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INTRODUCTION
Lithospheric deformation is highly localized, 

and this is a defi ning feature of plate tectonics: 
numerical models of mantle convection fail 
to reproduce plate-like behavior in the ther-
mal boundary layer unless the material shows 
a signifi cant degree of strain localization (e.g., 
Bercovici, 2003). The primary cause of strain 
localization is weakening caused by microstruc-
tural modifi cation during deformation, resulting 
in the formation of faults or ductile shear zones 
(Poirier, 1980; Rutter, 1999); this leads to a 
conundrum, however. Is the strength of the lith-
osphere controlled by the strength of the unde-
formed rocks (granite, gabbro, or peridotite) that 
make up the bulk of the plates, or by the strength 
of the deformed and weakened material found 
in shear zones? Or should we treat the litho-
sphere as a complex two-phase system, with a 
strength controlled by the volume proportion of 
weakened material, and the orientation and con-
nectivity of the shear zones?

A second conundrum arises from the fact that 
the mechanical properties of rocks in the ductile 
fi eld (which makes up much of the lithosphere) 
are commonly expressed in terms of a relation-
ship between stress and strain rate (rheology). 
To evaluate strength (the stress required to pro-
duce a given strain rate), we have to specify the 
strain rate. Do we use an average strain rate for 
the entire plate, or the much higher strain rate 
within the shear zones that accommodate the 
deformation?

In this paper we develop the concept that 
ductile shear zones on the lithospheric scale 
are constant stress experiments. This leads us 
to the conclusion that the bulk strength of the 

lithosphere is controlled by the yield strengths 
of the undeformed rocks that make it up, and 
does not depend on the mechanical properties of 
the shear zones. It also allows us to calculate the 
cumulative width of the shear zones at any tem-
perature, and therefore depth, within the litho-
sphere, which answers some vexing questions 
about the deep structure of major fault zones. 
We show that under constant stress conditions, 
the likely cause of weakening in shear zones 
is a switch to grain-size–sensitive deformation 
mechanisms. This conclusion addresses doubts 
as to the effi cacy of this process, which arose 
from analyzing the grain-size evolution in terms 
of constant strain rate, rather than constant stress 
(e.g., De Bresser et al., 2001).

LITHOSPHERIC SHEAR ZONES AS 
CONSTANT STRESS EXPERIMENTS

Many rock mechanics experiments are car-
ried out at constant strain rate. Under these con-
ditions, weakening causes a drop in the applied 
stress (Tullis and Yund, 1977). At constant 
stress, however, weakening causes an increase 
in strain rate, and any intermediate situation is 
possible. Consider the simplest possible case of 
the initiation of a new transform plate bound-
ary cutting a plate of pristine lithospheric mate-
rial consisting of homogeneous coarse-grained 
crystalline rock. At low temperatures such mate-
rials exhibit macroscopically plastic behavior; 
that is, deformation is elastic until the stress 
exceeds a critical value (the yield stress, σy) 
(Ranalli, 1987). The yield stress is a function of 
temperature and depth, following the Coulomb 
failure law down to the brittle-ductile transi-
tion, and then decreasing below that with tem-

perature. The external boundary condition is the 
imposed relative plate velocity, V. If this is to be 
accommodated, the stress within the plate at any 
given depth must reach the yield stress at that 
depth. The plate will then yield on one or more 
subparallel faults or shear zones parallel to the 
direction of plate motion (the pattern of faults 
within the 400-km-wide San Andreas transform 
of California is characteristic of this). Within 
the developing shear zones, microstructural 
changes such as grain-size reduction cause the 
material to become weaker, and at depths below 
the brittle-ductile transition its behavior evolves 
toward a ductile fl ow law that can be expressed 
by a relationship between strain rate and stress 
of the form �ε σ= As s

n , where As describes the 
material parameters of the shear zone mylonite, 
including temperature dependence following 
the Arrhenius law, σs is the fl ow stress in the 
shear zone, and n has a value in the range 1–10 
(e.g., Hirth et al., 2001). The minimum cumula-
tive width w of shear zone material has to be 
such that it can accommodate the plate velocity 
at a fl ow stress no higher than the yield stress. 
The strain rate in the shear zones will then be �ε 
= V/w, and if σs = σy,

 w
V

As y
n=

σ
. (1)

During the weakening process, the strain rate in 
the deforming zones increases, so they get pro-
gressively narrower. The value of w cannot drop 
below the value given by Equation 1, however, 
or σs will exceed σy in the surrounding rock, 
which will then deform, increasing w. When 
w has the value given by Equation 1, the yield 
stress is not exceeded, and there is no reason for 
the shear zones to widen. Hence the fl ow stress 
in the shear zones will remain at σy, and their 
evolution can be described as a constant stress 
experiment. This conclusion may seem coun-
terintuitive, as the plate-boundary condition 
invoked is one of constant velocity. The con-
stant velocity boundary condition is converted 
to a constant stress boundary condition within 
the shear zones because of the buffering effect 
of the yield stress in the surrounding rock.

There are tectonic situations in which this 
concept does not apply. Continental lithosphere 
is commonly cut by numerous preexisting faults 
and shear zones, and may also contain boundar-
ies between rocks of different properties, which 
are likely to concentrate stress and deformation 
on various scales. If the cumulative width of 
preexisting suitably oriented shear zones, w0, 
exceeds the minimum value for w specifi ed by 
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ABSTRACT
Below the seismogenic zone, plate boundaries are defi ned by lithospheric ductile shear 

zones. These localize strain, and are the main reason that convective motions in the Earth’s 
interior are expressed at the surface as plate tectonics. We argue here that lithospheric shear 
zones operate at approximately constant stress, equal to the yield strength of the surround-
ing rocks. This places constraints on the bulk strength of the lithosphere, and allows us to 
calculate the cumulative width of the shear zones as a function of depth. The concept applies 
most clearly to strike-slip shear zones, but is also applicable to thrust- and normal-sense shear 
zones, although these evolve with time due to temperature changes associated with burial or 
exhumation. If shear zones operate at constant stress, this affects their microstructural evolu-
tion, and hence their rheology. Decreases in grain size due to dynamic recrystallization may 
cause a switch in the dominant deformation mechanism to grain-size–sensitive creep, leading 
to weakening and strain localization. A common argument, based on a constant strain rate 
approach, has been that such transitions will be inhibited by grain growth. In a constant stress 
shear zone, however, dynamic recrystallization continues to maintain the low grain size even 
after the switch has occurred. Grain growth is inhibited under these conditions, and hence the 
switch is permanent as long as the boundary conditions remain the same. Grain-size reduction 
in shear zones is therefore a critical factor in maintaining plate tectonic processes.
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Equation 1, then the stress required to accom-
modate plate motion will be less than the yield 
stress of the undeformed material. The average 
strain rate in the shear zones will be V/w0, and 
the fl ow stress will be:

 σ s
s

nV

w A
=

⎛
⎝⎜

⎞
⎠⎟0

1

. (2)

A decrease in the relative plate velocity may 
also result in the fl ow stress in the shear zones 
dropping below the yield stress in the unde-
formed material. The value of w will then will 
be too great for the new velocity, and the fl ow 
stress will be controlled by Equation 2, with w0 
being the width of the shear zones before the 
change in velocity.

Normal and reverse faulting regimes exhume 
or bury the footwall of the shear zone, leading 
to changes in pressure and temperature that 
complicate the situation. Exhumation and cool-
ing up to the brittle-ductile transition cause all 
rocks to become stronger (because of the tem-
perature dependence of ductile deformation), 
but continuing microstructural change within 
the evolving shear zones increases the strength 
contrast with the surrounding rock. As a result, 
strain becomes more localized (w decreases, and 
strain rate increases). The value of w continues 
to be governed by the process of microstruc-
tural weakening relative to the surrounding rock 
(which may be older shear zone material formed 
under higher temperature conditions). Flow 
stress in the shear zones at any depth therefore 
continues to equal the yield stress in the sur-
rounding material at that depth and temperature, 
and increases with exhumation until the brittle-
ductile transition is reached. Conversely, thrust-
sense shear zones are likely to undergo burial 
and temperature increase, causing all rocks 
to become weaker. Strain becomes less local-
ized, fl ow stress and strain rate decrease, and w 
increases. Widening of the shear zones requires 
previously intact rock to be deformed, and 
hence the fl ow stress continues to equal the yield 
stress in the surrounding rock, but decreases as 
the rocks become warmer.

The aim of this section has been to show that 
within a wide range of tectonic settings, the 
fl ow stress in a lithospheric-scale shear zone 
equals the yield strength of the surrounding 
rock, and there will not be a stress drop as a 
result of weakening. We use the term “constant 
stress experiment” to describe this condition, 
but accept that exhumation or burial will change 
the value of the yield stress, and that preexisting 
structures in the lithosphere may complicate this 
simple statement. The constant stress condition 
implies that the lithosphere behaves as a plas-
tic medium, with a bulk strength controlled by 
the yield strengths of the undeformed rocks that 

make it up. Its strength is therefore independent 
of the rheology of the shear zones that cut it.

WIDTH OF LITHOSPHERIC SHEAR 
ZONES AT DEPTH

The yield stress of undeformed rock decreases 
with increasing temperature and depth in the 
lithosphere, and the degree of strain localiza-
tion also decreases. As a result, w is likely to 
increase with depth, and both the fl ow stress 
and the strain rate will decrease correspond-
ingly. Where the shear zones cut composition-
ally stronger layers, however, they may become 
narrower. Quantitative data on yield stresses for 
rock are diffi cult to obtain; steady-state fl ow 
laws for time-dependent creep obtained in labo-
ratory experiments can be extrapolated toward 
geologically realistic strain rates and tempera-
tures (Hirth and Tullis, 1992), but data on plas-
tic yielding, which is a non-steady-state process, 
cannot be extrapolated in the same way. Our 
concept of natural shear zones as constant stress 
experiments, however, suggests that measure-
ments of paleostress in shear zone mylonites 
can give us a proxy for the yield stresses at 
various temperatures (and hence depths) in the 
lithosphere. This should not be affected by the 
tectonic setting of the shear zone, although it 
will be a function of lithospheric composition. 
We therefore use a stress-temperature profi le 
recently measured by Behr and Platt (2011) 
from mylonites in the Whipple Mountains 
core complex in southeast California, using the 
dynamically recrystallized paleopiezometer of 
Stipp and Tullis (2003). If, as we propose, these 
fl ow stresses provide a measure of how the yield 
strength of undeformed rock varies with tem-
perature in the orogenic lithosphere of western 

North America, then the stress-temperature pro-
fi le from this area can be converted to a strength-
depth profi le using an appropriate geotherm. 
The resulting strength profi le for the quartz-rich 
part of the crust (Behr and Platt, 2011) is shown 
in the upper left of Figure 1.

From the stress-depth data we can calculate 
w at any depth for a transform boundary such 
as the San Andreas system, assuming that it cuts 
lithosphere of comparable composition to that in 
the Whipple Mountains. This requires choice of 
a fl ow law appropriate for the shear zone, which 
is complicated by our limited understanding of 
the weakening processes that create these zones. 
For illustrative purposes, we use a fl ow law 
similar to that estimated by Hirth et al. (2001) 
for quartz-rich mylonites (for details, see the 
GSA Data Repository1). The Hirth et al. (2001) 
fl ow law is based on experimental data, with the 
material parameters adjusted to match estimated 
stresses, strain rates, and temperatures from the 
Ruby Gap duplex in Australia. The Whipple 
mylonites were formed under similar condi-
tions and show similar microstructures, but have 
somewhat higher strain rates for a given level 
of stress. We calculate w versus depth for the 
San Andreas transform system (50 mm/yr rela-
tive motion) to a depth of 23 km, assuming an 
appropriate lithospheric structure and geotherm, 
and this is shown with the red curve in the upper 
part of Figure 1.

Comparable data sets are not available for 
lower crustal and mantle rocks, but we estimate 
a stress profi le through this part of the litho-
sphere (Fig. 1) using published fl ow laws for 
dislocation creep in feldspar and olivine, and 
a strain rate of 10−15 s–1, which is equivalent to 
distributing a relative plate velocity of 50 mm/yr 

1GSA Data Repository item 2011060, supplementary information, is available online at www.geosociety.org/
pubs/ft2011.htm, or on request from editing@geosociety.org or Documents Secretary, GSA, P.O. Box 9140, 
Boulder, CO 80301, USA.
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Figure 1. Differential stress and cumulative width w of transform boundary in composition-
ally layered lithosphere. Flow stress in shear zones is equal to yield strength of lithosphere, 
so stress profi le applies to both. Note change in scale for w above 10 km. V—velocity. (For 
tabulated results and basis for calculations, see the Data Repository [see footnote 1].) 
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across a zone the width of the North American 
Cordillera (1500 km). This gives some indica-
tion of the stress required to initiate weakening 
(but see caveat above about determination of 
yield stresses). We then assume that grain-size 
reduction results in a switch to diffusion creep 
in these minerals, and use fl ow laws for this 
mechanism to estimate strain rates, and hence 
w, for the San Andreas transform through the 
lower crust and uppermost mantle (red curve in 
Fig. 1) (for details of these calculations, see the 
Data Repository). 

Our calculations suggest that the cumula-
tive width of the shear zones making up the 
San Andreas transform may exceed 6 km in the 
middle crust, narrows to a few tens of meters 
in the lower crust and uppermost mantle, and 
then widens again to 80 km at a depth of 45 km. 
At depths >55 km, we predict that weakening 
mechanisms do not operate, and hence will not 
contribute to strain localization. These conclu-
sions depend on the choice of lithospheric com-
position and thermal structure, and are very sen-
sitive to the fl ow-law parameters, which are not 
well constrained, but they are consistent with 
the limited available data on the width of plate-
boundary faults at depth (e.g., Vauchez and 
Tomassi, 2003; Herquel et al., 1999; Rümpker 
et al., 2003; Baldock and Stern, 2005).

IMPLICATIONS FOR RHEOLOGY OF 
SHEAR ZONES

Our concept of lithospheric shear zones as 
constant stress experiments has consequences 
for our understanding of their microstructural 
evolution, and hence of weakening mecha-
nisms. The processes that lead to weakening 
and strain localization include shear heating, 
changes in mineral assemblage due to hydration 
and retrogressive metamorphic reactions (Jef-
feries et al., 2006), development of crystallo-
graphic preferred orientations due to dislocation 
creep (Poirier, 1980), and grain-size reduction 
caused by brittle fracture and dynamic recrystal-
lization (Rutter and Brodie, 1988; Stewart et al., 
2000). Here we focus on one of the most potent 
causes of microstructural weakening, which is 
associated with grain-size reduction. Crystal-
plastic deformation leads to an increase in the 
internal strain energy of the deforming crystals, 
due to the build-up of lattice defects (disloca-
tions). This causes dynamic recrystallization, 
which involves the creation of new grains and 
the formation of lattice that is largely free of dis-
locations, reducing the total free energy of the 
system. These new grains are in general much 
smaller than preexisting grains, and grain-size 
reduction is one of the characteristic features 
of the rocks that occupy shear zones, known 
as mylonites (White et al., 1980). A large body 
of experimental evidence from metals, salts, 
and rock-forming minerals such as calcite, 

quartz, feldspar, and olivine demonstrates that 
the recrystallized grain size is an inverse func-
tion of the fl ow stress (De Bresser et al., 1998; 
Kohlstedt and Weathers, 1980; Post and Tullis, 
1999; Stipp and Tullis, 2003; Twiss, 1977; van 
der Wal et al., 1993), and this relationship has 
been used as a way of measuring paleostresses 
in mylonites.

Dynamic recrystallization is thought to con-
tribute to weakening in three specifi c ways. (1) 
It acts to reduce dislocation density, and hence 
to counteract work hardening during low-tem-
perature dislocation creep (Fliervoet and White, 
1995; Tullis and Yund, 1985). (2) Grain-size 
reduction may increase the contribution of 
grain-boundary sliding to the deformation, and 
this has been incorporated into fl ow laws for 
olivine as a discrete deformation mechanism 
(Hirth and Kohlstedt, 2003). (3) Grain-size 
reduction could also lead to a switch to grain-
boundary diffusion creep (Coble creep), which 
is strongly grain-size sensitive, the strain rate 
increasing with the inverse cube of the grain 
size (Rutter and Brodie, 1988). This could result 
in a marked decrease in strength in olivine and 
calcite rocks (Montési and Hirth, 2003; Schmid 
et al., 1977).

In a constant strain rate experiment, these 
weakening processes cause a decrease in fl ow 
stress (path A to C in Fig. 2). This in turn 
results in a decrease in the rate of dislocation 
creep, and hence of grain-size reduction. De 
Bresser et al. (2001) argued that as a result, 
grain growth driven by surface energy will 
counteract grain-size reduction, and move the 
material back toward the boundary with the 
dislocation creep fi eld (C to D in Fig. 2). They 
therefore maintain that deformation mecha-

nism switches, and the weakening they cause, 
are unlikely to be permanent.

If natural shear zones operate at constant 
stress, the argument changes. The switch in the 
dominant deformation mechanism causes an 
increase in strain rate, not a stress drop (path 
A to B in Fig. 2). Hence the rate of dislocation 
creep, the dislocation density, and the dynami-
cally recrystallized grain size, all of which are 
functions of stress, remain the same. At the 
levels of differential stress typical of mylonites 
(50–250 MPa) (Dunlap et al., 1997; Fitz Ger-
ald et al., 2006; Stipp and Kunze, 2008), strain 
energy–driven grain-boundary migration 
(ρGBM) is orders of magnitude faster than sur-
face-energy driven migration (γGBM), and will 
dominate the microstructure (Humphreys and 
Hatherly, 2004). Grain growth driven by γGBM 
is inhibited by ρGBM, and there is no reason for 
further evolution of the grain size, which will be 
maintained at the level associated with the fl ow 
stress. We therefore argue that grain-size reduc-
tion in constant stress shear zones is likely to 
lead to a substantial degree of weakening, and 
may be a key cause of strain localization in the 
lithosphere.

CONCLUSIONS
Lithospheric shear zones approximate con-

stant stress experiments; the fl ow stress in the 
shear zones equals the yield strength of the sur-
rounding rock. The bulk strength of the litho-
sphere is therefore controlled primarily by the 
plastic yield strength of undeformed rock, even 
though the deformation takes places almost 
exclusively in shear zones that are much weaker.

The yield stress and the degree of weakening 
decrease with depth and temperature below the 
brittle-ductile transition, which means that the 
shear zones will in general widen with depth, 
until they reach temperatures at which ductile 
deformation is completely distributed. This pro-
vides us with a quantitative way of addressing 
the deep structure of plate-boundary faults.

In constant stress shear zones the microstruc-
tural evolution involves an abrupt decrease in 
grain size due to dynamic recrystallization. In 
some rock types, this may cause a transition in 
the dominant deformation mechanism to grain-
size–sensitive creep; the strain rate at constant 
stress then increases, leading to strain localiza-
tion. At constant stress, the rate of dislocation 
creep remains the same, so dynamic recrystal-
lization continues to maintain the low grain 
size. This addresses the questions that have been 
raised about whether deformation mechanism 
switches could lead to permanent weakening in 
the lithosphere.
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at 1000 °C, based on fl ow laws from Hirth 
and Kohlstedt (2003). Grain-size reduction 
caused by dynamic recrystallization (path 
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Bresser et al. (2001). At constant stress, ma-
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 on April 27, 2011geology.gsapubs.orgDownloaded from 

http://geology.gsapubs.org/


130 GEOLOGY, February 2011

the constructive reviews provided by Michael Stipp, 
two anonymous reviewers, and Patience Cowie. 

REFERENCES CITED
Baldock, G., and Stern, T., 2005, Width of mantle 

deformation across a continental transform: 
Evidence from upper mantle (Pn) seismic 
anisotropy measurements: Geology, v. 33, 
p. 741–744, doi: 10.1130/G21605.1.

Behr, W.M., and Platt, J.P., 2011, A naturally con-
strained stress profi le through the middle crust 
in an extensional terrane: Earth and Planetary 
Science Letters, doi: 10/1016/j.epsl.2010.11.044 
(in press).

Bercovici, D., 2003, The generation of plate tecton-
ics from mantle convection: Earth and Plan-
etary Science Letters, v. 205, p. 107–121, doi: 
10.1016/S0012-821X(02)01009-9.

De Bresser, J.H.P., Peach, C.J., Reijs, J.P.J., and Spi-
ers, C.J., 1998, On dynamic recrystallization 
during solid state fl ow: Effects of stress and 
temperature: Geophysical Research Letters, 
v. 25, p. 3457–3460, doi: 10.1029/98GL02690.

De Bresser, J.H.P., Ter Heege, J.H., and Spiers, 
C.J., 2001, Grain size reduction by dynamic 
recrystallization: Can it result in major rheo-
logical weakening?: International Journal of 
Earth Sciences, v. 90, p. 28–45, doi: 10.1007/
s005310000149.

Dunlap, W.J., Hirth, G., and Teyssier, C., 1997, Ther-
momechanical evolution of a ductile duplex: 
Tectonics, v. 16, p. 983–1000, doi: 10.1029/
97TC00614.

Fitz Gerald, J.D., Mancktelow, N.S., Pennacchioni, G., 
and Kunze, K., 2006, Ultrafi ne-grained quartz 
mylonites from high-grade shear zones: Evidence 
for strong dry middle to lower crust: Geology, 
v. 34, p. 369–372, doi: 10.1130/G22099.1.

Fliervoet, T.F., and White, S.H., 1995, Quartz de-
formation in a very fi ne-grained quartzofeld-
spathic mylonite: A lack of evidence for 
dominant grain-boundary sliding deformation: 
Journal of Structural Geology, v. 17, p. 1095–
1109, doi: 10.1016/0191-8141(95)00007-Z.

Herquel, G., Tapponnier, P., Wittlinger, G., Mei, J., 
and Danian, S., 1999, Teleseismic shear wave 
splitting and lithospheric anisotropy beneath 
and across the Altyn Tagh fault: Geophysical 
Research Letters, v. 26, p. 3225–3228, doi: 
10.1029/1999GL005387.

Hirth, G., and Tullis, J., 1992, Dislocation creep re-
gimes in quartz aggregates: Journal of Struc-
tural Geology, v. 14, p. 145–159, doi: 10.1016/
0191-8141(92)90053-Y.

Hirth, G., Teyssier, C., and Dunlap, W.J., 2001, An 
evaluation of quartzite fl ow laws based on 
comparisons between experimentally and natu-

rally deformed rocks: International Journal of 
Earth Sciences, v. 90, p. 77–87, doi: 10.1007/
s005310000152.

Hirth, G., and Kohlstedt, D., 2003, Rheology of the 
upper mantle and the mantle wedge: A view 
from the experimentalists, in Eiler, J., ed., Inside 
the subduction factory: American Geophysical 
Union Geophysical Monograph 138, p. 83–105.

Humphreys, F.J., and Hatherly, M., 2004, Recrystal-
lization and related annealing phenomena: Ox-
ford, UK, Elsevier Science Ltd., 512 p.

Jefferies, S.P., Holdsworth, R.E., Wibberley, C.A.J., 
Shimamoto, T., Spiers, C.J., Niemeijer, A.R., and 
Lloyd, G.E., 2006, The nature and importance 
of phyllonite development in crustal scale fault 
cores: An example from the Median Tectonic 
Line, Japan: Journal of Structural Geology, v. 28, 
p. 220–235, doi: 10.1016/j.jsg.2005.10.008.

Kohlstedt, D.L., and Weathers, M.S., 1980, De-
formation-induced microstructures, paleopi-
ezometers, and differential stresses in deeply 
eroded fault zones: Journal of Geophysical 
Research, v. 85, p. 6269–6285, doi: 10.1029/
JB085iB11p06269.

Montési, L.G.J., and Hirth, G., 2003, Grain size evo-
lution and the rheology of ductile shear zones: 
From laboratory experiments to postseismic 
creep: Earth and Planetary Science Letters, 
v. 211, p. 97–110, doi: 10.1016/S0012-821X
(03)00196-1.

Poirier, J.P., 1980, Shear localization and shear insta-
bility in materials in the ductile fi eld: Journal 
of Structural Geology, v. 2, p. 135–142, doi: 
10.1016/0191-8141(80)90043-7.

Post, A., and Tullis, J., 1999, A recrystallized 
grain size piezometer for experimentally de-
formed feldspar aggregates: Tectonophysics, 
v. 303, p. 159–173, doi: 10.1016/S0040-1951
(98)00260-1.

Ranalli, G., 1987, Rheology of the Earth: Boston, Al-
len & Unwin, 366 p.

Rümpker, G., Ryberg, T., Bock, G., and Group, D.S., 
2003, Boundary-layer mantle fl ow under Dead 
Sea transform inferred from seismic anisot-
ropy: Nature, v. 425, p. 497–501, doi: 10.1038/
nature01982.

Rutter, E.H., 1999, On the relationship between the 
formation of shear zones and the form of the fl ow 
law for rocks: Tectonophysics, v. 303, p. 147–
158, doi: 10.1016/S0040-1951(98)00261-3.

Rutter, E.H., and Brodie, K.H., 1988, The role of 
tectonic grain size reduction in the rheological 
stratifi cation of the lithosphere: Geologische 
Rundschau, v. 77, p. 295–307, doi: 10.1007/
BF01848691.

Schmid, S.M., Boland, J.N., and Paterson, M.S., 
1977, Superplastic fl ow in fi ne-grained lime-

stone: Tectonophysics, v. 43, p. 257–291, doi: 
10.1016/0040-1951(77)90120-2.

Stewart, M., Holdsworth, R.E., and Strachan, R.A., 
2000, Deformation processes and weakening 
mechanisms within the frictional-viscous transi-
tion zone of major crustal-scale faults: Insights 
from the Great Glen Fault Zone, Scotland: Jour-
nal of Structural Geology, v. 22, p. 543–560, doi: 
10.1016/S0191-8141(99)00164-9.

Stipp, M., and Kunze, K., 2008, Dynamic recrys-
tallization near the brittle-plastic transition in 
naturally and experimentally deformed quartz 
aggregates: Tectonophysics, v. 448, p. 77–97, 
doi: 10.1016/j.tecto.2007.11.041.

Stipp, M., and Tullis, J., 2003, The recrystallized 
grain size piezometer for quartz: Geophysical 
Research Letters, v. 30, 2088, doi: 10.1029/
2003GL018444.

Tullis, J., and Yund, R.A., 1977, Experimental de-
formation of dry Westerly granite: Journal of 
Geophysical Research, v. 82, p. 5705–5718, 
doi: 10.1029/JB082i036p05705.

Tullis, J., and Yund, R.A., 1985, Dynamic recrystalli-
zation of feldspar: A mechanism for ductile shear 
zone formation: Geology, v. 13, p. 238–241, doi: 
10.1130/0091-7613(1985)13<238:DROFAM
>2.0.CO;2.

Twiss, R.J., 1977, Theory and applicability of a re-
crystallized grain size paleopiezometer: Pure 
and Applied Geophysics, v. 115, p. 227–244, 
doi: 10.1007/BF01637105.

van der Wal, D., Chopra, P., Drury, M., and Fitz Ger-
ald, J., 1993, Relationship between dynami-
cally recrystallized grain size and deformation 
conditions in experimentally deformed olivine 
rocks: Geophysical Research Letters, v. 20, 
p. 1479–1482, doi: 10.1029/93GL01382.

Vauchez, A., and Tomassi, A., 2003, Wrench faults 
down to the asthenosphere: Geological and 
geophysical evidence and thermomechani-
cal effects, in Storti, F., et al., eds., Intraplate 
strike-slip deformation belts: Geological Soci-
ety of London Special Publication 210, p. 15–
34, doi: 10.1144/GSL.SP.2003.210.01.02

White, S.H., Burrows, S.E., Carreras, J., Shaw, N.D., 
and Humphreys, F.J., 1980, On mylonites in 
ductile shear zones: Journal of Structural Ge-
ology, v. 2, p. 175–187, doi: 10.1016/0191
-8141(80)90048-6.

Manuscript received 12 July 2010
Revised manuscript received 27 August 2010
Manuscript accepted 7 September 2010

Printed in USA

 on April 27, 2011geology.gsapubs.orgDownloaded from 

http://geology.gsapubs.org/

