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Modulated 2:1 layer silicates: Review, systematics, and predictions
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AssrRAcr

A continuous or nearly continuous octahedral sheet places important constraints on the
geometry and topology of the attached tetrahedra in modulated 2:l layer silicates. A plot

of the average radius size of the tetrahedral cations vs. the average radius size of the
octahedral cations shows the distribution of structures with respect to misfit of tetrahedral
and octahedral (T-O) sheets, with modulated structures forming when misfit is large. It is
tentatively concluded that such misfit is a requirement for modulated structures to form.
It is evident that misfit of T-O sheets is a limiting factor for geometrical stability. On the
basis of tetrahedral topology, modulated 2;l layer silicates are divided into two major
categories, islandlike (e.g., zussmanite, stilpnomelane) and striplike (e.g., minnesotaite,
ganophyllite) structures. Bannisterite, which is more complex, most closely approximates
islandlike structures. The plot involving cation radii is useful as a predictive tool to identify
modulated structures, and parasettensite and gonyerite are identified as possible new mem-
bers of the group. Diffraction data suggest that parsettensite has a variation of the
stilpnomelane structure with smaller islandlike regions and gonyerite has a modulated
chlorite structure.

Chemical mechanisms to eliminate misfit of T-O sheets usually involve Al substitutions.
Because modulated 2:l layer silicates commonly occur in Al-deficient environments, struc-
tural mechanisms are usually a requirement to eliminate misfit of component sheets.
Besides a modulated tetrahedral sheet, structural mechanisms include (l) a limited cor-
rugation of the interface between the T-O sheets that allows for a continuously varying
stmctural adjustment, (2) distortions of the octahedral-anion arrangement located at strip
or island edges, and, at least in one case, (3) cation ordering.

Near end-member compositions, modulated 2:l layer silicates usually have Al in tet-
rahedral coordination, when Al is present, rather than in octahedral sites. It is concluded
that a continuous edge-sharing octahedral sheet with large cations has a constraining in-
fluence on the size of possible substituting cations. This effect may explain the lack of
octahedral ordering schemes in hydroxyl-rich micas where a small cation might occupy
the M(l) site and a large cation might occupy the M(2) sites that surrounded M(l).

INrnooucrron kaolin group. Except in the talc-pyrophyllite and the ser-
Silicates in which SiOo tetrahedra are linked by sharing pentine-kaolin groups, adjacent layers may be separated

three corners to form infinite two-dimensional sheets by cations, hydrated cations, metal-hydroxyl octahedral
constitute a major category of rock-forming minerals sheets, organic compounds, or various other interlayer
known as the layer silicates. Pauling (1930) outlined the material.
general features of the micas and related layer-silicate The generalized model for l: I and 2:l layet silicates as
minerals. These features usually include a layer com- outlined by Pauling was firmly established by later work-
prised of two types of sheets; octahedrally coordinated ers. However, Zussman (1954) found that such a model
cations form a sheet by sharing edges, and tetrahedrally does not hold in all cases. For example, the serpentine
coordinated cations form a sheet by sharing corners. If antigorite (Zussman, 1954; Kunze, 1956) shows an in-
two tetrahedral sheets oppose each other with the octa- version and relinkage oftetrahedral apices across the ide-
hedral sheet between, then a 2: I layer is described, where- ally vacant regions between l:1 layers. Since that time,
as if only one tetrahedral sheet is linked to the octahedra, the serpentineJike minerals caryopilite (Guggenheim et
the result is a 1: I layer. The former layer type is common al., 1982), and greenalite (Guggenheim et al., 1982), the
to the talc-pyrophyllite, mica, smectite, vermiculite, and talc-like mineral minnesotaite (Guggenheim and Eggle-
chlorite groups, and the latter is found in the serpentine- ton, 1986a), and the micalike minerals zussmanite
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(Lopes-Vieira and Zussman, 19 69),stilpnomelane (Eggle-
ton, 1972), ganophyllite (Eggleton and Guggenheim,
I 986), and bannisterite (Threadgold, I 979) have been de-
scribed as modulated structures based on the ideal struc-
tures of serpentine, talc, or mica. The recent structure
refinement of pyrosmalite (Kato and Tak6uchi, 1983) in-
dicates that this structure may be classified as modulated,
although its derivation directly from the traditional layer-
silicate group is more complex.

We define a modulated layer silicate as one in which a
periodic perturbation occurs in the structure. Often, this
means that a superlattice forms. Although a prominent
sublattice is present that approximates that of a normal
type of layer silicate such as a serpentine, talc, mica, etc.,
the overall structure is more complicated and may in-
volve tetrahedral connections across the interlayer region
and/or discontinuities in the component sheets. For the
purpose of this paper, we do not consider modulated lay-
er-silicate structures to include those structures with
discontinuities and out-of-plane displacements in the oc-
tahedral sheet because such displacements disrupt the two-
dimensional layerlike aspects of the structure. Therefore,
the minerals sepiolite and palygorskite are not discussed
further because of their prominent octahedral discontinu-
ities. The serpentineJike mineral chrysotile (Jagodzinski
and Kunze, 1954; Whittaker, 1956a, 1956b) is not a
modulated structure by the above definition, although its
structure is based on principles similar to those outlined
below.

A continuous or nearly continuous octahedral sheet
places important constraints on the geometry and topol-
ogy ofan attached tetrahedral sheet. The purpose ofthis
paper is to explore the relationship between the tetrahe-
dral and octahedral sheets by reviewing previous con-
cepts and by establishing a simple graphical approach to
determine topological limits. Such limits are potentially
useful as a predictive tool to determine not only which
minerals require further study, but also to place con-
straints on the extent ofstructural adjustment.

Trm rrrna,gEDRAL-ocTAHEDRAL RELATroNsHrp:
Rnvrnw oF coNcEprs

The tetrahedral sheet forms an ideally hexagonal net-
work with tetrahedra containing primarily Si and possi-
bly lesser amounts of Al3* or Fe3*. Each tetrahedron is
linked to three other tetrahedral neighbors through shared
corners, with these shared anions forming a basal plane.
The fourth corner or apical oxygen is directed away from
the basal plane and is involved also in the linkage to the
octahedral sheet. The hexagonal model as described con-
sists of sixfold tetrahedral rings forming a two-dimen-
sional network. However, the tetrahedral sheet consists
also of a hydroxyl (OH) group located at the same level
as the apical oxygen and centered in the hexagonal ring.
Therefore, the apical oxygens and OH groups form a
complete plane of anions. Larger cations reside on another
plane immediately adjacent to this anion plane and are
coordinated to one OH group and two adjacent apical

TABLE 1. Calculated and observed lateral di-
mensions of octahedral and tetrahedral sheets

Compo-
sition Mineral 4 (A) 4 (A)

Octahedral sheet
A|(OH)3 Gibbsite, 8.684,8.672 8.125

bayerite
Mg(OH), Brucite 9.425-9.441
Fe(OH), Synthetic 9 786
Mn(OH), Synthetic 9.948

Tetrahedral sheet
Si4O1o None
(SisADOlo None

Note: Observed b-axis dimensions, 4, are from Saal-
feld and Wedde (1974),Zigan et al (1978), Zigan and
Rothbauer (1 967), and Oswald and Asper (1 977). Cal-
culated values, 4, are from Eqs. 1 and 2 of text using
ionic radii trom Shannon (1976).

oxygens to form the lower portion ofthe octahedral sheet.
To complete the octahedral sheet in 2: I layer structures,
a second tetrahedral sheet is inverted to oppose the first
so that a similar configuration of apical oxygens and OH
groups surround the octahedral cation. In l:1 layer struc-
tures, the octahedral cations complete their sixfold co-
ordination with OH groups only, which form an addi-
tional anion plane on one side of the octahedral cations
and which are not shared with the tetrahedral sheet.

It is emphasizedthat the tetrahedral sheet is composed
of three planes: the basal plane, the tetrahedral cation
plane (usually Si) and the apical oxygen + OH plane. This
latter plane forms a common junction between the two
sheets and requires that the lateral dimensions of an oc-
tahedral sheet be equal to the lateral dimensions of the
attached tetrahedral sheet. In addition to overall charge
balance, this relationship represents the major constraint
1o variations in chemistry in both octahedral and tetra-
hedral sheets.

The degree of fit between the tetrahedral and octahe-
dral sheets may be estimated (see, e.g., Radoslovich and
Norrish, 1962) by comparing the lateral dimensions of
the two component sheets in an unconstrained or free
state. Lateral dimensions of the octahedral sheet may be
eslimated from the relation

b"",: 3(M-O)14, (l)

where M-O represents the mean octahedral cation to an-
ion distance. Equation I assumes that the octahedra are
regular. The octahedral lateral dimensions as calculated
may be compared to naturally occurring octahedral sheets
found as hydroxide minerals (Table l). Calculated and
observed values differ significantly and suggest the im-
portance of octahedral distortions (e.g., Radoslovich,
1963) in determining the lateral dimension. For example,
brucite has an observed b-cell length that is 60/o larger
then that calculated assuming no distortions.

Tetrahedral sheets do not occur in an unconstrained
and free state, but it is possible to calculate an ideal lateral

8.910
9.1 64
9.376

9 .15
9.335
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extent based on (Si,Al) content from the equation

b(Si,-,AI,) = 9.15 + 0.74x, (2)

where x is the Al content. The assumptions are that the
tetrahedral sheet is composed ofhexagonal rings oftetra-
hedra, the tetrahedral angles are ideal, the Al-O distance
is 1.748 A, and the Si-O distance is 1.618 A. The lateral
dimensions of both component sheets will be identical in
only certain special cases depending on the compositions
ofeach sheet.

Comrnon distortions affecting sheet sizes

Reducing relatively large tetrahedral sheets. The abun-
dance of layer-silicate minerals with large variations in
tetrahedral and octahedral composition suggests that there
is a structural mechanism(s) that allows the tetrahedral
and octahedral sheets to be congruent. The most impor-
tant mechanism is distortion of the tetrahedral sheet by
in-plane rotation ofajacent tetrahedra in opposite senses
around the silicate ring (see, e.g., Guggenheim, 1984).
This adjustment, known as "tetrahedral rotation," has
been recognized in layer silicates since the 1950s (e.g.,
Newnham and Brindley, 1956). Tetrahedral rotation low-
ers the symmetry of the ring to ditrigonal and serves to
reduce the lateral dimension ofa larger tetrahedral sheet
by as much as 10-l2ol0.

Tetrahedral rotation (Radoslovich, 1961), as measured
by the tetrahedral rotation ang)e a, is a common and
effective means to reduce the lateral dimensions of a larg-
er tetrahedral sheet to conform to the dimensions of an
octahedral sheet. A less important distortion may involve
the adjustment of the thickness of the sheet by compen-
sating with alateral dimensional change (Radoslovich and
Norrish, 1962; Eggleton and Bailey, 1967). For example,
the octahedral sheet may expand laterally by thinning or
compressing individual octahedra. Such a distortion is
measured by octahedral flattening (Donnay et al., 1964),
which is described by the angle (r/) between a line drawn
perpendicular to the basal plane and a line joining op-
posite octahedral apices. By analogy, the tetrahedral sheet
may deform in thickness to adjust its lateral dimension
slightly. In this case, the measure of the tetrahedral de-
formation is r, the mean of the Ouoi"u,-T-Oou*, angles (Ra-
doslovich and Norrish, 1962).

For many layer silicates with tetrahedral sheets larger
than component octahedral sheets in the unconstrained
state, ry' and r parameters indicate octahedral-sheet thin-
ning and tetrahedral-sheet thickening, respectively. Al-
though these deformations are consistent with compen-
satory effects for sheet congruency (see Toraya, l98l), it
is unlikely that such polyhedral distortions occur for this
reason only. At least for cases oflayer silicates with larger
tetrahedral sheets, Lee and Guggenheim (1981) have
shown that r values are partly influenced by electrostatic
repulsions of adjacent octahedral cations and the result-
ing shortening of shared edges with respect to unshared
edges around the octahedron. It has been found that ry'
values are influenced by similar repulsions (McCauley et

al., 1973) and by field-strength effects (the ratio ofvalence
to cation radius) of neighboring octahedra (Lin and Gug-
genheim, 1983). Additional contributing factors to ry' and
r values have been reported (cf., Hazen and Wones, 1972)'
Clearly, the misfit between the two sheets is only one of
several factors contributing to the magnitude of these pa'
rameters.

Another notable distortion found in the octahedral sheet
is the counterrotation of upper and lower oxygen triads
(Newnham, l96l), designated as c.r by Appelo (1978). Ra-
doslovich (1963) suggested that shortened shared edges
cause this effect, but regression analyses by Lin and Gug-
genheim (1983) indicate that the difference in size be-
tween the adjacent octahedral sites is the controlling fac-
tor. The results of the regression analyses imply that cation
charge and shared-edge lengths are important insofar as
they affect polyhedral sizes. For structures that have a
uniform chemistry for all of the octahedral sites, varia-
tions in <.r values between octahedra are negligible. How-
ever, octahedral-cation ordering will affect <o values, and
the net effect ofsignificant triad counterrotations reduces
the lateral size of the octahedral sheet by up to a few
percent.

Particularly in cases where there are two cation sites of
unequal size, octahedral-cation ordering can affect the ge-

ometry of the tetrahedral sheet. For example, in micas
that have a large or vacant M(l) site and two smaller
M(2) sites, the tetrahedra tilt out of plane (Tak6uchi, 1965)
to accommodate the larger site. Such tilting forms a wave
or conugation of basal oxygens parallel to the direction
of intralayer shift, e.g., the [110] direction in 2M' poly-
types and the [00] in lM polytypes. The parameter Az
is often used in the literature to describe the z-coordinate
deviation (in Angstrdms) between the oxygens located on
the undulating basal-oxygen plane. It should be noted,
however, that the effect of this distortion on the lateral
dimensions of the tetrahedral sheet is negligible.

Enlarging relatively small tetrahedral sheets. For cases
where the ideal tetrahedral sheet is smaller than the oc-
tahedral sheet, the variations in topology that allow con-
gnrency of the two sheet types are more severe. There is
no single and simple mechanism, such as tetrahedral ro-
tation, to minimize most of the misfit between the tet-
rahedral and the octahedral sheets. However, the origin
of the misfit remains the same, and the tetrahedral and
octahedral sheet sizes, therefore, should be correlated to
the chemistry of both sheets.

Two previous attempts have been made to quantify the
misfit between the tetrahedral and octahedral sheets. In
examining 1: I layer silicates, Bates (1959) defined a mor-
phological index (,44) on the basis of the average radius
ofcations occupying tetrahedral sites (r,) vs. the average
octahedral-cation radius (r.). In a plot of r, vs. 1", he de-
fined an arbitrary line that represents a "best fit" ofthe
component sheets and calculated the perpendicular dis-
tance away from this line as a measure of misfit. At the
time, it was thought that misfit and morphology could be
directly related in l: I structures, with platy serpentines



having the best fit and coiled, tubular, or cylinical ser-
pentines having poor fit. However, Bates noted that mis-
fit alone is not responsible for serpentine morhology, as
the amount of H bonding between l:l layers plays an
important, if not dominant, role. In addition, Guggen-
heim et al. (1982) have shown that there is no direct
relationship between morphology and misfit, because Fe-
and Mn-rich and Al-poor serpentines can be platy, al-
though component-sheet misfit is large. Furthermore,
Wicks and Whittaker (1975) have shown that there is
compositional overlap between lizardite, chrysotile, and
parachrysotile. Although a "morphological" index is per-
haps an anachronism, the use ofan average cation radius
as a measure of misfit represents a valid and useful ap-
proach.

For Bates's (1959) analyses of morphology, assump-
tions as to the distribution of cations in the tetrahedral
and octahedral sheets were not consequential. However,
for an accurate measure of misfit, cation distribution be-
tween the component sheets is important. Also, as noted
by Bates, interlayer bond strength, as determined by H
bonding across the interlayer region, must be considered
for l:l structures. In addition, Gillery (1959) and later
workers (e.g., Steadman and Nuttall, 1963; Chernosky,
1975; Mellini, 1982) recognized that electrostatic inter-
actions exist between l: I layers when, because of cation
substitutions, the octahedral sheet acquires a positive
charge and the tetrahedral sheet a negative charge, al-
though the resultant l:l layer charge is neutral. There-
fore, a misfit index based merely on l. and r, should not
be used for the serpentines, which have an interlayer bond
strength determined on the basis of the number and ori-
entation of H bonds and on other electrostatic interac-
trons.

Tak6uchi (1965) suggested a direct measure (D) of mis-
fit. This may be calculated from the formula: D : (1. -

/,)//" where { is the hexagon edge length formed by apical
oxygens of a tetrahedral ring of ideal hexagonal symme-
try, and /" is the corresponding edge in the observed oc-
tahedral sheet. For a mica structure with both M(l) and
M(2) sites equal in size and shape, /" is equal to one side
of the upper (or lower) oxygen triad of the octahedron.
For trioctahedral micas, negative values of D indicate
that the lateral dimensions of the tetrahedral sheet are
grcatet than the lateral dimensions of the octahedral sheet.
Presumably, tetrahedral in-plane rotation can readily
compensate for this type of sheet misfit. Tak6uchi ( 1965)
discussed the parameter in dioctahedral micas, but of more
interest for the discussion here is the case where D is
positive and the octahedral sheet is larger than the tet-
rahedral sheet.

The concept of the direct measure of misfit, D, suffers
from not being useful as a predictive tool. For an accurate
analysis of /, and /., it is first necessary to determine the
structure. Alternatively, /, and /. may be calculated as-
suming ideal sheet geometries, but then the approach is
only a gross approximation. For example, Tak6uchi (1965)
noted that talc has a D value of +2.0, suggesting that the
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Fig. 1. A portion ofthe zussmanite structure viewed in per-

spective and with the K cations omitted. These cations occupy
twelvefold sites between opposing sixfold rings, one of which is
illustrated. (Modified from Lopes-Vieira and Zussman, 1969.)

tetrahedral and octahedral sheets do not match. Since
then, the talc structure has been determined (Rayner and
Brown, I 97 3) and refined precisely (Perdikatsis and Burz-
lafl l98l). The misfit of the two sheets is eliminated by
a tetrahedral sheet that is thinned considerably by dis-
torting individual tetrahedra so that the lateral dimen-
sions ofthe sheet increase. Clearly, the use ofideal sheet
geometries may be misleading. Also, the effect of chem-
ical substitutions, either tetrahedrally or octahedrally,
cannot easily be calculated by this approach.

Moour,.lrpn 2:1 r,.lvrn sILICATE STRUCTURES

The modulated 2: I layer silicate structures may be sep-
arated into two groups, (l) those having strips composed
of tetrahedral rings on both sides of the continuous oc-
tahedral sheet and (2) those having regions oftetrahedral
rings that are analogous to islands. Zussmanite and stilp-
nomelane belong to the latter whereas minnesotaite and
ganophyllite comprise the former. Bannisterite does not
clearly belong to either group but, for convenience, it has
been included with zussmanite and stilpnomelane.

Island structures

Zussmanite. Zussmanite was described briefly by Ag-
rell et al. (1965) who proposed a chemical formula of
(Ko nrNao or)(Fe?d.rrMg, ,rMno ouAlo roFel-,,Tio ot)r:,r(Si,u u-
Alr o)O,r r(OH),r, (ideally, KFe,r(Si,,Al)Oor(OH),J. Lopes-
Vieira and Zussman (1969) determined and refined the
structure of zussmanite in space group R3, but noted also
that many reflections were streaked parallel to Z*. Jeffer
son (1976) showed that these reflections were caused by
two types of stacking disorder, one involving the rhom-
bohedral structure and the other relating to a severely
strained structure with triclinic symmetry. There is an
apparent compositional variation between the two struc-
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Fig. 2. An idealized stilpnomelane structure (A) projected
onto the X-Y plane and (B) viewed along [110] (both modified
from Eggleton, 1972).

tures with the triclinic form depleted in K and slightly
enriched in Mn at the expense of Fe. Polytypes may form
with both structures, and Jeferson (1976) has noted the
occurrence of numerous one- and two-layer varieties. Muir
Wood (1980), in a study on the same material, did not
find the inverse K to Mn variation in all cases, as was
reported by Jefferson (1976). In addition, he noted the
occurrence of zussmaniteJike (designated as "2u2") ma-
terial with cell parameters approximately 80/o smaller and
with a chemistry of approximately KAlMn._,Fel[rSi,,-
Oor(OH),o, by analogy to zussmanite.

The zussmanite structure (Lopes-Vieira and Zussman,
1969) contains T-O-T layers defined by sixfold rings of
tetrahedra opposing a continuous octahedral sheet. Three-
fold tetrahedral rings laterally connect the six-fold rings
and connect adjacent T-O-T layers through a tetrahedral
edge across what is the interlayer region in a normal layer
silicate (see Fig. l). Alkali ions reside in the hole formed
by two opposing sixfold rings in the interlayer region, but
the number of such sites is restricted by the presence of
the threefold rings; there are only one-fourth as many
alkali positions in zussmanite as compared to a normal
mrca.

Stilpnomelane. Modern structural work on stilpnomel-
ane was initiated by Eggleton and Bailey (1965) in which
the subcell was defined and described. Eggleton (1972)
described the full cell and later (Eggleton and Chappell,
1978) compared chemistry to physical properties and cell
data. Crawford et al. (1977) found evidence for two two-
layer and many long-range periodicities from an electron-
microscope study.

Stilpnomelane is generally recognized as a group of min-
erals, with the bulk of component Fe ranging from pri-
marily Fe2* (ferrostilpnomelane) to primarily Fe3* (fer-
ristilpnomelane). Although Mg-dominant stilpnomelanes
have been known for some time, Dunn et al. (1984) des-
ignated this species as lennilenapeite. A Mn-dominant
species is known as parsettensife. (See Predicting Modu-
Iated Structures, p. 735.) The end-member Fe varieties
have structural formulae dependent on the protonization
of the hydroxyl groups: KFe?J (SiurAle)Or68(OH)o8. | 2HrO
for ferrostilpnomelane and KrFelr*(Si63Ale)O2r6. 36HrO for
ferristilpnomelane. Eggleton and Chappell (1978) have
suggested a simplified formula based on one-eighth of the
structural formula so that, for example, ferrostilpnomel-
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ane can be represented approximately by KouFeu-
(si,AD(o,oH),,.2H2O.

The structure of stilpnomelane (Eggleton,1972) is com-
posed of a continuous octahedral sheet and modulated
tetrahedral sheets (see Fig. 2). The tetrahedral sheets ar-
ticulate to the octahedral sheet, but form nearly trigonal
islands of six-member hexagonal rings of SiOo tetrahedra.
Each island consists of seven complete six-member sili-
cate rings and has a diameter of seven tetrahedra. The
islands are separated and linked laterally by an inverted
single six-member silicate ring. In contrast to the hexag-
onal rings within the islands, these rings have a more
trigonal configuration. In a normal layer silicate, the in-
terlayer space is vacant or contains the alkali cation. In
stilpnomelane, the interlayer region contains the alkali
cation and the inverted six-member trigonal silicate rings,
which link the islands and adjacent layers across the in-
terlayer space. The interlayer has two trigonal ringsjoined
along Z through the apical oxygens and a resultant doo,
value of 12.2 L.

Bannisterite. Smith (l 948) and Smith and Frondel (1968)
recognized that two different minerals had been confused
for ganophyllite. Smith and Frondel (1968) presented
X-ray, chemical, and additional optical data for bannis-
terite that established it as a species in its own right.
Threadgold (1979) presented a structural formula based
on electron-microprobe analysis and a refinement of the
structure. However, full details have not yet been pre-
sented. Dunn et al. (198 l) chemically analyzed material
from Franklin, New Jersey, and Plimer (1977) reported
on material from Broken Hill. Chemical formulae appear
to range from Caoo, GA., Nao 'n) (Fe' MnorM& ')":,.(Si,or-
Al,6),:,6O38(OH)s'2(H,O) for the Broken Hill material
(Treadgold, pers. comm.) to Ca.o3G<{o,Naoorr)(Fe,o.-
Mnu,orMg, orrZn, oorFef,jr)":,o,ur(Si,o rrAl, rrFefrjo)":,uOrr-
(OH),.6. l(HrO) for the Franklin material (Dunn et al.,
198 l) with a structural formula of IQrCaorM,oT,uOrr-
(OH)8(HrO)r-6 where M and T are the octahedral and tet-
rahedral cations, respectively.

Bannisterite (Threadgold, 1979) has a two-layer struc-
ture with one-quarter of the tetrahedra inverted toward
the interlayer space. These tetrahedra share their apical
oxygens with similarly inverted tetrahedra from adjacent
layers. Sixfold rings are composed oftetrahedra that co-
ordinate directly to the octahedral sheet. Fivefold rings,
very distorted sixfold rings, and sevenfold rings are formed
also, but each ofthese rings contains two inverted tetra-
hedra (Threadgold, pers. comm.). In this way, the close
proximity of highly charged tetrahedral cations is elimi-
nated in the fivefold and distorted sixfold rings. Similar
fivefold and distorted sixfold rings are found in gano-
phyllite.

Strip structures

Minnesotaite. Gruner (1944) suggested that minneso-
taite was the Fe2+ analogue of talc on the basis of X-ray
powder photographs of impure material. However, al-
though the doo, value of approximately 9.6 A suggests a



lalc structure, Guggenheim and Bailey (1982) concluded
from single-crystal photographs of a twinned crystal that
the structure is modulated. Further X-ray analysis and a
chemical and transmission-electron microscopy (rrrvr)
study by Guggenheim and Eggleton (1986a) supported this
conclusion and outlined the details of the structure.

Guggenheim and Eggleton (1986a) showed that min-
nesotaite crystallizes in two structural forms, which may
be designated P and C in accord with the Bravais lattice
of the two respective unit cells. Crystallization ofthe struc-
tural forms appears to be related to chemistry, and the
resulting misfit between the tetrahedral and octahedral
sheets. A simplified structural formula for the C-centered
cell using the chemical data of Blake (1965) and Guggen-
heim and Eggleton (l 986a) on the basis ofeleven oxygens
is (Fe, ,oMno ouMgo ,nAl. orxsi3 88Alo rr)Oro(OH), uo. Of the
seven specimens studied, this sample was the only C-cen-
tered example, and, furthermore, it was the only sample
that crystallized suffciently well to be studied by single-
crystal X-ray methods. Although the P-cell structure var-
ied somewhat in composition, a representative chemistry
is given by (Fe, ,nMno o,Mg, o7)(Si3 eeAlo o,)Or.(OH)3.

Like talc. minnesotaite has a continuous octahedral
sheet. There are adjacent Si tetrahedra on either side of
this sheet to form an approximate 2:l layer (see Fig. 3).
However, in contrast to talc, strips of linked hexagonal
rings of tetrahedra are formed only parallel to L A dis-
continuity ofthe normal configuration ofthe tetrahedral
sheet results along Xbecause some of the tetrahedra invert
partially (note Figs. 3a, 3b). These tetrahedra form a chain
extending parallel to Iin the interlayer region. The chain
serves to link the adjacent strips within the basal plane
and also links adjacent strips across the interlayer space.
The latter linkage is achieved through a tetrahedral edge
(approximately 2.7 L), which is dimensionally equivalent
to the interlayer separation in a normal talc structure. In
this way, the doo, value of minnesotaite closely approxi-
mates the predicted value of an Fe-rich talc. However,
the bonding ofadjacent layers across the interlayer region
is much stronger in minnesotaite than the weak van der
Waal bonding in a talc structure.

The disposition of the tetrahedral strips is such that
strips superpose directly across the interlayer space, but
are displaced parallel to X by one-half of a strip width
across the octahedral sheet. In a normal 2:1 layer silicate,
the octahedral sheet is held in tension between the two
opposing tetrahedral sheets and, thus, is planar. In min-
nesotaite, the strip displacement across the octahedral sheet
relaxes such tension and allows limited curving of the
tetrahedral-octahedral interface to produce a wavelike
stnrcture.

Tetrahedral strip widths in minnesotaite are dependent
on the component sheet chemistry. Hence, there are vari-
ations in unit-cell size and symmetry. As the cations in
the tetrahedra are essentially all Si, variations in octahe-
dral-sheet chemistry are the most critical. When the oc-
tahedral sheet is relatively small, as in the Mg-enriched
sheets, a modulation occurs every four tetrahedra along
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X andtentetrahedra(4 + I + 4 + l) spannineoctahedra;
a P cell is produced. For the C-centered cell, strip widths
alternate between three and four tetrahedra so that nine
tetrahedra (4 + I + 3 + l) span eight octahedra. The
C-centered cell has been found only in the most Fe2+-rich
sample. A minnesotaiteJike phase enriched in Mn was
noted by Muir Wood (1980), but structural information
is lacking.

Ganophyllite. The first careful optical study of gano-
phyllite was made by Smith (1948). He found evidence
that the term "ganophyllite" was being applied to two
separate layer silicates. Smith and Frondel (1968) ditrer-
entiated these phases on the basis ofX-ray data and des-
ignated them as ganophyllite and bannisterite (see above).
The approximate chemical formula (Eggleton and Gug-
genheim, I 986) is (K,Na,Ca)u+7 56(Mn,Fe,Mg)ro(Si3, 5Al' s)-
Or6(OH),6.2lHrO and Z: 8. Peacor et al. (1984) have
given the name of eggletonite to samples with Na > K.
Dunn et al. (1983) have found that for the limited number
of samples they analyzed, there appears to be little vari-
ation in the octahedral occupancy.

Smith and Frondel (1968) showed that ganophyllite
crystallizes in the monoclinic space group A2/a with cell
parameters a : 16.60(5), b : 27.04(8),c : 50.34(15) A,

P:94.2(2)'. There is a prominent monoclinic subcell with
space group I2/a and cell parameters 4o : 5.53 : a/3,
b o :  1 3 . 5 2 :  b / 2 ,  c o : 2 5 . 1 7  A :  c / 2 ,  a n d  B  : 9 4 . 2 .

Jefferson (1978) noted a triclinic polytype la: 16.54(5),
b : 54.30(9), c : 28.52(8) A, d: 127.5(3), 0 : 94.1(2),

r : 95.8(2)'l in space croup IPI or Pll and interpreted
variations in polytype as resulting from structural col-
umns that can be stacked along {01 1} planes.

Ikto (1980) determined the ganophyllite subcell struc-
ture by using single-crystal X-ray data. He described the
subcell (note resemblances in Fig. 4) as having a contin-
uous octahedral sheet with tetrahedral strips on both sides
of the octahedra. The strips are three tetrahedral chains
wide and are extended parallel to X. The strips are stag-
gered across the octahedral sheet so that the rifts between
strips are offset. The rift pattern allows a marked sinu-
soidal curvature of the octahedral sheet and of attached
tetrahedra along }. According to the Kato model, large
alkali cations connect adjacent layers by occupying sites
where rifts oppose each other across the interlayer.

Guggenheim and Eggleton (1986b) found that the large
cations can be readily exchanged. These results are in
contrast to the predicted behavior based on the Kato mod-
el. In that model, there is a high residual negative charge
associated with the coordinating anions ofthe interlayer
alkali site, thereby making cation exchange unlikely. Eg-
gleton and Guggenheim (1986) re-examined the structure
ofganophyllite using the Kato data set, several hundred
additional weak reflections, and electron-diffraction data.
They proposed a model (see Fig. 4) whose significant dif-
ference is based on the interlayer connectors. The triple-
chain strips are connected by pairs ofinverted tetrahedra
that serve to connect both adjacent layers and neighboring
strips. The alkali cations reside in the tunnels formed in
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the "interlayer" region between the inverted tetrahedra.
These sites are numerous and poorly defined and may be
compared to the exchange-cation sites in zeolites. Overall,
the structure may be classified as a modulated mica struc-
ture.

Fig. 3. (A) Perspectivs view ofthe idealized P-cell structure
of minnesotaite. The interlayer tetrahedra share corners to form
a chain parallel to Y, which is more clearly seen in (B) in the
(001) plane drawing. (C) Diagrammatic illustration of the C-cen-
tered cell ofminnesotaite. Note the alternation offour- and three-
tetrahedra-wide strips along X The strips are joined by a cor-
ner-sharing chain along I similar to that shown in (B) (from
Guggenheim and Eggleton, 1986a).

DrscussroN
Excessive out-of-plane tilting oftetrahedra as observed

in the 1 : I layer silicate chrysotile (e.9., Whittaker, 1956b)
cannot occur in normal 2:l layer silicates; opposing tet-
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Fig. 4. (A) Ganophyllite structure projected down X; (B) and (C) Configuration
of the tetrahedral sheet for Z : 0 and Z: Y+, respectively, for the monoclinic form.
Symmetry elements (e.g., open circles indicate symmetry centers) for A2/a are also
given in (B) and (C). (D) A triclinic linkage. (From Eggleton and Guggenheim, 1986.)
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Fig. 5. A series of plots of the average radius of cations occupying the tetrahedral sites (r,) vs. the average radius of cations

occupying the octahedral sites (r") based on ionic radii from Shannon (1976) and observed compositions. Lines a and D are explained
in the text, and octahedral vacancies are ignored in the calculations (see text, also). (A) and (B) Compositions of stilpnomelane with
calculations based on reported Fe3+ values (A) or recalculated assuming that all Fe is Fe'?* (B). Chemical analyses are taken from
Eggleton and Chappell (1978, Table l), Eggleton (1972, Table IVa), and Dunn et al. (1984) and show a wide range of chemical
variations. Labeled points refer to analyses in the original sources. (C) Confining compositional regions for islandlike structures for
stilpnomelane (from Fig. 68), zussmanite, and bannisterite and individual points for chalcodite, gonyerite, and parsettensite. These
regions do not necessarily show maximum limits of geometrical stability. Boxes (labeled 1-5) are talc compositions for ideal (1) and
Fe-rich talcs (2, Robinson and Chamberlain, 1984; 3, Forbes, 1969; 4, Lonsdale et al., 1980; 5, as no. 2 with all Fe as Fe2*). Analyses:
zussmanite, Muir Wood (1980, p. 614); bannisterite, Dunn et al. (1981), Threadgold (unpub.); and gonyerite, Frondel (1955). (D)
Shows a plot analogous to (C), but for striplike structures. Analyses: minnesotaite, Guggenheim and Eggleton (1986a); ganophyllite,
Eggleton and Guggenheim (1986).
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rahedral sheets across a common octahedral sheet hold
the octahedral sheet flat under tension. However. a limited
corrugation in modulated 2:l structures is possible be-
cause tension is relieved at the point of modulation where
the tetrahedral inversions occur. It is noteworthy that the
structure simulates a l:l layer silicate at these inversion
points. Therefore, modulated 2:l layer silicates involve a
continuously varying structural adjustment that compen-
sates for differences in component-sheet lateral dimen-
sions. It is emphasized, however, that the corrugation is
limited in range and that a conflgurational change in-
volving tetrahedral inversions is a requirement.

Tetrahedral inversions usually involve "extra" tetra-
hedra that serve to span ever-increasing octahedral-sheet

lateral dimensions. For example, the ratio of tetrahedral
to octahedral cations increases from l. 3 3: I in talc to I .40: I
in zussmanite, 1.50: I in stilpnomelane, 1.60: I in bannis-
terite, and 1.67:l in ganophyllite. These variations are a
direct result ofthe tetrahedral configurational change and
correspond to the large lateral size ofthe octahedral sheet.

The I, vs. P. plot

The use of r, vs. r. plots to delineate geometrical "sta-
bility" fields may be justified for the modulated 2:l layer
silicates. Obviously, the variations in the ratios of tetra-
hedral to octahedral cations and the structural compen-
sation for differences in the lateral dimensions of the com-
ponent sheets suggest the utility of such plots. Unlike the

*11
32 1

ro(A)
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l: I layer silicates, the 2:l layer silicates lack strong layer-
toJayer interactions either through H bonding or by elec-
trostatic interactions caused by cation substitutions. In
contrast to the serpentines, tetrahedral sheets in the mod-
ulated 2:l layer silicates face tetrahedral sheets across the
interlayer. Also, in some cases, the layer-to-layer distances
are quite large because ofone or more tetrahedra involved
in linkages across the interlayer region. Figure 5 shows a
series ofsuch plots, where r, is the weighted-average tet-
rahedral-cation radius and r. is the analogous parameter
for the octahedral cations. Representative layer-silicate
minerals have been plotted in Figure 5c using ionic radii
data from Shannon (1976). In order to make the plot
useful as a predictive tool (see below), octahedral vacan-
cies are not included in the calculations, as the number
of such vacancies would be unknown in an unknown
structure.

A single line separating the region of geometrical sta-
bility of normal layer silicates from that of the modulated
2:l layer silicates cannot be defined. Approximations can
be made from theoretical considerations (line a) as cal-
culated from Equations I and 2 and from experimental
studies (line b) such as Hazen and Wones (1972) and
Forbes (1969). Line a is based on the assumption that
neither the octahedra nor the tetrahedra are distorted.
Line b does not have this restriction but does suffer from
the fact that experiments may not reflect conditions that
maximize misfit. It is noteworthy that Fe-rich talcs (Rob-
inson and Chamberlain, 1984; Lonsdale et al., 1980) plot
generally between the extremes set by lines a and b. Gug-
genheim (unpub. data) has shown by revr that these Fe-
rich phases are true talcs and not minnesotaite structures.
It is noteworthy also that the oxidation state for the Fe
has not been characterized adquately in all cases. Fur-
thermore, it is emphasized that these lines are approxi-
mations and that no sharp boundary delineating fields of
geometrical stability has been determined. In part, these
lines are approximations because the plot represents com-
positional effects only and does not consider the ionic radii
of the cations at temperatures and pressures of formation.
In addition, errors associated with composition and es-
pecially the oxidation state of Fe may be large. These and
other considerations are discussed in more detail below.

The compositions of the modulated structures cluster
to the right of line a and D \,\rith the notable exception of
the stilpnomelanes (Fig. 5a). The large range of compo-
sitions for the stilpnomelanes may be a result of postcrys-
tallization oxidation (see Hutton, 1938 Zen, 1960). Fig-
ures 5a and 5b show the effect of calculating 7" and 7,
values based on both Fe3* (0.65 A; and p"z+ 10.72 A)
values. With the exception of one analysis (no. 33), which
is very Al-rich, all points falling to the left of line D have
significant octahedral vacancies. If such vacancies (at a
"radius" of 0.82 A) are included in the ro term, all these
points would shift significantly to the right near line b.
Ignoring octahedral vacancies in the z" term produces a
greater spread in points for the other plots in Figure 5
also. The conclusion that misfit between the tetrahedral

and octahedral sheets is necessary to produce a modulated
structure should be considered tentative until additional
data are obtained for analysis no. 33. Clearly, however,
misfit of tetrahedral and octahedral sheets is a geomet-
ically limiting factor. Whereas (Fe2*,Fe3+) stilpnome-
lanes may have a large compositional range, there is a
geometrical limit in which the misfit between the two
kinds of sheets prevents the formation of the structure (at
higher average octahedral-cation sizes). It is noteworthy
that all modulated structures have compositional regions
that fall to the right of lines a or b, the two approximations
for the limitation of the congruency of nornal tetrahedral
and octahedral sheets. Therefore, when compositions fall
to the left of these lines, the modulated structure(s) re-
quires readjustments that involve lateral reductions in the
dimensions of the tetrahedral sheet, such as tetrahedral
rotation or possibly sheet thinning or thickening, etc.

The use of the r, vs. F" plot requires that the chemistry,
including the oxidation state of the constituent cations,
has been determined and that the structural formula is
known or known approximately. It is assumed that alkali
cations have no or little effect on the linkage between the
tetrahedral and the octahedral sheets. Of particular im-
portance is the allocation of Al, which may commonly
occur both tetrahedrally or octahedrally in layer silicates.
However, examination of the ideal formulae of all mod-
ulated structures (see above) indicates that Al is tetrahe-
dral. Examination of the chemical composition of natural
phases suggests that Al occurs only in the tetrahedral site
at end-member compositions, i.e., when the average oc-
tahedral-cation size is large relative to Al. This relation-
ship suggests that there are geometric constraints in-
volved.

Cation partitioning

In a continuous trioctahedral sheet, the octahedra share
edges and thus have a constraining effect on the size of
neighboring octahedra. In an octahedral sheet composed
primarily of large cations, an isolated octahedron con-
taining a much smaller cation will be unstable. This in-
stability results from the larger shared edges between the
octahedron containing a small cation and its six large
octahedral neighbors; small cations do not usually reside
in cavities that are too large. Therefore, for modulated
layer silicates with primarily Fe2* or Mn in the octahedral
sheet, Al should prefer the tetrahedral sites. The differ-
ences in radii between neighboring Al3+ and p"z+ 1-300/o)
or Al3* and Mn2+ (-:SoUo; would effectively enlarge an Al
octahedral site to an unacceptable degree. However, when
sufficient AI3+ is present so that there is a coalescence of
smaller-size octahedra, this effect is minimal and site as-
signment is more uncertain. It is also unclear whether the
effect would be important for synthetic phases where equi-
librium has not been acheived or for structures where the
octahedral sheet is discontinuous, as cations could pref-
erentially enter sites at sheet edges.

For an octahedral sheet composed oflarge cations, it is
argued that an isolated octahedron containing a relatively
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small cation will be avoided. Such an argument applies
to all trioctahedral 2:l layer silicates, including the hy-
droxyl-rich micas. For these micas, the general cation-
ordering pattern (Guggenheim, 1984, p. 7l) shows a trend
of a larger M(l) site relative to M(2). In a typical mica,
site M(1) is surrounded by six M(2) sites, whereas each
M(2) site shares edges with three other M(2) sites and
three M(l) sites. Thus, the M(l) may be considered "iso-
lated" in the sense that it is sharing edges with only one
type of octahedral site, M(2). Hence, the constraining ef-
fect of M(2) dictates that a smaller cation avoids entering
M(1), as is generally observed.

There are several notable exceptions to the general or-
dering pattern, namely (l) clintonite (Tak6uchi and Sa-
danaga, 1966), which has been described with a small
M(1) site containing Al and relatively large M(2) sites
containing Mg, and (2) some Li-rich micas (e.g., Guggen-
heim and Bailey, 197 7 ; Guggenheim, I 98 I ) with one small
Al3+ octahedral site and two large sites. Recent neutron
diffraction (Joswig et al., 1986) and X-ray diffraction stud-
ies (MacKinney and Bailey, in prep.) of clintonite suggest
that the earlier work is in error and that clintonite does
conform to the normal ordering pattern of a relatively
large M(l) site. In the Li-rich micas, sufficient F, univalent
cations, and vacancies exist to prevent a uniform geom-
etry from developing in the octahedral sheet. For example,
octahedral sites containing vacancies and univalent cat-
ions readily distort to accommodate their trivalent Al
neighbor. Thus, they cannot act to constrain sizes ofneigh-
boring octahedral sites. Furthermore, F substitution for
(OH) favors being associated with a smaller site (Gug-
genheim and Bailey, 1977).

More direct evidence that octahedra may effectively
constrain the size ofneighbors with shared edges has been
given by computer modeling simulations by Baur et al.
(1982) in the rutile-type structure. For this case it was
found that a larger VFu octahedron would be reduced in
size by about 0.250lo if surrounded by smaller MgFu oc-
tahedra. Although rutile is composed of edge-sharing oc-
tahedra forming chains rather than sheets, it is clear that
the argument is similar, and it would be expected that the
effect is greater for a sheetlike arrangement.

Effect of temperature and pressure

The f, vs. r" plot requires precise values for ionic radii
at the temperature and pressure of mineral formation, if
the plot is to represent the true upper limits of misfit
between the tetrahedral and octahedral sheets. However,
not only are these values difficult to obtain, it is often
difficult to ascertain the environmental conditions of min-
eral formation. Therefore, the regions of delineating geo-
metric stability are only approximations, as the ionic radii
used for these plots are based on ambient conditions.

High-temperature studies of fluorophlogopite (Takeda
and Morosin,1975) and high-pressure studies of phlog-
opite and chlorite (Hazen and Finger, 1978) have dem-
onstrated strong anisotroic temperature and pressure re-
sponses that relate to diferences in bonding within and
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between 2:l layers. For example, interlayer distances are
characterized by weaker bonds in these layer silicates.
Therefore, interlayer-volume reduction is high when com-
pressive forces are applied along Z*. These results imply
that hydrostatically applied stress to the system is not
necessarily transmitted through the structure isotropical-
ly, but is generally controlled by and transmitted along
bonds. In contrast, the inverse relationship generally holds
for increasing temperature, with interlayer volume in-
creasing greatly.

Unlike normal layer silicates, modulated 2: I layer sil-
icates have tetrahedral connectors across interlayer space
and, therefore, should be significantly stiffer alotg Z*.
Thus, the interlayer region cannot act as an efficient pres-
sure "buffer." Instead, the tetrahedral connectors would
be expected to transmit pressure more efrciently along
Z*. Because the tetrahedra are very rigid, an octahedral
site in a modulated structure would be expected to have
a different compressibility than the analogous site in a
normal layer silicate. Assuming that compressive forces
are transmitted to the octahedral sites efrciently and are
not greatly attenuated by T-O-T bending (see the sug-
gestion by Vaughan in Hazen and Finger, 1982, p. 155-
156), a high-pressure, low-temperature environment
should efectively promote a reduced misfit of tetrahedral
and octahedral sheets. These conditions apparently pre-
vailed during the formation of zussmanite (Agrell et al.,
1965), which is found in the Franciscan Formation of
California and is believed to be ofblueschist-facies origins.
Of course, although misfit of tetrahedral and octahedral
sheets may be a geometrically limiting feature of these
structures, thermal stability is not based necessarily on
this feature alone.

Modulations along preferred directions

Variations in the topological arrangement of the tetra-
hedra must have important consequences in how the mis-
fit between the two sheets is relieved. Strip structures with
tetrahedral strips ofset on alternate sides ofan octahedral
sheet (e.g., see Fig. 3a or 4a) allow the octahedral sheet to
be wavelike and, hence, allow the distance from apical
oxygen to apical oxygen to increase. This increase results
in tetrahedra tilting out ofthe (001) plane and effectively
increases the lateral dimensions ofthe tetrahedral sheet.
Furthermore, the change in the configuration ofthe sixfold
ring relieves the strain along one axis. Whereas these
mechanisms are suitable for relieving misfit in one direc-
tion, they do not explain why there is no modulation of
the strip structure parallel to either I as in minnesotaite
or X as in ganophyllite, i.e., why is the hexagonal ring
strip continuous? Eggleton and Guggenheim (1986) sug-
gested that Al preferentially occupies the central contin-
uous tetrahedral chain ofthe triple chain in ganophyllite.
This substitution sufficiently increases the chain dimen-
sion so that it may span the octahedra along X. Evidence
that this substitution occurs comes from (l) tetrahedral-
site size considerations and (2) the position ofthe inter-
layer cation, which is located predominantly near the tet-



rahedral rings at the center ofthe strip. These tetrahedra
would have undersaturated basal oxygens. Tetrahedral
chains lateral to the central Al-bearing tetrahedral chain
are lengthened by the addition ofthe inverted tetrahedra
(see Fig. 4). Ganophyllite represents the first modulated
layer silicate refined sufrciently to reveal that cation-or-
dering effects may play an important role in establishing
the stability of a modulated 2:l structure.

In minnesotaite, misfit of tetrahedral and octahedral
sheets is relieved along the strip direction by distortions
within the octahedral sheet (Guggenheim and Eggleton,
1986a). Apparently, the structure can accommodate great-
er misfit when strip edges are numerous because ofnarrow
strip widths (three and four tetrahedra wide). The octa-
hedra would have a greater ability to distort ifthe oxygen
normally shared between both the tetrahedral and octa-
hedral sheets is not constrained in its position. Tetrahedral
inversions require that those oxygens are replaced by OH
groups to complete the octahedral coordination about the
Fe ions. Thus, the OH groups have greater positional
freedom. However, it should be noted that there is no
direct experimental evidence indicating such distortions,
as the data were insufficient to accurately refine either the
subcell or the supercell.

Island structures have a greater capacity for variations
in chemistry than the strip structures. For example, in
stilpnomelane, it would be expected that tetrahedral ro-
tation would be the primary mechanism allowing such a
diversity of compositions (see Fig. 5). Tetrahedral rotation
requires a lateral shortening ofthe tetrahedral sheet with
components along both X and Y. These directions are
consistent for an island structure, but oppose the de-
velopment of strip structures that require an extended
chain in one direction. Limited tetrahedral rotation, how-
ever, is still possible in strip structures. For example, in
ganophyllite, sufrcient tetrahedral Al is present to over-
compensate for the misfit in the strip direction.

In summary, it has been proposed that the concept of
misfit of tetrahedral and octahedral sheets may be useful
to delineate the upper limits of geometrically constrained
structural stability for the modulated 2:l layer silicates.
However, it is necessary to know the mineral chemistry,
including the oxidation states of the elements, in order to
represent such limits efectively. Unless structural infor-
mation is available or may be inferred correctly, it is
suggested that Al be assigned to the tetrahedral sites, es-
pecially when the octahedral sheets are nearly end-mem-
ber Fe2+, Mn, or Fe2+ * Mn. Apparently, octahedral dis-
tortions, ifthey occur frequently, and cation ordering may
act to relieve the misfit oftetrahedral and octahedral sheets.
These structural variations may act together with the more
obvious mechanisms (reversal of tetrahedral apices, the
thinning or vertical expansion of the component sheets,
or the limited curving of the tetrahedral-octahedral in-
terface, etc.) to make the two sheets congruent. The effects
of environmental conditions of formation are important
also, as temperature and pressure are known to affect co-
ordination polyhedra differently. With all of these known
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variables, it becomes of interest to determine if it is still
possible to identify modulated structures from chemical
considerations alone. Furthermore, it is useful to deter-
mine if it is possible to predict or construct reasonable
models based on chemical or limited other data.

PnnucrrNc MoDULATED sTRUCTURES

Eggleton has listed (Table IVb of Eggleton, 1972) anal-
yses that do not seem to conform to the stilpnomelane
structural model. Some of these analyses are old and pos-
sibly erroneous, whereas other have been clearly linked
to structures that have been shown to be unrelated to
stilpnomelane. Two analyses (no. 46<halcodite and no.
39-parsettensite) deserve further comment. Chalcodite
plots in Figure 5 within the stilpnomelane region if it is
assumed to have a structural formula with72 tetrahedral
sites similar to stilpnomelane. It seems likely from the
chemistry that chalcodite is a variety of stilpnomelane.
Transmission-electron diffraction patterns of chalcodite
from the Sterling mine, Antwerp, New York, show char-
acteristic stilpnomelane patterns.

In contrast to chalcodite, parsettensite plots well away
from the regions on the r, vs. ro plot (Fig. 5) for either
island or strip structures. It should be noted that all Si,
Al, and Fe were considered in fourfold coordination and
that there is still a 0.8 cation deficiency if compared to a
tetrahedral total of 7 2 cations per formula unit as in stilp-
nomelane. Likewise, there is a 0.8 octahedral-cation ex-
cess out of48. Although the analysis is old (Jakob, 1923)
and possibly suspect, the Mn-rich octahedral sheet sug-
gests considerable misfit.

Figure 6 shows a transmission-electron diffraction pat-
tern of the basal plane (electron beam parallel to Z*) of
parsettensite. The two-dimensional hexagonal or pseu-
dohexagonal pattern is indicative of a layer structure with
the more intense nodes derived from the strong scattering
material ofa continuous or nearly continuous octahedral
sheet. Like most layer silicates, parsettensite shows perfect
cleavage on the (001) plane. Weaker nodes, also in a hex-
agonal or pseudohexagonal arrangement, are caused by a
modulated tetrahedral sheet. The hexagonallike nature of
the basal plane suggests that the structure is islandlike, as
a strip structure would show a superlattice along one di-
rection only. X-ray powder-pattern photographs (not
shown) suggest a possible analogy to the structure of stilp-
nomelane. However, it should be noted that different tet-
rahedral configurations solve similar magnitudes of misfit
ofthe tetrahedral and octahedral sheets; for example, note
the overlapping regions of stilpnomelane and zussmanite
in Figure 5. At the same meeting in which portions of this
paper were presented in oral form (Guggenheim, 1986),
Ozawa et al. (1986) presented data on the unit cell of
parsettensite, thereby independently confirming the mod-
ulated nature ofparsettensite. They have defined a cell of
a: 39.1 A, b : 22.6 A, and doo, : 12.6 A.

It appears unusual that there have been no reports ofa
modulated chlorite structure, as all other layer-silicate
groups are represented. Frondel (1955) reported an Al-
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6. Electron-diffraction pattern of the basal plane (beam parallel to Z*) ofparsettensite (t.fO .o*pur.O to stilpnomelaneFig.
(right).

poor, Fe- and Mn-rich chlorite known as gonyerite. If Si,
Al, and Fe3* are tetrahedrally located to conform to a
chlorite structural formula (total tetrahedral occupancy of
4.0 cations per formula unit), the chemistry may be plot-
ted on a lr vs. l. plot (Fig. 5). We emphasize, however,
that the normal chlorite structure consists of two octa-
hedral sheets, and it is likely that elemental partitioning

Fig. 7. Electron-diffraction pattern of the basal plane of go-
nyerite.

can affect misfit in a chlorite. In addition, it is unclear
how H bonding in the interlayer region may affect com-
parisons to other modulated structures. However, with
these constraints and even ifall small octahedral cations
and all large tetrahedral cations are partitioned within the
2:1 layer, there is still considerable misfit.

Examination of transmission-electron diffraction pat-

terns of the gonyerite basal plane shows, in addition to
reflections attributed to the heavy octahedral cations,
weaker reflections indicating a superlattice presumably
related to tetrahedral modulations (see Fig. 7). The lattice
is based on a hexagonal cell indicating an islandlike struc-
ture. Difraction data involving 00/ reflections are con-
sistent with a 28-A c cell parameter. It is notable that
patterns show strong / : odd reflections, and these re-
flections probably indicate that the (two-layer) unit cell is
not composed of similar 2: I layers. High-resolution trans-
mission-electron microscopy (Hnrrv) has confirmed this
interpretation. Gonyerite is considerably more complex
than a normal two-layer chlorite in which a two-layer
sequence is a result of stacking variations. Because of the
complexity of a chlorite structure, we would be premature

to suggest a modulation description. Both the parsettensite
and the gonyerite structures are to be described in more
detail at a later time.

The possibility of using the plotted position (Fig. 5) of
a modulated structure relative to lines a ot b to predict

the island size or strip width is limited. The nature of the
tetrahedral perturbation at either the island or strip
boundary, the extent of out-of-plane tetrahedral tilting,
the possibility of cation ordering, etc., all serve to make
such predictions on an a priori basis difficult. However,
if additional information such as cell parameters or sys-



tematic variations in overall diffraction intensity is known,
it is possible to construct possible models for the structure.
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