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Abstract Six samples of a single carbonate-rich unit of
the Swiss Préalpes, progressively metamorghosed from
diagenesis to deep anchizone, yield *°Ar/*Ar spectra
with variably developed staircase patterns, consistent
with mixtures of detrital mica and neocrystallized
mixed-layer illite/smectite. The lowest temperature
heating steps for different size fractions (2-6 um and 6—
20 pm) 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 diffraction
patterns with Newmod® 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 “°Ar/*Ar 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 “°Ar/*’Ar age spectra constructed with the XRD
simulation results correspond well to the experimental
data and illustrate the changes in degassing properties of

M. Jaboyedoff - M.A. Cosca (D<)

Institut de Minéralogie, Université de Lausanne,
CH-1015 Lausanne, Switzerland

E-mail: mcosca@imp.unil.ch

Editorial responsibility: J. Hoefs

progressively metamorphosed mixtures of detrital mica
and neoformed illite.

Introduction

Isotopic dating of phyllosilicates in very low grade
metamorphic rocks by K/Ar or A1/ Ar 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 “°Ar/*Ar
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
effects 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 significance 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 um 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 um) yielded apparent ages younger than the
stratigraphic age. In a study of Jurassic sandstone off the
coast of Alabama, Thomas et al. (1993) report “°Ar/*’Ar
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
fine 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 Grathoff
and Moore (1996) combined K/Ar and X-ray diffraction
data from different 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 differing by less than 500 Ma. Pevear (1992)
obtained an illite age consistent with a calculated age for
its formation. In addition, artificial mixtures of mica
and illite/smectite yielded staircase “°’Ar/*’Ar 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 *°Ar/*’Ar spectra have been observed in
low- and high-grade regional metamorphic rocks and
have been interpreted as mixtures of different 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 **Ar/*’Ar
spectra, interpreted as mixtures of detrital Permo-Car-
boniferous and neoformed Tertiary phyllosilicates, with
modeled X-ray diffraction 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 Préalpes of Switzerland (Fig. 1) comprise a sequence of nappes
mainly consisting of carbonate and flysch of Triassic to Eocene age
(Baud and Septfontaine 1980; Triimpy 1980; Mosar 1989, 1991).
The Préalpes Médianes represents one of the major units of the
Préalpes, which was derived from carbonate platform rocks of the
Briangonnais and sub-Briangonnais domain (Baud and Septfont-
aine 1980; Triimpy 1980; Stampfli et al. 1998). The youngest sedi-
ments of the Préalpes Médianes are flysch of middle Eocene age
(~47 to ~40 Ma, Caron et al. 1989). Stratigraphically below the
flysch 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 Préalpes Médianes nappe se-
quence is described elsewhere (Mosar 1989, 1991; Sartori 1990;
Epard and Escher 1996; Escher et al. 1997). The tectonic burial of
the Préalpes Médianes 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 Préalpes Médianes 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 Préalpes Médianes, incipient metamorphism increases
from diagenesis to deep anchizone, as reflected by changing mineral
parageneses and illite crystallinity, with a general increase from
northwest to southeast (Baud 1987; Mosar 1988; Jaboyedoff and
Thélin 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 different locations within the Préalpes Médianes
(Fig. 1). The calcite content for all samples is 80-90 wt% (esti-
mated by weight loss upon dissolution of the carbonates, Jaboye-
doff and Thélin 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.

Different 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 HCI followed by
washing in distilled water (pH ~5.6). No significant effect on K/Ar
ages has been observed from acid dissolution experiments involving
phyllosilicate minerals (Clauer et al. 1993). The 2-6 ym and 6—
20 um size fractions were isolated by centrifugation to remove the
<2 pm 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 Mg?* using a 2 M MgCl, solution for at
least 24 hours, during which time the solution was changed twice.
After the MgCl, treatment the samples were thoroughly washed
with distilled water. One aliquot of sample 345 (1345) was also
prepared with no Mg>" saturation.

XRD

For each size fraction of every sample one oriented and one dis-
oriented powder specimen was prepared for X-ray diffraction
(XRD) analysis. The oriented specimen was prepared by sedi-
mentation of more than 2.5 mg/em® on a glass slide. The XRD
data were collected with a 185 mm radius Rigaku horizontal
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Fig. 1 Schematic tectonic and metamorphic map of the Swiss
Préalpes. The position of samples is indicated and numbers in
parentheses make reference to the corresponding sample number used
in Jaboyedoff and Thélin (1996)

powder diffractometer (Geigerflex) equipped with a rotating Cu
anode (Cu Ko radiation, nickel filter, 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° 20 in 1 second steps of 0.01°. Five XRD
diffractograms 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 reflections were determined using the
disoriented 2-6 pm 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 sufficient 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

Newmod® simulations the inherited micas have been simulated by
pure dioctahedral mica. This distinction is slightly different from
that of Jaboyedoff and Thélin (1996) but is not critical when
comparing the results. In order to determine the percentage of
neoformed illite layer in the samples the XRD diffractograms 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 effect on the shape of the background and do not interfere
with the mica or illite/smectite diffractograms. The program
Newmod® (Reynolds 1985; Reynolds and Reynolds 1996) was used
for the simulations and the best agreement between the measured
and modeled diffractograms was determined visually. Modeling
was only performed for the 2-6 um 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
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with time as peak positions migrate to the one water position and
the Scherrer width of the 10 A peak diminishes.

Using the hypothesis of two component mixed-layers, the main
criterion for accepting a modeled XRD diffractogram 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 diffractograms, good agreement must
be observed between the measured and simulated diffractograms
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 affect the shape of the measured diffractograms and are
therefore slightly different 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 Newmod
parameters (d-spacing dioctahedral mica = 9.98-9.94 A or 9.95 A
for the most metamorphic samples 33 and 26; dioctahedral smec-
tite-2 glycol layers = 16.9 A; dioctahedral smectite-2 water layers
= 15 A; dioctahedral smectite-1 water layer = 12.5 A) 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 defined as
containing 0.9 K and 0.1 Fe per (Si,Al);O( for dioctahedral mica
and 0.1 Fe per (Si,Al);0, for dioctahedral smectite. Because only
CuKa radiation was used for Newmod© simulations, the position
of the 3.33 A basal reflection 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 difference in molar weight between
dioctahedral smectite and dioctahedral illite. The molar weight for
illite/smectite (Mys) is given by:

O/OIXM]%*(lf%[)XMS (1)
100

where %1 is percentage of dioctahedral illite in the mixed layer, M,
is the molar weight of illite and M 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:

%]XM[
1% = — % 2
Wi 100><M[/S><W1/S ( )

Mys =

where w5 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

YOAr/*’ Ar measurements

The 2-6 pm and 6-20 pum 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
purified 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 flux 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 um fractions is about 0.30° A20 CuKa for
samples 26 and 33 and 0.50° A20 CuKa for sample 253,
assuming anchizone limits of 0.25 and 0.42° A20 CuKa
(Jaboyedoff and Thélin 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 difficult for
all samples because of weak reflections perhaps related
to structure degradation during transport, insufficient
disorientation in the powder preparations and/or the
occurrence of albite. However, all samples show reflec-
tions consistent with 2M; polytypes and only a few 1M
reflections 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 reflections. The d-spacing of the
060 reflection changes slightly with increasing meta-
morphism, ranging from 1.502 to 1.507 A, indicating a
more phengitic component.

“OAr/*’Ar geochronology

The “°Ar/*Ar data are given in Table 1 and ?resented as
age spectrum diagrams in Fig. 3. The *°Ar/*’Ar spectra
for the 2-6 um and the 6-20 um size fractions have
nearly identical staircase shapes (Fig. 30). With progres-
sive metamorphism the shape of the “°Ar/*Ar spectra
change from convex for the diagenetic samples to con-
cave for the anchizonal sam&;les with a corresponding
decrease in their integrated “°Ar/*Ar 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 first 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 flat part of the
“OAr/*°Ar spectrum corresponding to the high temper-
ature heating steps yields an age of approximately
330 Ma for the 2-6 um fraction and approximately
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Fig. 2 a X-ray diffractograms 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 diffractograms 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
A peak prohibits a precise distinction between neoformed and detrital
components (Table 2). The small peaks correspond to CuKp peaks (a
Ni filter is insufficient when intensities are high)

300 Ma for the 6-20 pm size fractions. The older age for
the smaller size fraction, together with the shape of the
YOAr/*Ar spectrum could indicate some *°Ar recoil.

However, in other investigations using separates of 2—
6 um size the *°Ar/*°Ar 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
P Ar loss due to recoil is about 5% (Dong et al. 1997;
Onstott et al. 1997), thus indicating that recoiled *°Ar is
probably redistributed within the mineral and effectively
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



BIN 7'69] = 9S® uoIsnj [ejo].

9T F S¥C 80°0 or'61 LS°0 LLT 70000 F 80200 S90°0 F Lbb'€ 0000 F 6100 2000 F €150 LO0 F IEL 0591
L0 F 99 110 09°€l 0L0 vL0 20000 F 80100  TSO0 F LO6'T 0000 F 9100 2000 F €£9°0 SO0 F Tre 0s€1
01 F ¥LSI 70 0116 e 9p'81  TO00°0 F 6LI00  $SO0 F ILTE 0000 F TTO0 9000 F S6LC S1°0 F 7998 00C1
vl F 61T LYo 0v"96 45" 88'97  T000'0 F LITO0 LSOO F OLV'E 2000 F 1200 8000 F ILI'E 8T°0 F 9¢°88 0011
€1 F $97¢C 750 0L'L6 €S LO'LT  TO00'0 F 86000 9S00 F 0L8'€E 1000 F $20°0 1100 F vL0Y 0r'0 F S8TII 0501
I'T F 8% 780 0€'86 or'L L89T  TO00'0 F LITOO 0900 F 651t 0000 F 8200 LEO0 F 8599 SO'T F 0081 0001
ST F €L 01’1 0€'86 S0l 8I'LT  TO00'0 F 09100  L90°0 F 10v'+ 1000 F 620°0 T°0°0 F T8°6 SS'1 F vIT9T 056
I'C F §8I¢C 0T'1 0€'L6 0611 LO'9T  TO00'0 F 8L20°0  190°0 F 0LS'V 1000 F LEOO 1S0°0 F 60L°01  8¥'1 F ¥0'L8CT 006
81 F TEIT LTl 01°56 v8 11 6€ST  €0000 F 6Lv00 6900 F 659 1000 F 0¥0°0 7SO0 F €59°0T €T F LTHST 0S8
1'T F $'L91 $6°0 0106 LLTT 0L'61  S000°0 F 88L0°0 1600 F 8L9°S 1000 F 6£0°0 €50°0 F 68501 65’1 F OF'I€C 008
€1 F Ll ¥9°0 0L€8 (AR 6LY1  S000°0 F LTLO0  LLOO F 86L'S 1000 F 8£0°0 1£0°0 F S0€°L 8¥°0 F 80°6C1 0SL
€1 F 1601 8€°0 0F'TL €0°S T9TI  €0000 F ISLOO  SLOO F 1609 1000 F €£0°0 S10°0 F LTSH vE0 F €8°8L 00L
81 F T 170 06°1S (433 7901 0000 F [1010  L600 F v0T'L 0000 F 6£0°0 TI0°0 F 886C LTO F TO'19 SL9
61 F 968 €10 006 L6'T [€01  €0000 F 65900  ¥L0'0 F 8989 0000 F 8€0°0 9000 F 89L1 €10 F TI'LE 059
61 F 618 €1°0 0T 6% L0C 0101 +000°0 F LL900 LSOO F I8FL 0000 F 0%0°0 8000 F S98'I pI'0 F TTSE $79
VT F S°€6 110 0F'S¥ 50T 9L'01  +000°0 F 87800  9L0°0 F LSL'S 1000 F S¥0°0 6000 F I¥81 €0 F sSep 009
e F €16 600 009¢ 96'1 IS0T #0000 F I¥IT°0 9600 F 96£°01 1000 F €500 0100 F S9L'I SH'0 F 8IS SLS
v'8 F LSS 60°0 0S'+¢C 6L'1 0T0T L0000 F €EL1°0  SEI'0 F 6L6'8 1000 F 8400 8200 F 1191 PL'O F 68°99 0SS
601 F 0'8L Tro 0T61 6’1 768 60000 F ¥¥TC0 6800 F ICEL 1000 F 0v0°0 P00 F ISL'1 SI'T F LET18 443
$91 F 6001 0€°0 06'€T 88'S P9Il LEO00 F 9¥99°0  11€0 F 6706 $00°0 F ¥80°0 L9T0 F TET'S 09 F LTLST 00$
SW 806y = MM 1%S°0 F #6v00°0=[ (W 9-7) s
BIN 9°¢S7 = 98 uoisnj [B10 ],

€1 F Toh 81°0 099¢ 90'1 LSS €000°0 F L6200 1900 F 9S+'C 0000 F LI100 €00°0 F 0680 LO0 F €5°€l 0591
S0 F Lyl ST0 08'C€¢ 9¢'1 $9'1 20000 F LEIOO  1SO0 F SHET 0000 F S10°0 2000 F vPI1 900 F tL'S 0S€T
'l F 1'STC TLo 0L'v6 61 9L'9C  TO00'0 F L8I0O  1SO°0 F T6V'C 0000 F 6100 9000 F ¥TS'€ LTO F 0966 00C1
91 F t'L0¢€ €L°0 0v'L6 167 TPLE  TO00'0 F LPIOO  SSO'0 F ¥L8T 1000 F 7200 TI00 F 0€l'¥ 970 F T9'8S1 0011
'€ F $°60¢€ SI'1 09'86 €9°L 0L'LE  TO000 F STIO0  #S0°0 F 1S8°C 0000 F 9200 8€0°0 F LI+'9 SE'T F LESHT 0501
61 F ¥'8C¢ 6T'1 08°86 Trot TTOF  TO00'0 F ¥FI00 €500 F SLEE 1000 F 920°0 120°0 F SIS'8 76'0 F 0F'9¥¢ 0001
I'T F Ceee L9'1 08'86 $6°CI 98°0  TO00'0 F 06100  #S0'0 F 9T€€ 1000 F €£0°0 LT00 F 16801 681 F #€0St 056
L'l F 81T or'1 0L'L6 S8°11 TE6E TO00'0 F STEO0  #S0'0 F €T9°€ 1000 F 1£0°0 6£0°0 F L96°6 €8°0 F TT10P 006
61 F 9°L6T 1 06'S6 v101 €19€  TO00'0 F 19¥00  950°0 F LEG'E 1000 F €£0°0 1€0°0 F 6TS°8 §9°0 F TrITE 058
LT F €T 98°0 07°€6 0L'8 LY'6T  €000°0 F S¥S00  $90°0 F 6TEY 1000 F 0£0°0 §€0°0 F 9I¢L 9’1 F 6T 1€C 008
81 F LH0C 85°0 08'68 89°S 61vT  €000°0 F LSPO0  TLOO F vITH $00°0 F 0£0°0 1200 F 9LLY §S°0 F L9°8TI 0SL
€1 F TS8l €0 0F'S8 68°€ 8L°1T  €000°0 F STHO'0 1900 F 9¥6F 0000 F 6200 6000 F vLT'E 970 F Tr'€8 00L
LT F LI 170 00°€L §S°C I1°0Z  €000°0 F TSSO0  $90°0 F €0€°S 0000 F T€00 9000 F LP1T 61°0 F TO6S SL9
L'T F €651 €10 0£°89 6’1 6581 €000°0 F 96¥0°0 6900 F LOS'9 2000 F LEOO S000 F 1491 PO F LSt 059
ST F 8¥S1 110 00CL €51 vO'8T  €000°0 F ITE00  S90°0 F LTI'9 1000 F 200 $000 F 68’1 600 F 61°TE §79
91 F 8651 110 OLEL Ll §981  €000°0 F THEO0  TY00 F £0S°9 0000 F ¥£0°0 S00°0 F Shi'l 0T0 F 9¥°9¢ 009
I'T F 6051 600 06'0L Sl LS'LT  TO000 F €1€0°0 1900 F 589 0000 F LEOO L00°0 F 91T'1 070 F T0°0¢ SLS
VT F 06Tl 600 059 ve'l €61 €000°0 F 6CE0°0 8900 F £8F9 0000 F ¥£0°0 6000 F LTI'I TT0 F 66'ST 0SS
0¢ F €001 €1°0 0€°€S 0T’ ISTT 20000 F €500 L80'0 F 868°€ 0000 F TTO0 1100 F 900'1 1€0 F 69'1¢C 443
1'9 F TTC $9°0 05°0S LL'S ITvT L0000 F 6LTC0  TTI'0 F S6LE 2000 F 0500 SOI'0 F 9S8°F 8T F 95°SEl 00S
Sw gGy = IM 1%G°0 F S96v00°0=[ (Wi 9-7) TeE

sspowr O X sspowr O X sspowr O X sopow 01 X soour, (1 X
oTF By B V% V% IV oIV, V¢ V¢ Ve IV 6¢ Wop Do) L

98

ONEI 1V, /1Y, 9} WOIJ PIB[NO[Ed BD/ "UONBUIULIOSIP SSBl
pue uogie Jo sadojost SULIQJIAIUI ‘ABOOP QATIOROIPEI ‘SYUB[Q J0J P)oa110d BIEP 2d0JOSI [V "S9IBIIUIOUOD BIIW )IYM UO mEoEco X0 Suneay dois 1y /1y, JOJ eIep [edNA[euy I dqe],



99

BN T'8CI = 95e uoisny [eJoL

01 F 91¥ 65°L1 0Tty ¥S°0 69t #0000 F €110°0 €€0°0 F S10°0 1000 F +00°0 €00°0 F 8150 010 F LLS 0591
v0 F 1€ 18tP1 0£'99 9%°0 09°C €000°0 F 0200°0 820°0 T 20070 0000 F 100°0 7000 F Ly 0 900 F SL'1 0S€1
ST F 6¥1C L6'IS 09'96 e LY'ST #0000 F $900°0 1700 F 120°0 0000 F 2000 L00°0 F 1¥1°C 97'0 F LV'9S 0021
61 F 069 20°CE 00'86 9 8€'TE 0000 F 960070 0£0°0 F 690°0 1000 F S00°0 100 F LOSH €L°0 F TETHI 0011
Tl F $0IT ¥$'€9 06°L6 sl 16%C  $000°0 F $L20°0 0£0°0 F 611°0 2000 F L10°0 6£0°0 F ¢88FI  0L'0 F 68'8LE 0001
80 F ¥'Spl 4% 01°66 749 0691  S000°0 F LEVOO 7€0°0 F 61T°0 1000 F 2200 €€0°0 F 008FI  OI'T F 11°€9¢C 006
01 F 9111 1L°62 00°06 L6'LT 98°CI  S000°0 F 8£80°0 LEOO F 86T°0 1000 F L10°0 $90°0 F THELI SL'O F S8LYT 0S8
60 F L'L6 LY91 0€°6L 99°G1 ITIT 90000 F ¥6¥1°0 00 F 891°0 1000 F 92070 6¥0°0 F III'ST  CTI'l F 8S°€IC 008
I'l F 888 $8°01 0L°SL S$'8 9101  S0000 F 11600 %00 F 88€°0 1000 F 8000 8€0°0 F SST'S 950 F 6L°011 0SL
60 F 998 89 09°€L 8¢'Y 06'6 S000°0 F L0SO0 8€0°0 T TEC0 200°0 F L00°0 1100 F 2Ty LTO F LLOS 00L
0T F 808 667 0279 ve'T 76 S000°0 F 8T¥0°0 ¥€0°0 F 1€T°0 0000 F S00°0 900°0 F 09T°C €1'0 F 0S°€€ SL9
I'l F08L 19°S 0979 SLT 06'8 S000°0 F 6700 6£0°0 F THTO 1000 F 800°0 100 F 859°C 910 F 99°9¢ 059
I'T F LSL She 09°€9 61°C 86'8 S000°0 F 69£0°0 LEOO F €I€0 0000 F 900°0 8000 F €11°C SI'0 F 98°6C $T9
v F LLL €9°¢ 08°8S ¥9'1 L8'8 S000°0 F £€£0°0 9¢0°0 F TTTO0 0000 F S00°0 800°0 F 08S'I LT'0 F S$°€T 009
I'C F 6€L 69°'¢ 0T 6% STl '8 S000°0 F LTEO00 9¢0'0 F €S1°0 0000 F +00°0 8000 T LOT'I 120 F L6'81 GLS
8€ F 6'L8 9L'1 0l'vt €9°0 9001  S000°0 F $920°0 8200 F LLIO 0000 F 000 6000 F C19°0 070 F 96°€1 0SS
v'EF ILL 96°1 08¢ LS0 6L'8 S000°0 F SO0£0°0 1€0°0 F 8L1°0 0000 F 2000 9000 F S¥S0 €10 F 6L€1 TS
L'S F SIS 6£C 08'CC €Le €8S 01000 F 60¥T0 6¥0°0 F 0LL0 1000 F L10°0 1€0°0 F 009°€ 68°0 F ¥1'76 00S

SW LI = M %60 F S96v00°0=( (wr 9-7) £19¢
BN T°L9] = 93® uoIsnj [ejoJ,
ST T 98C 920 0792 0t'0 €T 90000 F £600°0 8€0°0 T LLSO 0000 F S00°0 #00°0 F 66270 LT'0 F 89°¢ 0591
L0 F 96 0r'0 01°€T 91°0 80°1 T000°0 F S100°0 0100 F SST°0 0000 F 1000 1000 F 121°0 $0'0 F LSO 0S€1
T1F TLEL STl 0068 €T 86'ST L0000 F TTIO0 ¥%0°0 F 0080 1000 ¥ 8000 S00°0 F 1081 LTO F €€TE 0021
L'l F 81T SS'l 01'96 It'¢ LY'9T 80000 F ¥600°0 LV0'0 F 1€8°0 1000 F 010°0 €100 F 8TST 1€0 F ¥9°69 0011
€1 F 60€T 61°C 0v'L6 S0°S T9°LT 80000 F $600°0 L¥0'0 F TLSO 1000 F 010°0 0100 F €bL€ 0€°0 F #1901 0501
61 F 1612 LEE 01°'86 L98 19T L0000 F €110°0 900 F €L6°0 1000 F 110°0 €200 T T€K'9 0T T 6T 1LT 0001
07 F L'9T 6 Y 00°86 YT11 60°LT 80000 F 79100 8700 F 16670 1000 F 61070 ¥€0°0 F LEE'S LET F 65°0€T 056
81 F L'€TT 09t 01°96 €Il 0L°9C 80000 F #0£0°0 LP0'0 F S16°0 1000 F L10°0 9¢0'0 F +ST'8 67T F ¥E€6TC 006
€T F 6661 S¢S 0’6 SLTl IL€T  6000°0 F 0£90°0 7S0°0 F 2060 1000 F LTO0 1S0°0 F ¥St'6 9€'T F vLTHT 0S8
0T F 6091 LS°E 0T'+8 6111 L881 60000 F 86600 1S0°0 F S8T'T 1000 F 81070 0r0°0 F L6T'S Y1 F €0981 008
L'T F 90Tl 85T 08°CL L8L 66€T 01000 F $€01°0 ¥S0°0 F 9ST'1 1000 F 0200 LEO'O F 9€8°S 69°0 F SI'CII 0SL
ST F ¥0I1 ¥9°'1 0565 61°¢S LLTL 01000 F LEITO 950°0 F 661°1 1000 F 91070 0£0°0 F TS8'€ 690 F 0L°T8 00L
' F 166 SLO or'1s 01¢ P11 80000 F 08S0°0 6¥0°0 F L90'1 1000 F 600°0 7100 F 195°1 670 T 687¢ L9
07 F I'S8 68°0 0L'1S ¥S$'T LL'6 60000 F #8500 8S0°0 T S80I 1000 F 6000 7100 F S88'1 620 F 19°S€ 059
91 F 668 Lo 00'9S 9¢°1 PEOL 80000 F 8LT0°0 700 F LILO 1000 F 90070 L00°0 F S00'T ¥T'0 F 9581 $79
0T F L'T6 €Tl 09°8S €0C 9901 01000 F #8€0°0 8S0°0 T 129°0 1000 F #00°0 6000 T Z0S'I €€°0 T TE'LT 009
LT T LES LS'1 0TS L6'1 09°6 11000 F 10v0°0 8500 T €L¥0 1000 F 900°0 ¥10°0 F 8St'1 SP'0 F I8°ST SLS
TEF LTS 0S¢ 0¢’1S Se'1 6v'6 80000 F 90£0°0 0v0°0 F 9¥1°0 1000 F €000 7100 F 100°1 0’0 F €581 0SS
€Y F L638 91’9 06°€S YL 1€°01 L0000 F 98€0°0 €€0°0 F LOI0 1000 F S00°0 €200 F 16C1 650 F IL¥T TS
T8 F SSTl 091 0S°€S L LS #1000 F 69€T°0 8L0°0 F ¥SL'1 1000 F S€0°0 LLTO F TIS°S 61'S F 0T0S1 00S

Sw ZIgE = M %S0 F ¢h6100°0=[ (wr 9-7) qSpel



100

.mz w.mh — 28e Eo_mﬂc ?.HO,H
ST F $P9 81°0 0¢¢E 90°0 8¢L T000°0 F 95000 1S0°0 F S0€'0 00000 F 2000 2000 F OI1°0 LO0 F SPT 0S91
T1 F 6091 ob'1 0$°26 01°0 6881 T000'0 F 60000 €L0°0 F 1900 0000 F 1000 7000 F 691°0 SO0 F SP¢ 0S€1
T1F 0191 Iyl 09°86 9¢°1 ¢8'81 0000 F ¥200°0 LPO'0 F L60°0 0000 F +00°0 0100 F T89°C 61°0 F 6TIS 00Z1
80 F I'IEI PIvE 08'86 e €TST  TO00'0 F SE00°0 9%0'0 F €80°0 0000 F L00°0 G100 F TES'S 97’0 F £€°68 0011
90 F €001 98'56 06'86 81'8 SSIT TO00'0 F 79000 SP0'0 F SLO0 1000 F 91070 LEOO F TEOPI €70 F SOP91 0S01
90 F TI8 I8 0L'86 98°81 0€'6 70000 F I€10°0 ¥S0°0 F 961°0 2000 F €£0°0 SOI'0 F TLETE  LL'O F 00°SOE 0001
S0 F €0L 0T¢L 0b'86 80t €08 70000 F LLIOO TS0°0 F 88T0 €000 F 9v0°0 001°0 F LTE 1Y TP F pELEE 056
v0 T 1°€9 8°6L 0T'86 0L'81 61°L 20000 F TH10°0 0S0°0 F S0T0  TO0'0 F €400 0L0°0 F 160CE 650 F LI'SET 006
S0 F S°6S 0b'sT 0L°L6 L6'TI 8L°9 70000 F €110°0 850°0 F €I¥'0 000 F STO0 9600 F 9¥S'0CT  09°0 F 99°THI 0S8
0 F 1'SS veL 0$°96 88°S 979 70000 F 6L00°0 $90°0 F TOL0 10000 F CI00 120°0 F 66001 STO0 F 7959 008
90 F LIS 8¢T 06'C6 ¥$'T 88°S 70000 T 6900°0 890°0 F S€6'0 1000 F 11070 TT0°0 F L9ET 61°0 F 99°LT 0SL
90 F S'LY 0S'1 0r'IL LO'T 6€°S 70000 F LETIOO 190°0 F 2290 00000 F 90070 L00°0 F T1€8°1 80°0 F 88°¢I 00L
81 F 0'6b 1L°0 00¥¢ LS0 95°¢ 70000 F 79€0°0 1900 F €1L°0 00000 F S00°0 S00°0 T 98670 010 F €191 L9
€T F VIS SH0 06T 6£°0 ¥8'S T000°0 F STEO0 790°0 F SLL'O 00000 F S00°0 $00°0 F 9.9°0 600 F 0S°€I 059
9T F 80 €9°0 0b ¢ 8%°0 LLS 20000 F 60£0°0 1900 F £99°0 00000 F S00°0 €000 F STS0 80°0 F 98°¢I $79
0T F I'SS 89°0 0€°s¢€ 9t°0 LT9 €000°0 F 01£0°0 €90°0 F €650 0000 F ¥00°0 $00°0 F €6L°0 010 F LOVI 009
'€ F O 790 0L°TT 0t'0 vT's €000°0 F LIY00 LSOO F $9S°0 00000 F S00°0 #00°0 F 889°0 11°0 F 68°S1 SLS
6S F I’k €70 0Tl €70 88'Y £000°0 F #9800 L90°0 F €80 00000 F 8000 L00'0 F LELO L0 F LO6T 0SS
90l F 9°€S 6£°0 06’8 LEO 01’9 S000°0 F SPET°0 0L0°0 F LT80 1000 F 8000 9000 F LE90 8T°0 F 9S'€h 549
L'EE F SOpI 8%°0 0€'8 $9°0 9¢91 61000 F L¥890 180°0 F 00T 10070 F 0200 6100 F TTI'1 L8°0 F 790 00S
Sw 670'¢ = M %60 F S6v000 = [ (W 9-7) 9T

NE h.h: — 23e qumﬂd 130,.—..
81 F TSh 000 0$°6C 0€°0 €I T000°0 F 9010°0 0000 F 00000 0000 F 2000 200°0 F SST0 LOO F S 0591
80 F L'9T 000 0L'6¥ 0€°0 20°¢ 70000 T LT000 0000 F 0000 0000 F 1000 1000 F 65T°0 SO0 F LS'I 0S€<l
60 F 8791 000 0T°S6 €Ll 01’61 TO00'0 F 84000 0000 F 0000 0000 F 2000 €000 T ILVI I1°0 F ¥S°6C 0021
I'l F 6TL1 000 06°L6 19°¢ ¥€0T  TO00'0 F 9v00°0 0000 F 0000 1000 F €000 800°0 F TLOE 120 F 98°€9 0011
T1 F 19LI 0070 09°86 69°S €L°0T  T0000 F LF000 0000 F 0000 1000 F L000 9100 F €¥8¥ TT0 F 8101 0S01
01 F 6051 00°0 09°86 [AN1| SOLT  TO000 F LLOOO 0000 F 0000 1000 F L10°0 8200 F 65¥°6 85°0 F 0€°691 0001
01 F 0°6C1 000 05°86 19°L1 661 TO000 F #1100 0000 F 0000  TO0'0 F 0£0°0 LSOO F 986'H1 €8°0 F 11'8TC 056
L0 F ¥ICl S0°09¢ 06'L6 SH0T 80'F1  TO00'0 F ¥LI00 TLO0 F STO0 2000 F 9200 8€0°0 T YOV LI 68°0 F TE€0ST 006
90 F S'L6 11°6S 0€°96 08°LI €T TO00'0 F 81200 990°0 F I€1°0 1000 F L10°0 6£0°0 F SPI'SI €5°0 F 19°9L1 0S8
80 F 188 65°LT 09°C6 8! ZI0T TO00'0 F #9200 7SO0 F SL1°0 1000 F S10°0 LTO0 F $£9°6 SS°0 F LESOT 008
60 F v'+8 oL's 0T'S8 LTE 69°6 70000 F SSI10°0 TS0°0 F IFT0 00000 F S00°0 S100 T S69°C €1°0 F L9°0S 0SL
T1F SEL 66'¢ 0L+9 €81 1+'8 70000 F €400 7500 F 661°0 0000 F 2000 9000 F 6SS°1 €1°0 F 8T0C 00L
STF6TL SLT 08°0% 780 ¥€'8 20000 F 9820°0 LYO'0 F 0ST°0 00000 F 2000 S00°0 T $69°0 110 F LTI L9
0€ F 90L €61 01°6C Il L08 £000°0 F 8790°0 ¥S0°0 F 6¥T0 00000 F $00°0 €000 F 1670 81°0 F ¥1'9¢ 059
6T F 1’19 1670 00'8C 69°0 L69 70000 F 9S€0°0 6¥0°0 F 0€€°0 00000 F €000 #00°0 F 985°0 80°0 F 651 $79
YT F €09 601 01°CE ¥$°0 L 70000 F ¥€20°0 SPO'0 F ¥IT0 00000 F 20070 2000 F 8S+°0 80°0 F SI'0I 009
SEFLIL SI'1 00°0¢€ ¥T'0 0T'8 70000 F €€10°0 LEO'O F 0600 0000 F 10070 200°0 F +0T0 900 F 65°S SLS
I't T +98 17T 09°6C 110 066 10000 F LLOO0 €€0°0 F 2200 0000 F 1000 1000 F L60°0 ¥0'0 T €T°€ 0SS
I'L F +'L8 €0 0042 6070 0°0L 10000 F 180070 STO'0 F 1T1°0 0000 F 10070 1000 F 9L0°0 ¥00 F SI°€ STs
0t F 865 6¢°1 0$°$T 81 189 €000°0 F L¥80°0 SS0°0 F 19%°0 0000 F 9000 €10°0 F 9ST'1 STO0 F SS¢E 00S
SW G/9°¢ = M 1960 F SH6r000 = [ (wrt 9-7) €6¢

sojouwr ., 0T X sajowr | _0f X sajowr | _0f X sajowr | _0f X sofour,, 01 X

O F 98y e V% V% Ve oIV, IV v, IV IV, W, (o)L

(‘pyuod) 1 dqe],



101

BIN 7°SST = 93e uoisnj [BJO],

oo = —
—_Ol A = A — == O —

HHHHHHHHHHHHHHHHHHHH

F
F
H_H
F
F

HHHHHHHHHHHHHHH

90vl
6091
L'L8C
P ole

6°LTC
8661
Svol
0¢8I
€81
8'CLI
L'L9T
9°9¢1
6vrl
['S6

EYL

000
€C'8C
000
000
000
86'¢

170
19°0

o3e uorsny [e10],

Yy
VoL
L10¢
[V
yll
L06
108
8'¢L
14729
0°¢S
<19
LSS
09
I'LS
4%
(129
L'1S
9°L9
9°08
6 1L1

o
61°0
$8'¢
L
66'61
€081
1Ly
89°9¢
6C°CC
68°6
19°¢
0Ll
(40!
0’1
60°1
¥6°0
S6°0
080
80
LT'1

89°61
ce8l
6891
Y601
6’8

£000°0
<0000
<0000
<0000
<000°0
<0000
<000°0
£000°0
<000°0
<000°0
<0000
<0000
<0000
20000
<000°0
£000°0
<0000
£000°0
£000°0
11000

1000°0
1000°0
2000°0
<0000
<0000
2000°0
<000°0
<0000
£000°0
<0000
20000
£000°0
<0000
<0000
<0000
£000°0
€000°0
¥000°0
L000°0
6£00°0

HHHHHHHHHHHHHHHHHHH A

HHHHHHHHHHHHHAHHHHHHH

9L¥0°0
0ST10°0
£9¢0°0
1600°0
§€00°0
8000°0
L0000
6050°0
9r€0°0
6vr0°0
£6£0°0
01S0°0
06¥0°0
£9¢0°0
800
[42300)
9¢€0°0
8910°0
6890°0
SI8Y0

8100°0
£000°0
$500°0
1L00°0
8C10°0
12200
Sye00
8¢€0°0
(48300
0€10°0
0910°0
690°0
08200
P£€0°0
£0€0°0
0L£0°0
6v90°0
£060°0
9¢e10
0€99°0

HHHHHHHHHHHHHHHHHHHH

HHHHHHHHHHHHHHHHHHHH

HHHHHHHHHHHHHHHHHHHH

HHHHHHHHHHHHHHHHHHHH

¥00°0
¥00°0
§00°0
L00°0
L10°0

SW 688'% = 1M 1960 F 64000

¥¥0°0

HHHHHHHHHHHHHHHHHHHH

HHHHHHHHHHHHHHHHHHHH

9ev’1

o6v°1

€00
00
91°0
€e0
¥8°0
611
96°0
891
8¢'1
9¢°0
cro
90°0
10
80°0
1o
91°0
10
6C°0
61°0
86T

H_H
F
F
H_H
F
F
F
F
H_H
F
F
H_H
F
H—H
F
F
F
F
H_H
F

HHHHHHHHHHHHHHHHHHHH

a9

00¢

= [ (wr 0z-9) ¢¢

8¢'C
811
¥6°9¢
LY'S6
YLIT
elviy
0rsey
£8°80¢
1€°991
0299
9L°8C
9¢°1¢
8¢°CI
148!

€0°9CC

0591
0s€l
00C1
0011
0501
0001
056
006
0S8
008
0SL
00L
SL9
0S9
Sa9
009
SLS
0S¢
949
00S

M 1670 F p6v000 = [ (W 9-7) ¢¢



102

BIN m.o- — o3e uoisnj [ejoJ,
ST F 6101 11°0 0S°Ty 870 60T TO000 F €£520°0 SLOO T €91°C 1000 ¥ S10°0 €000 F 8¥¥°0 S0°0 F 69°CI 0591
90 F LS9 o 09'vL 6v°0 0SL 2000°0 F 1L00°0 6500 F 8081 1000 F 1100 T00°0 F 89L°0 €0°0 F OL'L 0S€1
I'l F 66£C 0L°0 0T°L6 sTT vL'8T 70000 F SOT0°0 8L0°0 F 9LSC 1000 F 1200 L00'0 F 9¥S€ 8T°0 F LLYOT 0021
81 F §LLT 8¢°0 0€°L6 8¢'1 €9°€€  T000°0 F L0000 9L0°0 F 876C 1000 F 0200 9000 F TS1'C €€°0 F 6€SL 0011
YT F TT9C 170 09°L6 SL1 19°1€  T000°0 F 18000 8800 F 61¥°¢ 1000 F STO0 S100 F 09L°C €9°0 F 1£°68 0501
81 T 9°¢€T 89°0 06°L6 S0°¢ T6'LT 70000 F 801070 9L0°0 F T09°€ 1000 F 920°0 0200 T 808+ ¥9°0 T IT°LET 0001
Y1 F LP81 0S'1 0or'L6 €19 8L°1T  TO000 F S610°0 vLO'0 F 1STE 1000 F €00 8€0°0 F 659°6 LL'O F 88°SIT 0$6
80 F I'ICI 65T 09°56 9Tl TTST €000°0 F SLPOO 0L0°0 F +98°€ 2000 F 1S0°0 7900 F TH96I  vO'T F LYTIE 006
01 T 6L6 95°¢ 0026 6981 LTIT 0000 F $860°0 080°0 F 87T €000 F ¥90°0 W0 F LOY6T  YTT F 90°19€ 0S8
I'l FTLS SLT 0€°88 95°G1 0001 S000°0 F IIT11°0 7800 F 8FSH Z00°0 F 0S0°0 8F1°0 F 8€SHC 65T F ¥0'8LT 008
L0 F 018 ¥9'1 08'+8 6001 876 £000°0 F L0600 9L0°0 F 6£6F 1000 F 8€0°0 SS0°0 F SI6ST  SS°0 F 8I'HLI 0SL
I'T F 9¢L $8°0 0S°C8 979 ws #0000 F 11900 6800 F 126°S 1000 F 1¥0°0 €500 F 698°6 L9°0 F 0,001 00L
80 F 60L wo 08°6L LT 0r's €000°0 F TI£00 €LO0 F LETS 1000 F 8€0°0 6100 F S6TF €70 F 65°Ch L9
I'l F L69 ST0 ObvL 16°1 96°'L €000°0 F S620°0 ¥80°0 F LOT9 7000 F 8€0°0 S10°0 F 800°€ ¥T0 F S1°TE 059
T1F 0L 1€°0 0r'89 90°¢ 008 ¥000°0 F #290°0 YTI'0 F 868°L 000 F €500 €200 F 0€8F 8Y°0 F LP'9S §79
61T F $°69 ST0 06°09 L9T €6'L S000°0 F 8%L0°0 €IT°0 T THL'S 1000 F TS0'0 8€0°0 T €IT¥ 6£0 F T8HS 009
YT F 19 0 06'8Y 9 669 $000°0 F T060°0 8ST°0 F LII'S 1000 F L¥00 SE0°0 F 0LS°€E 8S°0 F S6°0S LS
'S F S6b 81°0 06'+€ wl 96 S000°0 F 8L60°0 1010 F 1LS°L 1000 F €700 S€0°0 F LOLT 690 F €5°¢h 0SS
Ve F €LS 620 08°6€ 91 759 S000°0 F $980°0 1600 F SES+ 1000 F 8200 S€0°0 T 09S°C 60 F 06’1 943
001 F ¥TTl 66°0 o'y €9°¢ 8I'F1  TTOO'0 F I¥ISO 9L1°0 F 095+ €000 F 990°0 0ZE0 F 888 IS'L F TSLIT 005
SW LISy = M (%60 F $6+000=( (Wl 0z-9) L9¢

BIN €091 = o3e Coﬂwﬂm [eioL
T F 87101 11°0 09°6€ 19°0 9L Il €000°0 F $I€0°0 ¥90°0 F LOY'T 1000 F S10°0 7000 F 80S°0 LO0 F ¥0'ST 0591
60 F 6€L 120 0£°€9 ¥0'1 878 20000 F 61070 0S0°0 F LTI'T 1000 F ¥10°0 7000 F 198°0 90°0 F TS'II 0s€l
€1 F €06l 6C1 0Lv6 vhL $$TT  TO000 F 1LT0°0 LSOO F SEF'T 1000 F 6100 ST00 T ¥rI'9 190 F SE9¥I 00T1
1 F 601 vT'1 0L°L6 19°9 €1'ST  TO00'0 F €110°0 S0°0 F 0VTT 1000 F 1200 020°0 F 09t°S 0F'0 F LEOVI 0011
V1 F TIIC 160 0T'86 ob's 91'ST 70000 F 8L000 SS0°0 F $8PT $00°0 F 0200 S10°0 F 09%'F 95°0 F €EPIT 0501
L'T F 6661 96°0 01°86 S8 YLET  T000'0 F €800°0 850°0 F 89S°C 1000 F 6100 0200 F TE8V YLO F 96911 0001
91 F 80T 171 01°86 97’8 9€PT 20000 F 811070 G500 F €88°C 1000 F 6100 870°0 F 7789 1L°0 F 8691 056
61 F 01T Pel 00°L6 L6'6 80°ST  T0000 F 9200 1900 F LTI°E 1000 T 8200 0v0'0 T 87T'8 UL F 08°TIT 006
TT F 6°€61 8¢l 08'v6 8P 11 00°€T  €000°0 F 100 890°0 F S6F°€ 2000 F 9€0°0 8700 F 8LV'6 S6'1 F L86TT 058
8T F 9651 vT'1 0206 ¥$°01 SL'ST 0000 F 1190°0 LSOO F €LSE 2000 F 0£0°0 9%0'0 F SOL'S ¥0'T F 86081 008
81 F 0Tl SL0 08'+8 0¢'L YL €000°0 F 6£50°0 6900 T 1T 1000 F 920°0 LEOO T STO9 090 F 64°C01 0SL
€1 F 'L 0S°0 06°6L 0TS L8TL  £000°0 F I8¥0°0 LSOO F 90b 1000 F 0£0°0 6100 F €6TF 1€0 F 01°69 00L
ST F 086 70 0S°0L 65T TETIL €000°0 F $S€0°0 1800 F ¥S8+ 1000 F 920°0 1100 F SE1°T €70 F €T¥E L9
91 F 96 12°0 01°19 ¥S'T 89°01  £000°0 F ¥6¥0°0 €L0°0 F 0L0°S 0000 F LT00 1100 F ¥60°C 81'0 F £5°9¢ 059
0T F L8 81°0 00°LS 61°C 01’01 €000°0 F 8L¥00 SLOO F +91°S 0000 F 6200 0100 F +08'1 870 F €6'I€ §79
I'T FSH6 LT°0 0009 06’1 0601 €000°0 F 86£0°0 6L0°0 T OVL'¥ 0000 T 9200 T10°0 F L9S'T 070 F €8T 009
€T F L'T6 €10 0L’SS 89°1 6901  €0000 F TI¥0°0 980°0 F Thi'S 0000 F 8200 6000 F 98€1 070 F €5°9C GLS
0T F +'08 91°0 08°1S S8l €T6 €000°0 F SS¥00 6600 T €98F 0000 F 9200 800°0 F LTSI STO F €1°LT 0SS
0S F LIS 0 0Ly 0S°'1 6£°6 €000°0 F S¥H00 TIT0 F LSST 1000 F 6100 ¥20°0 F 9€T'1 €L°0 F TSHT 949
L'S F THTl o 0Lt $0'9 PPl 71000 F LEOEO 970 F 1109 1000 F S¥0°0 LLT'O F 966'F SL'Y F 0b'191 005
Sw QITS = MM %60 F S€6400°0=[ (wr 0z-9) Sp¢

ssjouwr 01 X ss[ouwr 01 X sajowr . 01 X sojowr 01 X sojowr, Q1 X

O F By B/ V% AV % Vel elVoy IV IV, IV ge IV e Wo, (o)L

('pruo)) 1 dqeL



103

¢
9
I'L

mlﬂ?
HH A

BIN S°6L
e

—
()]

ANANN—O O OO0 —
HHHHHHHHHHHHHHHHHHH A

Moo YOVNnnNReRmM

v'e

'Ly 170
809 €10
6'1L S1'o
= oSe uoIsnj [0,
SOI1 W'l
0'9L1 L
€891 Y0°IL
I'LT1 6L79SS
601 000
818 SY'ELY
989 00°0
L'6S 6S°€LT
6V Sv'vy
§'es LOCI
L0S 89°CI
€8y 0¢y
'Sy ee’l
99y 06°1
0°¢S 96°0
(Y 6L°0
9'Cs LT'1
LIS ¥6°0
181 89°0
L'SL 96°0

BN 8'ITI = a5e uosny [e10],

—oTOn —aaS =%
—_O OO O o O = —

HHHHHHHHHHHHHHHHHHHH

9101 8C°0
6091 90
9Twe Sty
1'01¢ S4Y
L8] 61°¢
S8yl $89
'8¢l LEOI
0CII 10°¢l
£'C6 SSI1
8'LL LEB
VeEL 6LC
oL €91
99 €L0
189 6v°0
99 9¢°0
ce9 o
9'¢9 9C°0
89 1T0
L'LY 1T0
9 8C°0

086l
01°oc
09v

8¢°0
0
90

se's
€69
8

<0000
£€000°0
8100°0

8000°0
80000
8000°0
8000°0
L000°0
8000°0
800070
8000°0
8000°0
8000°0
8000°0
9000°0
L000°0
8000°0
8000°0
8000°0
8000°0
L0000
8000°0
1€00°0

<0000
1000°0
<0000
<0000
20000
<0000
<0000
<0000
00070
<000°0
<000°0
<000°0
20000
<0000
<0000
<0000
<000°0
<0000
<000°0
11000

HHHHHHHHHHHHHHHHHHH A

HHHHHHHHHHHHHAHHHHHHH

00€0°0
Y0°0
€18¢°0

[4r4IX0)
8€00°0
€010°0
1L00°0
8L00°0
ccloo
951070
Ly10°0
60100
$900°0
$500°0
6800°0
02c0°0
9v€0°0
11€0°0
6920°0
LETO0
01200
¥6€0°0
0S1S°0

LL000
0200°0
LS00°0
8¢00°0
0£00°0
0v00°0
1900°0
€010°0
1€10°0
1€10°0
€010°0
09200
cse00
(44 41XV
L1070
02100
85100
00200
Cre0o
919%°0

¥90°0
£90°0
$60°0

HHHHHHHHHHHHHHHHHHHH

HHHHHHHHHHHHHHHHHHHH

6v6°'1
Y08°1
0£CC

000°0
0000
10070

F

HHHHHHHHHHHHHHAHHHHH A

HHHHHHHHHHHHHHHHHHHH

M %50 F SP6r00°

0100 S00°0 F
110°0 L000 F
020°0 S100 F

Sw ppIg =
000 S000 F
2000 8000 F
€100 9Y00 F
6000  ¥E00 F
€200 6£00 F
ST00  THO0 F
€00 TITO0 T
00 TEI0 T
9100 6800 F
100 TT00 F
000 0200 F
7000 LOOO F
€000 9000 F
000 1100 F
7000 LOOO F
€000 L00O F
000 9000 F
€000 9000 F
€000 9000 F
100 8100 F

sw 479 =
€000 1000 F
72000 1000 F
9000 100 F
0100 6000 F
6000  SI100 F
6000  ¥T00 F
100 €400 F
1200 #€0°0 F
0200 900 F
6000  ¥C00 F
8000 1100 F
000 $00°0 F
000 2000 F
€000  TO00 F
€000 2000 F
€000  T000 F
000 €000 F
S000 000 F
L000 8000 F
0200  SP0'0 F
Sw 00t =

M %80 F SH6v00'0 =

010
eLY0
6590

o ¥ L8°0I 0SS
91'0 ¥ 9291 949
€6'0 F €6°LII 00S

M 960 F $6$000 = r(wr 0z-9)¢¢

$0€°0

SLY'0
009°0
owo.ﬁ

961°0
wuTo
16
Srty

o
620
6L°0
€L°0
o'l
9L°0
€6°0
SI'T
88°0
0£°0
vTo
61°0
1T0
STo
9C°0
€C0
1T0
020
6C°0
40!

€00
€00
09°0
90
o
6£0
£e0
650
Lo
600
0ro
LO0
S00
S00
LO0
¥0°0
LO0
€lro
€0
el

H_H
F
H_H
H_H
LH
H_H
F
MH
F
F
H‘H
F
MH
H‘H
F
MH
F
F
H‘H
F
0=

HHHHHHHHHHHHHHHHHHHH

9101 0591
¥8°6C 0S€eT
98°L81 001
¥8°891 0011
Sroel 0s01
8S°S¥C 0001
L9789C 056
16°€CC 006
12 h74! 0S8
LETS 008
9L'TC 0SL
0C°6 00L
80°01 SLY
9¢°¢1 059
10yl §a9
Y0°Cl 009
8S°01 SLS
66'8 0SS
8811 49
Y191 00S

= [ (wr 0z-9) 92

09°% 0591
0L’ 0S€l
I SIl 00CI
POl 0011
SE101 0S01
SE'801 0001
IL6vl 056
8C8LI 006
9°8p1 0S8
0€°SL 008
(4514 0SL
8Ll 00L
Sovl SLY
81°6 059
10°8 SC9
S09 009
SI'L SLS
698 0SS
€ecl Ses
6l'vyl 00§

[ (wrt 0z-9) €5T



104

(=2 RO _.7rf_t.md._ea
| = 2 S8 8EE2ES s,
A s g m.0114 m.mmth%mW
B i 73 =T WL 2T E T w0
4 T3 QO X = &0 =
nm mgtdbnwrldt
s 27 SN - imiok= Sl i
® 3 B 2. SR25°Z8sFgED
2 B =5 wchRMMAdmma
- 5} n o 9. ° M 8O o d= 3 g
o) T 5.0 2 b T ESe 02303
o~ o2 bl -0 o O Do Q0 wiE g
o _ g = o & = » g =i 20
O - = = [@) pd —
< < =3 cs E5<=82,3E7
[ =N N b5 wn @~ O = ﬂ L o F5
A A 7 &g en/Onm.lgh o &,
B © N o a2 SS9 hewnhmd
.......... S o o= 8 = 59 O o BT o & =)
) 0o =<2 Qe — >R . o528
o > _ > Yo' T Q= = o< o 9
¥ 5 p= mz.ﬂ.m mWMWcmOmgmmﬂS,
O =2 &< P4,me.mnﬁfmwk
- . £ =7 2 =% EZosSc_Q8ERE
m 5 53 o= 7.5 fie £ =
© S 228 ETEZZL.EI’gz%
| © - o> s m . - = [=] @ =
S 225 e.ﬂaddo.lﬁwman
= 8 8 =222 »E 3382
<= o [S 2R < m (5} Q O
- . REE wocB8z25299EEY
,,,,,,,,, FoE  ESHRELZackEE
g Z»n S O o O 7
T T L R B B B R I T T T T T T T T o o . & ﬂe.mAOMWJ.OmmtO
$ § % § 8 £ 8 8 =7 I 8 % 8 8 % 8 g s - £2 2297 EEPL 2 E
eN) 98V juoredd S 2 =< ) o 5 )
(e B yuareddy (e) 98y juoreddy 25 E EEZEE_58225¢E
Mg WOy peonpoid Iy . padnpur uonndu = Ay . ‘uogIe olegoper = Iy,
BN €°€8 =93 uoisnj [e10],
€T F I'801 SIo orvy Al 0s°CI 20000 F 8¥10°0 7900 F €060 0000 F L0OO 2000 F CLTO LO0 F OL'L 0591
['T F LC8I1 8¢0 09°88 870 LS1T 20000 F 050070 €50°0 F ¥69°0 0000 F S00°0 2000 F 0IS0 900 ¥ I¥'Cl 0S¢l
6'0 F TTol vev 0086 661 9LTC ¢000°0 F 9800°0 IS0°0 F LT90 0000 F 9000 0100 ¥ Sg€'s 020 ¥ 06°€CI 00CI1
Tl F 90¢€I vT9 0C°86 SeL 6161 20000 F €L00°0 0S0°0 F T¥9°0 0000 F 100 GE0'0 F LSS'L 790 F vS'ICI 0011
L0 F TLOI 89°8 0¥'86 8¢°01 6¢°Cl 0000 F 6L00°0 $S0°0 F TS9°0 1000 + 0200 6200 F 88011 LSO F IL6E1 0501
L0 F $S8 vell 06'L6 6L V1 86 ¢000°0 + €110°0 0S0°0 ¥ TIL°O 2000 F 1€0°0 £€90°0 F S08°S1 €50 F 65851 0001
90 F LTL 89°¢l 0r'Le 81°0C 4% 20000 F 181070 0500 F $08°0 2000 F €€0°0 680°0 F S9S°I¢C 78°0 F v6'¥81 056
S0 F SLY 89°11 0296 6691 CLL 0000 F 981070 0S0°0 F €6L°0 7000 ¥ 1€0°0 190°0 + 851781 18°0 F 08°S¥l1 006
S0 F TYS 18°¢ 08'¥6 88°T1 LT9 20000 F 81070 9600 F SIT'1 1000 + $20°0 6£0°0 F 169°CI P€0 F TLT8 058
S0 F L0S 1671 or'te eL’S LL'S 20000 F 1T10°0 7900 F 8¢9°1 1000 F S10°0 6100 ¥+ STI'9 610 F €£8°8¢ 008
L0 F TS 9L°0 0608 60°C 09 ¢000°0 + 61100 9600 F Io6v'1 1000 ¥ CI10°0 €10°0 F 9¢T'C 600 F IL'LL 0SL
60 F €8 0¢0 08°LS 60 0s°S 20000 F 8€10°0 1900 F 6¥9°1 0000 F 6000 S00'0 F 7860 80°0 F €6 00L
9C F S'LY P10 08°¢€ 870 0r'S €000°0 F L8100 9900 + 6881 0000 F 6000 $00°0 F 11570 80°0 F +v1'8 SL9
9Y F L'LS SIo 0€°6C 650 859 €000°0 F £¥€0°0 0L0°0 F 601°C 0000 F CI10°0 8000 F 1€9°0 810 F CI'vl 059
P'eEF 619 91°0 oree I¥°0 LO'L 20000 F 69£0°0 0900 F LLET 0000 F 6000 2000 F SE¥0 600 F L8CI S9
v F 686 1°0 0C0C Sl 899 €000°0 F 8<¥0°0 ¥LO0 F CSL'T 0000 ¥ 1100 $00°0 F LLY'O 11°0 F 0L°S1 009
TS F 965 91°0 00°9¢ 09°0 089 0000 F ¥T+0°0 TLO0 F L8O'T 0000 F 1100 L00'0 F 1¥9°0 Co F IL91 SLS
SW ppI'S = M 1%G0 F #6¥00°0 = (Wil oz-9)ee
SofowW | O X soour ., 0T X sofour ., 0T X sofour ., 0T X sofowr,, O X
o7 F 9By e/ V% V% IV e/IV IV 1V,¢ TVge IV e W, (o)L

(‘pruoDd) 1 dqeL



100

% * Ar Released
2-6 um

80

60

%*Ar released

40

20

500 700 900
Temperature (°C)

Fig. 4 Plot of temperature versus “’Ar released for the 2-6 pm
samples. Note the more restricted temperature range over which the
phyllosilicates degas as metamorphism proceeds

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 effect 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 MgCl, degasses at slightly lower tem-
peratures and has a slightly younger *°Ar/*°Ar 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 *°Ar/*’Ar 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 different 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 um) 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 significant appearance of
particles in the size range 6-20 pm.

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

105

60

40

20

Weight Percent (%)

=

2-6

. 620 59
Size Fraction (um)

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)

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 diffracto-
grams indicate detectable amounts remain in all
samples. In the least metamorphosed samples the
phyllosilicates typically occur as aggregates or flakes,
which are rounded yet display irregular edges at high
magnification (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 Newmod®:
results and interpretation

The X-ray diffractograms from the oriented ethylene
glycol exchanged preparations of the 2-6 um size frac-
tion have been modeled from the sum of Newmod®
(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 different 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 diffraction domains as shown by many authors
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169 Ma (88% | in I/S; 50 wt. % neo.)
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367 (2-6pum) =———— 128 Ma (91% | in I/S; 68 wt. % neo.)

Fig. 6 SEM photographs of the 2-6 pm 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 pm in all
photographs

(Peacor 1992: Pollastro 1993; Whitney and Velde 1993;
Jaboyedoff and Thélin 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

26 (2-6um) | 74Ma (~99%lin US; -wt% neo) |

to distinguish between a mixed-layer illite/smectite and
true mica. Sample 253, which occurs at the transition
from diagenesis to anchizone, defines the passage from
illite/smectite to a “‘mica-like” composition. This sample
also marks a significant 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. 7a,b SEM photographs of: a detrital mica in the 6-20 pum size
fraction from the least metamorphic sample (332); b “Rose”-shaped
illite/smectite aggregate observed in the 6-20 um 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

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).

Significance 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 1is indistinguishable from true mica. The
“OAr/*Ar apparent ages from these mixtures (Fig. 3)
most probably reflect various contributions from neo-
formed grains or subgrains formed during the low-
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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 modifications during trans-
port, deposition, and/or early diagenesis (Kiibler 1984),
they may not be expected to yield simple *°Ar/*’Ar age
spectra. The weakness of some 2M; reflections may
indicate some lattice defects. Such defects could lead to
poorly retentive sites for argon and may be expected to
yield younger *°Ar/*’Ar 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, reflecting the
time interval over which neoformation occurred
(Kirschner et al. 1996).

The apparent “°Ar/*’Ar 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 *°Ar/*’Ar total fusion age versus the
% mneoformed illite content for the four least metamor-
phic samples, using the two methods described above.
As the curve fitting the data very nearly approaches a
linear relationship (Fig. 9), a linear fit has been used for
simplicity to obtain end-members. For the first method
ignoring smectite, a linear regression (R> = 0.992) yields
intercepts with 2o errors of 3873 and 300"3; Ma for
100% neoformed and 100% detrital mica, respectively.
A linear regression using the second method considering
smectite results in a more precise fit (R*= 0.999) with
intercepts at 2711} Ma and 29570 Ma. A mixing curve
calculated with these end-member ages agrees well with
fit 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 um fractions (see Jaboyedoff
and Thélin 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 “°Ar/*’Ar 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 *°Ar/*Ar spectra
(Fig. 3) for the 2—-6 pm size fractions. For these calcula-
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Table 2 XRD simulation results. Minerals in italics are assumed to be of detrital origin (Dimica dioctahedral mica, /S illite/smectite, 2g/y

2 layer ethylene glycol)

Sample Mineral

% lllite layer Total %dimica Layer number Defect free R(Reichweite) Wt%

Wt% (illite  Wt% (illite

in I/S or illite layer  range distance and remarks neoformed)/ neoformed)/
in I/S (total Mica + (total mica +
1/S) 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%  T5% 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 R 16%  46% 50%
Dimica 100% 1-100 70 d=9.94 A 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 A 9%
253 Glycolated
I/S-2gly 97% 5-25 1 42%
97% 66% 67%
I/S-2gly 98% 2040 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% 2040 1 37%  13% 74%
I/S-2gly 99% 60-80 di=9.95A 1 R 19%
Dimica 100% 100% 1-100 70 d=9.94 A 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% 2040 1 36%
Dimica 100% 60-80 d=9.94 A 5%
100% 8% 8%
Dimica 100% 1-100 70 d=9.94 A 3%

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 4OAr/39Ar spectra (Fig. 3). Small differences in
the age of the detrital input are taken into consideration,
because detrital mica can also be considered a mixture 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 differences in the max-
imum age of the detrital input have little influence on the
modeled results. The results of the model calculations
indicate that excellent agreement can be obtained between
the measured and calculated **Ar/*°Ar 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 over which *°Ar 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
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homogeneity in phyllosilicate morphology are observed
and can directly be correlated to progressive metamor-
phism. The measured and model “’Ar/*’Ar step-heating
spectra, together with the X-ray diffraction 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
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mica. Evidence for this behavior is supported by the
argon degassing properties of the detrital component in
the modeled *’Ar/*°Ar 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 2M; polytype, with in-
creasing (mid-anchizonal) metamorphism. From dia-
genesis to incipient metamorphism it is generally
accepted that the 1M or 1My polytypes are the early
neoformed illite and are generally replaced by the 2M;
polytype (Lanson and Besson 1992; Grathoff and Moore
1996; Moore and Reynolds 1997). However, this evo-
lution is difficult 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
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largest detrital grains. Dissolution of detrital mica and growths on preexisting mica or on illite/smectite or
precipitation of illite is an attractive explanation for the through a series of intermediate steps involving precip-
neoformation of some dioctahedral illite (Lanson and itation of mixed-layer illite/smectite, solid state trans-
Meunier 1995) because it permits loss of argon from the formation or short range recrystallization (Altaner and
micas. However, the process of dissolution and repreci- Ylgang 1997; Moore and Reynolds 1997). The probable
pitation may occur in different steps, either as over- metastability of illite does not change the previous dis-



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 effects
and X-ray diffraction 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 Préalpes Médianes 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 pm 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 reflected in the younger total fusion ages.

Combining “’Ar/*’Ar dating with X-ray diffraction
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 *°Ar/*Ar plateau age of
no geological significance. 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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