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Abstract

Multigrain X-ray diffraction (XRD) can be used to accurately calculate the unit cell parameters of individual mineral

phases in a mineral assemblage contained in a diamond anvil cell (DAC). Coexisting post-perovskite (ppv) and H-phase
were synthesized at 119 GPa and 2500 K from (MgggsFeq5)SiOs in a laser-heated DAC. The unit cell parameters of the
ppv and coexisting H-phase were determined using multigrain XRD with a 5 um spatial resolution, close to the size of

the X-ray beam, to understand compositional variations across the center area (20-30 um) in a laser-heated sample.
The ppv phase was Fe-depleted and the unit cell volume of ppv decreased by only 0.16 % (corresponding to ~3 %
variation of FeSiOs) from the heating center to 10 um off the center, while the sample pressure remained at 119 GPa in
a Ne quasi-hydrostatic environment. The unit cell volume of the H-phase decreased by 0.54 % (~10 % variation of
FeSiO3 content) over the same 10 pm distance. Both phases were more Fe-enriched in the slightly hotter center. This
observation suggests that thermal diffusion may not be the major driver for the compositional variations of ppv and
H-phase in the center portion of a laser-heated sample. Instead, these variations could be caused by a temperature
effect on the partitioning between the ppv and H-phase over the small gradient.
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Background

High-pressure (P) and high-temperature (7) experiments
conducted in a laser-heated diamond anvil cell (DAC)
have been widely used to simulate the extreme condi-
tions in the Earth’s interior. Integrating a laser-heated
DAC with synchrotron X-ray diffraction (XRD) remains
the dominant tool for studies of high-P mineral physics.
In situ unit cell determination of minerals under high P-T'
conditions is a common task in the laser-heated DAC ex-
periments. In an experiment involving element partition-
ing and/or chemical reaction, unit cell parameters often
reflect compositional changes due to differences in the
atomic radii of the elements involved. In the past decade,
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the combination of focused ion beam (FIB) with transmis-
sion electron microscopy (TEM) or other analytical tech-
niques (Miyahara et al. 2008; Sinmyo et al. 2008) has been
used to analyze the chemical compositions of samples re-
covered from a laser-heated DAC. This approach could
allow the phase identification and detailed chemical analysis
of materials under high P-T conditions, provided that all
the phases and their chemical compositions remain un-
changed after T quench from heating and during decom-
pression to ambient conditions and that they remain
unaffected by the FIB/TEM processes. On the other hand,
in situ characterization is essential for obtaining informa-
tion regarding phase changes and unit cell variations in-
duced by pressure and composition.

In situ determination of unit cell parameters and crystal
chemistry remains a challenge as pressure exceeds 100 GPa
and temperature reaches several thousand kelvins (K).
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Small sample sizes together with the re-crystallization of
coexisting phases to coarse grains after laser heating signifi-
cantly degrade the powder diffraction patterns required for
accurate data analysis. In recent years, the multigrain
method (Serensen et al. 2012) has been successfully applied
to study coarse-grained polycrystalline samples obtained
under ultra-high P-T conditions in a DAC (Nisr et al. 2012;
Zhang et al. 2013; Zhang et al. 2014; Rosa et al. 2015;
Zhang et al. 2016). These studies have demonstrated that
integration of the multigrain method with synchrotron
XRD is suitable for treating each sub-micron-sized crystal-
lite as a single crystal in a coarse-grained polycrystalline
material in a DAC. In this study, we provide a detailed
analysis of the unit cell parameters of Fe-depleted bridgma-
nite from multiple grains. Furthermore, the unit cell param-
eters of the coexisting post-perovskite (ppv) and H-phase,
quenched from laser heating at 119 GPa, were calculated
using multigrain XRD to determine the spatial variation of
the compositions of individual phases across a laser heating
spot.

Methods

An orthopyroxene (opx) sample with a composition of
(Mgo.ssFeq.15)Si03 (Fs15) was used as the starting material
in the two experiments reported in this study. Diamond
anvils with flat culet diameters of 150 um beveled at 10° up
to 300 pm were mounted in Boehler seats with up to a 60°
opening. A piece of opx sample was pre-compressed into a
disk of ~10 pum thickness, cut to 40-60 pm in diameter,
and placed in a ~60 pm diameter Re gasket hole in a Mao-
type symmetric DAC for each experiment. Compressed Ne
was loaded as the pressure transmitting media for use as a
pressure scale (Fei et al. 2007) and thermal insulation layer
during laser heating. XRD measurements were conducted
at the high-pressure synchrotron 16ID-B and 13ID-D
beamlines of the advanced photon source (APS), Argonne
National Laboratory.

To achieve the best possible uniform heating and data
quality, and to minimize the temperature gradient in a
relatively large sample area, samples were prepared with
careful attention to details. Firstly, the heating spot size
was adjusted to cover most of the sample in a DAC (Meng
et al. 2015) and a heating spot with an almost flat area of
~30 pm was used for sample synthesis at the 16-ID-B
beamline. Secondly, to achieve good coupling of the sam-
ple with the laser beam, efforts were made to control uni-
formity of the sample thickness, chemical homogeneity of
the starting material, and the symmetric insulation layers
of the quasi-hydrostatic Ne medium. The opx sample was
prepared by compressing a single crystal, and thus, sample
homogeneity and non-porosity was ensured. The sample
was then successfully sandwiched between symmetric
insulation layers of Ne from both sides. Note that the use
of a quasi-hydrostatic medium such as Ne can speed up
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phase equilibrium. Spotty diffraction patterns were ob-
tained, which indicated grain growth, after heating for only
2 min, in contrast to the 30—60 min required for experi-
ments above 100 GPa reported in a previous study (Sin-
myo et al. 2008). In situ XRD measurements indicated no
obvious changes in the sample between heating for 2 and
10 min; therefore, a short duration of heating was used to
avoid chemical segregation.

After successful sample synthesis, we aligned the sam-
ple to the w-rotation center and collected a set of two-
dimensional multigrain XRD patterns at small incre-
ments of the rotation angle over the maximum X-ray
accessible range, similar to the rotation method used in
conventional single-crystal crystallography. The FABLE
package (Serensen et al. 2012) was used to process the
spotty XRD patterns, and the orientation matrices of
individual grains were indexed using the GrainSpotter
algorithm (Schmidt 2014).

Results and discussion

Unit cell determination of (Mg,Fe)SiO; bridgmanite
coexisting with H-phase

Fe depletion in bridgmanite was observed as a result of the
disproportionation of Fe-bearing bridgmanite and the ap-
pearance of an Fe-rich H-phase in a quasi-hydrostatic Ne
medium (Zhang et al. 2014). XRD patterns were collected
with an X-ray wavelength of 0.3738 A by rotating the DAC
from -21° to 21° in 0.1° steps at the 16ID-B beamline. The
exposure time was 20 s/frame. A total of 51 grains of bridg-
manite were indexed and the 16 of them with the most
reflections available were selected for unit cell determin-
ation (Table 1). The 16 grains were then divided into three
groups. A total of 150-180 reflections were merged from
the five or six grains in each group and the unit cell param-
eters were refined from these reflections using UNITCELL
(Holland and Redfern 1997), as shown in Table 1. The 5
grains in group #1 were orientated with reasonable con-
straints on all a, b, and ¢ lattice parameters for individual
grains, and the standard deviation was 0.23 A® for the 5
unit cell volumes of each grain. In contrast, another 5
grains in groups #2 and 6 grains in group #3 showed weak
constraints on certain directions of the lattice due to their
orientations relative to the DAC opening. The unit cell
volumes calculated from individual grains in group #2 and
group #3 showed scattered values with standard deviations
of 0.37 A? for the 5 grains in group #2 and 0.89 A® for the
6 grains in group #3. These results indicate that weak con-
straints on certain directions of the lattice of an individual
grain could cause a large deviation in its unit cell volume,
suggesting that unit cell determination from one crystal
in conventional single-crystal XRD may suffer from a
similar problem. Multigrain XRD overcomes this problem
by merging enough reflections from several grains that
have random orientations to determine the unit cell
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Table 1 Unit cell parameters for Fe-depleted bridgmanite coexisting with H-phase at 102.5 GPa

Grain no. N a ) o (a) b (A) o) c® o) v (&) oW
Group #1

12 39 4.6049 0.0006 6.3381 0.0018 4.3580 0.0008 127.19 0.03
17 30 46014 0.0019 6.3536 0.0010 43521 0.0010 127.24 0.04
32 38 4.6096 0.0009 6.3275 0.0012 4.3822 0.0011 127.82 0.03
35 38 46088 0.0014 6.3321 0.0013 43727 0.0006 12761 0.02
43 36 46104 0.0008 6.3482 0.0011 4.3552 0.0011 12747 0.03
Merged 181 4.6074 0.0004 6.3398 0.0005 4.3658 0.0004 127.52 0.01

Group #2

6 38 46021 0.0018 6.3459 0.0018 43713 0.0004 127.66 0.03
16 51 46413 0.0020 6.3345 0.0011 43629 0.0003 128.27 0.04
23 33 4.5927 0.0015 6.3876 0.0039 4.3607 0.0004 127.93 0.05
24 33 4.5966 0.0024 63271 0.0024 43732 0.0004 127.19 0.03
29 31 46130 0.0029 6.3361 0.0019 43619 0.0006 127.49 0.05
Merged 185 4.6063 0.0007 6.3391 0.0007 43655 0.0002 12747 0.01

Group #3

33 28 4.6627 0.0066 6.3463 0.0008 4.3566 0.0005 128.92 0.17
36 30 45777 0.0027 6.3570 0.0017 4.3688 0.0005 127.13 0.05
41 33 4.5978 0.0011 64384 0.0061 43615 0.0004 129.11 0.10
46 27 45738 0.0027 6.3686 0.0024 4.3609 0.0005 127.03 0.05
51 18 4.6037 0.0010 6.3269 0.0017 4.3640 0.0018 127.11 0.04
1 23 4.5907 0.0024 6.3631 0.0013 4.3562 0.0011 127.25 0.04
Merged 158 4.6025 0.0005 6.3501 0.0005 43625 0.0002 127.50 0.01

N is the number of reflections. Sixteen grains were divided into three groups

parameters of each phase (Zhang et al. 2016). The refined
unit cell parameters from merged reflections in each
group did lead to consistent results, with a unit cell vol-
ume of 127.52(1) A® in group #1, 127.47(1) A® in group
#2, and 127.50(1) A% in group #3. The analysis demon-
strated that the unit cell parameters of a high-P phase can
be well constrained from enough merged reflections of
several grains that have different orientations in a quasi-
hydrostatic sample environment.

The unit cell parameter of Ne after 7' quench from
2300 K was calculated from three diffraction lines, 111,
200, and 220, and a =2.962 (7) A. The corresponding
pressure was 102.5 GPa using the Vinet pressure scale of
Ne (Fei et al. 2007). The Fe content in bridgmanite after
disproportionation was characterized as x=0.02(2) in
(Mg;_,,Fe,)SiO3 bridgmanite by ex situ FIB-TEM (Zhang
et al. 2014). The unit cell volume of the Fe-depleted
bridgmanite lies on the P-V curve of Fe-free MgSiO3 bridg-
manite (Lundin et al. 2008), as shown in Fig. 1, indicating
consistency between the Vinet pressure scale of Ne (Fei
et al. 2007) and the Au scale (Tsuchiya 2003). On the other
hand, a previous study (Lundin et al. 2008) confirmed the
consistency between the Au scale (Tsuchiya 2003) and
another Au scale (Dewaele et al. 2004); the latter Au scale

(Dewaele et al. 2004) agrees well with the internally consist-
ent Au and Ne scales by Fei et al. (2007). However, the unit
cell volume of (Mggo1Fep00)SiO3 bridgmanite at 100 GPa
(Dorfman et al. 2013) using the Au scale (Fei et al. 2007) is
even slightly lower than that of Fe-free bridgmanite (Lundin
et al. 2008) (Fig. 1), although the pressure scales used in
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Fig. 1 Unit cell volumes of (Mg,Fe)SiOs bridgmanite and ppv versus
pressure. The unit cell volumes of the Fe-depleted bridgmanite at 1025 GPa
and the ppv phase at 119 GPa coexisting with the H-phase are compared
with the equations of state for Fe-free MgSiO; bridgmanite (Lundin et al.
2008) and (MgggiFeqne)SiOs bridgmanite (Dorfman et al. 2013)
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these two studies are consistent. The reason for this dis-
crepancy is unclear. Multigrain XRD may have significant
advantages over powder XRD for determining equations of
state if one consistent pressure scale is used at all pressures
and a quasi-hydrostatic sample environment is maintained.

Unit cell variations of coexisting ppv and H-phase across
a laser heating spot

The coexisting ppv and H-phase were synthesized from
(Mgo gsFep.15)S103 at 119 GPa (P after T quench) and
2500 K. After T quench and at 119 GPa, multigrain
XRD data were collected for each sample position from
the heating center to the margin, at steps of 5 um across
a laser heating spot. Diffraction patterns in step scans at
each sample position were collected at @ increments of
0.25° over the DAC opening of 50°. The micro-focused
XRD beam available at the 13ID-D beamline had a spot
size of 3 by 4 um with an X-ray wavelength of 0.3344 A,
and the exposure time was only 2 s/frame. The unit cell
parameters of (Mg,Fe)SiO; ppv at each sample position
were determined from ~150 reflections merged from sev-
eral grains, as shown in Table 2 and Fig. 2a. The unit cell
volume of ppv decreased by only 0.16 % from the heating
center to 10 um off the center, and the sample pressure
remained at 119 GPa in the Ne quasi-hydrostatic environ-
ment. According to the previously determined relationship
between the FeSiO3 content in ppv and the equations of
state (Zhang et al. 2012), the 0.16 % change in the unit cell
volume of ppv corresponds to a ~3 % change of FeSiOj; at
119 GPa, regardless of the absolute pressure determined by
the different pressure scales. The unit cell volume of ppv in
the heating center is also plotted in Fig. 1 and compared
with the equation of state for Fe-free bridgmanite (Lundin
et al. 2008). The unit cell volume of ppv is 1.5 % smaller
than the value calculated from the equation of state for
Fe-free bridgmanite and is consistent with the volume
change from the bridgmanite to ppv transition in Fe-free
MgSiO; (Tsuchiya et al. 2004). Fe depletion in ppv is con-
firmed when coexisting with H-phase.

H-phase was observed coexisting with ppv from the
heating center to 10 um off the center. The peak inten-
sities of H-phase were comparable with those of the ppv
phase. The unit cell volume of H-phase decreased by
0.54 % from the center to 10 pm off the center, as shown
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Fig. 2 Unit cell volumes of coexisting (Mg,Fe)SiOs ppv and H-phase
across a laser heating spot. The unit cell volumes of a (Mg,Fe)SiOs ppv
and b H-phase obtained using multigrain XRD are plotted as function
of distance from the heating center to the margin at steps of 5 umin a
laser-heated sample at 119 GPa. The unit cell volumes of ppv and
H-phase decrease by 0.16 and 0.54 %, respectively, from the center to
10 um off the center, while the sample pressure remained the same in
the Ne quasi-hydrostatic environment

in Table 3 and Fig. 2b, suggesting a larger compositional
variation in H-phase over the same distance. The rela-
tionship between the FeSiO3 content and the equations
of state for H-phase has not yet been established. As-
suming that the effect of the FeSiO3 content on the unit
cell volume of H-phase is comparable to that of bridg-
manite or ppv, the variation of FeSiO; content in H-
phase is estimated as 9—-14 %, based on the relationship
between the FeSiOz content in ppv and their equations
of state (Zhang et al. 2012) or 8—10 % based on the simi-
lar relationship to bridgmanite (Dorfman et al. 2013),
corresponding to the 0.54 % change of the unit cell vol-
ume of H-phase.

Table 2 Variations of unit cell parameters for (Mg,Fe)SiO5 ppv across a laser-heated spot at 119 GPa. The unit cell volume of the ppv
phase slightly decreased by 0.16 % over the 10 um distance from the center to the margin in the heated spot. N is the number of reflec-

tions from muiltiple grains at each sample position

Sample position N a o (a) b A o) c o V(A3 o) aNe(®  o(a) P (GPa)
Heating center 136 24654 00002 81156 00005 61207 00004 12246 001 2923 0005 119
5 um off center 170 24647 00001 81180 00004 61173 00005 12240 001 2924 0004 119
10 um off center 155 24644 00001 81078 00008 61190 00004 12226 001 2924 0006 119
15 um off center 176~ 24644 00002 80986 00005 61200 00004 12214 001 2920 0011 120
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Table 3 Variations of unit cell parameters for H-phase across a laser-heated spot at 119 GPa. The unit cell volume of the H-phase
coexisting with the ppv gradually decreased by 0.54 % over the same 10 um distance from the center to the margin in the heated
spot. N is the number of reflections from multiple grains at each sample position

Sample position N a A o (a) c(A) o (0 V(A3 o (V) aNe (A) o (a) P (GPa)
Heating center 71 5.0674 0.0003 2.8265 0.0003 62.86 0.01 2923 0.005 119
5 um off center 101 5.0665 0.0002 28232 0.0003 62.76 0.01 2924 0.004 119
10 um off center 71 5.0577 0.0004 2.8220 0.0003 62.52 0.01 2.924 0.006 119
15 um off center 120 5.0624 0.0002 28192 0.0003 62.57 0.01 2.920 0.011 120

Previous studies using ex situ TEM analysis of recovered
samples found that the compositions of ppv were approxi-
mately constant for the entire hot spot, while ferropericlase
exhibited significantly larger spatial variations in iron con-
tent with FeO migration to the cold region (Sinmyo et al.
2008), indicating that the effect of thermal diffusion on an
individual phase is related to its Mg-Fe interdiffusion rate.
However, both ppv and H-phase in the present sample are
more Fe-enriched in the slightly hotter center. The ppv
phase is Fe-depleted with ~3 % variation of FeSiO3 over
the 10 pm distance, whereas the compositional variation in
the coexisting H-phase is nearly three times of that in the
ppv over the same distance. This observation suggests that
thermal diffusion may not be the major driver for the
compositional variations of ppv and H-phase in the center
portion of the laser-heated sample. Instead, temperature ef-
fects on the partitioning behavior over a small gradient
could explain the partitioning behavior between ppv and
H-phase and their subsequent compositional variations. In
addition, multigrain XRD has been demonstrated as effect-
ive for the detection of a minor phase by indexing a few in-
dividual grains within the sample (Zhang et al. 2016);
however, no additional SiO, or other phases were detected
in this sample.

Conclusions

Multigrain XRD provides accurate unit cell determination
for individual phases in a multiphase system and may serve
as an in situ probe for the spatial distribution of compos-
itional changes and/or chemical variation within a sample
region of interest, complementing ex situ chemical analysis
by TEM or other analysis techniques. Through careful
examination of the unit cell parameters of coexisting ppv
and H-phase using multigrain XRD, we characterized the
compositional variations of both phases across the center
area of a laser-heated sample at 119 GPa. Chemical segre-
gation due to a large temperature gradient can be problem-
atic in some laser heating experiments. Previous ex situ
TEM analyses of recovered samples revealed strong Fe
depletion and Si enrichment in the hot area, and Fe migra-
tion to the cold margin through chemical diffusion due to a
relatively large temperature gradient (Sinmyo et al. 2008;
Andrault and Fiquet 2001). In this study, we observed
relative Fe enrichment in both phases in the heating

center, relative to the margin in a well-insulated and
quasi-hydrostatic sample environment at 119 GPa. The
temperature gradient in the center portion (20-30 pm)
of the laser-heated sample was minimized by careful
experimental preparation. Therefore, the relative Fe
enrichment in the center may not be driven by thermal dif-
fusion but could be caused by the effect of temperature on
the partitioning. The temperature distribution in the laser
heating spot should be measured in future experiments to
quantitatively understand the effect of temperature on
partitioning.
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