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The effect of oxo-component on the high-pressure behavior of amphiboles
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ABSTRACT

The role of the oxo-component on the compressibility of amphibole was studied by means of high-
pressure in situ single-crystal X-ray diffraction on two natural kaersutite megacrysts (samples DL5
and FR12) from alkaline basalts. The oxo-component varies significantly (1.1 and 1.9 apfu in DL5 and
FR12, respectively), whereas the cation composition is very similar, apart from the Fe®/(Fe**+Fe®),
which is 0.33 in DL5 and ~1 in FR12. The larger oxo-component of FR12 is attributed to the Fe?" +
OH- = Fe¥ + 0% + %H, substitution.

Unit-cell parameters were collected at different pressures up to about 8 GPa. Structural refinements
of both samples were performed with data collected at different P up to 6 GPa. Fitting the P-V data
to a third-order Birch Murnaghan EoS yielded the following parameters: K, = 94(1) GPa, K'= 6.3(4),
and V, = 903.6(2) A2 for FR12 and K, = 91(2) GPa, K’ = 6.2(4), and V, = 914.1(2) A2 for DL5. The
axial moduli of the two amphibole samples were: Ky, = 86(3) GPa, K} = 7(1), and a, = 9.815(2) A;
Koo = 115(3) GPa, K}, = 4.8(8), and b, = 18.012(2) A; K. = 112(5) GPa, K= 7(1), and ¢, = 5.300(1) A
for sample FR12 and K, = 85(3) GPa, K. = 5(1), and a, = 9.8660(9) A; Ky, = 113(2), K{ = 4.4(6), and
b, = 18.0548(6) A; Ko, = 107(3) GPa, K! = 7(1), and ¢, = 5.3185(5) A for sample DL5. This suggests
that the compressibility of kaersutite decreases with increasing oxo-component.

Structural refinements show that the polyhedral compressibility follows the order A = M4 > M2
> M3 > M1 for DL5 and A = M4 > M2 > M1 > M3 for FR12. The most evident geometrical effect
induced by P is the decrease in the bending of the double tetrahedral chain, when adjacent I-beams
are pushed against each other. This effect is largest for DL5, which has a larger concavity of the Asite,
(07-07' changes from 3.03 to 2.82 A) compared to the one of FR12, (O7-O7' changes from 2.92 to
2.79 A). This mechanism is confirmed by the evolution of T1-07-T1 angle (from 135.4° to 132.5° in

FR12 and from 136.6° to 132.2° in DL5).
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INTRODUCTION

Amphibole represents the most widespread hydrous mineral
in the lithospheric mantle, where it plays a key role in controlling
the petrologic and geochemical development of metasomatic
processes (Vannucci et al. 1995; lonov and Hofmann 1995;
lonov et al. 2002; Wallace and Green 1991; Niida and Green
1999). Furthermore, its breakdown is believed to be crucial for
the genesis of alkaline melts (Halliday et al. 1995).

Amphiboles have a large stability field at high T-P conditions
in both alkaline and calc-alkaline magmatic rocks (Irving and
Green 2008; Alonso-Perez et al. 2009), making them widespread
in rocks in both extensive and compressive settings, thus also
strongly influencing the differentiation trends.

The role of amphibole breakdown to volatile recycling and
arc magmatism is debated. In recent years, several experimental
studies have constrained the P-T conditions of amphibole stabil-
ity in subducting slabs with different chemical composition. Poli
and Schmidt (1995) and Fumagalli and Poli (2005) argued that
amphiboles are breaking down at about 2.5 GPa, thus releasing
fluids in forearc settings. Based on experimental petrology,
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the pressure stability of amphibole was recently extended to
3 GPa, which corresponds to 90-100 km depth (Forneris and
Holloway 2003). This may directly link amphibole dehydration
to the location of volcanic fronts which are typically located
90-150 vertical kilometers above the slab as marked by the
Wadati-Benioff zone.

Amphiboles are also attracting special interest as critical
indicators of physicochemical conditions for melt crystallization,
such as pressure, water-pressure, temperature, and water activity.
The assessment of these thermochemical and thermophysical
properties is important for the calculation of phase equilibria.

Extensive characterization of amphibole crystal chemistry
has been carried out using diffraction and spectroscopic methods
(Hawthorne et al. 2007 and references therein), relating changes
in composition, cation ordering, and trace-elements behavior to
petrogenetic conditions.

Oberti et al. (2007a, 2007b) showed that amphiboles with
a significant oxo-component, i.e., with the (OH,F,CI) content
of the O3 site <2 apfu, are quite common. The oxo-component
is believed to be acquired by either primary crystallization or
a post-crystallization oxidation process (dehydrogenation s.s.).
The detection and quantification of the oxo-component is criti-
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cal for the correct calculation of the unit formulae to be used
for thermodynamic modeling or for the interpretation of trace
element behavior (Tiepolo et al. 2007).

H-deficient calcic amphiboles in mantle and volcanic-arc
environments have commonly titanian pargasite and kaersutite
compositions. The degree of oxo-component is inversely cor-
related with the H,O concentration of the parent melts (F and
Cl content usually being very subordinate) and can be further
increased by H loss (dehydrogenation processes). The consequent
excess of negative charge at the O3 site is locally balanced by
Ti at the M1 site and/or by the presence of Fe3* at the same site
or at the M3 site, according to two different crystal-chemical
mechanisms (Tiepolo et al. 1999; Oberti et al. 2007a):

(Ml)(|\/|g,|:e)2+ + 200390H- = M)Tj4+ + 200902~ + H2
(Ml,MB)(Fe’Mn)2+ + ©0H- = (Ml,MB)(Fe]Mn)3+ + 0302 + 1/2H2.

Detailed crystal-chemical settings were investigated exten-
sively using a multi-technique approach: Mdssbauer spectros-
copy, EMP, SIMS, and single-crystal X-ray refinements (Zanetti
et al. 1997, 2000). These studies indicated that, if Ti is strongly
partitioned at the more distorted M1 site, Fe** may be partitioned
over the two independent M1 and M3 sites. In particular, the dis-
tortion of M3 is not affected by the Ti occupancy, and therefore
may give an indication of the presence of Fe** created by the
dehydrogenation process.

In spite of the importance of amphiboles, relatively few
studies on their structural behavior under non-ambient condi-
tions have been made. Attention has been mainly focused on the
thermal expansion and structural evolution with temperature, see
for example the single-crystal diffraction studies on tremolite
(Sueno et al. 1973), glaucophane (Jenkins and Corona 2006),
richterite (Cameron et al. 1983; Camara et al. 2003; Tribaudino
etal. 2008), and kaersutite (Zema et al. 2009; Oberti et al. 2009b,
2009c). Recent research (Oberti et al. 2009b, 2009c) confirmed
the speculation that the increase of the oxo-component enlarges
the maximum T for pargasite-kaersutite stability (Tiepolo et al.
1999) due to the related decrease the O-H bond, the weakest
bond within the amphibole structure.

Nevertheless, the pressure effect on the structural evolu-
tion is not yet well constrained. To date, measurements of the
compressibility and structure changes with pressure are scarce.
Single-crystal in situ X-ray diffraction studies have been reported
for tremolite, pargasite, and glaucophane up to 4 GPa (Comodi
etal. 1991), and for grunerite up to 5.1 GPa (Zhang et al. 1992).
The compressibility of synthetic K-richterite (Welch and Len-
nie, unpublished results reported in Welch et al. 2007) has been
determined by the Rietveld method using synchrotron powder
data. The compressibility of two polymorphs on the cumming-
tonite-grunerite join up to 8 GPa, and the effect of pressure on
the C2/m-P2,/m phase transition of cummingtonite have been
reported (Yang et al. 1998; Boffa Ballaran et al. 2000).

Thus, to understand the effect of the oxo-component on the
compressibility of amphibole, two natural kaersutite megacrysts
(samples DL5 and FR12) from a basalt were studied by single-
crystal X-ray diffraction using a diamond-anvil cell (DAC).
These amphiboles are characterized by a very similar cation com-
position, apart from the Fe3*/(Fe**+Fe®*) ratio, which according
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to SREF+EMPA+SIMS data is 0.33 and 0.96 in DL5 and FR12,
respectively (Table 1). Similar values of Fe3*/(Fe**+Fe®*) ratio
were obtained by means of Mdssbauer investigation by Zanetti
etal. (2000). The resulting oxo-component is different in the two
samples (i.e., 1.1 apfu, DL5; 1.9 apfu, FR12).

In particular, the Ti content of our amphibole samples is very
similar (0.53 to 0.59 apfu), so its contribution to the balance of
the oxo-component is believed to be comparable in both samples.
Owing to the prevalent ordering of Ti on M1 and Fe®* on M2
found for DL5 (A. Zanetti, unpublished data), it is argued that in
such a sample Ti plays the leading role in balancing the electro-
static requirements determined by the occurrence of O% at O3.
According to the published partitioning coefficientA™"-D(H,0)
(Hauri et al. 2006), the H,O content in DL5 reflects the chemical
equilibrium with the parent melt. Conversely, the larger oxo-
component and the associated oxidation of Fe in FR12 described
by the Fe?* + OH-=Fe® + O% + %2H, substitution mechanism are
attributed to a dehydrogenation process, which occurred during
the transportation of the crystal toward the surface.

EXPERIMENTAL METHODS

Two natural kaersutites (FR12 and DL5), previously characterized by Zanetti
et al. (2000) using a combined SREF, EMP, SIMS, and Méssbauer study, were
selected for high-pressure X-ray diffraction experiments. FR12 originated from an
alkaline basalt of the Massif Central, France, while DL5 has been extracted from an
alkaline basalt of Deadman Lake Volcanic Area, U.S.A. (see also, Dyar et al. 1993).
The chemical composition was determined with a Cameca SX100 microprobe,
operating conditions were those described by Oberti et al. (2009a). The relative
oxide percent by weight of the studied samples, as well as the chemical formulae,
are reported in Table 1. According to the IMA amphibole nomenclature (Leake
et al. 1997, 2003; Hawthorne and Oberti 2007a) amphibole DLS5 is an oxygenian
kaersutite, while the FR12 sample is an oxygenian ferri-kaersutite. For the sake
of simplicity they are named here as kaersutite.

High-pressure lattice measurements

Unit-cell lattice parameters were measured at different pressures up to about 8
GPa by means of high-pressure single-crystal X-ray diffraction at the Bayerisches

TaBLE 1. Representative analyses (wt%) and structural formulae of
amphibole samples FR12 and DL5
FR12 DL5 FR12 DL5
Sio, 39.56 39.62 Si 5.972 6.056
TiO, 5.15 464 Al 2.028 1.944
Al,O; 13.80 13.54 Total T 8.000 2.000
Cr,0, 0.03 0.01 Al 0.428 0.496
FeOry 10.45 11.82 Fes* 1.273 0.505
MnO 0.10 0.13 Ti 0.585 0.533
NiO 0.03 0.01 Cr 0.004 0.001
MgO 12.71 11.61 Ni 0.004 0.001
CaO 11.27 10.87 Mg 2.648 2.548
Na,O 233 235 Fe?* 0.047 0.914
KO 1.48 1.64 Mn? 0.013 -
H,O 0.07 0.83 Total M1,2,3 5.000 5.000
F 0.09 0.04 Mg 0.210 0.095
Cl 0.03 0.04 Fe - 0.091
-O=F 0.04 0.03 Mn2* - 0.017
-0=Cl 0.01 0.01 Ca 1.790 1.780
Total 97.06 97.14 Na - 0.016
Total M4 2.000 2.000
Ca 0.033 -
Na 0.682 0.680
K 0.285 0.320
Total A 1.000 1.000
OH 0.070 0.846
F 0.043 0.034
Cl 0.008 0.010
(e} 1.879 1.110
Total X 2.000 2.000
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Geoinstitut, Bayreuth, using BGI design diamond-anvil cells (BGI-DAC, Allan
et al. 1996), steel gaskets (T301) pre-indented to a thickness of about 100 um and
holes with diameters of 300 um. The crystals were loaded together with a few ruby
chips for pressure calibration (Mao et al. 1986) and a mixture of 4:1 methanol:
ethanol as hydrostatic pressure medium. Unit-cell parameters were determined at
each pressure by centering 12-17 Bragg reflections between 15° and 30° in 26
using a four-circle Huber diffractometer operating at 50 kV and 40 mA (MoKa).
During the centering procedure, the effects of crystal offsets and diffractometer
aberrations were eliminated from refined peak positions by the eight-position
centering method of King and Finger (1979). The unit-cell parameter data of FR12
and DL5 samples at different pressures are reported in Table 2.

Room-pressure data collection

For the structure refinement at room conditions, crystal fragments of FR12
and of DL5 were mounted in air at Perugia University on an Xcalibur (Oxford
Diffraction) diffractometer equipped with a CCD area detector operating at 50 kV
and 35 mA using graphite monochromated Mo radiation (A Koy, = 0.7093 A). To
maximize the reciprocal space coverage, a combination of w and ¢ scans was used,
with a step size of 0.8° and an exposure time of 25 s/frame. Data were corrected for
absorption with the program SADABS (Sheldrick 1996). Details of data collection
for the investigated samples are listed in Table 3.

The crystal-structure refinements were carried out in the C2/m space group
with anisotropic displacement parameters using the SHELX-97 program (Sheldrick
1997), starting from the atomic coordinates of Tiepolo et al. (1999). Neutral atomic
scattering factors and Af', Af" coefficients from International Tables for Crystal-
lography (Wilson and Prince 1999) were used. Full occupancy was assumed for
T1, T2, M1, M2, and M3 cation sites. The number of electrons in the cation sites
was accounted for by fitting the scattering factor curves of Si at the tetrahedral
sites and Mg against Fe for the octahedral sites, with variable occupancy (Table
4%). Only partial occupancy was refined for M4 site (nominally occupied by Ca),
the split M4’ site (partially occupied by Fe) and A(m) and A2 (partially occupied
by K and Na). The presence of H appeared on the difference Fourier map of the
DL5 sample, and was inserted in the last stages of the refinement. The resulting
sum of electrons for the cation sites were 246.98 and 251.06 e~ for FR12 and
DL5, respectively, in good agreement with data calculated for the formula unit A
2M4 2M1 2M2 1M3 T, O,, (O,0H), on the basis of the chemical analysis (246.1
and 249.8 e). No peak larger than 0.6 e/A® was present in the final difference
Fourier synthesis. Fractional atomic coordinates and displacement parameters
(A3) are listed in Table 4, whereas observed and calculated structure factors are
reported in Table 5.

High-pressure data collections

For the structural study at high pressure, several samples of FR12 and DL5
amphiboles with dimensions of about 200 x 150 x 80 um were chosen and used
in several mountings. Each crystal was loaded in an ETH diamond anvil cell
(DAC) (Miletich et al. 2000) equipped with type-I diamonds with 600 um culet
face diameter. The pressure chamber was a 300 um diameter hole, drilled in a 250
um thick steel Inconel 750x gasket pre-indented to 180 um. A methanol:ethanol
mixture (4:1) was used as hydrostatic pressure-transmitting medium. The experi-
ments were carried out in the pressure range 10 to 6.4 GPa.

The DAC was mounted on a Xcalibur (Oxford Diffraction) diffractometer
equipped with a CCD area detector, operating at 50 kV and 35 mA, and using
graphite monochromatized Mo radiation (A Koy = 0.7093 A). The DAC was
centered on the diffractometer following the procedure of Budzianowski and Ka-
trusiak (2004). Intensity data were collected with the CCD detector. To maximize
the reciprocal space coverage, a combination of ® and ¢ scans was used, with
a step size of 0.8° and an exposure time of 50 s/frame. Lattice parameters were
refined from the angles of the entire data set. The pressure calibration was based
on the previously determined equation of state of the two amphiboles. Data were
measured at 0.26, 2.85, 3.74, 4.31, 4.84, and 6.35 GPa for amphibole FR12, and
at 0.67, 3.65, 4.54, and 5.42 GPa for DL5. The uncertainty on P was estimated to
be less than £0.07 GPa. To improve the observation/parameter ratio, the determi-
nation of the structural parameters at 3.74 and 4.31 GPa for sample FR12 and at
3.65 and 5.42 GPa for sample DL5 has been carried out merging the reflections
from two different mountings in the DAC at nearly the same pressure, after the
relevant corrections.

The intensity data were corrected for the cell and crystal absorption using
the Absorb V6.1 software (Angel 2004a). The least-squares refinements were
performed with the SHELX-97 program (Sheldrick 1997). Isotropic atomic
displacement parameters were used for all atoms and the site occupancies were

COMODI ET AL.: HP BEHAVIOR OF AMPHIBOLES

TABLE 2. Lattice parameters of FR12 and DL5 amphiboles as a func-
tion of P
P(GPa) a(A) b (A) c(A) B asinp@) VA
FR12
10 9.816(3) 18.013(2) 5.301(2) 105.39(3) 9.464(3) 903.5(4)
0.44(5) 9.797(1) 17.9868(9) 5.2931(8) 105.46(1) 9.443(1) 899.0(2)
2.53(5) 9.728(2) 17.887(2) 5.262(1) 105.76(2) 9.362(2) 881.1(2)
2.98(5) 9.7143(6) 17.8655(8) 5.2579(4) 105.813(6) 9.347(1) 877.98(9)
3.56(5) 9.6959(7) 17.8385(9) 5.2496(4) 105.889(7) 9.325(1) 873.27(9)
4.06(5) 9.6833(8) 17.814(1) 5.2437(5) 105.937(9) 9.311(1) 869.8(1)
4.67(5) 9.6655(9) 17.7902(8) 5.2359(7) 106.009(9) 9.291(1) 865.4(1)
5.23(5) 9.6497(8) 17.764(1)  5.2290(4) 106.065(8) 9.273(1) 861.3(1)
6.08(5) 9.6274(7) 17.726(1)  5.2190(5) 106.153(8) 9.247(1) 855.5(1)
6.60(5) 9.6144(8) 17.7090(8) 5.2133(6) 106.198(9) 9.233(1) 852.4(1)
7.05(5) 9.6053(7) 17.6927(6) 5.2089(4) 106.231(7) 9.222(1) 849.93(9)
2.84(5* 9.7175(9) 17.8742(6) 5.2596(4) 105.808(9) 9.350(1) 879.0(1)
DL5

10+ 9.866(1) 18.0549(6) 5.3189(6) 105.20(1) 9.521(1) 914.3(2)
0.2(1)  9.857(1) 18.0424(8) 5.3137(8) 105.23(1) 9.511(1) 911.8(2)
0.69(5) 9.839(1) 18.0172(8) 5.3068(7) 105.34(1) 9.488(1) 907.3(2)
1.29(5) 9.819(5) 17.989(1) 5.298(1) 105.43(5) 9.465(5) 902.1(6)
2.40(5) 9.779(2) 17.9310(5) 5.2814(5) 105.60(2) 9.419(2) 892.0(3)
4.65(5) 9.705(5) 17.829(1) 5.252(1) 105.86(2) 9.336(5) 874.1(6)
5.90(5) 9.673(3) 17.7738(8) 5.2365(7) 105.98(4) 9.299(3) 865.4(3)
6.83(5) 9.644(6) 17.732(1) 5.225(1) 106.08(7) 9.267(6) 858.6(7)
7.70(5) 9.623(5) 17.700(1)  5.2161(9) 106.12(5) 9.245(5) 853.5(6)
8.12(5) 9.609(5) 17.682(1) 5.211(1) 106.17(5) 9.229(5) 850.3(6)
4.11(5)* 9.725(3) 17.8539(8) 5.2595(8) 105.81(4) 9.357(3) 878.7(4)

* Data points collected during decompression.

fixed to the values resulting from the refinement in air. Soft restraints on T-O
bond distances and O-T-O angles were introduced in cases where the number of
independent reflections was too low to increase the observation to parameter ratio.
This is justified due to the observation that in silicates, the Si/Al tetrahedra do not
undergo relevant changes in the investigated pressure range (Smyth et al. 2000).
This was accomplished by imposing bond distances like those from the refinement
in air, with a sigma of 0.02 A, and refining the tetrahedra as quasi-rigid bodies.
Details of data collections and refinement are listed in Table 3. Fractional atomic
coordinates and displacement parameters are reported in Table 4*. Observed and
calculated structure factors are reported in Table 5.

RESULTS

Equation of state and compressibility

The evolution of the unit-cell parameters and of the unit-cell
volumes as a function of pressure for the two samples is docu-
mented in Table 2 and shown in Figures 1 and 2. They show a
steady change as a function of pressure. No evidence for phase
transitions was found in the investigated pressure range. In
particular, all the cell axes decrease monotonously, whereas the
B angle increases with pressure.

The “normalized stress” Fg vs. the Eulerian finite strain
fz (Jeanloz and Hazen 1991; Angel 2000) indicates that K’ is
larger than 4 for both samples (Fig. 3). Therefore, third-order
Birch-Murnaghan Equation of State (BM3-EoS) has been used
to fit the pressure-volume (P-V) data of both samples refining
simultaneously the unit-cell volume at room pressure, V,, the
bulk modulus, Ky, and its first pressure derivative, K', using
the EOS-FIT V6.1 program (Angel 2004b). The resulting EoS
parameters are the following: Ky, = 94(2) GPa, K’ = 6.5(8), and

* Deposit item AM-10-028, Tables 4 and 5. Deposit items are available two ways:
For a paper copy contact the Business Office of the Mineralogical Society of
America (see inside front cover of recent issue) for price information. For an
electronic copy visit the MSA web site at http://www.minsocam.org, go to the
American Mineralogist Contents, find the table of contents for the specific vol-
ume/issue wanted, and then click on the deposit link there.
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TABLE 3. Details of data collection and refinement of FR12 and DL5 samples at various pressures

P (GPa) 0.0001* 0.26 2.85 3.74 4.31 4.84 6.35
FR12
a(d) 9.816(1) 9.807(2) 9.718(2) 9.691(2) 9.675(2) 9.660(3) 9.620(3)
b(A) 18.013(1) 17.999(3) 17.870(3) 17.831(3) 17.804(3) 17.781(5) 17.717(5)
c(®) 5.300(1) 5.296(2) 5.259(2) 5.247(2) 5.240(2) 5.233(2) 5.216(2)
B 105.38(1) 105.4(1) 105.8(1) 105.9(1) 106.0(1) 106.0(2) 106.2(2)
V(A 903.65(6) 901.1(1) 878.8(2) 871.9(1) 867.7(1) 863.9(2) 853.8(2)
O range 3-40° 3-30° 3-30° 3-30° 3-30° 3-30° 3-30°
Crystal-detector distance (mm) 65 65 65 65 65 65 65
No. measured reflections 13242 3698 2487 6778 3464 1746 1734
No. indep. reflections 2840 555 426 530 343 260 264
Reflections with [ > 40(/) 1872 428 293 381 219 172 128
No. refined parameters 116 49 53 50 51 33t 33t
Rin% 4.6 55 10.3 9.6 9.4 7.6 11.9
R.% 2.7 3.8 7.1 5.6 6.3 6.3 9.9
P (GPa) 0.0001* 0.67 3.65 4.54 542
DL5
a(A) 9.866(1) 9.841(2) 9.737(2) 9.710(2) 9.685(2)
b(A) 18.054(1) 18.019(3) 17.873(3) 17.833(3) 17.794(3)
c(A) 5.318(1) 5.307(2) 5.264(2) 5.253(2) 5.242(2)
B 105.22(1) 105.3(1) 105.8(1) 105.9(1) 105.9(1)
V(A% 914.02(6) 907.6(1) 881.7(2) 875.0(2) 868.6(2)
O range 3-30° 3-30° 3-30° 3-30° 3-30°
Crystal-detector distance (mm) 65 65 65 65 65
No. measured reflections 3772 1195 3497 1664 3344
No. indep. reflections 1448 190 322 259 329
Reflections with [ > 40(/) 1265 142 198 167 187
Ne refined parameters 117 361 37t 361 37t
Rini% 1.6 6.5 8.0 7.6 10.0
R:% 1.9 4.6 6.4 7.6 6.4

* Data collected with the sample in air.
T This refinement was performed imposing some constraints on atomic thermal displacements and the geometry of Si tetrahedra (see text).
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FIGURE 1. Unit-cell parameters of FR12 and DL5 samples as a function of pressure. The data are normalized with respect to the room-pressure
values. Estimated standard deviations are smaller than symbols. Solid lines are linearized third-order Birch Murnaghan EoS fits through the data.
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v (A%
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FIGURE 2. Variation with pressure of the unit-cell volumes of FR12
and DL5 samples. The data are normalized with respect to the room-
pressure values. Estimated standard deviations are smaller than symbols.
Solid lines are third-order Birch Murnaghan EoS fits through the data.
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g

70 H
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FIGURE 3. Plot of normalized stress, defined as Fg = P/[3fz(1 + 2f¢)%?]
vs. finite strain fg = [(V,/V)?® -1]/2 for FR12 (full circles) and DL5 (open
squares) samples. Solid lines are weighted linear fits through the data
resulting in the following expressions: Fg = 94(2) + 374(124)fz and and
Fe = 91(2) + 245(109)f: for FR12 and DL5, respectively.

Vo = 903.4(3) A2 for FR12 sample and Ky, = 92(2) GPa, K’ =
5.6(9), and V, = 914.1(2) A2 for DL5 sample. These values are in
good agreement with those that can be obtained from weighted
linear fits through the F-f data.

The axial moduli of the two amphibole samples were also cal-
culated using a parameterized form of the BM3-E0S in which the
individual axes are cubed and fitted as volumes using the program
EOS-FIT V6.1 (Angel 2004b). The resulting EoS parameters are
the following: Ko, = 86(3) GPa, K, = 7(1), and a, = 9.815(2) A;
Koasing = 71(1) GPa, Kisinp = 6.5(4), and asinf, = 9.463(2) A Ko =
115(3) GPa, K = 4.8(8), and b, = 18.012(2) A; Ko, = 112(5) GPa,
K!=7(1), and ¢, = 5.300(1) A for sample FR12 and Ko, = 85(3)
GPa, K;=5(1), and a, = 9.8660(9) A; Koasing = 69(1) GPa, Kiging =
5.1(5), and asinB, = 9.520(2) A; Kq, = 113(2), K{ = 4.4(6), and b,
=18.0548(6) A; K¢, = 107(3) GPa, K; = 7(1), and ¢, = 5.3185(5)
A for sample DL5. The axial compressibility, obtained with the
relation B = —1/3Kg! and expressed in 10 GPa™, is as follows:
Ba=-3.88, Basinp = —4.14, B, = -2.90, B, = -2.98 for FR12; B, =
—3.92, Basing = —4.10, B, =—2.95. B, = -3.12 for DL5. This shows
that the largest compressibility is along [100].
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The strain tensors for the two samples and their orientation
in relation to the crystallographic axes were calculated with the
program of Ohashi (1982). The principal components and their
orientation over a pressure range of about 7 GPa are reported
in Table 6. The intermediate strain component, &,, is coincident
with the b axis while the maximum, &,;, and minimum, g, strain
components lie in the (010) plane; the direction €, forms an angle
of about 62° with the c lattice parameter and about 44° with the
a axis (Fig. 4). The unit-strain tensor components of the two
samples are very similar, in agreement with their similar chemical
composition: the ratios between the ellipsoid axes are 1:0.60:0.45
and 1:0.61:0.52 for FR12 and DLJ5, respectively.

Structural evolution with pressure

Bond lengths, variations of polyhedral volumes and distortion
coefficients of FR12 and DL5 samples as a function of pressure
are listed in Tables 7 and 8 respectively. The compressibility
coefficients (§ = AV/VAP) of A, M1, M2, M3, and M4 polyhedra
are listed in Table 9. The coefficients were calculated by linear
least-squares fitting of polyhedral volumes against P.

The structural refinements show that the M4 and A polyhedra
are the softest in both samples. The compressibility order of the
M polyhedra is M4 > M2 > M3 > M1 in DL5 and M4 > M2 >
M1 > M3 in FR12.

The M4 polyhedra are softer than the other M1, M2, and M3
polyhedra in both samples studied (Table 9). Crystal-chemical
studies of amphiboles (Hawthorne and Oberti 2007b) have shown

TABLE6. Principal components and direction of the unit-strain
ellipsoids

Parameter DL5 FR12

€, (GPa™) 4.2(8) 103 42(2) 103

&, (GPa™) 2.56(8) 102 2.54(6) 103

& (GPa™) 2.2(5)10° 1.9(1) 107

o) 62.2(2) 61.1(3)

* Angle © between g, and the c axis (positive value between the c axis and the
positive a axis).

FIGURE 4. The structure of kaersutite projected along [010] and the
strain ellipses.
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TABLE7. Relevantbond lengths (&), polyhedral volumes,and distor- ~ TABLE8. Relevantinteratomic distances (&), polyhedral volumes, and
tion coefficients (following Robinson et al. 1971) of FR12 distortion coefficients (following Robinson et al. 1971) of
sample at various pressures DL5 sample at various pressures

P (GPa) 0.0001 0.26 2.85 3.74 431 4.84 6.35 P (GPa) 0.0001 0.67 3.65 4.54 5.42

T1-01 1.676(1) 1.669(6) 1.64(1) 1.64(1) 1.66(2) 1.67(2) 1.68(2) T1-01 1.670(1) 1.67(1) 1.68(1) 1.69(1) 1.67(1)

T1-05 1.681(1) 1.681(4) 1.69(1) 1.673(7) 1.67(1) 1.70(1) 1.71(2) T1-05 1.684(1) 1.68(1) 1.67(1) 1.69(1) 1.69(1)

T1-06 1.677(1) 1.682(4) 1.66(1) 1.672(7) 1.65(1) 1.68(1) 1.69(2) T1-06 1.680(1) 1.69(1) 1.68(1) 1.68(1) 1.67(1)

T1-07 1.661(1) 1.663(3) 1.65(1) 1.657(6) 1.66(1) 1.65(1) 1.63(1) T1-07 1.664(1) 1.66(1) 1.65(1) 1.65(1) 1.66(1)

<T1-0> 1674 1.67 1.66 1.66 166 167 167 <T1-0> 1.674 1.67 1.67 1.68 1.67

V(R 2402(4) 240(5) 2.36(4) 235(3) 2.34(4) 2.40(4) 2.41(9) V(A3 2.404(4) 2.40(4) 2.40(4) 242(4)  2394)

¢ 1.001 1002  1.002  1.001 1.001  1.001  1.002 N* 1.001 1.001 1.001 1.001 1.001

o’t 5.25 6.36 6.28 5.92 457 482 6.8 o’t 5.03 5.65 342 334 5.44

T2-02 1.642(1) 1.634(6) 1.60(2) 1.62(1) 1.62(2) 1.64(2) 1.62(2) T2-02 1.641(1) 1.63(1) 1.62(1) 1.62(1) 1.62(1)

T2-04 1.609(1) 1.610(5) 1.59(1) 1.597(7) 1.60(1) 1.60(1) 1.62(2) T2-04 1.610(1) 1.60(1) 1.61(1) 1.60(1) 1.62(1)

T2-05 1.643(1) 1.651(4) 1.63(1) 1.638(7) 1.64(1) 1.62(1) 1.60(2) T2-05 1.648(1) 1.65(1) 1.61(1) 1.62(2) 1.62(1)

T2-06 1.656(1) 1.652(4) 1.66(1) 1.641(6) 1.65(1) 1.66(1) 1.65(1) T2-06 1.662(1) 1.65(1) 1.66(1) 1.68(1) 1.65(1)

<T2-0> 1.637 1.64 1.62 1.62 1.63 1.63 1.62 <T2-0> 1.640 1.63 1.63 1.63 1.63

Vv (R3) 2239(4) 2.24(5) 2.18(4) 2.19(3) 2.20(4) 2.21(4) 2.18(9) V(A3 2.251(4) 221(4) 2.19(4) 2.19(4)  2.204)

¢ 1.004 1.004 1003 1.004  1.003 1.003 1.005 N* 1.004 1.004 1.005 1.005 1.005

ot 17.22 18.15  13.69 1506  13.10 13.19 21.08 ot 17.23 16.86 19.45 21.68 19.34

M1-0O1(x2) 2.044(1) 2.043(4) 2.05(1) 2.033(7) 2.026(9)2.03(1) 2.01(1) M1-01(x2) 2.048(1) 2.04(1) 2.02(1) 2.02(2)  2.02(1)

M1-02(x2) 2.173(1) 2.166(5) 2.15(1) 2.129(7) 2.13(1) 2.12(1) 2.14(2) M1-02(x2) 2.152(1) 2.15(1) 2.12(1) 2112 2.01(1)

M1-03(x2) 1.946(1) 1.958(5) 1.92(1) 1.945(8) 1.93(1) 1.94(2) 1.90(3) M1-03(x2) 2.027(1) 2.06(1) 2.04(2) 2.06(2) 2.03(2)

<M1-O>  2.054 2.056 2.043 2.039 2029 2028 2016 <M1-0> 2.076 2.08 2.06 2.06 2.06

V(A3 11.29(1) 11.33(8) 11.2(1) 11.1(1)  10.9(1) 10.9(1) 10.6(3) V(A3 11.68(2) 11.9(2) 11.4(2) 11.6(3) 11.4(2)

N 1.018 1017 1016  1.013 1016 1.016 1.020 > 1.015 1.011 1.013 1.010 1.012

o’t 53.10 49.07 44.73 38.20 4740 47.51 59.05 o’t 45.85 35.09 40.40 32.19 37.85

M2-01(x2) 2.117(1) 2.118(5) 2.12(1) 2.107(7) 2.09(1) 2.07(1) 2.04(2) M2-01(x2) 2.102(1) 2.11(1) 2.08(1) 208(2)  2.06(1)

M2-02(x2) 2.085(1) 2.084(4) 2.08(1) 2.072(7) 2.06(1) 2.04(1) 2.05(2) M2-02(x2) 2.078(1) 2.07(1) 2.05(1) 2.04(2)  2.04(1)

M2-04(x2) 1.973(1) 1.973(5) 1.99(1) 1.968(8) 1.96(1) 1.94(1) 1.89(2) M2-04(x2) 1.975(1) 1.97(1) 1.94(1) 1.94(2) 1.92(1)

<M2-O>  2.058 2058 2062 2049 2033 2023 200 <M2-0> 2.052 2.05 2.03 2.02 2,01

Vv (R 11.46(1) 11.46(8) 11.5(1) 11.3(1)  11.8(1) 10.9(1) 10.5(3) V(A3 11.37(2) 11.3(2) 10.9(2) 10.8(3) 10.6(2)

¢ 1.011 1010  1.010 1.010 1.007 1.011 1.010 N* 1.009 1.010 1.010 1.011 1.010

ot 32.84 3206 3071 3096 2442 3365 2845 o’t 28.40 30.50 30.30 33.28 29.51

M3-01(x4) 2.061(1) 2.060(5) 2.04(2) 2.036(7) 2.04(1) 2.04(1) 2.03(2) M3-01(x4) 2.084(1) 2.05(1) 2.04(1) 2.03(2) 2.02(1)

M3-03(x2) 2.035(1) 2.036(6) 2.02(2) 2.049(9) 2.02(1) 2.05(2) 2.03(3) M3-03(x2) 2.082(1) 2.13(2) 2.08(2) 2.13(3) 2.10(2)

<M3-O>  2.052 2.052 2.033 2.041 2033 2.034 2032 <M3-0> 2.083 2.08 2.05 2.06 2.05

V(R 11.16(1)  11.18(8) 10.9(1) 11.1(1)  10.9(1) 10.9(1) 10.8(3) V(A3 11.65(2) 11.7(2) 11.2(2) 11.4(3) 11.2(2)

N 1.022 1020 1.017  1.015 1.019 1.018 1.024 ¥ 1.023 1.020 1.020 1.018 1.019

o’t 68.26 64.05 54.46 49.15 6143 57.70 75.94 o’t 7271 61.12 63.47 56.31 60.28

M4-02(x2) 2.416(1) 2.420(5) 2.42(1) 2397(7) 2.40(1) 2.39(1) 2.37(2) M4-02(x2) 2412(2) 2.40(1) 2.38(1) 239(2)  2.35(1)

M4-04(x2) 2.342(1) 2.338(5) 2.34(1) 2.395(7) 2.33(1) 2.33(1) 2.30(2) M4-04(x2) 2.335(1) 2.34(1) 2.31(2) 229(2)  2.27(1)

M4-05(x2) 2.637(2) 2.624(5) 2.42(1) 2.552(7) 2.52(1) 2.49(1) 2.47(2) M4-05(x2) 2.656(1) 2.64(1) 2.59(1) 254(2)  2.53(1)

M4-06(x2) 2.537(1) 2.535(5) 2.53(1) 2.535(7) 2.53(1) 2.52(1) 2.52(2) M4-06(x2) 2.564(2) 2.57(1) 2.56(1) 259(2)  2.60(1)

<M4-O> 2485 248 2.45 245 2.44 243 2.40 <M4-0> 2493 2.49 2.46 244 243

V(A3 14.09(1) 13.97(8) 13.5(1) 13.4(1) 13.3(1) 13.1(1) 12.7(3) V(A3 14.16(2) 14.1(2) 13.5(2) 13.2(3) 12.9(2)

A* 1.286 1.287 1.285 1.286 1287 1.285 1.290 A* 1.290 1.293 1.292 1.297 1.300

o’t 74630 74760 73146 739.01 736.69 730.01 73833 o’t 75837 764.05 758.14 757.50 804.51

A-O5(x4) 3.048(1) 3.046(5) 3.09(1) 3.048(7) 3.07(1) 3.08(1) 3.10(2) A-O5(x4) 3.050(1) 3.06(1) 3.07(1) 3.07(2) 3.08(2)

A-06(x4) 3.071(1) 3.061(5) 3.00(1) 2.981(7) 2.98(1) 2.93(1) 2.91(2) A-06(x4) 3.085(1) 3.07(1) 2.99(1) 2.94(2) 2.96(2)

A-O7(x2) 2.404(1) 2.395(5 2.32(1) 2.340(7) 2.33(1) 2.30(1) 2.31(2) A-07(x2) 2.444(1) 2.45(1) 2.38(1) 234(2) 2322

<A-0> 2928 292 2.90 2.88 288 286 287 <A-O> 2.943 2.94 2.90 2.87 2.88

Vv (R3) 4491(5) 446(2) 429(4) 42.1(3) 42.3(4) 41.14) 41.009) V(A3 46.09(5) 46.0(5) 43.3(5) 422(9) 42405

M1-M1 2.869(1) 2.882(4) 2.85(1) 2.850(5) 2.845(9)2.84(1) 2.79(2) M1-M1 3.061(1) 3.06(1) 3.02(1) 298(2)  2.99(1)

M1-M2  3.178(1) 3.170(2) 3.145(4) 3.134(2) 3.129(4) 3.127(5) 3.122(8)  M1-M2 3.143(1) 3.132(4) 3.108(4) 3.115(6)  3.095(4)

04-04’s  2568(2) 257(1) 262(1) 257(1) 2.58(1) 2.56(1) 2.41(1) 04-04'§ 2.545(2) 2.54(1) 2.49(1) 2.48(2) 2.43(1)

07-07's  2.925(2) 291(1) 2.76(1) 2.79(1) 2.79(1) 2.78(1) 2.78(1) 07-07'§ 3.032(2) 3.10(1) 2.93(1) 2.88(2) 2.82(1)

a()F 17.81(6) 182(1) 21.1(1) 20.4(1) 21.6(1) 23.3(2) 23.7(2) a () 17.74(7) 18.7(2) 19.9(2) 17.8(3) 23.1(3)

* N\ is the quadratic elongation.

t o2is the angle variance (deg?).

F ais the tetrahedral rotation angle; see text for definition.

§ These distances are the components of 04-04’ and 07-07 along the [100]
direction.

* N\ is the quadratic elongation.

t o2is the angle variance (deg?).

F ais the tetrahedral rotation angle; see text for definition.

§ These distances are the components of 04-04’ and O7-07” along the [100]
direction.

that the M4 site is significantly affected by the requirements
of dimensional matching between the octahedral strip and the
tetrahedral double-chain. In fact, while there is no correlation
between the <M4-O> bond length and the mean radius of the
cations occupying the M4 site (<r™*>), there is a significant posi-

tive correlation of <M4-O> with the mean radius of cations in
M1, M2, and M3 sites [<rM®23>], In both samples of kaersutites,
the <M4-O> bond distance decreases with pressure at about
the same rate following the reduction of <rM-23>_Moreover,
it is observed that the largest reduction is found for the longest
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TaBLE9. Compressibility coefficients (GPa™' x 10°) of polyhedra in
FR12 and DL5 samples

B polyhedron FR12 DL5

M1 -10(1) -5(2)
M2 -12(3) -12(1)
M3 -5(1) -7(2)
M4 -15(1) -16(1)
A -14(1) -17(2)

M4-O5 bonds (Tables 7 and 8). In C2/m amphibole, the M4 site
is surrounded by eight oxygen atoms, not all of which belong
to its first coordination sphere. As the pressure increases, the
M4-0O5 distance of kaersutite decreases significantly and the
coordination of M4 site becomes effectively eightfold. The
strong reduction of M4-O5 distances controls the orientation of
the strain ellipsoid, in fact this bond forms an angle of about 60°
with the c axis (Fig. 4).

The M2 polyhedron has approximately the same compress-
ibility for both samples (Table 9), whereas major difference is
found for the relative compressibility of the M1 and M3 poly-
hedra. A large difference in compressibility is observed for the
M3 octahedron, likely due to the different content in Fe3*, with
the M3 octahedron of FR12 being the stiffest between the two
samples (Table 9). The M1 octahedron is more compressible in
FR12 than in DLS5, although its volume is larger for DL5 than
for FR12 (Tables 7 and 8). This behavior may be explained by
the significantly larger distortion of M1 in FR12, which has a
higher Fe** occupation than DL5, and/or the need of maintaining
the match with the edge shared with M4.

The two major movements in the tetrahedral ribbon concern
the bending along the [100] direction through the A site and the
tetrahedral rotation, necessary to maintain the coherence with the
octahedral layer, whose size decreases with increasing P. Each
individual double chain looses the slight concavity around the
A site, becoming flatter. The reduction of the concavity of the
double tetrahedral chain can be measured by the shortening of
the projection of O7-O7' distance in the [100] direction, com-
pared with the decrease of the component of O4-O4’ distance
along a (Tables 7 and 8; Fig. 5). In FR12, the O7-O7’ distance
decreases by 5.1%, from 2.925(2) A at 1 atm to 2.78(1) A at

FR12
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6.4 GPa, while the O4-O4' distance decreases by 6.3%, from
2.568(2) to 2.41(1) A. The difference A =[07-07"] - [04-04']
=0.36 A remains practically constant as the pressure increases.
In DL5, the same distances change from 3.032(2) and 2.545(2)
A t0 2.82(1) and 2.43(1) A at 5.4 GPa (6.9 and 4.4%, respec-
tively) and the difference A decreases from 0.49 to 0.39 A, with
a consequent decrease in the bending of the tetrahedral chains.
The same mechanism is outlined by the evolution of T1-O7-T1
angle [from 135.4(1)° to 132.5(4)° in FR12 and from 136.6(1)°
to 132.2(4)° in DL5]. The increase of pressure also affects the
tetrahedral rotation o, defined as the half of the difference be-
tween the average of the three larger and the three smaller O-O-O
angles in the pseudo-hexagon of the double tetrahedral chain. In
both samples o increases, from 17.81(6)° to 23.7(2)° and from
17.74(7)° to 23.1(3)° at 5.42 GPa for DL5 (Tables 7 and 8). The
tetrahedral rotation explains the strong reduction of the M4-0O5
distance, from 2.637(2) to 2.47(2) A at 6.35 GPa for FR12 and
from 2.656(1) to 2.53(1) A at 5.42 GPa for DLS5.

DISCUSSION

Effect of the oxo-component on the compressibility of
kaersutites

The bulk moduli and pressure derivative of the two kaersu-
tite samples studied in this work show only small differences.
However, both the F-f plot (Fig. 3) and the confidence ellipses
constructed for the two samples (Fig. 6) to take into account the
large correlation between the Ky and the K’ values suggest that
this difference is real, and therefore the oxo-component appears
to slightly stiffen the amphibole structure. Moreover, given that
K" appears larger for FR12 than for DL5, we can expect that
the difference in compressibility between the two samples will
increase with pressure. This difference in compressibility is
likely due to the compression behavior of the a axis. Although
the “linearized” bulk modulus of this direction is practically the
same for both samples, its first pressure derivative, K’, is much
larger for sample FR12, implying that in this sample the a axis
becomes much stiffer with increasing pressure than the a axis
of the DL5 sample. The compressibility of the b and ¢ axes, as
well as the components of the strain tensor show similar behavior

DL5

<4FIGURE 5.
The double chains
of FR12 and DL5
samples viewed
along [001]. (The
vertical tetrahedral
displacement is
exaggerated for sake
of clarity).
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FIGURE 6. Confidence ellipses in K, and K’ parameter space for
the BM3-EoS fits. The error bars correspond to 1 e.s.d. on each of the
individual parameters while the inner and outer ellipses show the regions
of 68.3 and 95.4% confidence level for both parameters, respectively.

for both samples. The bending of the tetrahedral double-chains
appears to determine the different compressibility between the
two samples of this study. The larger bending of DL5 sample
is likely due to the electrostatic repulsion between the H linked
to the O3 atoms and the A site, while the bending is reduced in
FR12 even at ambient condition because of the attractive interac-
tion between O32- and the A site. At high pressure, the bending
decreases more when the site O3 is occupied by the hydroxyl
group, and as a consequence the DL5 sample is slightly more
compressible than the FR12 sample.

To better compare our results with those reported in the lit-
erature for other amphiboles for which mostly the K’ has been
fixed to 4, the bulk moduli of FR12 and DL5 were recalculated
using a second-order Birch-Murnaghan Equation of State. The
following EoS parameters were obtained: V, = 902.8(3) A3,
Ko = 100.5(8) GPa for sample FR12 and V, = 914.1(2) A%, Ky
= 96.8(7) GPa for sample DL5 (Table 10). Kaersutite is much
less compressible than tremolite, cummingtonite, and grunerite,
and slightly less compressible than glaucophane, pargasite, and
K-richterite (Table 10). In particular [see Table 2 in Welch et
al. (2007)], the larger variation appears to occur for the a axis,
while the variation of the other lattice parameters is more limited
(with the exception for the P2,/n amphiboles). This is clearly an
effect of chemical composition: amphiboles with the A site empty
(tremolite, cummingtonite, and grunerite) are much more com-
pressible than those with a filled A site (pargasite, K-richterite,
and kaersutite).

A closer comparison between the elastic properties of kaer-
sutites can be made with pargasite investigated by Comodi et
al. (1991), which had virtually no oxo-component and the A site
almost completely occupied by Na. The HP behavior of these
amphiboles is controlled by the compressibility of the A site and
the different response of the bending deformation of the double
tetrahedral chain. At ambient P, the differences between the com-
ponent along [100] of the O7-O7' and O4-O4' distances (Fig. 5)
are 0.54 A for pargasite, 0.49 A for DL5, and 0.36 A for FR12,
respectively. The variation of the component along [100] of O4-
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04’ distance with P is 0.02 A GPa for all the three samples,
but that of 07-07' is 0.07 A GPa* for pargasite, 0.04 A GPa!
for DL5 and 0.02 A GPa for FR12. Therefore the deformation
can be explained by the combined effect of two factors: (1) the
shape of the cavity related to the bending of the two tetrahedral
chains, which is a function of the oxo-component; and (2) the
compressibility of the cation in the A position, which is greater
for Na in pargasite than for K in kaersutite.

The compression effects arising from the volume reduction
of M1, M2, M3 polyhedra for both samples studied are small
and mainly due to compositional variation. The sequences of
compressibility for the M octahedra in other amphiboles reported
in the literature are M3 > M1 > M2 in glaucophane and M2 > M1
> M3 in tremolite and pargasite (Comodi et al. 1991), showing
that the compressibility of the various components of the cation
polyhedral layer strictly depends on the composition.

The maximum strain component is along a direction inter-
mediate between that of M4-O5 bond, which has the largest
compressibility in both samples, and the direction of a* (Fig.
4). The strain tensor of pargasite was calculated from the data of
Comodi etal. (1991). The values of the principal components are
49x1073,2.7x 1078, and 2.2 x 102 GPa* similar to the values
of kaersutites (Table 6). The largest axis forms an angle of 77°
with the c axis. This orientation is different from that found in
tremolite and glaucophane, for which the angle with the c axis is
about 82° [see Table 4 in Tribaudino et al. (2008)]. Therefore the
strain ellipses rotate toward a* forming angles of 8° in tremolite
and glaucophane, 13° in pargasite, and 29° in kaersutite, owing
to the different compressibility of the A site.

Comparison with the data of Zema et al. (2009) and Oberti
et al. (2009b) on the thermal behavior of FR12 and DL5 kaer-
sutites shows that the effects of P and T on the behavior of these
amphiboles are only approximately inverse revealing therefore
that the mechanism involved in the HP and in the HT deforma-
tions is different. For both samples, the expansion coefficients
are o, > 0, > 0., i.e., the major deformation is along the b axis,
while the major compression is along the a axis. However, the
thermal behavior of DL5 in the range 500-650 °C, before the
dehydration process, shows that the hydroxyl group affects the
expandability of the ¢ axis and the 3 angle.

Based on our data, an inverse relationship between the water
content and the bulk moduli of amphiboles can be postulated. In
fact, the comparison of the bulk moduli of FR12 and DL5 kaer-
sutites with pargasite studied by Comodi et al. (1991) shows that

TaBLE 10. Bulk moduli (Ky,) and their pressure-derivative K’ of some

amphiboles
Amphibole Kro GPa K Reference
Tremolite 76(3) 4 Comodi et al. (1991)
Pargasite 89(3) 4 Comodi et al. (1991)
Glaucophane 88(6) 4 Comodi et al. (1991)
K-richterite 89(3) 4 Welch et al. (2007)
Cummingtonite P2,/m 62.4(5) 8.2(2) BoffaBallaran et al. (2000)
Cummingtonite C2/m 66(2) 8.2 Boffa Ballaran et al. (2000)
Cummingtonite P2,/m 71(1) 6.1(5) Yang et al. (1998)
Cummingtonite C2/m 78(3) 4 Yang et al. (1998)
Grunerite 63(1) 4 Zhang et al. (1992)
Grunerite 50(1) 13(1) Zhang et al. (1992)
Grunerite-Cummingtonite s.s. 65.4(1.9) 7.0(4) Boffa Ballaran et al. (2000)
Kaersutite FR12 (oxo) 94(1) 6.3(4) present work
Kaersutite FR12 (oxo) 100.5(8) 4 present work
Kaersutite DL5 91(2) 6.2(4) present work
Kaersutite DL5 96.8(7) 4 present work
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the bulk moduli increase from 89 to 97 GPa and 101 GPa upon
increasing the oxo-component from 0 to nearly 2 apfu. Therefore,
it can be concluded that an increasing oxo-component content
enlarges the stability of calcic amphiboles toward higher P.

Finally, thermodynamic modeling involving amphiboles has
to take into account the oxo-component, which determines the
density of the phase, the content of water released at the amphi-
bole breakdown, and the phase stability.
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