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Abstract Cation partitioning data for coexisting mus-
covite and biotite are shown to be useful indicators of
relative interlayer bond lengthystrength in these miner-
als. These data therefore provide a useful crystal-chemi-
cal perspective on relative mass-transfer kinetics of ra-
diogenic isotopes, and account for the observation that
biotite is generally less retentive of40Ar and 87Sr than
coexisting muscovite. Partitioning behavior of trace ele-
ments underscores three reasons why overall interlayer
bonding in biotite is weaker than in muscovite.First, the
preferences of large (Rb, Cs)1 in biotite and of small
La31 and Na1 in muscovite indicate a relatively spacious
interlayer volume in biotite (suggesting a longer mean
K2O bond).Second, the preference of interlayer vacan-
cies in biotite (with someyall possibly H2OyH3O

1-filled)
suggests that its adjacent 2: 1 sheets are connected by
fewer interlayer bonds per unit cell than those of muscov-
ite. Third, the relative exclusion of large Ba21 from bi-
otite despite its large interlayer sites is attributed to
O2H bonds pointing into the interlayer cavity sub-nor-
mal to (001); (K1, Ba21)-H1 repulsion thereby induced
by the bare proton both destabilizes Ba21 and weakens
K2O bonds. In contrast, muscovite offers a more favor-
able electrostatic environment for Ba21 substitution
since its O2H bonds are directed into the vacantM1 octa-
hedral site sub-parallel to (001). This hypothesis is sup-
ported by the observation that progressive F(OH)21 ex-
change enhances Ba21 partitioning into biotiteyphlogo-
pite relative to coexisting muscovite. These crystal-
chemical differences between biotite and muscovite are
mirrored in calculated values of “ionic porosity”,Zi , de-
fined here as the percentage of their interlayer unit-cell
volume not occupied by ions. A monitor of ionic packing
density and geometry,Zi is inversely correlated with
K2O bond strength, which appears to be the rate-deter-

mining “kinetic common denominator” for a variety of
processes affecting micas – including those responsible
for loss of radiogenic isotopes in biotite and muscovite.
Accordingly, the relatively longeryweaker K2O bonds
of biotite are envisioned as being more easily stretched
(during volume diffusion) or broken (during recrystal-
lization or retrograde alteration). This in turn accounts
for common observations of enhanced radiogenic ArySr
loss and younger40Ary39Ar and RbySr ages in natural
biotite (highZi ) relative to coexisting muscovite (lower
Zi ). Significantly, this pattern may arise irrespective of
isotopic loss mechanism (diffusion or recrystallization,
etc.), and it follows that any age discordance observed
between muscovite and biotite cannot be ascribed
uniquely to one mechanism or the other without appro-
priate field, petrographic, and petrologic constraints. Ex-
tension of this partitioningyporosity-based synthesis
leads to prediction of corollary age-retentivity-composi-
tion effects among chemically diverse trioctahedral and
dioctahedral micas, which are best field tested in terranes
that cooled slowly under dry, static conditions. Pressure
effects on argon retention are also inferred from the
porosity model.

Introduction

Biotite and muscovite are common and widespread in
diverse lithologies, andtheir usefulness in studies of oro-
genic pressure-temperature-time evolution is well
known (e.g., Guidotti 1984; Faure 1986; McDougall and
Harrison 1988; Hoisch 1989; and many others). Many
geochronologic studies have shown that biotite loses ra-
diogenic ArySr (or gains excess Ar) more readily than
coexisting muscovite, despite exposure of both minerals
to uniform metamorphic conditions. Relative to musco-
vite, therefore, metamorphic biotite typically yields
either: (1) somewhat younger cooling ages (40Ary39Ar,
McDougall and Harrison 1988; RbySr, Cliff et al. 1985),
or (2) anomalously oldapparentages (both K2Ar and
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Table 1 Diffusivities (D) of
O and Ar inferred from hy-
drothermal bomb experiments
on K-bearing micas

End member D (cm2ysec)a Zi (%)b Reference
(310217)

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)

a T55008 C; P51000 bars; infinite cylinder; (001) plane. TheD value quoted for Ar in muscovite
used diffusion parameters (E, Do) recalculated by Hames and Bowring (1994), based upon original
diffusion data of Robbins (1972)
b Zi 5interlayer ionic porosity at room conditions, estimated (this study) for compositions used in
diffusion experiments; see text

40Ary39Ar; e.g., Brewer 1969; Foland 1983; Dallmeyer
and Gee 1986).

Specific reasons for the differing isotopic retention
properties of biotite and muscovite have not been ex-
plored, despite general awareness among geochronolo-
gists that the kinetics of isotopic mass transfer is some-
how rooted in crystal chemistry. In fact, most dating
projects have other objectives and so are not directly con-
cerned with this subject. However, establishing a crystal-
chemical framework for isotopic retention (and thus for
the diffusional closure process itself), in minerals has
practical implications for geochronology, pursuant to
potential refinements in post-orogenic cooling histories.
This goal appears within reach for amphiboles, based
upon preliminary40Ar retention modeling and its field
testing (Dahl et al. 1995; Dahl in press; Kamber et al.
1995). Likewise, diverse mica compositions are accom-
modated by a flexible silicate structure (Bailey 1984;
Guidotti 1984; Guggenheim 1984; Giese 1984), which
on crystal-chemical grounds arouses suspicions of an
age-retention-composition relationship parallel to that
emerging in amphiboles. For micas we wish to under-
stand age differences (both real and apparent): (1) be-
tween coexisting muscovite and biotite in agiven rock,
and (2) among compositionally diverse trioctahedral (or
dioctahedral) varieties inadjacentrocks.

This paper begins the systematization of age-reten-
tivity-composition links in micas by focusing on the ba-
sic crystal-chemical differences between biotite and
muscovite – as specifically revealed by interlayer parti-
tioning data. The logic of this approach follows from the
fact that both non-random partitioning of cations and
varying diffusivity of ArySr share a common origin in
the contrasting crystal fields of these coexisting micas
(Dahl et al. 1993). Special focus oninterlayer-site en-
ergetics is justified for two reasons.First, micas dis-
play pronounced diffusional anisotropy of O and Ar,
with fastest diffusion in the relatively open interlayer re-
gion (see Giletti 1974 a; Phillips and Onstott 1988; On-
stott et al. 1991; Fortier and Giletti 1991; Hames and
Bowring 1994) highlighted in Fig. 1 for phlogopite,
KMg3AlSi3O10(OH)2. This anisotropy reflects the rela-
tive weakness of K2O bonds in the overall structure (see

also Vaughan and Guggenheim 1986), which is further
evidenced by the occurrence of interlayer cleavage and
slip (Baños et al. 1983; Meike 1989). Isotopic mass
transfer processes – i.e., volume diffusion, recrystalliza-
tion, and reaction (Giletti 1974 b; Graham and Elphick
1991) – all involve thermally activated stretching andyor
reconstruction of chemical bonds (see Lasaga 1981; Put-
nis 1992). Mean K2O bond strengths, therefore, are po-
tentially rate determining to these processes in that the
basal planes collectively offer a parallel “path of least
resistance” (Lasaga 1981) to transformation.Second, or-
der-of-magnitude variations in interlayer O and Ar diffu-
sivity among micas at 5008 C (inferred here from pub-
lished data; see Table 1) suggest further differences in
K2O bond lengthystrength according to composition.
This implies a corresponding link between composition
and the kinetics of isotopic loss processes rate-limited by
K2O bond strength. In particular, relatively weak inter-
layer bonds should present small kinetic barriers to trans-
formation according to Arrhenius-type expressions (e.g.,
see Hanson and Gast 1967; Manning 1974; Giletti
1974 a, b; Rubie and Thompson 1985; Kronenberg et al.
1990). A corollary expectation is that radiometric ages
of coexisting micas will vary according to composition
(and K2O bond strength) – all other factors equal.

In the first section of this paper, interlayer-species
partitioning behavior supported by crystallographic data
are used to establish the key crystal-chemical reasons for
K2O bond lengthystrength differences between biotite
and muscovite. Augmenting this outline is a new crystal-
chemical explanation for the partitioning behavior of
Ba21 in terms of relative hydroxyl orientations in these
micas. Postulated differences in their interlayer crystal
fields (i.e., bond lengths, strengths, and angles) are ap-
proximated by the geometric parameter, ionic porosity
(Zi ), defined here as the percentage of interlayer unit-cell
volume not occupied by ions (cf., the more general defi-
nitions of Dowty 1980 and Fortier and Giletti 1989). The
second section of the paper explores differential kinetic
responses of biotite and muscovite to a host of processes
– including those potentially responsible for isotopic loss
and radiometric age discordance (see above) – and sys-
tematizes this behavior and its effect on age in terms of
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the Z-based crystal-chemical framework developed ear-
lier. In the final section, corollary differences among
members of both the trioctahedral and dioctahedral mica
families are also explored within this framework.

Interlayer partitioning data as a guide to relative K2O
bond strengths in coexisting micas

Structural considerations

The true-mica structure consists of parallel T2O2T
sheets (2: 1 layers) alternating with layers of large alkali
cations, as represented by phlogopite in Fig. 1 (see re-
views byBailey 1984; Guidotti 1984; and Giese 1984).
Ionic bonds between these cations and basal oxygens in
the tetrahedral layer connect adjacent T2O2T sheets.
Interlayer K1 (andyor Na1) 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 K2O polyhedron into more of
a ditrigonal antiprism. The resultanta-rotation angle
(Fig. 1) exhibited by a given mica is controlled by its
composition; that is, it depends mostly upon thea–bdi-
mensions and relative bond lengths in the T2O2T 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 bothZi (henceforth
indicated as justZ) and mean K2O bond length,
,K2O., in the K micas. Inspection of Fig. 1 further
reveals that the interlayer space is the most “porous” re-
gion of the mica structure. Thus, intra-unit-cell ionic
porosity variations correlate with (and probably account
for) the diffusional anisotropy noted above.

Summary of partitioning systematics

Relevant interlayer species in the micas include: (1) K1,
Rb1, Cs1, Ba21, Sr21, Ca21, La31, Na1, H3O

1, and H2O;
and (2) radiogenic87Sr21 and40Ar, which are produced
(but not necessarily housed) in the interlayer cavity.

The very fact that these chemical species do not parti-
tion randomly in interlayer sites of coexisting micas (e.g.,
Dahl et al. 1993; see also Table 2) indicates that these
sites are energetically distinct. In fact, three specific ob-
servations about interlayer partitioning are pertinent to
relative K2O bond lengthystrength and isotopic mass-
transfer kinetics in micas.First, muscovite preferential-
ly incorporates interlayer cations that aresmaller than
K1 – namely, Na1, Ba21, Sr21, and La31 – whereas coex-
isting OH-biotiteyphlogopite (henceforth termed biotite)
favors the relativelylarger Rb1 and Cs1 (e.g., see data of
Volfinger 1976; Papike et al. 1984; Shearer et al. 1986;
Dahl et al. 1993).Second, apparent interlayer vacancies
are more abundant in biotite than in coexisting muscovite

Fig. 1 The crystal structure of phlogopite, KMg3AlSi3O10(OH)2.
Perspectiveview (down thea axis) accentuates the open, highly
“porous” interlayer region of the unit cell focused upon in the text.
Its volume,Vi , encloses the central K1 and is represented by a
rectangular box(only the left andright sides of which are drawn,
for the sake of clarity); cell parametersa, b, andci* constitute the
depth, width, and height of the box, respectively (i.e.,Vi 5abci*).
SiO4 tetrahedra and cations in 6-fold coordination are shown to
scale [ionic radii,r, equal 1.38 A˚ for K1 (dense dotted pattern)
and 0.72 Å for Mg21 (cross pattern); Shannon 1976]; radii of
1.38 Å and 0.2 Åwere chosen for hydroxyl O22 and H1 (open
dotted patternandsolid black dots, respectively). The structure (as
refined by Hazen and Burnham 1973) was imaged using the pro-
gram ATOMS for Windows (version 3.1) written by Eric Dowty,
augmented with approximate hydroxyl H1 locations of Giese
(1984). In dioctahedral micas (e.g., muscovite), O2H bonds are
directed into vacantM1 octahedra sub-parallel to the T2O2T
sheet, instead of sub-normal as indicated above for trioctahedral
phlogopite (and biotite); see text for details.Inset (perspective
view downcsinb) shows di-trigonal tetrahedral ring enclosing the
interlayer cavity (K1 omitted for clarity); tetrahedral rotation an-
gle, a, is also shown.Double-arrowedlines indicatea–bunit-cell
dimensions, scaled relative to the upper hydroxyl layer

(e.g., see data of Rambaldi 1973; Tracy 1978; Fletcher
and Greenwood 1979; Hodges and Spear 1982; Guidotti
1984; p. 407 and 446; Dutrow et al. 1986; Shearer et al.
1986; Dahl et al. 1993).Third, although Ba21 generally
favors muscovite over biotite (e.g., see data of de Albu-
querque 1973, 1975; Tracy 1978; Shearer et al. 1986;
Dahl et al. 1993), its partitioning actually varies system-
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Table 2 Selected interlayer-element partitioning data for coexist-
ing biotite and muscovite in F-poor compositions

(e.g., annite in Table 4); (2) a shorter mean,K2O.
than for biotite, based upon the inverse relationship be-
tween a and mean,K2O. (see also Moloshag and
Teremetskaya 1975); (3) a smallerZi of ¥44.5–46.0%,
versus¥49% for annite (Tables 1 and 4). Interlayer
porosities given in Tables 1 and 4 were calculated accord-
ing to the expression:

Zi (%)5[12(VyVi )]3100% Eq. [1],

whereV is the total volume of interlayer ions withinVi

(e.g., two K1 and 6 O22 in the ideal K mica) as deter-
mined from compositional data and ionic radii. The
smallerZi obtained for muscovite indicates closer atomic
spacings (K2K, O2O, and K2O; see Fig. 1) and implies
relatively stronger K2O bonding compared to biotite.
This is consistent with observations of relative resistance
of muscovite to leaching, attributed in part to the fact
that K1 is especially compressed into the interlayer cavi-
ty because its large size prevents the fulla-rotation dic-
tated by tetrahedral-octahedral misfit (cf.,afor parago-
nite with its smaller Na1; Table 4; see also Bailey 1984
and Giese 1984).

Inferences from interlayer-vacancy partitioning

The second observation above – namely, the systematic
preference of interlayer vacancies in biotite relative to
muscovite – potentially also bears on relative interlayer
bond strengths. The termapparentvacancies is actually
more appropriate, given that mica interlayers can con-
tain significant H2O andyor H3O

1 (Hervig and Peacock
1989; Guidotti and Dyar 1991; Dyar et al. 1991; Fortier
and Giletti 1991; Loucks 1991), which are not ana-
lyzed by electron microprobe. In any case, it would
seem that interlayer bonding of biotite should be weak-
er than that of muscovite, given its correspondingly
lower abundance of (K,Na)-O bonds averaged over the
unit cell in thea–b plane and the relatively low lattice
binding energies of H2OyH3O

1 (Loucks 1991; see also
Vaughan and Guggenheim 1986). As such, theZ-enhanc-
ing (apparent-) vacancy effect should reinforce the K2O
bond-length effect described above in facilitating iso-
topic mass transfer in biotite – by any mechanism rate-
limited by K2O bond strength (see also Loucks 1991).
Indeed, the theory that vacancies (and other crystal de-
fects not shown in Fig. 1) promote volume diffusion in
minerals is well known (e.g., Lasaga 1981); more vacan-
cies mean that fewer lattice distortions are required
for an Ar atom to diffuse out to the mica surface (Villa
1991).

Inferences from Ba partitioning

The third observation cited above – namely, that Ba21

favors muscovite over biotite except in F-rich composi-
tions – underscores important contributions of O2H
bond orientation and hydroxyl replacement to K2O bond

Ion KD* (ion) r (Å) a Reference

Cs1 6 1.67 Shearer et al. 1986
Rb1 2.5 1.52 Shearer et al. 1986
K1 1.0 1.38
La31 0.8 +0.7 1.03 Dahl et al. 1993
Ba21 0.43+0.05b 1.35 Dahl et al. 1993
Sr21 0.4 +0.4 1.18 Dahl et al. 1993
Na1 0.2 +0.1 1.02 Dahl et al. 1993

a r5ionic radius for 6-fold coordination (Shannon 1976). For a
given cation,KD*5XbioyXmus(Dutrow et al. 1986); for K1, a value
of 1.0 is inferred from ideal mica formulas
b Based on 46 of the 49 mica pairs reported by Dahl et al. (1993);
one of the original 49 proved to be F-rich, and two were eliminated
for analytical reasons

atically with the F content in biotite – an effect previous-
ly unrecognized in the literature. Interlayer partitioning
data from various sources are summarized in Tables 2
and 3, and their crystal-chemical implications are elabo-
rated upon below.

Inferences from Rb, Cs, Na, and La partitioning

The main inference to be drawn from the correlation of
interlayer partitioning and cation radius (observation no.
1 above) is that biotite possesses a relatively spacious
interlayer with correspondingly large cation sites,
whereas the interlayer sites of muscovite are more col-
lapsed in thea–bcrystallographic directions (Fig. 1; see
also Papike et al. 1984; Shearer et al. 1986; Dahl et al.
1993). This further implies that the mean,K2O. in
biotite (,K2O.bio; averaged over the whole unit cell)
exceeds that in coexisting muscovite (,K2O.mus).
Moreover, since its two unit-cell K1 cations reside in the
larger interlayer volume, it is intuitively expected that
biotite possesses the higher value ofZ. Thus, these parti-
tioning data alone suggest that interlayer bonding in
metamorphic biotite is generally weaker than in coexist-
ing muscovite.

Crystallographic data (summarized in Table 4) sup-
port this inference. Thea–bunit-cell dimensions (258 C)
of muscovite are shorter than for biotite because its octa-
hedral sheet is dominated by Al31 versus the relatively
larger (Fe,Mg)21. Thus, muscovite exhibits morea–b-
plane a-rotation of adjacent tetrahedra than biotite
(a©11–138 versus¥4–88, respectively, at 258 C) in ac-
commodating its tetrahedral-octahedral misfit (Bailey
1984). Moreover, these micas maintain comparable in-
terlayer separations (ci*, as measured alongcsinb from
the centers of opposing basal oxygen planes; see Fig. 1)
unless there is substantial F (OH)21 component in biotite
(Table 4).

Collectively, therefore, these data indicate that mus-
covite at room conditions has: (1) a smaller interlayer
unit-cell volume,Vi (i.e., the product (abci* ), of ¥158–
159 Å3 versus the¥168–170 Å3 estimated for biotite
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Table 3 Partitioning data for Ba and F in coexisting metasedimen-
tary micas. Low-, intermediate-, and high-F mica data are from
Dahl et al. (1993; 46 micas), Shearer et al. (1986), and Tracy
(1991), respectively (samples St-5 and I-21 are from P.S. Dahl,

unpublished data). Although tabulated here as biotites, Tracy’s
micas are actually phlogopites. Equilibrium coexistence is as-
sumed between his micas, hence the designation “3–4” below for
phlogopite 3 and muscovite 4, etc.; see text

Sample no. Ppm Ba XBa Wt % F XF KD* (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
I-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 con-
nection between Ba21 partitioning, hydroxyl orientation,
(F,Cl,O)-content, and relative K2O bond strength in co-
existing micas is now developed.

The partitioning behavior of Ba21 diverges markedly
from that of K1 in metapelitic compositions (Dahl et al.
1993) despite their comparable ionic radii (rvi–xii51.35–
1.61 Å and 1.38–1.64 A˚ , respectively; Shannon 1976).
This raises a fundamental question: why does a large
cation like Ba21 (which follows K1 crystallochemically;
Harlow 1991) strongly prefer the laterally collapsed in-
terlayer sites in muscovite (see Tables 2 and 4), despite
the availability of seemingly more favorable (i.e., larger,
lessa-rotated) sites in coexisting biotite? Indeed, no suit-
able explanation for this apparent anomaly is found in the
literature, beyond speculation that separate Ba-related
charge-balance mechanisms operating simultaneously in
muscovite and biotite somehow favor muscovite (Dahl
et al. 1993). For micas generally, Harlow (in press) em-
phasized the roles of charge-balance and interlayer ge-
ometry (as dictated by the degree ofa-rotation) in gov-
erning Ba21 substitution. Both are enhanced by chemical
substitutions [such asvi (Cr, V, Mg)Al21] that improve
tetrahedral-octahedral fit so as to give a more open (i.e.,
less a-rotated) interlayer site, as indicated by occur-
rences of barian-chromian-magnesian muscovite (e.g.,
Dymek 1983; Tracy 1991). Likewise, Cruciani and
Zanazzi (1994) have argued that Ba21 substitution in
synthetic phlogopite is promoted by opening of its inter-
layer cavity by Ti-oxy-mica substitution; this effect may

also account for extreme Ba enrichment observed in
some natural biotiteyphlogopites (e.g., Wendlandt 1977;
Mansker et al. 1979).

The size argument outlined above still does not ex-
plain why Ba21 typically prefers the small interlayer
sites of metapelitic muscovite over the larger such sites
in biotite. It is suggested here that Ba21 partitioning be-
tween muscovite and OH-biotite is governed largely by
the differing hydroxyl orientations in the two micas. It
has long been known that O2H bonds are oriented sub-
normal to the (001) plane in trioctahedral micas (Fig. 1)
and sub-parallel to this plane in dioctahedral micas (Ser-
ratosa and Bradley 1958; Giese 1979, 1984). Moreover,
covalency of the O2H bond effectively means that a bare
proton is projected into the interlayer cavity of biotite
(Giese 1984). Thus, it is postulated here that repulsion by
H1 directed into the interlayer cavities from adjoining
T2O2T sheets causes an overriding electrostatic desta-
bilization of Ba21, despite: (1) the excellent size suitabil-
ity of biotite interlayer sites for Ba21 substitution, and (2)
the small size and low abundance of H1. Moreover, judg-
ing from formal ionic charges, Ba21 should experience
approximately twice the Coulombic repulsion of K1 in
biotite. Corollary to this hypothesis, the interlayer sites
of muscovite (despite their small size) are electrostati-
cally moreconduciveto Ba21 substitution because po-
tential repulsion by the proton is minimized by virtue of
the O2H bond being directed into the vacantM 1 octahe-
dron, sub-parallel to the (001) plane. The net result is
that Ba21 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 Black
Hills, SD. Solid circlesrepresent 46low-F, staurolite- and silli-
manite-zone mica pairs from Dahl et al. (1993); F analyses are
from P.S. Dahl (unpublished data).Open circlesrepresent eight
intermediate-F mica pairs in schists adjacent to rare-alkali peg-
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 I-21,
unpublished data). Regression lines (forced through the origin) are
shown for the two datasets, which differ significantly at the 1s
level. A third line trends toward fourhigh-F phlogopite-muscovite
“pairs” of Tracy (1991), which actually plot well beyond the scale
of the diagram. All lines are labeled with corresponding ranges of
wt % F in biotiteyphlogopite (see Tables 2 and 3 for data sum-
maries)

Fig. 3 Plot ofKD* (Ba;biotiteymuscovite) versus wt % F in biotite.
The 46 low-F mica pairs from Dahl et al. (1993) are represented by
thecross, which bracketsK

D
* and wt % F (biotite) for the dataset.

The intermediate- and high-F data plotted are from Shearer et al.
(1986) and Tracy (1991), respectively, as summarized in Table 3

Indeed, the predicted partitioning behavior is actual-
ly observed in the limited Ba2F data currently avail-
able for coexisting muscovite and biotite (Table 3; Figs.
2–3). Figure 2 illustrates Ba distributions for three co-
existing mica datasets distinguished by their mean F-
content in biotite, and Fig. 3 shows the positive covari-
ance ofKD* (Ba) and wt % F.High-F, Ba-phlogopites
(F52.9 wt %) and Ba2Cr2Mg-muscovites from veins
in marble at Franklin, NJ (Tracy 1991) plot far off-
scale in Fig. 2 but nominally partition Ba almost random-
ly [KD* (Ba;phlymus)51.20+0.11]; F-saturation of vein
micas is indicated by the presence of fluorite. In con-
trast, intermediate-F biotites [F50.55+0.29 (1s) wt %]
from 8 metapelites adjacent to Li-B-F-rich intrusive
pegmatites in the Black Hills, S.D. (Shearer et al. 1986;
P.S. Dahl, unpublished microprobe data) exclude Ba
relative to coexisting muscovites. [KD* (Ba;bioymus)
50.65+0.09 (1s)]. Also low-F biotites (F#0.3 wt %)
from 46 rocks sampled beyond these metasomatic peg-
matite haloes (Dahl et al. 1993; P.S. Dahl, unpublished
microprobe data) exclude Ba evenmore [i.e., KD*
(Ba;bioymus)50.43+0.05 (1s)]. These low-F micas
are typical of average metapelites elsewhere (i.e.,
F#0.3 wt %; Guidotti 1984, p. 428). A close approach to
partition equilibrium in the low-F dataset is indicated
by its linearity and close approach to the origin (Fig. 2),
and the inferredKD* (bioymus) difference between it and
the intermediate-F dataset is significant at the 1s level.
Partition equilibrium is assumed here for the high-F
micas of Tracy (1991), which occur as small isolated
flakes in the veins. Moreover, it is assumed that Henry-
ion behavior of Ba21 extends also to Tracy’s micas
(XBa50.07–0.09).

In advancing a cause-and-effect relationship between
KD* (Ba) and wt % F in biotiteyphlogopite, it is important
to rule out significant effects by other compositional

cated in selected data for metapelites (Table 3), plus oth-
er data from the literature (cited above).

An effective test of the hydroxyl-orientation hypo-
thesis would be verification thatremoval of hydroxyl
H1 in biotite renders its interlayer sitesmore competitive
for Ba21 substitution. Removal of the proton and con-
comitant elimination of K12H1 or Ba212H1 repulsion
are effected in biotiteyphlogopite by (F,Cl,O) (OH)21 ex-
change, as evidenced by reduced interlayer separations
(i.e., contraction alongcsinb) in: (1) F-phlogopites rela-
tive to OH-phlogopites (Yoder and Eugster 1954), and (2)
oxy-biotites relative to hydrogenated oxy-biotites and bi-
otites (Ohta et al. 1982; Bailey 1984). Electrostatically,
therefore, (F,Cl,O) (OH)21 exchange ought to encourage
Ba21 substitution in biotiteyphlogopite. In contrast, this
exchange vector in coexisting muscovite ought to be rela-
tively inconsequential vis-a`-vis Ba21 substitution be-
cause: (1) muscovite has relatively low halogen abun-
dances (Evans 1969; Munoz and Ludington 1977; Ne-
mec 1980; Shearer et al. 1986; Tracy 1991), and (2) its
hydroxyls are oriented sub-parallel to (001), such that
electrostatic repulsions involving the interlayer are small
to begin with. Therefore, the overall expectation is that
progressive (F,Cl,O) (OH)21 exchange in coexisting mi-
cas should cause corresponding increase in the value of
KD* (Ba;bioymus) – defined here asXBa

bioyXBa
mus (fol-

lowing Dutrow et al. 1986), whereXBa denotes mole
fraction of Ba in the interlayer sites of biotite (or phlogo-
pite) and muscovite.



28

variables. Besides the differences in Ba and F abundance
noted above (see Table 3), the other main differences
among the datasets lie in the relative Mg enrichment and
Ti depletion of Tracy’s (1991) phlogopites compared to
the Black Hills biotites. Also, Tracy’s muscovites are
more Mg- and Cr-rich than the Black Hills muscovites.
The main effect of relatively high MgFe21 substitution in
a biotiteyphlogopite is to increasea-rotation (Circone
et al. 1991), which inhibits Ba21 substitution (Cruciani
and Zanazzi 1994). Likewise, low-Ti abundances in Tra-
cy’s (1991) phlogopites suggest limited Ti-oxy-mica
substitution and a correspondingly limited encourage-
ment of Ba21 substitution (Cruciani and Zanazzi 1994).
Finally, the enhanced Mg and Cr substitutions in Tracy’s
muscovites serve to enlarge the octahedral strip and in-
terlayer sites (by reducinga), which will enhance Ba21

substitution in muscovite (Cruciani and Zanazzi 1994).
If any or all of these effects exerted dominant control on
KD* (Ba), then we would expect the mica ”pairs” of Tra-
cy (1991) to yield lowerKD* values than the Black Hills
mica pairs. Because just the opposite relativeKD* rela-
tionship is actually observed, however, it is concluded
that some other compositional effect exerts overriding
control onKD*. This leaves only F-content to account for
the observedKD* differences documented in Table 3, as
we have suggested preference above.

In summary, the unequivocal preference of Ba21 for
muscovite over OH-biotite in metapelites (Tables 2–3;
Figs. 2–3) is largely attributed to known differences in
hydroxyl orientations of the two micas (although com-
peting charge-balance reactions may also be involved).
Supporting this hypothesis are preliminary data indicat-
ing that F (OH)21 exchange increases the value ofKD*
(Ba) (see Figs. 2–3; Table 3). Further support comes
from a crystal-chemical study of phlogopite by Cruciani
and Zanazzi (1994). In documenting a parallel increase
in Ba21 and Ti-oxy-mica substitution in phlogopite, they
attributed the entry of Ba21 to both decreased interlayer
repulsion arising from progressive proton removal by
O (OH)21 exchange and the interlayer-cavity opening
discussed earlier. Insufficient data preclude inference of
a KD* (Ba)-O trend parallel to theKD* (Ba)-F trend
shown in Fig. 3, but the existence of such a trend is highly
likely.

The fundamental kinetic inference from differing hy-
droxyl orientations in coexisting micas is that net K2O
bond strength in muscovite exceeds that in OH-biotite,
because of relatively less K12H1 repulsion (see also
Guggenheim et al. 1987). The interplay of hydroxyl ori-
entation and K2O bond strength was first suggested by
Bassett (1960) in a weatherability study of micas. In-
verting Bassett’s argument, progressive F (OH)21 sub-
stitution in trioctahedral micas should concomitantly
strengtheninterlayer bonds to K1; parallel arguments
follow for Cl (OH)21 and O (OH)21 (oxy-mica) substitu-
tions. Indeed, synthetic fluorphlogopite possesses much
greater thermal stability than phlogopite (Deer et al.
1963), and oxy-annite has a higher thermal stability than
annite (Wones 1963).

Summary

Independent confirmation of the relative bond strengths
postulated above for the common micas is provided by
quantitative electrostatic modeling.First, Pauling K2O
strengths (zyp, wherez is the charge of the cation andp is
its coordination number) may be higher for muscovite
because its effective coordination number is somewhat
lower (due to highera). Second, Giese (1984) found the
electrostatic energies required to separate adjoining
T2O2T sheets to their normal 3.3–3.4 A˚ spacing in
these micas to be 28 kcalymole (2M1 muscovite) and
15 kcalymole (1M OH-phlogopite). An intermediate
value of¥20 kcalymole for 1M F-phlogopite probably
reflects strengthening of the K2O bond (by F (OH)21

substitution in OH-phlogopite. Indeed, this substitution
causes interlayer collapse alongcsinb (Yoder and Eug-
ster 1954) which is manifested as a reduction ofZ at
room conditions (cf., OH- and F-rich phlogopites in
Table 4).Third, FIR spectroscopic studies (Larsen et al.
1972) show higher-energy infrared absorption for mus-
covite than for biotite (i.e., peaks at 105 cm–1 versus
85 cm21, and at 160 cm21 versus 140 cm21), suggesting
a stronger K2O bond in muscovite.

Differential kinetic responses of coexisting micas to
various processes: natural and experimental observations

The relatively lower K2O bond strength inferred above
for biotite (highZ) versus muscovite (lowerZ) increases
the probability of bond stretching, compression, or
breakage – in other words, lowers the activation energy
barriers to transformation generally. In fact, K2O bond
strength appears to be the common thread on which can
be hung the differential kinetic responses of coexisting
micas to a host of otherwise unrelated processes – many
of which are important to geochronology. Supporting
this view are observations that OH-biotite is consistently
more susceptible than muscovite to:

1. Diagenetic alteration and K loss during weathering
(Bassett 1960; Farmer et al. 1971; Norrish 1973; Boles
and Johnson 1983; Clauer 1981; Mitchell and Taka 1984;
Mitchell et al. 1988; Lo and Onstott 1989; Kelley and
Bluck 1992), although petrologic factors are as impor-
tant if not more so;
2. Deformation, fluid-mediated dissolutionyneocrystal-
lization, and solid-state recrystallization in nature
(Wilson and Bell 1979; Meike 1989);
3. Argon release, weight loss, and delamination duringin
vacuo, incremental step-heating experiments (Zimmer-
mann 1970; Gaber et al. 1988);
4. Loss of O and Ar in hydrothermal bomb experiments,
particularly in the lower temperature range (Robbins
1972; Harrison et al. 1985; Fortier and Giletti 1991);
5. Argon loss in nature, generally promoting younger
cooling ages in metamorphic rocks (McDougall and Har-
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rison 1988; Hodges et al. 1994) and younger thermally
reset ages (Villa and Puxeddu 1994); and
6. Incorporation of excess Ar in nature (see Brewer
1969, and references contained therein), either by diffu-
sion or recrystallization mechanisms (Dallmeyer and
Gee 1986).

Parallel compositional effects on kinetics are commonly
evident within the trioctahedral and dioctahedral sub-
groups, Mg- andyor F-rich varieties being among the
more resistant to transformation. The variable kinetic be-
havior of micas to the above-listed processes and effects
on age are now explored in greater detail.

Processes (1)–(3): alteration, deformation, and
recrystallization (mineralogical and microstructural)

The greater weatherability of trioctahedral micas rela-
tive to their dioctahedral counterparts is well known, as
is the related fact that biotites release K (and Ar) to soils
more readily than muscovites (Bassett 1960; Farmer
et al. 1971; Norrish 1973). These authors advanced the
OH-orientation argument outlined above to suggest that
K is more weakly held in biotite during weathering. The
validity of this argument is buttressed by the fact that
F-phlogopite is more resistant to weathering than OH-
phlogopite (Deer et al. 1963).

Boles and Johnson (1983) also suggested that weakly
held K1 in biotite accounts for its preferential diagenetic
alteration relative to muscovite (without giving a crystal-
chemical reason, however). Specifically, they showed
that shearedycrushed biotite readily exchanges K1 with
pore water H1, thus lowering local pH and promoting
growth of diagenetic carbonate minerals and OH-bear-
ing phases (like laumontite, prehnite, and epidote) in(001)
cleavage planes. In addition, biotite seems more prone
than muscovite tohydrothermalalteration, judging from
its tendency to become chloritized. The crystal-chemical
controls on K2O bond strength (developed above) po-
tentially explain this differential behavior too, although
not necessarily to the exclusion of petrologic effects.

In deformational environments at givenP2T condi-
tions, the kinetics of deformation, dissolution, nucle-
ation, and (re)crystallization appear to be more favorable
in biotite than in muscovite – according to detailed tex-
tural analysis of metamorphic tectonites by Wilson and
Bell (1979). They found that biotite was intenselyfolded
or kinked, whereas the more competent muscovite in the
same rock generated only sinusoidalfolds. Moreover,
they noted enhanced fluid-mediated dissolution of de-
formed biotite and crystallization of new biotite, as evi-
denced by irregular grain boundaries and serrated frac-
ture planes with new overgrowths, etc.. Coexisting mus-
covite, on the other hand, lacked evidence of these fea-
tures. Wilson and Bell also inferred greater susceptibili-
ty of biotite to solid-state recrystallization, based upon
the observation of small, segmented, sub-grains in larger
biotite grains; again, coexisting muscovite lacked such
sub-grains (see also Meike 1989). Finally, Vernon (1977)

documented kink-related dilatation zones in biotite, as-
sociated with deformation-enhanced loss of cohesion
across the (001) plane, but did not report such dilatation
in coexisting muscovite. This apparent difference is con-
sistent with in vacuo incremental heating experiments
(Zimmerman 1970; Gaber et al. 1988) showing that bi-
otite delamination along (001) occurs more readily (i.e.,
at lower temperature) than in muscovite, accompanied
also by earlier wateryargon loss and overall weight loss.
Neither Wilson and Bell (1979) nor Vernon (1977) pre-
sented a crystal-chemical explanation for their observa-
tions. Collectively, however, their observations – plus
those of Zimmerman (1970) and Gaber et al. (1988) – are
fully consistent with the hypothesis that K1 is held more
weakly in biotite than in muscovite, as postulated here
from KD* and Z considerations.

At first glance, kinetic data for basal-plane disloca-
tion glide in muscovite and biotite (Mares and Kronen-
berg 1993; Kronenberg et al. 1990) appear to contradict
this hypothesis. These workers experimentally docu-
mented that muscovite was actuallyweakerthan biotite,
a result they themselves did not anticipate, presumably
because it contradicted the detailed textural observations
of Wilson and Bell (1979). However, it is noted here (see
also Dahl and Dorais, in press) that the biotite deformed
by Kronenberg et al. (1990)was actually an F-rich phlogo-
pitic mica. Recalling from the crystal-chemical frame-
work developed above that F (OH)21 substitution in tri-
octahedral micasstrengthensinterlayer bonds to K1, it
follows that the kinetics of dislocation glide should be
correspondinglyinhibited in an F-rich mica. The infer-
ence that such a mica could thus be stronger than musco-
vite is supported by the independent observation that vol-
ume diffusion isalso inhibited in F-rich phlogopite rela-
tive to muscovite (see Table 1). Moreover, biotite delami-
nates at lower temperature than phlogopite duringin vac-
uo step-heating experiments (Zimmermann 1970; T.C.
Onstott, personal communication to Gaber et al. 1988),
which probably reflects the kinetic response to lower
abundance of MgFe21 andyor F (OH)21 components.

The kineticygeochronologic prediction from the tex-
tures and experiments described above is preferential
isotopic rejuvenation and younger ages in metamorphic
OH-biotite in rocks where biotite and muscovite (of
equal grain size) were subject to the same deformational
and fluid regime – either above or below nominal closure
temperatures,Tc(Ar). Indeed, this prediction is typically
fulfilled in dating projects (McDougall and Harrison
1988), and by mechanisms as outlined below. (A corol-
lary prediction that OH-biotites should be rejuvenated
more readily than their F-rich counterparts has not yet
been isolated in geochronologic studies, however).

AbovenominalTc (.3508 C), incipient retrograde de-
formation will result in more strain dislocations (bound-
ing kinked sub-grains) in OH-biotite than in the more
competent muscovite; in other words, biotite will recrys-
tallize more readily. Barring subsequent annealing, se-
lective recrystallization of biotite into smaller sub-grains
reduces its effective diffusion dimension [andTc in the
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Dodson (1973, 1986) equations; e.g., Goodwin and Ren-
ne 1991], promoting preservation of the younger cooling
age in biotite relative to coexisting muscovite – all other
factors equal. Preferential alteration (i.e., chloritization)
of OH-biotite, mediated by fluids, reinforces this effect
by likewise partitioning the biotite into sub-grain argon
diffusion domains (e.g., Lo 1988). Moreover, these pro-
cesses may be intimately interrelated; fluid infiltration
often accompanies deformation, and alteration phases
commonly exploit crystal defects (Veblen 1980; Brodie
and Rutter 1985; Walther and Wood 1986).

Below nominal Tc, differential rejuvenation of
micas may be facilitated by incipient, deformationy
fluid-induced dissolutionyneocrystallization – produc-
ing younger apparent ages in direct proportion to the
mineral volume transformed (cf., the intermediate
plateau age obtained by Berry and McDougall 1986, for
a mixed population of relict, retrogressed, and new horn-
blende). Thus, even if40Ary40K ratios and closure ages of
muscovite and biotite were initiallyidentical (say, from
earlier fast cooling in a pluton), biotite should still yield
the younger plateau age (representing a mix of old and
new generations), since it potentially incurs the larger
volume-percent transformation in response to incipient,
sub-closure deformation or fluid infiltration. Of course,
completetransformation ofboth micas in a rock will
accompanypervasivedeformation or fluid infiltration,
resulting in concordant regrowth ages (as also docu-
mented for hornblende; Berry and McDougall 1986).

The hypothesis that ages preserved in micas reflect
rates (progress) of recrystallization and alteration is sup-
ported by relative40Ary39Ar ages of progressively trans-
formed hornblendes in adjacent rocks (Berry and Mc-
Dougall 1986; Onstott and Peacock 1987), in which the
Fe-rich, more transformed varieties (and nominally
higherZ; Dahl in press) yield the younger ages.

Processes (4)–(6): volume diffusion (experimental
and natural)

Experimental micas

Volume diffusion will dominate40Ar retention proper-
ties in micas in high-grade terranes slowly cooled under
relatively “dry” and static conditions, since the catalysts
to drive reaction andyor recrystallization processes are
largely absent (i.e., fluids and deformation). Moreover,
volume diffusion may govern argon loss and gain by
these minerals during reheating events and exposure to
non-zero argon pressures, respectively. Just as with re-
crystallization and reaction, the kinetics of40Ar volume
diffusion arealso potentially linked to electrostatic and
repulsive forces between bonded ions in crystal struc-
tures (Lasaga 1981; Voltaggio 1985). The evidence for
such relationships in micas is developed and system-
atized below.

Fortier and Giletti (1991) reported that O diffusivities
among muscovite, biotite, and F-rich phlogopite differ

by only a factor of two (i.e., within analytical uncertain-
ty) at 7008 C, and concluded that diffusivity-composi-
tion (D2X) effects are minor at this temperature. Howev-
er, at the 5008 C end of their experimental range, this
difference nominally increases to a factor of eight – with
Dbio .Dmus.DF-rich phl (Table 1) – and is magnified yet
further upon extrapolation to the nominal 300–4008 C
range of mean closure temperatures for micas (see Figs.
7–8 of Fortier and Giletti 1991). A parallel diffusivity
trend for40Ar also exists (Table 1), although the data for
muscovite are relatively unconstrained (McDougall and
Harrison 1988; Hames and Bowring 1994). We may now
conclude from crystal chemistry that relatively strong
K2O bonds in experimental muscovite and F-rich
phlogopite (Robbins 1972; Giletti 1974 a; Fortier and
Giletti 1991) account for their lower D values compared
to those obtained for F-poor biotite (Harrison et al. 1985;
Fortier and Giletti 1991). Recent diffusion experiments
(Grove and Harrison 1993, 1994) have confirmed the
F(OH)21 effect on argon diffusivity within the trioctahe-
dral micas. Moreover, Grove and Harrison (1994) explic-
itly invoke the same K12H1 repulsion argument to ex-
plain their data as independently invoked here to ratio-
nalize the Ba21 partitioning data. In fact, this mutual
appeal to a common crystal-chemical effect affirms the
prior suggestion of Dahl et al. (1993; see also Introduc-
tion) that isotopic mass-transfer kinetics and element
partitioning behavior are both governed by the same
aspects of interlayer crystal chemistry.

Natural micas

The relative40Ar diffusivities of OH-biotite and muscov-
ite (Table 1) are inversely correlated with40Ary39Ar cool-
ing age, as evidenced by the age-zoned micas of Hodges
et al. (1994). Hodges et al. convincingly documented
differential diffusive-loss profiles for argon in very slow-
ly cooled single crystals of muscovite (slow diffuser) and
younger coexisting biotite (fast diffuser). Elsewhere, the
relative 40Ar diffusivities of OH-biotite and muscovite
are also consistent with the observed tendency for meta-
morphic biotite preferentially to: (1) reset isotopically
during reheating events, and (2) incorporate excess argon.

An excellent example of preferential resetting is
young,Alpine-reset biotite coexisting with olderHercy-
nianmuscovite, as documented in a recent study by Villa
and Puxeddu (1994). Isotopic resetting progress was
quantified by Dodson (1975) in terms of durationyinten-
sity of the thermal pulse and magnitude of the diffusion
parameters (E andDo). His equation predicts relatively
enhanced thermal resetting of biotite (lowerE; see
above) and the corollary observation that biotite pre-
serves younger ages upon reheating.

The classic proof of preferential excess-argon incor-
poration in biotite is the work of Brewer (1969). He
showed by parallel K2Ar and RbySr dating that the
K2Ar “ages” in biotites (compared to ages in coexisting
muscovites) were anomalously high, a phenomenon also
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observed by subsequent workers in the40Ary39Ar system
(see McDougall and Harrison 1988). Diffusional and re-
crystallization mechanisms for incorporation of excess
argon are evident (Foland 1983; Reddy et al. 1995; Ar-
naud and Kelley 1995), but both are kinetically favored
in biotite. Therefore, irrespective of which process oc-
curred during an interval of exposure to high partial
pressure of40Ar, biotite will tend to incorporate more
40Ar into its crystal structure until or unless the process
has gone to completion in both micas. Preservation of
this relative excess requires only that the micas must have
cooled through their closure interval before the high par-
tial pressure of40Ar had time to dissipate (Brewer 1969).
In contrast, if both micas incorporated excess argon uni-
formly, porosity considerations predict that the white mi-
ca (lowZ) will preferentially retain its excess compared
to biotite (higherZ) where cooling through closure was
synchronous with or later than dissipation of the excess
partial pressure. Indeed, this is how Arnaud and Kelley
(1995) explained retention of a higher (and unequivocal)
excess component in phengite (Z©45.5%, this study)
relative to biotite (Z©47–49%; i.e., a faster diffuser of
Ar) in an undeformed metagranite from the Dora Maira
locality, western Italian Alps. Thus, we see from these
examples that porosity considerations potentially con-
strain the relative timing of excess Ar dissipation and
closure in two-mica systems.

Geochronologic implications

Age-retentivity-composition relationships within
the trioctahedral and dioctahedral mica sub-groups

The wide compositional diversity among the true-mica
sub-groups in nature (Guidotti 1984) – together with var-
ious D-X relationships observed therein (Giletti 1974 a;
Harrison et al. 1985; Grove and Harrison 1993, 1994) –
arouse suspicions of corresponding age-retention-com-
position relationships among diverse micas in adjacent
lithologies(e.g., see Onstott et al. 1989). These suspi-
cions are heightened by the likelihood that K2O bond
strength is the “kinetic common denominator” for argon
loss both in the laboratory and in nature.

Extension of the kinetics-porosity framework devel-
oped above for distinguishing “average” biotite (Z© 47–
49%) from “average” muscovite (Z© 44.5–46%) leads
us to prediction of secondary age-retention-composition
relationships among both trioctahedral and dioctahedral
mica solid solutions. Various age-composition predic-
tions (and available supporting evidence) are presented
below.

Trioctahedral micas (biotites and phlogopites)

Taken at face value, interlayer-porosity considerations
(Table 4) predict that Ar loss in nature is variably inhibit-
ed by many of the common substitutions, including:

(1) Mg Fe21;

(2) AlviAl iv (Mg,Fe)21 Si21 (Al-Tschermak substitution);

(3) (F,Cl) (OH)21;

(4) Ti41hvi R21
22 (R215Fe,Mg);

(5) Ti41 (O22)2(H2) R21
21(OH)22 (Ti-oxy-mica substitution);

(6) R31 (O22) (H2)0.5 R21
21(OH)21 (oxy-mica substitution;

R31 designates Fe31 or Al31); and

(7) (K,Na)h21.

These substitutions are all written in the direction ofZ
reduction – which itself reflects either decreased dimen-
sions [a, b, ci*; (1)–(6) above], or increased interlayer-
cation concentration [(7) above]. According to the mod-
el, therefore, each of these substitutions promotes
preservation of older40Ary39Ar ages in slowly cooled
(#28 CyMa) terranes. Thus,Z calculations and estimates
(Table 4) lead to the following predictions of relative age
among binary end members within the ideal trioctahe-
dral mica plane (Guidotti 1984) – and its extension to
F,Cl,O-rich compositions – in a slowly cooled (or reheat-
ed) terrane:

1. F-phlogopite (Z545.8%). phlogopite (Z© 47.6%),

2. Phlogopite (¥47.6%). annite (49.1%),

3. Siderophyllite (¥47.8%). annite (49.1%)

4. “Eastonite” (¥46.3%). phlogopite (¥47.6%), and

5. Oxy-biotite (47.3%). oxy-biotite, hydrogenated (48.2%),

whereZ for phlogopite, siderophyllite, and “eastonite”
end members can only be estimated since requisiteci*
data are unavailable from most crystallographic studies
(Yoder and Eugster 1954; Hewitt and Wones 1975; Cir-
cone et al. 1991). All other quotedZ values are consid-
ered accurate to within+0.3% (absolute), so the differ-
ences inferred above are significant at the 1s level. Nom-
inally, theZ data indicate that (F,Cl,O) (OH)21 substitu-
tions are as important (if not more so) than MgFe21 sub-
stitution in determining isotopic retention of biotite-
phlogopites – as suggested also by Grove and Harrison
(1993, 1994) from their Ar diffusion experiments, and in
relatively inhibited Ar diffusivity documented for an F-
rich phlogopite (Giletti 1974 a). The influence of
MgFe21 substitution on retention (observed by many au-
thors) is supported by the positive correlation of infrared
K vibrational frequency (i.e., K2O bond energy and
strength) and Mg-content in micas generally (Laperche
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-
pites cannot be restricted to any one component. Instead,
Z potentially represents the broader, more appropriate
compositional monitor with which to pursue modeling,
in that it accounts for the crystal-chemical effects not
only of F(OH)21 and MgFe21 but also those of the other
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independent substitutions listed above; this point extends
to amphiboles as well (Dahl et al. 1995). Accordingly,
the largest age discordance in the biotite-phlogopite se-
ries is predicted between F-phlogopite (Z545.8%) and
annite (Z549.1%); see Table 4. These compositions
could readily occur in adjacent metamorphic lithologies
(e.g., in intercalated siliceous marbles and metapelites),
and should be sought out as representing the best candi-
dates for testing retention predictions within the triocta-
hedral mica sub-group.

Unequivocal geochronologic evidence for these pre-
dictions is scarce, because individual retentivity-compo-
sition effects themselves are either small, offsetting, or
overwhelmed by tectonicymicrostructural effects in
many terranes. The latter complication is minimized in
the remaining discussion by considering only those rela-
tive-age data from adjacent contrasting lithologies.

Permissive evidence for prediction (2) above (i.e.,
phlogopite older than annite) comes from data of Onstott
et al. (1989), who observed older40Ary39Ar cooling ages
for Mg-rich biotites than for adjacent Fe-richer ana-
logues. They favored a Giletti-Norwood interpolation of
Ar diffusivity as a function of MgyFe ratio in explaining
their observation (cf., Giletti 1974 a; Norwood 1974).
Also, anecdotal evidence for predictions (2)–(4) (i.e.,
age variations within the ideal mica plane; Guidotti
1984) comes from the work of von Blanckenburg et al.
(1989). They reported comparable KyAr ages in biotites
of quite different Mgy(Mg1Fe), but considered that
some compensating chemical effect (unspecified) might
allow the two biotites to share a common closure temper-
ature. Indeed, their Fe-rich biotite (sample PJ-1) is also
rich in Alvi, whereas their Mg-rich biotite (sample PJ-9)
is relatively Alvi-poor; collectively, predictions (2)–(4)
above lead to the suggestion that these two biotites had a
common closure temperature. Perhaps significantly, fur-
ther analysis now shows that the mean,K2O. values
and overall unit-cell volumes of these two biotites are
comparable too (ca. 2.90+0.1 Å and 500+1 Å3, respec-
tively, implying likewise comparableVi and Z values).
This is inferred by referencing the biotite compositions
to contoured bond length and unit-cell volume variations
in the ideal mica plane, as constrained by crystallograph-
ic data of Hewitt and Wones (1975) and Donnay et al.
(1964). By itself, the fact of comparable,K2O. and
unit-cell volumes in the two micas of von Blanckenburg
et al. (1989) would suggest likewise comparable argon
retention properties, according to the bond-lengthy
strength arguments advanced in this paper.

Dioctahedral micas (muscovite, paragonite,
and phengite)

Interrelationships among muscovite, paragonite, and
phengite are dominated by the exchange vector compo-
nents NaK21 and AlviAl iv (Mg,Fe)21Si21. Taken at face
value, the tight clustering of mostZ values (Z544.5–
46% at room conditions; Table 4) suggests that these

dioctahedral micas have comparable Ar retention proper-
ties at givenP2T conditions. Relative-age data (albeit
scarce) suitable for testing this hypothesis are considered
below. First, for phengite-paragonite coexistences,
Dallmeyer et al. (1990) observed the relative40Ary39Ar
age sequence: phengite.paragonite (west-central Spits-
bergen); yet Chopin and Maluski (1980) inferred just the
opposite sequence (western Alps), which they rational-
ized in terms of basal spacings (ci*). These conflicting
sequences may reflect overlappingZ ranges for phengite
and paragonite, which is permissive either ofZ reversals
between datasets or of relative dominance of diffusion-
domain-size effects over minorZ effects. Alternatively,
the relative-age comparison is open ended because only
the data of Dallmeyer et al. (1990) unequivocally elimi-
nate excess40Ar as a potential variable (i.e., in the form
of concordant RbySr and 40Ary39Ar phengite ages).
Second, among muscovite-paragonite coexistences de-
scribed in the literature, none appear to have been dated
radiometrically, so a direct test of the model is not yet
possible. However, Hames (1994 a) detected no evidence
of an NaK21 effect on40Ary39Ar closure ages of Acadian
(Vermont) muscovites of widely variable Na content. As-
suming that NaK21 is the dominant variable in his data-
set, extrapolation to paragonite suggests no significant
difference in retentivity for natural compositions along
the muscovite-paragonite join. This is consistent with
the nearly identicalZ values calculated in Table 4 for
the equilibrium pair of sodic muscovite and potassic
paragonite (Z545.7+0.3% and 45.4+0.3%, respective-
ly), which Burnham and Radoslovich (1964) extracted
from a single hand specimen of a kyanite-schist from the
Swiss Alps.

A much more common and important association of
white micas is muscovite-phengite – typically a disequi-
librium sub-assemblage in Alpine rocks, in which high-
pressure phengite is overprinted by lower-pressure mus-
covite via discontinuous retrograde reactions (e.g., Ernst
1963). Relative isotopic ages of the two phases typically
conform to this growth sequence (e.g., Wijbrans and Mc-
Dougall 1986; Scaillet et al. 1992), such thatZ compari-
sons are not particularly relevant as in the case of the
presumablyequilibrium sub-assemblages considered in
prior discussion. Nevertheless, establishing relative (and
absolute) Ar retention properties of these white micas
remains crucial to interpretations of age data obtained
from them (Arnaud and Kelley 1995), and the porosity
model bears upon this issue directly. Specifically, the
model predicts that: (1) Mg-rich phengites are more Ar
retentive than their Fe-rich analogues, and (2) high litho-
static pressure (P) promotes Ar retention in micas gener-
ally. These predictions and supporting geochronologic
evidence are considered further below.

Prediction (1) is consistent with the enhanced Ar re-
tention indicated by preservation of older apparent40Ary
39Ar ages in Mg-rich phengites (lowZ inferred, this
study) relative to Fe-rich analogues (higherZ) in adja-
cent metamorphic lithologiesthat experienced the same
thermal history [Dora Maira Massif and environs, west-
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ern Italian Alps: Scaillet et al. 1992 (see their Fig. 7);
Moniéand Chopin 1991 (cf., their Tables 1 and 2)]. In the
current absence ofci* data for phengites as a function of
FeyMg ratio, however, positive correlation betweenZ
and FeyMg ratio can only be inferred by extension from
Fe2Mg solid solutions, wherein this trend is universally
observed (e.g., garnet, pyroxene, hornblende, olivine,
and biotite; Dahl 1994; see also Table 4). Scaillet et al.
(1992) originally explained their retentivity-composi-
tion trend in terms of the reduceda-rotation and K2O
bond strength brought about by a lithology-controlled
FeMg21 substitution. Their explanation is fully compat-
ible with the broader porosity model advanced here. Sig-
nificantly, the model further predicts that the same rela-
tive phengite ages will ariseirrespective of the actual
isotopic mass-transfer process involved, our having ar-
gued above for biotite versus muscovite that K2O bond
strength is the kinetic common denominator whereby
all such processes tend to “pull” mica ages differentially
in the same direction (other age-determining factors
aside). It is important to add, however, that this crystal-
chemical scenario cannot be advanced as auniqueexpla-
nation of the relative phengite ages unless or until it is
demonstrated that the adjacent phengite-bearing litholo-
gies studied by Scaillet et al. (1992) were uniformly sub-
jected to deformation, hydrothermal fluids, and excess
argon (if any).

In any case, given compelling evidence that high-
pressure (HP) metamorphism at Dora Maira culminated
at ¥38–50 Ma (Tilton et al. 1991; Arnaud and Kelley
1995), it is clear that only the Fe-rich (high-Z) phengites
with their 35–40 Ma ages faithfully record this event
(P2T conditions of 10–20 kbar and 500–6008 C; Scaillet
et al. 1992). In contrast, the$90 Ma ages Scaillet et al.
obtained from adjacent Mg-rich (lower-Z) phengites ap-
pear to indicate preservation of extraneous argon (either
inherited or incorporated later). On the one hand, clus-
tering of 90–115 Ma Mg-phengite ages in eclogites and
blueschists at Dora Maira argues for inheritance (Monie´
and Chopin 1991); yet anomalously old ages obtained in
the nearby metagranite prove the incorporation of excess
40Ar (Arnaud and Kelley 1995). Locality-wide, however,
these models are by no means mutually exclusive. What
is important in terms ofthis study is that the retentivity
difference documented by Scaillet et al. and its system-
atization in terms ofZ nominally allowseithergeological
interpretation.

Independent field evidence for a pressure effect on
retention in dioctahedral micas [prediction (2) above] is
restricted to: (1) the suggestion that high-P phengites
close at higherT than low-P phengites (Monie´ and
Chopin 1991), and (2) the general observation from the
literature that extraneous argon seems to afflict high-P
phengites more so than lower-P muscovites. Taken at
face value, argon diffusion data for trioctahedral micas
(Harrison et al. 1985; Giletti and Tullis 1977) also indi-
cate a positiveTc2P dependence of¥4.3–7.68 Cykbar
(i.e.,¥1.2–2.38 Cykm, assuming an average crustal den-
sity of 2.86 gycm3). A pressure dependence onTc of this

magnitude may reinforce fast cooling and non-zero par-
tial pressure of Ar in explaining why HP phengites and
biotites that coexisted in metagranite at¥5758 C and
11 kbar (Arnaud and Kelley 1995) nevertheless were
able partially to retain excess components incorporated
at or near those conditions.

In developing aZ-basedTc-P prediction, it is impor-
tant to note that previously we have treated only the
chemicaldependence of Z in coexisting minerals at given
P2T conditions. However,Z for a given mica depends
also uponT andP, because its interlayer region contracts
(and Z decreases) significantly upon either cooling or
compression (Hazen 1985; see also Table 4). IfZ in turn
monitors diffusion kinetics, as argued in the previous
section, then it follows on simple geometric grounds that
isobaric cooling and isothermal compressionboth pro-
mote diffusional closure of argon in a mica structure by
means ofZ reduction; that is, there are closurepressures
in addition to closure temperatures. We can calculate that
interlayerZ for muscovite at room conditions (Table 4) is
maintained along aP2T trajectory of ca. 638 Cykbar
(equivalent to¥188 Cykm), according to recent expan-
sion and compressibility data (Guggenheim et al. 1987;
Comodi and Zanazzi 1995). Of course, any claim that
this iso-Z contour also quantifiesTc-P behavior is exag-
gerated; instead, the 4.3–7.68 Cykbar (1.2–2.38 Cykm)
figure from diffusion data is far more tenable. The main
point is that the two estimates agree in sign. Thus, poros-
ity considerations independently predict thatTc andP are
positively correlated, while also yielding insights into
the geometric factors underlying this behavior at the
atomic scale. A corollary distinction to be made is that
closure in a mica is actually dictated by the crystal field
(and monitoringZ) at elevatedP2T, instead of that at
room conditions, which has been our point of reference
until now. Fortunately, there is good X-ray crystallo-
graphic evidence thatDVi (and thusDZ) values inferred
between mica compositions at room conditions are ap-
proximately maintained at elevatedP–T(Takeda and Mo-
rosin 1975; Hazen 1985; Guggenheim et al. 1987; Co-
modi and Zanazzi 1995), such that the retention differ-
ences modeled above in terms of 258 C Z values remain
valid (see Table 4).

In summary, pressure effects on closure of HP micas
may merit closer scrutiny, especially in light of 6–128 Cy
km pressure-temperature-depth trajectories characteris-
tic of HPyL T Alpine terranes. The potentially shallow
intersections of these paths and an iso-retentivity contour
(whatever its actual slope and absolute position inP2T
space) could give rise to a wide array of effective closure
temperatures for a given composition, depending upon
the true magnitude of the pressure dependence.

Concluding remarks

1. It has been shown that interlayer spaciousness, vacan-
cy concentration, and O2H bond orientation in micas
determine the interlayer ionic porosity,Z – a measurable
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parameter which in turn systematizes relative mica ages
and other kinetics-related data. Thus,Z provides a first-
order empirical link between Ar-lossygain kinetics in
micas and the governing geometric aspects of crystal
chemistry. Although by no means without limitations,
the ionic porosity approach (which builds upon earlier
work of Dowty 1980 and Fortier and Giletti 1989) offers
a simple, intuitively satisfying means of resolving the
long debated age-composition question in mineral
families. The need for anempirical modeling approach
(whether porosity-based or otherwise) is dictated by the
current lack of solutions to the Schrödinger wave equa-
tion (which theoretically would yield diffusion parame-
ters for the micas) and by the paucity of experimental
diffusion data for natural mica compositions of interest.
2. A significant conclusion of this paper is that relative-
age patterns can arise irrespective of the dominant pro-
cess(es) of isotopic loss in a terrane (volume diffusion,
recrystallization, reaction, etc.). Moreover, these pro-
cesses also appear to be mutually reinforcing in nature
(e.g., Kelley 1988). It follows that any age discordance
observed between muscovite (or phengite) and biotite
cannot be ascribeda priori to anyoneprocess without
appropriate field, petrographic, and petrologic con-
straint. This point raises some caution vis-a`-vis strictly
thermochronologic interpretation of age data for micas
(and other minerals) in cooled igneousymetamorphic
rocks, in which pure diffusion is implicitly assumed
from a systematic progression of mineral ages [including
muscovite (or phengite). biotite]. Even in the classic
study of mineral-isotopic mass-transfer kinetics in a
contact metamorphic zone, Hanson and Gast (1967) ex-
plicitly indicated that their spatial, inter-yintra-mineral
age patterns for hornblende, muscovite, biotite, and
feldspar could be explained either by volume diffusion or
recrystallization (although the latter process is favored in
similar rocks by Kelley and Turner 1991). Moreover, the
dominant isotopic mass-transfer process may vary spa-
tially and temporally within and among terranes, so even
if volume diffusion of argon in micas is possible in one
rock (e.g., as evidenced by grain scale, concentric age
zonation; see Hodges et al. 1994, Hames 1994 b), this
result does not necessarily extendbeyondthat rock.
3. Where Ar loss has been dominated by diffusion, it
seems unlikely that there is a singleTc for micas. Instead,
it is more likely that a continuum of Ar retention behavior
exists across mica compositional space (as also apparent
in amphiboles; Dahl et al. 1995; Dahl in press; Kamber
et al. 1995). Thus, the primary age-retention-composi-
tion relationship commonly observed between muscovite
and biotite is considered to be augmented by secondary
such trends among dioctahedral and trioctahedral vari-
eties. Because age-composition relationships (particu-
larly the secondary ones) may be variably obscured by
tectonic, hydrothermal, microtextural, and excess-argon
effects in nature, proper field testing of the predictions in
this paper is best done in an “ideal end-member terrane”
(Dahl et al. 1995; Dahl in press; Kamber et al. 1995). In
such a terrane these complicating effects are minimized

and cooling was sufficiently slow (#2–48 CyMa) that
closure-age differences preserved among adjacent micas
will not have been compressed below analytical detec-
tion limits. Consequently, nature is most likely to have
conducted a well-constrained diffusion experiment for
us here, thus effectively isolating the compositional vari-
ables on retention postulated in this paper.
4. Finally, this paper should be viewed as a first effort to
place the patterned observations of geochronology on
firm crystal-chemical footing, and the empirical frame-
work developed here may provide the basis for future
calibration of a quantitativeTc2Z scale for argon in mi-
cas (applicable were pure diffusion has dominated Ar
loss). Pursuant to that goal, it is hoped that the current
model will encourage and guide constrained field and
laboratory experiments with which to test the predictions
advanced herein, beginning with full crystal-chemical
characterization of minerals subjected to dating and dif-
fusion study. For now, however, the inverseTc2Z rela-
tionship for micas may be estimated at ca. 20–408 C DTc

for each 1% (absolute)DZ, judging from parallel study
of amphiboles (Dahl et al. 1995; Dahl in press; Kamber
et al. 1995).
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