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The HT/LP metamorphism of dolomite marbles
in the eastern part of the Moldanubicum; a manifestation
of heat flow related to the Tfebi¢ Durbachite Massif

HT/LP metamorféza dolomitickych mramort
ve vychodni ¢asti moldanubika; projev tepelného toku
spojeného s trebicskym durbachitovym masivem (Czech summary)

(4 text-figs.)
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Three independent metamorphic events are suggested in the dolomite marbles of the StraZek and Moravian Moldanubicum, wes-
tern Moravia, Czech Republic: HT/HP-MP metamorphism M1, HT/LP metamorphism M2, and retrograde MT-LT/LP metamorp-
hism M3. Since the studied region is tectonically heterogeneous and dolomite marbles are more sensitive than other rocks types
to the changes in fluid composition (Ferry 1992), they may be affected in different stages of the metamorphic evolution.
Consequently, the M2 metamorphism in delomite marbles is not directly comparable to the M2 metamorphism in metapelites. The
HT/LP metamorphism M2 produced a distinct mineralogical zoning around the T¥ebi¢ Durbachite Massif (TDM). Four meta-
morphic zones, formed by reactions involving the mineral assemblage tremolite + phlogopite + dolomite + calcite + forsterite +
chlorite + spinel + clinohumite, were recognized. Two distinct paths of the metamorphism M2 were distinguished in the isobaric
T-Xcoz2 diagram. The distribution of the metamorphic zones, course of the isograds and textural relations strongly indicate the he-
at flow related to the TDM. The cause of the heat flow, however, is not sufficiently understood. It seems to be very likely related
to the emplacement and consolidation of the TDM amphibole-biotite melagranite, and the heat flow may have acted in early to
near subsolidus stages of the intrusion emplacement. The age of the HT/LP metamorphism M2 in the range from 340 to 330 Ma
is estimated from the radiometric ages of the durbachite intrusion (Pb-Pb, 343 Ma; Holub et al. 1996) and apparently postmeta-
morphic lepidolite pegmatites (Rb-St, 323-306 Ma; Cerny et al. 1995), penetrating the studied metamorphic complex.
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Introduction

The regional HT/LP metamorphism and its position in
the Variscan orogeny are commonly discussed in the
Moldanubicum (e.g. Chab - Suk 1977, Zaydan -
Scharbert 1983, Petrakakis 1986, O'Brian - Carswell
1993, Biittner - Kruhl 1995, Babiirek 1995). Behrmann
et al. (1994) formulated three hypothesis to explain
HT/LP metamorphism in the Moldanubian of Bavaria:
(i) vertical telescoping of thick crust by tectonically dri-
ven extension,; (ii) fast adiabatic uplift; (iii) heat transfer
from the deep crust or from mantle by fluids or by mag-
mas on a regional scale. The latter hypothesis is consi-
dered the most probable by the authors. However, the
position of the HT/LP metamorphism in a metamorphic
evolution and the nature of the external heat sources in
particular are still enigmatic in many cases.

The metamorphism of dolomite marbles studied wit-
hin the StraZek and Moravian Moldanubicum, in the eas-
tern part of the Moldanubian region (Fig. 1), displays
HT/LP metamorphic conditions with high activity of
H-0 and F in fluids (Novik 1988, 1989; Houzar - Novik
1991). New data given in this paper strongly indicate,
that the HT/LP metamorphism is at least spatially related
to the Trebi¢ Durbachite Massif (TDM) (Fig. 2).

Geological setting and metamorphic history

Dolomite marbles are a typical member of the meta-
morphosed volcano-sedimentary unit along with abun-
dant amphibolites, however, relatively pure,

coarse-grained calcite marbles exceptionally occur
(Novak 1987, Houzar - Novak 1995). Dolomite marb-
les form lenticular bodies, about 20 m thick, mostly lo-
cated in migmatized biotite gneiss. This
dolomite-amphibolite-gneiss unit is widespread parti-
cularly in the StriZek Moldanubicum, NE of the TDM.
A relatively narrow belt of similar dolomite marbles
with rare associated amphibolites rims the Tiebic
Durbachite Massif along its W and SE edge (Fig. 1).
Dolomite marbles underlying durbachite were found
in drill holes in the vicinity of Tasov and Jasenice (E
border of TDM). The dolomite-amphibolite-gneiss
unit is apparently different in its lithology and mineral
assemblages from dolomite marbles of the Drosendorf
Unit (Houzar - Novédk 1995) and may correspond to
the amphibolite-rich lower part of the Gféhl Unit
(Fuchs 1991), and partly also to the Raabs Unit, in the
sense of Steyrer - Finger (1994).

The TDM is a large intrusion of melagranites to
melasyenites enriched in incompatible elements (e.g.
Holub 1988). Geophysical data indicate a sheet-like
shape of the body (Rejl - Sedldk 1987). It is mostly
strongly foliated near the contact with host rocks
(Bubenicek 1968), and locally rimmed by leucocratic
granitic rocks (Némec 1982). The sheet-like body of
durbachite rocks was significantly extended towards
the NE, where small erosional relics locally occur
(Novak 1989). A Pb-Pb age of 343 Ma interpreted as
the time of intrusion was reported for the TDM (Holub
et al. 1996). The effect of the contact metamorphism
of the TDM on its mantle was not studied in detail.
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Fig. 1. Schematic geologi-
cal map of the eastern part
of the Moldanubicum sho-
wing the location of the
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Novak (1988) hinted on a spatial and genetic relati-
onship of chondrodite and clinohumite occurrences
with respect to the TDM. Weiss (1977) and Houzar
(1985) described the cordierite and wollastonite iso-
grads spatially related to the TDM, but they did not
discuss its genetic control in detail.

Three independent metamorphic events are sug-
gested in the dolomite marbles, in part supported by
mineral assemblages from associated gneisses: a
HT/HP-MP metamorphism M1, a HT/LP metamorp-
hism M2, and a retrograde MT-LT/L.P metamorphism
M3 (Novak 1989, Houzar - Novik 1991).

The early HT/HP-MP regional metamorphism M1
is characterized by the simple equilibrium mineral as-
semblage phlogopite + tremolite + calcite + dolomite,
distributed through a part of the investigated area inc-
luding the adjacent Svratka Unit. The mineral assem-
blages and their metamorphic textures indicate a
maximum temperature of about 660 °C for estimated
Piiuia = 600 MPa, syntectonic crystallization, and the
PTX conditions of the metamorphism M1 similar in all
marbles within the whole studied area (Novak 1989).
Due to the absence of minerals or mineral assemblages
indicating the pressure in the dolomite marbles, it was
estimated based on the mineral assemblages of associ-
ated gneiss, the P-T conditions of metamorphism of
marbles and calc-silicate rocks in the Varied Unit
(Hogelsberger 1989), and data from literature (Zaydan
- Scharbert 1983, Petrakakis 1986, Vrana 1992).
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The low-pressure metamorphism M2, spatially re-
lated to the TDM is discussed in detail below. The re-
trograde metamorphism M3, characterized by
replacement of forsterite by antigorite, is widespread
irregularly through the whole studied area and within
a single dolomite body. Very low X.o2 < 0.05 and
temperatures < 450 °C are suggested for this stage
(Novik 1989).

Chemistry of rock-forming minerals in dolomite
marbles

Representative chemical analyses of rock-forming mi-
nerals - phlogopite, tremolite, forsterite, clintonite,
chlorite, spinel and humite minerals are given in Table
1; a complete list of analyses was published by Novik
(1989). They were performed using electron microp-
robes ARL SEMQ (Geological Survey, Praha) and
Jeol-50A (Geological Institute of Academy of
Sciences, Praha). The fluorine contents were determi-
ned by a photometric method (analyst P. Povondra).
The analysed minerals are characterized by very
low Fe and Mn concentrations, the Xn1. values vary
from 0.96 to 0.99 in most minerals. Increased Fe con-
tents were observed in spinel, and exceptionally in
forsterite, tremolite and phlogopite. The order of Mg
preference over Fe + Mn is as follows: chlorite > ph-
logopite > tremolite > clinohumite, forsterite >> spi-
nel, Rare samples carrying forsterite, tremolite and
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phlogopite with X1 < 0.95 are not discussed here.
This order is very similar to those from several meta-
morphic terrains (e.g. Rice 1977a, Bucher-Nurminen
1981, 1982a, Sauter 1983). Rare zincian spinels occur
at StrdZek and Lukov (Ulrych 1971, Né&mec 1973,
Novik et al. 1997), but their position in the meta-
morphic evolution was not studied in detail.

Table 1. Representative electron microprobe analyses of minerals

Phl Tr Fo Chl Spl Chu_Cho Cli
Si0> 3993 5740 41.76 29.57 0.07 37.78 34.48 20.61
TiOz 080 0.06 00% 011 013 279 074 020
Al203 1642 065 000 2296 69.15 0.00 0.00 3832
FeO 1.62 040 600 265 639 259 162 097
MgO 27.82 26.18 5229 3077 24.49 5477 55.64 22.92
MnO 000 0.00 008 000 0.04 006 003 0.02
CaO 0.04 13.16 000 000 000 000 000 11.88
NazO 048 007 000 000 0.00 000 000 028
K-0 873 007 000 000 0.00 000 0.00 0.00

F 105 nd. nd nd nd 180 442 nd
HO* 384 221 nd. 1268 nd 261 534 429
F=0 044 - - - -0.77 _-1.86

total  100.29 100.20 100.22 98.74 100.27 101.63 100.41 99.49

Si** 5776 7.784 1.002 2.797 0.002 3.925 2.010 2.883
Ti**  0.087 0.006 0.002 0.008 0.002 0218 0.032 0.021
AP+ 2799 0.104 - 2560 1.982 - - 6.318
Fe®* 0196 0.045 0.120 0210 0.130 0225 0.079 0.113
Mg+ 6,000 5292 1.871 4.340 0.888 8.483 4.834 4.780

Mn?*  0.000 0.000 0.002 - 0.001 0.005 0.001 0.002
Ca®*  0.006 1912 - - - - - 1.781
Na* 0.135 0.018 - - - - - 0.076
K* 1.611 0.012 - - - - - -
F 0480 - - - - 0.591 0815 -
H* 1.520 2.000 - 8.000 - 1.409 1.185 4.000

Oz"  23.52024.000 4.00018.000 4.000 17.409 9.18524.000
CATSUM
16610 15.174 2,996 9915 3.00512.857 6.958 15.975

* fluorine determined photometrically, analyst Dr. P. Povondra.

* determined by stoichiometry. Individual minerals recalculated on
a basis of 24 anions (phlogopite, tremolite, clintonite), 4 anions
(forsterite, spinel), 18 anions (chlorite, clinohumite), 10 anions
(chondrodite),

Metamorphism M2
Mineral reactions, zones and isograds

The metamorphism M2 produced a distinct mineralo-

gical zoning in silica-undersaturated dolomite marbles

(mostly less than 5 vol. % of silicates) around the

TDM. A typical feature of the M2 metamorphism is a

mosaic distribution of the newly-formed mineral as-

semblages in the matrix consisting of the relic mineral

assemblages of the M1 metamorphism within a single

thin section. Five metamorphic zones are defined by

the following mineral assemblages:

A - tremolite + phlogopite + dolomite + calcite

B - forsterite + chlorite I + calcite + dolomite

C - forsterite + chlorite I + spinel + calcite + dolomite

D - forsterite + spinel + calcite + dolomite

K - clinchumite + spinel + calcite + dolomite =+ forste-
rite + chlorite I

The regional distribution of the zones is shown in
Fig. 2. Mineral formulas and abbreviations used in mi-
neral reactions given below are listed in Table 2.

Table 2. Abbreviations and composition of minerals

calcite Cal CaCOs

chlorite Chl MgsAl28ia010(0H)g
chondrodite Cho Mg_sSizOB(OH,F)z
clinohumite Chu Mgo8Sis016(0OH,F)2
clintonite Cli Ca(Mg,AD3(Al581)010(OH)2
diopside Di CaMgSi>06¢

dolomite Dol CaMg(CO3)2

forsterite Fo Mg-SiO.s

phlogopite Phl KMgzAlSiz010(0H,F)2
quartz Qtz Si02

spinel Spl MgAl>0O4

tremolite Tr CazxMgsSig022(0OH,F)2

Except clintonite all abbreviations according to Kretz (1983)

The equilibrium mineral assemblage of Zone A -
phlogopite + tremolite + calcite + dolomite, produced
during the HT/HP-MP M1 metamorphism, occurs par-
ticularly within the Svratka Unit, and as a relic of the
metamorphism M1 locally also in Zone B. The boun-
dary between Zone A and Zone B, defined by the first
appearance of forsterite and chlorite I, represents the
first recognizable manifestation of the metamorphism
M2. Reaction textures demonstrate that the replace-
ment of tremolite by forsterite may go via the reaction:
Tr+ 11 Dol=8 Fo + 13 Cal +9 CO> + H>0 )]

However, the replacement of the assemblage phlo-
gopite + tremolite + dolomite by forsterite + chlorite I
may be expressed by the complex reaction:

2 Phl + 2 Tr + 27 Dol = 19 Fo + Chl + 31 Cal + 23
C02 + KQ_O (2)

Tremolite was mostly consumed by the reactions
(1) and (2), and its relics occur only very exceptional-
ly within the zones C and D.

Zone C is characterized by the first occurrence of
spinel in an equilibrium with chlorite I. The diagnostic
equilibrium assemblages of this zone, forsterite +
chlorite I + spinel + calcite + clinohumite + dolomite,
may correspond to the isobaric univariant mineral re-
action:

Chl +2 Dol =3 Fo + Spl + 2 Cal + 2 CO2 + 4 H>0 (3)
or to an invariant point, if clinohumite + dolomite
occur in an equilibrium with the other minerals.
Textural relations indicate that the mineral assembla-
ges were formed at the expense of phlogopite and do-
lomite by the reactions:

4 Phl + 12 Dol =9 Fo + Chl + Spl + 12 Cal + 12 CO»

+2 K20 4)
4 Phl + 13 Dol + H20 = 5 Fo + Chl + Spl + Chu + 13
Cal + 13 CO2 + 2 K20 3)

The disappearance of chlorite I beside common
spinel defines the Zone D with the equilibrium assem-
blages forsterite + spinel + calcite + clinohumite + do-
lomite. Replacement of phlogopite and dolomite could
be expressed by the reactions:

2 Phl + 7 Dol =6 Fo + Spl + 7 Cal + 7 CO2 + 2 H>0
+ K20 (6)
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2 Phl + 8 Dol = 2 Fo + Spl + Chu + 8 Cal + 8 CO5 +
HzO + Kzo (7)

Tremolite is usually absent and phlogopite is appa-
rently less abundant within this zone relative to Zone
C. Diopside in coexistence with forsterite and spinel,
as an indication of a higher-grade zone, was observed
only in one thin section within the Zone D. It would be
defined by the reaction:
3Tr+5Cal=11Di+2Fo+5C02+3H0 (8
known from terraines metamorphosed under conditi-
ons of upper amphibolite to granulite facies (Glassley
1975, Sauter 1983). Almost all tremolite was consu-
med by the reactions (1) and (2), and the assemblage
diopside + forsterite + spinel possibly formed by the
reaction:
3Chl+2Cal=5Fo+2Di+3Spl+5CO0z+12H20 (9)

The presence of clinohumite or exceptionally
chondrodite in the equilibrium mineral assemblages
within Zone C and Zone D defines the metamorphic
Zone K. Clinohumite is formed in equilibrium with
forsterite by reactions (5) and (7). The typical reaction
producing clinohumite:

Fig. 2. Distribution of mineral as-
semblages in dolomite marbles
Diagnostic mineral assemblages:
Zone A - tremolite + phlogopite +
dolomite + calcite; Zone B - forste-
rite + chlorite I + calcite + dolomite;
Zone C - forsterite + chlorite I + spi-
nel + calcite + dolomite; Zone D -
forsterite + spinel + calcite + dolo-
mite; Zone K - clinohumite + spinel
+ calcite + dolomite + forsterite +
chlorite I. Mineral assemblages
from all dolomite marble bodies in
Fig. 2 were studied in thin sections

4 Fo + Dol + H>O = Chu + Cal + CO» (10)
seems to be less important in this area. Forsterite only
scarcely is absent in the mineral assemblages of Zone
K. Rare chondrodite is known only from marbles clo-
se to the contact with durbachite or leucogranitic rocks
but their mineral reactions were not studied in detail.
Rare clintonite associated with chondrodite and spi-
nel was found in the drill hole near Tasov, situated seve-
ral hundred m below the contact with durbachite. The
reaction producing this mineral is not known due to com-
plicated textural relationships and scarcity of the mineral.
Late chlorite II commonly appears on the bounda-
ry between spinel and forsterite or clinohumite within
the zones C and D. This chlorite represents a retrogra-
de phase of the metamorphism M2, distributed
through almost the whole studied area, and closely fol-
lowing the prograde phase. Its formation could be ex-
plained by a decreasing temperature and expressed by
the hydration and carbonation reactions:
3Fo+Spl+2Cal+2C0O2 +4Hz0=Chl+2 Dol (11)
3 Chu + 4 Spl + 11 Cal 11 CO2 + 13 H0 =4 Chl +
11 Dol (12)
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Locally, a direct replacement of chlorite I by very
fine-grained chlorite II is recorded.

The mineral reactions involving phlogopite, forste-
rite, chlorite, spinel, clinohumite, calcite and dolomi-
te, discussed above, correspond to the REMAS +
(H20-CO2-F) system, and they are commonly descri-
bed from dolomite marbles (Tracy - Frost 1991).
However, most of them, particularly those involving
phlogopite, have not been experimentally studied yet
and their positions in isobaric T-Xc o> diagrams are not
known. Due to these reasons, the K-free mineral as-
semblages involving forsterite, chlorite, spinel, clino-
humite, calcite and dolomite in the CMAS +
(H20-CO>-F) system, were used for a detailed discus-
sion of the T-Xco2 conditions in the studied area.

A typical feature of the mineral reactions involving
phlogopite is dealkalization (K-depletion). No other K-
bearing phases such as K-feldspar and muscovite,
known from some dolomite marbles (Rice 1977b,
Bucher-Nurminen 1982b), were observed. Potassium
seems to be removed from the dolomite marble bodies
via metamorphic pore fluids. The small amount of K
added can be hardly recorded in the mineral assembla-
ges of the host gneisses. The apparent width of meta-
morphic zones of up to 10 km on the present surface
(Fig. 2) indicates a regional-scale contact metamorp-
hism. However, shallow to subhorizontal dips of the
TDM contacts, observed particularly in the eastern part
of the intrusion (Rejl - Sedldk 1987, Boudek et al.
1988), and the presence of erosional relics of durbachi-
te rock NE of the TDM, imply the true thickness of the
individual zones to be much smaller, about 1 km or less.

Fluid activity

The activity of COz and HzO in pore fluids and their
importance for metamorphism of carbonate rocks are
discussed in many papers (see Tracy - Frost 1991,
Ferry 1991). Both high Xco- from 0.5 to 0.9 (e.g.
Moore - Kerrick 1976, Rice 1977a,b, Bucher-
Nurminen 1981), and low Xco- (below 0.4) (e.g.
Moore - Kerrick 1976, Rice 1979, Bowman - Essene
1982) were described. Increased activity of F in fluids,
inferred particularly from the presence of humite mi-
nerals in mineral assemblages, is also known from
contact aureoles of granite plutons (Rice 1977a,
1980a,b).

Based on the chemical composition of minerals,
textural relations, metamorphic assemblages and se-
quence of metamorphic isograds, low Xco- in meta-
morphic fluids is inferred in the studied region. (i)
The observed prograde sequence: tremolite - forsteri-
te - spinel, and the absence of the mineral assemblage
tremolite + forsterite + chlorite I + spinel + calcite +
dolomite corresponding to the invariant point V (Fig.
3), indicate Xco2 < 0.55. (ii) Forsterite, rimmed by
calcite in a matrix of dolomite + rare tremolite, as
well as a direct replacement of tremolite by forsterite
+ calcite indicate water-rich fluids with Xco. < 0.4
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Fig. 3. Isobaric T-Xco2 diagram at 200 MPa showing important mi-
neral reactions in dolomitic marbles (J. M. Rice 1980a, modified)
Stoichiometry of the mineral reactions given in Table 4

(Heinrich et al. 1986) within the Zone B. (iii)
Clinohumite compositions with Xy = 0.38-0.49
(Novak 1989) imply a low Xco- below 0.2 and very

" likely also increased activity of F (Rice 1980a) within

the Zone K. (iv) Low Xco- values below 0.2 are in-
dicated by the presence of clintonite (Rice 1979).
(v) The isobaric invariant mineral assemblage forste-
rite + clinchumite + spinel + chlorite I + dolomite +
calcite corresponding to the invariant point I (Fig. 3),
found at some localities within the Zone C (K), indi-
cates Xco= about 0.1,

Variations in Xco- in the studied area are docu-
mented through the sequence of metamorphic iso-
grads, mineral reactions, widespread divariant, rare
univariant and invariant mineral assemblages, and
composition of mineral phases (Ferry 1991). They in-
dicate a decrease of Xco- from the outer Zone B to-
wards the TDM contact; from Xco- about 0.4 or less
in the Zone B to about 0.1 near the contact with dur-
bachite within zones D and K. The invariant mineral
assemblage forsterite + clinohumite + spinel + chlori-
te I + dolomite + calcite indicates Xco» about 0.1 wit-
hin the zones C and K (see Fig. 3).

P-T conditions and T-X c o paths of the meta-
morphism M2

Based on the phase equilibria and fluid composition
discussed above, T-Xco- conditions of the metamorp-
hism M2 were estimated from the isobaric T-Xco- di-
agram (Fig. 3 and 4). This figure was constructed from
the experimental data of Skippen (1974), Walther -
Helgeson (1980), Rice (1980a), and a list of mineral re-
actions is given in Table 4. The assummed pressure
Piiuia = 200 MPa is inferred from: (i) the presence of
clintonite in dolomite marbles, because all of its known
occurrences are limited to a HT/LP contact metamorp-
hism, although the experimentally determined stability
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field of clintonite is large (Olesch - Seifert 1976,
Bucher-Nurminen 1976, Rice 1979); (ii) the presence
of cordierite-bearing rocks along the western and
north-eastern border of the TDM (Weiss 1977, Vesela
et al. 1988). However, the increased pressure up to
Priuia = 400 MPa is also possible.

The following temperatures are postulated for the
individual metamorphic zones (Table 3). The maxi-
mum temperature of about 620 °C for the Zone D
could be slightly higher up to 640 °C, where the equi-
libium mineral assemblage diopside + forsterite was
exceptionally found. However, the absence of either
periclase or brucite pseudomorphs after periclase may
imply temperature below 650 °C, if the pressure Piuia
was about 200 MPa or less (Greenwood 1975).
Increase of the pressure up to Ppuia = 400 MPa would
correspond to increase of temperatures in Table 3 by
about 50 to 70 °C, and these values are still consistent
with the mineral assemblages in the studied dolomite
marbles. Generally, the postulated temperatures (Table
3) are similar to those given for the Variscan HT/LP
metamorphism (Bliimel - Schreyer 1976, Urban 1990,
Babtrek 1995). Higher pressure of up to 600 and 800
MPa requires maximum temperature for the meta-
morphism of dolomite marbles about 750 to 800 °C.
Such values seem to be unrealistic, because compa-
rable temperatures were inferred in dolomite marbles
from the granulite facies (Glassley 1975, Sauter 1983).
The isobaric T-Xco. diagram (Fig. 4) illustrates the
T-Xco- paths of the prograde stage of the metamorp-
hism M2. Two distinct paths are suggested for the se-
quence of the observed metamorphic zones
distinguished in the studied region: (i) involving cli-
nohumite in the Zone C and Zone D, and (ii) clinohu-
mite-free sequence of metamorphic zones.

Table 3. Postulated temperatures of the M2 metamorphism infer-
red from the T-X.o2 diagrams for Pauia = 200 MPa

Zone T (°C) Diagnostic mineral
assemblage

A < 500-570 Tr + Do

B 540-570 Fo + Chll

C 550-580 Fo + Spl + Chll = Chu

D 560-620 Fo + Spl = Chu

K 540-620 Chu (Chu + Fo)

Table 4. Stoichiometry of mineral reactions shown in Figures 3 and 4

Reaction

1. Tr+11Dol=8Fo+ 13 Cal +9 CO5 + H>0

3. Chl+2Dol=3Fo+Spl+2Cal+2COz+4 H0

8. 3Tr+5Cal=11Di+2Fo+5CO2+3H20

9. 3Chl+2Cal=5Fo+2Di+3Spl+12H0

10. 4 Fo + Dol + H20 = Chu + Cal + CO»,

13. 11 Chl+4Cal=17Fo+2Tr+ 1l Spl +4CO5 + 42 H20
14, Di+ 3 Chu + CO2 = 14 Fo + Cal + 3 H-0

15. 14Chl+ 11 Cal=11Di+5Chu+ 14 Spl+ 11 COz + 51 H,0
16. 4 Chl+ 11 Dol=3 Chu+4 Spl + 11 Cal + 11 CO2 + 13 H>0
17. 7Tr+ 12 Cal =26 Di + Chu + 12 CO> + 6 H-0

18, Tr+3Cal+2Qtz =5Di+3 COz+ H20

19. Dol+8Qtz+ H20=Tr+3 Cal+7 CO2

The first (i) path, characterized by the absence of cli-
nohumite in Zone B, and only locally in Zone C, impli-
es that the mineral reactions were driven by an increase
of temperature combined with decreasing Xco- up to
0.1 in the Zone C. The path follows univariant assem-
blage forsterite + spinel + chlorite + calcite + dolomite
and appearance of clinohumite in this mineral assembla-
ge indicates that T-Xco. conditions reached the invari-
ant point I (Zone K). Zone D (Zone K) is characterized
by the presence of clinohumite and indicates the activity
of H>O- and F-rich fluids at Xco- about 0.1, and the
mineral reaction is driven particularly by increase of
temperature,

The second path (Fig. 4), representing the clinohu-
mite-free sequence of metamorphic zones, is characte-
rized by the absence of invariant mineral assemblages.
The path reached univariant mineral assemblage -
forsterite + diopside + spinel + calcite + dolomite of
the reaction (9), at the area left of the invariant point
IV., where Xco- < 0.3. The mineral reactions are dri-
ven by increase of temperature, decreasing of Xco.
seems to be less important.
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Fig. 4. T-Xco2 diagram at 200 MPa showing possible T-Xco2 paths
for the metamorphism M2 of dolomite marbles in the Tiebic
Durbachite Massif

Two possible paths of progressive metamorphism for the clinohu-
mite-bearing and clinohumite-free sequences of metamorphic zones
are given schematically by the arrowed lines. Stoichiometry of the
mineral reactions given in Table 4

Discussion

The distribution of the metamorphic zones and the
course of the isograds strongly indicate that the heat
flow is related to the TDM. Such consideration is also
supported by the course of metamorphic isograds, re-
lated to the erosional relics of durbachites within the
StraZzek Moldanubicum (Fig. 2), and distribution of
mineral assemblages in the drill cores, which cut rock
sequences with durbachites underlying dolomite
marbles in the eastern part of the TDM. In spite of the
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apparent spatial relationship of durbachite rocks and
the increased grade of metamorphism (Fig. 2), the cau-
se of the heat flow is not sufficiently understood (com-
pare Behrmann et al. 1994), as discussed below.

(i) The metamorphism M2 seems to be very likely
related to the emplacement and crystallization of the
durbachite rocks. Whether the heat flow acted in rela-

tively early stages of the intrusion emplacement or
was somehow connected with near subsolidus proces-
ses in the TDM remains unclear.

(ii) Mostly leucocratic granitic rocks, situated
commonly along the contact with durbachites and la-
ter than the durbachite intrusion (Némec 1982), may
participate in the metamorphism M2. However, their
spatial distribution is not consistent with distribution
of metamorphic zones, particularly in the eastern part
of the studied region. Consequently, a control of meta-
morphism M2 by leucocratic granitic rocks seems to
be limited, if any. Perhaps, these rocks serve as a sour-
ce of F, and control the chondrodite formation, related
locally to their contact.

(iii) Another heat source (magmatic ?) beneath the
area, derived from a deep-seated (crustal or mantle)
source (Behrmann et al. 1994), also seems possible.
The absence of a negative gravimetric anomaly which
would indicate the existence of granite pluton beneath
the area, and the distribution of mineral assemblages
in the drill holes near Tasov (authors' unpubl. data),
which does not indicate increasing metamorphism
with depth, make the last option least probable.

The age of the metamorphism M2 is not well un-
derstood. Postmetamorphic complex pegmatites with
the radiometric age of lepidolite (Rb-Sr, 323-306 Ma),
penetrating metamorphic rocks of the StraZek
Moldanubicum, are apparently later than the HP/LP
metamorphism M2 (Cerny et al. 1995) and may serve
as a limit. The Pb-Pb age of 343 Ma, interpreted as the
time of intrusion for the TDM (Holub et al. 1996),
may represent the other limit. The age of the meta-
morphism M2 from 340 to 330 Ma is similar to the age
suggested for HT/LP metamorphism in the
Moldanubian region by O'Brian - Carswell (1993).

The relationship of the HT/LP metamorphism M2
of dolomite marbles to other Variscan metamorphic
events in the Moldanubian region is unclear.
Metamorphism was mostly studied in a variety of dif-
ferent rocks particularly in metapelites and in other re-
gions (e.g. Bliimel - Schreyer 1976, Zaydan -
Scharbert 1983, Petrakakis 1986, Babirek 1995).
Furthermore, rocks with composition and rheology
different from those of dolomites, such as metapelites,
may be affected in distinct stages of the Variscan me-
tamorphic cycle, based particularly on the kinetics of
individual metamorphic reactions in these rocks (e.g.
Kerrick et al. 1991). Considering the above discussi-
on, a comparative study of the metamorphic evolution
combined with a detailed structural study in distinct
rock types in the eastern part of the Moldanubian regi-

on, is required to find and compare mutual relations-
hips among individual metamorphic events in the
Variscan cycle.

Acknowledgements. The authors are indebted to
three anonymous reviewers, whose constructive sugges-
tions improved significantly the paper. We would also
like to thank to H. Houzarova for drawing the figures.

References

Baburek, J. (1995): High, medium and low pressure assemblages
from the Czech part of the Kralovsky Hvozd Unit (KHU) in the
Moldanubian Zone of SW Bohemia. - J. Czech Geol. Soc., 40,
1-2, 115-126. Praha.

Behrmann, J. H. - O’Brien, P. - Tanner, D, C. - Schuster, J. (1994):
Heat and motion during late Variscan mountain building in the
Moldanubian of Bavaria. - J. Czech Geol. Soc., 39, 1, 8-9, Praha.

Bliimel, P. - Schreyer, W. (1976): Progressive regional low-pressure
metamorphism in Moldanubian metapelites of the Northern
Bavarian Forest, Germany. - Krystalinikum, 12, 7-30. Praha.

Boucek, Z. - Chmelar; J. - Plhal, J. (1988): Geologicka stavba a mi-
neralizace uranového loZiska Jasenice. - Hornickd Piibram ve
v&dé a technice, Geol., 67-78. Pfibram.

Bowmann, J. R, - Essene, E. J. (1982): P-T-Xcoz conditions of con-
tact metamorphism in the Black Butte aureole, Elkhorn,
Montana. - Amer. J. Sci., 282, 311-340. New Haven.

Bubenicek, J. (1968): Geologicky a petrograficky vyvoj tiebicského
masivu. - Sbor. geol. V&d, Geol., 13, 133-164. Praha.

Bucher-Nurminen, K. (1976): Occurrence and chemistry of xantop-
hyllite in roof pendants of the Bergell Granite, Sondrio, Northern
Italy. - Schweiz. Mineral. Petrogr. Mitt., 56, 413-426. Ziirich.

- (1981): Petrology of chlorite-spinel marbles from NW
Spitsbergen (Svalbard). - Lithos, 14, 203-213. Oslo.

- (1982a): Mechanism of mineral reactions inferred from textures
of impure dolomitic marbles from East Greenland. - J.
Petrology, 23, 325-343. Oxford.

(1982b): On the mechanism of contact aurecle formation in do-
lomitic country rock by the Adamello intrusion (northern Italy).
- Amer. Mineralogist, 67, 1101-1117. Washington.

Biittner, S. - Kruhl, J. H. (1995): The evolution of a late - variscan
high-T-low P region: the south-eastern margin of the Bohemian
Massif, - J. Czech Geol. Soc., 3, 40, 4-5. Praha.

Cerny, P. - Stanék, J. - Novdk, M. - Badsgaard, H. - Rieder, M. -
Ottolini, L. - Kavalovd, M. - Chapman, R. (1995): Geochemical
and structural evolution of micas in the RoZnd a Dobra Voda
pegmatites, Czech Republic. Mineralogy and Petrology, 55,
177-202. Wien, New York,

Chdb, J. - Suk, M. (1977): Regionalni metamorféza na tizemi Cech
a Moravy. - Knih. Ustf. Ust. geol., 50. Praha.

Ferry, J. M. (1991): Dehydration and decarbonation reactions as a
record of fluid infiltration. In: D, D. Kerrick (ed.): Contact me-
tamorphism, Reviews in Mineralogy, 26. - Mineral. Soc. Amer.,
26, 351-393.

- (1992): Regional metamorphism of the Waits River formation,
Eastern Vermount: Delineation of a new type giant metamorp-
hic hydrothermal system. - J. Petrol., 33, 45-94. Oxford.

Fuchs, G. (1991): Das Bild der Bshmischen Masse im Umbruch. -
Jb. geol. Bundesanst., 134, 701-770. Wien.

Glassley, W. E. (1976): High grade regional metamorphism of some
carbonate bodies: Significance for the orthopyroxene isograd. -
Amer. J. Sci., 275, 1133-1163. New Haven.

Greenwood, H. J. (1975): Buffering of pore fluids by metamorphic
reactions. - Amer. J. Sci., 275, 573-594. New Haven.

Heinrich, W. - Metz, P. - Bayh, W. (1986): Experimental investiga-
tion of the mechanism of the reaction: 1 tremolite + 11 dolomi-
te = 8 forsterite + 13 calcite + 9 CO> + | H20, An SEM study.
- Contr. Mineral. Petrology, 93, 215-221. Berlin, New York.

Hiigelsberger, H. (1989): Die Marmore und Kalksilikatgesteine der
Bunten Serie - Petrologische Untersuchungen und geologische
Konsequenzen. - Jb. Geol. Bundesanst., 132, 213-230, Wien.



146

Journal of the Czech Geological Society 41/3-4(1996)

Holub, F. V. (1988): Hlubinné procesy vzniku draselnych lamproid-
nich magmat Ceského masivu. - Acta Univ. Carol., Geol., 4,
482-484, Praha.

Holub, F. V. - Rossi, P. - Cocherie, A. (1996): Nové vysledky dato-
vén( stfedoCeského plutonického komplexu a jejich implikace. -
Abstrakta semindfe Skupiny tektonickych studii, 15-16. Jesenik.

Houzar, S. (1985): Pfisp&vEk k petrografii reakdnich vapenatych
skarnd u Sokoli na Tfebi¥sku. - Pfirodovéd. Sbor.
Zapadomorav, Muz., 14, 9-21. Tfebi¢.

Houzar, . - Novdk, M. (1991): Dolomite marbles at contact of the
Moldanubicum and Moravicum in the area between Jasenice
and Oslavany. - Acta Mus. Moraviae, Sci. nat., 76, 83-94. Brno.

- (1995): Moldanubian marbles and regional subdivisions of the
Moldanubicum. - J. Czech Geol. Soc., 40, 3, 15. Praha.

Kerrick, D. M. - Lasaga, A. C. - Raeburn, S. P. (1991): Kinetics of
heterogeneous reactions. fn: D. D. Kerrick (ed.): Contact meta-
morphism, Reviews in Mineralogy, 26. - Mineral. Soc. Amer.,
26, 583-671.

Kretz, R. (1983): Symbols for rock-forming minerals. - Amer.
Mineralogist, 68, 277-279. Washington.

Moore, J. N. - Kerrick, D. M. (1976): Equilibria in siliceous dolomites of
the Alta aureole, Utah. - Amer. J, Sci., 276, 502-524. New Haven.

Némec, D, (1973). Das Vorkommen der Zn-Spinelle in der
Bohmischen Masse. - Tschermaks mineral. petrogr. Mitt., 19,
95-109. Wien.

- (1982): Randaplite des Massivs von Trebid-Mezifici
(Westmihren). - Chem. d. Erde, 41, 7-17. Berlin.

Novdk, M. (1987): Metamorfované karbonétové horniny pfi severo-
vychodnim okraji moldanubika. - Acta Mus. Morav., Sci. nat.,
79, 5-28, Brno.

- (1988): Petrologie metamorfovanych dolomitickych hornin pfi
severovychodnim okraji moldanubika. - MS Kand. dis. price,
Ptirodovéd. fak. UK. Praha.

- (1989). Metamorféza dolomitickych homin pfi severovychodnim
okraji moldanubika. - Acta Mus. Moraviae, Sci. nat., 74, 7-51. Brno.

Novék, M. - Houzar, S. - Srein, V. (1997): Gahnite-bearing marbles
in the eastern part of the Bohemian Massif and their implicati-
on. J. Czech Geol. Soc. 42, 1-2, Praha

O'Brien, P. J. - Carswell, D. A. (1993): Tectonometamorphic evo-
lution of the Bohemian Massif: evidence from high pressure
metamorphic rocks. - Geol. Rdsch., 82, 531-555. Stuttgart.

Olesch, M. - Seifert, F. (1976): Stability and phase relations of tri-
octahedral calcium brittle micas (clintonite group). - J. Petrol.,
17, 291-314. Oxford.

Petrakakis, K. (1986): Metamorphism of high-grade gneisses from
the Moldanubian zone, Austria, with particular reference to the
garnets. - J. Metamorphic Geol., 4, 323-344. Boston.

Rejl, L. - Sedldk, J. (1987): Pfinos geofyzikdlniho mapovéni 1:25
000 k poznani geologické stavby a metalogeneze tiebi¢ského a
jihlavského masivu. - Geol. Priizk., 5, 134-136. Praha.

Rice, J. M. (1977a): Contact metamorphism of impure dolomitic 1i-
mestone in the Boulder aureole, Montana. - Contr. Mineral.
Petrology, 59, 237-259. Berlin, New York.

- (1977b): Progressive metamorphism of the impure dolomitic li-
mestone in the Marysville aureole, Montana. - Amer. J. Sci.,
2717, 1-24. New Haven.

- (1979): Petrology of clintonite-bearing marbles in the Boulder au-
reole, Montana. - Amer. Mineralogist, 64, 519-526. Washington.

- (1980a): Phase equilibria involving humite minerals in impure
dolomitic limestones: Part 1. Calculated stability of clinohumi-
te. - Contr. Mineral. Petrology, 71, 219-235. Berlin, New York.

- (1980b): Phase equilibria involving humite minerals in impure
dolomitic limestones: Part 11. Calculated stability of chondrodi-
te and norbergite. - Contr, Mineral. Petrology, 75, 205-223.
Berlin, New York.

Sauter, P, C. C. (1983): Metamorphism of siliceous dolomites in the
high-grade Precambrian of Rogaland, SW Norway. - Geologica
ultraiect., 32, 1-143. Utrecht.

Skippen, G. B, (1974): An experimental model for low pressure me-
tamorphism of siliceous dolomitic marble, - Amer, J. Sci., 274,
487-509. New Haven.

Steyrer, H. P. - Finger, F. (1994): Metamorphic rift basalts and dis-
membered ophiolites of an early paleozoic ocean in the
Southern Bohemian Massif, Austria, - J. Czech Geol, Soc., 39,
1, 108-109. Praha.

Tracy, R. J. - Frost, B. R. (1991): Phase equilibria and thermobaro-
metry of calcareous, ultramafic and mafic rocks, and iron for-
mations. - In: D. D. Kerrick (ed.): Contact metamorphism,
Reviews in Mineralogy, 26, Mineral. Soc. Amer., 207-289.

Ulryeh, J. (1971): Zinc spinel from Lukovskd hora Hill near
Moravské Budgjovice. - Cas. Mineral. geol., 16, 419-422, Praha,

Urban, M. (1990). Tektonicky vyvoj ndméStského granulitového
masivu. - MS Pfirodovéd. fak. UK. Praha.

Veseld, M. - Hrddek, M, - Hrkal, Z. - Manovd, M. - Novdk, J.K, -
Pfihodovd, A. - Salansky K. (1988): Vysvétlivky k zékladni ge-
ologické mapé 1:25 000, 23-421 Brtnice. - UstE. tst. geol. Praha

Vrdna, S. (1992): The Moldanubian zone in southern Bohemia: po-
lyphase evolution of imbricated crustal and upper mantle seg-
ments.- Proceed. Ist Inter. Conf. Bohemian Massif (1988),
331-336. Praha.

Walther, J. V. - Helgeson, H. C. (1980): Description and interpretation
of metasomatic phase relations at high pressures an temperature:
1. Equilibrium activities of ionic species in nonideal mixtures of
CO2 and H0. - Amer. J, Sci., 280, 575-606, New Haven.

Weiss, J. (1977): Fundament moravského bloku ve stavbé evropské
platformy. - Folia Univ. Purkyn. brun., Geol., 17, 13, 1-64, Brno.

Zaydan, A. - Scharbert, H. G. (1983): Petrologie und geochemie
Moldanubischer metamorpher Serien in Raume Persenburg
(sitdwestliches Waldviertel). - Jb. Geol. Bundesanst., 126, 181-
199, Wien,

s

HT/LP metamorféza dolomitickych mramori ve vychodni ¢asti moldanubika; projev tepelného toku spoje-

ného s tfebi¢skym durbachitovym masivem

V dolomitickych mramorech sirdZeckého a moravského moldanubika lze rozligit 3 samostatné metamorfni faze. Jsou to: HT/HP-MP me-
tamorféza M1, HT/LP metamorféza M2 a retrogradni MT-LT/LP metamorféza M3. Posttektonickd HT/LP metamorféza M2 vytvofila v okoli
tfebitského durbachitového masivu (TDM) vyraznou metamorfni zondlnost. Byly vymezeny 4 metamorfni zony s diagnostickymi minerlni-
mi asociacemi: Z6éna A - tremolit + flogopit + dolomit + kalcit; Zéna B - forsterit + chlorit I + kalcit + dolomit; Zéna C - forsterit + chlorit I +
spinel + kalcit + dolomit; Zona D - forsterit + spinel + kalcit + dolomit; Z6na K - klinohumit + spinel + kalcit + dolomit = forsterit =+ chlorit .
Byly zjistény dva odli¥né sméry vyvoje metamorfézy, zobrazené v izobarickém T-Xc o= diagramu. Na zdklad& prabéhu izograd a rozloZeni
metamorfnich zén se zd4 byt velmi pravdgpodobné, Ze zdroj tepla je vdz4n na intruzi durbachitovych hornin, a tok tepla kombinovany s p¥i-
nosem fluid piasobil velmi pravdépodobné v ranych i pozdnich vyvojovych stadiich intruze. Mlad3i leukokratni granitické horniny vyvinuté lo-
kéln& na okraji tfebi¢ského masivu mohly byt zdrojem F, a ovliviiovat tak distribuci chondroditu v mramorech, aviak bez podstatného vlivu na
uvedenou metamorfni zondlnost. Jiny (magmaticky ?) piivod tepla v oblasti tfebi¢ského masivu, souvisejici s hluboko uloZenym krustalnim ne-
bo plastovym zdrojem, nemtiZe byt vylouden, avak dosavadni geofyzikalni ani petrologicky vyzkum jej zatim nepotvrdil. Stafi popsané HT/LP
metamorfézy M2 je odhadovdn zhruba na 340-330 Ma. Tento tidaj je odvozen od radiometrického stafi intruze tiebiského durbachitového ma-
sivu (Pb-Pb, 343 Ma, Holub et al. 1996), a od stafi mladiich postmetamorfnich lepidolitovych pegmatitii (Rb-Sr, 323-306 Ma, Cerny et al.
1995), pronikajicich studovanym metamorfnim komplexem. Studovana oblast je tektonicky znaén& heterogenni a dolomitické mramory jsou
citlivEjsi na slozenf metamorfnich fluid neZ napt. metapelity. Z t&chto daivodit mohou byt mramory ovlivnény v jinych fazich metamorfniho vy-
voje neZ okolni horniny a metamorféza M2 v dolomitickych mramorech nemusi odpovidat metamorféze M2 v metapelitech.



