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Abstract—The standard form of the Scherrer equation, which has been used to calculate the mean
thickness of the coherent scattering domain (CSD) of illite crystals from X-ray diffraction (XRD) full
width data at half maximum (FWHM) intensity, employs a constant, K, of 0.89. Use of this constant is
unjustified, even if swelling has no effect on peak broadening, because this constant is valid only if all
CSDs have a single thickness. For different thickness distributions, the Scherrer ‘“‘constant’ has very
different values.

Analysis of fundamental particle thickness data (transmission electron microscopy, TEM) for samples
of authigenic illite and illite/smectite from diagenetically altered pyroclastics and filamentous illites from
sandstones reveals a unique family of lognormal thickness distributions for these clays. Experimental
relations between the distributions’ lognormal parameters and mean thicknesses are established. These
relations then are used to calculate the mean thickness of CSDs for illitic samples from XRD FWHM,
or from integral XRD peak widths (integrated intensity/maximum intensity).

For mixed-layer illite/smectite, the measured thickness of the CSD corresponds to the mean thickness
of the mixed-layer crystal. Using this measurement, the mean thickness of the fundamental particles that
compose the mixed-layer crystals can be calculated after XRD determination of percent smectitic inter-
layers. The effect of mixed layering (swelling) on XRD peak width for these samples is eliminated by
using the 003 reflection for glycolated samples, and the 001, 002 or 003 reflection for dehydrated, K-sa-
turated samples. If this technique is applied to the 001 reflection of air-dried samples (Kubler index
measurement), mean CSD thicknesses are underestimated due to the mixed-layering effect.

The technique was calibrated using NEWMOD®©-simulated XRD profiles of illite, and then tested on
well-characterized illite and illite/smectite samples. The XRD measurements are in good agreement with
estimates of the mean thickness of fundamental particles obtained both from TEM measurements and
from fixed cations content, up to a mean value of 20 layers. Correction for instrumental broadening under
the conditions employed here is unnecessary for this range of thicknesses.

Key Words—Crystal Thickness, Illite, Illite/Smectite, Kubler Index, Mixed-Layer Crystals, Scherrer

Equation, XRD.

INTRODUCTION

The illite crystallinity index (Kubler index; Kubler
1964), which is the FWHM of the 001 illite XRD re-
flection (sample in air-dry state), is widely used as an
indicator of the degree of deep diagenesis and very
low grade metamorphism in sedimentary basins. How-
ever, this index is strictly empirical, and has not been
related to mineral structure. Weber et al. (1976) and
other studies (reviews in Kisch 1983, 1987; Frey 1987;
Eberl et al. 1987; Merriman et al. 1990; Srodofi and
Elsass 1994) have applied the Scherrer equation to the
Kubler indices of illite having different degrees of
swelling. These authors offer a variety of interpreta-
tions concerning the relation between the thickness of
illite crystals and the thickness of CSDs measured by
the Scherrer equation.

In 1984, the thickness of illite “‘fundamental parti-
cles”, that is, crystals of illite obtained under condi-
tions of infinite osmotic swelling of mixed-layer crys-
tals of illite/smectite (full criteria given in Srodod et
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al. 1992), was measured by Pt-shadowing technique
using TEM (Nadeau et al. 1984), and later by tech-
niques based on high-resolution TEM (HRTEM) im-
ages (Srodofi et al. 1990) and fixed cations content
(Srodod et al. 1992). These techniques produced com-
parable results, whereas measurements of CSDs of
these minerals using the Scherrer equation resulted in
very different values (Srodori and Elsass 1994). The
present work was undertaken to further evaluate the
use of XRD peak broadening techniques for measuring
the mean crystal thickness of illite.

MATERIALS AND METHODS

A set of monomineralic, well-characterized samples
of illite and illite/smectite from different localities was
selected for this study. Sample L-2A-1 is a hairy illite
from sandstone, and the remaining samples come from
altered pyroclastic rocks, mostly of diagenetic grade.
Sample characteristics and references to source pub-
lications are given in Table 1. Oriented specimens
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Table la. Crystal size parameters calculated from peak width data, for glycolated samples.

Glycol 002 003 B, 003 Loens L T —

sample Fraction °20 °28 %S xrp °20 nm am nm K, T, NT) N AN
Kaube <2 17.75 26.76 0 035 2594 2487 1729 0.73 1729 1729 17.29 14
ARIR <2, Na 17.75 26.77 1 047 1932 1832 13.00 0.75 1293 11.61 11.55 1.29
ARIRbis <2, Na 1775 26.78 1 0466 1948 1848 13.11 0.75 13.03 1170 11.63 2.59
RM3bis <2, Sr 17.73  26.76 1 0316 2873 27.63 19.09 0.72 1897 16.16 16.08 1.45
SG4 <2, Na 17.67 26.72 1 0437 2078 1976 1395 0.74 13.87 1235 1229 1.19
L-2A-1 <1, Na 1771 26.8 1 0488 1861 1761 1254 075 1247 1124 11.18 1.89
SG1 <2, Sr 17.71  26.7 2 0322 2820 27.10 1874 0.72 1851 13.83 13.71 1.27
ARl <2, Sr 17.73  26.78 2 0332 2735 2626 1820 0.72 1798 1354 1342 1.78
RM30 <2, Ca 17.69 26.74 2 0456 1991 1891 1339 074 1323 1073 10.63 1.08
RM3 <2, Na 17.73  26.73 3 0447 2031 1930 1365 074 1341 9.90 9.77 0.91
Mil <2, Na 17.63  26.74 5 0.645 14.08 13.13 9.58 0.77 9.31 6.70 9.58 0.4
LF10 <2, Na 17.59 26.7 6 0543 1672 1575 1131 076 1092 6.99 6.85 0.44
M8 <1, Na 17.57 26.82 7 1013 8.96 8.07 6.22 0.80 5.99 4.55 4.44 0.17
RMS8 <2, Sr 17.47 267 10 0572 1587 1491 1076 0.76 10.16 5.44 5.30 0.26
RM22 <2, Na 17.43 267 11 0.632 1437 1342 9.77 0.77 9.19 4.97 4.83 0.21
RM35A <2, Na 17.39 2666 12 0575 1579 1483 1070 0.76 10.00 4.95 4.81 0.21
RM35A <2, Sr 17.39 2674 12 0587 1547 1451 1049 0.76 9.81 491 4.77 0.21
Zempleni  bulk, Na 17.25 2668 15 0717 1266 11.74 8.65 0.78 7.97 4.03 3.90 0.14
M4 ? 17.27 26.84 16 1216 7.47 6.59 523 0.82 4.83 3.12 2.99 0.07
T9 <0.2,Na 17.05 26.66 20 1.203 7.55 6.67 5.28 0.82 4.79 2.84 2.72 0.06
R62 <0.2,Na 16.83 26.68 30 1.246 7.29 6.42 5.11 0.82 4.44 2.29 2.18 0.04
MI0 <1, Na 1693 26.64 31 1.331 6.82 5.96 480 0.83 4.16 2.20 2.10 0.03
Ch5 <0.2,Na 16.69 26.6 37 0992 9.15 8.26 6.34 0.80 5.31 2.13 2.05 0.03
MB <1, Na 16.97 26.66 38 1.1 8.25 7.37 5.75 0.81 4.81 2.05 1.96 0.03
MD <1, Na 16.12 2678 88 0.867 10.47 9.57 721 079 4.95 1.12 1.11 0.01
2M9 <1, Na 1583 2642 88 0.891 10.19 9.29 7.03 0.79 4.83 1.11 1.11 0.01

Key: 002, 003: peak positions (°26) used to measure percent smectite in illite/smectites (%Sxgo); B; 00L integrated width (°28) of
reflection 00/ (= AREA/MAX in Figure 3, 6 or 9); L., experimental value of effective size of CSD calculated by Equation {19];
L: effective size of CSD corrected for experimental error (Equation [27]); 7: mean thickness of CSD calculated from L (Equation
[25)); K;: constant in Equation [19] calculated from L (Equation {26]); 7,: mean number of layers in CSD calculated from T
(Equation [30]); N and M(T): mean number of layers in fundamental particles calculated by Equation {29] using 7, and approximating
T, by T, respectively; AN: difference in N resulting from overestimation of %Sxgp by 1 unit; By, 003; Scherrer width of reflection
003; K,,: Scherrer constant estimated from Figure 5; T,,; mean thickness of CSD calculated by Scherrer Equation {10} using estimated
value of K,,; N,,: mean number of layers in fundamental particles calculated by Equation (291 from T, obtained from T, (Equation
[30]); Mgz Nepe: mean numbers of layers in fundamental particles measured by electron microscopy and calculated from fixed
cations content (chemical data from: $rodori and Elsass 1994; Eberl et al. 1987; Srodori et al. 1986; Srodori et al. 1992).

Table 1b. Crystal size parameters calculated from peak width data, for air-dry samples.

Air-dry B, 00t
20

sampie Fraction % Sxro T, N Nex
ARl <2, Sr 1 0.31 20.22 16.96 44.5
SG4 <2, Sr 1 0.41 14.92 13.10 16.7
RM3 <2, Nabis 1 0.49 12.16 10.94 11.1
L-2A-1 <1, Na 1 0.56 10.69 9.75 8.1
L-2A-1 <1, Ca 1 0.57 10.39 9.49 8.1
ARIR <2, Na 2 0.51 11.63 9.59 29.7
RM30 <2,Ca 2 0.56 10.49 8.81 10
RM3 <2, Na 3 0.62 9.42 7.52 11.1
M1l <2, Na 5 0.67 8.50 6.18 53
LF10 <2, Na 6 0.62 9.28 6.20 6.8
RMS8 <2, Sr 10 0.83 6.58 4.22 6.3
RM22 <2, Na 11 0.65 8.57 4.67 37
RM22 <2, Sr 11 0.73 7.51 4.38 3.7
RM22 <2, nat 11 0.71 7.73 4.44 37
RM35A <2, Na 12 0.67 8.29 4.42 5.6
RM35A <2, Na 12 0.67 8.29 442 5.6
Zempleni Bulk, Na 15 0.72 7.54 3.81 4.5
M4 ? 16 1.38 3.73 2.60 2.63
T9 <0.2, Na 20 1.27 4.00 2.50 2.72
R62 <0.2, Na 30 1.38 3.52 2.01 1.79

Key: See Table la.
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Table la. Extended.

Bm 003 Kxh Tsll Nm NTEM NFIX
0.26 0.62 21.32 21.32 45
0.36 0.56 14.28 12.61 29.7
0.36 0.56 14.24 12.58 29.7
0.25 0.56 20.67 1727 17.8 16.7
0.34 0.56 15.04 13.19 11.1
0.37 0.56 13.78 12.22 8.1
0.25 0.56 20.59 14.79 11.1
0.27 0.62 21.16 15.08 45
0.35 0.56 14.36 11.33  11.6 10
0.34 0.56 15.00 10.56 11.1
0.49 0.57 10.58 7.16 5.4 53
0.41 0.57 12.50 7.40 6.8
0.80 0.59 6.72 4.80 4.05
0.43 0.57 11.98 5.71 6.3
0.45 0.57 11.42 5.32 3.7
0.43 0.57 11.95 5.16 6.9 5.6
0.43 0.57 11.95 5.16 6.9 5.6
0.54 0.58 9.84 4.23 4.5
0.90 0.61 6.14 3.37 2.61 2.63
0.88 0.61 6.28 3.05 2.72 2.72
0.95 0.62 5.96 2.40 2.62 1.79
1.01 0.62 5.57 2.30 2.23
0.74 0.59 7.21 2.19 2.29 1.96
0.81 0.61 6.83 2:12 1.82
0.61 0.59 8.84 1.12 1.15
0.67 0.59 7.97 1.12 1.09

were prepared by sedimentation of 100 mg of clay
onto glass slides. Air-dried samples of Na- or Sr-sa-
turated clays were analyzed in ambient atmosphere by
XRD. Glycolation was performed overnight at 60 °C
by the vapor technique, and samples were X-rayed in
a closed chamber saturated with ethylene glycol vapor.
K-exchanged samples were dehydrated by overnight
heating at 300 °C, stored in a desiccator and X-rayed
in a sealed chamber containing a desiccant. This pro-
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cedure ensured completely dehydrated samples during
the collection of XRD patterns, as was verified by re-
peated scans.

The NEWMOD® computer program for the simu-
lation of XRD patterns of clay minerals (Reynolds
1985) was used to test and correct the approach de-
veloped in this paper. For this reason, aill XRD patterns
were registered on a Siemens D-500 diffractometer (in
Boulder, Colorado) using NEWMOD®@ default param-
eters (CuKa radiation, a graphite monochromator, 2
Soller slits, 1° divergence slit), 1° and 0.15° receiving
slits, 0.02 °26 steps and counting times of 5 s/step.
Peak positions were corrected using oriented prepara-
tions of National Institute of Standards Standard Ref-
erence Material 675, a powder of synthetic fluorophlo-
gopite, as an external standard. A set of glycol-satu-
rated samples was rerun on a Philips diffractometer
(CuK« radiation, Ni filter, 2 Soller slits, 1° divergence
slit, 1° and 0.1° receiving slits, 0.02 °26 steps and
counting times of 5 s/step; in Krakéw, Poland). These
reruns permitted a check on the effect of relative hu-
midity (RH < 10% in Boulder and > 40% in Krakéw).

All XRD files were transferred into the format of
the NEWMOD®© program. Peak integrations were per-
formed manually using the PLOTMOD subroutine of
NEWMOD®, in the same way as the NEWMODO-
generated patterns were treated. Consequently, the se-
lection of background levels was individually con-
trolled for each peak, and possible errors from apply-
ing different integration techniques to the experimental
and the calculated patterns were avoided (the samples
recorded in Krakéw also were processed in this way).

Percentages of smectitic interlayers in expandable
samples (%Sxgp) Were measured by XRD from glycol-
saturated specimens using the 002 vs. 003 technique
of Srodosi (1984) or, for samples with expandabilities
< 5% S, the Ir technique of Srodort and Elsass (1994).

Table lc. Crystal size parameters calculated from peak width data, for heated K-saturated samples.

K/heated B, 001 8,002 8, 003 B, 005

sample Fraction %Sy 26  T,001 NOOI  °20 7,002 ANOO2  °28 7,003 NOO3 °28  T,005 NOOS N
Kaube <2 0 0.34 1848 1848 0.33 18.06 1806 035 17.29 17.29 040 1902 19.02 4.5
SG1 <2 2 033 1892 1393 030 19.73 1435 031 19.50 14.24 040 18.85 13.89 1l1.1
RM30 <2 2 046 13.17 1059 047 1283 1037 050 1232 10.05 0.65 11.04 "9.19 10
Mill <2 5 0.63 9.32 6.58 0.69 8.92 6.39 0.74 835 6.11 0.94 7.62 5.73 5.3
LFI10 <2 6 046 13.36 7.67 048 12.73 747 053 11.64 7.11 0.72 9.96 6.48 6.8
M3 <1 7 0.81 7.16 5.00 0.87 7.05 495 1.03 6.12 450 1.21 6.04 4.46 4.05
RMS8 <2 10 0.71 8.29 479 0.71 8.61 489 0.74 8.41 4.83 0.97 7.35 4.50 6.3
RM22 <2 11 0.53 11.28 529 0.59 10.29 5.09 0.68 9.05 4.80 0.93 7.70 4.43 3.7
RM35A <2 12 0.71 8.26 441 0.78 7.82 430 0.78 7.97 434 1.01 7.10 4.10 5.6
Zempleni  bulk 15 0.66 9.00 4.09 0.67 9.07 4.10 0.81 7.70 3.84 1.09 6.63 3.59 4.5
T9 <02 20 1.02 5.61 292 1.07 5.70 294 1.17 5.42 2.88 1.58 4.80 2.73 2.72
M10 <1 31 1.09 5.21 226 1.20 5.07 2.24 1.37 4.66 2.18 1.84 4.28 2: 12 2.23
Ch5 <0.2 37 093 6.14 2.12 1.02 5.94 2.10 1.20 5.28 2.04 1.59 4.80 1.99 1.96
MB <1 38 090 6.42 2.10 1.00 6.09 2.08 1.29 4.96 198 1.71 4.52 1.93 1.82
MD <1 88 1.04 5.49 1.11 131 4.61 1.10 1.70 3.81 1.10 247 3.48 1.09 1.15
2M9 <1 88 0.95 6.01 1.11 1.16 5.22 1.11  1.46 4.41 .10 2.00 4.02 1.10 1.09

Key: See Table la.
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Figure 1. An interference function, P, plotted for 2 adjacent

00¢ reflections using the coordinate e*. Relationships between
coordinates €* and Z* along the c* axis in reciprocal space
are presented, and the value corresponding to Z* in the XRD
pattern is given in parentheses.

Theory of Crystal Size Measurement from
XRD Peak Broadening

This section addresses the advantages and limita-
tions of XRD methods that use the widths of basal
reflections to determine the thickness of CSDs. The
presentation follows the works of James (1965), Klug
and Alexander (1974) and Drits and Tchoubar (1990).

Let us consider that a sample contains flat crystals,
each consisting of the same number of identical layers,
so that the periodicity along the c axis is equal to
d(001). We assume here that the variation of 4(001),
which produces strain-type broadening of XRD reflec-
tions, is negligible and that the thickness of a crystal
is equal to that of the CSD. We are interested in the
angular widths of 00¢ reflections at half heights (B,,).
as well as in the integrated widths of these reflections
(B), which we will define latter.

The distribution of diffracted intensity /(Z*) along
the c* axis of the reciprocal space is described by the
formula:

1(Z%) = FZ*)P(Z*) (1]

where F%(Z*) is the distribution of the structure factor
values determined by the structure and composition of
the unit cell of a sample under study; ®(Z*) is the
interference function, which depends on the thickness
of the CSDs; and Z* is the coordinate along c*. Z* in
reciprocal space is related to 6 in the XRD patterns by
the equation:

Z* = 2 sin 8/A 2]

F*(Z*) changes very slowly with increasing Z*, so,
as a first approximation, it is constant around each in-
dividual reflection. Thus distribution of intensity is de-
termined by: '
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I(Z*)
F2(Z*)

(2Z*) = = kI(Z*) (31
where k is a constant.

If crystals have the same thickness and periodicity
along c*, all 00¢ reflections have identical profiles. Let
us choose the origin of coordinates along c¢* for each
individual 00¢ reflection (Z;) in the position that cor-
responds to Bragg’s law:

Z, = £/d(001) = 1/d(001) = 2 sin 6/\ (4]

The symbol 0, is the Bragg angle for the 00¢ reflec-
tion, and \ is the wavelength of the applied radiation.
We introduce a new coordinate, €*, along the c* axis,
such that:

Z* = 7Z; + €* {5]

where 1 = e* = 0. The maximum intensity of a 00¢
reflection is at €* = 0 (Figure 1).

Under these conditions, the distribution of intensity
of all 00¢ reflections is described (omitting constant
values) by the same interference function (Figure 1):

sin*(nwTe*)
(me*)?

where T is the thickness of CSDs. This function has a
maximum value equal to 72 at e* = 0 [that is, at Z; =
€/d(001)] and a minimum value of O at €* = *1/T
(Figure 1).

The relationship between the reciprocal space vari-
able e* and the corresponding angular variable 6 in an
XRD pattern is the following:

e* = Z* — Z = 2 sin O/A — 2 sin 8,/A = 2[sin(8, +
A8) — sin 8,/A = X cos 8,/\ 71
where X = 26 — 20, = 2(6 — 0,), that is, full width

of a reflection. Using Equation [7], we can rewrite
Equation {6] as:

d(e*) = (6]

sin*(wTX cos 8,/\)
(wT cos 0,/\)?

&(X) = {8]

If X, is defined as the half width at half maximum
height:

&(X,n) = 12T, = 1/2T?*, and
1.4\ .
X, = m (radians) 9]

The FWHM B,, = 2X,, and the Scherrer equation is

obtained:

_ _0.89A
T cos 8,

Ban (radians) [(10]
with the constant, K, = 0.89.
This formula has been derived for and can be ap-

plied only in the particular case when CSDs have a
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Figure 2. Demonstration of the effect of CSD thickness dis-

tributions on the width of reflections (8,,). NEWMOD®-gen-
erated XRD peak profiles of an illite 002 reflection for a
unique thickness of CSDs (15 layers) and for a lognormal
distribution of thickness (mean thickness of 15 layers).

single thickness. When they contain a distribution of
thicknesses, B,, depends on mean thickness of the
CSDs as well as on the law of the thickness distribu-
tion (Figure 2). Therefore, K, = 0.89 cannot be ap-
plied. The theoretical treatment of those more realistic
cases is quite complicated. Analysis of the so-called
“integrated width” of a basal reflection B;, equal to:

j 1(26) d(28)

a

B = ————

max

(11]

is more practical. As follows from Equation [7]:

de* = cos 6,dX/\ = cos 6,d(28)/h [12]

The integrated widths of 00¢ reflections, measured
in reciprocal space (B;) and in the XRD pattern (8,),
are related by the equation combining Equation [11]
and [12]:

+uT
f I(e*) de*

ur

I

max

+2

1(28) d(28)

= cos 9,/\ = B; cos /8 [13]

Imax

Instead of I(e*) one can use ®(e*) (see Equation {3]),
so that:
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+1T
f d(e*) de*

ur

d’max

The maximum value of ®(e*) equals 77 if all CSDs
have the same thickness (see Equation [6]), and the
integrated value of ®(e*), that is, the area under the
reflection profile for each 00¢ reflection, is equal to:

+WUT - 2 T*
f sin?(wTe )de*

(me*)?

= B, cos 0,/\ [14]

ur

d(nTe*) =T

+ 20 . 2
T f sin?(mwTe*) 015]

T x (nTe*)?

because [(sin2x/x?)dx = . Then:

(radians) [16]

B = T cos 6,
Equation [16], like the Scherrer Equation [10], applies
only to samples containing CSDs of unique thickness-
es. These equations differ only by the constant K,, =
0.89.

Equation [13] can be modified to study samples
having distributions of CSDs. Let us consider that AT})
corresponds to a probability of finding CSDs having
thicknesses equal to T, and SAT;) = 1. The maximum
intensity of a 00¢ reflection must be equal to a statis-
tically weighted sum of the contributions of the max-
imum intensities of each set of CSDs of thickness 7
and probability AT)). For each T, A ,) = AT) and
I.. = T?, then:

lnw =2 il = 2 ST =T [17]
where T2 is the mean value of T?.

Similarly, the integrated intensity of an 00¢ reflec-
tion must be a statistically weighted sum of the inte-
grated intensities from all classes of T, and T, = [,
(Equation [15]):

Lo =2 fi )i = 2 AT)T, =T [18]

where T is the mean value of T,. Thus, from Equation
[13]:

T K\
B L A =t 5 (radians) [19]
!

_ﬁcose,—Lcose,_ T cos

where L = 7’1—/7, and K| = (_T—)Z/F. L is the volume-
weighted mean thickness of the CSD, called “the ef-
fective thickness”. The use of K, puts Equation [19]
in a form similar to that of the Scherrer equation.
Equation [19] can be applied to a sample having any
CSD thickness distribution.

Because T* > (T )?, then:

= I’ - @y

=T + 20
L=T = {20]
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Thus L is larger than T, and the deviation of L from
T depends on that of T2 from (T )?, and for each type
of CSD size distribution function there is a unique
relationship between L and T (also between K; and
T). Equation [19] can then be successfully applied to
study CSD size if the function for the CSD size dis-
tribution is known a priori.

CSD Thickness Distribution of Illites

It has been shown by analysis of TEM data (Eberl
et al. 1990) that, for illite and illite/smectite, the thick-
ness of fundamental particles follows a lognormal dis-
tribution pattern. The lognormal distribution, A7), is
characterized by 2 parameters, a and 2, which cor-

respond to mean value and variance of In 7, respec- -

tively:

(In T — a)?

o [21]

1
AD —meXp -

The following general relationships hold among «
and B parameters and 7', 77, L and K values:

T =expla + B2), T? = expRa + 2B2),
L = (T2/T) = exp(a + 3B?/2) and
= [(DYT?] = exp(~B?)

In this general case, there is no unique functional re-
lationship between L (available from Equation [19])
and T (parameter to be determined). Our study (Sro-
don et al. 1997) indicates, however, that illite and illite/
smectite represent a special case of a lognormal dis-
tribution. For numerous illite and illite/smectite sam-
ples, 7, o and B? values were calculated from TEM
measurements of the thickness of fundamental parti-
cles reported by Srodoti et al. (1992), and the follow-
ing experimental relationships were identified:

a = 0.94851n T — 0.017
B2 =0.103InT + 0.034

(22]

[23]
[24]

Bertaut-Warren-Averbach analysis of XRD data dem-
onstrated that the same lognormal law applies approx-
imately to the thickness of CSDs of illite/smectite
(Drits et al. 1997). Authigenic illites and illite/smec-
tites fulfill the condition of having a known CSD dis-
tribution size. Consequently, the needed relationships
could be established:

T = 0.794 + 0.676L — 0.00049L2
L= -103 + 1.448T + 0.0023(7)? and [25]
K, = 0.95 — 0.161 Log(L) [26]

The measurement of the integrated width of a 00¢ re-
flection permits estimation of the L value by Equation
[19], and then calculation of T using Equation [25],
or Equations [26] and [19]. The values o and B* can
then be determined by Equations {23] and [24], and
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these parameters specify the pattern of the CSD thick-
ness distribution in the sample (Equation [21]).

EXPERIMENTAL

Calibration of the Technique Using XRD
Patterns of Illite Generated by NEWMOD®

The theory presented in the previous section can be
applied to measurement of mean CSD if experimental
data can be corrected satisfactorily for background and
instrumental broadening. The theoretical treatment ap-
plies to the total diffracted intensity, whereas, under
experimental conditions, some of the intensity can be
lost in the background, particularly intensity contri-
butions from the thinnest CSDs. The “lost intensity”
effect will result in smaller values for ;. Commonly,
this effect is ignored when the Scherrer equation is
applied. Alternatively, instrumental broadening, which
depends on the geometry of diffractometer and spec-
tral characteristics of the incident beam, will cause an
increase in the value of B;,, Commonly, instrumental
broadening is corrected by using a standard that is as-
sumed to be composed of effectively infinitely thick
particles (Klug and Alexander 1974). Finding an ap-
propriate instrumental standard for illite proved to be
difficult.

We applied an alternative approach that accounts for
lost intensity and for part of the instrumental broad-
ening. It is based on calibrating our technique using
theoretical XRD patterns generated by the NEW-
MOD® computer program (Reynolds 1985) for dif-
ferent lognormal distributions of T that obeyed our ex-
perimental relationships (Equations [23] and [24]). We
assumed that the dominant component of the instru-
mental broadening is the 2Ka, + Ka, composition of
the incident beam, providled NEWMOD® default val-
ues are used for Soller and divergence slits (6.6, 2, 1).
The Ko doublet was taken into account by calculating
NEWMOD® patterns separately for Ko, and Ko, and
reconstructing the real pattern by summing them in the
proportion 2:1.

From these patterns, B; values were measured for
001, 002, 003 and 005 illite reflections (8; = integrated
intensity/maximum intensity, see Equation [11]) and
the measured values of L (L,.,) were obtained from
Equation {19]. Figure 3 presents examples of NEW-
MOD®©-generated illite patterns, showing how back-
ground lines were drawn. Regression equations were
established for each reflection between the theoretical
L values calculated from T (Equation [16]) and the
measured (meas) values:

Loy = —1.48 + 0.94Log mess + 0.0053(Log) meas)?
"R = 0.999 [27]
Lozoosoos = —0.5 + 0.97Looz 003 005mess
R = 0.999 [28]
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These regressions are very similar, and deviations
of L., from L are minor (Figure 4). In addition to
correcting for intensity loss and part of the instrumen-
tal broadening, the regressions also correct the mea-
surement for the effects of the Lorentz-polarization
and structure factors, which, at first approximation,
were assumed to be negligible in our theoretical treat-
ment. From L obtained from Equation {27], T can be
calculated directly by means of Equation [25], or by
using Equation [19] and K; calculated from L (Equa-
tion [26]).

Calculated NEWMOD® patterns also were used to
empirically modify the Scherrer equation (Equation
[10]) for application to samples having a lognormal
distribution of CSD thickness. The K, values were
calculated using 8,, measured from the patterns and T
values of the distributions used to generate the pat-
terns. Empirical relationships then were established
between B, and K|, for different reflections. The cor-
responding curves, presented in Figure 5, have com-
plex shapes. They permit estimation of K, from B,
and calculation of T by Equation [10]. This approach
has similar advantages to the L = f(L,,,) correction,
because it accounts for the Ka doublet, for loss of
intensity in the background and for LpF?. Note that
K,, values are much smaller than 0.89 (that for a sam-
ple having a single CSD size).

This technique can be applied directly only for sam-
ples analyzed on a Siemens diffractometer with the
default values of goniometer settings utilized by
NEWMOD®. Under other conditions, a correction for
instrumental broadening may have to be applied. For
this reason, we present in Table 2 B; and B, data for
2 selected international XRD standards recorded under
our conditions. Using the ALO,; standard, we deter-
mined that B values obtained using a Philips diffrac-
tometer were smaller than those from the Siemens in-
strument by <0.01 °26.

This technique does not account for combined in-
strumental broadening produced by the geometry of
the goniometer, the sample and the spectral character-
istics of Ka, and Ko, beams (effects that are not mod-
eled by NEWMOD®). We may expect that these ef-
fects should be negligible for very fine CSD thickness
distributions (very broad reflections).

Measurement of Mean CSD Thickness from Real
XRD Patterns

In nature, most illite crystallizes from smectite dur-
ing burial diagenesis and very low temperature meta-

—

Figure 3. NEWMOD®O patterns of non-swelling illites, cal-
culated for CSDs having lognormal distributions. The effect
of the intensity loss in the background, strongest for the
smallest CSDs (T mean is the mean value of thickness), can
be observed. The figure demonstrates how the background
levels were selected.
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Figure 4. Mean “effective thickness" of illite CSDs measured from the 003 reflections of NEWMOD®©-generated patterns
(L) VS. that calculated (L or L) from input crystal thickness data. Such regressions, established for different peaks
(Equation (27]), are used to correct data for the experimental errors (loss of intensity and part of instrumental broadening).

morphism (<300 °C). Reaction products are charac-
terized by variable degrees of swelling, as shown by
changes in XRD characteristics after various chemical
treatments (such as saturation with ethylene glycol).
Such materials are thus considered to be mixed-layer
clays from an XRD viewpoint. The swelling character
imposes 2 important restrictions on our technique.

First, mixed layering affects peak shapes and broad-
ens them according to the Mering rule, that is, broad-
ening is proportional to the angular distance between
the positions of corresponding reflections of pure end
members (Moore and Reynolds 1989, Figure 7.1).
Such broadened peaks are not suitable for CSD thick-
ness analysis. To avoid this effect, reflections and
treatments must be chosen that lead to the coincidence
of end-member XRD reflections.

One such reflection is the 003/005 of glycolated
samples (16.9 A/005 = 3.38 A and 10 A/003 = 3.33
A, reflections which nearly coincide). It also is pos-
sible to analyze all reflections of K-exchanged samples
collapsed by heating. We investigated these options,

as well as the traditional Kubler index approach. Fig-
ure 6 illustrates our peak selection, showing XRD pat-
terns of a 15% expandable sample (Zempleni) record-
ed in glycolated, K-heated and Na-air-dried states.

In the following analysis we assume that the mean
thickness CSDs measured for illite/smectite (7°) cor-
respond to the mean thickness of the mixed-layer crys-
tals, that is, to the thickness of coherently diffracting
stacks of fundamental particles. The parameter that
can be obtained easily by independent measurement
(such as by TEM), in order to verify the XRD tech-
nique, is the mean number of layers in fundamental
particles (N). N can be calculated from the mean num-
ber of layers in the mixed-layer crystals (7,) and the
percent of smectitic interlayers in the mixed-layer
crystals (expandability measured by XRD = %Sygp)
by combining Equations [1] and [9] of Srodof et al.
(1992):

N = 100T,/((T, = 1)%Sxgp + 100] [29]

T, is dependent on: 1) the measured mean thickness
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Figure 5. Relationships between B,, and K, established from NEWMOD® patterns of non-swelling illites for 4 reflections

suitable for calculation of CSD thickness.

of the mixed-layer crystals (_T—), 2) %Syrp and 3) the
thickness of the smectite interlayers. Simple analysis
of geometrical relations within a mixed-layer crystal
leads to the following relationship:

1007 + (ds = d,)%Sxxp
" 1004, + (ds — d))%Sxzp

{30

where ds and d; are 001 spacings of smectite and illite
(in nm), respectively.

Table 2. Integrated (B;) and Scherrer (B,,) peak widths (in
°28) of 2 international standards, recorded under the experi-
mental conditions employed in this study, are presented for
interlaboratory calibration purposes.

NBS 676 (alumina powder) NBS 675 (mica powder)

28 B; B 28 B: Bun
25.54 0.186 0.158 8.9 0.178 0.141
35.12 0.206 0.177 26.82 0.175 0.152
37.74 0.221 0.186 45.44 0.219 0.199
43.32 0.229 0.202 — — —

The following sections present the results obtained
by the proposed technique for pure illite/smectite sam-
ples from different environments. The accuracy of
these determinations was checked using the mean
number of layers in fundamental particles, Ngy, esti-
mated from fixed cations content per half unit cell
(FIX), by combining Equations {1] and [3] in Srodon
et al. (1992):

New = 0.89
X ™ 0.89 — FIX

The 2 measurements should coincide if: 1) strain
broadening is insignificant; 2) instrumental broadening
not accounted for is insignificant; 3) %Sxgp is mea-
sured accurately. The value of Ny was shown to agree
well with the direct TEM measurements of fundamen-
tal particle thickness by Pt-shadowing technique (Sro-
dori et al. 1992).

Measurements of Glycolated Samples

The data obtained from the 003/005 reflection of the
glycolated samples are shown in Table 1 with peak

(31]
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positions used to estimate expandabilities (%Sxxp)-
The complete set of calculated parameters is included
with the data as an example of how the calculations
were performed. A sample XRD pattern is shown in
Figure 6.

In Figure 7, the measured mean number of layers
in mixed-layer crystals (7,) and in fundamental parti-
cles (N and N,,) are plotted against the mean number
of layers in fundamental particles calculated from the
fixed cations (Ngy). The fundamental particle data plot
close to the diagonal line, indicating that there is no
major systematic error in this measurement up to about
N = 20. The spread of the data probably is related to
the accuracy of XRD expandability measurement. The
precision of this measurement will decrease with de-
creasing expandabilities, as is demonstrated in Table 1
by presenting the difference in N (AN) due to a dif-
ference of 1% in the value of %Syzp. One low-ex-
pandability sample (RM3), which yielded a measur-
able difference in %Sygp estimate when recorded a 2nd
time, gave N values bracketing the Ny number (Table
1). Thus, further refinement of this technique will re-
quire more accurate measurement of %Sygp, at low ex-
pandabilities.

The mixed-layer crystal thickness data depart from
the diagonal line in Figure 7, as expected, and the
values of T, = 4 to 6 characterize the most expandable
clays. These values coincide with direct measurements
of mixed-layer crystal thicknesses for these samples
by HRTEM (Table 1 in Srodod et al. 1990), which
confirms our assumption that the CSDs of illite/smec-
tites are equivalent to the mixed-layer crystals. The
number of fundamental particles per mixed-layer crys-
tal (T,/N ratio) gradually increases from 1 for non-
expandable illite to about 5 for the most smectitic
clays.

Measurements by the Scherrer equation, employing
the K, values estimated from Figure 5 (), produce
numbers (N) very similar to measurements based on
the integrated breadth, B, without any systematic dif-
ferences between the 2 data sets (Figure 7). Correction
of measured thicknesses of mixed-layer crystals for
differences in smectite-glycol complex spacing, to ob-
tain the number of layers in the mixed-layer crystal
(Equation [30]), produces only a very minor effect on
the calculated N values (compare N(T) and N(T,) in
Table 1).

A set of samples was re-glycolated and remeasured
in Krakéw, using a Philips diffractometer, under con-
ditions assuring very similar instrumental broadening.

-

Figure 6. XRD patterns of Zempleni clay (15% S), recorded
under different experimental conditions, that illustrate the se-
lection of analytical reflections for the measurement of CSD
thickness (the peaks with smallest B cos 0).
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Figure 7. Mean numbers of layers in mixed-layer crystals

(T,) and fundamental particles (¥ and N,,) calculated from
the width of the 003 reflection of glycol-saturated specimens,
and plotted against mean number of layers in fundamental
particles calculated from fixed cations content (Ngx). All data
are from Table 1.

The differences in measured N are less than 5%, ex-
cept for Sr-saturated sample SG4 (approximately
10%), the sample that has the thickest crystals. It is
likely that this greater difference results from the ef-
fect of relative humidity (RH). In the extremely dry
Boulder air, glycol spacing is expected to be low (Sro-
dori 1980), that is, close to 16.6 A. Higher RH in Kra-
k6w might produce a thicker glycol complex, thus re-
sulting in additional 003 peak broadening due to
mixed-layering. As a result, N measured in Krakéw
should be smaller, consistent with our observations.
Similar effects of RH on glycol complex spacings of
illite/smectites have been reported by Eberl et al.
(1987).

For 3 samples (Figure 7) with Ngx > 20 (Kaube,
ARI, and ARIR), XRD measurements produce both
N and T, values much lower than Npx. An error in the
%Syrp Measurements cannot explain this result. We
have to consider 2 possibilities: an instrumental broad-
ening effect or an error in estimating Npx. The instru-
mental broadening does not seem to offer the solution:
several other samples characterized by similar B; val-
ues produce N values close to Ngx (Table 1). More
probably then, the N values of these 3 samples are
overestimated. The only TEM data are for the Kaube
sample. The data are not very reliable, because mean
thickness is calculated from only 30 measurements. In
this compositional range (FIX equal 0.86 for ARIR,
and 0.87 for the other 2 samples), small differences in
the measured content of fixed cations per illite layer
make a big difference in the Nyx estimated by Equa-
tion [31]. The value of 0.89/0,,(OH), derived by Sro-
dofi et al. (1992), gives Nyx = 44.5 nm for FIX =
0.87, but the value 1.00, characteristic of muscovite,
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Figure 8. Mean number of layers in mixed-layer crystals
calculated from the width of the 001 reflection of air-dried
samples (7, AIR-MEAS) plotted against the same parameter
calculated from glycol-saturated specimens (7, GLY). 7,
AIR-1 WAT and 7, AIR-2 WAT are NEWMOD®O©-calculated
T, AIR values for 1- and 2-water layers, respectively. All data
are from Table 1.

gives Ngx = 7.7 nm. For 0.91 we get Ny = 22.8 nm,
which is very close to the XRD estimate for Kaube.
These samples, at the very end of illite-smectite series,
may have started to evolve towards muscovite com-
position, and the fixed cations content of their illitic
interlayer is larger than 0.89. To verify these conclu-
sions, analysis of XRD patterns recorded without in-
strumental broadening (synchrotron radiation) will be
needed.

Measurement of Air-dried Samples

Air-dried samples were X-rayed in the Na or Sr
form. The T, and N values were calculated by the same
method as for the glycolated samples, using the %Sxgp
data from Table 1 and the L = fL,.,,) equation for the
001 reflection (Equation (27]). These results are pre-
sented in Figure 8. Figure 6 illustrates a typical ex-
ample of the XRD data.

In Figure 8, the number of layers in mixed-layer
crystals obtained from air-dry samples (7, AIR) is
plotted against T, GLY measured from the glycolated
samples. The 7, AIR values are systematically smaller
than T, GLY, so that the N AIR values also are sys-
tematically lower than N GLY (the same %Syg, data
are used), as shown in Table 1. This effect increases
with larger values of T,.

The samples were run under the ambient Boulder
laboratory atmosphere of <10% RH. It was observed
previously that, in dry air, some Sr-saturated illitic
samples indicate domination of 1-water-layer smectitic
interlayers (12.4 A; Eberl et al. 1987), but some dis-
play 15 A or mixed 12.4/15 A characteristics. Accord-
ing to the Mering rule, peak broadening due to mixed
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layering depends on d(001) of the component layers
and on their ordering (Reichweite). For random case
(R = 0), end-member peak positions occur at 10 and
124 A, or at 10 and 15 A. For R3 clays, the end
member peak positions are between 10 and 10.6 A or
between 10 and 11.2 A [R3 clay can be regarded as a
random mixture of I and IIIS units, so the correspond-
ing end-member peaks are 10 and (3 X 10 A+15
A)/4 = 11.2 A; compare Drits et al. 1994]. The R1
and R2 ordering types give intermediate values. Thus
the larger the proportion of 15-A spacings and the
smaller the R value, the larger is the broadening due
to mixed-layering. This broadening, combined with
crystal size broadening, produces the net effect ob-
served in Figure 8. The trend observed in Figure 8 can
be reproduced very well by NEWMOD® modeling,
assuming an appropriate lognormal distribution of T,
and 1l-water-layer complex. In the case of a 2-water-
layer complex, the underestimation of T, would be
even larger.

We conclude that the classic Kubler index measure-
ment always will underestimate both T, and N due to
mixed-layer broadening, to a degree dependent on %S,
relative humidity and the interlayer cation. One way
to avoid this effect is to record XRD patterns for sam-
ples in the completely dehydrated state.

Measurement of Heated Samples

Figure 9 presents selected XRD patterns of heated,
K-saturated samples. Characteristics similar to the
NEWMOD® patterns of illites (Figure 3) are ob-
served: raised background in the 001-002 and in the
003-004 range, an effect that is most pronounced for
the samples with the smallest 7,. Peak positions of
heated samples form an integral series and indicate
that the variation of d(001) among samples is in the
range of 9.96 to 10.03 A and that this variation is not
dependent on expandability: ds = d; = 1 nm for heated
illite/smectites, and consequently 7, = T (Equation
(30D).

It was observed in NEWMOD®O patterns generated
for lognormal distributions of illite CSDs that only for
T, > 20 nm does B cos § = a constant value, as is
predicted theoretically by the strain-free model (Equa-
tions [10] and [16]). At T, < 20, peak broadening is
slightly variable. For T, < 10 nm, 3 cos 6 increases
with increasing angle. In the intermediate range of T,,
B cos 8 has a minimum value for the 002 reflection
and increases both for 001 and for the higher orders

—

Figure 9. XRD patterns of selected heated K-samples,
shown to illustrate the effect of strain-type peak broadening
(B cos 8 increasing with 20 angle). The effect is most pro-
nounced for originally highly expandable samples (of small
T).
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Figure 10. Mean number of layers in fundamental particles
(N) calculated from the 001, 002, 003 and 005 reflections of
K-saturated samples, dehydrated by heating at 300 °C, and
from the 003 reflection of glycolated samples. These are plot-
ted against the same parameter calculated from fixed cations
content (Ngy). Observe the systematically lower values ob-
tained from the 0035 reflection (strain broadening effect), and
the systematic departure of data points for a given sample in
the same direction from the diagonal (effect of error in %Sxgp
measurement). All data are from Table 1.

by variable, but very small increments. This pattern of
illite peak broadening behavior also was observed in
XRD patterns of natural samples of essentially nonex-
pandable illites (%S =< 1 in Table 1) and in NEW-
MOD® patterns of illites calculated using distributions
of CSDs equal to the distributions of fundamental par-
ticles measured by electron microscopy. We conclude
that the nonexpanding illites studied are free from
strain effects detectable by this approach, and that the
observed small variation in B cos 6 is related to the
effect of the Lorentz-polarization and structure factors
on broad reflections from very small crystals.

In the XRD patterns of heated samples (Figure 9),
B cos 6 increases steadily with increasing angles, and
the difference in breadth between 001 and 005 reflec-
tions is much larger than that for nonexpandable illite
(up to 1.0° for the most expandable clays). This phe-
nomenon resembles strain broadening, and is probably
related to slight variations in the d(001) spacing of
collapsed smectitic interlayers. Thus it can be expected
that the high-angle peaks will underestimate 7,, es-
pecially for highly expandable clays.

The data presented in Table 1 are in agreement with
this conclusion. For the most illitic samples, all 4 re-
flections give very similar 7, (for the Kaube sample,
the values are underestimated due to the instrumental
broadening effect, as was discussed in the previous
section), For the most smectitic sample, T, decreases
from 6.8 for 001 to 4.02 for 005.

XRD measurement of illite crystal thickness
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For 2 of our samples, 2M9 and Ch5, T, was mea-
sured by HRTEM and a value of 7 nm was obtained
for both samples (Srodon et al. 1990). The T, values
measured from 001 reflections are 6.8 and 6.9. We
therefore conclude that the measurement of the 001
reflection produces accurate values of 7,. For other
reflections, 7T, is underestimated due to the *‘strain”
effect. This effect is less pronounced when N values
are compared, because the greater the %Sygp, the less-
er the dependence of N on T, (Equation [29]).

In Figure 10, N data for heated and glycolated sam-
ples are plotted together against Ngyx. The data points
for each sample depart from the ideal relationship in
the same direction. The plot indicates that the error is
common for both heated and glycol preparations, and
probably is related to the %Sygp measurement. The
data also imply that K-exchange plus heating does not
affect the number of layers in the mixed-layer crystals.

SUMMARY AND CONCLUSIONS

1) The broadening of XRD reflections (both the in-
tegrated width and the FWHM) can be used success-
fully to measure the mean thickness of CSDs of fine-
grained minerals if the law of the thickness distribu-
tion is known.

2) For clay minerals, both the mean thickness of the
mixed-layer crystals and the mean fundamental parti-
cle thickness can be measured precisely by this tech-
nique if mixed-layering effects are avoided. This pro-
cedure consists of 6 steps:

a) Select a reflection free from mixed-layer broad-
ening;

b) Measure integral width (in °268): B; = integrated
intensity/maximum intensity;

¢) Calculate effective thickness: L., = N180/wp;
cos 0, (B, in °20);

d) Calculate corrected effective thickness (L) using
an appropriate version of Equation {27];
_e) Calculate mean thickness of mixed-layer crystals
(T') using Equation [25];

f) Calculate mean thickness of fundamental particles
(N) using Equation [29] (and Equation [30] if ds > d)).

3) The technique presented in this paper applies to
mixed-layer illite/smectites and nonexpandable illites
from altered pyroclastic rocks and filamentous illites
from sandstones, where the lognormal law of crystal
thickness distribution has been established. For these
minerals, the CSD is equivalent to the mixed-layer
crystal observable by the HRTEM technique using an
electron microscope. Both the mixed-layer crystal
thickness and the fundamental particle thickness of
these clays can be measured either from the 003 re-
flection of glycolated samples, or from reflections of
K-exchanged samples recorded in dehydrated state. A
complete example of the procedure is provided in Ta-
ble 1. Use of the 001 reflection from dehydrated, K-sa-
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turated samples is recommended, because this tech-
nique eliminates the effect of humidity on the glycol
complex thickness, the effect of strain and the over-
lapping of a quartz reflection. Higher-order reflections
of expandable samples produce increasingly underes-
timated values due to the strain broadening effect.

4) The effects of instrumental broadening can be
ignored safely up to 7, = 20 nm (B; = 0.3 °20) if the
instrument is well aligned and the NEWMOD® de-
fault goniometer settings are used. Extension of this
technique to coarser crystals will require further re-
search.

5) Before this technique can be applied to shales,
which typically contain mixed illitic assemblages (il-
lite/smectite + discrete illite), the functions describing
the distribution of crystal thickness in such materials
should be established. However, preliminary results in-
dicate that the equations may work equally well for
illites in shales.

6) The popular “‘crystallinity index” (“Kubler in-
dex’’) measurement, that is, the width of the 001 re-
flection of air-dried sample, is affected by mixed lay-
ering. When the procedure outlined in this paper is
applied to such data, the resultant thickness values will
be underestimated to a variable degree, depending on
expandability, relative humidity and the interlayer cat-
ion. If the Scherrer equation is used in its original
form, derived for a unique crystal thickness (K, =
0.89), the thickness values will be overestimated by
up to 60% (K,, = 0.5 — 0.70 for the lognormal dis-
tribution; Table 1 and Figure 5). This variation in K,
with crystal size distribution explains the discrepancy
between Scherrer and electron microscope + fixed cat-
ions estimates of crystal thickness observed by Srodori
and Elsass (1994, Figure 8).

7) The number of fundamental particles in mixed-
layer crystals of illite/smectite minerals increases from
1 for the end-member, nonexpandable mineral, to
about 5 for smectite. This value is not affected meas-
urably by K-exchange and heating. Theoretically, one
can imagine a broad range of relationships between N
and T,, which would define %Sy, (Equation [29)).
This study supports the conclusions of Srodori and El-
sass (1994) that a range of values for this relationship
exists in nature (compare, for example, samples R62
and Ch5 in Table 1), but also demonstrates that the
range of T, allowed for a given N is relatively limited.
This relationship may explain why good rectorites in
illite/smectite sequences are not observed in the host
rocks for our samples: even if a sample is composed
exclusively of bilayer fundamental particles, a T, = 6,
which is typical for this N (Figure 7), would give the
XRD expandability of 40% (Equation [29]).
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