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ABSTRACT : Garnet is one of the major minerals down to the top of lower mantle approximately 660
km with spinel and pyroxenes. Garnet transforms into perovskite and corundum in the lower mantle,
however its sequence is still in controversy. We measured the compressibility of a natural almandine at
high-pressure up to 62 GPa using Mao-Bell type diamond anvil cell (DAC) at room temperature.
Chemical formula of the specimen is (Fezs2Cag21Mgo.1sMno.12)Aly 2381297012, Results of this compression
study are as follows: a = 10.775 A, V = 1251.16 A®, D, = 5.265 g/om’ at 62 GPa; bulk modulus is
156 GPa using Birch-Murnaghan equation of state (EoS) with a fixed K¢’ of 4. This study would be
the first time attempt accomplished with the high pressure DAC using synchrotron radiation at the
Pohang Light Source (PLS) in Korea.
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INTRODUCTION

Garnet is represented as A3;By(SiOys)s, where A
and B site refer to 8- and 6- coordinated cationic
sites, respectively. The A sites are occupied by
rather large divalent cation, whereas the B sites
smaller trivalent cation. In a view of the A site
concern, we may expect a fairly well-defined divi-
sion of the garnet into those with easily inter-
changeable divalent ions such as Mg™", Fe*’, Ca®*
and Mn”". Similarly, because of the limited sub-
stitution possible in the B site, it may be ex-
pected a separation of garnet into AI’', Fe’', and
cr' bearing constituents. These two trends are
well marked and have given rise to a grouping of
garnets into two series: pyralspite (Ca absent in
A; B = Al) and ugrandite (A = Ca). Pyralspite
group consists of pyrope (MgzAl; SizOy2), almandine
(Fe3ALSi3042) and spessartine (Mn3ALSi3052). On
the other hand, grossular (Ca3;AlLSi;01,), andradite
(Ca;FegSi3O;2), uvarovite, (Ca3Crzsi3012) and hydro—
grossular (CasAl;Si20s (S104)(OH)) belong to the
ugrandite group. The structure of garnet is such
of body-centered cubic, space group Ia3d and
atomic number of unit cell (Z) = 8.

Assuming the pyrolite as the average Earth
upper mantle model, the mineralogy of this part
would be as follows: olivine, orthopyroxene, clino-
pyroxene and garnet. Olivine, the most abundant
mineral phase, has been up to now widely accepted
that this mineral transforms to the modified
spinel, and then to spinel, finally to perovskite
plus magnesiowustite. These transformation se-
quences are responsible for the itwo major
seismic discontinuities at 410 km and 660 km,
respectively (Dziewonski and Anderson, 1981).

Garnet phase is stable in the wide range of
pressure and temperature conditions. Geophysically,
garnet phase sustains until approx. 660 km depth,
which is the boundary between upper and lower
mantle (Anderson, 1989). O'Neill and Jeanloz
(1994) reported that garnet could coexist with
aluminous perovskite up to about 50 GPa (about

1200 km depth), and proposed that iron in garnet .

could expand the garnet stability field to much
higher pressure, compared with those in the

iron-free systems.

Compared with magnesian garnet, the nature of
phase transitions of iron-rich gamnet is only poorly
understood. Almandine, Fe;AlSi;Oyp, is an iron
-end member of pyralspite group in garnet phase.
Almandine has been experimentally examined by
several investigators, but their results are still in
controversy. Liu (1975a, b) reported that alman-
dine disproportionated into a mixture of stishovite
and griphite (hydrophosphate garmetoid) at approx.
12 GPa, and further changed into wustite and
unknown phase(s) at higher pressures. Kesson et
al. (1995) suggested two alternatives that alman-
dine disproportionates either into a mixture of
wustites, corundum and stishovite or into a mixture
of wustite, stishovite and FeAlLO,4 (calcium ferrite
structure), based on their diamond anvil cell
(DAC) experiments at approx. 55~70 GPa. Conrad
(1998) investigated perovskite phase does not
form from almandine, and demonstrated alman-
dine decomposes to oxides FeO, SiO;, and AlO;
rather than transforming to a perovskite- struc-
tured phase at lower mantle pressures. Akaogi ef
al. (1998) observed that almandine dissociates
into a mixture of wustite, corundum and stishovite.
The dissociation of almandine into the constituent
oxides at 20~21 GPa shows a clear contrast to
that of pyrope which decomposes into perovskite
and corundum solid solutions at about 27 GPa.

Previous studies have been carried out mainly
on the Mg-end member of pyrope (Recently,
Irifune et al., 1996; Kubo and Akaogi, 2000;
Akaogi et al, 2002). On the other hand, the
Fe-end member of almandine has been lesser
studied. In this study, we have carried out high-
pressure experiments on a natural almandine, and
determined the bulk modulus. This study would
be the first time attempt accomplished with the
DAC using synchrotron radiation (SR) at the
Pohang Light Source (PLS) in Korea.

EXPERIMENTS
Sample Description

A natural almandine single crystal, which was
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Fig. 1. ADXRD pattern of almandine with Miller index. 2 @ ; 3 ~120°, sample rotation; 30 rpm. Other peaks
does not exist except quartz (011). Intensity of almandine (420) is 4500 counts. Both almandine and quartz
peak indices were assigned according to JCPDS 85-2498 and 85-0798, respectively.

embedded in the mica schist of the WARD
collection (45E3120, No. 28) was separated and
then crushed into pieces. These crystal pieces
were cleaned using ultra-sonic cleaner and sup-
posedly pure almandine specimens were carefully
picked up manually under a stereo microscope.
Pieces prepared through this procedure were
grounded into a very fine polycrystalline powder.

X-ray diffraction (XRD) analysis was done on
the powdered almandine using SIEMENS DS5005
and XRD conditions were such that step-scan
mode, 26 angle for 3~ 120 degree, voltage and
current for 40 kV and 35 mA and Cu-K, radiation
with a graphite monochromator (Fig. 1). XRD
pattern was indexed by JCPDS 85-2497. The
d-spacings range from 4.730 to 0.898 A, and the
peak at 26.74 degree is assigned to quartz (011)
(i.e., d-spacing of 3.3436 A) from JCPDS 85-
0798. Thus, in order to make clear their frac-
-tions, a quantitative analysis has been applied
to XRD data using the Siroquant v2.5. Result in
Table 1 shows almandine 96.2+1.34 wt.% and
quartz 3.8+ 134 wt.% with X* of 2.19.

Electron Microprobe Analysis

Chemical composition of almandine was con-
firmed by electron probe micro-analyzer (EPMA)
using CAMECA SXS50 at the Korea Basic
Science Institute (KBSI). The polished single
crystal specimen of almandine was prepared for
EPMA. Table 2 lists chemical composition of
almandine we got in such ways. Each oxide was
averaged from 10 measured data points : FeO
36.86%, SiO» 36.23%, with ALO: 20.95%, CaO
2.35%, MgO 1.44% and MnO 1.70%. On the
basis of twelve oxygen atoms per formula, the
chemical formula of almandine derived by the
procedure of Klein and Hurlbut Jr. (1985) is the
following: (Fess52Cag21Mgo.1sMng.12)Al223812.67012.
Quartz in run #11 was neglected because of its
very small amount.

High-pressure Experiment

Apparatus setup
X-ray measurements at high pressures were carried
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Table 1. Result of quantitative analysis from XRD
data

Table 2. Chemical composition of the natural
almandine by EPMA

Phase Weight (%) Error
Almandine 96.2 1.34
Quartz 3.8 1.34

Chisquare (XZ) = 2.19, using siroquant v2.5 (Rietveld
method)

out using synchrotron radiation at 1B2 beamline,
available the white radiation, of PLS in the
Pohang Accelerator Laboratory (PAL). PLS uses
the synchrotron radiation in 2.5 GeV (Lee and
Shin, 2002). Mixture of almandine and MgO
powder in an indented gasket hole chamber at the
inner DAC of Mao-Bell type was interfaced to
the white SR using the Energy Dispersive X-ray
Diffraction (EDXRD) technique. Fig. 2a in inlet
describes this comment. Fig. 2 is the in-situ
picture of the setup configuration and also shows

. Run 1~10 Run 11
0,
Oxides (wt.%) (Almandine) (Quartz)
SiO, - 36.229 98.514
AlLO; 20.953 0.733
MgO 1.436 -
CaO 2.347 -
TiO, 0.049 0.03
FeO 36.86 0.314
MnO 1.701 -
Total 99.671 99.632

Divalent ions are such as Mg”", Fe*', Ca®" and Mn®™. This
almandine includes the small amount of quartz.

the directions of both direct and diffracted beams
which are indicated as 2 4 schematically. Beam
was collimated using stepping motor (SM) stage,
which eliminates the unwanted XRD peaks from
the gasket and other setup related materials by
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Fig. 2. Picture of experiment setup and schematic diagrams of beam directions within diamond anvil (a) and
overall path (b). 29 is the angle between incident white beam (solid line with arrow) and the diffracted to
the Ge SSD (dotted line). Step motors (SM) were used for the collimations of pinholes to X-axis and of
DAC to Z-axis. Beam size entering to DAC must be smaller (i.e., @177 ym) than gasket size (i.e., @235
um) in order to get rid of the unwanted peaks through the pathway.
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Table 3. XRD resuits and lattice parameters of almandine at the highest pressure (62 GPa)

Vlo* E (keV) dobs (A) (hkl) a (A) deat (A)° Phase’
90 21.77 2.702 (400) 10.809 2.694 al
100 24.47 2.404 (420) 10.751 2.409 al
10 26.70 2.203 (422) 10.794 2.200 al

10 30.32 1.940 (200) 3.880 1.940 MgO
5 33.74 1.744 611) 10.748 1.748 al

® Relative intensities were determined visually on spectrum.

® The d-spacings were calculated on the basis of the following lattice parameter; a = 10.775 A.

° al stands for almandine.

Table 4. Lattice parameters, volume and density
variations of almandine

P (GPa) a (A) V(A D (glem’)
0 11.545 1538.839 4.281
3.311 11.445 1499.021 4.394
5.746 11412 1486.280 4432
10.841 11.333 1455519 4.526
17.965 11.222 1413.390 4.661
25782 11.123 1376.248 4.786
33972 11.012 1335.181 4.934
41.732 10.921 1302.599 5.057
46.238 10.873 1285.452 5.125
51341 10.837 1272.668 5.176
53.609 10.836 1272.446 5177
59.906 10.781 1253.087 5.257
61.949 10.775 1251.155 5.265

P : pressure, a : lattice parameter, V : volume,
D : density

the X-ray path. So, the beam size must get t0 be
smaller (i.e. @180 uym) than the gasket hole
diameter of 235 ym. 26 was set to be 12.11° to
the Germanium solid state detector (Ge-SSD)
(CANVERRA GLO0210R, channel 4096), and this
much 26 is judged small enough to get the
better resolution. Fig. 2b is the cross sectional
view of the experiment setup with two pinholes
(ie, W and Mo plate with hole of 707 um).
These pinholes endeavor to prevent the dispersed
beam from the scattering.

X-ray Measurements

MgO was used as the pressure medium as
well as the pressure sensor (Vinet and Ferrante,
1987; Utsumi et al., 1998; Singh et al., 2004).

Appropriate reasons of MgO selection for these
purposes are such that there is a few overlapping
of the diffracted peaks between MgO and
almandine, especially between the strongest ones,
and their analogs of physical properties each
other (see Table 5), which would be described in
detail below. '

Sample chamber sustains its hydrostaticity by
the immerged methanol and ethanol fluids (i.e., 4
to 1 in volume). This kind of experiment is
fraught with difficulties arising from the small
changes of specimen thickness under pressures
and the need to maintain hydrostatic conditions,
in order to remove all void space from the
sample as well as to correct for the elasticity and
the friction in the apparatus. The pressure was
loaded step by step from 0.1 MPa (ie., ~I1
atmosphere) to 62 GPa at room temperature., Data
collection time was assigned to be 20 minutes in
live-time mode.

RESULTS AND DISCUSSIONS
High Préssure Results

A sequence of high pressure XRD spectrum is
shown in Fig. 3. Almandine of Fig. 3a at 0.1
MPa shows totally 11 peaks of (321), (400),
(420), (332), (422), (431), (440), (611), (444),
(640) and (642) and moreover, together with the
pressure medium (i.c., MgO) peaks of (200) and
(220). Strongest almandine peak (420) situates
at 15.63 keV and this peak would be used as a
trace marker. Loading pressure to 26 GPa, the
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Table 5. EoS parameters of almandine and MgO

EoS Parameter p-v Elasticity £
Phase N
, »” d s . orm
oder Vo Ko Ko Ko P VeV KB) K@) Swmin £ O
Almandine 3 1538.839 156 4%  -0.0249 527274  1237.108 0.8039 347.4707 3.4099 0.0783  156.00
MgO 3 73560 156° 4.7° -0.0326 62.09076 584110 07941 417282 39757 00831  169.610

Using EoS-fit v6.0 program (Angle, 2001), B-M; Birch-Murnaghan EoS, V; Volume, K; Bulk modulus, P; Pressure, a;
fixed, b; Fei et al. (1990), c; f-F is stress-strain that Eulerian strain is f,=[(V,/"**—1]/2, normalized stress is defined
as Fe=P/3f(1+27:)%. d; values of high pressure experiment.

1500 (420) 1.00 T T T T T T
“22) &
MgO (200) (611} 62 GPa
woo) 1420 / 0.85 4 Jokm ]
2 1000+
2 (422} (;3“ 660 km
8 bk 26 GPa s
£ =° 0.904 -1
% <
i >
500 4
(a) 0.85 4 4
0.1 MPa
(444)(640) (642) g0 (220) u
0 T T 1
0'80 T T 1 L} L T
» 2 ° [ 10 20 30 40 50 60
Energy (keV)

Fig. 3. Processes of the loading from 0.1 MPa to
62 GPa. (a) XRD pattern at 0.1 MPa (~I
atmosphyere), (b) Pressure of 26 GPa is equivalent
to the mantle transition zone, (¢} XRD pattern at
the highest pressure of 62 GPa at present
experiment. Only 5 peaks with MgO (200) are
observable.

number of observable peaks becomes to 6 of
(321) (400), (420), (422), (431) and (611) (Fig.
3b). At this pressure, only one MgQO peak of
(200) survives. Peak intensity during the loading
process decreases gradually, and this might be due
to the slim of sample thickness by the applied
pressure. Continually, pressure was applied to al-
mandine up to highest pressure of 62 GPa (Fig.
3c), and its XRD resuits are shown in Table 3,
which only 4 sample peaks sustain with one
MgO (200). In this Table, it is found that the
difference between dobs. and deae. of each peak is
small enough to get the high level of confidence
to the X-ray measurement at this highest pres-
sure. Based on this reliance, we say new peak
does not appear up to/and 62 GPa, therefore

Pressure (GPa)
Fig. 4. Compression of the unit cell volume of
almandine with pressure. Fitting line was drawn
using Rorentz function. Pressure values which are
equivalent to 410 km and 660 km, respectively are
designated by arrows with numerics.

the phase transformation does not occur to any
high pressure polymorph(s). Lattice parameter,
volume and density variation of almandine are
shown in Fig. 4 and Table 4.

According to the previous studies, pyrope trans-
forms into perovskite and corundum phases above
23.5 GPa (Anderson, 1989). On the other hand,
almandine does not transform at the mantle tran-
sition region which is equivalent to approximately
23.5 GPa, from high pressure and room temper-
ature conditions (Akaogi et al., 1998; Conrad,
1998). Our experimental result of the loading
process up to 62 GPa agrees with those of
Conrad’s (1998), which shows the persistence of
the unheated garnet to very high pressures. Al-
mandine keeps stable up to about 12 GPa
which is equivalent to 410 km depth and then
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Table 6. Bulk moduli of various garnet phases

Composition Ko (GPa) K¢ Reference
Mg3ALSiz01 179+3 4.0 Hazen and Finger, 1989a
" 175+1 4.5 Levien et al., 1979

" 1713 1.8 Sato et al., 1978

" 190t 6 545 Takahashi and Liu, 1970

" 172.8 3.8 Leger et al., 1990
Mn;ALSi;O12 174.2 7.0 ”
Fe;ALSi:O12 1685 545 Takahashi and Liu, 1970

" 175+7 1.5 Sato ef al., 1978

" 15630 4.0 This study
Ca;ALSiz0i2 168.4 6.1 Olijnyk et al., 1991

" 1395 - Hazen and Finger, 1978
CasFe;SizOn2 159+2 4.0 Hazen and Finger, 19890
Ca3Cr;S13012 162 4.7 Leger et al., 1990

Ca3Al;Si3012(Si04)(OH) 6614 4.1 Olijnyk et al., 1991

Upper part of the middle line is for pyralspite group and lower part for ugrandite group.

maintains its metastable phase up to 62 GPa.
This might be due to the thermodynamic factor
such as temperature which obstructs the inter-
actions. For transition at matastable state, it must
be true that important parameter is temperature.
Almandine structure keeps to stable phase up to
pressure which exceeds over the mantle transition
zone.

Equation of State and Bulk Modulus

Generally, equation of state (EoS) relates to
pressure (P), volume (V), temperature (T) of the
material at given conditions. We have used the
3rd-order Birch-Murnaghan EoS (B-M EoS) (Birch,
1947):

P=3 Ky(x = - (4= K- D,

x:[ 1{/(;5) ]1/3

This is a “Finite strain EoS”, and based on the
assumption that the strain energy of a solid un-
dergoing compression can be expressed as a
Taylor series in the finite strain, /. The B-M
EoS relies mainly on the Eulerian strain, fz=
[(V,/ V¥ —1]/2. EoS-fit starts a program to
conform the B-M EoS to the acquired P-V data.

As a result of EoS-fit using SAS v8.1, bulk
modulus thus determined was 1560 GPa where
zero designates a very small standard deviation.
EoS parameters of this natural almandine and
MgO are given in Table 5. As mentioned above,
MgO was used pressure sensor mainly as well as
pressure medium. In addition to these roles, the
reason MgO used is that strains (f) of almandine
(i.e., 0.0783) and MgO (i.e.,, 0.0831) are similar
each other (see Table 5), so that Ky of each
material happens to be same of 156 GPa. This
means compressions of two materials proceed
together constantly, and we can avoid the
overlapping the XRD peaks at high pressures.

Comparing this value with the previously
reported ones such as 168+5 GPa by Takahashi
and Liu (1970) and 1757 GPa by Sato er al.
(1978) as the examples, the present one is rather
low (Table 6). Bulk moduli of pyralspite group
range usually from 171 to 190 GPa. However,
those of ugrandite group shows the enormous
range variations from 66 to 168 GPa (Table 6).
Even if we put aside a hydrogrossular which
shows 66 GPa due to the very compressible
tetrahedral O;H4 structure, bulk modulus of an
grossular in ugrandite group was reported as 139
GPa (Hazen and Finger, 1978 in Table 6). This
value is lower than 168 GPa by almost 30 GPa
of Olijnyk et al. (1991). As pointed out by this

— 255 —



Gil Chan Hwang - Young-Ho Kim

study, probably Ca ion is judged to major cause
of lower bulk modulus. However, part duties of
other ions such as Mg,2+ and Mn®" substituted are
beyond of this research.

However, Woodland ef al. (1999) reported that
a change in cation valence cannot explain the
variation in bulk modulus between andradite or
skiagite (Fe2+3Fe3+zSi3012) and their Al-bearing
analogs, grossular and almandine. Remaining the
tetrahedral site environment more or less the same
in all silicate garnets, it is the varying octahedral
site that has the greatest direct influence on the
bulk modulus.

SUMMARY

Garnet is regarded as one of the major minerals
at the top of lower mantle. A natural almandine
was compressed up to 62 GPa at room tem-
perature using Mao-Bell type DAC interfaced to
the white SR with EDXRD method. Within this
high pressure range, lattice parameter and volume
variations of an almandine are between 11.475
and 10.775 A and between 1510.978 and 1250.984
A’ respectively. Accordingly X-ray density varia-
tion is 4.281~5265 g/em’. Bulk modulus is
determined to be 15620 GPa. This natural
almandine does not show any phase transition (s)
so that almandine confirms its stability from 0.1
MPa to 62 GPa. This study would be the first
time result for the Farth’s material under high
pressure using SR at PLS in Korea.
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