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ABSTRACT

The incorporation of Fe, Mg, and Si into muscovite in response to increase of pressure (P) has long been recognized. In the
context of the appropriate mineral assemblages, the extent of this substitution has been calibrated to serve as a very useful
geobarometer for high-P parageneses. In marked contrast, little orin® BMg + Faota), Substitutes into paragonite regard-
less of P. To date, Fm substitution into muscovite has been considered only in tevvhanith little consideration of the
crystallochemical aspects of this substitution. Moreover, the substitution seems to occur in response to simple excluasge-reacti
involving little or no dehydration. Such reactions typically have a negligible Drawing upon the implications of studies
combining high-P refinement of the crystal structures and measurement of compressibility, we suggest that high P causes struc-
tural changes in low-Fm muscovite that destabilize it. However, implementation of the Fm substitution facilitates structural
adjustments, which reduce this instability. In contrast, paragonite is not only intrinsically less compressible than nfusgcovite,
any substantial amount of Fm substitution would destabilize it.
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SOMMAIRE

On connait depuis longtemps I'incorporation du Fe, du Mg, et du Si dans la structure de la muscovite en réponse a une
augmentation de la pression (P). Dans le contexte d’assemblages de minéraux appropriés, la portée de cet écart par rapport a la
composition idéale sert de géobarometre trés utile pour étudier les paragenéses formées a pression élevée. Il estpamarquable,
contre, que tres peu du composant Fm, c'est-&@Mg + Feqa), €st incorporé dans la paragonite, quelle que soit la pression.
Jusqu’a maintenant, on a rationalisé I'incorporation de Fm dans la muscovite uniquement en te¥imeantetrop se préoccuper
des considérations cristallochimiques de cette substitution. De plus, la substitution semble intervenir en réponse a de simples
réactions d'échange impliquant trés peu de déshydratation ou bien sans déshydratation. De telles réactions typiquement on une
valeur tres faible daV;, ou bien elle est nulle. Nous tirons profit des études récentes des structures a pression élevée et des
mesures de leur compressibilité, et nous proposons qu’a pression élevée, des changements structuraux menent a landéstabilisatio
de muscovite a faible teneur en Fm. L'incorporation du composant Fm facilite les ajustements structuraux, et réduit ainsi cette
instabilité. En revanche, la paragonite serait non seulement intrinsequement moins compressible que la muscovite, mais toute
ajout du composant Fm menerait a sa déstabilisation.

(Traduit par la Rédaction)

Mots-clés muscovite, paragonite, céladonite, mica, structure cristalline, compressibilité, pression élevée.
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INTRODUCTION 6801 (a)
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Regardless of a rock’s bulk composition or mineral A
assemblage, an increase in metamorphic pressure leadgg L Pe

to an increase in the Fe, Mg, and Si contents of musco-

vite (Ms), i.e., in the solid solution toward celadonite 620+ T

(Ernst 1963); at the same time, Na/(Na + K) df@iD2) §

decrease. In contrast, the composition of paragonite (Rg) 600

is largely unaffected by increasing P. In this paper, we .|

discuss crystallochemical and compressibility data for ’

muscovite and paragonite that shed light on these ob- s60{ ¢"\,o

servations. Some of the crystallochemical data and

many of the petrological details are presented in Sassi 5491

(1972), Guidotti & Sassi (1976, 1998) and Guidetti 0 20 40 60 80 100

al. (1989, 1992, 19944, b). Moreover, Sassil.(1994) 100 Na/(Na+K)

and Guidotti & Sassi (1976, 1998) have reviewed how

the occurrences of muscovite and paragonite (including

their polytypes) and muscovite—paragonite immiscibil-

ity are strongly correlated with P—T conditions of crys- 1o

tallization. For mica compressibility, we will utilize (a) = ®

the results of Hazen & Finger (1978), which show that , 4ol

layer silicates (phlogopite and chlorite) are highly com- ?f ﬁ%ﬁ'ﬁa:&;_;, .
A T

o Na-rich Ms

8-
N . I I W ik Vi

pressible, especially along thelimension, and (b) the  0.99- n W Wﬁig,&:ﬂ ala

recently published data of Comodi & Zanazzi (1995, - w b/b"

1997), who combined compressibility data and crystal- 0-984 oA . ©

structure refinement results for three carefully chosen, A v :' . L.

naturally occurring muscovite and paragonite speci- 1 Vo ‘,5_ S

mens, all with compositions that are essentially in the . | Tl e

Na—K pseudobinary system muscovite—paragonite and T wp ) °

having Na/(Na + K) values of 7.14, 38.14, and 88.0 mole ¢.s5.| )

%. The parageneses of these micas are summarized in e "

Comodi & Zanazzi (1995, 1997). The sodian musco- 094+ .=

vite with a Na/(Na + K) value of 38.14 mole % essen- NERUA

tially lies at the Na-limit for muscovite on the %

muscovite—paragonite solvus proposed by Guidbtl 0 5 10 15 20 25 30 35 40

(1994a). The results of Comodi & Zanazzi (1995, 1997) P (kbar)

are summarized in Figure 1 and in the next paragraph.
Fic 1. Compressibility data from Comodi & Zanazzi (1995,
CRYSTALLOCHEMICAL ASPECTS 1997). (A) Variation of K, the bulk modulus, with the Na/
(Na + K) ratio of white mica in the Ms — Pg pseudobinary.
Two kev results of the compressibility and high- (B) Cp_mparison of unit-cell parameters nor_malized to room
pressure cyrystal-structure Worlg simultazeously %er- conditions; Ms:V and dashed lines, Na-rich Ma: and
. . solid lines, Pgm and dotted line. Solid symbols are chosen
formed ,by Comodi & Zanazzi (1995, 1997) can be for VIV,, clc,, andb/b,, and open symbols fara,. It can
summarized as follows: (1) the observed compressibi- pe seen that the compressibility of thandb cell param-
lities and crystal structures at high pressure are system-eters is quite similar for Ms, Na-rich Ms, and Pg, but mark-
atically related to the Na/(Na + K) values of the three edly different forV/V, andc/c,, decreasing progressively
micas studied, and (2) the changes in structure occur-from Ms to Pg.
ring as a function of pressure affect the stability of the
micas, especially muscovite. Also affected are the
crystallochemical behavior of muscovite and paragoniteess lead to: (a) significantly shortened K-O bond
in various petrological and structural regimes. In patengths, (b) closer proximity of highly charged cations
ticular, important effects on the intrinsic stability andn tetrahedral sites, and (c) greater repulsion of the basal
crystallochemical behavior of muscovite occur becausayers of oxygen across the interlayer site (especially in
of the following changes observed in the isochemic&la-rich muscovite).
high-P studies (see Appendix Table 1 for details). (2) The sheets of octahedra (VI) shrink, and espe-
(1) Increasedx rotation (defined as rotation of thecially they thin to near and beyond the minimum allow-
tetrahedra within the plane of the sheet of tetrahed@ble thickness, 2.04 A according to Bailey (1984). This
Bailey 1984), plus large decreases in interlayer thickhinning causes strong repulsion between oxygen atoms
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on the top and bottom of the sheet (see the note davite; however, for a given Aulk-rock content, Fm
Appendix Table 1 concerning the thickness of the sheatorporation into muscovite is P-controlled.
of octahedra for the Na-rich muscovite at 27 kbar). As Previous attemptse(g, Guidotti et al. 1992) to
discussed below, in rocks, compositional changes ohderstand atomistically the effect of high P on the com-
muscovite occur which counteract these destabilizimgpsition of muscovite centered on P-induced changes
effects. in the interlayer (XII) site. Now, in the context of the
structural changes listed in Appendix Table 1, we sug-
Discussion gest that the isochemical destabilizing effects described
above act in concert to produce the chemical and struc-
Because the new compressibility and crystatural changes reflected in the observations considered
structure data discussed herein were obtained at roberein (Appendix Table 2). From this broader starting
temperature, it is important to consider the potentigloint, our reasoning parallels that of the above-
effects of elevated temperatures (T). It is difficult tanentioned previous explanatiomng,, in rocks, musco-
assess rigorously the effects of T on the compressibilitjte undergoes a twofold compositional adjustment to
of muscovite and paragonite, but by combining themitigate the destabilizing effects caused by increasing
low-T compressibility data with the low-P thermalP: (a) substitution of Fm fof' Al mitigates the over—
expansion data of Catt al (1989), Comodi & Zanazzi thinning of the VI sheet and also lessens the increase in
(1995) concluded that, as expected, T and P generallyotation, which would otherwise lead to excessively
have opposite effects on muscovite. Unfortunately, corahort K—O bonds; (b) an increase in K/(K + Na) helps
bining two separate datasets precluded rigorous quamiop apart the 2:1 sheets, thereby keeping the basal
fication of the opposing effects. For muscovitatoms of oxygen from getting too close. These changes
recrystallizing in the strongly preferred orientation ofead to larger cations in VI and Xll sites and smaller
slates (Guidottet al, in prep.), T is quite low and thuscations in IV sites (Si replacing Al). The latter substitu-
can probably be completely ignored. For Fm-rich mugion also helps to counter the significant increasex of
covite [Fm:X(Mg + Feqa)] in high-P blueschist— that occurs when muscovite is highly compressed.
eclogite terranes, the effects of P are probably dominant As determined at the Earth’s surface, Fm-rich
and more than counter any effects of T. Exceptions touscovite has a markedly smalteangle (6-8) than
this assumption might include muscovite that crystathuscovite. This produces a larger Xl site which, as dis-
lized in deep-seated rocks at T = 800e.g, musco- cussed by Bailey (1984), allows the alkali ions to sink
vite that formed at both high P and T, as in the case @éeper into the pseudohexagonal rings of basal oxygen
some rocks of the Western Alps (see data tabulatiatoms. Hence, compared to muscovite, there is a marked
used in Guidottet al. 1994b). shortening of the unit-cell dimension. In contrast, the
The most common effects of P discussed in treeandb cell dimensions are larger owing to the effects
literature €.g, Guidotti & Sassi 1976, 1998) involve of Fm increase in the VI sites. As discussed by Guidotti
the relatively low-Al limiting assemblage muscovite +et al. (1992), the net result is that at the Earth’s surface,
K-feldspar + plagioclase with a coexisting Fe—Md-m-rich muscovite has a somewhat larger unit-cell
phaseeg.g, biotite. Indeed, the effect of P on the incorvolume than muscovite.
poration of Mg + F&' into muscovite (or conversely,  The combined compositional and structural changes
the incorporation of Si) in such assemblages is the badiscribed above for muscovite subjected to high P lead
for the well-known “phengite geobarometer” (Massonn® a much less distorted crystal structure, especially
1981, 1993, Massonne & Schreyer 1986, 1987, Veld®mpared to that produced in the isochemical compress-
1965, 1967, 1968). Less attention has been givenibility experiments described above. In this context,
more Al-rich assemblages, including those with a@omodi & Zanazzi (1995, p. 176) discussed studies sug-
Al-silicate present. Nonetheless, as demonstrated in tipesting that “the stability of micas largely depends on
compilations used by Guidotét al (1994a, b), the the degree of distortion of various layers”. Assuming
effects of P on muscovite and paragonite listed ithat the results of Hazen & Finger (1978) on a
Appendix Table 2 also occur in such assemblages. Thabdctahedral mica can be extrapolated to dioctahedral
increasing P causes an increase of the Fm contentiitas, they concluded that “in high-pressure environ-
muscovite over a wide range of aluminous bulk compoaents, micas with smatk rotations and octahedral
sitions has also been confirmed by experiments pdayers having high bulk moduli.¢.,less compressible)
formed at extremely high P (up to 100 kbar) by Domanikre more stable”, as would be produced by the substitu-
& Holloway (1996) for a high-Al bulk composition, andtions noted above.
by Schmidt (1996) for a low-Al bulk composition (see Finally, it is notable that increases in Fm, K, and Si
Guidotti & Sassi 1998, p. 841). In summary, ag muscovite due to increasing P cause its cell volume
discussed in detail by Guidotti & Sassi (1976, 1998fas determined at conditions of the Earth’s surface) to
the bulk Al-content in mineral assemblages can markicrease, which is seemingly at odds with an increase in
edly affect the extent to which Fm substitutes into mu&. However, this a well-documented observation
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(Guidotti et al. 1992). Presumably, muscovite is REFERENCES

involved either in dehydration or exchange reactions

with chlorite, such thadV, is either slightly negative BAILEY, S.W. (1984): Crystal chemistry of the true midas.
or, as typical for exchange reactions, near zero. Micas (S.W. Bailey, ed.Rev. Mineral 13, 13-60.

CATTI, M. & FERRARIS G. & IvALDI, G. (1989): Thermal strain
analysis in the crystal structure of muscovite at@0Bur.

. . — J. Mineral.1, 625-632.
Analysis of combined compressibility measurements

and high-P crystal-structure refinements shows that higlavoni, P. & zanazzi, P.F. (1995): High-pressure structural
P destabilizes low-Fm muscovite. This destabilization study of muscovitePhys. Chem. Minera22, 170-177.

is mainly related to bond lengths, bond angles, and di-

mensions of both the individual coordination polyhedra & (199Mressure dependence of struc-
and the sheets of polyhedra. Consequently, muscovite {ural parameters of paragoniteys. Chem. Mineral24,
changes chemically to counteract these P-induced in- 274-280.

Stab”'t'esl' Hhowever, gven tgpggzh undergfég% P-IndU(.:?éjOMAMK, K.J. & HoLLoway, J.B. (1996): The stability and
structural changes (Comodi anazzl ), coexist- composition of phengitic muscovite and associated phases

ing paragonite shows no clearly discernible composi- from 5.5 — 11 GPa: implications for deeply subducted
tional adjustments at pressures up to ~25 kbar. Possibly sedimentsGeochim. Cosmochim. Ads8, 4133-4150.

this constancy is related to the octahedrally coordinated

Na in the interlayer sites and the associated intrinsicalignst, W.G. (1963): Significance of phengitic micas from low
large amounts of rotation €.g.,16.C° at 0.001 kbar grade schistsAm. Mineral.48, 1357- 1373.

and 17.9 at 25 kbar). Such high values of would hinder
enlargement of the VI sheet, as would occur by signif@“'
cant incorporation of Fm. Guidott al. (19944, b) pre-
sented similar arguments, suggesting that incorporation
of more than minor Fm into paragonite would destabi- & 8ssi, F.P. (1976): Muscovite as petrogenetic
lize it. Finally, as seen on Figure 1, paragonite iS indicator mineral in pelitic schistdleues Jahrb. Mineral.,
inherently less compressible than muscovite. Hence, Abh.127, 97-142.

possibly the structural changes occurring as P increases

impart less instability to a paragonite crystal than a co- & (1998): Petrogenetic significance of
existing muscovite crystal, thereby not requiring the Na-K white mica mineralogy: recent advances for meta-
compositional adjustment seen in muscovite. morphic rocksEur. J. Mineral.10, 815-854.

CONCLUSIONS

potTl, C.V., MazzoLl, C., Sssi, F.P. & BEeNcog, J.G.
(1992): Compositional controls on the cell dimensions of
2M; muscovite and paragoniteur. J. Mineral 4, 283-297.

, &IBNCOE, J.G. (1989): Compositional
controls on the andb cell dimensions ofI?1; muscovite.
Eur. J. Mineral.1, 71-84.
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APPENDIX TABLE 1. SOME IMPORTANT CHARACTERISTICS OF Ms COMPRESSIBILITY*

Effects of Na/(Na + K) on compressibility

L] Compressibility is highly anisotropic in both Ms and Pg. Ratios of compressibility along the unit-cell edges for K- and Na-rich samples are:
B,:B,:B.=1:1.15:3.55inMs, and 1: 1.19 : 3.46 in Pg. Ms and Pg are both much more compressible along ¢, and have the same
compressibility along a and 5.

L] Isothermal bulk moduli are 490 kbar for Na-poor Ms and 540 kbar for Na-rich Ms, a 10% increase.

L] Na-rich Ms is about 15% less compressible than K-rich Ms along ¢. This difference is due entirely to higher compressibility along ¢ for
the K-rich Ms. High-pressure refinement of the structure shows that the difference in compressibility between the Na-rich and K-rich Ms
is largely due to the 30% difference in the Na/(Na + K) ratio.

L] For both micas, the strain ellipsoid is almost a rotation ellipsoid with the axis of maximum compression perpendicular to the mica layers.

L The layers of tetrahedra and octahedra have different compressibilities, the latter being more compressible. This results in an increase (over
28 kbar) of the o rotation by about 2° (~12%) for both micas, and in changes of the interlayer cation—oxygen bond lengths.

Effects of pressure on crystal structure

L] At high P, the main changes occur in the interlayer region: its contribution to the decrease of ¢ is six times greater than that of the
intralayer portion of the mica structure.

L Of the coordination polyhedra, the alkali-bearing interlayer site changes the most by far. Moreover, K-O inner, the shorter bond, shortens
more than the K~O outer.

. Intralayer polyhedra: (i) the shape and size of tetrahedra are independent of P; (i) the octahedra change moderately, their volumes
decreasing and the sheet thinning.

L4 The changes in the sheets of tetrahedra and octahedra increase the misfit between them, thereby necessitating the increase of ¢ rotation
by the tetrahedra, by about 2°: [Na-poor Ms: 10.3° - 11.9° (A = 1.6°); Na-rich Ms: 10.9° - 13.7° (A =2.8°]

° In response to high P, the sheets of octahedra shrink and thin, approaching the lower limit of sheet thickness at 2.04 A, where the oxygen
atoms come into contact and strongly repel each other.
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Contrast of some structural features of K- and Na-rich Ms at different pressures

K-rich Ms K-rich Ms Na-rich Ms Na-rich Ms
0.5 kbar 28 kbar 0.001 kbar 27 kbar

Tetrahedron o rotation (in °) 10.3 11.9 10.9 13.4
Tetrahedron sheet thickness (in A) 2.262 2237 2.219 2259
Octahedron sheet thickness (in A) 2.083 2.047 2.093 2.008
Interlayer thickness (in A) 3376 3.128 3.324 3.05
Volume interlayer (in A%) 309.3 300 302.4 297.5
Volume intralayer (in A%) 158 143.9 153.9 139
Corrugation of basal oxygen sheet (Az) (in A) 0.239 0.215 0.226 0.207

* for details, see Comodi & Zanazzi (1995, 1997).

APPENDIX TABLE 2. SOME EFFECTS OF PRESSURE ON STRUCTURE AND COMPOSITION OF Ms AND Pg*

L] Although ¢ decreases as Fm increases, cell volume increases because the increase of a and b overrides the decreasein c.
L] In Ms, as Fm increases owing to rising P, the Na/(Na -+ K) ratio, the o angle and the basal spacing alt decrease.
L In Pg, Fm never occurs in significant amounts.

L] The Pg-Ms solvus opens markedly with increasing P, mainly owing to extensive migration toward KAL(AISi;0,,)(OH), by the Ms-rich
limb, primarily in response to point 2 above; in contrast, the Pg-rich limb moves very little.

(] Guidotti ef al. (1992), showed that AV, is positive on the Ms side of the Ms—Pg solvus, but negative or nil on the Pg side. Thus, the
behavior described above under point 4 may be partly due to differences between the 7, for Na-K mixing on the Ms and Pg sides of the

solvus.

L The 37 polytype of Ms is much more common in the Fm-rich Ms of high P, whereas 2M, predominates in the low-Fm Ms that crystallizes
at lower P (see Sassi ef al. 1994).

° Ms in newly developed slaty cleavage tends to be more Fm-rich than the unrecrystallized Ms in the intervening lithons.

* see also Guidotti & Sassi (1998). Fm: Z(Mg + Fe,,).



