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SCHWEI/.. MINERAL. PETROGR. MITT. SO. 75-83. 20(H)

Basis for meaningful illite crystallinity measurements:
an example from the Swiss Prealps

by M. Jaboyedoff, B. Kiibler2, M. Sartori3 and Ph. Thélin'

Abstract

Combination of the illite crystallinity method (IC) with Newmod© simulations permits characterisation of the mean
thickness of coherent scattering domains (CSD) and of the amount of illite in mixed-layered illite/smectite. Illites
amenable to study by the IC method are in fact mixed-layered illite/smectite (I/S) with low smectite content. In the
anchizone, the IC is an indirect measurement of the mean number of consecutive illite layers (or fundamental
particles) of I/S. An example from the Swiss Prealps shows a good correlation between IC and the number of consecutive

illites layers (NFP).The number of consecutive illite layers is a more precise quantification of metamorphism than
the thickness of CSD.

Keywords: illite crystallinity, fundamental particles, mixed-layer, illite/smectite, anchizone, low-grade metamor¬
phism.

1. Introduction

During the past thirty years application of the
illite crystallinity (IC) method (KObler, 1967,
1984; Frey, 1987) has proved useful in the study of
low grade metamorphism. The IC method
involves measuring the Scherrer width (SW) (full
width at half-maximum height) of the illite 10 A
X-ray diffraction peak in °A2Ö CuKu units on
an air-dried (AD) pattern. Although illite may
contain up to ~ 5% of expandable interlayers
(Moore and Reynolds, 1997,p. 151), the current
tendency is to characterise illite by the illite layer
in I/S and to its end-member chemistry (Meunier
and Velde, 1989;Srodon et al., 1992). Moreover,
while it is useful to call this method the illite
crystallinity technique, the term "illite" covers a range
of minerals measured by the IC (Merriman and
Peacor, 1999). Indeed, the 10 Â diffraction peak
is often the result of the diffraction of pure illitic
layers interstratified with a small amount of
expandable interlayers. The IC value can also be
influenced by small amounts of interlayered phases
such as chlorite. The expandable interlayers are

usually smectite-like, and can therefore be
defined as a mixed-layer mineral illite/smectite (I/S).
This is the nomenclature used in this paper, thus
the layers in the mixed-layer I/S can be viewed as

interlayers surrounded by two half tetrahedral-
octahedral layers (Altaner and Ylagan, 1997).

The lower and higher anchizone limits
correspond to about 25 and 60 layers of pure illite,
estimated either by high resolution transmission electron

microscopy (TEM) or/and by X-ray diffraction

(Merriman et al., 1990; Krumm, 1992; Nieto
and Sanchez-Navas, 1994; Warr and Rice, 1994;

Arkai et al., 1996; Dalla Torre et al., 1996). In
these studies illites did not contain, expandable
interlayers, or were removed by treatment.
Nevertheless it is often observed that the SW is broader
for air dried preparations (AD) than for ethylene-
glycol treated preparations (EG) (Kisch and
Frey, 1987), which indicates the presence of
expandable interlayers. Eberl and Velde (1989)
integrated the number of expandable interlayers
using a horizontal background, which is not the usual

way for measuring the IC (Kübler. 1967).
Drits et al. (1997) developed a method which
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takes into account a log-normal distribution thickness

of the coherent scattering domains (CSD) by
modifying the Scherrer equation. This method
does not lead directly to the simultaneous estimations

of the total layer number in the CSD and the
amount of smectite interlayers (%S).The expandable

interlayers are removed either by heating
(Drits et ah, 1998) or by Na-saturated I/S with
polyvinylpyrrolidone intercalation (Eberl et al.,
1998) leading to an estimate of the CSD and the
thickness of fundamental particles, respectively.

The aim of this paper is to link traditional IC
measurements (Kisch, 1990) to the amount of
interstratification %S and the number of layers in
the coherent diffracting domain (CSD), using an
example from the Préalpes Médianes Rigides.

2. Materials and methods

2.1. SAMPLE PREPARATION AND
SW MEASUREMENT

Samples of < 2 pm clay fractions from HCl-dis-
solved limestones and marly limestones from the
Préalpes Médianes Rigides were prepared for
XRD analysis (Tab. 1). Both new XRD determinations

and those reported in Jaboyedoff and
Thélin (1996) are used for this study.The geological

setting and XRD data are given in Jaboyedoff

and Thélin (1996) and references can be
found therein. The oriented specimens were
prepared by sedimentation on a glass slide with a

concentration of more than 2.5 mg/cm2. The XRD
data were collected with a 18.5 cm radius Rigaku
horizontal powder diffractometer (Geigerflex)
equipped with a rotating Cu anode (CuKa radiation,

nickel filter, 0.5° divergent and scatter slits,
0.15 mm receiving slit and two soller slits of 5").
and operating conditions of 40 k V and 30 mA with
the step scanning method using 0.01° and 1 second
steps. XRD diffractograms were performed for
AD and EG treatments.

The IC values were determined from the raw-
data by measuring the peak width at half distance
of the peak maximum and a linear background
joining the near peak background. No Ka; stripping,

no background removal and no curve
modelling is applied. The noisy XRD data were
smoothed with the Savitsky-Golay method. For
this study SW measurements were made on both
AD preparations (SWAD IC) and EG preparations

(SWEG); the SWEG was not measured for
all samples. A Reichweite order R1 is assumed for
the data because in the Préalpes Médianes
Rigides we do not have evidence for longer-range
orders (Jaboyedoff and Thélin, 1996).

Tab. 1 SW data, SWC corrected for instrumental broadening

and interpretation of results as in figure 2. IC limits

for the first column are 0.18° and 0.36°A20 CuKu.

SWAD (IC) SWEG SWcAD SWcEG %S N N,P

°A20CuKa rA20CuKu °A20CuKa °A20CuKa

0.17 0.17° 0.10° 0.10° 0.0% 84 83
0.18° 0.17° 0.11 0 0.10° 0.8% 93 53
0.19 0.19 ° 0.12° 0.12° 0.0% 67 66
0.20° 0.20° 0.13° 0.13° 0.0% 61 60
0.21 ° 0.20° 0.14° 0.13° 0.9% 69 42
0.22 0.20° 0.15 ° 0.13° 1.5% 78 36
0.23 ° 0.21 ° 0.16° 0.15° 1.1% 62 37
0.23 ° 0.20° 0.16° 0.13 ° 1.9% 90 33
0.24 0 0.22 ° 0.17° 0.15 ° 1.5% 64 32
0.25 0 0.22 ° 0.18° 0.15° 2.0% 73 30
0.25 0.22° 0.18° 0.15° 2.0% 73 30
0.26 ° 0.26° 0.19 0 0.19° 0.0% 37 37
0.26 ° 0.22° 0.19° 0.15° 2.3% 79 28
0.26 ° 0.24 0 0.19° 0.17° 1.6% 54 29
0.27 ° 0.23 0 0.21 ° 0.16 ° 2.3% 72 27
0.28 ° 0.26 ° 0.22° 0.19° 1.6% 47 26
0.29 0 0.27 ° 0.23 ° 0.21 ° 1.7% 44 25

0.29 ° 0.29 0 0.23° 0.22° 0.4% 32 29
0.30° 0.27° 0.24° 0.21 ° 2.1% 46 23
0.31 ° 0.27° 0.25 ° 0.21 0 2.5% 51 22

0.32 0.29° 0.26° 0.23 ° 2.1% 41 21

0.33 ° 0.28 ° 0.27° 0.22° 2.8% 51 21

0,33 0 0.27° 0.27° 0.21 ° 3.1% 58 21

0.34 ° 0.31 ° 0.28° 0.25° 2.2% 36 20

0.34° 0.30° 0.28° 0.24 0 2.7% 42 20
0.35 0.33 ° 0.29° 0.27° 1.8% 31 20
0.36 0.33 ° 0.30° 0.28° 2.0% 30 19
0.36 0.34 0 0.30° 0.28 ° 1.8% 29 19

0.37 0.32 ° 0.31 ° 0.26° 2.8% 36 18

0.37 0 0.33 ° 0.31 ° 0.28° 2.5°-,, 32 18
0.38 0.31 ° 0.32° 0.25 ° 3.5% 45 17

0.38 0 0.34 ° 0.32° 0.29 ° 2.5% 31 17

0.38° 0.34° 0.32 0 0.28° 2.7% 32 17

0.39° 0.36 ° 0.34° 0.30° 2.2% 27 17

0.39 0 0.35 0 0.34° 0.29 ° 2.7% 30 17

0.39 ° 0.39 ° 0.34° 0.34 ° 0.0% 18 18

0.41 ° 0.36 0 0.35 ° 0.30 ° 3.0% 31 16

0.41 0.36 ° 0.36° 0.30 ° 3.2% 31 15

0.41 ° 0.37 ° 0.36 ° 0.31 ° 3.0% 29 15

0.42 0.36 ° 0.37° 0.30 ° 3.3% 31 15

0.42° 0.34 0 0.37 ° 0.28° 3.8% 39 15

0.42 0.37 0 0.37° 0.31 ° 3.2% 30 15

0.44 ° 0.38 ° 0.39 0 0.32° 3.3% 28 14

0.45 ° 0.34 ° 0.40° 0.29° 4.3% 41 15

0.48 ° 0.40° 0.43 ° 0.35° 3.9% 27 13

0.49 ° 0.36° 0.44° 0.30 ° 4.8% 40 13

0.49 0.42 0 0.44° 0.37 ° 3.6% 24 13

0.51 0 0.45 ° 0.46° 0.40° 3.3% 20 12

0.52 ° 0.42 ° 0.48° 0.37 ° 4.3% 26 12

0.53 0.41 ° 0.49° 0.36 ° 4.7% 30 12

0.55 ° 0.52 ° 0.51 ° 0.47 ° 2.1 % 14 10

0.58 ° 0.49 ° 0.54° 0.44° 4.0% 18 10

0.62 0.47 ° 0.58 ° 0.42 ° 5.2% 23 10

0.67 0.47° 0.63 ° 0.42 ° 5.9% 26 10
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2.2. IC CALIBRATION

'Hie IC values were determined using the Neuchâ-
tel IC scale calibrated with the Lausanne diffrac-
tometer using 27 samples (Jaboyedoff, 1999).
The lower and upper limits of the anchizone were
determined at 0.22° and 0.39 A20 CuKa
(Lausanne diffractometer: Rigaku; Jaboyedoff and
Thélin1, 1996). After a change of filament and of
diffractometer geometry in 1996, the limits of our
diffractometers shifted slightly leading to the current

anchizone limits of 0.18 and O.36°A20
CuKa. For reasons of comparison a value of
0.03 A20 CuKa has been subtracted from the SW
values determined prior to the filament change
(Tab. 1). This subtraction is justified because
Kisch (1990) showed that differences in
instrumental broadening between various configurations

of a diffractometer shifts the IC scale by a
constant amount.

The IC values from the Préalpes Médianes
Rigides indicate well-defined variations in meta-
morphism that increase towards the south-east
from deep diagenesis to anchizonal values (Baud,
1987; Mosar, 1988; Jaboyedoff and Thélin,
1996) (Fig. I).

2.3. ELIMINATING INSTRUMENTAL
BROADENING

Several methods exist to remove instrumental
effects from an X-ray diffraction peak to obtain
a pure profile. In almost all cases it is necessary
to know a diffraction profile from a "perfect
crystal powder". In order to obtain such a profile,

we used a mica powder imbedded in resin
with glass powder used for disorientation and
polished in order to obtain a planar surface (Standard

Reference Material 675 Mica Powder;
U.S. Dept. of Commerce; National Bureau of
Standards Washington. DC 20234). Such a powder
is assumed to contain crystals with few defects
and of sufficiently large sizes to avoid broadening
produced by small crystals. This leads to an
estimate of instrumental peak equal to SW O.O9°A20
CuKa.

The best method consists in unfolding
directly the measured diffraction peak with the
instrumental profile leading to the pure profile,
and the latter is used to measure the corrected
SW for instrumental broadening. In practice it is

time consuming to obtain reliable results by
unfolding method (Stokes, 1948; Ergun, 1968;

Calculated mean number of consecutive
iHite layers (NFP) in l/S minerals

of the clay size fraction <2u m
Anchizone limits are equivalent to:
Nfp=20 and NFP=70

"Couches Rouges" from
Submediane zone

I Anchizone
Diagenesis (IC method)

[ I I1 \ ll Agenesis (Smectite content in l/S 20-30%
i \ s\\\ Diagenesis (Smectite content in l/S >30%)

Calculated NFP

12 Calcaires vermiculés (Triassic)

Préalpes médianes rigides

Couches Rouges (Cretaceious-Eocene)

Value of samples

Symbol radii are proportional to the values

//y. / Estimated fundamental particles thickness NFP within the Préalpes Médianes Rigides. Modified after
Jaboyedoff and Thélin (1996) and Jaboyedoff and Cosca (1999).
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Eberl et al., 1996, 1998; Drits et al„ 1998;

Jaboyedoff, 1999).
In the present study, we used a quicker

method. A table of conversion is established
between SW and the corrected SW for instrumental
broadening (SWJ.This table is calculated by
measuring the SW on theoretical peak profile
obtained by the convolution of a Pearson VII function

of known SWC with the function corresponding
to the instrumental profile (Fig. 2; Tab. 1)

(Jaboyedoff, 1999). The PearsonVII functions of
power 2 (Howard and Preston, 1989) is used and
assumed to be realistic for clay diffraction peaks.
This method leads to similar results obtained by
the simple sum of the SW of the instrumental profile

and pure profile (Lorentzian function) for low
SW and reaches Gaussian behaviour (square root
of the some of the squared SW) for higher SW.

This procedure, applied to three different dif-
fractometers (Rigaku© in Lausanne, Philips©
and Scintag© in Neuchâtel), led to estimates of
higher and lower anchizone limits without
instrumental effect of 0.10° and O.3O°A20 CuKcy
respectively (Jaboyedoff. 1999). Using figure 2 and
limits defined in this paper (0.18° and O.36°A20
CuKcx) the estimated anchizone limits are 0.11°
and O.3O°A20 CuKa. This small discrepancy with
the previous values can he assigned to intrinsic
errors caused by the calibration and the rounding of

SW (diffractometer profile) (°A20CuKcc)

Fig. 2 Relation used to remove the instrumental
broadening effect from the SW to obtain the Scherrer
width of the pure profile (SWc).This net is created by the
convolution of the instrumental profile with a Pearson
VII (power 2) function used as pure profile. It is
compared to the relationship obtained assuming Gaussian
or Lorentzian profile for both instrumental and pure
profiles.

limits. Therefore, we used the limits determined
on the three diffractometers.

3. Interpretation of the IC scale

A physical interpretation of the IC traditional
measurement seems possible, despite the probable

polyphase "origin" (Lanson, 1997) of the first
illite diffraction peak. By using the program New-
mod© (Reynolds, 1985), nets can be created and
used to define the mean number of layers (N) by
CSD and the average amount of smectitic layers
(%S) (Fig. 3). Nets are generated by measuring
the SW of the 10 A peak on Ca-saturated simulated

diffractograms for different values of N and
%S .This is performed on AD pattern, assuming
two water layers (SW2w), and EG pattern assuming

two ethylene-glycol layers (SW2g). The nets
were created using the default NEWMOD©
parameters (r/-value of dioctahedral mica 9.98 A,
dioctahedral smectite-2g 16.9 A. dioctahedral
smectite-2w 15 A, CuKu radiation, Ca-exchange
cation) for the simulations, and a divergent slit
of 0.5°. goniometer radius 18.5 cm, sample length
2.8 cm, two soller slits of 5° and KU9 for mica and
Fe02 for mica and smectite. The distribution of the
CSD layer number used here for simulations has
a constant value between two limits chosen as

[N-d: N+d] where d is equal to 10 if N > 12 and
[2; (2N 2)] for N s 12. It can be shown that the
type of the CSD size distribution for Newmod©
simulations has very little effect on peak shape
when the mean and the variance are kept constant
(Jaboyedoff, 1999).

Use of the constructed nets requires that
instrumental broadening of SWAD and SWEG is

removed to obtain SWCAD and SWCEG. Strain-
related distortions of the illite lattice (Arkai et
al., 1996; Drits et al., 1998) and the presence of
any exotic interlayers are not taken into account.
These nets are established for different stacking
orders of Reichweite R0, R1 and R3 (Moore and
Reynolds. 1997).

Such nets can be used to explore the anchizone
limits assuming that fundamental particles on
average consist of Nfi, consecutive illite layers (Fig.
4) and the MacEwan particles consist of I/S
minerals of N illite layers (Moore and Reynolds.
1997). In this case the mean of N, and %S of
MacEwan particles are related to NFP (Srodon et
al.. 1990. 1992).

The anchizone limits appear very similar to the
curves which follow MacEwan particles for
different N constructed of fundamental particles of
constant NFP (Fig. 4) (Moore and Reynolds,
1997; Nadeau et al.. 1984). The increase of fun-
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damental particle thickness with 1C value was
demonstrated bv Eberl and Blum (1993). Drus
et al. (1997, 1998) and Eberl et al. (1998). However,

when expandable interlayers are present, IC
is not necessarily a measurement of fundamental
particles thickness. Note that the composition of
fundamental particles are considered as pure illite
as defined by Mei nier and Velde (1989).

In a net of SW2w and SW2g, MacEwan particles

of constant NFP generate curves of almost
constant SW2w (IC corrected for instrumental
broadening) in the anchizone range.This relationship

is less clear the further one moves to shal¬

lower diagenesis or to deeper epizone. Making the
assumption that the IC scale is equivalent to N,
the grid area within the anchizone appears as a

unique zone where the IC scale is accurate (Fig. 3)
(Kübler, 1984).This explains partly the observed
scattering of the IC measurements in the diage-
netic zone and the lack of accuracy of the method
in the epizone. because in those zones IC is not
correlated to NFP size, which is assumed to be the

parameter which quantifies the metamorphism
(Kübler. 1984).

The diagenesis-anchizone limit corresponds to
Nfp <• 20 and that of the anchizone-epizone limit

0.70

0.60

0.50 •

ö 0.40 -

3
o

%S 2

SWEG 0.7288 SWAD

0.9607

Interpreted Anchizone
limits

O Data Préalpes
Médianes Rigides

Power function curve
(Préalpes Médianes
Rigides data)

Nfp 10

0.30 -

0.20

0.10

0.00

0.00

SW2w [°20CuK a]
Fig. 3 Net used to find mean number of layers (N). average number of layers of fundamental particles (NFP) and

amount of smectite layers (%S) for the order Rl.The inputs are the SWtAD (SW2w) and the SWCEG (SW2g) (i.e.
SW after removal of the instrumental broadening). The full width at half maximum is measured from a linear
background traced on a diffractogram with no background removal and no Ka, stripping. The limits of the anchizone are

very similar to the curve, NPP 20 and 70.The fitting of the points by a curve (power function) is also represented. It
represents the mean behaviour of I/S responding to metamorphism of the Couches Rouges within the Préalpes
Médianes Rigides.
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Anchizone limits for R1

Number of layers in MacEwan particles
Fig. 5 Plot of the Préalpes Médianes Rigides data interpreted with the net of figure 3.1/S (MacEwan particles) with
constant NFP are plotted and indicated in squares. The dashed curves show the ideal trajectory followed by an I/S
crystal thickening along c* by adding illite layers keeping Ns smectite interlayer trapped by the I/S stack. The I/S
curve crosses the curve of constant Ns, indicating a decrease in smectite interlayers. At the beginning of the epizone
smectite layers have almost disappeared.

to Nfp 70. Even if detrital micas can influence
the IC, within the anchizone field neo-formed
illite dominates the diffraction peak shape
(Jaboyedoff and Thélin, 1996). The increase of
NpP with weaker metamorphic conditions does
not have a direct significance from the crystalline
growth viewpoint (Altaner and Ylagan, 1997).
For example, if some smectite interlayers in an I/S
mineral are converted to illite by solid state
transformation or through dissolution-precipitation, it
will display an increase in NFP.

4. Interpretation and discussion

In the Préalpes Médianes Rigides the distribution
of Npp and IC values follow the same trend (Fig. 1 ;

Tab. 1 The NFP values for conditions of diagene-

10 - N in fundamental particles N FP

MacEwan particles

Fundamental particles

v Water molecule
Illite layer o Exchangeable cation

Fig. 4 I/S mixed-layers MacEwan particles) with
high illite content can be considered as a stack of N illite
layers joined by smectite interlayers. These illite stacks
are the fundamental particles of Nadeau et al. (1984).

Smectite
interlayer

—Mean trajectory

O Couches Rouges

Calcaires vermicul s

of smectite layers)
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sis are less variable than the classical IC values,

but for deep anchizone the variability of NhP is

greater. The epizone limit is reached in the more
internal part of the Préalpes Médianes Rigides.
The anchizone limits of NFP 20 and 70 agree with
the IC boundaries. The NFP values are consistent

throughout the entire diagenetie area, whereas

they show strong variations in the neighbouring
epizone (Fig. 5). This is because IC is approximately

inversely proportional to the layer numbers

Nfp in I/S. As a result, when metamorphic
grade increases, NFP increases exponentially and

the scale is less sensitive. For conditions of diage-
nesis NFP seems to be a more reliable quantification

of low-grade metamorphism than IC.
The mean path of I/S with increasing

metamorphic condition in figures 3 and 5 indicates a

simultaneous increase of N and NFP and a decrease

in %S.This involves either illitic growth along and

parallel to the c* crystallographic axis or by
transformation of the smectite interlayer in illite or
both. The growth of the fundamental particles
does not imply that I/S does not exist as MacEwan
particles. These entities can grow even within the

centre of the MacEwan particles, assuming that
the expandable interlayers are interfaces of illite
growth which have smectitic interfaces.

When metamorphic conditions reach the
epizone. as expected, fundamental particles NFPin I/S

(MacEwan paricles) rapidly increase in size. Mineral

transformations become important because
the thickness and volume reached by fundamental

particles (NFP) overtake those in I/S (N)
generated at lower metamorphic grade. If there is no
external chemical contribution to the system other

than rock forming minerals (feldspar, quartz,

wo -I

O * Number of consecutive illite
90 ' O layers in I/S mineral (Nfp)

c ^~~ 80 ' O O o Total number of layers in l/S

I 70 ^
d eo ^ o
I 50

« <>00
40 V o<ko0°

S 00 - %
m 10 -

O EPIZONE ANCHIZONE DIAGENESIS
o 1 1 A 1 1

0 10 0.20 0.30 0.40 0.50 0.60 0.70

IC (Neuchâtel) A°2& CuKa
Fix. 6 Interpretation of the Neuchâtel IC scale
(anchizone limits of 0.25 ' and 0.42 A2Ö CuKc*. based on the
data of the PMR. interpreted with the method outlined
here (see text for explanation). 1AE: interpreted
anchizone - epizone limit (NFP 70), IAD: interpreted
anchizone - diagenesis limit (NFP 20).

etc.). some fundamental particles must grow to
become phengites by dissolution ol the smaller
particles (Eberl et al., 1990; Eberl and Blum,
1993; Jaboyedoff, 1999). As a consequence, the
number of particles diminish with increasing
metamorphism. Because the mineral chemistry
changes, a dissolution-precipitation process is

preferred to Ostwald Ripening to describe metamorphic

evolution (illite phengite) (Baronnet,
1991; Primmer, 1994; Altaner and Ylagan,
1997). When the greenschist facies is reached,
these transformations are characterised by drastic
changes in particles size (thickness and dimension
along the layers) and micas become visible in
hand specimens.This can be observed in the Barr-
horn unit, which is equivalent to the Préalpes
Médianes Rigides in the Pettninic Alps (Sartori.
1990).

The relation between NFP and the IC
transposed to the Neuchâtel scale is much better than
that obtained with the average number of layers
N of the I/S (Fig. 6). This shows that IC can be

interpreted as an empirical measurement of NFP

(Merriman and Peac or, 1999) in the anchizone.
The average trajectory of samples from the

Préalpes Médianes Rigides shows that l/S in the
anchizone has 2-3% of S. and that the epizone has

approximately 0.5% of S (Fig. 5).
The results obtained by interpreting IC data

using a grid from which the NFP arc deduced,
indicates that it can be considered as a reliable and

easy tool for a preliminary interpretation of IC
values.This approach can give the general trend of
mineral growth in a weakly metamorphosed area.
The choice of another Reichweite will slightly
shift the Nfp value but does not change the trend.
'ITe CSD thickness distribution can affect the
peak shapes when the variance is very different
from the one chosen in our model, but this can be
evaluated by Newmod© simulations. Strain has

not been considered, and its inlluence on I/S
containing expandable interlayers remains to be studied.

5. Conclusion

The method used here is an improvement of the
Eberl and Velde (1989) method because it
requires only two measurements instead of five (SW
+ four intensity measurements) and the quartz
diffraction peak does not disturb the measurements.

Assuming that the variations of IC are essentially

caused by the size effect (Scherrer equation
and by a low mixed-layering with smectite, it can
be concluded that the IC is an indirect measurement

of Nfp in the anchizone. This establishes a
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link between IC and microscopic parameters.
Because IC is not sensitive to expandable layers in
the anchizone. it explains why the Scherrer equation

has been applied successfully (Arkai et al.,
19%). Kübler (1984) indicated that the IC scale
is imprecise for conditions of diagenesis and epi-
zone. Considering NFP as the true metamorphic
quantification, this imprecision is a consequence
of poor quantification of NFP by IC. The Préalpes
data set (Figs 1,5 and 6) shows that IC can be
replaced by Nfp in order to describe low metamorphic

grade conditions (Eberl and Blum, 1993;
Drits et al., 1997, 1998; Eberl et al., 1998),
especially in deep diagenesis where NfP seems more
accurate. But such an interpretation needs still
some adjustments because of detrital micas which
slightly affect the 10 Â peak. The limits of the NFP
scale will be slightly lowered when such effect are
quantified. The role of defects must also be clarified.

Acknowledgements

This investigation has been supported by the Swiss
National Science Foundation (project number 21-26433.89
and 20-31234.91 We wish to thank M. Cosca. A.
Escher. J.L. Epard.F. Girod and A. Meunier for support,
discussion, English language corrections and
encouragement. Wc thank the reviewers R.J. Merriman, R.
Nüesch. W.B. Stern and L. Warr whose remarks and
manuscript improvements were greatly appreciated.

References

Altaner, S.P. and Ylagan, R.F. 1997): Comparison of
structural models of mixed-layer illlite/sniectite and
reaction mechanisms of smectite illitization. Clays
and Clay Minerals 45.517-533.

Arkai. P., Merriman, R.J., Roberts, B., Peacor, D.R.
and Toth. M. (1996): Crystallinity, crystallite size
and lattice strain of illite-muscovite and chlorite:
comparison of XRD and TEM data for diagenetic to
epizonal pelites. Eur. J. Mineral. 8, 1119-1137.

Baronnet, A. (1991): Mûrissement d'Ostwald des
minéraux: rappel des conditions limitantes. Bull,
liais. Soc. franç. Minéral. Cristallogr. 2. 27-28.

Baud. A. (1987): Stratigraphie et sédimenlologie des
calcaires de St-Triphon. Mém. Géol. (Lausanne) 1,
322 pp.

Dalla Torre. M., Livi, K.J.T.. Veblen. D.R. and Frey,
M. (1996): White K-mica evolution front phengite
to niuscovite in shales and shale matrix mélange.
Diablo Range. California. Contrib. Mineral. Petrol.
123.390-405.

Drits. V.A.. Eberl. D. and Srodon, Y. (1997): XRD
measurement of mean crystallite thickness of illite
and illite/smectite: reappraisal of the Kubier Index
and the Scherrer Equation: Clavs and Clav Minerals
45.461-475.

Drits, V.A.. Eberl. D.D. and Srodon, J. (1998): XRD
measurement of mean thickness, thickness distribu¬

tion and strain for illite and illite-smectite crystallites
by Bertaut-Warren-Averbach technique. Clays

and Clav Minerals 46.38-50.
Eberl. D.D. and Velde, B. (1989): Beyond the Kübler

index. Clav Minerals 24,571-577.
Eberl. D.D., Srodon, J.. Kralik, M.,Taylor. B.E. and

Peterman, Z.E. (1990): Ostwald ripening of clays
and metamorphic minerals. Science 248,474-477.

Eberl, D.D. and Blum, A. (1993): Illite crystallite thick¬
ness by X-rav diffraction. In: Reynolds, R.C. and
Walker. J.R. (eds): Computer applications to X-ray
powder diffraction analysis of clay minerals, Workshop

lectures 5. Clay Minerals Society, 124-153.
Eberl, D.D., Drits, V„ Srodon, J. and Nüesch. R.

(1996): MudMaster: A program for calculating
crystallite size distributions and strain from the shapes"of
X-ray diffraction peaks. U.S. Geol. Surv. Open File
Report 96-171,44 pp.

Eberl, D.D., Nüesch, R., Sucha, V. and Tsipursky, S.

(1998): Measurement of fundamental illite particle
thicknesses by X-ray diffraction using PVP-10
intercalation. Clays and Clay Minerals 46,89-97.

Ergun, S. (1968): Direct method for unfolding convolu¬
tion products its application to X-ray scattering
intensities. J. Appl. Cryst. 1,19-23.

Frey, M. (1987). Low temperature metamorphism.
Blackie, Glasgow. 351 pp.

Howard, S.A. and Preston, K.D. (1989): Profile fitting
of powder diffraction patterns. In: Bisch. D.L. and
Post, J.E. (eds): Modern powder diffraction. Mineral.

Soc. Am., Washington. Rev. Mineral. 20. 217-
275.

Jaboyedoff, M. (1999): Transformations des interstra¬
tifiés illite/smectite vers l'illite et la phengite: un
exemple dans la série carbonatée du domaine
Briançonnais des Alpes suisses romandes. Ph. D.
Thesis Univ. Lausanne. Lausanne, Suisse, 459 pp.

Jaboyedoff, M. and Thélin. P. 1996): New data on the
low-grade metamorphism in the Briançonnais
domain of the Prealps, western Switzerland. Eur. J.

Mineral. 8. 577-592.
Jaboyedoff, M. and Cosca, M.A. (1999): Dating incip¬

ient metamorphism using -"'Arfr'Ar geochronology
and XRD modelling: an example from the Swiss
Alps. Contrib. Mineral. Petrol. 135,93-113.

Kisch. H.J. (1990): Calibration of the anchizone: a criti¬
cal comparison of illite "crystallinity" scales used for
definition. J. metamorphic Geol. 8,31-46.

Kisch, H.J. and Frey, M. (1987):oAppendix: effect of
sample preparation on the 10 À peak of illite (illite
"crystallinity" In: Frey, M. (ed.): Low temperature
metamorphism, Blackie, Glasgow, 301-304.

Krumm. S. (1992): Illite als Indikator schwacher
Metamorphose. Methodische Untersuchungen, regionale
Anwendungen und Vergleiche mit anderen Parametern.

Erlanger geol. Abh. 120,1-75.
Kübler. B. (1967): La cristallinité de I illite et les zones

tout à fait supérieures du métamorphisme. In:
Etages tectoniques. Colloque de Neuchâtel 1966.
Ed. de la Baconnière, Neuchâtel. Suisse. 105-121.

Kübler. B. (1984): Les indicateurs des transformations
physiques et chimiques dans la diagenèse. température

et calorimétrie. In: Lagache, M. (ed.):Thermo-
barométrie et barométrie géologiques. Soc. Fr.
Minéral. Crist.. Paris, 489-5961

Lansun, B. (1997): Decomposition of X-ray diffraction
patterns (profile fitting): a convenient way to study
clay minerals. Clays and Clav Minerals 45." 132-146".

Merriman, R.J., Roberts, B. and Peacor. D.R. 1990)'
A transmission electron microscope studv of white
mica crystallite size distribution in mudsto'ne to slate



BASIS FOR MEANINGFUL ILLITE MEASUREMENTS 83

transitional sequence, North Wales, UK. Contrib.
Mineral, Petrol., 106,27-40.

Mkrriman. R.J. and Peacor, D.R. (1999): Very low-
grade metapelites: mineralogy, microl'abrics and

measuring reaction progress, in: Frey, M. and

Robinson, D. (ed.): Low-Grade Metamorpliism.
Blackwell Science, 10-60.

Meunier, A. and Velde, B. (1989): Solid solutions in I/S
mixed-laver minerals and illite. Amer. Mineral. 74.

1106 1112.

Moore, D.M. and Reynolds, R.C. (1997): X-ray dif¬
fraction and the identification and analysis of clay
minerals. Oxford University Press, Oxford, 378 pp.

Mosar, J. (1988): Métamorphisme transporté dans les

Préalpes. Schweiz. Mineral. Petrogr. Mitt., 68,77-94.
Nadeat. P.H.. Wilson. M.J.. McHardy, W.J. and Tait,

J.M. 1984): Interstratified clays as fundamental
particles. Sciences 225,923-925.

Nie i o. F. and Sanchez-Navas, A. 1994): A comparative
XRD andTEM study of the physical meaning of the
white mica "crystallinity" index. Eur. J. Mineral. 6,
611-621.

Primmer,T.J. (1994): Some comments on chemistry and
stability of interstratified illile-smectite and the role
of Ostwald-type process. Clay Minerals 29,63-68.

Reynolds, R.C.J. (1985): NEWMOD a computer pro¬
gram for the calculation of one-dimensional X-ray
diffraction patterns of mixed-layered clays. Rey¬

nolds. R.C. Jr.. 8 Brook Dr., Hanover, New Hampshire.

Sartori, M. (1990): L'unité du Barrhorn. Mém. Géol.
(Lausanne) 6. 157 pp.

Srodon, J.. Andreoli, C, Elsass, F. and Robert, M.
1990): Direct high-resolution transmission electron

microscopic measurement of expandability ol
mixed-layer illite/smectite in bentonite rock. Clays
and Clay Minerals 38, 373-379.

Srodon, J.,Elsass. F.. McHardy,W.J. and Morgan, D.J.

(1992): Chemistry of illite-smectite inferred from
TEM measurements of fundamental particles. Clay
Minerals 27, 137-158.

Stokes. A.R. (1948): A numerical Fourier-analysis
method for correction of widths and shapes of lines
on X-rays powder photographs. Proc. Phys. Soc. London

61.382-391.
Warr, L.N. and Rice, H.N. (1994): Interlaboratory stan¬

dardization and calibration of clay mineral
crystallinity and crystallite size data. J. metamorphic
Geol. 12.141-152.

Manuscript received November 14, 1998; revision
accepted November 8,1999.


	Basis for meaningful illite crystallinity measurements : an example from the Swiss Prealps

