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Schweiz. mineral. petrogr. Mitt. 63, 37-93, 1983

Alpine metamorphism of calcareous rocks along a
cross-section in the Central Alps: occurrence and
breakdown of muscovite, margarite and paragonite

by Erik Frank*

Abstract

The effects of the progressive Alpine metamorphism on Mesozoic cover rocks (Biindnerschie-
fer, Calcescisti) were studied along a cross-section in the western Lepontine Alps between Brig
(lower greenschist facies) and Crevola (higher amphibolite facies). Changes in the mineral assem-
blages of calcareous schists and silicious dolomites with respect to metamorphic grade are docu-
mented. Microprobe as well as some X-ray data are given for muscovite, margarite, paragonite, bi-
otite, chlorite, garnet, calcic amphibole, clinozoisite-zoisite, plagioclase, K-feldspar, scapolite,
staurolite, kyanite, corundum, graphite and calcite. Local assemblages, textural evidence and min-
eral composition data indicate that chemical equilibrium was not attained on the scale of a single
thin section. Microprobe analyses show that chemical equilibrium is restricted to local domains of
contacting grain boundaries. This phenomenon may be related to the differential uplift and cooling
regime in this part of the Central Alps as documented by isotopic mineral ages. Nevertheless, a reg-
ular pattern of mineral assemblages could be observed and the following mineral zones and reac-
tion-isograds could be mapped with increasing grade: first appearance of biotite + calcite, garnet
and Ca-amphibole, respectively; paragonite + calcite + quartz-““out” isograd, margarite + calcite
+ quartz-“out” isograd, scapolite-“‘in” isograd, muscovite + calcite + quartz-“‘out” isograd. There-
fore, the relative upper thermal stability limits of the three white micas muscovite, margarite and
paragonite in the presence of calcite + quartz have been documented for the first time. Metamor-
phic conditions have been estimated using different calibrated geothermometers and geobarome-
ters and by comparing the observed mineral assemblages with experimental data. Along the cross-
section, P-T-data increase from 2-3 kb/400-420°C at Brig to 6-8 kb/580-620°C at Crevola.

Introduction

The zones of regional Alpine metamorphism are well documented in the
Central Alps showing a systematic concentric regional pattern (N1GGLI 1970).
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Pressure-temperature estimates, as deduced from critical mineral assemblages
in pelites, impure dolomites and ultramafic rocks, indicate a general increase in
metamorphic grade going from the north to the south (N1GGLI 1970, NIGGLI and
NIGGLI 1965, CHATTERIEE 1961, WENK 1962, 1969, TROMMSDORFF 1966 and
FREY 1969, 1974). The zone of highest metamorphic grade occurs in the Ticino
area, the deepest tectonic unit in the Alps.

The present investigation reports the results of a mineralogical study on Me-
sozoic cover rocks (Biindnerschiefer) collected along a cross-section of increas-
ing metamorphic grade from Brig to Verampio-Crevola (Italy). The aim of this
work is (a) to present a regional distribution map of important minerals in cal-
careous mica-schists and marbles, (b) to provide further chemical data on these
minerals, (¢) to deduce the possible mineral reactions and (d) to estimate the
P-T-conditions of the Alpine metamorphism.

Geological setting

The study area lies.in the western part of the Lepontine Alps (Fig. 1) within
the lower units of the Pennine nappes. The nappe pile consists mainly of sheets

~“ .'l
revold ~/ 3
d'Qssolal nset of Switzedand
Fig. ] Tectonic sketch map of the Central Alps and the location of the study area. Alpine metamorphic mineral
zone boundaries are according to FREY and WIELAND (1978), NIGGLI and NIGGLI (1965) and TROMMSDORFF
(1966) refering to the first appearance of chloritoid (ctd), staurolite and diopside-calcite respectively.
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of polymetamorphic crystalline basement rocks including granitic and quartzo-
feldspatic gneisses, paraschists and amphibolites, separated from each other by
Mesozoic cover rocks (calcareous schists, marbles, dolomites, quartzites, pel-
ites). The different basement sheets represent old continental crust on which the
Mesozoic cover rocks were deposited. These sediments were affected by only
the Alpine orogeny and are therefore well suited for a study of the Alpine meta-
morphic history. According to a number of recent investigations it is now well
established that the Alpine orogeny had at least two distinct phases (BEARTH
1958, VAN DER PrLAs 1959, NiIGGLI 1970, JAEGER 1973, ERNST 1973, FREY et al.
1974 and TrUMPY 1960, 1980): an Eo-Alpine high-pressure event of late Cre-
taceous age, followed by a high-temperature regime during Mid-Tertiary time.
However, in the high-grade part of the Central Alps (Lepontine area) no petro-
logical or geochronological evidence of an Eo-Alpine high-pressure metamor-
phism has been found so far. If such an event took place in this area all charac-
teristic mineral assemblages have been completely overprinted by subsequent
high-temperature recrystallization. Detailed structural work indicates that there
are at least three different stages of folding in this area (CHATTERJEE 1961, HALL
1972, MILNES 1973, 1974, AYRTON and RamsAy 1974 and StecK et al. 1979).
According to HaLL (1972) and MILNES (1973) one of the most important struc-
tural features is that an already interleaved basement-cover pile was later sub-
jected to intense isoclinal folding on a large scale. These isoclinal folds can be
subdivided into main Alpine folds, developed before ore during the rise in tem-
perature, and late Alpine folds formed during the period of high temperatures.
The growth of most porphyroblasts such as garnet, staurolite and kyanite took
place after the formation of the main schistosity between the second and third
phase of deformation (D, and D3, AYRTON and RamMsAy 1974). However, recrys-
tallization also tends to outlast deformation processes as can be observed most
clearly on plagioclase textures or from reaction textures (FRANK 1979).

Mineral distribution

This study was confined to mapping and examining the mineral assemblages
in calcareous rocks, which are rather consistently exposed along the cross-sec-
tion from Brig to Crevola (Fig. 2). Metamorphic grade generally increases from
northwest to southeast, from the chlorite zone to the higher staurolite zone
(CHATTERJEE 1961, STRECKEISEN + WENK 1974).

CALCAREOUS MICA-SCHISTS

The occurrence and the regional distribution of relevant minerals are sum-
marized in Fig.3. In the low-grade samples muscovite, chlorite, calcite and
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Fig. 2 Outline map of the cross section Brig-Crevola showing principle locations. Countours indicate the re-
gional occurrence of Mesozoic cover rocks, separating the cristalline basement rocks. Sample numbers refer to the

specimens which were analyzed by electron microprobe technique.
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quartz are the dominant matrix minerals. Furthermore, in many samples para-
gonite and margarite are also present. To date margarite has been described in
only a few localities in the Central Alps (FrRey + NiGGLI 1972, Fox 1975), but
recent studies show margarite to be quite common in metamorphic rocks in the
Alps (Frey et al. 1982). The lowest grade biotite-calcite assemblages occur
about 3 km south from Brig, where a continous formation at the expence of
chlorite and muscovite may be assumed. The next phases entering the progres-
sive sequence are almandine-rich garnet and calcic amphibole. Proceeding fur-
ther to the south into amphibolite-facies conditions as defined by the first ap-
pearance of staurolite + kyanite in pelitic rocks, the following two additional
phases can be recognized: first appearance of meionitic scapolite and of mo-
noclinic k-feldspar. The assemblage k-feldspar-anorthite indicates the break-
down of the assemblage muscovite-calcite-quartz, whereas scapolite was
formed at the expence of calcite + anorthite-rich plagioclase. Generally one ob-
serves in all high-grade samples a substantial increase in modal plagioclase
content which is related to various breakdown reactions of muscovite, paragon-
ite and margarite producing plagioclase. In these rocks biotite is much more
abundant than the white micas and is the dominant sheet-silicate mineral. In
few high-grade samples from the Verampio-Crevola area the unusual assem-
blage anorthite-corundum can be found. Local occurrence of epidote-zoisite
minerals is very common in most samples. Zoisite predominantly occurs in the
high-grade specimens. Important accessory minerals are graphite (present in all
samples), rutile and sphene as well as pyrrhotite, pyrite and/or ilmenite.

IMPURE DOLOMITES

Silicious dolomites are not much abundant in the studied area. In these rocks
the first appearance of tremolite can be observed in the Steinental and is
characterized by the five-phase assemblage talc-tremolite-dolomite-calcite-
quartz. Note that this assemblage already occurs below the staurolite-isograd at
obviously lower temperature conditions. The isochemical high-grade assem-
blage diopside-calcite has not been observed.

METAPELITES

Monoclinic chloritoid as well as staurolite are found only in rocks of alumin-
ium-rich bulk composition (pelitic layers). Both minerals are quite common in
upper Triassic phyllites (Quartenschiefer) in this area.
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Mineral chemistry

For this study some 300 rock samples were examined microscopically. Thin
sections were stained for carbonate minerals and for k-feldspar using the tech-
nique of EVENY,+ SHERMAN (1962) and BAILEY + STEVENS (1960). Separated
mica fractions were analyzed by X-ray diffractometry and Guinier-camera
techniques. Minerals in 28 polished thin sections were analyzed by an ARL-
SEMQ electron microprobe combined with a Tracor-Northern energy disper-
sive detector system. The microprobe was operating at an acceleration voltage
of 15kV and a sample current of 15 nA. To minimize drift effects counting time
was controlled by means of beam current integration. For standardization na-
tural and synthetic minerals were used. Data reduction was performed by a
BENCE-ALBEE type matrix correction program. Additional analytical details are
given by SCHWANDER + GLOOR (1980). From replicate analyses the precision of
the data is on the order of 0.6-1.5 relative percent for high concentrations and
on the order of 5 to 10 percent for concentrations less than one weight percent.
In table 1 the mineral assemblages of the samples used for microprobe analyses
are summarized. Representative mineral analyses spanning a range of grade are
given in the appendix (cf. tables 2-13).

WHITE MICAS (MUSCOVITE, MARGARITE, PARAGONITE)

The white micas muscovite, margarite and paragonite were routinely identi-
fied by X-ray technique using the criteria described by VELDE (1971), CHATTER-
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Fig. 4 TFrequency distribution of white mica basal spacing values d(002).
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Fig. 5 Frequency distribution of white mica b -spacing values.

JEE (1974) and GUIDOTTI + Sassi (1974). When grain size permitted, microprobe
analyses were also done. Muscovite, margarite and paragonite can be easily dis-
tinguished from each other by their d(002) and b_-spacing values as shown in fi-
gures 4 and 5. Their characteristic frequency distribution pattern reveal some
significant broad scatter which points to differences in their solidsolution
behaviour. Muscovite (002) basal spacing values for example range from
9.999 A to 9.905 A. This shift to lower values suggests a substantial solid-solu-
tion of paragonite into muscovite, ranging up to 30 mole percent paragonite ac-
cording to calibrated regression curves given in the literature (GUIDOTTI + SAsSI
1974). By plotting against each other the basal-spacings of coexisting muscovite
and paragonite (Fig. 6), some linear correlations can be found for these samples
which fit quite well the regression line determined by ZeN + ALBEE (1964) for
the muscovite-paragonite solid-solution. In this case, a significant deviation
from the regression line can be observed if margarite is present in addition
(Fig. 6, open symbols), indicating mainly a reduction of the paragonite basal
spacing. This shift is due to some solid-solution of margarite-component into
paragonite.

Examination of white mica polytype by Guinier-camera films reveals that all
samples are of the 2M, type (BORG + SMITH 1974). Microprobe analyses of mus-
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Fig. 6 Basal spacing values of coexisting muscovite and paragonite. The straight line refers to the regression
curve of ZEN and ALBEE (1964). Open symbols indicate the presence of margarite in addition.

covite are shown in figure 7. All data are calculated on the basis of 22 oxygens
per formula unit (Table 2). Fe is considered to be in the divalent state, an as-
sumption which may be justified because of the presence of graphite and the ab-
sence of haematite in our samples. The results plotted in terms of Si-Al-(Fe +
Mg) proportions indicate a slight variation from ideal muscovite to phengitic
compositions. Tetrahedral Si increases from 6.0 up to 6.56 atoms per formula
unit. The AlVi-Fe-Mg diagram clearly shows the substitutional trend of octahe-
dral sites pointing to a tschermaks type of exchange AIIVAIVISi_|(Fe, Mg)_,.
This behaviour is confirmed if the results are plotted on a Si-AlIVAIVI diagram
(Fig. 8), and indicates a strong Si-Al correlation. This diagram furthermore al-
lows an estimation to be made of the divalent/trivalent state of iron in the sam-

Mg

muscovite
AlVI

L) (") [¥) M.
10 FesMg AM 5 10 Fe

Fig. 7 Variation of muscovite composition in a Si-Al-(Fe+Mg) and a A1Y'-Mg-Fe-projection.
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Fig. 8 Correlation of tetrahedral Si versus total Al with respect to the endmembers muscovite, ferrimuscovite
and phengite.

ples by comparing these data to the theoretical ferrimuscovite-, celadonite- and
muscovite-endmember compositions. These data correlate very closely with the
muscovite-phengite join (phengite is defined here as a species intermediate be-
tween muscovite and celadonite) suggesting that ferrimuscovite solid-solutions
must be very limited. The amount of paragonite component present in these
muscovites (Fig. 9) increases up to 26 mole percent paragonite. This is consis-
tent with the estimations made from the X-ray data. No significant margarite
component was detected in the muscovites. From figure 9 there seems to be
some trend to a deficiency of interlayer cations with increasing KX Na_; substitu-
tion. The presence of small amounts of Ba causing this trend deviation cannot
be excluded because of the poor resolution of this element by electron micro-
probe technique (the detection limit is on the order of 0.15 weight percent BaO
because of interference with the Ti-spectrum). As a function of increasing meta-
morphic grade the following compositional changes can be deduced along the
cross-section (Fig. 10). All samples show characteristic variations of octahedral
Fe, Mg and Al and of tetrahedral Si and Al. The corresponding frequency dis-
tribution of Si indicates a general positive trend towards Al-rich muscovite with
increasing grade. From these data we suggest that in many samples the mineral
assemblages are not limited ones in respect to Al-Si-Fe-Mg exchange. On the
other hand a significant correlation of Na/Na+ K with respect to metamorphic
grade can be observed (Fig. 10). In the lower grade samples, muscovites, often
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Fig. 11 Composition of margarite and paragonite in terms of Na-Ca-K proportions.

coexisting with paragonite, show increasing Na/Na+K ratios ranging from
about 0.10 up to 0.26 with increasing grade (zone I, II and III in Fig. 10). At
higher grade, the Na/Na+K ratios substantially decrease to less than 0.10.
These observations are consistent with experimental and calculated muscovite~
paragonite phase relations (THOMPSON 1974). Within one single thin section
variable Na/Na+K ratios are found depending on whether other Na-bearing
phases are present in mutual contact with muscovite (for example paragonite).
This points to a Na-K exchange in local domains.

The composition of margarite and paragonite is shown in Fig. 11 in terms of
K-Na-Ca endmembers. Margarite analyses plot very close to the Ca-Na join
indicating an extended solubility of paragonite component, whereas the musco-
vite component seems to be negligible. On the other hand analytical data of
paragonite show that there is an appreciable replacement of Na by both K and
Ca. Octahedral sites of both margarite and paragonite are occupied by only mi-
nor amounts of Fe and Mg (0.1-0.8 wt.% FeO, 0.1-0.3 wt.% MgO) suggesting
that there is very little or no phengite substitution in these mica.

BIOTITE

Representative analyses of biotites are plotted in Fig. 12. Anhydrous totals
were calculated on the basis of 22 oxygens per formula unit. The biotite are
found to be intermediate between Mg and Fe endmembers. Some deviation
from ideal trioctahedral stoichiometry can be observed, the total number of
ions in the octahedral sites being consistently lower than 6.0. This is probably
due to a coupled substitution of octahedral (Mg, Fe)2t+ by Al3+, combined by
some substitution of tetrahedral sites for maintaining the charge balance. Sig-
nificant variations in Mg/Mg+Fe ratios can be observed in all biotites
(Fig. 12). On a thin section the following systematics were found (Fig. 13): bio-
tite isolated in the rock-matrix show Mg-richer compositions when compared
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to biotites in contact with garnets. These biotites are distinctly enriched in Fe.
With increasing metamorphic grade biotites tend to become richer in Fe.

Considerable amounts of Ti are present in the biotites (up to 3.40 wt.% TiO,).
Several substitutions are possible to account these high values of Ti. The most
probable one is a coupled substitution of the type JAIVI2AI!Y = 3TiSi (Fig. 14).
A positive correlation of Ti-content to metamorphic grade is also observed
(Fig. 15) with values of Ti increasing from 0.2 (at. prop.) in the north to 0.4
(at. prop) in the south. Similar behaviour of Ti in biotites has been described by
Kwak (1968), Evans + GuIDOTTI (1966) and GuiDoTTI (1970). Since all samples
are probably TiO,-saturated as evidenced by the presence of rutile and/or
sphene, the increase in Ti with increasing grade suggests a temperature-depen-
dent change of the Ti-saturation limit in biotite as described by Kwak (1968).
Comparing Fig. 13 and Fig. 15 some possible correlations between Ti and Mg/
Mg+ Fe are evident, the values trending to lower Mg/Mg+ Fe values with in-
creasing Ti-content. A similar dependency was reported by DanL (1970) and
DALLMEYER (1974) who argued that the Ti-content directly controlled the Mg/
Mg+ Fe ratio in biotite.

|
AV biotite
0.9 ° 0% %o
08 - %0 ° ° ooog .
0.7 |+ o o o © —

0.6 - ]
01 0.2 03 04 Ti

Fig. I4 Variation of octahedral Al and Ti in biotite,

CHLORITE

Analyses of chlorite are plotted in Fig. 16 using the classification scheme of
Hey (1954). Structural formulae have been calculated on the basis of 28 oxy-
gens and by assuming the tetrahedral sites are completely filled by Si and Al



Alpine metamorphism of calcareous rocks 51

biotite sample

Ti-atoms per 70 __ I —
formula unit 01 02 03 04 _'1|;)|
{on a basis of 22oxygens) r ‘ o i

BRIG

65 n ‘ 1 N=24

wo L
LI VI
853 ],. __nm

660 -y
876 -
869 -
870 o

0 2 4km 922 l
[ eem o ] n=20

01 02 03 04 Ti

Fig. 15 Variation of Ti-content in biotite as a function of increasing metamorphic grade.

The compositions are predominantly ripidolite showing a wide range in the
Fe/Fe+Mg ratios. The chlorites show a restricted range in Si from 5.1 to 5.7. In
some samples minor amounts of MnO were detected (0.10-0.36 wt.%). Coexist-
ing biotite and muscovite revealed no Mn suggesting that Mn preferentially en-
ters the chlorite lattice. Retrograde chlorite typically has Fe-rich compositions.
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GARNET

Microprobe analyses of garnet were calculated on the basis of 24 oxygens
per formula unit and assuming all iron to be in the divalent state. All garnets are
chemically zoned with respect to Fe, Mn, Ca and Mg, whereas Al and Si are
found to be relatively constant. Garnet compositions are plotted in Fig. 17 in
terms of almandine, pyrope, grossular and spessartine endmembers, showing
the core and rim compositions of the individual grains. The analyses reveal
high almandine components in the range of 55 to 70 mole percent. All samples
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Fig. 17 Garnet composition in terms of almandine, pyrope, grossular and spessartine component. The lines join
composition of core and rim of individual garnet porphyroblasts.

show the “normal” prograde bell-shape zoning patterns with cores enriched in
Mn and Ca and depleted in Fe and Mg relative to their rims (Fig. 18). As a func-
tion of metamorphic grade a regional modification of this zoning pattern has
been recognized. It is characterized by a systematic flattening of the MnO and
the opposing FeO-curves and by a general decrease of the MnO-content with
increasing grade. In all samples, the MgO-zoning remains on the same order of
magnitude. Superimposed on these prograde zoning patterns garnet-rim com-
positions of some high-grade samples (EF 741) are modified showing Mg/Fe
gradients within the Iast 50-100 um, which may be related to local Fe-Mg ex-
change reactions with coexisting minerals such as biotite or muscovite.

CALCIC AMPHIBOLE

In Fig. 19 and Fig. 20 the analytical results for calcic amphiboles are plotted.
The samples show rather high Al-contents, ranging up to 18.2 wt.% Al,O;, sug-
gesting a tschermakitic-pargasitic composition. No chemical zoning could be
detected within individual grains. CaQ, FeO and MgO are fairly constant in the
range of about 11-12%, 15-18% and 8-9% respectively. TiO,-contents were
typically between 0.1-0.5 wt.%. In the silicious dolomites, tremolitic amphibole
could be found containing substantial amounts of Al (up to 6.0 wt.% Al,O53).
The fluorine content is very low and often falls below the analytical detection
limit of 0.2 wt. %.
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Fig. 19 Compositional variation of Ca-amphibole plotted in a Al'V-(Na+K) diagram. Filled circles refer to cal-
careous rocks, triangles to dolomitic marbles.
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Fig. 20 Ca-amphibole composition shown in a LEAK type classification diagram. Same symbols as in Fig. 19.

CLINOZOISITE-ZOISITE

Microprobe analyses of clinozoisite-zoisite solid-solutions are shown in
Fig. 21. All FeO was calculated as ferric. Octahedral aluminium and ferric iron
exhibit a good reciprocal relationship. Lowgrade samples tend to be enriched in
Fe3+ relative to A1V, hence are predominantly clinozoisitic. Some grains show
distinct compositional zoning, with cores beeing richer in Fe3+ than rims. In the
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Fig. 21 Proportions of octahedral aluminum and ferric iron in epidote-zoisite group minerals.

higher-grade samples, chemical compositions tend to lie close to the zoisite end-
member.

At one locality in the Steinental, Mn-rich epidote (piemontite) has been de-
tected in quartzitic rock samples (meta-radiolarites?) coexisting with Mn-rich
minerals such as Mn-garnet (Spess;5Gross 4PyrgAlms), braunite and cryptome-
lan. Chemical analyses reveal variable Mn-contents in piemontite giving the
following structural formula Ca,; ¢_; ¢Mng .| sFeq3_97Al) 5.205130,(OH).

PLAGIOCLASE

Detailed microprobe analyses were performed on 11 selected samples. The
results are illustrated in Fig. 22 comparing the regional distribution of the sam-
ples with the frequency distribution of anorthite content observed within each
sample. The results can be summarized as follows:
~ Inlow-grade samples the anorthite content range from 17 to 33 mole percent.

Within single grains local variations are in the order of 10 mole percent An.

- With increasing metamorphic grade the anorthite content increases contin-
ously from 35 up to 90 mole percent (samples EF 41 to EF 806). At the same
time a strong increase in the amount of modal plagioclase is observed.
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Fig. 22 Frequency distribution of plagioclase composition along the metamorphic profile Brig-Crevola.

- In the higher-grade samples, large compositional variations in An-content
are found over small distances (10-200 um), the An-content ranges from 30
up to 95 mole percent within one sample. Plagioclase are typically poikilo-
blastic and patchy zoned. Very often streaky, locally zoned domains reflect
the shape of previously resorbed minerals such as white mica.

- Samples with low modal calcite tend to show smaller variations in anorthite
content (sample EF 853).

- With exception of the peristerite gap, no other systematic miscibility gaps
could be detected. The strongly zoned character of these plagioclases may be
the result of very fine intergrowths of two different plagioclases in a submi-
cron scale which cannot be resolved by conventional electron beam analyses
(spot size of about 4 um).
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- Plagioclase coexisting with margarite-calcite-quartz becomes systematically
enriched in anorthite with increasing grade, ranging from An;, (samples
from Brig) up to Ansg (samples from the Steinental area). FREY + ORVILLE
(1974) and BUCHER et al. (1983) could show by graphical analysis of the sub-
system Ca0O-Al;0;-Si0,-C-O-H that this compositional behaviour of
plagioclase is mainly a function of metamorphic temperature.

K-FELDSPAR

Microprobe data indicate the presence of 6-12 mole percent albite (Fig. 23)
and a very low anorthite content (0.1-1.1 mole percent). The rather high albite
contents in k-feldspar result from the breakdown of muscovites having Xp, =
0.12. Triclinity values, as defined by GoLpsMiTH + LAVES (1954), were mea-
sured in three samples by Guinier-camera technique giving low values of
0.0-0.3

Or

Ab k-feldspar AN

Fig. 23 Composition of K-feldspar in terms of Or-Ab-An components.

SCAPOLITE

Scapolite analyses have been calculated on the basis of 12 (Si+Al) (SHAW
1960). All the grains analyzed are more or less homogenous showing mizzonitic
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Fig. 24 Si-Ca variation diagram of scapolite. Analyses are calculated on the basis of 12(Si+ Al) per formula unit
of scapolite.

compositions corresponding to 74-79 percent meionite (Fig. 24). In terms of
equivalent anorthite content (ELLIS 1978) the scapolites correspond to 64-70
percent EqQAn. In all samples Cl and SO, contents are very low (less than 0.15
wt. %).

STAUROLITE

The occurrence of staurolite is restricted to the pelitic layers. A limited num-
ber of microprobe analyses reveal only small chemical zonation with
Mg/Mg+Fe increasing from core to rim. Minor amounts of Ti are present
ranging up to 0.16 Ti per formula unit (Table 11). In some samples, substantial
amounts of Zn can be observed (up to 2.4 wt.% ZnO) replacing mainly Fe.
Within the same outcrop the Zn-content varies considerably depending upon
modal staurolite content in the sample. This suggests that Zn is controlled
mainly by local bulk composition and much less by metamorphic grade.
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CORUNDUM

Corundum was found in three samples occurring as very fine, prismatic or
slightly rounded crystals which could optically be easily mistaken for zoisite.
Chemical analyses show minor amounts of Si, Fe, Ti and traces of Cr
(Table 12).

GRAPHITE

Graphitic material was separated and analyzed by X-ray diffraction using
the method described by GREw (1974)..The crystallinity, defined as the peak-
width at half peak height of the (002) basal reflexion indicates the presence of
fully ordered graphite (LANDIS 1970). As a function of increasing metamorphic
grade crystallinity values decrease from 0.5 for low-grade samples to 0.24 (26)
for high-grade samples (Fig. 25).

°20 T l ' *
graphite
05 } - .
' o low-grade
04 | 0° .
03 F 5 ) &
o | high-grade
®,
02} .
l A 1 1

335 336 337 3.38 d002)&

Fig. 25 d(002) spacing values of graphite correlated to the crystallinity index defined as the peak width of d(002)
at half peak height. Open circles: graphite from low-grade samples (Brig-Steinental). Filled circles: graphite from
high-grade samples (Simplonpass).

KYANITE

Representative analyses of kyanite show minor amounts of Fe (0.15-0.58
wt.% Fe,03). Ti and Cr are below the detection limit of the microprobe (less
than 0.1 wt%).
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CARBONATE MINERALS

Calcite exhibits significant variation in composition, giving 1.2 to 4.2 mole
percent MgCOQO;, 1.4 to 4.5 mole percent FeCO; and 0.2 to 2.0 mole percent
MnCO; (Fig. 26). Ferroan dolomite have been i1dentified by staining method in
only few samples.

MgCOy

calcite

. ¥ ] M. v M 3. M.

(FeCO;+MnCOy) 92 % 9% 98 CaCOq

Fig. 26 Calcite composition in terms of MgCO;-CaCO;-(FeCO;+MnCO;) components.

Metamorphic zonation

Based on the regional distribution of mineral assemblages analyzed in
320 samples different mineral zones and reaction-isograds could be identified
and mapped along the cross-section which outline a gradual change in meta-
morphic grade from NW to SE. For the purpose of paragenetic analysis only
contacting mineral phases have been considered to reflect mineral coexistence.

MINERAL ZONE BOUNDARIES

Based on the first appearance criteria three mineral zone boundaries
(Fig. 27) could be mapped in the northern part of the profile. These are the first
appearance of biotite-calcite assemblages, the first appearance of almadine-
rich garnet and finally the first appearance of tschermakitic amphibole. The
reaction relations controlling the appearance of these phases could not be defi-
nitely deduced from the available data. Textural relations suggest the formation
of biotite at the expence of both chlorite and muscovite as indicated by the pref-
erential growth of first biotite along chlorite-muscovite rich layers (Fig. 28).
This conclusion is supported by the substantial modal decrease of chlorite at
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Fig. 27 Mineral zone boundaries and reaction isograds in calcareous rocks along the profile from Brig to
Crevola.
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the expense of newly formed biotite as well as by the chemographic relations
shown in Fig. 29. Chlorite, biotite and muscovite are chemically colinear with
respect to Al-Fe-Mg suggesting the formal reaction chlorite + muscovite +
quartz = biotite + H,O. No clear relations could be found controlling the first
appearance of almandine-rich garnet. The systematic prograde chemical zon-
ing of garnet, indicating complex Fe-Mn-Mg-Ca solid solutions as a function
of metamorphic grade, suggests that the garnet forming reactions cannot be ac-
counted for by a simple reaction. The first Ca-amphibole appears between mica
and carbonate rich layers. The aluminous composition of these amphiboles im-
plies that this mineral was formed by some reaction consuming Al-rich phases
such as plagioclase (An-component) and white mica. The textural relations in-
dicate that components from both the mica-rich and the carbonate-rich layers
must have been involved in the reaction to form the Ca-amphibole. This implies
mass-transport between these layers on a mm-scale. In some samples the am-
phiboles were replaced along their rims by biotite indicating extensive retro-
grade alkali-exchange with contacting muscovite.

ISOGRADS AND MINERAL REACTIONS

From the systematic changes of mineral assemblages and mineral modes as
well as from compositional and textural relations found in thin sections the fol-
lowing mineral reactions were observed and mapped along the cross-section
with increasing metamorphic grade (Fig. 27 and Fig. 30):
paragonite-calcite-quartz “out” isograd
margarite-calcite-quartz “out” isograd
scapolite “in”’ isograd
muscovite-calcite~-quartz “out” isograd.

From the regional distribution pattern of two- and three-phase assemblages
shown in figure 30 the stability relations of the white micas muscovite, marga-
rite and paragonite relative to calcite-quartz can be studied. Paragonite and
margarite coexisting with calcite~quartz are found to be restricted to the nor--
thern part of the cross-section. The upper stability of both assemblages can be
mapped in the Simplonpass area defining the pa-cc-gz “out” and the ma-
cc-qz “out’ isograds. The following reactions limit the assemblage towards
higher temperatures

margarite + calcite + 2 quartz = 2 anorthite + CO, + H,O (1)
3 margarite + 5 calcite + 6 quartz = 4 zoisite + 5 CO, + H,O 2)
3 paragonite + 4 calcite + 6 quartz = 2 zoisite + 3 albite + 4 CO, + H,0 3)

Textural relations as well as the observed mineral modes suggest that the as-
semblage ma-cc-qz became unstable by reaction (1) rather than (2). The break-
down of margarite according to (1) has been seen in some samples containing
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Syn- and postkinematic growth of
biotite in chlorite-muscovite rich
layers. Note the distinct pressure
shadow mantling the cross-cutting
biotite.

Breakdown of muscovite according
to the reaction muscovite+calcite
+ quartz = anorthite + K-feldspar
+ vapor. Relict muscovite shows
typically corroded grain bound-
aries.
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clear reaction textures of margarite being replaced by anorthitic plagioclase
Ansg_gs (Fig. 281). Margarite, previously in contact with calcite, is now found iso-
lated from calcite and surrounded by plagioclase. In the calcite absent assem-
blages of the same area, margarite may have been newly formed postkinemati-
cally in coexistence with quartz and plagioclase (Fig. 28¢).

If calcite is absent, paragonite-quartz and margarite-quartz remain stable to
higher grade further to the south into the staurolite zone. In the two high-grade
samples close to Verampio-Crevola, margarite was observed in the quartz-
absent assemblages anorthite-margarite and kyanite-anorthite-margarite. Ob-
viously metamorphic conditions must have exceeded the stability limits of the
assemblage margarite + quartz.

Muscovite coexisting with calcite-quartz shows an increased stability range
and remains stable up to the higher staurolite zone (Fig. 30). At higher grade
within a short distance of some ten meters the breakdown according to the reac-
tion
muscovite + calcite + 2 quartz = K-feldspar + anorthite + CO, + H,O (G
can be observed and mapped in the Cairasca valley. Textural relations between
contacting mineral phases typically reflect this breakdown of muscovite as
shown in Figure 28b. In local domains clear textural relations can be related to
reaction (4) where one of the reactant phases (quartz or calcite) has been ex-
hausted. Corroded muscovite is found in contact to K-feldspar (Org,Abyg), pla-
gioclase (AnggAb,g) and * quartz. Obviously calcite has been used up in this
domain giving this “frozen-in” reaction texture. Note that biotite is not in-
volved into this reaction. Furthermore replacement textures of muscovite by
anorthitic plagioclase are quite common in the high-grade samples (Fig. 28f).

Fig. 28 c) Postkinematic growth of margarite in the centre of a fold hinge traced by graphite.

d) Textural relations between calcite, scapolite, plagioclase, K-feldspar and zoisite. Zoi-
site does not appear in mutual contact to calcite any more, being strictly separated by
anorthitic plagioclase.

e) Pseudomorphic replacement of coarse kyanite by anorthite and corundum. Obviously
calcite was totaly consumed by the reaction leading to this “frozen-in” reaction texture.
Note the continuous border of biotite mantling this reaction texture. Corundum typi-
cally grows in fine crystals with some preferential radial orientation.

f) Postkinematic plagioclase helicitically overgrowing mica-rich folds.

g) Detailed sketch map of the reaction zone showing corroded kyanite overgrown by ran-
dom oriented coarse margarite plates. Some margarites are mantled themselves by
muscovite suggesting extensive ionic exchange reactions involving a K+ rich vapor
phase. On the left side is the reaction front consisting of anorthite and corundum.

h) Disequilibrium texture of a coexisting scapolite-plagioclase assemblage. Plagioclase
contacting scapolite shows a strong gradient in anorthite content, decreasing from An,,
close to zoisite to An,, when contacting scapolite.

i} Reaction texture showing the replacement of margarite, calcite and quartz by plagio-
clase.
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Fig. 29 Partitioning of Al-Fe-Mg between coexisting chlorite, muscovite and biotite across the biotite mineral
zone boundary.

The scapolite-“‘in” isograd can be related to the continuous reaction
3 anorthite + calcite = meionite. (5)

First meionitic scapolite (75 mole percent meionite) was observed in calcite-
plagioclase assemblages replacing these phases. This suggests a higher thermal
stability of meionite-calcite relative to plagioclase-calcite when the plagioclase
was more basic than Angg_¢g. This limit defines the rather sharp boundary for
the scapolite-“in” isograd (Fig. 27).

In the high-grade samples, zoisite is typically rimmed by anorthitic plagio-
clase separating zoisite from the matrix-calcite (Fig. 28d). These textures can
most simply be explained by the reaction
3 anorthite + calcite + H,O = zoisite + CO,. (6)

This reaction requires a net addition of H,O rich fluids.

In a few samples near Verampio-Crevola the breakdown of kyanite to co-
rundum and anorthite can be observed in calcareous specimens containing ma-
trix minerals such as calcite, scapolite, plagioclase, K-feldspar, biotite and
quartz. This suggests the following reaction
2 kyanite + calcite = anorthite + corundum + CQO,. (7

Anorthitic plagioclase (Angg_1g0) typically grew pseudomorphic after kya-
nite, preserving the primary shape of the kyanite crystal. In some places where
calcite was consumed, kyanite may be still present showing a reaction rim con-
sisting of anorthite (Angg_ig9) and corundum. This arrested reaction texture
suggests that mineral equilibria was attained only in small local domains since
a few hundreds of microns away calcite is still present in the matrix of the rock
sample (Fig. 28¢). In some places, coarse margarite plates have been observed
coexisting with corroded kyanite (Fig. 28g). This margarite may have been
formed either according to the reaction
2 kyanite + calcite + H,0O = margarite + CO,. (8)



67

Alpine metamorphism of calcareous rocks

zyaenb-ajruoSeaed ‘zyrenb-a101e0-231u08ered -
zyrenb-ojueSrew ‘zyzenb-ojojeo-o)uesiew -
z)renb-a1a0asnur ‘zirenb-2110[eo-s1A008nw -

:safe[quiasse aseyd-a21y) pue -om) Jo uiayed uonnquisip [euoiday  gf 8

ouadeg

9jiucbered

PloARID

zb-ed e
J0-zb-ed ©

oualeq

apsebrew

20-zb~ew o

PW @
zb-ew o

PIOALD)

3}A0ISNW




68 Frank, E.

or it may indicate a retrograde replacement of the assemblage anorthite-corun-
dum by margarite. From the close textural relation to kyanite reaction (8) seems
to be more likely.

Regarding the presence of corundum, it is interesting to note that quartz is
present in the rock matrix only 80-140 microns away from corundum. Appar-
ently there was no chemical communication between these two incompatible
minerals such as if they existed in isolated bulks. Chemical equilibration must
have been restricted to local domains (micron scale).

High-grade samples very often reveal crystals of rutile which are overgrown
by sphene suggesting the following reaction
rutile + calcite + quartz = sphene + CO,. 9

Estimate of metamorphic P-T conditions

P-T conditions of metamorphism can be estimated by utilizing calibrated
geothermometers and barometers, by comparing the stability relations of ob-
served mineral assemblages with experimental data and by considering quanti-
tative thermodynamic calculations.

PRESSURE

The estimation of pressure is rather difficult because the critical mineral as-
semblages are quite rare. In the low-grade samples (Brig) typical pressure-de-
pendent mineral equilibria are absent. In the medium and higher-grade samples
two estimates can be made based on the presence of kyanite and on the Ca par-
titioning between coexisting garnet-plagioclase mineral pairs in the assemblage
garnet-plagioclase-kyanite-quartz.

In all high-grade samples kyanite is the widespread Al,SiO5 phase coexisting
with garnet and/or staurolite. Assuming that these high-temperature minerals
equilibrated within the stability field of kyanite, which is supported by textural
evidence, minimum pressures of about 5-6 kb can be deduced considering the
experimental data of the alumosilicate triple point of RICHARDSON (1969) and
Hotbaway (1971).

Metamorphic pressures can be furthermore estimated from the partitioning
of Ca between coexisting garnet and plagioclase according to the pressure-
dependent mineral equilibria
3 anorthite = grossular + 2 kyanite + quartz (CRESSEY et al. 1978, GHENT 1976).

Since mineral compositions found in our rocks are not pure endmembers,
terms for activity for the anorthite component in plagioclase and the grossular
component in garnet have to be estimated. For the present calculations the ap-
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proximation proposed by GHENT (1979) has been used which includes an em-
pirical estimate of the activity coefficient product (Ky). According to GHENT
(1979) this geobarometer has a resolution of about 1.6 kb (two standard devia-
tions). The pressure estimates listed in table 14 indicate consistently high pres-
sures of 6 to 7.8 kb for all samples along the southern part of the cross-section
(Simplonpass-Crevola).

TEMPERATURE

Fe-Mg cation exchange thermometry {garnet-biotite)

Temperatures can be calculated from the Fe-Mg partitioning between coexist-
ing garnet-biotite mineral pairs. The temperature dependence of the distribu-
tion coefficient K (Mg-Fe) has been previously calibrated empirically by
GOLDMANN + ALBEE (1977) and THomPsoN (1976) as well as experimentally by
FERRY + SPEAR (1978). In the lower temperature range (450-600 °C) the calibra-
tions are consistent with each other while at higher temperatures some signifi-
cant deviations are observed. For the present study the calibration of FERRY +
SPEAR is used.

BRIG ! T | T T T T T T
hlorit o
chlorite - zone

chl e EF627
e 938
biotite ~ zone ek
garnet — zone =*aga hi ——= 170
. 65
staurolite - zone = —
==t e 440
l—— i
T=EL gtay 3
= @F 853
= — 650
== 869

cRevoLA L %, % ok 8

core — rim Mg/ Mg+Fe

Fig. 31 Variation and change of Mg/Mg+Fe in garnet, staurolite, biotite, chlorite and muscovite along the cross
section Brig-Crevola,
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In our samples a regular preference of Mg relative to Fe can be observed for
the most important Fe-Mg-minerals with Mg/Mg+ Fe ratios increasing in the
order garnet < staurolite < chlorite, biotite < muscovite (Fig. 31). In most min-
erals, a rather wide spread in Mg/Mg+ Fe can be found on the scale of cm to
mm within a thin section or even within one single mineral grain (garnet). All
garnets consistently show strong compositional zoning reflecting prograde
modification from core to rim with increasing Mg/Mg+ Fe ratios. The largest
variations in Mg/Mg+ Fe ratios can be observed for biotites which exhibit dis-
tinctly different ratios depending upon their textural relations with other min-
erals. Biotites coexisting with garnets are enriched in Fe relative to isolated bio-
tites in the rock matrix. This observation can be related to the exchange reaction
for iron and magnesium between biotite and garnet which is mainly controlled
by temperature (THOMPSON 1976). As a function of increasing temperature the
two-phase exchange tends to decrease the difference in Mg/Mg+ Fe between
these two minerals. This relation is shown in Fig. 32 for sample EF 736 docu-

biotite

matrix

Mg/Mg +Fe

core rim
garnet

Fig. 32 Mg-Fe partitioning between coexisting garnet and biotite (EF 736) indicating the shift of tie-lines with
progression of metamorphism (further explanations in the text).

menting the prograde evolution of biotite and garnet with respect to Mg/
Mg+ Fe. From this reaction scheme we may conclude that isolated biotite in the
rock matrix and garnet-core compositions still reflect their initial Mg/Mg+Fe
ratios from equilibration at some lower temperature (“refractory” behaviour).
Obviously prograde Fe-Mg exchange occurred only on a very local scale be-
tween contacting mineral grains. Because of these problems with the range for
equilibrations all temperatures deduced here were measured on adjacent garnet
rim-biotite mineral pairs (table 15). The results are illustrated in Fig. 33 compar-
ing the regional distribution of the samples with their corresponding Ky-values.
For comparison, the calibration for 400, 500 and 600 °C according to FERRY +
SPEAR is shown on the diagram. In all samples a systematic wide range of Kp
can be found although a general trend of the temperature-estimates is obvious.
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The trend suggests temperatures around 450-540 °C in the northern part and
520-630 °C in the southern part. The estimated analytical error in temperature
is about £26 °C (two standard deviations) based on a analytical error of 1.5%in
MgO and FeO analyses. For some samples (EF 65,440 and 869), illustrated by
open circles, very low temperatures are calculated which may reflect local retro-
grade Fe-Mg exchange during the later stages of the metamorphism. The scat-
ter of temperature values within one single thin section (few mm to cm scale) in-
dicates that either chemical equilibrium was not or only partially attained, or
that some of the solid solutions may exhibit non-ideal behaviour or that there
may be displaced equilibria caused by other elements such as Mn,Ca in garnet
and Ti,Al in biotite. However, this latter effect can be excluded since within a
single sample, garnet-rims and contacting biotites have rather constant compo-
sitions with respect to these elements mentioned above, revealing no systematic
correlation to the K, (Mg-Fe) values. Thus the wide spread in K, values most
probably reflects some incomplete, local attainment of chemical equilibria due
to the strong compositional change of garnet and biotite during prograde me-
tamorphism. Obviously cation exchange processes occurred on very local do-
mains including only the portions of the minerals in direct contact to each
other.

Paragonite-kyanite-albite-quartz equilibria

From quantitative calculations of the white mica-feldspar phase relations
presented by THoMPSON (1974), the thermal stability of the four phase assem-
blage paragonite-kyanite-albite-quartz is restricted to a small temperature
range of 520-530 °C. This assemblage was observed in carbonate-free rocks in
the Simplonpass area (paragonite-rich schists). Coexisting plagioclase in these
rocks reveals oligoclase composition (Ans_g), hence the activity coefficient for
albite component in plagioclase is about unity. THOMPSON (1974) suggested that
the stability field for these minerals was only slightly sensitive to pressure.

Talc-tremolite-calcite-dolomite-quartz equilibria

According to the experimental data presented by SLAUGHTER et al. 1975 the
isobaric, invariant, five-phase assemblage talc-tremolite-calcite-dolomite-
quartz observable in the Steinental suggests minimum temperatures of about
450-480 °C if pressures of 2-5 kb are assumed. Microprobe analyses on sample
EF 137 reveals no fluorine present in tremolite, however substantial amounts of
aluminium are found (up to 6.0 weight percent Al,O3) which increases the sta-
bility range of tremolite and depresses the temperature for the invariant assem-
blage talc-tremolite-dolomite-calcite-quartz.
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Muscovite~-paragonite thermometry

Temperatures measured for the muscovite-paragonite solvus by EUGSTER +
YoDER (1972) give unrealistic high temperatures of > 600 °C, a problem that
has already been reported by FrRey (1969) and Fox (1975). However, using the
correlation between muscovite-paragonite and calcite-dolomite, as proposed
by ROSENFELD (1969), more reasonable temperatures of about 420 °C at Brig in-
creasing to 500-540 °C at the Simplonpass can be calculated.

Scapolite-calcite-plagioclase thermometry

According to experimental studies (GOLDSMITH + NEWTON 1977) the parti-
tioning of Ca and Na between coexisting scapolite-plagioclase is strongly tem-
perature dependent making it a potential geothermometer. In our high-grade
samples, the three-phase assemblage scapolite-plagioclase-calcite is very com-
mon allowing the use of this thermometer. In Fig. 34 tie-lines of coexisting
scapolite-plagioclase (contacting mineral pairs) are plotted, while Fig. 35
shows the corresponding sample locations and the observed phase relations. At
a distinct equilibration temperature, the Na-Ca distribution between contact-
ing plagioclase and scapolite should be fixed by the three-phase assemblage
scapolite-plagioclase-calcite according to reaction (5). However, plagioclases
in contact to scapolite show large variations in anorthite content while the
Ca/Ca+Na ratio of scapolite remains rather constant. This may suggest that
either equilibrium was not attained or scapolite and plagioclase show some
non-ideality in their solid solution or there may be some ordering effects or
there are some retrograde mineral reactions. The textural and compositional re-
lations illustrated in Fig. 28h show that disequilibrium may be important in the
three-phase assemblage scapolite-plagioclase-calcite suggesting that calcite is
not involved anymore in reaction (5). This implies that thermal equilibration is
restricted to contacting scapolite-plagioclase grainboundaries. Using the scap-
olite-calcite-plagioclase temperatures as calibrated by GOLDSMITH + NEWTON
(1977) the samples has calculated temperatures that are too high (> 750 °C).
Recently the scapolite geothermometer was recalibrated by OTERDOOM (1979).
He compared the stability relations of scapolite in argillaceous rocks at the west
border of the Bergell with temperatures deduced independently from
garnet-plagioclase-wollastonite-quartz and calcite-amphibole-diopside-
quartz assemblages in this area. His results show that the first scapolite
(66-70 EqAn) coexisting with anorthitic plagioclase and calcite appears at tem-
peratures of about 530-550 °C which is in close agreement to our results. First
scapolite of 65-69 EqAn can be observed within the staurolite zone in the Cai-
rasca-valley where temperatures of > 550 °C have been calculated by other
means.
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Fig. 34 Tie-lines of coexisting plagioclase-scapolite in rock samples containing excess calcite.
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Fig. 35 Chemographic relations of scapolite-plagioclase-calcite assemblages.

Upper stability of margarite

From the margarite stability relations as described by CHATTERJEE (1976) and
BucCHER et al. (1983) margarite-bearing assemblages have a quite restricted sta-
bility range giving some temperature limits. CHATTERJEE (1976) showed that the
assemblage margarite-staurolite-quartz has a very limited stability field from
540 to 560 °C at 6 to 7 kb. Generally the assemblage margarite~-quartz remains
stable up to 500-560 °C for Py, of 4 to 8 kb. This temperature will be lowered if
CO, is present in addition in the fluid phase by about 15 °C for a decrease in
ap,o of 0.1. However, this effect is countered by the incorporation of some para-
gonite component into margarite (CHATTERIEE 1976). Thermodynamic calcula-
tions of the equilibria margarite + calcite + quartz = anorthite + vapor indi-
cate temperatures of about 490-520°C at 4-6kb for the margarite-calcite-
quartz “‘out’ isograd in the Simplonpass area (BUCHER et al. 1983). Along our
cross-section Brig-Crevola, the assemblage margarite-plagioclase reveals a sys-



76 Frank, E.

tematic change in composition, showing increasing Ca/Ca+ Na ratios for both
minerals with increasing grade, ranging up to margarite (Mag,Pag) and plagio-
clase (Anygg). This compositional behaviour is mainly controlled by metamor-
phic temperature (BUCHER et al. 1983). From graphical analysis of the system
Ca0-Na,0-Al,0,-5i0,-H,0-C02192 presented by FREY + ORVILLE (1974)
the assemblage paragonite-calcite-quartz has some lower stability compared to
margarite-calcite-quartz which is consistent to our field data (Fig. 30).

The occurrence of the assemblages margarite-anorthite and margarite-kya-
nite-anorthite in sample EF 870 indicates that the upper stability limit of marga-
rite defined by the reaction margarite = anorthite + corundum + H,O has not
been exceeded (Fig. 36) which limits maximum temperatures to less than 620 °C
at 6 kb (CHATTERJEE 1976).

Upper stability of muscovite + calcite + quartz

The breakdown of muscovite + calcite + quartz according to reaction (4)
can be used to obtain the minimum temperature for the rocks under considera-
tion. The equilibrium temperature for this reaction has been determined experi-
mentally by HEwitT (1973) giving temperatures of 570-600 °C at 6-7 kb, assum-
ing Xco, = 0.3.

Upper stability of kyanite + calcite

Using the thermodynamic data of HELGESON et al. (1978) equilibrium tem-
peratures can be calculated for the observed mineral reaction 2 kyanite + cal-
cite = anorthite + corundum + CO, (7). At 6-7 kb and x¢g, = 0.3 the equilibri-
um temperatures are in the order of 550-580 °C.

Graphite-geothermometer

Some estimates on metamorphic temperature conditions can be deduced
from the crystallinity of graphitic material in the samples (GREw 1974, LANDIS
1970, SHENGELIA et al. 1977). The crystallinity of graphite is mainly controlled
by temperature, the influence of pressure is only of minor importance. Since
graphite is not sensitive to retrograde alteration, the crystallinity reflects the
highest temperature condition reached in a rock sample. The crystallinity val-
ues observed in our samples (Fig. 25) point to higher amphibolite facies condi-
tions for the samples from the Simplonpass area which is compatible with tem-
peratures of 550-600 °C (GREwW 1974).
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Fluid composition

The presence of hydrous phases, carbonates and graphite indicates a C~-H-O
fluid. From the study of FRENCH (1966) and EUGSTER + SKIPPEN (1967) meta-
morphic fluids coexisting with graphite are dominantly rich in H,O for meta-
morphic conditions as observed in our area. Furthermore, the presence of mar-
garite and zoisite, as observed in many samples, restricts the fluid composition
to rather low X¢q, (NITSCH + STORRE 1972, CHATTERJEE 1976). Reaction textures
suggest that fluid phases had been buffered along the reaction curves as long as
all minerals involved into the reaction have been present.

Conclusions

The metamorphic temperature gradient is well defined along the cross-sec-
tion. A systematic increase in temperature from about 400 °C (Brig) up to
580-620 °C (Crevola) is observed (Fig. 36). Pressure estimates remain relatively
uncertain for samples from the low-grade part of the cross-section. In this area,
Poty et al. (1974) estimated minimum pressures of about 2.5-2.8 kb from calcu-
lated densities of fluid inclusions in Alpine fissure minerals.

In the higher-grade part (Simplonpass-Crevola) pressures of about 6-8 kb
can be deduced.

Microprobe data as well as paragenetic relations show that chemical equili-
bration is restricted to local domains of contacting minerals (mosaic equilibri-
um textures). Domain size is found to vary according to the different elements,
mineral species and grain sizes in the range of few microns to several hundreds
of microns.

Combining the present P-T data with available isotopic mineral age data
from this area provides some insight into the temperature-pressure-time rela-
tions of the Alpine orogeny. The different temperatures at which minerals be-
come closed system with respect to retaining decay products allows to estimate
the cooling and uplift rate in this area. From concordant U-Pb monazite ages
KoOpPEL + GRUNENFELDER suggested that high-temperature conditions pre-
vailed until 30 to 20 my ago in the southern part of the cross-section (Crevola).
Along the cross-section Brig-Crevola throughout uniform young Rb-Sr biotite
and K-Ar muscovite retention ages of 8-13 my have been found (JAEGER et al.
1969, HUNZIKER et al. 1969 and FrRaNK 1979) dating the time when the rocks
cooled below the critical blocking temperatures for radiogenic Sr and Ar re-
spectively, corresponding to temperatures of about 300 + 50 °C (Fig. 37). The
age pattern indicates a more or less horizontal cooling-isotherme (FRANK 1979)
which crosscuts tectonic boundaries as well as metamorphic isograds. This im-
plies a differential cooling and uplift regime along the cross-section, beginning
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Fig. 36 Compilation of P-T estimates along the Kb ’ B
cross section Brig-Crevola (B = Brig,
S = Steinental, SP = Simplonpass,
C = Crevola). Some calibrated reac-
tions relevant to this study are:

1) talc-tremolite-calcite-dolomite—
quartz equilibria (SLAUGHTER et al.
1975)

?) margarite+calcite+quartz = anor-
thite+vapor (BUCHER et al. 1983)

3) muscovite+caleite+quartz =
k-feldspar+anorthite+vapor (HE-
WITT 1973, a-c refering 1o X, =
0.3,0.4and 0.5)

4) margarite =  anorthite+corun- . \ ,
dum+H,O (CHATTERJEE 1974) 300 400 500 600 T{°C)

5) Al-silicate phase relations according
to RICHARDSON et al. 1969

6) Al-silicate phase relations according
to HoLDAWAY 1971
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Fig. 37 Summary of apparent mineral ages in Brig . Crevola
the profile between Brig and Crevola (mesozoic my [ K-Ar muscovite
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with much faster cooling-rates in the SE (Crevola) and a slower cooling in the
NW at Brig. Therefore the steeply dipping isograd pattern observable today in
this area (STRECKEISEN + WENK 1974 and this study) must be considered at least
partially as the result of a postmetamorphic updoming of the deepest tectonic
units in the SE, the Verampio-Crevola section. This supports the burial hy-
pothesis for explaining the origin of the concentric metamorphic zonation in
the Central Alps as was postulated by NIGGLI (1970). However, this rapid uplift
in the SE may have caused some important, late thermal effect as discussed by
ENGLAND + RICHARDSON 1977. Uplift controlled by erosion will instantaneous-
ly bring about a decrease in pressure on a given rock, but a depth below a few
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kilometers the temperature will substantially increase for some time before
cooling starts. Such a late thermal effect (thermal dome), superimposed on the
normal burial regime may have plaid a significant role in our cross-section con-
tributing to the observed mineral textures and the local equilibrium-disequili-
brium relations. Late recrystallization processes may have lowered drastically
the permeability of the rock so that metamorphic fluids could not migrate any
more and got trapped within local domains, restricting chemical equilibration
to local domains (grain boundaries).
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APPENDIX

Table 1 Mineral assemblages of 23 samples used for mineral analyses by microprobe technique.

mu ma pa bichl ga an st 20 plg kf sc ky 0 gz cc &l g tc

EF 627 ®e O o© ° ) e @ )
EF 938 L . e o T '
EF 40 * e ™ o @ o o ° 3
EF 42 e 0 ® O c e e e ® -~
EF 137 . ® s e e o ¥
EF 170 e o e @ o @ e o LI e 2
EF 211 . e s O 0 e o ® 2
EF 227 e o . T I e 0 ° o
EF 355 * e @ 0 o e o ® o . -
EF 271 e o e 0o @ e o ® ® ° -
S7010 o e 0 . ° . ° ° &
EF 440 e o ° ° ' Y ® ®
EFB806 o e o o L * e 0 ) 0
EF 766 e o ] e © ) o e O =
EFg53 e ° . ® e 0 ° ® 0 ® v
EF 736 ' e o e o @ o) e 0 . a
EF 741 ® ° ° e o @ o0 . ®
EF660 . ® ™ ¢ o 0o @ e ) 1
EF 869 * o e 0o e & 0 00 @ 0 @ .
EF870 . o . . ® & 6 060 ¢ o o ®
EF87: . e 0 o cC e e ® .
EF 920 . ° o) ® o 0o o cC ee '
EF 922 ° T e o o 0 ! 'Y
o traces

Abbreviations for mineral names:
am = ampbhibole dol = doiomite ma = margarite sc = scapolite

bi = biotite g = graphite mu = muscovite st = staurolite
cc = calgite ga = garnet pa = paragonite tc = taic

chl = chlorite kf = k-feldspar plg = plagioclase zo = zoisite
co = corundum ky = kyanite gz = quartz
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Table 2 Chemical composition of muscovite.

margarite and paragonite

sampie EF 170 227 440 440 440 870 870 870 42 42 42 211 211
si0, 30.80 32.53 31.04 31.59 31.60 30.80 30.61 33.56 45.30 46.40 46.10 d46.20 45.14
Al,0, 49.50 48.79 50.77 50.53 49.61 49.68 49.83 47.11 40.30 39.98 40.36 38.90 40.286
TiO, .20 .13 10 100 19 - = = - - .14 .12 -
FeO .35 .83 .30 .47 .21 .20 .30 .20 - .20 .18 .66 .30
Mgo .20 .38 - .39 .10 .0 .10 .39 .30 .10 .10 .32 .16
MnO = - - = == == - e = - - - -
cao 10.80 10.34 12.20 11.61 10.50 12.35 12.76 11.41 .59 .42 .38 .44 .80
Na,0 1.45 1.68 1,00 1.23 l.e0 .80 .73 .91 7.21 6.80 6.94 5.8 6.71
K20 .21 .35 - .09 .20 .10 - .Bl¥ .98 1.20 .80 2.34 1.08
anhydrous
total 93,50 95.03 95.39 96.00 94.01 94.03 94.32 94.38  94.67 95.10 95.00 94.84 94.45
number of ions on the basis of 22(0)
Si 4.16  4.32 4,11 4.15 4.23 4.14 4.10 4.48 5.84 5.94 5.81 5.98 5.84
al 3.84 3.68 3.89 3.85 3.77 3.86 23.90 3,52 2.16 2.06 2.09 2,02 2.16
Al 4.03 3.96 4.02 3.98 4.05 4.00 3.97 3.89 3.97 3.98 4.01 3.9 3.9%
Ti .02 .01 .01 .01 .02 .01 .01
Fe .03 .09 .03 .05 .02 .02 .03 .02 .02 -02 .07 .03
Mg .04 .07 .08 .02 .02 .02 .08 .06 .02 .02 .06 .03
Mn
ca 1.56 1.47 1.73 1.63 1.50 1.78 1.84 1.63 .08 .06 .05 .06 .11
Na 237, .43 .26 .31 .41 .21 .19 23 1.80 1.69 1.72 1.47 1.69
K .03 .04 .01 .03 .02 .14 .16 .20 .13 .38 .17
*intergrowth with muscovite
Table 3 Chemical composition of margarite and paragonite.
Representative micrxoprobe analyses of muscovite
sample 170 273 273 65 65 440 440 806 806 853 853 736 660 660
Si.o2 47.45 48.18 46.70 47.20 47.22 46.30 47.70 46.80 46,21 45.59 45.62 46.01 47.80 46.58
Al203 34.38 32.20 34.98 135.63 35,34 34.10 31.60 24.80 35.30 34.83 34.80 34.90 33.60 33.32
Tio, .26 .18 .57 .60 30 .42 .30 .60 .51 .67 .94 .81 .63 .77
FeQ 1.33 1.30 1.06 .80 1.05 .98 1.30 1.2) 1l.10 1.07 1.04 .87 154 1.93
Mgo l1.48 1.95 1,18 1.25 1.43 1,10 2.20 1.08 1.00 1.15 1.22 1.28 1l.61 1.57
MnO
cao .10
N2,0 1.28 .68 1,36 .80 .63 1,75 .50 .50 .43 1.00 .89 79 .23 .30
)(20 9.50 10.65 9.59 10.10 9.80 10.50 10.48 11,00 11.10 10.18 10,24 10.30 11.29 10.30
anhydrous
total 95.68 95.13 95.44 96.38 95,77 94.15 94.18 96.00 95.64 94.49 94.75 95.06 96.47 95.76
number of ions on the basis of 22(0)
Si 6.26 6.42 6.18 6.18 6.21 6.23 6.42 6.20 6.14 6.12 6.11 6.13 6.30 6.22
Al 1.74 1.5¢ 1.82 1.82 1.79 1.77 1.58 1.80 1.86 1.88 1.89 1.87 1.70 1.78
Al 3.60 3.48 3.p4 3.66 3.69 3.64 3.44 3.62 3.67 3.63 3.60 3.61 3.52 3.47
Ti .03 .02 .06 .06 .03 .04 .03 .06 .05 .07 .09 .08 .06 .08
Fe .17 14 .12 .09 .12 .11 .15 .14 .12 .12 .12 .10 .32 .21
g .29 e .23 .24 .28 .22 .44 .21 .20 .23 .24 .27 .17 .31
Mn
Ca .0l
Na .33 .18 .35 .20 160 .20 .13 .13 DY .26 .23 .20 .08 .08
K 1.60 1.81 1.62 1.69 1.65 1.80 1.80 1.86 1.88 1.74 1.75 1.75 1.90 1.93
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Table 4 Chemical composition of biotite.

Biotite

sample 170 170 35S iss 273 273 &5 65 660 660 869 B69 920 920

sio, 36.70 37.27 36.35 35.00 37.10 36.71 37.60 37.20 37.50 36.47 26.53 35.70 37.89 36.80

A1203 19.29 18.55 19.70 18.90 18.00 18.04 18.42 18.46 18.50 18.75 18.51 18.30 17.84 17.55

‘l‘i.C)2 1.66 1.53 1.70 1.30 1.55 1.40 1.62 1,53 2.89 2.57 2.84 13.35 2.78 2.70
FeQ 15.68 16.28 16.80 17.60 16.90 17.40 13,70 13.46 16.51 20.74 16,70 19.30 11.39 11,20
Mgo 12.35 12.34 10,83 12.34 12.96 12.52 14.81 14.51 10.54 7.74 10.41 8.70 15.1% 14.60
Mno .17 .16 .11

Ca0 .30

Na 0 .15 .17 A0 21 100 .10 .10 .10

K0 9.55 9.36 9.60 9.00 9.54 9.40 5.10 9.20 10.41 10.17 10.10 9.86 10.2% 10.40
anhydrous

total 95.85 95.66 95.08 94.45 96.15 95.56 95.35 94.46 96.35 96.44 95.09 95.32 95.30 91,31

number of fons on the bagls of 22{(0)

si 5.44 5.54 5.46 5.33 5.51 S5.50 5.53 5.52 5.57 5.52 5.51 S5.44 5.55 5.53
Al 2.56 2.46 2.54 2.67 2.49 2.%0 2.47 1.48 2.43 2.48 2.49 2.56 2.45 2.47
al .B1 .79 .95 .72 .66 .69 .72 .75 .81 .87 .80 .73 .63 .63
Ti A8 .17 19 .15 .27 .16 18,17 .32 .29 32 .38 .31 .30
Fe 1.95 2.02 2,11 2.24 2.10 2.18 l.68 1.67 2,33 1.75 2,10 2.46 1.40 1.4}
Mg 2.73 2.74 2.42 2.80 2.87 2.80 3.24 3.21 2,05 2.63 2.34 1.98 3.31@ 13.27
Mn .02 .02 .01

Ca .05

Na .04 .04 .03 .03 .03 .03 .03 .03

K 1.81 1.78 1.84 1.75 1.81 1.80 1.71 1.74 1.97 1.96 1.94 1.92 1.91 1.99

Table 5 Chemical composition of chiorite.

Chlorite
sample 627 €27 41 41 170 170 as3 853 869 869 870
sio, 24,96 25.80 24.86 24.10 24,36 23.65 23.04 23.50 24.45 23.26 24.52
AlZOJ 22.70 21.96 23.10 22.60 23.05 22.36 22.06 21.97 23.10 21.35 23.20
Tio, .20 .13 .15
FeQ 20.32 20.30 22.87 22.85 21.98 24.64 23.80 27.85 22.24 21.67 22.10
Mg90 17.00 17.60 17.15 16.61 17,32 16.12 14.01 13.78 15.32 14,23 15.50
MnO .18 .19 .20
caQ 27 .14 19 17 19
NEZO
KZO .10 .10 .15
anhydrous
cotal 85.18 85.00 87.98 B86.43 86.71 86,77 83.01 87.34 B5.61 BL.02 85.86
number of ions on the basis of 28({0)

.51 5.26 5,30 5.1% 5.10 $.10 5.04 5.12 5.07 5.20 5.25 5.19
Al 2.74 2.70 2.85 2.90 2.90 2,96 2.88 2.93 2.80 2,75 2.a1
Al 2.90 2.78 2.81 2.74 2.79 2.65 2.89 2.65 2.99 2,93 2.98
Ti .02
Fe 3.58 3,60 3.96 4.04 3.85 4.3% 4.43 5.02 3.95 4,09 3.91
Hg 5.34 5.56 5.29 5.24 5.41 5.12 4.64 4.43 4.85 q4.79 4.89
Mn .03 .04 .04
Ca .06 .03 .04 .04 .04
Na
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Table 6 Chemical composition of garnet.

Garnet

sample 170r 170c 65r 65c 853r BSJC 660 660c -

si0, 37.90 37.03 37.89 37.5%3 37.43 37.07 37.98 137.30 37.79 37.54
AL,04 21.88 21.30 21.56 21.50 21.85 21.32 21.71 21.68 22.06 2
Ti02

FeO 28.83 24.66 30.30 25.52 21.20 30.77 27.48 27.83 28.16 2
Mgo 3.04 1.26 2.91 1.62 4.1l1 2.36 2.50 2.52 3.30

Mno 2.28 7.92 0.88 7.40 0.17 1.31 0.87 1.20 0.22

Cao 7.03 7.81 7.03 7.42 5.50 6.57 10.10 9.84 8.93
anhydrous

922 922 &

c

7or 8

70, 876 B76
[~ r <

37.43 37.68 27.73 37.76

1.87 21.70 21.40 2).45 21.20

9.15 3
2.70
0.66
8.95

1.44 3
2.25

1.45 30.72 30.23
1.67 2.84 1.49

1.11 0.40 ©.21 1.22

6.90

7.47 7.49 8.93

total 100.9 99.9 100.5 100.9 100.2 99.4 10¢.6 100.3 100.4 100.8 100.8 100.1 100.4 100.8

Number of ions on the

basis of 24(0}

Si 5.96 5.95 5.99 5.96 5.92 5.96 5.97 5.9l 5.93 5,92 5.94 6.00 5.98 5.99

Al .04 .05 .01 .04 .08 .04 .03 .09 .07 .08 .06 .02 .01

al 4.01 3.99 4.00 3.99 3.99 4.00 3.9 3.95 4,01 3.98 4.00 4.02 3.99 3.96

Fe 3.79 3.31 4.00 3.39 4.13 4,14 3.61 3.69 3,70 .86 4.17 4.19 4.07 4.0i

Mg W71 .30 .68 .39 .97 .57 .59 .59 .77 .63 .52 .40 .67 .35

Mn .30 1.08 »12 1.00 .02 .18 .12 .16 .03 .08 .15 .05 .03 .16

Ca 1.18 1.34 1.19 1.26 .93 1.13 1.70 1,67 1,50 1.51 1.17 1.28 1.27 1.52

Alm 63,38 54.88B 66.80 56.17 68,20 68.80 60.05 60,27 61.61 63.23 69.20 70.80 67.40 66.40

Pyr 11.87 4.99 11.40 6.40 16.01 9.40 9.73 9.72 12.86 10.43 8.80 6.70 11.10 5.80

Gross 19.73 22.26 19.90 20.93 15.40 18.82 2B.27 27.36 25.03 24.87 19.50 21.60 21.00 25.20

Spess 5.01 17.85 1.90 16.50 .37 2.%6 1.92 2.73 .48 1.45 2.50 .80 .50 2.60

rerim ; cwcore

Table 7 Chemical composition of Ca-amphibole.

Ca-amphibole

sample 137 137 137 170 170 170 355 55 355 355 274 274 274

5102 54.20 54.40 54,19 42.55 41.95 42,01 42.70 42,20 42,00 41.53 42.11 42.86 41.80

AIZO3 5.82 5.60 5,90 17.70 17.60 17.19 17.30 18,10 16.20 18.35 17.43 17.46 17.2}

Tloz .14 .14 .10 .25 .50 .50 .48 .40 .35 .36 .31 .51 .32

FeO .68 1.04 .97 14.94 15.05 15.10 15.09 16.95 16.81 16.38 18.42 18.60 18.80

Mgo 21.77 21.85 21.80 B8.61 8.93 8.5 8.98 B8.30 8.27 8.16 7.48 7.64 7.38

Mno .20 +31 .30 .16

Cao 12.75 12,81 12.98 11.00 10,93 10.75 11.10 10.9¢ 11.13 11.05 10.14 10.01 10.22

uazo .71 .60 .70 1,77 1.74 1.71 1.43 1.50 1.63 1.40 1.82 1.80 1.83

K20 .12 .10 .40 .46 .36 .39 .46 .38 .41 .41 .39 .40

F .20 .20

anhydrous

total 96.18 96.65 96.75 97.22 97.06 96.10 97.40 98.81 98.77 97.84 98.56 98.88 98.10
number of ions on the basis of 23(0)

si 7.49 7.49 7.46 65.28 6.22 6.27 6.29 6.18 6.16 6.13 6.24 6.22 6.23

Al .51 .51 .54 1,72 1.78 1.73 1.71 1.82 1.84 1.87 1.76 1.78 1.77

Al .44 .49 .41 1.36 1.29 1.30 1.29 1.30 1.3@ 1.33 1.28 1.28 1.25

Ti .01 .01 .01 .03 06 .06 .05 .05 .04 .04 .03 .06 04

Fe .08 .12 .11 1.84 1.8 1.89 1.86 2.08 2,06 2.03 2.28 2.29 2.34

Mg 4.49 4.48 4.47 1.89 1,95 1.91 1,97 :1.81 1.B1 1.80 1.65 1.68 1.63

Mn .02 .03 04 02

Na .19 .16 .19 .51 .50 .49 .41 .43 .46 .40 .52 .52 53

ca 1.89 1.89 1.91 1,74 1.73 1.72 1.75 1.71 1.75 1.75 1.61L 11.58 1.63

K .02 .02 .07 .09 .07 .07 .09 .07 .08 .08 .07 o7

F .09 .09

rock type silicecus dolomite/

calcareous schists(schistes lustrés)
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Table 8 Chemical composition of zoisite-clinozoisite.

zoisite-clinozoisite

sample a5s 355 440 440 806 806 650 650 869 870 870 920

$i0 39.34 39.40 38.94 39.23 39.30 39.42 38.40 37.91 38.97 37.60 238.61 39.40

n1203 29.23 29.71 30.46 29.83 30.3) 32.40 29.25 29.51 31.12 30.05 31.12 32.12

Fezo3 5.85 5.98 4.13 6.00 4.67 2.01 6.01 5.22 1.98 2.75 1.12 1.30

#g0 .22 .44 .30 .30

ca0 23.90 24.12 23.26 23.55 24.00 24.35 24,03 23,90 24.05 24.80 24.60 24.48

anhydrous

total 98.32 99.21 96.79 98.83 98.28 98.18 98.13 96.83 96.63 95.20 95.45 97.59
number of ions on the basis of 12.5(0)

Si 3.02 3.00 3.02 3.00 3.00 3.00 2.97 2.96 3.01 2.97 3.02 3.01

Al .03 .04 .03

l\l.'_3 2.65 2.67 2.78 2.69 2.74 2,90 2.64 2.68 2.88 2.78 2.87 2.89

Fe .34 ) .24 .34 .27 .11 .35 .31 .11 .16 .07 .07

g .02 .05 .03 .03

Ca 1.97 1.97 1.93 1.93 1.97 1.98 1.99 2.00 1.99 2.10 2.06 2.00

Table 9 Chemical composition of K-feldspar.

k~feldspar

sample GGOa 660a 660a 660b 869 869 870 870 920 920

SiO2 65.60 65,58 65.74 64.06 64.10 65.80 64.62 65.59 6€4.10 64.60

A1203 18.30 18.81 18.29 15.00 19.29 18.80 18.37 18.31 19.00 18.65

Cad .10 .05 .11 .24 .26 .03 .10 .24

Na20 1.19 -84 1.20 .66 1.34 .84 .87 1.18 .66 .70

K,0 i5.20 15.70 15.43 15.55 14.90 15.50 15.33 15.22 15.55 15.64

total 100.29 100.99 100.77 99.51 99%.89 100.97 99.19 100.40 99.55 99.59

or 89.2 92.3 89.4 92.9 87.4 92.4 92.1 89.2 92.8 93.6

Ab 10.4 7.5 10.5 6.0 11.5 1.5 7.9 10.4 6.0 6.4

An -4 .2 -1 1.2 1.1 .1 -4 1.2
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Table 10 Chemical composition of scapolite.

Scapolite

sample 660a 660a 660b 660b 869 869 870 870 869

SSO2 46.82 45.50 45.80 46.20 45.61 46.30 46.30 46.20 44.74

Alzo3 28.23 27.80 27,90 27.91 28.40 27.80 28.01 27.90 28.19

FeQ

Hgo .30 .19 .25 .20 .30 .30

Ccao 18.45 18.65 18.20 18.10 18.36 18.61 18.30 18.20 19,34

Na,O 2.98 2,89 3.20 3.30 3.11 3.09 3.00 3.19 2.81

X,0 .05 .10 .05

cl tr tr

anhydrous

total 96.48 94.89 95.40 95,70 95.83 96.00 95.91 95.79 85,43
number of ions on the basis of 12{Si + Al}

si 7.02 6,98 6.99 7.01 6.92 7.03 7.01 7.01 6.89

Al 4.98 5.02 5.01 4.99 5.08 4.97 4.99 4.99 5.11

Mg .07 .04 .06 -0d .07 .07

Ca 2.96 3.06 2.97 2.94 2.98 3.02 2.97 2.96 3.19

Na .87 .86 .95 .97 .91 .91 .88 .94 .83

K .01 -02 .01

EqAnx' 66.00 67.33 67.00 66.33 69.33 65.67 66.33 66.33 70.33

\Hei“ 77.30 77.86 75.76 75.19 76.21 76.84 77.10 75.90 79.16

* ELLIS (1978)

** SHAW (1960}

Table 11 Chemical composition of staurolite.

Microprobe analyses of staurolite

sample EF 853 EF 736/1 736/2 736/3 736/4rim736/4 Sove

Sio2 28.14 28.60 '27.67 28.61 28.57 29.08

Alzo3 54.76 53.77 53.00 53.92 53.89 54.05

TJ.O2 oy .59 .66 .48 .82 .55

FeO 10.91 10.72 10.08 10.76 10.87 10.71

Mno .10 .19

Mgo 1.47 1.79 1.44 1.91 1.923 1.67

Zno 1.72 2.08 2.11 2.40 2.04 2,07

anhydrous

total 97.72 97.66 95.16 98.09 98.11 98.13

number ¢f fions on the basis of 46(0)

Si 7.76 7.91  7.84 7.89 7.86
Al 17.80 17.52 17.70 17.51 17.48
L .15 .12 .14 .10 .16
Fe 2.51 2.48  2.39 2.48 2.50
Mg .60 .74 .61 .78 .79
Mn .02 .04

zn .35 .42 .44 .49 .42

Mg/Mg+Fe .193 .230 .203  .23% .240

7.99
17.49
.11
2.46
.68

.42

.217
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Table 12 Chemical composition of corundum.

microprobe analyses of corundum

SiO2 .10 .28 .16 .15 .25 .26 .12
A1203 98.85 98.86 98.96 99.08 98.65 88.78 98.87
FeO, o .15 .19 .18 .37 .45 .43 .43
Ti0, .05 .05 = = .08 .05 =
Cx,0, -10 = = - .04 - -
total 99.25 99.38 99.30 99.60 98.47 99.52 99.42

Table 13 Chemical composition of calcite.

Calcite

sample 627 627 41 4r 4l 355 355 806 806 806 660 660 B69 869

FeCO, 3.772 3.892 4.078 3.901 2.821 4.420 4,236 3.484 3,710 3.226 2.145 2.486 2.321 2.047
1.993 .721 .324 .518 .243 ,990 .908 .340 .486 .373 .243 .252 1.037 1.030
3.326 3,437 3.849 2.971 2,301 3.912 3.600 3.535 4.058 2.720 1.275 1.976 1.820 1.757

MnCO.
MgCO

Caco, 92,05 92.45 92.67 93.06 95.62 92.06 92.18 93.13 93.00 93.85 96.62 95.87 95.65 95.51

3
3
3

total 100.1 106.5 100.9 100.4 100.9 101.3 100.9 100.4 101.2 100.1 100.2 100.% 100.8 190.3

89
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Table 14 Plagioclase and garnet compositions and estimates of pressure.

Calcium partitiohing between coexisting plagioclase and garnet (xrim) (GHENT 1976)

sample T(°C) Xiiag xg:xnet log KD log KD+1og Ky pressure (kb)
273 510 .580 .210 ~1.324 -1.724 6.0
.501 LAEX -1.130 -1.530 6.5
. 500 .230 -1.013 -1.413 6.8
701 520 .210 .102 -.941 -1.341 6.7
.190 .070 -1.301 -1.701 5.9
.181 074 -1.158 -1.538 6.2
.191 .080 -1.127 -1.527 6.3
.220 .078 -1.351 -1.751 5.8
806 530 .547 .189 -1.380 -1.780 5.9
.525 .188 -1.334 ~1.734 6.0
477 .130 -1.196 -1.596 6.3
853 550 .490 .171 -1.372 -1.772 6.3
.440 .183 -1.143 -1.543 6.9
.580 .154 -1.728 -2.128 5.5
.390 .151 ~-1,236 -1.636 6.7
.350 .154 ~1.069 -1.469 7.0
.371 .165 ~1.052 -1.452 7.1
.400 .155 -1.235 -1.635 6.6
.480 .160 -1.431 -1.831 6.2
736 550 .518 .172 ~1.436 -1.836 6.2
520 .185 -1.356 -1.746 6.4
.463 .175 -1.268 ~1.668 6.6
.470 .167 ~1.348 -1.748 6.4
.525 .184 -1.366 -1.766 6.3
.501 .155 -1.526 -1.926 6.0
869 590 .764 .213 -1.666 -2.066 6.4
.668 .223 -1.430 -1.830 6.9
.672 .191 -1.639 -2.039 6.4
.752 .212 ~1.650 -2.050 6.4
870 590 .870 .197 ~1.938 -2.338 5.7
.930 .203 -1.983 -2.383 5.6
.921 .197 ~2.010 -2.410 5:..5
.980 .204 -2.045 -2.445 5.4
.570 .200 -1.366 -1.766 7.1
.841 .228 -1.700 -2.100 6.3
.863 .239 -1,800 ~2.200 6.0
.812 .197 ~1.847 -2.247 5.9
922 590 .510 .213 -1.137 -1.537 7.5
.607 .249 ~1l.1l61 -1.561 7.4
.538 .256 -.568 -1.368 7.8
.498 .203 -1.176 -1.576 7.3
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Garnet and biotite compositions and estimates of temperature.

Mg/Fe partitioning between coexisting garnet (rim} and biotite

*

sample (Mg/l?‘e)ga (Mg/Fe)bi KD in KD T, T s.dev.
EF 170 .1878 1.1820 .1589 -1.839 538 (4kb)
1669 1.285 .1299 -2.041 480
.1668 1,238 .1347 -2.004 480
.1369 1.149 L1191 -2.127 458
.1680 1.134 .1481 -1.909 517
.1763 1.084 .1626 -1.81¢6 546
.1709 1.247 .1370 -1.987 495
.1487 1.232 .1207 -2.114 448 465°C 45
.1632 1.405 .1162 -2.153 439
.1469 1.403 .1047 -2.257 414
.1430 1.393 .1027 -2.276 410
.1623 1.350 L1202 -2.119 448
1374 1.362 .1008 -2.294 406
.1521 1.390 .1094 -2.,212 437
EF 165 .1084 ..9419 .1151 -2.162 450
.1420 .9293 L1528 -1.878 528
.1250 .9356 .1338 -2.011 489 511 36
.1466 .9203 .1593 -1.837 539
.1472 .9085 .1620 -1.820 545
.1361 .9289 .1465 =1.921 514
EF 65 1767 1.9790 .0893 -2.416 395
L2177 2.0491 1062 -2.242 434
. 2060 1.9500 .1056 -2.248 432
. 2457 2.0661 .1189 ~-2.12% 461
.1518 2.0132 .0754 -2.584 362
. 2347 1.8941 .1239 -2.088 472 421 41
.2386 1.9930 1197 -2.122 463
.1432 1.9540 .0728 ~2.630 355
.1998 1.8790 .1063 -2.241 434
L1715 1.8370 .0934 -2.371 405
EF 440 .1736 1.8365 .0945 -2.358 407
.1421 1.7200 .0826 ~2.493 380
.1670 1.7801 .0938 -2.366 406
1720 1.8500 .0930 -2.375 404 410 39
.1946 1.6811 1157 -2.156 454
.1385 1.9330 .0716 -2.636 352
.2185 1.8211 .1205 -2.116 4604
EF 273 .1896 1.2824 .1478 -1.912 520(5kb)
.2283 1.3672 .1670 =-1.799 560
. 2195 1.3250 .1657 =1.797 556 555 28
. 2095 1.1560 .1812 -1.708 585
EF 736 . 2570 1.6980 .1513 -1.888 531 ({6kb)
.2780 1.445 .1924 -1.648 610
.2944 1.412 .2085 -1.568 640
.2977 1.675 U777 ~1.727 582
.2576 1.523 .1692 -1.777 566
. 2590 1.246 .2078 -1.571 639
.2625 1.256 .2090 -1.565 641
.2938 1.4571 .2016 -1.6012 627 578 52
.2676 1.722 .1554 -1.862 540
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Mg/Fe partitioning between coexisting garnet (rim) and biotite

*

sample (Mg/l:‘e)ga (Mg/Fe) bi K 1ln KD Tl T s.dev.
.2566 1.709 .1501 -1.89%¢6 520
L2610 1.756 .1486 ~1.906 572
. 2637 1.7962 .1l4e68 -1.918 522
EF 853 . 2957 1.8192 .1625 ~1.817 531
+3253 1.6992 .1914 ~1.653 585
L2951 1.9142 .1542 -1.870 515
.3058 1.7785 L1719 -1.761 552
.3032 1.7500 1732 -1.753 551
. 3047 1.6320 .1867 -1.678 576
. 2620 1.4957 L1751 -1.742 550 566 33
.28B10 1.4960 .1878 -1.672 599
.2809 1.7440 .1610 -1.826 549
.2970 1.6145 .1839 . -1.693 594
. 2865 1.4250 L2010 -1.604 626
EF 660 .1621 .8482 .1911 ~-1.654 606
.1620 .8370 .1937 ~1.641 611
.1441 .8232 .1750 ~1.743 577
.1536 .8972 1712 ~1.765 570
.1450 . 9435 .1537 -1.873 535
.1576 .8931 .1765 ~-1.735 580
1322 .6415 .2061 =-1.579 636 605 44
.1492 .6515 .2290 ~1.474 678
.1408 .7822 .1800 -1.715 586
.1413 . 6069 .2328 -1.457 685
L1621 .8482 .1911 -1.654 608
.;510 .8370 .1804 =1.712 587
EF 876 .1634 1.0270 .1591 ~1.838 546
.1790 1.0300 21738 =1.750 575
L1223 .7390 .1655 -1.799 560
.1601 7930 .2019 -1.600 628
.1646 .7921 .2070 -1.572 639
.1570 .6721 .2336 =-1.454 687 604 42
.1362 .6811 .1997 -1.611 624
L1273 .7130 .1785 -1.722 584
.1847 1.0335 .1787 =1.722 584
.2001 1.0280 .1946 ~1.636 614
EF 922 .2288 1.4910 .1534 -1.874 535
a .2088 1.4417 .1448 -1,932 518
.2531 1.4481 .1748 -1.744 577
.2430 1.3350 .1820 =1.704 591
.2660 1.3971 .1904 -1.658 606 556 38
.2650 1.444 .1835 ~1.695 593
.1890 1.332 .1418 ~1 4953 512
.1960 1.3630 .1438 -1.939 518
EF 870 L1173 .7340 .1597 -1.834 548
.1051 .6670 .1576 ~1.848 543
.1337 .6630 .2016 -1.6012 626
.1533 .7696 .1992 -1.613 623
.1548 .8118 .1907 -1.657 607
.1203 .5908 .2036 -1.591 631 602 48
.1186 .7200 .1647 -1.803 557
.1592 .7431 .2143 -1.540 651
.1431 .8616 .1661 -1,795% 560
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Mg/Fe partitioning between coexisting garnet (rim) and biotite

sample (Mg/Fe) - (Mg/l?e)bi KD in KD Tl T s.dev.
. 1427 .6215 .2296 -1.471 679
EF 869 L1314 .9182 .1431 ~1.944 514
L1313 .8601 .1528 -1.879 534
1210 .8420 .1437 -1.939 516
1256 .8699 .1444 -1.935 517
.1413 .9254 .1527 -1.879 534
1277 .9253 .1380 -1.980 504
.0842 .8034 .1048 -2.255 434 513 30
«L213 .8605 .1479 -1.911 524
.1355 .9279 L1460 -1.924 520
.1499 . 9960 .1505 -1.894 529
EF 922b .2451 1.2938 .1894 -1.664 604
.2316 1.5470 .1497 -1.899 528
.2809 1.3311 L2110 -1.556 644
.3154 1.6120 . 1956 -1.631 616
.2670 1.4201 .1880 ~1.671 602
. 2431 1.3600 .1787 -1.722 584 604 42
. 2355 1.4008 .1681 -1.783 564
. 2792 1.2612 .2213 -1.508 664
.2910 1.4420 .2018 ~1.600 628
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