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Abstract. Phyllosilicates in rocks which are transitional 
from mudstone to slate from Lehigh Gap, Pa., have been 
studied by a variety of techniques, including high resolution 
Transmission Electron Microscopy and Analytical Electron 
Microscopy. The principal minerals are "white mica" 
which is transitional from illite in mudstone to ordered two- 
layer mica in slate, and chlorite. 7~  berthierine occurs more 
rarely. Dioctahedral and trioctahedral layers are shown to 
be interleaved in individual crystals at all scales between 
the following two end members: (1) both random and regu- 
lar 1:1 interlayering at the scale of individual layers, as 
shown, in part, by lattice fringe images. (2) packets of trioc- 
tahedral and dioctahedral layers up to a few thousand ,~ng- 
stroms or microns in thickness, detectable with ordinary 
optical techniques. The complete range of intermediate 
structures is represented in samples which are in transition 
to slate. Bulk analytical (EMPA), X-ray diffraction or other 
measurements are shown to result in averages over both 
kinds of layers when TEM techniques are not used. 

Introduction 

Clay minerals commonly occur as regular or random inter- 
growths of layers of  more than one species. Smectite-illite 
and chlorite-vermiculite are two such well studied and char- 
acterized examples. Where interlayering occurs it is general- 
ly assumed that there is no significant difference in octahe- 
dral site chemistry; i.e., intergrowths are either of dom- 
inantly trioctahedral or dioctahedral layers. This is in part 
due to the fact that most methods of study involve measure- 
ments of properties averaged over many grains; e.g., 
powder X-ray diffraction, ion exchange or chemical analy- 
sis. Limited numbers of  trioctahedral layers interleaved with 
dominant dioctahedral layers or vice versa, can generally 
not  be detected. In such a case X-ray diffraction would 
give evidence of the structure only of the dominant structure 
and chemical data would therefore be interpreted only on 
the basis of that structure, although it actually would repre- 
sent an average over several structure types. The interpreta- 
tion of such data would therefore be subject to error. 
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In order to characterize the specific nature of  individual 
layers or packets of  layers it is necessary to directly image 
layers using transmission electron microscopy (TEM) tech- 
niques. Even this does not generally permit identification 
of trioctahedral and/or dioctahedral components. However, 
with high-resolution analytical electron microscopy (AEM) 
performed with a scanning transmission electron micro- 
scope (STEM), which also can be operated in TEM mode, 
it is possible to achieve analytical resolution approaching 
300 A (approximately 30 layers of 10 A structure). Inter- 
layering between illite and chlorite at a TEM level is re- 
ported by Page and Wenk (1979), Knipe (1981) and Lee 
et al. (1982b). Other types of trioctahedral-dioctahedral in- 
terlayering were also described by many others (Bailey 
1982; Craw et al. 1982; Iijima and Zhu 1982; Veblen 1983). 

We have applied TEM and AEM techniques to the 
mudstone to slate transition in the Martinsburg Formation 
at Lehigh Gap, Pennsylvania. Here, chlorite and "white 
mica"  (a continuous sequence of phases from illite to mus- 
covite) occur in a variety of intergrowths at all scales, from 
both regular and random intergrowths at the individual 
layer scale (in mudstone), to interstratified packets of chlo- 
rite and muscovite in grains of size greater than 1 gin. The 
latter can be detected optically as relatively large and well 
crystallized single-phase crystals (in slate). 

The results reported in this study are part of a general 
study of slaty cleavage development in the Pen Argyl 
member of the Martinsburg Formation near Lehigh Gap, 
Pennsylvania. Our materials are primarily from an outcrop 
of this member located at Lehigh Gap along the abandoned 
grade of the Lehigh and New England Railroad overlook- 
ing Pennsyslvania Route 29/248. The significance of the 
rocks at this locality is that the Martinsburg Formation 
changes from a mudstone to a slate over a few tens of 
meters from the faulted, unconformable contact with the 
overlying Shawangunk Formation (Epstein and Epstein 
1969). These rocks therefore provide a continuous exposure 
from mudstone to slate where the mineralogical changes 
attendant to the conversion of mudstone to slate may be 
studied. 

The orientation of the phyllosilicates at Lehigh Gap 
has been well characterized by Holeywell and Tullis (1975) 
using an X-ray pole figure device. They found three pre- 
ferred orientations of phyllosilicates. In the mudstone near 
the Shawangunk-Martinsburg contact, white mica parallels 
the bedding plane while chlorite grains are oriented twenty 
degrees more steeply than the bedding. Further from the 
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contact and as the slaty cleavage develops, white mica grad- 
ually attains the orientation of  macroscopic slaty cleavage 
but chlorite retains its former orientation until approxi- 
mately 30 meters further down the outcrop. Holeywell and 
Tullis suggest that some form of selective recrystallization 
must be responsible for the different behavior of  "white 
mica"  and chlorite in these rocks. 

Materials and methods of study 

The samples studied include 18 random and 9 oriented samples 
from 18 regularly spaced intervals at Lehigh Gap. In addition, 
six hand samples and four oriented samples were collected from 
five slate quarries and one roadcut to the south of Lehigh Gap. 

Polished thin sections for electron microprobe analysis and 
petrographic thin sections were obtained with surfaces perpendicu- 
lar to the line of intersection of bedding and cleavage. Samples 
for TEM and AEM investigation were prepared by first obtaining 
oriented polished thin sections. Following optical examination, 
washers were attached to selected areas and the areas with the 
washers were separated from the glass backing. These thin-section 
areas were then ion-thinned. As the c-axes of phyllosilicates are 
preferentially oriented normal to bedding or cleavage, this proce- 
dure resulted in orientations with c* normal to the beam direction 
in the electron microscope. Thus, the layering could be studied 
through the use of lattice fringe imaging with OOl reflections. 

Electron microprobe data were obtained for nine elements us- 
ing a three spectrometer Etec Autoprobe under conditions outlined 
by Klein (1974). Standards were synthetic diopside for Mg, Ca 
and Ti; natural albite for Na; synthetic KAISiaO s for K; natural 
kyanite for Si and A1; natural rhodonite for Mn; and natural 
hedenbergite for Fe. Data were reduced using the Bence-Albee 
method. 

Powder X-ray diffractometer data were obtained on 90% pure 
mineral separates in order to identify the phyllosilicates and other 
minerals occurring in all grain sizes. Samples were prepared by 
gently packing powders into a standard aluminum specimen holder 
in order to minimize preferred orientation. 

The electron microscope used is a JEOL JEM-100CX scanning 
transmission electron microscope (STEM) fitted with a solid state 
detector for energy dispersive analysis (EDA). It has routine TEM 
point-to-point resolution of 3.4 ,~ and can attain up to 1.5 A. with 
a high resolution pole piece. The microscope has been extensively 
modified (see Blake et al. 1980 or Allard and Blake 1982) in order 
to eliminate production of X-rays from other than the area of 
the sample exposed to the beam and thus to obtain accurate analyt- 
ical data with a spatial resolution of up to 300 A. The general 
analytical procedures are discussed in Isaacs et al. (1981). It is im- 
portant to emphasize that ratios of element concentrations to Si 
are measured (Cliff and Lormer 1975) and that as long as thin 
edges of specimens (less than approximately 4,000 A in thickness) 
are studied, the ZAF effects are less than l0 percent (Goldstein 
et al. 1977). 

X-ray diffraction and optical studies 

Most of  the phyllosilicate grains are present in sizes below 
the level of  resolution of  the electron microprobe. However, 
in mudstone samples (which have no slaty cleavage) there 
is a population of  grains which are oriented approximately 
parallel to the bedding and which are commonly larger 
than 20 [am in diameter and 10 gm in thickness. These 
grains optically appear to consist of  white mica and chlorite 
as single structures or as grains which are parallel inter- 
growths of  chlorite and white mica. In samples which have 
well developed slaty cleavage the majority of  the phyllosili- 
cate grains, whether oriented parallel to bedding or to cleav- 
age, are also in sizes below the level of  resolution by electron 
microprobe analysis. However, they retain the large grains 

parallel to bedding, and also contain grains of  equivalent 
size parallel or sub-parallel to the plane of  cleavage. These, 
at a TEM level, also consist of  white mica, chlorite, and 
interlayered chlorite-white mica. A grain of  the latter is 
shown in Fig. 1. It appears to consist of  well defined and 
differentiated subunits of  white mica and chlorite. Likewise 
the separate white micas and chlorites appear to be homoge- 
neous at the optical level of  resolution. The powder X-ray 
diffraction patterns also verify that the only detectable phyl- 
losilicates occurring in all samples are chlorite and a white 
mica. 

The peaks attributed to a "white mica"  were qualita- 
tively similar to those o f  an illite in the mudstone samples 
but those in the slate sample were typical of  muscovite. 
A more quantitative measure o f  this apparent trend was 
obtained using the "sharpness rat io" of  Weaver (1960) and 
this is consistent with the qualitative observations. Mica 
polytypes were identified using the criteria of  Yoder and 
Eugster (1955), showing that both I M  and 2M polytypes 
are present in mudstone samples but that only 2M can 
be detected in slates. In addition, the intensity ratio of  the 
2.80 A peak (116 reflection of  2M) to that of  2.58 ,~ (combi- 
nation of  131, 116, 202 reflections of  2M and 131, 130 
of  1 M) increases away from the Martinsburg-Shawangunk 
contact, although the increase is only apparent in quarry 
samples (slate). Maxwell and Hower (1967) showed that 
this is consistent with an increase in the proport ion of  2M 
relative to IMa in mixtures of  the two. The X-ray data 
therefore show that the white mica varies from a typical 
illite in mudstones near the contact to well-ordered musco- 
vite in slates. 

Electron microprobe analysis 

The only phyllosilicate grains which were large enough to 
be resolved using the electron microprobe were the large 
megacrysts parallel to bedding in the mudstone and slate, 
and those parallel to the cleavage in the slate. This is a 
small proport ion of  all of  the phyllosilicates and therefore 
may not be representative of  average values of  a sample. 
The small grain-size problems were compounded by the 
presence of  mica-chlorite intergrowths. Therefore, analyses 
of  chlorite with more than 0.5 wt.% K20  and those of  
white mica with less than 7.0% K 2 0  were discarded on 
the assumption that they were contaminated due to inter- 
growths of  the other phase. Analyses which did not sum 
to approximately 100% (including H20  ) were also dis- 
carded. As a result, only one quarter of  all analyses (ap- 
proximately 400) was believed to be reliable. Several analy- 
ses for a given sample were averaged in order to get the 
results shown in Tables 1 and 2. 

The analyses of  the white mica show considerable Fe 
and Mg. The Fe and Mg in the analyses may be interpreted 
as reflecting solid solution toward phengite. Velde (1965) 
reported a wide stability field for phengite from his experi- 
ments with natural and synthetic material. He also noted 
that natural phengite commonly forms at high pressure and 
low temperature as in blue schist rocks and that synthetic 
celadonite-muscovites show greater Fe-Mg solid solution 
at higher pressures. Guidotti (1973), from the study of  
metamorphic rocks ranging from the upper staurolite to 
the upper sillimanite zone, reported that an increase in 
phengite content of  muscovite is caused by an increase in 
pressure but it is not  affected significantly by an increase 
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Fig. 1. A TEM OOl lattice-fringe image showing a small packet of chlorite layers within an ilite grain. Layers of illite and chlorite 
are semicoherent. Protions of chlorite near the interface were damaged by the electron beam and show no contrast. The sample is 
from mudstone 

Table 1. Average electron microprobe analyses of illite mega-grains 

Mudstone Transitional 
LG4 (4) a LG10 (7) 
(bedding) (bedding) 

Slate 

LG20 (4) Q1 (3) Q1 (14) Q2 (5) Q2 (1) 
(bedding) (bedding) (cleavage) (bedding) (cleavage) 

SiOz 46.3(2.2) b 49.2(1,8) 49.8(1.1) 44.4(0.9) 46.2(1.6) 45.1 45.9(1.1) 
TiO 2 0.3(0.1) 0.2(0.2) 0.1(0.1) 0.3(0.2) 0.3(0.2) 0.4 0.4(0.2) 
A1203 33.4(3.0) 30.9(2.6) 29,3(1.4) 32.2(3.1) 33.5(2.1) 30.6 30.6(1.2) 
FeO 3.8(2.8) 3.7(1.1) 2.7(0.9) 4.8(1.6) 2.4(1.3) 5.7 5.1 (1.4) 
MnO 0.1 (0.1) 0.0 0.1 (0.0) 0.0 0.1 (0.0) 0.2 0.1 (0.1) 
MgO 1.1(0.9) 1.7(0.7) 2.6(0.3) 1.7(1.2) 1.1(0.9) 2.0 1.6(0.4) 
CaO 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Na20 0.1 (0.1) 0.3 (0.4) 0.1 (0.1) 0.3 (0.3) 0.4(0.2) 0.0 0.1 (0.2) 
K20 9.1(0.6) 8.1(0.6) 7.9(0.8) 9.5(0.1) 8.8(0.5) 8.4 9.1(0.3) 

Total 94.2 94.1 92.6 93.2 92.8 92.4 92.9 

Si 6.2 c 6.5 6.6 5.9 6.1 6.0 6.2 
A l I V  1.8 1.5 1.4 2.1 1.9 2.0 1.8 
A1VI 3.4 3.3 3.2 3.0 3.3 2.8 3.1 
Ti 0.0 0.0 0.0 0.0 0.0 0.1 0.0 
Fe 0.4 0.4 0.3 0.6 0.4 0.7 0.6 
Mn 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Mg 0.2 0.3 0.5 0.4 0.3 0.4 0.3 
Ca 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Na 0.0 0.1 0.2 0.1 0.1 0.0 0.0 
K 1.6 1.4 1.4 1.6 1.6 1.4 1.6 

Total 13.6 13.5 13.6 13.7 13.7 I3.4 13.6 

a Number of analyses averaged 
b Values are oxide weight percent. Numbers within parentheses indicate standard deviations 
c Number of cations in an unit cell. Formulae are normalized to 12 tetrahedral and octahedral cations 
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Mudstone 
LG4 (9) a 
(bedding) 

Slate 

LG20 (9) RC (4) Q1 (5) Q1 (19) Q2 (9) Q2 (12) 
(bedding) (bedding) (bedding) (cleavage) (bedding) (cleavage) 

SiO 2 29.3(1.1) b 25.7(1.4) 27.7(2.3) 24.1(1.0) 25.1(0.7) 25.6(1.0) 
TiO 2 0.0 0.1 (0.0) 0.1 (0.1) 0.0 0.I (0.1) 0.0 
AlzO 3 21.4(0.5) 20.9(0.4) 21.5(1.7) 22.3(0.9) 21.6(0.6) 21.9(0.5) 
FeO 27.9(0.9) 27.9(1.7) 26.2(2.5) 26.3(1.5) 28.1(1.1) 28.2(0.9) 
MnO 0.2(0.1) 0.2(0.1) 0.0 0.1 (0.1) 0.1 (0.1) 0.1 (0.0) 
MgO 12.3(0.6) 12.0(1.1) 12.3(0.3) 12.6(0.5) 13.3(0.7) 12.7(0.6) 
CaO 0.0 0.0 0.1 (0.0) 0.1 (0.0) 0.1 (0.0) 0.1 (0.0) 
Na20 0.0 0.2 (0.2) 0.0 0.0 0,0 0.0 
K20 0.1(0.2) 0.3(0.1) 0.1(0.1) 0.2(0.2) 0.1(0.1) 0.2(0.1) 

25.2(0.8) 
0.1(0.1) 

21.1 (0.6) 
28.9 (0.8) 

0.1(0.1) 
13.1(0.6) 
o.1 (o.o) 
0.2(0.3)) 
o.1 (0.2) 

Total 85.5 87.3 88.0 85.7 88.5 88.8 88.9 

Si 5.3 ~ 5.6 6.0 5.3 5.3 5.5 5.3 
Al IV 2.7 2.4 2.1 2.7 2.7 2.5 2.7 
AIVI 2.9 3.0 3.3 3.0 2.8 3.0 2.6 
Ti 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Fe 5.1 5.0 4.7 4.8 5.0 5.0 5.1 
Mn 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Mg 4.0 3.8 3.9 4.1 4.2 4.0 4.2 
Ca 0.0 0.1 0.0 0.0 0.0 0.0 0.0 
Na 0.0 0.1 0.0 0.0 0.0 0.0 0.1 
K 0.0 0.1 0.0 0.1 0.0 0.0 0.0 

Total 20.0 20.0 20.0 20.0 20.0 20.0 20.0 

" Number of analyses averaged 
b Values are oxide weight percent. Standard deviations are within parentheses 

Number of cations in an unit cell. Normalized to 20 total cations 

Table 3. AEM analyses a of illite from mudstone, transitional and slate samples (Number of atoms in one unit-cell) 

Element Mudstone (LG4) 

bedding cleavage 

1 (5) 8 2 (3) 3 (6) 4 (3) 5 (2) Ave. (16) e 6 (6) 

Trans (LGI0) 
cleavage 

7 (5) 

Si 6.5 c 7.0 6.8 6.1 6.1 6.6 6.5 
A1 IV 1.5(0) a 1.0(0) 1.2(1) 1.9(1) 1.9(0) 1.4 1.5(2) 
A1 VI 2.9(1) 3.7(1) 3.7(3) 3.0(1) 2.6(0) 3.3 3.4(4) 
Fe 0.5(2) 0.3(1) 0.3(1) 0.4(1) 0.4(1) 0.4 0.3(1) 
Mg 0.6(2) 0.0 0.0 0.6(4) 1.0(2) 0.3 0.3(3) 
K 1.2(1) 1.1(2) 1.4(2) 1.9(2) 1.3(2) 1.3 1.3(2) 

6.2 
1.8(1) 
3.50) 
0.3(1) 
0.2(2) 
1.6(5) 

Element Slate (LG20) 

bedding cleavage 

8 (5) 9 (4) 10 (6) 11 (7) 12 (8) Ave. (25) 

Overall 
Average 

1 12 (44) 

Si 6.5 6.5 6.3 6.0 6.6 6.3 
A1 IV 1.5(1) 1.5(1) 1.7(1) 2.0(1) 1.4(1) 1.7 
A1 VI 3.4(3) 2.6(2) 3.2(1) 3.3(2) 3.2(1) 3.1 
Fe 0.3 O) 0.5 (0) 0.4(1) 0.3 (1) 0.3 (1) 0.4 
Mg 0.3 (3) 0.8 (6) 0.4(2) 0.4(1) 0.5 (1) 0.5 
K 1.2(1) 1.7(4) 1.7(2) 1.70) 1.9(2) 1.8 

6.4 
1.6 
3.2 
0.4 
0.4 
1.6 

" Analysis conditions are: 100 kV, 100 pa, manual CL1 current of 170 ma, beam size of approximately 0.1 micron 
tilt 

b Number of analyses averaged for a single grain 
Values are normalized to 12 total tetrahedral and oetahedral cations 

a Numbers within parentheses represent standard deviations to the last digit 
Analysis 4 is excluded from calculation for average because of unusually high K content 

and 35 ~ sample 
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Table 4. AEM Analyses" of chlorite from mudstone, transitional and slate samples. (Number of atoms in one unit-cell, analysis conditions 
and all other specifications are same as Table 3, unless specified otherwise.) 

Element Mud (LG4) Transitional (LG10) Slate (LG20) 

bedding cleavage bedding 

1 (4) 2 (5) 3 (6) 4 (6) 5 (3) Ave. (20) 6 (3) 7 (9) c Ave. (25) 

Si 3.6 ~ 5.5 3.7 2.9 5.1 4.1 4.6 5.4 5.2 
A1 IV 4.4(3) 2.5(1) 4.3(2) 5.1 (14) 2.9 3.9 3.4(3) 2.6(4) 2.8 
A1VI 0.7(0) 2.4(i) - 0.2(1) 1.0 0.8 2.0(1) 2.2(3) 2.2 
Fe 5.6(4) 5.8(2) 7.4(4) 9.7(20) 6.5 7.6 6.2(6) 6.5(4) 6.4 
Mg 5.7(7) 3.8(2) 4.6(6) 2.1 (6) 4.5 3.6 3.8(6) 3.3(3) 3.4 

Element Slate (LG20) Overall 

cleavage Average 

8 (3) 9 (11) 10 (5) 11 (6) Ave. (25) 1-11 (61) 

Si 5.2 5.1 5.8 6.1 5.5 4.8 
A1 IV 2.8(0) 2.9(2) 2.2(3) 1.9(1) 2.5 3.2 
A1 VI 2.5 (0) 2.9 (2) 2.9 (4) 2.2 (1) 2.7 1.8 
Fe 5.9 (3) 5.3 (2) 4.9(12) 4.9 (7) 5.2 6.3 
Mg 3.6(1) 3.8(3) 4.2(5) 4.9(4) 4.1 3.9 

a Many of the chlorite analyzed were interlayered with illite. Illite components in the analyses were subtracted by assuming the illite 
composition being same as analysis 7 of Table 3 

b Values are normalized to 20 total cations 
~ Point-beam analysis was used 

in temperature. In addition, Kanehira and Banno (1960) 
and Velde (1965) reported the substitution of Fe 3+ for A1 
up to 25 percent in muscovite. 

Because most of the white mica and chlorite crystals 
are very fine-grained (submicron size) in burial or low tem- 
perature metamorphic environments and are intergrown 
with one another (H01eywell and Tullis 1975; Lewis 1980), 
the electron microprobe analytical data can easily be conta- 
minated by adjacent crystals and be subject to relatively 
large errors. Most analytical data for natural illites or mus- 
covites from low grade metamorphic rocks obtained using 
conventional (wet chemical) techniques (Brammal et al. 
1937; Grim etal. 1937; Nagelschmidt and Hicks 1943; 
Mackenzie et al, 1949; Kerr et al. 1950; Minato and Tak- 
ano 1952 - referenced in Deer et al. 1962) and electron 
microprobe techniques (e.g., Guidotti 1973; Brown 1975) 
show significant amounts of Fe and Mg with a wide range 
of concentrations. However, it is difficult to tell whether 
these variable Fe and Mg contents result from solid solution 
between muscovite and celadonite or from contamination 
of adjacent grains. Several qualitative (e.g., Knipe 1979, 
1981 ; White and Johnston 1981 ; Veblen 1983) and quanti- 
tative (Ireland et al. 1983) STEM analyses of illite demon- 
strate significant phengite components with large variations 
in concentration between samples. Therefore, it is likely 
that both solid solution and contamination are included 
in most analyses with resolution up to the scale detectable 
using the electron microprobe. 

Analytical electron microscopy 

Characterization of phyllosilicates was performed by com- 
bining three different techniques; lattice-fringe imaging, se- 
lected area electron diffraction and energy dispersive analy- 

sis (EDA). Stacking sequences of (001) planes of  phyllosili- 
cates were directly observed through lattice-fringe imaging 
in the oriented samples. We did not attempt to obtain struc- 
ture images; instead, through-focus imaging techniques 
were employed to obtain the images corresponding to maxi- 
mum contrast which reflect the true lattice periodicities of 
001 layer sequences of most phyllosilicates (do01 larger than 
7 A; after Allpress et al. 1972; Anderson 1978). The most 
commonly~ observed lattice periodicities along c* are 10, 
14 and 7 A. The orientation of c* and magnitude of layer 
spacings are verified by the electron diffraction pattern for 
OOl reflections from selected areas. Selected areas of phyllo- 
silicate grains, having first been characterized by TEM tech- 
niques, were analyzed with AEM. Owing to the fine-grained 
nature of phyllosilicates in the sample, the electron beam 
was rastered over a small analysis area (800 x 800 ~_). Gott- 
hard adularia served as a standard for A1 and K and Marja- 
lahti olivine for Mg and Fe in the STEM analyses. K exhib- 
ited much lower and variable intensity ratios than expected 
for the minerals analyzed, probably due to diffusion caused 
by the electron beam (Knipe 1979; Craw 1981). Special 
care was taken to obtain accurate analyses for K (Lee and 
Peacor 1985b). 

Tables 3 and 4 show AEM analyses ofillite and chlorite 
in the samples from the Lehigh Gap outcrop. The analyses 
in general demonstrate a large variation in composition for 
both illite and chlorite not only between different samples 
but also within samples (Tables 3 and 4; Figs. 2 through 
4). This probably is inherited from heterogeneities in grains 
of the original sediment and may reflect the disequilibrium 
conditions typical of such a low temperature environment. 
Nevertheless, average compositions of each sample show 
some significant trends concomitant with the transition 
from mudstone to slate. Average data from AEM analyses 
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Fig. 2. A triangular plot of illite compositions given in Table 2 
in the system: phengite, Ka(Fe,Mg)zAlzSisO20(OH)4 -theoretical 
mica, K4A14(Si~AI~)O2o(OH) ~ - pyrophyllite, A14SiaOzo(OH)4. 
The proportions of the three components are calculated following 
the method of Stephens et al. (1979). The number of each plot 
corresponds to the analysis number in Table 2. The black star 
and the white star in a black circle correspond to the average 
illite compositions in bedding orientation ofmudstone and in cleav- 
age orientation of slate, respectively 

of illite and chlorite (Tables 3 and 4) are very similar, in 
general, to those of the microprobe analyses (Tables 1 and 
2). This suggests that electron microprobe analyses, if care- 
fully done, could also reflect true compositions despite the 
contamination problem. 

Comparison of the average illite composition of mud- 
stone in the bedding orientation and that of slate in the 
cleaveage orientation (Table 3 and Fig. 2) shows that there 
is an increase of K and A1 and decrease of Si parallel to 
the transition. This change is also consistent with the trans- 
formation of illite to muscovite as observed by X-ray dif- 
fraction (Lewis 1980; Lee et al. 1982a, 1985b) in that illite 
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in general has less K and A1 than muscovite. The Fe content 
remains the same and the apparent increase of Mg is not 
significant considering its relatively large error (Table 3). 

Velde (1977b) plotted compositions of 19 naturally oc- 
curring illites in MR3-2R3-3R 2 coordinates where M repre- 
sents monovalent alkali cations (mainly K), R 3 trivalent 
cations (A1 and Fe 3+) and R 2 divalent cations (Mg and 
Fe z +). The plot of illite compositions presented in Table 3 
(AEM analyses) is superimposed on Velde's illite composi- 
tion range (Fig. 3) and shows a larger deviation from the 
stoichiometric muscovite. This may indicate that samples 
used in this study range from the lower grade of diagenetic 
sequences than those in Velde's. 

The analyses of chlorite (Table 4) show a wide range 
of composition. The plot of chlorite composition in Fig. 4 
exhibits a much larger scatter than the data reported by 
Knipe (1981). Although Frey (1978) and Knipe (1981) ob- 
served a decrease in Fe content in chlorite during progres- 
sive metamorphism, our data show no definite trend con- 
comitant with the mudstone to slate transition (Fig. 4). 
Some other variable than temperature must, therefore, have 
a significant effect on Fe content of chlorite and, as de- 
scribed above, also on Fe and Mg contents of illite. 

Analyses of chlorite often include significant amounts 
of K. Local scale interlayering of illite within chlorite is 
assumed because this type of interlayering at an individual 
layer level is commonly observed as noted by Lee and Pea- 
cor (1983) and as we show below, in this paper. At this 
small scale, it may not be directly imaged by TEM mainly 
due to rapid damage of the illite structure by the electron 
beam. In this case, illite components were sub-tracted from 
the chlorite analyses as described by Lee and Peacor 
(1985a). Most of  the chlorite analyses fall in the range of 
ripidolite composition (Foster 1962) and this is consistent 
with Lewis' (1980) analyses of the large phyllosilicate grains 
using electron microprobe analysis. Although not plotted 
in Fig. 2, 3 and 4, compositions of illite and chlorite ob- 
tained by electron microprobe analyses fall in similar but 
much smaller areas of  these diagrams than those obtained 
by AEM analyses. 

M R  3 

L 

Fig, 3. A triangular plot of illite 
compositions of Table 2 in MR 3 - 
2R 3 - 3R 2 coordinates (after 
Velde 1977a). The numbers on 
each point and symbols for 
average values are the same as 
Fig. 2. Compositions of 19 
natural illites reported in Velde 
(1977b) are plotted on the left 
diagram and indicated as a lined 
area on the right. Proportions of 
ferric and ferrous irons are 
determined by charge balancing 
assuming anion component 
O10(OH)2 and for itlites with 
deficient total cation charge (less 
than + 44), all the iron is 
regarded as ferric 
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Fig. 4. Chlorite compositions presented in Table 3 are plotted on 
an AFM diagram (molecular ratios). The number on each point 
corresponds to the analysis number in Table 3. The triangle, the 
black star, and the white star in the black circle represent average 
chlorite compositions in cleavage orientation of transitional sam- 
ple, in bedding orientation of slate, and in cleavage orientation 
of slate, respectively 

Transmission electron microscopy 

Mudstone sample 

A lattice fringe image of a phyllosilicate grain from the 
mudstone reveals a packet of l 4 ,~ chlorite interleaved with- 
in the dominant 10 A illite (Fig. 1). The illite layers in this 
image are unusually well-developed as compared with the 
average illite of the mudstone which generally exhibits edge 
dislocations and other imperfections. The mottled appear- 
ance of the illite is characteristic only of that phase. In 
all subsequent images the illite may be identified by this 
feature, vis-a-vis chlorite. The chlorite and illite layers are 
subparalM and the misfit at the boundary is accomodated 
by layer terminations. The image is unfortunately incom- 
plete and the lack of contrast in some areas prevents a 
complete analysis of the boundary, which as a result of 
the layer terminations, is apparently only semi-coherent. 

Another example of a typical phyllosilicate of the mud- 
stone shows that packets of illite and chlorite layers are 
subparallel to one another (Fig. 5A). The boundaries be- 
tween packets are small angle grain boundary-like features 
with layer terminations each of which could be character- 
ized as an edge dislocation. The phyllosilicate layers shown 
in Fig. 5 A are approximately normal to the bedding plane 
of the mudstone. A lattice fringe image at a higher resolu- 
tion shows a relatively unusual but significant relation be- 
tween 10 and 14 ~ layers (Fig. 5B). All layers shown are 
parallel or nearly so and are thus part of  the same phyllosili- 
cate crystal. There are relatively thick units of only illite 
which, within the figure, are over 200 A thick. In addition 
there is one unit consisting of more than 10 consecutive 
14 ~ chlorite layers. Moreover, there is also considerable 
ordered 1 : 1, 24 A chlorite/illite within which stacking dis- 
order occurs giving rise to random illite/chlorite interlayer- 
ing. Such ordered 1:1 mixed layer chlorite/illite has been 
separately described by Lee and Peacor (1985a) where 

AEM data confirm that the chlorite is trioctahedral and 
the illite dioctahedral. 

Transitional sample 

As in Fig. 5B, a lattice fringe image of a typical phyllosili- 
care grain which is transitional from mudstone to slate dem- 
onstrates well defined packets of illite and chlorite layers. 
They are subparalM to one another and have edge disloca- 
tion-like layer terminations at the boundaries (Fig. 6A). 
However, there is frequent and random interlayering of 10 
and 14 A units, with no regularly repeating 24 A units. A 
portion of a grain from a transitional sample shows a rather 
unusual but significant occurrence of a well ordered 24 A, 
1:1 chlorite/illite mixed-layer at a higher resolution 
(Fig. 6B). Although such a regular repeat is unusual, the 
interlayering of 10 and 14 ~ layers in a random to semi- 
regular way is common in transitional samples. 

A higher resolution lattice fringe image of a crystal from 
a transitional sample reveals, in addition to illite and chlo- 
rite, 7A,-layers in direct association with 14 A chlorite 
layers (Fig. 7). Indeed, 7, 10 and 14 ~ units may be transi- 
tional to one another along individual layers. Such complex 
inter- and intralayer transitions and mixed layers were de- 
scribed by Lee and Peacor (1983). The 7 A phase is Fe 
and Mg-rich. It is therefore a trioctahedral phase (serpen- 
tine type structure) which is best referred to as berthierine. 

The structure layers of regularly and randomly inter- 
layered illite and chlorite (Figs. 6 and 7) occur only parallel 
to the slaty cleavage plane of the nearby slates. The speci- 
mens, however, show abundant grains with orientations 
parallel to bedding. Such grains are similar to those shown 
in Fig. 1. The amount of 14 ]~ chlorite within the randomly 
interlayered grains in Figs. 6 and 7 appears to be greater 
than that in Fig. 5 B. This suggests that the proportion of 
chlorite interlayered with illite increases as the transition 
from mudstone to slate proceeds. 

Slate sample 

A packet of illite is interleaved with a large grain of chlorite 
as observed in a slate sample from the Lehigh Gap outcrop 
(Fig. 8). There are no detectable randomly interlayered 
chlorite-illite units in this image or in any images from the 
slate, in general. However, the interface between chlorite 
and illite contains some unusual features. Here, layers gen- 
erally have 14 A periodicity but are imperfect and show 
mixed-layer stacking disorder; three consecutive units of  
7 A layers occur in at least two places within the 14 
layers. The selected area electron diffraction pattern of OOl 
reflections in the inset also shows well defined 10 2k illite, 
14 A chlorite and diffuseness along c* caused in part by 
the mixed layering in that area. Structures similar to the 
7 A layers which are found within t4 ,~ layers in Fig. 8 
are also described in Veblen (1983) and Ahn et al. (1983) 
and apparently have a serpentine-type structure and a com- 
position similar to chlorite as reported by Lee and Peacor 
(1983). 

Images of typical phyllosilicate grains of the slate sam- 
ple from a quarry exhibit layers of  illite and chlorite both 
of which occur as well-developed packets of several thou- 
sand Angstroms thick (Figs. 9A and 9B). The individual 
packets may still exhibit subparallel boundaries as in 
Fig. 9 A, but highly perfect units also occur in parallel orien- 
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Fig. 5A, B. A A portion of a typical phyllosilicate grain containing subparallel packets of illite and chlorite layers in the mudstone 
sample. B A lattice fringe image showing an interlayered relationship between 10 ,~ illite and 14 A chlorite from the same area as 
Fig. 5 A (The enlarged area is bracketed) 
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Fig. 6A, B. A A lattice fringe image of a typical phyllosilicate grain from a sample transitional to slate. There are areas of randomly 
interlayered illite and chlorite as well as packets of pure illite and chlorite. B A lattice fringe image of an area from the same sample 
as Fig. 6A. Illite and chlorite layers alternate regularly to produce a phase with ordered 24 A periodicity. The inset diffraction pat tern 
shows the OOl reflections of the ordered 1:1 phase with streaking along c* which is due in part  to random interlayering between 
ilite and chlorite 
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Fig. 7. A higher resulution lattice fringe image showing intralayer transitions between 10 A illite, 14 A chlorite and 7 A berthierine 
(see Lee and Peacor 1983). The sample is intermediate between mudstone and slate (Courtesy of Macmillan Journals Ltd.) 

tation with coherent boundaries as shown in Fig. 9B. Such 
highly perfect grains of the slate are usually 2-layer poly- 
types. 

Summary and discussion 

The general sequence of changes observed by TEM and 
AEM involving chlorite/illite interlayering can be character- 
ized by the following three stages : (1) Mudstone Imperfect 
grains with high densities of dislocations and other defects 
consist of subparallel packets of layers of illite and chlorite 
with incorherent boundaries. Such packets may be several 
hundred Angstroms in thickness. At the TEM level, illite 
is the predominant phase and grains are primarily oriented 
parallel to bedding (Lee et al. 1985b). (2) Transitional sam- 
ple Grains parallel to bedding are the same as those of 
the mudstone. Grains parallel to the cleavage commonly 
consist, in part, of randomly or regularly interlayered 10 
and 14 A layers. Where packets of homogeneous illite or 
chlorite layers occur, they are only a few hundred ~ng- 
stroms thick. (3) Slate - The majority of grains are relatively 
perfect (defect-free) intergrowths of packets of 14 A chlorite 
layers and 10 A dioctahedral mica layers. Packets of either 
illite or chlorite may be several thousand Angstroms in 
thickness. Boundaries between packets are semi-coherent. 
The mica is dominantly a two-layer polytype. Grains show 
a marked preference for an orientation parallel to the slaty 

cleavage, which is in turn approximately normal to the bed- 
ding. 

The 10 A dioctahedral phase shows, on average, regular 
changes from mudstone to slate as shown by data presented 
above and by Lee et al. (1985b). (1) The Si content de- 
creases, and the A1 and K contents increase, such that the 
10 ,~ phase in the slate is near stoichiometric muscovite 
in composition. (2) Most illite of the mudstone is a l-layer 
polytype (1 M) while 2-layer (2M ?) sequences are the com- 
mon stacking unit in the slate. (3) Illite in the mudstone 
has a relatively high density of layer terminations, edge 
dislocations and other imperfections, but the mica of the 
slate has a relatively perfect structure. Lee et al. (1985b) 
interpret the progressive transitions in the 10 ~ phases as 
a regular transition from a metastable, non-equilibrium il- 
lite toward a stable, stoichiometric muscovite. The activa- 
tion energy is provided by strain and temperature accompa- 
nying deformation, and the degree of transition is con- 
trolled by kinetic factors. The highly imperfect nature of 
the grains of the mudstones is an important factor in that 
this represents a high energy state which acts to promote 
reaction. The transition appears to occur only on a local 
basis with diffusion occurring only over distances as large 
as microns; i.e., the transition is apparently largely one 
involving a locally closed system. 

There are several questions raised by our results from 
these samples. The first question concerns the chlorite/illite 
interlayering in the mudstone. Hower et al. (1976) proposed 
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Fig; 8. A type of illite-chlorite interlayering found in slate. 7 A serpentine-structure layers are interlayered with relatively imperfect 
14 A chlorite layers which are in turn located between packets of well defined relatively defect-free illite and chlorite layers. The inset 
electron diffraction pattern shows diffuseness parallel to c* as well as sharp illite and chlorite reflections 

that chlorite which appears at depth in a burial metamor- 
phic sequence may be derived through transformation of 
smectite to illite. Ahn et al. (1983) have verified the increas- 
ing proportion of chlorite intergrown with illite and/or with 
mixed layer illite/smectite in the same Gulf Coast sequence 
studied by Hower et al. (1976). Indeed, the chlorite fre- 
quently is randomly interlayered with trioctahedral 7 
layers, or interlayered as packets of 7 and 14 A layers with 
the former showing complex polytypism. The original smec- 
rite has a considerable Mg, Fe component as compared 
with the illite to which it transforms. It is this trioctahedral 
component which must result in the 7 and 14 A trioctahed- 
ral layers. Ahn et al. (1983) show that the 7 ~ trioctahedral 
phase transforms to chlorite with further diagenesis. The 
result is packets of 14 A chlorite layers within dominant 
10 ,~ illite. 

As the state of the mudstone at Lehigh Gap is presum- 
ably derived by burial metamorphism (diagenesis) of  Gulf 
Coast-like sediment, it is reasonable to assume that the 
illite/chlorite interlayered texture of  the mudstone at Lehigh 
Gap is derived in the same manner. Indeed, Wintsch (1978) 
originally proposed that the deepest Gulf  Coast sediments 
studied by Hower et al. (1976) were equivalent in state of 
diagenesis/metamorphism to the least transformed mud- 
stones at Lehigh Gap. Additional data for such continuity 
has been presented by Lee et al. (1982a, 1984, 1985a) and 
Ahn et al. (1983). 

The second question concerns the mechanism for con- 
version of smectite to grains consisting of parallel packets 

ofillite and chlorite. Ahn et al. (1983) postulate a diffusion- 
controlled reaction in which original smectite structure 
layers are in part preserved. I f  such a part solid-state, part 
solution-recrystallization mechanism is valid, then the phyl- 
losilicate grains shown in Fig. 4 and 5 have been directly 
converted from smectite which once occupied that same 
space. 

The interlayered illite/chlorite of the transitional sam- 
ples is of two types: (1) Grains which are dominantly paral- 
lel to the bedding plane and similar to those of the mud- 
stone. Images of these grains were not shown because they 
are so similar to those of the mudstone. (2) Grains which 
show complex mixed layering of illite and chlorite. A layer 
sequence may consist of: a. layers only of illite or of chlo- 
rite, giving rise to a packet of one-phase layers, b. regular 
mixed-layer 1:1 chlorite/illite, and/or c. randomly inter- 
layered chlorite/illite. These grains have an orientation 
which is primarily parallel to the plane of developing slaty 
cleavage. 

Lee et al. (1983; 1985b) have verified the conclusions 
of Holeywell and Tullis (1975), Lewis (1980), and Wintsch 
(1978), that slaty cleavage at Lehigh Gap is developed 
through a solution-recrystallization mechanism. The com- 
plex interlayered 10 and 14 A material in the mudstone 
sample thus appears to represent the initial phase of crystal- 
lization of the slaty cleavage component from the solution 
of illite, chlorite and possibly illite/smectite mixed-layer 
grains parallel to bedding. At this stage, the transition must 
not involve solid state mechanisms, at least not in large 
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Fig. 9A, B. A A TEM image of typical phyllosilicate grains of a slate sample from a quarry. B A lattice fringe image of highly perfect 
chlorite and illite interleaved as packets of layers 
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part. The complex interlayering in transitional phases is 
clearly indicative of  a metastable state. This may have re- 
sulted from rather rapid crystallization at low temperatures 
during diagenesis, an environment which is generally char- 
acterized by such high entropy features. 

The well crystallized grains of  the slate only rarely show 
complex, local interlayering. The thick, alternating packets 
of  chlorite and illite/muscovite are relatively defect-free. We 
propose that such grains are derived by annealing o f  the 
more complex grains of  the transitional samples. The data 
are consistent with a mechanism of  transition which is 
partly solid-state diffusion-controlled, such that the original 
layers o f  the complex transitional material are replaced by 
well-ordered single-phase material. Such grains consist of  
single-phase domains which are large enough to be consid- 
ered equilibrium single phases in the classical sense. We 
propose that the entire sequence o f  textural, chemical and 
structural changes involving illites and chlorites is consis- 
tent with a general trend from heterogeneous metastable 
structures toward homogeneous, defect-free grains ap- 
proaching an equilibrium state with their local environ- 
ment. 

The pervasive nature of  the intergrowths in phyllosili- 
care grains at Lehigh Gap, in combination with these other 
observations, implies that chlorite-illite/muscovite inter- 
growths at the sub-optical scale may be very common.  As- 
suming that the illite and chlorite of  the mudstone were 
derived from precursor smectite, and that this is a common 
mode of  genesis, such intergrowths may be the rule rather 
than the exception in shales, mudstones and slates. The 
intergrowth of  white mica and chlorite on various scales 
has been noted in many previous studies: Sorby (1853), 
Hoeppner  (1956), Voll (1960), Attewell and Taylor (1969), 
Williams (1972), Holeywell and Tullis (1975), Beutner 
(1978), Ray  (1978), White and Knipe (1978), Page and 
Wenk (1979), Knipe (1981), Weber (1981), Craig etal .  
(1982), Woodland (1982) and van der Pluijm and Kaars- 
Sijpestejn (1984). As shown in our micrographs, such inter- 
layer relations may commonly occur at a scale down to 
single layers, and most  certainly below the scale of  optical 
resolution or electron beam-sample interaction in the elec- 
tron microprobe. Indeed, even A E M  techniques cannot re- 
solve single phases in some cases. Therefore, chemical anal- 
yses of  such crystals will result in serious contamination 
problems as indicated in the previous section. Veblen (1983) 
has als(~ pointed to these implications for chemical data. 
We would also not  only emphasize caution in interpreting 
analyses of  chlorites and white micas but emphasize that 
such interlayer relations among all phyllosilicates in terms 
of  their tri- und dioctahedral components are more com- 
mon than generally realized and chemical analyses should 
be interpreted accordingly. 
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