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Abstract Six samples of a single carbonate-rich unit of
the Swiss PreÂ alpes, progressively metamorphosed from
diagenesis to deep anchizone, yield 40Ar/39Ar spectra
with variably developed staircase patterns, consistent
with mixtures of detrital mica and neocrystallized
mixed-layer illite/smectite. The lowest temperature
heating steps for di�erent size fractions (2±6 lm and 6±
20 lm) converge to �40 Ma providing an imprecise,
maximum age of regional metamorphism. A method is
described for distinguishing and quantifying the amount
of pre-existing detrital mica versus neoformed illite layer
in the illite/smectite formed during Tertiary Alpine
metamorphism by comparison of X-ray di�raction
patterns with NewmodÓ simulations. In the least meta-
morphosed samples the illite/smectite contains �65%
neoformed illite, and this illite accounts for approxi-
mately 17% of all dioctahedral phyllosilicate minerals in
the rock (e.g., detrital mica and illite/smectite). In con-
trast, the illite/smectite from the more strongly meta-
morphosed samples contains >97% neoformed illite,
which accounts for �70% to >90% of all dioctahedral
phyllosilicate minerals. Phyllosilicate morphologies
viewed by scanning electron microscopy are consistent
with these estimates. A process of dissolution/repreci-
pitation is inferred as a mechanism for the growth of the
neoformed phyllosilicates. A plot of neoformed illite
content versus 40Ar/39Ar total fusion age yields a near-
linear curve with an extrapolated age of 27 Ma for 100%
neoformed dioctahedral phyllosilicates. This age is in-
terpreted as the time of incipient metamorphism and is
consistent with independent biostratigraphic constraints.
Model 40Ar/39Ar age spectra constructed with the XRD
simulation results correspond well to the experimental
data and illustrate the changes in degassing properties of

progressively metamorphosed mixtures of detrital mica
and neoformed illite.

Introduction

Isotopic dating of phyllosilicates in very low grade
metamorphic rocks by K/Ar or 40Ar/39Ar methods is
strongly dependent on the ratio of detrital mica versus
authigenic (neoformed) mixed-layer illite/smectite pres-
ent in the separated size fraction (see review in Clauer
and Chaudhuri 1995). With increasing depth in sedi-
mentary basins (burial metamorphism) K/Ar ages of
phyllosilicate fractions decrease together with a corre-
sponding increase in illite content within the mixed-layer
illite/smectite (e.g., Perry 1974; Aronson and Hower
1976; Glasmann et al. 1989). Furlan et al. (1996) have
also shown that the magnitude of the apparent age de-
crease is lithology dependent and is greater in sandstones
than in shales. Very low grade regional metamorphic
rocks represent a natural extension of metamorphism
occurring in sedimentary basins, but the size of neo-
formed phyllosilicates is generally larger. With increas-
ing illite crystallinity the apparent K/Ar and 40Ar/39Ar
ages of phyllosilicate fractions generally become
younger and the smallest size fraction is generally the
youngest (e.g., Hunziker et al. 1986; Reuter 1987; Reuter
and Dallmeyer 1989; Brockamp et al. 1994).

For the special case where no detrital mica or illite is
present, such as in pure sandstones or bentonites, the
e�ects of diagenesis producing illite/smectite can result
in increasingly older apparent ages with depth (e.g.,
Hamilton et al. 1989; Matthews et al. 1994; Velde and
Renac 1996). The geological signi®cance of such ages is
strongly dependent on the duration of the transforma-
tion(s) and the continuous production of illite with
depth (Clauer et al. 1997). In a porous medium like
sandstone or hydrothermal systems, illite crystallization
is facilitated and can be extremely rapid (Barnes et al.
1992; Matthews et al. 1994; Bonhomme et al. 1995;
Clauer et al. 1997).
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More complicated results have been observed in
shales of the North Sea (Glassman et al. 1989), where
the apparent ages of the >1 lm size fractions decrease
with depth, yet remain older than the stratigraphic age
(Aronson and Hower 1976; Clauer et al. 1997). In this
case neoformed illite often seems to form overgrowths
on nuclei of detrital grains, while smaller size fractions
(<0.1 lm) yielded apparent ages younger than the
stratigraphic age. In a study of Jurassic sandstone o� the
coast of Alabama, Thomas et al. (1993) report 40Ar/39Ar
laser fusion ages of pure, authigenic illite with no detrital
mica and conclude that illite was formed during a period
of 80 Ma (120±40 Ma) by stylolitization of K-feldspar.

Theoretically, no detrital micas should occur in the
®ne size fractions extracted from bentonites, and should
yield ages dependent entirely on the production of
neoformed illite layers (Altaner 1989). Furthermore, in
some diagenetic bentonites and shales Clauer et al.
(1997) report that the thinnest fundamental particles
have ages equivalent to, or older than, thicker ones,
indicating illite growth around previously precipitated
illite.

Mossmann et al. (1992), Pevear (1992) and Gratho�
and Moore (1996) combined K/Ar and X-ray di�raction
data from di�erent size fractions of illite to distinguish
between detrital and neoformed (diagenetic) illite or
between several generations of authigenic illite. These
authors suggested that if the detrital and neoformed il-
lite exhibit a nearly linear dependence when plotted on a
diagram of age versus % detrital illite, the curve could
be extrapolated to 0% detrital mica to yield an age of
illitization. The linearity is an acceptable approximation
for curves of a two component mixture with end-mem-
ber ages di�ering by less than 500 Ma. Pevear (1992)
obtained an illite age consistent with a calculated age for
its formation. In addition, arti®cial mixtures of mica
and illite/smectite yielded staircase 40Ar/39Ar spectra,
and when combined with such XRD modeling gave
extrapolated results for the end-member ages in rea-
sonable agreement with their known ages (Onstott et al.
1997).

Staircase 40Ar/39Ar spectra have been observed in
low- and high-grade regional metamorphic rocks and
have been interpreted as mixtures of di�erent genera-
tions of mica and/or illites (e.g., Wijbrans and
McDougall 1986; Kirschner et al. 1996). Because argon
appears to be retained in the mineral lattice of micas and
illite to much higher temperatures than previously
thought (e.g., Hames and Bowring 1994; Kirschner et al.
1996), it should be possible in certain cases to determine
the end-member ages of two component mixtures in low-
grade regional metamorphic rocks. In this paper we
combine progressively developed staircase 40Ar/39Ar
spectra, interpreted as mixtures of detrital Permo-Car-
boniferous and neoformed Tertiary phyllosilicates, with
modeled X-ray di�raction data to identify the age of the
youngest end-member of the mixtures (neoformed illite),
which records the timing of low-grade, regional meta-
morphism.

Geology

The PreÂ alpes of Switzerland (Fig. 1) comprise a sequence of nappes
mainly consisting of carbonate and ¯ysch of Triassic to Eocene age
(Baud and Septfontaine 1980; TruÈ mpy 1980; Mosar 1989, 1991).
The PreÂ alpes MeÂ dianes represents one of the major units of the
PreÂ alpes, which was derived from carbonate platform rocks of the
BriancË onnais and sub-BriancË onnais domain (Baud and Septfont-
aine 1980; TruÈ mpy 1980; Stamp¯i et al. 1998). The youngest sedi-
ments of the PreÂ alpes MeÂ dianes are ¯ysch of middle Eocene age
(�47 to �40 Ma, Caron et al. 1989). Stratigraphically below the
¯ysch is the Couches Rouges, a thin marly limestone of late Cre-
taceous to early Tertiary (90±47 Ma) age (Guillaume 1986).

The emplacement history of the PreÂ alpes MeÂ dianes nappe se-
quence is described elsewhere (Mosar 1989, 1991; Sartori 1990;
Epard and Escher 1996; Escher et al. 1997). The tectonic burial of
the PreÂ alpes MeÂ dianes was due to overthrusting from the south-
east, as these cover rocks were detached from their basement. The
basement and equivalent cover series underwent greenschist facies
metamorphism around 38±34 Ma (Escher et al. 1997; Markley et al.
1998). Thrusting of the PreÂ alpes MeÂ dianes onto the Molasse oc-
curred sometime after upper Oligocene, as indicated by the pres-
ence of overthrusted sediments of this age (�25 Ma, Badoux 1996;
Burkhard and Sommaruga in press).

In the PreÂ alpes MeÂ dianes, incipient metamorphism increases
from diagenesis to deep anchizone, as re¯ected by changing mineral
parageneses and illite crystallinity, with a general increase from
northwest to southeast (Baud 1987; Mosar 1988; Jaboyedo� and
TheÂ lin 1996). In the Couches Rouges, this progressive metamor-
phism is expressed by the replacement of stylolites by a slaty
cleavage with increasing metamorphism.

Methods

Samples

All samples come from progressively metamorphosed (diagenesis
to anchizone) marly limestones of the Couches Rouges, which were
collected at di�erent locations within the PreÂ alpes MeÂ dianes
(Fig. 1). The calcite content for all samples is 80±90 wt% (esti-
mated by weight loss upon dissolution of the carbonates, Jaboye-
do� and TheÂ lin 1996), and the remaining constituents are 10±15%
clay minerals, �4% quartz, and �1% albite; K-feldspar is absent
or occurs only in very small amounts.

Di�erent grain size fractions were separated from limestone and
marly limestone of the Couches Rouges after crushing to about
2 mm and dissolution of the carbonates in 2 M HCl followed by
washing in distilled water (pH �5.6). No signi®cant e�ect on K/Ar
ages has been observed from acid dissolution experiments involving
phyllosilicate minerals (Clauer et al. 1993). The 2±6 lm and 6±
20 lm size fractions were isolated by centrifugation to remove the
<2 lm fractions and the residue was separated by gravity sedi-
mentation using distilled water with a constant pH of approxi-
mately 7.5 maintained by adding a NaOH solution. In order to
eliminate potential Ca contamination in the samples, all size frac-
tions were saturated with Mg2+ using a 2 M MgCl2 solution for at
least 24 hours, during which time the solution was changed twice.
After the MgCl2 treatment the samples were thoroughly washed
with distilled water. One aliquot of sample 345 (1345) was also
prepared with no Mg2+ saturation.

XRD

For each size fraction of every sample one oriented and one dis-
oriented powder specimen was prepared for X-ray di�raction
(XRD) analysis. The oriented specimen was prepared by sedi-
mentation of more than 2.5 mg/cm2 on a glass slide. The XRD
data were collected with a 185 mm radius Rigaku horizontal
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powder di�ractometer (Geiger¯ex) equipped with a rotating Cu
anode (Cu Ka radiation, nickel ®lter, 0.5° divergent and scatter
slits, 0.15 mm receiving slit and 2 Soller slits of 5°). All samples
were analyzed with the same conditions of 40 kV and 30 mA
scanned from 2±50° 2h in 1 second steps of 0.01°. Five XRD
di�ractograms were obtained for each size fraction, which include
air-dried (AD) and ethylene glycol (EG) saturations for both
preparation types and the oriented sample again after heating at
350 °C for 5 hours. The 060 re¯ections were determined using the
disoriented 2±6 lm fractions using 2° divergent and scatter slits,
and a 0.3 mm receiving slit.

In order to interpret the XRD data, we have made the as-
sumption that in the clay fractions the mixed-layer minerals con-
tain no more than two components. This hypothesis is simplistic as
shown by Drits et al. (1997) and Shau et al. (1990), but su�cient for
our purpose. In this study the dioctahedral mica-like clay mineral
illite occurring in the mixed-layer illite/smectite (Meunier and Velde
1989; Srodon et al. 1992) is considered as neoformed. For the

NewmodÓ simulations the inherited micas have been simulated by
pure dioctahedral mica. This distinction is slightly di�erent from
that of Jaboyedo� and TheÂ lin (1996) but is not critical when
comparing the results. In order to determine the percentage of
neoformed illite layer in the samples the XRD di�ractograms of the
oriented slides were compared to the sum of modeled XRD dif-
fractograms for pure dioctahedral mica (detrital) and mixed-layer
dioctahedral mica (neoformed) ± dioctahedral smectite (Pevear and
Schuette 1993). The pure chlorite and pure smectite have not been
simulated, because simulations of such low concentrations have
little e�ect on the shape of the background and do not interfere
with the mica or illite/smectite di�ractograms. The program
NewmodÓ (Reynolds 1985; Reynolds and Reynolds 1996) was used
for the simulations and the best agreement between the measured
and modeled di�ractograms was determined visually. Modeling
was only performed for the 2±6 lm size fraction. Oriented ethylene
glycol preparations were used because the signals are similar but
more intense than disoriented preparations. Moreover, the stability
of the sample is improved when the two water layers of the mixed-
layer illite/smectite structure are replaced by ethylene glycol. In our
surroundings the relative humidity is usually 50±70% but in the
laboratory it is generally around 45±50%. In non-glycolated sam-
ples, used as trials for the simulations, water loss from the two
water layers of the illite/smectite structure can directly be observed

Fig. 1 Schematic tectonic and metamorphic map of the Swiss
PreÂ alpes. The position of samples is indicated and numbers in
parentheses make reference to the corresponding sample number used
in Jaboyedo� and TheÂ lin (1996)
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with time as peak positions migrate to the one water position and
the Scherrer width of the 10 AÊ peak diminishes.

Using the hypothesis of two component mixed-layers, the main
criterion for accepting a modeled XRD di�ractogram for a given
sample is that, using the proportions of smectite in mixed-layer
illite/smectite and their overall abundance determined from simu-
lation of the ethylene glycol di�ractograms, good agreement must
be observed between the measured and simulated di�ractograms
for both the air-dried and heated preparations. This must be per-
formed considering that some 1 water smectite interlayer can occur
in the air-dried preparations and some strain in the heated prepa-
rations can a�ect the shape of the measured di�ractograms and are
therefore slightly di�erent than the simulations.

The simulations were performed by varying the number of
layers, the fraction of dioctahedral mica in the mixed-layer illite/
smectite and the Reichweite using most of the default NewmodÓ

parameters (d-spacing dioctahedral mica = 9.98±9.94 AÊ or 9.95 AÊ

for the most metamorphic samples 33 and 26; dioctahedral smec-
tite-2 glycol layers = 16.9 AÊ ; dioctahedral smectite-2 water layers
= 15 AÊ ; dioctahedral smectite-1 water layer = 12.5 AÊ ) with the
following additional parameters: 0.5° divergent slit; CuKa radia-
tion; 18.5 cm goniometer radius, sample length 2.8 cm; two Soller
slits of 5°; Mg exchange cation. A formula unit was de®ned as
containing 0.9 K and 0.1 Fe per (Si,Al)4O10 for dioctahedral mica
and 0.1 Fe per (Si,Al)4O10 for dioctahedral smectite. Because only
CuKa radiation was used for NewmodÓ simulations, the position
of the 3.33 AÊ basal re¯ection is slightly shifted from its true posi-
tion and for this reason it is not displayed.

The weight of dioctahedral illite in the illite/smectite was cal-
culated taking into account the di�erence in molar weight between
dioctahedral smectite and dioctahedral illite. The molar weight for
illite/smectite (MI/S) is given by:

MI=S �%I �MI � �1ÿ%I� �MS

100
�1�

where %I is percentage of dioctahedral illite in the mixed layer, MI

is the molar weight of illite and MS is the molar weight of smectite.
For a given sample containing illite/smectite the weight percent of
dioctahedral illite in the mixed layer can be determined by:

wt% � %I �MI

100�MI=S
� wI=S �2�

where wI/S is the weight of the mixed-layer illite/smectite in the
sample. In our study the physical parameters are given by the
following:

Dioctahedral mica 397 gr/mol
Dioctahedral smectite-2glycol layers 493 gr/mol
Dioctahedral smectite-2water layers 420 gr/mol
Dioctahedral smectite-1water layer 406 gr/mol

40Ar/39Ar measurements

The 2±6 lm and 6±20 lm size fractions for each sample together
with standards were packaged in tin foil and irradiated for 20
MWh in the central thimble position of the TRIGA reactor in
Denver, USA (Dalrymple et al. 1981). The samples were then
placed in a high vacuum extraction line and incrementally heated
using a double-vacuum resistance furnace. The noble gases were
puri®ed by exposure to a cryogenic trap and Zr/Al/Ti getters, and
the argon isotopic compositions were determined by static mode
analysis using a Mass Analyzer Products 215±50 mass spectrome-
ter. Correction for the neutron ¯ux was determined with an in-
tralaboratory precision of 0.5% using the standards MMHB-1,
assuming an age of 520.4 Ma (Samson and Alexander 1987) and
HDBI with an age of 24.21 Ma (Hess and Lippolt 1994). Ages were
determined from the raw data after correcting for blanks, mass
discrimination, nucleogenic decay and interference. A complete
description of the analytical procedures is given in Cosca et al.
(1998).

Results

Dioctahedral mica and illite/smectite are the essential
components of the non-carbonate minerals (Fig. 2).
Chlorite occurs in samples 33, 253, 345 and 332 with
some swelling layers in the metamorphic samples of
lowest grade. Kaolinite can be present in very small
quantities. Sample 332 is the least metamorphosed
sample, containing 65% dioctahedral illite in illite/
smectite, consistent with diagenesis and is equivalent to
a burial depth of 3000±4000 m (Pollastro 1993). Samples
345, 367 and 253, respectively, show evidence of a pro-
gressive increase in the degree of metamorphism. Sam-
ples 26 and 33 are consistent with metamorphic
conditions of deep anchizone. The ``illite crystallinity'' of
the <2 lm fractions is about 0.30° D2h CuKa for
samples 26 and 33 and 0.50° D2h CuKa for sample 253,
assuming anchizone limits of 0.25 and 0.42° D2h CuKa
(Jaboyedo� and TheÂ lin 1996). Illite crystallinity is not
applicable to the other samples because of their elevated
smectite content in the mixed-layer illite/smectite.

Accurate estimation of mica polytypes is di�cult for
all samples because of weak re¯ections perhaps related
to structure degradation during transport, insu�cient
disorientation in the powder preparations and/or the
occurrence of albite. However, all samples show re¯ec-
tions consistent with 2M1 polytypes and only a few 1M
re¯ections were observed for samples 332, 345 and 367.
Decomposition techniques failed to resolve composi-
tionally distinct populations that could be indicated
from the 060 and 331 re¯ections. The d-spacing of the
060 re¯ection changes slightly with increasing meta-
morphism, ranging from 1.502 to 1.507 AÊ , indicating a
more phengitic component.

40Ar/39Ar geochronology

The 40Ar/39Ar data are given in Table 1 and presented as
age spectrum diagrams in Fig. 3. The 40Ar/39Ar spectra
for the 2±6 lm and the 6±20 lm size fractions have
nearly identical staircase shapes (Fig. 3). With progres-
sive metamorphism the shape of the 40Ar/39Ar spectra
change from convex for the diagenetic samples to con-
cave for the anchizonal samples with a corresponding
decrease in their integrated 40Ar/39Ar total fusion ages.
For each sample the low temperature heating steps for
both size fractions yield apparent ages of 50±100 Ma,
which are equal to or older than the stratigraphic age of
these rocks. However, excluding the ®rst steps from
some samples the low temperature steps of all samples
converge to a value of about 40 Ma. The increasingly
older ages observed in the high temperature heating
steps are oldest for the least metamorphic samples. For
the least metamorphosed sample (332), a ¯at part of the
40Ar/39Ar spectrum corresponding to the high temper-
ature heating steps yields an age of approximately
330 Ma for the 2±6 lm fraction and approximately
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300 Ma for the 6±20 lm size fractions. The older age for
the smaller size fraction, together with the shape of the
40Ar/39Ar spectrum could indicate some 39Ar recoil.

However, in other investigations using separates of 2±
6 lm size the 40Ar/39Ar total fusion ages overlap with K-
Ar ages, suggesting only minor argon loss due to recoil
(e.g., Cosca et al. 1992). Recent work has shown that
even in clay minerals of smaller grain sizes at equivalent
metamorphic grades and composition the amount of
39Ar loss due to recoil is about 5% (Dong et al. 1997;
Onstott et al. 1997), thus indicating that recoiled 39Ar is
probably redistributed within the mineral and e�ectively
scavenged in such materials, but further work is neces-
sary to document this phenomenon.

The degassing of argon from a sample during labo-
ratory heating is considered here to be dependent on the

Fig. 2 a X-ray di�ractograms and simulated XRD patterns for the
least metamorphic (diagenetic) samples. The numbers in parentheses
indicate the percentage of neoformed illite layer in the mixed-layer
illite/smectite (Table 2). b X-ray di�ractograms and simulated XRD
patterns for the two most metamorphic (anchizone) samples. The
numbers in parentheses indicate the percentage of neoformed illite
layer in the mixed-layer illite/smectite, however the sharpness of the 10
AÊ peak prohibits a precise distinction between neoformed and detrital
components (Table 2). The small peaks correspond to CuKb peaks (a
Ni ®lter is insu�cient when intensities are high)
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physical and chemical properties of the analyzed mate-
rial (Weaver et al. 1984; Wijbrans and McDougall 1986;
Hassanipak and Wampler 1996). The amount of 40Ar
and 39Ar released is strongly controlled by the degree of
metamorphism of the sample and is more or less inde-
pendent of the size fraction, which means that it is most
strongly dependent on the degree of illitization. This
behavior is shown in Fig. 4, where the % 40Ar released
from the 2±6 lm size fraction is plotted against tem-
perature. The least metamorphosed samples release ar-
gon at signi®cantly lower temperatures than the more
metamorphosed samples, and release argon over aT
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Fig. 3 a 40Ar/39Ar spectra for the 2±6 lm size fractions. Sample
numbers are indicated b 40Ar/39Ar spectra for the 6±20 lm size
fractions. Sample numbers are indicated
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broader range of temperatures between 500 and
1100 °C. In contrast, the more metamorphic samples
release the majority of argon within a narrow tempera-
ture interval, between about 750 and 1000 °C.

The presence of chlorite has no noticeable e�ect on
the apparent ages of the samples analyzed. Samples 26
and 33, which represent the most metamorphosed sam-
ples, display nearly identical behavior with respect to
their argon degassing patterns, yet sample 33 contains
noticeable chlorite (Fig. 2b). The sample not treated by
saturation with MgCl2 degasses at slightly lower tem-
peratures and has a slightly younger 40Ar/39Ar total
fusion age (�2 Ma). Because of the slight shift in the
degassing pattern it perhaps indicates that, in samples
containing mixed-layer illite/smectite, some loosely
bound K atoms may be exchanged with Mg in the in-
terlayer site leading to slightly lower 40Ar/39Ar ratios,
and therefore younger apparent ages, in the non-treated
samples.

Evolution of sample particle size and morphology

A histogram illustrating the weight percent variation in
the di�erent size fractions of the separated insoluble
minerals, including quartz and albite, is shown in Fig. 5.
The three least metamorphosed samples (332, 345, 367)
contain a much higher percentage of small particles
(<2 lm) than the more metamorphic samples. In ad-
dition, these samples display a regular, decreasing rela-
tionship in the abundance of particles with increasing
size. In contrast, an abrupt change occurs between
samples 367 and 253, as there is no longer a regular
decrease in sample size but a signi®cant appearance of
particles in the size range 6±20 lm.

The progressive change in morphology of the sample
particles viewed by scanning electron microscopy is
shown in Figs. 6 and 7. The least metamorphosed

sample (332) shows a heterogeneous distribution of
phyllosilicates, quartz and albite. With increasing
metamorphism the amounts of quartz and albite de-
crease (Fig. 6), however, the XRD powder di�racto-
grams indicate detectable amounts remain in all
samples. In the least metamorphosed samples the
phyllosilicates typically occur as aggregates or ¯akes,
which are rounded yet display irregular edges at high
magni®cation (Fig. 7a). With increased metamorphism
the phyllosilicates are thin, sharp edged plates, some
with well-developed crystallographic faces often exhib-
iting evidence of overgrowths and/or dissolution
(Fig. 6).

XRD data and decomposition with NewmodÓ:
results and interpretation

The X-ray di�ractograms from the oriented ethylene
glycol exchanged preparations of the 2±6 lm size frac-
tion have been modeled from the sum of NewmodÓ

(Reynolds 1985; Reynolds and Reynolds 1996) simula-
tions. This technique permits a distinction between de-
trital mica and neoformed illite/smectite. This
decomposition technique is slightly di�erent than that
used by Lanson and Besson (1992), who also modeled a
detrital component. Samples 332, 345, 367 and 253 dis-
play an unambiguous relationship between metamor-
phic grade and illite content in the mixed-layer illite/
smectite, which progressively increases from 65% to
�97% (Table 2, Fig. 2a and 6). This increased illite
content in the illite/smectite is interpreted as directly
related to progressive neoformation of illite. Moreover,
evolution is accompanied by increased thickness of the
coherent di�raction domains as shown by many authors

Fig. 4 Plot of temperature versus 40Ar released for the 2±6 lm
samples. Note the more restricted temperature range over which the
phyllosilicates degas as metamorphism proceeds

Fig. 5 Size fraction histogram demonstrating an increasing
mean size and histogram mode with increasing metamorphism.
Note the bimodal distribution in particle size in sample 253 and
the evolution to coarser particle sizes in the more highly
metamorphosed samples (26 and 33)
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(Peacor 1992: Pollastro 1993; Whitney and Velde 1993;
Jaboyedo� and TheÂ lin 1996; Altaner and Ylgang 1997;
Moore and Reynolds 1997). For the most strongly
metamorphosed samples (26 and 33) the illite content in
the illite/smectite is such (>97% I) that it is impossible

to distinguish between a mixed-layer illite/smectite and
true mica. Sample 253, which occurs at the transition
from diagenesis to anchizone, de®nes the passage from
illite/smectite to a ``mica-like'' composition. This sample
also marks a signi®cant change from small to larger
particle sizes (Fig. 5).

Two methods are possible to quantify the proportion
of neoformed illite layer in a sample. One is to compute
the ratio of the weight percent (wt%) of the illite layers
in the illite/smectite over the sum of the wt% of the illite
layers in the illite/smectite plus mica. However, this re-
sult only considers the illite layer and does not consider

Fig. 6 SEM photographs of the 2±6 lm size fractions. Note the
progressive change in phyllosilicate morphology, whereby samples
become more homogeneous and contain fewer aggregates with
increasing metamorphism. Also note the presence of similarly sized
grains of (neoformed?) quartz and albite that become less abundant
with increasing metamorphism. Black scale bar is 10 lm in all
photographs
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the possible presence of smectite. Therefore, a second
method normalizing the results calculated as above to
the total amount of mica and illite/smectite, including
the wt% of smectite layer in the total, such that when the
sum of illite layer plus mica = 100% the amount of
smectite layer is zero (Table 2).

Signi®cance of ages from mixtures
of dioctahedral phyllosilicates

From the results presented above it is clear that the
samples contain variable mixtures of detrital diocta-
hedral mica (= pure dioctahedral mica in the simula-
tion) and mixed-layer illite/smectite containing variable
amounts of illite layers (<100% I). For the most
highly metamorphosed samples the illite in the mixed
layers is indistinguishable from true mica. The
40Ar/39Ar apparent ages from these mixtures (Fig. 3)
most probably re¯ect various contributions from neo-
formed grains or subgrains formed during the low-

grade Alpine metamorphic event together with detrital
muscovites and/or phengites derived from the erosion
of Permian±Carboniferous granitic rocks (Frey et al.
1976). However, as micas entirely of detrital origin may
have undergone structural modi®cations during trans-
port, deposition, and/or early diagenesis (KuÈ bler 1984),
they may not be expected to yield simple 40Ar/39Ar age
spectra. The weakness of some 2M1 re¯ections may
indicate some lattice defects. Such defects could lead to
poorly retentive sites for argon and may be expected to
yield younger 40Ar/39Ar ages than Permian at low
laboratory temperatures (see also Dallmeyer and Ne-
ubauer 1994). The age of the illite layer in the illite/
smectite can be viewed as a continuum, re¯ecting the
time interval over which neoformation occurred
(Kirschner et al. 1996).

The apparent 40Ar/39Ar total fusion ages of all sam-
ples decrease as the amount of the illite layers in the
mixed-layer illite/smectite increase (Fig. 8). This relation
can be used to identify end-members of mixtures con-
sisting of detrital and neoformed mica and illite layers.
Figure 9 is a plot of 40Ar/39Ar total fusion age versus the
% neoformed illite content for the four least metamor-
phic samples, using the two methods described above.
As the curve ®tting the data very nearly approaches a
linear relationship (Fig. 9), a linear ®t has been used for
simplicity to obtain end-members. For the ®rst method
ignoring smectite, a linear regression (R2 = 0.992) yields
intercepts with 2r errors of 38�30ÿ54 and 300�55ÿ30 Ma for
100% neoformed and 100% detrital mica, respectively.
A linear regression using the second method considering
smectite results in a more precise ®t (R2= 0.999) with
intercepts at 27�11ÿ14 Ma and 295�10ÿ10 Ma. A mixing curve
calculated with these end-member ages agrees well with
®t obtained by the regression method (Fig. 9). These
end-member ages are also consistent with both geolog-
ical and biostratigraphic constraints for the low-grade
Alpine metamorphism of these rocks and the source
rock age for the detrital grains (Frey et al. 1976; Caron
et al. 1989; Badoux 1996; Escher et al. 1997; Burkhard
and Sommaruga in press). The simulated X-ray dif-
fraction data for the <2 lm fractions (see Jaboyedo�
and TheÂ lin 1996) for which no age data are currently
available show a similar trend in the percentage of
neoformed illite.

Model

In order to test the validity of the interpretation of a
mixture of neoformed illite layers of Tertiary age together
with detrital dioctahedral mica of Permo-Carboniferous
age, simulations of such mixtures have been calculated
(Fig. 10). Model 40Ar/39Ar age spectra have been calcu-
lated (Fig. 10) using a contribution of neoformed illite
formed at 27 Ma together with detrital dioctahedral mica
of variable age in order to replicate the measured argon
release characteristics (Fig. 4) and 40Ar/39Ar spectra
(Fig. 3) for the 2±6 lm size fractions. For these calcula-

Fig. 7a,b SEM photographs of: a detrital mica in the 6±20 lm size
fraction from the least metamorphic sample (332); b ``Rose''-shaped
illite/smectite aggregate observed in the 6±20 lm size fraction of
sample 367. This ``rose'' morphology demonstrates that a size fraction
is not only composed of discrete grains but also of aggregates
subdivided into grains and subgrains
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tions only ratios of detrital mica and illite layers are
considered. The neoformed illite layers are assumed to
have a constant age of 27 Ma and the detrital micas are
assumed to have maximum ages between 295 Ma and
330 Ma, which is consistent with what is observed in the
measured 40Ar/39Ar spectra (Fig. 3). Small di�erences in
the age of the detrital input are taken into consideration,
because detritalmica can also be considered amixture and
thus the age of the detrital mica can not be assumed
constant. For these calculations the detrital component is
assumed to become slightly younger with increasing
metamorphism. In any case small di�erences in the max-
imum age of the detrital input have little in¯uence on the
modeled results. The results of the model calculations
indicate that excellent agreement can be obtained between
the measured and calculated 40Ar/39Ar spectra with mix-
tures of neoformed illite layers and detrital micas
(Fig. 10). Moreover, the results of the model calculations

underscore two important empirical observations. First,
the range of temperatures overwhich 40Ar is released from
the detrital population becomes more restricted with in-
creasing metamorphism (Weaver et al. 1984). Second,
with increasing metamorphism the neoformed illite layers
degas at progressively higher temperatures, and samples
from the highest metamorphic grade degas at tempera-
tures similar to those for detrital micas.

Discussion

By investigating a single stratigraphic unit subjected to
varying degrees of low-grade metamorphism it is possi-
ble to focus on systematic changes in both mineralogy
and argon geochemistry resulting from this metamor-
phism (Clauer et al. 1995). In the size fractions investi-
gated, systematic changes of increased grain size, and

Table 2 XRD simulation results. Minerals in italics are assumed to be of detrital origin (Dimica dioctahedral mica, I/S illite/smectite, 2gly
2 layer ethylene glycol)

Sample Mineral %Illite layer
in I/S

Total %dimica
or illite layer
in I/S

Layer number
range

Defect free
distance

R(Reichweite)
and remarks

Wt% Wt% (illite
neoformed)/
(total Mica +
I/S)

Wt% (illite
neoformed)/
(total mica +
illite in I/S)

332 Glycolated
I/S-2gly 60% 2±12 0.5 11%

66% 15% 17%
I/S-2gly 70% 2±14 1 14%
Dimica 100% 2±14 28%
Dimica 100% 100% 1±70 21 43% 75% 83%
Dimica 100% 25±35 3%
Pyrophylite 2±14

345 Glycolated
I/S-2gly 80% 2±14 0.5 11%
I/S-2gly 85% 88% 5±20 1 16% 46% 50%
I/S-2gly 93% 7±25 1 27%
Dimica 100% 1±70 30 22%
Dimica 100% 100% 5±20 16% 46% 50%
Dimica 100% 1±100 70 d � 9:94 AÊ 8%

367 Glycolated
I/S-2gly 90% 8±20 1 52%

91% 63% 68%
I/S-2gly 95% 25±35 1 18%
Dimica 100% 1±70 30 5%
Dimica 100% 100% 5±20 16% 30% 32%
Dimica 100% 1±100 70 d � 9:94 AÊ 9%

253 Glycolated
I/S-2gly 97% 5±25 1 42%

97% 66% 67%
I/S-2gly 98% 20±40 1 26%
Dimica 100% 100% 1±100 45 32% 32% 33%

33 Glycolated
I/S-2gly 97% 50±70 di=9.95A 1 19%
I/S-2gly 99% 99% 20±40 1 37% 73% 74%
I/S-2gly 99% 60±80 di=9.95A 1 19%
Dimica 100% 100% 1±100 70 d � 9:94 AÊ 25% 26% 26%

26 Glycolated
I/S-2gly 97% 50±70 di=9.95A 1 31%
I/S-2gly 99% 99% 60±70 di=9.95A 1 26% 90% 92%
I/S-2gly 99% 20±40 1 36%
Dimica 100% 60±80 d � 9:94 AÊ 5%

100% 8% 8%
Dimica 100% 1±100 70 d � 9:94 AÊ 3%
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homogeneity in phyllosilicate morphology are observed
and can directly be correlated to progressive metamor-
phism. The measured and model 40Ar/39Ar step-heating
spectra, together with the X-ray di�raction data and
SEM observations are consistent with these progressive
changes in the mineralogy of the samples during pro-
grade incipient metamorphism.

This study clearly indicates that with progressive
metamorphism (from incipient to low-grade metamor-
phic conditions) detrital dioctahedral mica disappears
and yields to neoformed illite layers. The detrital mica,
perhaps partially destroyed during transport, may
readily transform altered layers directly into neoformed

mica. Evidence for this behavior is supported by the
argon degassing properties of the detrital component in
the modeled 40Ar/39Ar spectra (Fig. 10) in which detrital
mica degasses over a progressively narrower tempera-
ture interval and becomes slightly younger with in-
creased metamorphism. This could also be the result of a
progressive dissolution of detrital mica, beginning with
the smallest grains. The tendency toward a higher and
restricted range of laboratory temperatures for the
modeled release of argon from the neoformed illite lay-
ers in the illite/smectite is consistent with a progression
toward phengite, probably of 2M1 polytype, with in-
creasing (mid-anchizonal) metamorphism. From dia-
genesis to incipient metamorphism it is generally
accepted that the 1M or 1Md polytypes are the early
neoformed illite and are generally replaced by the 2M1

polytype (Lanson and Besson 1992; Gratho� and Moore
1996; Moore and Reynolds 1997). However, this evo-
lution is di�cult to establish in the presence of weath-
ered, detrital mica (Drits et al. 1993; Dalla Torre et al.
1994; Moore and Reynolds 1997).

The principal mechanism for neoformation of illite
layers in the studied rocks remains unclear; however, the
results provide the basis for some speculation. The ap-
pearance of neoformed mica-like layers and the disap-
pearance of detrital mica, together with distinct
morphological characteristics may be evidence for a
process of dissolution and reprecipitation. Such an in-
terpretation requires at least a process that is distinct
from the conclusions of Hunziker et al. (1986), who in-
voked a process of ``restructuration'' without recrystal-
lization in illites at similar metamorphic grades. They
concluded on the basis of stable and radiogenic isotope
data that ionic exchange in illites occurs along interlayer
positions, but that the silicon-oxygen bonds remained
intact. Our interpretation of short-range recrystalliza-
tion makes no restrictions about the silicon-oxygen
framework, which may remain intact but becomes re-
positioned during reprecipitation.

The reason for metastability of the detrital diocta-
hedral mica is not clear, but there are some data to in-
dicate that the illite layer, which is compositionally
distinct from phengite or muscovite (Meunier and Velde
1989; Srodon et al. 1992), may be easier to crystallize at
low-grade metamorphic conditions. The morphology of
the neoformed grains in the most metamorphic samples
is clearly distinct from that of detrital grains, yet some
record of older ages is preserved in these grains. This
may indicate that some small detrital grains acted as
nuclei for overgrowths of neoformed illite layers
(Whitney and Velde 1993). This point is supported by
the observation that cores of neoformed grains have, at
a qualitative level determined from energy dispersive
analysis with the SEM, similar concentrations of tita-
nium to that of the detrital grains. In addition, the
surface area and the ratio of the length over the width of
the phyllosilicates may play a role in the stability of the
detrital mica, such that preferential dissolution occurs in
the smallest sizes and progresses more slowly with the

Fig. 8 Plot of total fusion 40Ar/39Ar age versus the % illite layer in
the illite/smectite of the 2±6 lm size fraction. All illite is considered to
be neoformed. This relationship is non-linear because such a plot does
not consider the contribution of detrital mica or the wt% of the
neoformed illite layer

Fig. 9 Plot of total fusion 40Ar/39Ar age versus the wt% of
neoformed illite layer. This plot takes into consideration both detrital
mica and neoformed illite layers. Regression methods 1 and 2 are
described in the text. The calculated mixing age curve for end-member
ages of 27 and 295 Ma is also indicated
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largest detrital grains. Dissolution of detrital mica and
precipitation of illite is an attractive explanation for the
neoformation of some dioctahedral illite (Lanson and
Meunier 1995) because it permits loss of argon from the
micas. However, the process of dissolution and repreci-
pitation may occur in di�erent steps, either as over-

growths on preexisting mica or on illite/smectite or
through a series of intermediate steps involving precip-
itation of mixed-layer illite/smectite, solid state trans-
formation or short range recrystallization (Altaner and
Ylgang 1997; Moore and Reynolds 1997). The probable
metastability of illite does not change the previous dis-

Fig. 10 Model 40Ar/39Ar spec-
tra constructed from the pro-
portion of neoformed illite and
detrital mica layers obtained by
NewmodÓ simulations together
with the measured 40Ar/39Ar
total fusion ages and % 39Ar
released. The model 40Ar/39Ar
age spectra (shown in bold) are
obtained assuming a 27 Ma age
for the neoformed illite layers
and variable, but very similar
contributions of detrital mica.
The adjoining plots illustrate the
modeled amount of 40Ar re-
leased, originating from the
detrital and neoformed phyllo-
silicates (illite). Note the pro-
gressive increase in 40Ar
contributed by neoformed illite
with increasing metamorphism.
Note also that distinct labora-
tory degassing temperatures for
detrital and neoformed grains
are only observed at the lowest
metamorphic grade and with
increased metamorphism all
phyllosilicates degas in a single,
narrow temperature interval.
These tendencies indicate a
similar physical and chemical
behavior of the neoformed illite
and detrital mica at the highest
metamorphic grade. The scale is
given in relative %40Ar re-
leased. The contribution of
neoformed illite in sample 332 is
magni®ed 10 times in order to
illustrate its degassing tempera-
ture
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cussion (Essene and Peacor 1995, 1997). It is also pos-
sible to have some neoformed mica layers within detrital
micas that have undergone some alteration during
transport and early diagenesis or to have illite/smectite
with a detrital origin. However, these are small e�ects
and X-ray di�raction techniques can generally distin-
guish such contributions (Pevear 1992).

Concluding remarks

The extrapolated age of 27 Ma for the case of 100%
neoformed illite, which is interpreted as the age of
incipient metamorphism of the Couches Rouges strati-
graphic unit, agrees well with geological evidence. Tec-
tonic burial of the PreÂ alpes MeÂ dianes began around
47±40 Ma and thrusting onto the Molasse occurred at
least until �25 Ma. Moreover, these results are consis-
tent with the data of De Coulon (1990), who reported K/
Ar ages of�60 Ma for the <2 lm size fractions of white
mica from the Amselgrat klippe, which represents the
same stratigraphic unit but subjected to slightly greater
metamorphic conditions than samples 26 and 33 of this
study. These results can also be interpreted as mixtures
of detrital and neoformed phyllosilicates, with the in-
creased metamorphic conditions from the Amselgrat
being re¯ected in the younger total fusion ages.

Combining 40Ar/39Ar dating with X-ray di�raction
modeling techniques in low-grade metamorphic rocks
provides a useful tool for the timing of neoformation
and metamorphism of suitable samples up to conditions
of the diagenesis-anchizone transition. Beyond this limit
it is not possible to distinguish between neoformed
mixed-layer illite/smectite and detrital mica using con-
ventional X-ray techniques. Moreover, at metamorphic
conditions above anchizone the degassing properties of
the detrital and neoformed grains converge and a two
component mixture may yield a 40Ar/39Ar plateau age of
no geological signi®cance. However, for many rocks
metamorphosed at conditions of diagenesis to anchi-
zone, such as basinal settings where there is a measur-
able increase in metamorphism with depth, this
technique should be widely applicable.
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