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ABSTRACT

In mixed-layer illite/smectite containing >80% illite, the presence of an expandable component
and changes in its abundance are difficult or impossible to detect with the X-ray diffraction (XRD)
method using conventional polar interstratification compounds, e.g., solvation with ethylene glycol.
Although high-grade diagenetic and very low-grade metamorphic (VLGM) samples do not expand
in response to ethylene glycol treatment, the illite crystallinity (IC) improves significantly with in-
creasing diagenetic/metamorphic grade. Improvement of 1C in anchizonal to epizonal samples pre-
viously was thought to be related primarily to increase in crystallite thickness and decrease in the
number of stacking faults. The present study reexamines the contribution of expandable components
to IC in shale and slate samples from the Gaspé Peninsula for both the <2 um and <0.1 um size
fractions in the high-grade diagenetic and VLGM zone. As tools, we have used XRD patterns and
high-resol ution transmission electron microscopy (HRTEM) lattice-fringeimages of samplestreated
with n-alkylammonium cations. These studies reveal the presence of expandable components in-
cluding R1- and R3-ordered structures and “expandable illite.” Expandable 2:1 clay minerals de-
crease in abundance with increasing metamorphic grade. The improvement of |C with grade is due
to the decrease in expandable layers and also to the decrease in the number of |attice defects and an
increase in crystallite size. Stacking faults may be the main source of lattice distortion only when
phyllosilicates consist of thick non-expandable layer silicates.

During late diagenesis, the chlorites become ordered and are stabilized. They are the dominant
phyllosilicate minerals present together with illitesin theillite-chlorite facies of the anchizone. Lat-
tice fringe images and XRD patterns document the presence of a short-range, corrensite-like R1

ordered phase and thick chlorite packets.

INTRODUCTION

Illite crystallinity, measured as full-width at half-maximum
(FWHM) of the 10 A X-ray diffraction (XRD) pesk of illitic ma-
terids, isan empirica index used to characterize the grade of di-
agenesis or very low-grade metamorphism (VLGM) in terranes
where index minerals and diagnostic mineralogical assemblages
are not available. Because of the smplicity of measurements of
illite crystallinity (hereafter, 1C), this property has been widely
used over the last 40 years, generally in conjunction with other
parameters of maturity such as organic-matter reflectance, to es-
tablish diagenetic and very low-grade metamorphic (VLGM) con-
ditions. Yet, interpretations of the physical meaning of the FWHM
of the 10 A reflection of illitein anchizonal and higher-graderocks
have concentrated on the effects of crystal size and stacking faults
and paid little attention to the presence of expandable phases.

The present study aims to assess qualitatively the presence
of such phasesin high-grade diagenetic to VLGM samplesand
theimpact of their presenceonillite crystallinity measurements.
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FACTORSAFFECTING ILLITE CRYSTALLINITY

Variationsin the illite crystallinity index may be related to
several crystal-chemical and analytical factors. According to
Klug and Alexander (1974), the profile of an XRD peak pro-
duced by a crystalline powder is a function of four main fac-
tors: (1) methods of sample preparation; (2) X-ray
diffractometer settings; (3) crystallite size (mean size of the
domainsthat coherently scatter X-rays, measured perpendicu-
lar to the diffracting plane) and domain-size distribution; and
(4) “lattice strain” (various kinds of lattice imperfections, e.g.,
local heterogeneity of chemical composition and lattice struc-
ture, see below and Figs. 1d, 1e, and 1f).

The basic difficulty in drawing definite correl ations among
results of IC studies made in various laboratoriesisthe lack of
sufficient standardization of analytical procedures and instru-
ments (Kisch 1990). Warr and Rice (1994) proposed a stan-
dardized scale of illite crystallinity, the crystallinity index
standard (CIS), by calibrating the IC measurements according
to Kisch (1991) using a set of rock-chip standards. Drits et al.
(1998) summarized the findings about the importance of crys-
tallite size. Shata (2000) reviewed the crystallite size measure-
ments and their relation to 1C and emphasized the importance
of the instrumental factor for |C-measurements and extended
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FIGURE 1. A model representing the stacking order of polar and non-polar layers in 2:1 layer-silicates (not to scale): (a) R = 1-ordered
structure represented by Markovian and fundamental particle models; | = illite, S = smectite; (b) sequence of smectite layers; and (c) packet of
illite. Various types of lattice imperfections (lattice strain): (d) distortion in illite lattice; (e) stacking faults including tilt (not shown); (f)
presence of swelling surfaces between coherent non-expandable 2:1 layers; and (g) expandableillite model. Various 2:1 layer silicate models
exhibiting expansion with nc = 18: (h) expandableillite; (i) model of the R1-ordered I/V structure (rectorite); V = vermiculite; and (j) model of
the R1-ordered C/V structure (corrensite); C = Chlorite. Solid circles represent relative numbers of interlayer cations, H and L stand for high
and low charge within individual 2:1 layers, respectively. Diagrams & b, and ¢ from Vali et al. (1994).

the standardization to data processing.

Warr and Nieto (1998), among other investigators, studied
ion-milled sampleswith the high-resolution transmission el ec-
tron microscope (HRTEM) to evaluate lattice strain (€) due to
stacking faults, edge dislocations, layer terminations, and de-
fects, which give rise to non-periodic features of the crystal
structure. The samples were also characterized by XRD analy-
ses. Expandable components have not been considered by these
authors to contribute to broadening of the 10 A XRD peak of
illitic materials beyond the high-grade diagenetic zone, prob-
ably because anchizonal illite showsno reaction to glycol treat-
ment. Smectite-group phases of prograde origin are not known
toformin theanchizone. Although Merriman et al. (1990) stated
that smectite is not detected in the anchizone, Merriman and
Peacor (1999) in arecent review left open the question of the
last occurrence of smectitein theanchizone. According to Arkai
et al. (1996), expandable mixed-layers do not occur in detect-
able amountsin anchizonal and epizonal rocks, and thus make
no significant contribution to calculation of lattice strain and
crystallite-size. The continuous improvement of illite crystal-

linity with increasing grade is thus routinely attributed to an
increase in crystallite size and a decrease in lattice strain.

We contend that the situation is more complicated. The de-
hydration and collapse of some smectite layersto 10 A layers
during HRTEM investigations of ion-milled 1-S samples may
have resulted in some ambiguity in the interpretation of the
material. In other words, the presence of small amounts of ex-
pandabl e components (smectitic material) may have been over-
looked, although Kisch (1983) already concluded that
expandability is only lost at the anchizone to epizone bound-
ary. Furthermore, high-charge expandable components cannot
be differentiated from non-expandable discrete illite in both
conventional XRD and HRTEM studies (Vali et al. 1991).

The aim of the present work is to evaluate the impor-
tance of expandable layersin high-grade diagenetic-VLGM
samples of Lower Paleozoic sedimentary sequences in the
Quebec Appalachians, and its impact on |C measurements
using conventional polar interstratification compounds (e.g.,
solvation with ethylene glycol) and intercalation with n-
alkylammonium ions.
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MATERIALS AND EXPERIMENTAL SETTINGS

Materials and geological setting of the study area

Fifteen samplesfrom high-grade diagenetic and VLGM ter-
ranes of the Gaspé Peninsula were chosen with the aid of IC
and organic-matter maturation maps of Islam et al. (1982) and
Hesse and Dalton (1991). Eight samplesweretaken from burial
diagenetic environments; the remaining seven samples repre-
sent anchizonal conditions around the Devonian McGerrigle
Mountains Pluton (Fig. 2).

The samples are argillaceous rocks from deep-water flysch
deposits of the Deslandes Formation and Cap-des-Rosiers
Group, forming part of the external domain of the Taconian
belt of Gaspé Peninsula. According to St. Julien and Hubert
(1975), the Taconian orogenic belt comprises Cambro-Ordovi-
cian sediments derived from various portions of aformer pas-
sive continental margin. The younger Ordovician rocks of this
belt were deposited in aforeland basin created by collision of a
Late Cambrian to Early Ordovician island arc system with the
passive continental margin of North America during the
Taconian Orogeny. Theserocks wereintruded by the post-oro-
genic Upper Devonian—Lower Carboniferous McGerrigle
Mountains Pluton, which consists of a hybrid suite of rocks
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ranging from syenites, granodiorites, and monzonites to gab-
bros in the northern part of the intrusion and earlier granitic
rocks in the southern part. An exceptionally wide anchimeta-
morphic halo (up to 20 km wide) has been mapped around the
pluton (Islam et al. 1982).

Sample preparation

The samples were separated into two size classes, a fine
(<2 um) fraction and an ultrafine (<0.1 um) fraction. Neither
grinding nor sonic or chemical treatments were used during
sample preparation in order to prevent artificially generated
expandability and to minimize any kind of modification of the
origina clay material (Wilcoxon et al. 1990). Only Na meta-
phosphate was added as a peptizer, where necessary. The
samples were Sr-saturated in order to achieve constant thick-
ness of the expanded structure that resulted from swelling (Eberl
et al. 1987).

X-ray diffraction

For conventional measurements of expandability and IC, a
concentration of >3 mg of a clay suspension/cm? was prepared
by pipetting the suspension onto aglassslideand air-drying it
at room temperature. After these untreated slides had been
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FIGURE 2. Geologic map of the Gaspé Peninsula showing the main stratigraphic units, structural elements (after Skidmore and McGerrigle
1967), and sample localities. Bold line around the McGerrigle Mountains Pluton delineates the anchizone of Hesse and Dalton (1991).
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scanned by XRD, the sampleswere solvated with ethylene gly-
col (EG) under vapor pressure at 60 °C for 24 hoursand imme-
diately analyzed by XRD.

For optimum characterization of the 2:1 layer structure and
for detection of expandability, the clay fraction was interca-
lated with octylammonium ions (n: = 8) and octadecyl-ammo-
niumions (nc= 18), where n¢ is the number of carbon ions per
alkyl chain. Shorter (nc= 8) ions are used for their ability to
differentially expand low- and high-charge expandable 2:1 clay
minerals, whereasthe n: = 18 ions selectively depleteinterlayer
K fromillitic and micaceous phases (Vali and Hesse 1992). By
substituting for interlayer K and other cationsfrom awiderange
of micas, such asillite, glauconite, and the high-charge variety
of 1-S mixed-layers, nc > 12 ions expand these phases. High-
charge I-S mixed layers do not respond to ethylene glycol or
glycerol and do not expand upon treatment with n. <12 (Vali et
al. 1991, and references therein). In contrast, smectite-group
phases and vermiculite react with short and intermediate
alkylammonium cations (6 < nc < 11) as well as long chains
(Vvali et a. 1992).

For n-alkylammonium intercalation, 50 mg of freeze-dried
clay were incubated at 65 °C in glass centrifuge tubes with 10
mL of the appropriate solution of n-alkylamine hydrochloride
(using a0.5 N solution for octylamine hydrochloride and a0.05
N solution for octadecylamine hydrochloride, respectively) for
five days. The details of the intercalation and washing process
are given in Ruhlicke and Kohler (1981) and Lagaly (1994).
The n-alkylammonium claysweredispersedin al:1 90% etha-
nol-deionized H,O solution, pipetted onto glass slides, and al-
lowed to dry at room temperature. Then the slides were placed
overnight in afreeze-dryer under high vacuum (in order to pre-
vent incorporation of alcohol with the n-alkyl ammonium ion
inside the 2:1 layer silicate) and immediately taken to the
diffractometer.

XRD analysis was carried out on a 12 kW rotating anode
Rigaku D/Max 2 automated powder diffractometer equipped
with agraphite diffracted-beam monochromator (CuKo radia-
tion) and a theta compensating slit assembly. The system was
operated under the following analytical conditions: voltage of
40 kV, beam current of 100 mA, step-size of 0.01° 26, count-
ing time of 1 second per step, 0.15 mm receiving dlit, and a
scanning range of 2 to 40 °26. The proportion of expandable
interlayers and type of order of illite-smectite (1S) mixed-lay-
erswere estimated from the experimental XRD patterns of Mg-
saturated and EG-solvated samples or samplesintercalated with
nc= 8 and nc= 18 using the A28 method of Moore and Reynolds
(1997). Srodon’s (1984) intensity ratio Ir = [1(001)/1(003)] ..
ariea/[1(001)/1(003)] giycoieas Which is very sensitive to the pres-
ence of swelling layersinillite, was not applicable due to the
presence of fine-grained quartz in almost all samples.

High-resolution transmission electron microscopy

HRTEM combined with n-alkylamonium treatment allows
distinction between expanded and non-expanded interlayersin
interstratified structures under the electron beam and thus be-
comesacritical tool to document the evolution of 2:1 clay min-
eralsin high-grade diagenetic and VLGM environments.

The 2:1 clay mineral samples (dehydrated with polypropy-
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lene) were embedded in a low-viscosity, thermally curing ep-
oxy resin (Spurr 1969) for preparation of ultrathin sectionsfol-
lowing the method of Vali and Kdster (1986). Ultrathin sections
were transferred to 1.5 mL microtest tubes containing 1.0 mL
of the n-alkylammonium-cation solution diluted to 40-50% of
the initial concentration (Vali and Hesse 1990).

All ultramicrotomed samples were imaged in bright-field
illumination at high resolution with a JEOL JEM-100 CX Il
transmission electron microscope (TEM) at an accelerating
voltage of 100 kV. TEM imaging was performed with focus
conditions approximating the Scherzer defocus (underfocus)
depending on the structure and thickness of the specimen and
instrumental conditions (Vali et al. 1991; Vali and Hesse 1992).
Under these conditions, dark fringes approximately overliere-
gions of relatively high density (2:1 layer silicate), and bright
fringes approximately overlieregions of relatively low density
(interlayers). Because the work depends critically on transmis-
sion electron microscopy, we start with a TEM-based defini-
tion of 2:1 layer silicates.

TEM-BASED DEFINITON OF 2:1 LAYER SILICATES

Vali et al. (1994) concluded from HRTEM studies combined
with XRD that smectite-group phases, vermiculite, and “ex-
pandableillite” all consist of polar 2:1 layers, whereas packets
of illite consist of interior non-polar layers and exterior polar
layers. In aninterior non-polar layer, the surfaces on both sides
of individual 2:1 layers have the same charge density, i.e., the
isomorphous substitution in the individual layers of tetrahe-
dral, octahedral, and tetrahedral (T-O-T) sheetsis symmetrical
(Figs. 1b and 1c). A rectorite-like, R1-ordered phase is com-
posed of polar 2:1 layersonly (Fig. 1a), and considered to be a
single phase (Lagaly 1979; Ahn and Peacor 1986).

DETECTION OF EXPANDABILITY: N-ALKYLAMMONIUM
INTERCALATION VS. GLYCOLATION

Expandability (conventionally defined as %S layers in
mixed-layer 1-S) isafundamental parameter to assess the evo-
Iution of phyllosilicatesduring diagenesisand VLGM. Expand-
able clay minerals like those of the smectite group occur as a
component of mixed-layer clays in argillaceous sediments.
During burial diagenesis, the percentage of expandable layers
in mixed-layer clays decreases systematically as a function of
many factors; chief among them is temperature (burial depth)
(Srodoh and Eberl 1984). Below 10-20% S, expandable com-
ponents become difficult to detect with conventional methods.
For samples formed under high-temperature conditions (>165
°C), EG solvation causes only a slight sharpening (or none at
all) of the reflections (Hunziker et al. 1986; Yang and Hesse
1991). A few abnormal samplesin the Gaspé suite show dlightly
wider and weaker XRD peaksthat shift to higher 26 angle upon
glycolation. The reason for these changes is not fully under-
stood, but is presumably due to loosening of the structure by
the penetration of EG along the boundaries of the relatively
large, ordered crystallites (coherently scattering domains).

The conventional methods to assess expandability, such as
the shift in the peak position of glycolated samples (%Sxro,
Srodoh 1981) or the intensity ratio [Ir = 1(001)/1(003).-aried
1(001)/1(003)gyco» Srodoh 1984] are no longer suitable under
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anchizonal conditions (discussed below). In ion-thinned
samples studied under the HRTEM, expandable components
cannot be detected because they collapse in the high vacuum
under the electron beam. It is for these reasons that the role of
expandable components in high-grade diagenetic and VLGM
rocks has remained obscure and poorly documented.

The limitations and ambiguities of glycolation as a means
of assessing expandability in XRD patterns were discussed by
Ransom and Helgeson (1989). Glycolation does not differenti-
ate between low-charge vermiculite and high-charge smectite.
Furthermore, neither high-charge vermiculite nor expandable
illite respond to glycolation.

The occurrence of different types of expandable compo-
nents and, consequently, of variationsin interlayer-charge den-
sity can be detected by XRD and HRTEM in
n-alkylammonium-treated samples, whereas ethylene glycol
treatment of XRD mountsisindifferent to these variations. The
arrangement of alkylammonium ions exchanged for inorganic
interlayer-cationsin smectite, vermiculite, illite, and mixed-layer
mineralsand the degree of expansion are afunction of akyl chain
length (6 < n: < 18) and the density of interlayer charge (see Ap-
pendix).

RESULTS: XRD CHARACTERIZATION OF
GLYCOLATED AND N-ALKYLAMMONIUM INTERCA-
LATED ILLITIC AND CHLORITIC MATERIALS

FWHM of the 10 A diffraction peak

Air-dried, high-grade diagenetic samples show afairly broad
asymmetrical basal (001) diffraction peak at 10 A. After
glycolation the 10 A peak shifts slightly toward a higher 26
angle, indicating the presence of expandablelayers. On the other
hand, the FWHM of the 10 A peak narrows within the high-
grade diagenetic zone and in the transition to the anchizone
and further in that zone with increasing grade, indicating some
structural modification. Anchimetamorphicillite of Gaspé Pen-
insula shows no significant XRD-shift upon glycol treatment
(Figs. 3 and 4), and behaves similarly to the phyllosilicatesin
the diagenetic and VLGM zones of the Glarus Alps, Switzer-
land (Hunziker et al. 1986), and of the southern Quebec Appa-
lachians (Yang and Hesse 1991). The details of the behavior of
the 10 A difraction peaks of illitic phases of Gaspé Peninsula
phyllosilicates with glycolation in both the fine and ultrafine
fractionsare givenin Table 1 and Figs. 3, 4, 8, and 9.

A few samples show abnormal behavior upon glycolation.
The XRD peaks become slightly wider and weaker, and shift
to higher 26 angles.

Peak positions and peak intensities

Besides being affected by domain size distribution, mineral
composition, and machine effects, the position and intensity of
peaks in the XRD patterns of illitic materials are principally
related to swelling characteristics, which strongly depend on
the mixed-layer content. In the few cases where detrital quartz
was absent, theintensity ratio Ir = [1(001)/1(003)]r.aries/ [1(001)/
1(003)] giycoiated (Srodon 1984) failed to detect the presence of
expandable layers in high-grade diagenetic and VLGM rocks
because the samples did not respond (or responded anoma-
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FIGURE 3. XRD patterns of sample TM 39 (Cap-des-Rosiers Group,
McGerrigle Mountains Pluton anchizone, Gaspé Peninsula) showing
the response of different size fractions to glycolation and
alkylammonium ion intercalation. Sr-Sat stands for air-dried, Sr-
saturated; EG = ethylene glycol; nc = 8, octylammonium cations; nc =
18, octadecylammonium cations.
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FIGURE 4. XRD patterns of sample TM29 (Deslandes Formation,
McGerrigle Mountains Pluton anchizone, Gaspé Peninsula) showing
the response of different size fractions to glycolation and alkylam-
monium ion intercalation (same abbreviations asin Fig. 3).

lously) to EG (i.e., showed Ir values <1), suggesting that the
Srodoh intensity ratio isnot asensitive parameter in anchizonal
or higher-grade rocks.

Intercalation with n-alkylammonium cations

The expandability of illitein anchizonal sasmpleswas evalu-
ated by comparing lattice-fringeimages of 2:1 clay mineralsin
the <2 um and <0.1 pum fractions before and after treatment
with short- and long-chain alkylammonium cations with their
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XRD patterns (glycolated and untreated samples). Theresponse
of illite to n-alkylammonium intercalation is different in high-
grade diagenetic and anchizonal samples (Table 1) and isused
to identify the various 2:1 clay mineral components and their
expansion properties on the basis of their d(001) values (Figs. 3
and 4). No quantification of the expandability is attempted at
this stage, although the tools used in this study certainly have
the potential to quantify low concentrations of expandable phases
inmixed-layer clays, and thisisahigh priority for future research.

Following is the description of the HRTE micrographs to-
gether with the XRD data and suggested models for the 2:1
layer silicates present.

COMPARISON OF XRD RESULTSWITH HRTEM CHAR-
ACTERIZATION OF INDIVIDUAL PHASES

Expandableillite with abundant double layers and
packets of non-expandableillite

Illite and some varieties of mica possessing interlayersin-
tercalated with nc = 18 in a paraffin-type arrangement gener-
aly havead(001) of 29to 31 A (e.g., a~10 A 2:1layer silicate
+a19 A n. = 18 expanded interlayer, Figs. 1g and 1h) in XRD,
whereas in HRTEM images, d(001) is measured as ~24-25 A
(~10 A silicate layer + ~14 A intercalated n.= 18 interlayer).
The differencein the d-values may be due to radiation damage
of the alkylammonium ions (evaporation of ammonia) under
the electron beam in TEM (Vali and Hesse 1990; Vali et al. 1991).

In al samples of high-grade diagenetic and VLGM rocks
of the Gaspé suite, illite coexistswith chlorite (Shataand Hesse
1998). Vali et al. (1991) reported that expandable illiteis rep-
resented by a set of integral reflections having d-values of 30,
15, and 10 A (as documented in the present study, Fig. 3). The
second and the third reflections of expandable illite may be
superimposed on the sharp basal reflections of chlorite and il-
lite, respectively. This superposition may explain the broaden-
ing of the first two basal reflections of chlorite after nc = 18
intercalation (Fig. 3), although | attice-fringe images do not show
expandable chlorite phases (except for samplesA309 and A312).

Expandableillite forms the main constituent of most of the
<2 um fractions of the Gaspé samples. Treatment with long-
chain alkylammonium cations (nc > 12) produced two charac-
teristic XRD reflections, a 10 A peak representing
non-expandableillite (packets of discrete non-expandable 2:1
layer silicatein HRTEM) and a29-31 A peak (uniform coher-
ent expandable 2:1 layers of 25 A spacing in HRTEM) repre-
senting highly charged “expandableillite” (Fig. 5). We prefer
to retain the original descriptive name “expandableillite” sug-
gested by Laird et a. (1987) and Vai et a. (1991) for illitic
material containing intercalated alkylammonium cations with
aparaffin-type arrangement in the interlayers rather than using n-
alkylammoniumillite, the nameintroduced by Searset a. (1998).

Vermiculite

Only one sample (TM29) exhibits an expansion in response
tonc.= 8 aswell asto n.= 18 intercalation. The sampleischar-
acterized by three sharp XRD reflections, at 29.4, 14.5, and
9.97 A after n. = 18 treatment, whereas it expanded to 18.6 A
upon intercalation with nc = 8 (in contrast to expandableillite,
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which does not expand in response to nc = 8). This material
may beinterpreted asintermediate- to high-charge vermiculite
with a paraffin-type arrangement of the alkyl chains (compare
the glycolated and n. = 18-treated patternsin Fig. 3). Another
distinction between expandable illite and vermiculite is the
absence of a 10 A peak after treatment with nc = 18. In other
words, vermiculiteisresponding thoroughly to nc= 18 interca-
lation, whereas expandable illite exhibits selective expansion,
retaining packets of non-expanding illite that give rise to the
10 A peak.

Lattice-fringe images for this sample (TM29) show a co-
herent pattern of fully expandable interlayers with a uniform
spacing of 25 A (Fig. 6) alternating with a few very thin non-
expandable 10 A 2:1 layers.

Rectorite-like R1-ordered 2:1 layer-structure

The XRD pattern of the samples containing this phase is
characterized by a sharp peak at 36.2-36.9 A along with a set
of integral reflections (e.g., Fig. 3). The pattern is attributed to
an R1-ordered structure characterized by a superstructure with
a set of approximately integral reflections 36.9 (001)*, 18.5
(002)*, 12.3 (003)*, 9.4 (004)*, and 7.38 (005)* A. Vali and
Hesse (1992) attributed similar integral reflections at 36, 18,
and 12 A in the Jefferson vermiculite treated with nc= 18 to
vermiculiteitself. They related the additional expansion to the
effects of ethanol, a polar molecule used in the washing steps
that may aggregate to form clusters between the alkyl chains
(Lagaly 1987). In the present study, any expansion due to the
presence of ethanol was excluded by placing the slides over-
night in a freeze-dryer under high vacuum and then immedi-
ately scanning them.

L attice-fringe images of the rectorite-like phase shows two
different responses of the 2:1 layer-structureto n.= 18 interca-
lation. In Figure 7, the main domain consists of more than 40
double layers with expandable interfaces of 26-27 A spacing
and eight packets of non-expandable 2:1 layersranging in thick-
ness from 5to 29 2:1 layers.

The R1-ordered structure consists of one non-expandable
2:1silicate layer (10 A) and one 2:1 silicate layer with an ne =
18 expanded interlayer of 27 A (10 + 27 = 37 A). Theinterca-
lated nc = 18 interlayer suggests an intermediate to high
interlayer charge-density typical of vermiculite with a paraf-
fin-type arrangement of the alkyl chains (Figs. 1i and 3). The
phase seems to be confined to the anchizonal samples, either
inthe<2um (sample 89-44) or inthe <0.1 um fraction (samples
TM30 and TM39). Furthermore, the same R1-ordered struc-
turewasfound in the finefraction of burial diagenetic material
(samples A309 and A318), but with one major difference: the
XRD pattern of the n.= 18 intercalated sample gives an inte-
gral set of reflections, 34.5-17.2-11.5 A (Fig. 8). An R1-or-
dered structure of rectorite may thus still exist in
burial-diagenetic and VLGM terranes, with the expandable
interlayer charge being higher in VLGM than in the burial di-
agenetic zone.

Corrensite-like R1-ordered layer structure

The XRD pattern of the treated material is characterized by
asharp 43-44 A peak along with a set of integral reflections.
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TaBLE 1. lllite crystallinity (FWHM) and XRD peak position of <2 pm and <0.1 um fractions of /#alkylammonium (/z.= 18) intercalated

samples

Diagenetic grade Burial diagenesis

Stratigraphy Deslandes Fm Cap des-Rosiers Gp.

Sample no. A306* A309 A312 A412 ML57 A318 R252

FWHM*

<2um 0.395-0.345 0.547-0.504 0.545-0.5.4 0.413-0.426 0.342-0.298 0.379-0.421 0.306-0.302

<0.1 um 0.273-0.311 0.291-0.335 0.504-0.478 0.401-0.669 0.328-0.303 0.295-0.440 0.307-0.368
XRD peak positions of n. = 18 intercalated samples in angstroms

<2 um [44.1, 21.9]2 [30.7,15.2,10.3]° [31, 15.01, 10.2]¢ [30]° [23.58,17.7,15.35 [29.7,14.81,9.9 [30.2, 15, 10.1]°

11.8, 10.06]"

<0.1 mm [(51.3,17.1,10.3) [(44.4,22.3,14.8, [(42.0, 20.8,

(14,7) (34.5,17.2, 11.5) 11.18,8.94,7.45), 143,105,

(34.3,17.72,11.4,83)]  8.40)]

* Air dried glycolated.

Notes on XRD expansion (in angstroms) due to 77, = 18 treatment:

a Expandable phase occurs only in <2 um fraction represented by small shoulder at 44 A and very wide hump at 5-6°26. Fine fraction gives very
diffused XRD-pattern.

> Expandable illite.

¢ R3-ordered layer structure.

4 The 14 and 7 A peaks becomes very broad.

¢ Rectorite-like R1-ordered 2:1 layer-structure.

fWhere there is more than one phase in a give sample, peak positions for individual phases are shown in parentheses and grouped by square
brackets.

.
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g F i\ * 200~ FIGURE 6. HRTEM image of the <2 um size-fraction of sample
' ' TM 29 from the McGerrigle Mountains Pluton anchizone after

FIGURE 5. HRTEM image of the <2 um size-fraction of sample  treatment with nc = 18 showing coherent packets of expanding 2:1
TM39 from the McGerrigle Mountains Pluton anchizone after treatment  layers with average spacing of 25 A (solid diamond) alternating with
with ne = 18 showing coherent packets of expandableillitewithaverage  very thin packets of two to three 2:1 layers of “non-expandableillite”
spacing of 25 A (solid diamond) alternating with thin packets of non-  (open diamond). The solid arrow indicates the non-expandable packet
expandable 2:1 layers with 10 A spacing (open diamond). termination and conversion to afully expanded coherent domain.
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TABLE 1. —Expanded.
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Burial diagenesis

McGerrigle anchizone

Cap des-Rosiers Gp. Cap des-Rosiers Gp.

Deslandes Fm

R253 89-44 ™6 TM39 ™29 T™M30
FWHM*
0.440-0.490 0.354-0.413 0.314-0.303 0.360-0.495 0.627-0.609 0.262-0.29
0.290-0.340 0.480-0.559 0.303-0.289 0.509-0.351 0.434-0.555 0.561-0.469

XRD peak positions of n, = 18 intercalated samples in angstroms

[3153,15.9, 105P [36.2, 17.92, 11.96]
[43.9,22.2,14.8,11.1)

[22.1,17.2]

[(51.62, 25.8, 17.2, 10.4Y, [43.7, 21.5, 14.6]
(34517.2,115),
(44.4,22.3,14.9,11.1, 8.9)

[17.13, 11.04, 6.2]

[36.9, 185, 12.2, 9.36]

[29P [29]" [31, 155, 10.3]

[29]" [(43.6, 21.55, 14.5)
(35.6, 17.88, 12.04)°,

(61.2,17.1,12.8, 10.4)°

9 Expandable illite in both <2 um and <0.1 pum fractions.

h <2 um fraction: 10 A peak little affected, <0.1 um: only very broad peaks at 23.8, 15.3, 11.7 A.

I Corrensite-like R1-ordered layer structure.

' Peak broadening in the fine fraction not related to expandable component.
¥ The main phase is corrensite (44 A); expandable illite (31 A) is represented only by a shoulder.
' Expandable phase in both <2 um and <0.1 um fractions represented by very weak, broad peak compared to glycolated samples. Both fractions

do not respond to /2= 8

m Both fractions expand to 29 A with /.= 18, but are interpreted as vermiculite because they respond also to /7. = 8.

The diffraction peak at 44.4 A (001)* suggests a superlattice
reflection with a set of the integral higher-order reflections of
22.2 (002)*, 14.8 (003)*, 11.1 (004)*, 8.9 (005)*, 7.4 (006)*,
6.4 (007)* A (Figs. 8 and 9). The pattern is attributed to a
corrensite-like, R1-ordered 2:1 layer structure.

L attice-fringe images of sample R253 treated with n.= 18

l‘-""‘--‘
0=

'8
FIGURE 7. HRTEM images of the <0.1 um size-fraction from the
McGerrigle Mountains Pluton anchizone (sample TM 39) after
treatment with nc = 18: Sequence of an R1-ordered structure consisting
of double layers having expandabl e interfaces with an average spacing
of 27 A (vermiculite, open triangle) and thick packets of 2:1 layer-
silicates with non-expandable interlayers (10 A, open diamond).

Ann~

(14 A) and one 2:1 layer silicate with nc = 18 expanded
interlayers of 29-30 A, yielding a superstructure reflection of
43t044 A. Theintercalated nc = 18 interlayer suggests a high
charge-density typical of vermiculite, with a paraffin-type ar-
rangement of the alkyl chains.

According to Bailey et al. (1982), corrensite may be de-
fined asregular interstratification of trioctahedral chloritewith
either trioctahedral smectite or trioctahedral vermiculite. The
former is called “low-charge corrensite” whereas the latter is
called “high-charge corrensite.” Shau et al. (1990) recom-
mended that corrensite be treated as single phase rather than a
1:1 ordered mixture. Corrensite is widespread, and found in
various environments. It has been previously documented in
high-grade diagenetic (Wybrecht et al. 1985) and in VLGM
rocks (e.g., Dunoyer de Segonzac 1970; Jiang and Peacor 1994,
DallaTorre et a. 1996).

Liketherectorite-like, R1-ordered layer structure, the chlo-
rite mixed-layers are abundant in the fine fractions of Gaspé
samples, with the exception of sample R253 (<2 um). The
corrensite-like, R1-ordered structure occursin burial diagenetic
and VLGM rocks, mostly those of the Cap-des-Rosiers Group.
Its origin may be provenance-related and thus reflect a detrital
origin. The XRD patterns of these samples do not respond to
glycolation, probably because the expandable component has
a high density of interlayer charge. Also, the expandable
interlayers may beisolated between illite clusters; their contri-
bution to the XRD-measurable expandability is considered to
be minor.

“Kalkberg” R3-ordered layer structure

An R3-ordered 2:1 layer-structure consists of three 10 A
2:1 layers (30 A) and one 2:1 layer with an nc = 18-expanded
interlayer of ~22 A. The intercalated n. = 18 interlayer sug-
geststhe presence of an intermediate interlayer charge-density
typical of vermiculite with a paraffin-type arrangement of the
nc= 18 cations. This proposal isin agreement with the findings
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FIGURE 8. XRD patterns of sampleA318 (Cap-des-Rosiers Group,
burial diagenetic zone, Gaspé Peninsula) showing the response of
different size fractions to glycolation and alkylammonium-ion
intercalation (same abbreviations asin Fig. 3).

Ie
N

Relative intensities

Sr Sat., <0.1pym /

(26)
FIGURE 9. XRD patterns of sample R253 (Cap-des-Rosiers Group,
burial diagenetic zone, Gaspé Peninsula) showing the response of

different size fractions to glycolation and alkylammonium-ion
intercalation (same abbreviations asin Fig. 3).

of Cetin and Huff (1995) that the expandable interfaces of il-
lite-rich 1-S have a vermiculite-like charge-density of the
interlayer.

The XRD pattern of sample R253, treated with nc= 18, is
dominated by a series of sharp reflections between 2 and 12°
260 (Fig. 9). In addition to expandable illite and a corrensite-
like structure, a superlattice structure found in the fine fraction
of this sample produces a set of integral reflections of 51.6
(001)*, 25.8 (002)*, 17.2 (003)* and 10.4 A (005)* (Fig. 9).
These peaks are attributed to an R3-ordered structure.

Lattice-fringe images of the <0.1 um fraction of sample
R253 after treatment with n.= 18 show 2:1 clay mineralsform-
ing sequences of packets having between 3 to 6 non-expand-
able 2:1 layers, with single expandable interlayers between
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FIGURE 10. HRTEM images of the <0.1 um size fraction from the
McGerrigle Mountains Pluton anchizone (sample TM39) after
treatment with nc = 18 showing a sequence of a corrensite-like, R1-
ordered structure consisting of doublelayers, aternating between non-
expandable 14A 2:1 layers (solid squares) and expandable interlayers
with average spacing of 29-30 A (open squares).

adjacent packets (Fig. 11). ThisR3-ordered structureis stacked
in a coherent sequence.

The occurrence of an R3-ordered layer-structure in the
phyllosilicates of the Gaspé suite is consistent with the obser-
vation of Krekeler and Huff (1993) that corrensite and R3-or-
dered |-Scoexist. They cited the Middle Ordovician K -saturated
bentonite from the Hamburg Klippe, central Pennsylvania, as
an example that hasaVLGM origin.

Discreteillite and chlorite

The ultrafine (<0.1 um) fractions of both high-grade diage-
netic and VLGM samplesin the Gaspé suite comprisethin pack-
ets of discrete, non-expandable 2:1 layer-silicates (Fig. 12)
aong with expandable phases. In contrast, the <2 um fractions
exhibit thick packets of an illitic or micaceous phase, either
present as expandable illite or as non-expandable discrete il-
lite. The latter is restricted to the <2 um size-fractions. The
|attice-fringe image in Figure 13 shows three very thick paral-
lel domainsranging in thickness from 20 to 30 2:1 layers, with
non-expandabl e interfaces. All three domains show phase con-
trast (mottled appearance), which may be interpreted as being
due to lattice strain, unlessit is an artifact (due to a change in
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FIGURE 11.
HRTEM image of the
<0.1 um size-fraction
from McGerrigle
Mountains Pluton
anchizone (TM 39)
after treatment with ne
= 18 showing R3-
ordered structure
consisting of thin
packets of 3 to 6 non-
expandable layers
(open diamond with
expandable interface
with an average
spacing of 21-22 A
(white arrows). The
black arrows denote
the termination of
non-expandable
packets and
conversion to a fully
expanded coherent
domain.

thickness or sampletilt of the ultra-thin section). Furthermore,
chloriteformsvery thick packets (>35 2:1 layers) in the coarse
fractions (Fig. 14).

In addition to the ordered mixed-layer phases, non-ordered,
random expansion also exists under high-grade diagenetic and
VLGM conditionsin the Gaspé suite (Fig. 15). In some cases,
a discrepancy between XRD and HRTEM results of n-
akylammonium-treated clays can be observed. For example,
in the XRD pattern of the <2 um fraction of sample TM39
(Fig. 3), only the presence of expandableillite can be detected,
whereas the lattice-fringe image (Fig. 16) indicates the pres-
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FIGURE 12. HRTEM
image of the <0.1 um
sizefraction from burial-
diagenetic sample A312
(Deslandes Formation)
after treatment with nc =
18 showing abundant
small short packets of
non-expandable 2:1
layers (illite, open
diamonds) occurring
together with small
packets of expandable
illite (solid diamond).

FIGURE 13.
HRTEM image of
the <2 um size-
fraction of sample
89-44 from the
McGerrigle
Mountains Pluton
anchizone (Cap-
des-Rosiers
Group) after
treatment with nc
= 18 showing a
sequence of three
very thick
domains of non-
expandable 2:1
layer (open
diamonds).

L, T ——

b
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FIGURE 14. HRTEM image
of the <2 um size-fraction of
sample TM6 from the
McGerrigle Mountains Pluton
anchizone (Cap-des-Rosiers
Group) after treatment with nc
= 18 showing very thick
domains of non-expandable 2:1
layer silicates (chlorite, solid
square).

ence of non-expandable
packets and rectorite-like
R1-ordered layers, in addi-
tion to expandable illite, as
well asafew packets of ran-
domly expanded mixed lay-
ers. Thisdiscrepancy may be
due to the minor proportion
of the additional ordered
phases, or it may be caused
by overlap of XRD peaks.

INTERPRETATIONS AND
DISCUSSION
The present study success-
fully demongtratesthe presence
of expandable components in
high-grade diagenetic and
anchizond samples. Thisdem-
ondrationrestsonHRTEM im-
ages and on the relaionship to
1C. However, such components
at this grade are considered
metastable and will ultimately
disappear rapidly during pro-
graderecryddlization.

Disapparance of expand-
able components

With prograde changesin
the VLGM zone,
expandability is expected to
reach a minimum, beyond
which stacking faults may be
the main cause of peak

broadening (or imperfect °
crystallinity). Consequently, i
the continuous sharpening of S
the 10 A X-ray reflection in 100=
S——

a prograde alteration se-
guence in anchizonal rocks
isinterpreted as gradual conversion of the last remaining ex-
pandable phases to illite, to the point that stacking faults re-
main the dominant factor causing imperfect crystallinity. In
other words, peak broadening in the diagenetic zone and the
low-grade anchizone is mainly attributed to the presence of
expandable components. Under these conditions, the size of
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FIGURE 15. HRTEM image of the <2 um size fraction from the
Cap-des-Rosiers Group, McGerrigle Mountains anchizone (sample
TM6) after treatment with nc = 18 showing the existence of random
expansion of illitic material (long solid arrow), abundant packets of
non-expandable illite (open diamonds) alternating randomly with
expandable illite (solid diamonds), and R3-ordered structure (white
arrow, pointing to the expandable interface of the R3 structure).

coherently diffracting domains increases, and the lattice dis-
tortions decrease. In the epimetamorphic zone, where
expandibility has reached aminimum, stacking faults may then
become the main or sole source of lattice distortion. Lattice
distortion in epizonal rocks seemsto reflect mechanical defor-
mation, as it is common in kink bands and in the vicinity of
dislocations (L.N. Warr, pers. comunication 2001). At this stage,
the lattice distortion bears no systematic relation to the mean
illite crystallite size (Arkai and T6th 1983; Shata 2000).
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200=

FIGURE 16. HRTEM image of the <2 um size fraction from the
Cap-des-Rosiers Group, McGerrigle Mountains anchizone (sample
TM39) after treatment with nc = 18 showing packets of expandable
illite interlayers (solid diamond) occurring together with thin packets
of threeto five non-expandable 2:1 layers of illite (open diamond) and
sequence of double layers with expandabl e interfaces (open triangle).
The co-existence of these phases in the coarse fractions may indicate
that illite evolution is a gradual conversion rather than a sharp-step
process.

Similarly, chlorites in the <2 um fractions of the material
studied form very thick domains of non-expandable 2:1 layers
of 14 A spacing (Fig. 14). Like illitic material, the chlorite
mixed-layersexist mainly inthe coarsefractions, withonemain
difference: the types of mixed-layering in chlorite are limited,
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i.e., only corrensite-like R1-ordered structures have been de-
scribed, in contrast to expandable componentsinillitic materi-
as, which occur in various structures, e.g., in R1-, R3-ordered
structures, and expandable illite. This difference may indicate
that the prograde modifications of chlorite leads to discrete
flakes of chlorite, which thus resembles the evolution of illite
but with fewer intermediate steps.

Expandability and peak asymmetry

The first-order basal reflection of illite or white mica from
diagenetic and low-grade metamorphic rockstendsto be asym-
metrical (Wang et al. 1995). With increasing sharpness of the
10 A reflection, the asymmetry of the peak decreases. This
decrease results from increasing crystallite size with increas-
ing grade. However, as Stern et al. (1991) noticed, a marked
change in the asymmetry of 10 A peak of illite (in addition to
the progressively improving IC) in a progressive diagenetic-
metamorphic recrystallization sequence also indicates a con-
tinuous decreasein the proportion of the expandable (smectitic?)
component. Arkai and T6th (1983) introduced two different
parameters to measure asymmetry of the 10 A reflection, and
were able to separate crystallite size and lattice distortion ef-
fects.

Expandability and growth mechanism

In the <2 um fraction, the presence of larger diffracting
domains further narrows the illite and chlorite peaks. The dis-
solution of expandable phases (rectorite-like, R1-ordered struc-
turewith high interlayer charge-density typical of vermiculite,
and R3-ordered “Kalkberg” structure) occurs simultaneously
with the growth of larger crystals of illite (either expandable
illite or non-expandable illite) at the expense of smaller crys-
tallites.

Different methods of deconvolution of XRD patterns as-
suming various degrees of lattice strain have succeeded in ob-
taining good fit for illitic materials under VLGM conditions
(Shata 2000). As stated above, under epimetamorphic condi-
tions, the contribution of expandable layers to the lattice dis-
tortion is very low, if any, and the distortion may be entirely
due to stacking faults. The resulting very thick micaceous do-
mains observed in HRTEM images of this study seem to have
grown in a metamorphic environment. Shata (2000) studied
the crystal-size distribution (CSD; size/mean sizevs. frequency/
maximum frequency) and showed that both illite and chlorite
particles have lognormal distributions skewed toward larger
sizes. According to Srodoh (1999) and Eberl et al. (1998), log-
normal distributions indicate surface-controlled, open-system
growth. Srodoh et al. (2000) eval uated the size distributions of
fundamental particlesof illitein I-S mixed layers using the Pt-
shadowing technique for the TEM. In that study the nucleation
of | was found to have ceased at <20% Sin theillitic material.
In the S range from 100 to 20%, dissolution of single S layers
and nucleation of 20 A thick layers of illite occurred. In the
process, the transition from randomly interstratified I-S to an
R1-ordered structuretook place. Intherangefrom20t0 0% S,
illite crystals may continue to grow by surface-controlled
growth. This latter period of illite formation is characterized
by three-dimensional growth.
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Thereisanother line of evidence supporting the suggestion
that well-crystallized illite (with minimum expandability) con-
sists of newly formed crystals that grew in place under condi-
tions of VLGM and is not of detrital origin. The K-Ar ages of
the anchimetamorphic samplesare 291 to 299 Ma (Shata 2000),
which are not only younger than the age of deposition (~450 to
~545 Ma), but they are also younger than the McGerrigle Moun-
tainsintrusion (320-360 Ma; de Romer 1974). Thiswas inter-
preted as illitic materials having first formed under
contact-metamorphic conditions, but then progressively hav-
ing recrystallized during continuing deep burial after the
McGerrigle intrusion (Shata 2000).

Expandability of illite

Vali and Hesse (1990), Vali et al. (1991), and Srodoh et al.
(1990) highlighted the significance of n-alkylammonium-ion
intercalation for 1-S mixed-layer investigations. However,
whereas Vali and Hesse (1990) adapted the method to the study
of ultrathin sections with the HRTEM, Srodoh et al. (1990)
cautioned about possible artifacts resulting from the sample-
preparation technique. Ultimate proof that the difference be-
tween expandable illite and non-expandable illite is due to
charge density and is not an artifact, is difficult to achieve.
However, more than 30 years of succesful application of the
alkylammonium technique to layer-charge determination in
mixed-layer clays, first introduced by Weiss (1963) and Lagaly
and Weiss (1969), gives us confidence that the observed differ-
ent behavior of expandable and non-expandable illite reflects
areal difference in charge density.

PERSPECTIVES AND CONCLUDING REMARKS

Use of the n-alkylammonium intercalation method high-
lights the need to redefine expandability and shedslight on the
role of expandability affecting | C in the anchizone and epizone.
As demonstrated in this contribution, coupling n-alkylam-
monium treatment with both XRD and HRTEM techniques
affords the possibility to identify the presence of expandable
components in high-grade diagenetic and VLGM illitic clays
and to distinguish various types of illite, which cannot be
achieved with XRD of ethylene glycol treated samples. In sum-
mary, the results of this study of expandability using n-
alkylammonium intercal ation coupled with HRTEM and XRD
alow:

1 Theinvestigation of expandable phases by TEM be-
cause n-alkylammonium intercal ation forms stable compounds
that do not collapse under the el ectron beam in the high vacuum
of the HRTEM.

2. Thedifferentation between varioustypesof illite, i.e.,
“expandableillite” and non-expandable “true mica-like” com-
ponents using long alkyl chains (12 < nc < 18), which is not
possible with glycolation.

3. Differentiation between expandable illite and high-
charge vermiculite in illitic materials using short akyl chains
(6 < n, < 11), whereas these high-charge components do not
respond to glycolation.

4, Detection of small amounts of expandable 2:1 lay-
ers, i.e.,, <1% smectitein I-S mixed layers (Weiss et al. 1971),
owing to the large increase in the intensity of basal reflections
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asaconsequence of the formation of alkylammonium-clay com-
plexes.

5. The lack of expandability upon glycolation as mea-
sured by XRD should not be taken as de facto evidence for the
absence of expandable components, since in the present study,
we show that claysthat do not respond to EG still expand upon
n-alkylammonium intercal ation.

6. One factor affecting the progressive decrease of the
FWHM of the basal illite reflection in prograde diagenetic to
VLGM sequencesis the continuous decrease in the proportion
of smectitic (expandable) components as seen in lattice-fringe
images under the HRTEM.

7. On the basis of XRD data, the loss of expandable
components (either S or small diffracting domains of illite)
seems to be accompanied by the formation of small diffracting
domains of smectite-free mica. This change suggests that a
portion of the I-S and small illite crystalsin diagenetic pelitic
rocks recrystallize to form a new mineral phase, which then
coarsens thermally to form muscovite involving ongoing re-
crystallization.

8. In the epizone, (expandable) smectitic phases are no
longer present and lattice distortion reflected by peak broaden-
ing appears to be solely due to stacking faults.

9. In response to high-grade diagenetic to VLGM con-
ditions, chlorite seems to follow reaction pathways generally
similar to those followed by 1-S, with different amounts and
types of intermediate products. The chlorite mixed-layers ba-
sically comprise a corrensite-like, R1-ordered layer structure
either with an intermediate or a high-charge vermiculite inter-
face. Thismaterial isfound mainly in the ultrafine fraction. In
contrast, the intermediate products during illite evolution are
rectorite-like, R1-ordered layer structure either with an inter-
mediate or high-charge vermiculite interface, and R3-ordered
structure found in ultrafine (<0.1 um) fractions, whereas ex-
pandableilliteisfound mainly in the coarser (<2 um) fraction.

ACKNOWLEDGMENTS

This research was supported by grants from the Natural Sciences and Engi-
neering Research Council (NSERC) of Canadato R.H., and Reinhardt scholar-
ships from McGill University and a research stipend from the EM Centre of
McGill University to S.S.. The manuscript benefitted from critical comments of
journal reviewers R.J. Merriman and L.N. Warr and help from associate editor
W. Trzcienski.

REFERENCES CITED

Ahn, JH. and Peacor, D.R. (1986) Tansmission el ectron microscope datafor rectorite:
Implications for the origin and structure of “fundamental particles.” Claysand
Clay Minerals, 34, 180-186.

Arkai, P. and Téth, M. (1983) Illite crystallinity: Combined effects of domain size
and lattice distortion. Acta Geologica Hungarica, 26, 341-358.

Arkai, P, Merriman, R.J., Robert, B., Peacor, D.R., and Téth, M. (1996) Crystalin-
ity, crystallitesizeand lattice strain of illite-muscovite and chlorite: comparison
of XRD and TEM data for diagenetic to epizonal pelites. European Journal of
Mineraogy, 8, 1119-1137.

Bailey, SW., Brindley, G.W., Kodama, H., and Martin, R.T. (1982) Report of the
Clay Mineral Society Nomenclature for 1980-1981. Clays and Clay Minerals,
30, 76-78.

Brindley, G.W. (1965) Clay-organic studies X. Complexes of primary amines with
montmorillonite and vermiculite. Clay Mineras, 6, 91-96.

Cetin, K. and Huff, W.D. (1995) Layer charge of the expandable component of
illite/smectite in K-bentonite as determined by alkylammonium ion exchange.
Claysand Clay Mineras, 43, 150-158.

DallaTorre, M., Livi, K.JT., Frey, M. (1996) Chlorite textures and compositions
from high-pressure/low-temperature metashales and metagraywackes,
Franciscan complex, Diablo Range, California, USA. European Journal of Min-



SHATA ET AL.: EXPANDABILITY OF ANCHIZONAL ILLITEAND CHLORITE

eralogy, 8, 825-846.

de Romer, H.S. (1974) Geology and age of some plutons in north-central Gaspé,
Canada. Canadian Journal of Earth Science, 11, 570-582.

Drits, V., Eberl, D.D., and Srodon, J. (1998) XRD measurement of means thickness,
thickness distribution and strain for illite and illite/smectite crystallite by the
Berated-Warren-Averbach technique. Clays and Clay Minerals, 46, 38-50.

Dunoyer de Segonzac, G. (1970) The transformation of clay minerals during di-
agenesisand low-grade mgtamorphism: areview. Sedimentology, 15, 281-346.

Eberl, D.D., Drits, V.A. and Srodon, J. (1998) Deducing growth mechanisms for
mineralsfrom the shapes of crystal size distributions. American Journal of Sci-
ence, 298, 499-533.

Eberl, D.D., Sodoh, J., Lee, M., Nadeau, P, and Northrop, R. (1987) Sericite from
the Silverton caldera, Colorado: Correlation among structure, composition, ori-
gin, and particle thickness. American Mineralogist, 72, 914-934.

Hesse, R. and Dalton, E. (1991) Diagenetic and low-grade metamorphic terranes of
Gaspé Peninsularelated to geol ogic structure of the Taconian and Acadian oro-
genic belts, Quebec Appalachians. Journal of Metamorphic Geology, 9, 775~
790.

Hunziker, J.C., Frey, M., Clauer, N., Dallmeyer, R.D., Friedrichsen, H., Flehmig,
W., and Hochstrasser, K. (1986) The evolution of illite to muscovite: mineral-
ogical and isotopic data from the Glarus Alps, Switzerland. Contributions to
Mineralogy and Petrology, 92, 157-180.

Idam, S, Hesse, R., and Changnon, A. (1982) Zonation of diagenesis and low-
grade metamorphism in Cambro-Ordovician flysch of the Gaspé Peninsula,
Québec Appalachians. Canadian Mineralogist, 20, 155-167.

Jiang, W-T. and Peacor, D.R. (1994) Prograde transitions of corrensite and chlorite
inlow-grade pelitic rocks from Gaspé Peninsula, Quebec. Claysand Clay Min-
erals, 42, 497-517.

Kisch, H.J. (1983) Mineralogy and petrology of burial diagenesis and incipient
metamorphismin clastic rocks. In G. Larson and G.V. Chilingar, Eds., Diagen-
esisin Sediments and Sedimentary Rocks, p. 289-493. Developmentsin Sedi-
mentology, 25B, Elsevier, Amsterdam.

(1990) Cdibration of anchizone: acritica comparison of illite ‘ crystallin-

ity’ scales used for definition. Journal of Metamorphic Geology, 8, 31-46.

(1991) Illite crystallinity: recommendations on sample preparation, X-ray
diffraction settings, and interlaboratory samples. Journa of Metamorphic Ge-
ology, 9, 665-670.

Klug, H.P. and Alexander, L.E. (1974) X-ray diffraction proceduresfor polycrystal-
line and amorphous materials, 2™ ed. Wiley, New York.

Krekeler, M.PS. and Huff, W.D. (1993) Occurrence of corrensite and ordered (R3)
illite/smectite (1-S) inaVLGM Middle Ordovician K-bentonite from the Ham-
burg Klippe, central Pennsylvania. 28th Annual Meeting Abstracts with Pro-
grams, Northeastern Section, 25(2), p. 30. Geologica Society of America, Boul-
der, CO.

Lagaly, G. (1979) The “layer charge” of regular interstratified 2:1 clay minerals.
Clays Clay Minerals, 27, 1-10.

(1987) Clay-organic interactions: problems and recent results. Proceedings

of International Clay Conference (Tokyo) 1, 61-80.

(1994) Layer charge determination by alkylammoniumions. InA.R. Mermut,
Ed., Layer Charge Characteristics of 2:1 Silicate Clay Minerals, Clay Minera
Society Workshop Lectures, 6, 1-14. Clay Minera Society, Boulder, CO.

Lagaly, G. and Weiss, A. (1969) Determination of the layer charge in micartype
layer silicates. InH. Heller, Ed., Proceedings of International Clay Conference,
Tokyo, p. 61-80. Israel University Press, Jerusalem.

Laird, D.A., Scott, A.D., and Fenton, T.E. (1987) Interpretation of alkylammonium
characterization of soil clays. Soil Science Society American Journal, 51, 1659—
1663.

Merriman, R.J. and Peacor, D.R. (1999) Very low-grade metapelites: mineraogy,
microfabrics and measuring reaction progress, p. 10-60. In M. Frey and D.
Robinson, Eds., Low grade metamorphism, 313 p. Blackwell, Oxford, U.K.

Merriman, R.J., Robert, B., and Peacor, D.R. (1990) A transmission electron micro-
scope study of white mica crystallite size distribution in a mudstone to Slate
transitional sequence, North Wales, U.K. Contributionsto Mineralogy and Pe-
trology, 106, 27-40.

Moore, D.M. and Reynolds R.C. Jr. (1997) X-ray diffraction and the identification
and analysis of clay minerals, 2 ed., 378 p. Oxford University Press, U.K.

QOlis,A.C., Malla, PB., and Douglas, L.A. (1990) The rapid estimation of the layer
charges of 2:1 expanding clays from a single alkylammonium ion expansion.
Clay Minerdls, 25, 39-50.

Ransom, B. and Helgeson, H.C. (1989) On the correlation of expandability with
mineralogy and layeringin mixed-layer clays. Claysand Clay Minerals. 37,189—
191.

Ruhlicke, G. and Kohler, E.E. (1981) Note: A simplified procedure for determining
layer charge by the n-alkylammonium method. Clay Minerals, 16, 305-307.

Sears, SK., Hesse, R., and Vali, H. (1998) Significance of n-akylammonium cat-
ion-exchange for the study of 2:1 clay mineral diagenesis, Mackenzie Delta—
Beaufort Searegion, Arctic Canada. Canadian Mineral ogist 36(6), 1485-1506.

Shata, S. (2000) Ilitization and chloritization of illite/smectite and chlorite/smectite
mixed-layer clays in high-grade diagenetic and very low-grade metamorphic

761

environments of Gaspé Peninsula, Québec Appalachians, Canada: Problems
and solutions, 180 p. Ph.D. Dissertation, McGill University, Montreal, Canada.

Shata, S. and Hesse, R. (1998) Refined XRD method for the determination of chlo-
rite composition and application to the McGerrigle Mountains anchizone n the
Quebec Appalachians. Canadian Mineralogist, 36, 1525-1546.

Shau, Y-H, Peacor, D.R., and Essene, E.J. (1990) Corrensite and mixed-layer chlo-
rite/corrensitein metabasaltsfrom northern Taiwan: TEM/AEM, EMPA, XRD,
and optical studies. Contribution to Mineralogy and Petrology, 105, 123-142.

Skidmore, W.B. and McGerrigle, H.W. (1967) Geologica map of the Gaspé penin-
sula. Quebec Dept. Natural Resources, Map 1642.

Spurr, A.R. (1969) A low viscosity epoxy resin embedding medium for electron

. microscopy. Journal of Ultrastructure Research, 26, 31-43.

Sodon, J. (1981) X-ray diffraction of randomly interstratified illite-smectitein mix-
tures with discreteillite. Clay Minerals,16, 297-304.

(1984) X-ray diffraction of illitic materials. Clays Clay Minerals, 32, 337—

349.

(1999) Nature of mixed-layer clays and mechanisms of their formation and

., dteration. Annual Reviews of Earth and Planetary Sciences, 27, 19-53.

Sodoh, J. and Eberl, D.D. (1984) lllite. In SW. Bailey, Ed., Mica, 13, p. 495-544.

. Reviewsin Mineraogy, Mineraogical Society of America, Washington, D.C.

Sodon, J., Anderoli, C., Elsass, F., and Robert, M. (1990) Direct HRTEM measure-
ment of expandability of mixed-layer illite/smectite in bentonite rock. Clays

. and Clay Minerals, 38, 373-379.

Sodon, J.,, Eberl, D.D., and Drits, V.A. (2000) Evolution of fundamental -particle
size during illitization of smectite and implications for reaction mechanism.
Clays and Clay Minerals, 48, 446-458.

St. Julien, P. and Hubert, C. (1975) Evolution of the Taconian Orogen in the Quebec
Appalachians. American Journal of Science, 275A, 337-362.

Stern, W.B., Mullis, J., Rehan, M., and Frey, M. (1991) Deconvolution of the first
«llite» basal reflection. Schwei zerische Mineralogische und Petrographische
Mitteilungen, 71, 453-462.

Vali, H. and Hesse, R. (1990) Alkylammonium ion treatment ion treatment of clay
minerals in ultrathin section: A new method for HRTEM examination of ex-
pandable layers. American Mineralogist, 75, 1443-1446.

(1992) Identification of vermiculite by transmission electron microscopy
and X-ray diffraction. Clay Minerals, 27, 185-192.

Vali, H. and Koster, H.M. (1986) Expanding behavior, structural disorder, regular
and random irregular interstratification of 2:1 layer silicates studied by high-
resol ution images of transmission el ectron microscopy. Clay Minerals, 21, 827—
859.

Vali, H., Hesse, R., and Kohler, E.E. (1991) Combined freeze-etched replicas and
HRTEM images astoolsto study fundamental particlesand multi-phase nature
of 2:1 layer silicates. American Mineraogist, 76, 1973-1984.

Vali, H., Hesse, R. and Kodama, H. (1992) Arrangement of alkylammoniumionsin
phlogopite and vermiculite: An XRD and TEM-study. Clays and Clay Miner-
als, 40, 240-245.

Vali, H., Hesse, R., and Martin, R.F. (1994) A TEM-based definition of 2:1 layer
silicates and their interstratified constituents. American Mineralogist, 79, 644—
653.

Wang, H., Stern, W.B., and Frey, M. (1995) Deconvolution of the 10 A complex: a
case study of Helvetic sediments from eastern Switzerland. Schweizerische
Mineral ogische und Petrographische Mitteilungen, 75, 187-199.

Warr, L.N. and Nieto, F. (1998) Crystallite thickness and defect density of
phyllosilicatesin low-temperature metamorphic pelites: aTEM and XRD study
of clay mineral crystallinity-index standards. Canadian Mineralogist, 36, 1393—
1413.

Warr, L.N., and Rice, A.H.N. (1994) Interlaboratory standardization and calibration
of clay minera crystalinity and crystallite size data. Journal of metamorphic
Geology, 12, 141-152.

Weiss, A. (1963) Micartype layer silicates with akylammonium ions. Clays and
Clay Minerals, 10, 191-224.

Weiss, A., Lagaly, G., and Beneke, K. (1971) Steigerung der Nachweisem-
pfindlichkeit von quellungsfahigen Dreischichttonmineralen in Gemengen.
Zeitschrift fir Pflanzenernghrung und Bodenkunde, 129, 193-202.

Wilcoxon, B.R., Ferrell, R.E. Sassen, R., and Wade, W.J. (1990) Illite polytype dis-
tribution asaninorganic indicator of thermal maturity in theSmackover Forma-
tion of the Manila Embayment, southwest Alabama. Organic Geochemisty, 15,
1-8.

Wybrecht, E., Duplay, J, Piqué, A., and Weber, F. (1985) Mineralogical and chemi-
cal evolution of white micas and chlorites, from diagenesis to low-grade meta-
morphism: data from various size fractions of graywackes (Middle Cambrian,
Morocco). Mineraogical Magazine, 49, 401-411.

Yang, C. and Hesse, R. (1991) Clay minerals as indicators of diagenetic and
anchimetamorphic grade in an overthrust belt, external domain of southern
Canadian Appalachians. Clay Mineras, 26, 211-231.

MANUSCRIPT RECEIVED JANUARY, 30, 2001
MANUSCRIPT ACCEPTED DECEMBER, 31, 2003
MANUSCRIPT HANDLED BY WALTER E. TRZCIENSKI JR.



762

APPENDIX: CONFIGURATIONS OF
N-ALKYLAMMONIUM—CLAY COMPLEXES

Theexchange of interlayer cationsin 2:1 layer silicateswith
n-alkylammonium cation is a method that allows layer charge
and charge distribution of expandable 2:1 layer silicates
(smectite, vermiculite minerals, and illitic materials) to be de-
termined (Weiss 1963; Brindley 1965; Lagaly and Weiss 1969;
Olis et a. 1990; Cetin and Huff 1995). The stoichiometric n-
alkylammonium cation exchange reaction isafunction of alkyl
chain-length and the density of the clay interlayer charge:

Ca[smectite] + 2R-NH3 <> (NHs), [smectite] + Ca?*
with R-NH;* = CH,,.sNH; and n=6, 7, 8,....18.

The alkylammonium ionsin the interlayer space of the 2:1
layer silicate may be oriented in atrans configuration, i.e., the
zigzag of the chains with a constant cross-sectional area ori-
ented normal to (001) either as a monolayer (13.7 A), bilayer
(17.7 A), pseudotrimolecular layer (21.7 A), or a paraffin-type
arrangment (Fig. A1), depending on the magnitude of the layer
charge (flat-lying for smectite and low-charge vermiculites, and
tilting for high-charge vermiculite and expandableillite).

Which one of these different accommodations will be
achieved depends on the AJ/A, ratio. A. isthe area occupied by
the flat-lying n-alkyl ammonium ions, with nc being the num-
ber of carbon atomsin the alkylchain:

A, = 1.26(4.5)nc + 14 (A?)
where 1.26 is the carbon-carbon bond length in A, 45isthe
diameter of the n-alkylammoniumionin A, and 14 isthe area
occupied by the NH,* group of the alkylammonium ion.

A, the equivalent area, isthe areathat is available for flat-
lying monovalent cations in the interlayer space: A, = ab/2¢,
where x is the cation density per half unit cell, and a, b are
unit-cell dimensionsof 2:1 layer-silicatesper [2(Si, Al)4(OH)4].

Therefore, —A. = 23.5/€ for dioctahedral minerals, and 24.5/
& for trioctahedral minerals).

For short chains, for which A, > A,, the alkylammonium
ions form monolayers. With longer alkyl chains, A. becomes

SHATA ET AL.: EXPANDABILITY OF ANCHIZONAL ILLITEAND CHLORITE

greater than A, and alkylammonium ions rearrange in bilay-
ers. During this transition from monolayer to bilayer, A. be-
comes equal to A, and
£ =(23.3/5.67*nc + 14).

Thetransition to pseudotrimol ecul ar layers occurs where AJ/A,
> 2. The paraffin-type structure develops with longer chain-
lengths where AJ/A.>2. In other words, with long-chain
akylammonium derivatives of high-charged minerals, inwhich
A, islargely due to the long chains and A.is small because of
high &, thetilt angle o iscontrolled by the layer charge density.
Thetilt angleincreasesto a maximum of 90° for alayer charge
of 1.0 per half the unit cell. Thetilt angleiscalculated from the
mean increase in the d-values from oneto the next higher (and/
or longer) alkylammonium chain: o = sin26d / 1.26.

— —
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— -+

a-Monolayer arrangement
b-Bilayer arrangement

c-Pseudotrimolecular arrangement

|

7=

d- Paraffin-type arrangement

St it (o600 e- Paraffin-type arrangement
1t angle (a)=06

tilt angle (0)=90°

APPENDIX FIGURE 1. Configuration of alkylammonium ions in
the interlayer space of different 2:1-layer silicates.



