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Presenter
Presentation Notes
Today, I’d like to talk about developed experimental techniques using sintered diamond anvils in Kawai-type multi-anvil apparatus.

Additionally I will also briefly show you a result of P-V-T measurement of MgSiO3-perovskite, as an application of the techniques. 



IntroductionIntroduction
Kawai-type (double-stage) Multi-Anvil Apparatus

1500 ton cubic press
SPEED-Mk.II/ BL04B1, SPring-8
Katsura et al. (2004)

6-anvils (1st) > 8-anvils (2nd)

Kawai and Endo (1970)

• Large sample volume
• Stabile P-T generation

Precise measurements
Sample synthesize

WC < 30 GPa
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Presentation Notes
Kawai-type apparatus has a sophisticated double-stage compression system.



In Kawai-type apparatus, we use six first stage anvils, and eight second stage anvils.



Kawai-type apparatus has an advantage in generating 

Stable high-pressure and high-temperature condition in relatively large sample volume.

This is essential important for sample synthesis and precise measurements.



However, using tungsten carbide anvils, available pressure was limited below 30 GPa, and 

We cannot observe a pressure dependence in the lower mantle 



So in Japan, experimental techniques using sintered diamond anvils are developed

To produce a deep lower mantle conditions.



IntroductionIntroduction
Development in High-Pressure Generation

0

10

20

30

40

50

60

70

80

0 2 4 6 8 10 12

Load (MN)

P
re

ss
ur

e 
(G

P
a)

M456-EI (AT)

M413-YT (AT)

M138-EI (MJ)

M056-YS (AT)

S432-EI (MJ)

Jun 2003

Nov 1998

Feb 2004

Jul 2006

Dec 2006

MJ: MgO/ Jamieson et al. (1998)
AT: Au/ Tsuchiya (2003)

Room temperature
SD anvil (14 mm cube)
TEL = 1.5 mm

Ak-Pv: Hirose et al. (2001)/ AT
Pv-PPv: Hirose et al. (2006), dark line/ AT; pale line, MgO/ Speziale et al. (2001)

0

1000

2000

3000

4000

0 20 40 60 80 100 120 140 160

Pressure (GPa)

Te
m

pe
ra

tu
re

 (K
)

Ou
te

r C
or

e

Up
pe

r M
an

tl
e

Lower Mantle
Ak-Pv

Pv
-P

Pv

Presenter
Presentation Notes
This is a high-pressure generation at room temperature, and 

Show the development of sintered diamond techniques, from 1998 to now.



In 1998, it is shortly after starting the SPring-8, maximum pressure was 50 GPa.

And now maximum pressure has been expanded above 75 GPa.



Plotting available P-T range on the lower mantle conditions,

Now we have reached about a half depth of the lower mantle, 



For the next, I’d like to show the detail of the current SD techniques.



Experimental DetailExperimental Detail
High-Pressure Cell Assembly (TEL = 1.5 mm)

Presenter
Presentation Notes
At first, I will show you the details of high-pressure cell with no trick. 

The high-pressure cell is the most important part to generate higher-pressure, 

And the cell is made up of pressure media and gaskets, like this.



Recently we use semi-sintered Al2O3 as pressure media, which is machinable. 

And for the gasket, heat-treated pyrophyllite is used. 

Heat-treated and hard pyrophyllite is useful to reduce the volume of gasket, which consume the large part of press load.









-------

omit

This small gasket is different from the case of tungsten carbide anvils. 

In the case of tungsten carbide, large gasket is necessary for the lateral support. 

On the other hand, in the case of SD, lateral support is not so needed in our experimental range, 

So such a hard and small gasket is suitable to increase the pressure generating efficiency. 



Experimental DetailExperimental Detail
High-Pressure Cell Assembly

1atm

~ 40 GPa

~ 20 GPa

~ 60 GPa

X-ray

Presenter
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Now we use a cylindrical furnace, which is vertically set into the center of the pressure media. 

And inside of the furnace is composed like this. 



Lanthan-chromite is used as furnace material. 

So graphite windows are needed to keep the X-ray path. 

Sample container is also made of graphite, and 



Thermocouple is set through the furnace, and the junction is in the furnace.

This is the actual X-ray transmission image before compression.

We can see the junction and bright X-ray window. 



Initially, anvil gap is 2.1 mm in this case, but during compression

Anvil gap decreases and finally to be about 0.1 mm. 





Experimental DetailExperimental Detail
High-Pressure Generation
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Presenter
Presentation Notes
This is the high-pressure generation curves at room temperature. 

Using the high-pressure cell shown.  



In these experiments, the high-pressure cell as shown before was used. 

we can see the excellent reproducibility in high-pressure generation up to 60 GPa. 

Using this cell assembly, now we can generate above 40 GPa at 300 tonnages. 



Next figure shows the pressure change during heating cycle. 

In the heating period, by the mixed effect of relaxation, phase transition, thermal pressure,  pressure was changed, 

and difference between before and after heating is 5 GPa at most. 



This figure shows the pressure stability at highest temperature of each experiments. 

Pressure is stable within errors for the long heating duration.







Experimental DetailExperimental Detail
High-Temperature Generation
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Temperature was measured by thermocouple, and 

First figure shows the temperature generation efficiency.

Efficiency decreased as a function of pressure, but keep the high efficiency,

About 5 K per W even at  60 GPa.



This is the heating cycle at above 60 GPa.

Thermocouple worked well for long time heating about 10 hours.

And closeup  of the highest P-T condition is this,

We can successfully measured and controlled the temperature

Within 1 K for 1 hour of the data correction.



As shown in the last and this slides, 

now we can carried out SD experiments above 60 GPa,

Similar to using WC anvils below 30 GPa.



For the next,

I’d like to show the result of an application of this techniques.



Equation of State of 
MgSiO3

 
-perovskite

Presenter
Presentation Notes
Based on the stable P-T generation by Kawai-type apparatus,

we carried out P-V-T measurement of MgSiO3-perovskite.



I think it is not necessary to introduce the importance of the phase here, 

which is the dominant mineral phase in the solid earth.







IntroductionIntroduction
Previous P-V-T Measurements (in the stability field)
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However, In the previous studies, actually the numbers of study is not so large

in the P-V-T measurements under the stability field.  



In the case of KMA, pressure was limited, and in LHDAC temperature control was difficult and 

Low temperature data couldn’t be obtained. 



So we carried out the precise P-V-T measurements in this no data region.







Experimental ProcedureExperimental Procedure

Starting material
Mg2 SiO4 -Forsterite

> (MgSiO3 -Pv + MgO) at high P-T

Apparatus
Kawai-type multi-anvil apparatus with SD (TEL=1.5)

P: EOS of Au, MgO
T: W/Re3-25 thermocouple

In-situ X-ray diffraction measurements
Energy dispersive system (BL04B1, SPring-8)

Starting material
Mg2 SiO4 -Forsterite

> (MgSiO3 -Pv + MgO) at high P-T

Apparatus
Kawai-type multi-anvil apparatus with SD (TEL=1.5)

P: EOS of Au, MgO
T: W/Re3-25 thermocouple

In-situ X-ray diffraction measurements
Energy dispersive system (BL04B1, SPring-8)

Presenter
Presentation Notes
Experimental procedures are summarize as this.



We use the pure MgsSiO4-Forsterite as the starting material, and 

Synthesized perovskite at high-pressure and high-temperature.



Pressure was calculated from internal pressure standard of gold, and MgO. 

Gold powder was initially mixed with starting material, and 

MgO was made from the decomposition of the starting material.



In-situ XRD measurements were performed at the beamline BL04B1 in SPring-8. 

XRD profiles were corrected in the temperature decreasing cycle after synthesis of perovskite.





ResultResult
Typical XRD Profile

30 40 50 60 70 80 90 100 110 120

Energy (keV; 2θ ~ 6°)

In
te

ns
ity

P
v(

00
2)

(1
10

)

P
v(

11
1)

P
v(

02
0)

P
v(

11
2) A

u(
11

1)

A
u(

20
0)

A
uK

α
2 P
v(

21
2)

, A
uK

α
1

P
v(

00
4)

(2
20

)
P

v(
02

3)
(2

21
)

P
v(

20
2)

P
v(

11
3)

P
v(

21
0)

M
gO

(2
20

)

A
uK

β 3
, K

β1

A
u(

22
0)

P
v(

20
4)

(3
12

)

P
v(

13
1)

M
gO

(3
11

)

M
gO

(2
22

)

A
u(

22
2)

A
u(

31
1)

P
v(

12
0)

P
v(

12
1)

,M
gO

(1
11

)

M
gO

(2
00

)

M560029 (51.5 GPa, 1500 K)/ 60 min.

Pv: 11~15
Au: 5
MgO: 4, 5

peaks abailable

Presenter
Presentation Notes
This is the typical XRD profile obtained in this study.

This profile is obtained at about 50 GPa and 1500 K.



Due to the stable P-T generation and long-time data correction, we can obtained well resolved peaks.

In such a data, we used 11 to 15 peaks for Pv, 4 or 5 peaks for gold and MgO to calculate the volume.







ResultResult
P-V-T measurements

MgSiO3-perovskite
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This is the result of P-V-T measurements.

We correct the dataset in 27 to 62 GPa, and 300 to 1500 K.



Errors in this series of measurements are

0.3 GPa in pressure, 0.1 cubic angstrom in volume, and 1 K in temperature at most.

Errors in P and V are almost consistent with the symbol size.





ResultResult
Thermal Equation of State

MgSiO3-perovskite
High-T  Birch-Murnaghan
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Parameters

V0 (Å3)

KT0 (GPa)
K'T
(∂KT/∂T)P (GPaK-

1)

a (10-5K-1)
b (10-8K-2)
c (K)

This study (MS)

162.35 (fixed)

247.3(18)
4.20(10)
-0.030(3)

2.46(14)
1.05(15)
0 (fixed)

Successfully determined
5 parameters at once 
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This is the result of the fitting. We successfully fitted the measured data with in errors.



In the previous studies performed by KMA,

Due to the lack of the pressure range, K’ have been fixed. 

However in this study, we can determined K’ with the other parameters at once by the

Broad and precise P-V-T datasets. 



DiscussionDiscussion
Comparison with Previous Experiments

Parameters

V0 (Å3)

KT0 (GPa)
K'T
(∂KT/∂T)P (GPaK-

1)

a (10-5K-1)
b (10-8K-2)
c (K)

This study (MS)

162.35 (fixed)

247.3(18)
4.20(10)
-0.030(3)

2.46(14)
1.05(15)
0 (fixed)

Fiquet et al. (2000)

162.3 (fixed)

259.5(9)
3.69(4)

-0.017(2)

2.18(12)
0.11(8)

0 (fixed)

Funamori et al. (1996)

-

261 (fixed)
4 (fixed)
-0.028(3)

1.982
0.8(3)
0.5 (1)

Consistent with Funamori et al. (1996)/ SD-KMA
in temperature coefficients
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This is the comparison of the parameters with previous studies, and there are some topics in this table



At first, we obtained relatively small bulk modulus, 

which is consistent with recently reported result by Brillouin scattering measurements.



The next

In the dK/dT and thermal expansion coefficient, our result

Is consistent with Funamori et al.



and, there is a large difference between KMA and LHDAC.



These two parameters are temperature coefficient, and it seems to be difficult for LHDAC to constrain.



DiscussionDiscussion
Comparison with Previous Experiments

Parameters

V0 (Å3)

KT0 (GPa)
K'T
(∂KT/∂T)P (GPaK-

1)

a (10-5K-1)
b (10-8K-2)
c (K)

This study (MS)

162.35 (fixed)

247.3(18)
4.20(10)
-0.030(3)

2.46(14)
1.05(15)
0 (fixed)

Fiquet et al. (2000)

162.3 (fixed)

259.5(9)
3.69(4)

-0.017(2)

2.18(12)
0.11(8)

0 (fixed)

Funamori et al. (1996)

-

261 (fixed)
4 (fixed)
-0.028(3)

1.982
0.8(3)
0.5 (1)

Difference in T-coefficients in KT and α0
between SD-KMA and LHDAC
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This difference causes a impressive result in the volume at high temperature conditions.

 





MgSiO3-perovskite
High-T  Birch-Murnaghan
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Calculated isothermal compression curves by Fiquet et al. (2000) are over plotted to our results

Red bold lines show Fiquet et al.



Room temperature isotherms show good agreement, but

We can see the systematic difference at 1500 K. 



It’s not easy to distinguish, but

Fiquet et al.’s 1500 K isotherm is completely overlapping our 1300 K. 

This difference indicate that LADAC over estimate 200 K, or KMA under estimate 200 K. 





This systematic difference is empathizes at higher temperature.

Comparing at 2100 K, the difference reaches about 600 K. 



It is difficult to say which is the true, but 

We carried out the systematic P-V-T measurements in high precision, and 

Our dataset is suitable to estimate the temperature dependences 

in bulk modulus and thermal expansion. 







SummarySummary

• SD-KMA can generate >75 GPa
with its original advantages

High stability in P-T generation
Precise measurements

• P-V-T EOS of lower mantle phases
can be determined by SD-KMA

MgSiO3 -Pv has large thermal expansion
Accelerates the thermal convection in the lower mantle
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This is the summary of my presentation.



At first,

Now Kawai-type apparatus is capable to generate above 75 GPa, and 

Especially up to 60 GPa, high-temperature experiments are carried out similar to

General “multi-anvil” experiments. 



Second,

I also presented the result of the application of the SD techniques, and 

Show the ability of SD-KMA as a lower mantle simulator.

Our results indicate MgSiO3-Pv has larger thermal expansivity even at high-pressure

Than considered from LHDAC experiments. 

This difference will give some influence to discuss the thermal convection in the lower mantle,

Such as plume upwelling or fate of the stagnant slab. 







Experimental DetailExperimental Detail
High-Pressure Cell Assembly



DiscussionDiscussion
Comparison with Previous Studies

・ Funamori et al. (1996)/ KMA up to 30 GPa, 2000 K
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P-scale ComparisonP-scale Comparison

AFbm/ Fei et al. (2007) -Birch-Murnaghan; AT/ Tsuchiya (2003); AS/ Shim et al. (2002); 
AA/ Anderson et al. (1989); AJ/ Au of Jamieson et al. (1982); MS (fm)/ Speziale et al. (2001) -Fei’s method;
MM/ Matsui (2000); MJ/ MgO of Jamieson et al. (1982).
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ResultResult
P-V-T measurements

MgSiO3-perovskite
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Fitting this P-V-T dataset to an equation of state, such as high-temperature Birch-Murnaghan,

We can obtain the thermoelastic parameters indicated by blue under lines.
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Previous P-V-T Measurement (in the stability field)
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So we carried out the precise P-V-T measurements in this no data region.
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