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Abstract

OH3-bearing (hydrous) ringwoodite compressed non-hydrostatically in a diamond anvil cell supports a differential
stress that increases from 2.9 to 4.5 GPa over the pressure range of 6.7^13.2 GPa at room temperature. This result
suggests a significant water weakening effect when compared with results from similar experiments on the anhydrous
counterpart [Kaver and Duffy, Geophys. Res. Lett. 28 (2001) 2691^2694]. The elastic anisotropy ( = 2C44/(C113C12)
of hydrous ringwoodite is measured to be 0.87(7) throughout this pressure range, similar to measured values for
anhydrous ringwoodite [Kaver and Duffy, Geophys. Res. Lett. 28 (2001) 2691^2694]. This lattice anisotropy cannot
be explained by anelastic effects such as faulting and twinning within the structure. These results suggest that hydrous
minerals in the upper mantle and transition zone may have higher ductile strain rates for a fixed shear stress at high
temperature, resulting in stronger preferred lattice orientation. This, in turn, may be seismically detectable, which
opens the possibility of using seismic anisotropy as a marker for local volatile-containing areas within the upper
mantle and transition zone.
; 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Most nominally anhydrous minerals are able to
store moderate amounts (tens to hundreds of
ppm) of water as hydroxyl (OH3) within their
structure [2]. X-ray di¡raction and spectroscopic

measurements have shown that the transition
zone polymorphs of olivine, wadsleyite [3^6] and
ringwoodite [7,8], may store comparatively large
amounts of OH3 in their structures, up to a few
percent. In addition to serving as a conduit for
the transfer of water between the Earth’s surface
and its deep interior, OH3-bearing minerals may
have a strong in£uence on mantle rheology. Small
amounts of OH3 disproportionately a¡ect the
physical properties of nominally anhydrous min-
erals, especially by lowering melting temperature
and decreasing viscosity [9]. Since the transition
zone between the Earth’s upper and lower mantle
helps govern the scale of mass and heat transport
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throughout the Earth, the presence of water with-
in this region, whether global or localized, may
have a signi¢cant e¡ect on mantle rheology and
therefore mantle circulation.
Elucidating the deep-Earth component of the

volatile cycle requires tying together mineral phys-
ics measurements of how the presence of water
alters the physical properties of Earth materials
with seismic observations of mantle processes
[10]. Recent seismic studies show that the transi-
tion zone has a measurable azimuthal elastic ani-
sotropy [11]. The physical interpretation points to
a lattice preferred orientation in transition zone
minerals. Interpreting these data requires knowing
the elastic moduli, including elastic anisotropy of
transition zone minerals at the relevant pressures
and temperatures, and how those elastic proper-
ties change with changes in pressure, temperature,
and composition, including the presence of vola-
tile phases.
Though we are all pushing toward this goal, at

this point in time no mineral physics laboratory is
capable of completely duplicating the conditions
of the Earth’s interior ^ including the ability to
subject the proper phase assemblages to the ap-
propriate pressures, temperatures, and strain rate.
Therefore, our understanding of mantle minerals
is based on combining information from a pas-
tiche of experiments performed at a variety of
conditions, to look for trends in behavior that
can be extrapolated to the deep-Earth conditions.
Here, the goal is to understand how the addition
of hydroxyl changes the rheology and elastic
properties of ringwoodite, perhaps one of the
dominant transition zone minerals. To this end,
synchrotron-based powder X-ray di¡raction tech-
niques were used to examine the behavior of hy-
drous ringwoodite under extreme non-hydrostatic
conditions in the diamond anvil cell to see how
the addition of OH3 within a transition zone min-
eral’s structure a¡ects its rheology, including elas-
tic properties, especially elastic anisotropy, and
resistance to shear deformation.

2. Experimental methods

Polycrystalline hydrous ringwoodite was syn-

thesized at 1400‡C and 20 GPa in the 5000-ton
multi-anvil press at the Bayerisches Geoinstitut in
Germany by J. Smyth of the University of Colo-
rado. The crystals contain about 2.2 wt% H2O
and have a composition of Mg1:63Fe0:22H0:4-
Si0:95O4, with V10% ferric iron, based on elec-
tron microprobe analysis, infrared spectroscopy,
and Mossbauer spectroscopy [8]. The room
pressure unit cell parameter determined by re¢ne-
ment from the centering angles of 20 re£ections
is 8.093(2) AQ . Impurities of wadsleyite, stisho-
vite, and/or quenched glass might be present
within the sample [8]. Hydrous ringwoodite pow-
der was loaded inside a 100 Wm sample cham-
ber within a beryllium gasket inside a diamond
anvil cell equipped with 350 Wm culets. Several
small chips of ruby were placed across the sur-
face of the sample as a £uorescence pressure
calibrant.
Radial X-ray di¡raction experiments were per-

formed at beamline X17C of the National Syn-
chrotron Light Source, using white radiation and
a multi-channel solid state detector, using the
same procedure as in [1]. The size of the incident
X-ray beam was 10 WmU15 Wm. The diamond
cell was positioned for radial di¡raction such
that the X-ray beam passed between the two
diamond faces, through the beryllium gasket
and the sample. Energy-dispersive di¡raction
patterns were collected at a ¢xed Bragg angle
of 2a=12.000(3)‡ for 15^45 min. At each loading
step of the diamond cell, a pressure was mea-
sured via ruby £uorescence at ¢ve or more pla-
ces across the width of the sample chamber. The
average value and standard deviation were cal-
culated and used as the nominal indicator of the
average hydrostatic pressure in the sample cham-
ber. Given that the sample chamber was under
non-hydrostatic stress at all compressions, the
signi¢cance of this ‘pressure’ determination is
discussed in the following sections. At each of
the seven pressure steps, 5^15 di¡raction pat-
terns were obtained at di¡erent angles relative
to the principal stress direction by rotating the
diamond anvil cell about the axis de¢ned by the
incoming X-ray beam. Further details of these
experiments and analysis are given elsewhere
[1,12^15].
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3. Analysis

Samples within a non-hydrostatically loaded di-
amond cell are subjected to a biaxial stress state,
where the maximum principal stress, c1, is per-
pendicular to the diamond faces and greater
than the minimum principal stress, c3, provided
by the gasketting material (and/or friction against
the diamonds) in the radial direction. The di¡er-
ential stress, t=c13c3, elastically supported by a
polycrystalline cubic material within a diamond
anvil cell can be calculated using ¢nite strain
theory assuming cylindrical symmetry in the sam-
ple chamber and constant stress across grain
boundaries (Reuss condition) through the equa-
tion [13] :

O ði ; hklÞ3O hydro ¼

ðt=3ÞðS113S1233Sy ðhklÞÞð1� 3cos2i Þ ð1Þ

where O(i,hkl) is the total lattice strain measured
by X-ray di¡raction, which varies as a function of
both the Miller indices of the re£ecting plane
(hkl), and the angle between the di¡racting plane
normal and the maximum principal stress (i) ;
Ohydro is the hydrostatic component of the strain;

the Sijs are single crystal elastic compliances ; S is
a measure of the elastic anisotropy, equal to
S113S1230.5S44 ; and y is an orientation factor
given by (h2k2+k2l2+h2l2)/(h2+k2+l2)2. According
to Eq. 1, at i=54.7‡, the measured lattice strain
is not a function of (hkl), and is equal to the
hydrostatic component of the strain, Ohydro =
(2O90+O0)/3.
Under Voigt conditions (constant strain), the

lattice strain is not a function of (hkl), and is
equal to:

GO ðhklÞf3O hydro ¼ ðt=3Þð1=GvÞð133cos2i Þ ð2Þ

where Gv is the Voigt shear modulus. The Voigt
strain falls between the two strain endmembers
determined by the lattice planes corresponding
to the maximum and minimum y values via Eq. 1.
In an elastically isotropic material, each of the

lattice planes shows the same strain, and the
Voigt and Reuss strains become identical.
For each of the 63 di¡raction patterns, di¡rac-

tion peaks corresponding to hydrous ringwoodite,
ruby, and the beryllium gasket were identi¢ed
(Fig. 1). The observation of some small extra
peaks in some of the di¡raction patterns can be
attributed to the presence of minor impurities
within the hydrous ringwoodite. The largest of
these peaks, at 28 keV (d-spacing of 2.118 AQ ) is
shown in one of the di¡raction patterns in Fig. 1.
Since it only appears at that one pressure in that
single orientation, it presumably arises from a
small, highly oriented single crystal. In each dif-
fraction pattern, the best-¢t center energy of each
of the ¢ve strongest hydrous ringwoodite di¡rac-
tion peaks, (220), (311), (400), (511), and (440),
was determined. For each of these energies,
d-spacing (Table 1), lattice parameter, and Euler-
ian strains (referenced to a0 = 8.093(2) AQ ) were
calculated as a function of (hkl), angle, and pres-
sure. Di¡raction peaks shift by 1^2% to higher
energy (lower d-spacing) as the angle is changed
from minimum to maximum stress conditions
(Fig. 1 and Table 1). This shift is signi¢cant; for
example, the (220) peak shifts from a center en-
ergy of 21.274 keV (2.788 AQ ) to 20.940 keV (2.832
AQ ): a di¡erence of 33.4 eV (0.044 AQ ) between
maximum and minimum stress direction. By com-

Fig. 1. X-ray di¡raction patterns under maximum stress
(i=0‡) and minimum stress (i=90‡) conditions (2a=
12.000(3)). Hydrous ringwoodite di¡raction peaks are in-
dexed with their (hkl) values, with gray arrows indicating
peaks used in the analysis. Di¡raction peaks arising from
ruby and Be are indicated.
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Table 1
All d-spacings for hydrous ringwoodite di¡raction peak ¢ts

Name 220 311 400 511 440 Angle

rwp1_001 2.8458 2.4256 2.0159 1.5481 1.4236 90
rwp1_002 2.8349 2.4217 2.0063 1.5436 1.4202 180
rwp1_003 2.8404 2.4227 2.0152 1.5497 1.4205 160
rwp1_004 2.8363 2.4217 2.0056 1.5445 1.4192 140
rwp1_005 2.8458 2.4247 2.0125 1.5497 1.4256 90
rwp2_001 2.8417 2.4276 2.0104 1.4212 90
rwp2_002 2.8417 2.4207 2.0111 80
rwp2_003 2.8282 2.4109 1.9982 1.5388 1.4158 50
rwp2_004 2.8134 2.3992 1.9895 1.5321 1.4084 30
rwp2_005 2.8001 2.3982 1.9902 10
rwp2_006 2.8121 2.3924 1.9888 1.4070 180
rwp2_007 2.8094 2.4040 1.9942 1.4054 200
rwp2_008 2.8094 2.4011 1.9888 1.5285 1.4064 160
rwp2_009 2.8215 2.4118 1.9962 1.5420 140
rwp2_010 2.8363 2.4187 2.0070 120
rwp2_011 2.8404 2.4256 2.0090 1.5481 1.4215 100
rwp3_001 2.7955 2.3895 1.9824 1.5233 1.4001 180
rwp3_002 2.8310 2.4177 2.0048 1.5443 1.4154 90
rwp3_003 2.8310 2.4201 2.0048 70
rwp3_004 2.8363 2.4220 2.0087 1.5443 1.4185 110
rwp3_005 2.8173 2.4100 1.9886 1.5334 1.4106 130
rwp3_006 2.8037 2.3896 1.9817 1.5280 1.4031 150
rwp3_007 2.7957 2.3864 1.9781 1.5232 1.4002 170
rwp3_008 2.7954 2.3942 1.9832 1.5300 1.4031 200
rwp4_001 2.8294 2.4149 2.0019 1.5435 1.4162 90
rwp4_002 2.8389 2.4152 1.9986 1.5414 1.4150 100
rwp4_003 2.8316 2.4122 2.0027 1.5404 1.4164 110
rwp4_004 2.8146 2.4116 1.9922 1.4082 120
rwp4_005 2.8146 2.3988 1.9902 1.4074 130
rwp4_006 2.8025 2.3904 1.9807 1.5261 1.4021 140
rwp4_007 2.8007 2.3905 1.9814 1.5238 1.4021 150
rwp4_008 2.7941 2.3851 1.9775 1.3992 160
rwp4_009 2.7909 2.3815 1.9757 1.5209 1.3968 170
rwp4_010 2.7896 2.3866 1.9785 1.5206 1.3974 180
rwp4_011 2.8339 2.4195 2.0072 1.5457 1.3849 90
rwp4_012 2.4195 80
rwp4_013 2.7903 2.3886 1.9775 1.5227 1.3971 10
rwp4_014 2.7983 2.3901 1.9795 1.5254 1.4005 20
rwp4_015 2.8050 2.3957 1.9846 1.5303 1.4036 30
rwp5_001 2.7876 2.3815 1.9757 1.5174 1.3951 180
rwp5_002 2.7886 2.3821 1.9768 1.5227 1.3964 160
rwp5_003 2.8015 2.3971 1.9839 1.5247 1.4024 140
rwp5_004 2.8149 2.4033 1.9927 1.5337 1.4083 120
rwp5_005 2.8318 2.4211 2.0056 1.5425 1.4163 90
rwp5_006 2.7849 2.3801 1.9726 1.5187 1.3946 160
rwp5_007 2.7997 2.3924 1.9815 1.5253 1.4022 140
rwp5_008 2.8153 2.4031 1.9922 1.5318 1.4088 120
rwp5_009 2.8309 2.4088 2.0050 1.5378 1.4161 90
rwp5_010 2.8283 2.4113 1.9949 1.5400 1.4150 70
rwp6_002 2.7849 2.3806 1.9708 1.5145 1.3936 150
rwp6_003 2.8061 2.3960 1.9838 1.5266 1.4066 130
rwp6_004 2.8231 2.4071 1.9923 1.5380 1.4113 110
rwp6_005 2.8259 2.3985 2.0019 1.5353 1.4132 90
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parison, the center position of each peak is ¢t to a
precision of 2^4 eV (0.0002^0.0005 AQ ). The shifts
correspond to an e¡ective pressure di¡erence of
V9^10 GPa with peak precisions ofV0.1 GPa, if
lattice strains are referred to a ringwoodite P(V)
equation of state. Except for the ¢nal pressure
step, the relative X-ray peak intensities remained
close to those expected for a randomly oriented
powder, indicating no strain-induced preferred
orientation. Throughout the experiment, and es-
pecially in the ¢nal two pressure steps, there was a
gradual loss of overall X-ray intensity around the
maximum stress direction (0‡ UV50‡), thereby
precluding a strength analysis for the highest pres-
sure run. Even during these last pressure steps, the
relative peak intensities of ringwoodite remained
the same; therefore this loss in intensity cannot be
easily attributed to a texturing e¡ect.
At each pressure step, the positions of the ¢ve

di¡raction peaks are ¢t as a linear function of
133cos2i, providing two parameters for each
(hkl) (Fig. 2). (i) The y-intercept, de¢ned by
133cos2i=0, gives the hydrostatic lattice param-
eter. (ii) The slope of the i-dependent lattice re-
sponse represents a product of t, the supported
di¡erential stress, and a combination of the elastic
constants, given by Eq. 1. At a given pressure
step, all of the separate (hkl) ¢ts can be used to-
gether to measure the sample’s anisotropic re-
sponse. The anisotropy signal was determined by
plotting the slopes determined in (ii) as a function
of y, which in this experiment ranges from 0 for
the (400) line to a maximum of 0.25 for the (220)
and (440) lines (Fig. 3a). If this line shows a pos-
itive slope, its elastic anisotropy is 6 1; a negative

slope indicates the elastic anisotropy is s 1.
Under Reuss (constant stress) conditions, the
magnitude of the elastic anisotropy can be deter-
mined by taking the ratio of Eq. 1 determined for
both ymin ( = 0) and ymax ( = 1/3):

¼ ðt=3ÞðS113S1233SyminÞð133cos2i Þ=

ðt=3ÞðS113S1233SymaxÞð133cos2i Þ

¼ ðS113S12Þ=0:5ðS44Þ ¼ 2C44=ðC113C12Þ ð3Þ

This assumes that anelastic contributions to lat-
tice strain anisotropy can be ignored, as discussed
in more detail in Section 4.2. This provides a low-
er bound to the absolute value of the anisotropy;
any contribution from constant-strain conditions
will serve to dampen the anisotropy signal. Note
that this anisotropy measurement is independent
of both pressure and supported di¡erential stress.
However, the anisotropy signal becomes clearer if
the sample supports a larger di¡erential stress. In
this analysis, constant stress (Reuss) condition is
assumed. In Section 4.2, the e¡ects of the possi-
bility of conditions intermediate between constant
stress and constant strain (Voigt^Reuss bounds)
are explored.

4. Results and discussion

4.1. Strength

A simple model describing material strength
claims a material can support a deviatoric stress

Table 1 (Continued).

Name 220 311 400 511 440 Angle

rwp6_007 2.8268 2.4119 2.0008 1.5391 1.4139 90
rwp6_008 2.8268 2.4122 1.4110 70
rwp6_009 2.8205 2.4048 1.9940 1.5339 1.4107 110
rwp6_010 2.7942 2.3804 1.9753 1.5211 1.3989 40
rwp6_011 2.7773 2.3728 1.9678 1.5119 1.3904 20
rwp6_012 2.7746 2.3711 1.9668 1.5121 1.3885 0
rwp6_013 2.7829 2.3809 1.9742 20
rwp7_002 2.8160 2.4030 1.9915 1.5349 1.4087 110
rwp7_005 2.8197 2.4069 1.9888 1.5353 1.4100 70
rwp7_006 2.8198 2.4128 1.9992 1.5372 1.4095 90
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up to its elastic limit, after which the material
yields plastically [16]. Therefore di¡erential stress,
as measured here, provides a lower bound to the
material’s yield strength. In these experiments, the
di¡erential stress can be approximated by consid-
ering an average of all of the (hkl) responses at a
single compression via t=6GReussG(Ohydro3O90)f
[13]. The shear modulus of hydrous ringwoodite,
GReuss0 = 107(3) [17] was extrapolated to high pres-
sures using a Birch equation of state [18], assum-
ing dG/dP=1.5. The range of published dG/dP
values for ringwoodite (both hydrous and anhy-
drous) spans from 1.2 to 1.8 [17,19,20]. The re-
sulting high pressure variance of G propagates
into an error of less than 5% in the strength cal-
culation, well within the uncertainties. Hydrous
ringwoodite supports a di¡erential stress of 2.9^
4.5 GPa over the pressure range of 6.7^13.2 GPa,
a 50% decrease relative to anhydrous ringwoodite,
which supports 6^8 GPa over the same pressure
range (Fig. 4) [1]. Strength results in general are
extremely history-dependent, and in diamond cell
experiments may vary with the diamond size, gas-
ket material and hole radius. In this case, the
radial di¡raction measurements were done under
almost identical conditions, making the compari-
son between the strength of hydrous and anhy-
drous ringwoodite more reliable.
One of the assumptions of the lattice strain

theory is that the stress tensor is spatially invari-

ant within the diamond anvil cell sample cham-
ber. However, under non-hydrostatic conditions,
signi¢cant pressure gradients may exist there [21^
24]. For example, in the highest pressure data set
for which there is a reliable strength measurement
(rwp6) ruby £uorescence measurements from sep-
arate ruby grains across the sample surface
yielded values of 14.6, 13.8, 13.2, 12.7. and 11.5
GPa across a V40 Wm radius from the center of

Fig. 2. Lattice parameter vs. 133cos2i for (220) di¡raction
line of hydrous ringwoodite for each data set. Pressure is de-
termined by ruby £uorescence. Linear ¢ts are shown through
each of the data sets.

Fig. 3. (a) Anisotropy signal. The slopes of all of the (hkl)
vs. 133cos2i ¢ts are plotted as a function of y(hkl) at each
compression step. The pressures (in GPa) are labeled for
each line. The results for anhydrous ringwoodite are shown
as stars. Slope and M

2 values from these straight-line ¢ts are
shown in Table 2. (b) Faulting signal. The slopes of all of
the (hkl) vs. 133cos2i ¢ts are plotted as a function of fault-
ing parameter [26] at each compression step. The pressures
(in GPa) are labeled for each line. Note that the order of the
(hkl) planes on the x-axis is di¡erent in panel b than in panel
a, due to the di¡erent hkl dependences of faulting and elastic
anisotropy. Results from straight-line ¢ts are shown in Ta-
ble 2.
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the sample to the gasket edge. This suggests that
the 10U15 Wm X-ray beam sampled a volume of
hydrous ringwoodite experiencing a pressure gra-
dient on the order of 1 GPa. This is lower than
the supported di¡erential stress measured by lat-
tice strain theory, and the primary manifestation
of this stress gradient would be broader X-ray
di¡raction peaks.
An alternative method to measure the elasti-

cally supported di¡erential stress (t) of materials
at high pressures takes advantage of these pres-
sure gradients to calculate :

tWc y ¼ hðdP=drÞ ð4Þ

where cy is the yield strength, h is the sample
thickness, P is the pressure measured by ruby
£uorescence, and r is the radial distance from
the center of the diamond anvil cell axis [22^24].
In this experiment, the sample thickness was esti-
mated by scanning the diamond cell through the
stationary X-ray beam, yielding an estimate of
42 Wm determined from the FWHM of intensity
of transmitted X-ray beam plotted as a function
of distance. The pressure gradient method gives
an approximate measure of the di¡erential stress
inside the diamond cell to beV3 GPa; in general
agreement with the values from radial di¡raction
values (Fig. 4). Together, these two independent

measurements, under similar high pressure, room
temperature, and diamond cell strain rate condi-
tions, demonstrate profound weakening caused by
structural accommodation of OH3 in the transi-
tion zone mineral ringwoodite.

4.2. Anisotropy

The lattice anisotropy is calculated by taking
the ratio of the strains determined at the y ex-
trema: where y=0 and 0.333, as described in Sec-
tion 3. These values were extrapolated from linear
¢ts through the data shown in Fig. 3, and plotted
as a function of pressure in Fig. 5. The anisotropy
has an average value of 0.87(7) in this pressure
range, in agreement with previous measurements
of ringwoodite using radial di¡raction techniques
[1]. (Note that anisotropy is plotted here as a ratio
2C44/(C113C12) instead of S113S1230.5S44 as
plotted previously, and in other presentations of
results from radial di¡raction.) Although each of
the measurements has a large error bar, the scat-
ter in the measurement is quite small, indicating
high con¢dence in the result, despite large errors
in measurement precision. The maximum aniso-
tropy signature in the data arises under constant
stress (Reuss) conditions. Any contribution from
constant strain (Voigt) conditions will tend to

Fig. 4. Elastically supported di¡erential stress of both hy-
drous and anhydrous ringwoodite [1] (open and ¢lled
squares, respectively) as a function of pressure. The hatched
area shows the supported di¡erential stress for the highest
pressure run of hydrous ringwoodite determined using the
pressure gradient method (see text).

Fig. 5. Plot of elastic anisotropy measured for the hydrous
(squares) and anhydrous (open circles) ringwoodite [1] radial
di¡raction data. Also shown are corresponding ambient pres-
sure values for hydrous ringwoodite (¢lled square) and anhy-
drous ringwoodite (open circle) determined by Brillouin spec-
troscopy [17,19], and high pressure data for anhydrous
ringwoodite [20]. The dashed line shows elastic anisotropy
calculated by Kiefer et al. [25].
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damp out the anisotropy signature ^ i.e. the
slopes of the lines shown in Fig. 3 will become
shallower. Therefore the measurement determined
here provides a bound on the actual anisotropy;
the actual value might be signi¢cantly lower than
0.87(7). Eq. 3 shows that the sense of the aniso-
tropy (in this case less than unity) is even more
robust, since the anisotropy direction is insensitive
to errors in di¡erential stress, pressure, equation
of state, and assumption of Reuss conditions.
The most important assumption a¡ecting the

interpretation of the lattice anisotropy is that
there is no strength anisotropy ^ that each lattice
plane can support the same stress. If this is so
(and some alternatives are explored below), the
straightforward interpretation of these results is
that the high pressure elastic anisotropy of ring-
woodite shows a reversal in sense from the ambi-
ent measurements [17] and other high pressure
measurements [20]. Both of those measurements,
which determine the anisotropy of anhydrous
ringwoodite to beV1.2, were obtained using Bril-
louin scattering techniques. Some possible inter-
pretations for these con£icting results are as fol-
lows. (1) Between room pressure and 6.7 GPa the
anisotropy decreases and changes signs; (2) lattice
plane anisotropy measured in these non-hydro-
static experiments is due to lattice plane-depen-
dent strength e¡ects rather than elastic anisotro-
py. A third possibility is that the Brillouin
scattering experiments are somehow providing
an overestimate of the elastic anisotropy. Perhaps
there is a frequency dependence to the anisotropy
response; therefore high frequency Brillouin ex-
periments are probing a di¡erent anisotropy re-
gime than are diamond cell experiments. Seismic
frequencies are intermediate between these two
regimes.
The decrease and eventual sense reversal of ani-

sotropy observed in these experiments is predicted
with ¢rst principles calculations of the elastic be-
havior of ringwoodite under pressure [25] that
show anisotropy decreasing with pressure, with a
reversal at V14 GPa. However, alternative meth-
ods to induce an apparent lattice strain anisotro-
py need to be considered to rule out anelastic
e¡ects that may arise from point, line, and planar
defects. The ringwoodite sample is composed of

an aggregate of Wm-sized crystallites, approxi-
mately randomly oriented. Since each crystallite
is in a di¡erent orientation with respect to the
macroscopic stress state, the critical resolved
shear stress (the shear stress required to induce
dislocation motion, and therefore plastic deforma-
tion, within that grain) will vary from grain to
grain [16]. Although the low temperature slip sys-
tems for ringwoodite are unknown, the face-cen-
tered-cubic (fcc) {111}G110f slip system is known
for the similarly structured MgAl2O4 spinel. Be-
cause of the high symmetry of the fcc structure,
many slip systems are available, and therefore the
grain-to-grain ability to support a di¡erential
shear stress should not vary widely [16]. This
mechanism is testable with our current data.
These defects (microstrains) contribute to peak
broadening, intensity loss, and preferred orienta-
tion, and in addition, may create systematic X-ray
di¡raction line shifts [26]. Ringwoodite has a
structure analogous with MgAl2O4 spinel, which
is based on a fcc lattice. Dislocation slip, twin-
ning, and faulting are primary causes of plastic
deformation in these structures [16]. Planar de-
fects such as twinning and faulting in fcc-struc-
tured materials create systematic displacements
of lattice peaks as well as broadening [26]. A de-
tailed analysis of the magnitude of these shifts,
based on analyzing the probability of a twin de-
fect on adjacent planes, and summing the results
on average lattice plane spacing in reciprocal
space [26] predicts a very di¡erent (hkl) depen-
dence, with (220) and (400) lines having the max-
imum positive shift, and the (440) line shift in the

Table 2
Slope and M

2 values for ¢ts of straight lines shown in Fig.
3a,b

Experiment
number

y slope M
2 Faulting slope M

2

1 0.0037 2.40 32.30E-05 4.68
2 0.0012 2.84 30.0008 2.86
3 0.0001 2.09 0.0017 0.40
4 0.0006 3.01 0.0008 2.52
5 0.0020 1.12 0.0004 2.31
6 0.0023 3.18 0.0003 5.23
Average 0.0017 2.44 0.0004 3.00
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negative direction. The highest pressure data set
was analyzed in terms of this faulting probability,
yielding a plot similar to Fig. 3a, but with the
x-axis tracking peak shifts that would be induced
by faulting rather than elastic anisotropy (Fig.
3b). Linear ¢ts to these faulting plots are shown
in Fig. 3, and values for the slope and M

2 are given
in Table 2. The ¢ts of the data to the faulting
model (Fig. 3b) yield lower slopes (near zero),
with slightly worse ¢ts as evidenced by lower M2

values than the elastic anisotropy analysis. This
result suggests that elastic anisotropy is a better
explanation for the observed lattice-dependent re-
sponse than faulting and twinning.

5. Conclusions

Though these measurements are far from the
conditions of the Earth’s mantle, especially in
temperature, strain rate, and perhaps grain size
[27], two important results are raised from these
results that have direct implications in interpret-
ing seismic evidence from the Earth’s transition
zone. First, these strongly bolster the evidence
that the presence of OH3 in mantle materials
may lead to di¡erent rheologic behavior, includ-
ing less of an ability to support a deviatoric
stress ; and more deformation (perhaps accompa-
nied by increased lattice preferred orientation, if
recrystallization is unperturbed) at a ¢xed strain
rate. This observation may have implications for
interpretations of mid-mantle deformation in-
ferred from seismic anisotropy [28]. The second
result is that this data set seems to suggest that
ringwoodite possesses a larger anisotropy than
previously assumed, with a reversed sense. Previ-
ously, it had been assumed that anisotropy of
ringwoodite within the transition zone was low
[29], consistent with Brillouin scattering measure-
ments [20], which show anisotropy gradually de-
creasing with pressure (Fig. 5). This assumption
made it di⁄cult to account for the observed seis-
mic anisotropy, even given the uncertainties in
determining how £ow geometry and fast direc-
tions are correlated [30]. These new radial di¡rac-
tion results suggest that ringwoodite might have a
signi¢cant elastic anisotropy within the transition

zone, and therefore may help account for the ob-
served mantle seismic anisotropy [11,28].
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