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Presentation Notes
I’d like to talk about standard-free pressure calibration of MgO at high pressures and high temperatures from ultrasonic measurements of MgO.  I first acknowledge to Auke Barnhonn and Ian Jackson for supplying the MgO sample used here, and to Baosheng Li and Robert Liebermann for their advice on ultrasonic measurement in multi-anvil apparatus.  



Problem in determining P-V-T equation of state (EoS)

P = 3KT 0 (1+ 2ε)5 / 2ε(1+ 3(K 'T 0 −4)ε /2)
ε = (V0 /V )2 / 3 −1{ } 2

Elastic wave velocity measurement + X-ray diffraction experiment
→Ks, unit cell volume without pressure scale
→Standard-free P-V-T EoS

Birch-Murnaghan equation of state

Determination of P-V-T EoS by high-pressure X-ray diffraction study 
uses pressure calculated from previously reported EoS

→The P-V-T relation depends on previous pressure scale.

In order to determine correct pressure from P-V-T EoS, 
we need to establish P-V-T EoS without pressure scale.  
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Pressure is one of the most crucial uncertainties in high-pressure X-ray diffraction studies.  Pressure is usually determined by P-V-T equation of state of standard materials.  However, the determination of P-V-T equation of state by high-pressure X-ray diffraction study use pressure, which calculated from previously reported equation of state. This is an example of P-V-T relation of platinum determined by Fei et al. (2004).  They determined equation of state of platinum with using pressures calculated from the equation of state of MgO.  As a result, the P-V-T relation depends on previous pressure scale.  In order to determine correct pressure from equation of state, we need to establish P-V-T equation of state without pressure scale.  Considering Birch-Murnaghan equation of state, pressure is calculated from measured unit cell volume with using  isothermal bulk modulus and its pressure derivative.  Therefore, direct measurement of bulk modulus from elastic wave velocity measurement combined with measurement of unit cell volume by X-ray diffraction experiment enable to establish P-V-T equation of state without using pressure scale.  



Standard-free pressure calibration from elastic wave velocity measurement

Zha et al. (2000)
Mueller et al. (2003) 
Li et al. (2005)

Li et al. (2006)
This study

Method
Brillouin scattering
Ultrasonic
Ultrasonic

Ultrasonic
Ultrasonic

Temperature
300 K
300 K
300 K

300 K
1650 K

Pressure
55 GPa
~8 GPa
20 GPa

11 GPa
18 GPa

Sample
MgO
NaCl

Ferropericlase
Wadsleyite

MgO
MgO

No standard-free pressure calibration has been carried out
at high temperatures.
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Such standard-free pressure calibration has been carried out using Brillouin scattering or ultrasonic measurement combined with X-ray diffraction experiment.  In particular, Zha et al. (2000) measured elastic wave velocity up to 55 GPa.  But, these study determined pressure-volume relation only at 300 K, no standard-free pressure calibration has been carried out at high temperatures.  Here we carried out ultrasonic measurements of MgO combined with X-ray diffraction experiment up to 18 GPa and 1650 K.  



Elastic wave velocity measurement at BL04B1, SPring-8
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The high-pressure X-ray study was carried out at BL04B1 beamline at SPring-8, Japan.  This is a schematic illustration of experimental setup.  Elastic wave travel time was determined from the delay time of the reflected signal from the front of sample and he back end of the sample.  Sample length at high pressures and temperatures was directly measured using the X-ray radiography image. And then we determined elastic wave velocities from the travel time and sample length. We carried out X-ray diffraction measurement of MgO sample, and determined unit cell volume of MgO.  





Experimental results

The pressures are temporally calculated
from the EoS of Anderson et al. (1989)
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These are the experimental results of Vp, Vs, V over V0 of MgO as a function of pressure.  Our experiment was carried out up to 1650 K. Using the observed P- and S-wave velocities and V/V0, we made pressure calibration for MgO.  



Determination of isothermal bulk modulus without pressure
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In the standard-free pressure calibration process, we first determined adiabatic bulk modulus from the measured density, Vp and Vs.  In order to determine isothermal bulk modulus, we can use these two equation.  One is the equation that the isothermal bulk modulus is calculated from adiabatic bulk modulus using thermal expansion coefficient and gruneisen parameter. And another is finite strain equation for isothermal bulk modulus which determine Kt with zero pressure Kt (Kt0), pressure derivative of Kt and measured V/V0.  Using these two equations, we can directly determine Kt0 and Kt’ without pressure. In this study, we introduced temperature dependence of Kt’.   In this calculation, we fixed zero pressure thermal expansion coefficient and zero pressure Gruneisen parameter and its volume dependences, and then we determined Kt0, Kt0’ and temperature derivative of Kt and its mixed derivative.



KT0 and K’T0 of MgO

Ultrasonic
This study
Li et al. (2006)

Brillouin scattering
Zha et al. (2000)

P-V relation
Speziale et al. (2001)

MD simulation
Matsui et al. (2000)

Shock wave
Vassilou &Ahrens (1981)

KT0

160.6 (5)
161.3

160.2 (7)

160.2 (fix)

161

162.7 (fix)

K’T0

4.30 (6)
4.24

4.03 (3)

3.99 (1)

4.1

4.27 (24)
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This is a comparison of our determined Kt0 and KT0’ with previous results.  We observed a comparable Kt0 value in this study and previous studies, but KT0’ is slightly higher than that determined by Zha et al. (2000),  Speziale et al. (2001) and Matsui et al. (2000).  In contrast, our determined KT0’ is relatively comparable to that of Li et al. (2006) and Vassilou and Ahrens (1981).  



Pressure calculation

High-temperature third-order Birch-Murnaghan EoS
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These are the parameters determined here.  Using these parameters, we calculated pressure with high-temperature Birch-Murnaghan equation of state.  



Standard-free P-V-T relation of MgO

Presenter
Presentation Notes
This figure shows standard-free P-V-T relation of MgO.  The plots are experimental data points and the lines are calculated from the determined equation of state.  The data shows our experimental condition is up to around 18 GPa and 1650 K. Next, we compare our P-V-T equation of state of MgO with those of previous studies.  



Standard-free P-V relations of MgO at 300K
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I first compare our standard-free P-V relations of MgO at 300 K with those of Li et al. (2006) and Zha et al. (2000).  Our data shows excellent agreement with Li et al. (2006) and show difference of pressure up to 0.2 GPa at the pressures to 58 GPa.  We also identified our determined pressure is comparable to that of Zha et al. (2000) at low pressure conditions to around 30 GPa, but at higher pressure the difference in pressure increase with increasing pressure and it reaches to around 2 GPa at 58 GPa.  



Bulk sound velocity (Vø) from ultrasonic measurement and Brillouin scattering
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In order to investigate the cause of difference, we compared our measured bulk sound velocity (Vø) with those of Li et al. (2006), Sinogeikin and Bass (2000) and Zha et al. (2000).  Because Zha et al. (2000) have not shown the experimental values, we calculated Vø-V/V0 relation from the Vø-Pressure relation and P-V relation.  Our data shows good agreement with Li et al. (2006) same as the P-V relation.  In contrast, the data determined by Brillouin scattering tend to have lower value than those of ultrasonic measurements. The Vø values have the difference up to 1.6 %.   However, according to the figure of Zha et al. (2000), they shows significantly large uncertainties around 4 %.  Considering these uncertainties, the data from ultrasonic measurements and Brillouin scattering are comparable in the pressure range of ultrasonic measurements. And therefore, in order to clarify this issue, we need further ultrasonic measurement at higher-pressures.  





P-V-T relations of MgO (This study vs Previous studies)
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This is a comparison of P-V-T relation between this study and Speziale et al. (2001) and Matsui et al. (2000).  The data shows good agreement at 300 K, but at 1650 K we observed different pressure between this study and Speziale et al. (2001).  The equation of state of Speziale et al. (2001) calculated higher pressures than our equation of state.  The difference in pressure is around 0.8 GPa.  These difference in determining pressure among these equation of state should influence on experimental results of high-pressure X-ray diffraction studies.  



Phase transition of Mg2 SiO4 at the mantle transition zone
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In order to test the influence, we recalculated the pressure of phase transition in Mg2SiO4 at the mantle transition zone condition.  Previously, Katsura et al. (2004) determiend olivine-wadsleyite transition boundary by using the equation of state of Matsui (2000), and Fei et al. (2004) determined ringwoodite-perovsikite boundary using the equation of state of Speziale et al. (2001).  We recalculated these results using our determined standard-free P-V-T equation of state of MgO. 

This results shows that olivine-wadsleyite and ringwoodite-perovskite boundary placed at lower pressure than Katsura et al. (2004) and Fei et al. (2004). In addition, we identified the slope of ringwoodite-perovsikite boundary shows marked difference between this study and Fei et al. (2004).  Our observed slope for olivine-wadsleyite and ringwoodite-perovskite transition is 3.5 and -2.1.  These values well corrspond to those observed from calorimetric study of Akaogi et al. (2007).  With considering the geotherm from Brown and Shankland (1981) and taking account of effect of iron on the phase transitions, the olivine-wadsleyite well matches 410 km discontinuity.  But, ringwoodite-perovskite transition does not match 660 km discontinuity, and rinwoodite-perovskite transition takes place at shallower part than 660 km discontinuity.  



Conclusion

We determined standard-free P-V-T equation of state of MgO, and recalculated
phase boundary of Mg2 SiO4 under the P-T condition of the mantle transition zone.

Recalculated phase boundary of Mg2 SiO4 show

-olivine-wadsleyite transition corresponds to 410 km discontinuity
if we take account of the effect of iron of Mg#=~90-93.

However,
-ringwoodite-perovskite transition locates at ~620 km depth and is difficult
to cause 660 km discontinuity.
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In conclusion, we determined standard-free P-V-T equation of state of MgO, and recalculated phase boundary of Mg2SiO4 under the P-T condition of the mantle transition region.  The recalculated phase boundary of Mg2SiO4 show olivine-wadsleyite transition corresponds to 410 km discontinuity, but ringwoodite-perovskite transition locates at around 620 km and is difficult to cause 660 km discontinuity at the mantle transition zone.  



Determination of isothermal bulk modulus without pressure
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In order to determine isothermal bulk modulus, we can use two equation.  One method is the calculation from adiabatic bulk modulus using thermal expansion coefficient and gruneisen parameter, and another is finite strain equation which determine Kt with zero pressure Kt (Kt0), pressure derivative of Kt and V/V0.  Using these two equations, we can directly determine Kt0 and Kt’ without pressure.  Kt0 at high temperatures was determined using temperature derivative of Kt.  

In addition, we introduced temperature dependence of Kt’ in this equation.  Zero pressure thermal expansion coefficient and zero pressure Gruneisen parameter and its volume dependence was fixed with the values of Dubrovinsky and Saxena (1997) and Speziale et al. (2001), respectively, and then we determined Kt0, Kt0’ and temperature derivative of Kt and its mixed derivative.





Determination of isothermal bulk modulus without pressure
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In order to determine isothermal bulk modulus, we can use two equation.  One method is the calculation from adiabatic bulk modulus using thermal expansion coefficient and gruneisen parameter, and another is finite strain equation which determine Kt with zero pressure Kt (Kt0), pressure derivative of Kt and V/V0.  Using these two equations, we can directly determine Kt0 and Kt’ without pressure.  Kt0 at high temperatures was determined using temperature derivative of Kt.  

In addition, we introduced temperature dependence of Kt’ in this equation.  Zero pressure thermal expansion coefficient and zero pressure Gruneisen parameter and its volume dependence was fixed with the values of Dubrovinsky and Saxena (1997) and Speziale et al. (2001), respectively, and then we determined Kt0, Kt0’ and temperature derivative of Kt and its mixed derivative.





Ks
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MgO is important mineral in terms of Earth science and high-pressure X-ray diffraction studies.  It is known that MgO is the end-member of the lower mantle constituents, and therefore understanding the elastic wave velocity contribute to clarifying the seismological structure of the Earth’s lower mantle.  In contrast, MgO is frequently used as pressure standard in high-pressure X-ray studies.  Direct measurement of bulk modulus leads standard-free P-V-T equation of state and resultant standard-free pressure calibration.  



Determination of isothermal bulk modulus without pressure
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In order to determine isothermal bulk modulus, we can use two equation.  One method is the calculation from adiabatic bulk modulus using thermal expansion coefficient and gruneisen parameter, and another is finite strain equation which determine Kt with zero pressure Kt (Kt0), pressure derivative of Kt and V/V0.  Using these two equations, we can directly determine Kt0 and Kt’ without pressure.  Kt0 at high temperatures was determined using temperature derivative of Kt.  

In addition, we introduced temperature dependence of Kt’ in this equation.  Zero pressure thermal expansion coefficient and zero pressure Gruneisen parameter and its volume dependence was fixed with the values of Dubrovinsky and Saxena (1997) and Speziale et al. (2001), respectively, and then we determined Kt0, Kt0’ and temperature derivative of Kt and its mixed derivative.





Zha et al. (2000)

Zha et al. (2000)
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In order to determine isothermal bulk modulus, we can use two equation.  One method is the calculation from adiabatic bulk modulus using thermal expansion coefficient and gruneisen parameter, and another is finite strain equation which determine Kt with zero pressure Kt (Kt0), pressure derivative of Kt and V/V0.  Using these two equations, we can directly determine Kt0 and Kt’ without pressure.  Kt0 at high temperatures was determined using temperature derivative of Kt.  

In addition, we introduced temperature dependence of Kt’ in this equation.  Zero pressure thermal expansion coefficient and zero pressure Gruneisen parameter and its volume dependence was fixed with the values of Dubrovinsky and Saxena (1997) and Speziale et al. (2001), respectively, and then we determined Kt0, Kt0’ and temperature derivative of Kt and its mixed derivative.





P-V-T equation of state of Au (high-temperature third-order Birch-Murnaghan EoS)
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In addition to the equation of state of MgO, we determined equation of state of gold with standard-free pressure from MgO.  In this calculation, we combined the data of simultaneous measurement of unit cell volume of MgO and gold in Inoue et al. (2006) and Fei et al. (2004) and we fixed Kt0 of 166.44 from ultrasonic measurement of gold of Song et al. (2007).  



KT0 and K’T0 of Au

Ultrasonic
Song et al. (2007)

P-V(-T) relation
This study
Shim et al. (2002)
Heinz & Jeanloz (1984)

First-principle calculation
Tsuchiya (2003)

KT0

166.44

166.44 (fix)
167 (fix)
167 (11)

166.7

K’T

6.56

6.3 (2)
5.0 (2)
5.5 (8)

6.12
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This is a comparison of our determined Kt0 and KT0’ for gold with previous results.  Our observed KT’ is higher than that of Shim et al. (2002) and Heinz & Jeanloz (1984), but is comparable to ultrasonic study of Song et al. (2007) and First-principle calculation of Tsuchiya (2003).  



P-V-T relations of Au (This study vs Previous studies)
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This is a comparison of P-V-T relation between this study and Tsuchiya et al. (2003), Shim et al. (2002) and Anderson et al. (1989).  Our determined pressure at 300 K is comparable to that of Tsuchiya et al. (2003), while is higher than that of Shim et al. (2002) and Anderson et al. (1989).  The difference between this study and Shim et al. (2002) is about 1.5 GPa at around 23 GPa.  In contrast, at 1650 K our determined pressure is comparable to that of Shim et al. (2002).  Tsuchiya (2003) calculated lightly higher pressure than our results, and Anderson et al. (1989) calculate pressure around 0.8 GPa lower than ours at around 23 GPa.  



Phase transition of Mg2 SiO4 at the mantle transition zone
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This figure shows the recalculated phase boundary of Mg2SiO4 at the P-T condition of the mantle transition zone. We used the data of previous high pressure experiments and recalculated the pressure using our determined equation of state. This results shows that olivine-wadsleyite and ringwoodite-perovskite boundary placed at lower pressure than Katsura et al. (2004) and Fei et al. (2004). We identified the slope of ringwoodite-perovsikite boundary tilts.  Our observed slope for olivine-wadsleyite, wadsleyite-ringwoodite, ringwoodite-perovskite transition is around 3.5, 5.2 and -2.5.  These values well corrspond to those observed from calorimetric study of Akaogi et al. (2007).  With considering the geotherm from Brown and Shankland (1981) and taking account of effect of iron on the phase transitions, the olivine-wadsleyite and wadsleyite-perovskite transition well matches 410 km and 520 km discontinuity.  In contrast, ringwoodite-perovskite transition does not match 660 km discontinuity, and rinwoodite-perovskite transition takes place at shallower part than 660 km discontinuity.  
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