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[1] We evaluate the applicability of plagioclase and gabbro flow laws by comparing
predicted and observed deformation mechanisms in gabbroic shear zones. Gabbros and
layered gabbro mylonites were collected from the Southwest Indian Ridge (SWIR), Ocean
Drilling Program Hole 735B. Deformation temperatures are constrained by two-pyroxene
thermometry, stress is estimated from grain size, and deformation mechanisms are
analyzed by microstructure and the presence or absence of a lattice preferred orientation
(LPO). Our analyses indicate that mylonite layers deformed at a strain rate in the range of
10�12 to 10�11 s�1, while coarse-grained gabbro deformed at a strain rate of
approximately 10�14 to 10�13 s�1. Plagioclase in pure plagioclase mylonite layers exhibit
strong LPOs indicating that they deformed by dislocation creep. Plagioclase grain size in
mixed plagioclase-pyroxene mylonite layers is finer than in pure plagioclase layers and
depends on the size and proportion of pyroxenes. Progressive mixing of pyroxene and
plagioclase within gabbro mylonite layers is accompanied by weakening of the LPO,
indicating that phase mixing promotes a transition to diffusion creep processes that
involve grain boundary sliding. Our results indicate that experimental flow laws are
accurate at geologic strain rates, although the strain rate for diffusion creep of fine-grained
gabbro may be underestimated. At the conditions estimated for the SWIR crust, our
calculations suggest that strain localization leads to a factor of 2–4 decrease in lower
crustal viscosity. Away from shear zones, the viscosity of lower gabbroic crust is predicted
to be similar to that of dry upper mantle.
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1. Introduction

[2] In this paper we analyze microstructures preserved in
mylonites from the oceanic crust to evaluate the applicabil-
ity of flow laws for gabbroic rocks. The rheology of
gabbroic rocks controls the mechanical behavior of the
lower oceanic and lower continental crust, and likely the
crust of other planetary bodies (e.g., Venus [Mackwell et al.,
1998]). Development of a quantitative database for the
rheological properties of plagioclase-rich rocks has proven
particularly challenging given the complexities of albite-
anorthite solid solution, the difficulty of measuring triclinic
crystal orientations with a universal stage, and the slow
coupled diffusion of NaSi $ CaAl [Yund and Tullis, 1991].
However, experimental studies completed over the last
10 years have significantly improved our understanding of
both the rheology of plagioclase [e.g., Stünitz et al., 2003;
Rybacki and Dresen, 2000] and gabbroic rocks [e.g.,
Mackwell et al., 1998; Dimanov and Dresen, 2005]. The
flow laws determined by these experiments require signif-

icant extrapolation to natural conditions, particularly in
strain rate and total strain [e.g., Rutter, 1999]. Comparison
of observed deformation mechanisms with predictions
based on extrapolation of the laboratory data provides a
test on the applicability of flow laws at geologic conditions.
[3] We analyzed gabbro mylonites collected at the South-

west Indian Ridge (SWIR) in Ocean Drilling Program
(ODP) Hole 735B. The SWIR mylonites are ideal for
rheological analysis because the rapid uplift, elevated geo-
therm, and rapid cooling of the ridge environment promote
preservation of high-temperature microstructures. These
factors help mitigate potential problems with the application
of recrystallized grain size to constrain differential stress
and using equilibrium thermodynamics to estimate temper-
ature during deformation. In addition, previous structural
and thermochronologic analyses [John et al., 2004] can be
used to provide independent estimates for strain rate.
[4] The localized nature of deformation in the SWIR

gabbros allows us to investigate processes responsible for
strain localization. At depths below the brittle-plastic tran-
sition, strain is often localized in centimeter- to kilometer-
scale shear zones [Ramsay, 1980]. Shear zones have a lower
effective viscosity than the host rock and thus may signif-
icantly influence the bulk rheological behavior of the crust.
The rheology of shear zones is also important for evaluating
whether the lower crust is a strong or weak layer separating
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the upper crust from the mantle [e.g., Jackson, 2002] as well
as for modeling postseismic creep [e.g., Montesi and Hirth,
2003; Freed and Burgmann, 2004]. As part of this study, we
evaluate how the bulk viscosity of the crust may decrease in
the presence of shear zones. In addition, the presence of
monophase plagioclase and mixed plagioclase-pyroxene
layers within the mylonites allows us to investigate how
second phases influence grain size and the rheology of shear
zones.
[5] To identify deformation mechanisms we rely primar-

ily on the measurement of the lattice preferred orientation
(LPO) of recrystallized plagioclase. We start with the
assumption that the presence of an LPO is diagnostic of
dislocation creep, while a random LPO is diagnostic of
diffusion creep. The basis for this assumption is that strain
during dislocation creep is dominantly accommodated by
glide on the easiest slip system for the material. As
deformation continues, grains rotate toward orientations
that promote slip on the dominant slip system [e.g., Nicolas
and Poirier, 1976; Urai et al., 1986]. By contrast, a weak or
random LPO is commonly cited as evidence for diffusion
creep processes. Theoretical studies illustrate that grain
boundary sliding (GBS) is required during diffusion creep
[Raj and Ashby, 1971]. Owing to variations in grain size,
phase proportions, and curvature along grain boundaries,
grain boundary sliding and associated grain switching
[Ashby and Verrall, 1973] can result in relative grain
rotations and thus randomize a preexisting LPO during
diffusion creep.
[6] Weak and random LPOs, as well as weakening of

preexisting LPOs have been interpreted to result from
deformation dominated by diffusion-accommodated grain
boundary sliding [e.g., Boullier and Gueguen, 1975; Schmid
et al., 1977, Fliervoet et al., 1997; Fliervoet et al., 1999;
Halfpenny et al., 2006; Kruse and Stünitz, 1999; Jiang et
al., 2000; Bestmann and Prior, 2003; Warren and Hirth,
2006]. Similarly, randomization of misorientation angles in
calcite mylonites with a strong LPO has been attributed to
GBS [e.g., Bestmann and Prior, 2003]. The microstructures
produced during formation of the SWIR mylonites, partic-
ularly phase mixing observed in polyphase layers, allows us
to investigate the role of GBS on the development of LPO
in the context of experimental constraints on the active
deformation mechanisms.

2. Southwest Indian Ridge

[7] Gabbros were collected from the Atlantis II Fracture
Zone of the SWIR, 32�430S, 57�180E, during ODP Legs 118
and 176. The massif is interpreted as an oceanic core
complex exhumed along a shallow detachment surface
[Dick et al., 1991; Baines et al., 2003]. ODP Hole 735B
extends to 1508 m, with 86% recovery, nearly all of which
is gabbro [Dick et al., 1999].
[8] The SWIR crust is estimated to have been approxi-

mately 4 km thick prior to detachment faulting. 1508 m of
material was recovered from Hole 735B, and fluid inclusion
studies suggest that two kilometers of crust were removed
from above the massif during detachment faulting [Vanko
and Stakes, 1991]. Seismic profiles and sampling from a
submersible indicate that the base of the gabbroic section

lies 200–600 m below the base of Hole 735B [Muller et al.,
1997; Dick et al., 1999; see also Francis and Raitt, 1967;
Bown and White, 1994]. Our study focuses on processes
within the lower kilometer of Hole 735B, representing the
middle of the lower crust (Figure 1).
[9] SWIR gabbros are coarse grained (5 to 30 mm),

equigranular or vari-textured, with an average of �60%
plagioclase with compositions of An50–80 in primitive
gabbros and An29–60 in differentiated gabbros [Bloomer et
al., 1991; Dick et al., 1999; Dick et al., 2000]. Augite is the
dominant second phase, and olivine is common. Small
fractions of orthopyroxene, amphibole, and biotite are
present throughout the core. The Fe-Ti oxides magnetite
and ilmenite compose less than 1% of the gabbros, but are
concentrated in oxide-gabbro layers.
[10] Textures indicative of crystal plastic deformation are

observed at all depths in the core. 14% of the upper 500 m
(ODP Leg 118) and 7% of the lower 1000 m (ODP Leg
176) are variably foliated [Dick et al., 1999]. Deformation
fabrics are most intense in the upper 100 m of the core, near
the detachment surface, but shear zones are spaced irregu-
larly throughout the core (Figure 1). All shear zones show
layering of variably mixed plagioclase and pyroxene-rich
horizons (Figure 2).

3. Methods

[11] Oriented samples were cut perpendicular to foliation
and parallel to lineation so that the thin sections contain the
lineation and pole to foliation. Samples were selected based
on mineralogy and recrystallization textures. Seven high-
strain samples were selected for fabric analysis; four of
these were used to calculate equilibrium temperatures.

3.1. Grain Size Analysis

[12] Mean grain size was calculated using the line inter-
cept method for plagioclase, pyroxenes, olivine, and oxides.
Intercepts were measured from cross-polarized photomicro-
graphs taken with an optical microscope with and without a
gypsum plate. At least 100 grains of each phase were
measured parallel to both maximum stretching (X) and
shortening (Z) directions. The arithmetic mean for each
phase was calculated for the X and Z intercept measure-
ments separately. We use the arithmetic mean rather than the
geometric mean for consistency with grain size analyses on
the experimental samples from which the flow law param-
eters were derived. Line intercepts are converted to grain
size by a geometric correction factor. To facilitate compar-
ison with plagioclase flow laws, we determine the correc-
tion factor following the procedure used to determine grain
size in the experiments of Rybacki and Dresen [2000],
which accounts for the grain aspect ratio [Underwood,
1970]. The SWIR mylonites have grain aspect ratios of
1.03–1.27, which correspond to correction factors of 1.5–
1.6. For consistency, we multiply mean intercept lengths by
a factor of 1.5 for all samples.

3.2. Thermometry

[13] Equilibrium temperatures are calculated for clinopyr-
oxene-orthopyroxene pairs within the recrystallized rims
and/or tails of clinopyroxene porphyroclasts. Analyzed
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grains ranged from 15–200 mm in diameter. Oxide weight
percents were measured in core and rim spots between
adjacent pyroxenes using a JEOL JXA-733 Superprobe
(Massachusetts Institute of Technology), with a 10-mm spot
size, 10-nA beam current, and an accelerating voltage of
15 kV. Two clinopyroxene-orthopyroxene pairs were ana-
lyzed in each of four thin sections. We calculate temperature
based on clinopyroxene-orthopyroxene net transfer with the
Ca-QUILF software [Lindsley and Frost, 1992; Andersen et
al., 1993]. Calculations include forsterite activity when
olivine is present.

3.3. EBSD Analysis

[14] Microprobe-polished thin sections were further pol-
ished in colloidal silica for 4 h with four pounds of loading
force. Thin sections were sputter coated with Au-Pd for 80 s.
The coating was rubbed off with paper, leaving enough Au-
Pd along grain boundaries and cracks to limit charging in
the SEM. Crystal orientations were measured at Marine
Biological Laboratory/Woods Hole Oceanographic Institu-
tion on a Jeol 840 SEM at 15 kV, beam current 60nA.
Diffraction patterns were manually selected and evaluated
using the HKL Channel 5+ software.
[15] Several distinct layers were analyzed within each

shear zone. Data are summarized in pole figures and are
contoured using the software of D. Mainprice (www.gm.
univ-montp2.fr/mainprice//CareWare_Unicef_Programs)
when more than 200 orientations are measured. Fabric
strength is quantified following the M index procedure of
Skemer et al. [2005]. We also measured the misorientation

axes across subgrain boundaries to constrain the active slip
systems within porphyroclasts [e.g., Kruse et al., 2001;
Wheeler et al., 2001].

4. Results

4.1. Microstructures

[16] Low magnification micrographs of four shear zones
are shown in Figure 2. In general, the gabbros show the
following spatial variation in microstructure: igneous tex-
tures, undeformed coarse (5–30 mm) equi-axed plagioclase
and clinopyroxene grains; onset of deformation, plagioclase
exhibits subgrain boundaries and core-mantle textures
(a porphyroclast with variable subgrain development sur-
rounded by small recrystallized grains), clinopyroxene has
modest to no undulatory extinction; porphyroclastic, all
phases are porphyroclastic with recrystallized tails sweeping
into the shear zone; mylonitic, fine-grained monophase and
polyphase recrystallized layers, described below.
4.1.1. Monophase Mylonite Layers
[17] Monophase plagioclase layers are observed in all but

one of the shear zones. Microstructures in lower strain
regions illustrate that these layers originate from single
porphyroclasts, and grain sizes are equivalent or smaller
than subgrains in porphyroclasts (Figures 3c and 3d). We
infer that monophase layers in the highly strained regions
have a similar origin. Plagioclase crystals show straight
to slightly curved boundaries; the dihedral angles at three
grain junctions are often �120� (Figure 3a). Undulatory
extinction is uncommon in recrystallized grains; twins are
common regardless of grain size.
4.1.2. Polyphase Mylonite Layers
[18] Shear zones typically have many polyphase layers

with plagioclase content ranging from 44 to 90% (Figure 2).
The pyroxenes in these layers are typically small recrystal-
lized grains present at plagioclase grain boundaries and
corners (Figure 3b). As illustrated in Figure 2, the polyphase
layers originate from clinopyroxene porphyroclasts, and
become more mixed with distance from the host. Grain
boundaries in these layers are typically straight, while
interphase boundaries are more often curved and irregular
(Figure 3b).
4.1.3. Fe-Ti Oxide Gabbro Mylonite Layers
[19] Oxide gabbros are common throughout the drill core

and often have a well-developed foliation. The oxide
content locally approaches 90%, forming an interconnected
framework. Rafts of very fine grained recrystallized plagio-
clase are often suspended within the oxide-dominant layers.

4.2. Grain Size

[20] Figure 4 shows grain size distributions determined
using the line intercept method within one shear zone. Mean
X values are slightly larger than mean Z, with an X/Z ratio
ranging from 1.03 to 1.27. The standard deviation of grain
size within these samples is typically �60–80% of the
calculated mean. Grain size is reduced with increasing strain
and/or pyroxene abundance. Intercept lengths for all phases
have lognormal distributions for both the X and Z orienta-
tions in both monophase and polyphase layers. The least
symmetric lognormal distribution (clinopyroxene in 188-
3.2BA, Figure 4) corresponds to a single horizon of

Figure 1. Reconstructed SWIR crustal section. We focus
on the Leg 176 gabbros. (right) Running-average crystal
plastic fabric strength. Shear zone sample depths are
illustrated.
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pyroxene within a plagioclase layer, as opposed to more
distributed textures in the neighboring polyphase layers.
[21] Grain sizes are listed in Table 1. Plagioclase grain

sizes in monophase layers range from 30–288 mm. Plagio-
clase grain sizes in polyphase layers are finer grained than
neighboring monophase layers, ranging from 16 to 216 mm.
Pyroxene grains in the polyphase layers have 30–87 mm
diameters. The finest grain sizes are preserved in oxide
gabbro layers, where plagioclase ranges from 16–39 mm
and oxides range from 6–24 mm.

4.3. Second Phase Pinning

[22] Plagioclase grain size is influenced by the abundance
of second phases, as evident in comparing the mean line
intercepts and phase proportions in Figure 4. We observe a
linear relationship between plagioclase grain size in neigh-
boring polyphase and monophase mylonite layers, where
dplag in gabbro = 0.48dplag in monophase, R

2 = 0.84 (Figure 5a).
The plagioclase grain size is also well described by a Zener
pinning relationship with the form [e.g., Olgaard and
Evans, 1986]:

d ¼ k
dpin

f m
;

where d is the matrix grain size, dpin is the second (pinning)
phase grain size (assumed to be much smaller than d), f is

the volume fraction of the pinning phase, k is a
proportionality constant, and the exponent m depends on
the distribution of the pinning phase. A comparison of the
predicted and observed grain size within polyphase layers is
shown in Figure 5b. Excluding layers where dplag � dpin,
and defining f as the total percentage of nonplagioclase
phases, we find k = 1.26 and m = 0.41 (R2 = 0.60). A better
fit is obtained by excluding the two layers with dplag/dpin <
1.5; in this case, k = 1.45 and m = 0.34 (R2 = 0.83). These
values for m agree well with theory: when pinning phases
are located on grain boundaries, m = 0.50 [e.g., Haroun and
Budworth, 1968]; when pinning phases resides mostly at
grain corners, m = 0.33 [e.g., Hellman and Hillert, 1975].
Theoretical estimates for k range from 0.85 to 1.82,
depending on whether particles reside on each boundary
of a dodecahedron or at each corner of a tetrakaidecahedron,
respectively [Haroun and Budworth, 1968; Hellman and
Hillert, 1975]. Our results suggest that the Zener pinning
relationship provides a good estimate of grain size over a
large range of f (from �15% to �85%) even when dpin is
not significantly smaller than d.

4.4. Lattice Preferred Orientation

4.4.1. Plagioclase in Monophase Mylonite Layers
[23] The LPOs of monophase plagioclase layers are

shown in Figures 6 and 7. Additional LPOs are presented

Figure 2. Photomicrographs of SWIR shear zones. All images are plane-polarized light except
(d), which is cross-polarized light. Regions pictured in other figures are outlined and labeled. (a) Sample
155-1. (b) Sample 147-6. (c) Sample 188-3.2A. (d) Sample 188-3.2A in cross polarized light.
Porphyroclasts analyzed in Figure 8 are traced in black. (e) Sample 090-4. All photos are in the X-Z
reference frame.
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in Figures S1 and S2 in the auxiliary material.1 Figure 6
illustrates the textures and fabrics from a single shear zone.
Fabric strength and inferred slip systems for all analyzed
shear zones are listed in Table 1. Pole figures for all samples
in Table 1 are presented in the auxiliary material. We follow
the convention that parentheses indicate planes (hkl) and
square brackets indicate axes [uvw]. The plagioclase ori-
entations in Figure 6a (layer AA) show a maximum of [100]
axes subparallel to the lineation, a maximum of poles to the
(010) plane subparallel to the pole to foliation, and a
discontinuous great circle of poles to the (001) plane. This
LPO is consistent with deformation dominated by slip on
the (010)[100] system. The plagioclase orientations in
Figure 6b (layer BA) show a maximum of [100] axes
subparallel to the lineation, with poles to (001) subparallel
to the pole to foliation, consistent with slip on the
(001)[100] system. The LPO in this layer is weaker than

that in the layer from the shear zone boundary (M index of
0.07 versus 0.18).
[24] The relationships between recrystallized plagioclase

grain orientations with respect to porphyroclasts and the
shear zone boundary are shown in Figure 7 and Figure S3
in the auxiliary material. Figure 7a shows clusters of recrys-
tallized plagioclase axes parallel to the crystallographic
orientations of the plagioclase porphyroclast. Similar host-
controlled relationships have been described [Hobbs, 1968;
Prior and Wheeler, 1999; Jiang et al., 2000]. Figure 7b
illustrates a local strain-controlled relationship for the LPO
of recrystallized grains on opposite sides of a porphyr-
oclast [cf. Handy, 1990; Bestmann et al., 2006]. A
concentration of [100] axes is observed subparallel to the
local flow direction, while the maximum of (001) planes is
subparallel to the porphyroclast boundary. The obliquities
of the [100] maxima with respect to the porphyroclast
boundary are consistent with slip on the (001)[100] system
and the perturbation of flow around a rigid inclusion. The
pole figures in Figure 7c (see also Figures 6a and 6b) show

Figure 3. Cross-polarized photomicrographs of recrystallized plagioclase. (a) Nearly monophase
recrystallized layer, with plagioclase (plag) and pyroxenes (px) in sample 188-3.2B. Plagioclase
commonly exhibits twinning (t). (b) Well-mixed gabbro mylonite layer, sample 188-3.2B. Pyroxenes (px)
are high relief. (c) Recrystallized grains and subgrains (s) in porphyroclasts have similar grain sizes,
sample 155-1. (d) Recrystallized grain size is smaller than subgrain size in the shear zone with the highest
stress estimates, sample 090-4. Note the E-W healed fracture (f) in the porphyroclast.

1Auxiliary materials are available in the HTML. doi:10.1029/
2007JB005075.
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crystallographic orientations parallel to the shear zone
boundary, which indicates that the LPO is controlled by
the macroscopic shear direction.
[25] To further investigate the slip systems active during

deformation of plagioclase, we measured misorientation
axes across subgrains within porphyroclasts. The misorien-
tation axis is the crystallographic direction about which two
lattice orientations can be rotated into parallelism [e.g.,

Lloyd et al., 1997; Wheeler et al., 2001]. Pole figures and
misorientation axis plots for porphyroclasts are shown in
Figure 8. The pole figures illustrate the range in subgrain
orientations for the analyzed porphyroclasts: almost no
spread in subgrain orientations, a 29� rotation about the
(100) pole, and a spread in all three poles. The pole figure
with a 29� rotation and the accompanying plot of misori-
entation axes suggest that the rotation between subgrains is

Figure 4. Line intercept and lognormal length distributions for shear zone 188-3.2. See Figure 6 for
texture photomicrographs and Table 1 for microstructure data. Sample label, average grain size, and
phase proportion are shown at top right. Line intercept plots show the arithmetic mean, lognormal plots
show the geometric mean. AA and BE are monophase plagioclase layers at the shear zone boundaries.
BC is a monophase olivine layer. AB, BA, and BB are polyphase layers.
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about the (100) pole. This rotation suggests that subgrain
boundaries are composed of ‘‘edge dislocations’’ (true edge
dislocations are not possible in triclinic crystals) from slip
on the (010)[001] system [e.g., Kruse et al., 2001]. The
rotation (misorientation) axes for the other porphyroclasts in
Figure 8 are not as distinct, but are concentrated on the
(010) plane near (100). Pole figures for other porphyroclasts
are presented in Figure S4 in the auxiliary material, and
wherever a clear rotation axis is evident, the pole figure is
consistent with rotation about the (100) axis. We conclude
that (010)[001] is the dominant slip system active in
development of subgrain boundaries in porphyroclasts.
[26] In summary, the LPOs of monophase layers in the

SWIR mylonites are consistent with slip on the (010)[100]
and (001)[100] systems. By contrast, misorientation axes

suggest dominance of the (010)[001] dislocations during the
formation of subgrain boundaries within porphyroclasts.
4.4.2. Plagioclase in Polyphase Mylonite Layers
[27] Pole figures for plagioclase in polyphase mylonite

layers are shown in Figures 6a (layer AB) and 6b (layer
BB). In these layers, plagioclase shows no strong concen-
trations of crystallographic axes or poles. Weak or random
fabrics (M index of 0.04) in polyphase layers are observed
throughout the sampled suite (Table 1). Fabric strength
generally increases with an increase in plagioclase content
(Figure 9).
4.4.3. Clinopyroxene, Olivine, And Fe-Ti Oxides in
Mylonites
[28] Recrystallized clinopyroxene and olivine behave

similarly to plagioclase in that monophase aggregates show

Table 1. Microstructure Data for SWIR Shear Zonesa

Sample, Depth Layer Description Phase Size X/Z Percent s N Slip System Mi

090-4, 75.2 m C mono plag 53 1.0 100 71 200 (010) and (001)[100] 0.11
F poly ox-gab plag 39 1.1 15 104 200 random 0.04
F poly ox-gab mag/ilm 24 1.1 85
H mono plag 45 1.2 100 79 200 (001)[100] 0.11
J mono plag 100 79 200 (001)[100] 0.14
K mono plag 30 1.1 100 104 200 (001)[100] 0.10

147-6, 366.6 m A mono plag 86 1.1 100 51 200 (010)[100] 0.11
B poly ox-gab plag 59 1.3 44 51 200 random 0.04
B poly ox-gab cpx 30 1.3 56

149-3.1A, 383.2 m A mono olivine 100 66 rotate to (010)[100]?
B poly An35 54 1.1 66 201 rotate to (001)[100]? 0.07
B poly cpx 78 1.3 34
C poly plag 57 1.1 46 200 0.06
C poly cpx 45 1.1 54

149-3.2, 383.2 m A poly ox-gab plag 15.8 1.0 77 61 227 random 0.04
A poly ox-gab mag 6 1.2 18 204 {001} < ? > 0.03
A poly ox-gab ilm 5 50 (0001)[?]?
B poly ox-gab plag 16.2 1.1 87 61 202 random 0.05
B poly ox-gab mag/ilm 15 1.0 13
C mono An38 66 1.2 100 61 200 (010)[100] and [001]? 0.11

155-1, 434.5 m C1 mono plag 146 1.1 100 36 231 random 0.05b

C2 mono plag 100 36 55
C3 mono plag 100 36 90
D poly An50 57 1.3 46 36 204 (001)[100] 0.13
D poly cpx 47 1.1 54
G mono plag 100 31 202 inherited
K mono plag 179 1.0 70 31 200 (010)[100] 0.09
L mono cpx 100 82
M mono cpx 100 76

188-3.2A, 711.9 m A mono An56 288 1.1 100 22 205 (010)[100] 0.18
B poly An57 135 1.2 68 22 215 random 0.04
B poly cpx 63 1.5 16 89
B poly opx 10 53
B poly olivine 6 34
J mono plag 100 58
K mono plag 100 55

188-3.2B, 711.9 m Ac �mono plag 216 1.1 83 27 201 (001)[100] 0.07
Ac �mono cpx 87 1.2 17 39
B poly plag 111 1.3 49 27 215 random 0.04
B poly cpx 63 1.5 36 83 random
B poly olivine 15 36 random
C mono olivine 453 1.1 100 12, 14 100
D mono cpx 100 71
E mono plag 314 1.1 100 19

aLayer labels are provided for comparison with figures. Description refers to monophase, polyphase, or oxide (ox-gab) layer or zone. Phase is
plagioclase, olivine, clinopyroxene, orthopyroxene, ilmenite, or magnetite. When measured, the anorthite content of the plagioclase is listed. Size is grain
size in mm. X/Z is the aspect ratio of recrystallized grains. Percent is the modal percent of the phase; s is differential stress in MPa. Stresses in italics are
estimated based on the stress estimates of neighboring monophase layers. N is the number of grains analyzed by EBSD. Slip system lists the most likely slip
systems consistent with the LPO. Mi is the M index, a quantification of the fabric strength.

bLayer 155-1C has an anomalously weak fabric. The fabric is stronger for regions of fewer grains within the layer, see Figure S2 in the auxiliary material.
cShear zone layer 188-3.2BA is plotted as a monophase layer in Figure 11 because the clinopyroxene is limited to thin horizons that do not appear to

influence grain size.
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orientation clustering (Figures 6c and 6d, see also the
auxiliary material), while grains in polyphase mylonite
layers are less strongly oriented (Figure 6b and the auxiliary
material). In both cases there are too few recrystallized
grains to provide a robust quantification of fabric strength.
Pole figures of Fe-Ti oxides in polyphase mylonite layers
show random orientations (Figure S1 in the auxiliary
material).

4.5. Constraints on Deformation Conditions

4.5.1. Differential Stress
[29] We use the empirical relationship outlined by Twiss

[1977] to estimate stress as a function of recrystallized grain
size. We modify Twiss’ empirical relationship to reflect
glide on the [100] Burgers vector for consistency with the

observed LPOs. This changes the preexponential constant
from 7.8 to 9.6. Stress estimates for monophase layers range
from 20 to 100 MPa (Table 1). Ribbons of recrystallized
olivine grains at the boundary of a shear zone (Figure 6d)
allow us to compare the grain size/stress relationship
predicted for plagioclase with two experimentally derived
olivine piezometers [Van der Wal et al., 1993; Karato et al.,
1980]. Stresses are calculated from the grain size of recrys-
tallized olivine (see Figure 4) using a geometrical correction
factor of 1.75 for consistency with Van der Wal et al.
Estimated stresses for recrystallized olivine (453 mm) are
12�5

+12 MPa using Karato et al.’s piezometer, and 14�2
+3 MPa

using Van der Wal et al.’s piezometer. The neighboring
monophase plagioclase stress estimate is 20 MPa. Thus, the
stress estimates for olivine and plagioclase are similar.
[30] Stress estimates based on recrystallized grain size

can be misleading depending on the extent of postdeforma-
tion grain growth in addition to differences in the temper-
ature dependence of grain growth and dislocation creep
[e.g., Austin and Evans, 2007]. The presence of �120�
grain junctions in the monophase plagioclase layers sug-
gests some annealing may have occurred and that stress
estimates should be considered as minimum values. How-
ever, the observation that subgrain sizes are similar or
somewhat larger than recrystallized grain sizes (Figures 3c
and 3d) suggests that postdeformation grain growth was
modest.
4.5.2. Temperature
[31] Core equilibrium temperature estimates range from

808 ± 14 to 946 ± 69�C; probe analyses are summarized in
Tables S1–S3 in the auxiliary material and calculated
temperatures are summarized in Table 2. Rim temperatures
are generally cooler (by 6 to 71�C); however the calculated
temperatures of each core-rim pair are the same within the
error determined with the QUILF software.
4.5.3. Strain Rate
[32] The strain rate of the SWIR shear zones is well

constrained by geologic observations. A combination of
geochronology and thermal modeling of samples from
735B drill core indicates that the crust cooled from �950
to �800�C, the temperature range recorded by the mylon-
ites, in �200 ka [John et al., 2004]. The strain rate can be
determined by combining the constraint on the duration of
deformation with a strain estimate. Given the limited spatial
sampling of the drill core, we can only determine a
minimum strain estimate. Distinct shear zone layers are
observed to originate from individual porphyroclasts. These
layers commonly extend beyond the long dimension of the
thin section (i.e., > 20 mm), and have a thickness on the
order of �0.2 mm (e.g., Figure 2). For a porphyroclast with
an initial diameter of 2 mm, a simple shear (g) of �10 is
required to produce a recrystallized layer with dimensions
of 20 mm x 0.2 mm. Given the roughly parallel orientation
of the mylonitic layers with respect to the shear zone
boundary, we suggest that the true strain could easily be
an order of magnitude greater. Given a shear strain of 10–
100 and a deformation time of 200 ka, we calculate a shear
strain rate of 2 � 10�12 s�1 to 2 � 10�11 s�1. These shear
strain rates are equivalent to axial strain rates of 10�12 s�1

to 10�11 s�1 ( _� = _g/
ffiffiffi

3
p

). For comparison, at a strain rate of
10�14 s�1, a 2 mm porphyroclast would only elongate to
2.13 mm. This low magnitude of strain may be reasonable

Figure 5. (a) Grain size relationship between plagioclase
in monophase and gabbro mylonite layers. The best fit line
has an R2 of 0.84. (b) Relationship between observed and
predicted plagioclase grain size calculated using the Zener
pinning relationship. The calculated plagioclase grain size
fits a power law derived from a best fit relation for dplag/dpx
versus pyroxene phase fraction for polyphase shear zone
layers, excluding one mylonite layer with dplag = dpx. R

2 for
the power law fit is 0.60; R2 for the linear 1:1 trend is 0.95.
The open symbol denotes a layer with dplag < dpx, where we
treat plagioclase as the pinning phase.
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Figure 6. Plane and cross (XPL) polarized photomicrographs and plagioclase (plag), clinopyroxene
(cpx), and olivine pole figures for shear zone 188-3.2. (a) Boundary between a monophase plagioclase
layer and a finer-grained gabbro layer. (b) Monophase layers within a dominantly polyphase band.
(c) Clinopyroxene porphyroclast and recrystallized clinopyroxenes within a monophase plagioclase layer.
(d) Boundary between gabbro mylonite and monophase plagioclase at the edge of the shear zone. A
recrystallized olivine layer is also shown. Pole figures are generated from the layers separated by white
lines in the XPL photomicrographs. Layers are labeled for comparison with Figure 4 and Table 1. Pole
figures are lower hemisphere equal-area stereonets with the shear plane indicated by the E-W line and
lineation at the intersection of the shear plane and the primitive; see the key below the pole figures. Here
n is number of grains, M is fabric strength for layers with >200 grains, as calculated with the M index,
and max is the maximum density in multiples of uniform distribution (MUD). The shading gray scale is
linear with a maximum at 10 MUD. The contour interval is 1s, the first contour is 2s. The white circles
in Figure 6c indicate the clinopyroxene porphyroclast’s location and crystal orientation.
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for the porphyroclasts at the shear zone boundaries, where
microstructural evidence for deformation is limited to un-
dulatory extinction in plagioclase and a small degree of
recrystallization.
[33] An additional test for the strain rate range is to

calculate the strain rate for the SWIR crust assuming that
the rate of spreading at the SWIR spreading center was
accommodated by slip on shear zones. Approximately 10%
of the drill core has high-temperature deformation fabrics,
giving a total shear zone thickness of �150 m. For a
spreading rate of 14–16 mm a�1 [Dick et al., 2003], the
shear strain rate is in the range of 15mm a�1/150 m � 3 �
10�12 s�1 (equivalent axial strain rate of 2 � 10�12 s�1), in
agreement with our estimate based on mylonite layer
geometry.

5. Discussion

[34] Plagioclase fabrics from low and high-strain gabbro-
ic shear zones demonstrate that deformation mechanisms
evolve with increasing strain. The microstructure of lower
strain regions indicates that deformation is first accommo-
dated by dislocation creep resulting in subgrain formation

and the initiation of subgrain rotation recrystallization in
plagioclase. In many cases, the initial orientation of recrys-
tallized grains depends on the host orientation, as illustrated
in Figure 7a and sample 149-3.2C/D in Figures S1 and S4 in
the auxiliary material. However, with increasing strain the
slip planes in monophase layers rotate into parallelism with
the shear plane (i.e., the orientation becomes controlled by
the shear direction, see Figures S1 and S4 in the auxiliary
material). By contrast, random fabrics or weak LPOs are
observed in adjacent polyphase layers that are finer grained,
suggesting a transition in the dominant deformation mech-
anism to diffusion creep is promoted by grain size pinning.

5.1. Microstructural Observations

5.1.1. Slip Systems
[35] The interpretation of these fabrics is complicated by

the apparent discrepancy presented by the analyses of
misorientation axes in porphyroclasts and the LPO of
recrystallized layers. The misorientation axis data for por-
phyroclasts suggest that slip on (010)[001] is easier than
that on (010)[100] or (001)[100]. By contrast, the LPO of
recrystallized layers suggest that slip on (010)[100] and
(001)[100] is easier than that on (010)[001].

Figure 7. Photomicrographs and lower hemisphere pole figures illustrating different controls on
plagioclase slip plane orientation; see Figure 2 for thin section-scale photos and Figure 6 for plotting
conventions. (a) Host-controlled LPO in sample 155-1. Crystal orientations with the [100] direction
intersecting the upper hemisphere are gray. Shading in Figure 7a was generated after projecting the upper
hemisphere axes into the lower hemisphere. Note the incipient brittle fracture (f). The local foliation is
shown by dashed lines on the pole figures. The white circle identifies the porphyroclast and porphyroclast
orientation in the pole figures; cpx, clinopyroxene, plag, plagioclase. (b) LPO controlled by a rigid
porphyroclast in sample 090-4. The obliquities of [100] with respect to porphyroclast boundaries are
consistent with flow around the rigid porphyroclast (black arrows in the pole figures). The shear planes
are subparallel to the porphyroclast boundary (dashed lines); ox, Fe-Ti oxides. (c) Shear zone boundary-
controlled LPO in sample 090-4.
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[36] On the basis of crystal structure, the (010)[001] slip
system should be ‘‘easy’’ given the large spacing between
slip planes and the small spacing in the slip direction [e.g.,
Marshall and McLaren, 1977]. Indeed, dislocations and
LPOs consistent with slip on (010)[001] are commonly
identified in TEM of experimentally and naturally deformed
plagioclase [Olsen and Kohlstedt, 1985; Olesen, 1987; Ji
and Mainprice, 1988; Ji et al., 1988; Kruse et al., 2001;
Stünitz et al., 2003]. However, none of the SWIR mylonite
layers have LPOs consistent with slip on (010)[001].
[37] The (010)[100] and (001)[100] systems inferred

from the SWIR LPOs have also been identified in naturally
and experimentally deformed plagioclase [Marshall and
McLaren, 1977; Cannat, 1991; Siegesmund et al., 1994;
Heidelbach et al., 2000; Ji et al., 2000; Xie et al., 2003;
Zimmerman and Kohlstedt, 2003; Ji et al., 2004]. Ji et al.
[2000, 2004] proposed that the relative importance of the
[001] or [100] Burgers vectors may be a function of temper-
ature, strain rate, H2O activity or confining pressure. How-

ever, within a given shear zone these parameters were
presumably the same during deformation. In addition, there
is no evidence that the differences in slip systems reflect
variation in composition. For example, the compositions of
plagioclase in monophase layers, polyphase layers and
porphyroclasts shown in Figure 6 are An56±2, An57±1,
An58±4, respectively.
[38] On the basis of our results, we can only conclude that

either the dominant slip systems that characterize the LPO
depend on more than just the critical resolved shear stress
for each slip system, or subgrain boundaries in plagioclase
porphyroclasts are not dominantly composed of dislocations
from the easiest slip systems. Nonetheless, it is clear that
monophase plagioclase layers developed strong LPOs while
finer-grained polyphase layers did not.
5.1.2. Phase Mixing and Grain Boundary Sliding
[39] Our interpretation that deformation in the gabbro

mylonites is accommodated by diffusion relies primarily
on the observation of weak to random fabrics in these
samples [e.g., Lapworth et al., 2002]. Theoretical arguments
indicate that grain boundary sliding (GBS) is required
during diffusion creep [e.g., Ashby and Verrall, 1973].
The best evidence for grain boundary sliding (GBS) in the
SWIR mylonites is the greater extent of phase mixing
observed with increasing distance from clinopyroxene
porphyroclasts (Figure 10). Phase mixing in the gabbro
mylonites is potentially augmented by the nucleation of

Figure 8. Plagioclase subgrain orientations. (a) Porphyr-
oclast outlines with subgrain boundaries. See Figure 2d for
location. (b) Pole figures, lower hemisphere equal-area
stereonets. Open symbols indicate poles to planes; solid
symbols indicate axes. The average (010) plane is indicated
by a dashed line. (c) Orientation of subgrain boundary
misorientation axes on upper hemisphere equal-angle
stereonets. The 24� and 12� cones represent the errors
associated with EBSD analyses for rotations of 3–5� and
5–10� rotations, respectively [Prior, 1999]. The (010) plane
is indicated by the dashed line. The key illustrates the
crystal reference frame and orientation of plagioclase planes
and axes.

Figure 9. Relationship between fabric strength and modal
abundance of plagioclase. Fabric strength is quantified by
calculating the M index [Skemer et al., 2005].

Table 2. Recrystallized Two-Pyroxene Temperature Estimates for

SWIR Shear Zonesa

Sample Depth, m Core, �C Rim, �C
149–3.1 961 933 ± 41 862 ± 60

946 ± 69 905 ± 60
149–3.2 964 872 ± 57 857 ± 44

860 ± 70 880 ± 63
155–1 1016 829 ± 23 823 ± 17

808 ± 14 816 ± 15
188–3.2A 1310 942 ± 36 895 ± 29

924 ± 34 908 ± 45
aTemperatures are calculated using the Ca-QUILF software of Lindsley

and Frost [1992]. See Figure 10 for backscattered electron images of the
pyroxene breakdown reaction.
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fine-grained pyroxenes during concomitant exsolution and
dynamic recrystallization. Similar chemical driving forces
have been suggested in amphibole-bearing gabbros [Kruse
and Stünitz, 1999], quartzo-feldspathic mylonites [Fliervoet
et al., 1997], and peridotite mylonites [Newman et al.,
1999]. The observation of phase mixing together with the
lack of LPO supports our interpretation that the gabbro
mylonite layers deformed by diffusion creep.

5.2. Comparison of Predicted and Natural
Deformation Mechanisms

[40] We investigate relationships between LPO, second
phases, and deformation mechanisms using deformation
mechanism maps (DMMs) for plagioclase and gabbro.
The conditions where dislocation creep and diffusion creep
are the dominant creep processes are calculated using
experimental flow laws with the form:

�� ¼ Asnd�pf rH2O
exp �Q=RTð Þ;

where �� is strain rate, A is a constant, s is stress in MPa, n is
the power law exponent, d is grain size in mm, p is the grain
size exponent, fH2O

is water fugacity, r is the water fugacity
exponent, Q is the activation enthalpy, R is the molar gas
constant, and T is absolute temperature. We calculate total
strain rate contours assuming that the total strain rate is the
sum of the strain rate due to diffusion and dislocation creep,
��total = ��dif + ��dis, at temperatures of 800 and 950�C based on
the two-pyroxene thermometry. For wet laws we set r = 1,
as suggested by the experiments of Rybacki et al. [2006];
water fugacities are calculated by taking the product of
water fugacity coefficients [Tödheide, 1972] and water fluid
pressure. The value of A is then recalculated to account for
the fugacity term. We assume water fluid pressure is
lithostatic, and calculate the lithostatic pressure at 2500 m
and 3500 m in the restored crustal section (see Figure 1)
using rrock = 3000 kg m�3. We also include the load of a
4 km water column.
[41] The experimental flow laws were all determined

using uniaxial deformation experiments. We convert uniax-
ial strain rates to a more geologically relevant plane strain

geometry assuming �� =
ffiffi

3
p

2
��axial. This relationship is calcu-

lated by relating the second invariant of the strain tensors
for different geometries with the assumption that the mate-

rial obeys the von Mises yield criterion [Nye, 1953; Jaeger
and Cook, 1969; Schmid et al., 1987].
[42] Our evaluation of flow laws relies on the accuracy of

our stress estimates. In addition to the evaluation of Twiss’
[1977] piezometer at low stresses (section 4.5.1), we com-
pare our highest stress estimates with those predicted for
brittle deformation mechanisms. Our calculated temperature
range (800–950�C) is only slightly higher than the range
suggested for the initiation of hydrothermal alteration (700–
750�C [e.g., Manning et al., 1996; Miranda, 2006]). Hy-
drothermal alteration requires a network of veins or micro-
cracks, thus, we predict the high-stress (fine-grained) SWIR
shear zones were deforming at stresses near the viscous-
brittle transition.
[43] Following Hirth et al. [1998], two constraints are

used to determine the stress of initiation of brittle failure
mechanisms. First, the differential stresses predicted for
Goetze’s criteria (sdif = s3) at depths of 2500 and 3500 m
(assuming s1 is the lithostatic pressure including the load of
the water column) are 56 and 71 MPa, respectively.
Goetze’s criteria provides an estimate for the stress state
at the transition from semibrittle to fully plastic flow
[Kohlstedt et al., 1995], and thus constrains the stress below
which microcracking does not occur. Second, the differen-
tial stresses predicted by Byerlee’s law [Byerlee, 1978]
assuming a hydrostatic fluid pressure at depths of 2500
and 3500 m are 56 and 70 MPa, respectively [see also
Newman et al., 1994]. As shown Table 1, the stresses
predicted using these two constraints are in agreement with
the highest stresses predicted for the SWIR mylonites using
the grain size piezometer (�50–100 MPa). This agreement
further supports our stress estimates and evaluation of the
plagioclase and gabbro flow laws.
[44] For completeness, we note that two other piezome-

ters predict stresses that are inconsistent with the constraints
provided by the onset of brittle deformation. The albite
piezometer calibrated by Post and Tullis [1999] predicts
stresses that fall well below the brittle-failure criteria (0.1–
2.5 MPa). The Post and Tullis piezometer must be extrap-
olated to considerably lower stress than where it was
calibrated and the recrystallization processes involved
(low-temperature migration recrystallization, i.e., ‘‘bulging’’
recrystallization) are different than those exhibited by the
SWIR samples. Post and Tullis emphasize that their pie-
zometer should not be applied to rocks that exhibit evidence

Figure 10. Figure 10. Backscattered electron images of layered mylonite in sample 155-1. See Figure 2a
for locations. (a) Recrystallized phases at a clinopyroxene porphyroclast boundary. (b and c) The
pyroxene-rich layer is progressively mixed with increasing distance from the porphyroclast. Minerals are
labeled as plagioclase (plag), olivine (ol), clinopyroxene (cpx), orthopyroxene (opx), and Fe-Ti oxide (ox).
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for either subgrain rotation or high-temperature migration
recrystallization. Application of the field boundary theory as
a piezometer [e.g., de Bresser et al., 2001] also predicts low
stresses (0.1 to 1 MPa for the samples with grain sizes of
�100 to 300 mm, see Figure 11). This observation suggests
that the piezometric grain size relationship exists indepen-
dent of the field boundary hypothesis.
5.2.1. Deformation Mechanism Map for Monophase
Plagioclase Layers
[45] A deformation mechanism map for dry plagioclase is

shown in Figure 11, calculated using the flow law for An100
[Rybacki and Dresen, 2000]. Monophase shear zone layers
are plotted on the DMM using the stress determined from the
Twiss piezometer. All of themonophase layers plot within the
dislocation creep field, consistent with the observation that
all but one layer exhibits a strong LPO. The range of
differential stress estimated from the piezometry is well fit
by the dry An100 flow law at a strain rate of 10�12 s�1, which
is consistent with the independent estimates for strain rate
outlined in section 4.5.3. By contrast, extremely high strain
rates of �10�9 to 10�7 s�1 are predicted using the wet
plagioclase flow laws for dislocation creep at the same stress
and temperature range (wet An100, wet An60, wet Ab100
[Rybacki and Dresen, 2004]).
[46] The discrepancy between the fast strain rates pre-

dicted using the flow laws for wet plagioclase and the
geologically constrained rates of 10�12 to 10�11 s�1 sug-

gests that H2O activity was low during the formation of the
SWIR shear zones. This result is consistent with character-
istics of oceanic crust beneath spreading centers: (1) the
gabbroic rocks are cumulates, so much of the water (an
incompatible component) present in primitive MORB will
be concentrated in the erupted lavas and (2) the crust is
young, hot, and fracture free prior to the onset of brittle
deformation at lower temperatures [e.g., Hirth et al., 1998].
5.2.2. Deformation Mechanisms for Gabbro Mylonite
Layers and Coarse-Grained Gabbro
[47] A deformation mechanism map for dry gabbro is

plotted in Figure 12 using the 50An/50Cpx flow law
determined for synthetic aggregates of anorthite and diop-
side [Dimanov and Dresen, 2005]. The 50An/50Cpx mix-
ture has a volume percent ratio similar to that of the average
SWIR gabbros (�60% plagioclase, 40% pyroxene and
olivine). The planar banding in the layered mylonites
(e.g., Figures 2 and 6), as opposed to boudinage of one
layer or the other, indicates that there is little or no viscosity
contrast between plagioclase and gabbro mylonite layers.
Thus, we use a strain rate of 10�12 s�1 in Figure 12 for
comparison with Figure 11. The dislocation creep stresses
calculated for dry and wet gabbro flow laws at various strain
rates are plotted on the side in Figure 12 (50An/50Cpx and
75An/25Cpx [Dimanov and Dresen, 2005]; natural diabase,
Mc and Mm [Mackwell et al., 1998]).

Figure 11. Deformation mechanism map comparing a dry anorthite flow law and SWIR monophase
plagioclase mylonite layers. The flow law curves are calculated with parameters from Rybacki and
Dresen [2000], at a strain rate of 10�12 s�1 and at temperatures of 800�C and 950�C (high and low stress
contour, respectively). The dislocation creep stresses for anorthite and wet plagioclase at the same
temperature range but different strain rates are shown to the right of the plot; see text for references.
Errors associated with Q and n are shown by the dashed lines at the 800�C contour and the boundary
separating the diffusion and dislocation creep fields. The stresses predicted for frictional sliding (Byerlee)
and the brittle-plastic transition (Goetze) for SWIR gabbros are shown by the horizontal gray bar.
Monophase mylonite layers are plotted on the Twiss recrystallized grain size piezometer. Symbol size is
proportional to fabric strength as quantified with the M index, see key in the lower right corner. Stars and
associated error bar indicate stress estimates for neighboring recrystallized plagioclase and olivine at a
shear zone boundary; see text.
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[48] Samples from the gabbro mylonite layers are plotted
on Figure 12 using weighted-mean grain sizes from the
gabbro layers and the stress estimated from neighboring
monophase layers; therefore we assume that stress is constant
between neighboring layers. The grain size for six of the
seven gabbromylonite layers that havemonophase neighbors
is well fit by a power law: sd = 237d�0.48, R2 = 0.90. The
outlying high-stress sample was not included in the fit
because it has a texturally unique interconnected oxide
network. This ‘‘polyphase piezometer’’ suggests that second
phase pinning results in a systematic change in the grain size
piezometer. This result is reasonable given that the grain size
of the plagioclase depends on the recrystallized grain size of
the pinning phase, which also depends on differential stress.
One shear zone has no monophase layer and its two gabbro
layers are plotted on the ‘‘polyphase piezometer’’ in
Figure 12.
[49] Similar to the result for monophase layers, the

gabbro mylonite samples generally plot within the stress
range predicted for a temperature range of 800–950�C at a
strain rate of 10�12 s�1. Furthermore, the samples plot
within the diffusion creep field or near the boundary
between the two creep mechanisms. Comparison of the
gabbro DMM with the monophase DMM illustrates that
the temperature contours for the diffusion creep field are
the same within error. However, the boundary between the
diffusion and dislocation creep fields is shifted toward larger
grain sizes and greater stresses. This indicates that a relative
enhancement of diffusion creep occurs because dislocation

creep of gabbro is inhibited relative to anorthite. However,
the lowest stress (i.e., largest grain size) samples in Figure 12
still plot within the dislocation creep field despite the fact that
they exhibit no LPO (M index = 0.4). These observations
suggest that the gabbro flow law underestimates the strain
rate for diffusion creep.
[50] The relationships between our deformation mecha-

nism observations and the gabbro flow laws are further
illustrated by analyzing stress-strain rate curves in Figure 13.
In evaluating Figure 13, we need to account for four criteria
based on our observations. (1) The strain rate predicted for
the mylonites should match the geologically constrained
range of 10�12 to 10�11 s�1. (2) The strain rates for the
plagioclase and gabbro mylonite layers should be similar.
(3) The plagioclase layers should deform by dislocation
creep while the gabbro layers should deform by diffusion
creep. (4) The gabbro mylonite layers should deform at a
much greater rate than the coarse-grained gabbro.
[51] Figure 13 compares stress-strain rate relationships

for anorthite, fine-grained gabbro, and coarse-grained gab-
bro at 875�C and 925�C. For a temperature of 875�C (i.e.,
the middle of our estimated temperature range) we assign
grain sizes based on averages of the grain sizes illustrated in
Figures 11 and 12: 100 mm for the dry anorthite flow law
and 35 mm for the dry gabbro (50An/50Cpx) flow law. At
925�C (the temperature estimated for the coarsest-grained
samples) we assign grain sizes based on the lowest stress
shear zone sample: an anorthite grain size of 300 mm and a
gabbro grain size of 100 mm. The behavior of coarse

Figure 12. Deformation mechanism map comparing a gabbro flow law and SWIR gabbro mylonite
layers. The flow law curves are calculated with the 50An/50Cpx parameters from Dimanov and Dresen
[2005], at a strain rate of 10�12 s�1 and at temperatures of 800�C and 950�C (high and low stress contour,
respectively). The dislocation creep stresses for dry and wet gabbros at the same temperature range, but
different strain rates are shown to the right of the plot; see text for references. Errors associated with Q
and n are shown by the dashed lines at the 800�C contour and the boundary separating the diffusion and
dislocation creep fields. Gabbro mylonite layers are plotted as solid symbols at weighted average grain
sizes and stress estimates based on neighboring monophase layers. Symbol size is proportional to fabric
strength as quantified with the M index. Gray symbols lack neighboring plagioclase layers and are plotted
on the best fit curve to the solid symbols; see text. Note the fabric strength reduction in all but one
plagioclase-gabbro pair.

B05202 MEHL AND HIRTH: OBSERVED VERSUS PREDICTED GABBRO RHEOLOGY

14 of 19

B05202



gabbro, outside the shear zones, is also plotted at both
temperatures. We use the 50An/50Cpx flow law and a grain
size of 3000 mm for the coarse gabbro.
[52] As illustrated in Figure 13 (top), all four criteria are

met within error of the flow laws at a temperature of 875�C
and a stress near 50 MPa, although the strain rate predicted
for the gabbro mylonite falls at the lower bound of the
estimated range. The implications of Figure 13 (top) are
emphasized by considering the behavior at higher or lower
stress. At lower stress, the predicted strain rate for the
mylonites falls below the geologically estimated range. At
higher stress, the contrast in strain rate between the gabbro
mylonite and coarse gabbro diminishes. Thus, the agree-
ment between the observed deformation mechanisms, esti-
mated strain rates and predictions of the flow laws is limited
to differential stress values approximately the same as
determined by the grain size piezometry. This result arises
because of the difference in the stress dependence for creep
mechanisms predicted for the gabbro mylonite (n = 1,
diffusion creep) and the plagioclase mylonite (n = 3,
dislocation creep).
[53] As illustrated in Figure 13 (bottom), the same four

criteria are not met at the lower stress conditions at 925�C.
The diffusion creep strain rate for the gabbro mylonite is too
low relative to that of anorthite except at stresses �5 MPa,
at which point the predicted strain rates are both signifi-
cantly below the geologically estimated range. At stresses
�50 MPa the strain rate of the gabbro mylonite and coarse
gabbro become similar because the gabbro mylonite is
predicted to deform by dislocation creep, which is incon-
sistent with our microstructural observations. All four
criteria would be met at the stress predicted by grain size
piezometry (�20 MPa) if the diffusion creep strain rate for
the gabbro mylonite is enhanced by approximately an order
of magnitude.
[54] While these observations indicate possible problems

with the application of diffusion creep flow laws for gabbro
mylonites, the rheology of the coarse gabbro is well
predicted by the dislocation creep flow law. For the stress
range estimated by the recrystallized grain size piezometry,
the dislocation creep flow law for coarse gabbro predicts
strain rates in the range of 10�14 to 10�13 s�1. This range is
appropriate given the limited strain in the porphyroclasts at
the shear zone boundaries (section 4.5.3).
[55] The contrast in rheology between gabbro and pla-

gioclase in the dislocation creep regime is well explained by
strengthening due to the presence of hard inclusions (i.e.,
pyroxenes). Both experimental and theoretical studies indi-
cate that the addition of pyroxene increases the strength of
gabbroic rocks in the dislocation creep regime. For exam-
ple, experimental studies on natural diabase (a fine-grained
rock with gabbroic composition) demonstrate that samples
with �70 vol % plagioclase are significantly weaker than
those with 56 vol % plagioclase [Mackwell et al., 1998].
The contrast in rheology of the plagioclase layers and the
coarse gabbros is also consistent with the experimental
study of Dimanov and Dresen [2005] and the theoretical
mixing relationships reviewed by Tullis et al. [1991] and
Dimanov and Dresen [2005]. The effect of plagioclase
content is illustrated in Figure 13 (top), where the diabase
with 70% plagioclase is predicted to deform at a strain rate
equivalent to that of anorthite, while diabase with 56%

Figure 13. Evaluation of monophase and polyphase flow
laws at typical SWIR conditions. Stress-strain rate curves
are shown for anorthite [Rybacki and Dresen, 2000] and
gabbro (50An/50Cpx parameters [Dimanov and Dresen,
2005]). The shaded region around the curves represents the
error in Q and n. The geologically constrained stress and
strain rate are shown by the open box. Deformation
dominated by dislocation creep is parallel to the n = 3 line.
Deformation dominated by diffusion creep is parallel to the
n = 1 line. Circles indicate dislocation creep strain rates for
Columbia (c, 70% plagioclase) and Maryland (m, 56%
plagioclase) diabase [Mackwell et al., 1998] at a given
stress. (top) Case for T = 875�C. Grain sizes are based on
the piezometric relationship (Figures 11 and 12) at a stress
of 50 MPa: anorthite = 100 mm, gabbro mylonite = 35 mm,
coarse gabbro = 3000 mm. (bottom) Case for T = 925�C. At
the assigned stress of 20 MPa, we use grain sizes of
anorthite = 300 mm, gabbro mylonite = 100 mm, coarse
gabbro = 3000 mm. At these conditions the polyphase strain
rate is underestimated. The anorthite and polyphase laws are
in better agreement at 875�C and 925�C if the grain size
exponent, p, is assigned a value of 2.4 for gabbro (diffusion
creep).
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plagioclase is predicted to deform at the same strain rate as
coarse gabbro. The difference in strain rate of the two
diabases is similar at 925�C (Figure 13, bottom), but the
strain rates are lower relative to the anorthite and gabbro. One
consequence of the pyroxene-hardening effect is that modal
variations within gabbro can promote strain localization
within plagioclase rich layers [see also Olgaard, 1990].
[56] In summary, the experimental flow laws provide

accurate estimates for stress and strain rate during disloca-
tion creep of plagioclase and coarse-grained gabbro, but the
strain rate for diffusion creep of fine-grained gabbro may be
underestimated, particularly at low stresses. The deforma-
tion mechanisms predicted by anorthite flow laws and
gabbro flow laws are in good agreement with the dominant
mechanisms determined by microstructural observations.
Our results indicate that diffusion creep in gabbro mylonite
layers is promoted by second phase pinning and an inhibi-
tion of dislocation creep by the presence of pyroxene, which
acts as a hard inclusion.

5.3. Enhanced Diffusion Creep in Fine-Grained
Polyphase Materials

[57] In this section we introduce two speculative solutions
to the discrepancy between our results and the experimental
diffusion creep laws for polyphase material. First, we
consider whether relatively rapid interphase diffusion (in-
terphase boundary as opposed to grain boundary) could
enhance diffusion creep. Second, we analyze the possibility
that the grain size dependence for diffusion creep is not as
great as assumed in the flow laws.

[58] Diffusion creep may be enhanced in polyphase
materials if interphase boundary diffusion is faster than
grain boundary diffusion (e.g., Bruhn et al. [1999]; but
see also Barnhoorn et al. [2005]). This effect may not be
evident in the experimental studies owing to the microstruc-
ture produced during the hot-pressing stage, in which
relatively large pyroxene grains (�35 mm) are dispersed
within a much finer-grained (�3.5 mm) plagioclase matrix
[see Dimanov and Dresen, 2005, Figure 1d]. By contrast,
pyroxene and plagioclase are intimately mixed in the SWIR
samples and the grain size of the pyroxene is 20 to 60%
smaller than the plagioclase (Figure 3c). Thus, there is a
significantly higher fraction of interphase boundaries in the
natural samples. For example, assuming an assemblage of
cubic grains for simplicity, the ratio of interphase bound-
aries to grain boundaries in the synthetic sample is approx-
imately 1:10. By contrast, the microstructures of the natural
samples exhibit approximately a 1:1 ratio. For both textures
nearly all boundaries involving pyroxene are interphase
boundaries. To account for the difference in strain rate
illustrated in Figure 13 (bottom), an ‘‘interphase boundary
diffusion’’ effect would require an enhancement in creep
rate of approximately a factor of 10 at 925�C.
[59] Another way to increase the rate of diffusion creep is

to decrease grain size dependence. The grain size exponent
(p) for the polyphase flow laws is not well quantified. The
discrepancy between the flow law and our microstructural
constraints is greatest at large grain size (Figure 12), where
the extrapolation in grain size from the lab conditions is
greatest. As shown in Figure 13, all four of our micro-
structural criteria summarized in section 5.2.2 are met by
decreasing p from 3 to 2.4 in the diffusion creep flow law for
gabbro. A decrease in grain size exponent may arise owing to
a transition from grain boundary diffusion limited creep (i.e.,
Coble creep, p = 3) to volume diffusion limited creep (i.e.,
Nabarro-Herring creep, p = 2) with increasing grain size.

5.4. Implications for Strength of Lower Crust

[60] To evaluate the weakening effect that strain localiza-
tion has on gabbroic crust, we compare the calculated strain
rates for SWIR gabbros with and without shear zones. Our
analyses suggest that the strain rate in the shear zones is in the
range of 10�12 s�1 to 10�11 s�1, while the strain rate outside
of the shear zones is in the range of 10�14 s�1 to 10�13 s�1

(Figure 13). We model the bulk strain rate of a crust with
shear zones using the relationship: ��bulk = ��szc + ��cr(1-c),
where ��bulk is the bulk crustal strain rate, ��sz is the strain rate
in the shear zone, ��cr is the strain rate in the country rock and
c is the fraction of shear zones. Using the 50An/50Cpx flow
law fromDimanov and Dresen [2005], and assigning c = 0.1
(i.e., 10% of the crust is mylonite, as observed in the SWIR
drill core), dgabbro mylonite = 35 mm, and dcoarse gabbro = 3000
mm, the bulk strain rate is approximately a factor of 2
faster in gabbro with shear zones than in gabbro without
shear zones at a stress of 50 MPa (Figure 14). If we
modify the grain exponent to p = 2.4, as discussed in
section 5.3, strain rate in the crust with shear zones increases
by another factor of 2. From Figure 14 it is evident that the
reduction in the bulk effective viscosity is much smaller
than the contrast in effective viscosity between the shear
zone and the country rock. Such distinctions could be
important for interpreting the distribution of postseismic

Figure 14. Crustal weakening due to shear zones. Stress-
strain rate curves are shown for coarse gabbro and gabbro
mylonite (3000 mm and 35 mm, respectively, 50An/50Cpx
[from Dimanov and Dresen, 2005]), dry olivine (3000 mm
[from Hirth and Kohlstedt, 2003]), and a crustal section
with 10% shear zones (as constrained by structural observa-
tions of the SWIR gabbros). At a stress of 50 MPa, the strain
rate of gabbroic crust with 10% shear zones (�2� 10�12 s�1)
is about twice as fast as that for a gabbroic crust without shear
zones. The strain rate is another factor of 2 times faster if the
grain size exponent, p, is assigned a value of 2.4 in the
diffusion creep flow law.
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strain in the lower crust. Figure 14 also shows that in the
absence of shear zones there would be little contrast in the
rheology of the crust and mantle below the oceanic crust, or
in other tectonic environments where the gabbroic crust is
dry, such as below parts of Tibet [Hacker et al., 2000] or
Venus [Mackwell et al., 1998].

6. Conclusions

[61] Microstructural analyses of deformed gabbro mylon-
ites suggest that the extrapolation of experimental flow laws
to geologic strain rates is robust. The agreement between
predicted and observed deformation mechanisms is best for
fine-grained plagioclase mylonite layers and coarse-grained
gabbro. The concurrent activity of dislocation creep in the
plagioclase mylonite layers and diffusion creep in gabbro
mylonite layers is consistent with theoretical and experi-
mental studies on the rheological effects of hard inclusions
(i.e., pyroxene) in a weaker matrix. Our analysis suggests
that the flow law for diffusion creep of fine-grained gabbro
underestimates strain rate by a factor of 5–10. We speculate
that diffusion creep may be enhanced due to the higher
percentage of interphase boundaries in the natural mylonites
compared to the synthetic aggregates of Dimanov and
Dresen [2005]. Alternatively, the grain size exponent may
be smaller than assumed in the experimental flow laws.
[62] Recrystallized plagioclase in monophase layers ex-

hibit strong LPOs. Subgrain boundaries within porphyro-
clasts appear to be composed of tiltwalls due to slip on
(010)[001], while the recrystallized layers have LPOs con-
sistent with slip on (010)[100] and/or (001)[100]. These
observations indicate that either the dominant slip systems
that characterize the LPO depend on more than just the
critical resolved shear stress for each slip system, or that
subgrain boundaries in plagioclase porphyroclasts are not
dominantly composed of dislocations from the easiest slip
systems.
[63] Polyphase layers originate at clinopyroxene porphyr-

oclasts and are progressively mixed with distance from the
host. Fine-grained pyroxene forms by a combination of
dynamic recrystallization and orthopyroxene-clinopyroxene
exsolution. The plagioclase grain size in mixed layers is
smaller than in neighboring monophase plagioclase layers
and is well modeled with the Zener pinning relationships.
Plagioclase exhibits a weak LPO or random fabrics in the
polyphase layers. Together these observations indicate that
pinning and phase mixing promote a transition from disloca-
tion creep to diffusion accommodated grain boundary sliding.
[64] Our analyses indicate that the strain rate of shear

zones is 1–2 orders of magnitude greater than the strain rate
of gabbroic rock outside of the shear zones. The difference
in viscosity is primarily a result of the grain size sensitivity
to deformation of the fine-grained gabbro. However, varia-
tions in the modal abundance of plagioclase can also
promote viscosity contrasts that are exploited to promote
strain localization. For a crust with 10% shear zones, as
identified for the SWIR gabbros, strain localization decreases
the bulk viscosity by a factor of 2 to 4 relative to that of
gabbroic crust without shear zones. This limited weakening
effect implies that the gabbroic crust has a viscosity similar to
the underlying dry mantle for the deformation conditions
estimated from the SWIR shear zones.
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