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Schweiz, mineral, peirogr. Mitt. 63, 95-114,1983

Cretaceous metamorphism of metacarbonates in the
Austroalpine Schneeberg complex, Tirol*

by Georg Hoinkes**

Abstract

In siliceous dolomites of the Schneeberg complex talc and tremolite formed during progressive
Early Alpine metamorphism. Substitution of FeO for MgO, although shifting the equilibrium
temperatures only slightly, reduces the stability field of talc and calcite in the T-XCQ2-plane significantly

due to acute intersection of equilibrium curves. Equilibrium temperatures of —560 °C are
deduced for the assemblage Dol-Qua-Tal-Tre-Cal by means of Cal-Dol-thermometry. Significant
impurities in solids besides FeO are sometimes K20, NazO and A1203 and lead to phlogopite and
chlorite before tremolite which exhibits a continuous compositional change to pargasitic amphibole.

The only occurrence of diopside results from a progressive reaction of pargasitic amphibole
and calcite to diopside and garnet. Breakdown of tremolite to talc is thought to be a retrograde
alteration during cooling after peak of Early Alpine metamorphism and no hints for a pre-Alpine
crystallisation are seen from the metacarbonates in the Schneeberg complex although Hercynian
mineral phases may be obscured by the Early Alpine event.

Introduction

The Austroalpine Ötztal unit consists of polymetamorphic proterozoic to
early paleozoic basement rocks and a fragmentary metasedimentary cover of
paleozoic to mesozoic age. The only occurrence of paleozoic metasediments is

restricted to the Schneeberg complex which forms complicated narrow syn-
clines to the south of the Ötztal alps (Fig. 1). At least three distinct synclines can
be devided due to their differring lithology and the overall lithology of the
Schneeberg complex is differring from the Ötztal basement rocks (Schmidegg,
1933).

Metasediments of the Schneeberg complex are characterized by metacarbonates,

metamarls and metapelites in contrast to the quartzofeldspatic basement
where metacarbonates are missing.

* Dedicated to Dr. Oskar Schmidegg on occasion ofhis 85th birthday.
** Institut für Mineralogie und Pétrographie der Universität, Universitätsstrasse 4,

A-6020 Innsbruck, Austria.
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Distance (km)

Fig. 1 a) Outline geological map of the southern Ötztal alps, showing narrow and elongated occurrence of the

Schneeberg complex,
b) Profile as indicated in the map, showing the isoclinally folded synclines.

Numbers give T°C due to Cal-Dol thermometry.
A polymetamorphic basement
B Schneeberg complex
C Amphibole rocks (including amphibolites and amphibole schists)
D — Metacarbonates



Metamorphism of metacarbonates 97

An intensive Cretaceous metamorphism of the Schneeberg synclines together
with their basement is now well established due to K/Ar- and Rb/Sr-cooling

ages ofmicas which range between 90-75 my (Schmidt et al., 1967, Satir, 1975,
Thöni, 1981).

In the basement an uncertain Cambrian/Ordovizian and a proofed Hercyni-
an high grade metamorphism preceded the Cretaceous event in contrast to the
Schneeberg rocks, where the grade of the Hercynian overprint is thought to be
rather low but is still matter of discussion.

This paper is concerned with the phase petrology of the metacarbonates to
derive metamorphic conditions of the Cretaceous event and to look for indications

for an Hercynian overprint.

Mineral assemblages and mineral reactions

Metacarbonates of the Schneeberg synclines, occurring as both, small lenses
and massive layers show variations in colour from pure white, yellowish to
dark grey which certainly is a function of chemistry. Pure white marbles only
refer to the siliceous carbonate system Ca0-Mg0-Si02-H20-C02. Additional
A1203, K20 and FeO are the most important impurities.

The following assemblages of petrogenetic significance have been observed
in metacarbonates referring to the siliceous carbonate system:

(a) dolomite + quartz
(b) dolomite + quartz + talc + calcite
(c) dolomite + quartz + talc + calcite + tremolite (Fig. 2)
(d) dolomite + talc + calcite + tremolite
(e) dolomite + quartz + calcite + tremolite
(f) dolomite + calcite + tremolite
(g) quartz + calcite + tremolite

In order to achieve these uni-, di- and multivariant assemblages the following
reactions may have been passed during progressive metamorphism.

(1) 3 Dol + 4 Qua + 1 H20 1 Tal + 3 Cal + 3 C02
(2) 5 Tal + 6 Cal + 4 Qua 3 Tre + 6 C02 + 2 H20
(3) 2 Tal + 3 Cal 1 Tre + 1 Dol + 1 C02 + 1 H20
(4) 5 Dol + 8 Qua + 1 H20 1 Tre + 3 Cal + 7 C02

In impure dolomitic metacarbonates the assemblage:

(h) dolomite + calcite + tremolite + chlorite + muscovite + phlogopite +
zoisite

is observed but no progressive reaction sequence can be deduced from the field
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Fig. 2 Photomicrograph of the five-phase assemblage dol + cal + tre + tal + qua in sample Gl 135.
Crossed polarised light. Shown area: 1.4 x 2 mm.

Fig. 3 Photomicrograph of tremolite, chlorite and phlogopite in carbonate matrix (S 9).
Note that chlorite is affected by growing tremolite.
Crossed polarised light. Shown area: 1.4 x 2 mm.
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Fig. 4 Photomicrograph of textures indicating reaction (6): Chlorite + calcite + quartz tremolite + zoisite.
Plane polarised light. Shown area: 1.4 x 2 mm.

Fig. 5 Photomicrograph of diopside- and garnet- intergrowth forming a reaction layer between calcite (left) and
amphibole (right). Crossed polarised light.
Shown area: 9x13 mm.
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due to rare occurrence of rocks referring to this chemical system containing
additional K20 and A1203. Quartz is absent in this assemblage. Pushing aside
textures between tremolite and chlorite (Fig. 3) indicate that chlorite was prior to
tremolite. Intergrowth textures of chlorite with phlogopite (Fig. 3) as well as

tremolite with zoisite (Fig. 4) speak in favour of simultaneous crystallization of
these mineral pairs. Therefrom the following reaction sequence with rising
temperature may be inferred:

(5) Mus + Dol + Qua + H20 Bio + Chi + Cal + C02
(6) Chi + Cal + Qua Tre + Zoi + H20 + C02
(4) Dol + Qua + H20 Tre + Cal + C02

Another mineral assemblage of impure metacarbonates occurs as a reaction
zone between calcite marble and amphibolite (Fig. 5):

(i) calcite + calcic amphibole + diopside + garnet + quartz

which is obviously due to the schematic reaction:

(7) 5 CaCOj + 1 Ca2Mg4Al2Si7022(OH)2 + 4 Si02 4 CaMgSi206 +
Cal + Amp + Qua Dio +

1 Ca3Al2Si3012 + 1 H20 + 5 C02
Gro + Fluid

The field occurrence of assemblages (a) to (i) is indicated in Fig. 1. At least
the distribution of the isochemical assemblages (a) to (g) seems to be a function
of metamorphic grade (and fluid). Retrograde alteration of tremolite lead to total

or only partly pseudomorphs of talc and calcite (Hoinkes & Purtscheller,
1976). Textures therefore clearly indicate two generations of talc and calcite,
whereas all other phases do not allow a distinction between two possible
generations.

Chemistry of mineral phases

CARBONATES

Chemistry of calcites coexisting with dolomite, either alone or as part of iso-

barically in- and univariant assemblages are shown in table 1. MgC03-solid
solution in calcites coexisting with dolomite is a very capable and often applied
geothermometer in the temperature range of amphibolite facies (for example:
Puhan, 1976, Bickle & Powell, 1977, Rice, 1977, Jansen et al., 1978, Nesbitt &

Essene, 1982). The geothermometer is based on the solvus in the system CaC03-
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Tab. 1 Composition of some calcites coexisting with dolomite.

GL 135 {n 11) S 12b (n 17) S 13 (n 36) 2/1x) (n 56) 3/2*1 (n 61) retrograde (n 20)

wt% m s m s m s

CaO 53.27 3.1 1 52.50 2.91 53.33 1.22 52.75 1.30 53.13 0.89 55.62 1.94
MgO 1.88 0.27 2.45 0.26 2.27 0.37 2.65 0.99 2.39 0.64 0.45 0.20
FeO 1.38 0.21 0.28 0.07 0.07 0.03 0.22 0.06 0.03 0.01 0.02 0.02
MnO 0.26 0.09 - 0.03 0.01 0.01 0.01 -
C0,c> 11.81 44.05 44.39 44.43 44.33 44.15

total 101.63 99.82 100. 09 100.06 99.89 100.24

Mol%

CaC03 93.18 93.54 94.28 93.17 94.05 98.85
MgC03 1.57 6.07 5.58 6. 51 5.89 1.12
FeC03 1.88 0. 39 0.10 0. 31 0.04 0.03
MnCOj 0. 36 - 0. 04 0.01 0.01 -
MyCQj* 5.58 6.35 5.64 6.74 5. 92 1.12
T°Cr 552 575 554 586 563 342

X exsolved
t corrected for FeCOß according to Talantsev (1978)
r - according to Rice (1977)
c calculated stoichiometrically
m mean value
s standard deviation

CaMg(C03)2 which was originally studied by Harker & Tuttle (1955) and
Graf & Goldsmith (1955). Rice (1977) derived a solvus equation by means of
least squares analysis of experimental data of Graf & Goldsmith (1955) and
Goldsmith & Newton (1969) which was used to determine equilibrium temperatures

given in tab. 1 and fig. 6.

(I) logXfljj^ - ^ + 0.795

The chemistry of calcites deviate from Ca-Mg solid solution due to Fe and
Mn (Tab. 1). FeC03 content of calcites not taken into account results in temperatures

too low by about 25 °C per mol % FeC03. In these cases the value of
X^fgcoj were corrected using the procedure given by Talantsev (1978) who
fitted experimental data for the Fe-bearing carbonate system from Rosenberg
(1967) and Goldsmith et al. (1962):

(") X^C03 XCalC03 (1 + 11.5 X£l03 + 5 ^FeC03 + 550 X^eC03)

Chemistry of carbonates were measured by a TV-scanned electron beam of
the size of about 20 pm2. Before measurement the calcites were checked for
dolomite exsolution by means of BSE-scanning, which is a common phenomenon
due to cooling after peak of metamorphism. If exsolution was observed it was
attempted to obtain average composition of the whole calcite grain. This meth-
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2 4 6 8 10 12 MOL% MgCCW
405 498 565 620 669 712 °C

Fig. 6 Histograms of the MgC03-(and FeC03)-content of calcites coexisting with dolomite.
Gl 135, S 12 and S 13 represent single samples, 2/1 and 3/2 represent single grains and retrograde calcites represent

various samples.

od resulted in a large scatter of XMgC03-values but temperatures derived from
the mean values of single exsolved calcite grains were equivalent to temperatures

derived from homogeneous calcite grains (Fig. 6).

Equilibrium temperatures for prograde calcite-dolomite pairs vary between
550 and 580°C and fit well with results from the garnet-biotite-exchange
thermometer in accompanying metapelites (Hoinkes, 1981). It can be seen from
fig. 6 and tab. 1 that retrograde calcites have remarkable low MgC03-contents
when compared with prograde calcites. If breakdown of tremolite is due to
retrograde occurrence of reaction (3), as inferred from textures shown in Hoinkes
& Purtscheller (1976, Fig. 2) where dolomite and calcite are involved, low
XMgco3-values in retrograde calcites reflect low equilibrium temperatures in the
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range of about 300 °C. (This value gives an order of magnitude only since the
solvus tends to get very steep with decreasing temperatures.) On the other hand
textures sometimes also indicate retrograde occurrence of reaction (2) where
X$gco3-values in calcites are in the same low range but are not temperature-
significant.

SILICATES

Fluor in silicate phases

Additional fluor may be present in metacarbonates in significant amounts
and then effects stability fields of phases seriously (Skippen, 1974, Moore &

Kerrick, 1976, Jansen et al., 1978, Kearns et al., 1980, Mercolli, 1980,
Hoschek, 1980, Metz, 1981). It is therefore important to point out, that mineral
phases of metacarbonates in the Schneeberg complex have very low F-contents
only (Tab. 2). The highest recorded values in the silicate phases are: phlogopite:
0.8%, tremolite: 0.4%, talc: 0.3% and chlorite: 0.2%. The effect of F on the
reaction-curve topology in the pure siliceous carbonate system is therefore neglected

in the present study.

Amphibole

Chemistry of amphiboles deviate from pure tremolite to pargasitic composition

mainly due to coupled substitution of tschermak vector (Mg^Si^Ay and
edenite vector (_')Si_YNaAAlIV) (Fig. 7 a). There is no good correlation between
Na in the M(4) site and A11V which means that glaucophane substitution
(Ca?f4MgyNaM4AlVI) was not very pronounced (Fig. 7b). Besides these
coupled substitutions the simple FeMg_f exchange vector was effective to variable

extents (Tab. 2). Since Fe+3/Fe+2 cannot be determined with electron
microprobe methods the question of Fe+3 content and possible exchange vectprs
involving Fe+3 in amphiboles is not considered here. The continuous change in
composition shown in Fig. 7 a, where a miscibility gap is missing although
postulated by many authors (see Grapes and Graham, 1978 for review) is thought
to be due to the occurrence of continuous reactions in terms of tschermak vector

among the ACF-phases involved in equilibrium (7) as illustrated in Fig. 8.
These reactions may occur during a prograde metamorphic event and hence
patches of different compositions within single amphiboles must not be related
to different generations of crystallisation.
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Fig. 7 Plot of Alv' versus A1IV and Alvl versus Na(M4) for amphiboles investigated in this study. Different symbols

represent different samples.

Diopside

Absence of diopside in pure marbles limits metamorphic grade at the hight
temperature side. However a single occurrence of diopside in impure metacar-
bonates was observed (Fig. 5). Chemical composition of natural diopside deviates

from pure endmember composition only slightly in terms of jadeite substitution

Mg_! Ca_i NaAl combined with tschermak substitution (Tab. 2). FeMg_(
exchange is significant with more than 30 mol % Fe-endmember but is more
pronounced in coexisting amphiboles (Tab. 2).

Garnet

in reaction (7) involved as pure grossular deviates in nature significantly
from this idealized composition. Its chemistry is characterised by almandine-
grossular solid solution with minor amounts of pyrope and spessartine molecule

(Tab. 2). Chemical zoning with decreases of MnO and increases of FeO,
MgO and CaO towards the rims is observed.
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Talc

Textures of talc show either contemporary growth of mica-like sheets with
tremolite (Fig. 2) or fine grained replacement of tremolite indicating two generations

of talc. These two generations cannot be distinguished chemically. Usually

talc is very close to the ideal composition. A1203 is always below 0.5 wt%
and there is a single sample with significant FeO contents (Gl 135, Tab. 2). It
bears up to 20 mol % minnesotaite-component and coexists with actinolite
(Tab. 2) and Fe-rich carbonates (Tab. 1).

Chlorite, phlogopite, zoisite

5.3 to 5.5 Si-ions per 28 oxygens classify the chlorites as sheridanites (Hey,
1954, Tab. 3). XMg-values of 0.96 indicate only small amounts of FeMg_rex-
change.

Coexisting phlogopites have the same amounts of XMg-values (Tab. 2). As the
chlorites they have some limited tschermak substitution. Significant minor
element contents are Ti02 (0.6%) NazO (0.4%) and CaO (0.3%). Zoisite is a minor
constituent but when present, indicating high fugacities of H20 since chemical
composition is close to pure endmembers (Fe203 is always below 0.3%, Tab. 2)

(Storre et al., 1982).

T-Xcoj-töpoIogy and metamorphic grade

Most marbles are chemically close to the 5-component system CaO-MgO-
Si02-H20-C02. This system is very often studied experimentally but large
differences in T-Xc02-topologies arise from different starting materials and
large error brackets in connection with acute angles of intersections of reaction
curves (Skippen, 1971, 1974, Slaughter et al., 1975, Eggert & Kerrick, 1981,

Metz & Puhan, 1970, 1971, Puhan & Metz, 1973). T-Xc02-topologies derived
from natural prograde sequences of metamorphic silicates were established by
Trommsdorff (1972) and Jansen et al. (1978). These diagrams are only valid for
the metamorphic area where they were derived from with characteristic impurities

in the phases and hence are not applicable to other areas.
Fig. 9 shows the T-XCQ2-topology which can be derived from the field

investigated and is based on the following observations:
1) Disappearance of talc and calcite occurs at a slightly higher grade than the
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Fig. 8 Graphic representation of continuous reactions involving the tschermak vector occurring with phases of
equilibrium (7). Arrows indicate presumed shift of composition of phases.
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Fig. 9 T-XCo?-topology derived from the field and calcite-dolomite-geothermometry (see text.) Oblique
hatched: stability field of talc and calcite in FeO-bearing metacarbonate Gl 135.

Arrows indicate path of progressive metamorphism.

first appearance of tremolite, which however is marked by significant subtitu-
tion of FeO for MgO (tab. 2, Gl 135). The temperature effects of FeO-MgO
substitution on mineral equilibria are given in Tab. 3 and can be calculated from
one of the available thermodynamic data sets using the equilibrium equation:
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III) AGP'T AH1.298 + 298/ta CpdT- T(AS 1.298 +
29sITA^dT) + AVS1.298 (P-1) + RTlnK+ RTAlnK

Tab. 3 AK and AT of some equilibria due to mean values of Fe-Mg-substitution in sample GL 135.

reaction AK AlnK AT°c(XCo2= 0.5)

3 dol + U qua + 1 H
2

0 I tal +3 cal + 3 C03
/0.863 \3

1.116
|o.832/

+0.110 + 3.5

5 dol + 8 qua + 1 H20 1 tre + 3 cal + 7 C0Z
/0.829 \5
[ 0.982
10.832 /

-0.018 - 0.3

S tal + 6 cal + 4 qua 3 tre * 2 H20 *

1 5

0.829
0.835 -0.180

0.86315 * 0.9326

2 tal + 3 cal I tre + 1 dol + 1 HjO + C02
0.8295 * 0.832

0.8636
0.789 -0.237 -10.8

where the equilibrium constant K equals the sum of gas-fugacities involved
in the pure system and AK represents the change of K due to impurities in all
solids involved:

(iv> AlnK S In a"

In the present case activities of tremolite, talc and dolomite were simply
equaled to the mole fraction of Mg raised to the power depending on the number

of sites since the only significant deviation from the pure system is due to
Fe-Mg-substitution (Tab. 2) and ideal miscibility was assumed:

aîlfg (XMg)5

a$ (XMg)3
afög' XMg

Activity of calcite coexisting with dolomite is controlled by the miscibility
gap between calcite and dolomite and AH and AS in equation (III) were
corrected for this effect using the equation from Skippen (1974) which is based on
activity coefficients from Gordon and Greenwood (1970):

(V) lnagäbo3 (ISLâS- 0.253)
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For calcites not coexisting with dolomite the mole fraction XCa in calcite was
taken as agjji.

The calculated temperature shifts to either lower (reaction 3) or higher
temperatures (reaction 1) (Tab. 3) result in a reduction of the stability field of talc
and calcite and the first appearance of tremolite and calcite from dolomite and

quartz is lowered by about 10 °C as a result of FeO substitution.

2) Sample Gl 135 contains the assemblage (c): dol + qua + tal + cal + tre with
mutual contacts between the phases (Fig. 2). This assemblage represents a unique

point in an T-XC02 diagram at constant pressure and consequently allows
to derive these conditions of metamorphism from experimental investigations
or thermodynamic calculations. Since temperature-conditions of this assemblage

are known approximately by means of the cal-dol-geothermometry in
this case pressure—and XC02—conditions may be derived from Fig. 10. In
Fig. 10 the experimental and calculated data of the isobarically invariant point:
dol + cal + qua + tre + tal from Puhan & Metz (1973), Skippen (1974),
Slaughter et al. (1975), Eggert & Kerrick (1981) and Helgeson et al. (1978)
are plotted in a P-T-diagram together with the temperature range (552 °C ± 25)
due to cal-dol-thermometry. The temperature range (although only valid for the
natural phases with FeO-substitution) fits rather good into the range of uncertainty

of Eggert and Kerrick (1981). Also the data from Skippen (1974) are in
good agreement whereas other data do not agree because they are either based

on calculations with a high degree of uncertainity (Slaughter et al., 1971,
Helgeson et al., 1978) or on experiments with impure starting material (Puhan and
Metz, 1973, personal communication). From Fig. 10 an approximate pressure
of 6 kb can be deduced which is in accordance with the appearance of kyanite
in accompanying metapelites. From the discussion above it follows that the
intersection point of reactions (1) to (4) in Fig. 9 was to be arranged at approximately

550 °C (6 kb) for the Fe-bearing assemblage and at 560 °C (6 kb) for the

pure system.
Since there is no hint for talc + calcite-stability well within the tremolite +

dolomite-stability field in marbles referring to the pure system, the intersection
point A cannot be situated at XCOz-values higher than 0.5.

3) The single occurrence of diopside in an impure metacarbonate sample from
a region where temperature conditions of 580 °C were reached is thought to be
favoured by locally low Xcc,2-values.

The diopside forming reaction in the pure system:
(8) 1 Tre + 3 Cal + 2 Qua 5 Dio + 3 C02 + H20

is part of the observed reaction (7) (Fig. 5, Fig. 8)

(7) 1 Hbl + 5 Cal + 4 Qua 4 Dio + 1 Gro + 1 H20 + 5 C02
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Fig. 10 P-T-location of the five-phase assemblage: tre + tal + dol + cal + qua according to different experimental
investigations and calculation. Three locations of the kyanite-sillimanite-andalusite triple point are also

shown, since kyanite occurs in neighboured metapelites. Horizontally hatched: Field of uncertainty given by
EKE. Oblique hatched: Temperature according to cal-dol-thermometry.
SKW Slaughter et al. (1975), HEL Helgeson et al. (1978), SKI Skippen (1974), EKE Eggert and Ker-
rick (1981), PUM Puhan and Metz (1973), RGB Richardson et al. (1969), NEW Newton (1968), HOL
Holdaway (1971).

Since amphiboles have higher amounts of FeMg.! and Mg.j Si.jA^ solid solution

than coexisting diopside (X^p 0.54, 0.63, X^mP 0.86, X^io
0.97), equilibrium (8) is certainly shifted to higher temperatures compared with
the pure system. Impurities of the solid phases are therefore not responsible for
the occurrence of diopside.

The fact that rather massive dolomite + quartz marbles still occur without
metamorphic reaction products must be due to different values of Xcc>2 during
metamorphism which were rather high in massive carbonate layers and rather
low on fissures within massive carbonates or thin carbonate layers within
metapelites.

Conclusions

Cretaceous regional metamorphism in carbonates of the Austroalpine paleozoic

Schneeberg complex caused with increasing grade towards the south first
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talc and tremolite followed by tremolite. Grade of metamorphism deduced
from calcite-dolomite thermometry was 550 to 560°C for the assemblage
Qua + Dol + Cal + Tre + Tal. This value falls well within the field of uncertainty

of isobarically invariant point A given by Eggert & Kerrick (1981)
(Fig. 10). Retrograde alterations of tremolite and dolomite to talc and calcite
could be demonstrated as low grade alteration (300 °C) by means of calcite-dolomite

thermometry.
Talc formation after tremolite therefore did not occur during but after climax

conditions of Cretaceous metamorphism and tremolite must not be considered

as Hercynian mineral phase.
Two reasons could be responsible for this retrograde reaction after peak of

metamorphism:
1) Change in Xcc,2 to low values and hence crossing the field of talc during

cooling.
2) Change in P to low values due to uplift during peak of metamorphism which

causes increase of the talc-stability field and again crossing this stability-
field.during cooling.
It is not possible to argue for two episodes of metamorphism (Hercynian and

Cretaceous respectively) on the basis of these textural observations. Until now
only garnet textures in metapelites (Hoinkes, 1981) argue for an older generation

of mineral phases in this area. Cretaceous mineral ages clearly demonstrate
Early Alpine amphibolite facies condition and hence present mineral assemblages

are thought to be of Cretaceous age. If the Hercynian overprint in this
area was relatively lower in grade compared to the Cretaceous one then enough
fluid was liberated during Cretaceous dehydration and decarbonation reactions

to cause the characteristic coarse grained postdeformative textures in this
area.
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Abbreviations:

Amp Amphibole Hbl Hornblende
And Andalusite Kya Kyanite
Cal Calcite Phi Phlogopite
Chi Chlorite Qua Quartz
Dio Diopside Sil Sillimanite
Dol Dolomite Tal Talc
Gar Garnet Tre Tremolite
Gro Grossular Zoi Zoisite
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