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Abstract—Helvetic sediments from the northern margin of the Alps in eastern Switzerland were studied
by clay mineralogical methods. Based on illite “crystallinity” (Kiibler index), the study area is divided
into diagenetic zone, anchizone and epizone. Data on the regional distribution of the following index
minerals are presented: smectite, kaolinite/smectite mixed-layer phase, kaolinite, pyrophyllite, paragonite,
chloritoid, glauconite and stilpnomelane. Isograds for kaolinite/pyrophyllite and glauconite/stilpnomelane
are consistent with illite “‘crystallinity” zones. Using the ordering of mixed-layer illite/smectite, the
diagenetic zone is subdivided into three zones. The illite domain size distribution was analyzed using the
Warren-Averbach technique. The average illite domain size does not change much within the diagenetic
zone, but shows a large increase within the anchizone and epizone. The average illite b, value indicates
conditions of an intermediate-pressure facies series.

The Helvetic nappes show a general increase in diagenetic/metamorphic grade from north to south,
and within the Helvetic nappe pile, grade increases from tectonically higher to lower units. However, a
discontinuous inverse diagenetic/metamorphic zonation was observed along the Glarus thrust, indicating
5-10 km of offset after metamorphism. In the study area, incipient metamorphism was a late syn- to

post-nappe-forming event.

Key Words—Clay mineralogy, Diagenesis, Helvetic Alps, Incipient metamorphism, Switzerland.

INTRODUCTION

Diagenetic and very low-grade metamorphic sedi-
ments are widespread in external parts of the Alps
(Frey 1986). Therefore, an understanding of incipient
metamorphism is important to unravel the tectono-
thermal evolution of such areas. Contrasting methods
have been applied to quantify the degree of incipient
metamorphism during Alpine orogenesis such as illite
“crystallinity,” index minerals, coal rank and fluid in-
clusion data. The aim of this study is to provide new
information on diagenesis and incipient metamorphism
of the Helvetic Alps of eastern Switzerland based on
clay mineral data. Besides the classical approach using
illite ““crystallinity’’ and index minerals, additional in-
formation was obtained from the ordering of illite/
smectite mixed-layer minerals and the domain size of
illite. Information on coal rank, based on vitrinite re-
flectance data using the same samples of the present
study, is given by Erdelbrock (1994).

GEOLOGICAL SETTING

The study area is located in northeast Switzerland
and extends from Appenzell in the north to Chur in
the south (45 km) and from Lake Walen in the west
to the Rhine River in the east (30 km) (Figure 1).
Tectonically the study area belongs to the Helvetic
zone along the northern margin of the Alps. To the
north, nappes of the Helvetic zone override the Terti-
ary clastics of the adjoining Molasse basin, a foredeep
which formed during the later stages of the Alpine
collision. To the south and east, the Helvetic nappes
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are overlain by the Penninic nappe system. The Me-
sozoic sediments making up the largest part of the Hel-
vetic zone comprise essentially a carbonate shelf se-
quence of the northern European margin. In the course
of the Alpine collision the Penninic nappes were thrust
onto the Helvetic zone. During this process, the rocks
of the Helvetic zone were buried, deformed and meta-
morphosed up to lower greenschist facies conditions.

The Helvetic zone of the area investigated is sub-
divided by the Glarus thrust, which has a displacement
of up to 40 km, into the Helvetic nappes (above) and
the Infrahelvetic complex (below). The Helvetic
nappes represent classic detachment tectonics, whereas
the Infrahelvetic complex is a thick-skinned fold-and-
thrust belt, cored by the Aar massif basement uplift.
The stratigraphic sequence of the Helvetic zone in-
cludes Permian conglomerates, Triassic dolomites,
various thick limestones of Jurassic and Cretaceous
age and Tertiary sandstones that are interbedded with
various shaly and marly horizons. On top of the Hel-
vetic Séntis nappe, Southhelvetic units and separated
by the basal Penninic thrust, several Penninic klippes
are found (Figure 1). The Southhelvetic units comprise
mainly limestones and marls of Upper Cretaceous to
Eocene age. The Penninic klippes consist mainly of
Cretaceous Northpenninic flysch. For more detailed in-
formation on the geologic evolution of the Helvetic
zone, the reader is referred to Triimpy (1980), Pfiffner
(1986) and Pfiffner et al. (1990).

Very low-grade metamorphism of the Helvetic zone
of eastern Switzerland has been studied by many au-
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Figure 1. Tectonic map of NE Switzerland, modified after Spicher (1980). Marginal numbers refer to the Swiss coordinate

network system. Fb = Flascherberg, l.a = Landquart.

thors, using mainly the illite “crystallinity”” technique
and index minerals, supplemented by a few virtrinite
reflectance and fluid inclusion data. Frey (1970) noted
a general increase of illite “‘crystallinity” from the
lower anchizone south of Lake Walen to the epizone
in the parautochthonous cover of the Aar massif. Frey
(1988) found epizonal illite ‘“‘crystallinities” in the
Verrucano of the lower Helvetic nappes and mid-an-
chizonal values in the underlying flysch units of the
Infrahelvetic complex. The discontinuous inverse
metamorphic zonation was explained by post-meta-
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morphic thrusting along the Glarus thrust. Frey et al.
(1973) and Frey (1987a) mapped index minerals in
glauconite-bearing limestones. A stilpnomelane-in is-
ograd was located in the mid-anchizone and a biotite-
in isograd at the beginning of the epizone. Frey
(1987b) located the isograd kaolinite + quartz = py-
rophyllite + H,O, running in a WSW-ENE direction
close to the eastern end of Lake Walen, and estimated
metamorphic conditions at the isograd from vitrinite
reflectance and fluid inclusion data to be 1.3-2.1 kbar
and 240-270°C at a water activity of 0.6-0.8. Recent-
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ly, Erdelbrock et al. (1993) presented a coalification
map of the study area, based on about 450 vitrinite
reflectance values. The thermal maturity was found to
increase from ca. 0.5% R, in the Subalpine Molasse in
the north to R_,, >5% in the south. Hunziker et al.
(1986) dated the main phase of Alpine metamorphism
at 30-35 Ma, based on concordant K-Ar, “Ar/°Ar and
Rb-Sr illite ages, while a second age group between
20 and 25 Ma was attributed to movements along the
Glarus thrust.

METHODS

MATERIAL STUDIED. Some 386 samples were analyzed.
Lithologies included ~40% shales and slates, ~30%
sandstones, ~20% marls and ~10% limestones and
marbles. The location of the samples is given in Figure
2. Note the uneven sample density with few samples
west of Sargans and in the southernmost part of the
study area.

SAMPLE PREPARATION. Samples were cleaned with a
steel brush, crushed into small pieces with a hammer
and ~70 g of sample were ground in a tungsten-car-
bide swing-mill for 30 sec. Carbonate was removed by
treating with 5% acetic acid and by washing with
deionized water. The <2 pm fraction was prepared
using differential settling tubes and millipore filters
with 0.1 mm pore size. The clay fraction was then Ca-
saturated with 2N CaCl,. Oriented slides were pre-
pared by pipetting suspensions onto glass slides (~5
mg/cm?) and allowing it to air-dry. Glycolated mounts
(for 228 samples) were prepared in a glycol steam bath
at 60°C overnight. Heat-treated mounts (for 48 sam-
ples) were prepared in an oven at 375 or 500°C for 1
h. Randomly oriented samples were prepared using the
technique proposed by Handschin and Stern (1989)
and Stern (1991) needing only 20 mg of material.

X-RAY DIFFRACTION (XRD). Measurements were per-
formed with a Siemens D500 diffractometer, opti-
mized for counting statistics and acceptable resolution
(Table 1).

DOMAIN SIZE ANALYSIS. The method proposed by War-
ren and Averbach (1950) and the Scherrer equation
were used to investigate the domain size or the mean
domain thickness. Analyses were performed on XRD
patterns after deconvolution. For the Scherrer equa-
tion, the constant K was set at 1.84 for layer-minerals
according to Klug and Alexander (1974, p. 667).

GUINIER CAMERA X-RAY ANALYSIS. The <2 pm fractions
of 41 samples were analyzed using a Guinier-de Wolff
camera for the “060” d-spacing analysis. Measuring
conditions were with FeKq, radiation at 36 kV, 20 mA
and with 16 h. exposure time. The films were trans-
formed into diffractograms by use of a CR-650S den-
sitometer.
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RESULTS AND DISCUSSION

Incipient metamorphism in the study area will be
documented by use of several index minerals and var-
ious properties of illite, mixed-layer illite/smectite and
chlorite. Results from illite ““crystallinity’” will be pre-
sented first, because it will serve as a reference frame
for other indicators of incipient metamorphism.

Illite ““Crystallinity”

GENERAL. Illite “‘crystallinity” (IC) was measured from
X-ray diffractograms of air-dried preparates using the
technique of Kiibler (1967, 1968). This IC index is
defined as the full width at half maximum intensity
(FWHM) of the first illite basal reflection at around 10
A, expressed as a difference in 20 values. The nu-
merical value of the Kiibler index decreases with im-
proving “crystallinity.” Since illite/smectite mixed-
layer minerals are abundant in the study area, especial-
ly in the diagenetic zone (see below), the measurement
of the FWHM includes both illite and illite/smectite
basal reflections. For simplicity, however, the term IC
will be retained here.

RESULTS. IC was determined on 368 samples. In order
to avoid interfering basal reflections, paragonite- and
pyrophyllite bearing samples from the anchizone were
avoided, but some paragonite-bearing samples show-
ing epizonal IC values were retained. FWHM values
range from 2.50 to 0.16 °A20. The regional distribu-
tion of IC data is depicted in Figure 2, grouping the
data into four classes using an arbitrarily chosen value
of 0.80 °A20 and the limiting IC values of 0.42 and
0.25 °A20 for the anchizone. In general, IC improves
southward. The transition from the diagenetic zone to
the anchizone is shown as a 2-3 km broad band lim-
ited by two lines labelled 1 and 1'. Line 1 is defined
by the first anchizonal IC values going southward (ne-
glecting three anchizonal values east of Appenzell),
and line 1’ is defined by the disappearance of diage-
netic IC values (neglecting four data points south of
Sargans). In a similar way, the transition from the an-
chizone to the epizone is shown as a 2-3 km broad
band limited by two lines labelled 2 and 2’. Line 2 is
defined by the first epizonal IC values going south-
ward (neglecting four epizonal data points further
north, three from the Verrucano and one from the basal
part of the Axen nappe), and line 2’ is defined by the
disappearance of anchizonal IC values.

The following tectonic units belong to the diage-
netic zone (compare Figures 1 and 2): the Subalpine
Molasse, Penninic and Southhelvetic units as well as
the major part of the underlying Helvetic Sintis nappe
(excluding a small area east of Alvier and the Flis-
cherberg east of Sargans). Localities with IC values
>0.8 and 0.8-0.43 °A20 are intermixed in the diage-
netic zone. The transition from the diagenetic zone to
the anchizone occurs mainly in the lower part of the
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Figure 2. Illite “‘crystallinity” distribution map. Lines 1 and 1’ indicate the transition from the diagenetic zone to the
anchizone. Lines 2 and 2’ indicate the transition from the anchizone to the epizone. The two dashed lines 2 and 2' W of
Sargans indicate the transition from the anchizone to the epizone in the Verrucano.

Axen nappe northeast of the Seez Valley (between
Lake Walen and Sargans). This area is characterized
by a strong relief of almost 2 km. Further to the west,
this boundary is located in the Miirtschen nappe south-
east of Lake Walen. North-northeast of Sargans, this

https://doi.org/10.1346/CCMN.1996.0440109 Published online by Cambridge University Press

boundary is cutting through the Sintis thrust, separat-
ing Sintis and Axen nappes. The following tectonic
units of the study area belong to the anchizone: the
Axen nappe and the Verrucano southeast of the Seez
Valley (Flumserberge), Axen and Séntis nappe of the
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Table 1. Instrumental conditions and measurement procedure.

Equipment Diffractometer SIEMENS D-500
Radiation Cu, 40kV, 30mA, no primary filter
Slits automatic divergence set at 3° slits on primary side 3°; secondary
side 1°, 0.05 and 0.15 mm. Graphite monochromator
Goniometer routine measurement cell parameter
low angle medium angle  high angle low to high angle
2-15°20 15-42°20 42-4820  5-65°20
0.05° increment  0.02° 0.02° 0.02°
30 sec. 1 sec. 10 sec. 10 sec.
Computer Sicomp 32-20 80-386 with internal and external hard discs and CD-
rom for JCPDS-data
Software Diffrac AT Version 3.2 by Socabim/Siemens 1986, 1993, JCPDS data
bank system version 2.14. Sets 1-43, PDF-1, 2
Ka, not stripped

IC (Kiibler index)

measured from the unresolved 10 A complex using single peak-op-

tion in Diffrac AT

dooyi001 of /S
Domain size

deconvoluted from the 10 A complex for glycolated samples R
I/S and illite were deconvoluted using Pearson function for the 10 A

complex at air-dried state, the backgrounds were subtracted, no
smoothing operation. The deconvoluted profiles were then trans-
ferred to the WIN-CRYSIZE programme (version 1.03, Sigma-C.
1991-1994), from which the average domain size of I/S and illite,
and the domain size distributions were calculated using the W-A
method. Single crystal of muscovite was used as standard

The background was subtracted first, no smoothing operation, zoom

editing technique was used. At least 20 reflections of illite were
edited and transferred to the WIN-METRIC programme (version
2.0B, Sigma-C. 1991-1994), from which the cell parameters were
refined using the least square method assuming a 2M, polytype for
all investigated samples. The tolerances are 0.08-0.05°20; rejected
reflections less than 10%

Flidscherberg, and major parts of the Sardona flysch,
South Helvetic units and North Helvetic flysch. The
transition from the anchizone to the epizone is located
mainly in the North Helvetic flysch west of Landquart,
but further to the west this transition takes place in the
Sardona flysch. Epizonal conditions are encountered
in the parautochthonous of the Aar massif, but also in
the Verrucano north of Pizol above the Glarus thrust.

DISCUSSION. IC is dependent on many variables, in-
cluding temperature, fluid chemistry and pressure,
stress, duration of alteration, illite chemistry, interfer-
ing basal reflections of other phases and experimental
conditions (Frey 1987a; Yang and Hesse 1991). Fol-
lowing Kibler (1967, 1968) it is believed that tem-
perature is the most important variable affecting IC in
the study area, because the lower and higher anchizone
boundaries are subparallel to isorank lines determined
by vitrinite reflectance (Erdelbrock 1994).

The following conclusions can be drawn from the
IC distribution pattern of Figure 2: 1) Penninic klippes
in the northern part of the study area seem to have
reached a similar stage of diagenesis as the underlying
Southhelvetic units and the Séntis nappe; 2) The lower
and higher anchizone boundaries cut through impor-
tant thrust planes. Therefore, incipient metamorphism
occurred after these tectonic movements; and 3) Epi-
zonal conditions were reached in the Verrucano north-
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west of Pizol above the Glarus thrust but anchizonal
conditions exist in the flysch units below the Glarus
thrust. This discontinuous inverse metamorphic zona-
tion is explained by post-metamorphic thrusting along
the Glarus thrust. The same phenomenon was already
observed for an identical tectonic situation 20 km fur-
ther to the west (Frey 1988). The amount of this post-
metamorphic thrusting can be estimated as 5-10 km,
corresponding to the distance between the anchizone-
epizone boundary in the Verrucano west of Sargans
(dashed lines in Figure 2) and the same boundary in
the Infrahelvetic complex. Using vitrinite reflectance
data, Erdelbrock {1994) deduced an amount of 5.5 km.

Chlorite ““Crystallinity”

GENERAL. Chlorite 7 A peak width measured under the
same experimental conditions as illite 10 A peak width
is used to determine chlorite “‘crystallinity’’ (CC). Ar-
kai (1991) proposed that CC ““can be applied as a re-
liable regional, statistical technique complementary
with, or instead of, the illite crystallinity method.”

RESULTS AND DISCUSSION. Figure 3 shows that chlorite
has an enhanced ‘‘crystallinity”” compared to that of
illite from the same sample. Due to the rather poor
correlation between IC and CC, the latter was not used
as an indicator of incipient metamorphism in this
study.
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spection.

Regional Distribution of Index Minerals

SMECTITE. Smectite was identified by the strong 001
reflection at about 15 A on air-dried preparates, shift-
ing to about 17 A after glycolation, and the 002 re-
flection at about 8.45 A. After heating at 500°C for 1
h. these smectite reflections disappeared and the inten-
sity of the first illite basal reflection increased. The
position of the (060) reflection at 1.499 A is indicative
for dioctahedral smectite. Pure smectite was only
found in 3 sandstones and 4 pelitic samples of the
Subalpine Molasse near Appenzell (Figure 4), indicat-
ing temperatures <100°C (Velde 1985, p. 115).

KAOLINITE/SMECTITE MIXED-LAYER PHASE. (K/S) was
identified by its characteristic peaks and shoulders at
spacings of 7.43-7.70 A and 3.48-3.53 A after gly-
colation and by the shift of these peaks after heat treat-
ment at 375°C (Figure 5). In addition, a slightly ele-
vated background was observed between 13-15° 20
on glycolated and heat-treated XRD traces. From com-
parison with calculated diffractograms for the K/S
compositional series (Moore and Reynolds 1989, Ta-
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Illite “‘crystallinity” vs chlorite “crystallinity.”” The line of equal IC and CC values is indicated for visual in-

ble 7.5), our K/S are randomly interstratified and con-
tain about 75%-90% kaolinite layers. K/S was detect-
ed in four pelitic samples from the Upper Cretaceous
(Amden shales) and the Lower Tertiary (Globigerina
shales) belonging to the S#ntis nappe and Southhel-
vetic units near the Alpine border (Figure 4).

KAOLINITE. (Kln) was distinguished from chlorite by
resolved reflections at about 25° 20 CuKa. For ka-
olinite-poor samples containing large amounts of chlo-
rite, an acid treatment with HCI was used. A few ka-
olinite occurrences from the study area were already
reported by Briegel (1972) and Burger (1982), and
Frey (1987b) documented two localities containing ka-
olinite + pyrophyllite in the same sample. In the
course of this study, 29 new kaolinite occurrences
were found (Figure 6) mainly in pelites, marls and
sandstones of the Subalpine Molasse, Penninic and
South Helvetic units and the Séntis nappe. With one
exception, all kaolinite localities belong to the diage-
netic zone (compare with Figure 2), while the Kiln +
Prl locality at the eastern end of Lake Walen is from
the transition to the anchizone.
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Figure 4. Distribution map for smectite, mixed-layer kaolinite/smectite and paragonite.

PYROPHYLLITE. (Prl) was easily identified by its first
three basal reflections. Most of the pyrophyllite oc-
currences shown in Figure 6 were already docu-
mented by Frey (1987b). Three new occurrences of
pyrophyllite were added in this study, two from
Upper Liassic black shales and one from a Middle
Jurassic (Mols fm.) pelitic sandstone, all located
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closely together in the lower Axen nappe between
Sargans and Lake Walen. These new findings allow
for a more precise location of the isograd Kin + Qtz
= Prl + H,O in the study area, running from the
eastern end of Lake Walen in an almost west-east
direction and crossing the Séntis thrust. In terms of
IC data, this isograd is located approximately at
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the transition from the diagenetic zone to the anchi-
Zone.

PARAGONITE. (Pg) was identified by its first four basal
reflections. However, the first paragonite basal reflec-
tion is only barely visible as a weak shoulder on the
high-angle side of the first illite basal reflection. The
presence of paragonite/muscovite mixed-layer (Pg/Ms)
was identified by two reflections at 4.9 and 3.26 A. 30
occurrences of paragonite, including those of Pg/Ms,
from various stratigraphic and tectonic units are de-
picted in Figure 4, and comparison with Figure 2
shows that paragonite begins to appear from the be-
ginning of the anchizone.

CHLORITOID. (Cld) was reported from a single locality
in the study area by Frey and Wieland (1975). This
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X-ray diffractograms for sample 196-Am69 containing mixed-layer kaolinite/smectite for CuKa radiation.

chloritoid was found in middle Jurassic slates belong-
ing to the parautochthonous cover of the Aar massif
south of the Vittis window (Figure 6). The growth of
chloritoid postdates the main phase of folding and
thrusting (Calanda phase) in the Infrahelvetic complex
(Pfiffner 1982).

GLAUCONTTE. (Glt) was identified under the optical mi-
croscope. On XRD traces, glauconite yields a strong
first and a very weak second basal reflection and a
(060) reflection at 1.51 A. 30 occurrences of glauco-
nite are indicated in Figure 7, mainly from Cretaceous
limestones and sandstones of the Garschella formation
(““Gault”) of the Sintis nappe. All these occurrences
are restricted to the diagenetic zone.

Frey et al. (1973) described the progressive meta-
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Figure 6. Distribution map for kaolinite, pyrophyllite and chloritoid. The isograd Kln + Qtz = Prl + H,O crosses tectonic

nappe boundaries (cf. Figure 1).

morphism of glauconite-bearing formations and distin-
guished three metamorphic zones in the Glarus Alps.
The new occurrences of glauconite reported in this
study (Figure 7) allow one to map the zone I/II bound-
ary in some detail, corresponding to the isograd Glt +
Qtz = Chl = Stp + Kfs + H,0O + O,. The presence
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of neoformed K-feldspar as a product was documented
by Frey et al. (1973).

STILPNOMELANE. {Stp) occurrences in Figure 7 were al-
ready depicted by Frey (1987a, Figure 2.12) but with-
out giving further details. The three occurrences in the
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Figure 7. Distribution map for glauconite, stilpnomelane and
is shown as a dashed line parallel to the IC lines of Figure 2.

southern part of the Sintis nappe are from Cretaceous
glauconite beds (Altmannschichten and “Gault”’). The
northernmost of these three localities with coexisting
Glt + Stp was first described by Ouwehand (1987, p.
162) from a quarry located SW of Riifis in the Rhine
valley. Note that these occurrences of stilpnomelane
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biotite. The isograd for Glt + Qtz + Chl = Stp + Kfs + fluid

are located in the diagenetic zone, about 2-3 km
downgrade from the beginning of the anchizone, in
accordance with observations by Breitschmid (1982)
from the Reuss Valley, some 70 km further west-
southwest. The stilpnomelane occurrence in the Axen
nappe directly north of Sargans is from middle Juras-
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sic iron ore (Niggli and Niggli 1965). The stilpnome-
lane locality west of the Viittis window is from the
Cretaceous (Lidernenschichten) of the parautochthon-
ous cover of the Aar massif. The occurrence with Stp
+ Bt at the southern end of the study area was men-
tioned by Frey et al. (1973, Abb. 3) and is also from
the Cretaceous of the parautochthonous cover of the
Aar massif. Biirgisser and Felder (1974) have shown
that the growth of such epizonal stilpnomelane post-
dates the main phase of folding and thrusting (Calanda
phase) in the Infrahelvetic complex.

Ordering of Illite/Smectite

GENERAL. Ordering of mixed-layer illite/smectite (I/S),
interpreted from XRD profiles, correlate with changes
in temperature due to burial depth (Pollastro 1993).
The alternation and position in d-spacing of I/S basal
reflections after glycolation can be used to determine
the different ordering types and percentage of illite in
I/S (Moore and Reynolds 1989). A reflection at 5 °20
indicates random interstratification (Reichweite = R =
0), one near 6.5 °20 indicates R1 ordering, and a no-
ticeable peak at angles greater than about 7 °20 sug-
gests long-range ordering, that is R > 1 (Moore and
Reynolds 1989, p. 252).

RESULTS. The Reichweite (ordering type) and the per-
centage of illite in I/S were determined using the meth-
od of Moore and Reynolds (1989) and the computer
program NEWMOD (Reynolds 1985). Representative
diffraction patterns arranged according to diagenetic/
metamorphic grade are shown in Figure 8, and the
calibration curve used to estimate the illite percentage
in I/S is depicted in Figure 9.

In our study area I/S is abundant in the diagenetic
zone, less abundant in the lower anchizone and not
detectable in the higher anchizone and the epizone.
The ordering type and the illite content in I/S were
determined in 279 samples, and the following four
zones are distinguished (Figure 10):

Zone 1 is defined by the presence of randomly in-
terstratified ¥/S (R = 0) with 20-50% illite in I/S. The
ordering types R = 1 with 50-85% illite in I/S and R
> 1 with >85% illite in I/S are also found in this zone.
Zone 1 is present in the NE part of the study area.

Zone 2 is defined by the presence of the I/S ordering
type R = 1 with 50-85% illite in I/S and the absence
of the R = 0 type. The ordering type R > 1 with
>85% illite in I/S is also found in this zone. Zone 2
covers large parts of the Sintis nappe, including South
Helvetic units and Penninic klippes.

Zone 3 is defined by the presence of the I/S ordering
type R > 1 with 85-90% illite in I/S and the absence
of the R = 1 type. The ordering type R > 1 with
>90% illite in I/S is also found in this zone. Zone 3
comprises the SE part of the Santis nappe, a major
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Figure 9. Calibration curve used to estimate the illite per-
centage in mixed-layer illite/smectite. The curve is valid for
“dimica (1 Fe, 0.7 K) mixed with trismectite (1 Fe, 2 gly)”
using the terminology of NEWMOD (Reynolds 1985).

part of the Axen nappe northeast of the Seez valley,
and the Miirtschen nappe N of Lake Walen.

Zone 4 is defined by the presence of the I/S ordering
type R > 1 with >90% illite in I/S and the absence
of the other ordering types mentioned above. Zone 4
is mainly found in the Axen nappe N and NW of Sar-
gans, the Flidscherberg, the Miirtschen nappe SE of
lake Walen, and in the Infrahelvetic complex S and SE
of Sargans.

DISCUSSION. Zones 1-3 mentioned above are covering
the diagenetic zone as defined by IC data. In other
words, ordering L of I/S is a more sensitive indicator
of diagenetic grade than IC.

As recently reviewed by Pollastro (1993), the
changes in ordering of I/S may be used as a reliable
semiquantitative geothermometer. However, in zones
1-3 described above different ordering types were
found, presumably due to lithologic control and the
presence of detrital clay minerals. Therefore, this geo-
thermometer cannot be applied in our study area.

Domain Size of Illite in the C-direction

GENERAL. XRD line broadening is caused by the co-
herent crystalline domain size or crystallite size, lattice
strain and instrumental factors (Klug and Alexander
1974, p. 618). The domain size of clay minerals may
be used as an indicator of incipient metamorphism
(Eberl et al. 1990). At least six methods exist separat-
ing the domain size from the general XRD line broad-
ening (Scherrer 1918; Stokes 1948; Warren and Av-
erbach 1950; Ergun 1968; Langford 1978; Balzer and
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Ledbetter 1993). In the present study, the Warren-Av-
erbach technique is used to measure illite domain size.

RESULTS. Line profiles of the first illite basal reflection
obtained after deconvolution were analyzed on air-
dried specimens by the Warren-Averbach method for
35 samples. In general, the position of the maximum
frequency position increases and domain size distri-
butions spread out as diagenetic/metamorphic grade
increases. In the study area, the mean domain size of
illite increases from 11 nm in the north to 145 nm in
the south, with a major change occurring between km
210 and km 190 of the Swiss coordinate system. With
respect to illite “crystallinity,” the illite average col-
umn length does not change much within the diage-
netic zone, but shows a large increase within the an-
chi- and epizone (Figure 11).

The domain size of illite/smectite was also mea-
sured with the Warren-Averbach method, and it was
always found to be thinner than that of accompanying
illite. I/S domain size increases from 7 nm in the North
to 34 nm in the South, therefore showing the same
general tendency as illite.

DISCUSSION. Assuming the presence of strain-free illite,
the Scherrer equation was also used to calculate the
mean domain size of illite. A range from 7 to 97 nm
was obtained, compared with 11-145 nm by the War-
ren-Averbach method. This difference may be ex-
plained by the fact that the Scherrer equation does not
take account of the strain effects. Furthermore, the
Warren-Averbach technique is model-dependent and
will not correspond to a real distribution of grain sizes
of natural clays that may preserve strain across semi-
coherent packets, as discussed by Lanson and Kibler
(1994).

Eberl et al. (1990) analyzed the particle thickness
distributions for 20 anchizonal and epizonal illites
from shales from the Glarus Alps, located directly in
the West of our study area. The general shape of par-
ticle thickness distribution curves obtained was similar
to those derived in this study, and it was concluded
that these illites underwent recrystallization by Ost-
wald ripening. Howewver, these authors reported small-
er illite average column length values than obtained
for illites of comparable grade in this study; e.g., <35
nm (Eberl et al. 1990) vs 100-145 nm (this study) for
epizonal illites. More work is needed to explain this
discrepancy.

Most recently, Warr and Rice (1994) proposed illite
domain (crystallite) sizes of 23 for the lower and 52
nm for the upper limit of the anchizone determined by
the Warren-Averbach method. These values are much
smaller than the limiting values of about 50 and 100
nm determined in this study. It should be mentioned
that Warr and Rice (1994) were using glycolated spec-
imens for the domain size analyses but made a cor-
relation with illite ‘‘crystallinity” determined on air-
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Figure 10. Distribution map for different ordering types of mixed-layer illite/smectite and percentage of illite in I/S. These

data allow for a four-fold zonation as discussed in text.

dried specimens. In addition, the correlation proposed
by these authors is based on four specimens only. The
authors of this article feel that much more experience
is needed with domain size analyses and that the lim-
iting values of Warr and Rice (1994) should be re-
garded with caution.
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Chlorite Polytypes

GENERAL. During late diagenesis and incipient meta-
morphism a change in the polytype of trioctahedral
chlorite is observed. Hayes (1970) proposed that the
polytype transformation sequence 1b; — Ib (B = 97°)
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= Ib (B = 90°) — IIL (B = 97°) occurs in chlorites in
sedimentary rocks with increasing temperature, and
that the final transformation from type-I to type-II
chlorite requires a temperature of about 150-200°C.
However, as recently reviewed by Walker (1993), oth-
er factors including grain size of the host rock, may
be at least as important as temperature in controlling
the stability of type-I chlorite polytypes. In addition,
systematic studies suggest that type-II chlorite is stable
at temperatures well below 200°C and that it can form
as the initial chlorite phase without passing through
any intermediate polytypic stages (Walker 1993).

RESULTS. Chlorite polytypes were determined on 19
chlorite-rich samples following the methods proposed
by Bailey (1988) and Moore and Reynolds (1989). In-
terference with illite reflections were stripped by using
deconvolution technique. For 12 samples from the dia-
genetic zone (5 sandstones, 4 pelites and 3 lime-
stones), exclusively the Ip (B = 90°) polytype was
found, while in 7 pelites and marls from the anchizone
and epizone only the IIb chlorite polytype was present.

DISCUSSION. If compared to other indicators of incipient
metamorphism in the study area, the simple chlorite
polytype distribution pattern seems to follow the ob-
servations made by Hayes (1970), for example the Ib
(B = 90° chlorite polytype of the diagenetic zone is
followed by the IIb polytype in the anchizone and ep-
izone. Therefore, the chlorite polytype conversion in
the study area appears to be controlled mainly by tem-
perature.
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Variation of illite domain size or illite average column length vs illite “crystallinity” (Kiibler index).

b, of illite

GENERAL. The b, cell parameter of muscovite or illite
may be used as a semiquantitative geobarometer for
epizonal (Sassi and Scolari 1974) or upper anchizonal
(Padan et al. 1982) shales and slates. This geobaro-
meter is based on two observations: 1) the celadonite
content of potassic white mica increases with increas-
ing pressure (if temperature is held constant); and 2)
there exists a positive correlation between the b, pa-
rameter and celadonite content. Although this barom-
eter uses unbuffered assemblages lacking K-feldspar,
it has been successfully applied in many field areas.
Therefore, the statement by Essene (1989) that ““it
seems prudent to avoid the use of Sassi’s phengite ba-
rometer for thermobarometry” seems not justified.

RESULTS. The b, parameter is usually determined
through the measurement of the d(060) spacing. If ran-
domly oriented preparates are used for that purpose,
as was attempted in this study, then the (060) peak is
overlapped and obscured by the (331) peak and addi-
tional weak reflections. In order to test the reliability
of our b, determinations through the measurement of
illite d(060, 331) values, the b, cell dimension was
also calculated from a unit cell refinement using at
least 20 reflections. Results of this comparison for 33
samples ranging in grade from the diagenetic zone to
the epizone show a rather good linear correlation (Fig-
ure 12). b, values calculated from d(060, 531) are
slightly smaller than b, values obtained from unit cell
refinement, with a maximum deviation of 0.015 A.
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This result is to be expected because the (§31) peak
has a smaller d-value than the (060) peak (e.g., Borg
and Smith 1969). In conclusion, for illite b,-geobaro-
metry using randomly oriented preparates, the b, pa-
rameter may be calculated from the relation b, = 6 X
d(060, 331) with some confidence.

The d(060, 331) values for 32 illites (including il-
lite/smectite mixed-layer) from the S#ntis nappe range
from 1.495-1.503 A (mean value 1.499 A), for 12
lower anchizonal illites range from 1.500-1.506 A
(mean value 1.502 A), and for 18 upper anchizonat
and 4 epizonal illites range from 1.499-1.506 A (mean
value 1.501 A).

DISCUSSION. b, or d(060, 331) of illite increases in the
study area with grade during incipient metamorphism,
in accordance with results reported by Padan et al.
(1982) and Yang and Hesse (1991). The b, parameter
increases with an increasing replacement of Al by Fe
+ Mg in the octahedral layer and K in the interlayer
position (Radoslovich and Norrish 1962; Hunziker et
al. 1986). The general decrease of expandable layers
in illite/smectite from north to south means a concom-
itant increase of K, but whether Fe + Mg are also
increasing is not known.

Because lower and upper anchizonal illites of the
study area yielded almost identical b, values, lower
anchizonal samples were included in b, geobarometry.
A cumulative frequency plot of b, values for anchi-
and epimetamorphic samples indicates conditions of
an intermediate-pressure facies series as for northern
New Hampshire (Figure 13). The mean b, value of
9.010 A obtained for the southern part of the study
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Figure 13. Cumulative frequency curve of illite b, values

for 34 anchizonal and epizonal samples (thick line). Refer-
ence curves (thin lines) are from Sassi and Scolari (1974).

area is very similar to the 9.013 A reported by Frey
(1988) for North Helvetic flysch from the adjacent
Glarus Alps.

Correlation Between Indicators of Incipient
Metamorphism

The mineral distribution with increasing grade is
summarized in Figure 14. The presence of smectite in
the Subalpine Molasse at vitrinite reflectance <0.6%
Rmax (Erdelbrock 1994) indicates diagenetic zone 2
of Kiibler et al. (1979). Kaolinite is a typical index
mineral of the diagenetic zone, and the isograd Kln +

mineras—® Dlazg(;a: ee e | Anchizone Epizone
Glauconite

Stilpnomelane e J—
Biotite —_
Smaectite —
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Hiite bo 8993 (A) 9.009 (A)

Figure 14. Summary of indicators of diagenesis and incip-
ient metamorphism for the Helvetic Alps of eastern Switzer-
land. The distribution of index minerals and various proper-
ties of mixed-layer illite/smectite and illite are plotted against
grade as defined by illite “crystallinity” data.
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Qtz = Prl + H,O is located at the beginning of the
anchizone (Figures 2 and 6). Physical conditions for
two localities along this isograd (Figure 6, stations
with Kln + Prl) were estimated as 240-260°C/2.1 kbar
based on coal rank and fluid inclusion data (Frey
1987b). Paragonite is widespread in the anchizone and
epizone. Glauconite-bearing sandstones and lime-
stones are widespread in the diagenetic zone, and the
isograd Glt + Qtz = Chl = Stp + Kfs + fluid is
located in the uppermost diagenetic zone.

Several properties of mixed-layer illite/smectite and
illite are also useful indicators of incipient metamor-
phism. The ordering type or Reichweite of I/S changes
from R = 0 to R > 1, although different ordering types
were found within a restricted area. Nevertheless this
allowed to distinguish four zones with different R val-
ues and illite contents in I/S, and three of these zones
allowed a subdivision of the diagenetic zone as defined
by illite “‘crystallinity.”” Illite domain size generally
increases with increasing grade, and limiting values of
50 and 100 nm were determined for the lower and
upper boundaries of the anchizone.

Regional Significance

Three main tectonic features of the study area are
the Glarus thrust, the Sintis thrust and the basal Pen-
ninic thrust. In this section, possible breaks in diage-
netic or metamorphic grade across these thrusts will
be discussed.

The presence of dioctahedral smectite in the Sub-
alpine Molasse and its absence in similar lithologies
of the Sintis nappe indicates a higher diagenetic grade
for the upper tectonic unit (Figure 1). Such a break in
grade was also observed by Erdelbrock (1994) based
on vitrinite reflectance data: Rmax < 0.6% for the
Subalpine Molasse around Appenzell and Rmax >
1.3% for the adjacent Sintis nappe. Using the termi-
nology of Kiibler et al. (1979), the Subalpine Molasse
belongs to the diagenetic zone 2 whereas the Sintis
nappe belongs to zones 3 and 4. Obviously, the higher
grade Séntis nappe dislocated along the Glarus thrust
over the Subalpine Molasse causing a discontinuous
inverse diagenetic zonation.

The Helvetic nappes show a general increase in dia-
genetic/metamorphic grade from north to south, main-
ly documented by the regional distribution of various
index minerals, illite “‘crystallinity” data, the overall
diminution of expandable layers and the ordering of
illite/smectite. Within the Helvetic nappe pile, grade
increases from tectonically higher to lower units. This
is best documented in the Alvier-Sargans-lake Walen
area by vitrinite reflectance data (Erdelbrock 1994),
but is also supported by IC data (Figure 2) and the
Kin — Prt conversion (Figure 6). As mentioned earlier,
the diagenesis/anchizone boundary as well as the is-
ograds Kln + Qtz = Prl + H,0O and Glt + Qtz £ Chl
= Stp + Kfs + fluid almost coincide in the study area,
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and are crossing nappe boundaries, including the Sén-
tis thrust, thus indicating that incipient metamorphism
was a late syn- to post-nappe-forming event.

Further to the south, in the Pizol area, IC data in-
dicates a discontinuous inverse metamorphic zonation
across the Glarus thrust, separating the Verrucano from
the Infrahelvetic complex, with some 5—-10 km of post-
metamorphic thrusting. This feature is in accordance
with the discontinuous inverse diagenetic zonation
near the Alpine border mentioned above.

Available data from this study and Erdelbrock
(1994) show no difference in diagenetic grade between
the Séntis nappe and Penninic klippen, indicating no
break in diagenetic grade across the basal Penninic
thrust, and thus a common late diagenetic history for
these tectonic units.
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