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[1] The microstructure of ductile shear zones differs from
that of surrounding wall rocks. In particular, compositional
layering is a hallmark of shear zones. As layered rocks are
weaker than their isotropic protolith when loaded in simple
shear, layering may hold the key to explain localization of
ductile deformation onto ductile shear zones. I propose here
a constitutive model for layer development. A two-level
mixing theory allows the strength of the aggregate to be
estimated at intermediate degrees of layering. A
probabilistic failure model is introduced to control how
layers develop in a deforming aggregate. This model
captures one of the initial mechanism of phase
interconnection identified experimentally by Holyoke and
Tullis (2006a, 2006b), fracturing of load bearing grains.
This model reproduces the strength evolution of these
experiments and can now be applied to tectonic modeling.
Citation: Montési, L. G. J. (2007), A constitutive model for layer
development in shear zones near the brittle-ductile transition,
Geophys. Res. Lett., 34, 1L08307, doi:10.1029/2007GL029250.

1. Introduction

[2] The formation of ductile shear zones is a long-
standing enigma of geodynamics. Laboratory experiments
indicate that high temperature or pressure generally prevent
localization of deformation, producing distributed, or duc-
tile, deformation instead [Evans et al., 1990]. By contrast,
natural deformation remains localized even at conditions
that lead to distributed deformation in the laboratory [Rutter
et al., 2001; Vauchez and Tommasi, 2003].

[3] A likely explanation for this difference in deformation
style between laboratory and natural deformation lies in the
microstructure of shear zones. Reduced grain size, crystal-
lographic preferred orientation, greater abundance and in-
terconnection of phyllosilicates are often associated with
shear zones [White et al., 1980; Gueydan et al., 2003].
Compositional layering, which is a type of foliation, is
particularly common in middle to lower continental crust
shear zones. It facilitates shearing along these layers and
weakens the shear zone rocks significantly. I propose here a
constitutive model to capture the development of this type
of foliation in a deforming polyphase aggregate and the
accompanying weakening.

[4] This model is inspired by laboratory experiments in
which interconnection of the weak phase occurs through
brittle fracture of stronger framework grains [Holyoke and
Tullis, 2006a, 2006b]. Field studies in which clasts of
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protolith are observed in the phyllosilicate-rich matrix of
natural shear zones [Jefferies et al., 2006] or in which
brittle precursors are seen to control shear zone geometry
[Gueydan et al., 2003; Mancktelow and Pennacchioni,
2005] indicate that this mechanism is active in nature.
Below, I describe how to estimate rock strength when
layering is partially developed, present a probabilistic failure
model that captures the initial interconnection process iden-
tified in the experiments of Holyoke and Tullis [2006a,
2006b], and compare the strength evolution predicted by
this model with the evolution observed experimentally.

2. Aggregate Strength

[s] As the kinematics of shear zones are dominated by
simple shear deformation, only one strain rate, ¢, and one
stress, o, need to be considered. At the temperature and
pressure of the middle to lower crust, an aggregate of phase
i is assumed to obey a power law rheology

é:B,‘O'n‘, (1)

where n; and B; are the stress exponent and strength factor
appropriate for material 7. The latter depends on a variety of
parameters, among which only temperature appears ex-
plicitly here, through

B,‘ :A,‘ exp(Q,/RT), (2)

where A; and Q; are the pre-exponential factor and
activation energy, respectively, and R is the gas constant.

[6] The strength of a polymineralic aggregate can be
related conceptually to the rheology of its component
phases using a mixture model [Hill, 1963; Handy, 1994;
Ji et al., 2003]. While accurate strength estimates need to
consider the detailed microstructure of the aggregate
[Handy, 1990; Tullis et al., 1991], useful constraints can
be gleaned by considering the simple constant strain rate
and constant stress approximations.

[7] When the strongest phase forms a load-bearing
framework, the strain rate €, is uniform throughout the
rock. The strength of the aggregate is then the average of
stress required for each phase to deform at €;, weighted by
the volume fraction of each phase, ¢,

4= &ilca/B)"" 3)

This relation is used to describe the undeformed protolith.

[s] However, in a layered rock, each phase is
interconnected, implying that the shear stress parallel to
the layers is continuous throughout the aggregate. The strain
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Figure 1. Conceptual models used to estimate the strength
of a polyphase aggregate in which the component phases
are (a) dispersed throughout the aggregate (protolith),
(b) locally connected, and (c) fully interconnected (layered
structure). The stronger phase is shaded while the weaker
phase is in white. Schematic strain rate (¢) and stress (o)
profiles, corresponding to the area outlined by a translucent
white box, are reported to the right of each diagram along
with the average value as a dotted line. In Figure la, strain
rate is constant while in Figure lc, stress is constant
throughout the aggregate. Layering occurs initially in
patches distributed throughout the sample (Figure 1b).

rate is then the average of that in each component, weighted
by ¢;

éc:Z¢iBi UZ’- (4)

The layered rock is usually weaker than the protolith.

[o] The transition from dispersed to layered microstruc-
ture occurs in patches throughout the aggregate [Holyoke
and Tullis, 2006a, 2006b]. The location of each patch
depends on local stress concentration but I assume here
for simplicity that these patches occur randomly throughout
the aggregate. Thus, when layering is incomplete, layered
patches can be regarded as a weak pseudophase dispersed
throughout a matrix of stronger protolith (Figure 1b).

[10] The layered pseudophase obeys equation (4) and
occupies a volume fraction f while the protolith pseudo-
phase obeys equation (3) and occupies a volume fraction
1 — f. Then, the strength of the aggregate can be estimated
by mixing at constant strain rate the strength of these two
pseudophases, giving

o=00=f)oa+f o (5)
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[11] The stress in the protolith fraction, o, can be
expressed as a function of the stress in the foliated fraction,
0., by substituting equation (4) into equation (3). Then, the
stress supported by the entire aggregate is given by

g

l/nj
— f+<1—f)Z¢,{Z¢,-BfB,~laz""J} ,(6)
J i

Oc

which, together with equation (4), provides an implicit way
to calculate the stress-strain rate relation of a partially
foliated aggregate.

[12] In most applications, it is sufficient to assume that
only two phases are present. In this case, equation (6)
becomes

o . BbO'Z” 1/
Lo =00 =)0 - o)+ o 2]

n
¢ Byo¢’

1/np
Baazﬂ]

()

00000+ (1= 00) %

[13] This two-level mixing model looses its validity at
high abundance of weak phase and/or degree of layering f,
although the limits /' — 1 and C — 1 are correct. A more
advanced model would account for the fact that as the
strong phase (or protolith pseudophase) becomes rare, it
looses its load-bearing characteristics and behaves instead
as strong clasts or boudins in a weak medium [Handy,
1990].

[14] As layers develop, the strength of the aggregate
changes from being dominated by the strong phase to being
dominated by the weak phase (Figure 2). The change
requires a higher degree of layering f for a higher strength
contrast between the end-member phases (Figure 2) and is
more sudden at a small fraction of weak phase. Thus, the
formation of layers is a highly efficient weakening mecha-
nism in rocks that include a small fraction of a weak phase.

3. Microstructure Evolution

[15] Layering develops progressively with strain due to a
combination of grain rotation, shearing, and failure. While
rotation and shearing may dominate at high temperature,
initial layer development is controlled by failure of load-
bearing grains in some of the experiments of Holyoke and
Tullis [2006a, 2006b]. To capture this phenomenon, I
propose the following probabilistic failure model.

[16] Suppose that an external stress o is applied to the
aggregate. The local stress at grain intersections, s, differs in
general from the external stress. Overall, the stress is
enhanced by a factor £. Furthermore, variability in grain
contact environment leads to a distribution of local stress s
that, in the absence of more specific information, I take to
be Gaussian with variance £. Therefore, the probability that
the stress at any given grain intersection is s under the
external stress o follows
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Figure 2. Stress/strain rate relations for an aggregate that
includes 20% of a phase b for various degrees of layering, f.
The stress supported by each phase is | at a strain rate of 1,
but the different stress exponents of the constituent phases
imply that phase b is weaker when the strain rate is more
than 1 and vice versa (top axis).

[17] If grain scale failure occurs when the local stress
exceeds a yield strength s,, the fraction of sites at failure is
given by

Mo = [ ptsios =3[+ (T2)] o)
o) = slo)ds = — Cr P

Sy b 2 X\/E
with o, = 5,/E and x = {/E the equivalent macroscopic yield
strength and stress variance (Figure 3).

[18] Among the sites undergoing failure, N(1 — f) are
located in a non-foliated portion of the aggregate. Only in
these sites can failure increase the overall layering. Intro-
ducing a rate constant A, the fraction of the aggregate with
layered microstructure, f, evolves as

dar 1. .1 o— o,
3003 (7))
[19] A similar failure model has been proposed to de-
scribe cataclastic flow of porous sandstones. Acoustic

emissions, which reflect microcracking, are approximately
normally distributed around a yield point. This lends cre-

(10)

L >
0.8 _

0.6 -

04 | .

0.2 - .

Fraction of sites undergoing failure

0 | | | |
0 020, 0406, 0606, 080, o, 120, 140

y
Applied stress

Figure 3. Fraction of microscopic sites undergoing failure
as a function of applied stress scaled by the apparent failure
strength o). In this plot, the local stresses variance is x =
0.20,.
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dence to the Gaussian microstress distribution assumed here
[Zhu, 2006]. The decrease of permeability upon cataclastic
failure, which represents the integrated damage, follows
approximately an error function with the applied stress
(W. Zhu et al., A probabilistic damage model of stress-
induced permeability anisotropy during cataclastic flow,
submitted to Journal of Geophysical Research, 2006).

4. Comparison With Laboratory Experiments

[20] As this model is inspired by the experiments of
Holyoke and Tullis [2006a, 2006b], it is important to
evaluate how well it captures the stress-strain curves of
these studies. In these experiments, a thin sample of a
natural polyphase aggregate is loaded under general shear.
The loading configuration is idealized as a linear elastic
spring with stiffness K such that

dojdt = K(, — &), (11)
where ¢, is the load point velocity.

[21] To simulate Holyoke and Tullis’s experiments, equa-
tions (4), (5), (10), and (11) are integrated under constant &,
with initial conditions ¢ = 0 and f'= 0.

[22] The stress initially increases as the strain rate of the
aggregate is much less than the loading velocity. That
portion of the stress-strain curves is essentially linear, with
slope K.

[23] In these simulations, The sample subsequently yields
at a stress not exceeding that of the non-foliated protolith.
As the stress reaches approximately o, — X, layers starts to
develop, accompanied by weakening of the sample. Weak-
ening is sometimes so severe that layering ceases to increase
as few microscopic sites have sufficient stress for failure.
Conversely, if 0, — x is low, the peak strength may be

1500 T T T
7 ——- Data
N = Simulation

&£1000 E
= T ___ _W1156_
2 ~

8 W1008

& 500 < = =

c o ©°
X o o

layered structure f

o
V)

volume fraction having

2
Strain

Figure 4. Comparison between numerical simulations
(solid lines) and three laboratory experiments on Gneiss
minuti by Holyoke and Tullis [2006a, 2006b]. Top: strength
evolution; Bottom: progression of the volume fraction of
rock having a layered structure f inferred from the
simulations. Experimental conditions and fit parameters
are reported in Table 1.
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significantly less than that of the protolith as considerable
layer formation can occur even during the elastic loading
stage (Figure 4).

[24] Holyoke and Tullis [2006a, 2006b] tested a Gneiss
Minuti composed of feldspar, quartz, and 13% biotite. For
simplicity, I consider only two phases and adjust the
strength of each phase, B, and B,, as well as the evolution
rate constant A to fit the experimental stress-strain curves
(Table 1). The stress exponent of the weak phase is fixed to
ny, = 18, like biotite [Kronenberg et al., 1990], while that of
the strong phase is n, = 3, like quartz or feldspar [Kohlstedt
et al., 1995]. The simulations are not very sensitive to n, but
n, and A combine to control the sharpness of the weakening.

[25] Holyoke and Tullis [2006a, 2006b] conducted their
experiments at two different temperatures and two strain
rates (Table 1). It is possible to obtain a good fit to the
experiments with a unique oy, and . The exact value of these
parameters is poorly constrained but o, — x ~ 500MPa.

[26] The simulations of Figure 4 use the parameters in
Table 1. Several combinations of parameters entering the
constitutive models give comparable fits, preventing rigor-
ous inversion of experimental data. However, such inver-
sion might be misleading as the proposed model does not
capture all the actual phenomena active in the experiment,
such as intracrystalline hardening and syndeformation meta-
morphism [Holyoke and Tullis, 2006b, 2006c].

[27] The preferred values of B, and B, need to vary only
with temperature. For the strong phase, such a variation
corresponds to an activation energy of Q, = 250 kJ/mol
comparable to that of quartz and feldspar. A similar inter-
pretation for the weak phase would imply O, = 3000 kJ/mol
well in excess of published value for biotite [Kronenberg et
al., 1990; Mariani et al., 2006]. Instead, the change in B,
with temperature probably reflects the appearance of reac-
tion products [Holyoke and Tullis, 2006c] that take over the
role of biotite as the weak phase in the high-temperature
experiments. No reaction was observed in the low-temper-
ature samples [Holyoke and Tullis, 2006¢].

[28] The X factor indicates more sluggish microstructure
evolution in experiment W1020. X\ appears roughly propor-
tional to applied stress. The origin of this variation needs to
be investigated in more detail.

5. Outlook

[29] The model proposed here captures the strength
evolution of the experiments of Holyoke and Tullis
[2006a, 2006b]. It can now be applied to lithosphere-scale
deformation. For that purpose, one needs to specify the
rheologies of each mineral end-member and three additional
parameters: the yield strength o,, possibly linked to the
macroscopic brittle failure criterion, the local stress variance
X, and the rate constant A. According to this study, y is
comparable, although smaller, to o,. The A parameter is the
least understood. Values between 1 and 10 provide good
matches to laboratory experiments. It may be proportional
to stress.

[30] With this formulation, layering develops only in a
relatively strong protolith close to the brittle-ductile transi-
tion. At higher temperature, grain rotation and shearing may
become the dominant mechanism for forming layers. The
high-temperature regime is not included in this model.
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Table 1. Experimental Conditions From Holyoke and Tullis
[2006b] and Fit Parameters for the Data in Figure 4

W1156 W1008 W1020

Temperature, °C 745 800 800
Strain rate,s ' 1.9 x 107° 13 x 107° 13 x 107°
g 3 3 3
n, 18 18 18
,, MPa 2000 2000 2000
X, MPa 1500 1500 1500
B,, MPa 1700° 1984° 9042
By, MPa 500° 203° 178°
/X 3.1 3.2 9.5
K, MPa 4027 4047 1297

4, =3.867 x 107 °MPa s, O, = 250 kJ/mol.
4, = 4981 x 107°°MPa3s"", 0, = 3000 kl/mol (apparent value
reflecting reaction (see text)).

[31] In addition to providing a means of interconnecting
weak phases, grain failure also leads to new fluid pathways
through the rock and produces new grain surfaces. These
effects enhance fluid-rock reactions, further weakening the
aggregate [Gueydan et al., 2003; Holyoke and Tullis, 2006a,
2006c]. Gueydan et al. [2004] show how such reactions can
result in lithosphere-scale shear zones. It should also be
noted that the strength model presented here does not
require that each layer has a specific composition: layering
could be defined by grain size or mineral orientation.

[32] Finally, deformation in the lithosphere is not neces-
sarily restricted to simple shear. The weakening described
here affects only the components of the stress tensor
resolved on the layers. Weakening is anisotropic, favoring
simple shear deformation. Furthermore, the strength of mica
is strongly anisotropic [Kronenberg et al., 1990; Mares and
Kronenberg, 1993], so that crystal alignment that follows
phase interconnection described here also weakens the shear
zone when loaded in simple shear. Anisotropic weakening
may be the key to predicting the asymmetry observed in
lithosphere-scale simple shear deformation such as core
complexes, half graben, and one-sided subduction.
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