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ILLITE “CRYSTALLINITY” REVISITED
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Abstract—The Kiibler Index (KI) is defined as the full width at half-maximum height (FWHM) of the
10-A X-ray ditfraction peak of illite-smectite interstratified (I-S) clay minerals. The only parameters
controlling the Kiibler Index are assumed to be the mean number of layers (N) in the coherent scattering
domains (CSD), the variance of the distribution of the number of layers of the CSD, the mean percentage
of smectite layers in I-S (%S), and the probability of layer stacking (Reichweite).

The Kiibler-Index measurements on air-dried (KIAD) and ethylene-glycolated (KIEG) samples were
compared to N and %S using the NEWMOD computer program to simulate X-ray diffraction patterns.
Charts of KIAD versus KIEG corrected for instrumental broadening were made and isolines were mapped
for constant N and %S. Isolines allow a direct and rapid determination of N and %S from KI measure-
ments.

The method allows quantification of the metamorphic anchizone limits by considering mean thickness
of fundamental particles in MacEwan crystallites. The transition from diagenesis to the anchizone and
from the anchizone to the epizone of low-grade metamorphism corresponds to thicknesses of 20- and 70-

layer fundamental particles, respectively.
Key Words

Anchizone, Coherent Diffracting Domain Thickness, Expandable Layer, Fundamental Par-

ticles, Illite ““Crystallinity’’, Illite-Smectite Interstratification.

INTRODUCTION

The Kiibler Index (KI) is the full width at half-maxi-
mum height (FWHM) of the illite 10-A X-ray diffrac-
tion (XRD) peak, measured on the <2-pm size frac-
tion of an air-dried clay specimen using CuKa radia-
tion (Kiibler, 1964, 1967, 1968, 1984). Kl is expressed
as A28 CuKa. The KI measurement is made here by
interpolating the background under the peak by con-
necting the background on both sides of the peak.
Measurements of illite “‘crystallinity”’ (IC) are widely
used as an indicator of incipient metamorphism, and
values decrease with increasing metamorphic grade.
This trend has been correlated with changing meta-
morphic mineral assemblages and also with indicators
of organic maturity (Kiibler, 1967, 1984; Jaboyedoff
and Thélin, 1996; Merriman and Frey, 1999). The in-
dex introduced by Kiibler (1964, 1967, 1968) quickly
became popular and is widely used because of its sim-
plicity and reproducibility. Other XRD-based methods
relying on migrating peaks of interstratified illite-
smectite (I-S) (e.g., Srodori and Eberl, 1984; Watan-
abe, 1988) were inaccurate for highly illitic I-S. The
KI is also an improvement of the Weaver index, the
ratio of peak intensities measured at 10.0 and 10.5 A
on air-dried samples (Weaver, 1960), which was found
to be less accurate experimentally (Kiibler, 1967).

KI is used to characterize the transition from dia-
genesis to low-grade metamorphism, i.e., from late
diagenesis through the anchizone to the epizone,
which is equivalent to low greenschist facies meta-
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morphism. The limits of the anchizone, the zone of
incipient or very low-grade metamorphism, are de-
fined on the KI scale at 0.42°A28 CuKa for the dia-
genesis/anchizone boundary, and at 0.25°A26 CuKa
for the anchizone/epizone boundary. These limits were
originally defined by Kiibler (1967), but measured val-
ues vary depending on the type of diffractometer used.

Although illite ‘‘crystallinity” measurements are
still widely used, many investigators also use peak de-
composition methods in the 10-A region (e.g., Lanson,
1990, 1997; Wang ef al., 1995). The peak decompo-
sition method involves matching an observed peak
shape with a calculated shape based on various math-
ematical functions (e.g., Gaussian, Lorentzian, Pearson
VII, etc.) for the individual calculated peak compo-
nents (Howard and Preston, 1989; Lanson, 1990,
1997; Wang et al., 1995). Refinement by least-squares
is performed after subtraction of the background and
removal of the CuKa, radiation contribution from the
observed diffraction pattern. KI measurements may be
made on the decomposed peaks (L.anson and Velde,
1992), but new values for metamorphic zones must be
defined. In fact, the two procedures yield similar re-
sults where the 10-A peak is sharp and symmetric,
(i.e., for illitic I-S), but decomposition is difficult for
a sharp asymmetric peak produced by a single illitic
phase (Lanson, 1997).

This paper proposes a physical interpretation of the
KI value by using a method that links KI, measured
on both air-dried (AD) and ethylene-glycolated (EG)
samples, to the mean number of the layers (N) in co-
herent scattering domains (CSD), and the percentage
of smectite layers (%S) in I-S minerals. The proposed
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method is also a rapid way to estimate N and %S.
Eberl and Velde (1989) developed a similar method,
based on KI and a measured peak intensity ratio IR,
which was defined by IR = (Iy,/Toe3)an/Toor/T 003)ec
where Iyy-, 3, is the measured intensity of a 00/ peak,
determined either on an AD or EG specimen (Srodor
and Eberl, 1984). N and %S values are determined
from a plot involving IR versus KI. This method,
which requires five peak-parameter measurements
(four related to intensities and one related to KI), can
have significant error if quartz is present because the
illite 003 and quartz 101 peaks overlap (Moore and
Reynolds, 1997). Moreover, the background of the ob-
served diffraction pattern is traced using a constant
intensity value measured at the high-angle side of the
10-A peak, which differs from the KI measurements.
The alternative procedure which we propose in this
paper requires only one measurement of the FWHM
of the 10-A peak on both air-dried (KIAD) and eth-
ylene-glycolated (KIEG) samples, respectively. There
is no peak-overlap problem with quartz. N and %S
values are determined from various plots of KIAD ver-
sus KIEG which have been generated from data de-
rived from many calculated XRD patterns using the
NEWMOD computer program (Reynolds, 1985;
Reynolds and Reynolds, 1996). A detailed procedure
on generating the KIAD versus KIEG plots is pre-
sented to allow readers to construct similar charts. This
method allows the KI limits of very low-grade meta-
morphism to be interpreted in terms of illite particle
size (i.e., N values).

PARAMETERS CONTROLLING 10-A PEAK
WIDTH

The 10-A peak width of illite in an XRD pattern is
a function of several interdependent parameters whose
individual contributions are sometimes difficult to as-
sess. Excluding instrumental peak broadening, illite
crystal thickness is the main parameter that controls
XRD peak width. According to Scherrer (1918), the
FWHM of an XRD peak is inversely proportional to
the size of the CSD generated by a single d value:
FWHM,_,, = (A X K)XT X cos 0) where A is the
X-ray wavelength, K is the Scherrer constant, T is the
thickness of the CSD, the subscript rad indicates ra-
dians and 6 is the Bragg angle. This equation applies
only if all CSDs have the same thickness, instrumental
broadening is eliminated, and the structure factor and
the Lorentz-polarization factor (Moore and Reynolds,
1997) do not vary significantly across the peak. By
removing instrumental broadening only, Arkai et al.
(1996) showed that the Scherrer equation yields an
acceptable approximation of T, and therefore the mean
number of illite layers N (T = N X d; where d is the
d value), in I-S with a low smectite content. If mod-
ified, the Scherrer equation can also be used directly
for broad XRD peaks of I-S, without removal of in-
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strumental effects, assuming that expandable interlay-
ers are collapsed or the 002 illite peak of the AD pat-
tern is used. Determination of the average of T (7) is
possible by estimating K for different CSD thickness
distributions using XRD pattern simulations (Drits ez
al., 1997) or experimental XRD data correlated with
transmission electron microscope measurements
(TEM) (Nieto and Sanchez-Navas, 1994). T determi-
nations obtained using XRD techniques were corrob-
orated by direct measurements of 7 using TEM ob-
servations (Eberl and Srodofi, 1988; Merriman et al.,
1990; Eberl and Blum, 1993; Nieto and Sanchez-Na-
vas, 1994; Arkai et al,, 1996; Dalla Torre et al., 1996;
Jiang et al., 1997; Warr and Nieto, 1998). Mean thick-
nesses obtained from TEM and XRD analysis are
comparable but both methods can be inaccurate if
swelling layers are not considered.

Another fundamental parameter controlling the
10-A peak broadening of illite minerals is the presence
of expandable and sometimes chlorite-type layers
(Reynolds, 1980). Hendricks and Teller (1942) dem-
onstrated that interstratified I-S crystals with an infi-
nite number of layers and variable d value produce a
FWHM greater than zero (if no instrumental effect is
considered), whereas it is zero for infinite crystals with
a constant d value. Another source of FWHM broad-
ening is disorder in the crystal structure (Reynolds,
1989), such as lattice strain which involves small var-
iations in d value within CSDs of a single layer type
(Drits and Tchoubar, 1990). Although lattice strain
clearly affects KI values (Arkai et al., 1996; Warr and
Nieto, 1998; Drits et al., 1998), its role is difficult to
assess accurately in peak broadening analysis, because
many authors interchange small variations of a single
d value within one layer type with interstratification
and CSD thickness (e.g., Arkai er al., 1996; Jiang et
al, 1997). According to Eberl et al. (1998a), the
10-A peak is not significantly affected by strain. We
believe that lattice strain is not sufficiently understood
to be considered here.

Assumptions

The terms ““illite” and ‘‘smectite” are used in the
conventional sense; illite is a dioctahedral mica and
smectite is a dioctahedral expandable phyllosilicate.
We assume a unimodal distribution of the CSD thick-
ness of I-S with a fixed variance for all mean N val-
ues, where %S is the mean smectite layer percentage.
For a given %S, the distribution of the illite-smectite
layer sequences in the CSD depends on the probability
of finding an S layer as a first neighbor of an I layer
or a second neighbor, efc. The number of consecutive
layers whose type depends on the type of the first
neighbor of the packet defines the Reichweite param-
eter, R (Jagodzinski, 1949). For instance, the distri-
bution is binomial for R = 0 or random interlayering
(Drits and Tchoubar, 1990). If R = 1, the probability
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of an S layer next to an I layer is fixed. For the NEW-
MOD program, illite-rich I-S (R = 1) indicates that
no S layers are consecutive. For the presented method,
R follows the NEWMOD definition. Assuming N, %S,
and R as the only factors controlling peak broadening,
N and %S can be determined from two independent
XRD measurements if R is fixed in value. Because the
d value of expandable layers is dependent on the type
of the interlamellar molecules (in this study, H,O or
ethylene glycol), KI determined from AD and EG
specimens provides the required information.

If smectite is present, the interlayer is assumed to
contain two molecule planes and thus KIAD measure-
ments are larger than KIEG values. Two planes of H,O
molecules occur in Ca-exchanged samples with a rel-
ative humidity (RH) of =30% (MacEwan and Wilson,
1980; Eberl et al., 1987), producing a smectite d(001)
of ~15 A. Broadening and asymmetry of the 5-A peak
is indicative of a single layer H,O plane (Eberl et al,,
1987). These authors showed that RH also influences
glycolated samples. For Ca-exchanged glycol-treated
samples, a RH =10% results in d(001) of 17 A, cor-
responding to two interlayer planes of EG. Specimens
heated for ~12 h at 300°C and at a low RH are as-
sumed to contain only 10-A layers (Drits et al., 1997).

K1 limits and instrumental effect

Many diffractometers produce lower values (Kiibler,
1990) than the original anchizone limits (0.42 and
0.25 °A20 CuKa), as is the case for this study using a
Rigaku diffractometer. Such values may be corrected
using standards (Warr and Rice, 1994; Warr and Nieto,
1998). This was not necessary for this work because
calibration was performed with the Philips diffractom-
eter from Neuchitel University, which was used to es-
tablish the original KI scale, hence the anchizone lim-
its were set at 0.36 and 0.18°A28 CuKa, respectively.
These limits were calibrated using 27 samples mea-
sured on both diffractometers (Jaboyedoff, 1999).

To compare NEWMOD simulations to KI values,
the instrumental peak broadening on experimental pat-
terns must be removed. NEWMOD does not consider
effects such as a flat specimen and axial divergence
(Klug and Alexander, 1974; p. 290), and only the Lor-
entz-polarization factor is corrected (Reynolds, 1986).
Instrumental broadening can be removed by decon-
volution methods (Stokes, 1948; Ergun, 1968) or by
the method described below, depending on the preci-
sion required.

METHODOLOGY

Sample preparation

The <2-pm clay size-fraction from HCl-dissolved
limestone was extracted by centrifugation and Ca-ex-
changed with 1 M CaCl, twice every 24 h. Oriented
clay aggregates were sedimented on a glass slide by
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using >3 mg/cm? of sample. The relative humidity for
the AD specimen was >45%, the EG treatment was
performed overnight in an EG atmosphere, and the
specimen was heated at 450°C for 3 h. XRD data were
recorded with a Rigaku horizontal powder diffractom-
eter of 185 mm radius using a rotating Cu anode
(CuKa radiation, nickel filter, 0.5° divergent and scat-
ter slits, 0.15-mm receiving slit, and two 5° soller slits)
at 40 kV and 30 mA.

Instrumental-broadening effect removal

For convenience, we use “‘illite width” (IW) for the
10-A peak FWHM after removal of instrumental ef-
fects. Then IWAD corresponds to KIAD after removal
of instrumental effects and IWEG to KIEG after re-
moval of instrumental effects. A chart was constructed
(Jaboyedoff, 1999) to obtain IW conveniently from KI
measurements, assuming that the experimental 10-A
peak profile [h(26)] is the result of the convolution
product [h(28) = f(20)*g(26)] of the instrumental pro-
file [g(28)] and the pure clay mineral profile [f(26)]
(Klug and Alexander, 1974; p. 291). The instrumental
profile was determined experimentally using well-
crystallized mica powders [g(26)], whereas the pure
profiles were simulated with a Pearson VII function
[f(20)] (with an exponential value of 2; Howard and
Preston, 1989). KI are measured or calculated on the
10-A peak profile, h(26), obtained by convolution, and
IW on the pure clay mineral profile [f(20)]. Thus, a
table of transformation is derived from measured KI
to corrected IW. The XRD patterns were collected by
continuous scans over the range 2-50°26 CuKa at
2°/min with step sampling every 0.02°. Detailed XRD
patterns were collected from 2 to 12°28 CuKa by the
step scanning method using 0.01° steps and a counting
time of 2 s diagenesis-anchizone and anchizone-epi-
zone limits, defined on the basis of KI measurements
(0.25 and 0.42°A26 CuKa, Philips diffractometer, Neu-
chatel University), can be expressed in terms of IW
values of 0.10 and 0.30°A20 CuKa, respectively, with
uncertainties of approximately +0.02°A26 CuKa (Ja-
boyedoff, 1999).

Extrapolation of NEWMOD-generated KI for > 100
layers

Isolines of %S and mean N on IWAD versus IWEG
plots (Figures 1, 2, and 3) were constructed by mea-
surement of IW on NEWMOD-generated patterns. The
charts were constructed using swelling layers with two
H,O (2w) or two ethylene-glycol molecule (2g) layers,
and are thus labeled IW2w and IW2g, respectively.

NEWMOD is limited to N = 100 layers. For N >
100, N and %S were derived from an empirical Scher-
rer equation, which assumed that IW increases pro-
portionally with %S. Then, assuming a simple rela-
tionship between %S and N:
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Figure 1. Charts used to determine N and %S based on the
IW2w and IW2g of the 10-A peak (*ACuKa IW) for Rei-
chweite (R = 0) I-S. IWAD and IWEG are obtained by re-
moving instrumental broadening from ICAD and ICEG. A)
Chart used to estimate k& based on IWAD and IWEG mea-
surements. Note the upper position of the one-water layer
versus two-ethylene-glycol (2g) k curves (Jaboyedoff et al.,
1999). B) Correspondence between N and IW2w for different
k values. Curves for intermediate k£ values must be interpo-
lated. Note the similarity with results using the Scherrer equa-
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Figure 2. Same as Figure 1 but for (R = 1) I-S. The one-
water layer k curves are not displayed. Note the decrease in
IW2w (dashed line) for low N along the curve for k = 3
caused by the Reichweite value.

—

tion. C) Same as (B), but for IW2g. The shaded area in (A)
indicates the zone where ITW values have been evaluated.
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chweite value. As for (R = 1) I-S, this decrease is associated
with a significant migration of the diffraction peak. In this
case, the validity zone is restricted to IW2w =< 0.9°ACuKa.
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%S _ k
100 N

eY)

where k is a real number, it can be shown for N > 30
and a given k, that IW is related to N by (Jaboyedoff
et al., 1999).

=G
N

w )
where C, is an empirical constant determined by
NEWMOD simulation, which is calculated for a given
k and each treatment (AD and EG) by using simula-
tions with large N (=80). In an IW2w-IW2g graph,
for high N values, the change in %S for a constant £
value follows a straight-line relationship. Thus, k can
be obtained from the plot of IWAD-IWEG. Equation
(2) is used to determine N and %S using Equation (1)
(Figure 1b). In a NEWMOD simulation, there are N
— 1 interlayers. So, if N; is the number of smectitic
interlayers, %S = 100 X (k/N) = 100 X N/(N — 1)
and then £k = N X NJ/(N — 1). We have arbitrarily
limited our model to k = 3, because most of the data
are located in the field £ = 0-3.

Chart construction

To find N and %S, for a given R, k is determined
from IW2w versus IW2g charts, which display curves
of constant k (k = 0, 0.5, 1, 2, 3). These curves are
obtained by measurement of IW on NEWMOD sim-
ulated patterns for a fixed k value, which related N
and %S by Equation (1). For N >90, Equation (2) is
used because N is the mean of the thickness distribu-
tion ranging from N — 10 to N + 10. IW1w-ITW2g
charts were also calculated. Each chart involves >200
IW measurements from simulated patterns for each R
value of 0, 1, and 3 (Figures 1, 2, and 3). Simulations
were performed using the default parameters (d value
of illite of 9.98 A, smectite-2g of 16.9 A, smectite-2w
of 15 A, smectite-1w of 12.5 A; for Ca cation ex-
change). The following parameters were used: diver-
gent slit 0.5% goniometer radius 18.5 cm; sample
length 2.8 cm, two soller slits of 5° and chemistry
K, o(Al, 4, Fey,)(Sis3,Al7.)0,0(OH), for illite and
Cag 165(Al; 66,F€0.2,Mg013)(51,)0,o(OH), for smectite.
Because of the similarity between IW obtained from
simulations with different distributions but identical
mean and variance (Figure 4), we used a crystallite
thickness density distribution with a constant value for
the interval [N — 10; N + 10] and zero outside the
interval. For N = 12, the same constant thickness dis-
tribution density was used, but the non-zero value of
the distribution belongs to the interval [2; 2N — 2)].
This choice was made to obtain a smooth peak, but
causes an inflection in the curves at N = 12 on N
versus TW charts because of the variance change of
the number of layers in the CSDs.
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By plotting the measured IWAD and IWEG values,
k is estimated from the position of the curves of k
values on the chart of IW2w versus TW2g (Figure la).
N is obtained from Figure 1b or lc, which displays
various k curves, and their trajectories for changes in
IW2w or IW2g. Finally, %S is computed with Equa-
tion (1). Figure 1b shows a family of curves sub-par-
allel to the curve obtained with the Scherrer equation;
each corresponds to a different k value. Note that the
line based on the Scherrer equation lies between the
curve at k = 0 and k = 0.5.

The value of N determined from Figure 1b and lc
should be identical; if not, kK must be reevaluated (Fig-
ure la) until there is acceptable agreement. This result
may be compared to the result from the IW value from
a heated specimen, assuming £ = 0 (pure illite; i.e.,
IW2w = IW2g). However, IW, ., must be determined
with caution because its value depends on interlayer
cation composition, heating temperature, and possible
lattice strain induced by dehydration (Drits et al.,
1998).

RESULTS
Chart characteristics

With increasing value of k, curves migrate away
from the axes and curvature increases (Figures 1, 2,
and 3). For R = 0, R = 1, and R = 3, k-curves are
similar, but become more widely spaced with increas-
ing values for R. The direct use of charts for R > 0
is restricted to the shaded area in Figures 2a and 3a,
where increases in IW2g are not matched by IW2w
because of limiting %S and k values. This effect is
observed for k¥ = 2-3 for R = 1 (Figure 2b and 2c¢)
and for £k = 1-3 in the case of R = 3 (Figure 3b and
3¢). These limiting conditions occur because peak mi-
gration caused by interstratification is sufficient to be
observed. The peak-position method (Watanabe, 1988)
may be used to evaluate %S, but N cannot be esti-
mated by this method. As a consequence, the charts

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1
IW2w 4°26CuKa

Figure 5. Graph of IW2w and IW2g for (R = 1) I-S with

contours of N, %S, and Ny, values. Note that the fundamental-

particle size contours are vertical in the vicinity of the an-

chizone.

for R = 1 can be used for k£ values of 0-3 and IW2w
of 0-1.1°A26 CuKa, whereas for R = 3, the k-curves
are more widely spaced and their usefulness is restrict-
ed to £ = 0-3 and IW2w = 0-0.9°A28 CuKo.
Curves of constant %S are subparallel to the diag-
onal of ratio 1:1 in all IW2w versus IW2g charts, with
increasing curvature for the highest %S (Figures la,
2a, and 3a). Curves of constant mean N occur on the
diagonal for pure illite IW with a gentle increase of
IW2g toward the higher IW2w. In all IW2w versus
IW2g charts, curves of constant mean number of lay-
ers in fundamental particles (constant N,) are corre-
lated for low values and inversely correlated at high
values. For KI values corresponding to anchizone, Ny,
values have nearly constant IW2w values (i.e., vertical
N, isolines in Figure 5). For low RH values (15%),
an IW 1w versus IW2g chart is used because the points
plot over the diagonal (IW1w < IW2g) (Figure 1a).

Example

A sample of anchizonal grade is discussed below to
illustrate the accuracy of the method. The sample
comes from a marly limestone of the Couches Rouges
(Cretaceous) of the Prealps in Dimtigtal, Switzerland
(Jaboyedoff and Thélin, 1996).

KI values of 0.34, 0.30, and 0.28°A26 CuKa were
determined for the AD, EG, and heated samples given
respectively (Figure 6). Instrumental effects were re-
moved by the method above, resulting in values of
0.29, 0.24, and 0.22°A20 CuKa. The results shown in
Figure 6 were obtained using Figures 1, 2, and 3, and
N and %S were obtained for each Reichweite value .
(Table 1). The results are similar for all Reichweite
values used. N varies by only five layers and %S
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Figure 6. Comparison of a natural anchizonal XRD pattern with NEWMOD simulations based directly on this model (see
Table 1). The sample is an oriented aggregate of the < 2-pm size fraction from a marly limestone in the Swiss Alps. To
show the good agreement with peak shape, the positions of the 001 peaks are shifted (see text); computed diffraction intensities
are multiplied by a variable coefficient (see text) and the added background is: intensity = 250 — 3 X °26 value (cps).

varies from 2.3 to 3.1%. To compare NEWMOD sim-
ulations directly with raw data, the calculated diffrac-
tion patterns were convoluted with the profile of in-
strumental effects. The use of CuKu radiation instead
of CuKa, and CuKa, introduces errors only when the
IW is very small. On Figure 6, the 001 peak in the 2—
12°26 CuKa pattern is shifted by 0.06° for the EG and
0.05° for the AD pattern. The shifts occur because of
the convolution effect; the central point of the powder
XRD profile used for instrumental broadening is dif-

Table t. & N, and %S values obtained with the proposed
model for patterns of Figure 6.

Reichweite k N %S
R=0 1.36 34-54 3.1
R=1 1.17 32-52 2.8
R=3 0.91 29-49 23
Pure 0 22-42 0

ficult to define. The 2-50° pattern was not convoluted,
because the source profile differs over this range. For
the small scan-range simulations, computed intensities
were multiplied by: 1.70 for EG, 1.95 for AD, and
1.40 for the heated specimens. For large scan-range
simulations, the factors were 1.53 for AD and 1.37 for
EG specimens. These factors were used because gly-
colation causes misorientation and therefore peak in-
tensities vary, whereas heating modifies grain geom-
etry. The same linear background was applied to each
pattern (y = 250 — 3 X °26). Simulations are in very
good agreement with the experimental data. Note that
IW values are sensitive to a few tenths of %S. In this
respect, the NEWMOD version of 1985 is more ap-
propriate than the version of 1996 where %S values
are given to the nearest percent. Intensities of the high-
er order peaks do not fit (Figure 6), but this is probably
partially related to chemical differences. The use of a
d(001) = 9.98 A and the convolution process explains
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the shift in peak positions. The intensities and peak-
position variations in the higher order peaks of sedi-
mented preparations may also be related to fine-par-
ticle segregation in the sedimented slide. Particle set-
tling during sample preparation may favor coarser,
more illitic minerals at the bottom of the oriented ag-
gregate, leading to differences in intensities and peak
positions of the higher order peaks.

The heated sample yields ~25% underestimation of
N compared to the result obtained with the other treat-
ments (mean N = 42). The simulated patterns for AD
and EG are in better agreement with experimental data
(Figure 6). The peak shape in the heated sample is
slightly different from that in the computed pattern,
indicating a disorder induced by dehydration (Drits er
al., 1998), different CSD thickness distributions, or the
presence of unknown interstratification. In our expe-
rience, discrepancies between simulations and patterns
of the heated specimen are common, whereas discrep-
ancies are rare for other treatments. These results dif-
fer slightly from Eber]l and Velde (1989) which yield
IR = 1.3; N = 42, %S = 1.4% for uncorrected instru-
mental broadening effect and N = 60, %S = 1.2%
after corrections.

SIGNIFICANCE OF THE KI ANCHIZONE LIMITS

Our method better defines the KI limits of very low-
grade metamorphism in terms of N, %S, and R. The
anchizone limits of the pure profile IW are estimated
at KI (= KIAD) values of 0.10 and 0.30°A26 CuKa.
The N and %S paths of the limits are determined by
fixing IW2w to the pure profile values and varying
IW2g values over the entire range of valid values for
the model (Figures 1a, 2a, and 3a). This procedure was
applied to anchizone limits and to Reichweite values
of R=0,R =1, and R = 3. On a plot of N versus
%S, these limits display asymptotic behavior (Figure 7)
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towards infinite N. Here, large N values were com-
puted for R = O as described in Hendricks and Teller
(1942), and includes the Lorentz-polarization factor
and the structure factor of illite. Figure 7 shows that
the anchizone-epizone boundary has approximately
the same Nj, value for R = 0, R = 1, and R = 3, but
the anchizone-diagenesis limit has more significant
variations especially for N > 30.

The relationship between N versus %S for Mac-
Ewan crystallites composed of fundamental particles
of mean thickness (N,) is given by:

Ny, =
f

which is another form of the equation given by Srodor
et al. (1990, 1992). The anchizone limits and N,
curves follow a similar trend, as is shown in Figure 5.
In a range of N = 0-100, and depending on the Reich-
weite, N, varies from 18 to 25 (IW2w = 0.30°A26
CuKo) for the diagenesis-anchizone limit, and from 55
to 85 (IW2w = 0.10 °A26 CuKa) for the anchizone-
epizone limit.

N

%S
(=) cov -1

€)]

DISCUSSION

The correspondence between N;, and ITW2w, and
consequently between N, and KIAD for the anchizone
limits (Figure 7) is the basis for the success of the KI
method. The anchizone limits can be related to the
range of fundamental particle mean thicknesses, given
the precision and errors in KI measurements (Robin-
son et al., 1990). The method described here indicates
that this range is 20 < Ny, < 70 for the anchizone
(Figures 5 and 7), although these values are considered
tentative. The significance of the KI scale is unambig-
uous in the limited range of anchizone and deep dia-
genesis, because it is the only range where constant
N, for different N yields quasi-constant KI measure-
ments (Figure 5). KI varies away from this range. Our
results are in broad agreement with the anchizonal lim-
its deduced from Eberl and Velde (1989), although
they measure KI differently, which leads to higher es-
timate of N values (Figure 7). However, the correlation
between the thickness of fundamental particles and de-
gree of metamorphism does not favor any mechanism
for the conversion of smectite to illite (Altaner and
Ylagan, 1997).

For a fixed R, our model requires two parameters
to allow a rapid estimation of %S, Ny, and N. These
values can be refined using NEWMOD simulations by
varying size distributions or defect broadening, or by
adding: (1) populations of I-S with different %S val-
ues and (2) different distributions of CSD thickness
(e.g., Pevear and Schuette, 1993; Jaboyedoff and Thél-
in, 1996). Three or more components within interstrat-
ified minerals (NEWMOD?3c¢; Reynolds, 1988) may be
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Table 2. N values obtained by various authors for the anchizone limits. XRD arithmetic mean values of Dalla Torre et al. (1996)
have been recalculated and high-resolution (HR)TEM values in parentheses are the values for the mode of the distribution.

Diagenetic
zone- Anchi-
anchizone Epizone
Study N) Method used
Particle thickness (without considering swelling layers)
Weber ef al. (1976) 15 28 XRD (Scherrer)
Merriman er al. (1990) 22 47 XRD (Scherrer)
HRTEM (non applicable)
Krumm (1992) 22 50 XRD (Scherrer)
Nieto and Sanchez-Navas (1994) 30 90 HRTEM-XRD (Scherrer)
Warr and Rice (1994) 23 52 Warren-Averbach
Arkai et al. (1996) ~30 ~60 W-A, Voigt, Scherrer, HRTEM
Dalla Torre et al. (1996) 28 2D 65 (44) XRD (Scherrer) - HRTEM
Jiang et al. (1997) 23 48 Scherrer
Merriman and Peacor (1999) 22 52 TEM

Fundamental particles thickness in MacEwan crystallites

This study ~20

~T70 NEWMOD and convolutions

modeled, but this was not explored here. The refine-
ment of the results using NEWMOD may be necessary
because the charts presented here are established for a
given variance of the distribution of N. As shown in
Figure 4, the distribution of N has a small effect on
the peak shape for constant variance, but differences
may occur for other variance values. Our model does
not provide information about the possible mixture of
I-S and illite populations, for instance, detrital micas
mixed with neoformed I-S. In the sample of the above
example, the detrital component was assumed to be
<15%.

Limited data indicate that CSD thickness estima-
tions based on TEM measurements may be greater
than those based on XRD data. This may be attributed
to mechanical cleaving during XRD sample prepara-
tion (Peacor, 1992; Li et al., 1998) or to the difference
in CSD thickness distributions between the whole rock
and the <2-pm size fraction (Warr and Nieto, 1998).
Arkai er al. (1996) noted that better agreement exists
between TEM and calculated thickness based on the
Scherrer equation than with other methods. Applying
the princigle of equivalence between Ny, and IW2w
(IWAD), Arkai et al. (1996) may have measured the
number of consecutive mica-like layers separated by
swelling layers. Thus, it is not surprising that our re-
sults are apparently in accordance with the values of
Weber et al. (1976), Krumm (1992), Merriman et al.
(1990), Warr and Rice (1994), Arkai ez al. (1996), Dal-
la Torre et al. (1996), and Jiang et al. (1997), all of
whom used the Scherrer equation (Table 2). Our re-
sults are in accordance with the mean N of previous
studies, 24 * 5 (1o) and 55 * 17, for the anchizone
lower and upper limits, respectively. Although XRD
results obtained by Merriman er al. (1990) are in better
agreement with the present study, their TEM results
differ for the mean N value. This discrepancy may be
related to detrital mica, the analysis of a coarser size

fraction suggested by TEM observations (Jiang et al.,
1997; Warr and Nieto, 1998), strain broadening on
XRD data (Warr and Nieto, 1998), or presence of ex-
pandable layers, which affect the XRD pattern and
which may be overlooked by TEM.

The Bertaut-Warren-Averbach method is not rele-
vant for interstratified clay minerals without special
treatment (Warren and Averbach, 1950; Drits et al.,
1998; Eberl et al., 1998a), as shown by Lanson and
Kiibler (1994). Accurate results may be obtained by
removing the effect of swelling interlayers either by
large scale expansion (Eberl ez al., 1998a) or by heat-
ing (Drits et al., 1998). The KI properties for anchi-
zone values (Table 2) may explain the good results of
the Bertaut-Warren-Averbach method without using
special treatment.

The removal of instrumental broadening may be a
source of error for the absolute anchizone N;, values,
because of the difficulties in defining the pure profile
(Arkai et al., 1996). This effect may be very important
for low IW, but the excellent match of the background
at low angles (Figure 6) suggests the validity of the
model.

The model assumptions of NEWMOD do not con-
sider strain broadening. However, some strain is likely
because the high- and low-angle side of the 00/ peaks
are often less sharp than those in the simulated pat-
terns. This is attributed to strain, a few layers of par-
agonite or pyrophyllite or a NH,-mica-like phase (Fig-
ure 6) or thin coherent diffracting domains.

The effects of parameters other than %S and N on
the KIAD value are insignificant. On a regional scale,
good correlation between the KIAD method and other
metamorphic indicators (Kiibler, 1984; Frey, 1987;
Merriman and Frey, 1999) reflects the limited number
of parameters controlling KIAD. Broadening relating
to unexpected layers or lattice strain is limited be-
cause, if not, the KI scale would probably be more
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irregular and not as useful for natural systems. Nev-
ertheless, authors, such as Arkai et al. (1996) and
Eberl et al. (1997), found that a low percentage of
lattice strain (1-2%) leads to broadening. Furthermore,
Arkai et al. (1996) found that lattice strain depends on
a pressure-temperature (P-T) metamorphic path. Com-
paring their results with ours, the order of magnitude
obtained for the limits of the anchizone is similar and
thus probably correct. The lack of correlation concern-
ing a link between strain and the MacEwan crystal
concept supports our approach, but quantification of
the lattice strain in interstratified clays will lead to an
increase of the thickness limits of fundamental parti-
cles. Interstratification of pyrophyllite-like or other
layer types with d value close to 10 A probably cannot
be differentiated from lattice strain.

Although increases in the mean grain size of min-
erals in isochemical systems with increasing meta-
morphic grade is a widely recognized trend, the spe-
cific process of crystal growth depends on many pa-
rameters, including nucleation rate, time, temperature,
and reaction mechanism (Spry, 1983; Cashman and
Ferry, 1988). For I-S, N;, represents the size of illite
crystals in one dimension only, but nevertheless this
is a useful parameter to explore reaction history. Illite
growth has been recognized as a time-dependent pro-
cess (kinetic control) by many authors (Eberl and
Hower, 1976; Bethke and Altaner, 1986; Pytte and
Reynolds, 1989; Velde and Vasseur, 1992). For ex-
ample, information about the growth rate and the re-
action mechanism can be deduced from the size dis-
tribution (Cashman and Ferry, 1988) but, as shown by
Eberl er al. (1998b), the growth mechanism cannot be
deduced by inspecting the thickness distribution. How-
ever, the change of size distribution with increasing
metamorphism does provide insights into crystal-
growth history. Other parameters that control illite
crystal growth, such as the effects of pressure or stress,
still await detailed study.

CONCLUSION

The value of KI is related to two parameters, N and
%S, for a given stacking order. The value of KI is
sensitive to low percentages of expandable layers. De-
termining KI by the presented method requires two
measurements (IWAD and IWEG), instead of five for
the method of Eberl and Velde (1989), and simple
software was developed to replace manual-chart read-
ing. If KIAD is the only available reported measure-
ment, the proposed method allows an estimation of the
possible N and %S values. The sensitivity of the KI
scale is maximized in the anchizone because of the
relationship between KI and N, in this domain of in-
cipient metamorphism (Kiibler, 1968).

The similarity between the anchizone limits and the
mean number of consecutive illite-like layers in I-S
leads to a better definition of those zones. We propose
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that anchizone limits are between 20-70 Ny, but rec-
ognize that this is tentative. Effects relating to unex-
pected layers other than I or S and strain broadening
must be clarified and used to refine our model. Fur-
thermore, despite the analysis of the clay-fraction, the
presence of detrital mica is a source of sharpening of
the diffraction peaks. The influence of detrital mica
needs to be reduced further from standard KI mea-
surements. However, strain and broadening effects
from other layer types could well counterbalance the
effect of detrital mica.
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