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A B S T R A C T

The unmetamorphosed equivalents of the regionally metamorphosed clays and marls that make
up the Alpine Liassic black shale formation consist of illite, irregular mixed-layer illite/montmoril-
lonite, chlorite, kaolinite, quartz, calcite, and dolomite, with accessory feldspars and organic
material. At higher grade, in the anchizonal slates, pyrophyllite is present and is thought to have
formed at the expense of kaolinite; paragonite and a mixed-layer paragonite/muscovite presumably
formed from the mixed-layer illite/montmorillonite. Anchimetamorphic illite is poorer in Fe and Mg
than at the diagenetic stage, having lost these elements during the formation of chlorite. Detrital
feldspar has disappeared.

In epimetamorphic phyllites, chloritoid and margarite appear by the reactions pyrophyllite +
chlorite = chloritoid + quartz + H2O and pyrophyllite + calcite ± paragonite = margarite +
quartz + H2O + CO2, respectively. At the epi—mesozone transition, paragonite and chloritoid seem
to become incompatible in the presence of carbonates and yield the following breakdown products:
plagioclase, margarite, clinozoisite (and minor zoisite), and biotite. The maximum distribution of
margarite is at the epizone-mesozone boundary; at higher metamorphic grade margarite is
consumed by a continuous reaction producing plagioclase.

Most of the observed assemblages in the anchi- and epizone can be treated in the two subsystems
MgO (or FeO)-Na2O-CaO-Al2O3-<KAl3O5-Si02-H2O-CO2). Chemographic analyses show that
the variance of assemblages decreases with increasing metamorphic grade.

Physical conditions are estimated from calibrated mineral reactions and other petrographic data.
The composition of the fluid phase was low in Xc(h throughout the metamorphic profile, whereas
XCIU was very high, particularly in the anchizone where aH was probably as low as 0-2. P—T
conditions along the metamorphic profile are 1-2 kb/20O-30O °C in the anchizone (Glarus Alps),
and 5 kb/5OO-550 °C at the epi-mesozone transition (Lukmanier area). Calculated geothermal
gradients decrease from 50 °C/km in the anchimetamorphic Glarus Alps to 30 °C/km at the
epi-mesozone transition of the Lukmanier area.

I N T R O D U C T I O N

T H E central Swiss Alps offer the rare opportunity to study specific lit-
hostratigraphic units all the way from unmetamorphosed sediments to medium-
grade metamorphic rocks. One such study, on a Triassic red bed formation has

• This paper is a condensed version of the author's 'Habilitationsschrift'.
f Present address: Mineralogisch-petrographisches Institut der Universitat Basel, Bernoullistrasse 30, CH-

4056 Basel, Switzerland.

IJourn*! of Petrology, Vol. 19, P«rt 1, pp. 95-135, 19781
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already been documented (Frey, 1969a). The purpose of the present paper is to
present complementary data on a related sequence of Liassic black shales.

Regional setting

The Liassic black shale formation studied was found at several localities: in the
Jura mountains (the unmetamorphosed region), in the boreholes underneath the
Molasse Basin and in the Helvetic Zone, and at the northern boundary of the
Lepontine region (area of highest grade, see Fig. 1).

The unmetamorphosed clays and marls are exposed in the Tabular Jura of
southern Germany and northwestern Switzerland, where they form part of the flat-
lying foreland of the Alpine orogeny. The southern extension of the Tabular and
Folded Jura has been found in several boreholes below the Molasse Basin to a
depth of about 2 km (Buchi et ai, 1965).

FIG. 1. Simplified geologic map of the central Swiss Alps showing main sample localities (black dots). Stippled
areas: Jura and Helvetic domains. Metamorphic mineral zone boundaries after Niggli & Niggli (1965) with
minor modifications. Abbreviations for localities: PP = Panixerpass; VC = Valle CavaJasca; VP = Val Piora.
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The anchimetamorphic shales and slates of this formation (the anchizone being
defined on the basis of illite crystallinity—Kiibler, 1967) are found in the Helvetic
Nappes, which form the Alpine border region of central Switzerland. The Helvetic
Nappes consist mainly of miogeosynclinal sediments which slid northwards off the
Aar and Gotthard Massifs in great recumbent folds and thrust slices (Triimpy,
1960). Until recently, the Helvetic Nappes were considered unmetamorphosed.

The epi- and mesometamorphic phyllites and schists belong to the northern and
southern sedimentary cover of the Gotthard Massif, respectively. The Gotthard
Massif itself lies within the chloritoid zone of Alpine metamorphism as defined by
Niggli&Niggli(1965).

Stratigraphy

The Liassic rocks of the Jura mountains consist of 20-60 m of grey to black
clays, marls, sandstones and arenaceous limestones (Heim, 1919). In the Glarus
Alps, these rocks reach a thickness of 350-500 m (Triimpy, 1949). At its base, the
Liassic sequence is composed of 30 m of sandstones with intercalated black shales
and slates (= member I in Fig. 5). Overlying rock units (= member II and III in
Fig. 5) consist of 100-150 m of grey to black marly shales and slates with
intercalations of arenaceous limestones. The rocks which in turn overlie these
marly shales and slates are mainly arenaceous limestones and were excluded from
this study. Further south, in the Urseren Zone, the Liassic rocks consist of 50-70
m of black to grey phyllites and schists with intercalated arenaceous limestones at
the base (= members I?, II and III in Fig. 7), and 40-80 m of arenaceous
limestones at the top (= member IV in Fig. 7—see Niggli, 1944). At the Lukmanier
Pass these Liassic sediments are at least 700 m thick and consist of a basal 10 m of
pelitic black schists with minor quartzites (= members I and II in Fig. 9), overlain
by 50 m of alternating marly black schists and limestones (= member III in Fig. 9).
Only the lower Liassic of the Lukmanier area has low-grade equivalents in the
Urseren Zone and the Glarus Alps (Baumer et al., 1961; Frey, 1967).

METHODS

Sampling procedure. Whenever possible, complete stratigraphic sections were
sampled taking into account all lithological variations. At most localities 10 to 25
specimens were collected at intervals of decimeters to several meters.

Mineral identification. For the unmetamorphosed and metamorphosed sedi-
ments of the anchizone, mineral determinations were obtained primarily by X-ray
studies. In all other cases, combinations of optical and X-ray methods were
applied. The identification of the sheet silicates, including the clay minerals, was
made by X-ray diffractometer and Guinier camera techniques. The X-ray mounts
were prepared by sedimentation, and were air-dried, glycolated or heat treated
where necessary. Accurate determinations of rf-spacings were obtained using Si or
quartz as internal standards.

Modal analysis. Quantitative determination of quartz and feldspars was done by
X-ray analysis, using a method devised by Peters (1965, 1970). The amounts of the
various carbonate minerals were calculated from the known calcite/dolomite ratio
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coupled with volumetrically determined CO2 values in the bulk samples. Sheet
silicate abundance could only be determined semiquantitatively by X-ray
diffractometry; the method used was that outlined by Henderson (1971). In all
cases, the X-ray standards used were prepared by mechanically mixing equal
amounts of various combinations of minerals, followed by measurements of the
intensity ratios of the reflexions indicated in Table 1.

T A B L E 1

Intensity-ratios used for semiquantitative determination of sheet silicates. The ratios
shown result from equal proportions of the minerals listed

Mineral

Hike
Hike
Illite
Chlorite
Muscovite
Muscovite
Muscovite
Muscovite
Muscovite
Muscovite
Margarite
Muscovite
Muscovite

A

hkl

00 1
0 0 1
00 1
0 0 4
0 0 2
0 0 6
0 0 6
0 0 2
0 0 6
00. 10
00. 10
0 6 0
0 6 0

dinA

10
10
10
3-56

10
3-3
3-3

10
3-3
2 0
2 0
1-50
1-50

Mineral

Montmorillonite
Chlorite
Kaolinite
Kaolinite
Pyrophyllite
Paragonhe
Paragonite/muscovhe
Margarite
Margarite
Margarite
Paragonite
Paragonite
Margarite

B

hkl

0 0 1
0 0 2
0 0 2
0 0 2
0 0 1
0 0 6
—
0 0 2
0 0 6
0 0 . 10
0 0 . 10
0 6 0
0 6 0

dinA

17
7
3-60
3-60
9-2
3-20
3-25
9-6
3-2
1-91
1-92
1-48
1-47

A:B

Intensity ratio

1:3
1:2
1:2
1:1
1:1
1:1
1:1
7:1
1:1
5:4
4:5
1:1
1:1

Chemical and microprobe analyses. Whole rock analyses, were done by standard
wet chemical methods. Some of the mineral analyses were performed at Cambridge
University by J. S. Fox on a Geoscan electron-probe microanalyser, using simple
silicates and oxides as standards. Corrections were done according to the
procedure described by Sweatman & Long (1969). The remaining analyses were
carried out by the author on an Acton—Cameca electron-probe at Yale University
using standards with a composition close to that of the unknown mineral. In this
case, corrections were made with the method of Bence & Albee (1968).

Where minerals were too fine-grained to be analysed satisfactorily by
microprobe, their chemical compositions were estimated from X-ray data.

MINERAL COMPOSITIONS AND ABBREVIATIONS

The compositions of the phases based on which the stoichiometry of the
reactions were calculated and the abbreviations for mineral names used in the
tables and figures are listed below:

ab = albite,
cc = calcite,
chl = chlorite,

NaAlSi3O8

CaCO3

(Fe,Mg)4.5Al3Si2.5O10(OH)8
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ctd
dol
ma
pa
py
zo

bi
clz
c/m

gr

i
i/m

kaol

= chloritoid,
= dolomite,
= margarite,
= paragonite,
= pyrophyllite,
= zoisite,

= biotite
= clinozoisite

FeAl2SiO5(OH)2

CaMg(CO3)2

CaAl4Si2O10(OH)2

NaAl3Si3O10(OH)2

Al2Si4O10(OH)2

Ca2Al3Si3012(0H)

kf
ky

= chlorite/ montmorillonite mu
mixed-layer

= garnet

= illite

pa/mu

plag
= illite/montmorillonite rect

mixed-layer
= kaolinite st

= K-feldspar
= kyanite
= muscovite

= paragonite/muscovite
mixed-layer

= plagioclase
= rectorite

= staurolite

BULK ROCK CHEMISTRY

To test for isochemistry in the formation, composite rock samples were analysed
from all the four areas under consideration. As can be seen from Table 2, the mean
rock compositions are similar in all four areas, although the chemical diversity in a
single outcrop may be considerable (see below) with the largest variations due to
the changing carbonate content.

MINERALOGY AND PETROGRAPHY

The unmetamorphosed marls and claystones of the Tabular Jura and the boreholes
under the Molasse Basin

The unmetamorphosed Liassic rocks from under the Molasse Basin were studied
using drill hole samples from the Berlingen, Kreuzlingen and Lindau localities (see
Fig. 1). Additional data by Peters (1964) was available from the Frick area. In all,
a total of 34 samples were investigated.

Mineralogy
Illite and irregular mixed-layer illite/montmorillonite. Illite was determined by

its strong basal reflexions at 10 A and 5 A. Diffractograms of the air-dried mixed-
layer illite/montmorillonite showed a broad basal reflexion at about 10-13 A. On
glyeolation, this reflexion shifted to roughly 12-14 A, indicating the presence of
20- t̂O per cent expandable layers (MacEwan et al., 1961, fig. XI. 17). Absence of a
regular sequence of higher and lower order basal reflexions indicated a random
interstratification of illite and montmorillonite. The (060)-reflexion varied from
1-498 to 1-504 A, indicating up to 25 per cent Mg and Fe in the octahedral layer
(Maxwell & Hower, 1967, fig. 4).

Chlorite. The first five basal reflexions appeared on X-ray diffractograms. In six
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samples, the position of the first basal reflexion, calculated from ^(004), ranged
between 14-12 to 14-17 A. The b parameter, calculated from the (060)-refiexion,
varied in four samples from 9-29 to 9-30 A. According to Wetzel fl973, table 3)
these values correspond to the following structural formula:

(Mg2.4_2.3Fe2
2+3_2.6Al1.3_1.1)6(Si2.7j_2.8jAl1.23_1.l!)4O10(OH)8

Peak intensities before and after heat treatment also indicate a relatively Fe-rich
chlorite.

Mixed-layer chlorite/montmorillonite. A broad basal reflexion at 13-5-14-1 A,
found only in air-dried samples, indicated an additional phase in these
unmetamorphosed assemblages. The glycolated diffractogram showed a more or
less regular sequence of basal reflexions. The d(001) value, as obtained from the
d(00. 10) reflexion, is 34-5 A. On heat treatment, a broad but weak shoulder
appears at about 11-12-6 A. In most samples only this weak shoulder (see Fig. 2)

sample K2

kaol

-J I I L_
30 28 26 22 20 V, 12 10 818 16

29" Cu K»
FIG. 2. Diffractograms of the unmetamorphosed sample K2 from the KreuzKngen borehole. All fractions <2/j.

For mineral abbreviations refer to p. 98.
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points to the presence of this clay mineral which is interpreted as a 1/1
chlorite/montmorillonite interstratification with a tendency to regular ordering. A
similar clay mineral was described by Tank & McNeely (1970) from epigenetic
graywackes.

Kaolinite. The first basal reflexion of kaolinite coincided with the (002)-reflexion
of chlorite; but the second order basal reflexion at 3-60 A was resolved from the
(004)-reflexion of chlorite at 3-56 A by using a slow scanning speed. Sharp lines on
Guinier films indicated significant layer ordering.

In addition to the clay minerals in all samples studied, the other phases included
quartz, calcite, minor dolomite, feldspars (albite and K-feldspar), and accessory
pyrite, anatase and organic material.

Modal and bulk rock composition

A typical diffractogram of the clay fraction of an unmetamorphic Liassic marl is
given in Fig. 2. The clay mineral distribution of the <2 fi fraction of all investigated

T A B L E 3

Modal and bulk rock composition of three representative
unmetamorphosed samples

Illite & illite/montm.
Chlorite
Chlorite/montm.
Kaolinite
Quartz
It-feldspar
Albite
Calcite
Dolomite

SiO2

TiOj
A12O3

FeOf
MnO
MgO
CaO
Na2O
K2O

PA
HAM
CO2

C
S
Total

ml4*

25
5-10
—
10
33
4
3*

18
—

59-7
0-69

10-5
2-2
0 0 2
1-8

10-5
0-54
2-3
0 0 7
2-7
7-9
0-70
n.d.

99-62

B3

45-50
<5
-<5

5-10
23

2i

134
2*

47-5
0-67

17-4
4-8
0 0 7
1-7
8-6
0-8
4-1
0 1 0
6-4
7-1
0-95

n.d.

100-37

K2

40
5

<5
10
42
—

3
i

62-6
0-99

18-3
4-0
0 0 1
1-2
0-53
0-8
3-5
0 0 4
5-9
0-21
0-87
n.d.

98-95

Average of
24 samples

58-2
0-55

13-2
4 0
0-04
1-8
6 1
0-7
3-5
0 0 7
5 0
6-4
0-61
11

101-27

'Analysis ml4 of the decarbonated host roclc (Peters, 1964, table 8) recalcu-
lated for a calcite content of 18 wt. per cent of ideal composition.

t Total Fe as FeO.
Analysts M. Frey and T. Peters (ml4). The average chemical composition of 24

unmetamorphosed marls and claystones from Table 1 is reproduced for comparison.
All values in wt per cent
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samples is shown in Fig. 3. Elite and an irregular mixed-layer illite/montmorillonite
are the dominant clay minerals (50-95 per cent); chlorite (<5-3O per cent) is seen
to occur in all samples. Although not shown in Fig. 3, the mixed-layer
chlorite/montmorillonite (<5 per cent) is present in all samples except K5.
Kaolinite (5-30 per cent) is the characteristic clay mineral in all four sections
studied.

Table 3 gives modal and bulk rock compositions of three representative rocks. A
comparison of these data leads to the conclusion that most of the sodium must be
incorporated in the illite or the mixed-layer illite/montmorillonite. The same is true
for the iron, and to a lesser extent for the magnesium. This is in accordance with
the X-ray data mentioned earlier. Table 4 lists the mineral assemblages observed in
34 unmetamorphosed sedimentary rocks.

T A B L E 4

Mineral assemblages in 34 unmetamorphic Liassic samples of the
Tabular Jura and of boreholes below the Molasse Basin

i + i/m

X

X
X

X

X
X
X

X
X
X
X
X

34

chl

X
X

X
X

X
X
X

X
X
X

X
X

34

kaol

X
X

X

X
X

X
X
X
X

X

31

cc

X
X
X

X
X

X

X
X

29

dol

X

X
X

X
X

11

ab

X
X

X
X

X

X

X

22

X

X

X
X

X

14

Number of samples

9
5
4
4
2
2
2
1
1
1
2
1

34

Quartz and organic material are always present in addition.

The anchimetamorphosed shales and slates of the Glarus Alps

109 anchimetamorphic, Lower Liassic shale and slate samples, from the Glarus
Alps were studied. All samples were taken from sections described by Triimpy
(1949) and were mainly from the Spitzmeilen and the Klausenpass regions (see
Fig. 1).

Mineralogy

Muscovite-illite. A dioctahedral phyllosilicate, whose 10 A basal reflexion was
not affected by glycol treatment, was called 'muscovite-illite'. Additional properties
of this phase were found to be: (i) a better crystallinity than the illites from the
Molasse Basin borehole samples; (ii) a gradual elimination of interlayer vacancies
with increasing grade; (iii) a strong maximum at 1-498 A in the frequency
distribution of ^(060) values, as compared with a 1-4988 ± 0-0002 A mode for
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synthetic 2M, muscovite (Chatterjee & Johannes, 1974), indicating a negligible
phengite miscibility.

The crystallinity of illite was determined only rarely because its first order basal
reflexion was found to interfere with that of pyrophyllite, paragonite, and mixed-
layer paragonite/muscovite. When measurable, this value ranged between 5 and 7
for the Spitzmeilen region and around 5 for the Klausenpass area*.

Basal spacings of muscovites which coexist with paragonite indicated 2—6 mole
per cent paragonite solid solution, according to a relation given by Guidotti (1974).

Chlorite. A first approximation to the chlorite composition was obtained by X-
ray studies. According to Wetzel (1973) determination of the b parameter and the
c.sin j? spacing permits an estimation of JC and y values in the chlorite formula
(Mg6_JC_yFeJ+Al;t)6(Si4_;(.Alx)4O10(OH)8. In 28 samples, the rf(001) value varied
between 14-09 and 14-14 A, with an average around 14-11-14-12 A,
corresponding to a mean x value of 1-35. In 68 samples the b parameter varied
between 9-24 and 9-32 A, with an average around 9-29 A, leading to a y value of
2-3. Accordingly, most of the anchimetamorphic chlorites may approximate to the
following structural formula:

(Mg2.,jFel+,Al1.3j)6(Si2.7Al1.,)4O10(OH)8

and should be termed 'ripidolite' (Hey, 1954). It should be pointed out that the
regression formulae used were derived from relatively high-temperature chlorites
and that the compositions of the low-temperature chlorites deduced from these
formulae may be inaccurate.

7 A-chamosite. A 7 A-chamosite with d(001) = 7-07 A and b = 9-317 A was
identified with certainty only in a few samples, these being from the Triassic-
Liassic transition zone of the Spitzmeilen region. After heat treatment (1100 °C for
2 hours in air) hematite and spinel—but no olivine—were found, indicating that
these are true chamosites (Warshaw & Roy, 1961). The 7 A-chamosite is probably
more common in these rocks, but it is difficult to detect it in the presence of 14 A-
chlorite.

Rectorite (?). Some samples at the low-grade end of the anchizone contain minor
amounts of an expanding clay mineral with a first order basal reflexion between
22-23 A for air-dried, and 25-27 A for glycolated samples. Higher order reflexions
are apparently missing. This phase may be rectorite, N a ^ l j [S^.^l^O 10] (OH)2.

Mixed-layer paragonite/muscovite. This mineral was first described by Frey
(19696), who found it in the anchimetamorphosed shales and slates of the Glarus
Alps. A strong basal reflexion at 3-25 A and a weaker one at 1-96 A are
characteristic of this mineral.

Paragonite. Paragonite was identified by its first three basal reflexions and was
distinguished from margarite through the measurement of the (00.10) basal
reflexion.

Pyrophyllite. Pyrophyllite is easily detected by its basal reflexions at 9-2, 4-6 and
3 06 A and is distinguished from talc by its (060)-reflexion at 1-49 A. Using the
method of Brindley & Wardle (1970), the triclinic pyrophyllite was found to

• The illite crystallinity for anchimetamorphic rocks in general ranges from 7-5 to 4 0 .
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predominate over the monoclinic form in the anchizone rocks. The third basal
spacings of samples MF 537 and MF 702 (Table 5) were found to be 3-066 ±
0-001 and 3-065 ± 0-001 A, respectively. These values are similar to those of
other natural pyrophyllites but appreciably smaller than those of synthetic
pyrophyllites (Rosenberg, 1974, fig. 1). Occasionally, rims of a sheet silicate
mineral with low birefringence, probably secondary pyrophyllite, were observed on
grains of detrital muscovite (cf. Chennaux & Dunoyer, 1967).

The other main phases in all anchizone samples are quartz, ferroan calcite and
ferroan dolomite as revealed by staining methods (Dickson, 1966). No feldspar
was detected in any of the shales and slates, although minor detrital feldspar is
reported from the intercalated quartzites (Triimpy, 1949). The most frequent
accessory minerals are pyrite, tourmaline and organic material (graphite d3,
Landis, 1971).

sample
542

30 28 26 22 20 18 16
29* Cu K«

U, 10

Fio. 4. Diffractograms of twotypical anchimetamorphic samples from the Glarus Alps (fraction <2/i). For
mineral abbreviations refer to p. 98.
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Modal and bulk rock composition

Typical diffractograms of the clay fraction of two anchimetamorphic Liassic
shales are shown in Fig. 4. The sheet silicate distributions of the <2/i fraction of
four out of ten sections studied are shown in Fig. 5. Muscovite-illite is the
dominant sheet silicate (10-^95 per cent) but chlorite (5-60 per cent) also occurs in
all samples. Paragonite (0-25 per cent) and/or mixed-layer paragonite/muscovite

T A B L E 5

Modal and bulk rock composition of six anchimetamorphic samples {extreme
types) of the Glarus Alps

Muscovite-iUite
Chlorite
Paragonite/muscovite
Paragonite
Pyrophyllite
Quartz
Calcite
Dolomite

SiO2

TiO2

A12O3

FeO*
MnO
MgO
CaO
Na2O
K2O
P A
H2O+

H 2 O-
CO2

C
S

Total

MF537

10-15
5
5

—
50-55

20
—

4

60-6
1-3

23-8
2-3
0 0 2
1 0
1-5
0-25
1-5
0 0 4
4-4
0-21
1-9
0 1 9
n.d.

9901

MF551

15-20
20
+ ?
—
—
58

li

72-1
0-56

10-8
7-7
0 0 1
1-5
0-89
0-10
1-9
0 1 6
3-3f

0-58
0-44
n.d.

10004

MF561

35-40
5

15-20
15
—
25
—
—

59-3
1 1

24-2
1-5

<001
11
0-21
1-5
5-9
0 0 4
4 0
1 1
-
0-28
n.d.

100-23

MF626

10-15
25
+ ?
+ ?
—
47
14

1

58-9
0-49

10-3
8-3
0 1 4
3-5
7-5
0-23
0-9
0 0 9
4-If

6-2
0-07

n.d.

100-72

MF644

15
<5

10-15
5-10
—
60
—
—

78-1
0-47

11-6
0-80

<001
0-4
0-06
0-6
1-4
0 1 3
2-6
0-8
—
1-4
n.d.

98-36

MF702

10
<5

5
—
70
14
—
—

58-9
1-2

280
1-6

<001
0-24
0-03
0-60
1-6
0 0 4
5-5
0-24
—
0-32
n.d.

98-27

A verage of
74 samples

56-5
0-64

18-4
4-2
0 0 4
1-4
4-2
1-2
3-6
0 1 2
4 - 5 |

3-9
0-47
0 1 9

99-36

* Total Fe as FeO. tH2O t o t .
Analyst M. Frey. The average chemical composition of 74 anchimetamorphic shales and slates from

Table 1 is shown for comparison. All values in wt. per cent.

(0-25 per cent) is very common; paragonite was detected with certainty in 44 and
the mixed-layer paragonite/muscovite in 99, out of 109 samples (Table 6). The
mixed-layer paragonite/muscovite often dominates over paragonite (Fig. 5).
Pyrophyllite {0-75 per cent) is a characteristic sheet silicate in 47 out of 109
samples.

Table 5 gives the mineralogical and chemical composition of six rocks. Extreme
types were chosen to set upper limits for the modal contents of chlorite (samples
MF 551 and 626), paragonite, mixed-layer paragonite/muscovite (samples
MF 561 and 644) and pyrophyllite (samples MF 537 and 702).
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Table 6 lists the mineral assemblages observed in 109 anchimetamorphic
samples of the Glarus Alps. Note the common occurrence of the assemblages
containing the sheet silicates pyrophyllite, mixed-layer paragonite/muscovite,
paragonite, and the carbonate minerals, the significance of which will be discussed
later.

T A B L E 6

Mineral assemblages in 109 anchimetamorphic shales and slates of the
Glarus Alps

mu-i

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X
X

X

X

X

109

chl

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

109

py

X

X

X

X

X

X

X

X

X

47

reel

X

X

X

4

pa/mu

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

99

pa

X

+ ?
+ ?

X

X

+?

+?
+?

X

+?
+?
X

+?

44 + 36?

cc

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

46

dot

X

X

X

X

X

X

X

14

Number of
samples

23
6
6
4
2
2
1
2
1
2
1
1

13
9
7
5
5
4
4
4
4
3

109

Quartz and organic material are always present in addition.

The epimetamorphic phyllites and schists of the Urseren Zone

11 epimetamorphic phyllites and schists, mainly from three sections of Lower
Liassic rocks from the Urseren Zone, were studied.

Mineralogy
Muscovite. As in the Glarus Alps, the maximum at 1-498 A in the frequency

distribution of d(060) values indicated that the muscovites of the Urseren Zone
contain only negligible amounts of phengitic component. These phengite-poor K-
micas may be a result of highly aluminous rock compositions (Guidotti & Sassi,
1976).

As before, basal spacings of some coexisting muscovites and paragonites were
measured; these indicated 8-11 mole per cent paragonite in muscovite.

The 'illite crystallinity' (Kiibler, 1967) of all samples free of paragonite and/or
margarite is <4-0, indicative of epizonal conditions.



110 M. FREY

Chlorite. The chlorite composition was determined by the X-ray method
described earlier. On the basis of some 20 measurements, the epimetamorphic
chlorites of the Urseren Zone were estimated to have the following structural
formula (Wetzel, 1973):

(Mg2.4_2.9,Fei+,_1.7jAl1.,)6(Si2.7Al1.3)4OI0(OH)8

Again, these chlorites fall in the ripidolite field as defined by Hey (1954).

48 47 46

FIG. 6. Diffractometer traces for three samples containing muscovite, paragonite, and margarite in different
proportions. The 29 range shown is critical for the distinction between the three white micas.

Mixed-layer paragonite/'muscovite. The X-ray properties of this phase do not
appear to have changed in comparison with its anchizone equivalent.

Paragonite. The d(002) spacings of some paragonites of the Urseren Zone were
found to be lower than that of a synthetic 2MX paragonite (Chatterjee, 1974a). This
might imply some solid solution of margarite in these paragonites.

Margarite. In fine grained phyllites, margarite can be detected unequivocally
only by X-ray methods. There are three different ways of distinguishing margarite
from paragonite: (i) From the position of the (00.10) basal reflexion (Chatterjee,
1971, p. 193), see Fig. 6; (ii) from its (060) reflexion (Velde, 1971); and (iii) from
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the measurement of the intensity-ratios of the first and the third basal reflexions
(while this ratio is about 1:1 for paragonite, it is about 1:7 for margarite—Table
1). The last method works only if margarite clearly dominates over paragonite.

The mean b parameter of 10 samples was found to be 8-860 ± 0-005 A, which is
appreciably higher than the value of 8-837 ± 0-002 A given by Chatterjee (19746)
for synthetic 2MX margarite. This striking difference in b parameter is tentatively
interpreted as being due to the solid solution of paragonite and/or ephesite in these
margarites.

Chloritoid. Chloritoid is the only porphyroblastic mineral (long dimension 0 -1 -
1 -4 mm) in the Liassic formation of the Urseren Zone. It occurs as colourless,
idioblastic crystals or rosettes with polysynthetic twinning and often with hour-
glass structure. Only the triclinic modification is present (Halferdahl, 1961, table
17). Partial microprobe analyses of two grains (see Table 7 for coexisting minerals)
yielded the following results:

total Fe as FeO
MgO
MnO

MF
24-

2-
0-

81
2
9
44

MF
23-

3-
0-

120
3
7
31

T A B L E 7

Modal and bulk rock composition of six epimetamorphic samples of the
Urseren Zone

Muscovite
Chlorite
Paragonite/muscovite
Paragonite
Margarite
Chloritoid
Quartz
Calcite
Dolomite

SiO2

TiO2

A12O,
FeO*
MnO
MgO
CaO
Na2O
K2O
P2O3

H2O+
H2O-
CO2

C
S

Total

MF81

25
—
—
20
—

7
43
—
—

62-3
1-7

22-6
3-6
0 0 7
0-44
0-22
2 0
2-6
0 0 1
3 0
0-21
—
0-54

n.d.
10019

MF 120

35-40
—
+ ?

15-20
—
18
28
—
—

53-7
1-4

27-6
5-3
006
0-64
0-22
1-8
3-7
0-01
4-9
0-44
—
0-71

n.d.

100-48

MF852

5-10
—
—

5-10
5

80
—
—

86-6
0-22
7-33
1-2

<0-01
0 1 9
0-40
0-8
0-9
0 1 3
0-95f

0 0 6
0-21
n.d.

9902

MF857

40
<5
—
10

5-10
15
24
—
—

49-2
0-97

30-1,
6-8
0 0 7
0-92
0-90
1-4
4-2
0 1 4
4-If

0 0 5
1 1

n.d.

10000

MF886

30
5

5-10
5-10
—

28
10
14

44-5
0-70

18-3
4-8
0 0 7
2-8
9-7
1-4
3-4
0 1 2
2-85f

10-7
0-64
n.d.

99-98

MF925

15

10
10-15

—
12
45
—
—

71-2
0-77

16-75

3-8
0 0 4
0-44
0-36
1-2
1-8
0 0 6
2-6f

0-04
0-33
n.d.

99-39

Average of
58 samples

59-0
0-64

18-6
5-5
0 0 5
1-5
2-9
0-9
3-6
0 1 9
3-5f

2-8
0-53
0 1 8

99-89

• Total Fe as FeO. tH2O1M.
Analyst M. Frey. The average chemical composition of 58 epimetamorphic phyllites and schists from

Table 1 is shown for comparison. All values in wt per cent
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The other main phases in the Liassic rocks of the Urseren Zone are quartz,
ferroan calcite and ferroan dolomite. No feldspars were detected. The most
frequent accessory minerals are pyrite, rutile, tourmaline and graphite (graphite
d1A—Landis, 1971).

Modal and bulk rock composition

The sheet silicate distribution of the <2 n fraction of three sections investigated is
shown in Fig. 7. Muscovite is the dominant sheet silicate (30-95 per cent). Chlorite

T A B L E 8

Mineral assemblages in 77 epimetamorphic phyllites and schists of the
Urseren Zone

mu

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

76

chl

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

65

pa/mu

X

X

X

X

+ ?

X

X

+?
X

X

X

X

X

36 + 2?

pa

X

X

X

X

X

+?

+?
X

+?

X

X

X

+?

X

X

+?

+?
X

46 + 7?

ma

X

X

X

X

X

X

X

X

X

X

X

X

19

ctd

X

X

X

X

X

X

X

X

X

X

X

X

X

X

55

cc

X

X

X

X

X

X

X

X

X

X

X

X

• 19

dol

X

X

X

X

X

X

X

9

Number of
samples

17
9
8
4
3
2
1
1
1
3
2
2

;
:

3
2
1
2
1
1
1
1

77

Quartz and graphite are always additional phases.

(0-30 per cent, in one exceptional case 100 per cent) occurs in most samples.
Paragonite (0-40 per cent) and/or mixed-layer paragonite/muscovite (0-30 per
cent) are very common (Table 8), with the paragonite often predominating over the
mixed-layer paragonite/muscovite (Fig. 7)—opposite to what was recorded from
the Glarus Alps (Fig. 5). Margarite (0-30 per cent) is found in 19 out of 77
samples while chloritoid is present in 55 out of 77 samples.
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Table 7 gives the mineralogical and chemical composition of 6 rocks, while
Table 8 lists the mineral assemblages observed in 77 epimetamorphic samples of
the Urseren Zone.

The epi- and mesometamorphic schists and phyllites of the Lukmanier area

116 epi- and mesometamorphic schists and phyllites from six sections of the
Lower Liassic of the Lukmanier area were investigated. As Fox (1974, 1975) has
studied the metapelites of the same formation in some detail, the present discussion
is restricted to approximately 60 metasediments of marly composition. In addition,
10 samples from a Liassic section at Valle Cavalasca, about 15 km ENE of the
Lukmanier Pass, were studied for comparison.

Mineralogy

Muscovite. X-ray investigation of the muscovites revealed exclusively 2M
muscovites with negligible phengitic solid solution. This is corroborated by the
microprobe data of Fox (1974) as well as that in Table 9.

Chlorite. X-ray data obtained from 7 marly samples indicate ripidolite
compositions with wide range of Fe-Mg substitution. Microprobe data reproduced
in Table 9 and additional ones by Fox (1974) are in agreement with this result.

Paragonite. Paragonite is a rare mineral in the marly rocks of the Lukmanier
area although it was identified in a majority of the metapelites by Fox (1974) as
well as by this author.

Margarite. Margarite was determined by X-ray methods described earlier. Once
recognized, margarite could be distinguished in thin section from muscovite or
paragonite through its lower birefringence and through its typical sheaf-like habit
(Fig. 8). Margarite could also be found in fine, brownish intergrowths with

FIG. 8. Microphotograph of margarite in sample KAW 643 (Table 10). Plane polarized light. Length of
picture corresponds to 0- 7 mm.
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groundmass paragonite. At first glance margarite may be mistaken for Mg-rich
chlorite, but the higher relief and the positive elongation of margarite are
characteristic. Microprobe analysis of one margarite is given in Table 9. Its optical
data are: ny= 1-648 ± 0-002 and 2V= 45°.

Biotite. Biotite porphyroblasts with a long dimension of up to 1 mm show the
following pleochroism: X. = light yellow, Y — Z — brown. The wet chemical
analysis of one biotite is presented in Table 9. Five biotites analysed by Fox (1974)
from the Lower Liassic pelites are similar in composition.

Chloritoid. Chloritoid is mainly restricted to the basal pelitic part of the Lower
Liassic formation but can occasionally be found in the northernmost calcareous
schists of the Lukmanier Pass as well. In the southern part of this area, chloritoid
occurs as armoured relics in garnet in both pelitic and marly rocks. It appears as
pale bluish green to colourless laths of up to 1 mm in length. A microprobe analysis
of one chloritoid is given in Table 9. According to the X-ray criteria of Halferdahl
(1961) only the monoclinic modification is present in the 8 specimens examined
thus far.

Kyanite and staurolite. Kyanite and staurolite are rare constituents in the
calcareous schists of the southern part of the Lukmanier area. Detailed
mineralogical data for these minerals in the Lower Liassic pelitic rocks can be
found in Fox (1974).

Garnet. Garnet is a rare mineral in the calcareous schists of the northern part of
the Lukmanier area but is widespread in equivalent rocks further south. The garnet
porphyroblasts frequently contain inclusions of quartz, calcite and clinozoisite.
Measurement of physical properties of 13 garnets gave n — 1-795-1-809 ± 0-002
and a0 = 11-56-11 -62 A. From Winchell (1958, fig. 1) and assuming absence of Mn
and Fe3+ in these garnets, the following compositional range may be estimated:
64-79 mole per cent almandine, 17—29 per cent grossularite and 3—12 per cent
pyrope. This result compares favourably with microprobe data given by Fox
(1974).

Clinozoisite. Clinozoisite, often with a core of pistacite, occurs as elongated
prisms up to a few mm in length. A microprobe analysis of one clinozoisite is
presented in Table 9.

Zoisite. Zoisite was detected in hand specimen only in the northern part of the
Lukmanier area, where elongated porphyroblasts of several mm in length are
common. In thin sections the porphyroblasts are strongly poikiloblastic with quartz
and carbonate as main inclusions. The optical identification of zoisite was
confirmed by X-ray analysis (see Seki, 1959). Zoisite from specimen MF 944,
which seems to coexist with clinozoisite (4-52 per cent Fe2O3, Table 9) has a Fe2O3

content of 1-7 per cent. In another sample the Fe2O3 content of zoisite was found
lo be as low as 0-5 per cent

Plagioclase. The composition of 9 plagioclases was determined by electron
microprobe (Fox, 1974; Frey & Orville, 1974). In 9 additional samples they were
estimated from zl(131)-(131) values using the curve of Bambauer et al. (1967).
The compositions of all the plagioclases cluster in the range oligoclase-andesine.
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The plagioclases in margarite-bearing samples, however, show the highest anorthite
content.

Carbonate minerals. Ferroan calcite and ferroan dolomite have been identified
by X-ray and by staining methods. The iron content seems to be dependent on the
bulk composition. Table 9 lists analyses of calcite and ankerite from a relatively
iron-rich specimen. A calcite from a sample poor in Fe was found to contain 0-6
per cent FeO and 2-0 per cent MgO whereas the coexisting dolomite contained 2-5
per cent FeO.

Opaques. Pyrrhotite, ilmenite, rutile and graphite (graphite d,—Landis, 1971)
are abundant accessory minerals while pyrite and secondary (?) hematite are rare.
A microprobe analysis of an ilmenite is given in Table 9. Some pyrrhotites show a
splitting of the (102) reflexion indicating that both a hexagonal and a monoclinic
form are present.

Quartz is present as a major phase in all specimens studied. Tourmaline is
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another accessory mineral besides the opaques. Staining with sodium cobaltnitrate
showed that potassium feldspar was only present in two samples as a few, small
isolated grains. Hornblende was found in a single sample from Val di Campo
(kindly provided by Dr. J. Fox).

Modal and bulk rock composition
The sheet silicate distribution (excepting biotite) of the <2 fi fraction of the

Lukmanier Pass section is shown in Fig. 9. There is a clear distinction between a
pelitic lower and a calcareous upper part of the Lias. Muscovite is the predominant
sheet silicate (25-90 per cent) in the lower part, but is less important (15-40 per
cent) in the upper part. Chlorite (0-40 per cent, in one exceptional case 75 per

T A B L E 10

Modal and bulk rock composition of six representative epi- and mesometamorphic
samples from the Lukmanier area

KAW643 MF939 MF944 MF1601 MF1611 MF1621 Average of
18 samples

Muscovite
Chlorite
Paragonite
Margarite
Biotite
Chloritoid
Staurolite
Kyanite
Garnet
Clinozoisite
Plagioclase
Quartz
Calcite
Dolomite
Pyrrhotite
Ilmenite
Rutile

SiO2
TiO2
A12O3
FeOf
MnO
MgO
CaO
Na2O
K2O
P2O3
H2O+
H2O-
CO2
C
S

Total

30-35
10-15

—
5-10

2
—

2
—
40
—

5i
4
i

—
68-7
0-62

12-9,
5-2
0 0 3
2-2
2-7
0-64
3-2
0 1 1
1-4*

2-7
0-23
n.d.

100-68

5
10-15

—
tr
—
4

1

—
—
77
—
—
—

i
—

87-6
0-43
4-6
3-8
0 0 2
1-7
0 1 3
0 0 9
0-42
0 0 4
1-5*

—
0 0 8
n.d.

100-41

15-20
2

—
10-15

5
—

5*
6

30

n10J
2

—
tr

52-5
0 1 9

14-6
5-2
0 0 5
2-2

11-6
0-74
2-7
0 1 5
1-4*

9-3
0-34

n.d.
100-97

15-20
1

—
<5

4
—

1
1
7
1

26
38
3

—
tr
—

i
50-6
0-71

21-3
8-1
0-13
3-7
6-1
0-78
3-3
0-22
2-8
0-27
1-3
0-93

n.d.
100-24

15-20
<1

15-20
—
2
tr
15
2
3

<1
8

35
—
—
—
4

—
5 1 - 9

1-3
29-8

0 0 4
1-2
0-72
2-3
2-6
0 1 6
3-4
0 1 5
—
n.d.
n.d.

100-82

15
1

—
—
2

—
—

5
2

21
43
<4

i
1

—

55-6
0-75

17-0
6-4
0 1 3
11
9-5
0-76
2-3
0-22
1-7
0-15
4-2
0-57

n.d.
100-38

54-4
0-80

16-8
4-3
0 0 6
1-8
7-3
0-8
4-6
0 1 3
l-3t

6-9
0-40
0-28

99-87

* Includes some zoisite. t Total Fe as FeO. t H2Olnt.
Analysts E. Regli and M. Frey. The average chemical composition of 18 epi- to mesometamorphic

schists from Table 1 is shown for comparison. AU values in WL per cent
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TABLE 11

Mineral assemblages in 59 epi- and mesometamorphic schists of the Lukmanier
area and 10 epimetamorphic phyllites and schists of Valle Cavalasca of marly

composition

mu cht pa ma bi clz/zo

Valle Cavalasca, medium-grade epizone

X

X

X

X

X

X
X

X

X

10

X

X

X

X

X

X

X

X

9

X

X

X

+?
+?
+?

4 + 3?

X

X

X

•X

X

X

X

8

X

1

Lukmanier pass, higher-grade epizone

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

28

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

25

X

+ ?
+ ?
+ ?
+ ?
+ ?
+ ?
+ ?

1 + 7?

X

X

X

X

X

X

X

X

X
X
X
X
X
X
X
X
X
X

26

X

X

X

X

X

X

X

X

12

Piorazone, lower-grade mesozone

X

X

X

X

X

X

X

X

X

X

29

X

X

X

X

X

X

21

X

X

X

X

X

16

X

X

X

X

X

X

X

X

X

X

29

X

X

X

X

X

X

X

X

X

X

X

X

X
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X

X

X

X

X
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X
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X
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X
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X

X
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X

X
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X

X
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ctd

X
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(X)*

(x)»
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4

X

X

4

SI

X

X

X

5

ky cc

X
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X

X

X

X

X

X

X
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X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X
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X

X

X

X

X

X

X

X

X

X

29

dot

X

X

X

X

X

X

7

X

X

X

X

X

X

X

X

X

X

X

X

X

21

X
X

X

X
X

17

Number of
samples

2

1

10

5
3
2
2
1

1

1
1
1
1
1
1

30

6
5
5
2
2
2
2
2
2
1

29

• Probably a relict
Quartz and graphite are always additional phases.
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cent) occurs in most samples but is rarer in biotite-bearing rocks of the upper part.
Margarite is the major sheet silicate (45-80 per cent) in the upper part of the
section studied.

Table 10 gives the mineralogical and chemical composition of 6 rocks. Samples
MF 939 and 1611 are metapelitic rocks while the other four samples are marly
metasediments.

Table 11 lists the mineral assemblages in 59 epi- and mesomatamorphic samples
of marly bulk composition of the Lukmanier area as well as in 10 epimetamorphic
samples from Valle Cavalasca. For a list of mineral assemblages in metapelitic
rocks of this area the reader is referred to Fox (1974). An inspection of Table 11
reveals several interesting points. Essentially the same assemblages are found in the
marly rocks of Valle Cavalasca as in those of the Urseren Zone. In contrast,
paragonite still coexists with carbonate minerals at Valle Cavalasca whereas this
assemblage was found with certainty in only one specimen at Lukmanier Pass and
seems to be totally absent further to the south. A similar relationship holds true for
chlpritoid and carbonates.

At the Lukmanier Pass the most striking feature is the abundance of margarite.
In the Piora Zone, approximately 6 km to the south, on the other hand, margarite
seems to decrease both in its total abundance as well as in its average modal
content. There, clinozoisite and plagioclase are widespread. Biotite and garnet
make their appearance at Lukmanier Pass but are not yet common, while these
minerals can be found in almost every specimen in the Piora Zone.

PROGRESSIVE METAMORPHISM

Mineral distribution

The mineral distribution along the metamorphic profile for the Lower Liassic
black shale formation is summarized in Fig. 10. Since the outcrops studied were
not continuous along the whole profile the mineral distribution shown is somewhat
schematic. In particular, there is a gap in outcrops between the Urseren Zone and
the Lukmanier Pass (Fig. 1). To fill out this gap additional information was taken
from the southwestern end of the Gotthard Massif (Liszkay, 1965; Hansen, 1972;
Frey & Orville, 1974) where the same formation can be studied in greater
continuity.

Mineral reactions

Physico-chemical conditions of metamorphism may be more successfully
derived from laboratory studies if specific metamorphic reactions are known from
field data. In the following, several such mineral reactions will be discussed
including the first appearance of pyrophyllite, paragonite, chloritoid, margarite and
the high grade compatibility limits of paragonite and chloritoid in the presence of
carbonates. The first appearance of plagioclase in this formation was discussed by
Frey & Orville (1974) and therefore will not be dealt with here. The formation of
biotite and garnet will not be discussed in this paper due to insufficient field data.
Due to absence of continuous exposures the isograds were not mapped, although
the rough positions were established. On the other hand, the mineral reactions
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themselves .were deduced from observed assemblages on both sides of these
isograds.

Formation of pyrophyllite
The widespread occurrence of kaolinite and quartz in the unmetamorphosed

sediments provides the most plausible starting material for the appearance of
pyrophyllite in the Glarus Alps by virtue of the reaction

1 kaolinite + 2 quartz -> 1 pyrophyllite + 1 H2O. (1)

unmetamorphic

Ilite ^ ^ " " " ^

rregular ilhte/
montmonllonite
Daragonite/musc
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Fro. 10. Distribution of some important minerals of the Lower Liassic black shale formation. ? = distribution
not clearly defined due to insufficient data.

An additional possibility is the formation of pyrophyllite at the expense of
muscovite through the ionic reaction

2 muscovite + 6 quartz + 2 H+ -»3 pyrophyllite + 2 K+. (2)

Indeed, formation of rims of pyrophyllite around flakes of detrital muscovite has
been observed in some of the rocks (cf. p. 106). However, the small quantity of
detrital muscovite detected so far would indicate that reaction (2) can only be of
minor significance.
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Formation ofparagonite

The observed sequence of appearance of sheet silicates from unmetamorphosed
sediments to the anchizone is: irregular mixed-layer illite/montmorillonite -»
rectorite -• mixed-layer paragonite/muscovite -» discrete paragonite and muscovite.
Furthermore, chemical data from rock B3 (Table 3) coupled with modal analysis
suggests that the bulk of the sodium was held originally in the illite/montmorillonite
structure. This would indicate that the illite/montmorillonite mixed-layer phase
must have been the precursor ofparagonite and part of the muscovite.

Formation of chloritoid

Nearly half of the anchizone Liassic rocks show the assemblage pyrophyllite-
chlorite. By contrast, the higher grade assemblage in the epizone rocks are
chloritoid + quartz with or without chlorite and without pyrophyllite. This clearly
indicates that the phase chloritoid is ushered in by the reaction

pyrophyllite + chlorite -» chloritoid + quartz + H2O, (3)

originally suggested by Zen (1960).
In the absence of chemical data on coexisting chloritoid and chlorite in rocks

showing the first chloritoids, it is not yet possible to decide whether or not the
chloritoid appears by reaction (3) in the pure Fe-system or by some complex
reaction involving Fe-Mg crystalline solutions.

Formation ofmargarite

The anchizone rocks frequently contain the assemblage pyrophyllite-calcite, and
more rarely pyrophyllite-dolomite. In the epizone rocks, these assemblages are
excluded in favour of the assemblage margarite + quartz (with or without
additional calcite and/or dolomite). These observations indicate the following
mineral reactions:

pyrophyllite + calcite -» margarite + quartz + H2O + CO2 (4)

pyrophyllite + dolomite -» margarite + chlorite + quartz + H2O + CO2. (5)

There is some X-ray evidence that these margarites already contain significant
amounts of paragonite in solid solution (see p. 112). This implies that some
paragonite participates as a reactant in (4) and (5). Higher up in the metamorphic
sequence, additional margarite is formed at the expense of the assemblages
paragonite-calcite or chloritoid-calcite (see below).

Paragonite—carbonate relations

The assemblage paragonite—calcite, and less frequently, paragonite—dolomite is
encountered in the Glarus Alps, the Urseren Zone, as well as in Valle Cavalasca
(Fig. 1). At the Lukmanier Pass, paragonite-calcite is extremely rare. Further
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south, both these assemblages apparently become incompatible while the phases
plagioclase, margarite, and clinozoisite increase in abundance. The following
mineral reactions might explain these observations:

paragonite + calcite + quartz -> plagioclase + margarite + H2O + CO2 (6)

paragonite + calcite + quartz -» albite + clinozoisite + H2O + CO2 (7)
paragonite + dolomite + quartz -•

plagioclase + margarite + chlorite + H2O + CO2 (8)

paragonite + dolomite + quartz + H2O -*• albite + chlorite + calcite + CO2.

For the association of plagioclase with margarite instead of albite, see Frey &
Orville(1974).

The disappearance of chloritoid in marly rocks

The assemblage chloritoid-calcite, with grains bearing clean, unreacted
boundaries is common (Table 8) in the epimetamorphic Urseren Zone. At the
Lukmanier Pass, however, this assemblage was only found once. Further upgrade,
it is pseudomorphically replaced by chlorite and white mica; or else, chloritoid
remnants are observed surrounded by zoisite porphyroblasts. Possible reaction
relations are:

chloritoid + calcite + quartz + H2O -• chlorite + margarite + CO2 (10)

chloritoid + calcite + quartz + H2O -* chlorite + zoisite + CO2. (11)

It is worth noting that stable chloritoid—calcite assemblages have also been
reported from other Alpine localities (cf. Niggli, 1965; Chatterjee, 1971).

Distribution of margarite in the Lukmanier area

Margarite is much more frequent and quantitatively important at the Lukmanier
Pass than in the Urseren Zone. This might be the consequence of tie line changes
resulting from reactions (6), (8) and (10), although the effect of local variation in
bulk compositions can not be ruled out. Further upgrade, towards the Piora Zone
(Fig. 1), margarite becomes less abundant; at the same time the plagioclase content
seems to increase from 8 to 25 per cent In the absence of data on the composition
of the coexisting phases, these observations are interpreted to indicate that
margarite is used up through a continuous reaction to produce plagioclase along
with other phases.

PHASE RELATIONS

The mineral assemblages dealt with in the foregoing sections can be represented
by the multicomponent system Si02-Al203-Fe203-Fe0-Mg0-Mn0-Ca0—
Na2O-K2O-H2O-CO2. Fortunately, not all these components need to be regarded
as determining components because:

(i) Quartz is ubiquitous as a pure phase, justifying the treatment of SiO2 as an
excess component.
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(ii) Organic material or graphite is invariably associated with H2O-bearing
phases in these rocks. This implies that fluid species belonging to the system C-O-
H, which include H2O, CO2, CH4, H2, O2, CO etc., were present during
metamorphism. In handling the mineral equilibria, all other gas species save H2O
and CO2 can be treated as inert dilutants of the equilibrium fluid.

(iii) Muscovite, with negligible phengitic content, is present in all the
assemblages. For this reason, the phase relations can be projected from
KAl3Si3O10(OH)2.

These considerations lead to the recognition of 7 determining components
(A12O3, Fe2O3, FeO, MgO, MnO, CaO, Na2O) and 4 excess components (KA13O5,
SiO2, H2O and CO^. For the moment, the phase relations will be treated in terms
of two quaternary model subsystems, with 4 excess components in each case.
These model subsystems are:

(1) Na2O-CaO-Al2O3-MgO (plus excess K A l ^ - S i O ^ ^ O - C O ^ , and
(2) Na2O-CaO-Al2O3-FeO (plus excess KAl3O5-SiO2-H2O-CO2).

In discussing the phase equilibria, another simplification will be introduced at
this point, namely that the solid solubilities of the various phases will be ignored,
i.e., all the phases will be handled as if they were pure end-members.

Phase relations in the two model systems can be considered with respect to the
following variables: Piotal, P{\uili, T, and the composition of the equilibrium fluid. As
all condensed phases are considered to be pure solids with unit activities, no other
compositional variables are involved. The phase relations will be indicated in
isobaric (Ptota] = -Pfiuid) ^~-^co sections. Note that due to presence of gas species
other than H2O and CO2, the sum of the partial pressures of H2O and CO2 will in
general be less than Pnu,d.

This treatment differs from that of Chatterjee (1971) in that muscovite is present
in all assemblages (plus quartz) and FeO and MgO are treated as separate (but
insoluble for the present) components. Consequently, both components Na2O and
KA13O3 can be shown with one tetrahedron and Fig. 11 in this paper may be
compared with Plate 1 of Chatterjee (1971). It should be noted that paragonite and
dolomite, which form a compatible assemblage as shown here, were considered to
be incompatible by Chatterjee (1971).

The subsystem Na20-Ca0-Al20i-Mg0-(KAlJ0sSi02-H20-C01)
The phases pyrophyllite, margarite, clinozoisite—zoisite, calcite, dolomite,

chlorite, paragonite and plagioclase belong to this MgO-subsystem and were
observed in samples from the anchizone to the epizone. Plagioclase was assumed to
be albite; consideration of anorthite as an additional end-member phase in this
system leads to the somewhat more complex phase relations discussed elsewhere
(Frey & Orville, 1974).

Due to the highly degenerate nature of the system only 17 isobaric univariant
reactions need be considered (Table 12). As none of these reactions has been
experimentally investigated, the phase relations presented in Fig. 11 were derived
from some of the observed mineral assemblages and mineral reactions.
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The phase equilibria in the limiting subsystem Na2O-CaO-Al2O3-(KAl3O5-
SiO2-H2O-CO2), which includes the phases Py, Ma, Zo, Cc, Pa and Ab (plus
excess muscovite, quartz and vapour), were developed earlier for similar rocks by
Frey & Orville (1974, fig. 4). These phase relations, which constitute the seven
isobaric invariant lines emanating from the isobaric invariant points I2 and I4 in
Fig. 11, have been adopted without modification. The presence of a fourth

T A B L E 12

Isobaric univariant reactions in the two modal subsystems Na2O-CaO-Al2O3-
MgO or FeO-(KAl3O5-SiO2-H2O-CO2), with the 8 phases Py, Ma, Zo, Cc, Dol

or Ctd, Chi, Pa, andAb with muscovite, quartz and vapour present in excess

Linear degenerate reactions (on edges of compositional tetrahedron)
1 Pa + 4 Qz = 1 Py + 1 Ab
5 Py + 2 Zo = 4 Ma + 18 Qz + 2 H2O
2 Py + 1 Cc = 1 Ma + 6 Qz + 1 H2O + 1 CO2

3 Py + 4 Cc = 2 Zo + 6 Qz + 2 H2O + 4 CO2

3 Ma + 5 Cc + 6 Qz = 4 Zo + 1 H2O + 5 CO2

6 Py + 2 Chi = 9 Ctd + 20 Qz + 5 H2O

Planar degenerate reactions (with crossing tie-lines on triangular faces of compositional tetrahedron)
3 P a + 4Cc + 6Qz = 2Zo + 3Ab + 2 H2O + 4 CO2

2 Pa + 1 Cc + 2 Qz = 1 Ma + 2 Ab + 1 H2O + 1 CO2

5Pa + 2Zo + 2Qz = 5Ab + 4Ma + 2 H2O
21 Py + 9 Dol = 9 Ma + 2Chl + 61Qz + 4H2O + 18CO2

39 Py + 36 Dol + 2 H2O = 18 Zo + 8 Chi + 82 Qz + 72 CO2

3 Py + 9 Dol + 5 H2O = 2 Chi + 9 Cc + 7 Qz + 9 CO2

39 Ma + 45 Dol + 73 Qz + 22 H2O = 42 Zo + 10 Chi + 90 CO2

3 Ma + 18 Dol + 4 Qz + 13 H2O = 4 Chi + 21 Cc + 15 CO2

6 Chi + 39 Cc + 3 Qz + 15 CO2 = 6 Zo + 27 Dol + 21 H2O
6 Pa + 2 Chi + 4 Qz = 6 Ab + 9 Ctd + 5 H2O
27 Ctd + 24 Cc + 24 Qz + 3 H2O = 6 CM + 12 Zo + 24 CO2

10 Chi + 24 Ma + 8 Qz = 45 Ctd + 12 Zo + 13 H2O
9Ctd + 3Cc + 2Qz + 2 H2O = 3 Ma + 2 Chi + 3 CO2

Volume reactions (piercing of internal planes within tetrahedron)
15. (MgO) 21 Pa + 9Dol + 23Qz = 21 Ab + 9 Ma + 2 Chi + 4 H2O + 18 CO2

16. (MgO) 39 Pa + 36 Dol + 74 Qz + 2 H2O = 39 Ab + 18Zo + 8Chl + 72CO2

17. (MgO) 3 Pa + 9Dol + 5 Qz + 5 H2O = 3 Ab + 2 Chi + 9 Cc + 9 CO2

(—) involves no FeO or MgO.

determining component, MgO, and the two additional phases Chi and Dol
generates nine additional mineral equilibria, seven of which are shown in Fig. 11.
This T-Xco grid includes 17 isobaric divariant fields. For each of these divariant
fields, one compatibility tetrahedron has been constructed.

A comparison of Fig. 11 with observed natural assemblages (Tables 6, 8 and 11)
brings up the following interesting points:

(i) The grid is divided into Coui^ectors with respect to the occurrences of zoisite
and margarite through the isobaric invariant point I2. At relatively low temperature
and relatively high Xco neither zoisite nor margarite is stable. At relatively low
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FIG. 11. Schematic isobaric temperature-fluid composition diagram for the modal subsystem NajO-CaO-
j-SiOj-HjO-COj) with the 8 phases Py, Ma, Zo, Cc, Dol, Chi, Pa, and Ab with

muscovite, quartz and vapour present in excess.

temperature and Xco, however, zoisite alone is stable (to the left of the curve Py +
Cc = Zo and below the curve Py + Zo = Ma).

At intermediate temperatures and at relatively high Xco margarite alone is
stable (above the curve Py + Cc = Ma and below or to the right of the curve Ma +
Cc = Zo). Finally, zoisite and margarite together are stable over a wide field of
temperature and Xco (above the curve Py + Zo = Ma and above or to the left of
the curve Ma + Cc = Zo). Note that as far as absolute values of Xco are
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concerned, the grid shown in Fig. 11 has to be placed within the stability field of
zoisite, which is restricted to water-rich fluid compositions (Xco ^0-1 at a total
pressure <5 kb, Nitsch & Storre, 1972; Johannes & Orville, 1972; Hewitt, 1973).

(ii) The petrogenetic significance of the various isobaric divariant assemblages is
different. For instance, the assemblage Py-Pa-Ma-Chl is common, occurring in
the divariant fields 6-10 and 12-17, and therefore cannot be used to limit Tand
Xco. In contrast, the assemblage Py-Pa-Cc-Chl, which is quite common in the
Glarus Alps (Table 6), is restricted to isobaric divariant fields 2 and 3 only. Even
more critical is the assemblage Ma-Ab(Plag)-Cc-Chl, found only once at
Lukmanier Pass (Table 11), which is diagnostic only of the isobaric divariant field
14. If constraints could be set on temperature and fluid composition, therefore,

T A B L E 13

Apparent variance of observed assemblages in the isobaric T-Xco diagrams of
Figs. 11/12

Variance -1 0 1 2 ^3

Glarus Alps anchimetamorphic
Urseren zone, lower-grade epizone
Valle Cavalasca and Lukmanier Pass

higher-grade epizone

The variance was determined relative to the components of the model systems.

even these divariant assemblages would be diagnostic with regard to the
metamorphic conditions.

(iii) Observed isobaric 'divariant' assemblages (for a discussion of the true
variance see below) from the different areas of investigation plot in the following
fields: Glarus Alps: 2, 3, 9; Urseren Zone: 2, 8, 9, 10, 11; Valle Cavalasca and
Lukmanier Pass: 8, 9, 12, 13, 14. This pattern is consistent with an increase in
temperature southwards from the Glarus Alps to the Lukmanier Pass, whereas
there is only a weak indication that Xco was generally increasing in the same
direction.

(iv) The apparent variance of observed assemblages (see below) generally
decreases with increasing metamorphic grade (Table 13). The occurrence of
isobaric univariant assemblages on a T-Xco diagram may be interpreted to mean
that the system buffered its own fluid composition. However, the true variance of
the observed natural assemblages will be much higher than indicated in Table 13
because at least two determining components (e.g. FeO, MnO) have been
disregarded in the model MgO-system. Moreover, the total pressure might not have
been constant along the metamorphic profile.

The subsystem Na20-Ca0-Al203-Fe0-(KAl30i-Si01-H20-C01)
Eight phases belonging to this quaternary FeO-model system were observed

from the anchizone to the epizone: pyrophyllite, margarite, clinozoisite-zoisite,
calcite, chlorite, chloritoid, paragonite and plagioclase. Once again, the phase
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FcO

FIG. 12. Schematic isobaric temperature-fluid composition diagram for the subsystem Na2O-CaO-Al2O3-
F C M K l O i O H O C O j ) , with the 8 phases Py, Ma, Zo, Cc, Chi, Ctd, Pa, and Ab with muscovite,

quartz and vapour present in excess.

relations have been derived solely on the basis of the end-member composition (see
p. 124). As this subsystem is highly degenerate, only 13 isobaric univariant
reactions exist (Table 12). Of these, eight were already encountered in the
subsystem treated earlier.

The phase relations can again be demonstrated on an isobaric (/*„„,,, = Ptota) T-
Xco diagram. Note that the mass balance relations for the individual reactions
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(Table 12) do not involve participation of O2. As such, oxygen fugacity need not be
considered as an additional intensive variable.

As with Fig. 11, a number of interesting points can be made by comparing Fig.
12 with the observed natural assemblages:

(i) As in Fig. 11 the grid is divided into four sectors around the isobaric invariant
point 12 with regard to the occurrences of zoisite and margarite.

(ii) The assemblage Ctd-Cc is stabilized at a relatively high Xco although the
absolute value of Xc0 must still be low. This is so because the Ctd-Cc
compatibility field lies within the stability limit of zoisite, which itself is indicative of
lowXCO;.

(iii) Observed isobaric 'divariant' assemblages plot in the following fields: Glarus
Alps: 1; Urseren Zone: 7-13; Valle Cavalasca and Lukmanier Pass: 6, 9, 13, 17.
Once again, this pattern is consistent with temperature increasing southwards but
nothing can be said with respect to a possible change in Xco .

(iv) As before, the apparent variance of observed assemblages generally
decreases with increasing metamorphic grade (Table 13). The common occurrence
of isobaric low-variance assemblages in the higher-grade epizone may indicate
some internal buffering of the fluid phase or conditions favouring increasing
disequilibrium. However, since the true variance of the observed assemblages may
be much higher due to neglected components, this statement may not hold true.

It is clear that the natural reactions involved, at least, Fe-Mg crystalline
solutions and it is necessary to combine the grids shown in Figs. 11 and 12.
However, without detailed compositional data many ambiguities exist in the
relative locations of the equilibria. Work is in progress to determine the possible
effects of such crystalline solutions on the reactions observed.

PHYSICAL CONDITIONS DURING METAMORPHISM

If chemical equilibrium can be assumed, the physical conditions during
metamorphism can be deduced from laboratory-calibrated mineral equilibria. This
will be attempted for the rocks of the anchizone (Glarus Alps) and epi-mesozone
(Lukmanier area).

Physical conditions for the anchimetamorphic Glarus Alps

Homogenization temperatures of fluid inclusions in fissure minerals can only be
used to obtain minimum temperatures of metamorphism. This is because
microthermometry measurements are often done on secondary inclusions;
moreover, fissure minerals are known to form after the peak of metamorphism,
although possibly not much later (see e.g. Poty & Stalder, 1970, p. 150).
Homogenization temperatures of the order of 220 °C were obtained by Stalder &
Touray (1970) on fissure quartz from a large number of localities in the Helvetic
Nappes west of Lake Lucerne (Fig. 1). Most of these occurrences are in much the
same tectonic and metamorphic setting as is the Liassic black shale formation of
the northern and central Glarus Alps (Spitzmeilen and Klausenpass areas, Fig. 1),
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so that temperatures slightly in excess of 220 °C seem to be indicated for the
northern part of the Liassic sequence in the Glarus Alps.

No pressure indication can be obtained from the mineral compatibilities of the
Liassic metasediments. However, laumontite is known from the Taveyanne
graywackes of the northern Glarus Alps (Frey & Niggli, 1971, p. 232) while
lawsonite has not been reported thus far. From the virtually pressure-independent

500 600 700

T(°C)

Fio. 13. Some calibrated reactions relevant to this study. The sources of data are as follows:
1 Thompson (1970a) for aH;0 1. Calculated equilibria for different water activities are shown.
2a Richardson (1968).
2b Hoschek(I967, 1969).
3a Richardson er at. (1969).
3b Holdaway (1971).
4 Storre&Nitsch(1974X

Estimated P—T conditions are shown for the boreholes under the Molasse Basin (B), the northern Glarus Alps
(nGA), and the Lukmanier area (L).

transition curve lawsonite -> laumontite (Nitsch, 1968; Thompson, 19706; Liou,
1971), therefore, it would seem that a maximum total pressure of 3 kb was attained
here. From a stratigraphic-tectonic viewpoint, Triimpy (in Hsu, 1969, p. 147)
suggested that the total Glarus overthrust may have been 5-6 km thick, giving a
lithostatic pressure of about 2 kb. This pressure estimate would be slightly reduced
by the fact that the Spitzmeilen area lies approximately 1-2 km above the Glarus
overthrust (see e.g. Triimpy, 1969, plate I).

Some evidence regarding the composition of the metamorphic fluids may be
derived from the data of French (1966) and Eugster & Skippen (1967). According
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to them, the composition of the fluids is graphite-bearing rocks at low temperatures
and pressures is strongly dependent on the oxygen fugacity. From an investigation
of isotopic compositions of carbonaceous materials in these rocks, Hoefs & Frey
(1976) concluded that the oxygen fugacity was near to that of the QFM buffer.
From Eugster & Skippen (1967, fig. 3), at 300 °C and 2 kb Ptotal, the fluid in
equilibrium with graphitic material on the QFM buffer will be predominantly
methane. Fluid inclusion studies on diagenetic and anchimetamorphic rocks of the
Helvetic Zone (Stalder & Touray, 1970; Touray et al., 1970; Mullis, 1975) also
indicate fluids very rich in methane, but poor in H2O and CO2. This conclusion is
further corroborated by the widespread occurrence of pyrophyllite, rather than
kaolinite + quartz in these anchizone rocks. According to Thompson (1970a), the
equilibrium temperature of the reaction Kaol + Qtz -» Py + H2O is approximately
330-340 °C at a PH o of 2 kb. Thermodynamic calculations demonstrate that at an
estimated temperature around 220 °C and at a Ptota\ of 1-2 kb, pyrophyllite is
stabilized at the expense of kaolinite + quartz only if aH 0 is of the order of 0-1 to
0-2 (Fig. 13).

Physical conditions for the epi- and mesometamorphic rocks of the Lukmanier
area

The metamorphic conditions for the Lukmanier area have already been
discussed in some detail by Frey (1969a) and by Fox (1974, 1975). For the
Lukmanier Pass, they estimated a temperature around 500 °C, and for the Piora
Zone, approximately 550 °C.

In the following, an attempt will be made to apply yet another method to the
estimation of temperature. Estimates from muscovite—paragonite solvus calib-
rations give anomalously high temperatures. However, by using the correlation
between muscovite-paragonite and calcite-dolomite as proposed by Rosenfeld
(1969, pp. 343-4) temperatures of 500 °C for the mesometamorphic rocks of the
Piora Zone were obtained. This value seems to be rather low.

Kyanite is the widespread Al2SiO5 phase in the Lukmanier area. Recently,
Rosenfeld in Adams et al. (1975) has described late sillimanite needles growing at
the expense of kyanite in one sample from the Piora Zone. Assuming that the
major episode of metamorphism did take place within the stability field of kyanite,
a minimum confining pressure of 4—5 kb at a temperature of 500—550 °C is
indicated by the experimental data of Newton (1966), Richardson et al. (1969) and
Holdaway (1971).

From the indifferent crossing of the equilibrium curves pertaining to the upper
compatibility limit of margarite + quartz and the lower compatibility limit of
staurolite + quartz Fox (1975) suggested a minimum P tota | (=PH 0) of 5-5 kb.

Investigation of piezobirefringent halos of quartz inclusions in garnet from the
Piora Zone rocks led Adams et al. (1975) to conclude that a confining pressure of
4-3 kb obtained during the metamorphism of these rocks. Using a temperature
estimate of 550 °C, rather than 515 °C, their data can be used to yield a pressure
o f 5 0 ± 0 - 3 k b .

Some information on the composition of the metamorphic fluid may be extracted
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from the mineralogical data given earlier. Thus, by knowing the temperature of
metamorphism and the composition of ilmenite solid solution (Fox, 1974, and
Table 9 here), a minimum/0 value of 10~26 to 10~28 bar is obtained according to
experimental data of Buddington & Lindsley (1964, fig. 5). Extensive occurrence of
clinozoisite and/or zoisite would indicate the presence of a water-rich fluid.
According to experimental data by Nitsch & Storre (1972), Johannes & Orville
(1972) and Hewitt (1973), an Xco value <0-08 can be assessed for the present
area.

Geothermal and thermal gradients

Directly measured and calculated values of geothermal gradients for three
localities along the metamorphic profile are listed in Table 14. The calculated

T A B L E 14

Local geothermal gradients for different areas along the metamorphic profile
studied derived from P-T conditions estimated from mineral stabilities as well

as other petrographic methods and tectonic reasonings

Area

Boreholes below the
Molasse Basin

Northern Glarus Alps
Lukmanier area

T°C

100*

200-250
500-550

Pkb

5

Rock density
in gr/cm1

2-85f

Overburden
in km

2-2-3

4
17-9

Local geothermal
gradient °C/km

43-50

50-62
28-31

• Measured borehole temperature, Biicru, pers. comm. 1972.
f Value taken from Frey (1969c, fig. 33).

geothermal gradient (about 28-31 °C/km) for the Lukmanier area fits into the
range of 20-40 °C/km given by Clark & Jager (1969, p. 1156) for the Central
Alps (Lepontine region). The value for the northern Glarus Alps gives higher
gradients (50-62 °C/km) due to lower metamorphic pressures. This latter region
presumably records a 20-25 my event (Hunziker, work in progress) whereas the
Lukmanier region records the same event (Koppel & Griinenfelder, 1975) or a 35 -
38 my event (Hunziker, 1969; Jager, 1973). It should be noted that present day
measurements in boreholes below the Molasse Basin in the vicinity of Lindau imply
local gradients of 43-50 °C/km. However, possible interpretations and conse-
quences of these results have to be postponed, until the following points are
clarified: (i) Did the metamorphism of the Helvetic and the Pennine Zone take
place during the same orogenic phase? (ii) To what extent were the Glarus Alps
affected by postmetamorphic tectonic transport?

As far as the thermal gradient along the metamorphic profile is concerned, an
average gradient of 30 °C/km is obtained (Fig. 13). This gradient would imply that
the metamorphic process described here belongs to the medium-pressure or
kyanite-sillimanite type of Miyashiro (1961).
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