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Abstract-Transmission electron microscopy (rEM), including selected area electron diffraction (SAED), 
has been used to identify polytypes in illite, phengite and muscovite from samples representing a wide 
range of diagenesis and low-temperature metamorphism. Samples include Gulf Coast sediments, sedi­
ments from the Salton Sea region, California, the Martinsburg Formation at Lehigh Gap, Pennsylvania, 
the Kalkberg Formation at Catskill, New York, Otago Schists from southern New Zealand, pelites from 
the Gaspe Peninsula in Quebec, Canada, shales and slates from Wales, sediments from the Barbados 
accretionary complex, and synthetic hydrothermal illite. 

Samples from rocks of lowest grades, including those representing a range of sedimentary diagenesis, 
invariably give SAED patterns with few, complex non-OOI reftections which are diffuse and ill-defined 
and that represent largely disordered stacking sequences. Corresponding XRD patterns are consistent 
with IMd polytypism. The term IMd is therefore retained for this material. Higher grade samples, including 
those in which slaty cleavage is developed, and detrital grains in low-grade sediments invariably give 
dilITaction patterns of well-ordered 2- or 3-layer polytypes. Of all samples and localities studied, only 
one dilITaction pattern, from a sample in the Gaspe sequence, was found to be predominantly 1M. In 
none of the other sequences included in this study were any 1M or predominantly 1M electron diffraction 
patterns obtained for illite grains. 

Where illite is in its original state of formation, it is consistently IMd , whether it originates as a result 
of direct crystallization from solution or as a replacement of smectite. Where illite has apparently un­
dergone subsequent change, presumably through dissolution and crystallization representing an Ostwald­
step-rule-like change, it occurs as a well-ordered 2-layer (inferred to be 2M,) or, less commonly, a 3T 
polytype. On the basis of this limited survey, the state ofpolytypism appears to directly identify illite as 
either being in, or changed from, its initial state of formation. 
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INTRODUCTION 

The existence of a sequence of transformations be­
tween polytypes of a luminous dioctahedral micas from 
1M. through 1M to 2M" occurring as a function of 
increasing grade of diagenesis-metamorphism, has been 
accepted for many years (e.g. , Yoder and Eugster, 1955; 
Velde, 1965; Kisch, 1983; Mukhamet-Galeyev et aI., 
1985). It has been suggested (Velde, 1965) that IMand 
1M. polytypes are metastable and that 2M, is the stable 
polytype of dioctahedral white micas; however, in sed­
imentary rocks IMd is the predominant form. Kisch 
(l983) suggested that the IMto 2M, transition is com­
plete by the onset of greenschist-facies metamorphism. 

Subsequent to the description of the six simple mica 
polytypes (lM, 2M" 2M2 , 20, 3T, and 6H) by Smith 
and Yoder (1956), much research has been devoted to 
the structural and chemical factors controlling poly­
typism. The effect of compositional variation on mica 
structure (and in tum polytypism) is documented by 
Giiven (1971) and Abbott and Burnham (1988). Giiven 
(1971) proposed that different polytypes result from 
the deviations of single mica layers from ideal C2/m 
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symmetry as a result of compositional variation, degree 
of AP+-Si4+ ordering, and distortions resulting from 
octahedral substitutions and vacancies combined with 
interlayer shift parallel to corrugations in the basal 0 
planes of the tetrahedral layers. Abbott and Burnham 
(1988) explained the frequency of occurrence of the 
simple polytypes as a function of the amplitude of 
corrugations in the basal 0 surface, and tetrahedral 
rotation. As the proportion of octahedral Mg2+ increas­
es (i.e., phengite component increases), the amplitude 
of basal corrugations decreases, as does the effect of 
those corrugations in determining polytype stability 
(Abbott and Burnham, 1988). Polytypes with long-pe­
riod repeats have been attributed to growth along single 
screw dislocations on (001) of simple polytypes (Smith 
and Yoder, 1956; Baronnet, 1975; Pandey et aI., 1982). 

Illite varies in composition from muscovite in that 
it has a smaller AliSi ratio, and therefore a lower net 
negative charge and correspondingly smaller number 
of charge-balancing interlayer K + ions. In addition, most 
illite grains are less than 2 microns in size (Grim, 1968). 
Most mica-like materials that have been characterized 
as being IMd are illite rather than muscovite. However, 
such materials have compositions that approach that 
of muscovite with increasing grade of metamorphism. 
Increasing tetrahedral charge deficiency and K+ con-
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tent, as well as decreasing octahedral charge and water 
content, is concomitant with the transformation to the 
2Ml polytype (Kisch, 1983; Hunziker et al., 1986; Lee 
et al. , 1986). Srodoii et al. (1986) proposed the exis­
tence of two distinct illite compositions (having 0.55 
and 1.00 K+ per illite layer, respectively). These were 
hypothesized to combine and create averages ranging 
between the end members. Such a scheme differs sub­
stantially from that of the generally-accepted single sol­
id solution series ranging between end members as a 
result of substitutions in sites of a single kind of struc­
tural unit. According to Srodoii et al. (1986), the tran~ 
sition between the two types of illite is accomplished 
through a mechanism of dehydration of interlayer hy­
drated K+ as it is fixed, rather than by neoformation. 
Srodoii et al. (1986) also propose an increase in or­
dering of structure with increasing K+ content. 

Based on geological occurrences, Mukhamet-Gale­
yev et al., (1985) inferred that the 2M. polytype is 
stable, and that the transition from the 1M polytype 
should occur in a geologically reasonable time span at 
temperatures above 350°C. Their experiments dem­
onstrated that the transition from IMto 2M. polytypes 
occurs via solution, with crystallization of 2M. as the 
rate-limiting step. The results of their syntheses indi­
cate that both 2Ml and 1M polytypes form directly 
from gel, but the rate of crystallization of 2M. is much 
slower. As a result, there is much more 1M material 
after initial crystallization. Upon completion of re­
crystallization, the 1M-2M. transition was said to have 
taken place, with the earlier-formed 2M. crystals serv­
ing as nuclei. Velde (1965) produced 2M muscovite 
experimentally at lower temperatures (22SOC, 4 Kb) 
than described by Mukhamet-Galeyev et ai. (1985). 
Lee et al. (1985) have documented the transition from 
IMd illite in bedding orientation of shales of the Mar­
tinsburg Formation (Lehigh Gap, Pennsylvania) to 
2-layer polytype illite in cleavage orientation of slates, 
via dissolution and crystallization. 

In a strict sense, the changes in stacking sequence 
discussed in this paper do not relate to true polytypism. 
Polytypism requires, sensu stricto, that changes in 
stacking sequence are not accompanied by changes in 
composition, whereas the dioctahedral minerals de­
scribed herein vary in composition from illite to mus­
covite and phengite with increase in grade of diagen­
esis/ metamorphism. Nevertheless, we will use the term 
polytypism in reference to the changes in stacking se­
quence, as is traditional, but with the caveat that such 
usage is inexact. 

Most studies of polytypism have relied on X-ray 
diffraction (XRD) to identify mica polytypes. Smith 
and Yoder (1955) described methods of identification 
of polytypes using powders and single crystal samples. 
These methods have subsequently been used by several 
others (e.g. , Levinson, 1955; Velde and Hower, 1963; 
Reynolds, 1963; Velde, 1965; Maxwell and Hower, 

1967; Karpova, 1969; Frey et al., 1983; Bailey, 1984, 
1988; Mukhamet-Galeyev et al., 1985; Hunziker et ai., 
1986; Inoue et ai., 1987, 1988; Austin et ai., 1989; 
DiMarco et al., 1989). It has been shown that sample 
characteristics, such as grain size and interferences from 
nonclay sample components, have a significant effect 
on polytype determination by XRD (Hughes et aI., 
1988; Austin et al., 1989). Austin et ai. (1989) note 
that the term 1 Md refers, sensu stricto, to the disordered 
polytype associated with the 1M ordered polytype, and 
that this term has frequently been misused in reference 
to disordered samples consisting of non-1M polytypes 
or interlayered smectite. These errors are easily avoid­
ed with the TEM methods employed in this study be­
cause the polytype ofindividual illite grains is observed 
directly. Recent studies using TEM have demonstrated 
that phyllosilicates in sub-greenschist facies rocks are 
extremely heterogeneous (Lee et aI., 1985, 1986; Ahn 
and Peacor, 1986; Yau et ai., 1987a, 1987b, 1988). 
Polytypism varies not only between grains within a 
single sample, but also within individual grains. 

One advantage ofXRD methods is that they lead to 
determination of stacking sequences that are averages 
for heterogeneous material, and thus reflect the signif­
icant, dominant polytype. However, polytype deter­
minations using such methods may include material 
from a variety of origins (e.g., detrital vs. authigenic) 
and do not directly characterize specific grains, or gen­
erations of grains, of illite. On the other hand, trans­
mission electron microscopy is capable of direct char­
acterization of polytypism in individual grains (e.g., 
Iijima and Buseck, 1978; Amouric et ai. , 1981; Iijima 
and Zhu, 1982). More importantly, the origins of such 
grains can be determined through a variety of methods 
that include direct imaging of textural relations and 
determination of composition through high resolution 
energy dispersive X-ray analysis. Care must be taken 
to verify that the results from small specimen areas are 
representative of the average material. 

Diffraction patterns and lattice-fringe images of il­
lite, phengite, muscovite, and other micas have been 
obtained from a large number of localities and envi­
ronments by several workers in the Mineralogical Lab­
oratories of the University of Michigan. Although 
polytypism was documented, no attempt has been made 
to correlate the results. Therefore, we . have reviewed 
the TEM data in order to determine trends in poly­
typism from as large a variety of environments as pos­
sible. We utilized results only from grains for which a 
nondetrital origin had been established. 

METHODS AND MATERIALS 

Microscopy and diffraction 

All observations were made using ion-milled sam­
ples. Except for products of the hydrothermal experi­
ments, all TEM samples were obtained from thin sec-
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tions, and thus original textural relations were retained. 
Detailed procedures are described in the separate pa­
pers cited. TEM observations were made using a JEOL 
100-CX stem. A CMI2 instrument was used for ob­
servations of samples from Wales, Barbados, Gaspe 
Peninsula, and some samples from the Gulf Coast. 
SAED patterns, textures in TEM images, lattice-fringe 
images, and EDS analyses were used for illite identi­
fication. 

All of the SAED patterns from the studies cited were 
available. However, only those patterns were used for 
which c* was perpendicular to the electron beam and 
where non-DOl reflections were present for which k *-
3n. Polytypes can only be identified under these con­
ditions. There are three 2-layer polytypes, 20, 2M1 , 

and 2M2 , and one 3-layer polytype (3D, dioctahedral 
micas commonly being 2M I. Although some polytypes 
were identified as 2M1, only the periodicity was de­
termined in most samples. Therefore, the descriptions 
are simply characterized as 2-layer polytypes. 

The principles involved in polytype identification by 
XRD and electron diffraction have the same basis. For 
dioctahedral micas, the contributions of octahedral 
cations and anions dominate the k = 3n reflections 
(ions that repeat at an interval of b/3). The k *- 3n 
reflections are dominated by the contributions from 
tetrahedral cations and basal oxygens (ions that have 
interruptions or do not repeat at intervals b/3) (Bailey, 
1988). Therefore, polytypes can be identified from the 
periodicity ofthe k *- 3n reflections, corresponding to 
the periodicity of rotations of the 2: I layers. The 001 
reflections give no polytype information owing to their 
insensitivity to variations in x and y coordinates of 
atoms within planes. For IMd material, reflections hav­
ing k *- 3n are diffuse as a consequence of the lack of 
ordered periodicity in the rotation of basal 0 planes. 

Samples 

Dioctahedral, aluminous clay minerals from a va­
riety of localities, geological ages, and environments 
were examined for this study. They have been de­
scribed in detail in separate publications, and therefore 
will only be reviewed briefly below. It is important to 
note however, that most samples come from prograde 
sequences that cover a significant portion of the range 
of diagenesis and low-grade metamorphism, up to and 
including the greenschist facies. All samples have been 
well characterized using a variety of techniques. 

RESULTS 

Gulf Coast samples (Cretaceous-Tertiary) 

Samples from four different wells that span the smec­
tite to illite transition have been studied. Ahn and Pea­
cor (1986) studied specimens from the same suite that 
had been used by Hower et al. (1976) from the Case 
Western Reserve University Gulf Coast 6 well. In ad­
dition, Freed and Peacor (1991) examined samples from 

wells in Brazoria and Hidalgo counties, Texas that had 
originally been studied by XRD by Freed (1981, 1982), 
and Freed and Peacor (1991) have studied samples 
from a well in DeWitt County, Texas. As part of this 
study, SAED patterns were only examined that were 
obtained from specimens that contained the maximum 
proportion of illite layers in mixed-layer liS. As de­
termined by XRD data, that corresponds to approxi­
mately 85% illite in R = I liS. It is important to note 
that such material is not true illite in that it contains 
a significant proportion of smectite layers. 

The illite-rich crystallites gave SAED patterns with 
well-defined 001 reflections that showed IO-A period­
icity (Figure I). Such a sequence of 001 reflections is 
very different from those of typical smectite, for which 
only 00 I is relatively intense, but very diffuse. The 
corresponding lattice-fringe images are relatively 
straight (as opposed to the wavy, anastomosing fringes 
of smectite) fringes with IO-A spacing and only rare 
layer terminations. This is the phase interpreted by 
Ahn and Peacor (1986) to be the "illite" that formed 
by dissolution and crystallization of enclosing smectite. 

The non-DOl reflections (where k *- 3n) of such ma­
terial were diffuse, discontinuous and relatively weak 
(Figure I). Those reflections were somewhat diffuse 
parallel to c*. Their existence does imply some local 
order, but spacings between the reflections in the di­
rection of c* were random, with no indication of IO-A 
periodicity or a multiple thereof. The diffraction pat­
tern shown in Figure 1 is typical of all those obtained 
in the studies described below and identified as being 
lMd • We therefore refer to it as corresponding to the 
IMd polytype. 

A principal reason that the non-DOl reflections were 
so weak is that, as shown by hkO diffractions of equiv­
alent material by Freed and Peacor (1991), turbostratic 
stacking causes the reflections to be distributed as spot­
ted rings concentric with c*. The two-dimensional 
SAED pattern is a cross section through such rings, but 
including the central axis c*. The latter is thus fully 
represented by all layers in a given stack, but non-DOl 
reflections are contributed to by only a relatively small 
fraction. 

Martinsburg Formation (Ordovician) 

Samples obtained at Lehigh Gap continuously span 
the mudstone-to-slate transition over a distance of ap­
proximately 100 m. Mudstones have defect-rich illite 
oriented preferentially parallel to bedding, whereas 
slates are dominated by well-crystallized illite in the 
cleavage orientation. The latter illite is derived by dis­
solution and crystallization from that in the shale 
(Wintsch, 1978; Lee et al., 1985, 1986). 

Illite in the lowest grade mudstone samples yielded 
SAED patterns that predominantly correspond to lMd 
illite (Figure 2), as described for Gulf Coast samples. 
Corresponding XRD patterns were consistent with this 
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Figure I. Selected area diffraction pattern of 1l1.1d Gulf Coast 
illite formed by replacement of smectite. Streaking of non-
001 reflections (where k * 3n) reflects a largely-disordered 
stacking sequence. Irregular reflections superimposed on these 
streaks represent local ordering. Large arrows indicate 001 
reflections (photo by lung Ho Ahn). 

phase being true illite, rather than mixed-layer liS. 
Shale samples transitional between mudstone and slate 
showed an increase in frequency of occurrence of the 
2-layer polytype and a decrease in I Md that parallels 
the shift in predominance from bedding-parallel to 
cleavage-parallel illite grains. SAED patterns of illite 
in slate samples that have fully-developed slaty cleav­
age had sharp reflections with no streaking, with well­
defined 20-A. periodicity (Figure 3A). Dynamical dif­
fraction relations gave rise to 20-A. periodicity in 001 
reflections, whereas only 10-A. periodicity was ob­
served for the same grains when non-OOI reflections 
were absent from the diffraction patterns. The 20-A. 
periodicity would, of course, not be observed in XRD 
patterns. Lattice-fringe images derived from the se­
lected area diffraction patterns showed typical 20-A. 
periodicity through alternating contrast oflattice fring­
es (Figure 3B). 

Salton Sea sediments (Plio-Pleistocene) 

These samples span the range from smectite-rich 
sediments that have been little affected by diagenesis 
through greenschist-facies hornfels (Helgeson, 1968). 
Two types of illite occurred as described by Yau et at. 

Figure 2. Selected area diffraction pattern of illite from the 
Martinsburg shale. Small arrows indicate reflections due to 
locally-ordered stacking with superimposed streaking indic­
ative of disordered stacking. Large arrows indicate OOf reflec­
tions (photo by Jung Hoo Lee). 

(1987a): (I) packets of layers intergrown with and de­
rived from smectite, as in Gulf Coast sediments, and 
(2) subhedral, hexagonal crystals filling pore space and 
derived by crystallization from solution. Samples that 
have been studied came from the No.2 Imperial Ir­
rigation District well (lID 2), the Elmore No. I well 
(Yau el aI., 1987a), and the Salton Sea Scientific Drill­
ing Project/ California State 2-14 well (CS 2-14). 

Both kinds of illite gave SAED patterns equivalent 
to those described above for Gulf Coast illite-rich liS. 
These patterns displayed non-OOI reflections that were 
diffuse, irregular in shape, and showed no measurable 
periodicity along c* (Figure 4). The hexagonal crystal­
lites occupying pore space that were derived through 
direct crystallization from hydrothermal fluids were 
characterized as true illite; i.e., XRD patterns showed 
that they contained virtually no expandable compo­
nent. 

South Island metasediments, New Zealand 
(Carboniferous-Triassic) 

Samples were collected along a near-shore sequence 
south of Dunedin, extending from south of Nugget 
Point northward to Brighton. This is a nearly contin­
uous prograde sequence ranging from Triassic zeolite 
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Figure 3. A. Selected area diffraction pattcrn of2-layer illite 
polytype from the Martinsburg slate. Long arrows indicate 
001 reflections. Short arrows denote sharp 20-A reflections 
showing periodicity of the polytype. B. Lattice-fringe image 
of 2-layer polytype from the Martinsburg Formation. The 
2-layer periodicity of the polytype is indicated by alternating 
contrast of the 001 lattice fringes (photos by Jung Hoo Lee). 

facies volcanogenic sediments through biotite grade 
(Haast Schist) metasediments, as summarized by 
McKellar (1966). TEM data obtained for samples at 
the lowest (Nugget Point) and highest (Brighton) grade 
samples were described by Ahn et al. (1988) and Ahn 
and Pea cor (1987), respectively. 

Illite from pelites within the zeolite facies gave SA ED 
patterns reflecting IMd stacking sequences, and cor­
responding lattice-fringe images displayed no super-

Figure 4. Selected area diffraction pattern oflocally-ordered 
IMd hydrothermal illite from the Salton Sea sediments (photo 
by Yu-Chyi Yau). 

periodicities, as was always observed for corresponding 
I Md SAED patterns. Samples of pelites from grades 
greater than that of the zeolite facies through those of 
biotite grade a ll showed 2-layer polytypism or occa­
sional 3 T polytypism, and they yielded lattice-fringe 
images having contrast with 2-layer or 3-layer peri­
odicity. Such samples ranged from those with poorly­
developed cleavage through phyllites. 

Synthetic hydrothermal samples 

Hexagonal crystals of illite were synthesized by direct 
crystallization from solution with starting materials 
consisting of illite from Fithian, Illinois and mixtures 
of smectite and basalt (Yau et a!. , 1987b). 

In those experiments for which changes in starting 
materials occurred, subhedral-to-euhedral illite and 
berthierine crystallites were observed. These were sim­
ilar in appearance to the hydrothermal illite crystallites 
described by Yau et a!. (1987a) as having formed 
through dissolution of detrital smectite and crystalli­
zation of illite in pore spaces. SAED patterns of the 
illite showed that it is lMd , with patterns identical to 
those described above. One diffraction pattern corre­
sponded to that of a 2-layer polytype. It could have 
originated either through dissolution of original meta­
stable IMd illite or through direct crystallization of its 
components as the observed 2-1ayer polytype. 
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Gaspe Peninsula samples (Ordovician) 

Shale samples were studied that come from a pro­
grade sequence for which illite crystallinity varies from 
approximately 0.6 to 0.20 A 2() (CuKa radiation) (liang 
and Peacor, 1990). The majority of diffraction patterns 
obtained for illite grains in the lowest grade samples 
corresponded to IMd stacking sequences. Those sam­
ples gave XRD patterns with very broad illite reflec­
tions (crystallinity indices of approximately 0.60 A 2(J), 
and contained expandable trioctahedral phyllosili­
cates, including corrensite. SAED patterns showed that 
2-layer polytypes were dominant in the higher grade 
rocks that displayed cleavage, had illite crystallinity 
indices as small as 0.250 A 2(J, and contained chlorite as 
the trioctahedral phyllosilicate. The larger, more de­
fect-free grains of 2-layer polytypes were inferred to 
have developed through dissolution oflow-grade illite 
and crystallization at higher grades (Jiang and Peacor, 
1990). One grain from a rock of intermediate grade 
gave an SAED pattern of the 1M polytype. However, 
there was faint streaking of the non-OOI reflections, 
indicating some disorder in the stacking sequence. This 
grain is the only one that we have observed that consists 
of the 1M polytype. Unfortunately, no chemical data 
were obtained for it, and it is possible that it was biotite, 
as the common IMpolytype of biotite has been com­
monly observed in the lowest grade samples. 

Kalkberg Formation (Devonian) 

Shaly limestone samples were studied that came from 
a single continuous shaly limestone bed. Folding into 
an anticline gave rise to virtually complete pressure­
dissolution of carbonates on one limb of an anticline, 
producing a shale (Kreutzberger and Peacor, 1988). 
Illite both from the limestone unaffected by pressure 
solution, and the shale produced by carbonate disso­
lution, gave SAED patterns displaying well-defined 
2-layer polytypism. Packets of illite were observed to 
be significantly larger as a result of the pressure solution 
process. 

Welsh sedimentary basin (Ordovician) 

Jiang et al. (1990) studied a mudstone that has been 
altered, presumably by fluids from a nearby fault, 
showing partial alteration of a 2-layer polytype of illite 
(that formed under anchizonal conditions) to mixed­
layer liS. Basin sediments show a continuous change 
in illite crystallinity indices that indicate a range in 
grade from late diagenesis through epizonal conditions 
(Merriman and Roberts, 1985). Merriman et al. (1990) 
showed that the changes in crystallinity were caused 
by progressive increase in the thickness of illite packets 
through dissolution and crystallization mechanisms. 
AU illite was observed to consist of well-ordered 2- or 
3-layer polytypes. 

Barbados accretionary wedge (Cenozoic) 

Buatier et al. (1991) have studied smectite-rich sed­
iments in the Barbados accretionary wedge that are 
approximately 2000 feet in thickness. The deepest 
samples contained crystallites of neoformed illite (or 
illite-rich l i S, as in Gulf Coast petites) within a matrix 
of smectite. The crystallites consist of IMd illite (or 
illite-rich l i S). 

"Illite " identified as being 1M by XRD 

Because the observation of only a single grain of 1M 
illite in samples for which a complete sequence from 
IMd to 2-layer polytypes is at variance with many 
observations (e.g., Levinson, 1955; Velde and Hower, 
1963; Karpova, 1969; Eberl et aI. , 1987; Inoue et al., 
1987, 1988; Austin et al., 1989), two samples for which 
XRD data had indicated the presence of 1M illite were 
studied by TEM. 

One sample, provided by R. E. Hughes of the Illinois 
Geological Survey, was a greenish mineral separate 
from the St. Peter sandstone in Illinois. It was char­
acterized as containing 1M illite using powder XRD 
techniques (Hughes, personal communication). TEM 
data showed the presence of only the 1M polytype. 
AEM analyses (normalized to a tetrahedral + octa­
hedral cation content of 6.062, i.e., with a small trioc­
tahedral component for charge balance) gave rise to 
the formula: (Ko.73Nao.05Cao.02) (Alo.93M80.55Fe3+ 0.50-
Fe2 +o.os) (Si3.64AIo.36)OJQ(OHh- It was rich in Fe3+, in­
termediate in composition to celadonite, glauconite and 
illite, and was therefore not typical of the AI-rich illite, 
phengite, and muscovite that were the source of data 
in all other studies described here. These observations 
are consistent with the 1M polytype being dominant 
in celadonite-rich micas (Odom, 1984). 

A second sample was provided by J . R. Walker. It 
was part of a study of variation in illite and chlorite 
from the Borchard A-2 well, Imperial Valley, Califor­
nia (Walker and Thompson, 1990) and was a mounted 
XRD sample that had originally led to identification 
of 1M illite. The powder was used in the preparation 
of an ion-milled sample. Grains of this clay mineral 
separate were exceedingly small (a few tens-of-Ang-
stroms in thickness), and gave rise to ill-defined IMd 
and 2M diffraction patterns. No I M illite was observed. 
The 2M illite was interpreted to be detrital material. 

Detrital dioctahedral 2:1 phyllosilicates 

In many of the studies cited above, detrital grains 
of "white mica" were commonly observed. Such grains 
generally have compositions approaching tha~ of mus­
covite (phengite) and consist of large, angular grains. 
Where their polytype has been determined, it has in­
evitably been observed to be a 2 -layer polytype. In­
deed, 2-layer polytypism can be taken as definitive 
evidence for the detrital origin of grains of dioctahe-
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Table 1. Summary of transmission electron microscopic observations of illite polytypism. 

Location I Mode of origin Polytypic state 

Gulf Coast I. replacement of smectite 
2. detrital 

IMd 
2-layer 

Martinsburg Fm. I. replacement of smectite (shale) IMd 
2-layer 
2-layer 

2. dissolution/crystallization oHliite/smectite from shale samples (slate) 
3. detrital 

Salton Sea I. replacement of smectite 
2. hydrothermal product of smectite and illite 

IMd 
2-layer 
2-1ayer 3. detrital 

New Zealand I. zeolite facies dissolution of tuffaceous material followed by crystal­
lization 

IMd 

2. regionally metamorphosed prehnite-pumpellyite through greenschist 2- and 3-1ayer 

Hydrothermal 
Gaspe Peninsula 

facies 
I. dissolution/crystallization 
1. zone of diagenesis 
2. lowest grade of metamorphism tectonic stress-induced transforma­

tion of smectite to illite 
a) illite crystallinity - 0.65 1Md 
b) illite crystallinity - 0.35 IMd' IM(?) 

c) illite crystallinity - 0.25 e t. 26, CuKa radiation) 
2- and 3-layer 
2- and 3-1ayer 
2-layer Kalkberg Fm. 1. pressure solution and localized dissolution/crystallization of region­

ally metamorphosed limestone 
Barbados Accretionary 

Wedge 
I. illite as a replacement of smectite 

Welsh Pelites I. tectonically-induced recrystallization of illite 2- and 3-1ayer 

dral, aluminous 2: 1 phyllosilicates occurring in low 
grade pelites. 

DISCUSSION 

The occurrence of the illites studied is summarized 
in Table 1. Illite, inferred to be in its original state of 
formation, was found in Gulf Coast samples, zeolite­
facies samples from the Hokonui Hills, New Zealand, 
cleavage-free shales from the Martinsburg Formation, 
lower grade shales of the Gaspe Peninsula sequence, 
hydrothermally-synthesized samples, pelites of the 
Barbados accretionary wedge, and Salton Sea area sed­
iments. Such illite occurred in three different modes: 
(1) as a product of direct crystallization from solution 
in open pore space, e.g., sediments of the Salton Sea 
Geothermal Field, (2) as packets oflayers forming crys­
tallites within a matrix of smectite, as in Gulf Coast 
and Barbados shales, and (3) as intergrown packets of 
layers in the cleavage-free shales that constitute the 
lowest grade rocks within a progressive prograde se­
quence, for which tectonically-induced cleavage occurs 
in higher grade rocks. Examples are the Martinsburg 
Formation, Welsh basin, New Zealand, and the Gaspe 
Peninsula. 

With the exception of detrital material, the illite in 
such rocks gave rise to SAED patterns having the same 
characteristics. The 001 reflections resembled those of 
well-ordered polytypes except that reflections Were 
somewhat broader with some diffuseness parallel to c*. 

Non-OOI reflectins with k l' 3n were weak, very diffuse 
and broad, had irregular shapes, and exhibited no pe­
riodicity parallel to c*; indeed, very few such reflections 
were observed. A true IMd mica with .absolutely no 
tendency for local order would give rise to non-OOI 
reflections (k l' 3n) consisting, theoretically, of con­
tinuous streaks parallel to c*. We have never observed 
such SAED pattens. XRD patterns of such material 
lack characteristic k *- 3n reflections. Our samples cov­
ered the range of illites for which the lMd polytype has 
been shown to exist through XRD studies. Because the 
irregular non-OOI reflections of SA ED patterns were so 
weak and ill-defined, we infer that they are character­
istic of illites identified by XRD as 1Md illite, and we 
therefore refer to that illite as being 1 Md' Given the 
results for so many illite samples from low grade se­
quences that have not been subject to recrystallization, 
we conclude that illite that is in its initial state of for­
mation has the same 1Md stacking sequence. 

On the other hand, 2- or 3-layer polytypes were ob­
served for illite having (001) oriented preferentially 
parallel to the cleavage direction in slates of the Mar­
tinsburg formation, higher grade samples from the 
Gaspe sequence, samples from grades higher than that 
of the zeolite facies in New Zealand, shales and slates 
of the Welsh basin, all samples from the Kalkberg For­
mation, and, as observed in most localities, all detrital 
grains. SAED patterns showed relatively sharp non-
001 reflections that defined a 20- or 30-A periodicity 
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parallel to c*. Only slight streaking was observed in 
some cases (Figure 3A), with corresponding periodicity 
in the contrast oflattice-fringe images (Figure 3B). 

All of the samples which contain 2- or 3-layer poly­
types occurred in rocks that have been subjected to 
tectonic stress, as shown, in part, by the progressive 
development of cleavage and deformation on a re­
gional basis. In the case of the shale-to-slate transition, 
Lee et al. (1986) showed that the illite in the cleavage 
orientation was derived by dissolution of precursor 
illite and crystallization in the new preferred orienta­
tion. The sequence involves an increase in packet size 
as well as degree of preferred orientation, a decrease 
in proportion of defects, and a change in composition 
toward that of end-member muscovite or phengite. 
Such dissolution and crystallization processes are like­
wise implied by equivalent observations of samples 
from the other sequences. The 2- and 3-layer polytypes 
are thus inferred to have formed subsequent to, and at 
the expense of, 1Md illite. 

Occurrence of the 1 M polytype 

A curious result of this study is that only one crys­
tallite of the 1M polytype was observed. Even in that 
sample streaking indicated stacking disorder. The min­
eral may have been biotite, which we commonly ob­
serve to give rise to disorder in stacking sequences and 
streaking in SAED patterns. The 1M polytype was not 
even observed as small proportions of 2-layer stacking 
sequences, for which reflections in SAED patterns were 
inevitably sharp, with a minimum of diffuseness. Yo­
der and Eugster (1955), Velde (1965), Kisch (1983), 
Mukhamet-Ga1eyev et al. (1985), and others have not­
ed that there is a complete sequence of po1ytypes in 
dioctahedra1 white micas, from 1Md to 1Mto the stable 
2M[ polytype. Although the results of this survey are 
consistent with the direction of changes in this se­
quence, with the IMd and 2M[ polytypes representing 
the beginning and ending states, our observation of 
only one example of the 1M polytype is, at first sight, 
puzzling. 

Several studies for which polytypes were identified 
using XRD concur with our observations. Reynolds 
(1963) found no 1M illite in his survey of illite poly­
typism in Proterozoic carbonates. Hunziker et al. (1986) 
studied the illite-to-muscovite transition in samples 
from the Swiss Alps and found that all samples con­
sisted either of 1Md or 2M[ polytypes. Maxwell and 
Hower (1967) listed only a few instances of 1M illite, 
which they described as "questionable," in their study 
of illite polytypism in the Precambrian Belt Series. 

On the other hand, 1M illite has been identified by 
XRD in many other natural samples. Levinson (1955) 
described a XRD powder pattern of 1M illite from the 
St. Austell china clay deposits, Cornwall. Velde and 
Hower (1963) also documented rare occurrences of 1M 

illite. Eberl et al. (1987) reported 1M illite in sericite 
from the Silverton caldera, Colorado. The material was 
determined by XRD to be mixed-layer IIS. Karpova 
(1969), Inoue et al. (1987, 1988), and Austin et al. 
(1989) have also identified 1M illite. Lonker and Fitz 
Gerald (1990) have recently observed 1Md, 1M, and 
2M illite in hydrothermally-altered siliceous volcanics 
and pyroclastics from the Broadlands-Ohaaki geother­
mal system, New Zealand. They showed that the 2-layer 
polytype of illite can be produced directly from 1Md 
illite, although the 1M polytype occurred locally. Most 
importantly, Walker and Thompson (1990) have ob­
served a complete sequence from IMd to 1M to 2M[ 
illite in sediments of the Salton Sea geothermal field, 
although our TEM results on one of their specimens 
cast some doubt on the existence of the 1M polytype. 

Mechanisms for transition between polytypes 

As a consequence of the structural differences be­
tween polytypes, a solid state transition is not a viable 
mechanism for transformation from one stacking se­
quence to another. Entire layers must be shifted rela­
tive to one another at low temperatures in a relatively 
stress-free environment. The major rearrangements of 
atoms can readily occur through dissolution and crys­
tallization, however (Mukhamet-Galeyev et al., 1985). 
The need for such a mechanism is further indicated by 
the changes in composition that accompany transfor­
mations from true illite to near-end member muscovite 
(increasing K+ and [41AP+). Solid-state diffusion and 
interchange of ions, especially ofSi and AI, do not occur 
in geologically reasonable times in the environments 
in question (Ahn and Peacor, 1986). Dissolution and 
crystallization are a step-like mechanism, whereas sol­
id-state transitions would be continuous and gradual. 
Observation only of the 1Md and 2-layer polytypes is 
consistent only with the former kinds of processes. The 
lack of continuous variation in orientations of illite 
grains in the Martinsburg Formation also implies that 
illite grains oriented with their basal planes parallel to 
cleavage formed by dissolution and crystallization at 
the expense of grains oriented parallel to bedding. This 
is opposed to a continuous restructuring transition as 
suggested by Hunziker et at. (1986). 

According to the Ostwald step rule, the first phases 
to form by reaction of unstable phases are not neces­
sarily the most stable form (viz., 2M[), but are meta­
stable phases that may be disordered (lMJ. They are 
phases whose total free energy is less than that of pre­
cursor materials, but greater than that of the thermo­
dynamically stable phases. Crystallization at low. tem­
peratures tends to give rise to heterogeneous, disordered, 
metastable phases. With time such metastable mate­
rials tend toward simple, more homogeneous states. 
However, the rate and path of subsequent changes to­
ward a final stable equilibrium state are kinetically 
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controlled, with crystallization of 2M, illite being the 
rate-limiting step (Mukhamet-Galeyev et aI.. 1985; In­
oue et al.. 1988; Morse and Casey, 1988). Attempts to 
correlate the polytypic state of illite directly and quan­
titatively with pressure and temperature are therefore 
meaningless. Such correlations must be based on trans­
formations between phases in states of stable equilib­
rium. On the other hand, the polytype of illite certainly 
is a measure of reaction progress, even though it cannot 
be directly correlated with absolute temperature. 

The observation that the IMd polytype is ubiqui­
tously observed for illite in its initial state offormation, 
derived either directly from solution in pore space, or 
through dissolution of precursor smectite and crystal­
lization within a matrix of smectite, is thus consistent 
with Ostwald-step-rule relations. Such illite generally 
forms during diagenesis at very low temperatures, and 
in a tectonic stress-free environment. Tectonic stress, 
the presence of fluids, and higher temperatures sub­
sequently cause dissolution of 1 Md illite. A "step" oc­
curs, with 2-layer illite forming that, in conjunction 
with coexisting phases, constitutes a system at, or very 
near that, of a system at equilibrium. Metastability of 
phases forming at low temperatures, discontinuous 
(episodic) changes, and transitions occurring through 
dissolution and crystallization are therefore all self­
consistent relations. 

Formation of 1M illite 

The lack of frequent observations of 1M illite by 
TEM in the samples of this study is curious because 
complete sequences inclusive of IMd and 2-layer poly­
types are represented in the Martinsburg, New Zealand, 
Salton Sea, and Gaspe samples, and because the 1M 
polytype has been observed by XRD in intermediate 
samples of other studies. This is of particular concern 
with respect to the Salton Sea sequence, for which 
Walker and Thompson (1990) have independently ob­
served the 1M polytype by XRD in intermediate sam­
ples. There are several explanations for this apparent 
inconsistency: (1) The TEM observations are based on 
a very small number of samples obtained from exten­
sive sediment sequences. Especially if the 1M polytype 
is represented in a narrow range of samples, it is pos­
sible that they simply were not sampled in this study. 
(2) Trioctahedral micas and Fe3+ -rich dioctahedra, ce­
ladonitic and glauconitic micas commonly occur as the 
1 M polytype. The sample from the St. Peter sandstone 
described above, and celadonite from zeolite-grade 
volcanic sediments of New Zealand (Baxter and Pea­
cor, unpublished data) are typical. Because XRD stud­
ies of polytypism generally did not include chemical 
data, it is possible that some reports of 1M illite ac­
tually corresponded to clay minerals with significant 
celadonite or glauconite components (e.g. , Karpova, 
1969). (3) The crystal chemical basis for polytypism is 
still incompletely understood, and it is possible that 

trace amounts of some cation, or some related factor, 
may result in the occurrence of the 1M polytype in 
selected cases. It is important to recall that the "poly­
type" transitions described in this paper did not occur 
between phases with identical compositions. (4) It has 
been shown that ambiguity exists in the determination 
of poly typic state (particularly IMd and 1M) by XRD 
as a result of certain sample characteristics, sample 
preparation techniques, or misinterpretation of XRD 
patterns (Austin et aI.. 1989). The Imperial Valley sam­
ple described here is apparently an example. 

The most likely explanation, however, lies in the 
apparent very large difference in conditions for for­
mation of IMd and 2-layer polytypes. Where condi­
tions (P,T, fluid composition, water/rock ratio) vary 
continuously, then the Ostwald step rule predicts a 
series of transitions toward the system of lowest free 
energy. Where conditions vary discontinuously, as in 
tectonically-related episodic changes in low grade sed­
iments, the step toward the final low energy state may 
be significantly larger, thus bypassing the 1M polytype. 
The samples of this study are all consistent with such 
an explanation. 

Nevertheless, the observation of only a single grain 
of 1M illite in this study, and the lack of observation 
of the 1M polytype by XRD in intermediate samples 
of some other studies (e.g., Reynolds 1963; Maxwell 
and Hower, 1967; Hunziker et at .. 1986) is strong ev­
idence for the occurrence of the 1M polytype only un­
der relatively specialized conditions. Further TEM 
studies should be carried out on closely spaced samples 
for which XRD data indicate the presence of 1M illite 
in order to further define those relations. 
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