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Looking deep into the Earth...
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Sequence of phase transitions in MgO-SiO, system
at Earth mantle and transition zone
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A geotherm together with accessible
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A geotherm together with accessible
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e B | 210 Sstresses IN DACs
tend to destroy crystals...

...but quasi-hydrostatic
nobel gases (He, Ne)
pressure transmitting media
preserve them!

70(1) GPa Y- BZ8 In He Zarechnaya et al., 2010
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Single Crystal Diffraction
In Diamond Anvil Cells

incident beam

r.l. origin

detector




LENSES BEAM BEAM

UNIT SPLITTER  SPLITTER
BEAM

SAMPLE ; SPLITTER VIDEO CAMERA
7
Py,
A
>
O
:E' ILLUMINATION
o UNIT
zZ

I






ID09%a, ESRF
01.11.2011

® Scans -28 -:- 26°




Silicate Perovskite
(Mg 63,F€0.37)(Slg 63Al5 37) O3




mantle phases
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Iron electronic structure

Fe2+ (Ar)3s23p63d®
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Possible effects of Fe?* spin crossover
iImportant for geophysics-and geochemistry

Density increase — possible discontinuity in
seismic profile of the mantle, changes in
compressibility.

Red shift of the absorption edge — possible
decrease of radiative heat transferin the
mantle.

w4 Rapid change in Fe partitioning between major
T phases:

(Mg,Fe)O ferropericlase and (Mg,Fe)SiO,
perovskite.




Results: Mossbauer spectroscopy ' |. Kantor et al., 2007; 2009
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Thermal EoS of Fp (Mg, gFe,,)O
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Electronic structure of the 3d orbitals of Fe?*
In eight-fold coordination

In a symmetrical ligand environment (a)

b . (d : -
®) (©) . @ the five d energy levels are split into
— | — three upper (t,) and two lower (e,)
/—t— I@ | }5 levels, separated by the crystal field
&3 3 °| splitting (A)). A distorted ligand
%——x'—t— —1— : environment further splits the t,, and e,
o2 02| 02| energy levels, and depending on the

! —T— ! -f—‘-l relative magnitudes of A, the energy
: : required to pair spins, and the splitting
Ac : : between individual e, and t,, levels (3,,
: ' 9, and 9,), the six 3d electrons (arrows)
| are distributed in different spin states as
l follows: (b) high-spin Fe?* with 4

—1—*— : —H unpaired electrons; (c) intermediate-spin

151 : 61 Fe2* with 2 unpaired electrons; and (d)
_1_‘_ - _H_ low-spin  Fe?* with no unpaired
intermediate | electrons. The relative magnitudes of 6,

spin . low spin

j’::l&

high spin

and 6; and A, can lead to the
stabilisation of unusual spin states, such
as intermediate-spin Fe?*.
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Unit Cell Volume, A®
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Mantle velocity profiles and tomography
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Conclusions and perspectives

The most reliable information about crystal structures and
their response to changes In pressure and temperature IS
obtained from single crystal diffraction experiments. We have
developed a methodology to perform single crystal X-ray
diffraction experiments iIn laser-heated DACs and
demonstrated that structural refinements and accurate
measurements of the thermal equation of state of metals,
oxides, silicates from single crystal intensity data are possible
at pressures up to megabars and temperatures of thousands
degrees. New methodology was applied to study structural
variations in ferropericlase and iron- and aluminum-bearing
silicate perovskites at conditions of the Earth’s lower mantle.
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Laser heated DAC on ID18 beamline

(Nuclear Inelastic Scattering, NIS)
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FIG. 1. (Color online) (A) Schematics of the kayout and (B) photograph of the portable kser-heating stand (description see text).
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Heating assembly for high P, T Mossbauer measurements:
1 - diamond anvil cell,

2 — ceramic heater,

3 —thermocouple,

4 — platinum wires,

5—mica for electrical isolation,

6 — one Euro coin for scale,

7 — entire assembly.

Mossbauer spectrometer Micro-Raman spectrometer
Dubrovinskaia and Dubrovinsky, 2003
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Simultaneous volume measurements of post-perovskite and
perovskite in MgSiO5 and their thermal equations of state

Tetsuya Komabayashi **, Kei Hirose **, Emiko Sugimura *, Nagayoshi Sata ®,
Yasuo Ohishi ¢, Leonid S. Dubrovinsky ¢

Earth and Planctary Science Letters 265 (2008) 515-524
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Stable intermediate-spin ferrous iron in
lower-mantle perovskite

C. McCAMMON™, 1. KANTOR', 0. NARYGINA", J. ROUQUETTE", U. PONKRATZ2, . SERGUEEV2,
M. MEZOUAR?, V. PRAKAPENKA® AND L. DUBROVINSKY!
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General Rules for Predicting Phase Transitions in Perovskites due to Octahedral Tilting <
-
R.J. Angel,* . Zhao, and N. L. Ross v 144
Virginia Tech Crystallography Laboratory, Department of Geosciences, Virginia Tech, Blacksburg, Virginia 24060, USA a\
(Received 29 April 2005; published 8 July 2005) 5 142
Recent experiments on several oxide perovskites reveal that they undergo tilt phase transitions to T
highf:r-symmetry phases on increasing pressure _a{nd that dT./dP <0, contrary to a general rule &3 140
previously proposed for such zone-boundary transitions. We show that the negative slope of the phase
boundary is a consequence of the octahedra in these perovskites being more compressible than the extra- 138

framework cation sites. Conversely, when the octahedra are stiffer than the extra-framework cation sites, o —r i
the phase transition temperatures increase with increasing pressure, dT,./dP > 0. 0 20 . 40 60 80 100
Pressure ( GPa)

Fig. 9.8. Si-O(2)-Si bond angles for MgSiO,-perovskite as a
A (a) function of pressure and temperature. Data points collected at

room temperature (red symbols) are from Fiquet et al. (2000)
/> Low symmetry,
phase

and Ross & Hazen (1990); those at high temperature and high
pressure (black symbols) are from Fiquet et al. (2000).
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FIG. 1. Perouskites are comprised of 4 framework of B¥o 16,2 Schematic P-T' phase diagrams for _perovskitcs

octahedra w‘.u:].A ;atlofns (shown a; sphf:,rea) occupying the (a) dT.dP >0 when the octahedra are more rigid than the

interstices within the ramework. The aristotype structure is AX,, site. (b) dT,/dP <0 when the octahedra are less rigid

cubic and shows no octahedral tilting (top). If the octahedra ; .
. . . . than the AX; site.

are completely rigid, the only way in which the unit-cell volume

can be reduced is by introducing tilts of the octahedra (bottom).
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Monoclinic FeO at high pressures

Innokenty Kantor™"™ Alexander Kurnosov!, Catherine McCammon' and Leonid Dubrovinsky!
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Fig. 1. Pressure evolution of the cubic 220

reflection. Left — cubic phase at 11.6 GPa - y 4 X
(just below the trigonal distortion pressure). 75(1) GPa 5 2(15) de1gsreeszo
’

Middle tfrigonal phase at 24.6 GPa with After Iaser hea'“ng

two reflections (104 and 110 in the trigonal
setting). Right monoclinic phase at 75.5
GPa with five reflections (111, 202, 102, 020,
and 311).
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lower-mantle perovskite
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Figure 3 Esfimated Fe** spin-state distribution in the lower mantle. a, Silicate
perovskite variation estimated from our data, previous XES data'? and current
thermal models'™"*. The greatest contrast occurs in the uppermost region, and no
spin transition is expected at the base of the mantle in the postperovskite phase™.
b, (Mg,Fe)0 variation on the basis of previous data® shows the greatest contrast in
spin state to occur in the middle part of the lower mantle. Slab mineralogy excludes
(Mg.Fe)0 and the temperature effect is small in the uppermost and lowermost
regions of the lower mantle®.
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Possible effects of Fe?* spin crossover important for geophysics

Rapid change in Fe partitioning between major phases:
(Mg,Fe)O ferropericlase and (Mg,Fe)SiO; perovskite.

£ MAY 2003 WOL 300 SCIEMNCE  www.sciencemag.org

Iron Partitioning in Earth's
Mantle: Toward a Deep Lower
Mantle Discontinuity

James Badro,” Guillaume Fiquet,’ Francois Guyot,’
Jean-Pascal Rueff,? Viktor V. Struzhkin,? Gydérgy Vanko,*
Giulio Monaco*

“... at pressures greater then 70 GPa or at depths greater
than 2000 km, perovskite would then be completely iron-
free, and any iron would be transferred into ferropericlase”



GEOPHYSICAL RESEARCH LETTERS, VOL. 32, L19301, doi:10.1029/2005GL023257, 2005

Fe-Mg partitioning between (Mg, Fe)SiO; post-perovskite, perovskite,
and magnesiowiistite in the Earth’s lower mantle

-1 . | -1 . . 1
Yusuke Kobayashi, Tadashi Kondo, Eiji Ohtani,” Naohisa Hirao,
Nobuyoshi Miyajima,? Takehiko Yagi? Toshiro Nagase,® and Takumi Kikegawa®
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Figure 3. Pressure versus Fe-Mg partition coeflicients
between Pv and Mw, K™Y™Y = (FeO/MgO)p,/(FeO/
MgOhiyw, and PPv and Mw, K7™ = (FeO/MgO)ppy/
(FeO/MgO )y, compared with previous studies. Open and
solid circles represent K values n this study from XRD and
ATEM, respectively. Open diamonds, Mao et al. [1997] at
1500 K: open squares, Andrault [2001] at 2200 K: plus.
Kesson et al. [2002]; open triangles, Murakami et al.
[2005]. All K values m this figure have been obtained from
Al-free system except Murakami et al. [2005].
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@) P =115 GPa

P =78 GPa

Fig. 2. TEM micrographs of mineralogical hesized in a laser-heated diamond anvil cell at high p and h|gh p along the Earth
geotherm. a) Amorphous pv and fp grams n Pv-(4 synlhmzcd at 72 GPa, b) same blage in a run conducted at 115 GPa, enligh the p effect on the
grain size, ¢) equilibrium texture in Pv-06, d) Amorphous pv showing the ghosts of the twin structures.
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Fig. 4. Fe—Mg exchange coeflicients between pv (or ppv) and Ip plotted as a
function of pressure. The coefficients published by Murakami et al. (2005) and
Kobayashi et al. (20035} are reported for information. The three grey-shaded
fields emphasize the stability fields of the successive coexisting phases: HS or
LS fp+pv (Badro et al, 2003) and LS fp+ppv (Murakami et al., 2004),

Table 1

Expenimental conditions

Run P T Duration of heating
[at peak T]
(Gpa) (K) (min)
Pv_08 55 2450 23 [18)
Pv_05 63 2450 11 [5]
Pv_04 72 2000 279
Pv_06 78 2200 11 (7]
Pv_13 100 2150 24 11]
Pv_14 115 2200 7 [6)
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Figure 3. Pressure versus Fe-Mg partition coeflicients
between Pv and Mw, K'Y™Y = (FeO/MgO)p,/(FeO/
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(FeO/MgO )y compared with previous studies. Open and
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Results: optical absorption spectroscopy
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Optical absorption spectroscaopy: literature data
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