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Abstract
The thermal equation of state of a natural kyanite has been investigated with a DIA-type, cubic-anvil apparatus (SAM85) combined with an
energy-dispersive synchrotron X-ray radiation technique up to 8.55 GPa and 1273 K. No phase transition was observed in the studied pressure-
temperature (P-T ) range. The Le Bail full profile refinement technique was used to derive the unit-cell parameters. By fixing the bulk modulus
K0 as 196 GPa and its pressure derivative K 0

0 as 4, our P-V (volume)-T data were fitted to the high temperature BircheMurnaghan equation of
state. The obtained parameters for the kyanite are: V0 ¼ 294.05(9) Å3, a ¼ 2.53(11) � 10�5 K�1 and (vK/vT )P ¼ �0.021(8) GPa∙K�1. These
parameters have been combined with other experimentally-measured thermodynamic data for the relevant phases to calculate the P-T locus of
the reaction kyanite ¼ stishovite þ corundum. With this thermodynamically constrained phase boundary, previous high-pressure phase equi-
librium experimental studies with the multi-anvil press have been evaluated.
Copyright © 2016 Science and Technology Information Center, China Academy of Engineering Physics. Production and hosting by Elsevier
B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Kyanite (ideally Al2SiO5; P1) is a typical metamorphic
mineral, and frequently occurs in metapelites [1], amphibolites
[2], and peraluminous eclogites [3]. It participates in many
metamorphic reactions which usually involve paragonite,
zoisite, lawsonite, pumpellyite, stishovite and so on, thus is
very useful in understanding the pressure-temperature (P-T )
conditions of these metamorphic rocks. It is also a major phase
* Corresponding author. School of Earth and Space Sciences, Peking

University, Beijing 100871, China. Fax: þ86 10 6275 2996.

E-mail address: xi.liu@pku.edu.cn (X. Liu).

Peer review under responsibility of Science and Technology Information

Center, China Academy of Engineering Physics.

http://dx.doi.org/10.1016/j.mre.2016.07.003

2468-080X/Copyright © 2016 Science and Technology Information Center, China A

is an open access article under the CC BY-NC-ND license (http://creativecommon
in subducted sediment and continental crust at the P-T con-
ditions of the upper mantle [4,5]. As an example, anorthite, an
important phase in the sediment and continental crust, breaks
down to kyanite þ quartz þ grossular at ~2.5 GPa [6e8]. As
another example, orthoclase, another important phase in the
sediment and continental crust, breaks down to
kyanite þ coesite þ K2Si4O9-wadeite at ~6 GPa [9e11]. In
order to fully understand the behavior of kyanite under these
geological circumstances, it is necessary to precisely know the
thermal equation of state (TEoS) of kyanite.

Volumetric thermal expansion coefficient a and isothermal
bulk modulus K0 at ambient P-T condition are two funda-
mental parameters for a TEoS. So far the parameter a of
kyanite has been investigated in four experimental studies, as
summarized in Table 1 [12e15]. We individually re-fitted the
cademy of Engineering Physics. Production and hosting by Elsevier B.V. This

s.org/licenses/by-nc-nd/4.0/).

http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:xi.liu@pku.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mre.2016.07.003&domain=pdf
www.sciencedirect.com/science/journal/2468080X
http://dx.doi.org/10.1016/j.mre.2016.07.003
http://dx.doi.org/10.1016/j.mre.2016.07.003
http://www.journals.elsevier.com/matter-and-radiation-at-extremes
http://dx.doi.org/10.1016/j.mre.2016.07.003
http://creativecommons.org/licenses/by-nc-nd/4.0/


Table 1

Thermal expansion coefficients of kyanite at ambient P-T condition.

aa (10�5 K�1) Sample Method Max. T (K) Data source

2.78(7) Powder XRDb 1328 [12]

2.51(6) Single crystal XRD 1073 [13]

2.48(3) Powder NDc 1473 [14]

2.47(5) Powder XRD 1273 [15]

2.50(3) e e 1473 [13e15]

a a treated as T-independent.
b X-ray diffraction.
c Neutron diffraction.

Fig. 1. P-T paths of our experiments. The phase relations of andalusite (And)-

sillimanite (Sil)-kyanite (Ky) at low pressure are sketched from Hu et al. [27].

270 Q. He et al. / Matter and Radiation at Extremes 1 (2016) 269e276
volume (V)-temperature data in the four studies according to
the definition of thermal expansion coefficient (a ¼ V�1$vV/
vT ). Within the resolution of the data, the derived thermal
expansion coefficients seemed temperature-independent. The
result constrained by the data from Ref. [12] was slightly
different from that constrained by any of the other studies.
Consequently, we put the volume-temperature data from all
other studies together, and derived a nominally average ther-
mal expansion coefficient for kyanite (2.50(3) � 10�5 K�1;
Table 1). The isothermal bulk modulus of kyanite has been
investigated both by high pressure experiments and by theo-
retical simulations [16e23]. As summarized in Ref. [23], the
acceptable isothermal bulk modulus and its first pressure de-
rivative of kyanite at ambient temperature are thought to be
close to 196(6) GPa and 4.0, respectively.

With the thermal expansion coefficient at ambient pressure
and isothermal bulk modulus at ambient temperature, the TEoS
of kyanite can be roughly approximated by ignoring the tem-
perature effect on the isothermal bulk modulus. However, the
deep Earth is a high-P and high-T environment, so that it would
be desirable to constrain the TEoS of kyanite with experiments
under simultaneous high P and high T. So far, this type of
experiment has not been available for kyanite. In this study, we
used a cubic-anvil apparatus combined with a synchrotron
X-ray radiation technique to conduct compression experiments
at simultaneously high P and high T to constrain the TEoS of
kyanite. Further, the experimentally-obtained TEoS was used
to thermodynamically calculate the high-P breakdown reaction
of kyanite (kyanite ¼ stishovite þ corundum).

2. Experimental method

The natural kyanite sample used in this study was identical
to what was used in Refs. [15,23]. Its chemical composition is
(Al1.99Fe0.01)SiO5.

The high-pressure and high-temperature experiments were
performed using the DIA-type cubic-anvil apparatus (SAM85)
installed at the superconducting wiggler beam line X17B2 of
the National Synchrotron Light Source, Brookhaven National
Laboratory. The details of the experimental setup were similar
to those used in Ref. [24]. A specimen sandwich with the NaCl
powder sandwiched by the powders of kyanite and CAS (Ca-
Al-Si rich phase with the composition CaAl4Si2O11; to be re-
ported elsewhere) was enclosed in an hBN capsule. Amorphous
graphite was used as the heating element, and amorphous boron
epoxy was used as the pressure medium. The chamber pressure
was determined by the TEoS of NaCl [25]. The chamber
temperature was measured using a W97Re3-W75Re25 thermo-
couple placed adjacent to the specimen at halfway along the
graphite heater, with any high pressure effect on the electro-
motive force of the thermocouple ignored. The temperature
uncertainty should be less than 20 K, according to Ref. [26].
The incident X-ray beam was collimated to 0.2 mm (horizon-
tal) by 0.1 mm (vertical), and the diffraction angle was set at
2q¼ 6.621(2)�. The X-ray diffraction data from the sample and
NaCl pressure standard were collected in an energy dispersive
mode using a solid-state Ge detector.

In the P-V-T experiments, the sample was initially com-
pressed to a ram load of 64.9 MPa oil pressure and then heated
to 1273 K. While the ram load was kept constant, the temper-
ature was reduced with stops at 1073, 873, 673, 473, 298 K, and
the X-ray data were collected at each temperature stop. After
finishing this heating-cooling cycle, the ram load was
decreased to the next target pressure followed by another
heating-cooling cycle. In total five heating-cooling cycles were
performed, and their exact P-T paths were shown in Fig. 1.
3. Result

Using the GSAS soft package [28] and the EXPGUI [29],
the XRD data were processed by the Le Bail full profile fit
method [30], with the initial structural parameters of kyanite
from Ref. [18]. A representative of the fitted XRD patterns for
the kyanite sample is shown in Fig. 2. Besides the diffraction
peaks of kyanite or NaCl, eight contaminant peaks were
constantly observed, and all of them could be attributed to the
hBN capsule material. On the other hand, no peaks were
observed for the amorphous graphite heater and boron epoxy
pressure medium. The result from the Le Bail full profile fit
always attained high confidence level (for instance,
Rp ¼

PjIo � Icj/
P

Io ¼ 0.035 and reduced c2 ¼ 3.80 for the
profile shown in Fig. 2, with Io and Ic as the observed and
calculated intensities of the individual peak).



Fig. 2. A representative XRD pattern of kyanite: experimentally-observed

(crosses) versus calculated (solid curve) by the GSAS program. The first

row of vertical bars represents the XRD peaks of the kyanite sample while the

second row the hBN capsule material.

Table 2

Volumes of kyanite under different P-T conditions.

Pexp
a (GPa) T (K) V (Å3) Pcal � Pexp

b (GPa) Pdif
c (GPa)

8.55(10)d 1273 287.86(3) �0.26 0.18

8.06(9) 1073 287.65(3) �0.06 0.18

7.63(8) 873 287.43(3) 0.25 0.21

7.12(9) 673 287.40(4) 0.64 0.25

6.62(9) 473 286.96(4) 0.75 0.36

6.24(10) 298 286.36(3) 0.75 0.52

7.20(8) 1073 288.59(3) �0.24 0.02

6.62(7) 873 288.37(3) �0.07 0.12

6.06(8) 673 288.47(3) 0.35 0.24

5.53(9) 473 288.35(3) 0.68 0.35

5.12(9) 298 287.47(3) 0.48 0.45

6.27(8) 1073 290.29(3) 0.05 0.08

5.68(7) 873 289.87(3) 0.06 0.06

5.10(8) 673 289.66(2) 0.26 0.10

4.62(8) 473 289.35(3) 0.51 0.14

4.20(9) 298 288.45(2) 0.30 0.31

4.50(7) 1073 292.97(3) 0.11 0.02

3.84(6) 873 292.36(4) �0.04 0.09

3.36(8) 673 291.35(3) �0.29 0.12

2.90(7) 473 290.85(3) �0.15 0.16

2.53(7) 298 290.17(3) �0.15 0.27

2.13(3) 1273 297.79(3) �0.04 0.02

1.52(4) 1073 297.01(2) �0.23 0.03

1.12(4) 873 296.49(2) �0.04 0.09

0.78(3) 673 295.75(2) 0.08 0.03

0.39(3) 473 295.16(2) 0.27 0.09

0.04(0) 298 293.84(3) �0.10 0.11

0.00(0) 298 293.84(3) �0.14 0.03

a Pressure calculated by using the TEoS of NaCl [25], and used in the TEoS

fit for kyanite.
b Difference between the pressures calculated by using the TEoS of kyanite

obtained in this study (Pcal) and by using the TEoS of NaCl (Pexp).
c Pdif is the differential stress in the NaCl pressure marker calculated as the

difference in the lattice strains of the 222 peak and 400 peak.
d Numbers in the parenthesis represent one standard deviation in the right-

most digit.
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The derived unit-cell volumes of the kyanite are listed in
Table 2. Our observed unit-cell volume at ambient P-T con-
dition, 293.84(3) Å3, is in good agreement with early reports
[12e15,19,23]. In addition, our experimental P and T covered
the P range from 0.10 MPa (1 atm) to 8.55 GPa and T range
from 298 K to 1273 K, and remained in the P-T stability field
of kyanite [27]. As expected, no phase transition from kyanite
to either andalusite or sillimanite was observed in this study
(Fig. 1).

The BircheMurnaghan equation of state (BM-EoS) was
employed to fit our data. Its room-T form is written as:

P¼ ð3=2ÞK0

h
ðV0=VÞ7=3 � ðV0=VÞ5=3Þ

i
�
n
1þ 3=4

�
K 0

0 � 4
�hðV0=VÞ2=3 � 1

io
;

ð1Þ

where K0 is the isothermal bulk modulus, V0 the unit-cell
volume at room pressure, and K 0

0 the first pressure derivative
of K0, respectively. Its high-T form, which is called TEoS in
this study, can be derived by replacing K0, K

0
0 and V0 with their

high-T equivalents KT, K
0
T and VT, respectively. These high-T

forms KT, K
0
T and VT are defined by the following equations:

KT ¼ K0 þ ðvK=vTÞPðT � T0Þ; ð2Þ

K 0
T ¼ K 0

0; ð3Þ

and

VT ¼ V0 exp

0
@ZT

T0

adT

1
A; ð4Þ

where (vK/vT )P, T0, and a are the temperature derivative of
the bulk modulus at constant P, the reference temperature
(298 K), and the volumetric thermal expansion coefficient at
atmospheric pressure, respectively. The thermal expansion
coefficient a is empirically represented by

aðTÞ ¼ a0 þ a1T þ a2T
�2: ð5Þ

OurP-V-T data have been fitted to this TEoS.During the data-
fitting, we fixed the values of K0 (196 GPa), K

0
0 (4.0), a1 (0 K

�2)
and a2 (0 K) according to Refs. [15,23]. The derived parameters
are V0 ¼ 294.05(9) Å3, (vK/vT )P ¼ �0.021(8) GPa,K�1 and
a0 ¼ 2.53(11) � 10�5 K�1. Apparently, the thermal expansion
coefficient determined in this study is temperature-independent
(a ¼ a0), and essentially identical to what was found at atmo-
spheric pressure in earlier studies [13e15], as listed in Table 1.
On the other hand, our (vK/vT )P value is only marginally in the
range from�0.0263 to�0.0285 GPa,K�1, thermodynamically
estimated using the breakdown reaction kyanite ¼
stishoviteþ corundum in Ref. [31]. It should be noted that some
of the thermodynamic properties such as the isothermal bulk
moduli of kyanite and stishovite have been experimentally
revised [23,32], with their values significantly modified (160
versus 196GPa, and 315 versus 296GPa, respectively), since the
thermodynamic analysiswas conducted inRef. [31]. In addition,



Fig. 4. Differential stress in the NaCl pressure marker.
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the estimated value of the standard entropy of stishovite in
Ref. [31], ranging from 24.62 to 26.25 J,mol�1,K�1, was only
in marginal agreement with the newly experimental measure-
ments as well (24.0 J,mol�1,K�1 from Ref. [33];
24.94 J,mol�1,K�1 from Ref. [34]).

The experimentally-measured P-V-T data are plotted in
Fig. 3. All experimental data at 1273, 1073 and 873 K fall
close to the TEoS curves at corresponding temperatures. In
contrast, the experimental data at 673, 473 and 298 K exhibit
different behavior: the data at pressures lower than ~4 GPa
agree well with the TEoS curves whereas those at pressures
higher than ~4 GPa show relatively large deviation (See Table
2 for the difference between the pressures calculated by using
our TEoS of kyanite and by using the TEoS of NaCl). This
relatively large deviation at these low T and high P conditions,
ranging from 0.26 to 0.75 GPa, can be explained by differ-
ential stress in the kyanite sample.

We can gain some hints on the differential stress in the
kyanite sample by calculating the differential stress experi-
enced by the NaCl pressure marker used in our experiments.
The differential stress in the NaCl pressure marker was
calculated as the difference in the lattice strains of the 222
peak and 400 peak [35]. The results are listed in Table 2 and
plotted in Fig. 4. Clearly, the differential stress was positively
correlated to P increase, but negatively correlated to T in-
crease. The largest differential stress, 0.52 GPa, occurred at
6.25 GPa and 298 K. Since the bulk modulus of kyanite
(196(6) GPa; Ref. [23]) is much larger than that of NaCl
(30.2(3) GPa; fitted from Ref. [25]), since kyanite has a more
pronounced elastic anisotropy than NaCl [18,35], and since
our kyanite sample was placed farther away from the geo-
metric center of the experimental cell than the NaCl pressure
marker, a larger differential stress in our kyanite sample
should be expected.

With the deviation of the P-V-T data from the TEoS at
relatively low T-high P conditions explained by the differential
stress in the kyanite sample, we are confident in the quality of
our TEoS. The excellent agreement of the thermal expansion
Fig. 3. High-T BircheMurnaghan equation of state of kyanite, drawn as

curves. For comparison, the data at P < 10 GPa obtained under hydrostatic

condition with a diamond-anvil cell [23] are also shown.
coefficients independently determined by the current data at
simultaneous high P-T conditions and by the data at room P
[13e15] is one good indicator. The P-V data of kyanite at
P < 10 GPa from Ref. [23], being obtained under hydrostatic
condition with a diamond-anvil cell and closely falling on our
TEoS curve at ambient T, suggests that the influence on the
TEoS fit of kyanite of the low-T and high-P data with large
differential stress has been successfully removed, and a high
quality of our TEoS has been secured.

4. Discussion

Kyanite decomposes into stishovite and corundum at high
pressure. This reaction has been experimentally and thermo-
dynamically investigated by several studies [15,31,34,36e39].
Liu [36] performed diamond-anvil cell experiments which were
subject to large uncertainties in the P and T measurements, and
his result is thus distinctly different from all other studies.
Schmidt et al. [31] and Liu et al. [38] conducted forward and
reversal multi-anvil experiments by using conventional quench
method, and these two studies were in good agreement within
experimental uncertainties (Fig. 5). Irifune et al. [15] and Ono
[37] also carried out multi-anvil experiments, and reported very
similar P-T loci for the kyanite breakdown reaction, which
were lower by 1e2 GPa than those constrained by Schmidt
et al. [31] and Liu et al. [38]. Recently Ono et al. [39] made in
situ observation of this reaction by using a multi-anvil press
coupled with synchrotron X-ray radiation, and their result was
generally much compatible with those reported by Irifune et al.
[15] and Ono [37]. Therefore, all the experimental studies
conducted with the multi-anvil press fell into two groups, and
the P difference between these two groups is about 1e2 GPa in
the T interval of 1000e1800 K. In addition, Yong et al. [34]
thermodynamically investigated this reaction, and their calcu-
lated P-T locus was close to the results of Irifune et al. [15],
Ono [37] and Ono et al. [39].

With the determination of the TEoS of kyanite in this study,
all thermodynamic data required to calculate the breakdown
reaction of kyanite to stishovite and corundum have been



Fig. 5. Phase boundary between kyanite and stishovite þ corundum. I95,

Ref. [15]; S97, Ref. [31]; O99, Ref. [37]; L06, Ref. [38]; O07, Ref. [39]; Y11,

Ref. [34]. The equations for the P-T locus are P (GPa) ¼ 11.7 þ 8 � 10�4 � T

(K) [15], P ¼ 10.2 þ 1.6 � 10�3 � T (K) [38], Pz 9.3 þ 3.5 � 10�3 � T (K)

[31], and P ¼ 11.3 þ 3.8 � 10�4 � T þ 7.5 � 10�7 � T2 (K) (alternatively

P z 10.6 þ 1.95 � 10�3 � T (K)); this study.
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experimentally measured (Table 3). Consequently, we have
thermodynamically calculated this reaction by using the
following equations:

DrGP;T ¼ DrH
0
T � TDrS

0
T þ

ZP

1

DrVTðPÞdP¼ 0; ð6Þ

DrH
0
T ¼ DrH

0
298 þ

ZT

298

DrCpdT ¼�DrH
0
d�s þ

ZT

298

DrCpdT ; ð7Þ

DrS
0
T ¼ DrS

0
298 þ

ZT

298

DrCp

T
dT ; ð8Þ

ZP

1

DrVTðPÞdP¼ Dr

2
4VT;PP�VT �

ZVT ;P

VT

PðVÞdV
3
5; ð9Þ
Table 3

Thermodynamic properties used in the thermodynamic calculation.

Phase S0298
(J,mol�1,K�1)

DH0
d�s

(kJ,mol�1)

CP ¼ A þ BT�0.5 þ CT�2 þ DT�3 (J,mol�1,

A(10) B(102) C(106) D(107)

Ky 82.8a 155.14b 24.5 �13.0 �7.08 83.2a

Sti 24.94e 3.04f 8.73 �4.14 �2.74 22.1g

Cor 50.9a 106.67i 16.1 �10.9 �1.42 �7.65a

a Calculated from Ref. [40].
b Ref. [41].
c This work.
d Ref. [23].
e Ref. [34].
f Ref. [42].
g Ref. [33].
h Ref. [32].
i Ref. [43].
j Ref. [44].
and

ZVT ;P

VT

PðVÞdV ¼ 9

16
KTVT

(�
4�K 0

T

�"� VT

VT ;P

�2

� 1

#

þ �
3K 0

T � 14
�"� VT

VT;P

�4=3

� 1

#

þ �
16� 3K 0

T

�"� VT

VT;P

�2=3

� 1

#)
; ð10Þ

where GT,P is the Gibbs free energy at specific P and T, VT,P

the molar volume at specific P and T, H0
T the enthalpy at high

T, H0
d�s the enthalpy measured with a drop-solution method,

Cp the heat capacity, S0T the entropy at high T, and S0298 the
entropy at 298 K. The prefix Dr represents the change of the
relevant property along the phase boundary.

Our calculated P-T locus is shown in Fig. 5. Although our
calculation has been carried out to 1800 K, we believe that
only the P-T locus below 1300 K or so is of high accuracy
because most thermo-elastic parameters such as (vK/vT )P and
a were usually measured in T ranges from room temperature
up to ~1300 K only.

Compared to the thermodynamic calculation result from
Yong et al. [34], our result is about 0.5 GPa higher at tem-
peratures around 1300 K (Fig. 5). It should be noted that in our
calculation all required thermodynamic data were available, so
that the calculation could be fulfilled. In Yong et al. [34],
however, they neglected all the (vK/vT )P values for the rele-
vant phases because this parameter was not available for
kyanite at that time.

Compared to the experimental results determined with the
multi-anvil press, our calculated boundary is about 0.5e1 GPa
higher than that of Irifune et al. [15], Ono [37] and Ono et al.
[39], but about 0.5e1 GPa lower than that of Schmidt et al. [31]
and Liu et al. [38]; in other words, our calculated P-T locus for
the breakdown reaction of kyanite to stishovite and corundum
lies in between those two groups of experimental results (Fig. 5).
Considering the current thermodynamic calculation result, we
tend to believe that the small difference of ~1 GPa among the
K�1) V0
298

(cm3,mol�1)

a ¼ a0 þ a1T þ a2T
�2 (K�1) K0

(GPa)

K '
0 vK/vT

(GPa,K�1)
a0(10

�5) a1(10
�8) a2(10

�1)

44.22c 2.53 0 0c 196d 4d �0.021c

14.02h 1.26 1.29 0h 296h 4.2h �0.046h

25.59j 2.6 0.181 �6.7j 258j 4.88j �0.020j
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studies using the quench experimental method at relatively low
temperatures could be attributed to the uncertainty in the P
measurements in the different laboratories, as suggested by Ono
et al. [39]. On the other hand, the ~2 GPa difference at relatively
high temperatures seems too large, and was caused not only by
the difference in the interlaboratory P calibrations, but also by
the complicated mechanical behavior of the experimental cells
used in the multi-anvil press [45]. Additionally, water might
have affected the experimental results in Irifune et al. [15] and
Ono [37], as pointed out by Liu et al. [38].

Ono et al. [39] conducted ten in situ runs to investigate the
decomposition of kyanite in a multi-anvil press coupled with
synchrotron X-ray radiation, so that their experiments should be
very accurate in the P measurements. Their result, however, is
surprisingly different to our thermodynamic calculation (Fig. 5).
It is believed that, with the energy-dispersive XRD data in Ono
et al. [39], the identification of the constituent phases was very
complicated and questionable. Kyanite has the lowest symme-
try, many XRD peaks and large unit-cell parameters, so that the
resolution of its energy-dispersive XRD data is expected to be
low. In addition, the XRD profiles reported in Ono et al. [39]
were severely affected by the swarming and extremely strong
XRD peaks and fluorescence lines of platinum (pressure
marker) and rhenium (capsule material).

The P-T paths of the ten runs in Ono et al. [39] are sum-
marized in Fig. 6. As evident in Fig. 6, the P-T path of Run 1
remained in the stability field of stishovite þ corundum
whereas the P-T paths of Run 3, Run 4, Run 5, Run 6, Run 7,
Run 8 and Run 10 stayed in the stability field of kyanite, so
that all these runs did not contribute significantly to the
determination of the phase boundary.

Run 2 crossed the phase boundary from the stability field of
stishovite þ corundum to that of kyanite (Fig. 6), as claimed
Fig. 6. Comparison of the phase boundary between kyanite and

stishovite þ corundum determined by Ono et al. [39] and this study. The thick

blue curve is taken from Ono et al. [39] while the thick black curve is from this

study. The small empty symbols represent the phase assemblage

corundum þ stishovite whereas the small solid ones represent the phase

assemblage kyanite. The two large empty symbols for 2-1 and 9-2 are critical

in determining the phase boundary, and have different interpretations:

stishovite þ corundum [39] versus kyanite (this study).
by Ono et al. [39]. But by comparing the XRD patterns (2-1, 2-
2 and 2-3 at 1300 K, 1500 K and 1500 K, respectively; for the
information about the labels of the XRD patterns and the P-T
conditions, see Table 1 in Ref. [39]) of Run 2 shown in their
Fig. 3bed, respectively, we found that the peaks of kyanite
labeled as K2-11, K-2-11, K012, K030, K131 and K-331
occurring in the XRD patterns 2-2 (their Fig. 3c) and 2-3 (their
Fig. 3d) can also be positively identified in the XRD pattern 2-
1 (their Fig. 3b). Since the starting material used in Ono et al.
[39] was a mechanical mixture of quartz and corundum, this
means that all these XRD patterns were taken from the sta-
bility field of kyanite, and Run 2 did not cross the phase
boundary at all. Anyhow, the kyanite peaks in the XRD pattern
2-1 were extremely weak. This phenomenon, however, could
be readily explained by a potentially slow formation rate of
kyanite from the starting material of quartz þ corundum at the
low T of 1300 K, a possible close location of the P-T condition
to the phase boundary which should be expected to slow down
further the formation rate of kyanite, and/or a very short
heating duration in the in situ experiments which should have
resulted in formation of little kyanite. Using the conventional
quench method, Ono et al. [39] conducted two additional
experiments with long experimental durations (30 and 90 min,
respectively) at the P-T conditions (~12.5 GPa and 1350 K,
and ~12.4 GPa and 1400 K, respectively) nearly equivalent to
those for collecting the XRD pattern 2-1 (~12.6 GPa and
1300 K). Both experiments demonstrated the formation of
kyanite, which thus strengthens further our interpretation
about the identity of kyanite in the XRD profile 2-1 (12.6 GPa
and 1300 K, as represented by the large empty circle in Fig. 6).

Another key XRD pattern to the determination of the phase
boundary, 9-2 (as represented by the large empty triangle in
Fig. 6), was not shown in Ono et al. [39]. According to Ono et al.
[39], this XRD profile demonstrated the coexistence of stisho-
vite and corundum. Due to the factors as discussed in the case of
the XRD pattern 2-1, any weak XRD peaks of a small amount of
kyanite would have been missed out. Two facts support our
speculation. First, if we draw the phase boundary from the
middle point between theP-T conditions for theXRD profiles 2-
1 (12.6 GPa and 1300 K; stability field of kyanite, as discussed
above) and 9-1 (13.2 GPa and 1300 K) to the point of the XRD
profile 6-8 (13.3 GPa and 1900 K), as shown by the thin broken
red line in Fig. 6, the P-T condition of the XRD profile 9-2
clearly falls in the stability field of kyanite. Comparing the P-T
conditions of the XRD profiles of 6-6 (12.7 GPa and 1700 K)
and 9-2 (13 GPa and 1700 K), a pressure difference of 0.3 GPa
would usually be insufficient to generate a clear-cut experi-
mental result, with the phase assemblage of kyanite in the
former while the phase assemblage of stishoviteþ corundum in
the latter for the present case, especially when the heating du-
rations in the in situ experiments were so short.

In summary, our thermodynamically calculated phase
boundary agrees with most experimental data from Ono et al.
[39], with the only exceptions of the XRD profiles 2-1 and 9-2
(Fig. 6; large empty circle and large empty triangle, respec-
tively). With the detailed discussion in the previous paragraph,
we believe that our new determination of the phase boundary
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between kyanite and stishovite þ corundum has high accuracy.
Our thermodynamically calculated phase boundary, closer to
the data points demonstrating the phase assemblage
stishovite þ corundum, is fully compatible with the fact that
the experiments in Ono et al. [39] were synthetic experiments
with the starting material of stishovite (quickly transferred
from quartz) þ corundum. In contrast, the phase boundary
drawn by Ono et al. [39] seems unusually close to the data
points demonstrating the phase assemblage kyanite, consid-
ering a potentially significant over-stepping of the phase
boundary required by the slow formation rate of kyanite from
stishovite (quartz) þ corundum, which was experimentally
demonstrated to be much slower than the breakdown rate of
kyanite to stishovite þ corundum [15]. The very short heating
durations in the in situ experiments conducted by Ono et al.
[39] further undermine the plausibility of their phase boundary.

5. Implication

Kyanite is a key metamorphic mineral, and plays an
important role in a large number of metamorphic reactions.
For example, the latest internally consistent thermodynamic
dataset for phases of petrological interest derived by Holland
and Powell [46] was calibrated by using 56 kyanite-involving
phase equilibria, in addition to other phase equilibria. How-
ever, the values of the properties a, K0, and (vK/vT )P of
kyanite were set in the dataset as 1.92 � 10�5 K�1, 160.1 GPa
and 0 GPa,K�1, which are rather different to what we have
found in this study: a ¼ 2.53(11) � 10�5 K�1,
K0 ¼ 196(6) GPa and (vK/vT )P ¼ �0.021(8) GPa,K�1. How
these differences can affect the application of this internally
consistent thermodynamic dataset is presently unclear, but the
preceding discussion about the kyanite breakdown reaction
(kyanite ¼ corundum þ stishovite) clearly suggests that a
careful evaluation is necessary.
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