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Deformation of olivine in torsion under hydrous conditions

Sylvie Demouchy **, Andréa Tommasi ?, Fabrice Barou?, David Mainprice ?, Patrick Cordier "

2 Geosciences Montpellier, Université Montpellier 2 & CNRS, UMR 5243, Montpellier, France
> Unité Matériaux et Transformations, Université Lille 1 & CNRS, UMR 8207, Villeneuve d’Ascq, France

We performed torsional deformation experiments on pre-hydrated fine-grained olivine aggregates using
an innovative experimental assembly to investigate water weakening in mantle rocks at high shear
strains. San Carlos olivine powder was cold-pressed and then hot-pressed under hydrous conditions, pro-
ducing aggregates with average grain sizes of 7 or 15 pm. Deformation experiments were performed in a
high-resolution gas-medium apparatus equipped with a torsional actuator, under a confining pressure of
300 MPa, a temperature of 1200°C, and constant shear strain rates ranging from 8 x 10™° to
1.4 x 10~#s~', Maximum shear stresses range from 150 to 195 MPa. These values are 30% lower relative
to those determined in previous torsion experiments on dry, fined-grained dunites under similar condi-
tions. Textures and microstructures of the starting and deformed specimens were characterized by scan-
ning and transmission electron microscopy. All deformed aggregates exhibit a shape-preferred
orientation marking a foliation and lineation, as well as a reduction in mean grain size from 15 pm down
to 3-4 um due to dynamic recrystallization. Olivine crystallographic fabrics developed rapidly (y < 0.1),
but their strength, characterized by the J-index, is low compared to naturally deformed peridotites or
to polycrystalline olivine deformed at similar finite shear strains under dry conditions. The crystallo-
graphic fabrics are consistent with deformation by a dislocation accommodated creep mechanism with
activation of multiple {0kI}[100] systems, among which the (010)[100] slip system is dominant, and
minor participation of the (010)[001] slip system. Transmission electron microscopy confirmed the
occurrence of dislocations with [100] and [001] Burgers vectors in most grains. Analysis of unpolarized
infrared spectra indicates that hydrogen concentration in the olivine lattice is below the saturation level
of 18 ppm wt H,0, which is similar to those typically observed in spinel-bearing peridotite xenoliths, and
also provide evidence for water-rich inter-granular material trapped in pores and grain boundaries. Seis-
mic properties computed from the CPO observations correspond to those most commonly observed in
naturally deformed mantle peridotites with fast P-wave propagation and S-wave polarization subparallel
to the shear direction. These torsion experiments on fine-grained olivine polycrystals under hydrous con-
ditions indicate that water weakening under lithospheric conditions is linked to various defects with
hydrogen in the olivine structure, as well as with water-derived species in grain boundaries or pores.

1. Introduction

Major faults may extend into the mantle as ductile shear zones,
where localized deformation takes place essentially by simple
shear. Mantle shear zones are observed in peridotite massifs and
in seismic profiles, and their presence is also inferred based on
seismic and electrical anisotropy data (cf. recent review by
Vauchez et al., 2012). Yet estimations of shear zones width and
distribution at different depths in the upper mantle based on these
observations are highly contrasted.
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The strength of the mantle lithosphere and the degree of strain
localization are essentially controlled by the rheological properties
of the mineral olivine, which represents 60-80% of the upper man-
tle volume and is the only mineral phase being interconnected and
thus acting as a stress-bearing frame. At high temperatures
(>1200 °C), the rheological behavior of natural and synthetic oliv-
ine-rich rocks (dunites) is well described by a power-law equation,
which expresses the strain rate (&) as a function of thermomechan-
ical and microstructural parameters as follows:
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where A is a material-dependant constant, ¢ is the differential
stress, n and p are the stress and grain size exponents, d is the grain
size, fu,o is the water fugacity, r is the water fugacity exponent, ¢ is



the melt fraction, « is a constant, Q is the activation energy, AV is
the activation volume, R is the gas constant, P is the pressure, and
T is the absolute temperature. In this semi-empirical equation, the
A, n, p, 1,Q, AV, and « parameters are experimentally determined.
Over the past decade, experimental studies have extensively
worked on their determination (e.g., Hirth and Kohlstedt, 2003;
Kohlstedt, 2007; Karato, 2008; Mackwell, 2008; Zhao et al., 2004;
Demouchy et al., 2009; Keefner et al., 2011; Hansen et al., 2011).
Moreover, under hydrous conditions, the combination of diffusion
creep and dislocation creep mechanisms in olivine at constant pres-
sure and temperature can be expressed by the so-called constitutive
equation (Hirth and Kohlstedt, 2003),

: ; ; 35 -3
Ewet const.eq = Ewet diff + Ewetdis = Awet dis0 +Awetdiff0-d (2)

In parallel, the deformation mechanisms and slip systems in
olivine at high temperature and confining pressure were well doc-
umented by electron microscopy (e.g., Phakey et al., 1972; Bai and
Kohlstedt, 1992; Couvy et al., 2004). Though, almost all previous
experiments were performed in compression to strains of less than
20%, which corresponds to a shear strain y <0.35 (with y = (),
where D the sample diameter, [ the sample length and 6 the angu-
lar displacement) (e.g., Bai and Kohlstedt, 1992; Couvy et al., 2004).
At high shear strains (y > 1) appropriate for shear zones in the
Earth’s lithosphere, significantly fewer data on olivine rheology
are available (Bystricky et al., 2000; Kawazoe et al., 2008). Large
strain deformation experiments are only now reaching maturity
due to significant technical improvements particularly those asso-
ciated with torsion tests at high pressures and temperatures
(Paterson and Olgaard, 2000). Deformation in a torsional geometry
has many advantages relative to traditional tri-axial mechanical
tests as it permits larger finite strains (¢ > 0.2) and avoids boundary
effects at both ends of the sample and thus barreling of the sample.

This new deformation apparatus for torsion allowed investiga-
tion of the evolution of the microstructures and textures up to
large shear strains as well as the effect of this evolution on the rhe-
ological behavior of calcite aggregates (Casey et al., 1998; Paterson
and Olgaard, 2000; Pieri et al., 2001; Barnhoorn et al., 2004, 2005;
Delle Piane et al., 2008), serpentinites (Hirose et al., 2006), bi-min-
eralic aggregates (Larkin et al., 2005; Bystricky et al., 2006), ferro-
periclase (Heidelbach et al., 2003, 2009), and melt-solid aggregates
(Kohlstedt et al., 2010; King et al., 2009, 2011a, 2011b). For dry
fine-grained olivine aggregates, few experiments involving high
shear stresses by torsion were performed successfully at the limits
(mainly stress, temperature, and pressure) of the possible experi-
mental conditions (Bystricky et al., 2000).

The present study examines the effect of water on the shear
deformation of polycrystalline olivine in a torsional gas-medium
deformation apparatus with an innovative sample assembly, in
which an internal porous alumina reservoir provides hydrogen to
the sample during the experiment. The results of our experiments
are compared to previous high-temperature torsion results on dry
polycrystalline aggregates of olivine (Bystricky et al. 2000) as well
as to data from tri-axial compressive creep tests performed under
both dry and wet conditions (Mei and Kohlstedt, 2000). This study
provides new constraints on the nature and effect of water on the
deformation behavior of Earth’s lithospheric mantle.

2. Experimental methods
2.1. Sample preparation

Olivine grains with minimal alteration (less than 3% of the sur-
face), selected from peridotite xenoliths from San Carlos (Arizona,
USA, with chemical composition close to MgggosF€0092-
Nip.0035CT0.00035104, ~F0gp), were tumbled and washed to remove

surface weathering products before being reduced to a fine powder
using a fluid energy mill as described in Mei and Kohlstedt (2000).
The resulting particle size ranged from 1 to 20 pum. The olivine
powder was first cold pressed at 100 MPa into a thick wall Ni can-
ister (26 mm long, 11.7 mm outside diameter, 10 mm inside diam-
eter). The Ni canister was closed with a fitted Ni lid and was
encapsulated along with zirconia pistons, alumina pistons and alu-
mina spacers in an iron jacket as detailed in Demouchy et al.
(2009). The cold-pressed sample was afterwards annealed under
a confining pressure of 300 MPa and at a temperature of 1250 °C
for 3 h (hot-press step). Two types of hot-pressed samples were
prepared (Table 1): (1) those with 30 pL of filtered and deionize
water (Milli-q grade) added to the cold-pressed aggregate and with
no axial force was applied during the hot pressing step (run PI-
1619) and (2) those with 45 pL of deionized water added to the
cold-pressed aggregate and a small axial force of 0.3 kKN (~4 MPa)
was applied during the last hour of the hot press (run PI-1620).

An innovative setup was designed to provide additional water
during at least part of the torsion experiment (Fig. 1). First, the for-
mer iron jacket and nickel sleeve of the hot-pressed sample were
reduced on a lathe to an external diameter of ~9.9 mm to fit into
a new iron jacket. The central part of the cylindrical dense poly-
crystalline olivine was then removed with a diamond core-drill.
Second, a double internal Ni capsule (with a length of 5 mm, an
outer diameter of 5 mm, and a inner diameter of 4 mm, similar
in principle to the ‘telescopic’ capsule described in Chen et al.,
2006) containing a plug of porous alumina (with 19% intercon-
nected porosity) which itself contained 20 pL of deionized water
(i.e., water was added using a microsyringe, step by step, with
increment of 5 puL) and was placed in the central hole of the olivine
aggregate. The double internal nickel container ensures that no
aqueous fluid infiltrates from the porous alumina toward the rest
of the assembly and thus only allows continuous hydrogen diffu-
sion from the porous alumina reservoir to the olivine aggregate
through the Ni during the torsion experiment. Estimates of hydro-
gen diffusion through nickel suggest that only ~3 s are necessary
for hydrogen to diffuse through the Ni wall (DM =8 x
108 m?s~! at 1200 °C; Wimmer et al., 2008). Ni was chosen to
fix the oxygen fugacity near the Ni-NiO buffer during both anneal-
ing and torsion experiments yielding a fo, ~ 10~>® Pa at 300 MPa
and 1200 °C (O’Neill and Wall, 1987). A porous alumina reservoir
loaded with water was preferred to talc or brucite as it avoids
the drastic volume change associated with water release due to
breakdown of these hydrous minerals at temperature above
800 °C temperature. The torsion sample assembly was then encap-
sulated in an iron jacket along with alumina spacers as well as
zirconia and alumina pistons. Porous coarse-grained alumina spac-
ers were placed above and below the olivine aggregate as
described by King et al. (2009). A detailed sketch of the multipart
canister is provided in Fig. 1a.

2.2. Torsion experiments

Four torsion deformation experiments were performed using a
high-resolution gas-medium high-pressure torsion apparatus
(Paterson and Olgaard, 2000). First, the samples were annealed
for 1 h to permit hydrogen to diffuse into the sample and to allow
creep of the olivine aggregate into the asperities on the surface of
the coarse-grained porous alumina spacers in order to obtain a
better coupling between the olivine aggregate and the porous
alumina spacers located immediately above and below the sample
(Fig. 1a and b). For runs PI-0546 and PI-0546, a force of 1kN
(=16 MPa) was applied during the annealing stage, before starting
the torsion, whereas samples PI-0544 and PI-0545 were annealed
under hydrostatic conditions before torsion.



Table 1

Experimental conditions, resulting grain size, water contents for hot-press and torsion experiments, and mechanical data.

Run # Starting  Pressure Duration Sample Sample Grain size Water Shear strain Calculated Max shear
material (MPa) (min) length  diameter range and content? rate® y (Eq. total shear stress t
(mm)  (mm) (average) € ppm wt. H,0 strain rate & s') strain y (Max
(pum) eq. stress
€)
(MPa)
Hot press experiments at 1250 °C
PI-1619 Powder 300 180 26 10 2-18 (6.6) Broad band - - -
PI-1620? Powder 300 180 26 10 3-44 (14.7) 13 + 7 + Broad band - - N
Dextral shear experiments at 1200 °C
PI-0544 PI-1619 300 31 5.08 8.41 0.6-25 ) n.d. 1.4 x 1074 (7.9 x 107°) 0.26° 212 (338)
PI-0545 PI-1619 300-274° 17 4.62 8.41 0.6-33 (5.2) n.d. 29 %1074 (1.6 x 107%) 0.298 195 (367)
PI-0546* PI-1620 300-288° 527 5.28 8.92 0.6-65 (4.5) Broad band 73 x107° (4.6 x 107°) 2.31 151 (264)
PI-0548* PI-1620 300 633 5.04 8.92 0.56-45 (3.8) Broad band 8.0 x 107° (4.6 x 107°) 3.04 159 (248)

¢ Small load was applied during annealing (0.3-1 kN).

b Confining pressure slowly decreased during torsion experiments, but pressure lost was limited (less than 30 MPa).
€ True grain size range and average grain size. True average diameter of grains d=K; x L, where K; is a constant depending on the grain shape equals to 1.5 for
equidimentional grains and L is the mean interval between two grain boundaries (i.e., equivalent to the mean apparent grain size obtained using EBSD maps), see Etheridge

and Wilkie (1981) and Vauchez (1987) for details.

4 Water content was obtained using the calibration of Paterson (1982) from unpolarized infrared radiation; uncertainties are +30%. n.d. = Not detected.
¢ Equivalent strain rate and equivalent stress can be calculated according to Paterson and Olgaard (2000) with ¢ = 9/v/3 and ¢ = 7V/3, respectively.

T Shear strain rate was found to regularly increase from 5.3 x 107> t0 9.9 x 10~ s~ over time despite a fix angular displacement rate.

& Shear strain rate for the steady state portion only, that is before slip at boundaries occurred.

All experiments were performed at a constant angular rotation
rate at T=1200 °C. The uncertainty on the measurement of the
shear stress is less than 5 MPa. The maximum confining pressure
was 300 MPa. During the experiments, temperature was moni-
tored using a Pt-Ptog;Rhg 3 thermocouple placed 6 mm above
the top of the sample; previous calibration runs indicate that tem-
perature varies by less than 2 °C along the length of the sample.
The temperature was increased at a rate of ~30°C/min at the
beginning of the experiment. At the end of an experiment, temper-
ature was decreased to 300 °C within 16 min.

To determine the contribution to the total torque of the force
supported by the iron jacket, the external nickel sleeve, and the
internal Ni double capsule, we used published flow laws for iron
and nickel (Frost and Ashby, 1982). Since nickel is significantly
weaker than olivine at 1200 °C, the central Ni capsule supports a
negligible torque (i.e., our assembly effectively behaves as a hollow
cylinder, see Paterson and Olgaard (2000) for details). Because the
porous alumina plug is entirely encapsulated in weak nickel, its
contribution to the torque is assumed to be negligible as well. Fi-
nally, an initial value for the stress exponent of n = 3.5 was taken
(asin Eq. (2)) for the data analysis based on flow law for dislocation
creep from Hirth and Kohlstedt (2003) and in agreement with King
et al. (2009).

2.3. Fourier transform infrared analysis

OH™ content was determined using Fourier transform infrared
(FTIR) spectroscopy to quantify the amount of hydrogen incorpo-
rated as point defects in the olivine crystallographic structure
and to define its speciation. Analyses were performed with a Bru-
ker FTIR spectrometer coupled with a Hyperion microscope as in
Demouchy (2010b). Analyses were made at room temperature
and pressure, under a stream of H,O- and CO,-free purified air
flowing though the microscope. Middle infrared measurements
were performed using a Globar light source, a KBr/Ge beam splitter
and high-sensitivity, narrow-band MCT (mercury-cadmium-tellu-
ride) detector cooled by liquid nitrogen. Unpolarized radiation
and a square aperture of 50 or 80 pm were used; 200-800 scans
were accumulated at a resolution of 4 cm~!. Measurements were
acquired on the hot-pressed starting material and on each torsion
sample both at ~100 um from the Ni external sleeve and at

~100 um from the internal Ni capsule. Cracks resulting from
quenching or sample preparation were strictly avoided; neverthe-
less due to the small grain size (<100 um), grain boundaries could
not be avoided and all spectra were slightly affected by diffraction
from grain boundaries, which results in decrease of signal to noise
ratio. After background correction, each FTIR spectrum was base-
line rectified and normalized to 1 cm of thickness. The OH™ content
was determined using the calibration of Paterson (1982):

b k(v)
Con =750z | 3780 34" (3)

where Coy is the concentration of hydroxyl, ¢ is the orientation fac-
tor equals 1/3 for unpolarized measurements, and kv(v) is the
absorption coefficient for a given wavenumber v. The density factor
¢;, is chemistry dependent and equals 2695 ppm wt. H,O for olivine
Fogo (the method for calculation of ¢; is given in Bolfan-Casanova
et al., 2000). Although this calibration may underestimate the water
content for olivine (Bell et al., 2003), we choose it to facilitate com-
parison with previous studies (e.g., Mei and Kohlstedt 2000; Jung
and Karato 2001a; Hirth and Kohlstedt, 2003). In addition, the oliv-
ine grain size in the experimental samples is too small to perform
polarized infrared measurements on crystallographically oriented
grains, which are required to apply the more recent calibration from
Bell et al. (2003).

2.4. Texture characterization

We analyzed the microstructure of both the starting hot-
pressed material and the sheared specimens using scanning
electron microscopy (SEM). Statistical quantification of the crystal-
lographic preferred orientations (CPO) was performed by analysis
of electron-backscattered diffraction (EBSD) patterns. For the start-
ing material, sections parallel to the basal section of the cylinders
were prepared (perpendicular to the vertical cylinder axis). For
the sheared samples, two sections were cut: (i) one parallel to
and near the cylinder long axis (referred to as axial sections) and
(ii) one tangential to the external boundary of the sample cylinder
(tangential sections). Both sections are perpendicular to the shear
plane, although the axial section is normal to the shear direction
and the tangential section is nearly parallel to it. To ensure high-
quality SEM imaging and EBSD analyses, after mechanical polish-
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Fig. 1. (a) Sketch of the torsion assembly, (b) photography of axial section of sample
PI-0546 after torsion and (c) photography of the external iron jacket of sample PI-
0546 after torsion showing the dextral shearing of the assembly.

ing with diamond paste, a final polishing with colloidal silica
suspension was performed to remove the damage in near surface
layers introduced by mechanical polishing. EBSD analyses were
conducted with a CamScan X500FE CrystalProbe equipped with
an EBSD system at Geosciences Montpellier (France). The operating
conditions were a current of 25 kV and 3.5 nA and a working dis-
tance of 20 mm. Low vacuum conditions (5 Pa of gaseous nitrogen)
were used to avoid charging of the samples. The detailed geometry
of the CrystalProbe-EBSD is given in Demouchy et al. (2011); its

principal particularity is that the incoming electron beam is at an
angle of 20° to the horizontal sample stage. Data were acquired
and treated with CHANNELS5 software.

Crystal orientation maps acquired on the starting material have a
sampling step size of 0.5 pum and cover 1/3 of the basal section. The
areas mapped were 300 x 130 pm in size. Both axial and tangential
sections of all sheared samples were investigated, although different
map sizes and sampling steps were used for the four sheared sam-
ples. For runs PI-0544 and PI-0545, half of each axial section was
analyzed (1800 x 5100 wm maps with a step size of 5 um). For the
two other runs, only a small horizontal band (perpendicular to the
shear direction) of each axial section was analyzed, which yielded
a smaller maps of 1860 x 160 wm with a step size of 0.6 pm for PI-
0548 and 1600 x 70 pm with a step size of 0.3 pum for PI-0546. These
axial sections maps were subsequently divided in intervals
~100 pm wide parallel to the shear plane, with more than 150 grains
per map measured in each interval, to study the evolution of the fab-
ric with increasing shear strain; each interval corresponds to ~1/20
of the total finite shear strain reached in the experiment (Table 1).
For the tangential sections, several mapping strategies were tested.
For run PI-0546, both a long thin horizontal map (700 x 75 pwm with
a step size of 0.3 um and the long dimension parallel to the shear
direction) and a long thin vertical map (50 x 1200 pm with a step
size of 0.3 pm and long dimension normal to the shear plane) were
performed. For PI-0548, a square map (200 x 165 pm with a step
size of 0.3 um) as well as large rectangular maps (500 x 400 pum
with a step size of 0.6 pm) were acquired. Maps required 24-60 h
of data acquisition. Despite the different step sizes and map shapes,
the measured olivine CPOs in each tangential section of the sheared
olivine aggregates are identical. Raw indexation rates were between
67% and 81%. Data treatment allowed the non-indexed pixels to be
filled, if up to eight identical neighbors existed with this orientation;
this operation was repeated using respectively seven and six identi-
cal neighbors (yielding to post-treatment indexation rates >92%).
The processed data were used to identify grains by defining a pix-
elated area with an internal misorientation <10°. The data set was
then reduced to one point of measurement per grain in order to limit
potential oversampling of rare abnormally large grains. A minimum
of 100 grains was always analyzed in each interval or section, ensur-
ing a good statistical analysis of the CPOs and grain sizes and shapes.

CPOs are plotted as pole figures showing the orientation of the
main crystal axes ([100], [010] and [001]) relative to the sample
coordinates using the PFch5 software (Mainprice and Silver,
1993). The discrete point distributions of Euler angle triplets (i.e.,
orientation distribution function ODF) are converted into densities
by grouping them within 1° ODF cells and then smoothing with a
Gaussian function with 8.5° full-width-at-half-maximum. The
resulting density distributions were then normalized and con-
toured. The texture J-index, which is the volume-averaged integral
of squared orientation densities (Bunge, 1982), was then calculated
using the Super]ctf software (see Mainprice and Silver, 1993; ftp://
www.gm.univ-montp2.fr/mainprice//CareWare_Unicef_Programs/)
using a 10° Gaussian half-width, data at 1° bins, and truncation of
the orientation distribution function (ODF) at 22°.

2.5. Transmission electron microscopy observations

We used transmission electron microscopy (TEM) to character-
ize the deformation microstructures. Doubly polished thin sections
were prepared from the tangential section of the recovered
specimens for TEM observation. The samples were glued on a Mo
grid and ion milled at 5 kV under a beam angle of 15° until electron
transparency was reached. TEM observations were carried out
using a Philips CM30 microscope operating at 300 kV. Crystal ori-
entation and diffraction vector selection were achieved by using



selected-area electron-diffraction and precession electron diffrac-
tion with a “Spinning Star” precession module.

3. Results
3.1. Olivine starting material

Characterization by SEM of the olivine starting material (basal
section) reveals that the two hot-pressed experiments have differ-
ent starting microstructures (Fig. 2 and Table 1). PI-1619 has an
average grain size of 6.6 pm and is macroscopically pale gray, while
PI-1620 underwent extensive grain growth yielding an average
grain size of 14.7 pum with a noteworthy celadon green color. The dif-
ference in macroscopic color is likely due to the difference in grain
size (Karato et al., 1986; Karato, 1990) and associated with differ-
ence in the number of grain boundaries. The larger grain size in sam-
ple PI-1620 relative to PI-1619 is consistent with the higher starting
intra-crystalline water content together with enhanced grain
boundary migration induced by the 2 MPa of differential stress ap-
plied during the hot-press of PI-1620. Triple junctions with 120° an-
gles are visible in both samples, which also show numerous curved
boundaries as illustrated in Fig. 2. The average aspect ratio of the
olivine grains is ~1.6 for both starting material aggregates.

Fig. 2. Backscattered-electron images using SEM of the olivine starting material
after hot pressing and prior to torsion indicating differences in grain size between
(a) sample PI-1619, and (b) sample PI-1620. Dark areas are porosity and plucks out
from polishing.

Pole figures and J-indexes for all crystallographic axis for sam-
ple PI-1620 sample are presented in Fig. 3 and reveal a weak axial
symmetry in the CPO with [100] and [001] forming a faint girdle
normal to the cylinder axis and [010] defining a weak maximum
parallel to the cylinder axis. Sample PI-1619 also has a weak
CPO, but with a less-developed axial symmetry and lower densi-
ties. In both samples, [010] axes form a weak maximum parallel
to the cylinder axis, and are more concentrated than [100], which
is more concentrated than [001].

Unpolarized FTIR spectra from olivine aggregates obtained from
slabs with thicknesses between 370 and 550 um confirmed the
presence of small amounts of water in the starting materials as
illustrated in Fig 4. The FTIR spectra for olivine in sample PI-1620
have a large broad band centered at 3450 cm~! as well as sharply
defined peaks at 3570, 3361, and 3331 cm™'. These narrow peaks
located above the broad band are characteristic of high-pressure
hydrogenated olivine grains (later called water sensus stricto in
olivine) and are similar to FTIR spectra reported in previous exper-
imental studies on olivine single crystals (e.g.,, Mackwell et al.,
1985; Demouchy and Mackwell, 2006).

The large broad band centered at 3450 cm™' is commonly ob-
served in fine-grained synthetic olivine aggregates hydrated at mod-
erate pressures (0.2-1 GPa) as well as in natural dunites (e.g., Chopra
and Paterson, 1984; Karato et al., 1986, Mei and Kohlstedt, 2000;
Zimmerman and Kohlstedt, 2004; Faul and Jackson, 2007; Aizawa
et al., 2008). A broad band at similar wavenumbers was usually
attributed to free molecular water (e.g., Aines and Rossman, 1984;
Bell et al., 2003; Mosenfelder et al., 2011), which we assume could
be trapped in pores. Alternatively, grain boundaries and nano-scale
water-rich intra-granular inclusions were also proposed as the ori-
gin of such broad band (Keppler and Rauch, 2000).

To estimate the water content in the olivine structure, we exe-
cuted a decomposition of the spectrum using an algorithm combin-
ing multiple Lorentzian functions (Cauchy distribution) and
Gaussian functions (provided by the IR spectrometer OPUS software
for data acquisition and treatment), which allowed for removal of
most of the broad band centered at 3450 cm™~'. The water contents
ofthe olivine structure in the starting material can then be estimated
based only on the narrow peaks at 3570, 3361, and 3331 cm~ . They
differ between the two runs and range from 3 to 13 + 7 wt. ppm H,0
(Table 1). Note that the removal of the large broad band introduces
large uncertainties in the resulting water content in olivine as any
additional data treatment does. However, the estimated water
contents are slightly below the saturation concentrations reported
for undeformed iron-bearing olivine by Zhao et al. (2004) at similar
confining pressure, temperature and water fugacity. They are also
within the range of values observed in natural mantle-derived
spinel-bearing peridotites for similar pressure and temperature
conditions (e.g., Miller et al., 1987; Soustelle et al., 2010).

3.2. Mechanical data

Four samples were sheared at high pressure at 1200 °C at con-
stant angular displacement or twist rate (Table 1). In the first
two experiments (PI-0544 and PI-0545, samples with no annealing
before torsion) slip occurred after a shear strain of ~0.25, on the
interface between the sample and the lower porous alumina
spacer. The maximum shear stress, which can be supported by
such interfaces can be calculated based on its frictional strength
and is described by the relationship Tm.x =4 uP(3 +n'), where
1 the friction coefficient is ~0.5, P is pressure, and n was experi-
mentally determined and equals ~3.5 (Paterson and Olgaard,
2000). This analysis yields Tax ~ 170 MPa, a value exceeded in
these experiments. After slipping initiated at a shear strain of
~0.25, the shear stress decreased rapidly with time, then it stabi-
lized for more than 4 h before a drastic decrease leading to the
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termination of the experiments (see Fig. S1 in the online Supple-
mentary material). Therefore, only the short steady state portions

(0< y <0.25) for these two experiments (PI-0544 and PI-0545) are
shown in Fig. 5A.

The two subsequent torsion experiments (PI-0546 and PI-0548)
were successfully twisted to a shear strain of y ~ 3 at a slower con-
stant angular displacement rates and thus reached lower maxi-
mum shear stresses (Table 1 and Fig. 5A). The mechanical results
are represented as shear stresses (7) as a function of shear strain
(y) and also as Von Mises equivalent stresses and strains in
Fig. 5A. The latter facilitates comparison with results from tri-axial
tests in compression (0eq = /37 and &4 = %j} as in Paterson and
Olgaard, 2000). The variation between the minimum shear stress
(i.e., internal layer of olivine) and the maximum shear stress (i.e.,
external layer) as a function of shear strain is only of 20 MPa (with
a ratio 7./t = 0.86) as illustrated by the insert in Fig. 5B.

For PI-0546 the shear stress reached a constant values of
151 MPa. For PI-0548, shear stress varied by <20 MPa with increas-
ing shear strain. Small sinusoidal variations in shear stress, which
are commonly observed in torsion experiments performed at a
constant twist rate (Heidelbach et al., 2009; King et al., 2009,
2011a), arise because angular displacement is measured externally
to the pressure vessel and is thus affected by friction on both the
o-ring and the miter ring at the top of the sample assembly.

3.3. Texture and deformation

Texture and grain size of the olivine aggregates after shear
deformation are illustrated in Fig. 6. Grain size reduction is ubiqui-
tous, indicative of dynamic recrystallization. Despite small differ-
ences in finite shear strain and different shear strain rates, all
sheared specimens show a similar final average grain size of
3-4 um (Table 1). A few large grains (elongated porphyroclasts
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>30 um long), which often contain numerous subgrain walls, have
nevertheless survived to high shear strains. Again 120° triple junc-
tions are still visible, although grain boundaries are often curved.

We constructed EBSD orientation maps of both axial and tan-
gential sections for all deformed samples. However, because all
samples display similar characteristics, we only present maps from
one axial and one tangential section of sample PI-0548 in Fig. 7. In
both maps, grains are colored according to their orientation rela-
tive to the shear direction (see inverse pole figure, at the bottom
of Fig. 7). Blue, green or red shades indicate that the grains have
their [100], [010] or [001] axes parallel to the shear direction,
respectively. All maps obtained from the deformed samples (axial
and tangential sections) have a dominantly blue shade indicating
a [100] fabric (also called [100]-fiber or axial-[100]); this result
suggests dominant activation of {0kl}[100] slip systems. Red
shades are also frequently observed; they correspond to crystals
oriented for dominant [001] slip. In the axial section presented
in Fig. 7A, the colors are more varied close to the central Ni capsule
and to the external Ni sleeve which indicates a more dispersed
olivine CPO. The overall pattern is nevertheless similar in all sec-
tions. The maps on tangential sections, which records maximum
shear strain is also characterized by dominant blue shades with

frequent red shades as shown in Fig. 7B, indicating that most grains
have [100], but a non-negligible fraction has [001] axes parallel to
the shear direction even at high strains. Finally all deformed aggre-
gates show a shape-preferred orientation of olivine grains marking
a foliation and lineation; the observed obliquity between the foli-
ation and the shear plane is consistent with the imposed dextral
shear in Figs. 1C and 7B.

Pole figures illustrating the CPO of the different samples as a
function of the finite shear strain are shown in Fig. 8a and b. They
all exhibit the same pattern with [100] axes concentrated at low
angle (PI-0544 and PI-0545) or parallel (PI-0546 and PI-0548) to
the shear direction. The [010] axes are distributed in a girdle that
is at high angle (nearly perpendicular) to the shear direction, with
a moderately developed maximum at high angle to the shear
plane. The [001] axes are more dispersed, forming a girdle normal
to the lineation and a secondary weak maximum parallel to the lin-
eation. The sample sheared to the highest finite shear strain (PI-
0548) exhibits the strongest olivine CPO. Pole figures of the CPO
for all axial sections and all tangential sections are given in
Figs. S2 and S3, respectively (see online Supplementary material).
Two movies showing the CPO evolution as a function of increasing
strain in the axial sections of PI-0546 and PI-0548 are also provided
in the online Supplementary material.

The evolutions of the average grain size, of the J-index for each
crystallographic direction, and the global J-index (estimated from
the ODF) as a function of the finite shear strain in sample PI-
0546 are reported in Figs. 8b and 9. The J-index for both [100]
and [010] axes increases as a function of strain, while the [001]
axis J-index stays almost constant. However, toward the outer edge
of the sample, the J-index (from ODF) increases rapidly with
increasing strain (i.e., distance from the center of the sample) be-
fore decreasing abruptly very near the edge, as shown in Fig. 9.

The TEM observations of sheared sample PI-0546 in Fig. 10 re-
veal ubiquitous presence of free dislocations with [100] Burgers
vectors as well as dislocations with [001] Burgers vectors
(Fig. 10a). In addition to the free dislocations observed in Fig. 10,
subgrain boundaries involving [100] dislocations and [001] dislo-
cations are also present. No fluid inclusions were observed con-
nected to dislocations or to grain boundaries.

3.4. Water content of deformed olivine

Unpolarized infrared spectra for samples PI-0546 and PI-0548
are presented in Fig. 4. Only the broad band (with still a large
wavenumber range) attributed to inter-granular water-derived
species (i.e., H;0, OH™ and H") is still noticeably visible after defor-
mation; even if the absorption coefficient is significantly smaller
(i.e., area under the broad band decreased of 90%) than in the unde-
formed samples. However, the presence of the broad band
undoubtedly indicates that the system was still hydrated, despite
the lack of sharp peaks characteristic of O-H bonds stretching
vibrations in the olivine structure. Thus quantification of water
content within the olivine crystal structure (water sensus stricto)
using the calibration of Paterson (1982) was not possible.

4. Discussion
4.1. Comparison with previous deformation experiments on olivine

The present results are compared with those from previous tor-
sion and tri-axial compression experiments in Fig. 11. The hydrous
olivine polycrystalline samples studied here are mechanically
weaker (~30% weaker) than those previously deformed in torsion
under dry conditions at the same temperature, confining pressure,
and initial grain size by Bystricky et al. (2000). Another difference



Fig. 6. Backscattered-electron images using SEM of the olivine aggregates after torsion showing grain size reduction. Dark areas are porosity and pluck out from polishing.
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Fig. 7. EBSD maps from sample PI-0548 from the (a) axial section and (b) tangential sections. Map positions are given for both sections. Color scheme is indicated by inverse
pole figure plotted with respect to the shear direction.

between the present data and those from Bystricky et al. (2000) is experiments. In the dry torsion experiments, a well-defined stress
the absence of a stress peak followed by strain softening in our peak was observed at 0.07 <y < 0.12, which was followed by strain



a Axial sections

[100] [010] [001]

PI-0544 N=118798

z z z
0‘02 < ¥ < 0‘25 Contours (x uni.) Contours (x uni.) Contours (x uni.)
1 1.74
3.0
25
2.5
: 55 2.0 1
~ = M ;5 *H 10
1.5
10 0
0.5 0.5 05
0.38 0.22 \ 0.36
shading - linear shading - linear shading - linear
®mMax.Density ~ Lower hemisphere | — = =
OMin.Density  Non-Polar data J 1 38 J 1 41 J 1 10
PI-0548 N=5194
z z z
1.74< Y <3.04 Contours (x uni.) Contours (x uni) Contours (x uni.)
546 3.03 3 2.04
25
20 1.5
XH 15 X
I 1.0 1.0
0.5
05
0.20 0.0 0.46
shading - linear shading - linear shading - linear
J=1.87 J=1.58 J=1.10

Tangential sections

[100] [010] [001]

PI-0546 narrow vertical map N=3889

Cantours (x uni.) Contours (x uni.) Contours (x uni.)

5.13 3.04 1.82
=2.1 45
Y i 25 15
: 3.5 20
xH 22 xH 1.5 X
25 B
1.0
N 20 10
1.5 )
1.0
05 e 05
0.14 0.04 0.37
shading - linear shading - linear shading - linear
J=174 J=171 J=1.07

Contours (x uni.)

Contours (x uni.)

Contours (x uni.)

6.57
8.0
55
50 25
.

- «H 35 d 1 2°
15 : 1.0
1.0 .
0.5 L 05

Q 2

shading - linear

J=225 J=197 J=120

017 X
shading - linear shading - linsar

Fig. 8. (a) Pole figures showing the crystallographic preferred orientation of olivine aggregates in the axial and tangential sections after the shear experiments in a lower
hemisphere equal-area projection. The shear direction is dextral. N is the number of analyzed olivine grains, maximum and minimum density contours are given at the top
and bottom of the linear gray scale respectively. (b) Pole figures showing the crystallographic preferred orientation of olivine aggregates along the axial section for sample PI-
0546 after the shearing. Projection is in a lower hemisphere with equal-area. The shear direction is dextral. N is the number of analyzed olivine grains, maximum and
minimum density contours are given at the top and bottom of the linear gray scale respectively.



Contours (x uni.)

Contours (x uni.)
2.69

2.0
1.5
1.0
0.5
0.06 0.0
'] 45 shading - linear shading - linear
'Y— " = dax Density O Min. Dansity pti= 1.25
lower hemisphere  Non-Polar data
ply= 1.39
z z
Gontours (x uni) Contours (x uni.)
381
:
J=3.29 zs s
X! «H 20
y=1.68 is ,‘5
1.0 10
05 05
0 004
shading - linear shading - linear
pll= 132 ptl= 1.49
z z

Contours (x uni.)

Contours (x uni.)

1
3.0
25
J=3.25 i 20 15
X X
15
= 1.0
v=1.78 ..
| 0.5 0s
0.03 0.
shading - linear shading - linear
pli= 1.53 pli= 1.13
[uvW] =100 z (VW] =010 z [UvW] =001 z
Contours (x uni.) N=536 Contours (x uni.) N=536 Contours (x uni.)
405 2
35
a0 25 2.0
J=345 s
M 20 x| X
=1.87 1=
y=1. 15 i o 10
10 :
05 I 05 05
0. 0.12 0
shading - linear shading - linear shading - linear
pli= 1.57 pli= 1.42 p= 1.18
z z z
Contours (x uni.) Contours (x uni.} Contours {(x uni.)
4. 3.56 271
4.0 3.0
J=457 3 = .
= 25 X 15
,Y_2 -] H 20 15 5
i 15 1
10
10
I 05 05 05
0.00 0.01 017
shading - linear shading - linear shading - linear
p= 175 p= 1.73 pli= 118
z z z

Contours (x uni.)

Contours (x uni.)

Cantours (x uni.)

494
45
as Py
. a0 35
=795 25 30
«H 20 H 25
y:2.29 15 .
10 =
05 05

000 0.00 006
shading - linear shading - linear shading - linear

pl= 269

Fig. 8 (continued)

softening (Bystricky et al., 2000). In the present experiments, the
magnitude of the stress drop is significantly smaller and the tran-

sition from the peak stress to the steady-state stress occurs over a
much larger increment in strain.
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The original creep test results from Mei and Kohlstedt (2000) at
1200 °C and the flow law (constitutive equation, Eq. (1)) for creep
of olivine under hydrous conditions at 300 MPa derived by Hirth
and Kohlstedt (2003), based on the dataset from Mei and Kohlstedt
(2000) were also included in Fig. 11. The mechanical behavior of
our samples is consistent with these hydrous flow laws, confirming
that our aggregates were undersaturated in water, but not fully dry
(~5 ppm wt. H,0) as suggested from FTIR measurements.

CPO patterns for our wet olivine aggregates have a roughly axial
symmetry around the maximum concentration of [100]. They are
thus similar to the CPO obtained by Bystricky et al. (2000) for dry
polycrystalline olivine (<1 ppm wt. H,0) for the same shear strain
(7~ 3). Our CPOs are however weaker. Weaker CPO for similar fi-
nite strains may result from either more effective dynamic crystal-
lization (e.g., Falus et al., 2011) or from accommodation of a
significant part of the deformation by processes other than disloca-
tion glide (e.g., Casey et al., 1998; Hirth and Kohlstedt, 2003; Le
Roux et al. 2008; Soustelle et al. 2009).

Reporting our data and the results from Bystricky et al. (2000)
in the olivine ‘fabric classification’ diagram proposed by Karato
(2008) indicates that the field of ‘D-type’ fabrics should be ex-
tended to significantly lower shear stresses and to higher water
contents, up to 212 ppm H/Si (i.e.,, 212 ppm H/Si equals 13 ppm
wt. H,0), if the initial water content is used; Fig. 12. An important
point that one has to keep in mind when examining this ‘fabric
classification’ diagram is the level of uncertainty in both water con-
tent (at least +30% when using the calibration of Paterson (1982),
see Demouchy (2010a) for an example) and differential stress
(+10-15% based on measurements of dislocation densities, see
Jung and Karato, 2001b). If uncertainties for water contents and
stresses are integrated in the ‘fabric classification’ diagram, the dif-
ferent fields still exist, but overlap significantly. In addition, Karato
and co-workers only presented one FTIR spectrum for a C-type fab-
ric (Jung et al., 2006), thus strongly limiting constraints on the
water speciation in their fine-grained olivine aggregates. Finally,
the effect of pressure, which may be very important in determining
the dominant slip systems and thus the resultant fabric (Couvy
et al,, 2004; Jung et al., 2009; Karato et al., 2008), is not considered
in this diagram. The present experiments were performed at signif-
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Fig. 10. Transmission electron microscopy. Characteristic deformation microstruc-
ture showing free dislocations in an olivine grain in sample PI-0546 (outer rim). (a)
Weak-beam dark-field micrograph with g: 004. [001] dislocations are in contrast.
[100] dislocations (labeled “a”) leave a faint residual contrast where they reach the
surface of the thin foil. (b) Same area as in (a), imaged in weak-beam dark-field with
g: 130. Only [100] dislocations are in contrast. [001] dislocations (labeled “c”) are
out of contrast.

icantly lower pressure (300 MPa) than the data set originally used
to construct the diagram (1.5-2 GPa).

The axial-[100] or ‘D-type’ olivine CPOs produced in our exper-
iments (Fig. 8a and b) are consistent with dominant activation of
{0kI}[100] slip systems, with (010)[100] predominating. TEM
observations show, however, that both [100] and [001] Burgers
vectors are ubiquitously present in olivine grains, suggesting that
[001] glide was also active. Development of D-type fabrics in oliv-
ine by activation of multiple glide systems is in agreement with
CPO development in viscoelastic self-consistent simulations
(Tommasi et al. 2000). In these simulations, glide on (010)[100]
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accommodates most of the deformation, but glide on {hk0}[001]
systems may contribute to up to 30% of the total strain at the
aggregate scale, depending on the texture and on the imposed
strain compatibility constraints. This systematic activation of
multiple slip systems implies that the transitions between differ-
ent CPO ‘types’ are continuous. This argument is consistent with
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observations in naturally deformed mantle rocks, which show con-
tinuous gradations between A-, D-, and E-type fabrics (Tommasi
et al. 2000; Mainprice 2000).

4.2. Water speciation and water-weakening in fine-grained olivine
aggregates at high temperature and low pressure

The infrared spectra from our samples (Fig. 4) have identical
features to those observed in many other studies on water-weak-
ening in olivine aggregates (Chopra and Paterson, 1984; Karato
et al., 1986; Mei and Kohlstedt, 2000; Zimmerman and Kohlstedst,
2004; Faul and Jackson, 2007; Aizawa et al., 2008), where a broad
band associated with inter-granular hydrous component masks
most of the signal produced by OH™ bonds in the olivine structure.
This broad band hinders a precise analysis of water speciation and
quantification of H content in fine-grained olivine aggregates. Our
infrared analyses confirm therefore that the olivine aggregate con-
tains ‘water’ sensus lato (i.e., water-derived species in the system)
both before and after the torsion experiments with a speciation
of water-derived species (inter-granular H,O and OH™) in the pores
and/or grain boundaries, but do not provide firm evidence of
‘water’ sensus stricto (i.e., hydrogen in olivine embedded as point
defects) in the olivine structure of the deformed samples (Fig. 4).

We propose two possible explanations for the absence of sharp
FTIR peaks related to OH™ in our deformed olivine. First, partial
dehydration of the aggregate would be consistent with the small
amount of hardening observed in run PI-0548, which had the lon-
gest duration (~9 h, Table 1) and the convergence of our low strain
rate data toward the steady state results obtained under anhydrous
conditions by Bystricky et al. (2000). Second, the quench rate of
60°/min might be too slow, permitting partial dehydration of the
olivine crystals during the quench. Thus, it will leave the post-mor-
tem olivine structure dry while preserving only some water-de-
rived species within inter-granular pores and grain boundaries
(below their saturation level). Because H diffusion along grain
boundaries is almost four orders of magnitude faster than through
the olivine grains, (i.e, D& =5 x 10~m?s~! at 1200 °C in grain
boundaries, Demouchy 2010a; whereas D =1 x 10 ° m?s~! and
DI =2.77 x 107" ' m?s~! in the olivine structure at 1200 °C for
the proton-polaron and proton-vacancy mechanisms, respectively,
Demouchy and Mackwell, 2006), and that the sample is very fine
grained (<10 um), thus H flux along grain boundaries will be an
effective dehydration path during simultaneous cooling and
decompression of the polycrystal. For instance, in a strongly
water-undersaturated system, a grain of 20 pm in diameter will
dehydrate in ~1 s at 1200 °C and low pressure. Alternatively, dur-
ing torsion at high pressure and temperature, water-derived spe-
cies in the pores and/or within grain boundaries could also
diffuse very rapidly at short scale toward the olivine crystal, ensur-
ing a streaming of H. As a consequence, we consider that the oliv-
ine polycrystal must have been ‘wet’ sensus lato during the torsion,
even if the OH™ content within the olivine grains after the experi-
ments cannot be accurately quantified with FTIR. We must point
out that even the use of a synchrotron IR beam with a spot size
<10 pm or a nuclear probe (e.g., Bureau et al., 2003, 2009) would
not permit an accurate detection and quantification of OH™ in oliv-
ine because the grains are basically not thick enough and the con-
centration level too low.

In conclusion, although the mechanical data show a clear weak-
ening relative to data on dry olivine polycrystals (by 30%), we can-
not relate this weakening to any robust measurement of OH™ in
the olivine structure. By consequence, we suggest that water-
weakening in fine-grained olivine aggregates involves the partici-
pation not only of point defects (i.e., Si vacancies, which enhance
the dislocation climb velocity, Kohlstedt, 2006), but also of linear
and planar defects, with water-derived species in grain boundaries
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diopside). Voigt-Reuss-Hill averages plotted in a lower hemisphere equal-area projection. Solid line marks the shear plane. Arrows in the upper left corner indicates the shear

direction (dextral). Elastic constants used for these models are given in Table 2.

playing an important role. For coarse-grained olivine-rich rocks,
with grain sizes >1 mm, as commonly observed in mantle-derived
peridotite xenoliths and massifs, we may expect that water-de-
rived species in grain boundaries will have a less important contri-
bution to the rheology of the system (Demouchy 2010a). However
the water-weakening processes in coarse-grained peridotites still
remain to be characterized and quantified.

4.3. Shear zones in the lithospheric mantle

Mantle rocks deformed at high temperature commonly exhibit
coarse-grained microstructures and a well-defined olivine CPO
with [100] axes parallel to crystals’ elongation (when the latter
is present); J-indexes in these rocks range from 2 to 20 with a peak
between 8 and 10 (Ben Ismail and Mainprice, 1998; Tommasi et al.
2000). Localization of deformation producing mylonites and ultra-
mylonites is limited to low temperature conditions (900-1000 °C)
and is accompanied by intensive dynamic recrystallization, which
results in weak olivine CPO as indicated by J-indexes below five
(e.g.,, Newman et al., 1999; Dijkstra et al., 2004; Michibayashi
and Mainprice, 2004; Vauchez et al., 2012; Kaczmarek and Tomm-
asi, 2011; Falus et al., 2011).

Although finer-grained, our experimentally sheared olivine
aggregates display deformation textures similar to those observed
in mylonites from Oman (Michibayashi and Mainprice, 2004) and
Lanzo (Kaczmarek and Tommasi, 2011) as well as in xenoliths from
the Carpathians (Falus et al., 2011). They show elongated porphyr-
oclasts with core-and-mantle structures enclosed in a fine-grained
matrix composed of roughly equiaxed recrystallized grains, which
may also contain a few subgrain walls (Fig. 7). J-indexes are also
similar, averaging around 3-5 and reaching 7 in the most deformed
domains (Fig. 9). The water content in olivine from natural mylon-
itic peridotites is rarely quantified, due to the small grain sizes
(<30 um). Nevertheless ‘hydrous’ peridotite mylonites containing

Table 2

Elastic stiffness coefficients C; (in GPa) calculated for (A) a dunite (with 100% olvine)
and (B) an aggregate of ‘pristine’ mantle (60% olivine, 25% orthopyroxene, 15%
diopside).

J i

1 2 3 4 5 6
(A)
1 22341 77.24 76.71 -0.1 -0.35 —4.69
2 77.24 257.23 77.27 -2.75 0.23 -3.6
3 76.71 77.27 224.48 -1.79 0.37 -0.39
4 -0.1 -2.75 -1.79 79.58 -1.47 0.05
5 -0.35 0.23 0.37 —1.47 73.49 -0.81
6 -4.69 -3.6 -0.39 0.05 -0.81 76.76
(B)
1 217.76 69.93 70.50 -0.42 —-0.03 -2.76
2 69.93 238.89 70.41 —-0.88 0.57 -2.10
3 70.50 70.41 220.04 —0.66 0.36 —0.39
4 —0.42 —-0.88 —0.66 76.33 -0.86 0.13
5 -03 0.57 0.36 -0.86 74.34 -0.50
6 —2.76 -2.10 -0.39 0.13 —0.50 77.70

oriented amphiboles and/or chlorite do exist, indicating synkine-
matic percolation of hydrous, potentially supersaturated, fluid/
melt may be an essential process for the deformation of the litho-
spheric mantle under low-temperatures conditions (Vissers et al.
1987; Dijkstra et al., 2004).

4.4. Consequences for seismic anisotropy

The three-dimensional distribution of seismic velocities in a
polycrystalline aggregate can be estimated by averaging the indi-
vidual grain elastic tensors as a function of the crystallographic ori-
entations and mineralogical composition of the aggregate
(Mainprice and Humbert, 1994). The seismic properties of the
sheared aggregate with the strongest CPO (Fig. 8) calculated for a
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pressure of 0.3 GPa and 1200 °C are presented in Fig. 13. To illus-
trate the anisotropy dilution due to occurrence of other mineral
phases, we also present the seismic properties of a lherzolite
(60% olivine, 25% orthopyroxene, and 15% diopside) with the same
olivine CPO as the experimental sample and orthopyroxene and
diopside CPO measured in naturally deformed peridotites (A.
Tommasi, unpublished data) and oriented as expected if all miner-
als were experiencing to the same deformation. The rock elastic
constants for both cases are given in Table 2.

P- and slow S-wave propagations are faster at low angle from
the shear direction, and slower normal to the shear plane. Fast
S-waves are always polarized parallel to the shear direction and
polarization anisotropy is minimum for waves propagating at
low angle to the shear direction (Fig. 13). As expected (e.g., Main-
price and Silver, 1993), the azimuthal anisotropies for both P- and
S-waves and the S-wave polarization anisotropy are slightly
reduced in the lherzolite. These calculations predict therefore a
moderate seismic anisotropy within a slightly hydrated mantle
shear zone.

5. Conclusion

Results from shear deformation experiments on aggregates of
iron-bearing olivine (Fogg) under hydrous conditions suggest a rel-
atively minor weakening (less than one order of magnitude) due to
the presence of water-derived species in the system, with most of
the water contained in pores and/or grain boundaries. Deformed
samples exhibit CPOs characterized by concentrations of [100]
and (010) subparallel to the shear direction and shear plane,
respectively. In addition, dispersion of [010] and [001] axes in a
girdle at high angle to the lineation indicates activation of other
{0kI}[100] systems (axial-[100] or ‘D-type’ fabric, Karato, 2008).
The TEM observations of a high strain domain (y > 1) in the de-
formed samples show both [100] and [001] dislocations, indicat-
ing that [001] glide is also active, consistently with CPO
evolution in viscoplastic self-consistent models where A- and D-
type fabrics develop by activation of multiple slip systems with a
more or less marked predominance of (010)[100]. One has to note
however that the low water fugacity achievable at 300 MPa of con-
fining pressure hinders a thorough investigation of this transition.
Nevertheless, our results show that at low pressures, the field of
‘D-type’ fabrics, which results from olivine deformation with dom-
inant activation of the {0kl}[100] systems, should be extended to
lower stresses and higher water contents. Extrapolation of the
present experimental results to the shallow upper mantle in sub-
duction zones and to trans-lithospheric faults and shear zones im-
plies that the presence of moderate amounts of water sensus lato in
mantle rocks produces weakening, but does not change the domi-
nant glide systems in olivine or its seismic anisotropy.
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