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The effect of the hedenbergitic substitution on the compressibility of jadeite
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ABSTRACT

Four synthetic crystals belonging to the jadeite (Jd, NaAlSi,Os)-hedenbergite (Hd, CaFeSi,Og) solid
solution were investigated by X-ray diffraction in situ at high pressure using a diamond anvil cell to
Pmax = 10.6 GPa. The samples exhibited space group symmetry C2/c throughout the investigated pres-
sure range and did not show any phase transformations. V,, K, and K' were simultaneously refined
by fitting a third-order Birch-Murnaghan equation of state to pressure-volume data for all samples.
The following relationship between bulk modulus and molar fraction of jadeite is observed:

Kro = 108.7(2) (GPa) + 0.191(9) x [% molar Jd] + 0.0006(1) x [% molar Jd]?

The bulk modulus of hedenbergite is 19% lower than jadeite with a strong axial anisotropy that
increases with increasing the Hd content. In particular, the compressibility along the b axis (the most
compressible in pyroxenes) increases by about 35% going from Jd to Hd while along the ¢ axis the
increase in compressibility is about 24%. The a axis does not show any variation in the deformation
rate along the join. The analysis of the crystal structure behavior with pressure for all samples clearly
indicates that the main cause of the strong anisotropy on the b-c plane is related to the narrowing of
the M1 octahedral chain and to anion-anion interactions increasing the packing efficiency of the anion
skeletons of the crystals going from Jd to Hd.
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INTRODUCTION

Due to their significant abundance in the Earth’s lower crust
and upper mantle, clinopyroxenes have been the subject of sev-
eral investigations at high pressure (e.g., Hugh-Jones and Angel
1994; Hugh-Jones et al. 1997; Tribaudino et al. 2001; Thompson
and Downs 2004, 2007; Nestola et al. 2004, 2005; Thompson et
al. 2005; Downs and Singh 2006; McCarthy et al. 2007).

In particular, studies at high pressure have demonstrated
that Mg-pyroxenes and Na-pyroxenes can be stable over a
wide range of pressures and temperatures. In particular, jadeite
(Jd, NaAlSi,Og) is a significant component in pyroxenes in
metamorphosed crust (see, e.g., Holland 1983). Therefore,
studying Na-clinopyroxenes provides fundamental informa-
tion on the geological environment in this region of the Earth.
Some investigations have been performed on jadeite-diopside
(Di, CaMgSi,0Og) and jadeite-aegirine (Ae, NaFeSi,Og) solid
solutions (Pavese et al. 2001; Nestola et al. 2006; McCarthy
et al. 2007) to determine the high-pressure behavior and com-
pressibility (B) of Na-clinopyroxenes characterized by the most
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common substitutions occurring in natural samples. In Pavese
et al. (2001) and Nestola et al. (2006), the compressibility 3 of
jadeite was determined as a function of diopside and aegirine
component and in both studies the decrease of Jd component is
correlated with a significant increase in compressibility. Jadeite
also forms a third important solid solution with hedenbergite
(Hd, CaFeSi,Og). However, there are no data at high pressure
for the jadeite-hedenbergite solid solution and only one study of
end-member hedenbergite at pressure (Zhang et al. 1997).

The aim of this work is to determine how the bulk modulus
Ky = =1/B changes as a function of composition along the
jadeite-hedenbergite join, in order to complete the catalog of
compressibilities of Na-clinopyroxenes for common natural com-
positions and to further our understanding of pyroxene crystal
structure behavior under pressure. This study has been carried
out on four single-crystals belonging to the Jd-Hd solid solution
synthesized at high-pressure and high-temperature conditions
in a multi-anvil press. The samples have been investigated by
in-situ single-crystal X-ray diffraction at high pressure using a
diamond anvil cell.

EXPERIMENTAL METHODS

The crystal of jadeite studied here is the same sample used by Nestola et al.
(2006) in an investigation performed at high pressure along the jadeite-aegirine
solid solution, in which the authors determined the unit-cell parameters with pres-
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sure. Nestola et al. (2006), however, did not report crystal structure data. Here,
therefore, the crystal structure evolution of jadeite has been determined up to 8.3
GPa. Other samples along the jadeite-hedenbergite solid solution were previously
studied by Nestola et al. (2007), who investigated them by single-crystal X-ray
diffraction under ambient conditions. They have the following compositions:
Jds;Hdy, Jd,sHd46, and JdoHd, 0. Synthesis conditions, crystal size and quality, and
crystal-structure data can be found in Nestola et al. (2007).

High-pressure diffraction experiments were performed with a BGI design
diamond-anvil cell (BGI-DAC, Allan et al. 1996), using steel gaskets (T301) pre-
indented to a thickness ranging between 100 and 80 um and holes with diameters
between 300 and 250 um. Single crystals of quartz were used as internal diffraction
pressure standards (Angel et al. 1997) and a mixture of methanol:ethanol:water with
ratios of 16:3:1 was used as hydrostatic pressure medium. Unit-cell parameters at
different pressures were determined for all the hedenbergitic samples using the same
experimental procedures outlined in Nestola et al. (2006), reported in Table 1.

Intensity data were collected at high pressure for all samples using a Kappa
geometry Xcalibur diffractometer with graphite monochromated MoKo. up to 26,
< 60° in m-scan mode with a continuous integrative step scan (0.05°/s, 60 scan
steps, scan width 1.2°) using a point-detector. The sample-detector distance was 135
mm. The program Win-IntegrStp (version 3.3, Angel 2003) was used to integrate
the step-scan data applying the Lorentz-polarization correction. The intensity data
were corrected for absorption using the program ABSORB V6.0 (Angel 2004).
Weighted structural isotropic refinements were done at all pressures and for all
samples using the SHELX-97 package (Sheldrick 1997) starting from the atomic
coordinates of Nestola et al. (2007). The atomic scattering curves were taken from
the International Tables for X-ray Crystallography (Ibers and Hamilton 1974). The
occupancies for the intermediate compositions were fixed to the values obtained
by Nestola et al. (2007) since, as above described, exactly the same crystals were
used in this work. The atomic coordinates and isotropic displacement parameters
are reported in Table 2, whereas the bond lengths, polyhedral volumes, the dis-
tortion parameter AM2, quadratic elongation, angle variance, and kinking angle
are reported in Table 3. All the high-pressure experiments were performed at the
single-crystal diffraction laboratory at the Bayerisches Geoinstitut.

RESULTS

Bulk modulus K+, as a function of composition along the
jadeite-hedenbergite join

The evolution of the unit-cell parameters as well as that of
the unit-cell volumes of all samples as a function of pressure is
shown in Figure 1. It is evident that no phase transitions were
found in the pressure range investigated. Figure 1 illustrates that
the unit-cell parameters for jadeite [Nestola et al. (2006) reported
in the figure for purpose of comparison] decrease nearly linearly
with pressure, but as the Hd content increases, the variations in
unit-cell parameters show a strong curvature and an increase in
the axial compressional anisotropy. The plots of the 3 angle and
unit-cell volume vs. pressure show similar behavior, increasing
their curvature at high pressure with increasing Hd content.

The pressure-volume data for all samples were fit with a third-
order Birch-Murnaghan equation of state (BM3; Birch 1947) and
the fitting results are reported in Table 4. The fit was performed
using EoS-FIT5.2 program (Angel 2002) and three BM3 coeffi-
cients (unit-cell volume V,, bulk modulus Ky, and its first pressure
derivative K') were refined simultaneously for all compositions.
The bulk modulus Ky, decreases with increasing Hd content, and
for end-member jadeite and hedenbergite the difference is about
19%. The evolution of Ky, as a function of percent molar jadeite
content is reported in Figure 2. In this figure, it is evident that the
change in Ky, is not linear and the Ky-composition data can be
fitted by a weighted second order polynomial as follows:

Ko = 108.7(2) (GPa) + 0.191(9) x [% molar Jd] + 0.0006(1)
x [% molar Jd]? 1)
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TABLE 1.  Unit-cell parameters vs. pressure measured along the join
jadeite-hedenbergite studied in this work
P (GPa) a®) b (A c(®) B ) V(A%
stszn
0.00010(1)  9.6031(3)  8.7735(33)  5.2656(2) 106.725(3) 424.88(2)
0.069(5) 9.6013(6) 8.7721(6) 5.2643(4) 106.712(5) 424.65(5)
0.150(4) 9.5993(2) 8.7692(3) 5.2636(2) 106.708(2) 424.38(2)
0.342(4) 9.5938(5)  8.7639(6)  5.2605(4) 106.679(5) 423.69(4)
0.750(6) 9.5824(4) 8.7535(4) 5.2550(2) 106.629(3) 422.35(2)
1.145(4) 9.5730(3) 8.7416(3) 5.2495(2) 106.586(3) 421.01(2)
1.569(4) 9.5618(3)  8.7304(3)  52436(2) 106.535(3) 419.62(3)
1.968(4) 9.5522(3) 8.7190(3) 5.2380(2) 106.491(2) 418.30(2)
2.686(6) 9.5352(3) 8.7004(3) 5.2284(2) 106.417(3) 416.09(2)
3.200(5) 9.5235(33)  8.6872(3)  52214(2) 106.365(3) 414.48(2)
3.652(6) 9.5135(3) 8.6765(3) 5.2158(2) 106.317(3) 413.20(2)
4.603(6) 9.4926(3) 8.6525(3) 5.2038(2) 106.227(3) 410.38(2)
5.401(6) 94761(3)  8.6329(3)  5.1940(2) 106.158(3)  408.12(2)
6.091(6) 9.4632(3) 8.6170(3) 5.1857(2) 106.097(3) 406.29(2)
6.707(7) 9.4516(3) 8.6027(2) 5.1784(2) 106.044(2) 404.65(2)
7.212(7) 9.4427(3)  8.5916(3)  5.1727(2) 106.008(3)  403.38(2)
7.468(7) 9.4377(3)  8.5861(3)  5.1700(2) 105.988(3) 402.73(2)
7.713(7) 9.4336(5) 8.5807(7) 5.1674(4)  105.964(5) 402.15(5)
8.058(9) 9.4295(3)  8.5718(5)  5.1634(2) 105.937(2)  401.30(2)
Jd24Hd75
0.00010(1)  9.7340(2)  89103(4)  5.2682(2) 105.904(2) 439.44(3)
0.841(5) 9.7116(2) 8.8831(4) 5.2553(2) 105.775(2) 436.30(3)
1.182(5) 9.7032(2) 8.8723(4) 5.2500(2) 105.725(2) 435.06(3)
1.882(5) 9.6856(1)  8.8509(3)  5.2398(1) 105.630(2) 432.58(2)
2.229(5) 9.6773(1) 8.8400(3) 5.2348(1) 105.583(1) 431.37(2)
3.045(5) 9.6590(1) 8.8160(4) 5.2235(2) 105.484(2) 428.66(2)
3.867(7) 9.6410(1)  87920(3)  52122(1) 105.391(1)  425.96(2)
4.985(8) 9.6185(2) 8.7614(5) 5.1981(2) 105.282(2) 422.57(3)
6.768(9) 9.5852(2) 8.7143(4) 5.1769(2) 105.121(2) 417.44(2)
8.764(8) 9.5525(2)  8.6648(5)  5.1550(2) 104.972(3) 412.20(3)
10.620(11)  9.5252(3)  8.6200(7)  5.1360(3) 104.854(3) 407.61(4)
9.827(9)* 9.5373(3) 8.6385(6) 5.1441(2) 104.907(3) 409.50(4)
JdoHd, 00
0.00010(1)  9.8447(2) 9.0234(3) 5.2509(2) 104.862(2) 450.84(2)
0.539(5) 9.8300(2)  9.0050(2)  52412(2) 104.756(2) 448.65(2)
1.038(4) 9.8165(2) 8.9879(3) 5.2331(2) 104.670(2) 446.66(2)
1.673(4) 9.8006(3) 8.9676(3) 5.2230(2) 104.573(2) 444.27(2)
2.294(5) 9.7874(3)  8.9465(3)  52139(2) 104.475(2) 442.05(2)
3.134(5) 9.7687(6) 8.9201(7) 5.2018(5) 104.371(6) 439.09(5)
3.800(5) 9.7553(4) 8.8998(4) 5.1923(3) 104.290(3) 436.84(3)
5.528(7) 9.7221(4)  8.8501(4)  5.1708(3) 104.127(3)  431.44(3)
7.000(7) 9.6972(5) 8.8099(6) 5.1538(4) 104.013(5) 427.19(4)
7.786(7) 9.6848(3) 8.7889(3) 5.1451(2) 103.961(3) 425.00(2)

Note: One standard deviation is reported in parentheses.
* Data measured during decompression.

The first pressure derivative K' is not constant along the join
and increases significantly with increasing Hd content. In par-
ticular, it shows a value of 4.4(1) for pure jadeite (Nestola et al.
2006) and increases linearly to 6.6(1) for pure hedenbergite. This
is visible in the Fg-fg plot, where F¢ is the “normalized pressure”
Fe = P/3 x fz x (1 + 2fz)%? and f; is the “normalized strain” fg =
[(Vo/V)?2 = 1]/2 (for details see Angel 2000), illustrated in Figure
3 for all samples. The linear regressions indicated by solid lines
in Figure 3 clearly demonstrated that K+, (=intercept) decreases
while K' [=(2 x slope + 12 K)/3K+,] increases with increasing
Hd content along the Jd-Hd join.

Axial compressibilities

To determine the axial modulus for a, b, and ¢, we used a
parameterized form of the BM3 implemented in the EoS-FIT5.2
program in which the individual axes are cubed. The equation
of state coefficients for all samples are reported in Table 4. The
relative axial compressibility calculated using the relation for
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TABLE 2. Atomic coordinates and isotropic thermal parameters for the samples studied in this work (Uy, is given in A?)

Jdmanu stdeu
0 GPa 3.14 GPa 8.31 GPa 0 GPa 3.65 GPa 6.09 GPa
M2 x 0 0 0 0 0 0
y 0.3002(2) 0.3019(6) 0.3041(5) 0.3008(2) 0.3024(5) 0.3046(7)
z 0.25 0.25 0.25 0.25 0.25 0.25
Uio 0.0086(4) 0.0110(9) 0.0091(9) 0.0133(6) 0.011(1) 0.012(1)
M1 x 0 0 0 0 0 0
y 0.9061(1) 0.9076(4) 0.9082(4) 0.9050(1) 0.9061(4) 0.9066(5)
z 0.25 0.25 0.25 0.25 0.25 0.25
Uio 0.0049(3) 0.0059(6) 0.0053(6) 0.0079(4) 0.0087(7) 0.0068(8)
T X 0.2902(3) 0.2905(2) 0.2908(3) 0.2883(5) 0.2886(3) 0.2888(4)
y 0.0935(1) 0.0941(3) 0.0949(2) 0.0922(1) 0.0920(4) 0.0928(5)
z 0.2281(2) 0.2288(3) 0.2294(3) 0.2298(2) 0.2301(4) 0.2300(5)
Usso 0.0045(3) 0.0050(5) 0.0055(5) 0.0078(4) 0.0068(7) 0.0074(8)
o1 X 0.1112(8) 0.1090(6) 0.1093(6) 0.1122(7) 0.1145(9) 0.1125(9)
y 0.0757(2) 0.0782(7) 0.0784(6) 0.0802(4) 0.0817(11) 0.0825(13)
z 0.1293(4) 0.1291(8) 0.1309(8) 0.1365(8) 0.1369(12) 0.1366(14)
Uio 0.0056(4) 0.006(1) 0.0046(9) 0.0189(9) 0.015(2) 0.014(2)
02 «x 0.3602(7) 0.3603(6) 0.3596(7) 0.3593(10) 0.3591(9) 0.3588(11)
y 0.2634(2) 0.2652(6) 0.2674(6) 0.2556(4) 0.2571(10) 0.2589(11)
z 0.2939(4) 0.2976(8) 0.3027(9) 0.3088(7) 0.3093(13) 0.3124(14)
Uio 0.0072(4) 0.007(1) 0.008(1) 0.0112(8) 0.013(2) 0.012(2)
03 X 0.3534(6) 0.3555(6) 0.3566(7) 0.3525(10) 0.3529(9) 0.3544(11)
y 0.0071(2) 0.0099(6) 0.0146(6) 0.0128(4) 0.0166(9) 0.0188(11)
z 1.0066(4) 1.0052(8) 1.0009(9) 1.0011(6) 0.9982(13) 0.9967(16)
Usso 0.0075(4) 0.008(1) 0.007(1) 0.0113(8) 0.009(1) 0.011(2)
szaHdm JdoHdmo
0 GPa 3.87 GPa 8.76 GPa 0GPa 3.80 GPa
M2 X 0 0 0 0 0
y 0.3006(2) 0.3019(10) 0.305(1) 0.3001(1) 0.3021(2)
z 0.25 0.25 0.25 0.25 0.25
Usso 0.0095(4) 0.012(1) 0.012(2) 0.0083(2) 0.0096(5)
M1 x 0 0 0 0 0
y 0.9059(1) 0.9056(7) 0.908(1) 0.90740(7) 0.9086(2)
z 0.25 0.25 0.25 0.25 0.25
Uio 0.0077(3) 0.0061(8) 0.007(1) 0.0065(2) 0.0086(4)
T X 0.2883(5) 0.2885(2) 0.2883(3) 0.2877(4) 0.2878(2)
y 0.0920(1) 0.0927(5) 0.0946(9) 0.09253(9) 0.0936(2)
z 0.2315(2) 0.2317(4) 0.2309(6) 0.2325(2) 0.2314(3)
Uio 0.0077(3) 0.010(1) 0.012(1) 0.0052(3) 0.0061(4)
01 X 0.1146(7) 0.1167(4) 0.1155(6) 0.1193(8) 0.1201(5)
y 0.0855(4) 0.086(1) 0.089(2) 0.0907(2) 0.0911(6)
z 0.1454(7) 0.1482(9) 0.146(1) 0.1522(5) 0.1522(8)
Usso 0.0163(8) 0.014(2) 0.014(2) 0.0083(6) 0.0092(9)
02 «x 0.3610(9) 0.3602(7) 0.359(1) 0.3624(8) 0.3621(6)
y 0.2508(3) 0.2539(5) 0.2583(9) 0.2464(3) 0.2496(6)
z 0.3167(6) 0.320(1) 0.323(2) 0.3245(5) 0.3262(8)
Uio 0.0107(7) 0.019(2) 0.021(3) 0.0089(6) 0.013(1)
03 «x 0.3496(9) 0.3540(5) 0.3550(8) 0.3502(8) 0.3519(5)
y 0.0158(4) 0.0200(7) 0.023(1) 0.0195(3) 0.0226(6)
z 0.9987(6) 0.9946(10) 0.989(1) 0.9938(4) 0.9885(8)
Uio 0.0108(8) 0.008(2) 0.011(2) 0.0090(6) 0.010(1)

Notes: The measure at room pressure was performed with crystal in air, however, the crystal structure refinement was done after calculating how many Bragg
reflections were accessible using the same orientation that the crystal had into the diamond anvil cell.

unit-cell parameters, § = —1/3K, (for further details see the user
guide of EoS-Fit5.2, Angel 2002), also are reported in Table 4.
The axial compressibility scheme for pure jadeite (Nestola et al.
2006) is B, > B = By, for Jds;Hd,; we have B, > B, > B, while for
Jd,sHdy, and JdyHd,q, the scheme is the same and is B, > . > B..
It is therefore evident that an increase of Hd content affects the
directions of deformation relative to jadeite. The data in Table 4

demonstrate that 3, remains practically constant along the solid
solution, while the linear compressibility along b increases by
about 35% going from jadeite to hedenbergite. The ¢ axis also
shows a strong increase in linear compressibility of about 24%
with increasing Hd content. The axial compressibility ratio
along the solid solution goes from By:B.:B. = 1.15:1.00:1.02 of
jadeite (Nestola et al. 2006) to 1.05:1.17:1.00 for Jds;Hd,; to
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FIGURE 1. Evolution of the unit-cell parameters and volumes with pressure (relative compression) for all samples studied in this work. All data
relative to Jd,,Hd, are taken from Nestola et al. (2006). The symbols used in all plots are larger than one standard deviation. Solid curves are the

resulting BM3 fits of the data.

1.00:1.28:1.05 for Jd,,Hd;s and to 1.00:1.34:1.18 for hedenber-
gite. Thus, increasing the Hd component causes an increase of
axial compression anisotropy as also evident in Figure 1.

Crystal structure at high pressure

M2 polyhedron. The crystal structures of Jd,oHd,, Jds;Hd,7,
and Jd,,Hd,s were determined up to 8.31, 6.09, and 8.76 GPa,
respectively (Table 2 and Table 3), while crystal structure data

for Jd,Hd,o, were collected up to 3.80 GPa.

For the purpose of comparison, all the results obtained in this
work will be extrapolated assuming as a first approximation a
linear behavior to the maximum pressure reached for the sample
Jd,,Hd-6, which was measured up to 8.76 GPa.

The M2 polyhedron along the jadeite-hedenbergite join
compresses more than the other polyhedra for all samples inves-
tigated. The M2 volume (Fig. 4) decreases by 7.9% in Jd;oHd,,
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TaBLE 3. Bond lengths, polyhedral volumes, distortion parameters, and angles for the samples studied in this work
JdooHd, Jds;Hd,,

0 GPa* 3.14 GPa 8.31 GPa 0 GPa* 3.65 GPa 6.09 GPa
M2-01 (A) x2 2.365(5) 2.330(6) 2.313(6) 2.374(5) 2.359(10) 2.340(11)
M2-02 (A) x2 2.411(2) 2.389(4) 2.360(5) 2.379(4) 2.370(7) 2.354(8)
M2-03 (A) x2 2.367(3) 2.354(6) 2.352(6) 2.478(6) 2.470(8) 2.452(10)
M2-03 (A) x2 2.748(4) 2.684(6) 2.593(6) 2.740(7) 2.668(8) 2.611(9)
<M2-0> 2.473(10) 2.439(16) 2.404(15) 2.491(10) 2.467(22) 2.442(27)
v (At 24.762(23) 23.802(26) 22.914(25) 25.458(10) 24.848(42) 24.167(48)
M1-01 (A) x2 1.948(3) 1.930(4) 1.922(4) 2.014(4) 2.009(7) 1.992(8)
M1-01 (A) x2 2.002(5) 1.979(6) 1.948(5) 2.062(5) 2.053(9) 2.029(10)
M1-02 (A) x2 1.862(5) 1.850(6) 1.833(6) 1.970(8) 1.948(9) 1.934(10)
<M1-0> 1.937(10) 1.920(12) 1.901(12) 2.015(9) 2.004(19) 1.987(22)
Vv (R3) 9.505(12) 9.247(14) 8.991(14) 10.764(13) 10.600(24) 10.330(27)
Quad. elong.# 1.0141 1.0140 1.0136 1.0096 1.0082 1.0090
Angle Var.§ 44.9502 447074 43.4527 31.5208 26.6418 29.1306
T-01 (A) 1.616(8) 1.625(6) 1.611(6) 1.623(5) 1.592(8) 1.603(9)
T-02 (A) 1.592(3) 1.591(6) 1.584(6) 1.591(5) 1.586(9) 1.584(10)
T-03 (A) 1.631(4) 1.626(5) 1.615(5) 1.656(6) 1.638(8) 1.634(9)
T-03 (A) 1.640(2) 1.639(5) 1.631(6) 1.662(4) 1.654(8) 1.656(9)
<T-0> 1.620(9) 1.620(10) 1.610(10) 1.633(9) 1.618(15) 1.621(18)
V(A3 2.163(9) 2.168(6) 2.129(6) 2.218(5) 2.160(10) 2.172(12)
Quad. elong. 1.0055 1.0048 1.0045 1.0054 1.0042 1.0042
Angle Var. 23.6766 20.3164 19.298 227419 18.2805 18.1689
03-03-03 (%) 174.7(2) 172.6(5) 169.0(4) 170.2(3) 167.4(7) 165.8(8)

Jd,,Hd,6 JdoHd, o0

0 GPa* 3.87 GPa 8.76 GPa 0 GPa* 3.80 GPa
M2-01 (A) x2 2.356(4) 2.336(10) 2.310(16) 2.350(5) 2.334(5)
M2-02 (A) x2 2.356(4) 2.341(7) 2.328(10) 2.333(4) 2.321(5)
M2-03 (A) x2 2.549(5) 2.536(9) 2.514(14) 2.623(4) 2.608(5)
M2-03 (A) x2 2.753(6) 2.648(8) 2.555(12) 2.726(5) 2.633(5)
<M2-0> 2.505(14) 2.466(23) 2.427(32) 2.509(12) 2.476(13)
V(A 25.944(32) 24.836(30) 23.829(50) 26.049(30) 25.134(26)
M1-01 (A) x2 2.076(4) 2.083(4) 2.054(7) 2.136(4) 2.125(4)
M1-01 (A) x2 2.108(4) 2.096(8) 2.066(14) 2.165(5) 2.134(5)
M1-02 (A) x2 2.029(7) 1.997(6) 1.973(10) 2.090(6) 2.056(5)
<M1-0> 2.072(12) 2.058(16) 2.032(26) 2.131(11) 2.107(12)
V(A 11.757(17) 11.523(18) 11.088(30) 12.820(18) 12.399(17)
Elong. 1.0064 1.0059 1.0063 1.0045 1.0040
Angle Var. 21.0211 18.7169 20.0762 14.9971 13.0163
T-01 (A) 1.626(5) 1.598(4) 1.595(6) 1.602(8) 1.585(5)
T-02 (A) 1.590(5) 1.591(4) 1.592(8) 1.587(4) 1.586(6)
T-03 (A) 1.649(7) 1.658(4) 1.658(6) 1.667(5) 1.663(5)
T-03 (A) 1.672(4) 1.673(4) 1.669(7) 1.688(3) 1.680(5)
<T-O> 1.635(11) 1.630(11) 1.628(16) 1.636(14) 1.630(10)
V(A 2.228(7) 2.207(7) 2.200(11) 2.230(7) 2.204(7)
Elong. 1.0051 1.0051 1.0049 1.0060 1.0062
Angle Var. 21.0895 21.5552 20.6720 24.9599 25.9340
03-03-03 (°) 167.8(3) 164.6(6) 162.3(9) 164.8(2) 162.4(4)

*The measure at room pressure was performed with crystal in air, however, the crystal structure refinement was done after calculating how many Bragg reflections

were accessible using the same orientation that the crystal had into the diamond anvil cell.
tPolyhedral volumes, mean bond distances and their standard deviations were calculated using IVTON (Balic-Zunic and Vickovic 1996).

$and § calculated as in Robinson et al. (1971).

7.3% in Jds;Hd,7, and 8.1% both in Jd,,Hd,¢ and JdoHd, . Thus, it
is evident that there is no significant difference along the jadeite-
hedenbergite join within the experimental scatter of the data.
An analysis of the individual M2-O bond lengths shows
that M2-034,q) Shortens the most, with a decrease in length of
5.9% for pure jadeite, 6.8% for Jds;Hd,,, 7.2% for Jd,,Hd, and
7.8% for hedenbergite. For the M2-O3 4, the decrease is small
compared with M2-03,,g and we observe a shortening by 0.7%
for jadeite, 1.5% for Jds;Hd,;, 1.4% for Jd,,Hd;, and 1.3% for
hedenbergite. This is consistent with the observation reported
by McCarthy et al. (2007). The M2-03g bond is classified as
a sympathetic bond, in that the rotation of the SiO, tetrahedra
tends to move O3 toward the M2 site and therefore contribute

to the shortening of the M2-03,,, bond due to compression.
The M2-03 0y bond is classified as an anti-sympathetic bond,
in that the rotation of the SiO, tetrahedra tends to move O3 away
from the M2 site, and therefore counteracts the compression of
the M2-O3 4,0y bond. The changes in the M2-O2 bond distances
display an inverse trend to that of M2-O3, with a decrease in
the shortening rate as Hd content increases (from 2.2 to 1.2%).
The M2-O1 bond lengths behave like M2-O2, thus decreasing
the shortening rate with increasing Hd content from about 2.3%
in jadeite to 1.6% in hedenbergite. An important parameter to
be analyzed is the distortion parameter AM2 (Dal Negro et
al. 1982) calculated as M2-O3j45q) — [(M2-O30q) + M2-0O1 +
M2-02)/3]. AM2 for jadeite shrinks by about 33.3%, while it
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FIGURE 2. Evolution of Ky, as a function of composition along the
jadeite-hedenbergite join. The data relative to Jd;ooHd, are taken from
Nestola et al. (2006).
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FIGURE 3. F¢ — fz plot {Fe = P/3 x fg x (1 + 2f)%? and fz = [(Vo/V)?
— 11/2, see Angel 2000} for all samples studied in this work. The data
relative to Jd,pHd, are taken from Nestola et al. (2006).

decreases by about 44.0% for Jds;sHd,; and 51.4 and 62.6% for
Jd,,Hd7s and JdoHd,q0, respectively. This strong difference in
the distortion parameter of the M2 site could explain the small
polyhedral volume variation along the join. Although the M2
site of hedenbergite compresses with a similar rate with respect
to that of jadeite (and to that of all the other samples along the
join), however, it is more regular than that of all the other com-
positions as it shows 4+4 coordination vs. the 6+2 coordination
of jadeite at all pressures.

M1 octahedron. M1 octahedral compressibilities vary along
the jadeite-hedenbergite solid solution even less than the M2
polyhedral compressibilities. This is illustrated in Figure 5. The
M1 volume variations are about 5.7% for all samples with excep-
tion of hedenbergite, which decreases about 7.6%. Concerning
the M1 distortion parameter (see Table 3), we did not observe any
significant trend along the solid solution. The individual M1-O
bond distances do not show particular trends: M1-Ong bonds
decrease by about 3.2% in pure jadeite and by about 2.5-2.6%
from Jds;Hd,; to pure hedenbergite, whereas the M1-O2 bonds
decrease by 1.9% in jadeite and by about 3.5 and 3.0% for the
intermediate compositions to 2.4% for pure hedenbergite.
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FIGURE 4. Relative compression of the M2 polyhedral volumes along
the Jd-Hd join investigated in the present work.
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FIGURE 5. Relative compression of the M1 polyhedral volumes along
the Jd-Hd join investigated in the present work.

T tetrahedron. Tetrahedron behavior with pressure also
does not show a well-defined trend in compressibility along
the solid solution. The data extrapolated to 8.76 GPa indicate
a decrease by 1.6% for the tetrahedral volume of jadeite while
the tetrahedral volume of JdssHd,; shows a contraction of 2.9%.
However, the contraction of the volume is again low for Jd,,Hd
(by about 1.2%) and significantly higher for pure hedenbergite
(2.7%). This behavior is consistent with that expected for the
strong bonding found in the SiO, group.

The tetrahedral chain kinking defined by the 03-03-03 angle
shows an almost identical contraction rate for all compositions
along the join studied in this work. This is also evident in Figure
6, in which the slopes of the linear regressions are practically
identical.

The strain ellipsoid. The analysis of the unit strain ten-
sor (Ohashi 1982) could clarify the mechanism of structural
deformation with pressure along the join. The concept, utility
and the calculation procedures of unit strain tensor analysis are
discussed in several previous papers (e.g., Origlieri et al. 2003;
Nestola et al. 2007; Thompson and Downs 2007). In Table 5,
the unit strain ellipsoid size and orientation with pressure along
the Jd-Hd join is reported (the data are calculated between 0
GPa and the highest pressure measured for each sample, for
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pure Jd the data are taken from Nestola et al. 2006 in which the
highest pressure reached for this composition is 8.309 GPa). Itis
evident that along the join the orientation of the strain ellipsoid
with pressure is not constant and the angle between the axis &;
and the c axis decreases from about 36.8° in jadeite to 30.7° in
hedenbergite. As a consequence of the monoclinic symmetry
displayed by clinopyroxenes, the most compressible directions
are along the b axis and on the (0 1 0) plane. In this work, we
observe very strong deformation along €, (coincident with the
b axis) with an increase (in absolute value) by about 48% going
from jadeite to hedenbergite, while €, increases by about 34%,
and &5 shows a smaller decrease by about 7%.

The U, parameter. Although individual polyhedra compress
in a similar way across the jadeite-hedenbergite join, there is a

TABLE 4. EoS coefficients for the samples studied in this work

Jd0Hd* Jd;;Hd,, Jd,,Hd,s JdoHd 0o
ao (A 9.4279(3) 9.6031(3) 9.7340(2) 9.8847(2)
Koo (GPa) 113.9(8) 114.0(8) 115.2(7) 115.0(8)
K 6.7(2) 9.2(3) 11.2(3) 13.9(4)
B (GPa)  -0.00293(2)  -0.00292(5) -0.00289(2)  -0.00290(2)
by (A) 8.5665(6) 8.7735(3) 8.9103(4) 9.0234(3)
Keo (GPa)  131.4(2.3) 102.8(4) 90.3(2) 85.6(4)
K 3.7(6) 3.5(1) 3.44(5) 3.6(1)
Beo (GPa)  —-0.00254(4)  —-0.00324(1) -0.00369(1)  -0.00389(2)
Co (A) 5.2262(2) 5.2656(2) 5.2682(2) 5.2509(2)
Ko(GPa)  129.0(3.6) 120.4(4) 109.8(3) 97.7(4)

d 2.8(1.2) 4.4(1) 6.3(1) 9.0(2)
Bco (GPa™) -0.00258(7) -0.00277(1) —0.00304(1) -0.00341(1)
Vo (A3) 402.26(2) 424.90(1) 439.46(2) 450.84(2)
Kro (GPa) 134.0(7) 120.7(4) 113.5(5) 108.8(4)
K 4.4(1) 5.4(1) 5.8(1) 6.6(1)
By (GPa™")  —-0.00746(5)  —-0.00828(3) -0.00881(4)  -0.00919(3)

*Nestola et al. (2006). B = —1/3K, for unit-cell parameters and -1/Ky, for unit-
cell volumes).

TABLE5. Unit-strain ellipsoid and its orientation calculated with
STRAIN (Ohashi 1982) for the different compositions stud-
ied in this work

Samples Strain (GPa™' x -10?)

€ € €3 €3-C (%)

JdeoHd, 0.1367(7) 0.2245(8) 0.2918(6) 36.8(2)

Jds;Hd,, 0.1201(8) 0.2852(7) 0.2958(5) 34.0(2)

Jdy,Hdy 0.1102(6) 0.3175(5) 0.2953(4) 31.6(4)

JdoHd 100 0.1023(8) 0.3336(4) 0.3138(5) 30.7(4)

Notes: Compositions calculated using the unit-cell parameters between 0 GPa
and the highest pressure measured for each sample and reported in Table 1;
for Jd,Hd, the data are taken from Nestola et al. (2006) in which the highest
pressure for this composition is 8.309 GPa. €, has been chosen as the ellipsoid
axis parallel to the b-axis.

TABLE6. U, parameter (Thompson and Downs 2001) at different
pressures for the samples studied in this work
P (GPa) Ugp
Jd6oHd, 0.0001 0.83695
3.14 0.77880
8.31 0.69014
Jds;Hd,, 0.0001 0.69408
3.65 0.62445
6.09 0.58477
Jdy4Hd,e 0.0001 0.59567
3.87 0.50612
8.76 0.44204
JdoHd 00 0.0001 0.47930
3.80 0.40258
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significant change in the unit-cell compressibility. Thompson
and Downs (2001) defined the U, parameter and calculated it
for several silicates, including clinopyroxenes. This parameter
quantifies the distortion of the anion skeleton in a crystal from
ideal closest-packing. In some sense, it provides a measure of
anion-anion interactions. Small values of U, indicate small
distortion; O is ideally closest-packed while 1 represents a large
distortion. The U, parameter was calculated for the samples
belonging to the Jd-Hd solid solution studied in this work and
the results are reported in Table 6. At ambient conditions, jadeite
has the highest value of U, indicating strong distortion of the
anion skeleton from closest-packing, while hedenbergite is much
more efficiently packed with an U, slightly more than half that
of jadeite. Along the join, U, shows a non-linear decrease with
increasing Hd content. In Figure 7, Ug/U,y is plotted against
pressure for all the samples along the Jd-Hd join; this figure il-
lustrates that the increase in packing efficiency with pressure is
greater with increasing Hd content. If we calculate the decrease
of the U,, parameters to 8.76 GPa, assuming as a first approxima-
tion a linear behavior (for purpose of comparison) we determine
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FIGURE 6. The tetrahedral chain kinking defined as the 03-03-03
angle vs. pressure for the Jd-Hd samples studied in this work.
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FIGURE 7. Observed normalized U, parameter (Thompson and
Downs 2001) as a function of pressure for the Jd-Hd samples studied
in this work.
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FIGURE 9. The strong correlation between the compressibility along
b and bulk compressibility along the jadeite-hedenbergite join.

a decrease by 18.5% for jadeite, 22.6% for Jds;Hd,;, 25.8% for
Jd,,Hd6, and 36.9% for hedenbergite. This change in the anion
skeleton correlates well with the values of bulk modulus (Fig.
8) found along the Jd-Hd join. Therefore, the Hd component of
the join goes toward ideal closest packing much more readily
than the Jd component and explains the higher compressibility
of the Hd-richer compositions.

M1 chain narrowing. Figure 9 demonstrates a strong cor-
relation between compressibility along [010] and bulk modulus
along the jadeite-hedenbergite join. Thompson and Downs
(2007) demonstrated that in diopside almost all of the compres-
sion parallel to b is the result of the collapse of the M1 chain.
The width of the M1 chain can be calculated as wy; = (1 —2yo,)b.
From this, we can calculate the variation of w,,, between room
pressure and the maximum pressure reached for all composi-
tions (Aw,,). Figure 10 shows a good correlation between Aw,,
(calculated to 8.76 GPa for purpose of comparison) and the bulk
compressibility along the jadeite-hedenbergite join

NESTOLAET AL.: HIGH-PRESSURE BEHAVIOR OF (Na,Ca)(Fe,Al) CLINOPYROXENES

1351 JdHd, d
E 130} d
Q

125} A
gﬂ Jdedn
S 10} |
=
=]
g i \ Jd _Hd_
=
2 1o} A

Jd  Hd,

105 i L i L " L i L A L "
0.14 0.16 0.18 0.20 0.22 0.24 026 0.28
aw, (A)

FIGURE 10. The correlation between the narrowing of the M1
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hedenbergite join.

DISCUSSION

There is a decrease in bulk modulus Ky, with composition
along the jadeite-hedenbergite join of about 19%, providing a
relation between Ky, and molar fraction of Jd (Fig. 2). Evolution
of unit-cell parameters with pressure along the join shows that
compressional anisotropy increases with increasing Hd content.
In particular, we observed that going from Jd to Hd the compress-
ibility along the b direction (the most compressible in pyroxenes)
increases by about 35%. However, analysis of crystal structure
evolution with pressure along the join shows that there is no
significant difference in polyhedral compressibility to justify
the decrease of Ky, with increasing Hd content. The M2 site
distortion parameter, AM2 (Dal Negro et al. 1982), calculated
as a function of pressure for all the samples, decreases more
with pressure as Hd content increases. Therefore, the compress-
ibility of the M2 polyhedron is due to a reduction in distortion
in addition to simple volume reduction, and this effect becomes
more important with increasing Hd content. Another important
compression mechanism often proposed for pyroxenes is kinking
of the tetrahedral chain (quantified by the 03-03-03 angle). In
our samples, we observe an identical kinking rate with pressure
along the Jd-Hd solid solution (Fig. 6). Therefore, this mecha-
nism does not explain variation in bulk modulus along the join.
Thompson and Downs (2007) showed three different compres-
sion mechanisms for diopside; among these the authors propose
a narrowing of the M1 octahedral chain mainly due to the shift
of 02 and M1 atoms parallel to b. This mechanism would be the
main cause of the compressional anisotropy on the b-c plane. A
similar behavior is observed for our samples, with O2 showing
a larger shift along b with increasing Hd content (M1 and O1
atoms showing similar shift rates). The region between the M1
chains displays very little compression in the b direction for all
samples. The greater collapse of the M1 chain toward its axis as
Hd content increases may explain much of the variation in bulk
modulus along the join. This collapse is not due to anion-anion
interactions, because packing efficiency is maximized when yo,
=0.25. This is confirmed by the plot in Figure 10, in which the
narrowing of the M1 chain strongly increases at high pressure
with increasing Hd content.
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