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Correlation of fluid inclusion temperatures with
illite "crystallinity" data and clay mineral chemistry in

sedimentary rocks from the external part of the Central Alps

by Josef Mullis1, Meinert K. Rahn2*, Peter Schwer3, Christian de Capitani',
Willem B. Stern1 and Martin Frey' (deceased)

Abstract

A data set of 71 samples from 42 localities within the external part of the Central Alps is used to compare illite
"crystallinity" (IC) and deconvolution fitted peak parameters with fluid inclusion homogenization temperatures
from fibre quartz. Fluid inclusions are filled with methane-bearing fluid and were trapped within a temperature
range of 200-270 °C. For the majority of localities, carbonate-rich samples show lower IC values than the clay-rich
samples, due to retardation of illite crystal growth by early cementation and conservation of the primary, detrital clay
fraction. A small number of localities, however, indicate the opposite trend; these are characterized by high ratios of
dolomite versus clay minerals in the carbonate-rich sample. Based on chemical and mineralogical data for the clay
fraction, we conclude that the presence of dolomite in these samples implies early diagenetic precipitation of salts in
semi-arid to arid climates, triggering the formation of early Na-rich smectite.

All deconvoluted phases (chlorite, smectitic phase, illitic-muscovitic phase) show simple trends in their l'ull-
width-at-half-maximum and peak position versus fluid inclusion homogenization temperature. A major control on
illite "crystallinity" is the amount of the smectitic phase, which varies from 35 to 82%. However, even if the amount
of smectitic phase is considered as an independent variable besides temperature, the correlation with illite "crystallinity"

is weak and underlines the only semiquantitative character of illite "crystallinity" as a thermal indicator. The
clay fraction compositional evolution shows that anchizonal "illites" contain more K, but less Na than their
diagenetic counterparts. For K an external source, probably K-feldspar. has to be assumed. From the data set, a

temperature of 240 ± 15 °C is derived for the boundary between diagenesis and anchizone (IC 0.42 A°28), which is

distinctly higher than so far assumed in the literature.

Keywords: Central Alps, fluid inclusion temperatures, illite crystallinity, deconvolution, diagenesis, anchizone,
dolomite.

Introduction

Illite "crystallinity" has been widely used to determine

the metamorphic grade in subgreenschist
facies pelitic rocks (Frey, 1.987). The term
"crystallinity" refers to the observed width at half
height of the 10 Â reflection (Kübler, 1967).
However, this width at half height is based not
only on the status of an illitic structure, i.e. the X-
ray scattering domain size of a K-deficient mica
structure, but also on the presence of other miner¬

al phases, such as smectites, the stacking order
between illitic and smectitic layers (e.g. Lanson and
Champion, 1991), and the reaction progress
towards equilibrium (Merriman and Peacor,
1999). Therefore, the crystal growth process is not
simply the result of a rearrangement of the structure

of a single phase with temperature, but
depends also on other factors, such as the initial
detrital substratum, the supply of cations by migrating

fluids, the structural evolution of the host
rock, and the kinetics of crystal growth (Frey,
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<j osef.mullis@unibas.ch>

2 Institut für Mineralogie Petrologie und Geochemie, Albert-Ludwigs-Universität, Albertstrasse 23b, D-79104
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1987). The term "crystallinity" is used here as

representing the sum of all factors, including the
increase in compositional homogeneity, the
decrease in interlayered swelling components, and
the advancing perfection of the illite crystal structure

(Jaboyedoff et al., 2001). While a large
number of studies describe the transition from
smectite to illite qualitatively (e.g. Robinson and
Santana de Zamora, 1999; Bauluz et al., 2000),
little systematic work has been devoted to the
various limiting conditions of evolution.

This study from the external part of the Central

Alps presents a correlation between illite
"crystallinity" values and fluid inclusion homoge-
nization temperatures, the latter of which are
taken as a close approximation of the maximum
temperatures reached during Neoalpine burial.
Rock samples were collected from localities with
fluid inclusion homogenization temperatures
between 200 and 270 °C. A detailed evaluation of
the illite "crystallinity" as an indicator of incipient
metamorphism was done by application of a de-
convolution fitting procedure to the X-ray
diffraction pattern.

Geology and sampling strategy

The Helvetic belt represents a stack of sedimentary

nappes that evolved during the Mesozoic and
early Tertiary at the northern border of the Tethys
Ocean, between the Eurasian and Apulian plates.
The northward movement of the African plate,
passively pushing the Apulian microplate, led to a
closure of the Tethys beginning in mid Cretaceous,

and to a continent-continent collision in
the Eocene. This terminated sedimentation in the
Helvetic belt and started nappe formation from S

to N. Burial under tectonic units of more southern
origin is documented today by the presence of
Penninic and Austroapline klippen on top of the
Helvetic nappe stack. This burial led to a diage-
netic to lowermost greenschist facies overprint
increasing in grade from N to S.

The metamorphic gradient within the Helvetic
belt has been documented along several profiles
in the Central Alps (e.g. Frey et al., 1980;
Breitschmid, 1982; Rahn et al., 1995), with the
help of extended data sets on illite "crystallinity"
(e.g. Wang et al., 1996; Ferreiro-Mählmann,

100 km
i I

Helvetic sedimentary nappes

Penninic sedimentary klippen

crystalline basement

Fig. 1 Sample localities in the northern parts of the Central Alps. For various localities, multiple samples of varying
carbonate contents were taken. Coordinates correspond to Swiss map grid (1 unit 1 km). AM —Aar massif, GM —
Gotthard massif.
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1995, 1996), vitrinite reflectance (Erdelbrock,
1994; Ferreiro-Mählmann, 1994, 1995, 1996),
and fluid inclusion homogenization temperatures
(Mullis, 1979, 1987). In addition to the classic
division into a diagenetic, anchizonal and epi-
zonal belt, the combined applications resulted in a

correlation of different methods, and led to the
definition of several subzones within the diagenetic

and anchizonal realm (e.g. Ferreiro-
Mählmann, 1996). In addition to this zonation,
other regional divisions were proposed, in particular

three fluid zones (Mullis, 1979,1987), based

on characteristic fluid inclusion compositions:
Higher hydrocarbon-rich fluids dominate in the
north, methane-dominated fluids are characteristic

for the intermediate zone, and methane-
depleted water-rich fluids are found in the soulh.
All samples for this study were taken from the
methane zone, with maximum homogenization
temperatures between 200 and 270 °C, as measured

within syn-kinematically grown fissure
quartz (Fig. 1). Fluid inclusion homogenization
temperatures are interpreted as approximate
formation temperatures on the basis of the following
arguments: (a) structural field evidences: the
boundary between the methane and the water
zone crosscuts internal folds in the Helvetic nappes

and is itself cut by younger thrust faults (e.g.
Breitschmid, 1982, Mullis et al., 1994); (b) fluid
inclusion petrography: fluid inclusions that
formed during prograde conditions display
stretching or decrepitation features, whereas un-
defornted fluid inclusions were formed during
and after peak temperature conditions (Mullis,
1997); and (c) measured homogenization temperatures

of the earliest non-stretched or
non-decrepitated fluid inclusions always yield the highest

values in all investigated Alpine fissures
(Mullis, 1979,1987). The samples chosen for this
study all fulfill strict requirements for inclusion
formation close to peak conditions of diagenesis
or metamorphism. For all samples the geologic
context suggests similar P-T paths, thus excludes
large differences between fluid inclusion and illite
"crystallinity" data due to the fact that the former
method represents a snapshot of physical conditions

during the moment of fluid entrapment,
while the latter is thought to be the result of reaction

progress and crystal growth during the entire
diagenetic/metamorphic evolution.

At several localities, two or three samples
were taken within a distance of a few metres, but
with large variation in carbonate content. Such a
set typically includes a sample of minimum of
carbonate component (shale, sample number A.
Table 1), a marl of intermediate carbonate content

(B), and a carbonate-rich marl to marly lime¬

stone (C). With increasing content in carbonate
phases (calcite, dolomite), samples commonly
lose their schistose appearance.

The data presented originate from 71 samples
taken at 42 different localities within the methane
zone (Mullis, 1987) of the Central Alps. Sample
localities are displayed in Fig. 1 and listed in Table 1.

Principles and methods

Rock samples were milled and the bulk rock powder

measured by XRD for semiquantitative phase
determination. After removal of the carbonate
phases and application of Atterberg separation
techniques, the fraction <2 pm of the samples was
sedimented on glass slides with a constant amount
of 5 mgcirr2. These clay-fraction slides were used
for both ED-XRF and XRD analysis.The chemical

composition of the <2 pm fraction was measured

by ED-XRF using the instrumental equipment

and procedure described by STERN et al.
(1991). All clay fraction samples were analyzed
using a Siemens D-500 diffractometer (Cu-Ka
radiation, 40 kV, 30 mA, automatic divergence slits,
secondary graphite monochromator).

XRD measurement procedures for deconvo-
lution and classic illite "crystallinity" determination

are described in detail in Stern et al. (1991),
and satisfy the requirements proposed by KlSCH

(1991). The full-width-at-half-maximum (FWHM)
of the unresolved 10A complex was determined
online after background subtraction, and measured

values were corrected against an internal
standard (epizonal rock chip). This was followed
by mathematical deconvolution fitting of overlapping

peaks. The range of diffraction angles chosen
for deconvolution varied between 4-11 °20 (three
peaks) in cases where, after background subtraction,

no zero level was reached between the first
chlorite reflection and the illite-smectite peak
complex, and 7-11 °20 (two peaks) in those cases,
where the first chlorite peak was completely
separated from the illite-smectite complex.

The deconvolution procedure depends on a

number of important conditions and assumptions,
which have a distinct influence on the results.
Without detailed discussion, which is found
elsewhere (e.g. Lanson and Champion, 1991 ; Lanson
and Besson, 1992; Lanson and Velde, 1992;
Stern et al., 1991), the most important assumptions

applied in this study are as follows:
(1) All X-ray reflections derived from single

mineral phases are assumed to be symmetric
(Lanson and Champion, 1991). The variation in
tailing of the illite peak during diagenesis and
within the anchizone (as defined by Kübler et al.,
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1979) is the result of the overlap of at least two
reflections. It is not the consequence of a specific
apparatus setting (see e.g. Kisch, 1991 as all samples

have been measured with the same apparatus.

Scattering effects, such as the fanning of mica

layers at their grain boundaries (Stern et al.,
1991) are minimized or excluded on the basis of a

careful handling of the sample during preparation,

e.g. by keeping milling times to less than 30

seconds. The assumption of symmetric peaks is in
contradiction to results by Moore and Reynolds
(1989), which demonstrated increasing tailing of
the (001) illite peak with decreasing crystallite
size. It is, however, justified in the case of (i) the
lack of information about the crystallite size and
its evolution with increasing temperature, and (ii)
the presence of a clay phase mixture as found in
the investigated samples.

(2) X-ray reflections are approximated by
Pearson VII functions, which have been shown to
provide good fits for both well and poorly crystallized

material (Stern et al., 1991).
(3) The d-value of a deconvoluted peak is a

resulting parameter, and is not derived from a

database X-ray pattern. The applied fitting
program optimizes peak positions of pre-selected
reflections (d-values), but also peak widths, peak
areas/intensities and peak shapes in order to
obtain a minimum difference between measured
and calculated diffraction pattern (expressed as a

reliability factor).
(4) As a consequence of assumption (3), the

number of peaks between 4 and 11 °20 is restricted

to a maximum of 3. This is the result of the
commonly observable "bull head" (Stern et al.,

1991) in samples of diagenetic grade, generated
by the presence of two narrow peaks (at about 10

and 14 Â) and a wide peak in-between.The peaks
considered are chlorite (with its (001) reflection
of 14 Â at about 6.3 °20, a "smectitic phase", with
variable d-value, and an "illitic-muscovitic phase",
with a peak close to the standard (002) muscovite
reflection, at around 10 Â (8.8 °29). Peak
positions were calibrated against the position of the
first quartz (100) reflection at 20.9 °20.

A large number of additional mineral phases

may be expected to show a major reflection within
or near the mentioned 20-range. Their presence,
however, was not confirmed in any sample by
reflections of higher order. This particularly applies
for mineral phases such as corrensite, paragonite,
pyrophyllite, and kaolinite.The presence of most of
these phases is in any case unlikely due to bulk-
rock composition and metamorphic grade of upper
diagenetic to lower anchizonal grade. Because of
the same argument, the presence of biotite, difficult
to recognize by X-ray techniques, can be excluded.

Investigations on fluid inclusions in quartz
crystals were made with a Chaixmeca heating and
freezing stage, designed to work in the range of-
180 to +600 °C (Poty et al., 1976). Sample preparation

and measurement techniques are summarized

in Mullis (1979, 1987). Careful inclusion
petrography was needed before inclusions were
measured by microthermometry. For this study,
only such localities were investigated, where fluid
inclusion formation occurred close to the two-
phase boundary of the methane-bearing water-
rich and the water-bearing methane-rich phase.
Such conditions were either accomplished within
pseudosecondary inclusions of synkinematically
grown fibre quartz, or in secondary methane-
bearing water-rich fluid inclusions of early
prismatic quartz, overgrown by skeletal quartz
containing primary water-bearing methane-rich
inclusions (Mullis, 1976.1979,1987).The homoge-
nization temperature of the earliest methane-
bearing water-rich fluid inclusions (homogeniza-
tion of the aqueous phase with the methane bubble)

occurs in the laboratory at saturation conditions

thought to reflect the approximate formation

temperature.

Results

Classic illite "crystallinity" values (determined at
the 10 À complex after Kübler et al., 1979) for 71

clay fraction samples vary between 0.30 and 2.02
A°20 (Fig. 2). The same sample set yields FWHM
values for glycolated samples of 0.32-1.12 A°20.
The obtained "crystallinity" values illustrate that
the metamorphic grade from all sample localities
varies from diagenetic to medium-grade anchi-
zone, if applying 0.42 and 0.25 A°20 as the anchi-
zone boundaries (Kubler et al., 1979). A comparison

between air-dried values (illite "crystallinity"
sensu stricto), and the glycolated values, indicates
the presence of swelling components within the
measured clay fraction. With beginning of the
anchizone (240 ± 15 °C), there is no longer a visible

difference between air-dried and glycolated
FWHM values. Within the entire temperature
range of 200-270 °C, the difference between air-
dried and glycolated, however, decreases from
nearly 1.0 A°20 to zero (Fig. 2).

For samples collected at the same locality, a

variation in illite "crystallinity" by up to a factor
of 2 is observed. This variation in IC values does

not show an obvious systematic pattern. In most
cases, carbonate-rich samples show smaller IC
values than clay-rich samples. There is, however, a

small number of samples showing the opposite
trend, i.e. higher IC values for carbonate-rich
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samples than the clay-rich samples from the same
locality. In order to identify the cause for the
deviating behaviour, a "dolomite ratio" was defined
for the carbonate-rich sample of each locality as
the peak intensities of the dolomite (104) main
peak (2.89 Â at 31 °20) divided by the sum of the
illite/smectite and chlorite peak intensities at 6-10
°20. It was found that samples with a dolomite ratio

> 4 systematically display higher IC values
than the clay-rich samples. In contrast, carbonate-
rich samples with a dolomite ratio < 4 yield smaller

illite "crystallinity" values than the clay-rich
samples (Fig. 3).

The comparison between fluid inclusion ho-
mogenization temperatures (covering a temperature

range from 197 to 271 °C) and illite "crystallinity"

(Fig. 2) shows a general trend of decreasing
peak widths with increasing fluid inclusion
temperature. It is evident that the data are characterized

by a large scatter in peak width values in the
lower half of the temperature range. Here, illite
"crystallinity" values may vary between 0.5 and
2.0 A°20 while glycolated peak widths have a
reduced vertical scatter of only 0.5 to 1.1 A°20.

By deconvolution, a set of four parameters can
be obtained, three of which reveal a trend with
increasing temperature. Deconvolution data are
given as FWHM values (derived from the decon-
voluted a2-corrected peaks) and d-values for each
separated phase, for this study called "smectitic"
and "illitic-muscovitic" phase. For the smectitic
phase, values vary considerably between 0.43 and
I.80 A°20 (FWHM) and between 10.205 and
II.182 A (d-value). In contrast, for the illitic-muscovitic

phase the variation is restricted to values
between 0.21 and 0.72 A°20 (FWHM) and
between 9.943 and 10.214 Â (d-value). At higher
temperatures, all parameters show less scatter
and, with exception of the illitic-muscovitic phase,
a decrease in d-values (Fig. 4).

A semi-quantitative estimation of the amount
of the smectitic phase was achieved by comparing
the areas of the deconvoluted smectitic, illitic-
muscovitic and chlorite peaks: the smectite content

was defined as the area of the smectitic peak
divided by the sum of areas of the smectitic. illitic-
muscovitic and chlorite peaks. Samples with 35-
61% smectitic content tend to show relatively

-1.4-CD
rq
°<
w 1.0-

X
^ 0.6

0.2

200 220 240 260 280

alvcolated

% B

200 220 240 260 280

homogenization temperature (°C)

Fig. 2 Measured full width at half maximum (FWHM, unresolved 10 Â complex illite "crystallinity") for air-dried
and glycolated samples versus fluid inclusion homogenization temperature in fibre quartz.



332 J. MULLIS, M.K. RAHN, P. SCHWER, C. DE CAPITANI, W.B. STERN AND M. FREY

small FWHM values (below 1.2 A°20, while those
with smectitic contents between 62 and 82% show
FWHM values of 0.6 to 2.1 A°29 (Fig. 5).

From the XRF chemical analyses of the < 2 p
fraction, a statistical evaluation on chemical
influences on illite "crystallinity" was carried out. A
significant regression factor for correlation with
illite "crystallinity" was found for Na. Because
both Na and Mg are important elements in smectite

phases, the ratio Na20/(Na20+Mg0 was chosen

as a measure for the presence of smectite in
the clay fraction. This ratio shows a distinct correlation

with illite "crystallinity" values when plotted
against temperature (Fig. 5). Na20/(Na20 + MgO)
ratios > 0.08 largely correspond to samples of high

smectite content (62-82%), and these show high
illite "crystallinity" values. Na20/(Na20+Mg0)
ratios < 0.08 correspond to lower smectite
contents (35-61%) and are characterized by lower
illite "crystallinity" values. The Na20/(Na20
+ MgO) ratio of 0.08 was derived from the
applied statistical evaluation and represents a purely

empirical value.
The measured K20 and Na20 contents of the

clay fractions were compared with illite "crystallinity"

values and fluid inclusion homogenization
temperatures (Fig. 6). While for Na20, only a very
faint trend with increasing homogenization
temperature is observed, the NazO contents in the
clay fraction clearly decrease with increasing illite
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Fig. 3 Diagrams illustrating how illite "crystallinity" depends on the relative carbonate contents and, for carbonate-
rich samples, on the relative dolomite contents. Samples are plotted with descending illite "crystallinity" values in the

clay-rich sample along the x-axis. Two subgroups are shown, with higher (left) and lower (right) illite "crystallinity" in
the carbonate-rich sample. Depending on the dolomite ratio (peak heights of dolomite/sum of clay minerals),
carbonate-rich samples with a dolomite ratio > 4 systematically display higher IC values than found for the clay-rich
samples. In contrast, carbonate-rich samples with a dolomite ratio < 4 yield smaller IC values than clay-rich samples.
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evolution. Trends are even more pronounced for
K:0. which indicates a general increase in the clay
fraction with increasing homogenization temperature

and a strong increase of K20 with increasing

illite "crystallinity". Similar diagrams for MgO
do not show any trends.

Discussion

The assumption that the clay fraction evolves
continuously with increasing temperature as an
external physical parameter implies that the internal

chemical parameters of all investigated samples

are constant. Direct comparison of illite
"crystallinity" values from different samples as a

measure of metamorphic grade is possible only if

the clay fractions of the investigated samples have
very similar initial chemical and mineralogical
composition and the same chemical environment
to evolve towards thermodynamic equilibrium.
Under such ideal conditions and provided internal
and external parameters reached equilibrium, illite
"crystallinity" would represent an absolute measure

of the integrated thermal history, similar to vit-
rinite reflectance (e.g. Sweeney and Burnam,
1991). Any difference in illite "crystallinity" should
then correspond to a difference in physical conditions

experienced, of which temperature is thought
to be the dominant parameter (Frey, 1987).

In reality, illite "crystallinity" is more likely to
be a measure of reaction progress than of the
thermodynamic equilibrium reached (Essene
and Peacor, 1995). The measured "crystallinity"
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Fig. 5 Relationship between illite "crystallinity" and the smectite content (as defined in the text, diagrams at left)
and the clay fraction chemical composition (indicated by the Na20/(Na20 + MgO), as measured on sedimented
slides (diagrams at right). For reference only, an arbitrary dashed line is shown; its IC/Thom relationship is the same in
all diagrams.

is the result of internal factors, such as composition

and crystal size of a detrital clay fraction, and

of external factors, such as the supply of nutrients,
the structural evolution, as well as physical
parameters such as P andT (Frey, 1987; Merriman
and Peacor, 1999). Consequently, illite "crystallinity"

is a sensitive parameter of many changes
affecting the initial detrital material during the
entire thermal evolution, even including late
near-surface weathering.

Although the thermal history of the samples
investigated in this study is assumed to have been
similar, the observed illite "crystallinity" data vary
markedly, especially at temperatures below 240
°C. Therefore, a set of internal factors is considered

in the following. These factors are shown to
have had a distinct influence on illite "crystallinity",

i.e. on the kinetics of crystal growth (Essene
and Peacor, 1995), and may account for the
observed scatter in the data.

THE INFLUENCE OF CALCITE AND
DOLOMITE CONTENT

In rocks with little dolomite, illite "crystallinities"
are smaller in carbonate-rich rocks than in clay-

rich samples from the same locality (Fig. 3). In the
carbonate-rich rocks clay minerals suggest a higher

grade of reaction progress as deduced from
their lower illite "crystallinity" values. A possible
interpretation of the observed pattern is the initial

presence of a rather immature, but
coarsegrained detrital clay fraction in the carbonate-rich
rocks. The structural and chemical evolution of
the detrital clay fraction was retarded because the
fluid in the carbonate-rich rocks was very probably

dominated by Ca, but depleted in K and Na.
Under these conditions, the clay fraction
remained dominated by detrital grains, and did not
evolve with temperature.

Elevated relative contents of dolomite
(expressed by the dolomite ratio) correlate with larger

FWFIM values in carbonate-rich rocks
compared to the smaller FWHM in clay-rich samples
of the same localities (Fig. 3). It may be suggested
that the presence of large quantities of dolomite,
but small amounts of clay minerals, may have
promoted smectite growth by Mg supply. This suggestion

is not convincing, because a comparison
between Mg content in the < 2 g fraction and chlorite

content (as estimated from the relative peak
area) suggests that samples with much Mg also
have high chlorite contents, but not necessarily
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high smectite contents (Fig. 5). Therefore, the
increased Mg supply will primarily have led to chlorite

growth. This assumption can be tested by
plotting the relative chlorite peak area (i.e. the
chlorite peak area divided by the sum of chlorite,
smectitic, and illitic-muscovitic phase areas)
against the Na20/(Na20 + MgO) parameter (Fig.
7). From this figure, it is deduced that chlorite is
the main carrier of Mg in the clay fraction.A more
likely explanation for the relation between dolomite

content and larger FWF1M is as follows:
Dolomite is commonly an important early diagenetic
cementation phase, found in many sediments
deposited in semi-arid to arid climates (Tucker and
Wright, 1990). Such dolomite cements often
precipitate from brines and contain salt-rich fluid
inclusions (Overstolz, 2001), which in turn
promote smectite growth. The presence of dolomite
would thus be but an indicator, and not a direct
cause of increased FWFIM values. This explanation

is supported by the observation that illite
"crystallinity" values are large for both carbonate-

and clay-rich samples at those localities,

where the dolomite ratio is large in carbonate-
rich samples (Fig. 3). It appears that early diagenetic

cementation and brines affected carbonate-
rich rocks as well as the neighbouring shales.

CHEMICAL EVOLUTION OF THE
< 2 g FRACTION

The agreement between the two groups of different

smectite contents on one hand, and the different

Na20/(Na20 + MgO) ratios on the other (Fig.
5), suggests that most of the smectitic layers
present in our samples are Na-bearing. From our
data set it cannot be estimated how much Na is
incorporated into illite. Paragonite is a common
phase reported from clays of anchizonal meta-
morphic grade (Frey, 1987). All X-ray diffraction
patterns, however, were carefully checked for the
presence of the paragonite (0010) reflection, but
none was found. On the other hand, a comparison
between illite "crystallinity" and the K20 content
in the clay fraction (Fig. 6) indicates that anchi-
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zonal illites have K20 contents of up to 8 wt%;
this corresponds to an interlayer occupation by K
of -75%. At the same metamorphic grade, the
Na20 content of the illite-smectite complex is

reduced to less than 0.8 wt%. We conclude that no
paragonite is produced, but the Na content in the
illite phase decreases, while the K content increases

with increasing temperature. In contrast to a

simple reaction between smectite and illite (e.g.

Kyser, 2000), the observed quantities of the K20
take-up and Na20 loss are not compatible with a

simple exchange, as the K20 gain is one order of
magnitude larger than the Na20 loss. The
observed increase of K20 with increasing temperature

and the fact that the investigated smectites
contain distinctly more Na20 than the illites,
requires a source of K outside of the clay fraction
during the smectite to illite transition (Borges et
al., 1999; Son et al., 2001). A likely process is the

decomposition of K-feldspar with increasing
temperature. K-feldspar is not visible in the clay fraction

but small amounts of this phase are commonly
detected in bulk rock XRD patterns from the

shales investigated. In this scenario, illite "crystal-
linity" would be controlled by an external process.

ILLITE "CRYSTALLINITY" AS

A THERMOMETER?

From a simple plot of illite "crystallinity" versus

temperature (Fig. 2) it is evident that the variation
in the FWHM of the non-deconvoluted X-ray
peak complex is markedly influenced by temperature,

as well as by the amount of the smectitic
phase (Fig. 4). Three samples shown in Fig. 8

illustrate a large scatter of illite "crystallinity" values
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The vertical dashed line corresponds to the
element ratio of 0.08 (see Fig. 5, diagrams at right).

Fig. 8 Influence of smectite content (deconvolution
fitted smectitic phase) on the illite "crystallinity"
(horizontal bar) at constant temperature. The raw diffracto-

gram is indicated by the enveloping thin line, the decon-
voluted phases are an illitic-muscovitic phase (thick
line), a smectitic phase (thick dashed line), and chlorite
(thick dotted line). Note the variation in carbonate and
dolomite content. The indicated IC values are given as

A°20.

at nearly constant maximum temperature conditions

(223-236 °C). At the same maximum
temperature, the shape of the illite-smectitic peak
complex changes from a weakly tailed peak with a

position close to pure muscovite to a clearly bi-
modal distribution, with a saddle between the
illite-smectite peak complex and the (001) chlorite
peak. The example shown is further complicated
by the fact that two samples are carbonate-rich,
but dolomite poor, the sample with the largest
illite "crystallinity", however, is dolomite-rich. As a

consequence, the indicated trend is the result not

only of different degrees of smectite formation
during peak diagenesis, but also of early diagene-
sis and fluid composition. Similar observations
can be made for samples of equal contents of
smectitic phase and homogenization temperatures

between 200 and 270 °C. A constant content
in smectitic phase, but varying temperature leads
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Fig. 9 Development of illite "crystallinity" with increasing fluid inclusion homogenization temperature at different
contents of the smectitic phase (taken from deconvolution fitting). For the different stroke patterns, see Fig. 6. Note
the different carbonate and dolomite contents at high smectitic phase content, but constant compositional
parameters at low smectitic phase content.

to a variation in illite "crystallinity" by a factor 2

(for samples with low smectite contents) to 3 (for
samples with high smectite contents) (Fig. 9).
While the chosen suite of samples with high smectite

contents is strongly variable in dolomite
contents, the suite of low smectite samples are all
carbonate-rich. but dolomite-poor. These observations

raise some doubts about the reliability of the
illite "crystallinity" parameter as a thermometer,
as previously discussed by Mullis et al. (1995).
Consequently, the relationship between temperature

and illite "crystallinity" would also have to
include the bulk rock composition and the dolomite

content as additional factors. Both of these
were shown to be closely linked to the smectite
content. A simple relationship between temperature,

illite "crystallinity", and smectite content as
the major influencing factor (Figs. 8, 9) has been
evaluated by multiple linear regression. The
correlation is given by:

T (°C) 172 - 37*ln (IC) + 0.77*(sm)

where IC is the measured illite "crystallinity"
in A°20, and (sm) is the percentage of smectitic
phase as obtained from deconvolution fitting with
symmetric Pearson VII functions.The la errors of
the fitted parameters are: 172 ± 17 (=10% relative
error), 37 ± 5 (13%), and 0.77 ± 0.27 (35%), and
the reliablity of the statistical fitting is expressed
by a regression factor r2 of 0.51 and a reduced \2
15 (n 71). The errors illustrate that the content
of smectitic phase is the least well constrained pa¬

rameter in the mentioned relationship. The relation

also underlines that illite "crystallinity" as an
indicator of incipient metamorphism is a

semiquantitative measure at best. The same is true for
"crystallinity" parameters derived from deconvolution,

i.e. a "smectitic phase crystallinity" or "illit-
ic-muscovitic phase crystallinity" (Fig 4).

TEMPERATURE OF THE DIAGENESIS-
ANCHIZONE BOUNDARY

The diagenesis-anchizone boundary was defined
by Kubler (1967) at an illite "crystallinity" value
of 0.42 A°20. In our data set, diagenetic IC values
are found up to (fluid inclusion derived) temperatures

of 260 °C, while the first anchizonal value
occurs at T 225 °C (Fig. 10). The scatter in illite
"crystallinity" is large below and strongly reduced
above 240 °C. The diagenesis-anchizone boundary

is interpreted to be around 240 ± 15 °C, i.e. at
much higher temperatures than previously
assumed (e.g. Frey, 1986). Based on the present
data, a typical sample at 240 °C contains a calculated

content of 40% of smectitic phase with a

FWHM of 0.95 A°20 and a peak position at 10.5 À
(Fig. 4). The illitic-muscovitic peak has a FWHM
of 0.35 A°20 and a d-value of 10.0 À.

The obtained diagenesis-anchizone boundary
is consistent with estimates based on other
observations such as vitrinite reflectance (e.g. Ferrei-
ro-Mählmann, 1996) and mineral parageneses
(e.g. Rahn et al., 1994). The presence of a peak
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corresponding to 40% of the smectitic phase cannot

be translated directly to 40% of a swelling
phase, which would be in contradiction to the initial

definition of the anchizone, as a metamorphic
level without any swelling component (KÜBLER,
1967). The comparison between air-dried and gly-
colated FWHM values of the unresolved illite-
smectite complex at 10A (Fig. 2) indicates that,
with beginning of the anchizone at 240 °C, glyco-
lation does not significantly change the FWF1M
values. The major reason for the calculated presence

of 40% smectitic phase is probably the
assumption of solely symmetric reflections used for
deconvolution. Moore and Reynolds (1989)
showed that the asymmetry of the (001) illite
peak is a function of crystallite size and hence of
metamorphic grade. We submit that part of the
calculated smectitic content may be an artefact.

The temperature of 240 °C obtained for the
diagenesis-anchizone boundary should be tested
in other terranes in order to ascertain whether it is

generally applicable or typical only of a fast
evolution as in the European Alps, with moderate
pressure conditions, and a time span of approximately

30 million years between burial (defined
e.g. by the age of the Taveyannaz event, Ruffini
et al., 1997) and final exhumation of the samples.
Furthermore, the influence of the lithology on
illite "crystallinity" (e.g. in Breitschmid, 1982) has
to be evaluated in more detail.

Conclusions

The investigated samples from the external part
of the Central Alps cover a range of maximum
temperatures between 200 and 270 °C (based on
fluid inclusion data). Illite "crystallinity"
measurements and mathematical deconvolution
procedures defining the FWHM and d-values of a

smectitic and an illitic-muscovitic phase justify
the following conlusions:

(a) Bulk rock composition (from shale to marly
limestone) has a distinct influence on illite "crystallinity"

values, by lowering peak widths by a factor
of up to 2 in carbonate-rich samples (Fig. 3).

(b) Dolomite-rich samples with minor clay
content can have very high illite "crystallinity"
values. Rather than acting as a source of Mg for
smectite formation, dolomite indicates early dia-
genetic high saline fluids, which lead to the formation

of Na-bearing smectite in both carbonate-
and clay-rich samples.

(c) The amount of smectitic phase (determined

by deconvolution) shows a close relationship

with the composition of the < 2 p fraction,
notably its Na20/(Na20 + MgO) ratio, indicating
that smectite has high Na contents.

(d) A correlation between the classic illite
"crystallinity" parameter, the content of the smectitic

phase, and temperature was used to test how
reliable a thermometer illite "crystallinity" is. The

accuracy of the derived thermometer turns out to
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be restricted due to bulk rock variation and its
influence on the smectite-illite transition.

(e) For the investigated external parts of the
Central Alps, the comparison between illite "crys-
tallinity" and fluid inclusion temperatures
indicates that the boundary diagenesis-anchizone is

located at a temperature of 240 ± 15 °C. At diage-
netic conditions, illite "crystallinity" cannot be
used as a temperature indicator, except for samples

of well-defined lithologies of constant
composition. Above 240 °C, across different lithologies,

illite "crystallinity" values show considerably
less scatter and serves as an approximate temperature

indicator. The distinct increase in K20,
parallel to a much smaller decrease in Na20, requires
a K source outside the clay fraction.
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