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Abstract: Thermodynamic properties of MgAl,Oy spinel are significant in understanding the phase
relations of the Earth’s crust and upper mantle, but available values from experimental measurements
are limited at ambient pressure conditions to date. Based on an iterative numerical approach and
experimental data from the literature, we determined the self-consistent unit-cell volume, elastic
moduli, and, particularly, thermodynamic properties, including thermal expansion, heat capacity,
entropy, and the Griineisen parameter of MgAl,Oy spinel over a wide temperature and pressure
range. The obtained thermal expansion, heat capacity, entropy, and Griineisen parameter of MgAl,Oy
spinel show nonlinearly and are negatively correlated with pressure. Most importantly, we found
that the pressure effects on thermal expansion and entropy increase with temperature, whereas
the pressure effect on the heat capacity and the Griineisen parameter decreases to a minimum at
~400 K and ~700 K, respectively, then increases or remains almost constant above this temperature,
respectively.

Keywords: spinel; thermal expansion; heat capacity; entropy; Griineisen parameter;high

temperatures and high pressures

1. Introduction

Magnesium aluminum spinel (MgAl,Oy) is one of the simple high-density oxides of
very abundant chemical elements on Earth, and it is also an important host mineral for
aluminum and other trivalent cations in the shallow upper mantle [1]. Moreover, due to its
excellent chemical, thermal, dielectric, mechanical, and optical properties, MgAl,O4 spinel
is also an indispensable material in various scientific and industrial applications [2,3].

Petrology and geochemistry evidence suggests that the plagioclase-spinel and spinel-
garnet phase transitions are considered to be two key boundaries at the top upper mantle,
which are significant for investigating the processes of heterogeneity in the upper mantle
rocks [4]. Therefore, the equation of state (EoS) of MgAl,O4 spinel has been widely carried
out using various experimental methods [5-16], which provide abundant data to derive
the composition and density structure of the upper mantle. In contrast, the experimental
data on the thermodynamic properties, such as thermal expansion, heat capacity, entropy,
and the Griineisen parameter, of MgAl,O4 spinel at simultaneous high temperature and
high pressure conditions (HT-HPs) are still scarce.

To provide a better understanding of the thermodynamic properties, as well as the
subsolidus phase relations and phase transformations, of the upper mantle, a comprehen-
sive set of thermodynamic data for all involved mineral phases is needed. However, most
of the previous investigations on the thermodynamic properties of MgAl,Oy spinel were
performed at ambient pressure conditions. For example, the thermal expansion of MgAl,O4
spinel at ambient pressure conditions was determined through dilatometric measurements
directly [17,18], or can be derived from its specific volume as a function of temperature

Crystals 2023, 13, 240. https:/ /doi.org/10.3390/ cryst13020240

https://www.mdpi.com/journal/crystals


https://doi.org/10.3390/cryst13020240
https://doi.org/10.3390/cryst13020240
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/crystals
https://www.mdpi.com
https://orcid.org/0000-0002-4888-7806
https://doi.org/10.3390/cryst13020240
https://www.mdpi.com/journal/crystals
https://www.mdpi.com/article/10.3390/cryst13020240?type=check_update&version=2

Crystals 2023, 13, 240

20f15

obtained via experimental measurements, such as X-ray diffraction [19-23] and neutron
diffraction [24-26]. However, empirical EoS, such as the third-order Birch-Murnaghan
(3BM) EoS [27] or the Mie-Griineisen—Debye (MGD) EoS [28], are required to derive the
thermal expansion at HI-HPs, in which empirical parameters were used during the calcu-
lations. For example, the pressure derivative of the isothermal bulk modulus is assumed to
be a constant in 3BM EoS, and the Griineisen parameter is a function of volume only in
MGD EoS. In the meantime, because of the limitation of the calorimetric measurements,
the experimentally determined heat capacities [29-32] and entropies [29,32] of MgAl,O4
spinel were also constrained at ambient conditions.

With the development of a computer simulation, the first principle calculations [33]
and theoretical calculations based on the published EoS [16,34,35] definitely provide us
with efficient ways to estimate the thermodynamic properties of minerals and phase
transition boundaries at HT-HPs. However, the separations between the results from these
theoretical works are nonnegligible, and there are still considerable controversies about the
thermodynamic properties of MgAl,Oy spinel at HT-HPs, especially the pressure effects on
these thermodynamic properties. Earlier, Davis and Gordon [36] introduced an iterative
numerical approach, following which the self-consistent density, thermal expansion, and
heat capacity, particularly, of melts at HT-HPs could be derived from the density and heat
capacity at ambient pressure conditions, as well as the adiabatic elastic wave velocity at
HT-HPs. The advantage of this method is that all the obtained values are determined
completely based on the experimental data, without using any empirical parameters. The
feasibility of this method later has been proved on melts [37,38] and minerals [39-41].
Thus, the thermodynamic properties at HT-HPs can be determined totally based on the
experimental data of minerals conveniently.

In this study, we aim to constrain the values of thermodynamic properties of MgAl,O4
spinel at HT-HPs using the iterative numerical approach. Based on the experimental data
from the literature, we derived the self-consistent unit-cell volume, adiabatic bulk modulus,
shear modulus, and the thermodynamic properties, including thermal expansion, heat
capacity, entropy, and the Griineisen parameter of MgAl,O, spinel in a wide temperature
and pressure range. Then, comparisons were made with available published data to
confirm the accuracy of our obtained results. Additionally, the pressure effects on these
thermodynamic properties were reported.

2. Methods
2.1. Calculation Procedure

The method used in this study is summarized in our recent studies [39-41], and the
fundamental procedure is described below. The uncertainties of the derived parameters at
different temperature (T) and pressure (P) conditions are estimated using the Taylor series
expansion based on the experimental measuring error, as well as the uncertainties of the
fitting coefficients.

The thermal expansion («) at constant pressure is related to volume (V) as Equation (1),
and the integration of Equation (1) yields Equation (2), where V|, represents the volume at

ambient conditions. 1 /av
o(T) = <8T> @M

V(T) = Voexp {/T:zx(T)dT} @)

Then, the isothermal derivative of volume with respect to pressure can be written as
Equation (3), where Cp stands for heat capacity, v refers to the bulk sound velocity. The
bulk sound velocity is related to the specific volume and adiabatic bulk modulus (Ks) by
ve = (VKg)1/2, which can be calculated from the P-wave velocity (vp) and S-wave velocity
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(vs) by Equation (4). Meanwhile, the isothermal derivative of the heat capacity with respect
to pressure can be evaluated by Equation (5).

oV L[ 1  Ta?
(5¢), = <+c> ©
4 ,\2
Ve = <U% - 3U§> (4)

an . 2 ou
(ap)T - ‘VT[”‘ * (aT)p] ©

To start the calculation, firstly, we use the experimentally determined volume at
ambient pressure conditions to obtain the thermal expansion as a function of temperature
via Equation (1). In the meantime, we need to fit the vp and vg with a suitable formula to
get the pressure and temperature dependences of the bulk velocity via Equation (4). With
the obtained thermal expansion and heat capacity as a function of temperature at ambient
pressure, the approximate volume at an arbitrary reference pressure could be estimated
using Equation (3). The resulting volume at this reference pressure can be used to update
the value of thermal expansion and heat capacity at the same pressure with Equation (1)
and Equation (5), respectively. Hence, the iteration of this loop leads to converged volume,
thermal expansion, and heat capacity as a function of temperature and pressure based on
the experimental elastic wave velocity at HT-HPs.

With the determined volume, as well as vp and vg at HT-HPs. The adiabatic bulk
modulus and shear modulus (G) can be obtained using Equation (6) and Equation (7),

respectively.
Lo 4,
KS - V <'UP - 3’05) (6)
1
G= va @)

Additionally, since the temperature and pressure dependences of entropy (S) are
related to the heat capacity and thermal expansion via Equation (8) and Equation (9),
respectively, with the standard entropy measured at ambient conditions, the entropy at
HT-HPs can also be derived [42]. Furthermore, the Griineisen parameter can be deduced
from the obtained parameters above using Equation (10).

T
S(1)p = S(To)p + [ (F )ar ®
P
S(P)y = S(Py)r — /P aVdP )
o DCst
T3, (10)

2.2. Thermoelastic Data of MgAl,Oy4 Spinel
2.2.1. Elastic Wave Velocity at High-Temperature and High-Pressure Conditions

The elastic wave velocity of MgAl,O4 spinel was determined at ambient pressure con-
ditions by Askarpour et al. [8] using Brillouin scattering to 1273 K, and the result showed
that both vp and vs were linearly correlated with the temperature. Later, Suzuki et al. [11]
reported the elastic properties of MgAl,O, spinel using the resonant sphere technique,
from which the elastic wave velocity could be also derived in the temperature range of
293-1167 K. Then, Zou et al. [14] measured the elastic wave velocity of MgAl,O4 spinel at
simultaneously high temperature and high pressure conditions using ultrasonic interfer-
ometry, in which they suggested the linear temperature and pressure dependences of both
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vp and vs. Very recently, Duan et al. [15] also presented the elastic velocity of MgAl,O4
spinel using Brillouin scattering up to 10.9 GPa and 1000 K in diamond anvil cells. It is
worth noting that although the order to disorder transition in MgAl,Oy spinel would cause
a small change in the temperature dependence of shear modulus at ~923 K [8,11], its effects
on vp and vg are rather weak and thus can be ignored [14,15]. Therefore, we fit the P- and
S-wave velocities data summarized in Table 1 [8,11,14,15] with Equation (11). The fitting
coefficients and their uncertainties are listed in Table 2, where the pressure is expressed in
GPa, the temperature is expressed in K, and the P- and S-wave velocities are expressed in
m/s. Note that although the fitting quality of Equation (11) is relatively great at HT-HPs,
Equation (11) is not suitable for estimating the elastic wave velocity MgAl,Oy spinel in the
temperature range below room temperature.

v(P,T) = vy +v1P 4+ vy(T — 273) (11

Table 1. Elastic velocity, unit-cell volume, heat capacity, and entropy data of MgAl,Oy spinel used in
this study.

Data Type Temperature Range Pressure Range Method References
K GPa
300-1273 Ambient Brillouin scattering Askarpour et al. (1993) [8]
Elastic wave velocity 293-1167 Ambient Resonant sphere technique Suzuki et al. (2000) ! [11]
300-900 5.3-14.2 Ultrasonic interferometry Zou et al. (2013) [14]
300-1000 0-10.9 Brillouin scattering Duan et al. (2018) 2 [15]
299-1073 Ambient X-ray diffraction Singh et al. (1975) 3 [19]
293-1933 Ambient X-ray diffraction Yamanaka and Takeuchi (1983) [20]
293-1273 Ambient Neutron diffraction Peterson et al. (1991) [24]
Unit-cell volume 77-300 Ambient X-ray diffraction Grimes and Al-Ajaj (1992) [21]
299-1662 Ambient Neutron diffraction Redfern et al. (1999) [25]
298-1927 Ambient X-ray diffraction Fiquet et al. (1999) [22]
300-1700 Ambient Neutron diffraction Pavese et al. (2000) [26]
298-1223 Ambient X-ray diffraction Carbonin et al. (2002) 4 [23]
53.55-298.16 Ambient Calorimeter King (1955) [29]
Heat capacity 421.0-1805.5 Ambient Calorimeter Bonnickson (1955) [30]
862.8-1806.9 Ambient Calorimeter Richet and Fiquet (1991) [22]
4.33-305.2 Ambient Calorimeter Klemme and Ahrens (2007) [32]
Standard entropy 298.15 Ambient Calorimeter Klemme and Ahrens (2007) [32]

1 Elastic wave velocity derived from the elastic moduli and density [11]. 2 Elastic wave velocity derived from
the elastic moduli and density [15]. 3 Unit-cell volume data calculated from the observed lattice parameter of
synthetic spinel [19]. 4 Unit-cell volume data calculated from the lattice parameter of synthetic Mg, Al,Oy spinel
during heating [23].

Table 2. Fitting coefficients and their uncertainties of Equation (11) to calculate the P- and S-wave
velocities of MgAl,Oy spinel at HT-HPs.

Elastic Wave Velocity U9 U1 ()
vp 9825 (10) 40.1 (9) —0.354 (14)
vs 5514 (9) ~1.8(8) —0.215 (13)

2.2.2. Thermal Expansion at High-Temperature and Ambient Pressure Conditions

Lattice parameters of MgAl,O4 spinel at ambient pressure conditions have been
measured using X-ray diffraction [19,20,22,23] and neutron diffraction [24-26] from room
temperature to ~1900 K, and the values at the low-temperature range were provided by
Grimes and Al-Ajaj [21] (Table 1, Figure 1). Although previous investigations reported that
the order-disorder transition would affect the volume as well as the thermal expansion of
MgAl,Oy spinel [11,17,20,43-45], due to the limitations of the method used in this study,
we assume that the ordering state of the cations does not affect the volume. Therefore, we
converted the lattice parameters of MgAl,Oy spinel from the published literature [19-26]
(Table 1) to the unit-cell volumes, then analyzed the values via the EoSfit software [46] and
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fit them using the empirical formula recommended by Fei [47]. The obtained equation
for the thermal expansion of MgAl,Oy spinel as a function of temperature is shown as
Equation (12). The unit-cell volume of MgAl,Oy spinel calculated via Equations (2) and (12)
is greatly consistent with the experimental results, and the largest difference is less than
0.5% (Figure 1).

a(T) =2.21(8) x 107> + 0.48(8) x 1078T — 0.06(8) x T2 (12)
580 v T r T T T
O  Singh et al. (1975) (synthetic)
O Yamanaka and Takeuchi (1983)
570 | Peterson et al. (1991) (W) b
& Peterson et al. (1991) (UC)
. Grimes and Al-Ajaj (1992)
o 560 - Redfern et al. (1999) (heating) -
3 & Fiquet et al. (1999) (PtRh)
] ¢ Fiquet et al. (1999) (Ir)
Z S50 Pavese et al. (2000) (heating) P
_> Carbonin et al. (2002) (sythetic, heating) Q)-% ?
e ——— This study ; &
% 540 - R ?«E' S 7
= i QT TR 1
s /@M
520 " 1 M 1 2 1 i
0 500 1000 1500 2000
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Figure 1. Unit-cell volume of MgAl,O4 spinel as a function of temperature at ambient pressure
conditions. Solid lines: result calculated using Equations (2) and (12) in this study; squares: X-ray
diffraction results of Singh et al. [19]; circles: X-ray diffraction results of Yamanaka and Takeuchi [20];
triangles and filled triangles: neutron diffraction results of Peterson et al. [24]; inverted triangles: X-ray
diffraction results of Grim and Al-Ajaj [21]; stars: neutron diffraction results collected during heating
by Redfern et al. [25]; diamonds and filled diamonds: X-ray diffraction results of Fiquet et al. [22];
hexagons: neutron diffraction results of Pavese et al. [26]; plus signs: X-ray diffraction results of
Carbonin et al. [23].

2.2.3. Heat Capacity at High Temperature and Ambient Pressure Condition

The heat capacity of MgAl,Oy spinel was first determined by King [29] at the temper-
ature range of 53.44~298.15 K. Then the measured temperature was extended to ~1800 K
by Bonnickson [30], as well as Richet and Fiquet [31]. Later, the low-temperature heat
capacity of MgAl,Oy spinel was reevaluated by Klemme and Ahrens [32]. Here, we fit
these experimentally obtained values using Equations (13)—(15), which are three types of
commonly-used empirical formulas recommended by Hass and Fisher [48], Berman and
Brown [49], and Richet and Fiquet [31], respectively. The fitting coefficients, as well as the
reduced x? and R?, are listed in Table 3. After comparing the reduced x> and R?, we decided
to use the equation recommended by Richet and Fiquet [31] in this study (Equation (15)).
Figure 2 shows the comparisons between the calculated heat capacity of MgAl,Oy4 spinel us-
ing Equations (13)—(15) and the experimental results from the literature [29-32]. The value
was calculated using Equation (15). The largest differences between the values calculated
using Equation (15) and the results of King [29], Bonnickson [30], Richet and Fiquet [31],
and Klemme and Ahrens [32] are 2%, 2%, 1%, and 5%, respectively, in the temperature
range of 200-1800 K. Moreover, the standard entropy used in this study was from Klemme
and Ahrens [32] (Table 3), which was determined as S°9g = 80.9 (6) J/mol-K.

Cp=ko+kiT+ kT 2+ k3T 4 kyT? (13)
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Cp=ko+kT O +kT 2 4k3T3 (14)
Cp=ko+kiln(T) + koT™ P+ kaT 72 + kT3 (15)

Table 3. Fitting coefficients for the heat capacity of MgAl,O, spinel using various empirical formulas.

Fitting Equations Reduced x?2 R? References of the Empirical Formulas
Cp=ko+kiT+ kT 2+ ks3T5 4 k,T?
ko = 269 (6)
Z; _ gg;?é;s)x 105 18.85 0.991 Hass and Fisher (1976) [48]
k3 = —2.80(6) x 103
ky = —1.3(4) x 107
Cp=ko+kiT 0%+ kT2 + kT3
ko = 274(2)
ki = —2.89(3) x 10° 19.93 0.991 Berman and Brown (1985) [49]
ky = 4.2(3) x 10°
k3 = —4.5(10) x 10°
Cp=ko+ klli’l(T) +k2T71 + k3T72 + k4T73
ko = 242(9)
k= ~8(3) 5.88 0.997 Richet and Fiquet (1991) [22]
k, = —3.87(8) x 10* : : q
ks = 2.2(6) x 10°
ky = —4.26(13) x 107
v T v Y v ——
200 - L of 3
150 -

100 King (1955) 4
Bonnickson (1955)
O Richet and Fiquet (1991)
A Klemme and Ahrens (2007)
— This study (Richet and Fiquet 1991) -
— — -This study (Berman and Brown 1985)

This study (Hass and Fisher 1976)

Heat capacity / J/mol-K

50

500 1000 1500 2000

Temperature / K

Figure 2. Heat capacity of MgAl,Oy spinel as a function of temperature at ambient pressure con-
ditions. Short dash line: result calculated using Equation (13) recommended by Hass and Fisher
(1976) [48]; dash lines: result calculated using Equation (14) recommended by Berman and Brown
(1985) [49]; solid lines: result calculated using Equation (15) Richet and Fiquet (1991) [31]; circles,
diamonds, squares, and triangles: results measured using calorimeter by King [29], Bonnickson [30],
Richet and Fiquet [31], and Klemme and Ahrens [32], respectively.

3. Results and Discussions
3.1. Elastic Properties at High Temperature and High Pressure Conditions

Figure 3 shows our calculated unit-cell volume of MgAl,Oy spinel as a function of
pressure at various temperatures, along with the results obtained through X-ray diffraction
measurements [12,13,15] and theoretical calculations [16] for comparisons. At room temper-
ature conditions, the unit-cell volume from the current study is in good agreement with the
data provided by Levy et al. [12] within 0.3%. Meanwhile, excellent consistencies are found
when compared with the values published by Nestola et al. [13] and Hagiwara et al. [16],
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with the largest differences being less than 0.2% and 0.1%, respectively. Furthermore, the

great agreement also holds at high temperature conditions within 0.1% compared to the

560

experimental results of Duan et al. [15].

O 300K

Nestola et al. (2007) (ordered)

O 300K

Levy et al. (2003)

540 |- -
- Nestola et al. (2007) (disordered)
ot X 300K
> Hagiwara et al. (2022)
= —e—300K
= 520F
[=]
>
$ This study
-‘g 300 K
oS00 750 K Duan et al. (2018)
1000K A 300K
1500 K 750 K
—2000 K 1000 K
480 1 1
0 10 15 20
Pressure / GPa

Figure 3. Pressure dependence of the unit-cell volumes of MgAl,Oy spinel at various temperatures.
Solid lines: this study; triangles: X-ray diffraction results of Duan et al. [15]; hexagons: X-ray
diffraction results of Levy et al. [12]; squares and filled squares: X-ray diffraction results of ordered
and disordered phases, respectively, of Nestola et al. [13]; line and filled circles: theoretical result
calculated from the published EoS of MgAl,O4 spinel by Hagiwara et al. [16].

Based on Equations (6) and (7), we also derived the elastic moduli of MgAl,O4 spinel at
HT-HPs. Both Ks and G generally display linear dependences on temperature and pressure
within the uncertainties (Table 4 and Figure 4). The Ks and G at ambient conditions are
determined as Kgp = 199.8 (13) GPa and Gy = 108.5 (4) GPa. Additionally, the pressure and
temperature derivatives of Kg and G are yielded as dKg /9P = 4.126 (12), 0G/dP = 0.420 (5),
0Ks/dT = —0.01787 (8) GPa/K, and 9G/dT = —0.01076 (6) GPa/K.

Table 4. Elastic moduli of MgAl,Oy spinel at ambient conditions, and their derivatives with respect
to pressure and temperature.

gIS’(; (0Kg/0P)t (aIéISJ?/EP (?I?a (0G/oP)t (a(gfz;llzp References
197.4 49 (2) —0.0154 (3) 108.5 0.51 (6) —0.0094 (1) Chang and Barsch (1973) [5]
197.9 (2) 5.66 (21) 109 0.4 (5) Yoneda (1990) [6]
200 —0.019 (1) 109 —0.012 (1) Askarpour et al. (1993) [8]
210.1 —0.0268 (3) 108.3 —0.0121 (1) Cynn et al. (1993) [7]
198.2 (8) 5.05 (9) 108.6 (5) 0.072 (7) Choplas (1996) [9]
197.39 (1) 107.81 Suzuki et al. (2000) [11]
196.0 (9) 4.60 (9) —0.022 (3) 109.0 (4) 0.58 (3) —0.014 (1) Zou et al. (2013) [14]
197 (1) 45(2) 98.3 (4) 0.36 (6) Speziale et al. (2016) [50]
198 (1) 4.0(2) —0.017 (2) 107 (1) 0.18 (2) —0.008 (3) Duan et al. (2018) [15]
198 (2) 108 (1) Bruschini et al. (2018) [51]
200 (1) 106.7 (5) Nufez-Valdez et al. (2018) ! [52]
199.8 (13) 4.126 (12) —0.01787 (8) 108.5 (4) 0.420 (5) —0.01076 (6) This study

I Determined using Brillion scattering, the value of Gy is calculated from G = (Gyoigt + Greuss)/2-
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(b)
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Figure 4. The adiabatic bulk modulus and shear modulus of MgAl,Oy spinel as a function of temper-
ature (a) and pressure (b). Solid lines: this study; diamonds: Brillouin scattering measurements by
Askarpour et al. [8]; circles: Raman and ultrasonic resonance spectra measurements by Cynn et al. [7];
Inverted triangles: resonant sphere measurements by Suzuki et al. [11]; triangle: Brillouin scattering
measurements by Duan et al. [15].

Table 4 lists the available values of the elastic moduli of MgAl,O4
spinel [5-9,11,14,15,50-52]. Generally, our obtained Kgy is close to the results of
Askarpour et al. [8] and Bruschini et al. [51], and lower than the results of Cynn et al. [7] and
Nufez-Valdez et al. [52]. Additionally, our Kg is slightly higher than the other values
listed in Table 4 [5,6,9,11,14,15,50], which is probably caused by the assumption of the
linear relationship between the temperature and the elastic wave velocity of MgAl,Oy
spinel (Equation (11)). Our 0Kg/0dP is consistent with that of Duan et al. [15], but lower
than the other values in Table 4 [5-9,11,14,50-52]. Besides, our 0Kg/9dT also shows good
agreement with the results of Duan et al. [15], and is generally within the range of the
available values [5,6,8,14]. Meanwhile, the values of Gy determined from previous work
vary in a large range from 98.3 GPa to 109 GPa (Table 4). The G in this study is close to
most of the results in Table 4 [5-9,14,15,51]. Moreover, our dG/9dP and 0G/dT are within
the range of the available values listed in Table 4 [5-8,14,15,50].

Figure 4a,b illustrates the temperature and pressure dependences of our K5 and G,
along with previous experimental results for comparisons [7,8,11,15]. At ambient pressure
conditions (Figure 4a), our obtained Kj is slightly larger than the values presented by
Askarpour et al. [8] and Suzuki et al. [11], with the largest separations of 1.2% and 1.7%,
respectively, which are ~3.3% lower than those of Cynn et al. [7]. In the meantime, the
differences between our G and the published results are less than 1.5%, 1.1%, and 1.3%
compared with those of Askarpour et al. [8], Cynn et al. [7], and Suzuki et al. [11], respec-
tively (Figure 4a). For high temperature and high pressure conditions (Figure 4b), both Kg
and G show good agreement with the values presented by Duan et al. [15], with the largest
differences being 1.6% and 1.8%, respectively, at 1000 K.

3.2. Thermodynamic Properties at High Temperature and High Pressure Conditions

The calculated «, Cp, S, and ¥ of MgAl,O4 spinel to 20 GPa and 2000 K are pre-
sented in Figure 5a—d, respectively. The thermal expansion of mantle minerals is con-
siderably important to investigate the thermodynamic properties of the mantle. How-
ever, since a volume error of 1% would possibly lead to a 20% difference in the ther-
mal expansion, large discrepancies can be found between the published thermal expan-
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sions of MgAl,Oy spinel [22]. The thermal expansion at ambient conditions is deter-
mined as &y = 2.3 (2) x 1075 K~ in this study, which is generally larger than the results of
Cynn et al. [7] (2.105 x 10~° K~ 1), Suzuki et al. [11] (1.790 x 10~° K~! at 313 K), and Hagi-
wara et al. [16] (1.6765 (10) x 10~° K~1), whereas it is lower than those of Mao et al. [33].
Besides, Figure 5a shows the comparisons between our obtained o and the values presented
by Cynn et al. [7], Suzuki et al. [11] at high temperature and ambient pressure conditions, as
well as Mao et al. [35] and Hagiwara et al. [17] at HT-HPs. At ambient pressure conditions,
our « is larger than the results of Cynn et al. [7] and Hagiwara et al. [16] at room temper-
ature, but becomes lower than those of Cynn et al. [7] and Hagiwara et al. [16] at 577 K
and ~800 K, respectively. Then the separations between our & and the values presented
by Cynn et al. [7] and Hagiwara et al. [16] increase with the temperature to 9.5% at 1003 K
and 8.9% at 2000 K, respectively. As we mentioned in Section 2.2.2, we ignored the effect of
order-disorder transition on thermal expansion in this study. Therefore, our calculated «
does not show a discontinuity with the temperature, which can be observed in the results
of Suzuki et al. [11] (Figure 5a). Our obtained value is ~28% higher than the results of
Suzuki et al. [11], at 313 K, and ~3% lower than that of Suzuki et al. [11] at 934 K. For high
pressure conditions, our result is quite lower than that of Mao et al. [33]. On the other side,
though at ambient pressure conditions, the differences between our results and those of
Hagiwara et al. [16] are quite large, the separations decrease to ~1.5% above ~850 K at
10 GPa and 20 GPa.

Figure 5b presents the temperature dependence of the calculated Cp at 0 GPa, 10 GPa,
and 20 GPa, along with previous results at ambient pressure conditions [53,54] and high-
pressure conditions [16,33]. Both Berman [53] and Robie and Hemingway [54] fitted the
experimental data by Bonnickson [30] and provided the fitting equations for the Cp of
MgAl,Oy4 spinel as a function of temperature to 1800 K. Our calculated Cp at 0 GPa generally
agree with the results of Berman [53] and Robie and Hemingway [54], and the separations
are within 1.6% and 1.8%, respectively. For high-temperature and high-pressure conditions,
our result is quite a bit lower than that of Mao et al. [33]. Additionally, the Cp determined in
this study, as well as by Berman [53] and Robie and Hemingway [54], are generally larger
than that determined by Hagiwara et al. [16]. The reason is probably because the result
obtained by Hagiwara et al. [16] was based on the Mie-Griineisen-Debye EoS, which uses
a very simplified phonon density of state.

Currently, the experimentally determined entropy of MgAl,O4 spinel is limited at
ambient pressure conditions [29,32]. With the combination of the standard entropy from
calorimetric measurements [32] and our determined Cp at HT-HPs, the S of MgAl,O4 spinel
at HT-HPs can be calculated via Equations (8) and (9). Our result shows a good agreement
with the data of Robie and Hemingway [54] within 0.7% (Figure 5c). Additionally, our
values are within the results derived using first-principle calculations by Mao et al. [33]
and the EoS of MgAl,Oy spinel by Hagiwara et al. [16].

The Griineisen parameter is a valuable thermodynamic parameter in geophysics,
which can be used to set limitations on the pressure and temperature dependence of the
thermal properties of the Earth’s interior [55]. Therefore, we also present the Griineisen pa-
rameter of MgAl,Oy spinel at HT-HPs, and the result is illustrated in Figure 5d. The ambient
condition Griineisen parameter of MgAl,O4 spinel is determined as vy = 1.57 (13), which
is close to the value of Cynn et al. [7] (79 = 1.52), but higher than that of Suzuki et al. [11]
(70 = 1.17) and Hagiwara et al. [16] (79 = 1.136 (11)), whereas it is lower than that of
Mao et al. [33] (¢ = 1.907). Our 7y decreases rapidly with the temperature to ~1200 K, then
increases slightly with temperature with very small temperature derivations of 0.00003 /K,
0.00002/K, and 0.00001/K at 0 GPa, 10 GPa, and 20 GPa, respectively, which shows a
similar pattern as that of Mao et al. [33] and Hagiwara et al. [16]. However, our calculated
7 is generally lower than the result of Mao et al. [33] and Hagiwara et al. [16]. Additionally,
since the Griineisen parameter is related to the thermal expansion (Equation (10)), our
obtained y does not show the anomaly at ~900 K as the result of Suzuki et al. do [11].
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Figure 5. Temperature dependence of the (a) thermal expansion, (b) heat capacity, (c) entropy, and
(d) Griineisen parameter of MgAl,Oy spinel at various pressures. Solid lines: this study; circles and
inverted triangles: results of Cynn et al. [7] and Suzuki et al. [11], respectively, at ambient pressure
conditions; diamonds: first-principles calculations results of Mao et al. [33]; line and filled circles:
theoretical result calculated from the published EoS of MgAl,O, spinel by Hagiwara et al. [16]; pen-
tagon and stars: results of Berman [53] and Robie and Hemingway [54] determined from calorimetric
measurements by Bonnickson [30].

3.3. Pressure Effects on the Thermodynamic Properties of MgAl,Oy Spinel

To investigate the pressure effect on the thermodynamic properties of MgAl,Oy spinel,
we illustrated our obtained &, Cp, S, and v as functions of pressure at various temperatures
in Figure 6a—d, respectively, together with the results derived using the EoS of MgAl,O4
spinel by Hagiwara et al. [16]. Considering Figures 5 and 6, it is obvious that all these
parameters tend to be negative and nonlinear with increasing pressure, which show the
same behavior as the values of Hagiwara et al. [16]. Additionally, we fitted our calculated
results to a polynomial equation of M = My + (9M/dP)r x P + (0>M/dP*)r x P? at fixed
temperatures, where M refers to the thermodynamic properties, My refers to M at ambient
pressure conditions; and (dM/9dP)r and (02M/0P?)t refer to the first and second pressure
derivatives of M, respectively. The fitting coefficients for «, Cp, S, and 7y of MgAl,Oy spinel
are listed in Tables 5-8, respectively.
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Figure 6. Pressure dependence of the (a) thermal expansion, (b) heat capacity, (c) entropy, and
(d) Griineisen parameter of MgAl,Oy spinel at various pressures. Solid lines: this study; line and filled
circles: theoretical result calculated from the published EoS of MgAl,O4 spinel by Hagiwara et al. [16].

Table 5. The thermal expansion of MgAl,Oy spinel and their first and second derivatives with respect
to pressure at various temperatures.

T g ow/oP 9%a/oP?

K 10-5/K 10-7/K-GPa 10-8/K-GPa2
300 2.3(2) —5.385 (7) 0.631 (3)
750 2.56 (16) —6.214 (9) 0.772 (5)
1000 2.68 (17) —6.713 (11) 0.861 (5)
1500 2.9 (2) —7.720 (14) 1.040 (7)
2000 3.2(2) —8.731 (18) 1.220 (8)

Table 6. The heat capacity of MgAl,Oy spinel and their first and second derivatives with respect to
pressure at various temperatures.

T Cpo oCploP 9%CploP?
K J/mol-K J/mol-K-GPa 10-3 J/mol-K-GPa?
300 116 (20) —0.0921 (3) -
750 171 (19) —0.1576 (3) 2.34(2)
1000 181 (19) —0.2072 (5) 3.19 (2)
1500 191 (19) —0.3170 (8) 5.02 (4)
2000 196 (20) —0.4372 (11) 7.03 (5)
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Table 7. The entropy of MgAl,Oy spinel and their first and second derivatives with respect to pressure
at various temperatures.

T Sy 9S/oP 028/0P?
K 102 J/mol-K J/mol-K-GPa 10-2 J/mol-K-GPa?
300 0.817 (7) —0.8792 (8) 0.927 (4)
750 2.16 (18) —0.9890 (10) 1.063 (5)
1000 2.6 (2) —1.0410 (12) 1.142 (6)
1500 3.4 (3) —1.1454 (14) 1.305 (7)
2000 4.0 (4) —1.2528 (17) 1.477 (8)

Table 8. The Griineisen parameter of MgAl,Oy spinel and their first and second derivatives with
respect to pressure at various temperatures.

T dy/oP 9%+/0P?

K o 10-2/GPa 10-4/GPa?
300 1.57 (13) ~1.391 (2) 0.832 (5)
750 1.15 (5) ~1.106 (2) 0.825 (5)
1000 112 3) ~1.130 (2) 0.912 (6)
1500 1117 (17) ~1214(2) 1.078 (7)
2000 1.136 (3) ~1.295 (2) 1.205 (8)

Generally, the effects of pressure on « and S values of MgAl,Oy spinel increase along
with the increasing temperature (Tables 5 and 7). Whereas the pressure effects on Cp and
v decrease with the temperature at first, then start to increase or vary a little above a
certain temperature, respectively (Tables 6 and 8). At room temperature conditions, the first
pressure derivative of « is (da/dP)r = —5.385 (7) x 10~7 /K-GPa, then the value decreases
with the temperature to —8.731 (18) x 107 /K-GPa at 2000 K (Table 5). Additionally, the
first pressure derivative of the entropy (dS/9P)r decreases from —0.8792 (8) ] /mol-K-GPa
to —1.2528 (17) J/mol-K-GPa in a temperature range of 300-2000 K (Table 7).

On the other hand, the first pressure derivatives of Cp and < as functions of tempera-
ture are shown in Figure 7. The (dCp/9P)T of MgAl,Oy4 spinel at room temperature condi-
tions is determined as —0.0921 (3) J/mol-K-GPa (Table 6). The value increases with the tem-
perature to —0.1055 (2) ] /mol-K-GPa at ~400 K, then decreases to —0.4372 (11) ] /mol-K-GPa
at 2000 K (Table 6, Figure 7). For the Griineisen parameter of MgAl,O4 spinel, the value
of (97/0P)t is determined as —1.391 (2) x 10~2/GPa at room temperature (Table 8). Sim-
ilar to the heat capacity, the value of (0y/9dP)r tends to increase with the temperature to
—1.105 (2) x 102 /GPa at ~700 K, then almost remains constant as —1.295 (2) x 10~2/GPa
to 2000 K (Table 8, Figure 7).
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Figure 7. First pressure derivatives of heat capacity and Griineisen parameter of MgAl,Oy spinel as a
function of temperature.
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4. Conclusions

In summary, following a numerical iterative procedure, we obtained self-consistent
thermodynamic parameters: thermal expansion, heat capacity, entropy, and Griineisen
parameters of MgAl,Oy spinel in a wide P-T range. All these thermodynamic parameters
are nonlinearly and negatively correlated with pressure. Besides, the pressure effects on
the thermal expansion and entropy increase with temperature, while the first pressure
derivatives of the heat capacity and Griineisen parameter increase to a maximum at ~400 K
and ~700 K, respectively, then decrease with temperature again. This paper just provides
a basic understanding of the thermodynamic properties of MgAl,Oy spinel at HT-HPs.
Further work needs to be carried out to obtain more accurate thermodynamic properties
when considering the phase transitions of MgAl,Oy spinel.
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