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Alpine Metamorphism of Pelitic and Marly Rocks
of the Central Alps

By Martin Frey (Berne) *)

With 4 figures in the text

Abstract

The Central Alps offer the unique possibility to follow different formations from
unmetamorphosed sediments to medium- and high-grade metamorphic rocks. This
article summarizes the mineralogical changes of the following three formations with
increasing Alpine metamorphic grade: The Keuper red-bed formation and the Lower
Liassic black-shale formation from unmetamorphosed clays and marls to the beginning
of the staurolite zone; and the Biindnerschiefer from the anchizone to the beginning of
the sillimanite zone. Only few mineral reactions are known which interrelate these
mineralogical changes. Therefore, most so-called isograds (based on reaction boundaries)
postulated in pelitic and marly rocks of the Central Alps are at best mineral zone bound-
aries (first appearance of an index mineral).

Introduction

Studying the Alpine metamorphism on a regional scale is a very young
science and dates back only to 1960 when NicGLI presented the first zonal
map for the Central Alps. Relevant to this study are his distribution maps for
chloritoid, kyanite, and sillimanite. More recent distribution maps of these
minerals, including also staurolite, can be found in NigeLI and NicoLI (1965)
and Ni1ceLI (1970). In 1962 WENK studied the mineral pair plagioclase-calcite
in marly rocks and marbles of the Lepontine region. He was able to further
subdivide the region within the kyanite zone with aid of the anorthite content
in plagioclase.

None of the above mentioned boundaries can be regarded as isograds in the
sense of TILLEY (1924) nor in the sense of CARMICHAEL (1970). According to

*) Author’s address: Dr. M. Frey, Mineralogisch-Petrographisches Institut, Sahli-
strasse 6, CH-3012 Berne, Switzerland.



490 M. Frey

TiLLEY (1924) an isograd represents a line of closely similar metamorphic
grade. At this time metamorphic grade was thought to be dependent on tem-
perature and pressure only. However, experimental and theoretical studies
of the last twenty years made it clear that in addition to Piota; and T the
composition of the fluid phase plays a significant role in the formation of
metamorphic rocks. For these reasons CARMICHAEL (1970) uses the term iso-
grad only if it is based on a specific metamorphic reaction.

TLLEY (1924, p. 169) used the term isograd also in a more descriptive sense
as “a line drawn on a map to represent a particular grade of metamorphism
as indicated by the first appearance of an index mineral in rocks of some given
composition” (Fyre and TURNER, 1958, p. 181). If the mineral reaction which
leads to the appearance of an index mineral is known it may be possible to
decide whether this boundary represents a line of closely similar temperature
at a given total pressure as thought by TiLLEY. However, this is often not
true because an index mineral may form by different reactions in different
pelitic formations, due to different mineral assemblages in the unmetamor-
phosed sediment (e. g. the formation of chloritoid as discussed on p. 494 and
p- 497). Therefore, the first appearance of an index mineral may be controlled
by the distribution of the appropriate rock composition. This is, for example,
the case for the outer limit of the chloritoid zone in the region between Aar-
and Gotthard Massifs (FrREY, 1969a, p. 116). Therefore, the term zone boundary
will be used in this paper for the first appearance of an index mineral in rocks
of approximately the same composition (e. g. pelitic rocks).

In this paper, the term ¢sograd is used in the sense of CARMICHAEL (1970),
that is, it is based on a specific metamorphic reaction. Correlation on zone
boundaries with isograds presupposes the knowledge of which mineral reac-
tion!) is going on. This, on the other hand, can be done only if complete assem-
blages?) above, at, and below a zone boundary are known. This need for the
knowledge of complete assemblages has only recently come to the mind of
Alpine petrologists. As a result, very little data are available on complete
assemblages in pelitic and marly rocks?) in the Central Alps. Provided infor-
mation on such assemblages is available, one can work out possible reaction

1) Bearing in mind that balancing chemical reactions is only an approximation to
what may actually have occurred in metamorphic rocks (see e. g. CARMICHAEL, 1969).

2) For low- and medium-grade pelitic and marly rocks there is a critical need for X-ray
work to detect phases as pyrophyllite, paragonite or margarite; in addition, staining
techniques may be needed to detect k-feldspar.

3) Pelitic rocks have been defined in two different manners: as calcium-free, aluminous
sediments in the anglo-american sense, and as a sediment composed mainly of particles
of the clay fraction (< 2 u), but possibly also including carbonates cte. as in European
usage. In this paper the term “pelitic’’ rocks is used in the first sense. Carbonate-bearing
aluminous sediments are called marly rocks.
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paths for a petrogenetic grid in a given chemical system. This has been done
in the Central Alps for quartz-bearing carbonate rocks (TROMMSDORFF, 1966,
1972) and ultramafic rocks (Evans and TromMsDORFF, 1970). However,
pelitic and even more marly rocks represent very complicated systems with
too many components to be treated by graphical methods. Admittedly, impor-
tant results can still be gained by introducing meaningful simplifications as
has been done for pelitic rocks by THOMPSON (1957).

The Central Alps offer a unique possibility to determine the mineralogical
changes of at least three different stratigraphic formations with increasing
regional Alpine metamorphism, from unmetamorphosed sediments to medium-
and high-grade metamorphic rocks. These rocks include an Upper Triassic
red-bed formation (= Keuper, Quartenschiefer), a Liassic black-shale forma-
tion and the Biindnerschiefer. This review article is restricted to the three
above mentioned formations, neglecting other informative metamorphic rocks
as for example the paraschists and -gneisses in the Lucomagno nappe (BossArD,
1929) and the Simano nappe (Pizzo Forno-Campo Tencia region, see e. g.
KELLER, 1968). Many of these paragneisses are highly aluminous and fre-
quently contain segregations of quartz with kyanite and/or andalusite and/or
sillimanite (KELLER, 1968; WENK, 1970; P. THOMPSON, personal communi-
cation 1973). These rock units would be well suited to find out whether the
second sillimanite zone (breakdown of muscovite in the presence of quartz)
is reached in the Central Alps. The writer apologizes that all the work in pre-
Mesozoic rocks is not reviewed in this paper.

Dealing with Mesozoic sediments has the great advantage that these rocks
underwent only Alpine metamorphism. However, the Alpine orogeny (and its
metamorphism) was plurifacial (bE ROEVER, 1963) and at least two or even
three different phases can be distinguished (BearTH, 1958, 1967 ; vAN DER PrLAS,
1959; N1caL1, 1970; DAL P1az et al., 1972; ER~sT, 1973 ; JAGER, 1973 ; TRUMPY,
1973; HUNZIKER, 1973; see also p. 247, this volume). An early high pressure,
low temperature event occurred in Upper (late) Cretaceous time, followed by
a lower pressure, higher temperature event at the Eocene-Oligocene boundary
which is called the Lepontine phase in the Central Alps; finally, the external
zones (Helvetic zone, Prealpes) seem to have been also affected by a phase
at the Oligocene-Miocene boundary. The traverses studied in this article
(Fig. 1) received their main imprint by the Lepontine phase. However, relicts
of the early Alpine event are preserved in some Biindnerschiefer and some
post-Lepontine recrystallization may have occurred in the low-grade external
regions of all three formations discussed in this paper.

One of the main goals of metamorphic petrology is to decipher the physico-
chemical conditions under which a rock was formed. Regarding the meagre
data available at present for pelitic and marly rocks in the Central Alps, the
modest aims of this paper are: (1) to present the distribution of the phases
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Fig. 1. Location of traverses studied in this paper. Main sample localities are shown with triangles

for the Upper Triassic red-bed formation and with filled circles for the Lower Liassic black-shale

formation. Biindnerschiefer outcrops are shown by light stippling. The dark stippled arcas

represent the Jura and Helvetic domains. Metamorphic zone boundaries are drawn according

to the definition in footnote 4. The unmetamorphic-anchimetamorphic boundary is poorly
defined.

Abbreviations for localities: NP = Nufenenpass; LP = Lukmanierpass: PZ — Piora Zone.
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occurring in three formations; (2) to discuss some critical mineral assemblages;
and (3) to derive some possible mineral reactions.

Progressive metamorphism of Mesozoic sediments
UPPER TRIASSIC (QUARTENSCHIEFER)

This formation was studied in detail by FreY (1969a). Additional data for
unmetamorphic?) and anchimetamorphic?) rocks were given in a later paper
(FrEY, 1970). In the following a brief summary is given with some additional
new data. For detailed references the reader is referred to FrREY (1969a).

The traverse chosen for the Upper Triassic formation (Fig. 1) was dictated
by the available outcrops (FrEY, 1969a, Fig. 1). It is a red-bed formation
made up originally of marls, clays, sand- and dolostones. The mean thickness
varies from 30 to 70 m. Since the sediments may have been deposited in an
alluvial fan near the water table, chemical variation is heterogeneous at a
scale of a single outcrop. However, analyzed anchimetamorphic and epi- to
mesometamorphic rocks occupy the same areas in AKNF, ACF and AFM
plots (FreY, 1969a, Fig. 27). It can be safely stated that every high-grade
rock has a lower-grade counterpart in terms of bulk composition.

A summary of the distribution of some important minerals in marly and
pelitic rocks is presented in Fig. 2. The data are based on 25 unmetamorphic
samples from the Tabular Jura and three boreholes below the Molasse Basin;
180 anchimetamorphic samples from the Glarus Alps, 65 epimetamorphic
samples from the eastern Urseren Zone between the Aar- and Gotthard Massifs,
and about 100 epi- to mesometamorphic samples from the Lukmanierpass
region. Marly rocks are predominant over pelitic rocks at all grades except
in the epimetamorphic Urseren Zone.

The main mineralogical differences going from unmetamorphic to anchi-
metamorphic rocks are: expandable clay-minerals disappear, an Al-rich chlo-
rite appears, and the illite becomes impoverished in Fe and Mg. From this it is
concluded that the Al-rich chlorite and illite formed from the mixed-layer
illite/montmorillonite. Whether a mixed-layer illite/chlorite/montmorillonite
or illite/chlorite was involved in the formation of the chlorite as suggested by
WEAVER and Beck (1971) is not known because of the absence of outcrops

4) The terminology used in this paper is as follows: unmetamorphic rocks (illite
crystallinity > 7.5); anchimetamorphic rocks (illite crystallinity 7.5-4.0); epimeta-
morphic rocks (illite erystallinity <4.0, &~ greenschist facies); mesometamorphic rocks
(~ amphibolite facies, beginning with the first appearance of staurolite). These terms
are used in a descriptive sense and do not imply that the essential controlling factor is
depth (GRUBENMANN, 1904).
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Fig. 2. Distribution of some important minerals of the Upper Triassic red-bed formation. Solid
line = mineral is a major phase; dashed line = mineral is a minor phase; ? = distribution not
clearly defined due to insufficient data. LP = Lukmanierpass; PZ = Piora Zone.

between the unmetamorphic clay- and marlstones below the Molasse Basin
and the anchi-metamorphic shales in the Glarus Alps. The mixed-layer para-
gonite/phengite (FREY, 1969b) and paragonite are too scarce to obtain an
insight into their formation.

In the epimetamorphic phyllites triclinic chloritoid appears. At the same
time there is a color change in the rocks from purple to green, probably due
to the consumption of hematite in the chloritoid-forming reaction: Al-rich
chlorite + Ti-bearing hematite = chloritoid + ripidolite + rutile + H,0+O,.
The iron reduction was probably caused by fluids originating in the adjacent
Liassic black-shale formation (H. P. EUGSTER, personal communication 1969).

On the Lukmanierpass biotite is common in both pelitic and marly Quarten-
schiefer. However, scarcity of outcrops between Urseren Zone and Lukmanier-
pass (lying on the eastern border of the Gotthard Massif) prevent any con-
clusion regarding the formation of biotite. Aimandine-rich garnet appears late
in the sequence and again its formation is obscure. Armoured relicts of chlo-
ritoid in garnets document the prograde character of this metamorphism. The
plagioclase directly north of the Lukmanierpass is albite, while oligoclase-
andesine is found in the mesometamorphic metasediments south of the pass.
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A detailed study regarding the peristerite gap in these rocks has not been done.
Kyanite is abundant in the Piora Zone (Fig. 2) and occurs in Quartenschiefer
rocks of a wide chemical composition, coexisting with many different phases;
especially noteworthy is the coexistence of kyanite with hornblende (see
below). Since pyrophyllite is absent from the epimetamorphic Urseren Zone
and was found in only 4 samples out of 180 anchimetamorphic slates, kyanite
was presumably not formed by a reaction involving pyrophyllite. Instead the
following kyanite-producing reaction was proposed (Frry, 1969a, p. 117):
Muscovite + chlorite + quartz = kyanite + biotite + H,0. However, this
reaction does not apply to the formation of kyanite in biotite-free chloritoid
schists, outcropping e. g. in the Val di Campo east of Lukmanierpass.

The formation of actinolite and hornblende will now be discussed in some
detail. On the Lukmanierpass the main rock-type in the Quartenschiefer con-
sists of thin alternating layers (mostly in the em range) of yellow-weathering
dolomite and green chlorite schists; the latter sometimes biotite-bearing. At
Camperio, at the eastern end of the Piora Zone, the dominating rock type is
made up of alternating amphibole-rich and biotite-rich layers, respectively.
Field relationships indicate that the rocks from both outcrops were originally
the same. If this is true it can be toncluded that (a) dolomite was involved in
the formation of amphibole and (b) therefore a great loss of CO, must have
occurred at the beginning of the mesozone.

The Hornblendegarbenschiefer is one of the famous rock types in the
Quartenschiefer of the Piora Zone. The hornblende has the highest Al-content
reported in the literature so far (LEAkE, 1971), and ANGEL (1967, p. 310)
proposed the name “Gotthardit’” for this amphibole. This hornblende coexists
with staurolite and kyanite (KrigE, 1918; BossarDp, 1929; Frey, 1969a). A
possible low-grade equivalent of this assemblage has been recently found in
Val Campo by Fox (personal communication, 1972) in chloritoid-hornblende-
bearing Quartenschiefer. It is striking that the Hornblendegarbenschiefer with
its big porphyroblasts are geographically restricted to a relatively narrow zone
south of the Gotthard Massif. This may be due to chemical control but could
be also caused by a large production of a fluid phase at this particular meta-
morphic grade due to the consumption of dolomite in the marly Quarten-
schiefer (see above) as suggested by NiccrL1 (1973, p. 238).

LOWER LIASSIC

Preliminary results on the progressive metamorphism of this black-shale
formation were given by Frey (1970, 1972), FreEy and Nicer1 (1972) and
FrEY and OrvILLE (1974). Further results can be obtained from local studies
by Nicerr (1912), Juxa (1963), J. D. Frey (1967), LiszrAy (1965), and HaN-
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SEN (1972). Only a summary is given here. Detailed results will be published
elsewhere.

The traverse chosen for the Lower Liassic is essentially identical with that
of the Upper Triassic (Fig. 1). This allows direct comparison of the progressive
metamorphism of the two formations with different original material. Some
additional samples from the western end of the Gotthard Massif were studied
from the collections of Liszray (1965) and HaNsSEN (1972). The Lower Liassic
is a black-shale formation made up originally of clays, marls, sandstones and
arenaceous limestones. The mean thickness varies considerably from 20 to
200 m. The lithology of these marine, near-shore deposits is very similar in
all areas studied. Concerning the question whether the formation can be
regarded as isochemical, composite analyses from sections at different meta-
morphic grade were made. It can be said that the mean rock composition is
similar in all areas although the variation in a single outcrop may be large.

A summary of the distribution of some important minerals is presented in
Fig. 3. Assemblages in pelitic and marly rocks are treated separately. The data
are based on 34 unmetamorphic samples from the Tabular Jura and three
boreholes below the Molasse Basin; 120 anchimetamorphic shales and slates
from the Glarus Alps; 85 epimetamorphic phyllites from the eastern Urseren
Zone; and 115 epi- and mesometamorphic samples from the southern border
of the Gotthard Massif.

Pelitic Liassic (Fig. 3a)

The unmetamorphosed Liassic differs from the unmetamorphosed Keuper
in the following respects: kaolinite is a typical clay mineral, organic material
is always present but hematite is missing. The latter phenomena allows one
to distinguish in the field easily between the Liassic black-shales and the
Keuper red-beds.

In the anchimetamorphic Liassic kaolinite is absent but pyrophyllite is
present in almost 509, of the samples studied. Evidentally pyrophyllite was
formed by the well-known reaction: 1 kaolinite + 2 quartz = 1 pyrophyllite
+ 1 H,O. No irregular mixed-layer illite/montmorillonite could be found in
the Glarus Alps; however, traces of rectorite (= regular mixed-layer para-
gonite/montmorillonite) are present at the beginning of the anchizone. A
second, non-expandable mixed-layer phase paragonite/muscovite (Frevy,
1969Db) is very abundant in the anchimetamorphic shales and slates; it occurs
in about 909, of the samples studied. These two mixed-layer phases may be
regarded as precursors of paragonite, which is present in almost 509, of the
anchimetamorphic samples studied. In addition, all samples contain illite to
muscovite and chlorite. According to the (060) d-spacing, the illite to musco-
vite must be almost free of Fe and Mg. Since illite and irregular mixed-layer
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Fig. 3a. Distribution of some important minerals of the pelitic Lower Liassic black-shale forma-
tion. Solid line = mineral is a major phase; dashed line = mineral is a minor phase; ? = distri-
bution not clearly defined due to insufficient data.

illite/montmorillonite in the unmetamorphosed clays contain appreciable
amounts of Fe and Mg, most of these elements must now be incorporated in
chlorite, the only major Fe- and Mg-bearing phase in the anchizone.

In the epimetamorphic phyllites triclinic chloritoid appears by the reaction
pyrophyllite + chlorite = chloritoid + quartz + H,0. Although chloritoid
forms within the stability field of pyrophyllite, this latter phase does not occur
in the epizone here. This must be due to the relatively low Al-content of the
host-rocks, since the assemblage chloritoid-pyrophyllite is common in high-
alumina rocks of Devonian age studied by Sacox (1970).

The higher-grade pelitic rocks were studied in great detail in the Lukmanier
region by Fox (work in progress, personal communications 1972-1973).
Kyanite appears already in the epizone in assemblages containing chlorite-
monoclinic chloritoid (here and in the following muscovite and quartz are
always additional phases; paragonite and even margarite may also be present).
At slightly higher grade staurolite enters the assemblage mentioned above,
then biotite, and finally garnet. Four- and five-phase assemblages on a AFM-
plot (THOMPSON, 1957) are common. Two of such assemblages in the Liassic
were described earlier as belonging to the Quartenschiefer formation (FREY,
1969a, samples MF 160 and 161). Such low-variance assemblages could be
explained either by buffering of the fluid phase (e. g. Guiport1, 1970) or by
mosaic equilibrium (e. g. OsBERG, 1971). In the light of detailed microprobe
work carried out by Fox the latter seems more likely.
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Marly Liassic (Fig. 3b)

All phases from the unmetamorphosed and anchimetamorphosed pelitic
Liassic are also present in marly assemblages containing either dolomite and/or
calcite. In this respect particularly interesting are the coexistence of pyro-
phyllite and paragonite with both calcite and, less commonly, dolomite. These
assemblages were believed to be incompatible by CHATTERIEE (1971); see
also discussion in CHIESA et al. (1972).

In the epimetamorphic phyllites margarite appears as an additional phase
in marly assemblages. Comparison with assemblages from the anchizone men-
tioned above seems to indicate that the first margarite was formed by the
following simplified reaction: 2 pyrophyllite + 1 calcite = 1 margarite + 6
quartz + 1 H,O + 1 CO,. However, since margarite shows considerable solid
solution with paragonite already at low-grade (JonEs, 1971; ACKERMAND and
MorTEANI, 1973; HOCK, 1974), paragonite may be present on the left hand
side of this reaction. In addition, the coexistence of pyrophyllite with dolomite
in the anchizone would suggest that some margarite was also formed by a
reaction involving pyrophyllite and dolomite. Both margarite and chloritoid
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Fig. 3b. Distribution of some important minerals of the marly Lower Liassic black-shale forma-
tion. Solid line = mineral is a major phase; dashed line = mineral is a minor phase; ? = distri-
bution not clearly defined due to insufficient data.
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are found in assemblages together with dolomite and/or calcite. Outcrops are
not continuous enough to work out the exact position of both the margarite
and the chloritoid isograd. Clinozoisite and plagioclase are absent in the marly
Liassic of the eastern Urseren Zone, which is probably due to chemical control.
On the other hand these phases appear already at the beginning of the epizone
at the southwestern end of the Gotthard Massif. The reactions producing
clinozoisite are not yet known; chemographic analyses suggest that clino-
zoisite may appear by reactions involving margarite and carbonate minerals
(at relatively high X¢0,) and paragonite and carbonate minerals (at relatively
low X¢o,), see FREY and OrvILLE, 1974, Fig. 6. The appearance of plagioclase
in the marly Liassic deserves special attention. So far, only plagioclase in
margarite-bearing assemblages were studied (Frey and ORrRvILLE, 1974). The
first-appearing plagioclase in the lower-grade epizone is not albite as expected
but oligoclase-andesine. It was probably formed by reactions between para-
gonite and margarite on one hand and calcite and dolomite on the other hand.
Depending on which other minerals are present in the rock (that is the complete
mineral assemblage), the An-content of the plagioclase may remain constant
or increase with increasing grade.

The next phase entering in the progressive sequence is biotite. Note that
biotite appears much earlier in the marly Liassic than in the pelitic assemblages
of the same formation. The same holds true for garnet, which is relatively rich
in grossularite component (!/, grossularite, 2/, almandine)?).

In the highest-grade epizone both paragonite and chloritoid seem to be no
longer stable in marly rocks (Fig. 3b). Their breakdown reactions, however,
are not yet understood. Margarite, on the other hand, is stable up to the
highest grade reached in this progressive sequence (that is lower-grade meso-
zone). Margarite seems to coexist there with both staurolite and kyanite.

BUNDNERSCHIEFER

Although the Biindnerschiefer represent volumetrically the most important
metasediment of the Central Alps, their mineralogical composition is not as
well known as those of the Quartenschiefer and Lower Liassic; this is parti-
cularly true for the low-grade (anchi- and epimetamorphic) Biindnerschiefer.
The metamorphism of the higher-grade (meso- and ? katametamorphic) Biind-
nerschiefer have been become well-known through the regional study of the
coexisting mineral pair calcite-plagioclase of WENK (1962). Furthermore
TrOMMSDORFF (1966) reported on the regional distribution of scapolite and

5) 1t may be mentioned that garnet with the composition 14 spessartine, 14 grossu-
larite, ¥4 almandine appears at much lower grade in rocks of granitic composition (STECK,
1966 ; STECck and BUurri, 1971).
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OrVILLE (1970, personal communications 1970-1973) and ORvILLE and
JOHANNES (1972) are presently undertaking a survey study on the marly
Biindnerschiefer of the Central Alps (see discussion below). In addition, a
great number of local studies report on the mineralogical composition of the
Biindnerschiefer (for references see p. 501). However, complete assemblages
are only rarely listed and mineral reactions going on are almost completely
unknown.

The location of the traverse discussed in this study was mainly dictated
by the scarce information available on low-grade Biindnerschiefer (THuM and
NaBuoOLZ, 1972; KUPFERSCHMID, 1971 and personal communications 1972 to
1973).

Biindnerschiefer is the usual Mesozoic rock of the eugeosynclinal trough
of the north-Penninic realm in the Swiss Alps. Main rock types comprised
originally calcareous shales, silty limestones and sandstones. That is lithology
is similar as in the Lower Liassic formation but generally Biindnerschiefer are
richer in carbonates and poorer in organic material or graphite. The strati-
graphy of the Biindnerschiefer is ill defined, working in Biindnerschiefer is
“like trying to solve one equation with two variables, stratigraphy and struc-
ture” (W. LEupPoLD, orally; in TrRtrMPY, 1960, p. 860). Primary thickness of
the Biindnerschiefer may have reached several kilometres. In the upper part,
flysch characteristics appear (Pre-Flysch of TRUMPY, 1960). Sedimentary age
may range from Liassic to Eocene.

A provisional summary of the distribution of some important minerals is
presented in Fig. 4. The data are based on the following publications. Anchi-

anchimeta- epimetamorphic mesometamorphic
morphic

—_——1 = muscovite (+phengitic)

ittite

paragonite /phengite —_—
paragonite —_—]— e — - paragonite
chiorite —_—_—— - chiorite
L ———— chloritoid
kyanite
— sillimanite {fibrolithic)
staurolite

—— biotite

- garnet

- —_ =7 epidote group
== == — —q Ca-amphibole

~—— diopside
albite - ———— — = = plagioclase
scapolite
~ ———————— k- feldspar
quartz quartz
calcite calcite
dolomite _——7 dolomite

Fig. 4. Distribution of some important minerals of the Bundnerschiefer. Solid line = mineral is
a major phase; dashed line = mineral is a minor phase; ? = distribution not clearly defined due
to insufficient data.
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zone: THuM and NaBuoLz (1972); epizone: GANSSER (1937), VAN DER PLAS
(1959), Lirrar (1965), KupFERSCHMID (1971, and personal communication
1973); epi- to mesozone: BADER (1934), CHATTERJEE (1961), Ecr1 (1966);
mesozone: BossARD (1929), GRUTTER (1929), MITTELHOLZER (1936), NIGGLI
et al. (1936), BURCKHARDT (1942), HASLER (1949), BucHMANN (1953), GUN-
THERT (1954), BrRuUGGMANN (1965), HuNziKER (1966), WIELAND (1966),
OrVILLE (1970), Braxcont (1971), HanxsenN (1972). It must be pointed out
that although the progressive sequence presented in Fig. 4 is exclusively based
on Biindnerschiefer-type metasediments, these rocks enclose a great time span
and were laid down in different basins. Heterogeneity, therefore, is even more
pronounced than in the Quartenschiefer or the Lower Liassic formation.

Some lowest-grade Biindnerschiefer were recently investigated by THum
and NaBuoOLZ (1972). These anchi- to epimetamorphic slates show the unique
sheet silicate assemblage of illite, chlorite, mixed-layer paragonite/phengite
and paragonite; albite is rare. Since the same sheet silicates were also found
in similar anchimetamorphic rocks in the above-lying Prittigau Flysch and
are known to be stable from almost the beginning of the anchizone (Fig. 2
and 3), the stability ranges of the above mentioned minerals were extended
down in Fig. 4 to the anchizone.

In epimetamorphic Biindnerschiefer, chloritoid occurs both in pelitic and
marly rocks (GANSSER, 1937; KUPFERSCHMID, 1971), but it seems not to be a
-common mineral (CHATTERJEE, 1961 ; LirtH1, 1965). The assemblage chloritoid-
garnet reported from calciferous micaschists (vAN DER Pras, 1959, p. 519;
GANSSER, 1937, p. 387) may belong to the early Alpine metamorphic event.
Although albite (some of which may be of detrital origin) is widespread in the
lower-grade epizone, the main Na-bearing phase seems to be paragonite. The
assemblage paragonite-calcite is common, but also paragonite-dolomite seems
to be a stable assemblage (KuprErscHMID, 1971; LiBoRrIO et al., 1971; CHIESA
et al., 1972). The breakdown of these assemblages has not yet been studied in
the Biindnerschiefer, but it will probably take place in the higher-grade epi-
zone in analogy with the Lower Liassic formation (Fig. 3b). This means that
a lot of the plagioclase at this grade was formed through a reaction involving
paragonite. Whether or not margarite plays a significant role in the Biindner-
schiefer cannot be determined in view of the scarce X-ray data available at
present. It should be mentioned that margarite has been found so far at only
three localities (Simplon, Val Formazza, Valle Mesolcina).

WEeNK (1962) and ScHWANDER and WENK (1967) studied the assemblage
plagioclase-calcite in the mesometamorphic Biindnerschiefer of the Central
Alps in great detail. “The anorthite content of plagioclase associated with
calcite is almost uniform in a given region but varies from area to area depend-
ing on the grade of metamorphism. In general, the higher the anorthite-content
in this paragenesis, the higher the temperature attained within the same rock
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series during alpine metamorphism” (WEeNK, 1962, p. 139). Although this
picture may be statistically true, there are many exceptions as even mentioned
by WENK (1962, p. 149). A critical evaluation of WENK’S plate 1 (1962) shows,
that in general the number of exceptions increase with increasing anorthite
content. In the area of highest anorthite content, An 70-An 100, 37 out of 69
or 549%, of the samples show an anorthite content less than An 70 and are
therefore exceptions. For this reason it does not seem justified to use the term
isograd for these at best metamorphic zone boundaries, and students should
be warned of an oversimplificated representation of these boundaries by thick
lines termed ‘‘isograds” in a modern textbook (TURNER, 1968, Fig. 7-29).
However, in the light of the work done by CRAWFORD (1966) and CooPER (1972)
there is definite hope that the peristerite gap in margarite-free Biindnerschiefer
may serve as an isograd (see also BEarTH, 1958; WENK and STRECKEISEN,
in press) in the highest-grade epizone.

ORrvVILLE (1970, and personal communications 1970-1973) and ORVILLE and
JOHANNES (1972) have taken up again the work on plagioclases in carbonate-
bearing mesometamorphic Biindnerschiefer. They approximated the compli-
cated metasediments by a seven-component system (K,0-Na,0-Ca0-Al,O,-
Si0,-H,0-CO,) including the seven phases plagioclase, calcite, quartz, musco-
vite, K-feldspar, zoisite, and vapor. This seems to be a reasonable approxima-
tion although clinozoisite is present instead of zoisite and F and Cl may also
have been present in the fluid phase. Newly formed K-feldspar may be present
in marly Biindnerschiefer beyond the tremolite isograd and is an important
phase beyond the diopside isograd. (These isograds are based on mineral
assemblages in Triassic marbles associated with Biindnerschiefer (TrRoMMS-
DORFF, 1966).) All possible plagioclase-producing reactions in the above men-
tioned system are not only dependent on temperature and pressure, but also
sensitive to the composition of the fluid phase (X¢o, in a H,0-CO, fluid). It
can be shown then that theoretically the composition of plagioclase can only
be used as an indicator of temperature and pressure in the “divariant’ assem-
blage containing all the seven phases mentioned earlier. This is another example
which shows the importance of considering the complete assemblage of meta-
morphic rocks (see also p. 499). The “divariant’’ assemblage mentioned above
iIs common in mesometamorphic Biindnerschiefer. However, preliminary
microprobe work carried out by the author on plagioclases from this divariant
assemblage coming from a single outcrop at Lago Tremorgio show a very
complicated picture. The An-content of plagioclase shows irregular variation
from oligoclase to almost pure anorthite not only within a single thin section,
but also within a single plagioclase grain. Whether this observation means
that equilibrium was not attained, or that gradients in the fluid composition
occurred or that no fluid was present remains to be answered.
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Conclusion

Pelitic and marly metasediments represent complicated rock systems. Most
so-called isograds in these rocks from the Central Alps represent at best meta-
morphic mineral zone boundaries. Much more detailed petrographic work is
needed to decide whether these zone boundaries are isograds or not. The next
step would be to work out the three dimensional course of these isograds. The
Alps with its high relief seem to be a favourable place for this attempt. It
might then be possible to decide how the regional metamorphism in the Central
Alps was generated.
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