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Recognizing illitization progress from diagenesis to very low-
grade metamorphism in rocks of the Cantabrian Zone (Spain)

by Covadonga Brime', Marcos Castro1 and M" Luz Valin'

Abstract

The various sub-populations of illitic assemblages have been investigated, using X-ray diffraction methods, in a suite
of Paleozoic pelitic rocks from the Cantabrian Zone, the external part of the Iberian Variscan belt (NW Spain)
ranging in age from Cambrian to Carboniferous. Cambrian to Westphalian A-B strata represent a pre-tectonic
succession, deposited prior to the Variscan deformation, whereas the Westphalian C-D and Stephanian strata are syn-
tectonic and were deposited during the Variscan deformation.

Diffraction data were treated using decomposition methods and the peaks identified were rationalized in terms
of specific discrete or mixed-layer illite/smectite phases. Excluding the 14-Â chlorite or chlorite/vermiculite (C/V)
peak, three and sometimes four, elementary peaks are required for a good fit to the complex area of the diffraction
pattern between 5 and 11 °20 CuKa. A peak at high 20 value (~ 8.79 °20) can be attributed to well-crystallized illite
(WCI), whereas a wider peak at lower 20 values (-8.43 °20) is attributed to a poorly-crystallized illite (PCI). A third
elementary peak (~ 7.80 °20) is mixed-layer I/S that has varying percentages of the two components. The variation in
the width of the WCI peak is smaller than that of the PCI peak. In the pre-tectonic succession, both peaks increase in
width, as the rocks become stratigraphically younger. In the syn-tectonic samples peaks obtained by decomposition
are considerably narrower than in the older pre-tectonic rocks. We interpret these narrower peaks as the signature of
detrital white micas inherited from the rapidly uplifting Variscan mountain chain. These micas apparently avoided
any significant chemical weathering throughout their short transport history. The I/S peaks(s) are regarded as recording

the new phases formed during the retrograde evolution of these detrital micas. The pre-tectonic sequence is

interpreted similarly. The narrower peak (WCI) in the older rock samples of the pre-tectonic succession would
correspond to detrital white micas. The increase in width with decreasing age reflects their retrograde evolution. The
other peaks (PCI and I/S) would record the evolution of newly-formed phases. It could be expected that at
thermodynamic equilibrium the width of both populations would attain the same value. Such a tendency can be observed in
the Cambrian-Silurian samples studied. With increasing metamorphic grade crystallite thickness distributions
(CTDs) change from asymptotic to log-normal. This change implies a modification in the mechanism of crystal
growth, and may in fact be more important for establishing the transition from diagenesis to metamorphism than the
width of either the unresolved or the decomposed peaks.

Keywords: Illite, X-ray diffraction, decomposition, crystallite thickness distributions (CTDs).

1. Introduction

The boundary between diagenesis and metamorphism

in pelitic rocks has been defined using
omnipresent minerals such as illite or the illite/
smectite mixed-layer mineral series (KObler,
1967; Kisch, 1983; Blenkinsop, 1988; Frey, 1987;
Frey and Robinson, 1999; Jaboyedoff et al.,
2001; Kübler and Goy-Eggenberger, 2001 and
references therein). However, in such rocks detrital

grains may occur alongside phases formed during

burial diagenesis (Bailey, 1966). Although X-

ray diffraction (XRD) methods bias results
towards smaller crystals (i.e. neoformed), complete
separation of the neoformed and detrital components

is impossible. Thus, for example, the 10-Â
illite peak may be composed of contributions
from both types of components, resulting in complex

XRD curves (Stern at al„ 1991; Lanson and
Besson, 1992; Lanson et al., 1995,1996; Wang et
al., 1995; Gharrabi et al., 1998).

This paper utilizes XRD methods to investigate

more closely the evolution of the different
components that generate these curves during the
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course of the evolution of illitic phases and
describes the characteristics of the various sub-populations

forming the illitic assemblages.

2. Materials and methods

In this study we have investigated a suite of Paleozoic

pelitic rocks from the Cantabrian Zone, the
external part of the Iberian Variscan belt (NW
Spain) ranging in age from Cambrian to Carboniferous.

Cambrian to Westphalian A-B age represent

a pre-tectonic succession, deposited prior to
the Variscan deformation, whereas the Westphalian

C-D and Stephanian strata are syn-tectonic
and were deposited during the Variscan deformation.

These rocks have reached upper anchizone
grades, with rare epizonal grades, as the result of
sedimentary burial. In most of the area peak
temperatures predated deformation (e.g. Brime and
Pérez-Estaùn, 1980; Brime, 1981,1985; GarcIa-
Lôpez et al., 1997; Bastida et al., 1999; Brime et
al., 2001; Bastida et al., 2002 and references
therein). We have grouped the samples into age
intervals, according to previous studies, as follows:
Cambrian-Silurian; Lower Devonian; Middle-
Upper Devonian; Carboniferous (Westphalian A-
B); Carboniferous (Westphalian C-D) and Stephanian.

X-ray diffraction patterns of the <2 prn fraction

of the Paleozoic rocks in question were
obtained using a Philips 1710 diffractometer equipped

with graphite monochromator and using
CuKa radiation. Count data were collected at
intervals of 0.02 °20 for at least 2 s. The instrument
was controlled through a PC system using the
standard Philips automatic powder diffraction
software (APD) V3.6.

Profile fitting to the -10-Â asymmetric illitic
multiphase peak in the range 5-ll°20 was undertaken

using the Philips APD software which
utilizes a Lorentzian approach (Schreiner and
Jenkins, 1983). Profile decomposition was
performed on both air-dried and glycolated preparations

using decomposition methods outlined by
Lanson and Champion (1991), Lanson and Bes-
son (1992) and Robinson and Bevins (1994), and
the peaks identified were rationalized in terms of
specific discrete or mixed-layer illite/smectite
phases. The quality of the fit was evaluated using
the x2 parameter and a visual approach. A fit was
considered to be good when the fitted profile was
located within the noise of the experimental data,
the general shape of the experimental pattern was
maintained and the residual was uniform and low.

All decompositions were performed with
Gaussian-shaped peaks. Despite contrary state¬

ments in the literature (Howard and Preston,
1989: Stern et al., 1991; Wang et al., 1995) some
authors (Lanson and Besson, 1992; Lanson and
Velde, 1992; Robinson and Bevins, 1994)
suggested that the peak shapes of poorly crystallized
illite and illite/smectite are in fact symmetrical in
the range between 5 and 11°20. For comparative
purposes a few of the raw patterns were treated
with DECOMPXR, the decomposition program
developed by Lanson (1990,1992). Details of the
calculation algorithms used by DECOMPXR, can
be found in Lanson 1990). The agreement of the
results using Philips APD software and DECOMPXR

was considered an indication of their
consistency.

Diffraction profiles were calculated using
NEWMOD package (Reynolds, 1985;
Reynolds and Reynolds, 1996). Comparison of
experimental and calculated patterns provides an
additional corroboration of the phases identified.

A few samples were selected for analysis using
the MudMaster computer program (Eberl et al.,
1996) to evaluate the evolution of the thickness,
i.e., dimension along the z direction of the coherent

diffracting domain. This program determines
crystallite thickness distributions (CTDs) by the
Bertaut-Warren-Aberbach method (Drits et al.,
1998). There are three basic CTD shapes (Eberl
et al., 1998b; Kile et al., 2000); (1) asymptotic, with
greatest frequencies in the smallest size classes,

decreasing exponentially as size increases; (2) log-
normal with crystal sizes normally distributed
with a positive skew towards larger sizes; and (3)
universal steady-state shape with a negative skew.
These shapes can be related to different growth
mechanisms (Eberl et al., 1998b; Kile et al., 2000;
Kile and Eberl, 2000; Brime and Eberl, 2002).
Prior to the X ray study, samples were saturated
with Na, and the <2 pm size fraction was
separated by centrifugation. Polyvinylpyrrolidone
(PVP)-intercalated samples were prepared
according to Eberl et al. (1998a) and X-rayed on
single crystal Si-wafers. Samples were scanned
from 4 to 10 °20.The step size was 0.02 °20 with a

count time of 10 s per step.

3. Results

Excluding the 14-À chlorite, or C/V peaks, three
and sometimes four, elementary peaks are
required for a good fit to the complex area of the
diffraction pattern between 5 and 11 °20 CuKa
(Fig. 1). A first narrow peak, at higher 20 values
(-8.79 °20), is unaffected by glycolation, whereas
a second wider peak occurs at lower 20 values
(-8.43 °20). Positions of these peaks indicate that
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Fig. 1 Illustration of the component peaks of the complex XRD bands of Lower Devonian (a, b) and syn-tectonic
Carboniferous (c.d) samples (B299 and CC4 respectively). AD — pattern from air-dried sample;EG — pattern from
ethylene glycol-solvated sample; C/V — chlorite/vermiculite mixed-layers; Chi — chlorite; I/S — illite/smectite
mixed layer; PCI — poorly-crystallized illite; WCI — well-crystallized illite; thick line — fitted profile (sum of all
elementary peaks).

this phase may have up to 12% smectite, although
this small amount does not significantly modify
the position of the peaks in patterns of the glycol-
solvated samples. Following Lanson et al. (1996),
we adopted the terms "well-crystallized illite"
(WCI) and "poorly-crystallized illite" (PCI),
respectively, to describe these two peaks. A third
elementary peak (-7.80 °20) is a mixed-layer I/S
that has varying amounts of smectite but never
more than 25%. An extra peak may be required
to obtain a satisfactory fit for the glycolated sample,

since a new peak appears on the high angle
side of the 10-Â peak (Fig. lb).

The three phases described above are clearly
discriminated by their position within each of the

groups of samples considered (Fig. 2). Flowever
the fields overlap when the groups are compared
because both PCI and I/S show a higher d value as
the rocks become stratigraphically younger. The
degree of overlap, even within the same group, is

greater when width is considered (Fig. 3). Peak
widths decrease from I/S to PCI and to WCI pop¬

ulations, with the I/S populations showing the

greater variability. The widths of PCI and I/S
increase as rocks become stratigraphically younger,
although this trend terminates at the top of the
Westphalian A-B rocks, that is, at onset of the syn-
tectonic Carboniferous sequences (Fig. 3). WCI
shows very little variation in both position and width
throughout the succession and this is markedly so
with the syn-tectonic sequence (Figs. 2 and 3),

These three sub-populations (WCI, PCI, I/S)
form separate domains in the full width at half
maximum (FWHM) intensity versus peak position

diagrams (Fig. 4). A higher position in the
diagram indicates a smaller diffracting domain,
whereas displacement to the right indicates more
smectitic layers. The degree of overlap of WCI
PCI. and I/S domains is greater in width than in
position. The pre-tectonic series shows a higher 1/

S and PCI content in the stratigraphically younger
samples. As age increases, the proportion of I/S
decreases and the coarse-grained WCI increases
relative to the PCI. However, no attempt has been
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made to quantify the amount of the different
phases on either the oriented preparations or the
random powder.

Using NEWMOD modelling, the peaks have
been matched most closely using two different il-
lite/smectite mixed layers, one with a long-range
order (R 3) and the other with R 1. As an
example we have selected the modelling prepared
to fit sample B299 illustrated in Figs, la, b. NEW-
MOD calculated patterns of both mixed layer
phases are shown in Fig. 5. The modelled composite

peak in the region between 5 and 11 °20 for a
mechanical mixture of chlorite/vermiculite, illite/
smectite (80:20, R 1) illite/smectite (90:10, R

3) and muscovite, in proportions 5:20:35:40 (Fig.
6) respectively, provided a good match to the
observed pattern.

Study of random powders for polytype
determinations, using the method described by Moore
and Reynolds (1997), has shown the presence of
two different polytypes (2M, and 1M) on most of
the <2 gm fractions studied and these could be
related to the WCI and PCI phases, respectively.

Results of the XRD thickness measurements
showed two main types of crystal thickness distri¬

butions (Fig. 7): asymptotic (Devonian and

younger rocks) and log-normal (most pre-Devo-
nian rocks).The log-normal CTDs show a tendency

to polymodality with increasing grade. CTDs
have been characterized using parameters a and
ß2 (Eberl et al., 1998b) that describe the mean
and variance of the natural logarithms of the crystal

thickness, respectively (Fig. 8). The regression
for the correlation of a with the mean size of samples

is quite high (r 0.965) and all log-normal
CTDs have values of a >1.6. Correlation is not so
significant (r 0.327) when ß2 is considered mainly

for samples with log-normal CTDs. It is

noteworthy that whereas syn-tectonic samples show
asymptotic CTDs, they have large size classes,
absent in older rocks with asymptotic distributions
(Figs. 7 a-b).

4. Discussion

As shown previously, in the case of the pre-tec-
tonic sequence, the characteristics of the three
sub-populations obtained by decompostion of
XRD peaks evolve in response to increasing

WCI PCI l/S

o

9.5

• Syn-tectonic sequence
(Westphalian C-D - Stephanian

o Pre-tectonic sequence
(Cambrian - Westphalian A-B)'

10.0 10.5 11.0 11.5

POSITION (A)

12.0 12.5

Fig. 4 Full width at half maximum (FWHM, °20 CuKa) plotted as a function of position (A) for the various peaks
fitted to experimental XRD profiles. All samples in air-dried state.
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Fig. 5 NEWMOD calculated XRD patterns, (a) Illite/smectite (80:20, R 1). (b) Illite/smectite (90:10, R 3). Solid
lines —patterns for air-dried sample; dashed lines —patterns from glycolated samples.

depth of burial. Not only does 1/S become
progressively more illitic (domains extend towards
lower d(001)), but in addition, illite crystals grow
at the expense of I/S (domains extend towards
low FWHM), in agreement with Pollastro
(1985) and Srodon et al. (2000). These trends are
mirrored by a change in CTDs from asymptotic to
log-normal. A similar change from asymptotic to
log-normal CTDs with increasing metamorphic
grade has also been described by Eberl et al.
(1990).

In the syn-tectonic samples (Westphalian C-D
and Stephanian), decomposed peaks are considerably

narrower than in the older rocks (Figs. 2

and 3). We have interpreted these narrower peaks
as the signature of detrital white micas inherited
from the rapidly uplifting Variscan mountain
chain. These micas probably avoided any significant

chemical weathering during their short transport

history. It can be argued that these peaks
could correspond to metamorphic phases formed
during a previous event. This could be the case
were not the peaks too narrow for the average
temperatures achieved in the Cantabrian Zone prior
to that event (Bastida et al., 2002). The I/S peaks
are regarded as recording the new phases formed
during the retrograde evolution of these detrital
white micas. Textural evidence for the formation
of I/S by replacement of pre-existing illitic or
chloride material of metamorphic origin has been
repeatedly observed during TEM studies (Jiang
et al., 1990: Peacor. 1992; Nieto and Sänchez-
Navas, 1994; Merriman and Roberts, 2001;

among others).These detrital grains could explain
the large size classes observed in the CTDs.

The pre-tectonic sequence could be interpreted
similarly. The narrower peaks (WCI) in the

older rock samples could correspond to detrital

white micas.The increase in width with decreasing
age reflects their retrograde evolution. The other
peaks (PCI and I/S) could record the evolution of
newly-formed phases. It could be expected that
the width of both populations would attain the
same value at thermodynamic equilibrium. Such a
tendency can be observed in the Cambrian-Silurian

samples studied. The higher grade samples
are also characterized by a log-normal CTD.

Studies of polytype variations within various
size fractions (>4, 2-4,1-2,1-0.5, and 0.5-0.1 pm)
support this hypothesis. Results have shown an
increase in the amount of 1M polytype as particle
size decreases, with the opposite behaviour of the
2M| polytype, absent in the finer fraction. If we
assume that the 1M polytype is diagenetic and
that all the 2Mj is detrital (see Grathoff et al.,

10.23

POSITION (°20)

Fig. 6 NEWMOD modelled XRD pattern for a

mechanical mixture of chlorite/vermiculite, illite/smectite

(80:20, R 1) illite/smectite (90:10, R 3) and mus-
covite, in proportions 5:20:35:40 respectively.
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1998; Moore, 2000), these changes support a de-
trital origin for the WCI peaks in the diagenetic
and low anchizonal samples.

5. Conclusions

1. Decomposition of the 10-A peak band has
shown that it is formed by at least two different
peaks that are unaffected by glycolation, and a
third peak that shifts on glycolation and indicates

5 10 15 20

MEAN THICKNESS (nm)

0 5 10 15 20 25

MEAN THICKNESS (nm)

Fig. 8 Correlation between mean thickness (nm) and
parameters a (a) and ß2 (b) for area weighted thickness
distribution of particles. Triangles —Asymptotic
distributions, syn-tectonic sequence (Westphalian C-D and
Stephanian); squares —Asymptotic distributions, pre-
tectonic sequence (Cambrian-Westphalian A-B);
circles—Log-normal distributions, pre-tectonic sequence
(Cambrian-Westphalian A-B); Solid symbols—correspond

to CTDs plotted on Fig. 7.

the presence of mixed-layer illite/smectite with
varying amounts of smectite but never more than
25%.

2. The first peak, labelled WCI, is present in all
samples and shows very little change. It has been
considered as a detrital white mica, altered during
retrograde evolution and therefore becoming
slightly broader as rocks become stratigraphically
younger.

3. The second peak, labelled PCI, decreases in
width with age. This decrease indicates an
increase in mean size of the diffracting domains in
the z direction.

4. The third peak, labelled I/S, shows a trend
on both position and width with burial.The evolution

towards lower d values and narrower peaks
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could be related to a decrease in the smectitic
content and an increase in the mean size of the
diffracting domains.

5. The last two peaks could record the evolution

of newlv-formed phases.
6. CTDs change from asymptotic to log-normal

with increasing metamorphic grade. This
implies a change in the mechanism of crystal growth
(Eberl et al. 1998b), and in fact may be more
important for establishing the transition from dia-
genesis to metamorphism than the width of either
the unresolved or the deconvoluted peaks (see
Brime and Eberl, 2002).
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