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Illitic substitution in micas of very low-grade metamorphic clastic rocks
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Abstract: The chemical compositions of micas from six well-characterised sequences have been jointly evaluated in order to analyse
the behaviour of illitic substitution (SiAl_;[0K_;) in relation to diagenetic/metamorphic grade. Data from ~265 crystals,
corresponding to 48 samples, were obtained through EDX analyses in SEM and TEM and the influence of analytical artefacts, such
as contamination and alkali loss, was critically evaluated. From diagenesis to low epizone, the compositions of the micas are highly
heterogeneous at the sample level, do not show systematic differences between grades, and include a significant illitic component,
ranging from Zinterlayer cations = 0.6 to 1.0 a.f.u. At high epizone (Kiibler Index < 0.2 A°20), a very significant textural change is
accompanied by homogenisation of the chemical composition and a reduction of the illitic component to very low values. Our data
suggest continuity in the composition between illite and muscovite and do not allow us to confirm the existence of a miscibility gap
in low-T environment natural samples. Some of the mica analyses reaching Si contents of around 3.5 a.f.u. correspond to interlayer-
cation population contents in the range of 0.6-0.7 a.f.u., indicating illitic substitution. Therefore, thermobarometry of low-
temperature phengites based only on the Si-content, without taking into account the illitic component, would result in pressure
overestimates.

Resumen: Se evalian de manera conjunta los datos quimicos de micas correspondientes a seis secuencias bien caracterizadas
previamente, con el objeto de analizar el comportamiento de la sustitucion ilitica (SiAl_;[JK_,), en relacién al grado diagenético/
metamorfico. Se han empleado los datos quimicos obtenidos mediante SEM (EDX) y TEM (AEM) de ~265 cristales pertenecientes
a 48 muestras. Se ha considerado criticamente la influencia de artefactos analiticos tales como la contaminacion y la volatilizacion
de alcalinos. Desde la diagénesis hasta la epizona débil, las muestras se caracterizan por mostrar micas composicionalmente muy
heterogéneas, sin diferencias sistematicas entre grados y con un componente ilitico significativo, con valores de interlaminares de 0.6
a 1.0 a.f.u. En la epizona intensa (Indice de Kiibler < 0.2 A°20) un cambio textural importante acompaiia a la homogeneizacién de
la composicién quimica de las micas con la consiguiente reduccion del componente ilitico a valores muy bajos. Nuestros datos
sugieren continuidad en la composicién entre ilitas y moscovitas y no permiten confirmar la existencia de un hueco de miscibilidad
en ambientes naturales de baja temperatura. Algunos andlisis de las micas alcanzan valores de Si de 3.5 a.f.u. junto a una poblacién
de interlaminares en el rango de 0.6 a 0.7 a.f.u. que indican claramente la sustitucién ilitica. Por tanto, la termobarometria de micas
fengiticas de baja temperatura basada sélo en el contenido en Si sin tener en cuenta el componente ilitico, podria producir una
sobrevaloracién de la presion.
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1. Introduction

In recent decades, despite the emergence of a considerable
wealth of mineralogical information on dioctahedral micas,
relatively little is known about the common mineralogical
and chemical changes involved in the conversion of illitic
mica to muscovite within the most abundant very low-grade
metamorphic clastic rocks (see Guidotti & Sassi, 1998 and
Arkai, 2002 for a review).

DOLI: 10.1127/0935-1221/2006/0018-0059

The mineral illite was first described in argillaceous sedi-
ments by Grim et al. (1937), but it was not until a few de-
cades later that Hower et al. (1963) and Bailey (1966) real-
ized that illites in shales were not a single mineral, but a
mixture of detrital and diagenetic components.

More recently, the process of illite crystallisation has
been recognized as a major and widespread post-sedimenta-
ry progressive reaction series in detrital sediments: smectite
— I-S, random— I-S, ordered — illite, IMd — muscovite,
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2M; (Srodon, 1999; Zhao et al., 1999, among others). Fur-
thermore, according to Hunziker et al. (1986) and Livi et al.
(1997), illite is replaced by muscovite through a continuous
restructuring process within greenschist and higher-grade
metasedimentary rocks.

Since illite samples are often a physical mixture of non-
expanding 10 A material and predominantly illitic, ordered
illite/smectite mixed-layers, their actual composition is dif-
ficult to determine precisely by traditional analytical meth-
ods. Due to this difficulty, authors have proposed different
theoretical compositions for illite, including, among others:
(1) Weaver (1956) and Hower & Mowatt (1966) extrapolat-
ed 0.75 K a.f.u. for end-member illite, using XRD and bulk
chemical data; (2) Nadeau & Bain (1986) gave a range of
0.5-0.9 a.f.u. layer charge; (3) the same range was reported
by Ransom & Helgeson (1993) using AEM as well as XRD
and other analytical data; and (4) Srodon et al. (1992) con-
cluded that illite has 0.89 fixed interlayer cations per
0,,(OH),.

Nowadays, according to the Mica Subcommittee (IMA
commission on New Minerals and Mineral Names), the
term illite should be used to designate interlayer-cation-de-
ficient micas (< 0.85 a.f.u.), as a name of a series consisting
of a coupled substitution of (SiAl_,) in the tetrahedral site
and of (vacancy K_)) in the interlayer site (Rieder et al.,
1998). According to Rosenberg (2002) the end-member of
the illite series has a composition of 0.88 + 0.01 interlayer
cations per half cell. This compositional vector in micas has
traditionally been linked to low-temperature environments
(Merriman & Peacor, 1999 and Agard et al., 2001), where it
is common to find K-mica crystals with small but significant
deficits in interlayer charge (Arkai ez al., 2003). Neverthe-
less, the role of illitic substitution in the chemical evolution
of micas during prograde diagenesis and very low-grade
metamorphism is still poorly understood, mostly due to the
difficulty in obtaining uncontaminated in situ analyses of
very small defective crystals.

Several attempts have been made to understand the for-
mation and stability of end-member illite with respect to
muscovite over the low-temperature range between 100 and
250 °C through solid equilibration experiments (Yates &
Rosenberg, 1997 and 1998). In this experimental replace-
ment of muscovite by illite, intermediate compositions were
not obtained between the end-member illite and theoretical
muscovite composition, suggesting the existence of a gap
between them. In contrast, and according to the hypothesis
of Gharrabi et al. (1998) based on XRD studies, Rosenberg
(2002) has stated that the end-member illite is not a disor-
dered K-deficient muscovite solution but a stable, ordered
structure consisting of muscovite and pyrophyllite domains
and, thus, is a distinct mineral. However, this statement has
not yet been supported by direct evidence, that is, by de-
tailed TEM studies of end-member illite grains. Whether il-
lite has its own equilibrium field at lower temperatures than
muscovites, or whether its presence is only a consequence
of the low activation energy of these systems in natural geo-
logical environments is a question that still has remained un-
solved (Abad et al., 2003a).

In this paper, we provide high-quality in situ analyses of
coexistent illites and muscovites from clastic materials of

various diagenetic and very low-grade metamorphic se-
quences (~265 analyses) generated in different geodynamic
settings. Our aim is to evaluate the quality and significance
of the data in order to examine the relationships between the
chemical compositions of the micas and the metamorphic
grade of the rock containing the micas, characterised by the
Kiibler Index (KI). Special emphasis is placed on the role of
the illitic substitution mechanism towards more muscovitic
compositions as metamorphic grade increases. The analyses
have been obtained using electron microscopy techniques
(both scanning and transmission), allowing us to document
the changes in the population of dioctahedral mica in re-
sponse to prograde metamorphic conditions by means of
backscattered electron images, chemical analyses, and lat-
tice-fringe images. Since any possible contaminations can
be checked by means of TEM studies and because cation
loss throughout the measurement procedure is minimal in
SEM, the two sources of data are complementary and pro-
vide high-quality analytical data. The results presented here
will thus provide a better understanding of the chemical
evolution of K-mica during incipient metamorphism.

2. Analytical methods

Quantitative analyses were obtained by EDX on carbon-
coated polished samples examined by scanning electron mi-
croscopy (SEM) using backscattered electron images and
by analytical electron microscopy (AEM) in transmission
electron microscopy (TEM) from ion-milled grids and ho-
ley C-coated Cu grids. To check the accuracy of these ana-
lytical techniques, one of the samples with a large enough
grain size was also analysed by Electron Microprobe.

A Zeiss DSM 950 SEM equipped with an X-ray Link Ana-
lytical QX-20 energy-dispersive system (EDX) was used,
with an accelerating voltage of 20 kV, a beam current of 1-2
nA and a counting time of 100 s. Both natural and synthetic
standards were employed: albite (Na), periclase (Mg), wol-
lastonite (Si and Ca), orthoclase (K) and synthetic Al,O4
(Al), Fe,05 (Fe), and MnTiO; (Ti and Mn).

The TEM was a Philips CM20 (STEM) equipped with an
EDAX solid-state EDX detector, operating at 200 kV, with
a spatial resolution of 2.7 A between points. Quantitative
analyses (AEM) were obtained from thin edges, using a
(1000 x 200) A scanning area. Counting times of 15s and
100 s minimised alkali-loss problems as short counting
times improve reproducibility for K, Na (Nieto et al., 1996).
Albite, biotite, spessartine, muscovite, olivine and titanite
standards were used to obtain K-factors for the transforma-
tion of intensity ratios to concentration following CIliff &
Lorimer (1975). Both electron microscopes are located at
the C.I.C. (Universidad de Granada).

Microprobe analyses of micas were performed using
wavelength-dispersive spectroscopy (WDX) on a Cameca
SX50 electron microprobe at the C.I.C. The instrument was
set at an accelerating voltage of 20kV, with a beam current
of 30 nA and a beam diameter of < 5 um. Data were reduced
using the procedure of Pouchou & Pichoir (1985) and the
standards were albite, orthoclase, periclase, wollastonite
and synthetic oxides (Al,O5, Fe,0, and MnTiO5).
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Since the very small grain sizes characteristic of low-
grade phyllosilicates preclude the conventional use of opti-
cal images to select points for analyses in situ, backscattered
electron images were used as their contrast is very sensitive
to small differences in chemical composition. Modern scan-
ning electron microscopes allow very quick acquisition of
these types of images and the subsequent selection of the
best points to be analysed. The same mode of sample prepa-
ration — carbon coated polished thin sections — and data ac-
quisition as for the electron microprobe is possible, the only
difference being the use of EDX vs. WDX. One sample with
a large enough grain size to be analysed with the electron
microprobe was used to check possible differences between
the two techniques. The results obtained were conclusive,
showing very small differences between the two techniques,
well below their precision level, for all the major elements
involved in the chemical composition of the micas (see Ta-
ble2 in Abad et al., 2003a).

The structural formulae of micas were calculated on the
basis of 22 negative charges O,,(OH),. Unfortunately, these
analytical techniques cannot distinguish between Fe** and
Fe?*. Guidotti et al. (1994) showed that even in low-redox
parageneses, approximately 50 % of the total Fe in musco-
vite is Fe3* and values close to 85 % can be reached in oxi-
dizing environments. Therefore, as a compromise, in the
formula calculations it has been assumed that 75 % of the Fe
in micas is Fe*.

Evaluation of possible artefacts affecting the quality of
chemical data

Due to the very fine-grained nature of these samples, some
data obtained using SEM had to be rejected due to contami-
nation by the surrounding quartz, albite and/or chlorite
grains. However, possible artefacts like these contamina-
tions can be checked in TEM studies where the alkali cation
loss is the most problematic question arising during the per-
formance of the analyses, which is, in contrast, minimal
when using SEM. The effects of these possible artefacts are
shown in Fig. 1.

The contamination of white mica by chlorite produces an
increase in the trioctahedral components (Fe and Mg) corre-
lated with a drop in the Si content and a decrease in the inter-
layer cations. The results obtained depict precisely the oppo-
site tendency, as can be observed in Fig. 3 and 4. Additionally,
although the octahedral cation sum in micas is very sensitive
to chlorite contamination, sums abnormally higher than 2
a.f.u. are absent in the analyses (Table 1, which is deposited
and available directly from the authors or the EJM editorial
office in Paris). We can therefore conclude, in the light of the
obtained analytical results, that contamination by chlorite has
been successfully avoided and cannot be responsible for the
chemical tendencies described in this work.

The interference caused by quartz contamination results
in adrop in the interlayer cation content and the dioctahedral
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and trioctahedral components. In addition, this drop is cou-
pled with an increase in the Si content, the same effect as can
be caused by a presence of albite. The latter, however, causes
an increase of the interlayer cation content due to the Na in the
albite (Fig. 1a). The most evident effect related to the cation

loss is a decrease in the interlayer content together with an in-
crease principally in the Si and Al contents in order to com-
pensate for the deficit in the interlayer charge (Fig. 1).

The effects of cation loss, contamination by quartz, or
their combined influence on the analytical results can be de-
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termined by comparing the TEM and SEM data. In TEM
studies contamination is drastically lowered because the ar-
ea selected for analysis is routinely checked for purity
through electron diffraction in powder samples and through
lattice images and electron diffraction in ion-milled sam-
ples. Therefore, the presence of a contaminant phase in sig-
nificant amounts would be evidenced by an extra lattice in
electron-diffraction diagrams and anomalous spacing in lat-
tice-fringe images. As a drawback, cation loss may have
dramatic effects in TEM analyses. In contrast, SEM analy-
ses are hardly influenced by cation loss, but may be more af-
fected by quartz contamination. Since a small loss of alkali
cations is also possible under SEM, the possibility of a com-
posite effect of alkali cation loss + quartz and/or chlorite
contaminations should also be taken into account. As the ef-
fect of these artefacts or their combination on the two em-
ployed techniques is substantially different, if they were re-
sponsible for the chemical tendencies commented on below,
a significant difference would be evident when comparing
TEM and SEM data in Al-Fe+Mg or Si-Al plots.

3. Samples

Data shown here correspond to micas from clastic materials
of various intensively studied very low-grade metamorphic
sequences from extremely different geodynamic settings.
The Kiibler Index values of these sequences were deter-
mined on the air-dried <2 um fraction obtained according to
IGCP 294 IC Working Group recommendations (Kisch,
1991), using the international standards of Warr & Rice
(1994). A detailed explanation on sample preparation, ex-
perimental conditions and complete KI data can be found in
the studies referred to below.

Narcea Slates. These samples, covering the anchizonal
and epizonal ranges, are located along the very low- to low-
grade metamorphic transition in the Variscan belt of NW
Spain (Gutiérrez-Alonso & Nieto, 1996). Electron micro-
scopy studies (SEM and HRTEM) have shown that the ef-
fect of tectonic deformation was fundamental both in the de-
velopment of a metamorphic texture and in the approach to
chemical equilibrium in this sequence (Abad et al., 2003a).
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South Portuguese Zone sequence. This sequence corre-
sponds to the very low- to low-grade metamorphism transi-
tion in the Variscan belt of SW Iberia and covers all ranges
from diagenesis to epizone. XRD and AEM reveal a trend
for the micas towards more muscovitic compositions related
to the increasing metamorphic grade, although both compo-
sitions (illitic and muscovitic) are present in all samples
(Abad et al., 2001; Abad et al., 2002).

The Ossa-Morena Zone Cambrian shales (Lépez-Mun-
guira & Nieto, 2000) are located in the Variscan belt of SW
Spain. The metamorphic evolution of this sequence (studied
by XRD, SEM, TEM and EMPA) shows a progressive in-
crease in the size of dioctahedral K-rich mica grains from
diagenesis to epizone. These micas are illitic in diagenesis
and anchizone, and phengitic in the epizone. The coexis-
tence of different polytypes of mica and the absence of
chemical homogeneity indicate disequilibrium in these
rocks.

Sierra Espuiia metapelitic rocks are located in the Inter-
nal Zones of the Betic Cordillera (SE Spain), the western-
most European Alpine chain, and constitute a complete se-
quence of pelitic rocks ranging from diagenetic to green-
schist-facies metamorphic conditions. Prograde and retro-

Kl< 0.2 A°28 (high epizone)
i NS

i

Fig. 5. Typical representative textures of
mica-rich parts at backscattered electron
scale (up) and lattice fringe scale (down):
a) Sample 2 from Narcea Antiform, anchi-
zone; b) Sample 23 from Narcea Antiform,
epizone; ¢) Sample C-90-7 from Ossa-Mo-
rena Zone, deep diagenesis; d) Sample PU-
36 from Puncoviscana Formation, epizone.
Insets (Fig. 5S¢ and d) present electron dif-
fraction patterns showing the correspond-
ing mica polytype.

o

/|

grade reactions, facilitated by tectonic stress, were estab-
lished by XRD and electron microscopy (SEM, TEM and
AEM) studies (Nieto et al., 1994; Abad et al., 2003b).

The Puncoviscana Formation is located in the Eastern
Cordillera of NW Argentina. It is mainly composed of a pe-
lite-greywacke turbidite sequence that has been affected by
polyphase deformation due to superposed folding. The
metamorphic grade established via KI and TEM observa-
tions indicate that this unit has undergone medium anchizo-
nal- to epizonal-grade metamorphism. In addition, based on
the Si content of dioctahedral micas, pressures from 5 to 7
kbar were reported for these metapelites in agreement with
facies series derived from the b values (Do Campo, 1999;
Do Campo & Nieto, 2003).

The Talas Ala Tau shales are one of the most important
outcrops of Precambrian rocks in the Tien Shan Ranges,
which extend across Central Asia and within the North Tien
Shan (Kyrgyz Republic). A crystal-chemical study of the
phyllosilicates along a complete cross-section of this range
reveals changes in their crystallinity, composition and lat-
tice parameters. They were crystallized in very low-grade
metamorphic conditions (anchizonal and epizonal grades)
and the huge ranges for the phengitic content of micas at the
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sample level have been interpreted as the result of a decom-
pression path from at least 8 kbar, possibly related to a geo-
dynamic subduction environment (Abad et al., 2003c).

4. Data

All the analytical results are depicted in Table 1 (deposited
at the Editorial Office, Paris) and the relations between dif-
ferent element contents are shown in Fig. 2, 3 and 4. Data
corresponding to obvious detrital grains or micas from
stacks have not been included. Figure 2 compares data ob-
tained by SEM with those acquired using TEM. These
graphs make it evident that the respective distribution fields
for the chemical composition of micas are very similar for
both techniques, thus evidencing the validity of the two
methods to produce comparable analytical results of good
quality. Even if the expected precision range for TEM is
clearly lower, due to a higher error (3—12 % depending on
the measured element), this error does not produce a signifi-
cant effect in the distribution of the plotted data. Therefore,
all the analytical results have been plotted together except

for figures in which alkaline elements (K and Na) are con-
sidered. In these cases we have used only the SEM data,
since TEM can be severely affected by alkali loss, as ex-
plained above.

One of the most evident and striking features in all the
diagrams (Fig. 3) is the very similar behaviour of the micas
included in the different sequences studied, with only minor
deviations of some micas related with the high-pressure se-
ries (commented below).

The interpretation of the chemical composition of micas
is complex because each chemical parameter is affected by
several different compositional vectors. For example, the
negative correlation between interlayer substitution and Si
can be explained by illitic substitution (Fig. 3a and 4a). Nev-
ertheless, the data do not exactly fit the theoretical line re-
presenting this compositional vector as the Si content is also
strongly affected by phengitic substitution. The phengitic
vector is the main one determining the proportion of Si, Al
and Fe+Mg in dioctahedral micas and it is responsible for
the positive correlation between Si and Fe+Mg (Fig. 3b),
and the negative correlations between Al and Fe+Mg
(Fig.3c) or Al and Si (Fig.3d). The three diagrams are also
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influenced to some extent by the ferrimuscovitic vector,
which produces contents higher in Fe and lower in Al than
expected as a result only of the phengitic substitution.

The illitic substitution is present in each grain to different
degrees in diagenetic and anchizonal samples and it also
persists in the lower epizone (Fig.4a). The interlayer charge
populations range from 0.6 to 1.0 a.f.u., with the lowermost
values related to the highest Si contents (around 3.4-3.6
a.f.u., Fig.4a). This is always combined with different pro-
portions of phengitic and ferrimuscovitic substitutions (Fig.
4b and c) and in some cases with paragonitic substitution
(not shown). The combination of these compositional vec-
tors produces a lack of chemical equilibrium at the sample
level. In a fine-grained matrix (Fig. 5a and c), these low-T
micas are usually formed by straight packets, separated by
low-angle boundaries (Nieto & Abad, 2003).

Dioctahedral mica compositions do not show significant
differences among samples from different grades except for
the illitic component, which becomes insignificant in the
most evolved epizone samples (KI < 0.20 A°20) with an in-
terlayer charge population of > (.8 a.f.u. and a Si excess of
over 3 a.f.u., which is fully compensated for the phengitic
content. All these samples show an approach to chemical
equilibrium, with only small differences in chemical com-
position among mica grains and have developed a main
metamorphic cleavage (Fig. 5b and d) with well-differenti-
ated phyllosilicate packets, lacking in defects and orientated
parallel to each other (Nieto & Abad, 2003).

An important question that arises is whether the high
scattering in chemical compositions shown in Fig.2, 3 and 4
derives from differences among samples or whether it is
mainly a consequence of heterogeneous mica composition
at the sample level. In order to investigate this further, we
have plotted only one representative sample for each meta-
morphic grade in Fig. 6. This figure demonstrates that dioc-
tahedral micas with a wide range of substitutions coexist in
almost all samples. In fact, the compositional range dis-
played for the five selected samples covers nearly the same
range of mica compositions exhibited by all the studied
samples. The exception, again, is the higher-grade epizonal
sample with KI < 0.20 A °26, in which the mica composi-
tions are more homogeneous. An alternative selection of
different samples from the same grade groups has been
made, producing the same results.

Lack of chemical equilibrium is also present in the low-
grade metamorphic sequences that have undergone a high-
pressure event, such as Talas Ala-Tau, or an event near the
limit between intermediate and high pressure, such as the
Puncoviscana Formation. In these cases phengitic substitu-
tion is the main vector determining the proportions of the
major elements in white micas. In Puncoviscana, ferrimus-
covitic substitution is also important. In contrast to the rest
of the studied samples, the illitic component is not present in
significant amounts in Talas Ala-Tau (Fig.3a) and can be
detected in only a few analyses in Puncoviscana samples.
Therefore, some analyses of Talas Alas Tau and Puncovis-
cana samples plot outside the illitic tendency field (over the
dotted line) in Fig. 3a, due to a significant increase in Si that
is not correlated with low interlayer populations. This Si in-
crease is in fact the consequence of very significant phengi-

tic substitution. The absence of correlation between low in-
terlayer populations and high Si contents is characteristic of
these higher-pressure sequences and indicates a lack of sig-
nificant illitic substitution.

5. Discussion

According to Arkai (2002), there are two progressive trends
of phyllosilicate chemical changes that occur between early
diagenesis to epizone. One of them is the post-sedimentary
reaction: dioctahedral smectite — illite/smectite interstrati-
fied clay mineral — illite — dioctahedral white K-rich mica
(muscovite). Since the role of illite, as a compositional vec-
tor in micas (Rieder et al., 1998), is still poorly known, in
this study we have focused on the last portion of the afore-
mentioned reaction (illite — muscovite) with the aim of un-
derstanding the way in which the illitic substitution evolves
in response to prograde metamorphism. Due to the develop-
ment of electron microscope techniques (SEM/EDX, TEM/
AEM), it is possible to obtain high-quality in situ analyses
of coexistent illites and muscovites in low-grade metamor-
phic sequences.

When all these analyses from a varied set of very low-
grade sequences are plotted together (e.g. Fig.3), one of the
main features observed is the heterogeneity of the chemical
compositions of the micas. Such general heterogeneity con-
sidering all the different samples and sequences is similar to
the sample level (Fig.6) and persists along the range from
diagenesis to low epizone. The lack of equilibrium within a
single sample at distances above a few millimetres denotes
the coexistence of several mineral generations that did not
re-equilibrate during P-T evolution (Worley et al., 1997). In
agreement with our results, Vidal & Parra (2000) found
strong compositional heterogeneity among chlorites and
phengites coexisting in the same thin section of metapelites
metamorphosed at temperatures below 550 °C. However,
on a smaller scale, they identified local chlorite-phengite
equilibrium. Each different equilibrium found in a single
thin section, which involves minerals of different composi-
tions, was linked to different micro-structural sites. These
authors interpreted and quantified these compositional vari-
ations in terms of pressure and temperature variations using
new thermodynamic solution models that account for
Tschermak, di/trioctahedral, and pyrophyllitic (illitic) sub-
stitutions.

Local non-equilibrated chemical differences in each
sample are a direct consequence of the heterogeneity of the
sedimentary material that is the source for the metamorphic
transformations. These heterogeneous materials also in-
clude detrital K-micas, which could have been partially af-
fected by previous processes such as weathering or early
diagenetic transformations. Obvious detrital micas were
avoided during data acquisition, but fine-grained flakes
without any textural signs of their detrital origin are also
present in sediments and hence they may be included in the
data presented. Such detrital precursors are probably a sig-
nificant source, but not the exclusive one, of the afore-men-
tioned initial heterogeneity and they provide a scatter be-
tween illite and muscovite for a continuously variable
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chemical composition. Their ability to approach chemical
equilibrium with solutions is severely affected by local fac-
tors such as permeability and strain.

The coexistence of illitic and muscovitic dioctahedral
micas even at the sample level (Fig. 6) provides direct evi-
dence of the lack of chemical equilibrium in slates formed at
sub-greenschist conditions. As Merriman & Peacor (1999)
have pointed out, the lack of chemical equilibrium in these
rocks invalidates the use of clay-mineral-related ‘geother-
mometers’ for accurate determination of temperature. How-
ever, other authors such as Perry & Hower (1970) and
McDowell & Elders (1980, 1983) consider that K-deficient
mica has its own equilibrium field at low temperatures
(< 350 °C). Moreover, based on experimental investiga-
tions, Yates & Rosenberg (1996, 1997 and 1998) provided
direct evidence for the stability of end-member illite with re-
spect to muscovite in a 100 to 250 °C temperature range
through solid equilibration experiments. More recently,
Agard et al. (2001) found a large decrease in interlayer con-
tent (ca. 0.9-0.7 a.f.u.) with decreasing P-T conditions in
successive generations of retrograde phengite; they con-
cluded that pyrophyllitic (illitic) substitution in phengite is
large at low-temperature conditions and cannot be ignored.
Arkai et al. (2003) have found that the composition of the K-
micas of the Meliata Unit (Western Carpathians) plotted
mainly along the muscovite-phengite line, but slightly shift-
ed towards the illite field due to small but significant deficits
in interlayer charge, the deficits clearly being correlated
with KI. The application of the chlorite-white mica thermo-
barometer of Vidal & Parra (2000) to these interlayer-defi-
cient mica compositions has provided compatible results
with local equilibrium conditions on a microscopic scale.

Figure 4 shows that chemical analyses corresponding to
the epizone samples with KI < 0.20 A°20 and a clear meta-
morphic texture (Fig. 5b and d) have a notably different
chemical behaviour. These micas have evolved to more ho-
mogeneous chemical compositions (Fig. 6), with an in-
crease in K content in the interlayer (> 0.8 a.f.u.) and a richer
aluminium composition, close to the end-member musco-
vite. That is, the importance of the illitic vector decreases as
the incipient metamorphism advances. According to the
conclusions of Frank ez al. (1998), based on an experimental
study, the K-deficient compositions are not stable above
400 °C.

Figure 2 verifies that there is no effect from the two ana-
Iytical techniques employed in the present study as the
chemical results corresponding to SEM and TEM overlap.
As well, contamination or other possible artefacts are easy
to detect through the joint observation of Fig. 1 and Fig. 3
and 4. This is an important point because, before the devel-
opment of these techniques, the knowledge of the mineral
chemistry of these phases depended on the interpretation of
data obtained from mixtures of mineral phases or on the
presence of more or less monomineralic occurrences of a
given mineral. This is the case for Hower & Mowatt (1966)
or Srodon & Eberl (1984), among others, who used bulk
clay-mineral analyses and XRD data for establishing a 0.75
K a.f.u. as end-member illite. Ransom & Helgeson (1993)
used XRD and TEM/AEM data to avoid the impure samples
and gave a value for the layer charge of illitic layers between

0.5 and 0.9 a.f.u. Grathoff & Moore (2002) have even de-
tected different amounts of fixed cations in the interlayer for
coexistent illites with different polytypes, finding K con-
tents for the 1M, polytype of around 0.67 a.f.u. and for the
2M, polytype of approximately 0.78 a.f.u.

It is well known that the principal factors controlling the
chemical and textural evolution in clastic rocks during in-
cipient metamorphism are temperature and pressure; how-
ever, tectonic stress and time, which together imply defor-
mation, are also very important factors in the development
of metamorphic texture, mainly foliations, and the approach
to chemical equilibrium (Abad et al., 2003a). Dioctahedral
K-micas from different geological settings show similar
chemical behaviour, which suggests that illitic substitution
depends on the general geological conditions (P and T)
more than on local factors such as lithology. On the other
hand, its role is minimal in rocks formed in environments
characterised by a high P/T gradient (Talas Ala Tau shales
and Puncoviscana Formation), where phengitic substitution
is the most significant chemical tendency (Fig. 3b and c) in
agreement with Dalla Torre et al. (1996); in contrast, in LP/
LT or IP/LT environments, low temperature (< 300 °C) con-
ditions result in a significant role for illitic substitution.
Nevertheless, the conclusion regarding the variation in be-
haviour for the high P/T gradient sequences may be limited
only to medium-high anchizonal and epizonal conditions as
no data are available for lower-grade cases.

Figure 3 shows that the highest Si contents correspond
not only to micas from HP/LT sequences, but also to others
that formed under different P-T conditions. In detail, some
of the mica analyses reaching Si contents of around 3.5 a.f.u.
are free of illitic substitution (Talas Alas Tau and Puncovis-
cana), whereas in others these high values indicate “true” il-
lites, which correspond to diagenesis-low anchizone with
interlayer-cation populations contents in the range of 0.6—
0.7 a.f.u. Therefore, as Agard et al. (2001) pointed out, ther-
mobarometric estimates based exclusively on the Si-con-
tent, without taking into account the illitic component of
low-temperature phengites, would result in pressure overes-
timates. Although considerable chemical and textural data
has been obtained by SEM/EDX and TEM/AEM in recent
years, the precise relationships between illite and muscovite
remain unsolved (Rosenberg, 2002). In this paper we pre-
sent evidence of the coexistence of K-deficient micas with
muscovite in natural samples belonging to several low-
grade metamorphic sequences. Even though some experi-
mental data suggest the existence of a miscibility gap be-
tween illite and muscovite (Yates & Rosenberg, 1998), this
is not so evident in natural environments. We agree with Ro-
senberg (2002) that more detailed chemical and textural
TEM studies of end-member illite are necessary in order to
obtain direct evidence supporting the hypothesis of illitic
mica as an ordered structure based on muscovite and pyro-
phyllite domains.

6. Conclusions

Illitic substitution is present in each mica grain in varied per-
centages (interlayer populations ranging from 0.6 to 1.0
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a.f.u.) in diagenetic and anchizonal samples of clastic rocks
and continues into the lower epizone rocks. In more evolved
epizone rocks (KI < 0.20 A°20), the illitic component, in the
IMA nomenclature sense, becomes insignificant (interlayer
population >0.8 a.f.u. and Si excess over 3 a.f.u. fully com-
pensated by the phengitic component), although maintain-
ing small differences in chemical composition among mica
grains.

The chemical composition of K-dioctahedral micas in
low-T environments is highly heterogeneous and depends
on several exchange vectors. Together with phengitic, ferri-
muscovitic and paragonitic substitutions, which are well es-
tablished at higher grades, the illitic vector predominates
under incipient metamorphic conditions. Our data suggest
continuity in the composition between illite and muscovite
and do not allow us to confirm the existence of a miscibility
gap in low-T environment natural samples.

The heterogeneity of the chemical data in the diagenesis-
anchizonal samples indicates the importance of local com-
position at the beginning of metamorphic transformations.
Nevertheless, when high epizone conditions are reached (KI
< 0.20 A°20), the significant textural changes that take
place imply an approach to chemical homogeneity with dis-
appearance of the illitic vector.
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