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Abstract

Magnesium silicates are the dominant minerals in the earth’s mantle. Their preferred orientation is important for

understanding the rheology and seismic anisotropy in the deep earth. Here we report results of radial synchrotron diffraction

diamond anvil cell (DAC) experiments on San Carlos olivine, axially compressed to 50 GPa. Experiments were performed at

room temperature, except for brief laser heating to induce phase transformations. High stresses and development of preferred

orientation were observed in diffraction images. Quantitative texture information was obtained by analyzing the images with the

Rietveld method. With increasing pressure (between 9 and 43 GPa) olivine develops a texture with [001] axes perpendicular to

the compression direction that is compatible with {hk0}[001] pencil glide. Ringwoodite (between 20 and 50 GPa) develops

weak preferred orientation with {011} lattice planes perpendicular to the compression direction. After the phase transformation,

perovskite and magnesiowqstite display transformation textures that are then modified by continuing deformation.

Magnesiowqstite has a weak h111i maximum parallel to the compression direction that changes towards h001i with increasing

deformation. Perovskite, transforming from olivine, has a pronounced (100) transformation texture and with increasing

deformation a {012} maximum develops. The transformation texture is probably produced by mechanical {110} twinning and

nucleation in orientations that minimize elastic strain energy. The deformation texture of perovskite is due to slip.
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1. Introduction

Ever since seismic anisotropy was first docu-

mented in the shallow upper mantle beneath oceans
tters 226 (2004) 507–519
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[1], geophysicists have been concerned with implica-

tions of this feature for interpretation of seismic

signals as well as an indicator of flow patterns in the

deep earth. Maps of azimuthal anisotropy have been

constructed for the uppermost mantle beneath oceanic

lithosphere [2]. Fast wave propagation directions

overall correspond to flow directions as implied from

plate motions. Hess attributed anisotropy to preferred

orientation of olivine that was attained during mantle

convection. This concept has generally been accepted

and is supported by quantitative polycrystal plasticity

simulations (e.g. [3,4]).

The anisotropy pattern has been refined and it

became apparent that anisotropy in the upper mantle

varies not only laterally but also with depth [5].

Overall, anisotropy at 200 km is weaker than at 100

km. Anisotropy is at a deeper level beneath continents

than oceans and less pronounced. It corresponds to

assumed convection cells with upwelling and sub-

duction. Anisotropy was also documented in layers of

the transition zone (400–700 km) where olivine

breaks down to high-pressure phases. Particularly just

above the 660 km discontinuity anisotropy is pro-

nounced and may be related to intense deformation

associated with those phase transitions [6,7].

There is little evidence for anisotropy between 700

and 2700 km (a few exceptions have been noted [8]),

but this may be partially due to limited crossing ray

coverage. However, the deep mantle, in the vicinity of

the boundary with the core (DW layer), reveals itself as a
fascinating and heterogeneous area of the earth (e.g.

[9]). Geodynamic modeling suggests very strongly

deformed subducting slabs [10] and seismologists have

observed anisotropy that could be due to texturing (e.g.

[11–15]), periodic layering [16], or partial melt [17].

The deformation behavior of olivine, the main

constituent of the upper mantle, is fairly well under-

stood. However, the high-pressure phases that com-

pose the transition zone and lower mantle are much

more enigmatic. Ordinary deformation experiments

cannot be performed at the high pressures and

temperatures corresponding to the lower mantle,

though new multianvil apparatuses can deform

materials up to 40 GPa [18]. Also, some of the phases

cannot be quenched and recovered, and in situ

analysis is necessary. In this study, we are using

radial diamond anvil diffraction experiments to docu-

ment in situ texture and stress development in
magnesium silicates. The objective was to investigate

what happens to olivine when it transforms to high-

pressure phases under stress.

The (Mg,Fe)2SiO4 pressure temperature phase

diagram is well established, both with experiments

[19] and theory [20]. At room temperature, the

equilibrium phase boundary between pure forsterite

and a spinel-like structure of ringwoodite is at 10 GPa.

The boundary between the ringwoodite stability field

and that of perovskite (MgSiO3) and periclase (MgO)

is at 26 GPa. With increasing iron content, the phase

boundary shifts towards lower pressure. However, for

kinetic reasons these phase transformations do not

occur at room temperature and heating to approx-

imately 1000 8C is required.

These new experiments shed light on processes

during phase transformations at high pressure and

provide information about deformation mechanisms.

They document that even at room temperature these

silicates and oxides undergo plastic intracrystalline

deformation. We realize that the results we report are

only a first step and there is no claim that the low

temperature, high stress experiments have any direct

implications for the rheology of these phases in the

mantle. Nevertheless, they prepare us for the inves-

tigation of mechanisms and particularly are excellent

material for developing novel quantitative methods

of data analysis.
2. Experiments

Magnesium-rich olivine is the main constituent of

the upper mantle. Thus we chose San Carlos olivine

(90.7% forsterite, 9.3% fayalite [21]) as a starting

material. A fine powder was prepared (b5 Am). Two

experiments were performed with a customized sym-

metric diamond anvil cell (DAC) with radial diffraction

cones machined to an opening angle of 378 (radius). A
confining gasket was prepared with an amorphous

boron and epoxy composite. Residual diffraction lines

at low angles suggest that the gasket material was not

completely amorphous. The sample was assembled in a

100-Am hole drilled into the gasket, which had been

pre-indented to a thickness of 20 Am. The sample was

approximately 30 Am in thickness and was centered on

the 250 Am diamond culets. A small amount of gold

was positioned at the top of the assembly and served to
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locate the position of the specimen as well as for

pressure calibration. The assembly procedure is deli-

cate and several gaskets failed during the assembly. In

the first experiment, gasket material intruded and

covered the olivine powder. For the second experiment,

more olivine powder was available but transformations

were less homogeneous.

The DAC was then used for diffraction experi-

ments at the ID-13 beamline of the GSECARS sector

at the Advanced Photon Source at Argonne National

Laboratory. A monochromatic X-ray beam (k=0.3311
2), approximately 7–8 Am in diameter, was focused

on the DAC assembly in radial geometry with the

DAC axis horizontal and at right angles to the incident

beam. Diffraction images were recorded with a

2048�2048 pixel MAR-CCD camera in 2k mode

with 16 bit dynamic range. The camera was mounted

at 28.3 cm from the sample, thus optimizing the range

of diffractions recorded for the opening cone of the

DAC to 2hmax=14.58 or dmin=1.3 2. The sample–

detector distance was calibrated with a CeO2 standard.

Three exposures were taken at each condition: a

first one, centered on the gold, was used to establish

the hydrostatic pressure based on the elastic deforma-

tion of the gold lattice [22,23]. For the second

exposure, the beam was centered on the sample (Fig.

1a), and for the third, the beam passed through the

diamond, near the sample interface (Fig. 1b). The latter

exposure was taken to get a background image for

scattering from gasket and sample assembly that was

subsequently subtracted from the sample image (Fig.

1c). As is obvious from Fig. 1, in radial diffraction

scattering from the gasket is substantial and only after
Fig. 1. Synchrotron diffraction images for experiment 1 at 43 GPa. (a) Bea

(b) background (intensity: maximum 22,000; minimum 6000), (c) subtrac
background subtraction details of the sample diffrac-

tion pattern are revealed, including intensity variations

along Debye rings that are indicative of preferred

orientation. Even in the background-subtracted image

the remaining background is substantial. Exposure

times ranged from 30 to 90 s. Longer exposure times

could not be used because the CCD camera saturated

due to the high background. When background-

subtracted images are bcakedQ in FIT2D [24], trans-

forming the circular image into a square plot, the

presence of texture becomes immediately obvious by

visual inspection of intensity variations with azimuth,

as is illustrated for an example with ringwoodite (Fig.

2a) and perovskite+magnesiowqstite (Fig. 2b). The

sinusoidal variations of the diffraction lines (well

visible in Fig. 2a) are an expression of elastic

distortions due to applied stress. The position of the

compression direction (diamond axis) is indicated on

the figures (smaller d-spacings, larger 2h).
After each measurement, the DAC was removed

from the goniometer to manually increase pressure,

then inserted again and centered, using gold as a

reference. Phase transformations had to be induced by

laser heating. Radial laser heating, with the DAC axis

mounted parallel to the direction of the beam, was

performed at GSECARS. Temperatures reached dur-

ing the axial heating events were estimated to be

around 1000 8C. Conditions for the experiments are

summarized in Fig. 3. The two experimental suites

were done in parallel over 3 days. After each heating

step, the confining pressure dropped slightly. In

experiment 1, the pressure was further reduced after

the second heating step and then increased again to
m focused on sample (intensity: maximum 23,000; minimum 6000),

ted (intensity: maximum 1300; minimum 200).



Fig. 2. Synchrotron diffraction images from experiment 1, bcakedQ with FIT2D. Some diffraction peaks are labeled. (a) 50 GPa, ringwoodite

with sinusoidal peak shifts due to axial stress, (b) 43 GPa after heating to induce phase transformation, perovskite (P)+magnesiowqstite (M) (c.f.

Fig. 1). Vertical axis is azimuth, horizontal axis is diffraction angle 2h. Compression direction (diamond axis) and extension direction are

indicated by arrows.
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produce deformation of perovskite. In experiment 2,

the equilibrium pressure for ringwoodite was overshot

and olivine transformed largely to perovskite+magne-

siowqstite at 43 GPa.

Most of the diffraction images were very complex

with a poor peak to background ratio (even after

background subtraction) often with multiple phases

and many overlapping peaks. A simple intensity

extraction along Debye rings as used previously

[25,26] was not possible. Thus we decided to use
Fig. 3. Experimental conditions. Dotted lines indicate events of laser

heating, dashed lines indicate where the sample was left for an

extended period. The equilibrium stability boundaries for the

mineral assemblages are indicated by horizontal dashed lines. The

horizontal axis indicates the progression of the experiments and is

not proportional to real time.
the Rietveld method as implemented in the program

system MAUD [27] to analyze background-subtracted

images. Three approaches were tested and compared:

the first was to enter experimental images directly into

MAUD, making use of a new capability. The program

refines the center of the images and then calculates

integrated diffraction profiles over angular slices (108
was chosen for the present analysis, resulting in 36

profiles). The second approach used FIT2D, first

correcting images for distortion with a CeO2 standard,

then integrating intensities in 58 segments over a 908
sector for images where only a single phase was

present (resulting in 19 profiles), or over the full circle

(72 profiles) in cases with multiple phases. FIT2D was

used for the graphical representations in Figs. 1 and 2.

Fig. 4 shows a stack of 36 profiles for experiment 1,

19 GPa, in 108 intervals. Most diffraction peaks can

be assigned to olivine, with intensity variations and

systematic shifts in positions of peaks. These profiles

served as input for the Rietveld analysis. For a few

images, we also used the conventional procedure,

extracting intensities for some diffraction rings

directly and processing the data with the BEARTEX

program [28] to obtain the orientation distribution.

BEARTEX was used for calculations of inverse pole

figures and for graphical texture representations.



Fig. 4. Stack of 36 diffraction profiles in different radial directions

(108 intervals) for experiment 2, olivine at 15 GPa. Note variations

in peak positions and peak intensities.
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The Rietveld procedure used all diffraction profiles

in the range 1.5 to 3.5 2, refining first instrumental

parameters (detector distance, image center, peak

profile, overall intensity), background parameters,

crystallographic parameters of phases (lattice param-

eters, atomic coordinates) and finally phase propor-

tion, texture (using the harmonic method and the direct

method EWIMV [27], based on tomography), and

stress (using a simple isotropic triaxial stress model).

For the texture calculation, axial symmetry around the

DAC axis was assumed. This is justified because of the

axial geometry of the experiment. It is corroborated by

similar intensity variations in the four equivalent

sectors of the Debye rings and a single 908 sector

would in principle provide sufficient information.

However, there are minor deviations in the intensity

variations and averaging of the equivalent sectors

provides a statistically more satisfactory solution. The

deviations between sectors are attributed to grain

statistics and to deviations from axial strain in the

DAC. It must be emphasized that the Rietveld

procedure was by no means bautomaticQ. We attribute

this largely to the poor peak to background ratio, with

many peaks less than 1% above background, even for

background subtracted images. The refinement had to

be done in steps as described above, and in the case of

polyphase assemblages beginning with the most

abundant phase and then advancing to minor phases.

In the case of these complex images, the Rietveld
method was essential and we were impressed by the

very consistent texture patterns that were obtained.
3. Results

Two experimental series were performed in separate

diamond anvil cells, both with olivine as starting

material. In the first series, olivine was deformed (in

three steps) to 23 GPa. At this point, laser heating was

used to transform olivine to ringwoodite. Ringwoodite

was then deformed (in four steps) to 50 GPa (it was

kept at 32 GPa for an extended period) and transformed

(by heating) to perovskite+magnesiowqstite. Pressure
was then reduced to 32 GPa, causing an extensional

stress regime. With subsequent pressure increase to 43

GPa, the sample deformed again in compression.

The second series deformed olivine (in three steps)

to 27 GPa overshooting the stability field of ring-

woodite. The transformation to perovskite+magne-

siowqstite was then induced by heating but the sample

remained heterogeneous, with some olivine still

present and also minor amounts of ringwoodite at

the highest pressures. This assembly was then

deformed in four steps to 43 GPa. At 43 GPa, the

sample was left for 12 h and investigated again.

The starting material (olivine) has a fairly random

orientation distribution and Debye rings are uniform,

indicating a small grain size (estimated at 1–5 Am).

After each heating cycle, a spot pattern develops,

suggesting nucleation and growth of new grains

during the phase transformation. During subsequent

pressure increase, the spot pattern attenuates and

intensity variations along rings become more sym-

metrical. Already in a visual inspection of images

(such as that in Fig. 2c), the presence of texture is

obvious. Strong textures have been observed in gold,

olivine and perovskite. A weaker texture develops in

ringwoodite and magnesiowqstite.
Fig. 5 shows two diffraction profiles for the

complex sample from experiment 2 at 43 GPa with

five phases. Experimental (dotted) and calculated

lines document a good fit. The profile in Fig. 5

(top) is parallel to the compression direction and

profile in Fig. 5 (bottom) perpendicular to it. Devia-

tions in peak intensities are an expression of texture;

deviations in peak positions are due to deviatoric

stress. Note that even at these high-pressure con-



Fig. 5. Selected diffraction profiles for experiment 2 at 43 GPa. Experimental data (dots) and Rietveld fit (solid line). Top profile is in the

compression direction, bottom profile in the extension direction.
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ditions some olivine is still present. The reasons for

the observed heterogeneity are temperature and

pressure gradients that were not optimal in this

experiment, particularly during the laser heating.

Some of the phase parameters that have been

refined are listed in Table 1. Hydrostatic pressures

have been estimated from the average lattice param-

eter of gold and are probably within F1–4 GPa due to

uncertainties in the equations of state for gold [23].

We also give estimated standard deviations as

obtained from the least squares Rietveld refinement.

They are very low and the real uncertainty may be

considerably larger [29], particularly lattice parame-

ters and stresses depend on several assumptions and

corrections. However, lattice parameters for all phases

are comparable with those reported in the literature.

The resolution in radial diffraction is not as high as in

axial diffraction because of higher background from

gasket, sample heterogeneity, pressure gradients and

stress that introduces line broadening. Phase propor-

tions are compatible; especially in perovskite–magne-

siowqstite containing samples volume proportions of
the two phases range between 2:1 and 3:1, as would

be expected. Deviatoric stresses vary between the five

phases. They were refined assuming bulk moduli

and Poisson’s ratios given in the literature ([30] for

olivine, [31,32] for ringwoodite, [31,33,34] for

periclase, and [35,36] for perovskite). First devia-

toric stress components r11 (diamond axis), r22 and

r33 were refined simultaneously. In all cases, r11

was compressional and r22 and r33 extensional and

almost equal, consistent with an axially symmetric

stress distribution. In the final refinement, r22 and

r33 were kept constant and only r11 was refined.

Highest compressive stress values (9 GPa) were

observed for ringwoodite and olivine, intermediate

values for perovskite and periclase and very low

values for gold (0.1–0.5 GPa). This illustrates a

very heterogeneous local stress distribution in this

polyphase aggregate. Stresses are minimal right

after phase transformations. The stresses obtained

are comparable to those reported by Uchida et al.

[37] in similar experiments, and for ringwoodite

also to those of Kavner and Duffy [32].



Table 1

Structural parameters for various phases, refined with the Rietveld method for synchrotron diffraction images corresponding to conditions where

texture information was extracted

P

(GPa)

Phase a

(2)
b

(2)
c

(2)
r11

(GPa)

V

(%)

Experiment 1

50 Ringwoodite 7.6501 (4) 13.4 (3) 100

43a Perovskite 4.5512 (7) 4.7253 (8) 6.5811 (8) 0.85 (2) 75.0 (2)

Magnesiowqstite 3.9658 (2) 0.81 (3) 25.0 (1)

43b Perovskite 4.5511 (7) 4.7298 (7) 6.5778 (8) 0.51 (2) 77.8 (8)

Magnesiowqstite 3.9658 (1) 0.57 (2) 22.0 (3)

Gold 3.8437 (2) 0.01 b1

Experiment 2

9 Olivine 4.7067 (6) 9.9519 (9) 5.8911 (5) 2.90 (1) 100

15 Olivine 4.6650 (4) 9.7673 (8) 5.8276 (6) 5.14 (4) 100

27 Olivine 4.6192 (4) 9.5479 (9) 5.7078 (5) 7.71 (5) 100

25a Olivine 4.6273 (7) 9.5812 (8) 5.7226 (7) 6.48 (5) 32.9 (3)

Perovskite 4.6281 (7) 4.8553 (7) 6.6764 (8) 0.42 (2) 29.6 (2)

Magnesiowqstite 4.0529 (3) 0.12 (1) 13.6 (2)

Ringwoodite 7.7997 (4) 0.46 (2) 23.6 (2)

Gold 3.9314 (3) 0.11 (1) b1

43 Olivine 4.5865 (5) 9.2901 (7) 5.5834 (8) 7.30 (6) 28.0 (2)

Perovskite 4.5810 (8) 4.7736 (4) 6.6023 (7) 4.91 (5) 31.2 (2)

Magnesiowqstite 4.0198 (8) 5.62 (8) 14.9 (2)

Ringwoodite 7.7604 (9) 8.72 (7) 24.1 (3)

Gold 3.8784 (5) 0.51 (2) 1.50 (1)

Estimated standard deviations based on the least squares refinement are in parentheses. Actual uncertainties may be considerably larger.
a After phase transformation.
b After deformation.
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The results of the quantitative texture analysis are

represented in inverse pole figures, which display the

pole densities in the compression direction relative to

crystal coordinates. In inverse pole figures, the

asymmetric sector corresponding to crystal symmetry

is sufficient for a complete representation. We only

show textures obtained directly with MAUD from 36

diffraction patterns. Those obtained from a combina-

tion of FIT2D and MAUD are similar in pattern but

vary somewhat in absolute densities.

In Fig. 6, textures for the different phases at

different conditions are compared. In all phases, weak

to moderate texture is observed, consistent with the

visual inspection of the diffraction images (such as

Fig. 2c). Olivine (Fig. 6a–d) displays a broad girdle

between 100 and 010 with a distinct minimum at 001

(suggesting that the c-axis is perpendicular to the

compression direction). At the highest pressures (43

GPa), the maximum shifts towards 010 (Fig. 6d). For

perovskite, two texture types have been observed. In

experiment 1 and transforming from ringwoodite at 43
GPa, a 012 texture is present that increases in strength

with further deformation (Fig. 6g). In experiment 2

and transforming from olivine at 25 GPa, the texture

type is 100 (Fig. 6e) and this type remains to 43 GPa

(Fig. 6f). Ringwoodite, after the transformation from

olivine, has a fairly random orientation distribution

(Fig. 6h), but with increasing pressure, a distinct 011

texture develops (Fig. 6i). The texture of magne-

siowqstite is weak (Fig. 6j,k). After transformation

from ringwoodite, a 111 type is observed that shifts

towards 011 with increasing pressure. Gold (Fig. 6l)

consistently shows a 111 fiber texture with a shoulder

towards 011 in both experiments and at all conditions.

The gold texture does not change much with increas-

ing pressure.
4. Discussion

These new high-pressure deformation textures

can be compared with earlier deformation experi-



Fig. 6. Inverse pole figures for different phases. (a–d) Olivine, experiment 2; (a) 15 GPa, (b) 27 GPa, (c) 25 GPa (after transformation), (d) 43

GPa. (e–g) Perovskite; (e) 25 GPa (after transformation, experiment 2), (f) 43 GPa (experiment 2), (g) 43 GPa (experiment 1). (h,i)

Ringwoodite; (h) 50 GPa (experiment 1), (i) 43 GPa (experiment 2, harmonic method). (j,k) Magnesiowqstite, (j) 43 GPa (experiment 1), (k) 43

GPa (experiment 2, harmonic method). (l) Gold, 43 GPa (experiment 2). All results are for EWIMV texture extraction unless indicated. Equal

area projection, linear density scale, dark shades are high densities.
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ments in axial compression with diamond anvil

cells, as well as other methods. We will briefly

discuss the texture of gold, and then analyze texture

development in olivine, ringwoodite, magnesiowüs-

tite and perovskite.
Gold shows a strong and consistent 111 texture

(Fig. 6l). This is surprising since it corresponds to a

texture typical of extension for fcc metals. For

compression, one would have expected a 110 fiber

texture [38]. Our interpretation is that gold is the
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weakest phase in the system (low deviatoric stress)

and that the compressive stress is largely maintained

by silicates and oxides so that gold actually deforms

in tension, imposed by confining pressure. To

ascertain this, micromechanical modeling would be

needed and new experiments are under way.

High temperature deformation experiments on

olivine produce textures with [010] poles parallel to

the compression direction and [100] axes at high

angles (e.g. [39]). This has been explained as due to

activity of the (010)[100] slip system established in

single crystal experiments [40]. The new inverse pole

figures (Fig. 6a–d) also show a concentration at (010)

but with a girdle towards (100) and a minimum at

(001). This is consistent with the qualitative DAC

experiments of Meade et al. [41]. At lower temper-

ature, (100)[001] slip and {hk0}[001] pencil glide

have been documented for single crystals [42]. These

slip systems have also been identified at high temper-

ature and high stress, with higher water content [43].

Polycrystal plasticity simulations with the self-con-

sistent viscoplastic theory [44] for pencil glide

produce indeed a very similar texture pattern as that

observed (Fig. 7a). This leads us to conclude that

olivine deforms by activation of low temperature slip

systems at compressive stresses of 5–9 GPa and

confining pressures of 9–43 GPa at room temperature.

When the textured olivine sample is transformed to

ringwoodite (with spinel structure), a very weak (110)

texture is produced. The texture strength increases

somewhat during deformation to 43 and 50 GPa (Fig.

6h,i). The olivine–spinel transition with a 10%

volume change has been interpreted as a martensitic
Fig. 7. Viscoplastic self-consistent simulations for deformation in

axial compression to 50%, 1000 orientations (a) olivine {hk0}[001]

pencil glide, (b) perovskite with (010)[100], (100)[010], and

(001)h110i slip. Inverse pole figures in equal area projection, linear

contours. Dark regions are high pole densities.
(shear induced) transformation or a diffusional trans-

formation [45–49]. The spotty diffraction pattern right

after the transformation indicates an increase in grain

size and growth. The weak texture precludes a strong

orientation relationship between parent (olivine) and

daughter (ringwoodite) as would be expected for a

martensitic transition. The texture produced with

increasing pressure is most likely due to slip. A

combination of {111}h110i slip and {011}h110i slip

documented for spinel structures [50] produces indeed

a 011 fiber texture in analogy to halite [51].

The high-pressure phases perovskite and magne-

siowqstite transformed from ringwoodite (experiment

1) as well as from olivine (experiment 2). Magne-

siowqstite shows a weak (111) transformation texture

(Fig. 6k) that changes during further deformation

towards (011) (Fig. 6j). This is different from previous

experiments of pure periclase (MgO) [25,52] where a

strong (001) fiber texture was observed and attributed

to {110}h1̄10i slip. If other slip systems were active

(such as {111}, {110} and {100}, all with the [110]

slip direction as established for isostructural halite at

higher temperature [53]), the maximum would be at

(011). At this point, it is not clear if the different

deformation texture observed here is due to the

chemical composition (iron content) that may favor

more slip systems, or due to the fact that deformation

occurred in a polyphase system. Since magnesiowüs-

tite is a minor component and deformation is

heterogeneous, the texture pattern may be greatly

influenced by the plasticity of the other phases as in

the case of gold. Perovskite appears more ductile and

accommodates most of the strain. No microstructural

information is available, e.g. to establish whether

magnesiowqstite occurs as inclusions in a dominant

perovskite matrix. Interestingly, 111 is the elastically

weakest orientation for MgO at high pressure (Fig. 8a)

and nucleation with 111 parallel to the compression

direction would minimize the elastic strain energy.

The most interesting aspect of this study is the

strong texture observed in silicate perovskite with

(100) lattice planes perpendicular to the compression

direction (Fig. 6e,f) at low pressure and transforming

from olivine, and (012) perpendicular to the com-

pression direction (Fig. 6g) at high pressure and

transforming from ringwoodite. The (100) texture

agrees with qualitative observations of Chen et al.

[54] and is not inconsistent with some data of Merkel



Fig. 8. Surface illustrating the anisotropy of Young’s modulus for

(a) MgO at 30 GPa [30], (b) silicate perovskite at 30 GPa [32].

Equal area projection. Values are normalized so that maximum is

100% (darkest region). Linear contours.
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et al. [55] where their Fig. 7 indeed shows some high

diffraction intensities for 200 parallel to the compres-

sion direction. One explanation for the (100) fiber

texture is mechanical (110) twinning that effectively

switches a and b axes, in the sense of rotating the a-

axis towards the compression direction as observed in

ferroelectric perovskites [56]. This twinning is com-

parable to Dauphiné twinning in quartz [57] that

minimizes the elastic strain energy. Also in the case of

perovskite, the 100 orientation is energetically favored

over 010 (Fig. 8b).

The (012) texture may be due to slip. Slip

systems are not very well known, particularly for

orthorhombic perovskite. Possible slip systems (in

orthorhombic setting) are (010)[100], (100)[010],

and (001)h110i [58–62]. Plasticity simulations with

those systems and {010} slip slightly favored

generate a texture that is remarkably similar to the

observed 012 texture (Fig. 7b versus Fig. 6g). In

previous radial diamond anvil experiments on

MgSiO3 perovskite, no texture was reported [41,55]

and it has been suggested that fine-grained perov-

skite may be deformed by superplastic flow [63].

These new experiments clearly document intracrys-

talline plastic deformation for this mineral. As was

mentioned above, the old data [55] may still be

compatible with the new results since we are relying

on a more sophisticated texture analysis.

The big advantage of radial DAC deformation

experiments is that they are relatively simple and can

be applied to very high pressures. There are clearly

limitations, foremost the small sample volume and

corresponding heterogeneity in strain; but finite
element simulations [64] demonstrated that this

heterogeneity is not a major concern, at least for

qualitative studies, and in our case the total strains are

relatively small, presumably 30–50% after compac-

tion [25]. In the future, results from the DAC

experiments should be compared with data from

multianvil deformation apparatus. Such instruments

[18,65] have the advantage of large sample volumes,

homogeneous pressure and temperature, and partic-

ularly the possibility to separate hydrostatic pressure

and deviatoric stress, though the pressure range is

limited and absorption by anvil material renders the

analysis of diffraction images for texture more

difficult.

Compared with our previous texture studies of

radial DAC images that relied on conventional peak

analysis [25,55,66], we have been impressed by the

powerful capabilities of the whole image Rietveld

method that not only allows us to obtain simulta-

neously texture information for several phases, but

also crystallographic parameters and stress (Table

1). The first application of this method is by no

means ideal and in the future algorithms as well as

image quality need to be improved. An important

factor is background reduction that could be

achieved with different gasket materials and gasket

geometry that are presently explored. We are

confident though that the Rietveld approach will

become a routine method for quantitative analysis

of synchrotron images.
5. Conclusions

In this study of magnesium silicates, we demon-

strate that DAC experiments, though limited by

sample size and deformation conditions, can provide

information on the deformation behavior of the

dominant minerals of the earth’s lower mantle [19],

including the heterogeneous and anisotropic core–

mantle boundary region. The measurements give us a

better understanding of mechanisms of phase trans-

formations and provide insight into processes in the

deep earth, particularly ductile deformation of mantle

minerals and potential development of anisotropy.

Naturally, there is uncertainty with conclusions from

samples with very small grain size, deformed at room

temperature and exceedingly high stresses, and we
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refrain from making far-reaching direct conclusions

about the rheology of the lower mantle. However, we

have documented that mantle minerals can be

plastically deformed in diamond anvil cells, even at

room temperature, and characteristic texture patterns

evolve that can be interpreted. Thus, it is likely that

intracrystalline plastic deformation is also active at

high temperatures in the lower mantle and could

produce anisotropy during convection. Having estab-

lished deformation mechanisms at low temperature, it

is conceivable to use first principle approaches and

dislocation dynamics to extrapolate such results to

other conditions, especially high temperatures. In the

future, experiments need to be performed at higher

temperature and reduced stress, corresponding more

closely to the conditions present in the lower mantle.

With this first experiment on texture changes during

phase transformations of mantle minerals, we devel-

oped procedures for a quantitative texture determi-

nation with the Rietveld method that can be applied

routinely to synchrotron diffraction data.
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