
Phys Chem Minerals (1997) 24: 274–280 C Springer-Verlag 1997

OR IG I NA L PA P E R

P. Comodi ? P.F. Zanazzi

Pressure dependence of structural parameters of paragonite
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Abstract The compressibility and structure of a 2M1

paragonite with composition [Na0.88K0.10Ca0.01Ba0.01]
[Al 1.97Ti0.007Fe0.01Mn0.002Mg0.006]Si3.01Al0.99O10OH2

were determined at pressures between 1 bar and 41 kbar,
by single crystal X-ray diffraction using a Merrill-Bas-
sett diamond anvil cell.

Compressibility turned out to be largely anisotropic,
linear compressibility coefficients parallel to the unit
cell edges being ba53.5(1)?1024, bb53.6(1)?1024,
bc58.3(3)?1024 kbar21 (ba:bb?bc51: 1028: 2.371). The
isothermal bulk modulus, calculated as the reciprocal of
the mean compressibility of the cell volume, was
650(20) kbar.

The main features of the deformation mechanism re-
sulting from structural refinements at pressures of 0.5,
25.4, 40.5 kbar were:
– variation in sheet thickness, showing that compression
of thec parameter was mainly due to the interlayer thick-
ness reduction from 3.07 A˚ at 0.5 kbar to 2.81 A˚ at 40.5
kbar;
– the compressibility of octahedra was greater than that
of tetrahedra, the dimensional misfit between tetrahedral
and octahedral sheets increased withP, so that tetrahe-
dral rotation angela increased from 158 at 0.5 kbar to
21.68 at 40.5 kbar;
– the basal surface corrugation (Dz) of the tetrahedral
layer, due to the different dimensions of M1 and M2
octahedra and to the octahedral distortion, decreased
with P (Dz50.19 and 0.12 A˚ at 0.5 and 40.5 kbar respec-
tively).

Comparison of the new data on paragonite with those
of a K-muscovite and a Na-rich muscovite (Comodi and
Zanazzi 1995) revealed a clear trend toward decreasing
of compressibility when Na substitutes for K atoms in
the interlayer sites.

Introduction

Paragonite, NaAl2Si3AlO10(OH)2, is a dioctahedral mica
which is the Na analogue of muscovite. It occurs com-
monly in many blueschist and eclogites facies metamor-
phic rocks. It also occurs in metapelitic rocks from the
greenschist to sillimanite zone of amphibole facies, pri-
marily if the rocks are more Al-rich than the typical
metapelite (Guidotti 1984).

The large asymmetric solvus between Paragonite (Pg)
and Muscovite (Ms) has long been known (see Guidotti
et al. 1994 for early references). Moreover, there have
been many attempts to use the partitioning of Na and K
between coexisting Ms ang Pg as a geothermometer (see
Blencoe et al. 1994 for a recent discussion thereof). Inas-
much as the exact shape of the solvus and how it changes
with pressure is not yet well known, thermometric esti-
mates are often inconsistent with corresponding temper-
atures derived from alternative methods. The molar vol-
umes of the terms along Ms-Pg join and how they change
with pressure must be known before a more accurate
phase diagram can be drawn. The aim of this work is to
contribute to the knowledge of the molar volume of
paragonite and its variation withP through compressibil-
ity measurements on single crystals. Structural refine-
ments with high-pressure data can also show the defor-
mation mechanism of the Pg structure withP.

Comparison of the data presented here with com-
pressibility data from a Ms (K-ms) and a Na-rich Ms
(Na-ms) (Comodi and Zanazzi 1995), allows evaluation
of the role of NaV K substitution in the baric behaviour of
white dioctahedral micas.

Experimental

Because Pg usually occurs as fine-grained aggregates, it was very
difficult to find a good single crystal suitable for study on a four-
circle automated diffractometer. A good sample of the Pg 2M1

polytype was found in a specimen from the Western Alps (sample
(Al-433 obtained from M. Frey), and kindly provided to us by C.V.

Paola Comodi? Pier Francesco Zanazzi (✉)
Dipartimento di Scienze della Terra, Universita` di Perugia,
Piazza Universita`, I-06100 Perugia, Italy
Fax: 139-75-5853203; e-mail: Zanazzi@unipg.it



275

Guidotti. The sample, with formula [Na0.88K0.10Ca0..01Ba0.01]
[Al 1.97Ti0.007Fe0.01Mn0.02Mg0.006]Si3.01Al0.99O10OH2, had a Nay
Na1K ratio of 0.90, intermediate between the value of 0.96 of the
sample refined by Lin and Bailey (1984) [LBpg], and the value of

0.85 of the sample studied by Burnham and Radoslovich (1964)
[BRpg].

Diffraction data were collected at ambient conditions on a four-
circle Philips PW1100 diffractometer, from a crystal with dimen-
sions 0.1230.1030.06 mm3, using graphite monochromatized
MoKa radiation (l50.7107 Å); w scans with scan width 3.58 and
speed in the range 0.06–0.128 s21 were employed. 2544 integrated
intensities from two equivalent sets with indices+hkl and +hkl
(up to 358 u) were collected for structural refinement (Table 1). An
empirical absorption correction based on the method of North
et al. (1968) was applied: transmission factors were in the range
1.0–0.87. After merging of equivalent reflections (Req52.4%), a
total of 1043 independent reflections was obtained, with intensi-
ties higher than 3s. Anisotropic refinement in space groupC2ym
was carried out using the SHELX-76 program (Sheldrick 1976).
The theoretically vacant M1 site was considered partially occu-
pied by Mg because the refinement showed that about 0.2 elec-
trons were present. In the late stages of refinement, one peak in the
Fourier difference map was assigned to the hydrogen atom of the

Table 1 Refinement details

P(kbar) 0.001 0.5 25.4 40.5

No. measured reflections 2544 822 746 689
No. independent reflections 1043 243 219 187
No. variables 94 41 41 41
Req* 2.4 4.1 6.4 5.3
R** 2.1 6.1 7.0 6.5

* Req5*h*j||Fh|2|Fhj||y*h*j|Fhj|
** R5*||Fobs2|Fcale|y*|Fobs|

Table 2 Fractional atomic coordinates and thermal parameters (A˚ 2). For HP refinements and H atom the isotropic thermal parameters
are given. For each entry the four values refer to 0.001, 0.5, 25.4, 40.5 kbar refinement respectively

Atom x y z U11yUis U22 U33 U23 U13 U12

T1 0.9555(1) 0.4284(1) 0.1043(1) 0.0092(2) 0.0094(2) 0.0149(2) 0.0001(1) 0.0007(1) 0.0002(1)
0.9568(8) 0.4288(4) 0.1411(7) 0.0063(9)
0.9613(8) 0.4271(5) 0.1430(1) 0.004(1)
0.963(1) 0.4269(6) 0.142(1) 0.004(1)

T2 0.4423(1) 0.2575(1) 0.1403(1) 0.0091(2) 0.0090(2) 0.0145(2) 0.0002(1) 0.0001(1) 0.0003(1)
0.4426(7) 0.2578(4) 0.1399(7) 0.0067(9)
0.4490(8) 0.2563(5) 0.1412(8) 0.007(1)
0.450(1) 0.2566(6) 0.141(1) 0.007(1)

M2 0.2501(1) 0.0834(1) 0.0000(1) 0.0076(2) 0.0079(2) 0.0135(2) 0.0002(1) 0.0003(2)20.0005(1)
0.2494(8) 0.0831(4) 0.0007(6) 0.0048(8)
0.2476(9) 0.0827(5) 0.0011(8) 0.005(1)
0.251(1) 0.0829(6) 20.0004(9) 0.003(1)

Na 0 0.0946(1) 1y4 0.0293(7) 0.0365(8) 0.0295(7) 0 0.0092(4) 0
0 0.094(1) 1y4 0.032(3)
0 0.095(1) 1y4 0.021(3)
0 0.095(1) 1y4 0.017(3)

O1 0.9581(2) 0.4439(1) 0.0553(1) 0.0095(5) 0.0107(5) 0.0150(5) 0.0016(4) 0.0002(4) 0.0015(4)
0.959(2) 0.445(1) 0.056(2) 0.004(2)
0.959(2) 0.440(1) 0.054(2) 0.009(3)
0.960(2) 0.439(1) 0.051(3) 0.000(3)

O2 0.3807(2) 0.2517(1) 0.0554(1) 0.0116(5) 0.0077(5) 0.0149(5) 0.0003(3)20.0010(4) 0.0003(4)
0.382(2) 0.251(1) 0.055(2) 0.007(2)
0.385(2) 0.252(1) 0.053(2) 0.007(2)
0.389(2) 0.251(2) 0.054(2) 0.007(3)

O3 0.3785(2) 0.0918(1) 0.1737(1) 0.0190(6) 0.0126(5) 0.0175(2) 0.0009(4) 0.0016(4) 0.007(4)
0.375(2) 0.092(1) 0.174(1) 0.015(2)
0.373(2) 0.092(1) 0.178(2) 0.012(3)
0.372(2) 0.090(2) 0.175(2) 0.007(9)

O4 0.7513(2) 0.2968(1) 0.1622(1) 0.0154(6) 0.0173(5) 0.0200(5) 0.0017(4)20.0008(4) 20.024(4)
0.751(2) 0.297(1) 0.164(1) 0.013(2)
0.762(2) 0.290(1) 0.169(2) 0.009(3)
0.765(3) 0.287(1) 0.170(2) 0.009(4)

O5 0.2505(2) 0.3811(1) 0.1743(1) 0.0148(6) 0.0165(5) 0.0176(5)20.0018(4) 20.0004(4) 0.0023(4)
0.250(2) 0.381(1) 0.174(1) 0.013(2)
0.262(2) 0.384(1) 0.179(2) 0.013(3)
0.264(3) 0.385(1) 0.179(2) 0.014(4)

OH 0.9527(2) 0.0626(1) 0.0512(1) 0.0101(5) 0.0110(5) 0.0178(5)20.033(4) 0.0017(4) 20.0020(4)
0.954(2) 0.064(1) 0.051(1) 0.009(2)
0.955(2) 0.063(1) 0.052(2) 0.003(3)
0.953(2) 0.066(1) 0.055(2) 0.007(3)

H 0.373(8) 0.636(4) 0.071(2) 0.08(1)



276

hydroxyl group. Further refinement cycles, including hydrogen
atom contribution, improved the agreement index and resulted in a
final R of 2.1% for 94 parameters. The neutral atomic scattering
factor values from the International Tables for X-ray Crystallogra-
phy (1974) were employed. Mixed curves computed on the basis of
chemical analysis were used for interlayer and tetrahedral sites.

Final atomic coordinates and thermal parameters are listed in
Table 2; observed and calculated structure factors may be obtained
from the authors on request.

A Merrill-Bassett diamond anvil cell (DAC) with 1y8 carat
diamonds was used for the high-pressure study. A Sm21: BaFCl
powder for pressure calibration (Comodi and Zanazzi 1993) and a
16: 3: 1 methanol: ethanol: water mixture as pressure-transmitting
medium were introduced into the DAC together with the sample.
Pressure was monitored by measuring the wavelength shift of the
Sm21 line excited by a 100-mw argon laser and detected by a
100-cm Jarrell-Ash optical spectrometer. The precision of the
pressure measurements was 0.5 kbar. Steel foil 250mm thick, with
a hole of 300mm diameter, was used as gasket material. The lattice
parameters of two crystals, selected from the same sample and
independently mounted in the DAC, were determined at various
pressures between 0.001 and 41 kbar (Table 3) by applying the
least-squares method to the Bragg angles of about 30 accurately
centered reflections in the range 10–308 2u.

The intensity data of paragonite were collected at 25.4 and 40.5
kbar up to 358 u, adopting non-bisecting geometry (Denner et al.
1978) and 4.08 w scans; data were corrected for pressure-cell ab-
sorption by an experimental attenuation curve (Finger and King
1978). Since systematic errors may be introduced by comparison
of refinement results obtained by reflections measured at room
conditions belonging to the whole reciprocal lattice, with results
obtained by reflections measured within the DAC, from a limited
part of the reciprocal space, the same set of intensity data was
collected at 0.5 kbar from the same crystal and using the same
procedure.

Intensity data were analysed with a digital procedure (Comodi
et al. 1994), visually inspected to eliminate errors due to the over-
lap of diffraction effects from various parts of the diamond cell or
to shadowing by the gasket, and merged to form an independent
data set.

The structure was refined in space groupC2ym, with individual
isotropic atomic displacement parameters, using the SHELX-76
program. FinalR values were 6.1, 7.0 and 6.5% for 243, 219 and
187 independent observed reflections and 41 parameters, respec-
tively for refinements at 0.5, 25.4 and 40.5 kbar. Details of refine-
ments are listed in Table 1; final fractional atomic positions and
thermal parameters are presented in Table 2.

Results at ambient conditions

The general features of the Pg structure agree with those
described by Lin and Bailey (1984) and Burnham and
Radoslovich (1964). Some relevant structural parame-
ters, such as bond lengths and polyhedral volumes are
given in Table 4; tetrahedral, octahedral and interlayer
thicknesses, and some distortion parameters, are given in
Table 5.

Tetrahedral and octahedral bond lengths are equal
within thes to those reported for LBpg and BRpg. The
bond lengths concerning the interlayer cation are more
similar to those of potassian paragonite BRpg. The
structural parameters which are functions of the K con-
tent were, as expected, intermediate between the values
found in LBpg and those in BRpg. For example tetrahe-
dral rotation a computed with the method of Güven
(1971) is 16.08, and is to be compared with 16.28 in LBpg
and 15.98 in BRpg.

The hydrogen position determined by our X-ray re-
finement showed that the O2H bond was inclined with
respect to thec* direction. The Na2H2O angle was
about 1088. Actually, in dioctahedral micas, the proton is

Table 4 Bond lengths (A˚ ) and polyhedral volumes (A˚ 3) of parago-
nite at different pressures

P (kbar) 0.001 0.5 25.4 40.5

T12O1 1.654(1) 1.65(3) 1.69(3) 1.69(4)
T12O4 1.651(1) 1.66(1) 1.68(2) 1.70(2)
T12O5 1.658(1) 1.64(1) 1.66(2) 1.66(2)
T12O3 1.653(1) 1.65(1) 1.67(1) 1.64(1)
kT12Ol 1.654 1.65 1.68 1.67
VT1 2.320(4) 2.30(5) 2.41(9) 2.39(9)
T22O2 1.652(1) 1.64(2) 1.67(3) 1.64(4)
T22O3 1.655(1) 1.66(2) 1.67(2) 1.66(2)
T2–O4 1.647(1) 1.65(1) 1.66(1) 1.66(1)
T22O5 1.649(1) 1.64(1) 1.67(2) 1.66(2)
kT22Ol 1.651 1.65 1.67 1.65
VT2 2.306(4) 2.30(6) 2.37(9) 2.31(9)
M12O1 (32) 2.257(1) 2.27(2) 2.19(2) 2.15(2)
M1–O2 (32) 2.253(1) 2.24(2) 2.18(2) 2.15(2)
M12OH (32) 2.166(1) 2.16(2) 2.14(2) 2.13(2)
kM12Ol 2.225 2.22 2.17 2.14
VM1 13.94(2) 13.9(4) 12.9(4) 12.4(4)
M22O1 1.911(1) 1.90(2) 1.88(2) 1.86(2)
M22O2 1.932(1) 1.92(2) 1.89(2) 1.89(2)
M22O29 1.910(1) 1.92(2) 1.88(2) 1.87(2)
M22OH 1.895(1) 1.87(2) 1.84(2) 1.91(2)
M22OH9 1.896(1) 1.90(2) 1.89(2) 1.91(2)
M22O19 1.927(1) 1.94(2) 1.89(2) 1.82(2)
kM22Ol 1.912 1.91 1.88 1.88
VM2 9.10(1) 9.1(2) 8.6(2) 8.6(2)
Na2O3 (32) 2.534(1) 2.52(2) 2.42(2) 2.44(2)
Na2O4 (32) 2.724(1) 2.71(2) 2.54(2) 2.48(2)
Na2O5 (32) 2.667(1) 2.67(2) 2.54(2) 2.51(2)
kNA2Olinner 2.642 2.63 2.50 2.48
VNa 26.46(3) 24.2(5) 20.7(5) 20.2(5)
Na2O39 (32) 3.409(1) 3.42(2) 3.36(2) 3.36(2)
Na2O49 (32) 3.456(1) 3.43(2) 3.42(2) 3.41(2)
Na2O5* (32) 3.258(1) 3.26(2) 3.21(2) 3.21(2)
kNA2Olouter 3.374 3.37 3.33 3.33

Note: the suffix inner or outer refers to the six shorter or longer
Na2O distances respectively

Table 3 Lattice parameters and volumes of paragonitevs pres-
sure. Asterisks indicate the measurements on the second sample

P (kbar) a (Å) b (Å) c (Å) b (8) V (Å3)

0.001 5.135(1) 8.906(1) 19.384(4) 94.6(1) 883.6(4)
0.001* 5.134(1) 8.907(1) 19.360(4) 94.5(1) 882.6(4)
0.5* 5.134(3) 8.906(5) 19.32(1) 94.5(2) 881(1)
3.7 5.129(2) 8.876(3) 19.324(8) 95.5(2) 875.7(8)
5.8* 5.127(3) 8.890(6) 19.24(2) 94.6(2) 874(1)
7.7 5.120(4) 8.878(4) 19.22(1) 94.8(2) 870.6(9)

13.2 5.111(2) 8.864(3) 19.11(2) 95.0(2) 862(1)
14.0* 5.108(2) 8.852(6) 19.06(1) 94.7(2) 859(1)
19.0 5.099(2) 8.842(4) 19.03(2) 95.0(2) 855(1)
25.4* 5.082(2) 8.813(5) 18.91(1) 94.7(2) 844(1)
27.0 5.086(2) 8.818(3) 18.90(2) 95.1(2) 844(1)
29.0 5.085(2) 8.816(3) 18.90(2) 95.1(2) 844(1)
31.0* 5.072(3) 8.802(5) 18.85(2) 94.6(2) 839(1)
34.4* 5.071(2) 8.793(3) 18.77(2) 94.8(2) 834(1)
34.8 5.076(3) 8.801(4) 18.82(1) 95.1(2) 837(1)
37.8* 5.061(2) 8.780(3) 18.74(2) 94.8(2) 830(1)
37.9 5.072(2) 8.780(3) 18.82(2) 95.1(2) 835(1)
40.5* 5.062(2) 8.769(3) 18.64(2) 95.2(2) 824(1)
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cients parallel to unit cell edges wereba53.5(1)?1024,
bb53.6(1)?10—4, bc58.3(3)?1024 kbar21, whereas theb
angle remained unchanged. As already found in other
phyllosilicates, the compressibility of Pg was largely an-
isotropic, the compressibility of parametersa and b
being less than half that of parameterc (ba:bb:bc5
1: 1.028: 2.371).

From the unit cell data, volume variations withP can
be described by the equationVyV051-0.00153(4)P, with
P in kbar.

The isothermal bulk modulus, calculated as the recip-
rocal of the mean compressibility of the cell volume, was
655(20) kbar. This value is to be compared with those of
560(15) and 600(20) kbar, recalculated with the same
method respectively for K-muscovite and Na-rich mus-
covite from the data of Comodi and Zanazzi (1995).

Bulk modulus K0 and its pressure derivative K09, de-
termined by fitting the unit-cell volumes with a third-or-
der Birch-Murnaghan equation of state using the BIRCH
program (Ross and Webb 1990), were 530(35) kbar and
5.5(2.5). Agreement with the K0 value from the least-
squares regression line through theVyV0 valuesvs Pwas
not very good and the value for K09 was only approxi-
mate: this may have been due to the relatively small pres-
sure range investigated.

Structural variations under high pressure

Bond lengths and some relevant structural parameters
under high pressure are given in Tables 4 and 5.

An increase in Si2O bond lengths is generally ob-
served in the structures of silicates refined under moder-
ate pressure. This is the inverse to their behaviour at high
temperatures, when a decrease is observed. This high
temperature effect has been explaind as due to a greater
thermal displacement of atoms, leading to a shorter
mean separation between the centroids of electronic den-
sity. The apparent shorter bond length should be correct-
ed for thermal motion according to various models (rid-
ing motion, correlated, uncorrelated or anticorrelated
motion, Hazen and Finger 1982; Busing and Levy 1964),
although unfortunately the actual model is unknown and
the correction is therefore necessarily approximate. An-
other explanation for the effect is the need for electrostat-
ic balance of tetrahedral oxygens which, owing to poly-
hedral expansion, are farther from other cations (Catti
et al. 1988). These effects appear to be reversed in the
case of structures under high pressure, which leads to a
slight increase in tetrahedral bond lengths and volumes.

For Pg, similar effects ofP on T2O distances were
detected in theP range investigated. Single tetrahedral
T2O bond length variations were positive or negative,
although they were not fully significant on the basis of
their s’s. On the whole, tetrahedral volume slightly in-
creased. Tetrahedral thickness also apparently increased
from 2.24(5) to 2.25(5)A˚ (see Table 5), but this effect
may be explained as partially due to tetrahedral tilting
out of the (001) plane.

Table 5 Some relevant structural parameters of paragonite at dif-
ferent pressures

P (kbar) 0.001 0.5 25.4 40.5

tetrahedral thickness (A˚ ) 2.243(4) 2.24(5) 2.31(5) 2.25(5)
octahedral thickness (A˚ ) 2.085(4) 2.08(5) 2.00(5) 1.98(5)
interlayer thickness (A˚ ) 3.090(4) 3.07(5) 2.80(5) 2.81(5)
T2O2T thickness (A˚ ) 6.571(4) 6.56(5) 6.62(5) 6.48(5)
D (Å)* 0.73 0.74 0.89 0.92
a (deg)** 14.9 15.0 20.3 21.6
Dz (Å)*** 0.23 0.19 0.18 0.12

* D5[2%3eb23%2do] where eb5the mean of all basal tetrahedral
edge lengths and do5the mean of all M2O, OH octahedral bond
lengths
** a5[35.44D211.09]
*** Dz5[(zO51zO3)y22zO4]csinb

repulsed from the interlayer cation and the O2H bond
points toward the vacant M1 site, as shown by Rothbauer
(1971).

Comparison of this refinement with that of muscovite
(Comodi and Zanazzi 1995) allowed the main structural
variations produced by NaV K substitution in the struc-
ture of dioctahedral mica to be analysed, as follows:
– as pointed out by Radoslovich (1963), minimization of
the geometric misfit between tetrahedral and octahedral
layers through the tetrahedral rotation mechanism is par-
tially hindered in muscovite because of the dimension of
the K cation. Since the interlayer cation size is smaller in
Pg than in Ms, the dimensional misfit between octahe-
dral and tetrahedral sheets can be minimized through
more pronounced tetrahedral rotation. Therefore thea

angle assumes a higher value in Pg (14.98) than in Ms
(10.38); these values were calculated with the equation
proposed by Toraya (1981);
– as a consequence, lattice parametersa andb, respec-
tively 5.135 and 8.907 A˚ , were approximately 1%
smaller than those of Ms (5.195 and 9.020 A˚ respective-
ly), although the two micas had about the same T2O2T
composition;
– in the interlayer cavity, the difference between the
means of the six largest (3.375 A˚ ) and six shortest (2.642
Å) cation-anion distances was 0.733 A˚ . In Ms, the same
difference was 0.509 A˚ . Therefore, in Pg the coordina-
tion of Na may be considered sixfold, fitting an irregular
octahedron. Distortion of this octahedron could be esti-
mated by the difference between the longest (Na2O4)
and shortest (Na2O3) bond lengths, which was 0.190 A˚ .

Results at high pressure

Compressibility

Figure 1 shows the variations in lattice parameters of
paragonite with pressure. Lattice constants and cell-vol-
ume values at various pressures are listed in Table 3. As
indicated by the very high correlation coefficients of the
linear regression, all parameters decreased linearly in
the P range investigated. Linear compressibility coeffi-
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whole the thickness of the 2: 1 T2O2T layer changed
only slightly with increasingP. Its value changed from
6.56(5) Åat 0.5 kbar to 6.48(5) A˚ at 40.5 kbar.

The greatest changes withP were found in the inter-
layer region, where the mean Na[6]2O distance de-
creased from 2.63 A˚ at 0.5 kbar to 2.48 A˚ at 40.5 kbar.
The volume of the Na polyhedron changed from 24.2(5)
to 20.2(5) Å3, with a polyhedral bulk modulus of 220(30)
kbar. The increase inP had fewer effects on the outer
Na2O distances, which changed from 3.37 to 3.33 A˚ .
The thickness of the interlayer region changed from
3.07(5) Åat 0.5 kbar to 2.81(5) A˚ at 40.5 kbar, represent-
ing the greatest deformation in paragonite under pres-
sure. In fact, the compressibility of the interlayer region
was about seven times that of the T–O2T layer. The
decrease in the cell volume of paragonite under pressure
was mainly ascribable to the change in volume of the
interlayer region.

Fig. 1 Variation in lattice parameters and cell volume of parago-
nite. Closed and open squares refer to the two samples examined

In the nominally vacant M1 site, the mean M12O
distances decreased by 3.6%, from 2.22 to 2.14 A˚ , when
pressure increased from 0.5 to 40.5 kbar. The polyhedral
bulk modulus was 360(100)kbar. The mean M22O
changed from 1.91 to 1.87 A˚ and the volume from 9.1(2)
to 8.6(2) Å3, with a bulk modulus of 700(200) kbar. Oc-
tahedral thickness changed from 2.08(5) to 1.98(5) A˚ .

The different compressibility of tetrahedral and octa-
hedral layers caused an increase in the dimensional mis-
fit with P. In order for this misfit to be released, two
mechanisms were required: rotation of tetrahedra within
the plane, with an increase ina rotation angle which
changed from 1.508 to 21.68; and tilting in elevation, with
a reduction of corrugation parameterDz, as defined by
Güven (1971). This value changed from 0.19(5) to
0.12(5) Å and may be partially responsible for the in-
creased thickness of the tetrahedral layer.

Owing to the mutually compensating variations in the
thicknesses of tetrahedral and octahedral layers, on the
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Effect of NaV K substitution on behaviour
under pressure

To evaluate the effect of NaV K substitution in dioctahe-
dral micas, these new data can be compared with the
compressibility data of the two muscovites with differ-
ent Na content determined by Comodi and Zanazzi
(1995). Figure 2 reports the bulk modulus datavs the
NayNa1K ratio. It is evident that the bulk modulus in-
creases as the NayNa1K ratio increases in the interlayer
site. Moreover, the difference in bulk modulus is entirely
due to greater compressibility along thec axis as the
KyNa ratio increases.

For additional information on how the compressibili-
ty of lattice parameters changes in the three micas, Fig. 3
plots their compressibility coefficientsvsthe NayNa1K
ratio. Whereasba andbb are more or less independent of
interlayer content,bc decreases linearly with increasing
NayNa1K ratio. The absence of significant phengitic
component in the samples shows that the observed differ-
ence in compressibility is due solely to Na2K substitu-
tion. The smaller compressibility observed as the Na
content increases is explained by stronger repulsion of
the basal oxygen sheets on both sides of the interlayer
ions, due to shortercsin b and greatera rotation.

Conclusions

Observations on compressibility and the structural varia-
tion induced by pressure on paragonite-muscovite solid
solutions enable a number of meaningful comments to be
made:
1) dioctahedral micas on the Pg2Ms join, like those of
all other phyllosilicates, are markedly more compress-
ible in the [001] direction than in thea or b directions;
2) the differences in bulk modulus between the samples
along the Pg2Ms join are mainly due to the difference in
compressibility of the interlayer region. Compressibility
is inversely related to the NayNa1K ratio;
3) the smaller compressibility observed as Na increases
is explained by stronger repulsion of the basal oxygen
sheets on both sides of the interlayer ions, due to shorter
csin b and greaterb rotation;
4) the octahedral sheet is slightly more compressible
than the tetrahedral sheet. Therefore, asP increases, te-
trahedral rotation also increases, allowing highly-
charged cations to come into closer proximity, while
bond lengths between basal oxygens and alkali atoms
decrease. Regarding the implications which these geo-
metric effects ofP may have on the stability of the mica
structure, the apparently destabilizing effects can be
minimized by substituting Fe and Mg for Al in octahe-
dral sites and Si for Al in tetrahedral sites: a smaller
tetrahedral rotation yields a larger interlayer site, more
suitable for the entry of K. This has in fact been docu-
mented from observations on natural occurrences of
phengitic muscovite in high-pressure environments and
may explain the relationships between phengitization
and pressure (Guidotti et al. 1994);
5) the new high-P data presented here show that com-
pressibility is inversely related to the Na content of the
mica. This implies that the solvus and both magnitude
and shape ofVex of Na2K mixing might change withP
along the Pg2Ms join. Since Pg is less compressible than
Ms, an increase inP affects the Na limb of the solvus
with respect to the K side of the solid solution to a lesser
extent, in agreement with chemical data for natural
Pg2Ms pairs from parageneses of various pressures
(Guidotti et al. 1994). The high compressibility of
Pg2Ms micas can have relevant effects on the thermody-

Fig. 2 Bulk moduli (kbar)vs NayNa1K ratio for K-ms, Na-ms
and Pg

Fig. 3 Compressibility coefficients of lattice parametersvs Nay
Na1K ratio for K-ms, Na-ms and Pg
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namic parameters of metamorphic reactions involving
these minerals at different pressure.
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