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mining the crystal growth mechanisms of clay minerals in

mudstones, shales and slates,” by L. N. Warr and D. L. Peacor
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Abstract

A recent paper by Warr and Peacor (2002) suggested that our use of the Bertaut-Warren-Averbach technique
(MudMaster computer program) for studying changes in crystallite thickness distributions (CTDs) of clay minerals
during diagenesis and very low-grade metamorphism is not reliable because it is dependent on many variables which
can not be fully controlled. Furthermore, the authors implied that the measured shapes of CTDs cannot be used with
confidence to deduce crystal growth mechanisms and histories for clays, based on our CTD simulation approach
(using the Galoper computer program). We disagree with both points, and show that the techniques are powerful,
reliable and useful for studying clay mineral alteration in rocks.
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1. Introduction

The MudMaster computer program (Eberl et al.,
1996) uses a version of the Bertaut-Warren-Aver-
bach (BWA) method, adapted to study clay min-
erals having a periodic structure at least along the
c axis (Drits et al., 1998), to analyze X-ray diffrac-
tion (XRD) peak shapes for 00l clay mineral re-
flections to calculate crystallite thickness distribu-
tions (CTDs). The shapes of these CTDs then are
used to infer crystal growth mechanisms under-
gone by the clays during alteration by applying a
simulation technique (Galoper computer pro-
gram) proposed by Eberl et al. (1998a). Both
techniques have been used and tested in recent
studies. For example, Uhlik et al. (2000) studied
the evolution of pyrophyllite particle size changes
during dry grinding; Šucha et al. (1999) examined
kaolinite crystallite thicknesses; Šucha et al.
(2001) studied the weathering of smectite and il-
lite/smectite; Środoń et al. (2000) determined
smectite illitization mechanisms; Brime and Eberl
(2002) determined growth mechanisms for low-
grade illites in Spain; Bove et al. (2002) followed
reaction paths for hydrothermal illites in the San
Juan Mountains, Colorado; Eberl (in review)
tracked low-grade metamorphism in the Glarus
Alps; Dudek et al. (2002) compared the MudMas-

ter technique with high-resolution transmission
electron microscope (HRTEM) measurements of
the same samples; Kotarba and Środoń (2000)
tracked diagenetic changes in illite-smectites
from the Carpathian foredeep; Mystkowski et al.
(2000) measured crystallite thickness distribu-
tions for smectites; Środoń et al. (2002) interpret-
ed K–Ar dates for illite-smectites in bentonites;
Dudek and Środoń (2003) interpreted the mecha-
nism of smectite illitization in shales; and Shang et
al. (2003) compared BWA measured illite thick-
nesses to those found by small angle X-ray scat-
tering (SAXS).

Warr and Peacor (2002; hereafter WP) implied
that three important requirements for use of the
techniques have not been addressed adequately:
(1) X-ray scattering domain size distributions
must be calculated accurately; (2) X-ray domain
boundaries must correspond directly to crystal
growth surfaces; and (3) changes in the shapes of
CTDs need to be correlated to known mecha-
nisms of crystal growth. This discussion is wel-
come, because every technique has its limitations
and should be used within these limitations. In the
present paper we will discuss cases in which all
three criteria have been addressed to such an ex-
tent that the techniques may be applied with
some confidence to future studies.
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Fig. 1 (A) MudMaster analyses of a NEWMOD-calculated XRD pattern
having a lognormal CTD with a mean thickness of 7 nm. An artifact appears
at 2 nm for the non-smoothed CTD. (B) MudMaster analyzed CTD
compared with CTD used as NEWMOD input. An artifact for the asymp-
totic CTD is not apparent at 2 nm.
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 2. Extracting accurate domain size information
from X-ray diffraction profiles

Information concerning the crystallite size distri-
bution, which is found using the BWA technique,
is contained in the interference function �, which
is extracted from the measured diffraction inten-
sity (I) by subtracting the background (bg), and
by dividing by the Lorenz-polarization function
(Lp) and by the structure factor (G2):

I = LpG2� + bg.
Thus,

� = (I–bg)/LpG2.

Only I is measured for a given sample. The re-
maining factors have to be approximated in order
to extract �, and the quality of the analysis de-
pends on these approximations. MudMaster anal-
ysis of � is very precise, as has been demonstrated
previously (Drits et al., 1998; Eberl, 2002) using
NEWMOD-generated XRD patterns (Reynolds,
1985), where all of the parameters that went into
the intensity calculation are known. However,
sometimes an artifact does appear when analyz-
ing calculated patterns that have used lognormal-
type CTDs in the calculation. Occasionally, a
spike appears in the first (2 nm for illite) thickness
category. This spike can be removed by using a
smoothing power of 1 in the MudMaster program
(Fig. 1A; see also Figs. 1d–e in Brime and Eberl,
2002). The artifact is related to the method used to
make the hook correction in the BWA technique
(Drits et al., 1998). The hook correction to the
Fourier coefficients is necessary because back-
ground cannot be removed perfectly from I. The
artifact is not apparent for asymptotically-shaped
CTDs (Fig. 1B), which is the other common CTD
shape for illite, and, therefore, these CTDs do not
require smoothing.

There are three additional major factors,
which complicate the BWA measurement:

(1) instrumental broadening, which theoreti-
cally should be deconvolved from the measured
intensities to obtain I; (2) K�1– �2 splitting, which
deforms the peak profile (theoretically K�2
should be removed); and (3) so called “strain
broadening,” which results from fluctuations in
layer spacing, and which also should be taken into
account by the analysis of at least two 00l reflec-
tions. MudMaster contains routines for making
these corrections, but, in practice, minimizing
their effects is the best strategy. Factors 2 and 3
are strongly dependent on the diffraction angle,
and their effects are negligible if low-angle reflec-
tions are used (e.g., 001 of illite). Instrumental
broadening depends on the slit arrangement and

the overall quality of the diffractometer. Accord-
ing to our experience, using narrow slits and a
modern diffractometer allows one to ignore in-
strumental broadening to a mean thickness of at
about 25 to 30 nm for illite, as will be discussed
below. Extension of the technique beyond this
limit will require better diffractometers or a
method for removing the instrumental effect pre-
cisely enough so as not to disturb the interference
function. Attempts are under way to use synchro-
tron diffraction patterns (which are mostly free
from instrumental broadening) to extract precise-
ly the shape of the instrumental broadening inten-
sity function.

When following the outlined strategy, we still
have to approximate the background, the shape
of the Lp factor (using a particle orientation coef-
ficient) and G2 (in practice, the proportion of Fe,
K and illite edges may influence G2). These ap-
proximations are never perfect, and their overall
quality can be judged by the size of an artifact
which distorts the shape of the recovered � (see
Fig. 4 in Kotarba and Środoń, 2000). There is room
for improvement, and the technique has to be
adapted and evaluated for each mineral. Our ex-
perience indicates that for illite the analysis is ro-
bust, reproducible and very consistent with inde-
pendent measurements of mean crystal thickness
by a modified Scherrer technique (Drits et al.,
1998), by transmission electron microscopy
(TEM; Eberl et al., 1998b), by calculation from
fixed cation content (Drits et al., 1998; Eberl et al.,
1998b), by atomic force microscopy (AFM; Blum
and Eberl, 1992), by reaction path modeling
(Bove et al., 2002), and by SAXS (Shang et al.,
2003). Furthermore, Dudek et al. (2002) demon-
strated that for pure illite-smectite, MudMaster
analysis is consistent with HRTEM measure-
ments. For shale samples (having a complex min-
eralogy), MudMaster analysis is much closer to
reality than is HRTEM, as was demonstrated by
back-calculation of illite diffraction patterns us-
ing the crystal thickness distributions resulting
from the two techniques (Dudek et al., 2002). This
back-calculation also demonstrated that a peak
flip operation, used in MudMaster to remove an
artifact from �, does not introduce distortion to
the interference function.

Undoubtedly, the accuracy of MudMaster in
evaluating the variance (�2) of a CTD is less than
that for evaluating the mean size, because �2 is
very sensitive to crystallites found in the tails of
the distribution. Caution in applying �2 for petro-
logical interpretation should be exercised. Only
the reproducibility of the �2 measurement can be
evaluated, because more reliable techniques to
measure �2 are lacking, but reproducibility is ex-
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cellent. Again, our expertise with illite indicates
that new and valuable information can be extract-
ed using �2 measured by MudMaster (Bove et al.,
2002).

The next question is whether the program can
perform as well with a mixture of clay minerals.
Chlorite and illite NEWMOD-calculated pat-
terns were mixed together in various proportions
to check the effectiveness of the PeakChopper
program in removing unwanted peaks from the
tails of peaks to be analyzed. A Mg-chlorite pat-
tern was used to maximize the interference of the
chlorite (001) on the illite (001) peaks. The chlo-
rite peaks in the original, calculated, mixed XRD
patterns (e.g., Fig. 2a) were removed using the

PeakChopper program (e.g., Fig. 2b), which re-
moves the peak simply by drawing a line along the
background through the base of the peak. The
MudMaster calculated CTDs demonstrate that
the effect of a neighboring chlorite peak on illite
(Fig. 3a), or that of an adjacent illite peak on chlo-
rite (Fig. 3b), is insignificant as long as the acces-
sory phase is present in a proportion that is less
than approximately 0.5. In the example given by
WP in their Figure 2a, the small adjacent chlorite
peak, if removed by PeakChopper, would have lit-
tle or no effect on the illite measurement. Analo-
gous results were found for illite-kaolinite inter-
ferences. If the ratio of interfering phase to the
one to be measured is greater than 0.5, then sepa-
ration techniques may be applied to decrease this
ratio (e.g., acid treatment, magnetics, particle size
separation).

WP give results for mean thickness measure-
ments on illite when an adjacent chlorite peak is
removed from the XRD pattern with the Peak-
Chopper program (their Fig. 2c), starting at vari-
ous two-theta angles. They list the logarithmic
means (�) and variances (�2) for this exercise.
Mean thicknesses can be calculated from these
parameters for lognormal-like CTDs using the
formula: mean thickness = exp(� + �2/2). This cal-
culation using WP’s data shows that varying the
starting angle from 4.4° to 5.8° varies the meas-
ured mean thickness by only 3 Å, from 7.8 nm to
8.1 nm, a range of values that is well within the
experimental error. Similarly, �2 varies by only
0.04. The use of a two-theta range that is narrower
than that recommended for peak analysis (i.e., it
is recommended to start half-way between adja-
cent reflection orders) may yield an accurate
mean size, but should be avoided if determination
of the shape of the CTD is important.

WP indicate that compositional differences or
shifts in atomic positions in clays make calcula-
tion of the structure factor (G2) inexact, thereby
severely limiting the accuracy of the MudMaster
calculations, because G2 must be removed from
the XRD peak by division before the crystallite
thickness determination can be made. Figure 4
plots CTDs for sample RM30, an illite that con-
tains no Fe (Eberl et al., 1987), determined with
G2’s calculated using various Fe contents, and
with a shift in the position of the octahedral cat-
ions by +0.2 Å. The CTDs are nearly identical,
and therefore it is unlikely that WP’s objection is
valid for illite. WP present the effect of changing
illite’s interlayer K content on the calculation in
their Table 2. Changing the fixed K content be-
tween the reasonable values of 0.75 to 1.0 equiva-
lents per half unit cell in the G2 calculation chang-
es the calculated mean thickness by only 8 Å,

Fig. 2 (A) NEWMOD (Reynolds, 1985) calculated
diffraction profiles for chlorite and illite mixed in the
ratio 1:1. (B) Same pattern as in A, but the chlorite peak
has been removed using PeakChopper.

Fig 3a or A

2a or A
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Fig. 3 (A) MudMaster analyses of illite diffraction patterns similar to that
shown in Fig. 2B, in which chlorite peak has been removed using
PeakChopper. (B) MudMaster analysis of chlorite diffraction patterns after
illite peak has been removed.
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from 10.2 to 11.0 nm for their Paleozoic illite from
Spain, when the recommended (001) reflection is
used for the analysis. The variance remains con-
stant at 0.23.

WP indicate in their Figure 3 that a large range
of thickness parameters can be obtained for chlo-
rite, depending on the Fe-content chosen for the
structure factor. However, they also state that Fe

content can be obtained from the XRD pattern.
When the calculation of G2 is done correctly, with
the correct content and distribution of Fe over the
chlorite octahedral sheets, the correct answer
should be obtained. There is no reason to suppose,
as is stated by WP, that the correct answer should
be obtained by the intersection of trends found
using the wrong G2. WP used three types of sam-

Fig. 4 Effect of various Fe contents
and atomic positions used in calcula-
tion of the structure factor for
crystallite size analysis of illite RM30
by MudMaster.

Fig. 5 Effect of instrumental broadening correction as
a function of crystallite size for illites from the Glarus
Alps (samples from Hunziker et al., 1986).

Fig. 6 Comparison of TEM and fixed K measurements
of illite crystal thickness with MudMaster deter-
minations of illite crystallite thickness (Eberl et al.,
1998b). Also plotted is the sample measured by Warr
and Peacor (2002).
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ple preparation for these measurements. We favor
the thin film method, because the X-ray beam is
not subject to defocusing by sample transparency
effects. The data of WP demonstrate that in case
of chlorite, introducing correct Fe content is es-
sential for the analysis. Total Fe can be evaluated
from d(001) and d(060) (Wiewióra et al., 1996, 1998),
and Fe distribution between the octahedral sheets
can be ascertained by measuring the relative in-
tensities of the (00l) series (Moore and Reynolds,
1997).

WP had trouble finding a good instrumental
standard. We currently are using the >20 µm size
fraction of NBS 675, a synthetic fluorophlogopite
(Eberl et al., 1996). It is not ideal, because, al-
though it may yield an accurate mean thickness, it
may distort the shape of the distribution. We cur-
rently are developing a better standard, which is
crucial for analyzing clays from higher metamor-
phic grades. However, MudMaster calculations
that are run with and without the NBS standard
demonstrate that an instrumental standard may
be unnecessary (at least for our experimental set-
up using 1° slits and a monochromator) for illites
having mean thicknesses less than approximately
25 to 30 nm (Fig. 5).

3. Relationships between data obtained
by XRD, TEM and other techniques

In WP’s Figure 2c, the parameters determined for
a single sample by TEM are very different from
XRD-determined values. The mean thickness for
sample SW1 is 19.1 nm by TEM (using the value
given in Warr and Nieto, 1998) versus about 8 nm
by XRD, but the XRD mean is similar to that
measured for defect-free distances by TEM (9.0
nm). MudMaster could well be giving mean de-
fect-free distance rather than crystal thickness
(i.e., crystallite thickness rather than crystal thick-
ness) for this sample. This possibility points to a
limitation of the BWA technique, a limitation that
is found in all XRD techniques, which is why the
method needs to be checked by other techniques
(e.g., surface area, fixed K content, TEM, HR-
TEM, AFM, reaction path modeling, SAXS).
However, crystallite thickness and crystal thick-
ness are almost identical for illite crystals that we
have measured (Fig. 6). In this figure, measure-
ments made by the BWA method are on average
one nm larger than those made by the other tech-
niques, a difference that is opposite in sign to that
expected if crystallite size does not equal crystal
size. The conclusion that crystallite size commonly
equals crystal size for illite is reinforced by the re-
cent study by Dudek et al. (2002), which carefully

compared the thicknesses of illite crystals from
shales and bentonites using TEM, HRTEM and
XRD.

As was discussed by WP, TEM normally gives
number-weighted frequencies, whereas XRD
gives area-weighted frequencies. The TEM meas-
ured frequencies in Fig. 6 were corrected for area
by measuring crystal basal areas as well as crystal
thicknesses. Area-weighted measurements are
more useful than number-weighted ones because
they are directly related to chemistry and they can
readily be converted into volume-weighted fre-
quencies (Eberl et al., 1998b). Particles of unequal
size, but of equal thickness, are equally weighted
in the frequency distribution calculated by the
number-weighting method in which, for example,
a crystal having a volume of 1 mm3 would be
counted the same as one having a volume of 1
µm3.

WP suggest that sample preparation may
change measured CTDs in unpredictable ways,
and show results that demonstrate this effect for
dry milling of muscovite for times ranging from 10
minutes to 10 hours, and for ultrasonic treatments
ranging up to 50 hours. We do not treat our sam-
ples so harshly. It is common knowledge that pro-
longed dry grinding should be avoided in minera-
logical studies (unless it is the subject studied),
because it leads to delamination and to the forma-
tion of amorphous material (e.g., O’Connor and
Chang, 1986). In general, wet grinding is the meth-
od of choice. We grind our samples gently by
hand, and treat them at most for 1 minute with an
ultrasonic probe. Results of ultrasonic probe
treatment for shorter times than those explored
by WP (Fig. 7) indicate that only the chlorite sam-
ple may have been altered significantly by such
treatment (Fig. 7C).

4. Correlation of CTDs to
crystal growth mechanisms

If crystallite size distributions have been meas-
ured accurately (and evidence points to their ac-
curate measurement by the MudMaster tech-
nique), and if these crystallite sizes correspond to
crystal sizes and not simply to X-ray scattering
domain sizes (which our data indicates is true for
many illites, but which always needs to be
checked), then CTD shapes can be used to deter-
mine aspects of crystal growth history (Eberl et
al., 2000). Contrary to the arguments of WP, our
approach to crystal growth (Eberl et al., 1998a,
2002) is unrelated to pressure, temperature and
time conditions. Rather, the approach describes
mathematically how CTDs may develop and
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change shape based on the dominant crystal
growth mechanisms, which operated under un-
specified conditions.

The approach for simulating crystal size distri-
butions (CSDs) has been tested experimentally
with calcite growth experiments (Kile et al., 2000;

Kile and Eberl, 2003), rather than with clays, be-
cause calcite is easier to crystallize. These experi-
ments showed that the postulated three basic
shapes for CSDs, asymptotic, lognormal and Ost-
wald, are related to three fundamental crystal
growth mechanisms for calcite: simultaneous nu-

Fig. 7 Effect of ultrasonic probe
treatment for various lengths of
time on MudMaster-determined
CTDs for (A) illite; (B) kaolinite;
and (C) chlorite.
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cleation and size-dependent growth, size-depend-
ent growth without simultaneous nucleation, and
Ostwald ripening, respectively. The Ostwald shape
has not been observed for clays, but the two other
shapes develop in predictable ways for illites
formed in nature (Środoń et al., 2000; Bove et al.,
2002).

We agree with WP that our approach to crystal
growth needs further testing. However, as with
any scientific theory or modeling exercise, this ap-
proach can never be proven correct; it can only be
proven incorrect or incomplete (Popper, 2002).
One would have to perform every experiment to
prove the approach, but just one experiment may
disprove it. Thus far, however, it is the only ap-
proach that can simulate the shapes of naturally
and experimentally produced CSDs with statisti-
cal significance.

For clays, there is still an ongoing controversy
as to whether MacEwan crystallites or fundamen-
tal illite particles are the thermodynamically signif-
icant unit (Peacor, 1998). With MudMaster one can
measure both types of crystals (Drits et al., 1998;
Eberl et al., 1998b), and, therefore, through these
types of studies the problem may be resolved.

5. Conclusion

The BWA technique, as exemplified in the Mud-
Master computer program, is a rapid, precise, ac-
curate, and therefore powerful technique for

characterizing mean crystallite thicknesses and
crystallite thickness distributions for clay miner-
als having a periodic structure along the c axis.
The BWA method has several advantages over
microscope methods, including the broad availa-
bility of X-ray diffractometers, the relative speed
and ease of use for the technique, and the fact that
the X-ray pattern averages diffraction effects for
billions of crystals in a sample, thereby giving sta-
tistically significant CTD shapes. The problem in-
herent to the X-ray method is that crystallite size
must be shown to equal crystal size using supple-
mental techniques. For illites this connection has
been made by comparing MudMaster determined
thicknesses to TEM, HRTEM, AFM, SAXS, fixed
K content, and surface area measurements. Now
that this connection has been established for
many types of illite, the shapes of CTDs deter-
mined by MudMaster can be used to study the
evolution of illite in geological systems (e.g., Bove
et al., 2002). WP’s data have pointed to possible
problems in applying the method to chlorite, un-
less care is taken to use the correct G2 and sample
preparation techniques.
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