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Abstract

Thermal conductivityh and thermal diffusivity« have been measured simultaneously for garnetsbsGriSpr) and
olivine (FmysFay) single crystals up to 8.3 GPa and 1100 K by using a pulse heating method. Anisotropy of thermal conduction
is investigated along the three crystallographic axes, [100], [01 0], and [00 1] in olivine. The pressure dependgoce of
dink/dP, is determined to be 0.03-0.04 GBdor the three crystallographic direction in olivine and 0.03 GPfr garnet,
while dinA/dP is determined to be-0.04 GPa for olivine and 0.03 GPa! for garnet. The anisotropy in thermal diffusivity
or thermal conductivity of olivine is clearly observed in the present experimental range of pressure and temperature. Itis likely
that the anisotropy in thermal conduction would be maintained throughout the olivine stability field in the mantle down to
410 km depth. Heat capacities of olivine and garnet are calculated from the presehit Both the present heat capacities of
olivine and garnet are consistent with the previously reported values within 5%. Those obtained for the three crystallographic
direction in olivine are also consistent with each other within 6%. Further, the effect of basalt—eclogite transition on heat
transportation is discussed based on the present results for garnet. It implies that the eclogite layer of the slab transmits thermal
energy more effectively than the upper basaltic layer.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction and Jeanloz, 1997; Hofmeister, 1999; Cohen, 2000
Nevertheless, our knowledge of thermal conduction
Thermal conductivityr and thermal diffusivityx of the mantle phases is still insufficient to simulate

of mantle materials are of vital importance for under- heat transportation in the mantle, in particular under
standing the thermal state and the dynamics nature ofhigh-pressure and high-temperature conditions.
the Earth’s interior. Several investigations have been ~ Thermal conductivity or thermal diffusivity mea-
published on experimental measurements. @nd « surements under high pressure were conducted by
for mantle phases and rocks. Recentlynd its pres- using cylindrical heat flow or linear heat flow. A
sure derivative for several mantle phases have alsocylindrical sample assembly has frequently been used
been estimated by theoretical approaches (¢anga in measurement of and« under high pressure (e.g.
Fujisawa et al., 1968; Beck et al., 1978; Katsura,
mpondmg author. Tel81-3-5332-7174: 1995. Due t.o the requirement of axigl symmetriq
fax: +81-3-3364-7104. heat flow, this method cannot be applied to investi-
E-mail address: sako@kahaku.go.jp (M. Osako). gate anisotropy in thermal conduction. On the other
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hand, thermal conductivityh of mantle materials
were measured under high pressure by means of x
a one-dimensional thermal conduction experiment.

Yukutake and Shimada (1978neasured thermal s r
conductivity of stishovite and periclase up to 4GPa "™ ¥ [F——=d3 < heater B w

sample xX=13

in a cubic multi-anvil apparatusScharmeli (1982) T
conducted measurement (,)n single crystal olivine up Fig. 1. A pulse heating method for measurement of thermal con-
to 2.5GPa in a piston-cylinder apparatus. It should gyciivity and thermal diffusivity aftebzhavadov (1975)Letft fig-
be noted, however, that relatively large sample iS ure shows basic configuration of the samplghe total height of
required in those methods to accommodate multiple the three sample diskss the area of the heatek the position
thermocouples in the sample. Therefore, they are not from the bottom of the sample (the heater iscat d/3, and the
suitable for high-pressure phases of limited size. thermocouple is at = 2/3). Temperature chang&T caused by
. ¥ impulse heating with a power A&V is monitored by the thermo-
A pulse method of ‘one-dimensional sample con- oypie (right figure), where is the duration of pulse heating, and
figuration was developed bpzhavadov (1975)he t the time from onset of the heating.
measuredir and « simultaneously for a relatively
large Teflon sample (3.5 mm in thickness and 20 mm
in diameter). This method is applicable not only to
measurement of material anisotropic in thermal con-
duction, but also to obtain information on heat capac- 2Wd T2
ity under high pressure. We have tried to substantially A= 7208’ =2 )
reduce the sample size so that the technique become
applicable to mantle materials and high-pressure whereW is the power of the impulse heatin§,the
phases of limited size. We selected natural garnet andarea of the heateEq. (1)is derived under the bound-
olivine as the samples of the present study. Garnet ary condition of constant temperature at the both sam-
is accepted as major constituent in the upper mantle ple ends DPzhavadov, 1976 As the series (1) fonT
and the transition zone and is isotropic in thermal converges rapidly, summation up 0= 10 yields
conduction. Measurement along different crystallo- very accurate value for the present experimental con-
graphic direction in olivine should be a good test for dition. In the present work, the parametéxsand B
anisotropy of thermal conduction. are determined through the least square fitting of the
experimental data by meansB§. (1)up ton = 15.
We prepared natural single crystals samples of gar-
2. Experimental net and olivine for measurements ofand 1. The
garnet samples from Bahia, Brazil have a composi-
Fig. 1shows the basic concept of the present exper- tion of 73% almandine and 25% pyrope, 1% grossu-
imental technique. The sample consists of three thin lar and 1% spessartine components from microprobe
identical disks. An impulse heater is placed on one analysis. The garnet crystals were cut so that the sur-
interface between the disks, and a thermocouple is in- face was perpendicular to one of the crystallographic
serted on the other interface. The thermal disturbance axes. The olivine samples from northern Pakistan ex-
caused by impulse heating is monitored by the ther- hibited a euhedral shape with a composition of 93%

AT

of the three sample disks, andhe duration of heating
pulse. The quantitied andB are defined as follows:

mocouple. The temperature variationT at the posi- forsterite and 7% fayalite from microprobe analysis.

tion of the thermocouple is expressed as The single crystals were cut perpendicularly to the
. three crystallographic axes, [100], [01 0], and [00 1].

AT = Azi sinZ sin”™ exp(—n2BY) The accuracy of the cutting was within 0.5\ stack-
n:lnz 3 d ing of three identical disks of the sample was used

for one measurement. The dimensions of each disk
were 4.3 mm in diameter and0.35 mm in thickness.
wheret is time from the onset of heatingthe position The three disks were polished to have same thickness
measured from the end of the sampléhe total height within 0.002 mm.

x[exp(n®Br) — 1] : (t > 7) (1)
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Fig. 2. Cross section of the sample assembly. Top views of thermocouple and impulse heater are also. The flat thermocouple has a thickness
of 0.03mm and a width of 0.3 mm, and the impulse heater has a thickness of 0.03 mm. Although the circuit pattern of impulse heater is
shown schematically, the stripe of the impulse heater circuit is folded 20 times.

The high-pressure experiments were performed in flow caused by impulse heating passes through the
a Kawai-type high-pressure apparatus (SHP-1000) at sample disk, and the corresponding transient signal is
the Institute for Study of the Earth’s Interior. A mag- observe by the thermocouple as a hump on the emf
nesia octahedron with an edge-length of 18 mm was of the ambient temperature. Nickel blocks contacted
used as a pressure medium in tungsten carbide anvilsto the sample serve as heat sink, which is critical to
with a truncation edge length of 11 mm. Calibration of keep the constant temperature boundary condition. A
sample pressures to hydraulic oil pressure is based onzirconia sleeve and blocks surrounding the assembly
the Bi |-l (2.54 GPa) and Bi llI-IV (7.8 GPa) transi- serve as thermal insulator for heating of the sample.
tions. The calibration runs were made using a similar The sleeve effectively restricts lateral heat flow to re-
setup to that of the actual run. alize one-dimensional hear flow in the sample.

Fig. 2 shows a view of the whole cell assembly Measurements were conducted at pressures up to
used in this study. The ambient temperature of the 8.3 GPa and attemperatures up to 1100 K. The ambient
sample consisting of three thin disks is controlled temperature is maintained by the main heater operated
by the two plate heaters and the sample temperatureby a dc power supply to eliminate inductive noise.
was monitored by a thin flat chromel-alumel thermo- This is essential to achieve resolution-e0.1uV in
couple (0.03mm in thickness and 0.3mm in width) the signal (20-10Q.V) generated by impulse heating
inserted between the sample disks. A small heater on the thermocouple emf.
made of nickel-chromium (3.8 mm in diameter and Fig. 3shows the schematic diagram of the measure-
0.03mm in thickness) is placed at the other interface ment and a temperature profile on the storage oscil-
of the sample disks to perform impulse heating. The loscope. Averaging 64, 128, or 256 acquisitions was
heater which contains photo-etched slots is effective carried out for the digital records of the oscilloscope
to achieve uniform and nearly one-dimensional heat- to reduce random noise. The direction of the dc im-
ing over a cross section of the sample. Transient heat pulse current was inverted one after the other on data
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Fig. 3. Schematic diagram of the measurement (left) and a record of oscilloscope display (right) in which an input impulse and the
resulted temperature profile are exhibited. One division on the vertical scale is 5mV for the thermocouple and 5.0V for the impulse. The
horizontal scale is 10 ms per a division. Although the initial part of the temperature profile is disturbed by induction noise from the current
of the impulse heater, it does not affect the measurements. The gain of the dc amplifier is 60dB. The top height of the temperature profile
corresponds to~1K. The demonstrated profile yields= 415Wnm 1K1 and«x = 1.51 x 10°°m?s1 for impulse heating of 22.1W

input power with a duration of 3.96 ms.

acquisition to cancel the inductive noise caused by the « in Table 3(Osako, 199y and the heat capaci@p

impulse heating current. (Watanabe, 1982at atmospheric pressure. The aver-
agedx and A values after the adjustment are shown
by the heavy dash-dotted lineSig. 4), and tabulated

3. Results and discussion in Table 1 Parameters for linear fitting of and A
3.1. Garnet 4 L L 8
2 13

Thermal diffusivityx and conductivityr of garnet E %
obtained in three runs at room temperature as func- & f’T
tions of pressure are shownhig. 4. Changes in sam- = %
ple size during compression were corrected by using .2 &
the compression data &ato et al. (1978)Thex and £ =
2 data obtained in each run are well fitted to the lin- = =
ear line with respect to pressure, and are connected E §
with thin solid lines Fig. 4). Errors attached to each £ Gamet (India) 293 K 1 =
data point ofc (ca. 2%) are caused mainly from those —
associated with the uncertainty of sample thickribss T s s
and the least-square fitting procedures. On the other Pressure (GPa)

hand, errors of. (ca. 3%) are caused by uncertainty
of heating aress and powerw besides by those of Fig. 4. Thermal diffusivity (circles) and thermal conductivity
d and the fitting procedures Somewhat Iarge system- (squares) of garnet vs. pressure. Measurements were performed

. . g ” at slight different temperature, 293-297 K. Thermal diffusivity
atic variations ink and A values among the differ-  and thermal conductivity. were obtained simultaneously for each

ent runs are inferred to be due to slight movement run. The results for the three separate runs are specified by open,
of the heater and thermocouple relative to the sample half-closed and closed symbols. Dash-dotted lines are averaged
disks during the initial compression Measurements thermal diffusivity and thermal conductivity at 293 K. The dot-
were actually carried out at slightly d.iﬁ‘erent temper ted circle at zero pressure is a reference thermal diffusivity of a

) garnet with a similar composition measured using the Angstrém
atures of 293-297 K. The and values are adjusted  method Osako, 199), and the dotted square indicates thermal

to those at 293 K by using the temperature variation of conductivity of natural almandineHprai, 1973.



Table 1
Thermal diffusivity « and thermal conductivity. of olivine and garnet at high pressurBsand at various temperaturds

x andA at 293K dine/dP « and . at 8.3GPa
dinx/dP
P (GPa) (Gpa—l) T (K)
0 2 4 6 8 10 400 600 800 1000
Olivine Foy3
[100] « (10%m?s1) [250 (7)] 2.67 (9) 2.86(10) 3.05(12) 3.27 (14) [3.49 (16)] 0.033 (5) 228 (22) 150 (18) 1.11(15) 0.87 (14)
A (WmK-1) [6.61 (29)] 7.12 (35) 7.68 (42) 8.29 (49) 8.94 (57) [9.64 (66)] 0.038 (5) 7.13 (50) 5.39 (40) 4.52 (34) 4.00 (3(’31)
[010] « (10%m?s1) [1.53(8)] 1.66 (10) 1.80 (12) 1.95 (14) 2.11 (16) [2.28 (20)] 0.040 (7) 1.43 (13) 0.91 (10) 0.65(9) 0.50 (
A (WmK-1 [3.95 (22)] 4.30 (26) 4.67 (30) 5.08 (35) 5.53 (41) [6.02 (47)] 0.042 (5) 4.28 (49) 3.13 (39) 2.56 (34) 2.21 ()
[001] « (10®m2s1) [2.16 (7)] 2.32(9) 2.48(11) 2.66 (13) 2.85(15) [3.05 (18)] 0.035 (3) 2.05 (23) 1.36 (18) 1.01 (16) 0.80 (ﬁ\S)
A (WmK™1) [5.91 (21)] 6.33 (24) 6.78 (27) 7.26 (31) 7.78 (35) [8.34 (39)] 0.034 (5) 6.40 (38) 4.96 (30) 4.24 (27) 3.81 (2#)

G.
Garnet
k (108m2s1) [1.19(4)] 129(5) 1.38(6) 147 (7) 156 (7) [1.66(8)] 0.029 (1) (at 8GPa) 1.23 (16) 0.91 (13) 0.76 (11) 0.66 (ghO)
A (WmK™1) [3.48 (15)] 3.80 (18) 4.12 (20) 4.44 (23) 4.76 (25) [5.08 (28)] 0.034 (2) (at 8GPa) 3.77 (30) 3.19 (25) 2.89 (22) 2.72 1)
@D

The figures in square brackets are extrapolated values based on the present data. Pressure derivatives are also given.

02e-TTE (¥002) PYI-EPT Siolew| Arepue|d pue yle3

Table 2
Coefficients of fitting parameters of thermal diffusivityand thermal conductivity.
Garnet Olivine
k = ap+ a1P Kk =Cy + C/T k = boexpbiP) Kk =Co + C/T
a (10%m?2s)y a (10%m?s1GPal) ¢ (10°m?s) ¢ (10 8m?s 1K) bp (108m2s™ 1) by (GPal) ¢ (108m?s1) ¢ (108m?s 1K)
1.19 (6) 0.046 (1) 0.29 (6) 374 (31) [100] 2.50 (4) 0.033 (5) —0.06 (11) 938 (46)
[010] 1.53 (6) 0.040 (7) —0.13 (8) 626 (45)
[001] 2.16 (14) 0.035 (3) —0.03 (17) 832(98)
A = Ao+ AP L =Co + CJT A = BoexpBi1P) L =Co + CJT
Ao Wm™IK-Y) Ay WmiK-1GPal) Co Wm 1K1Y ¢ (Wm) Bo Wm™1K-1) B (GPal) CoWm1K1) ¢C3wWm
3.48 (33) 0.160 (26) 2.01 (8) 704 (43) [L00] 6.61 (13) 0.038 (5) 1.91 (28) 2088 (163)
[010] 3.98 (15) 0.042 (5) 0.84 (36) 1377 (157)
[001] 5.91 (25) 0.034 (5) 2.08 (38) 1731 (86)

ST€
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Fig. 5. Thermal diffusivity and thermal conductivity of garnet vs.
temperature at 8.3 GPa. Dash-dotted and dashed lines correspond 12 T A T T T T T T
to values at 0 GPa by an Angstrém method. :
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are listed inTable 2 The extrapolated value af to
zero-pressure agrees well with that determined by the
Agstrom method @sako, 199Y, and the extrapolated

A is consistent with that bidorai (1971)

Fig. 5shows temperature dependence @inda of
garnet at 8.3 GPa. Corrections for length were made
using thermal expansion data (c). Data for beténd
A are fitted to an empirical forneg +c¢1/ T, wherecy
andc; are fitting parameters aridis absolute temper-
ature. The values are tabulatedTiable 1and the pa-
rameters listed iTable 2 The temperature derivatives
for both « and A diminish with increasing tempera-
ture, as observed at zero-pressure in previous studies ()
(Kanamori et al., 1968; Osako, 1997

Thermal conductivity (Wm™

0 2 4 6 8 10
Pressure (GPa)

Fig. 6. (a) Thermal diffusivitiex of olivine vs. pressure at room
temperature. Measurements were performed at slightly different
temperature, 290-298 K. Symbols of circles, squares and triangles
denote measurements for [L100], [010] and [00 1] axes, respec-
tively. Two or three runs were carried out for each crystallographic
axis. Dash-dotted lines indicate adjusted data for 293 K. Dotted
symbols at 0 GPa are thermal diffusivities at zero pressure are de-
termined by the Angstrém metho®$ako, 199y, Heavy dashed

3.2. Olivine

Thex andA values of olivine at room temperatures
are plotted against pressurefig. 6a and prespec-
tively. The changes of the sample sizes during com-
pression were Co.rr_eCted using recent compre§S|on dat‘fj‘ine indicates averaged for the three axes; its pressure deriva-
for San Carlos olivine by ha et al. (1998)Magnitude tives are close to those reported Bgtsura (1995)for olivine
and sources of the errors are similar to those for gar- polycrystalline aggregate but much lower than that reported by
net. Two or three high_pressure measurements wereFujisawa et al. (1968jor forsterite. (b) Thermal conductivities
carried out for each crystallographic axis. The data are Vs. pressure at room temperature compared with previous re_su_lts.
better fitted to an exponential expression with a con- Each symbols corresponds to the same run of thermal diffusivity

e - p_ p > -~ measurements. Dash-dotted lines show adjusted values at 293 K.
Stal’lt pressure de”vatlve than tO the |Ineal’ I’e|at|0n N Heavy dashed line indicates a\/era@edor the three axes; ther-
the cases of garnet, and are connected with thin solid mal conductivity at zero pressure is calculated from the thermal
lines in Fig. 6aand b. Variations over the different diffusivity and heat capacityWatanabe, 1992



M. Osako et al./Physics of the Earth and Plan

Table 3

Coefficients of fitting parameters of thermal diffusivityof olivine
(Fogs) and garnet (PyAls;SpGrg) at 0GPa by an Angstrém
method Osako, 199y

Kk =Cy + /T

co (10°8m?2s1) c; (108 m?s71K)

Garnet 0.39 (2) 236 (9)
Olivine
[100] 0.04 (5) 747 (17)
[010] —0.07 (2) 478 (9)
[001] 0.09 (5) 634 (19)

runs are inferred to be originated from similar sources
as in the garnet measurement.

The data at slightly different temperatures (290—
298 K) are adjusted to values corresponding to 293 K
by the same procedure as in the case of garnet. The
averaged value after the adjustment are shown by the
heavy dash-dotted lines for each crystallographic axis
for both« (Fig. 68 andA (Fig. 6b) and are tabulated
in Table 1 The fitting parameters are listedTable 3
The intersections of these lines with the vertical axis
give the room temperature valuessoand that are
very close to the obtained by an Angstrém method at
0 GPa byOsako (1997)n Table 3and thex calculated
by the measured and heat capacity byatanabe
(1982)

The pressure dependencexoin this study, 3-4%
GPa'l, is close to that reported bgatsura (1995jor
olivine polycrystalline aggregate, although the value
of « itself is significantly different, which cannot be

etary Interiors 143-144 (2004) 311-320 317
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explained by the temperature dependence and the ef-Fig. 7. (a) Thermal diffusivity of olivine vs. temperature under

fect of composition Klorai, 197). Measurements of
olivine by Beck et al. (1978show dependence ik

of 5-6% GPal, although the sample orientation in
their experiment is not clearly specified. A theoret-
ical calculation Hofmeister, 1999 predicts pressure
dependence of 4% GPA& for A of olivine. On the
other hand, the pressure dependence i&ported by
Fujisawa et al. (1968jor forsterite shows a much
higher value than that in the present measurements. In
their work the use of thick thermocouples compared
to the diameter of samples may be responsible for the
observed differences. As a result, it can be concluded
that pressure dependencexior A of olivine is close

to 3-4% GPal.

high pressure. Symbols of circles, squares and triangles denote
measurements for [100], [010] and [001] axes, respectively.
Heavy lines are thermal diffusivity at zero pressure obtained by an
Angstrém method ifTable 3(Osako, 199Y. (b) Thermal conduc-
tivity of olivine vs. temperature under high pressure. Each symbol
represents a separate run for the thermal diffusivity and thermal
conductivity measurements.

Temperature dependence wofand A of olivine at
8.3 GPa are shown iRig. 7. Small correction of sam-
ple size due to thermal expansidbuzuki, 197% was
made. Two runs were performed for each crystallo-
graphic axis. The results for each axis are reproducible
within the magnitude of estimated errors except for
those over 1000 K. Data for both and » decreased
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with temperature and are fitted to an empirical form,
co+c1/T, wherecg andc; are fitting parameters and

M. Osako et al./Physics of the Earth and Planetary Interiors 143-144 (2004) 311-320

data Vatanabe, 1982in Table 4 Heat capacities of
olivine calculated for different crystal axis coincide

T is absolute temperature. The values are tabulated inwithin 6%, which support the internal consistency of

Table 1and the parameters listed iable 2 In both
x andx, the values along [100] and [0 0 1] directions

become close to each other with increasing temper-

ature. However the anisotropy in thermal conduction
remains rather large between [0 1 0] and either [L00]
or [00 1] directions even at 1100K.

It is well established that olivine has a high
anisotropy in thermal conductivity at zero pressure
(e.g Kobayashi, 1974Chai et al., 19960sako, 199Y.

In addition, high-pressure measurements Bgck

et al. (1978) have shown olivine remains anisotropic
in thermal conductivity at pressures up to 5GPa,
and those byscharmeli (19825emonstrate it is also
anisotropic at temperatures up to 1500K at 2.5 GPa.
The results in the present study clearly indicate the
olivine remains anisotropic in an extended pressure

range up to 8.3 GPa and temperatures up to 1100K.

It is highly likely, therefore, that the anisotropy in

thermal conduction found in the present study would
be maintained throughout the olivine stability field in
the mantle down to 410 km depth.

3.3. Heat capacity

Heat capacityC can be obtained frora and«:

A

C=—

PK

The boundary condition of the measurement indi-
cates that the calculatétishould be a kind of average
betweenCp and Cy, however the small difference
betweenCp and Cy is negligible in this discus-

3)

the present-measurementscadndi. The heat capac-

ity of olivine and garnet obtained fromand agree
with those observed by calorimetric measurements
within 5%. Thermodynamical considerations indicate
that dC/dP must be negative. The measurecidP for
olivine are comparable with estimation from known
thermodynamic parameters with one order of mag-
nitude, although the positiveQddP determined for
garnet remains for discussion; this may be caused
by somewhat large systematic errorsiiras seen in
Fig. 4 Thus, considering difficulty of calorimetric
study under high-pressure environment, the present
experimental technique is worth to be developed as a
new method to determine heat capacity of mantle ma-
terials at high pressure and its pressure dependence.

3.4. Thermal conduction in the subducting slab

The thermal conductivity of garnet obtained in
the present study has important implications for the
thermal conduction through the mid ocean ridge
basalt (MORB) layer in the subducting slab. MORB
transforms to eclogite progressively below a depth
of 100 km. InTable 5 thermal conductivity of basalt
(Horai and Susaki, 1989is compared with those
of garnet (present study), diopsidéidrai, 1973,
and jadeite (Osako, in preparation). Eclogite is
mostly composed of garnet and omphacitic pyroxene
whose thermal conductivity is estimated from those
of diopside and jadeite to be 4.8-6.8 WhK~1.
Therefore, the thermal conductivity of eclogite
3.5-6.8WnT1K~! should be at least three times

sion. The calculated heat capacities for garnet and larger than that of basalt at ambient conditions. The
olivine are shown and compared with the previous pressure dependence of thermal conductivity for

Table 4
Heat capacity and its pressure derivative obtained in the present work

Previous results

Crlp—o Gkg 1K™

Present results

Clpeo UkgPK-Y)  dC/dP (JkgtK-1GPal) (0CploP)r (Ikg P K1 GPa'l)

Garnet 711 (39) 1.6 706 -31
Olivine [100] 798 (42) -1.5
Olivine [010] 780 (60) -3.4 816 -1.4
Olivine [001] 826 (40) -5.3

Heat capacity byVatanabe (1982are also shown for compariso®d/0P)7 is calculated by substituting thermal expansivity d&aZuki,
1975; Suzuki and Anderson, 198®ito a thermodynamic identity of(dCp)/dP)r = —T/p(a® + (3cx) /(3D)) p.
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Table 5
Thermal conductivitiesA) of basalt, jadeite, diopside, and garnet

A (Wmik-1) di/dP (Wm—tK-1GPal) Reference

293K, 0GPa 900K, 3Gpa
Basalt 14 - 0.10 Horai and Susaki (1989)
Jadeite 6.8 2.5 0.31 Osako (in preparation)
Diopside 4.8 - Horai (1971)

Garnet 3.5 4.9 0.15 This study

aTypical temperature and pressure condition for the basalt—eclogite phase transition boundary in the subducting slab.

basalt Horai and Susaki, 1989 jadeite (Osako, in  also thank anonymous reviewers for their helpful com-
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