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Abstract Cation partitioning data for coexisting mus-imining “kinetic common denominator” for a variety of
covite and biotite are shown to be useful indicators @irocesses affecting micas — including those responsible
relative interlayer bond lengfstrength in these miner-for loss of radiogenic isotopes in biotite and muscovite.
als. These data therefore provide a useful crystal-cheriecordingly, the relatively longeéweaker K-O bonds

cal perspective on relative mass-transfer kinetics of raf biotite are envisioned as being more easily stretched
diogenic isotopes, and account for the observation th@uring volume diffusion) or broken (during recrystal-
biotite is generally less retentive 6fAr and 8’Sr than lization or retrograde alteration). This in turn accounts
coexisting muscovite. Partitioning behavior of trace eléer common observations of enhanced radiogenitSkr
ments underscores three reasons why overall interlaj@ss and youngef®Ar/3°Ar and RlySr ages in natural
bonding in biotite is weaker than in muscovitérst, the biotite (highZ,) relative to coexisting muscovite (lower
preferences of large (Rb, Cs)n biotite and of small Z). Significantly, this pattern may arise irrespective of
La®*" and N& in muscovite indicate a relatively spacioussotopic loss mechanism (diffusion or recrystallization,
interlayer volume in biotite (suggesting a longer meagtic.), and it follows that any age discordance observed
K—0O bond).Secondthe preference of interlayer vacanbetween muscovite and biotite cannot be ascribed
cies in biotite (with somgall possibly HO/H,O"-filled) uniquely to one mechanism or the other without appro-
suggests that its adjacent 2:1 sheets are connectedohbigte field, petrographic, and petogic constraints. Ex-
fewer interlayer bonds per unit cell than those of muscotension of this partitioningporosity-based synthesis
ite. Third, the relative exclusion of large Bafrom bi- leads to prediction of corollary age-retentivity-composi-
otite despite its large interlayer sites is attributed tion effects among chemically diverse trioctahedral and
O—H bonds pointing into the interlayer cavity sub-nordioctahedral micas, which are best field tested in terranes
mal to (001); (K", Ba&")-H" repulsion thereby inducedthat cooled slowly under dry, static conditions. Pressure
by the bare proton both destabilizes?Band weakens effects on argon retention are also inferred from the
K—0 bonds. In contrast, muscovite offers a more favoporosity model.

able electrostatic environment for Ba substitution
since its O-H bonds are directed into the vacdi octa-
hedral site sub-parallel to (001). This hypothesis is sup
ported by the observation that progressive F(OH)x- Introduction

change enhances Bapartitioning into biotite¢ phlogo-

pite relative to coexisting muscovite. These crystaBiotite and muscovite are common and widespread in
chemical differences between biotite and muscovite adeverse littologies, andheir usefulness in studies of oro-
mirrored in calculated values of “ionic porosityZ,, de- genic pressure-temperature-time evolution is well
fined here as the percentage of their interlayer unit-céhown (e.g., Guidotti 1984; Faure 1986; McDougall and
volume not occupied by ions. A monitor of ionic packindgdarrison 1988; Hoisch 1989; and many others). Many
density and geometryZ; is inversely correlated with geochromlogic studies have shown that biotite loses ra-
K—O bond strength, which appears to be the rate-detdiegenic Ar/Sr (or gains excess Ar) more readily than
coexisting muscovite, despite exposure of both minerals
to uniform metamorphic conditions. Relative to musco-

P.S. Dahl []) vite, therefore, metamorphic biotite typically yields
Department of Gelogy, Kent $ate University, Kent, either: (1) somewhat younger cooling agé%A¢/3°Ar,
OH 44242, USA McDougall and Harrison 1988; RSr, Cliff et al. 1985),

Editorial responsibility: V. Trommsdorff or (2) anomalously olapparentages (both K-Ar and



Table 1 Diffusivities (D) of
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O and Ar inferred from hy- End member D (cn?/secy Z (%)® Reference

drothermal bomb experiments (X109

on K-bearing micas
Biotite 220 (oxygen) 48-49 Fortier and Giletti 1991
Muscovite 70 (oxygen) 45-46 Fortier and Giletti 1991
Phlogopite 20 (oxygen) 46-48 Fortier and Giletti 1991
(F-rich)
Biotite 385 (argon) 48-49 Harrison et al. 1985
Muscovite 8 (argon) 45-46 Hames and Bowring 1994
Phlogopite 3 (argon) 46-48 Giletti 1974 a
(F-rich)

2T=50C C; P=1000 bars; infinite cylinder; (001) plane. Tl value quoted for Ar in muscovite
used diffusion parameterg,(D,) recalculated by Hames and Bowring (1994), based upon original
diffusion data of Robbins (1972)

b Z =interlayer ionic porosity at room conditions, estimated (this study) for compositions used in
diffusion experiments; see text

4CAr /3°Ar; e.g., Brewer 1969; Foland 1983; Dallmeyealso Vaughan and Guggenheim 1986), which is further
and Gee 1986). evidenced by the occurrence of interlayer cleavage and
Specific reasons for the differing isotopic retentioslip (Bafos etal. 1983; Meike 1989). Isotopic mass
properties of biotite and muscovite have not been ettansfer processes —i.e., volume diffusion, recrystalliza-
plored, despite general awareness among geochronoion, and reaction (Giletti 1974 b; Graham and Elphick
gists that the kinetics of isotopic mass transfer is somg991) — all involve thermally activated stretching #od
how rooted in crystal chemistry. In fact, most datingeconstruction of chemical bonds (see Lasaga 1981; Put-
projects have other objectives and so are not directly caris 1992). Mean K-O bond strengths, therefore, are po-
cerned with this subject. However, establishing a crystdéntially rate determining to these processes in that the
chemical framework for isotopic retention (and thus fdrasal planes collectively offer a parallel “path of least
the diffusional closure process itself), in minerals hagsistance” (Lasaga 1981) to transformatiecongdor-
practical implications for geochratogy, pursuant to der-of-magnitude variations in interlayer O and Ar diffu-
potential refinements in post-orogenic cooling historiesivity among micas at 50 (inferred here from pub-
This goal appears within reach for amphiboles, baséshed data; see Table 1) suggest further differences in
upon preliminary*®Ar retention modeling and its field K—O bond lengtlistrength according to composition.
testing (Dahl et al. 1995; Dahl in press; Kamber et alhis implies a corresponding link between composition
1995). Likewise, diverse mica compositions are accorand the kinetics of isotopic loss processes rate-limited by
modated by a flexible silicate structure (Bailey 1984€—O bond strength. In particular, relatively weak inter-
Guidotti 1984; Guggenheim 1984; Giese 1984), whidayer bonds should present small kinetic barriers to trans-
on crystal-chemical grounds arouses suspicions of fammation according to Arrhenius-type expressions (e.g.,
age-retention-composition relationship parallel to thaee Hanson and Gast 1967; Manning 1974; Giletti
emerging in amphiboles. For micas we wish to undet974a, b; Rubie and Thompson 1985; Kronenberg et al.
stand age differences (both real and apparent): (1) B990). A corollary expectation is that radiometric ages
tween coexisting muscovite and biotite irgevenrock, of coexisting micas will vary according to composition
and (2) among compositionally diverse trioctahedral (§and K—O bond strength) — all other factors equal.
dioctahedral) varieties iadjacentrocks. In the first section of this paper, interlayer-species
This paper begins the systematization of age-retgmartitioning behavior supported by crystallographic data
tivity-compaosition links in micas by focusing on the baare used to establish the key crystal-chemical reasons for
sic crystal-chemical differences between biotite arki—O bond lengtlistrength differences between biotite
muscovite — as specifically revealed by interlayer partand muscovite. Augmenting this outline is a new crystal-
tioning data. The logic of this approach follows from thehemical explanation for the partitioning behavior of
fact that both non-random partitioning of cations anBa®* in terms of relative hydroxyl orientations in these
varying diffusivity of Ar/Sr share a common origin inmicas. Postulated differences in their interlayer crystal
the contrasting crystal fields of these coexisting micd®lds (i.e., bond lengths, strengths, and angles) are ap-
(Dahl et al. 1993). Special focus anterlayersite en- proximated by the geometric parameter, ionic porosity
ergetics is justified for two reasongirst, micas dis- (Z), defined here as the percentage of interlayer unit-cell
play pronounced diffusional anisotropy of O and Arnyolume not occupied by ions (cf., the more general defi-
with fastest diffusion in the relatively open interlayer renitions of Dowty 1980 and Fortier and Giletti 1989). The
gion (see Giletti 1974 a; Phillips and Onstott 1988; Orsecond section of the paper explores differential kinetic
stott et al. 1991; Fortier and Giletti 1991; Hames amésponses of biotite and muscovite to a host of processes
Bowring 1994) highlighted in Fig. 1 for phlogopite,—includingthose potentially responsible for isotopic loss
KMg,AISi;O,,(0OH),. This anisotropy reflects the rela-and radiometric age discordance (see above) — and sys-
tive weakness of KO bonds in the overall structure (se¢ematizes this behavior and its effect on age in terms of
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the Z-based crystal-chemical framework developed earc==7»
lier. In the final section, corollary differences among \
members of both the trioctahedral and dioctahedral mic
families are also explored within this framework.

Interlayer partitioning data as a guide to relative K—0
bond strengths in coexisting micas

Structural considerations

The true-mica structure consists of parallet@—-T
sheets (2:1 layers) alternating with layers of large alkal
cations, as represented by phlogopite in Fig. 1 (see r
views byBailey 1984; Guidotti 1984; and Giese 1984
lonic bonds between these cations and basal oxygen
the tetrahedral layer connect adjacent—T sheets.
Interlayer K" (and/or Na*) ideally occupies a di-hexag-
onal cavity defined by these oxygens, but structural mis-
fit between the tetrahedral and smaller octahedral layers
in natural micas necessitates counter-rotation of adjacent
tetrahedra (Fig. 1, inset). Increased tetrahedral rotation
progressively shrinks the KO polyhedron into more of

a ditrigonal antiprism. The resultant-rotation angle
(Fig. 1) exhibited by a given mica is controlled by its
composition; that is, it depends mostly upon Héb di-
mensions and relative bond lengths in theO—T layers

(but also upon the identity of the interlayer cation; Bailey
1984). Thea-rotation angle is important to this study
because it correlates inversely with bah(henceforth

indicated as justZ) and mean K-O bond length, Fig.1 The crystal structure of phlogopite, KM§ISi;O,,(OH),.

_ i i ; ; Perspectiveview (down thea axis) accentuates the open, highly
<K ?>f,1 In tr?e.K mllcas' InSpeqtloﬂ of Flg.“l furth?r‘l‘%orous” interlayer region of the unit cell focused upon in the text.
reveals that the interlayer space Is the most "porous” figs volume, V;, encloses the central ‘Kand is represented by a

gion of the mica structure. Thus, intra-unit-cell ionigectangular boxonly theleft andright sides of which are drawn,
porosity variations correlate with (and probably accoufitr the sake of clarity); cell parameteasb, andc* constitute the

i i i depth, width, and height of the box, respectively (i\&+=abg*).
for) the diffusional anisotropy noted above. SiQ, tetrahedra and cations inféld coordination are shown to

scale [ionjc radiir, equal 1.38 Afor K* (dense dotted pattejn

and Q.72 Afor Mg®" (cross patter)y Shannon 1976]; radii of
Summary of partitioning systematics 1.38 A and 0.2 Awere chosen for hydroxyl ©® and H" (open

dotted patterrandsolid black dotsrespectively). The structure (as

| . | ies in th . incl (1 refined by Hazen and Burnham 1973) was imaged using the pro-
Relevant interlayer species in the micas include: (I) Kgram ATOMS for Windows (version 3.1) written by Eric Dowty,

Rb*, Cs", B&*, SP*, C&", La®", Na*, H;0", and HO; augmented with approximate hydroxyl “Hlocations of Giese
and (2) radiogeni€’Srr* and“°Ar, which are produced (1984). In dioctahedral micas (e.g., muscovite);  bonds are
(but not necessarily housed) in the interlayer cavity. directed into vacanM,; octahedra sub-parallel to the=D-T

. . eet, instead of sub-normal as indicated above for trioctahedral
. The very fapt f[hat these Qhemlcal sp_eqles d(_) not parﬁ logopite (and biotite); see text for detailmset (perspective
tion randomly ininterlayer sites of coexisting micas (e.gview downcsing) shows di-trigonal tetrahedral ring enclosing the

Dahl et al. 1993; see also Table 2) indicates that theserlayer cavity (K" omitted for clarity); tetrahedral rotation an-
sites are energetically distinct. In fact, three specific 0Ble, @ is also shownDouble-arrowedines indicatea—bunit-cell
servations about interlayer partitioning are pertinent fgmensions, scaled relative to the upper hydroxyl layer

relative K-O bond lengtiistrength and isotopic mass-

transfer kinetics in micad:irst, muscovite preferential-

ly incorporates interlayer cations that asmallerthan (e.g., see data of Rambaldi 1973; Tracy 1978; Fletcher
K* —namely, Nd, B&", SP", and L&" —whereas coex- and Greenwood 1979; Hodges and Spear 1982; Guidotti
isting OH-biotite/phlogopite (henceforth termed biotite)1984; p. 407 and 446; Dutrow et al. 1986; Shearer et al.
favors the relativelyarger Rb* and Cs (e.g., see data of 1986; Dahl et al. 1993)Third, although B&" generally
Volfinger 1976; Papike et al. 1984; Shearer et al. 198fvors muscovite over biotite (e.g., see data of de Albu-
Dahl et al. 1993)Secondapparent interlayer vacanciegjuerque 1973, 1975; Tracy 1978; Shearer et al. 1986;
are more abundant in biotite than in coexisting muscoviBahl et al. 1993), its partitioning actually varies system-
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Table 2 Selected interlayer-element partitioning data for coexis(e_g_, annite in Table 4); (2) a shorter meai —O>
ing biotite and muscovite in F-poor compositions than for biotite, based upon the inverse relationship be-

lon Ko* (ion) r(A)®  Reference tweeno and mean<K—O> (see also Moloshag and
Teremetskaya 1975); (3) a smallgrof ~44.5-46.0%,

CS++ 6 1.67 Shearer etal. 1986  versus ~49% for annite (Tables 1 and 4). Interlayer

EE ig igg Shearer etal. 1986 norosities given in Tables 1 and 4 were calculated accord-

La® 08 +07 1.03 Dahl et al. 1993 ing to the expression:

Ba* 0.43+0.05 1.35 Dahl et al. 1993 (O =[1— : 0

SP* 0.4 +0.4 1.18 Dahl et al. 1993 Z,(%)=[1~(V/Vi)]x100% Ea. [1],

Na* 02 +0.1 1.02 Dahl etal. 1993 whereV is the total volume of interlayer ions withiv

2r=ionic radius for 6fold coordination (Shannon 1976). For a(e.'g" two K" and 6 G _In the ideal K ”."C?) as q.eter'
given cationK* =X, /X.....(Dutrow et al. 1986); for K, avalue Mined from compositional data and ionic radii. The
of 1.0 is inferred from ideal mica formulas smallerz; obtained for muscovite indicates closer atomic
P Based on 46 of the 49 mica pairs reported by Dahl et al. (1993pacings (Kk-K, O—0, and K-0O; see Fig. 1) and implies
one of the original 49 proved to be F-rich, and two were eliminat latively stronger K-O bonding compared to biotite.
for analytical reasons s . . : . :

This is consistent with observations of relative resistance

of muscovite to leaching, attributed in part to the fact
atically with the F content in biotite — an effect previousthat K* is especially compressed into the interlayer cavi-
ly unrecognized in the literature. Interlayer partitioningy because its large size prevents the fuHotation dic-
data from various sources are summarized in Tablega?ed by tetrahedral-octahedral misfit (af.for parago-
and 3, and their crystal-chemical implications are elabnoite with its smaller N&; Table 4; see also Bailey 1984
rated upon below. and Giese 1984).

Inferences from Rb, Cs, Na, and La partitioning Inferences from interlayer-vacancy partitioning

The main inference to be drawn from the correlation dthe second observation above — namely, the systematic
interlayer partitioning and cation radius (observation npreference of interlayer vacancies in biotite relative to
1 above) is that biotite possesses a relatively spaciousscovite — potentially also bears on relative interlayer
interlayer with correspondingly large cation sitedhond strengths. The terapparentvacancies is actually
whereas the interlayer sites of muscovite are more catore appropriate, given that mica interlayers can con-
lapsed in thea—bcrystallographic directions (Fig. 1; sedain significant HO and/or H,O" (Hervig and Peacock
also Papike et al. 1984; Shearer et al. 1986; Dahl et 4889; Guidotti and Dyar 1991; Dyar et al. 1991; Fortier
1993). This further implies that the mearK—-0O> in and Giletti 1991; Loucks 1991), which are not ana-
biotite (<K—0>,,,; averaged over the whole unit cell)lyzed by electron microprobe. In any case, it would
exceeds that in coexisting muscovitetK—0>_,,.). seem that interlayer bonding of biotite should be weak-
Moreover, since its two unit-cell Kcations reside in the er than that of muscovite, given its correspondingly
larger interlayer volume, it is intuitively expected thalower abundance of (K,Na)-O bonds averaged over the
biotite possesses the higher valu&oT hus, these parti- unit cell in thea—b plane and the relatively low lattice
tioning data alone suggest that interlayer bonding binding energies of KEO/H,O" (Loucks 1991; see also
metamorphic biotite is generally weaker than in coexistaughan and Guggenheim 1986). As such Zfenhanc-

ing muscovite. ing (apparent-) vacancy effect should reinforce the®

Crystallographic data (summarized in Table 4) suppond-length effect described above in facilitating iso-
portthis inference. Tha—bunit-cell dimensions (25C) topic mass transfer in biotite — by any mechanism rate-
of muscovite are shorter than for biotite because its octanited by K—O bond strength (see also Loucks 1991).
hedral sheet is dominated by Al versus the relatively Indeed, the theory that vacancies (and other crystal de-
larger (Fe,Mgj*. Thus, muscovite exhibits mom-b- fects not shown in Fig. 1) promote volume diffusion in
plane o-rotation of adjacent tetrahedra than biotiteninerals is well known (e.g., Lasaga 1981); more vacan-
(a~11-13 versus~4-8, respectively, at Z5C) in ac- cies mean that fewer lattice distortions are required
commodating its tetrahedral-octahedral misfit (Bailefpr an Ar atom to diffuse out to the mica surface (Villa
1984). Moreover, these micas maintain comparable ih991).
terlayer separationg;¢, as measured alongsinf from
the centers of opposing basal oxygen planes; see Fig. 1)
unless there is substantial F (OH)xomponent in biotite Inferences from Ba partitioning
(Table 4).

Collectively, therefore, these data indicate that mu$he third observation cited above — namely, that'Ba
covite at room conditions has: (1) a smaller interlayéavors muscovite over biotite except in F-rich composi-
unit-cell volume,V, (i.e., the productgbg*), of ~158- tions — underscores important contributions of-©
159 A® versus the~168-170 & estimated for biotite bond orientation and hydroxyl replacement te ® bond
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Table 3 Partitioning data for Ba and F in coexisting metasedimemnmnpublished data). Although tabulated here as biotites, Tracy’s
tary micas. Low-, intermediate-, and high-F mica data are fromicas are actually phlogopites. Equilibrium coexistence is as-
Dahl etal. (1993; 46 micas), Shearer etal. (1986), and Trasymed between his micas, hence the designation “3—-4" below for
(1991), respectively (samples St-5 and 1-21 are from P.S. Daphlogopite 3 and muscovite 4, etc.; see text

Sample no. Ppm Ba Xga Wt% F Xe Ko* (Ba)
Biotite Muscovite Biotite Muscovite Biotite Muscovite Biotite =~ Muscovite
Low-F:
804 2130 0.0053 0.0123 <0.30 <0.10 <0.04 <0.03 0.43
+229 +610 +0.0015 +0.0035 +0.05
Intermediate-F:
E2.5 1100 2300 0.0036 0.0066 0.37 0.09 0.044 0.009 0.55
E7 950 1870 0.0031 0.0054 0.34 - 0.041 - 0.57
E16A 1200 2400 0.0040 0.0069 0.34 0.10 0.041 0.010 0.58
1-21 1018 1500 0.0034 0.0043 1.18 0.44 0.141 0.045 0.79
E4 900 1300 0.0030 0.0037 0.41 - 0.049 - 0.81
E3 920 1460 0.0030 0.0042 0.66 0.13 0.079 0.013 0.71
E12 850 1600 0.0028 0.0046 0.43 0.14 0.052 0.014 0.61
St-5 748 1490 0.0025 0.0042 0.63 0.21 0.076 0.026 0.60
Mean 0.55 0.07 0.65
+0.29 +0.03 +0.09
High-F:
3-4 28800 21700 0.0900 0.0660 2.86 0.32 0.325 0.036 1.36
1-4 25800 21700 0.0800 0.0660 2.87 0.32 0.323 0.036 1.21
3-6 28800 25200 0.0900 0.0760 2.86 0.32 0.325 0.035 1.18
1-6 25800 25200 0.0800 0.0760 2.87 0.32 0.323 0.035 1.05
Mean 2.87 0.32 1.20
+0.11

strength in coexisting micas. The crystal-chemical coalso account for extreme Ba enrichment observed in
nection between B4 partitioning, hydroxyl orientation, some natural biotitgphlogopites (e.g., Wendlandt 1977;
(F,CI,0)-content, and relative KO bond strength in co- Mansker et al. 1979).
existing micas is now developed. The size argument outlined above still does not ex-
The partitioning behavior of B4 diverges markedly plain why B&* typically prefers the small interlayer
from that of K" in metapelitic compositions (Dahl et al.sites of metapelitic muscovite over the larger such sites
1993) despite their comparable ionic radali“'=1.35— in biotite. It is suggested here that Bapartitioning be-
1.61 A and 1.38-1.64 Arespectively; Shannon 1976)tween muscovite and OH-biotite is governed largely by
This raises a fundamental question: why does a lartee differing hydroxyl orientations in the two micas. It
cation like B&" (which follows K* crystallochemically; has long been known that-€H bonds are oriented sub-
Harlow 1991) strongly prefer the laterally collapsed inrnormalto the (001) plane in trioctahedral micas (Fig. 1)
terlayer sites in muscovite (see Tables 2 and 4), despated subparallel to this plane in dioctahedral micas (Ser-
the availability of seemingly more favorable (i.e., largeratosa and Bradley 1958; Giese 1979, 1984). Moreover,
lessa-rotated) sites in coexisting biotite? Indeed, no suitovalency of the G H bond effectively means that a bare
able explanation for this apparent anomaly is found in thpeoton is projected into the interlayer cavity of biotite
literature, beyond speculation that separate Ba-relatgiese 1984). Thus, itis postulated here that repulsion by
charge-balance mechanisms operating simultaneouslyin directed into the interlayer cavities from adjoining
muscovite and biotite somehow favor muscovite (Dafll—O—T sheets causes an overriding electrostatic desta-
et al. 1993). For micas generally, Harlow (in press) enbilization of B&*, despite: (1) the excellent size suitabil-
phasized the roles of charge-balance and interlayer gg-of biotite interlayer sites for BA substitution, and (2)
ometry (as dictated by the degreemsfotation) in gov- the small size and low abundance of HMoreover, judg-
erning B&" substitution. Both are enhanced by chemicahg from formal ionic charges, Ba should experience
substitutions [such a¥(Cr, V, Mg)Al_,] that improve approximately twice the Coulombic repulsion of Kn
tetrahedral-octahedral fit so as to give a more open (i.biptite. Corollary to this hypothesis, the interlayer sites
less a-rotated) interlayer site, as indicated by occulf muscovite (despite their small size) are electrostati-
rences of barian-chromian-magnesian muscovite (e.gally moreconduciveto B&* substitution because po-
Dymek 1983; Tracy 1991). Likewise, Cruciani andential repulsion by the proton is minimized by virtue of
Zanazzi (1994) have argued thatBasubstitution in the O—H bond being directed into the vacavitl octahe-
synthetic phlogopite is promoted by opening of its intedron, sub-parallel to the (001) plane. The net result is
layer cavity by Ti-oxy-mica substitution; this effect mayhat B&* strongly prefers muscovite over biotite, as indi-
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Fig. 2 Distribution diagram for Ba between coexisting biotite and

muscovite in metasedimentary rocks from the southern Blaékg. 3 Plot ofK,* (Ba;biotite/muscovite) versus wt % F in biotite.
Hills, SD. Solid circlesrepresent 48ow-F, staurolite- and silli- The 46 low-F mica pairs from Dahl et al. (1993) are represented by
manite-zone mica pairs from Dahl et al. (1993); F analyses aftee cross which bracketK _* and wt%F (biotite) for the dataset.
from P.S. Dahl (unpublished datapen circlesrepresent eight The intermediate- and high-F data plotted are from Shearer et al.
intermediateF mica pairs in schists adjacent to rare-alkali peg-1986) and Tracy (1991), respectively, as summarized in Table 3
matites; six rocks are from Shearer et al. (1986), one is from Dahl

et al. (1993; sample St-5), and one is from P.S. Dahl (sample 1-21,

unpublished data). Regression lines (forced through the origin) are

lshovlvr}\ftohr_ tgulé_ tW? dadtastetsl \(fjvf;icuf;_ dril‘l;fr ﬁlignifiqtantly at th@t 1 Indeed, the predicted partitioning behavior is actual-
evel. Ird line trends towarad rourml ogoplte-muscovite H imi H
“pairs” of Tracy (1991), which actuaiqu plgt thll tr:eyond the scale|>y observed In _the IImlted_BaF dat.a _currently a\_/a”.'
of the diagram. Al lines are labeled with corresponding ranges 8fI€ for coexisting muscovite and biotite (Table 3; Figs.
Wt%F in biotite/phlogopite (see Tables 2 and 3 for data sunm—3). Figure 2 illustrates Ba distributions for three co-
maries) existing mica datasets distinguished by their mean F-
content in biotite, and Fig. 3 shows the positive covari-
ance ofKy* (Ba) and wt% F.High-F, Ba-phlogopites
cated in selected data for metapelites (Table 3), plus offF=2.9 wt%) and Ba-Cr—Mg-muscovites from veins
er data from the literature (cited above). in marble at Franklin, NJ (Tracy 1991) plot far off-
An effective test of the hydroxyl-orientation hypo-scale in Fig. 2 but nominally partition Ba almost random-
thesis would be verification thaemoval of hydroxyl ly [Ky* (Ba;phl/mus)=1.20+0.11]; F-saturation of vein
H™ in biotite renders its interlayer sit@sore competitive micas is indicated by the presence of fluorite. In con-
for Ba®" substitution. Removal of the proton and contrast,intermediateF biotites [F=0.55+0.29 (1c) wt %]
comitant elimination of K—H™* or B&"—H™" repulsion from 8 metapelites adjacent to Li-B-F-rich intrusive
are effected in biotitghlogopite by (F,CI,0) (OH), ex- pegmatites in the Black Hills, S.D. (Shearer et al. 1986;
change, as evidenced by reduced interlayer separati®S. Dahl, unpublished microprobe data) exclude Ba
(i.e., contraction alongsinp) in: (1) F-phlogopites rela- relative to coexisting muscovitesKf* (Ba;bio/mus)
tive to OH-phlogopites (Yoder and Eugster 1954), and (2)0.65+0.09 (15)]. Also low-F biotites (F=0.3 wt%)
oxy-biotites relative to hydrogenated oxy-biotites and birom 46 rocks sampled beyond these metasomatic peg-
otites (Ohta et al. 1982; Bailey 1984). Electrostaticallynatite haloes (Dahl et al. 1993; P.S. Dahl, unpublished
therefore, (F,CI,0) (OH), exchange ought to encouragenicroprobe data) exclude Ba evemore [i.e., Kp*
Ba?" substitution in biotitéphlogopite. In contrast, this (Ba;bio/mus)=0.43+0.05(1c)]. These low-F micas
exchange vector in coexisting muscovite oughtto be relare typical of average metapelites elsewhere (i.e.,
tively inconsequential vis-ais B&" substitution be- F=0.3 wt%; Guidotti 1984, p. 428). A close approach to
cause: (1) muscovite has relatively low halogen abupartition equilibrium in the low-F dataset is indicated
dances (Evans 1969; Munoz and Ludington 1977; Nby its linearity and close approach to the origin (Fig. 2),
mec 1980; Shearer et al. 1986; Tracy 1991), and (2) #ad the inferred;* (bio/mus) difference betweenitand
hydroxyls are oriented sub-parallel to (001), such th#teintermediateF dataset is significant at thesllevel.
electrostatic repulsions involving the interlayer are smdpartition equilibrium is assumed here for the high
to begin with. Therefore, the overall expectation is thaticas of Tracy (1991), which occur as small isolated
progressive (F,Cl,0) (OH), exchange in coexisting mi-flakes in the veins. Moreover, it is assumed that Henry-
cas should cause corresponding increase in the valuéosf behavior of B&" extends also to Tracy’s micas
Ko* (Ba;bio/mus) — defined here a%; ”'°/Xz v (fol-  (Xg,=0.07-0.09).
lowing Dutrow etal. 1986), where&g, denotes mole In advancing a cause-and-effect relationship between
fraction of Ba in the interlayer sites of biotite (or phlogoK* (Ba) and wt % F in biotit¢phlogopite, itis important
pite) and muscovite. to rule out significant effects by other compositional
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variables. Besides the differences in Ba and F abundance
noted above (see Table 3), the other main differenc

among the datasets lie in the relative Mg enrichment aﬂ1dd . . .
; ; , - ependent confirmation of the relative bond strengths
Ti depletion of Tracy’s (1991) phlogopites compared t%ostﬁlated above for the common micas is provideg by

the Black Hills biotites. Also, Tracy’s muscovites ar o . s . N
more Mg- and Cr-rich than the Black Hills muscoviteuantitative electrostatic modelingirst, Pauling K-O

The main effect of relatively high MgFe substitution in ﬁtsrecr:)g;:]dsihi/a%g\r’whﬁﬁﬁgsetgenﬂ;rg: ﬁgﬂgf?g?&ﬁgﬂivite
Zt gft'ltggplqlo\?vﬁ%;eiAshit&t'sngg ii%ég:ﬁ::gﬂ ((C?:L?:?gri because its effective coordination number is somewhat
and .Zanazz’i 1994). Likewise, low-Ti abundances in Tr ower (due to highew). SecondGiese (1984) found the

: : o : . _2lectrostatic energies required to separate adjoinin
cy’s (1991) phlogopites suggest limited Ti-oxy-mic —O-T sheets togtheir r?ormal 3.3—3%1 épacingjin )
substitution and a correspondingly limited encourag Jese micas to be 28 koahole (2M, muscovite) and

ment of B&* substitution (Cruciani and Zanazzi 1994) : . :
. I . 5 kcaf/mole (1M OH-phlogopite). An intermediate
Finally, the enhanced Mg and Cr substitutions in Tracyk?llue of ~ 20 kcaf/mole for 1M F-phlogopite probably

muscovites serve to enlarge the octahedral strip and [Nz .
; . . ; . reflects strengthening of the KO bond (by F(OH),
terlayer sites (by reducing), which will enhance B ubstitution in OH-phlogopite. Indeed, this substitution

substitution in muscovite (Cruciani and Zanazzi 1994), . .
If any or all of these effects exerted dominant control Og_lauses interlayer collapse alooging (Yoder and Eug-

K* (Ba), then we would expect the mica "pairs” of Tra>'o" 1954) which is manifested as a reductionZot

. . room conditions (cf., OH- and F-rich phlogopites in
cy (1991) to yield loweKy* values than the Black Hills : . :
mica pairs. Because just the opposite relakyg rela- Table 4).Third, FIR spectroscopic studies (Larsen et al.

tionship is actually observed, however, it is conclude 72) show higher-energy infrared absorption for mus-

that some other compositional effect exerts overridirggvIte than for biofite (i.e., peaks at 105 tiversus

—1 Al AL H
control onKg*. This leaves only F-content to account fo tcm ! an;iaét gBOde Versus %40 cm’), suggesting
the observed* differences documented in Table 3, ad Stronger ond in muscovite.
we have suggested preference above.

In summary, the unequivocal preference ofBéor

muscovite over OH-biotite in metapelites (Tables 2—jfferential kinetic responses of coexisting micas to

Figs. 2-3) is largely attributed to known differences igarjous processes: natural and experimental observations
hydroxyl orientations of the two micas (although com-

peting charge-balance reactions may also be involvetthe relatively lower K-O bond strength inferred above
Supporting this hypothesis are preliminary data indicar biotite (highZ) versus muscovite (lowet) increases
ing that F(OH) , exchange increases the valuelky* the probability of bond stretching, compression, or
(Ba) (see Figs. 2-3; Table 3). Further support compgseakage — in other words, lowers the activation energy
from a crystal-chemical study of phlogopite by Cruciamarriers to transformation generally. In fact0 bond
and Zanazzi (1994). In documenting a parallel increasgrength appears to be the common thread on which can
in Ba** and Ti-oxy-mica substitution in phlogopite, theyhe hung the differential kinetic responses of coexisting
attributed the entry of Bd to both decreased interlayeimicas to a host of otherwise unrelated processes — many
repulsion arising from progressive proton removal byf which are important to geochrology. Supporting
O(OH)_, exchange and the interlayer-cavity openinghis view are observations that OH-biotite is consistently
discussed earlier. Insufficient data preclude inferencembre susceptible than muscovite to:
a Kp* (Ba)-O trend parallel to theK,* (Ba)-F trend
shown in Fig. 3, but the existence of such atrend is highly Diagenetic alteration and K loss during weathering
likely. (Bassett 1960; Farmer et al. 1971; Norrish 1973; Boles
The fundamental kinetic inference from differing hyand Johnson 1983; Clauer 1981; Mitchell and Taka 1984;
droxyl orientations in coexisting micas is that netR Mitchell etal. 1988; Lo and Onstott 1989; Kelley and
bond strength in muscovite exceeds that in OH-biotitBJuck 1992), although petiogic factors are as impor-
because of relatively less*K-H™ repulsion (see alsotant if not more so;
Guggenheim et al. 1987). The interplay of hydroxyl ori2. Deformation, fluid-mediated dissolutigmeocrystal-
entation and K-O bond strength was first suggested bljzation, and solid-state recrystallization in nature
Bassett (1960) in a weatherability study of micas. IfWilson and Bell 1979; Meike 1989);
verting Bassett's argument, progressive F(OH3$ub- 3. Argonrelease, weightloss, and delamination duning
stitution in trioctahedral micas should concomitantlyacuqg incremental step-heating experiments (Zimmer-
strengtheninterlayer bonds to K; parallel arguments mann 1970; Gaber et al. 1988);
follow for CI(OH)_,; and O (OH)_; (oxy-mica) substitu- 4. Loss of O and Ar in hydrothermal bomb experiments,
tions. Indeed, synthetic fluorphlogopite possesses mug#rticularly in the lower temperature range (Robbins
greater thermal stability than phlogopite (Deer et al972; Harrison et al. 1985; Fortier and Giletti 1991);
1963), and oxy-annite has a higher thermal stability th&n Argon loss in nature, generally promoting younger
annite (Wones 1963). cooling ages in metamorphic rocks (McDougall and Har-

mary
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rison 1988; Hodges et al. 1994) and younger thermallpcumented kink-related dilatation zones in biotite, as-
reset ages (Villa and Puxeddu 1994); and sociated with deformation-enhanced loss of cohesion
6. Incorporation of excess Ar in nature (see Brewercross the (001) plane, but did not report such dilatation
1969, and references contained therein), either by diffur-coexisting muscovite. This apparent difference is con-
sion or recrystallization mechanisms (Dallmeyer argistent within vacuoincremental heating experiments

Gee 1986). (Zimmerman 1970; Gaber et al. 1988) showing that bi-

Parallel compositional effects on kinetics are commongitle delamination alongh(oo;) occurs more readily (i.(_a.,d
evident within the trioctahedral and dioctahedral Suea_}sgvgflret:rwgre\:vagtggzgo r??olsns ?#;g(\)/\e“rt:fl \?v(;?;krlrt]?;snsle
groups, Mg- andor F-rich varieties being among the*'™™ ) '
more resistant to transformation. The variable kinetic bR€ither Wilson and Bell (1979) nor Vernon (1977) pre-

havior of micas to the above-listed processes and effeﬁ@tedca ﬁrys_talichﬁmical expllqar_]ati%n for their obselrva-
on age are now explored in greater detail fions. Collectively, however, their observations — plus

those of Zimmerman (1970) and Gaber et al. (1988) —are
fully consistent with the hypothesis that'Ks held more
Processes (1)—(3): alteration, deformation, and weakly in biotite than in muscovite, as postulated here
recrystallization (mineralogical and microstructural) from Kp* and Z considerations.

At first glance, kinetic data for basal-plane disloca-
The greater weatherability of trioctahedral micas reléion glide in muscovite and biotite (Mares and Kronen-
tive to their dioctahedral counterparts is well known, dserg 1993; Kronenberg et al. 1990) appear to contradict
is the related fact that biotites release K (and Ar) to soithis hypothesis. These workers experimentally docu-
more readily than muscovites (Bassett 1960; Farmmeented that muscovite was actualeakerthan biotite,
etal. 1971; Norrish 1973). These authors advanced theesult they themselves did not anticipate, presumably
OH-orientation argument outlined above to suggest tha¢cause it contradicted the detailed textural observations
K is more weakly held in biotite during weathering. Thef Wilson and Bell (1979). However, it is noted here (see
validity of this argument is buttressed by the fact thatlso Dahl and Dorais, in press) that the biotite deformed
F-phlogopite is more resistant to weathering than Oy Kronenberg et al. (199®)as actually an F-rich phlogo-
phlogopite (Deer et al. 1963). pitic mica Recalling from the crystal-chemical frame-

Boles and Johnson (1983) also suggested that weallgrk developed above that F (OH)substitution in tri-
held K* in biotite accounts for its preferential diagenetioctahedral micastrengthensnterlayer bonds to K, it
alteration relative to muscovite (without giving a crystalfollows that the kinetics of dislocation glide should be
chemical reason, however). Specifically, they showedrrespondinglynhibitedin an F-rich mica. The infer-
that shearettrushed biotite readily exchanges Kvith ence that such a mica could thus be stronger than musco-
pore water H, thus lowering local pH and promotingvite is supported by the independent observation that vol-
growth of diagenetic carbonate minerals and OH-bearme diffusion isalsoinhibited in F-rich phlogopite rela-
ing phases (like laumontite, prehnite, and epidot¢p01) tive to muscovite (see Table 1). Moreover, biotite delami-
cleavage planes. In addition, biotite seems more pronates at lower temperature than phlogopite duningac-
than muscovite thiydrothermahklteration, judging from uo step-heating experiments (Zimmermann 1970; T.C.
its tendency to become chloritized. The crystal-chemic@instott, personal communication to Gaber et al. 1988),
controls on K-O bond strength (developed above) powxhich probably reflects the kinetic response to lower
tentially explain this differential behavior too, althouglabundance of MgFeg and/or F(OH)_; components.
not necessarily to the exclusion of pelbgic effects. The kineti¢/geochromlogic prediction from the tex-

In deformational environments at givéh-T condi- tures and experiments described above is preferential
tions, the kinetics of deformation, dissolution, nuclesotopic rejuvenation and younger ages in metamorphic
ation, and (re)crystallization appear to be more favoralilBH-biotite in rocks where biotite and muscovite (of
in biotite than in muscovite — according to detailed texequal grain size) were subject to the same deformational
tural analysis of metamorphic tectonites by Wilson araehd fluid regime — either above or below nominal closure
Bell (1979). They found that biotite was intenséided temperaturesl.(Ar). Indeed, this prediction is typically
or kinked, whereas the more competent muscovite in théfilled in dating projects (McDougall and Harrison
same rock generated only sinusoidalds. Moreover, 1988), and by mechanisms as outlined below. (A corol-
they noted enhanced fluid-mediated dissolution of d&ary prediction that OH-biotites should be rejuvenated
formed biotite and crystallization of new biotite, as evimore readily than their F-rich counterparts has not yet
denced by irregular grain boundaries and serrated frdeen isolated in geochrologic studies, however).
ture planes with new overgrowths, etc.. Coexisting mus- AbovenominalT, (>35C C), incipient retrograde de-
covite, on the other hand, lacked evidence of these fdarmation will result in more strain dislocations (bound-
tures. Wilson and Bell also inferred greater susceptibiling kinked sub-grains) in OH-biotite than in the more
ty of biotite to solid-state recrystallization, based upotompetent muscovite; in other words, biotite will recrys-
the observation of small, segmented, sub-grains in lardallize more readily. Barring subsequent annealing, se-
biotite grains; again, coexisting muscovite lacked sudéctive recrystallization of biotite into smaller sub-grains
sub-grains (see also Meike 1989). Finally, Vernon (1977gduces its effective diffusion dimension [afdin the
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Dodson (1973, 1986) equations; e.g., Goodwin and Ry only a factor of two (i.e., within analytical uncertain-
ne 1991], promoting preservation of the younger cooling) at 700 C, and concluded that diffusivity-composi-
age in biotite relative to coexisting muscovite — all otheion (D—X) effects are minor at this temperature. Howev-
factors equal. Preferential alteration (i.e., chloritizatior®r, at the 500C end of their experimental range, this
of OH-biotite, mediated by fluids, reinforces this effectlifference nominally increases to a factor of eight — with
by likewise partitioning the biotite into sub-grain argomy,;, >Dy,,s>Dkich pni (Table 1) — and is magnified yet
diffusion domains (e.g., Lo 1988). Moreover, these prédrther upon extrapolation to the nominal 300—-4@D
cesses may be intimately interrelated; fluid infiltratiomange of mean closure temperatures for micas (see Figs.
often accompanies deformation, and alteration phases3 of Fortier and Giletti 1991). A parallel diffusivity
commonly exploit crystal defects (Veblen 1980; Broditrend for*°Ar also exists (Table 1), although the data for
and Rutter 1985; Walther and Wood 1986). muscovite are relatively unconstrained (McDougall and

Below nominal T., differential rejuvenation of Harrison 1988; Hames and Bowring 1994). We may now
micas may be facilitated by incipient, deformationconclude from crystal chemistry that relatively strong
fluid-induced dissolutiofineocrystallization — produc-K—O bonds in experimental muscovite and F-rich
ing younger apparent ages in direct proportion to thghlogopite (Robbins 1972; Giletti 1974 a; Fortier and
mineral volume transformed (cf., the intermediat&iletti 1991) account for their lower D values compared
plateau age obtained by Berry and McDougall 1986, fto those obtained for F-poor biotite (Harrison et al. 1985;
a mixed population of relict, retrogressed, and new horRertier and Giletti 1991). Recent diffusion experiments
blende). Thus, even ffAr /%K ratios and closure ages of(Grove and Harrison 1993, 1994) have confirmed the
muscovite and biotite were initiallidentical (say, from F(OH)_, effect on argon diffusivity within the trioctahe-
earlier fast cooling in a pluton), biotite should still yielddral micas. Moreover, Grove and Harrison (1994) explic-
the younger plateau age (representing a mix of old aily invoke the same K—H™* repulsion argument to ex-
new generations), since it potentially incurs the largetain their data as independently invoked here to ratio-
volume-percent transformation in response to incipiemtalize the B&" partitioning data. In fact, this mutual
sub-closure deformation or fluid infiltration. Of courseappeal to a common crystal-chemical effect affirms the
completetransformation ofboth micas in a rock will prior suggestion of Dahl et al. (1993; see also Introduc-
accompanypervasivedeformation or fluid infiltration, tion) that isotopic mass-transfer kinetics and element
resulting in concordant regrowth ages (as also docpartitioning behavior are both governed by the same
mented for hornblende; Berry and McDougall 1986). aspects of interlayer crystal chemistry.

The hypothesis that ages preserved in micas reflect
rates (progress) of recrystallization and alteration is sup-
ported by relativé®Ar /3°Ar ages of progressively trans-Natural micas
formed hornblendes in adjacent rocks (Berry and Mc-
Dougall 1986; Onstott and Peacock 1987), in which thEne relative*®Ar diffusivities of OH-biotite and muscov-
Fe-rich, more transformed varieties (and nominaliye (Table 1) are inversely correlated wittir /3°Ar cool-
higherz; Dahl in press) yield the younger ages. ing age, as evidenced by the age-zoned micas of Hodges

etal. (1994). Hodges etal. convincingly documented
differential diffusive-loss profiles for argon in very slow-

Processes (4)—(6): volume diffusion (experimental ly cooled single crystals of muscovite (slow diffuser) and

and natural) younger coexisting biotite (fast diffuser). Elsewhere, the
relative “°Ar diffusivities of OH-biotite and muscovite
Experimental micas are also consistent with the observed tendency for meta-

morphic biotite preferentially to: (1) reset isotopically

Volume diffusion will dominate*°Ar retention proper- during reheating events, and (2) incorporate excess argon.
ties in micas in high-grade terranes slowly cooled under An excellent example of preferential resetting is
relatively “dry” and static conditions, since the catalystgung,Alpine-reset biotite coexisting with oldddercy-
to drive reaction antbr recrystallization processes ar@ianmuscovite, as documented in a recent study by Villa
largely absent (i.e., fluids and deformation). Moreoveand Puxeddu (1994). Isotopic resetting progress was
volume diffusion may govern argon loss and gain bguantified by Dodson (1975) in terms of durati@men-
these minerals during reheating events and exposuresiky of the thermal pulse and magnitude of the diffusion
non-zero argon pressures, respectively. Just as with parameters andD,). His equation predicts relatively
crystallization and reaction, the kinetics ¥Ar volume enhanced thermal resetting of biotite (lowEr see
diffusion arealso potentially linked to electrostatic andabove) and the corollary observation that biotite pre-
repulsive forces between bonded ions in crystal strugerves younger ages upon reheating.
tures (Lasaga 1981; Voltaggio 1985). The evidence for The classic proof of preferential excess-argon incor-
such relationships in micas is developed and systeporation in biotite is the work of Brewer (1969). He
atized below. showed by parallel KAr and RlySr dating that the

Fortier and Giletti (1991) reported that O diffusivitie —Ar “ages” in biotites (compared to ages in coexisting
among muscovite, biotite, and F-rich phlogopite diffemuscovites) were anomalously high, a phenomenon also
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observed by subsequent workers in th&r /2°Ar system (1) Mg Fe_,;
(see McDougall and Harrison 1988). Diffusional and r2'2) AIVAIY (Mg,Fe)_, Si_, (Al-Tschermak substitution);
crystallization mechanisms for incorporation of excess

argon are evident (Foland 1983; Reddy et al. 1995; Aw) (F,Cl)(OH) ,;

naud and Kelley 1995), but both are kinetically favored ,

in biotite. Therefore, irrespective of which process oé¢# Ti*'0" R*"_, (R*"=Fe,Mg);

curred during an interval of exposure to high partighy ja+ (g2-)_ (H,) R2*
pressure of*°Ar, biotite will tend to incorporate more 2
4CAr into its crystal structure until or unless the proceg$) R** (0? ") (H,),.s R** _, (OH)_, (oxy-mica substitution;
has gone to completion in both micas. Preservation Bf designates Fe or AI**); and

this relative excess requires only that the micas must hiY?(K Na)]

cooled through their closure interval before the high pa ’ v

tial pressure of°Ar had time to dissipate (Brewer 1969) These substitutions are all written in the directionZof

In contrast, if both micas incorporated excess argon uméduction — which itself reflects either decreased dimen-
formly, porosity considerations predict that the white mijons B, b, ¢*; (1)—(6) above], or increased interlayer-
ca (lowZ) will preferentially retain its excess compare@ation concentration [(7) above]. According to the mod-
to biotite (higherZ) where cooling through closure wasel, therefore, each of these substitutions promotes
synchronous with or later than dissipation of the excepgeservation of oldef°Ar/3°Ar ages in slowly cooled
partial pressure. Indeed, this is how Arnaud and Kellgy2° C/Ma) terranes. Thug calculations and estimates
(1995) explained retention of a higher (and unequivocgljable 4) lead to the following predictions of relative age
excess component in phengité~45.5%, this study) among binary end members within the ideal trioctahe-
relative to biotite £~47-49%; i.e., a faster diffuser ofdral mica plane (Guidotti 1984) — and its extension to
Ar) in an undeformed metagranite from the Dora Mairg, Cl,O-rich compositions — in a slowly cooled (or reheat-
locality, western Italian Alps. Thus, we see from thesgd) terrane:

examples that porosity considerations potentially con-

strain the relative timing of excess Ar dissipation any F-phlogopite Z=45.8%)> phlogopite Z ~ 47.6%),

closure in two-mica systems. 2. Phlogopite £47.6%)> annite (49.1%),

_1(OH)_, (Ti-oxy-mica substitution);

3. Siderophyllite £47.8%)> annite (49.1%)

Geochronologic implications 4. “Eastonite” (~46.3%)> phlogopite (~47.6%), and
Age-retentivity-composition relationships within 5. Oxy-biotite (47.3%)> oxy-biotite, hydrogenated (48.2%),

the trioctahedral and dioctahedral mica sub-groups . ) ) i
whereZ for phlogopite, siderophyllite, and “eastonite”

The wide compositional diversity among the true-mic@nd members can only be estimated since requigite
sub-groups in nature (Guidotti 1984) — together with vaflata are unavailable from most crystallographic studies
ious D-X relationships observed therein (Giletti 1974 gYoder and Eugster 1954; Hewitt and Wones 1975; Cir-
Harrison et al. 1985; Grove and Harrison 1993, 1994)cone et al. 1991). All other quotedivalues are consid-
arouse suspicions of corresponding age-retention-coffed accurate to withir-0.3% (absolute), so the differ-
position relationships among diverse micas in adjaceffices inferred above are significant at theldvel. Nom-
lithologies (e.g., see Onstott et al. 1989). These susphally, theZ data indicate that (F,CI,0) (OH) substitu-
cions are heightened by the likelihood that-® bond tions are as important (if not more so) than Mgksub-
strength is the “kinetic common denominator” for argoftitution in determining isotopic retention of biotite-
loss both in the laboratory and in nature. phlogopites — as suggested also by Grove and Harrison
Extension of the kinetics-porosity framework devel(1993, 1994) from their Ar diffusion experiments, and in
oped above for d|St|ngu|Sh|ng “average” b|ot|@;€ 47— r?lanvely |nh|b|ted A.I’ dlfoS|V|ty dOCUmen.ted for an F-
49%) from “average” muscoviteZ(~ 44.5-46%) leads "ich phlogopite (Giletti 1974a). The influence of
us to prediction of secondary age-retention-compositidfgFe_, substitution on retention (observed by many au-
relationships among both trioctahedral and dioctahedffPrs) is supported by the positive correlation of infrared
mica solid solutions. Various age-composition predié¢ vibrational frequency (i.e., KO bond energy and

tions (and available supporting evidence) are presenf@fength) and Mg-content in micas generally (Laperche
below. 1991, quoted in Scaillet et al. 1992). More important,

however, is the point that modeling retention in complex

multi-component solid solutions like the biotite-phlogo-
Trioctahedral micas (biotites and phlogopites) pites cannot be restricted to any one component. Instead,

Z potentially represents the broader, more appropriate
Taken at face value, interlayer-porosity consideratioeempositional monitor with which to pursue modeling,
(Table 4) predict that Ar loss in nature is variably inhibitin that it accounts for the crystal-chemical effects not
ed by many of the common substitutions, including: only of F(OH)_, and MgFe , but also those of the other
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independent substitutions listed above; this point extendisctahedral micas have comparable Ar retention proper-
to amphiboles as well (Dahl et al. 1995). Accordinghties at givenP—T conditions. Relative-age data (albeit
the largest age discordance in the biotite-phlogopite ssarce) suitable for testing this hypothesis are considered
ries is predicted between F-phlogopite=45.8%) and below. First, for phengite-paragonite coexistences,
annite £=49.1%); see Table 4. These composition3allmeyer et al. (1990) observed the relatifar/3°Ar
could readily occur in adjacent metamorphic élbgies age sequence: phengitparagonite (west-central Spits-
(e.g., in intercalated siliceous marbles and metapelitebgrgen); yet Chopin and Maluski (1980) inferred just the
and should be sought out as representing the best camgiposite sequence (western Alps), which they rational-
dates for testing retention predictions within the trioctazed in terms of basal spacingg*). These conflicting
hedral mica sub-group. sequences may reflect overlappiiganges for phengite
Unequivocal geochraiogic evidence for these pre-and paragonite, which is permissive eitheZafeversals
dictions is scarce, because individual retentivity-compbetween datasets or of relative dominance of diffusion-
sition effects themselves are either small, offsetting, domain-size effects over minar effects. Alternatively,
overwhelmed by tectonjenicrostructural effects in the relative-age comparison is open ended because only
many terranes. The latter complication is minimized ithe data of Dallmeyer et al. (1990) unequivocally elimi-
the remaining discussion by considering only those relaate exces$°Ar as a potential variable (i.e., in the form
tive-age data from adjacent contrasting dilbgies. of concordant RpSr and “°Ar/3°Ar phengite ages).
Permissive evidence for prediction (2) above (i.eSecond among muscovite-paragonite coexistences de-
phlogopite older than annite) comes from data of Onstattribed in the literature, none appear to have been dated
et al. (1989), who observed old&Ar /2°Ar cooling ages radiometrically, so a direct test of the model is not yet
for Mg-rich biotites than for adjacent Fe-richer angpossible. However, Hames (1994 a) detected no evidence
logues. They favored a Giletti-Norwood interpolation obf an NaK_, effect on®*°Ar /3°Ar closure ages of Acadian
Ar diffusivity as a function of MgFe ratio in explaining (Vermont) muscovites of widely variable Na content. As-
their observation (cf., Giletti 1974 a; Norwood 1974)suming that NaK, is the dominant variable in his data-
Also, anecdotal evidence for predictions (2)—(4) (i.eset, extrapolation to paragonite suggests no significant
age variations within the ideal mica plane; Guidottlifference in retentivity for natural compositions along
1984) comes from the work of von Blanckenburg et alhe muscovite-paragonite join. This is consistent with
(1989). They reported comparablg Kr ages in biotites the nearly identical values calculated in Table 4 for
of quite different Mg/(Mg+Fe), but considered thatthe equilibrium pair of sodic muscovite and potassic
some compensating chemical effect (unspecified) migbaragonite Z=45.7+0.3% and 45.4 0.3%, respective-
allow the two biotites to share a common closure tempdy), which Burnham and Radoslovich (1964) extracted
ature. Indeed, their Fe-rich biotite (sample PJ-1) is alémm a single hand specimen of a kyanite-schist from the
rich in AlV', whereas their Mg-rich biotite (sample PJ-9%wiss Alps.
is relatively AM-poor; collectively, predictions (2)-(4) A much more common and important association of
above lead to the suggestion that these two biotites hadlite micas is muscovite-phengite — typically a disequi-
common closure temperature. Perhaps significantly, fuisrium sub-assemblage in Alpine rocks, in which high-
ther analysis now shows that the meaK —O> values pressure phengite is overprinted by lower-pressure mus-
and overall unit-cell volumes of these two biotites areovite via discontinuous retrograde reactions (e.g., Ernst
comparable too (ca. 2.900.1 Aand 500+ 1 A3, respec- 1963). Relative isotopic ages of the two phases typically
tively, implying likewise comparabl&/;, and Z values). conform to this growth sequence (e.g., Wijbrans and Mc-
This is inferred by referencing the biotite compositionBougall 1986; Scaillet et al. 1992), such tiZatompari-
to contoured bond length and unit-cell volume variatiorsons are not particularly relevant as in the case of the
in the ideal mica plane, as constrained by crystallograptresumablyequilibrium sub-assemblages considered in
ic data of Hewitt and Wones (1975) and Donnay et gbrior discussion. Nevertheless, establishing relative (and
(1964). By itself, the fact of comparableK—0O> and absolute) Ar retention properties of these white micas
unit-cell volumes in the two micas of von Blanckenburgemains crucial to interpretations of age data obtained
et al. (1989) would suggest likewise comparable argdrom them (Arnaud and Kelley 1995), and the porosity
retention properties, according to the bond-lefigtimodel bears upon this issue directly. Specifically, the
strength arguments advanced in this paper. model predicts that: (1) Mg-rich phengites are more Ar
retentive than their Fe-rich analogues, and (2) high litho-
static pressureR) promotes Ar retention in micas gener-
Dioctahedral micas (muscovite, paragonite, ally. These predictions and supporting geoclulogic
and phengite) evidence are considered further below.
Prediction (1) is consistent with the enhanced Ar re-
Interrelationships among muscovite, paragonite, atehtion indicated by preservation of older appar@At/
phengite are dominated by the exchange vector comp8Ar ages in Mg-rich phengites (loiZ inferred, this
nents NaK , and AMAIV (Mg,Fe) ,Si_,. Taken at face study) relative to Fe-rich analogues (high®rin adja-
value, the tight clustering of mo& values Z=44.5— cent metamorphic lithlogiesthat experienced the same
46% at room conditions; Table 4) suggests that theeermal history [Dora Maira Massif and environs, west-



35

ern Italian Alps: Scalillet et al. 1992 (see their Fig. 7)magnitude may reinforce fast cooling and non-zero par-
Moniéand Chopin 1991 (cf., their Tables 1 and 2)]. In theal pressure of Ar in explaining why Piphengites and
current absence af* data for phengites as a function ofiotites that coexisted in metagranite at575 C and
Fe/Mg ratio, however, positive correlation betwe&n 11 kbar (Arnaud and Kelley 1995) nevertheless were
and F¢Mg ratio can only be inferred by extension fromable partially to retain excess components incorporated
Fe—Mg solid solutions, wherein this trend is universallat or near those conditions.
observed (e.g., garnet, pyroxene, hornblende, olivine, In developing aZ-basedT-P prediction, it is impor-
and biotite; Dahl 1994; see also Table 4). Scaillet et ahnt to note that previously we have treated only the
(1992) originally explained their retentivity-composichemicaldependence of Z in coexisting minerals at given
tion trend in terms of the reducedrotation and K-O P—T conditions. HoweverZ for a given mica depends
bond strength brought about by a kitbgy-controlled also uponTl andP, because its interlayer region contracts
FeMg_, substitution. Their explanation is fully compat{and Z decreases) significantly upon either cooling or
ible with the broader porosity model advanced here. Sigempression (Hazen 1985; see also Table 4Z.itf turn
nificantly, the model further predicts that the same relaonitors diffusion kinetics, as argued in the previous
tive phengite ages will arisgrespective of the actual section, then it follows on simple geometric grounds that
isotopic mass-transfer process involyedir having ar- isobaric cooling and isothermal compressiooth pro-
gued above for biotite versus muscovite that® bond mote diffusional closure of argon in a mica structure by
strength is the kinetic common denominator wherelgeans o reduction; that is, there are closyseessures
all such processes tend to “pull” mica ages differentialiy addition to closure temperatures. We can calculate that
in the same direction (other age-determining factonsterlayerZ for muscovite at room conditions (Table 4) is
aside). It is important to add, however, that this crystafaintained along &—T trajectory of ca. 63C/kbar
chemical scenario cannot be advanced asiqueexpla- (equivalent to~ 18 C/km), according to recent expan-
nation of the relative phengite ages unless or until it 8on and compressibility data (Guggenheim et al. 1987;
demonstrated that the adjacent phengite-bearing lithofdemodi and Zanazzi 1995). Of course, any claim that
gies studied by Scaillet et al. (1992) were uniformly sulthis iso-Z contour also quantifiek-P behavior is exag-
jected to deformation, hydrothermal fluids, and excegerated; instead, the 4.3-7®/kbar (1.2-2.3C/km)
argon (if any). figure from diffusion data is far more tenable. The main
In any case, given compelling evidence that higlpointis that the two estimates agree in sign. Thus, poros-
pressure (HP) metamorphism at Dora Maira culminatég considerations independently predict thgandP are
at ~38-50 Ma (Tilton et al. 1991; Arnaud and Kelleypositively correlated, while also yielding insights into
1995), it is clear that only the Fe-rich (high)-phengites the geometric factors underlying this behavior at the
with their 35—-40 Ma ages faithfully record this evenatomic scale. A corollary distinction to be made is that
(P—T conditions of 10—-20 kbar and 500-600; Scaillet closure in a mica is actually dictated by the crystal field
et al. 1992). In contrast, the90 Ma ages Scaillet et al. (and monitoringZ) at elevatedP—T, instead of that at
obtained from adjacent Mg-rich (lowe} phengites ap- room conditions, which has been our point of reference
pear to indicate preservation of extraneous argon (eithaettil now. Fortunately, there is good X-ray crystallo-
inherited or incorporated later). On the one hand, clugraphic evidence thatV, (and thusA Z) values inferred
tering of 90-115 Ma Mg-phengite ages in eclogites arfmbtween mica compositions at room conditions are ap-
blueschists at Dora Maira argues for inheritance (Mongroximately maintained at elevat®d-T(Takeda and Mo-
and Chopin 1991); yet anomalously old ages obtainedriosin 1975; Hazen 1985; Guggenheim et al. 1987; Co-
the nearby metagranite prove the incorporation of excasedi and Zanazzi 1995), such that the retention differ-
4CAr (Arnaud and Kelley 1995). Locality-wide, howeverences modeled above in terms of Z5Z values remain
these models are by no means mutually exclusive. Whatid (see Table 4).
is important in terms ofhis study is that the retentivity  In summary, pressure effects on closure d? hhicas
difference documented by Scaillet et al. and its systemmay merit closer scrutiny, especially in light of 6212/
atization in terms oZ nominally allowseithergeological km pressure-temperature-depth trajectories characteris-
interpretation. tic of HP/L T Alpine terranes. The potentially shallow
Independent field evidence for a pressure effect amtersections of these paths and an iso-retentivity contour
retention in dioctahedral micas [prediction (2) above] isvhatever its actual slope and absolute positioRP+T
restricted to: (1) the suggestion that hiBhphengites space) could give rise to a wide array of effective closure
close at higherT than lowP phengites (Monieand temperatures for a given compaosition, depending upon
Chopin 1991), and (2) the general observation from tliee true magnitude of the pressure dependence.
literature that extraneous argon seems to afflict High-
phengites more so than low@rmuscovites. Taken at
face value, argon diffusion data for trioctahedral mic€oncluding remarks
(Harrison et al. 1985; Giletti and Tullis 1977) also indi-
cate a positivel.—P dependence ok 4.3-7.68 C/kbar 1. It has been shown that interlayer spaciousness, vacan-
(i.e., ~1.2-2.3 C/km, assuming an average crustal dercy concentration, and ©H bond orientation in micas
sity of 2.86 g/'cm®). A pressure dependence Bpof this determine the interlayer ionic porosi®— a measurable
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parameter which in turn systematizes relative mica agasd cooling was sufficiently slows{2—4 C/Ma) that
and other kinetics-related data. Thidsprovides a first- closure-age differences preserved among adjacent micas
order empirical link between Ar-loggain kinetics in will not have been compressed below analytical detec-
micas and the governing geometric aspects of crystan limits. Consequently, nature is most likely to have
chemistry. Although by no means without limitationsconducted a well-constrained diffusion experiment for
the ionic porosity approach (which builds upon earliars here, thus effectively isolating the compositional vari-
work of Dowty 1980 and Fortier and Giletti 1989) offersables on retention postulated in this paper.

a simple, intuitively satisfying means of resolving thd. Finally, this paper should beewed as a first effort to
long debated age-composition question in minerplace the patterned observations of geocbtogy on
families. The need for aempirical modeling approach firm crystal-chemical footing, and the empirical frame-
(whether porosity-based or otherwise) is dictated by theork developed here may provide the basis for future
current lack of solutions to the Schrédinger wave equealibration of a quantitativé,—Z scale for argon in mi-
tion (which theoretically would yield diffusion parame-cas (applicable were pure diffusion has dominated Ar
ters for the micas) and by the paucity of experimentldss). Pursuant to that goal, it is hoped that the current
diffusion data for natural mica compositions of interesmmodel will encourage and guide constrained field and
2. A significant conclusion of this paper is that relativelaboratory experiments with which to test the predictions
age patterns can arise irrespective of the dominant pemtvanced herein, beginning with full crystal-chemical
cess(es) of isotopic loss in a terrane (volume diffusionharacterization of minerals subjected to dating and dif-
recrystallization, reaction, etc.). Moreover, these prédsion study. For now, however, the inver§g-Z rela-
cesses also appear to be mutually reinforcing in naturenship for micas may be estimated at ca. 20-@QA T,
(e.g., Kelley 1988). It follows that any age discordander each 1% (absolute)d Z, judging from parallel study
observed between muscovite (or phengite) and biotidé amphiboles (Dahl et al. 1995; Dahl in press; Kamber
cannot be ascribed priori to anyoneprocess without et al. 1995).
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