results of laboratory experi-
ments on rock rheology) suggest that the localization
conditions are encountered in the Earth’s lithosphere.
If we consider a tectonically active region subjected to
horizontal shortening at a rate g, in which an equilib-
rium has been reached between accretion and denuda-
tion, the cooling rate of rock particles exhumed at the
surface of the orogen can be related (to first order) to
the strain rate by

IT| = &AT, (33)
where AT is the temperature difference between the
base of the deforming layer and the surface. Combining
this simple relationship with the relationship between
cooling rate and strain rate which determines the con-
ditions for strain localization in a cooling environment
(31) leads to a condition for localization at the litho-
spheric scale:

ar = T _ @100 50 oo,
€0 €ET€Q €T

(34)

It is clear that these conditions are likely to be en-
coutered in the lithosphere which is the thermal bound-
ary layer at the top of the convecting mantle across
which a temperature drop of &~ 1000°C takes place. Be-
cause the value obtained for AT is derived from wet
olivine rheological parameters, it is therefore reason-
able to conclude that localization takes place in the
Earth’s lithosphere because its composition (hence rhe-
ology) is dominated by olivine. This conclusion has
potentially much bearing on the current assertion that
it is strain localization in the Earth’s lithosphere that
has led to the peculiar plate kinematics observed today
at the Earth’s surface and that we call plate tectonics
[Zhong and Gurnis, 1996; Bercovici, 1996].

Appendix A: Condition for Localization
at Constant Temperature

Using (15), the grain size evolution equation (4) may
be written as

= _ AQT(CZ"’ D)™

(d+ D;) = (d+D; —ds). (A1)

€T
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We note that

(d+D;)™™ =d™ -md ™ 'D; + O(D?), (A2)

and, as imposed by the boundary condition,

1 & 1
3 = - ;= — —m
ép = N;Q N;Agsz

N

1 - -

]—V‘ E AQT(d_m-—md_m_lDi)
=1

Q

N
1 = -
= = Z Agrd™™ = Aord™™. (A3)
=1
Summing (A1) over all the bands gives (18):
d=-2(d-do). (A4)
er
Combining (A1) and (18) leads to (19):
D; ——é—OD-[l—m(l—d;”)] (A5)
2 eT 1 J .

Appendix B: Condition for Transition
to GSS Creep at Constant Cooling Rate

In order to express the condition for transition into
GSS creep under constant cooling, let us consider the
grain size evolution equation (4) when the system is
in the dislocation creep regime. Combining the piezo-
metric equation (5) to the constitutive relationship for
dislocation creep (2) yields

(B1)

which, in turn, can be used in the mean grain size evo-
lution equation (18).

In the case of a cooling system the piezometric grain
size is varying exponentially with time, through the
temperature dependence of the dislocation creep vis-
cosity, i.e., through A; in (B1). This strong time de-
pendency must be taken into account when determining
the condition for transition into GSS creep. Noting that

QlTp

the dimensionless form of (18) becomes
5o S5y QLpRery ) (B3)
€T RT? n éo ’

where the mean grain size has been scaled according to
- d

0= —
i (B4)

and T is the rate of temperature change (T' < 0 during
cooling).
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For § to decrease toward its asymptotic (t = oo) value
therefore requires that the factor multiplying ¢ in (B3)
be negative, which implies that

: 2
1T < 2 RT%n

er Q1 p (B5)

Note that the asymptotic value for § is no longer 1
but 1/(1 + o) where,

Q1 nper
= RTQT:V—S.;, (B6)

and the condition for the transition from dislocation to
GSS creep (13) becomes

dmp— a1
&P > AT BT AT ()™

1+a (B7)

Appendix C: Condition for Localization
at Constant Cooling Rate

Equation (19) can be made dimensionless by scaling
the grain size perturbation, D;, by d.,where

- A
de = (B2, (cy)
€0
This leads to
A; = —:—OAi[l +r—m(l -3y (C2)
T
where
D.
A = = C3
- (c3)
Q2 ner p
" T R G 1+ mp (©4)
- d
60 = — C5
ph (C5)
because 0
— _ — 2 . p
de = “RT2" 1+mp’ (C6)
The condition for localization becomes
- m .Az p _ 1
d>[—S—B(Eym ()
or, using (27),
- m

Under constant cooling conditions the dimensionless
form of the equation governing the evolution of the
mean grain size (18) is

L & oy
6_—6——(5[1+n]——5 ), (C9)
T

which has the following asymptotic (¢ = oo) solution:
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- 1 1
e 1+m .
o [1 +/e] ’

(C10)

This solution satisfies the condition for localization (28)
when

-1
c11
K<1+m ( )

o RT? ¢ 1
T > o 1+ mp (C12)

Q2 er p(1+m)’
which becomes the condition for permanent localiza-
tion.

Appendix D: Condition for Localization
by Grain Growth

When the grain size evolution equation is dominated
by grain growth, it takes the form

.k
di=7 (D1)
or
. k k kD; k kD;
Dj= —— =224 O(D?) &~ = — ==, (D2
d+Di= 5= 7= HO(D}) ~ 5 ——==. (D2)

Summing over all bands gives the evolution equation for
the mean grain size d:

d= =, (D3)

eyl =

which, combined with (D2), can be used to determined
the evolution equation for D;:

kD,

The only possible scaling length (or grain size) for this

equation is

7 —kQs
*~V RT (D3)
Noting that
. QsT -
ds - —st, (D6)

one can write the grain size evolution equation in the
following dimensionless form:

k QsT

Ai = -Ai(J—Q - —‘—QRTQ),

(D7)

which has an exponentially increasing solution when

. 2kRT?
T < ——=. D8
f< 55 (D)
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