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Abstract: The introduction of multigrain crystallography (MGC) applied in a laser-heated diamond
anvil cell (LH-DAC) using synchrotron X-rays has provided a new path to investigate the microstruc-
tural evolution of materials at extreme conditions, allowing for simultaneous investigations of phase
identification, strain state determination, and orientation relations across phase transitions in a single
experiment. Here, we applied this method to a sample of San Carlos olivine beginning at ambient
conditions and through the α-olivine→ γ-ringwoodite phase transition. At ambient temperatures,
by measuring the evolution of individual Bragg reflections, olivine shows profuse angular streaking
consistent with the onset of yielding at a measured stress of ~1.5 GPa, considerably lower than
previously reported, which may have implications for mantle evolution. Furthermore, γ-ringwoodite
phase was found to nucleate as micron to sub-micron grains imbedded with small amounts of a
secondary phase at 15 GPa and 1000 ◦C. Using MGC, we were able to extract and refine individual
crystallites of the secondary unknown phase where it was found to have a structure consistent with
the ε-phase previously described in chondritic meteorites.

Keywords: multigrain crystallography; phase transformations; plastic deformation olivine; ring-
woodite; ε-Mg2SiO4

1. Introduction

The strength and phase transformations of Earth’s mantle minerals are key compo-
nents for understanding mantle evolution including the behavior of subducting slabs and
deep seismicity patterns. The mineral olivine (Mg,Fe)2SiO4 is volumetrically the most
abundant material in the upper mantle contributing ~40–60% to its total composition.
Several studies have aimed at experimentally determining the rheological behavior of
olivine at elevated temperatures and pressures to simulate conditions within the mantle
(i.e., >1000 ◦C) [1–7], which have also been aided by atomistic calculations to determine
the needed stress to initiate dislocation movement [8,9]. Low temperature data, on the
other hand, are sparse but have been revisited recently [10] due to the wide fluctuation in
the experimentally determined yield strength of olivine under lithospheric conditions at
2–6 GPa which places strong limitations on the scalability of room temperature flow laws
to conditions of the upper mantle. For instance, original studies performed by Evans and
Goetze (1979) [11] predicted a very high differential yield stress of ~5.4 GPa at 27 ◦C using
hardness indentation tests on olivine single crystals, which led to a flow law for olivine
at temperatures <800 ◦C while experiments performed at room temperature and 3–7 GPa
using powder samples in a diamond anvil cell found yield stresses of only 2–3 GPa [12–14].

Minerals 2021, 11, 424. https://doi.org/10.3390/min11040424 https://www.mdpi.com/journal/minerals

https://www.mdpi.com/journal/minerals
https://www.mdpi.com
https://orcid.org/0000-0001-9056-6005
https://orcid.org/0000-0001-6641-7640
https://doi.org/10.3390/min11040424
https://doi.org/10.3390/min11040424
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/min11040424
https://www.mdpi.com/journal/minerals
https://www.mdpi.com/article/10.3390/min11040424?type=check_update&version=2


Minerals 2021, 11, 424 2 of 19

Olivine acts as the precursor for the remaining bulk lower mantle through two high
P-T structural phase transitions within 13–18 GPa representing the 410–660 km depth range
within the Earth known as the mantle transition zone (MTZ): α-olivine (orthorhombic)→
β-wadsleyite (orthorhombic)→ γ-ringwoodite (spinel; cubic) [15–17]. Finally, at roughly
23 GPa, γ-ringwoodite undergoes the dissociative transition to orthorhombic (Mg,Fe)SiO3
bridgmanite and cubic (Mg,Fe)O ferropericlase, a pair that is anticipated to comprise
the remaining bulk mantle material down to a depth of 2500 km. Within the interior of
subducting slabs, where colder temperatures are retained, it has long been speculated that
these transformations may be kinetically hindered [18], pushing metastable olivine and its
structural transformations to occur at greater depths which could have strong effects on
the slab’s mechanical behavior; for instance, it is anticipated that the occurrence of deep
earthquakes may be due to shear localization that occurs during the α→ γ pathway [19,20].
Grain size reduction may also occur across phase transitions which can greatly impact the
strength evolution within subducting slabs. Furthermore, when there are changes in the
relative sizes of hard and soft phases coupled with the spatial distribution of phases [21,22],
unequal strain partitioning can occur, which can impact the local viscosity [23].

The multigrain crystallography (MGC) technique [24,25] applied in a diamond anvil
cell (DAC) combined with high energy synchrotron X-rays has been used for in-situ
monitoring of microstructural evolution and mineral characterization under various condi-
tions [26–31] allowing the extraction of individual grain orientations, grain stress and strain,
and the spatial distribution of phases in an aggregate sample, characteristics that were
only accessible statistically previously using powder techniques. Furthermore, MGC has
the unique ability to track the evolution of diffraction spots assigned to individual grains
which enables identification of subtle phenomena such as appearance of sub-domains and
new grain nucleation.

In this study, we utilized MGC to track the behavioral evolution of a San Carlos olivine
sample in-situ over a range of pressure conditions at low temperature. We took advantage
of MGC’s ability to measure the elastic strain within individual grains in an attempt to
capture the stress state in the sample at the onset of plastic deformation where constraints
on the room temperature yield stress, and possible mechanisms are discussed. We then
tracked the intergranular microstructural evolution across the α→ γ phase transformation
at high P-T conditions, a key transformation in understanding the mantle transition zone.

2. Materials and Methods
2.1. Experimental Details

A standard thin section of 50 µm thickness was prepared from naturally occurring San
Carlos olivine [(Mg0.88Fe0.12)2SiO4]. A single grain was identified and isolated using cross-
polarized microscopy and the tabulated birefringence values for olivine. The composition
was estimated from scanning electron microscopy energy dispersive spectroscopy (SEM-
EDS). A cylindrical section with dimensions 50 µm height× 100 µm diameter was removed
using the laser milling system provided by the sample preparation lab at the Advanced
Light Source (ALS), Lawrence Berkeley National Lab, California, USA. The cylindrical
sample was then loaded into a pre-indented steel gasket along with a ~5 µm diameter
ruby sphere (SRM 1990) inside a BX90 diamond anvil cell [32] between two 300 µm culet
Boehler–Almax diamonds. The ruby sphere was placed in a position from the center of the
sample chamber and away from the potential scanning area to avoid any direct contact
with the heating laser which may introduce aluminum into the sample at high temperature.
The cell was then placed in a gas-actuated pressure membrane canister used to remotely
manipulate sample pressure during the experiment.

When performing MGC, two calibrations must be performed: one to refine the sample–
detector distance and detector non-orthogonality to ensure accurate measurement of lattice
parameters and the other to refine the non-axisymmetric tilt of the detector about the
incident beam axis so that the sample’s rotational axis is aligned with the X-ray beam axis.
The general experimental geometry when using a DAC is depicted in Figure 1 showing
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the relevant reference frames used by this technique. Prior to placing the DAC containing
the sample in the X-ray path, the sample–detector distance and detector non-orthogonality
(tilt parameters) were determined using a National Institute of Standards and Technology
(NIST) CeO2 powder standard irradiated with an X-ray wavelength of 0.41343 Å and spot
size of 15 µm (FWHM) for 60 s while rotating through δω of 20◦ (see Figure 1). Images
were collected on a Pilatus3 S 1M detector (Product of Dectris, Switzerland) at a distance
of 217 mm. The Pilatus3 S 1M detector is composed of 10 distinct collection panels with
a pixel size of 172 µm × 172 µm and a total sensitive area of 168.7 × 198.4 mm2. This
detector provides particular advantages for MGC in that the increased dynamic range
prevents weak diffraction signals from being “washed out” by nearby strong scattering,
allowing reflections from smaller, weakly scattering grains to be detected. The images
were analyzed, and initial detector parameters determined using the Dioptas software
package [33]. The two-dimensional (2D) parameters from the CeO2 calibration were used
as initial inputs into the HEXRD software to calibrate the detector in three dimensions (3D).
Using a 150 µm diameter NIST ruby sphere loaded onto the sample stage, which will hold
the DAC during the experiment, the sample stage was aligned on its rotational axis in the
X-ray beam (Figure 1) and the detector calibration parameters were refined, including the
tilt about the detector normal which cannot be accomplished using the powder method
due to the image symmetry. The NIST ruby sphere was irradiated while the sample stage
was rotated at a constant velocity through a δω of 320◦ [−100◦ to +220◦] with an image
captured at every 0.25◦ step with an exposure time of 0.25 s resulting in 1260 individual
diffraction images.
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Figure 1. Experimental configuration used in MGC with diffraction source (blue sphere) irradiated
and rotated through a range δω. The various frames of reference (f.o.r) are also shown: lab frame
(Xl), sample frame (Xs), detector frame (Xd), crystal lattice frame (Xc) that is described by 3D (x,y,z)
coordinates as well as the 3D (2θ, η, ω) angular coordinate system, and the detector tilt angles (Xtilt).

The pressure canister containing the DAC was then loaded into the beam path in
axial configuration, centered and aligned on the X-ray beam using a photo diode placed
between the sample and the detector. This procedure also allows the determination of
where the cell body does not block the X-ray beam, providing the angular range δω that
diffraction from the sample is collectible. Furthermore, this configuration conveniently
places the DAC compression axis parallel to the incident beam direction, i.e., ZS parallel to
the beam direction. Once the sample’s rotational axis was found to deviate by less than
5 µm, the sample was irradiated with 0.41343 Å wavelength X-rays collimated to a 15 µm
spot size (FWHM) through a δω 60◦ rotation [−30◦ to +30◦] at ambient P-T conditions
with a diffraction pattern with 0.25 s exposures. Two scans with 0.125◦ and 0.25◦ angular
step sizes, respectively, were collected. This described scanning procedure is applied
throughout the experiment for use in MGC analysis and is referred to as a “rotational
series”. The pressure was increased in a stepwise fashion with single images collected
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through a rotation of 20◦ and 60 s constant exposure after each pressure increment to check
for noticeable changes to diffraction spot morphology. When noticeable changes indicative
of grain evolution were observed, such as change in Bragg peak size or location, a full
rotational series was conducted at that pressure step. The pressure inside the DAC was
measured using the online beamline assisted ruby florescence (BARF) system provided
at beamline 12.2.2 which was also compared to the equation of state (EOS) for corundum
and olivine [34] at each step. Once extensive diffraction spot streaking occurred in the
sample and rendered the diffraction spots unusable for MGC, the pressure was directly
increased into the γ stability zone (20 ± 1.5 GPa) and heated using a double-sided laser
heating approach [35] to a temperature of 800–1000 ◦C with a heating spot size of 20 µm to
induce the α→ γ phase transition. Figure 2 depicts the experimental path in P-T space.
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Figure 2. Pressure-temperature phase diagram for the Mg2SiO4 (based on [36]) system showing
experiment path with increasing pressure (horizontal black line), increasing temperature (vertical
black line), and decreasing pressure + quenching (red dashed line). Blue circles represent data
collection points with increasing pressure, while the red triangle shows the final data collection point
after decompression. The star represents P-T location during laser heating for 1 h.

2.2. Data Analysis with MGC

First, an understanding of the methodology behind MGC is in order. In general, diffrac-
tion relies on the satisfaction of Bragg’s law:

nλ = 2dhklsinθ, (1)

where λ represents the incident X-ray wavelength, n represents an integer value phase shift
between scattered waves, dhkl is the lattice plane spacing, and θ is the angle between the
reflecting lattice plane and the incident wavelength. Only when this equation is satisfied
does coherent diffraction from a given set of planes in the direct lattice (or points in the
reciprocal lattice) occur. It is more appropriate to discuss diffraction in terms of reciprocal
space, where a general scattering vector Q is defined as the difference between the incident
(kincident) and scattered (kscattered) wave vectors of the incoming X-ray beam. In the instance
of monochromatic X-rays, the plane wave description leads to

kscattered − kincident = Q, (2)

and scattering events are characterized by reciprocal lattice vectors Ghkl where

Ghkl = hb1 + kb2 + lb3, (3)

and h, k, and l represent the reciprocal lattice vector (Miller indices) and bi (i = 1,2,3)
are derived from the basis vectors of the crystal lattice. It follows that diffraction, or
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visualization of a diffraction “spot”, will occur when a reciprocal lattice vector is equivalent
to the scattering vector, i.e.,

Ghkl = kscattered − kincident = Q, (4)

Or
Ghkl − Q = 0, (5)

The far-field variant of MGC analysis used here was performed with the HEXRD
software package [37,38]. When using this technique, a rotation series of diffraction images
over a pre-determined angular range in ω is performed (Figure 1). Special care must be
taken to determine this range since the incident X-rays can be blocked by both the cell body
and the gasket which can also diffract if incident to the beam, resulting in extraneous Bragg
reflections in the resulting diffractogram, the aggregate image of all diffraction patterns
collected in a rotational series. Each recorded intensity is labeled with its respective
coordinates on the detector face in (2θ, η, ω) (Figure 3) withω associated with the image
number in which the reflection was located. The image series is then aggregated into
a single image by taking the max intensity at each pixel through the entire image stack
collected during the rotational series (Figure 3). Generally, an intensity threshold set as
the minimum allowable intensity must be added to the resulting aggregate diffractogram
to remove or minimize background intensity, gasket reflections, and Bragg reflection
oversaturation and to filter intense reflections from the diamonds. If the oversaturation is
too great or there are too many extraneous reflections from the gasket material, the scan
may need to be retaken varying the X-ray spot size and angular range used in collecting
the images. Furthermore, over thresholding can lead to losing intensities that belong to
smaller, more weakly diffracting crystals which may be useful in post analysis to generate
estimates on number, orientation, and spatial distribution of recently nucleated crystals.
Once complete, to minimize the data storage which can occur from aggregating 102–103

diffractograms, the aggregate image is written as a sparse matrix of intensities reducing
the file size from Gb to Mb.

When performing the technique with this approach, prior knowledge of the expected
crystal geometry, such as the crystal symmetry and rough estimates of lattice parameters
as well as the 2D detector calibration, are required to populate the complete set of Ghkl
detectable for a given detector size and incident wavelength. Orientation space is then
searched for orientations that strictly obey angular tolerances set on the intensity location
as well as a user defined completeness threshold which is defined on a hit:miss ratio. i.e., if
5 Ghkl are input for the initial search 4:5 peaks found within the tolerances would institute
a completeness of 80%. When a multiphase sample is being used, it is necessary to choose
Ghkl unique to each phase to prevent any overlap when the candidate grain orientations
are generated. This becomes more complicated when phases of similar symmetry are
present. Once the initial orientation indexing is complete, the remaining intensities in the
diffraction images are allowed to enter a grain fitting algorithm performed internally by
the HEXRD software.

Below, we describe the experimental considerations when performing MGC and for
consistency the same nomenclature will be used in this description. We illustrate this
process through the initial analysis performed on the NIST ruby sphere, the results of
which act as the reference and resolution on parameters such as grain position and strain
tensor components.

In the current formalism using HEXRD software, an orientation (termed “grain”) is
considered “fit” once a minimum of 11 reflections can be assigned within the user pro-
vided tolerances. Theoretically, only three principal diffraction vectors would be needed
to constrain a grain’s orientation, but full fitting of a grain requires refining 12 parame-
ters: three components of mean grain orientation, three spatial components of the grain
centroid, and six strain components of each grain. Therefore, the higher is the number of
reflections that can be unambiguously assigned to an orientation the better constrained
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the parameters such as grain centroid position and elastic strain tensor components can
become. A “goodness of fit” through a completeness percentage value is assigned to each
fit grain and compared to the NIST ruby calibration result. It should be noted that, while
a grain’s orientation may be well constrained with a small number of reflections, fitting
the minimum threshold number of peaks provides poorer constraints on centroid position
and elastic strain tensor components. Orientation information for each grain is provided
using the three-component exponential map parameterization. This information can then
be imported into custom post-processing software which utilizes the MATLAB software
package MTEX [39,40] to calculate the orientation distribution function (ODF), plot pole
figures, and perform any needed tensor/matrix operations.
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Figure 3. (Right) Aggregate diffraction image of NIST ruby sphere collected over 320◦ [−100, 220◦]
in ω (Middle) Reference 2θ values (green lines) for selected Ghkl with initial 2θ tolerances (dashed
yellow) applied globally to the image set. (Top Left) Measured intensities falling within the specified
tolerances are used for orientation space segmentation and initial candidate grain identification. Here,
the tolerances for (113), (006), (110), (104), and (012) are shown with visualized Bragg reflections for
(113), (110), (104), and (012) in these azimuthal segments (Top Left, Middle).

3. Results and Discussion
3.1. Ruby Single Crystal

Analysis of the NIST ruby sphere using HEXRD identified and assigned 209 diffraction
spots to a single orientation with lattice parameters a = 4.7608 Å and c = 12.9957 Å with
strains on the order of 10−5, indicating a virtually unstrained sample. The 100 µm diameter
NIST ruby yielded a χ2 value of 5.95 × 10−4 with 90.8% of all anticipated reflections within
the 20◦ 2θ search area being accounted for allowing for constraints on the grain centroid
location which was found to be located at coordinates (6.39, 1.11, −3.37) µm in the sample
frame (Xs,Ys,Zs) with (0,0,0) representing the determined beam center. Initial analysis
thresholds set for orientation search completeness was 70%, and thresholds on (δ2θ, δη,
δω) for spot assignment were 0.2, 0.3, and 0.25, respectively. Comparisons between the
predicted and measured diffraction spot locations are shown as histograms in Figure 4.
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Figure 4. (Left) Comparison of predicted (blue circle) to measured (red x) spot locations for the NIST
ruby sphere used for 3D detector calibration. (Right) Histograms showing deviation of measured
diffraction spot locations compared to reference lattice predictions on the 2D detector face in the
angular coordinate system (2θ, η, ω) described in Figure 1. Average deviation shown in top left corner.

3.2. Deformation of San Carlos Olivine

Diffraction images of the olivine single crystal(s) prior to any pressurization showed
visible asterism (i.e., a resolved row of individual diffraction spots for a given Debye–Scherrer
ring) in this case, a pair (Figure 5a) similar to that previously described in [41]. The existence
of two unique orientations was confirmed by MGC which identified two olivine orientations
with refined averaged lattice parameters a = 4.7535(4) Å, b = 10.221(3) Å, c = 5.9916(4) Å and
a standard deviation of 10−4 in good agreement with literature values (Table 1). The 124
and 117 reflections (completeness of 64% and 60% to an angular distance of 22◦ 2θ for grain
1 and grain 2) were identified above the background owing to the existence of one larger
and one smaller diffracting volume (Figure 5b) which was confirmed by comparing the
integrated spot intensity of the (112) reflection (highest structure factor) of both grains with
the larger grain being 90% greater. The misorientation between the two grains (GaGb

−1,
representing the active rotation to bring the two grains coincident) was found to be <1.6◦.
The crystal c-axes of both grains were found oriented ~71.98◦ (Φ) from the compression
axis of the DAC (62.5◦, 71.98◦, 300.29◦) and (61.63◦, 70.96◦, 301.13◦) for grains 1 and 2,
respectively, in Bunge convention (φ1, Φ, φ2) (Figure 6a,b). Elastic strain tensors were
obtained for both grains which act as a reference for the proceeding runs once pressure
is added.

During pressure increases, we found good agreement between pressure measurements
using ruby fluorescence (red line in Figure 7) and the EOS (black solid line in Figure 7)
for olivine with deviations being less than ~60 MPa to 4 GPa with increasing divergence
between the two measurements approaching at step 10. At 10 GPa, the quality of signal
from the ruby spheres degraded and could no longer be distinguished and only the EOS
for olivine was used.
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Figure 5. (a) Diffraction image collected on Pilatus 3s 1M detector of olivine sample over a range of 20◦ during a 60 s constant
exposure showing paired diffraction intensities (asterism) (inset in (a)) due to two unique olivine grains/sub-domains.
(b) The aggregate diffraction image consisting of 480 images taken over 60◦ in 0.125◦ increments obtained at the same
location as in (a) with diffuse Debye rings emanating from the steel gasket are also identified with arrows. Notice near
continuous intensity rings in (b) due to diffraction from the Fe gasket material in contact with the beam during DAC
rotation, which are marked an arrow and “Fe”. (c) All assigned Q for both identified olivine grains. (d) Variations in
predicted Ghkl to observed Q locations shown as histograms with average values shown in the upper left corner of each.
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Figure 6. (a) Equal area upper hemisphere pole figures of the crystallographic axes in both identified olivine orientations
depicted by blue dots. Notice the tight two spot cluster indicating two unique orientations compared to Figure 5a–c. The
Xs direction in the sample frame is to the right with Zs coincident with the DAC compression direction out of the page
(depicted in the lower left). (b) A polyhedral rendering of the olivine structure in the identified orientation with direct
lattice vectors (a–c) in bottom right.

Between pressures of 0.1 and 0.25 GPa, an increase in asterism was observed in
the diffraction patterns (Figure 7 outer box step 4) resulting in a new (third) discernable
orientation with the arising domain having a slightly larger misorientation gap from the
original two (<1.6◦) and accompanied by a drop in differential stress, which is discussed
below. This event could occur for a couple of reasons: (1) the sample contained pre-existing
subdomains but with a misorientation too small to distinguish in the ambient state of
the sample; (2) the crystallite was fractured during the preparation process; or (3) the
sample was further fractured during initial compression before confining pressure was
reached. No undulatory extinction could be seen during optical microscopy prior to sample
loading, but, because the extraction process involves laser drilling which imparts a rapid
temperature gradient to the sample, we suspect either Scenario 2 or 3 to be the cause but
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cannot differentiate between those two with any certainty. While the orientation of the new
domain was fairly well constrained, only 11% of reflections (totaling 12 reflections) could
be assigned with MGC, leading to a poor overall fit on parameters such as strain tensor
components and centroid position while the initial two grains remained fully constrained.

MGC enables monitoring peaks belonging to specific lattice planes as pressure is
increased throughout the experiment until the onset of plastic yielding. At a pressure of
0.75 GPa, the observed triplet spots were replaced with the onset of spot broadening in
both the azimuth and radial directions, markedly so on the identified (130) and (140) planes
(∆η increasing to 2.33◦ and 0.28◦ in ∆2θ), and later at higher pressures the (110) plane
((hk0) type lattice planes) consistent with slip deformation experimentally predicted by [42]
(albeit at much higher temperatures of 900◦C) as well as by first principal calculations [8]. It
has been previously shown that observed lattice-related peak broadening along the angular
directions can be a sign of deformation at high pressures and low temperatures [41].
Diffraction spots belonging to the majority of the remaining lattice planes (e.g., (240) and
(241)) showed little or no angular streaking in either the azimuthal direction η or radial
2θ at this pressure and maintained a clear distinction between the pairs or triplets with
near Gaussian spot morphology. The angular streaking remained even after pressure was
slightly decreased confirming plastic deformation to the crystalline lattice, whereas, had
the streaking been purely elastic (lattice plane flexure), the spots would have returned to
near Gaussian upon release. At 1.25 GPa (marked by grey bar in Figure 7 (middle) and
shown in Figure 7 outer box step 7) extensive peak broadening in both angular directions
(from 0.15◦ at ambient to 0.38◦ in 2θ, and from ~1◦ at ambient up to 15◦ in η) and increased
in magnitude throughout the remaining pressure runs (Figure 8a). MGC requires the
ability to distinguish individual intensity centroids to accurately determine the crystal
orientations. When extensive streaking begins in the angular directions 2θ (pertaining to
the strain on lattice d-spacing) and η (relating to the crystal orientation) the uncertainty in
intensity centroid location drastically increases. In the weakly streaking cases, the centroid
may still be recoverable though extensive intensity filtering but here this was not the case.
At this stage, the analysis is beyond MGC and could continue with powder techniques
such as the Rietveld method [43] to gain a statistical estimation of the orientations and
stress but that is beyond the intent of this study.

Having access to each grain orientation as well as the full elastic strain tensor allowed
for calculation of the stress of each grain under the assumption of linear elasticity through
the application of Hooke’s Law, σi = Cijεj Single crystal elastic constants for olivine obtained
under various P-T conditions [44] were used for these calculations. For subsequent calcula-
tions at higher pressures, the ambient condition elastic constants were Taylor expanded
to the first derivative in pressure to each measured pressure step in the experiment. Each
elastic tensor (Cijkl) was rotated coincident with grain orientation in the sample frame
(Xs

i with the subscript depicting the correct frame and the superscript running from 1
to 3 = x,y,z). The von Mises equivalent strain and stress [45] were then computed via
Equations (6) and (7).

εeq =
2
3

√
(ε11 − ε22)

2 + (ε22 − ε33)
2 + (ε11 − ε33)

2 + 6
(
ε2

12 + ε2
13 + ε2

23
)

2
, (6)

σeq =

√
(σ11 − σ22)

2 + (σ22 − σ33)
2 + (σ11 − σ33)

2 + 6
(
σ2

12 + σ2
13 + σ2

23
)

2
, (7)

A steadily increasing average equivalent elastic stress was found from sub GPa to
1.59 GPa just before the onset of plastic yielding with an associated differential stress
(σdiff) of 0.195 GPa (calculated as σ1 − σ2, which represent the most compressive and least
compressive elastic stress tensor components, respectively). As mentioned above, it is
interesting to notice that outer box 3 in Figure 7a represents the first indication of the newly
detectible olivine orientation (the third reflection forming the triplet) and is also coincident
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with a sudden drop in the average σdiff while σeq continues to steadily increase. This event
may indicate that the newly identified orientation developed from brittle fracturing of
the sample, meaning that complete confinement of the sample had yet to occur. Similar
events occurred when Proietti et al. (2016) [13] performed deformation experiments using
a deformation DIA (D-DIA) at 3–7 GPa. They attributed the similar drops in stress at low
temperature to micro-fracturing. We were able to calculate each σeq and σdiff up to step 8,
after which the centroids of the individual diffraction spots were no longer discernable and
grain elastic strain tensors could not be quantified.
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Figure 7. (a) Pressure evolution within the DAC (center) and diffraction peak morphology for the (112), (222), (122), (131),
and (130) olivine peaks (outer boxes). Pressures obtained via BARF (red) and EOS (black) as well as grain elastic stress (blue)
are included. Pressure recorded from the EOS and BARF online ruby system as well as the calculated mean equivalent
stress is shown in select pressure steps in outer boxes. Inset shows two identified grain centroids (green circles with size
scaled by number of assigned reflections) within the 100 µm diameter sample chamber (grey structure). Increasing asterism
(a new third discernable intensity centroid) is seen in (122) and (222) reflections with increasing pressure and the onset of
plastic deformation in step 7 at 1.25 GPa. (b) The evolution of mosaicity of Bragg reflections observed during increasing
pressure in diffraction images (shown in outer boxes steps 2–7): 1 depicts an undeformed crystal giving rise to a single
reflection (orange arrow), 2–3 depict increased lattice flexure and visible subdomains due to inhomogeneous deformation,
and 4–5 indicate reflection streaking where previously discrete peaks (orange arrows) blend into a larger peak (orange box)
as pressure is increased.

The calculated stress at the onset of yielding in this study are substantially lower than
those previously recorded by both nanoindentation as well as DAC methods [4,10–14] by
1–4 times. Previous experiments used crushed or annealed powder samples with starting
grain sizes from 2 to 20 µm, whereas in this study star a fully dense 100 µm single crystal
was used. It has been shown in stishovite that the measured differential stress in powders
can be up to 10 times greater than that of dense polycrystals [46]. This fact was made more
apparent in [47] which describes a size effect phenomenon in olivine of “smaller is stronger”
analogous to the Hall–Petch concept. That study also places constraints on the critical scale
length (~300 µm) below which measurements of yield stress would increase. In this study,
our initial sample was on the order of 100 µm but contained three domains before the onset
of plastic deformation all of which fall below this critical scale length. Furthermore, this
also explains why we found higher stresses in the smaller grains.
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Using this technique for the measurement of in-situ stress in a DAC is not without
limitations. For instance, transmission geometry results in poor sampling of lattice spacings
along the diamond axis where the stresses are anticipated to be largest. In addition, as
previously explained, the DAC only allows a limited range of Bragg reflections to be
gathered. During each cell rotation, at most ~15 µm from the center of the sample chamber
is sampled on either side of the rotation range, and the olivine single crystal used in this
study almost certainly has stress gradients that span farther than this. We can assume that
our estimates of stress in this case are reasonable because during the grain-fitting process we
do not fit the normal strains to the infinitesimal strain tensor, but instead we are fitting over
100 collected Ghkl (obtained over a 40–60◦ rotation, with 20–30◦ off of the diamond axis) to
the deformation tensor leading to an overdetermined least-squares problem which would
be expected to return a reasonable model for those directions for which we do not have
direct Ghkl observations. Along these lines, previous investigations measuring deviatoric
stress in a DAC [48] compared the radial (cross-axial) geometry which places incident
X-rays orthogonal to the diamond axis and the axial (co-axial) geometry, used here, which
places the incident X-rays along the diamond axis. In that study [48], measured deviatoric
stress in a gold standard implanted in NaCl revealed that in the co-axial geometry gradients
occurring over 100 µm from the sample center varied by ~0.3–0.5 GPa while those in the
cross-axial geometry varied by 0.1–0.3 GPa over a 200 µm distance. In our experiment, we
could only sample at most 15 µm from the sample center due to the rotational limitations.
This would translate to roughly a 0.2 GPa gradient here.

In future experiments, a more precise measurement of the stress gradients present
in the sample could be made by translating the sample in 5–10 µm steps from the center
axis and repeating the analysis to gain a better understanding of spatial variations on
stress gradients. Using this approach, the allowable angular range of the scan would be
greatly reduced on one side, however this can be overcome by performing symmetric
scans where the DAC is rotated 180◦ and the scan repeated. This was not available during
this experiment due to the mechanical restrictions of the pressurized membrane system
employed.

3.3. α→ γ Phase Transition

After step 9, the pressure was increased directly to a pressure of 20 GPa and the
sample was laser heated within a temperature range of 800–1000 K for 1 h to induce the α
→ γ phase transition (Figure 2). The sample was then quenched to room temperature and
diffraction images were collected which showed no meta-stable olivine in the scanned area
and revealed the appearance of several new peaks including the distinctive (311) belonging
to cubic γ-ringwoodite (Figure 8b). Due to the large volume decrease that accompanies
this phase transition (estimated at ~8% [49]), the pressure in the DAC dropped to 15.5 GPa
after quenching, still within the stability field for γ-ringwoodite at room temperature.

We identified 77 unique orientations belonging to a cubic phase ringwoodite with
a = 7.9097(3) Å (taken from three best constrained grains). It should be noted that more
than 120 individual orientations were found but most only contained 3–5 reflections and
could not be used for further grain refinement. This is generally the case when grain size
is sub-micron while the beam spot size is large (15 µm in this case). The identification of
γ-ringwoodite is further complicated by the presence of reflections from the stainless-steel
gasket (bcc) at the far angular edges of the scan where {110}Fe overlaps with {400}γ, and
{240}Fe overlaps with {440}γ. Care was taken here by using the {220}γ and {311}γ peaks as
constraints on the initial orientation search by requiring their presence (Figure 8b). While
this approach also lowers possible overall number of grains identified, it is necessary to
minimize the possibility of mis-indexation which can lead to erroneous orientations. Here,
if an orientation did not contain the {220}γ and {311}γ peaks but did contain higher 2θ
peaks, it was not considered. This almost surely removed weakly identified ringwoodite
grains, but it is a necessary exclusion to prevent cross indexation with the underlying
iron peaks.
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Another approach that has been taken to minimize the influence of gasket reflections
is to further restrict the angular range of the scan excluding images with any indication of
the gasket entering the incident beam and diffracting. We have found this approach to be
successful when the grains are large and of low symmetry phases. Here, this approach was
not ideal due to the few existing peaks of cubic γ-ringwoodite and would further decrease
the angular working range to ~22◦ from 60◦. The X-ray spot size can also be decreased,
which widens the angular working range slightly; this approach comes at the cost of a
proportional loss of X-ray flux which weakens the diffraction intensity, in this case for an
already fine-grained weakly diffracting sample. This approach was attempted initially but
greatly lowered the number of collected diffraction spots. It is also important to note that
we only sampled a small subvolume of the specimen, given the initial sample volume of
3.9 × 105 µm3 and the described angular range, as well as X-ray spot size, and, due to the
axial geometry, we only observed roughly 1.5% of the sample volume. Thus, we cannot
capture any large-scale heterogeneities, especially those that may occur due to thermal gradi-
ents during the laser heating process. Because the IR-heating laser spot (20 µm at FWHM) is
larger than the X-ray spot size (15 µm), and these were aligned to coincide, we assume that
the area sampled is not affected by thermal gradients. Even with these constraints we can
still estimate on the upper bound grain size of the extracted ringwoodite. The approximate
volume of the scanned area of the sample is 1.0825 × 104 µm3. If we assume that ringwood-
ite is the only phase present in the sample and the 120 identified orientations account for all
grains of ringwoodite in the scanned area, this leads to a cubic grain volume of 90.21 µm3

and therefore a grain length of 4.48 µm. It can be seen when comparing Figure 8b,c that the
assigned intensities in Figure 8c are only identifying the largest intensities in Figure 8b so
we can conclude that many smaller grains were not detected.

At 15.5 GPa, we detected no residual β-wadsleyite in the scanning area. Due to the
limited access to reciprocal space, and the cubic symmetry of γ-ringwoodite, only five
of the 120 identified grains were constrained enough to provide estimates of the stress
state, but the grain centroids remained poorly constrained. Generally, this limitation can be
overcome by utilizing symmetric scans which double the reciprocal space access and allows
visualization of Friedel pairs. However, we did not have this option because the DAC was
placed in a pressure cannister apparatus which prevents this rotation, and removal and
rotation of the cell introduces the chance of scanning a different location of the sample.
Nonetheless, the orientations were well constrained with most grains containing 30–60%
of reflections out to a 2θ range of 18◦. In the better constrained grains, the average σeq
was found to be 3.055 GPa with an average σdiff = 1.61 GPa, lower than the 1.8 GPa stress
determined by [50] under similar conditions while Wenk et al. (2005) [51] determined a
maximum differential stress of ~5 GPa when deforming γ-ringwoodite at 6–8 GPa. In
the latter case, the stress was determined during heavy deformation after nucleation,
whereas, in this study, stress was measured just after heating-induced nucleation (with
decompression). In addition, the mentioned previous experiments were performed on
powder samples and therefore we expect our values at similar pressures to be lower based
on the length effect described above. Microstructurally, we find that γ-ringwoodite forms
as a fine-grained phase caused by nucleation during heating when converting directly from
α-olivine. The nucleated grains showed a trend for the {100} lattice plane maxima to be
aligned with the compressions direction nearly similar to that found in [27,28] where MGC
was combined with resistive heating techniques to study transition zone microstructures.

Upon further investigation, extra features were noticed in the diffraction patterns with
a unique set of reflections which could not be assigned to any of the expected transformation
products (α-β-γ) or to the steel gasket material. The new reflections occurred in small,
weakly reflecting, clusters indicating some form of preferred orientation, with four clusters
readily visible at 2θ = 9.467◦ and η = 165◦,−159◦, 19◦, and−16◦ (black boxes in Figure 8b,c).
The existence of an intermediate high-pressure polymorph, ε-Mg2SiO4 (epsilon), has been
predicted by transformation models in the Mg2SiO4 system [52,53], where it has been
implicated in assisting the straight α-γ transition through shear mechanisms, as well as the
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α to β transition in the absence of the activation temperature needed to drive nucleation
and growth (Figure 9). Recently ε-Mg2SiO4 was observed by Tomioka [54,55] in the heavily
shocked Tenham chondritic meteorite which fell in Australia in 1879 [56].
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Figure 8. (a) Diffraction pattern showing plastic deformation in olivine at room temperature and a
compression of 20 GPa. (b) Diffraction pattern after heating sample between 800–1000 ◦C for 1 h at a
pressure of 20 GPa. {331}γ,{220}γ and {400}γ family of peaks are labeled for γ-ringwoodite as well as
the {110} emanating from the steel gasket which overlaps with the {400}γ. (c) Resulting indexation
for both γ-ringwoodite (blue) and the possible ε-phase (red).
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The lattice parameters provided in [54], i.e., Pmma symmetry setting a = 5.78 Å,
b = 2.88 Å, c = 8.33 Å, provided initial search criteria to identify the origin of the new peaks.
Due to the differing symmetries, cubic (γ) versus orthorhombic (ε) (Table 1), we were
able to separate the phases and isolated 17 candidate grains with 7–13 reflections each
belonging to crystallites with the anticipated structural parameters for the ε-phase which
structurally resembles β-wadsleyite but with 1

4 size of the b-axis (Figure 9). Due to the
unknown Mg and Fe content or partitioning in ε, and the fact that the only recorded lattice
parameters for ε were obtained at ambient conditions, we set the allowable deviations in
the 2θ direction to be 0.4◦ and then refined to 0.2◦. We used the two best constrained grains
for iterative least squares refinement using the software UnitCell [30,57] giving the lattice
parameters a = 5.7393 Å, b = 2.8112 Å, 7 c = 8.3399 Å (Table 1), in close agreement with the
previous estimates. Table 2 provides reflections and the respective d-spacings from one
grain indexed as ε.

To ensure the validity of the indexation of ε, multiple schemes were used: (1) We
ensured that the (103) peak (encompassed by the black boxes in Figure 8c) was included as
a seed reflection when searching for candidate orientations, along with other reflections.
(2) We performed the same search using only the (103) peak and a single other reflection.
(3) We varied the intensity threshold on both Approaches 1 and 2 to the extreme by sys-
tematically increasing the threshold high enough such that no grains could be found and
low enough such that the most intensities could be assigned. In all cases, only subsets of
the original indexed set of ε grains were identified, leading to the same orientations and
adding validity to the identification.

Table 1. Comparison of space groups and lattice parameters determined for the best constrained
grain from each identified phase. * indicates this study.

Phase Space Group a (Å) b (Å) c (Å) Volume (Å3)

α-olivine(ambient) * Pbnm 4.7532(4) 10.2215(3) 5.9916(4) 291.10(2)
α-olivine(ambient) [58] Pbnm 4.7631(14) 10.2272(9) 5.9944(10) 292.01(10)

α-olivine(0.1 GPa) * Pbnm 4.7413(4) 10.2184(3) 5.9887(4) 290.09(3)
α-olivine(0.65 GPa) * Pbnm 4.7413(4) 10.2113(4) 5.9713(5) 289.09(2)
α-olivine(0.75 GPa) * Pbnm 4.7413(5) 10.2119(4) 5.9874(5) 289.94(2)

B-wadsleyite [59] Imma 5.6983(4) 11.4380(7) 8.2566(8) 538.14
γ-ringwoodite (15 GPa) * Fd3m 7.9097(3) - - 494.863(2)

γ-ringwoodite [60] Fd3m 8.0649(1) - - 524.522(2)
ε-phase (15 GPa) * Pmma 5.7393(3) 2.8112(3) 8.3399(3) 134.563(2)

ε-phase (ambient) [54] Pmma 5.78(8) 2.88(3) 8.33(14) 139(6)

Table 2. Miller indices, and d-spacings assigned to a single ε grain.

h k l d-Spacing (Å)

1 0 −3 2.497
0 0 −4 1.958
−2 1 −1 2.115
3 −1 −1 1.569
0 0 −6 1.387
4 0 −2 1.350
0 0 3 2.785
−1 0 3 2.486
1 −1 2 2.153
−1 −1 4 1.596

It has been hypothesized that the α-γ and α-β transitions could occur through a shear
mechanism when differential stresses are greater than 1 GPa [50] or the pressure overstep
is large. Here, the last measurable σdiff in α-olivine was found to be 1.49 GPa just at the
onset of plastic deformation prior to the pressure being increased to 20 GPa where we
can assume the differential stress increased greatly. This was followed by a differential
stress of 1.61 GPa in the newly formed γ-ringwoodite after nucleation at 20 GPa and then
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decompression to 15 GPa. We can assume that the differential stress during conversion lay
somewhere between 1.61 and 1.49 GPa.

Furthermore, Tomioka et al. 2017 [54] also identified the topotaxial relation (001)ε
parallel to {001}γ and (100)ε parallel to {110}γ through the use of high-resolution transmis-
sion electron microscopy. Having access to the individual orientations of each identified
grain, we are able to probe for this relation directly. Figure 10 compares the obtained
orientations for all three phases as upper hemisphere pole figures. In the current study,
we did not find evidence for the same previously described topotaxial relation. The pole
figures comparing (100)ε and {110}γ show evidence that there is alignment of these planes
(e.g., the maxima near XS and YS locations around the border of both), but we do not see
the described (001)ε parallel to {001}γ. However, we see a stronger alignment of (001)ε
and {111}γ. Although we do not detect these relationships here, it does not mean that
they do not exist in the sample. As mentioned previously, due to the rotating nature of
the scan, the small three-dimensional volume sampled, and small apparent grains size,
we cannot exclude that the detected ε-phase grains and γ-ringwoodite grains abide to a
topotaxial relationship.
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Figure 10. Olivine starting orientations (top row); ε-phase (middle row); and resulting γ-ringwoodite
orientations (bottom row) shown as equal area projection pole figures. Sample coordinates are shown
to the left with the DAC compression axis into the page (ZS) (center of pole figure).

In this study, pressure was lost in the membrane after the initial heating cycle. Ex-
tended heating at pressure would have allowed for grain growth at pressure which could
have made this feature more evident. Due to the numerous orientations of γ-ringwoodite
found compared to the number of potential ε-phase orientations, this may have been a
topotaxial relationship between parent and daughter grains for which the parent grains
did not have enough reflections to constrain the orientation, meaning that the relationship
may have existed, but we were unable to detect it here.

We think that we have strong evidence for the presence of the ε-phase in our DAC
experiments. Pressure conditions may be comparable to those experienced during meteorite
impact which produced ε-Mg2SiO4. Similarities between LH-DAC experiments and impacts
can also be seen in the Fe partitioning occurring in the sample. Tomioka et al. [54] found a
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highly Fe-enriched γ-phase compared to the surrounding α-olivine when investigating the
Tenham meteorite. They attributed this partitioning to solid state diffusion from surrounding
melt formed in shock veins. Similar Fe partitioning has been seen in LH-DACs [26,30] in
the bridgmanite + ferropericlase combination leading to a nearly iron-depleted bridgmanite
phase due to Sorret diffusion [61]. It is possible that the phase did exist in previous reported
LH-DAC investigations of the Mg2SiO4 system but was buried in the detector noise and
primary phases. This study motivates future experiments at these conditions with an aimed
attempt at confirming ε-Mg2SiO4 and establish equilibrium P-T conditions.

4. Conclusions

In this work, we present the far-field variant of MGC as a powerful method to track
the microstructural evolution of minerals in-situ at high P-T conditions. We illustrated this
by compressing a San Carlos olivine sample from ambient conditions to those of the Earth’s
transition zone (20 GPa, 1000 ◦C). We extracted lattice parameters and elastic strain tensors
of olivine deformed at room temperature and high pressures as well as monitored the
evolving stress state until the occurrence of plastic deformation, where we found evidence
for its onset at ~1.5 GPa significantly lower than previously suggested but consistent with
pyramidal slip on {hk0}. Upon inducing the α→ γ phase transition at 1000 ◦C, we found
that γ-ringwoodite forms as a sub-micron sized phase with an average equivalent stress of
3.055 GPa for the grains that were constrained with {100} aligned with the compression
direction. We could also extract several Bragg reflections not belonging to β-wadsleyite or
γ-ringwoodite but that could be assigned to the orthorhombic ε-phase that was previously
observed in shocked meteorites through ex-situ methods.
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