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A B S T R A C T

Pressure-dependent structural and morphological changes of two amphibole minerals, tremolite and actinolite,
were investigated up to 7.0 GPa using synchrotron X-ray powder diffraction underthree different pressure
transmission media (PTM): water (W), CO2 and silicone oil (SI). The elastic response of tremolite and actinolite
are found to be dependent on the PTM used. When using water (W) as PTM, tremolite and actinolite show
normal volume contractions with bulk moduli of 74(1) and 78(1) GPa, respectively. When using CO2 as PTM, we
observe the formation of calcite from tremolite above 3.8(1) GPa, whereas actinolite did not show any carbo-
nation reaction. Under silicone oil PTM, we observe modulated volume contraction behaviors in both samples,
compared to water and CO2 PTM, with bulk moduli in the order of 90(1) and 94(4) GPa for tremolite and
actinolite, respectively.

1. Introduction

Compressibility and thermal expansivity are fundamental thermo-
dynamic parameters that relate directly to the stability of a material
[1]. In highly topologically anisotropic phases such as amphiboles and
sheet silicates, the principal crystallographic axes relate to key struc-
tural directions defined by silicate chains or sheet. The high-pressure
study of amphiboles is therefore important to obtain compressibility
that can be used with enthalpy, entropy, and thermal expansivity to
calculate key reactions to define its stability.

Tremolite (Ca2Mg5Si8O22(OH)2) is a member in amphibole group
which can be formed by the conversion of dolomite, silica and water
together with calcite and carbon dioxide. It belongs to a series of the
minerals actinolite (Ca2(Mg4.5-2.5Fe2+0.5-2.5)Si8O22(OH)2) and ferro-acti-
nolite (Ca2(Mg2.5-0.0Fe2+2.5-5.0)Si8O22(OH)2), where two ions, namely
magnesium and iron can completely substitute the specific site. Iron is
predominant in ferro-actinolite whereas magnesium is predominant in
tremolite. Actinolite is the intermediate member and the most common
mineral followed by tremolite. Tremolite and actinolite are clin-
oamphiboles with space group C2/m. Calcic amphiboles with the
nominal formulae Ca2Mg5Si8O22(OH)2 and Ca2(Mg4.5-2.5Fe2+0.5-2.5)
Si8O22(OH)2 are examples of low-pressure amphiboles, with an empty
A-site and silicon in tetrahedral and magnesium in octahedral co-
ordination [2,3]. There are two tetrahedrally coordinated sites in the

C2/m amphibole structure, T1 and T2 (see Fig. 1) [4,5].
Tremolite and actinolite all belong to asbestos groups. Asbestos has

been widely used in the past in a number of industrial settings (i.e.
traces in vermiculite products such as stucco, plasterboard, fireproofing
materials, and other common construction products) since they do not
dissolve in water and more resistant to acid attack and alkalis, have no
odor and do not migrate through soil [6,7]. As part of our ongoing
research on the physical behavior of amphiboles, we have undertaken a
high-pressure synchrotron X-ray powder diffraction study of tremolite
and actinolite using different PTM.

2. Experimental methods

2.1. Syncrotron X-ray diffraction

A natural tremolite (Ca2Mg5Si8O22(OH)2) from Boryeong, South
Korea, a natural actinolite Ca2(Mg4.5-2.5Fe2+0.5-2.5)Si8O22(OH)2 from
Argentina were used in this work. In-situ high-pressure synchrotron X-
ray powder diffraction experiments were performed at beamline
10–2 at the Stanford Synchrotron Radiation Light source (SSRL) at the
SLAC National Accelerator Laboratory and the beamline 10C and 9 A at
the Pohang Accelerator Laboratory (PAL). At beamline 10–2 at the
SSRL, the synchrotron radiation from the wiggler insertion device im-
pinges on a Si(111) crystal followed by two pinholes in order to create
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an approximately 100 μm diameter beam of X-rays with a wavelength
of 0.6199(2) Å. A Pilatus 300 K-w Si-diode CMOS detector manu-
factured by DECTRIS was used to collect powder diffraction data. The
detector held at distance of ca. 947(7) mm from the sample was stepped
to produce scattering angle coverage in 2θ up to ca. 40°. At beamline
10C at the PAL, X-ray beam from a multipole wiggler insertion device
was vertically collimated by a mirror (Rh-, Pt-coated 2 strips). Sets of
parallel slits were used to create a 200 μm beam of X-rays with a wa-
velength of 0.6199(2) Å. A MAR345 image plate detector was used to
collect data at a 286mm sample to detector distance (2θ coverage up to
ca. 30°) and with 300s exposure times. At beamline 9 A at the PAL, the
primary beam from an undulator was directed on a Si (111) crystal, and
sets of parallel slits were used to create monochromatic X-rays with a
wavelength of 0.6295(1) Å.

2.2. High-pressure experiments

A modified Merrill-Bassett diamond anvil cell (DAC) equipped with
type-I diamond anvils (culet diameter of 700 μm) and tungsten-carbide
plates was used for the high-pressure experiment [8]. A stainless-steel
foil of 200 μm thickness was pre-indented to a thickness of about
100 μm, and a hole with ca. 350 μm diameter were made as sample
chamber by electro-spark erosion. The powder sample was placed in the
gasket hole together with some ruby chips for pressure measurements.
Subsequently, water, carbon dioxide, or silicone oil was added as a
hydrostatic pressure-transmission medium [9], and the second ambient
pressure data were taken-we refer to this as ‘wet condition’. The pres-
sure at the sample in the DAC was measured by detecting the shift of R1

emission line of included ruby spheres (precision:± 0.05 GPa) [10].
The pressure was calculated using the equation below (1):

= +P A B λ λ B/ [1 (Δ / 0)] (1)

where P is the pressure in Mbar, λ is the wavelength of the ruby R line,
A=19.04Mbar, and B=7.665 [11]. The sample was typically equi-
librated for about 10min in the DAC at each measured pressure. In
separate measurements the DAC was equilibrated at a temperature of
250 °C when water and between 150 and 260 °C when CO2 was used as
a PTM. This resulted in more homogeneous sample-to-PTM condition.
The position of the incident beam, sample to detector distance, and
detector tilt were determined using a LaB6 standard (SRM 660).

2.3. Structure refinements

Pressure-dependent changes in the unit-cell lengths and volumes
were derived from a series of whole profile fitting procedures using the
GSAS suite of programs [12,13]. The selected structural models were
established by Rietveld methods [14]. The background curve was fitted
with a Chebyshev polynomial with several coefficients, and the pseudo-
Voigt profile function was used to fit the observed Bragg peaks. In the
final stages of the refinements, the weight of the soft-restrains was re-
duced, which did not lead to any significant changes in the interatomic
distances, and the convergence was achieved by refining simulta-
neously all background and profile parameters, scale factor, lattice
constants, 2θ zero, and the atomic positional and occupancy factors.
The results of Rietveld refinements are summarized in Tables 2 and 3.

3. Results and discussion

Synchrotron X-ray powder diffraction patterns measured up to
5.0(1) at the silicone oil and CO2 PTM and 11.0(1) GPa at the water
PTM are presented in Figs. 2–4. Changes in the normalized unit cell
volume are displayed in Fig. 5. To ensure hydrostatic conditions at
elevated pressures, occasional annealing was performed in the case of
water and CO2 PTM by placing the DAC inside an oven at 160 and
220 °C.

In the case of tremolite (Ca2(Mg4.5-2.5Fe2+0.5-2.5)Si8O22(OH)2), com-
pression in different fluids leads to the shifts in diffraction peaks to
higher 2-theta indicating normal compression behavior (Fig. 2a and b).
Under CO2 PTM, however, we observe the formation of calcite above
3.8 GPa (Fig. 2c). The unit cell volume contracts by 4%, 3%, and 3% up
to 4.0(1) GPa in water, silicone oil, and carbon dioxide PTM, respec-
tively. Bulk moduli, K0 (GPa), were calculated to be Tre-W=74(1) GPa,
K Tre-SI = 90(1) GPa, and K Tre-CO2= 107(3) GPa, respectively (Fig. 5 a).
Upon the formation of calcite in CO2 PTM run, we observed significant
morphological changes from recovered tremolite (Fig. 6). Using Riet-
veld refinement, we confirm that the three atomic sites of Mg2+ are
coordinated by 6 oxygen atoms from the octahedral (O3 and O4 sites)
and tetrahedral (O1 and O2 sites) framework while the Ca2+ cations
are coordinated by 8 oxygen atoms from the tetrahedral (O2, O5, and
O6 sites) and octahedral sites in the framework (Fig. 3a). The Bond
Valence Sum (BVS) at ambient conditions, high pressure, and after
pressure release were calculated to be 1.91, 2.15 and 1.83 for Mg2+ and
2.17, 2.38 and 1.85 for Ca2+ (Fig. 3d). The decrease in BVS in the
recovered sample appears to be related to the non-reversible formation
carbonate phase under pressure.

Compression of actinolite (Ca2(Mg,Fe2+)5Si8O22(OH)2) in various
PTM leads to gradual decrease in unit-cell volume (Fig. 5b). The unit
cell volume contracts by 4%, 4%, and 5% up to 7.0(1) GPa in water,

Fig. 1. Structural models of monoclinic (C2/m); tremolite, actinolite projected
onto (100) at ambient conditions. At actinolite, Iron exclusively occupies the
octahedral M1, 2, and 3 sites. M4 site contains Ca2+ ion.

Table 1
Bulk moduli, K0, of tremolite and actinolite according to the PTM.

Bulk modulus, K0 Tremolite Actinolite

KW 74(1) GPa 78(1) GPa
KCO2 107(3) GPa 103(1) GPa
KSI 90(1) GPa 94(4) GPa
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Table 2
Refined atomic coordinates for tremolite with carbon dioxide pressure-transmitting medium (PTM) as a function of pressurea.

Ambient 3.1 GPa, 220 °C Release
Space group C2/m C2/m C2/m
Rwp (%), x2 2.16, 5.23 1.71, 4.02 3.05, 10.34
EDS measured composition Ca3.0Mg4.8Si8.0O23.8 Ca1.7Mg4.9Si8.0O23

Chemical composition Ca2Mg5Si8O22(OH)2 Ca2.4Mg4.8Si8O23.1 Ca2Mg4.6Si8O22.7

Cell parameters (Å) a 9.782(2) 9.663(1) 9.770(1)
b 17.944(4) 17.850(1) 17.950(2)
c 5.245(5) 5.207(7) 5.245(1)
β (°) 104.77(7) 105.08(1) 104.88(1)

Cell volume (Å3) V 890(1) 867(7) 889(9)

T1 8j x 0.2801(6) 0.2904(8) 0.2955(1)
y 0.0823(3) 0.0843(5) 0.0764(8)
z 0.2984(1) 0.3032(2) 0.2914(3)
Occu. 1.0000(1) 0.6970(1) 1.0000(4)
Uiso 0.0106(6) 0.0099(1) 0.0690(2)

T2 8j x 0.2856(8) 0.2934(1) 0.2976(2)
y 0.1682(4) 0.1707(5) 0.1728(1)
z −0.1925(1) −0.1875(2) −0.1876(3)
Occu. 1.0000(1) 0.8114(1) 0.9900((1)

O1 8j x 0.1084(5) 0.1163(8) 0.1225(1)
y 0.0890(3) 0.0849(4) 0.0813(7)
z 0.2091(8) 0.2214(1) 0.2309(2)
Occu. 1.0000(1) 0.9518(2) 1.0000(1)
Uiso 0.0012(1) 0.0099(1) 0.0019(1)

O2 8j x 0.1130(8) 0.1194(1) 0.1261(2)
y 0.1702(5) 0.1676(8) 0.1583(1)
z 0.7166(1) 0.7265(2) 0.7373(4)
Occu. 1.0000(1) 0.7889(2) 1.0000(1)

O3 4i x 0.1192(9) 0.1168(2) 0.1257(2)
y 0.0000 0.0000 0.0000
z 0.7253(1) 0.7225(2) 0.7366(3)
Occu. 1.0000(1) 0.5064(3) 0.8600(1)

O4 8j x 0.1463(1) 0.1303(2) 0.1344(3)
y 0.2503(4) 0.2502(6) 0.2443(9)
z 0.2283(2) 0.2214(1) 0.2050(1)
Occu. 1.0000(1) 0.5977(2) 1.0000(1)

O5 8j x 0.3484(1) 0.3604(2) 0.3573(3)
y 0.1352(5) 0.1267(7) 0.1333(1)
z 0.1067(2) 0.0907(2) 0.1020(4)
Occu. 1.0000(1) 0.7888(2) 1.0000(1)

O6 8j x 0.3442(1) 0.3504(2) 0.3230(4)
y 0.1222(5) 0.1241(1) 0.1311(2)
z 0.5862(2) 0.5918(3) 0.5500(5)
Occu. 1.0000(1) 0.5941(2) 0.7900(4)

O7 4i x 0.3547(1) 0.3470(3) 0.3891(3)
y 0.0000 0.0000 0.0000
z 0.3084(1) 0.2696(1) 0.3790(8)
Occu. 1.0000(1) 0.6887(2) 0.9400(6)

MgM1 4 h x 0.0000 0.0000 0.0000
y 0.0835(5) 0.0846(8) 0.0793(1)
z 0.5000(1) 0.5000(1) 0.5000(1)
Occu. 1.0000(1) 0.6541(2) 0.9940(3)
Uiso 0.0224(4) 0.0099(1) 0.0074(8)

MgM2 4 g x 0.0000 0.0000 0.0000
y 0.1781(5) 0.1698(8) 0.1628(2)
z 0.0000 0.0000 0.0000
Occu. 1.0000(1) 0.6656(2) 0.9400(4)

MgM3 2a x 0.0000 0.0000 0.0000
y 0.0000 0.0000 0.0000
z 0.0000 0.0000 0.0000
Occu. 1.0000(1) 0.9171(3) 0.6800(4)

CaM4 4 h x 0.0000 0.0000 0.0000
y 0.2793(4) 0.2763(5) 0.2740(9)
z 0.5000(1) 0.5000(1) 0.5000(1)
Occu. 1.0000(1) 0.9096(1) 1.0000(1)
Uiso 0.0027(4) 0.0099(1) 0.0040(1)

a The e.s.d. values are in parentheses. Isotropic displacement factors (Uiso) were refined by grouping the framework tetrahedral atoms, the framework octahedral
atoms, the framework oxygen atoms and extra-framework cations, respectively.
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silicone oil, and carbon dioxide PTM, respectively. Bulk moduli, K0

(GPa), are calculated to KAct-W=78(1) GPa, KAct-SI = 94(4) GPa, and K
Act-CO2= 103(1) GPa, respectively (Fig. 6b). The morphology of acti-
nolite appears to maintain generally the rod shape regardless of PTM
(Fig. 6).

We summarize bulk moduli of the two asbestos minerals under three
different PTM in Table 1. When using water (W) as PTM, tremolite and
actinolite show normal volume contractions with bulk moduli of 74(1)
and 78(1) GPa, respectively. Under silicone oil PTM, we observe
modulated volume contraction in both samples, compared to water
PTM, with enhanced bulk moduli of 90(1) and 94(4) GPa for tremolite
and actinolite, respectively. When using CO2 as PTM, we observe fur-
ther increase in bulk moduli for tremolite and actinolite to be 107(3)
and 103(1) GPa, respectively. Details of this anomalous increase in bulk

moduli might be related to the different interaction of PTM with the
particles, including carbonation reaction as observed in the case of
tremolite, and needs further investigation.

Acknowledgments

This work was supported by the Global Research Laboratory (NRF-
2009-00408) and National Research Laboratory (NRF-
2015R1A2A1A01007227) programs of the Korean Ministry of Science,
ICT and Planning (MSIP). We also thank the supports by NRF-

Table 3
Selected bond distances (Å) and angles (°) within the framework and extra-
framework atoms for tremolite with carbon dioxide pressure-transmitting
medium (PTM) as a function of pressure (less than 3.00Å)a.

Ambient 3.1 GPa, 220C Release

T1-O1 1.629(2) 1.625(2) 1.640(3)
T1-O5 1.643(2) 1.626(1) 1.643(2)
T1-O6 1.644(2) 1.627(2) 1.639(3)
T1-O7 1.641(2) 1.626(2) 1.648(3)
T2-O2 1.634(2) 1.624(2) 1.641(3)
T2-O4 1.637(2) 1.624(2) 1.642(3)
T2-O5 1.643(2) 1.627(1) 1.642(2)
T2-O6 1.642(2) 1.626(2) 1.640(3)
mean 1.639(2) 1.626(2) 1.642(3)

O1-T1-O5 109.3(6) 113.8(1) 111.7(1)
O1-T1-O6 110.8(6) 109.6(1) 93.9(2)
O1-T1-O7 119.6(8) 109.4(1) 127.7(2)
O5-T1-O6 101.0(7) 108.3(1) 97.0(2)
O5-T1-O7 107.0(6) 98.4(8) 115.0(2)
O6-T1-O7 107.5(8) 117.1(1) 107.9(2)
O2-T2-O4 111.5(6) 117.8(1) 122.2(2)
O2-T2-O5 113.2(7) 111.9(1) 104.6(2)
O2-T2-O6 109.0(7) 107.7(1) 95.1(2)
O4-T2-O5 111.6(7) 115.4(1) 113.0(2)
O4-T2-O6 98.2(5) 97.0(8) 102.5(1)
O5-T2-O6 112.4(8) 104.7(1) 119.0(2)
mean 109.3(7) 109.3(2) 109.1(2)

MgM1-O1 2.071(2) 2.053(1) 2.072(2)
MgM1-O2 2.072(2) 2.052(1) 2.071(2)
MgM1-O3 2.074(2) 2.053(1) 2.072(2)
MgM2-O1 2.071(2) 2.053(1) 2.073(2)
MgM2-O2 2.071(2) 2.053(1) 2.072(2)
MgM2-O4 2.070(2) 2.052(1) 2.072(2)
MgM3-O1 2.070(1) 2.053(1) 2.070(2)
MgM3-O3 2.072(2) 2.052(1) 2.071(2)
CaM4-O2 2.388(1) 2.404(2) 2.567(3)
CaM4-O4 2.322(1) 2.206(2) 2.333(2)
CaM4-O5 2.692(1) 2.804(2) 2.752(3)
CaM4-O6 2.449(1) 2.417(2) 2.491(3)

a The e.s.d values are in parentheses. Restraints on the T-O, M1-O, M2-O,
M3-O and OeO bond distances have been applied. Standard deviations for the
mean values computed using = ∑ =σ n σ1/ [ ]i

n
i1
2 1/2.

Fig. 2. Synchrotron X-ray powder diffraction patterns of tremolite: pressure-
dependent patterns in (a) water, (b) silicone oil, and (c) carbon dioxide at the
beamline 9 A (a) and at the beamline 10C (c) at the Pohang Accelerator
Laboratory and the beamline 10–2 (b) at the Stanford Synchrotron Radiation
Lightsource. Cal: calcite.
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Fig. 3. Drawing of (a) the structures of the tetrahedral and octahedral framework near M4 site in tremolite. (b) Rietveld refinements of tremolite using carbon dioxide
at ambient conditions, under pressure and release. (c) XRD image of tremolite at ambient conditions, 3.1 GPa and release. (d) Bond valence sum (BVS) comparison for
Mg2+ and Ca2+ in the starting sample (tremolite), high pressure phases and recovered sample.
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Fig. 4. Synchrotron X-ray powder diffraction patterns of actinolite: pressure-
dependent patterns in (a) water, (b) silicone oil, and (c) carbon dioxide at the
beamline 10C (b) at the Pohang Accelerator Laboratory and the beamline 10–2
(a), (c) at the Stanford Synchrotron Radiation Lightsource.

Fig. 5. Pressure-dependent changes in the normalized unit cell volume of tre-
molite and actinolite in water (W), silicone oil (SI), and carbon dioxide (CO2)
PTM. Each line is BM-EoS fits to the data. Estimated standard deviations are
smaller than the size of each symbol.
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