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I’d like to talk about ~



Introduction

Japan

Fe-Mg partitioning between these phases is important for 
understanding the chemical and physical properties (e.g. 
density, elastic velocity) of Earth’s lower mantle.
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The lower mantle consists of Pv and Fp phase.

At the base of the lower mantle, Pv transforms to Post-Pv phase.

These phases coexist with different Fe-Mg compositions.

Partition coefficient, K, is shown by this equation. 

Fe-Mg partitioning between these phases is important for understanding the chemical and physical property of Earth’s lower mantle.





Partition coefficient (K) of Fe-Mg 
between Pv and Fp

K increases with pressure

Mao et al., 1997
Andrault, 2001; K>1 above 70-80GPa

K is almost constant with pressure

Guyot et al., 1988; constant above 40GPa
Kesson et al., 1991, 1998, 2002

Determined by X-ray
(unit cell volume)

Determined by ATEM

Pressure dependency of K between Pv and Fp
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I will talk about previous studies on Fe-Mg partitioning experiments using laser-heated diamond anvil cell.



There are two different results.

First one shows K increases with pressure, and K-value exceeds unity above 70 GPa.

(It means that iron-rich perovskite could be produced at the base of mantle.)

On the other hand, the other experiments show K is almost constant with pressure.



First one is determined by X-ray diffraction. they use relationship between the unit cell volume and iron contents.

And the other one is determined by the analytical transmission electron microscope.

They directly measured chemical compositions of the quenched samples.



Partition coefficient (K) of Fe-Mg 
between Pv/PPv and Fp

PPv
transitionMurakami et al. (2005)

Along the geotherm
2000 ~ 2600 K
Pyrolite composition

Kobayashi et al. (2006) 
1500-1600 K
Fo88
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And more recently, Murakami et al reported that partition coefficient between PPv and Fp was drastically changed compare with that between Pv and Fp. 

They reported K become very small in PPv region in pyrolite system. 



On the other hand, Kobayashi et al reported opposite result using San Carlos Olivine as a starting material.



So, what is the difference  between these study?

This is a motivation of this study.



HS-LS transition in Magnesiowüstite

Sturhahn et al., 2005 GRL Tsuchiya et al., 2006 PRL

Iron may strongly prefer the LS-Mw
(Badro et al., 2004)

HS

LS

HS

LS
geotherm geotherm
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Another motivation of this study is the high-spin and low-spin transition in Mw, and also Pv phase.

Badro et al suggested that iron may strongly prefer the LS-Mw.

Sturhahn et al and tsuchiya et al reported that HS-LS transition occurs gradually under the deep mantle conditions.

So partitioning behavior under the deep lower mantle conditions may be quite different from the upper part of the lower mantle.



Experimental procedure
Starting Material: San Carlos olivine (Mg0.88

 

, Fe0.12

 

)2

 

SiO4
Al-free system

High P-T generation: Laser-Heated diamond anvil cell
Laser spot size: ~50 μm

Pressure medium:
with or without NaCl

P measurement:
Ruby fluorescence
T2g Raman mode of Diamond
(Akahama

 
et al., 2004)

T measurement:
Spectroradiometric method
(e.g. Boehler

 
2000)
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The experimental procedure is as follows.

We used the San Carlos olivine as starting materials. It is an Aluminum-free system.

High pressure and temperature generation was made by a laser-heated diamond anvil cell.

This is the schematic figure of the heating system.

Sample was heated from both-sides with a YAG laser, and the laser spot size was about 50 micrometers.



Sodium chloride was used as pressure medium in some experiments.

Pressure was determined by the ruby fluorescence method or T2g Raman mode of diamond.

Temperature measurement was made by the spectroradiometric method.

Temperature were fixed to around 2000K, we studied pressure dependency.



Analytical methods
1. Lattice volume measurement at ambient condition1. Lattice volume measurement at ambient condition

(Determined by X(Determined by X--ray)ray)
Pv

 

: V0
Pv = 162.51 + 6.00X (Å)

Mw : V0
Mw = 74.78 + 6.65X (Å)

(X = FeO

 

/ (FeO

 

+ MgO) in molar ratio)

Andrault(2001)

X-ray diffraction experiments at 
KEK-PF:BL-18C &

 
SPring-8 BL10XU

2. Analytical Transmission Electron Microscope2. Analytical Transmission Electron Microscope
equipped with EDS system (Determined by ATEM)equipped with EDS system (Determined by ATEM)

with calibrated K-factors

 

(Cliff and Lorimer,1975; Fujino et al., 1988)
JEOL, JEM-3000F[IMR, Tohoku Univ.]
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We used the two methods used in previous studies for analysis,

One is based on the unit cell volume measurement at ambient condition.

And another is Analytical transmission electron microscope equipped with EDS system.



In the first one, we used these calibrated equations for Pv and Mw proposed by Andrault.

X-ray diffraction experiments were performed at Photon Factory, beam lines 18 and SPring-8 BL10.



Powder X-ray diffraction

154GPa, 2000K, After LH

recovered

PPv
Fp

Fp

SPring-8, BL10XU λ=0.4136Å

Fe#(Fp) = 0.23 (Fe# =

 

FeO/(MgO+FeO) in the mole fraction)

X-ray

IP

DAC

Mass balance

Fe#(PPv) = 0.01
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This is the typical X-ray diffraction pattern of PPv phase and coexisting Fp phase at 154GPa and 2000K after laser heating.

In this figure, you can see only PPv and Fp.

We observed PPv phase at above 121GPa and 2000K.



And this is the X-ray diffraction pattern of recovered sample.

PPv phase vanished because PPv phase is unquenchable phase, and only Fp phase remain.

We calculate the iron contents of Fp from unit cell volume of Fp.

The iron contents of post-perovskite phase were calculated from the chemical mass balance using the composition of ferropericlase. 



Sample preparation for TEM study by 
Focused Ion Beam (FIB) system

80 μm

Re gasket

Sample

FIB system
(Tohoku univ.)

SIM image of recovered sample

100 nm
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We introduced a Focused Ion Beam system in the preparation for the ATEM sample.

This is the photograph of the FIB system.



This is the Scanning Ion microscope image in the FIB system.

The dark area in the center region is the sample.

We can pick up the sample from the center of the sample room.



This image is the sample after thinning.

Sample was thinned to about one hundred nanometer in thickness.





Advantage of FIB

San carlos olivine
(Mg0.88

 

, Fe0.12

 

)2

 

SiO4

NaCl or
olivine powder

SIM image Carbon deposit

Heated area

Unheated area

Mo Grid

Diamond

Diamond

Re
gasket
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because the sample can be processed to have a uniform thickness of about 100 nm,

You can observe the wide sample area, And you can obtain the cross-section image of the sample.



This is the schematic image of the cross-section of sample assembly, 



and this is the Scanning Ion Microscope image of the sample during the thinning.

In this case, we did not use the pressure medium, sodium chloride.

Center position of the sample was heated by laser, and decompose to PPv and Fp.



STEM image of the recovered sample

Diamond surface

Diamond surface

PPv
Fp

Fp
PPv

Unheated area
San Carlos olivin 200 nm

STEM image of the recovered sample from 140GPa, 2000K (90min)
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This is the Scanning TEM image of the sample recovered from 140GPa and 2000K.

At the bottom side of this image, we can see unheated area, which is touching with diamond anvil.

So this side is low temperature.

In this side (and also this top side), you can see very fine grains in the sample,

 so we can not measure the chemical compositions from this region.

But at the center region, we can see big grains of PPv and Fp enough to measure the chemical compositions by ATEM.

I’ll show the close up view of this area in the next slide.



Chemical analysis by ATEM

PPv
Fp

PPv
Fp

200 nm

STEM image of the recovered sample from 140GPa, 2000K(90min)

Fe#(Fp) = 0.31

Fe#(PPv) = 0.01

K = 0.03
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Dark area is Fp, and blight area is PPv phase.

Scale bar is 200nm.

Measured points are shown by blue squares.

We used the raster scanning method in chemical analysis with the Scanning-TEM-mode.

And this is result of chemical analysis.

Fe# of Fp is 0.31, and PPv is 0.01.

PPv phase exhibits with very small iron content. 





Pressure dependency of 
the Fe-Mg partitioning coefficient (K) 

○
 

K calculated from unit cell volume (X-ray)

●
 

K determined by chemical analysis (ATEM)

T ~ 2000 K
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This figure shows the pressure dependence of partitioning coefficient at around 2000K.

Open circle is the result of X-ray diffraction experiment, K was calculated from unit cell volume.

Solid circle is the result of ATEM analysis, K was determined directly by chemical analysis.

X-ray result is almost consistent with ATEM chemical analysis, in spite of this point.



K-value decrease with increasing pressure, it is consistent with HS-LS transition of Fp.





Partition coefficient (K) of Fe-Mg 
between Pv/PPv and Fp

PPv
transitionMurakami et al. (2005)

Along the geotherm
2000 ~ 2600 K
Pyrolite composition

Kobayashi et al. (2006) 
1500-1600 K
Fo88

Kobayashi et al.
↓
bulk Fe# reduced to 0.09 

This study
↓
bulk Fe# = 0.16 
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Kobayashi et al. (2005) showed higher partitioning coefficient of K= 0.30 in spite of the lower temperature condition of 1600 K compared to the present experiment. 

They reported that iron depletion occurred in the sample, bulk Fe# reduced to 0.09 from 0.12.

On the other hand, the bulk iron content of the present experiment conducted at 140 GPa and 2000 K does not show a iron depletion.

So, the difference in the partition coefficients between the present result and that by Kobayashi et al may be caused by the compositional dependency of the partitioning behavior between post-perovskite and ferropericlase. 



Summary

The ATEM analysis shows that post-perovskite phase 
exhibits with very small iron content of Fe# = 0.01 in the 
recovered sample from 140 GPa and 2000 K.

Iron prefers ferropericlase strongly rather than post-
perovskite phase, which is consistent with the high-spin/low-
spin transition arguments of ferropericlase [Badro et al., 2003].

The difference in the partition coefficients between the 
present result and that by Kobayashi et al. (2005) may be caused
by the compositional dependency of the partitioning behavior 
between post-perovskite and ferropericlase.
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OK, I’d like to summarize my talk.



title



TEM image of the recovered sample

1 μm

NaCl Diamond
anvill

Low-T

High-T Sample
center

68GPa, 2000K
60min

STEM-ADF
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This is the TEM image of the sample recovered from 68GPa and 2000K.

At the top side of this image, we can see sodium chloride, which is touching with diamond anvil.

So the top side is low temperature.

In this side, you can see very fine grains in the sample, so we can not measure the chemical compositions from this region.

But at the center region, we can see big grains of Pv and Mw enough to measure the chemical compositions by ATEM.

I’ll show the close up view of this area in the next slide.





High magnification image of the sample
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Dark area is Mw, and blight area is Pv phase.

Measured points are shown by blue squares.

We used the raster scanning method in chemical analysis with the Scanning-TEM-mode.

Red values are the iron content of each phase.



Fig. 2-3 Temperature distribution (Run 
SC34)

Fig. 2-2 Pressure distribution (Run SC34)



Table 2-1 The composition of San Carlos olivine

San Carlos Olivine
n=5 wt.% 1σ at.% 1σ element cation ratio 1σ

MgO 47.37 0.10 58.24 0.12 Mg 1.748 0.004
Al2O3 n.d. - n.d - Al - -
SiO2 40.37 0.10 33.29 0.08 Si 0.999 0.002
CaO 0.15 0.03 0.13 0.03 Ca 0.004 0.001
MnO 0.13 0.07 0.09 0.05 Mn 0.003 0.001
FeO 11.55 0.09 7.97 0.06 Fe 0.239 0.002
NiO 0.43 0.04 0.28 0.03 Ni 0.009 0.001
total 100.00 100.00 O 4
Mg# 0.88 Cation sum. 3.001 0.005



Fig. 3-4 The calibration curve of the k-

 

factor of kFeMg

 

and kSiMg



Table 3-3 The composition of post-perovskite and ferropericlase

 

(Run SC34)

Post-perovskite Ferropericlase Unheated area
n=14 n=12 n=8

wt.%
MgO 44.34 2.55 55.12 1.38 47.70 0.52
Al2O3 n.d. n.d. n.d. n.d. n.d. n.d.
SiO2 54.50 4.25 (sub) (sub) 40.66 0.63
FeO 1.16 0.69 44.88 2.46 11.64 0.36
total 100.00 5.00 100.00 2.82 100.00 0.89

at.%
MgO 54.37 3.12 68.64 1.72 58.52 0.64
Al2O3 n.d. n.d. n.d. n.d. n.d. n.d.
SiO2 44.83 3.50 (sub) (sub) 33.47 0.52
FeO 0.80 0.47 31.36 1.72 8.01 0.25
total 100.00 4.71 100.00 2.43 100.00 0.00
Fe# 0.01 0.01 0.31 0.02 0.12 0.01



Murakami et al. (2005)
Along the geotherm
2000 ~ 2600 K
Pyrolite composition

Guyot

 

et al. (1988) ~ 2500 K

Kobayashi et al. (2006) 1600 K
This study
2000 K

Pv →
 

PPv
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This figure shows the pressure dependence of K-values at around 1600K.

We expected a drastic change of K-values with a spin transition.

But we can not see any change with increasing pressure.

K-value between Pv and Mw is almost constant of 0.12.

But, in PPv region, we observed higher K-values of 0.3 compare with K between Pv and Mw.



These blue symbols show the results at higher temperature around 2000K.

In Pv and Mw partitioning, K-value is slightly higher than 1600K’s data, but on the other hand, in PPv and Mw partitioning, K-value is quite small around 0.03.

In the previous study by Guyot et al., K-value at about 2500K is higher than our data.



K-value between Pv and Mw increases with increasing temperature.

But, K-value between PPv and Mw decreases with temperature.



This is the K-value determined by Murakami for pyrolite composition along the mantle geotherm.

K-value is much higher than our data.

It may be caused by the effect of trivalent cations, such as Fe3+ and Aluminium.





Powder X-ray diffraction pattern

121(2)GPa
2000(200)K
60min
After laser heating

recovered
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This is the typical X-ray diffraction pattern of PPv phase and coexisting Mw phase.

In this figure, you can see only PPv and Mw.

We observed PPv phase at above 105GPa and 1500K.





Run P [GPa] Pv or PPv Fe# err Mw Fe# err Bulk Fe# err K err
SC44 X- ray 43 0.03 0.01 0.12 0.02 0.07 0.02 0.19 0.07
SC40 X- ray 73 0.04 0.00 0.16 0.03 0.10 0.03 0.21 0.05
SC45 X- ray 99 0.08 0.01 0.22 0.01 0.15 0.01 0.32 0.05
SC33 X- ray 121 0.03 0.21 0.02 0.12 0.02 0.14 0.01
SC34 ATEM 140 0.01 0.01 0.31 0.03 0.16 0.03 0.02 0.02
SC41 X- ray 154 0.01 0.23 0.01 0.12 0.02 0.02 0.00
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