
American Mineralogist, Volume 92, pages 1190�1199, 2007

0003-004X/07/0007�1190$05.00/DOI: 10.2138/am.2007.2402     1190 

INTRODUCTION

The feldspar structure has been well deÞ ned by crystallo-
graphic studies performed on natural and synthetic end-members 
and different solid solutions at both ambient conditions and at 
high temperatures and pressures (see the excellent reviews of 
Ribbe 1994 on crystal structure and of Angel 1994 and Ross 
2000 on the high-pressure behaviors).

Structural investigations performed on alkali feldspars using 
high-pressure in situ single-crystal X-ray diffraction include 
those of Allan and Angel (1997) (microcline to P = 7 GPa), 
Downs et al. (1994), and Benusa et al. (2005) (compression of 
low albite to 4 GPa and 9.4 GPa, respectively). The structure of 
reedmergnerite has been reÞ ned by Downs et al. (1999) to 4.7 
GPa. No phase transitions were observed in these feldspars with 

increasing pressure (the C2/m-C1 transition observed in sanidine 
at P = 1.8 GPa by Hazen 1976 has not been conÞ rmed). On the 
contrary, Angel et al. (1988) observed a reversible Þ rst-order 
P1-I1 phase transition between 2.6 and 3 GPa in anorthite. 
Angel (1988) determined the structural conÞ gurations of the 
P1 and I1 phases by means of in situ structural investigations 
at high-pressure.

Recently, Nestola et al. (2004) observed pressure induced 
phase transitions in a feldspar of composition Ca0.2Sr0.8Al2Si2O8, 

which lies on the solid solution between triclinic P1 anor-
thite (An, CaAl2Si2O8) and monoclinic I2/c Sr-feldspar (SrF, 
SrAl2Si2O8). Along this join at ambient conditions the sym-
metry changes from I1 to I2/c at a composition of ~An10SrF90. 
Moreover, feldspars with compositions between An40SrF60 and 
An10SrF90 undergo the analogous I1-I2/c transition with increas-
ing temperature. The I1-I2/c phase transition (Bruno and Gazzoni 
1968; Nager 1969; Nager et al. 1969; Tribaudino et al. 1993) * E-mail: piera.benna@unito.it
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ABSTRACT 
Single-crystal in situ high-P X-ray diffraction was performed at P = 0.0001, 3.2, 4.4, 6.2, and 7.4 

GPa on synthetic Ca0.2Sr0.8Al2Si2O8 feldspar (An20SrF80). Data collections conÞ rmed the displacive 
Þ rst-order triclinic I1-monoclinic I2/c phase transition at P ~4.3 GPa found in a previous high-P 
investigation and deÞ ned the Þ rst-order monoclinic-monoclinic transformation at P ~7.3 GPa as 
an I2/c-P21/c symmetry change. The structural modiÞ cations induced by the increase of pressure 
inside the stability Þ elds of I1 and I2/c conÞ gurations as well as the structural behavior of the two 
phase transitions were detailed. The I1-I2/c transition is similar to the displacive ferroelastic I1-I2/c 
phase transition observed for the same composition with increasing temperature and is related to the 
increase of the M-site coordination number, with the consequent regularization of Ca/Sr polyhedra 
and framework. Variations of the T-O-T bond angles are observed, whereas the O-T-O angles do not 
change signiÞ cantly.

The I2/c-P21/c transition involves a signiÞ cant modiÞ cation of the M-polyhedra. In the M(0)-
polyhedron, the two OC atoms, that were not coordinated in I1 and I2/c space groups, are now bonded 
more strongly than either OB or OD atoms [the M(0)-OC(0i) and M(0)-OC(zi) distances are 2.54 and 
2.57 Å, respectively], whereas in the M(i)-polyhedron, it is the second OA(20) oxygen that becomes 
coordinated and, at the same time, one of the bonds to OD atoms is broken. Moreover, a signiÞ cant 
deformation of the framework is obtained due to the decrease of the symmetry from the loss of the 
two-fold axis and of half of the centers of symmetry. The transition induces, besides a signiÞ cant 
distortion in the T-O-T bond angles, a deformation of the internal O-T-O angles within the tetrahedra. 
The T2(00) tetrahedron, with the OA(20)-T2(00)-OC(0i) angle of 91° and the OC(0i)-T2(00)-OD(0i) 
angle of 140°, is the most deformed. 
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was deÞ ned as a zone-center displacive ferroelastic transition 
(McGuinn and Redfern 1994; Dove and Redfern 1997). Benna 
and Bruno (2003) studied the structural modiÞ cations occurring 
in the I1-I2/c transition, induced by the increase of temperature 
in the feldspar of composition An20SrF80, by in situ single-crystal 
X-ray diffraction (Ttr ~520 °C).

Nestola et al. (2004), using crystals of similar composition, 
measured unit-cell parameters as a function of pressure (P range 
= 0.0001�7.7 GPa) by in situ single-crystal X-ray diffraction. 
Two reversible phase transitions were observed. A Þ rst-order 
triclinic I1 to monoclinic I2/c phase transition was observed at 
P ~4.3 GPa, similar to the I1-I2/c transition of second-order ob-
served for the same sample with increasing temperature (Benna 
and Bruno 2003). At P ~7.3 GPa a further strongly Þ rst-order 
transition, from monoclinic I2/c phase to monoclinic-II phase, 
was observed. The volume bulk modulus is K0 = 88.7(5) GPa for 
the I1 triclinic phase and K0 = 89.4(9) GPa for the I2/c monoclinic 
phase. These values are very close to the value of 83 GPa of 
well-ordered anorthite (Hackwell and Angel 1992; Angel 1994; 
Ross 2000) and signiÞ cantly higher than that of range of moduli 
of albite, sanidine and microcline between 54 and 70 GPa (Angel 
et al. 1988; Hackwell 1993; Downs et al. 1994; Allan and Angel 
1997; Benusa et al. 2005).

Even if feldspars are stable in an extremely limited pressure 
range under geological conditions, investigations on structural 
modiÞ cations and phase transitions induced by pressure provide 
much needed data on thermodynamic properties (Angel 1994).

In this work, in situ high-P single-crystal X-ray data have 
been collected on a crystal of composition An20SrF80 to deÞ ne 
the structural changes that take place with increasing pressure 
and, in particular, the modiÞ cations occurring when monoclinic 
symmetry is achieved after the Þ rst and the second transition.

EXPERIMENTAL METHODS
The crystal of composition Ca0.2Sr0.8Al2Si2O8 studied in this work has an Al-Si 

order described by the order parameter Qod = 0.88, and is from the same run product 
used for the high-T single-crystal investigation of Benna and Bruno (2003) and 
high-P investigation of Nestola et al. (2004). The unit-cell parameters measured 
at room conditions for this crystal using a Huber four-circle diffractometer and the 
eight-position centering method of King and Finger (1979) were found to be within 
one standard deviation with respect to those reported by Nestola et al. (2004). Sub-
sequently, the crystal (dimensions 250 × 150 × 60 μm) was loaded in a BGI design 
diamond-anvil cell (Allan et al. 1996), using a steel gasket (T301) and a 16:3:1 
mixture of methanol:ethanol:water as pressure transmitting medium. The gasket 
was previously preindented to 100 μm thickness and the gasket hole was 350 μm 
in diameter. A ruby chip was used as an internal diffraction pressure standard. 

Five complete intensity data collections were performed at P = 0.0001, 3.2, 
4.4, 6.2, and 7.4 GPa using a Bruker-AXS four-circle diffractometer equipped with 
a Smart1000 CCD area detector (6.25 × 6.25 cm active area with a resolution of 
81.92 pixels cm�1) and a ß at graphite monochromator, using MoKα radiation. The 
sample-to-detector distance was 5.5 cm. A total of 1800 exposures (frame width = 
0.2°, time = 60 s) were collected at every pressure in 16 separate ω-scans cover-
ing practically all of the available reciprocal space. Each scan covered a span of 
20° in ω with detector (2θ circle) positioned so as to be parallel to the planes of 
the gasket and culet faces in the middle of the scan range. This orientation of the 
detector relative to DAC avoids completely the blind regions (secondary X-rays 
shaded by the DAC body) at the applied sample-detector distance. Eight of the scans 
were performed with ϕ setting adjusted so that the primary beam was entering one 
side of the DAC; the other eight with ϕ setting 180° apart with the primary beam 
entering the other side of DAC Þ rst. In this way optimal conditions are ensured 
for the reÞ nement of the crystal displacement from the goniometer center. In each 
group of runs, four were performed with χ set to 0° which makes ϕ and ω axes 
coincident, summing to a total sweep angle for the primary beam of 80° from both 

sides of the DAC, covering close to a full opening angle of the beryllium window. 
The remaining scans were performed with χ set to various angles ensuring the best 
coverage of the rest of the unshaded reciprocal space. The SMART software was 
used for the lattice determination and data collection. The data were integrated with 
SAINT+ and corrected for the absorption using SADABS softwares (Bruker 2000) 
getting a signiÞ cant improvement in Rint. SADABS correction was applied for the 
complex absorption effects, where an empirical function based on measurements 
of symmetry equivalents (over 800 reß ections with I > 3σ) and applying a func-
tion modeled upon spherical harmonics (maximum odd and even orders of 3 and 
6, respectively) was used. SADABS also removes the �outlier� reß ections with 
|I � <I>|/[σ2 + (0.04 <I>)2] > 4. 

The measurements at room pressure and at 3.2 GPa were performed to deÞ ne 
the structural modiÞ cations before the I1-I2/c phase transition, within the I1 space 
group, whereas the data collected at 4.4 and 6.2 GPa are relative to the I2/c space 
group. These data collections show only a and b-type reß ections (a-type reß ections: 
h + k = even, l = even; b-type reß ections: h + k = odd, l = odd) conÞ rming the I1 
and the I2/c space groups as in Nestola et al. (2004). At 7.4 GPa, where Nestola et 
al. (2004) observed the monoclinic-II phase, the data collection also shows the pres-
ence of c- and d-type reß ections (c-type reß ections: h + k = even, l = odd; d-type 
reß ections: h + k = odd, l = even) indicating a primitive lattice. In contrast to P1 
anorthite (Kempster et al. 1962), the scheme of intensity of the different reß ections 
in the present work is: a > d > b ≥ c. Reß ections h0l and 00l with l = even only were 
observed. Unfortunately, because of the crystal shape and its orientation in the DAC, 
it has not been possible to measure diffractions of the 0k0 type to verify the presence 
of a screw axis along the b direction. Several primitive space groups were therefore 
tested. The best results were obtained using the P21/c space group.

Weighted structural reÞ nements were done using the SHELX-97 package 
(Sheldrick 1997). The reÞ nements were performed in I1 (P = 1 atm and 3.2 GPa), 
I2/c (P = 4.4 and 6.2 GPa) and P21/c (P = 7.4 GPa) space groups, starting from the 
atomic coordinates of Benna and Bruno (2003) at room temperature for the data 
collected at P = 1 atm and 3.2 GPa and from the atomic coordinates at T = 600 °C 
(HT monoclinic symmetry) for the data collected at P = 4.4 and 6.2 GPa. At 7.4 
GPa, all the atoms of I2/c symmetry were split in two non-equivalent sites taking 
into account the change of origin by ¼, ¼, ¼ in the P21/c space group. For all the 
reÞ nements, anisotropic displacement parameters were introduced only for extra-
framework Ca/Sr cations. The relative occupancies of Ca and Sr (0.2 and 0.8 apfu, 
respectively) did not change signiÞ cantly in the reÞ nements up to the maximum 
pressure reached and have been Þ xed to the nominal values in the Þ nal cycles.

Unit-cell parameters and reÞ nement details are reported in Table 1. The R-fac-
tors for both I2/c reÞ nements are signiÞ cantly poorer than those for the reÞ nements 
of the I1 and P21/c structures. Since in the I2/c reÞ nements the shape of reß ections 
does not suggest any splitting due to lower symmetry of the lattice, we conclude 
that I2/c is the correct space group and the somewhat poorer results might be at-
tributed to the very low intensity of b-type reß ections (Table 1). 

Fractional atomic coordinates and displacement parameters are shown in Table 
2. The displacement ellipsoid for the M-site atom in I2/c model is disc-shaped, 
and ß attened along the b-axis. An attempt to reÞ ne a �split� position for this atom 
did not improve the reÞ nement and the R-factors did not change. M-O interatomic 
distances and O-T-O bond angles are listed in Tables 3 and 4 respectively, whereas 
T-O interatomic distances, T-O-T angles and observed and calculated structure 
factors are reported in Tables 51, 61, and 71.

RESULTS AND DISCUSSION

HP evolution of the I1 conÞ guration and I1-I2/c transition
The comparison between the structural results obtained at 

P = 1 atm and at 3.2 GPa shows a signiÞ cant modiÞ cation of 
M-O bond lengths and a variation of T-O-T bond angles, while 

1 Deposit item AM-07-024, Tables 5, 6, and 7 (various measure-
ments). Deposit items are available two ways: For a paper copy 
contact the Business OfÞ ce of the Mineralogical Society of 
America (see inside front cover of recent issue) for price informa-
tion. For an electronic copy visit the MSA web site at http://www.
minsocam.org, go to the American Mineralogist Contents, Þ nd 
the table of contents for the speciÞ c volume/issue wanted, and 
then click on the deposit link there.
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T-O distances and O-T-O angles do not change signiÞ cantly. 
Analogous behavior was observed in anorthite between 1 atm 
and 2.5 GPa by Angel (1988), who interpreted the reduction of 
Ca-O bond distances arising from small ß exures of the T-O-T 
angles between essentially rigid tetrahedra. In An20SrF80 feld-
spar, the increase of pressure to 3.2 GPa causes a reduction of 
the average <M-O> bond distances from 2.65 to 2.59 Å for the 
M(0)-polyhedron and from 2.64 to 2.62 Å for the M(z)-polyhe-
dron, considering a sixfold coordination (Table 3). At 3.2 GPa 
these polyhedra show a conÞ guration not much different from 
that at room pressure.

In Figure 1 the main structural features along a* direction 
(Bruno and Facchinelli 1974) are reported at different pressures. 
The Þ gure shows the OA(2)-M-M-OA(2) �strut� that Megaw 
(1970) suggested held the crankshaft chains open. The fact that 
this �strut� lies parallel to the most compressible direction (the 
(100) plane normal) of feldspars was used as an argument by 
Angel et al. (1988), who claimed that it only plays a passive role 
in the feldspar structure, a conclusion that is borne out by the 
results reported here as well as by Benusa et al. (2005). In the 
triclinic structure (Fig.1a) the OA(2)-OA(2) distances across the 
M-polyhedra decrease from 8.88 Å (AB distance in M(z)-polyhe-

TABLE 1. Single-crystal data at diff erent pressures (e.s.d. values in brackets)

P (GPa) 0.0001 3.2 4.4 6.2 7.4
Space group I1 I1 I2/c I2/c P21/c

a (Å) 8.370(1) 8.256(1) 8.209(1) 8.128(1)  8.116(0)
b (Å) 12.967(1) 12.842(1) 12.780(2) 12.671(2)  12.410(1)
c (Å) 14.262(1) 14.088(1) 14.009(1) 13.866(1)  13.728(1)
α (°) 90.58(1) 90.51(1) 90 90  90
β (°) 115.55(1) 115.38(1) 115.27(1) 114.98(1)  114.19(0)
γ (°) 90.44(1) 90.88(1) 90 90 90
V (Å3) 1396.5 1349.3 1328.9 1294.4  1261.3
μ (mm–1) 6.96 7.21 7.32 7.51 7.71
Unique refl ections 775 1143 518 549 1009
Refl . observed Fo ≥ 2σ(Fo) 522 717 309 293 759
Refl . a-type Fo ≥ 2σ(Fo) 345 509 226 213 251
Refl . b-type Fo ≥ 2σ(Fo) 177 208 83 85 148
Refl . c-type Fo ≥ 2σ(Fo) – – – – 116
Refl . d-type Fo ≥ 2σ(Fo) – – – – 245
No. refl . b/No. refl . a  0.513 0.409 0.367 0.399 0.586
ΣF2

o(b)/ΣF2
o(a)  0.025 0.023 0.012 0.018 0.032

R  0.073 0.095 0.140 0.192 0.089
R Fo ≥ 2σ(Fo) 0.045 0.052 0.093 0.115 0.059
R Fo ≥ 4σ(Fo) 0.039 0.043 0.083 0.107 0.048
wR2 0.098 0.108 0.244 0.342 0.131
Weights  0.06 0.06 0.10 0.20 0.07
Goodness of fi t 0.87 0.89 1.44 1.05 1.02

Note: w = 1/[σ2(Fo
2) + (a·P)2], where P = (Fo

2 + 2Fc
2)/3. 
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FIGURE 1. A slice of the An20SrF80 feldspar structure viewed approximately along the c axis (thickness ~2.5 Å) showing the OA(2)-M-M-OA(2) 

�strut,� Megaw (1970). AB and CD = OA(2)-OA(2) distances (Å) across M-polyhedra. BC = OA(2)-OA(2) distances (Å) across the tetrahedral cage. 
Tetrahedral T atoms are not labeled. (a) P = 1 atm; (b) P = 4.4 GPa; (c) P = 7.4 GPa.
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TABLE 2. Atomic fractional coordinates (×104) and isotropic displacement parameters (Å2 × 103) 

Site x y z Ueq/U* Site x y z Ueq/U*
  P = 0.0001 GPa I1 space group    P = 3.2 GPa I1 space group

Ca/Sr(0) 2691(1) 1(3) 669(1) 15(3) Ca/Sr(0) 2675(1) 33(2) 674(1) 19(2)
Ca/Sr(z) 2676(1) 64(3) 5636(1) 9(3) Ca/Sr(z) 2662(1) 59(2) 5645(1) 13(2)
T1(00) 70(4) 1710(9) 1070(2) 8(1) T1(00) 23(4) 1691(8) 1061(2) 10(1)
T1(0z) 23(4) 1759(9) 6156(2) 9(1) T1(0z) 9992(4) 1725(8) 6154(2) 9(1)
T1(m0) 30(4) 8182(11) 1179(2) 9(1) T1(m0) 9985(4) 8182(8) 1176(2) 11(1)
T1(mz) 62(4) 8246(11) 6088(2) 11(1) T1(mz) 16(4) 8193(8) 6084(2) 9(1)
T2(00) 6920(4) 1197(8) 1675(2) 9(1) T2(00) 6881(4) 1198(8) 1674(2) 10(1)
T2(0z) 6827(4) 1124(8) 6687(2) 12(1) T2(0z) 6790(4) 1105(7) 6678(2) 11(1)
T2(m0) 6839(4) 8847(8) 1745(2) 11(1) T2(m0) 6793(4) 8841(7) 1751(2) 10(1)
T2(mz) 6933(4) 8792(8) 6722(2) 10(1) T2(mz) 6883(4) 8765(7) 6724(2) 10(1)
OA(10) 69(8) 1305(14) 9998(4) 15(2) OA(10) 31(8) 1260(13) 9972(4) 13(2)
OA(1z) 9948(8) 1283(14) 4969(4) 15(2) OA(1z) 9964(8) 1336(13) 4981(4) 14(2)
OA(20) 5885(9) 9997(8) 1420(5) 17(2) OA(20) 5829(10) 9929(15) 1433(5) 19(2)
OA(2z) 5875(9) 2(8) 6414(5) 12(2) OA(2z) 5829(10) 9972(15) 6450(5) 18(2)
OB(00) 8260(8) 1224(16) 1011(5) 14(2) OB(00) 8209(9) 1125(14) 991(5) 19(2)
OB(0z) 8078(9) 1189(17) 6073(5) 15(2) OB(0z) 7996(9) 1188(14) 6028(5) 17(2)
OB(m0) 8071(9) 8698(17) 1151(5) 19(2) OB(m0) 8018(9) 8642(15) 1127(5) 17(2)
OB(mz) 8263(9) 8658(17) 6077(4) 15(2) OB(mz) 8210(9) 8674(14) 6068(5) 17(2)
OC(00) 162(10) 2951(11) 1241(6) 20(3) OC(00) 43(9) 2967(17) 1214(5) 12(2)
OC(0z) 188(10) 3081(11) 6372(6) 20(2) OC(0z) 116(9) 3035(16) 6397(6) 17(2)
OC(m0) 137(10) 6886(14) 1248(5) 21(3) OC(m0) 72(10) 6864(17) 1228(5) 19(2)
OC(mz) 94(9) 6979(13) 6119(5) 15(3) OC(mz) 9987(9) 6913(17) 6116(5) 18(2)
OD(00) 1856(9) 1182(18) 1939(5) 16(2) OD(00) 1860(9) 1209(15) 1925(5) 15(2)
OD(0z) 1973(9) 1093(18) 7004(5) 20(2) OD(0z) 1966(9) 1167(15) 7001(5) 18(2)
OD(m0) 1976(8) 8779(18) 2070(4) 12(2) OD(m0) 1977(9) 8768(15) 2084(5) 17(2)
OD(mz) 1871(9) 8716(19) 6986(5) 18(2) OD(mz) 1877(9) 8713(15) 6994(5) 17(2)

  P = 4.4 GPa  I2/c space group    P = 6.2 GPa  I2/c space group
Ca/Sr 2672(2) –5(4) 671(1) 29(4) Ca/Sr 2654(3) 9(4) 685(2) 43(4)
T1(0) 9993(6) 1743(15) 1071(4) 37(2) T1(0) 9955(7) 1773(12) 1070(4) 44(2)
T1(z) 9964(6) 1785(14) 6169(4) 33(2) T1(z) 9933(7) 1755(12) 6176(5) 43(2)
T2(0) 6870(6) 1198(11) 1703(4) 35(2) T2(0) 6844(8) 1243(12) 1707(5) 41(2)
T2(z) 6794(6) 1125(12) 6721(4) 36(2) T2(z) 6748(8) 1131(12) 6720(5) 44(2)
OA(1) 19(10) 1267(27) 9978(7) 38(4) OA(1) 27(10) 1293(27) 9981(7) 34(4)
OA(2) 5857(18) 9950(16) 1473(10) 46(4) OA(2) 5812(22) 33(14) 1482(15) 55(5)
OB(0) 8185(14) 1205(26) 1025(9) 42(3) OB(0) 8186(17) 1180(28) 1045(12) 60(5)
OB(z) 7976(15) 1255(27) 6075(9) 44(4) OB(z) 7940(17) 1171(25) 6048(11) 54(4)
OC(0) 12(14) 3004(18) 1177(9) 47(5) OC(0) 9884(17) 3034(18) 1141(11) 54(6)
OC(z) 51(15) 3135(18) 6311(10) 56(5) OC(z) 9955(17) 3115(16) 6267(11) 55(5)
OD(0) 1864(15) 1248(28) 1975(9) 47(4) OD(0) 1832(17) 1249(28) 1943(10) 54(4)
OD(z) 1932(15) 1207(27) 7052(9) 48(4) OD(z) 1915(16) 1171(25) 7020(10) 56(5)

  P = 7.4 GPa  P21/c space group†
Ca/Sr(0) 2893(1) 71(3) 642(1) 15(2)
Ca/Sr(i) 7620(1) 4917(3) 5729(1) 15(2)
T1(00) 9975(4) 1767(8) 1135(2) 12(1)
T1(0i) 4781(3) 6895(8) 5947(2) 12(1)
T1(z0) 20(4) 1635(8) 6232(3) 14(1)
T1(zi) 4899(4) 7018(8) 1102(2) 10(1)
T2(00) 6910(4) 1390(8) 1791(2) 11(1)
T2(0i) 1774(4) 6179(8) 6664(2) 11(1)
T2(z0) 6893(4) 1021(7) 6851(2) 12(1)
T2(zi) 1707(4) 6226(7) 1735(2) 12(1)
OA(10) 152(8) 1356(17) 32(5) 13(2)
OA(1i) 5068(8) 6257(18) 5006(5) 19(2)
OA(20) 6121(9) 211(16) 2015(6) 25(2)
OA(2i) 775(9) 4906(17) 6225(5) 23(2)
OB(00)  8138(9) 1229(17) 1016(5) 19(2)
OB(0i)  2978(10) 6332(17) 5910(6) 27(2)
OB(z0)  8071(9) 1006(16) 6171(6) 23(2)
OB(zi)  3075(10) 6482(17) 1200(6) 27(2)
OC(00)  9873(9) 3078(17) 1285(5) 21(2)
OC(0i)  4717(9) 8210(19) 5894(6) 29(3)
OC(z0)  21(9) 2998(17) 6446(6) 25(2)
OC(zi)  5045(9) 8451(18) 1174(5) 18(2)
OD(00)  1833(9) 1264(17) 2024(6) 25(2)
OD(0i)  6577(10) 6628(19) 6966(6) 39(3)
OD(z0)  2147(8) 1113(15) 7010(5) 18(2)
OD(zi)  6923(8) 6411(16) 1973(5) 18(2)

* All atoms except for Ca/Sr were refi ned with isotropic displacement parameters. Ueq defi ned as one third of the trace of the orthogonalized Uij tensor. The isotropic 
displacement exponent takes the form: –8π2 U(sin θ/λ)2. Occupancies of Ca and Sr on both sites are 0.2 and 0.8, respectively.
† The coordinates of the P21/c model have been reported without the ¼, ¼, ¼ origin shift to compare our data with those of other feldspar structures. The symmetry 
operators for this non-standard setting must be changed accordingly.
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dron) and 8.89 Å [CD in M(0)-polyhedron] at P = 1 atm to ~8.70 
Å at P = 3.2 GPa. The compression of the M-M distance, together 
with the signiÞ cant decrease of the M-OA(2) distances (Table 3), 
accounts for the overall decrease of the �strut� along a*.

The orientation of the principal axes of the strain ellipsoid 

(Fig. 2), calculated from the cell parameters in the P range 1 
atm�4.3 GPa (Nestola et al. 2004), is very similar to that deter-
mined by Angel et al. (1988) for anorthite between 1 atm and 5 
GPa, and is quite different from that of alkali feldspars. In fact, 
the plane containing the axes of maximum (ε1) and minimum 
(ε3) compression is about 15° from the (001) plane. As observed 
by Angel (1994), the orientation of the direction of maximum 
compression close to (001) plane is consistent with the increase 
of the γ angle with increasing pressure. While in anorthite the unit 
strain ellipsoid is strongly anisotropic (ε1 = 71, ε2 = 24, and ε3 = 7 

TABLE 3. M-O interatomic distances (Å)

P (GPa) 0.0001  3.2   4.4  6.2   7.4
Space group I1 I1  I2/c I2/c  P21/c

M(0)-OA(10) 2.621(14) 2.551(11)    M(0)-OA(10) 2.583(14)
M(0)-OA(10) 2.668(12) 2.588(12)    M(0)-OA(1i) 2.744(14)
M(0)-OA(20) 2.414(7) 2.359(8)    M(0)-OA(20) 2.529(7)
M(0)-OB(00) 2.675(13) 2.585(12)    M(0)-OA(2i) 3.163(8)
M(0)-OB(m0) 2.944(14) 2.919(12)    M(0)-OB(0i) 2.616(15)
M(0)-OC(0z) 3.146(12) 3.183(17)    M(0)-OB(zi) 2.906(14)
M(0)-OC(mz) 3.168(15) 2.945(19)    M(0)-OC(0i) 2.538(21)
M(0)-OD(00) 2.677(15) 2.616(12) M-OA(1) 2.553(22) 2.529(23) M(0)-OC(zi) 2.566(19)
M(0)-OD(m0) 2.819(13) 2.817(11) M-OA(1) 2.568(22) 2.573(22) M(0)-OD(00) 2.804(13)
<[6]M(0)-O> 2.646 2.586 M-OA(2) 2.365(14) 2.327(17) M(0)-OD(z0) 2.643(12)
<[7]M(0)-O> 2.688 2.633 M-OB(0) 2.658(21) 2.665(23) <[7]M(0)-O> 2.603
   M-OB(z) 2.783 (22) 2.682(22) <[8]M(0)-O> 2.628
   M-OC(0) 3.093(22) 2.977(22) <[9]M(0)-O> 2.659
   M-OC(z) 2.962(21) 2.938(19)  
M(z)-OA(1z) 2.613(13) 2.627(13) M-OD(0) 2.715(22) 2.636(24) M(i)-OA(10) 2.593(14)
M(z)-OA(1z) 2.626(13) 2.624(11) M-OD(z) 2.734(21) 2.639(22) M(i)-OA(1i) 2.521(15)
M(z)-OA(2z) 2.419(7) 2.368(8) <[6]M-O> 2.599 2.562 M(i)-OA(20) 2.860(7)
M(z)-OB(0z) 2.749(14) 2.687(12) <[7]M-O> 2.625 2.579 M(i)-OA(2i) 2.365(7)
M(z)-OB(mz) 2.789(15) 2.758(11)    M(i)-OB(00) 2.633(13)
M(z)-OC(00) 3.343(13) 3.251(18)    M(i)-OB(z0) 2.782(12)
M(z)-OC(m0) 2.986(14) 2.903(18)    M(i)-OC(00) 2.995(19)
M(z)-OD(0z) 2.623(13) 2.631(11)    M(i)-OC(z0) 2.978(18)
M(z)-OD(mz) 2.896(15) 2.846(12)    M(i)-OD(0i) 3.048(17)
<[6]M(z)-O> 2.636 2.616    M(i)-OD(zi) 2.597(14)
<[7]M(z)-O> 2.674 2.649    <[7]M(i)-O> 2.622
      <[8]M(i)-O> 2.666
      <[9]M(i)-O> 2.703

TABLE 4. O-T-O angles (°)

 OA-OB OA-OC OA-OD OB-OC OB-OD OC-OD

   P = 0.0001 GPa  
T1(00) 102.4(6) 115.9(8) 102.0(7) 111.8(8) 114.0(10) 110.3(9)
T1(0z) 98.5(6) 118.1(7) 97.1(6) 115.1(8) 113.1(9) 113.0(8)
T1(m0) 99.5(7) 114.7(7) 99.9(7) 114.4(9) 114.8(10) 112.1(9)
T1(mz) 103.3(8) 114.2(8) 102.9(8) 110.2(9) 116.2(10) 109.7(10)
T2(00) 106.5(8) 101.2(6) 106.0(9) 112.7(7) 112.8(4) 116.2(8)
T2(0z) 106.4(9) 101.8(6) 109.1(10) 114.5(8) 110.3(4) 114.1(9)
T2(m0) 107.5(9) 102.6(5) 105.6(10) 114.4(8) 110.8(4) 114.8(8)
T2(mz) 108.9(8) 101.9(5) 105.2(9) 111.6(7) 112.4(4) 115.9(8)
   P = 3.2 GPa   
T1(00) 100.1(6) 116.6(7) 101.1(6) 113.4(7) 114.5(8) 110.4(8)
T1(0z) 100.1(5) 116.5(7) 99.3(5) 112.0(7) 119.0(8) 109.4(7)
T1(m0) 100.3(5) 115.9(6) 97.8(6) 112.6(7) 117.5(8) 111.7(7)
T1(mz) 102.1(6) 114.2(7) 101.3(6) 111.9(7) 114.0(8) 112.5(7)
T2(00) 102.2(8) 98.0(7) 105.3(8) 116.6(5) 112.6(4) 118.6(7)
T2(0z) 108.2(8) 101.6(7) 108.6(9) 112.8(7) 110.6(4) 114.4(8)
T2(m0) 110.2(7) 102.1(7) 109.7(9) 112.6(8) 109.6(4) 112.4(8)
T2(mz) 108.5(7) 99.3(6) 104.4(8) 113.0(7) 111.9(4) 118.1(7)
   P = 4.4 GPa   
T1(0) 100.5(12) 116.6(14) 101.2(11) 113.7(13) 114.1(15) 110.1(14)
T1(z) 99.2(11) 117.9(13) 97.2(11) 113.0(13) 117.0(14) 111.3(13)
T2(0) 105.2(13) 101.3(9) 104.8(15) 114.4(10) 111.6(7) 117.7(12)
T2(z) 109.4(14) 99.3(10) 109.7(16) 113.7(12) 109.2(7) 115.0(13)
   P = 6.2 GPa   
T1(0) 100.6(12) 116.1(14) 98.3(11) 114.3(13) 111.8(14) 113.9(13)
T1(z) 98.3(10) 113.8(14) 96.2(10) 114.6(12) 117.3(13) 113.8(12)
T2(0) 103.8(14) 96.1(9) 103.5(15) 117.6(11) 109.8(8) 121.9(12)
T2(z) 104.9(15) 100.8(9) 106.8(15) 114.8(13) 109.3(8) 118.7(13)
   P = 7.4 GPa   
T1(00) 102.0(7) 116.4(9) 99.6(6) 109.7(8) 117.5(9) 111.3(8)
T1(0i) 101.0(9) 117.9(8) 102.8(7) 115.0(9) 115.7(8) 104.4(9)
T1(z0) 99.2(7) 115.6(9) 97.6(6) 112.8(8) 121.2(9) 109.3(7)
T1(zi) 100.7(8) 119.7(8) 94.6(7) 115.6(8) 112.6(8) 111.6(7)
T2(00) 111.7(10) 91.2(8) 98.3(8) 105.7(4) 106.2(4) 140.4(10)
T2(0i) 100.9(8) 98.6(8) 115.6(10) 115.6(8) 109.9(4) 115.0(7)
T2(z0) 114.3(10) 98.1(8) 104.1(8) 108.6(5) 110.2(5) 121.2(9)
T2(zi) 105.3(8) 102.6(8) 110.8(10) 117.1(9) 107.9(4) 112.7(7)

!1 !3

!2

a

-a

c b

a*

FIGURE 2. Stereographic projection showing the orientation of the 
principal axes, ε1, ε2, and ε3 of the strain ellipsoid describing the behavior 
upon compression. Circles: An20SrF80 feldspar, pressure range = 1 atm 
� 4.3 GPa (Nestola et al. 2004). Squares: anorthite, pressure range = 1 
atm � 5 GPa (Angel et al. 1988). The a, b, c direct lattice vectors and 
the a* reciprocal vector are relative to An20SrF80 feldspar. All axes are 
plotted in the upper hemisphere, except for +a.
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× 104 GPa�1), in An20SrF80 feldspar the anisotropy is drastically 
reduced (ε1 = 49, ε2 = 33, and ε3 = 26 × 104 GPa�1).

At the I1-I2/c phase transition, the 8 independent T-sites in 
the triclinic structure are reduced to 4 T-sites in the monoclinic 
one (Table 2). This is summarized in Figure 3, where the pairs 
of pseudo-symmetrical T-sites in the I1 conÞ guration converge 
to single T-sites in the I2/c conÞ guration. The transition involves 
pairs of chemically homogenous tetrahedra that do not signiÞ -
cantly vary their average sizes with increasing pressure (Table 
51). Consequently, the alternation of Si- and Al-rich tetrahedra 
observed in the triclinic conÞ guration is maintained in the 
monoclinic conÞ guration. 

At the transition the O-T-O angles show no significant 
changes (Table 4), while greater modiÞ cations are observed 
in the T-O-T bond angles. While the average <T-OD-T> angles 
increase, the <T-OA-T>, <T-OB-T>, and <T-OC-T> angles de-
crease or remain constant (Fig. 4). As expected in non-collaps-
ible framework such as feldspar (Baur et al. 1996; Angel et al. 
2005), although the decrease of the average <T-O-T> angle with 
pressure is relatively small, individual T-O-T bond angles show 
a large variations, with some increasing and some decreasing, 
as typical for other feldspars studied at high pressures (Ross 
2000). The more relevant changes are the decrease in individual 
T-O-T angles relative to OA(1z), OB(m0), and OB(mz) oxygen 
atoms and an increase in those relative to OC(mz) and OD(0z) 
oxygen atoms (Table 61).

For the non-tetrahedral Ca/Sr cations, the two independent 
M(0)- and M(z)-polyhedra in the triclinic structure (Fig. 5a) 
become equivalent and a single M-polyhedron is observed in 
the I2/c monoclinic structure (Fig. 5b). At the I1-I2/c transition, 

all pseudo-related oxygen pairs become equivalent and there is 
the passage from 16 to 8 independent oxygen atoms. In Figure 
6 the modiÞ cations induced in the M-O distances by the transi-
tion for the pseudo-related OB, OC, and OD oxygen pairs are 
shown. The lines in the Þ gure are just guidelines to point out the 
discontinuity induced by the Þ rst-order I1-I2/c transition. The 
transition from triclinic to monoclinic symmetry gives rise to a 
more regular polyhedron around the Ca/Sr cations (Table 3, Fig. 
5). The OB(z) and OD(0) oxygen atoms (Fig. 5b), correspond-
ing in the triclinic structure to OB(m0) in M(0) and OD(mz) in 
M(z)-polyhedra (Fig. 5a), are involved in the increase of the 
coordination number and show the more signiÞ cant variations 
among the M-O distances (Fig. 6). 

The I2/c conÞ guration is analogous to that obtained with 
increasing temperature in a feldspar with the same composition 
(Benna and Bruno 2003). In the continuous high-T transition 
the α and γ unit-cell angles and the M-O distances show a con-
tinuous trend toward the monoclinic symmetry with increasing 
temperature. In the discontinuous high-P transition the γ angle 
(90.55° at P = 1 atm) achieves the values of 91.04° before 
jumping to 90°, as shown in Figure 1 of Nestola et al. (2004). 
Moreover, the differences between the M-O distances relative 
to the pseudo-related oxygen pairs are almost constant up to the 
transition (Fig. 6). 

Both high-temperature and high-pressure I2/c monoclinic 
structures are characterized by an increase of the coordina-
tion number of the Ca/Sr cations, which can be ascribed to an 
increase of the rC/rO ratio, where rC is the ionic radius of the 
non-tetrahedral cations and rO is the ionic radius of oxygen. At 
HP the higher compressibility of the oxygen atoms with respect 
to the non-tetrahedral cations gives rise to the increase of the 
rC/rO ratio and causes the triclinic-monoclinic transition. This is 
in agreement with the observation by Prewitt and Downs (1998) 
�increasing pressure increases coordination number� and, more 
recently, by Prencipe and Nestola (2007) who determined the 
variation of the critical bond radii between P = 1 atm and 28.4 
GPa in beryl, through the analysis of Bader, for Al (0.13) and for 
O (0.21) {[rC(0) � rC (P)]/rC (0) ×100, Bader 1994}. 

HP evolution of the I2/c conÞ guration and I2/c-P21/c 
transition

The I2/c structures determined at 4.4 and at 6.2 GPa show 
only minor modiÞ cations mainly involving shortening of the 
average <M-O> distances (Table 3). In particular, the OA(2)-
OA(2) �strut� along a* (AB in Fig. 1b) decreases from 8.68 to 
8.56 Å, due to the shortening of the M-OA(2) distance (from 
2.36 to 2.33 Å) and the M-M distance (from 3.97 to 3.91 Å). 
The OA(2)-OA(2) distance across the tetrahedral cage (BC) 
remains constant at approximately 6.17 Å. The total variation 
of the OA(2)-OA(2) distances across the M-polyhedra and the 
tetrahedral cage (AC in Fig. 1b), corresponding to the variations 
as a function of pressure of the 2d100 distance, decreases from 
14.85 to 14.73 Å. The 2d100 distance, which can be calculated 
from the unit-cell parameters reported by Nestola et al. (2004), 
shows a linear decrease in the pressure range 4.4�7.1 GPa where 
the I2/c structure is stable (Fig. 7).

The I2/c-P21/c transition at ~7.3 GPa involves a reduction 
of the symmetry with the loss of the twofold rotation axes and 

T1(00) T1(mz) T1(0z)  T1(m0) T2(00)  T2(mz) T2(0z)  T2(m0)

 T1(0) T1(z) T2(0) T2(z)

T1(00) T1(0i) T1(z0)  T1(zi) T2(00)  T2(0i) T2(z0)  T2(zi)

I2/c

P21/c

I1

FIGURE 3. Tetrahedral T-sites nomenclature for the I1, I2/c, and P21/c 
conÞ gurations. The Al-rich T-sites are in italic.
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FIGURE 4. The variation of the average <T-O-T> bond angles with 
pressure. Squares: <T-OA-T>, circles: <T-OB-T>, triangles: <T-OC-T>, 
diamonds: <T-OD-T>. The lines are drawn as guides to the eye. Symbol 
size exceeds the estimated standard deviations (e.s.d. values), except at 
P = 4.4 and 6.2 GPa. 
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one-half of the centers of symmetry. In the P lattice the numbers 
of independent atomic sites is doubled and pairs of atoms related 
by the pseudo-body centering (a + b + c)/2 vector are present. 
Considering the two types of four-membered rings of the crank-
shaft chain running parallel to the a axis, one normal to b and 
the other approximately normal to a (Ribbe 1983), the symmetry 
centers retained in P21/c space group lie in the centers of four-
membered rings of tetrahedra approximately normal to the a 
axis, with ring-planes near (1 0 2). In Figure 8 the non-equivalent 
four-membered rings of tetrahedra around the symmetry centers 
are projected on the (1 0 2) plane in the I2/c and P21/c structures. 
The differences between the unique rings are increased in P21/c 
in comparison with the I2/c conÞ guration, indicating the much 
more pronounced deformation of the tetrahedral framework. The 
modiÞ cations observed are related to the signiÞ cant variations 
of the T-O-T angles, particularly to the changes of the average 
< T-OC-T > angles that reduce to 117° in P21/c conÞ guration 
(Fig. 4). As observed by Angel et al. (2005), the T-OC-T angle, 
which undergoes the greatest decrease with increasing pressure 
in feldspars, is the �hinge� of the crankshaft-chains closing up. 
In our work, the T2(00)-OC(0i)-T1(0i) angle (Fig. 8c) decreases to 
104°, much lower than the 115° value, which is often considered 
an extreme limit for T-O-T angles in feldspars (Benusa et al. 
2005). The very small value of this angle in An20SrF80 feldspar 
at P = 7.4 GPa is related to the large changes in the OC oxygen 
atoms in the M(0)-polyhedron. In the compression of low albite, 
Benusa et al. (2005) observed that the biggest structural changes 
are the reduction in the T-OB(0)-T and T-OC(0)-T bond angles, 
with the T1(0)-OC(0)-T2(m) angle reaching the smallest value 
of 113.7° at P = 9.4 GPa. Moreover, in An20SrF80 feldspar, the 
I2/c-P21/c transition also induces signiÞ cant modiÞ cations of 
the internal O-T-O bond angles within the tetrahedra. The most 
deformed tetrahedron is the T2(00) (Fig. 8c), with the OA(20)-
T2(00)-OC(0i) angle of 91° and the OC(0i)-T2(00)-OD(0i) angle 
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of 140° (Table 4). Small deviations from the true rigidity of the 
tetrahedra at high pressures were found in compounds with the 
quartz framework (Angel et al. 2005) and in the AlO4 tetrahedra 
in microcline at 7 GPa (Allan and Angel 1997).

The other types of fourfold rings of tetrahedra characteristic 
for feldspars [those with (010) as the ring-plane] are represented 

in Figure 9 at 4.4 and 7.4 GPa. Only in the I2/c conÞ guration are 
the rings formed by the two pairs of equivalent tetrahedra (Fig. 
9a). Both in I1 and in P21/c they consist of four symmetrically 
non-equivalent tetrahedra (Fig. 9b). Whereas in I1 and I2/c the 
rings retain a shape almost ideally rectangular, in P21/c their 
obliquity becomes evident (Fig. 9b). This again emphasizes a 
much more pronounced deformation of the tetrahedral frame-
work in the very high-pressure P21/c phase. A signiÞ cant shear 
of the four-membered rings of tetrahedra was also observed by 
Benusa et al. (2005) in low albite at high pressure. 

In conclusion, in An20SrF80 feldspar, the I2/c-P21/c transition 
causes a signiÞ cant distortion of the framework and a deforma-
tion of the tetrahedra, but does not involve a variation of the 
alternation of the Si- and Al-rich tetrahedra (Fig. 3).

The conÞ gurations of the M(0)- and M(i)-polyhedra [pro-
jected on the (100) plane in Fig. 5 and on the (001) plane in 
Fig. 10], resulting from the doubling of the single M-site of the 
I2/c structure, are considerably different, with relevant changes 
in the coordination environment. In M(0)-polyhedron the larger 
variation concerns the OC(0i) and OC(zi) oxygen atoms that move 
closer to the cation and are therefore in the coordination sphere 
(Fig. 10b), whereas the OB(zi) oxygen (Fig. 5c) moves away. 
Considering all individual M(0)-O bond distances smaller than 
2.91 Å (Table 3), there is not a clear gap to allow for a deÞ nition 
of the coordination number, which can therefore be assumed to 
be between 8 and 9. In the M(i)-polyhedron, the OC atoms are 
at distances of ~3 Å as in all other feldspars (Fig. 10b), but in 
this case a second OA(20) oxygen comes into the Þ rst coordina-
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FIGURE 7. The variation with pressure of the 2d100 distance, calculated 
from the unit-cell parameters reported by Nestola et al. (2004) in the 
pressure interval 4.4�7.7 GPa.
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In P21/c, at P = 7.4 GPa, the oblique rings consist of four symmetrically 
non-equivalent tetrahedra, as the twofold rotation axes are lost.
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tion sphere (Fig. 5c) and, at the same time, one of the bonds to 
OD atoms is broken [M(i) � OD(0i) = 3.05 Å]. Therefore, the 
coordination number for M(i) does not increase and remains 7. 
These changes are probably due to the stabilization of the very 
deformed and strained tetrahedral framework, which results from 
a change in the pattern of the M-O bonds.

The 2d100 distance, which decreases linearly between 4.4�7.1 
GPa (Fig. 7), increases signiÞ cantly at the transition to the P21/c 
space group. This is due to the increase of the OA(2)-OA(2) 
distances across the M-polyhedra along a* in the high-pressure 
P21/c structure (AB in Fig. 1c), a change that is only partially 
compensated for by the shortening of the OA(2)-OA(2) distance 
across the tetrahedral cage (BC in Fig. 1c). This suggests that, 
with increasing pressure, the M-M distance reaches the maxi-
mum compression compatible within the I2/c symmetry and, at 
higher pressures, the M-M repulsions do however play a role in 
the compression of the structure. In fact, the transition to P21/c 
allows a relaxation of the M-M distance, which increases from 
3.91 to 4.08 Å between 6.2 and 7.4 GPa. 

In spite of the clear increase of the 2d100 distances at the 
transition to P21/c (Fig. 7), the a cell parameter increases only 
slightly due to the decrease in the β angle from 114.94° to 114.17° 

between 7.1 and 7.7 GPa (Nestola et al. 2004). Moreover, the 
I2/c-P21/c transition induces a large contraction of the b unit-cell 
parameter. This is probably due to the compression in the M(0)-
polyhedron along b, which is essentially related to the dramatic 
decrease of the M(0)-OC(0i) and M(0)-OC(zi) distances (Fig. 
10b) to unusually small values (2.54 and 2.57 Å, respectively). 
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