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Ansrnlcr
Comparison of the inferred chemical compositions of solubility-controllng, mica-like
phaseswith those of apparent phasesin natural, hydrothermal materials suggeststhe existenceof four illitic layer (ordering) types [S (R0), IS (Rl), ISII (R = 3) and I] that behave
as discrete, thermodynamic phases.MixedJayer I/S is apparently a mixture of one or
more of these phases.
According to the fundamental particle hypothesis, the various layer (ordering) types
representdifferent particle thicknesses(e.g., IS, 20 A; IS[, 40 A). The multiphase illite
model proposesthat theseparticles,including their smectitic edges,are metastablephases.
As crystal growth proceeds,phaseshaving greater stability and particle thickness appear
in accordancewith Ostwald's step rule and Ostwald ripening, respectively.

IvrnooucrroN
In recentdiscussionsof sericitefrom the Silverton caldera, Colorado (Altaner and Vergo, 1988; Eberl et al.,
1988), two models have been proposed to account for
mixedJayer illite/smectite (I/S). However, neither of these

number of tetrahedral Al3* and interlayer Kr ions, the
reaction between a micalike phase and a stoichiometric,
nonmica-like phasemay be expressedas a univariant reaction in log a[/a{ vs. log 45,6r,"o
sp?c€ifor example, the
reaction,

I!(A)l(1'si.
+xH*+(r +x)/2tH'o:
")o,o(oH)2
*::l:'iTffi*:T"fi:'J1fl'il:"ffitsi:'1"j;lilb"frL1llr'z + x)/2lAl'sio'(oH)n * xKt + (2 - 2x)Sio"aq
trick, 1984;Sasser ar., r987;Aja et al., rsas; eja, r98dl
that provide data from which the compositions of illitic
phasesmay be calculated.The problem of the nature of
mixed-layer I/S cannot be fully resolved -ittr""i
"J"rlieration of the implications of these studies.
The term illite as used here refers to a nonexpandable,
dioctahedral, aluminous, K-bearing micaceousphase or
layer that has less charge than phengite (Bailey et al.,
1984). All estimatesof the composition of end-member
illite (I) rangebetween0.8K and 0.9K./O,0(OH),(Weaver,
1965; Srodori and Eberl, 1984; Rosenberg, 1987; Eberl
and Srodori, 1988; Inoue et al., 1988).Thus, the minimum interlayer chargefor illite, as defined here, is about
-0.8. Smectite refers to a structurally similar phasewith
expandable layers and a maximum interlayer charge of
-0.4 (Bailey et al., 1984);intermediate interlayer charges
denote mixed-layer illite/smectite (I/S).

with an equilibrium constant (K,) expressiongiven by
t^_
^+/^ :
log ai/afi
l(2x - 2)/xlIog 4s'o,'"o* (l/x)log K''

Inasmuch as the coefficients of this reaction can be expressedin terms ofa singlevariable, x, the slopesofunivariant boundaries, which depend only on the composition of the solid phasesparticipating in the univariant
equilibrium, may be calculated.The contribution of surface free energy, which is significant in clay-sized particles,affectsthe intercepts but not the slopesofthese univariant lines. Thus, the compositions of discrete,
thermodynamic phases may be determined unambiguously by this method if the assemblageincludes at least
one phasethat is not micalike. [Note that the coefficients
of a univariant reaction betweentwo micalike phasescan
be expressedonly in terms of two variables. The slopes
of such univariant boundaries equal 3' regardlessof the
Mu'rrprusE
so,,uBr,,rry
composition of either solubility-controlling phase, and
The compositions of solubility-controlling phasesmay neither variable can be determined. The compositions of
be calculated from the slopesof certain univariant lines the solubility-controlling phasescannot be estimated in
on stability diagrams(Sasset al., 1987).If it is assumed this case(Sasset al., 1987).1
that the micalike phases(smectite, illite, muscovite) can
Altaner and Vergo (1988) cite solution equilibration
be representedin the system &O-AlrO3-SiOrHrO by the experimentson Goose Lake (GL) illite (Rosenberget al.,
generalformulaK,(AlrXAlSi4,)Oro(OH)r,wherexisthe
1985)insupportoftheirtwo-phasemodelofmixedJayer
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illite/smectite (I/S). However, these and subsequentexperiments with GL and other natural illite samples do
not support a model limited to two phases.
The calculated composition of the phase that equilibrated with kaolinite and solution at25"C in experiments
with GL illite [0.25KlO,o(OH),;Rosenberget al., 1985]
is, by definition, that of a smectite(Bailey et al., 1984).
The presenceof at least one additional micalike phase
was inferred after consideration of the bulk composition
of GL illite [0.59K/O,'(OH),; Kittrick, 1984].Thus, GL
illite was thought to be an assemblageof at least two
phases,the smectite representingone component of random I/S. However, recent studies ofnatural, hydrothermal illite by Inoue et al. (1987) show that flakelike, randomly interstratified I/S is structurally and chemically
distinct from lathlike, regularly interstratified I/S; they
suggestthat random I/S is a single-phasesolid solution
extendingto a compositionof <0.5K,/Or0(OH),and that
K fixation limits the expandability of thesesolid solutions
to a rangebetween 50 and l00o/0.Thus, random I/S may
be a smectitic phaseand could have the composition referred to as smectiteby Rosenberget al. (1985).
In later solution equilibration experiments with GL and
BeaversBend illite at elevated temperatures(Sasset al.,
1987), two illitic phases,0.67KlOro(OH), and 0.90K/
O,o(OH)r, were observed in addition to a smectite very
similar in composition to the phaseobservedin the earlier study (Rosenberget al., 1985).When solution equilibration data for Marblehead illite (Aja, 1989) are also
taken into account, illite phase relationships appear to
involve at leastfour micalike phaseshaving compositions
of approximately0.29 + 0.04K-,0.50 + 0.05K-,0.69 +
0.03K-, and 0.85 + 0.05K/Oro(OH), (Table l). These
compositions have been inferred, within narrow limits,
in the products of many experimentsover a rangein temperatures; intermediate compositions apparently do not
exist. Furtherrnore, changesin temperature or solution
composition are not accompaniedby gradual changesin
the K content of illitic phases.These data are best explained by the existenceof multiple, stoichiometric, micalike phases.
If it is assumed that the composition 0.2521</Orc(OH), representsK-saturated smectite (Sasset al., 1987)
and that 0.85K/Oro(OH), represents end-member
illite (I) (Aja, 1989), then the compositions 0.50K/
O,.(OH), and 0.69KlO,o(OH), correspondcloselyto those
expected for phases with IS and ISII ordering, 0.55K/
O'o(lJH), and 0.70KlO,o(OH)r,respectively.Thus, four
layer types, S, IS, ISU, and I, distinguished in natural
illite by X-ray diffractometry (Srodori and Eberl, 1984),
have tentatively been identified as discrete phasesin solutic'n equilibration studies (Rosenberget al., 1987).
A prur-rrprr^lsE rLLrrE MoDEL
Nrltural, hydrothermal illite, characterizedby chemical
composition U<,/O,"(OH)rl, ordering and expandability
(Inoue et al., 1987, 1988),is comparedwith the solubility-controlling phasesin Table l. Three morphologies of

Tler-e 1 . Comparisonof the chemicalcompositionsof solubilitycontrollingphases- with apparentphases in natural,
hydrothermalillite..
Solubility-controlling
ohasest
K"/o,o(oH),

Ordering
type+

0.29+ 0.04

s

0.50+ 0.05

IS

0.69+ 0.03
0.85+ 0.05

tstl
I

Apparent natural phases
KJOIo(OH),

0.29l
0.31r
0.34+
0.43+
0.73+
0.76+
0.80+

0.07
0.09
0.07
0.10
0.06
0.06
0.01

Ordering Expandability
o/"
R$
0
0
1
1
-g
>3

55+5
50+10
4 01 5
30+5
'12+3
5+5
0

. Rosenberget al. (1987); Sass et al. (1987);Aia et al. (1988);Aia
(1989).
". Inoueet al. (1988).
t Ranges in K, represent variations in the compositionscalculatedfor
different natural illite samples at several temperatures.
+ Inferred.
$ Reichweite.

micalike phasesappear to crystallize successivelyduring
the conversion of smectite to illite under hydrothermal
conditions in nature (i.e., flakelike, lathlike, and hexagonal platelike crystals). The flakelike crystals (IM) are
identified as random I/S, whereasthe successionsof ordered lathlike (II4) and platelike (2M,) crystals with increasingK content and decreasingexpandability are referred to as regularlyinterstratifiedI/S (Inoue et al., I 988).
However, there is considerableoverlap in the K contents
of the flakelike and lathlike crystals.Apparently, the lathlike crystals, which are identified as metastable,ordered
I/S solid solutions distinct from rectorite (IS), grow at the
expenseof the flakelike crystals.Severalflakelike crystals
with K contentsbetween0.34 and 0.48 show Rl ordering
and are probably mixtures of S and IS ordering types.
One exceptional flakelike crystal that has a K content of
0.61 and R2 ordering, corresponding to IIS, may be a
mixture of IS and ISII. Particle thicknessesof thesemorphological types (Inoue et al., 1987) appear to support
the fundamental particle-interparticle diffraction hypothesis(Nadeauet al., 1985).
These mineralogical studies provide evidence of the
chemical composition, expandability, and structural states
of illitic materials but no direct evidenceof the behavior
of illite as a discrete phase. On the other hand, solution
equilibration studies (e.g., Sasset al., 1987) permit the
calculation of the compositions of discrete, thermodynamic phasesthat equilibrate with solutions but offer no
direct insight into the structural state of these phases.If
the results of these two approaches are combined by
equating the chemical compositions of the illitic phases,
a consistent, multiphase illite model emergesthat suggeststhat as many as four discrete, thermodynamic phases
may exist during prograde illitization (Table 1). [S(R2)
has been neglectedin this discussionbecauseits existence
is uncertain; Srodori and Eberl (1984) believe that it may
be a mixture of IS- and lSll-ordered I/S. Discrepancies
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consisting of four illitic layers of l0 A with smectitic edges
that are sharedwith other similar particles, whereasparticles of end-member illite (I) are eight l0-A hyers thick.
As crystal gowth proceeds,phaseshaving greater stability and particle thickness (20 A, 40 A, 80 A; appear.
Particle thickening may be accountedfor by Ostwald ripening (Eberl and Srodo6, 1988), whereasthe appearance
of successivephases with increasing stability may be
viewed as an example of Ostwald's step rule.
The processofparticle thickening [20 A, particle (phase)
80
composition,0.5K/O,o(OH)r;40 A, 0.75K,/O1o(OH)r;
A, O.SzSK/O,0(OH)Jcould, conceivably,culminatewith
the formation of end-member muscovite, changesin the
chemistry and relative stability of successivephasesbecoming imperceptible as muscovite composition is approached asymptotically. However, muscovite may be
unstable with respectto illite at temperaturesbelow 280
'C (Yates and Rosenberg, 1987; McDowell and Elders,
1980) and, thus, the relationship between illite (I) and
muscoviteis problematic.
The multiphase and fundamental-particle models are
in accord ifdiscrete particles behave as discrete thermodynamic phases.However, it is not possible to rule out
the Markovian model (Altaner and Bethke, 1988) based
on solution equilibration studies alone, inasmuch as
MacEwan crystallites of different ordering types (Altaner and Bethke, 1988) may behave as thermodynamic
phases.
It is important to emphasizethe contribution of solution equilibration studies to the multiphase illite model.
DrscussroN
Whereas structural and compositional data may be obThe multiphase model is in accord with neither the tained from solid-state studies, solution equilibration
two-phase model of I/S (Altaner and Vergo, 1988) nor studiesprovide the only means available for determining
the fundamental particle-interparticle diffraction hypoth- the chemical composition of discrete, thermodynamic
esis in the form proposedby Eberl et al. (1987, 1988). phasesin natural illite.
Despite their differences,both of the latter are, in fact,
AcxNowr,nncnanNr
two-phase models. Altaner and Vergo (1988) argue for
the existenceof interstratified illitic I/S but suggestthat
Solution equilibration studies were partially supported by the Petroleillite and smectite layers may be two distinct thermody- um Research Fund, administered by the American Chemical Society.
namic phases,whereasEberl et al. (1987, 1988)explain
expandable,Rl, 2 > 3) as
ordered illite/smectite (G-500/o
RBrnnnNcns crtno
an artifact of interparticle difraction in populations of Aja, S.U. (1989) A hydrothermal study of illite stability relationships
fundamentalillite particlesand disorderedillite (5fl00o/o
between25 " and 250 qC, l9l p. Ph.D. thesis, Washington State Uni
expandable,R0) as random mixtures of illitic and smecversity, Pullman, Wasbington.
Aja, S.U., Rosenberg,P.E., and Kittrick, J.A. (198E)Illite-smectite equititic layers.
qC. Geolibria in solutions: The effect ofMg'?* between 90'and 250
The multiphase illite model does not deny the exislogical Society of America Abstracts with Programs,2O, no.7, 4357 '
tence of fundamental particles or the importance of in- Altaner, S.P.,and Bethke, C.M. (198E)Interlayer order in illire/smectite.
terparticle diffraction. In accord with the model of NaAmerican Mineralogist, 73, 76G77 4.
d e a u e t a l . ( 1 9 8 5 ) , o r d e r e d I S ( R l ) m a y f o r m a s Altaner, S.P., and Vergo, N. (1988) Sericite from the Silverton caldera,
Colorado: Discussion.American Mineralogist, 73, | 472- | 474.
fundamental illite particles (20 A thick) having smectitic
Bailey, S.W., Brindley, G.W., Fanning, D.S., Kodama, H., and Martin,
outer edges.According to the fundamental particle hyR.T. (1984) Report of the Clay Mineral Society,Nomenclature Compothesis,the various ordering types (e.g.,IS, ISII) repremittee for 1982 and 1983. Clays and Clay Minerals, 32,239-240.
sent different particle thicknesses(20 A, 40 A, respec- Ebert,D.D., Sroaon,J., ke, M., Nadeau,P.H., and Nonhrop, H.R. (1987)
Sericite frorn the Silverton caldera, Colorado: Correlation among structively) and smectitic interlayers are artifacts ofinterparticle
ture, composition, origin, and particle thickness.American Mineralodiffraction effects. The multiphase illite model merely
g.st,72,914-935.
proposes that these particles, including their smectitic (l 988) Sericitefrom the Silverton caldera,Colorado:Reply. Ameredges,behaveas metastable,thermodynamic phases.For
ican Mineralogisr, 73, 1475-1477.
example, ordering-type ISII (R > 3) representsparticles Eberl, D.D., and Srodoi, J. (1988) Ostwald ripening and interparticle-

between the K contents of the solubility-controlling phases
and that of the hydrothermal illite may be due to the
admixture of small amounts of a secondordering type in
the natural materials.
According to the multiphase model, natural illite is
composed of at least four discrete micalike phases,corresponding in composition to S, IS, ISII, and I. Mixedlayer I/S may be a mixture of one or more of thesephases.
Thus, ordered I/S (0-500/oexpandable)may consistof one
or more discrete, ordered phases(e.g., IS, IS[), not two
phases,illite and smectit€, as suggestedby Altaner and
Vergo (1988).In this light, GL illite appearsto consistof
three illitic phases,a K-fixed smectite (random I/S), an
ordered I/S corresponding in composition to ISII, and
end-member illite (I), in addition to segregatedsmectite
(Gaudetteet al., 1966).
Natural illite consisting of a single ordering type exhibits a narrow range of compositions. For example, the
alkali contents (K + Na) of the ISll-ordered San Juan
sericite(0.78 + 0.05 lSD, 2l samples;Eberl et al., 1987)
and illite Ml I (0.73; Srodoriand Eberl, 1984)are in accord with that of the ISll-ordered illite observedby Inoue
et al. (1988; Table 1) suggestinga direct correlation between ordering type and chemical composition and implying the existenceof a discrete phase of this composition. The observed decreasein illitization reaction rates
accompanying the formation of ISII (R = 3) in nature
implies that this ordering type is relatively stable (Jennings and Thompson, 1986).
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