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Abstract The thermoelastic parameters of synthetic
Ca3Al,Si30,, grossular garnet were examined in situ at
high-pressure and high-temperature by energy dispersive
X-ray diffraction, using a Kawai-type multi-anvil press
apparatus coupled with synchrotron radiation. Measure-
ments have been conducted at pressures up to 20 GPa and
temperatures up to 1,650 K: this P, T range covered the
entire high-P, T stability field of grossular garnet. The
analysis of room temperature data yielded V300 =
1,664 + 2 A® and Ky = 166 &= 3 GPa for K(’) fixed to 4.0.
Fitting of our P-V-T data by means of the high-tempera-
ture third order Birch—-Murnaghan or the Mie—Griineisen—
Debye thermal equations of state, gives the thermoelastic
parameters: (0K, 7/0T)p = —0.019 £ 0.001 GPa K~! and
o7 =2.62 £ 023 x 107° K, or y9 =121 for fixed
values go = 1.0 and 0, = 823 (Isaak et al. Phys Chem
Min19:106-120, 1992). From the comparison of fits from
two different approaches, we propose to constrain the bulk
modulus of grossular garnet and its pressure derivative to
K7y = 166 GPa and K7, = 4.03-4.35. Present results are
compared with previously determined thermoelastic prop-
erties of grossular-rich garnets.
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Introduction

Silicate garnets are counted as one of the most abundant
constituent minerals of the Earth’s mantle transition zone
rising up to 40 vol% for pyrolite composition, and up to 60
vol% for piclogite composition (Bass and Anderson 1984;
Irifune and Ringwood 1987). Garnets are also important
constituents of subducted oceanic crust, and it is suggested
that garnet-rich subducted crust can be gravitationally
trapped in the lowermost part of the mantle transition
zone (Irifune and Ringwood 1993; Karato et al. 1995).
Furthermore, recent seismological observations showed
occurrences of multiple discontinuities, which might be the
result of post-garnet transformations (e.g. Deuss et al.
2006; Saikia et al. 2008). Thus, garnets are believed to play
a significant role in the nature and dynamics of shallower to
middle parts of the Earth’s mantle, and therefore the
determination of the P-V-T properties of garnets is of
importance to infer the appropriate mineralogical and
compositional model in this region.

X3Y,Z30;, garnets have an internal centered cubic
lattice (space group Ia3d), which displays dodecahedral
(X), octahedral (Y), and tetrahedral (Z) crystallographic
sites. This unique feature makes the garnet structure
flexible in accommodating a variety of cations with dif-
ferent ionic radii. In Earth relevant compositions, garnet
are mostly present as a non ideal solid solution where
X = Mg, Fe’t, Ca*t, Mn*"; Y = APPT, Fe’t, Cr't;
Z = Si**. Therefore, as the chemical composition of
natural garnets can be complex and might significantly
vary in the mantle from one region to another, the study
of thermoelastic properties of garnet end-members at
high-pressure and high-temperature is an important step to
understand the behavior of complex garnet compositions
in the Earth.
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Grossular garnet of composition Ca;Al,Siz0, (ugra-
ndite group) is one of the most significant calcium end-
member of the mantle garnets. The crystal structure of
grossular species has been extensively studied at room P, T
conditions (Meagher 1975; Novak and Gibbs 1971;
Rodehorst et al. 2002; Sawada 1999). Nevertheless, to date,
most of the studies about grossular garnet thermoelastic
properties under high P, T conditions have been limited,
either to high temperature and ambient pressure (Isaak
et al. 1992; Thiéblot et al. 1998, 1999), or to high pressure
and room temperature (Conrad et al. 1999; Hazen and
Finger 1978; Olijnyk et al. 1991; Zhang et al. 1999). In
fact, relatively few studies have been able to measure
thermoelastic properties of grossular garnet in situ at
simultaneous high-pressure and high-temperature. Pavese
et al. (2001) investigated the pressure—volume—temperature
dependence of natural grossular-rich garnet composition by
X-ray powder diffraction, using a Paris—Edinburgh press
apparatus up to 5 GPa and 1,000 K. Their work showed
relatively good agreement with K, values attained using
different techniques with the exception of the results of
Zhang et al. (1999); and then discrepancies were ascribed
to the use of natural samples from different origin (i.e.
different composition). In contrast, Pavese et al. (2001)
reported K close to 3.0, which differ from a previous
determination of K|, which was higher than 5.0 (Conrad
et al. 1999; Olijnyk et al. 1991; Zhang et al. 1999). In
addition, bulk thermal expansion deviates significantly
from values reported by former studies (Anderson and
Isaak 1995; Isaak et al. 1992; Skinner 1956). In addition,
the P-T range of Pavese et al. (2001) is narrow compared
to the wide stability field of garnet (P up to ~20 GPa). In
fact, high-P, T thermoelastic data of the grossular garnet
end-member are still not completely well constrained.

Here, we investigated the pressure—volume—temperature
relation of synthetic Ca3Al,Si30, grossular garnet by
means of multi-anvil press experiments coupled with
Energy Dispersive X-Ray Diffraction (EDXRD) using the
synchrotron radiation at the beamline BLO4B1 (SPring-8,
Japan). The use of a large-volume apparatus permits pre-
cise control of experimental conditions over a large range
of pressure and temperature (Rubie 1998). Energy

dispersive powder diffraction pattern profiles were
measured in situ simultaneously at high-pressure and at
high-temperature (up to 20 GPa and 1,650 K) covering the
entire stability field of grossular garnet as minor peaks of
CaSiOj; perovskite start to be observed at the highest P,
T conditions. Our results are presented and discussed with
respect to previous works, up to the P, T conditions of the
middle-part of the mantle transition zone.

Experimental methods

Starting materials were prepared by mechanical mix of
commercial oxides in the molar proportions: 3CaCO;-
1A1,03-3S10, and placed one night at 1,173 K for
removing carbonates. The mixture was then melted at
~ 1,973 K (Osborn and Muan 1960) which produced, after
quench, a homogeneous glass with the following compo-
sition (in wt%): CaO, 37.14; Al,Os, 21.12; SiO,, 40.70.
Crystalline grossular was synthesized from the latter glass
at ~7 GPa and 1,673 K during 2 h using a Kawai-type
multi-anvil press apparatus (MAP) at the Geodynamics
Research Center (Ehime University, Matsuyama, Japan).
SEM-EDX analysis yielded the composition of grossular
garnet as follows (in wt%): CaO, 36.84; Al,0;, 22.35;
Si0,, 40.80, which can also be written in term of formula
unit as: CapgsAl; 97513,0401,. X-ray diffraction profiles
collected prior to HP-HT experiments confirmed grossular
garnet with the lattice parameter of ay = 11.8442 +
0.0003 A (space group Ia3d) that is in fair agreement with
previous studies (Table 1) (Meagher 1975; Novak and
Gibbs 1971; Rodehorst et al. 2002; Sawada 1999).
High-pressure and high-temperature in situ experiments
were carried out using a Kawai-type multi-anvil press
apparatus, SPEED-1,500, located at the beamline BLO4B1
that operates at the synchrotron radiation facility, SPring-8
(Hyogo Prefecture, Japan). High-pressure was generated
within so called 8/2.5 assemblies, which consist in a
Co-doped MgO octahedron pressure medium, with a side-
length of 8 mm; and tungsten carbide anvils with a 2.5 mm
truncation edge-length, supported by pyrophyllite gaskets
that were used to compress the cell assembly. A cylindrical

Table 1 Comparison of lattice parameters of grossular garnet at ambient P, 7' conditions

Grossular composition ao (A) Vo (A3) Reference

Synthetic Ca3Al,Siz0;, 11.8442 (3) 1,661.6 (1) This study

(Cay 96Mnyg 04)(Al} 95Feg 05)S13015 11.845 (1) 1,661.9 (4) Novak and Gibbs (1971)
(Cay.96Mnyg g4)(Al} 9sFe( 05)Si301> 11.846 (2) 1,662.3 (8) Meagher (1975)

Natural Ca;Al,Si301, 11.8504 (4) 1,664.2 (2) Sawada (1999)
Synthetic Ca3Al;Si301, 11.8502 (4) 1,664.1 (2) Rodehorst et al. (2002)

Numbers in parenthesis represent the relative error calculated for a and V
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LaCrOj; heater equipped with ZrO, insulators and molyb-
denum electrodes was used to generate high-temperature
during the experiments at high-pressure. Holes of 1.0 mm
in diameter, filled with graphite windows were made
through the furnace, for an X-ray path. Temperature was
measured by means of Wg;Re;—W,5Re,s thermocouple,
which was maintained between the capsule and an MgO
sleeve that served as soft pressure transmitting medium
inside of the furnace. Capsules consisted of cylindrical
graphite with gold foil at each ends. Crystalline grossular
garnet was powdered beforehand and mechanically mixed
with gold powder as the pressure calibrant (1/10th of
sample’s weight) then loaded within the capsule. In addi-
tion, we added the X-ray diffraction data collected using a
14/7 assembly, which was simultaneously obtained with
ultrasonic measurement for the polycrystalline grossular at
pressures up to 16.4 GPa and temperatures up to 1,650 K
(Kono et al. unpublished data). We used tungsten carbide
anvils with a TEL of 7 mm and Co-doped MgO octahedron
pressure medium with an edge length of 14 mm. Platinum
foil tube heaters were used in this cell assembly. LaCrO;
sleeve was used as a thermal insulator, and MgO window
was placed in the LaCrO; sleeve for obtaining X-ray dif-
fraction of the sample. We used MgO and NaCl sleeves as
the sample container to realize a quasi-hydrostatic envi-
ronment. Details of the experimental setup and cell
assembly were described in Higo et al. (2009). Pressure
during all in situ measurements was calculated after the
gold equation of state as described by (Tsuchiya 2003).
A set of 6 high-pressure and high-temperature experi-
ments were performed, in the P, T range of 0.0-19.6 GPa
and 300-1,650 K (see Fig. 1; Table 2). Run S1839 and
S1850 were for each pressure, annealed at 7 higher than

20 | 1

Pressure (GPa)

L L
500 1000 1500
Temperature (K)

Fig. 1 Pressure—temperature conditions during in situ measurements
at high P, T of grossular garnet. Purple diamond Run S1839, Orange
inverse triangle Run S1850, Yellow triangles Run S1851, Green
diamonds Run S1885, Open blue squares Run S1886, Open red
circles Run S2188. Each symbol represents a P, T condition where
XRD profile of CazAl,Si30;, grossular garnet was taken

1,000 K then quenched to room temperature where X-ray
profiles were collected. Run S1851 and S1885 were pres-
surized to ~7.5 and ~10.5 GPa, respectively, and heated
to 900 K, after then data were collected upon decrease of
temperature to 300 K in steps of 150 K. One can note that
for run S1851 additional data were collected at 300 K
during decompression. Run S1886 was first pressurized to
~11.0 GPa, heated up to 1,650 K then data were collected
during decreasing temperature to 300 K by steps of 150 K.
Following this, the pressure was increased to 14.5 GPa then
16.9 GPa, and the same heating/collecting data procedure
is repeated at each P-step. The same overall procedure was
applied to run S2188 at 14.1 GPa, 16.9 GPa, 17.6 and 19.1
GPa successively (4 P-steps in total). Maximum heating
temperature was about 1,300 K in the two-first steps, and
1,500 K in the two last ones; then X-ray diffraction profiles
were collected to 300 K in steps of 200 K.

Figure 2 shows an EDXRD profile collected at 10.4
GPa and 300 K. Analyzes of all the patterns were carried
out for the range of 35-115 keV by means of the mul-
tiphase profile-fitting technique implemented in the
EXPGUI/GSAS software package (Larson and Von
Dreele 2000; Toby 2001). Refinement of peak positions
and extraction of cell parameters were achieved by
reducing full diffraction patterns following the LeBail
method (Le Bail et al. 1988). Precision upon the volume
for both grossular garnet and gold (pressure marker) was
estimated from the Lebail refinement of X-ray diffraction
profiles, for each experimental profile separately. The
precision upon the calculation of the pressure after the
equation of state of gold (Tsuchiya 2003) was estimated
by taking in account the propagated errors from the
uncertainties on the measurement of the unit-cell volume
of gold.

Results and discussion
Pressure—volume data at room temperature

The volume—pressure relations have been determined at
300 K, from 0.0 to 16.5 GPa. Weighting factors were
calculated using the experimental uncertainties in pressure
and volume (see Table 2). Fitting to a third-order Birch—
Murnaghan equation of state (Fig. 3) was used with the
general form as follows:

3 Vo,300 : Vo,300 :
P(V.,300) = =K : — .
(V,300) 20300 X [(Vmoo V300

2
3 Vosoo)3
x<d1—-—=(4—-K/ X ' -1
{ 4 ( 0’300) (VP,300 1 }

(1)
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Table 2 Pressure, temperature, lattice parameter and unit cell volume of grossular garnet

P (GPa) T (K) a (A) v (A% P (GPa) T (K) a (A) v (A%

Run S1851 Run S1839
10.68 (3) 900 11.6669 (5) 1,588.07 (21) 11.47 (2) 300 11.6126 (3) 1,566.01 (12)
10.19 (3) 750 11.6642 (4) 1,586.95 (15) Run S1850
9.83 (3) 600 11.6589 (4) 1,584.79 (16) 12.69 (1) 300 11.5873 (3) 1,555.79 (12)
9.75 (3) 450 11.6524 (4) 1,582.16 (16) 14.09 (2) 300 11.5674 (3) 1,547.77 (13)
9.95 (2) 300 11.6452 (3) 1,579.22 (13) 14.82 (2) 300 11.5581 (3) 1,544.06 (13)
7.26 (2) 300 11.6937 (3) 1,599.03 (12) Run S1885
9.17 (2) 300 11.6606 (3) 1,585.50 (11) 7.64 (2) 900 11.7237 (3) 1,611.37 (15)
7.54 (3) 300 11.6878 (3) 1,596.61 (11) 724 (2) 750 11.7211 (3) 1,610.28 (14)
6.76 (3) 300 11.7004 (3) 1,601.80 (14) 6.95 (1) 600 11.7137 (5) 1,607.23 (21)
539 (2) 300 11.7173 (3) 1,608.72 (12) 6.68 (1) 450 11.7075 (5) 1,604.70 (20)
4.93 (2) 300 11.7465 (3) 1,620.79 (12) 6.12 (2) 300 11.7068 (2) 1,604.43 (8)
3.45 (2) 300 11.7668 (3) 1,629.22 (13) Run S2188

Run S1886 0.00 (2) 300 11.8442 (3) 1,661.58 (12)
10.71 (1) 1,650 11.7447 (5) 1,620.02 (22) 16.27 (6) 300 11.5385 (15) 1,536.22 (63)
10.09 (1) 1,500 11.7395 (5) 1,617.89 (20) 14.14 (4) 1,300 11.6446 (8) 1,578.97 (35)
9.52 (3) 1,350 11.7301 (4) 1,613.99 (15) 13.42 (4) 1,100 11.6436 (3) 1,578.57 (10)
9.38 (4) 1,200 11.7228 (3) 1,611.01 (14) 12.98 (3) 900 11.6377 (2) 1,576.18 (10)
9.40 (3) 1,050 11.7150 (3) 1,607.79 (12) 12.35 (5) 700 11.6320 (2) 1,573.83 (9)
9.15 (2) 900 11.7072 (3) 1,604.59 (14) 11.35 (2) 500 11.6256 (2) 1,571.25 (10)
8.87 (3) 750 11.6981 (4) 1,600.85 (17) 10.45 (2) 300 11.6216 (2) 1,569.64 (9)
8.59 (4) 600 11.6905 (4) 1,597.53 (17) 14.41 (5) 300 11.5586 (4) 1,544.23 (16)
8.47 (3) 450 11.6860 (3) 1,595.86 (12) 16.93 (3) 1,300 11.5965 (2) 1,559.48 (6)
8.44 (4) 300 11.6837 (4) 1,594.93 (16) 16.47 (2) 1,100 11.5885 (2) 1,556.25 (10)
14.46 (2) 1,650 11.6614 (3) 1,585.82 (10) 15.91 (2) 900 11.5818 (2) 1,553.58 (9)
14.06 (1) 1,500 11.6562 (2) 1,583.70 (10) 15.22 (3) 700 11.5759 (2) 1,551.20 (9)
13.79 (1) 1,350 11.6492 (3) 1,580.86 (11) 14.33 (2) 500 11.5679 (3) 1,547.98 (11)
13.35 (1) 1,200 11.6432 (2) 1,578.39 (10) 13.69 (2) 300 11.5640 (3) 1,546.41 (11)
13.01 (1) 1,050 11.6432 (2) 1,578.40 (10) 16.28 (5) 300 11.5272 (2) 1,531.68 (10)
12.77 (1) 900 11.6291 (3) 1,572.68 (12) 17.61 (2) 1,500 11.5893 (2) 1,556.58 (10)
12.56 (1) 750 11.6212 (3) 1,569.47 (12) 18.02 (2) 1,300 11.5813 (2) 1,553.35 (10)
12.40 (2) 600 11.6154 (3) 1,567.12 (10) 17.56 (2) 1,100 11.5761 (4) 1,551.27 (17)
12.09 (2) 450 11.6084 (2) 1,564.29 (10) 17.02 (2) 900 11.5698 (4) 1,548.72 (16)
11.82 (3) 300 11.6035 (2) 1,562.29 (9) 16.42 (2) 700 11.5555 (2) 1,543.02 (9)
16.91 (3) 1,650 11.6227 (4) 1,570.10 (16) 15.71 (2) 500 11.5541 (3) 1,542.46 (13)
16.64 (2) 1,500 11.6164 (4) 1,567.54 (15) 14.81 (2) 300 11.5542 (3) 1,542.49 (12)
16.37 (2) 1,350 11.6108 (4) 1,565.27 (17) 15.86 (4) 300 11.5302 (3) 1,532.90 (11)
16.00 (2) 1,200 11.6052 (4) 1,562.98 (15) 19.19 (4) 1,500 11.5605 (4) 1,544.99 (17)
15.64 (2) 1,050 11.5979 (4) 1,560.06 (15) 19.3 (4) 1,300 11.5581 (5) 1,544.06 (18)
15.13 (2) 900 11.5909 (3) 1,557.21 (12) 18.42 (4) 1,100 11.5513 (4) 1,541.33 (17)
14.92 (3) 750 11.5858 (4) 1,555.17 (15) 17.88 (3) 900 11.5446 (4) 1,538.63 (16)
1478 (3) 600 11.5793 (4) 1,552.55 (15) 17.17 (3) 700 11.5386 (4) 1,536.24 (17)
14.54 (3) 450 11.5734 (4) 1,550.20 (15) 16.33 (3) 500 11.5313 (4) 1,533.33 (16)
14.27 (4) 300 11.5670 (3) 1,547.61 (11) 15.41 (3) 300 11.5294 (4) 1,532.55 (17)

0.00 (2) 300 11.8458 (4) 1,662.22 (16)

Numbers in parenthesis represent the relative error calculated for a, V and P
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Fig. 2 Example of Energy Dispersive X-Ray Diffraction profile
collected for CazAl,Siz0, grossular garnet (10.4 GPa and 300 K, 26
angle = 5.961°). Black crosses experimental data, Red line Le Bail
fit, Green line background fit. Peak positions are indicated for
gold (Au, upper bars) and grossular garnet (Miller indices, lower
bars). Gold fluorescence and minor unidentified peaks are marked
by“F” and *, respectively

1660 —_ —IThis study
1640 4  Zhang et al. (1999) ]
1620 ~====- Conrad et al. (1999) |
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Fig. 3 Compression data of Ca3Al,Si3Oq, grossular garnet at room
temperature. Open circles represent the present data points. The red
open circles and plain line are our data fitted to the third-order Birch—
Murnaghan equations of state (Kqzp0 = 166 (3) GPa and K(')‘300 =
4.0). Blue diamonds and purple triangles are experimental points at
300 K from Pavese et al. (2001) and Zhang et al. (1999), respectively.
Dashed black line and yellow plain line are from Conrad et al. (1999)
(Ko 300 = 165.68 GPa and K(').300 = 5.46) and Nobes et al. (2000)
(Ko 300 = 166 GPa and Ké,}oo = 4.3) respectively. Volume and
pressure uncertainties estimated from the X-ray diffraction profiles
are about the same size of the symbols

where Ko 300, Kjz00 and Vozoo are the isothermal bulk
modulus, its pressure derivative and the unit cell volume at
room P, T conditions, respectively. When K 5, is fixed to
4.0, fitting of Eq. 1 gives Ky3zgo = 166 + 3 GPa and
Vosoo = 1,664 £ 2 A® (7 = 1.08, Table 3). The P-V
relation is in good agreement with previous studies for
garnets with grossular-like composition (Hazen and Finger
1978; Nobes et al. 2000; Pavese et al. 2001) (Fig. 3).
However, in the case of Conrad et al. (1999), their K¢ 300

value of about 166 GPa is associated with a higher K(’)’300 of
5.46. As shown on Fig. 3, at low-pressure our P—V relation
agrees well with Conrad et al. (1999). However, they car-
ried out experiments up to 10 GPa, and then significant
deviations with our data arise above ~ 10 GPa because of
their high K{) 5, value. Zhang et al. (1999) also reported a
similar K6_300 of 5.2 £ 0.6 but their Ky 300 is significantly
higher than other studies. Among previous experimental
studies, Zhang et al. (1999) reported the lowest
Vo300 = 1,660.2 £ 0.1 N (see Table 3). Figure 3 shows
that original P-V data of Zhang et al. (1999) agrees well
with our data with the exception of its Vj300: it is likely
that discrepancies in their Ko 300 and K 5, values could be
related to the difference of V|, between our studies. Fitting
of Eq. 1 with K, 5, as a free parameter and V309 fixed to
1,664 A*, leads to a bulk modulus of Koz = 172 + 2
GPa, with a pressure derivative, K3y = 3.00 £ 0.75
(> = 1.09, Table 3) that is significantly lower than the
value of Zhang et al. (1999). Pavese et al. (2001) reported
refined K{ 5y, values of 2.80 + 1.91 and 3.4 £+ 1.8 for
Ko 300 equél to 167.4 + 2.4 GPa and 168.6 £+ 2.0 GPa,
respectively. Indeed large uncertainties in their K{ 5, val-
ues make agreements difficult to discuss with respect to
other studies.

The zero-pressure volume Vj 30 is calculated from fit-
ting equation 2, with K{) 5, fixed to 4.0 (see Table 3). The
result of Vj300 = 1,664 & 2 A%, is about ~0.2% larger
than the volume measured from fitting X-Ray diffraction
profile at ambient pressure (V= 1,661.6 £ 0.1 A2
Table 1). These values are in good agreement with pres-
sure—volume data on natural specimen (Conrad et al. 1999;
Pavese et al. 2001). First principle works (Nobes et al.
2000) reported a larger value than our study as it is
expected for calculations under the generalized gradient
approximation (GGA).

P-V-T data and thermoelastic parameters

Pressure—volume—temperature data were used to determine
the thermoelastic properties of grossular garnet up to ~20
GPa and 1,650 K. In addition, we used thermal expansion
data from Isaak et al. (1992) to calculate the volume at
ambient pressure and high temperature. Their group stud-
ied the thermal expansion at ambient pressure of a natural
sample of grossular containing minor amount of andradite,
by dilatometry methods up to 1,000 K. Data of o, were
extrapolated to 2,000 K for the grossular end-member,
after correction of the relative difference of o between
grossular and andradite, which is given by Skinner (1956).

The third order P-V-T Birch—-Murnagham equation of
state was applied to all our data, including those obtained at
room P, T conditions; fit of the data at high-pressure and
high-temperature was processed with the form as follows:
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Table 3 Summary of lattice and elastic parameters at ambient pressure and room temperature of grossular garnet for this study, compared to

previous studies

Grossular composition/P, T conditions Vo.300 (A3) Ko 300 (GPa) K(/JA,300 X2 Methods Reference
Synthetic Ca3Al;Si30,, 1,664 (2) 166 (3) 4.0 1.08 XRD MAP This study
P = 0-20 GPa, T = 300-1,650 K

1,664% 172 (2) 3.0 (7) 1.09
CazA1,S130;, + 0.5 wt% FeO 1,662.3 (4) 166 - - XRD DAC Hazen and Finger (1978)
P =0-6 GPa, T = 300 K
Natural CazAl,Siz01, 1,660.2 (3) 170 (4) 5.2 (6) - XRD DAC Zhang et al. (1999)
P =0-12 GPa, T = 300 K
(CazAgsMgOA(mFeo‘Ol)(All‘97Ti0‘02Mn0A01)Siz_ggotl’z 1,663.6 165.68 5.46 - BS DAC Conrad et al. (1999)
P =0-10 GPa, T = 300 K
CazAl,Si304, 1,666.9 166 43 - GGA Calc. Nobes et al. (2000)
P=0-120GPa, T=0K
(Cay g9Feq.10)(Al}.95Tip.04Mng 01)Si2.99012 1,666.4 (4) 167.4 (2.4) 2.80 (191) 1.06 XRD P-E Pavese et al. (2001)
P = 0-5 GPa, T = 300-1,000 K

1,666.1* 168.2 (1.7) 4.0* 1.04

1,666.3 (4) 167.1 2.4) 4.0* 1.05

1,666.1° 168.6 (2.0) 342 (1.76) 1.06

XRD X-ray diffraction, MAP multi-anvil press, DAC diamond anvil cell, BS Brillouin scattering, P—-E Paris—Edimburgh

Ab initio calculation, GGA generalized gradient approximation
% Values that were fixed during data processing

® Contains 1.8 wt% of water

1 5
3 Vor\® (Vor\®
P(V,T) =3 x Kor (—""T) - <—°’T)

Ver Ver

3 Vor\?
-2 (4 _ K ) MU
X 2 0,300 ) X Ver

Wi

(2)

The temperature dependence of the volume at ambient

pressure can be estimated by using the following equation:
T

/ ol 3)
300

Vo,r = Vojz00 X €xp

In this expression, the zero-pressure volume at high-
temperature V(7 is formulated by a function of the thermal
expansion at zero-pressure oy, which has an empirical
assumption of o7 = ag + boT.

The zero-pressure bulk modulus K 7 is expressed as a
linear function of temperature, its temperature derivative
(0K 7/0T)p and Ky 300 as follows:

aK(),T

Ko = K| — T — 4
0,7 0,300 + ( or )PX( 300) (4)

Thermoelastic parameters og 7, (0Ko7#/0T)p and K300
are fitted for the present set of data, with K(’)‘300 and V300
as fixed parameters from our study at room temperature.

@ Springer

Results of the fit of oy and (0Ky /0T)p are compared,
to previous studies on silicate garnets for a set of different
K 3 fixed values (Table 4). When there is no constraint
applied on the elastic parameters, fitting of Eq. 2
gives Ko300 = 159.7 £ 4.0 GPa, Kj 3, = 5.10 & 0.48,
(0Ko 7/0T)p = —0.021 & 0.002 GPa K™' and ag300 =
277 £024 x 10° K" (4> =1.53). As it can be
expected, to increase the number of free parameters pro-
vides smaller ;(2. However, the uncertainties upon the
Koz00 and Kj 5, values also increase, which make diffi-
cult to discuss those results. This also suggest that even
with the large pressure and temperature range covered in
this study, the data are not sufficient to constrain all the
elastic parameters at the same time during fitting.

On the other hand, when Kj 3 is fixed to 4.0, we obtain
KO,SOO = 1654 + 0.8 GPa, (GKO,T/GT)p = —0.018 £ 0.002
GPa K™' and o300 = 2.68 £0.24 x 10° K™ (4> =
1.60) that are of the same order of thermoelastic parameters
reported for other garnets. Those results present fair agree-
ment with former results on grossular-rich garnets consid-
ering the use of natural samples in previous studies
(Anderson and Isaak 1995; Pavese et al. 2001) against
synthetic garnet in this work. When fitted with Kj 350 =
3.0 or 5.0, the values of (0K, #/0T)p and o300 are almost
unaffected. However, K 3o values (see Table 4) signifi-
cantly deviate because of the strong correlation between
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Table 4 Results of the fitting by the third order P-V-T Birch—-Murnagham equation of state of grossular garnet, compared to previous works on

other garnet species

Vo (A®)  Kozeo (GPa) Kfsp  (0Kor/@T)p (GPaK™") 300 (10K ™) ag (10K ™) by (105K 7
Gr100 1,664* 171.6 (9) 3.0* —0.017 (1) 2.60 (27) 2.46 (20) 0.48 (24) 1.78
This study 1,664* 165.4 (8) 4.0% —0.018 (2) 2.68 (24) 2.55 (18) 0.43 (22) 1.60
1,664* 159.6 (8) 5.0% —0.020 (2) 2.74 (23) 2.62 (17) 0.40 (20) 1.53
1,664* 166* 4.03 (13) —0.019 (1) 2.62 (23) 2.46 (17) 0.54 (21) 1.60
1,663 (1) 159.7 (40)  5.10 (48) —0.021 (2) 2.77 (24) 2.65 (18) 0.40 (21) 1.53
(a) Gr97And2Pyl  — 166.6 (7) - - 1.92 (5) - - -
(b) Gr97AIm3 1,666.08 168.2 (1.7) 4.0% —0.016 (3) 2.78 (2) - - 1.04
(c) Py100 - 170 5.0% —0.020 (3) 2.3 (2) - - -
(d) Alm100 - - - - 1.62 - - -
(e) Alm86Py7Spe7 — 177 (2) 4.0% —0.032 (16) 3.1 (7) - - -

Gr CazAl,Si;0,; grossular, And CasFe,Si;0,, andradite, Py Mg3Al,Si5;0,, pyrope, Alm Fe;Al,Si30;, almandine, Spe Mn3;Al,Si;0;, spessartine
References: (a) Isaak et al. (1992); Anderson and Isaak (1995); (b) Pavese et al. (2001); (c) Wang et al. (1998); (d) Thiéblot et al. (1998); (e) Fan

et al. (2009)
* Values that were fixed during data processing

Ko 300 and K(’)’300, as for fitting of our P-V data at room
temperature. A consistent set of parameters can be obtained
by fixing Ko 300 to 166 GPa as it is predicted by theoretical
work on pure grossular garnet (Nobes et al. 2000), then
K300 can be constrained to 4.03 £ 0.13, which gives
%300 = 2.62 + 023 x 107 K" and (0K /0T)p =
—0.019 + 0.001 GPa K" (4> = 1.60). The present P-V-T
measurements have also been fitted using a Vinet-like
equation of state. The values we calculated within similar
assumptions for the elastic parameters are close to the values
obtained from the Birch—-Murnaghan model with differences
that fall within the uncertainty of the equations of state fits.

Figure 4 shows that for all our fit (K{) 5, fixed to 3.0, 4.0
and 5.0, Ky 30 fixed to 166 GPa and fitting with no con-
straint), the thermal expansion at high-temperature is in fair
agreement with Isaak et al. (1992). On the other hand, at
low temperature o 309 is significantly different from that of
Isaak et al. (1992) due to the different assumptions in the
formulation of (7). Thus, we also find smaller values at
300 K than Pavese et al. (2001) who assumed a constant
%300 value. Figure 5 shows that the temperature depen-
dences of Ko for K 5, values of about 4.0 are in good
agreement with the data of Isaak et al. (1992). Although
Ko7 for Kjj3, of 3.0 and 5.0 (K{;, = 5.10 & 0.48 for
constraint-free fitting) differ from Isaak et al. (1992),
(0K 7/0T)p values are comparable to those of K 5, of 4.0,
and the variation of K r is mainly due to the variation of
Ko 300 With varying K(')‘300. One can note that the present
synthetic grossular softens faster against temperature
compared to Pavese et al. (2001). The fit of the thermal
dilatation of grossular garnet at high-pressure and high-
temperature is shown in Fig. 6.

-5 -1
am_(‘l 0°K")

K fixed o 5.0

Eoo e Koo fixed fo 166 GPa
22

— — = na constraint

Isaak ef al. (1992)
1400

| R N~ S S S K- (I

400 600 800 1000 1200
Temperature (K)

1600

Fig. 4 Thermal expansion o, 7 against temperature. Solid and dashed
lines represent our data for different fixed values of K(’,’300 (3.0, 4.0
and 5.0), Ko 300 fixed to 166 GPa (K(/)‘soo = 4.03 £ 0.13) and without
constraint on the elastic parameters (K300 = 159.7 £ 4.0 GPa and
K{ 300 = 5.10 £ 0.48). Open circles are Isaak et al. (1992) experi-
mental points and the blue line is the constant value of ¢ 7 as reported
by Pavese et al. (2001)

P-V-T data were also analyzed using the so-called
Mie—Griineisen—Debye equation of state (e.g. Jackson and
Rigden 1996). In that model, the pressure is expressed as
the sum of the static pressure at room temperature and the
thermal pressure. The third order Birch—-Murnaghan (Eq. 1)
and Mie—-Griineisen (Eq. 6) relations are used to, respec-
tively, express the static pressure P(V,300) and the thermal
pressure APy, (V,T) as follows:

P(V,T) = P(V,300) + APy(V,T) (5)
y(V.T)

APy (V,T) = [En(V,T) — Eqn(V, To)] (6)

@ Springer
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fixed to 5.0

] Kn g fixed to 166 GPa

\ === ==no constraint
Isaak ef al. {1992)

(GPa)

oT

K
-
o
ra
T

144 |-

140 I I I I s
400 600 800 1000 1200 1400 1600

Temperature (K)

Fig. 5 Isothermal bulk modulus K r against temperature. Solid and
dashed lines represent our data for different fixed values of K{) s,
(3.0, 4.0 and 5.0), Ko 300 fixed to 166 GPa (K} 3oy = 4.03 £ 0.13) and
without constraint on the elastic parameters (Koo = 159.7 & 4.0
GPa and K 5, = 5.10 & 0.48). Blue line is plotted after Pavese et al.
(2001), for Ko 300 = 168.2 = 1.7 GPa and K 4, fixed to 4.0. Open
circles are experimental values reported by Isaak et al. (1992)

Io 3 L] I'--’5[)!'( L 1li0r'ilK
® 450K —e— 900K ® 1350K
) ® 500K ® 1050K —e— 1500K
1700 e 1100K o -0 K -
o . +— 1200 K o after Isaak et al. (19921
<
OEJ !
5 1650
o
>
<L 1600
=
=]
1550

" i i " i . " i A M " " e "
0 5 10 15 20
Pressure (GPa)

Fig. 6 Unit-cell volume of Ca3Al,Si;O;, grossular garnet as a
function of pressure and temperature. The errors in the calculation of
the pressure are estimated to be = 0.1 GPa. However, the error bars
have about the same dimension than the symbols and then cannot be
seen. The solid lines represent the fit by the high-temperature Birch—
Murnaghan equation of state at 300, 600, 900, 1,200 and 1,500 K
(all isotherms are not plotted for clarity), with the following
parameters: Kozoo = 166 GPa, K{ 5, = 4.03 £ 0.13, V300 =
1,664 A (fixed), o 300 = 2.62 + 0.23 x 107> K=" and (0K, ;/0T)p =
—0.019 + 0.001 GPa K™! (;(2 = 1.60). Zero-pressure volume data at
high temperature (open circles) are calculated after Isaak et al. (1992). For
comparison, dashed line isotherms are plotted after Pavese et al. (2001) at
300, 600, 900, 1,200 and 1,500 K

The thermal pressure is a function of the Griineisen
parameter 7 and the thermal energy E,(V, T), which can be
estimated using a Debye model (Eq. 7) as shown below:

0/T
0 -3 3
Elh(V, T) = 9I1NAkBT<?) / yé dé (7)

es —1
0

@ Springer

where 0 is the Debye temperature, and the constants n, Ny,
kg are the number of atoms in the formula unit (n = 20),
Avogadro’s number (6.022 x 1,023 mol_l) and Boltzmann’s
constant (1.381 x 10727 K_l), respectively.

The Griineisen parameter and Debye temperature are
usually described as a function of y, and 0, and empirical
parameters. Several formulations have been proposed to
express y and 0; here we adopted a unified formulation sug-
gested by Stixrude and Lithgow-Bertelloni (2005). They
proposed a thermodynamically consistent formulation for
pressure, K7, G and y, which are formulated by the derivative
of finite strain. The frequencies relative to y, are assumed to
follow a Taylor series expansion in the Eulerian finite strain.
The empirical parameter g is introduced in their expression
of the volume dependence of the Griineisen parameter ). For
more details and description of representative equations of y
and 0, refer to Stixrude and Lithgow-Bertelloni (2005) and
references therein. The Debye temperature at room temper-
ature 0, = 823 (2) K was taken from Anderson and Isaak
(1995)’s sound velocity measurements at ambient conditions,
and then fixed during refinement of our data. In addition, the
bulk modulus Kny was constrained by the results of the adi-
abatic bulk modulus measured by acoustic velocity as
reported by Bass (1989), using the following relation:

Kro = Kso + p3p,Cvo % 300 (8)

where Kgy is the adiabatic bulk modulus, 7y, is the
Griineisen parameter and p, the density of grossular at
room pressure. The isochoric specific heat at room pressure
Cvy was estimated using a Debye function.

Indeed the current data cover the entire high-P, T stability
field of the grossular garnet, it appears to be not sufficient to
constrain g, values during fitting. Therefore, here we fixed ¢
and present the results of the fitting for several significant g
values as shown in Table 5. As we can see in Table 5, the
volume and the bulk modulus at room P and T are relatively
unaffected by changes in the g, value, and then they remain in
good agreement with references (Stixrude and Lithgow-
Bertelloni 2005). On the other hand, we observe some varia-
tion of the pressure derivative of the bulk modulus Kj 5y, and
the Griineisen parameter yq: if we assume g, = 0.4, our data
yield yo = 1.17 and K6,300 = 4.22, which contrast with the
values of previous works (Stixrude and Lithgow-Bertelloni
2005). For gg = 1.0 (empirical value) and gy = 1.4 (as
reported for other garnet end-members), our data suggest that
K{ 300 is only slightly deviated from 4.0 (as example: K, 5o, =
435 and y, = 1.23 when gy = 1.4, 7> = 1.84, Table 5).

Conclusion

The study of silicate garnet end members at high-pressure
and high-temperature is of importance to constrain the
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Table 5 Elastic properties of grossular garnet, compared to previous works as quoted by Stixrude and Lithgow-Bertelloni (2005)
Garnet species 90 Vo.300 (10\3) Ko.300 (GPa) K(’),soo Yo Oy 12
This study 0 1,662.84 167.3 4.17 1.15 823 1.45
0.4* 1,662.74 167.2 422 1.17 823 1.50
1.0* 1,662.59 167.2 4.30 1.21 823 1.64
1.4% 1,662.49 167.1 435 1.23 823 1.84
Grossular***
CazAlL,Si30, 04 4) 1,663.59 167 (1) 554) 1.08 (6) 823 (2) -
Pyrope***
Mg;AlLSi5304, 1.4 (5) 1,503.51 170 (2) 4.1 (3) 1.01 (6) 823 (4) -
Almandine***
Fe;Al,Si30, 1.4 (10) 1,528.62 177 (3) 4.1 @3) 1.10 (6) 742 (5) -
Mg-majorite®**
MgzMgSiSi;0;, 1.4 (5) 1,519.99 165 (3) 42 3) 1.01 (30) 788 (100) -

* Value is fixed during fitting of the data
## (), is fixed after Anderson and Isaak (1995)

*#% See Stixrude and Lithgow-Bertelloni (2005) and references therein

compositional dependence of thermoelastic properties
in those materials. Such results are particularly valuable
for the understanding of natural garnets’ behavior at high-
P, T since they usually display relatively complex
composition.

On the basis of the P-V-T data collected on the beamline
BLO04B1 at SPring-8 (Hyogo Prefecture, Japan), we calcu-
lated the thermal equations of state of synthetic grossular
garnet up to 20 GPa and 1,650 K. The high-temperature
third order Birch-Murnaghan equation of state gave the
following bulk thermoelastic parameters: Ky 300 = 165.4 +
0.8 GPa, K3y, =4.03+ 0.13, (0K 7/0T)p = —0.019 £
0.001 GPaK™' and ags90 = 2.62 4+ 0.23 x 107> K™
(4% = 1.60), with V300 fixed to 1,664 A3, Fitting of P-V-T
data by the thermal pressure approach using the
Mie—Griineisen—Debye equation of state gave Kgzgo =
1672 GPa, Kpzp0= 4.30, Vo300 = 1,662.59 A® and
70 = 1.21 (;52 = 1.64) when g, and 0, are fixed to 1.0 and
823 (Isaak et al. 1992), respectively (RMS misfit on pressure
of ~0.3 GPa). y, obtained here for any g, value is slightly
higher than the value of y9 = 1.08 quoted by Stixrude and
Lithgow-Bertelloni (2005). We note from their compilation
that grossular garnet is reported by previous study with high
K{ 390 (~5.5) and low ¢¢ (~0.4) compared to other garnet
end-members K300 = 4.0and go ~ 1.4).

The present study constrains K{) 5, of grossular garnet to
values in the range of Kj 309 = 4.03—4.35, which well-sat-
isfies thermal expansion data at room pressure (Isaak et al.
1992). Indeed those values differ from other studies for gar-
nets with grossular-like composition (Conrad et al. 1999;
Pavese et al. 2001; Zhang et al. 1999), our Ko 300 and K{ 5
values also well-reproduce previous and current pressure—
volume data for the whole high-P, T stability field of grossular

garnet. Thus, the present work supports that K(/),soo of gros-
sular garnet is close to 4.0, which is in contrast to previous
works that reported K{, 5o, > 5.0 (Conrad et al. 1999; Zhang
etal. 1999) or K(’)‘300 close to 3.0 (Pavese et al. 2001). Pavese
et al. (2001) fitted K{ 300 close to 3.0 but with large uncer-
tainties that could also satisfy a K{ 3y, of 4.0 (Fig. 3). In
addition, pressure—volume data of Zhang et al. (1999) and
Conrad et al. (1999) can be reproduced by our K300 and
K{ 300~ Finally, one can note that Ko 300 and K3, values
reported by computational work for a model of CazAl,Si30,
garnet show excellent agreement with our results (Nobes et al.
2000). Those results reconcile the thermoelastic parameters
of grossular garnet with previous determinations on other
silicate garnet species (see Tables 4, 5) as summarized by
Stixrude and Lithgow-Bertelloni (2005).
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