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Formation conditions of various calcite types and unusual
alteration products of wollastonite in calcite marble
near Nezdice (Varied Group of Moldanubicum), Czech Republic

Podminky vzniku riznych typi kalcitu a pseudomorféz po wollastonitu
v kalcitickém mramoru u Nezdic (pestra skupina moldanubika) (Czech summary)
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Extensive calcite-rich replacements after wollastonite have been found in an abandoned marble quarry near Nezdice, Sumava Mits., sout-
hern Czech Republic. Because any natural reversals of wollastonite reaction both in high-temperature and low-temperature environment
are rare, combined mineralogical and stable isotope study of these pseudomorphs was performed. Other types of calcite observed in the
quarry include marble in the zones of metamorphic decarbonation, hydrothermal vein calcite and calcite related to karstification process.
Stable isotope and fluid inclusion methods were used to study the other types of calcite for comparison purposes.

A plausible scenario of the formation of the calcite pseudomorphs involves the following two step evolution mode:

(1) transformation of wollastonite to optically and X-ray amorphose phase (which could probably result from a high-rate tectonic defor-
mation or shock wave compression), (2) reaction of the relatively unstable amorphose phase with water having high contents of CO> to
CaCOs, mainly in the zone of supergene alteration. Formation of the secondary carbonates during weathering is strongly indicated by
oxygen and carbon isotope composition. The carbonate-rich pseudomorphs after wollastonite still contain relics of the optically and X-
ray amorphose phase which formed by transformation of wollastonite and retains its accicular crystal shape.

Alternative modes of formation of the pseudomorphs, including, e.g., a spontancous decomposition of wollastonite to CaO + SiO2 (due
to shock wave deformation) during the step (1) or high-temperature reaction of a part of wollastonite with calcite (from the enclosing
marble) to larnite, spurrite, or other very high-temperature minerals (also an alternative of step 1) could not be supported by observation;
no remains of CaO or larnite were observed. Such unstable high-temparature minerals formed from wollastonite would transform to
CaCOs-rich pseudomorphs on exposure to water having a high content of COs.

Formation of the pseudomorphs by incongruent dissolution of wollastonite in the zone of weathering is not supported by observation -
wollastonite behaviour as a stable mineral during weathering is well known. Associated diopside, quartz, and primary calcite show no re-
placement by secondary calcite. Stable isotope analyses and fluid inclusion study of calcite crystals coating some open fractures in the
marble quarry indicate that this hydrothermal acivity has no connection with formation of the pseudomorphs after wollastonite.
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Introduction

Many different types of calcite that formed by a wide va-
riety of processes occur in marble bodies in an abandoned
quarry near Nezdice, Sumava Mts., southern Czech
Republic. The marble bodies are located near Nezdice,
OstruZno and Stra3in, embedded in a complex of sillima-
nite-cordierite-biotite gneisses and migmatites located in
the southern part of the Sufice Varied Unit, The SuSice
Varied Unit is a part of the Varied Group of the
Moldanubian rocks of amphibolite facies grade meta-
morphism. The impure marble bodies were influenced by
metamorphic decarbonation reactions involving carbonate
minerals, silicate minerals and metamorphic fluids. Other
decarbonation reactions probably occurred along the con-
tacts of the marble boudin with augite microgranodiorite
dyke which is partly amygdaloidal. Based on paleomag-
netic studies of the dyke (Krs - Vrana 1994), a Lower
Permian age was determined for intrusion of the augite
microgranodiorite. The Nezdice quarry contains hydro-
thermally altered zones and a variety of hydrothermal cal-
cite veins that fill open fractures. The youngest generation
of calcite was formed as a result of weathering of the
marble,

Among various types of calcite present in the marble,
an unusual fine-grained, extensive calcite-rich replace-
ment of wollastonite attracted our attention. Initial X-ray
diffraction studies indicated that aragonite was also pre-
sent in the poly-mineral replacements of wollastonite. In
the Moldanubian marbles and contact skarns, alteration of
wollastonite has not been previously reported. Harley and
Santosh (1995) described natural inversion of the wollas-
tonite reaction under granulite facies conditions, resulting
in approximately stoichiometric aggregate of calcite and
quartz replacing wollastonite. To investigate the extensive
and spontaneous transformation of wollastonite to calcite-
rich pseudomorphs, combined mineralogical, stable isoto-
pe and fluid inclusion study of various carbonate types
present in the Nezdice quarry was undertaken.,

Local geology and studied samples

The marble bodies near Nezdice, Ostruzno and Stra$in are
embedded in a complex of sillimanite-cordierite-biotite
gneisses and migmatites. The peak metamorphic conditi-
ons of the last Variscan high-temperature, low-pressure
metamorphism were estimated at 600-650 °C and 480-540
MPa by Pertoldova (1993) and Lelldk (1993). Minor dy-
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kes of augite microgranodiorite (transitional to quartz
monzodiorite), in part with calcite-chlorite-quartz filled
amygdales, also occur in the surrounding of Nezdice.
Petrology of these dykes indicates extra high temperatures
for the parent melt; one of the dykes is exposed 30 m hig-
her in the slope above the Nezdice quarry.

During the retrograde phases of regional metamorp-
hism, emplacement of granite bodies, and a quick uplift of
this unit, several periods of intensive hydrothermal circu-
lation occurred in the region surrounding the study area.
An abandoned mining district of mesothermal gold-bea-
ring quartz veins was exploited in the past and is prospec-
ted recently close to town of KaSperské Hory, located se-
veral km south of the study area. Ore veins are arranged
here along a regional E-W trending shear zone and are
characterised by minor carbonate deposition during the
younger development phases. In the Nezdice quarry itself,
the marbles are hydrothermally altered on a local scale and
calcite fills open tensional fractures of N-S direction.

The youngest phase of geological development is rela-
ted to weathering processes. The marbles are locally in-
fluenced by karstification, dissolution of carbonates, and
deposition of newly formed calcite of karstic type (flows-
tone films). An unusual type of alteration and weathering
products is represented by the above mentioned CaCOs-
rich pseudomorphs after wollastonite-rich bands in marb-
le, along a tectonically disturbed zone in the central part of
the quarry. The wollastonite layers in calcite marble are up
to 4 cm thick, the alteration is often incomplete. To inves-
tigate the origin of the calcite-rich pseudomorphs, various
carbonate types present in the Nezdice quarry and at near-
by localities were studied (Table 4).

Mineralogical and X-ray diffraction study
of the pseudomorphs after wollastonite

The nearly monomineral wollastonite layers in marble con-
sist of radiating aggregates of wollastonite up to 5 cm long.
The front of alteration transgressed across the radiating ag-
gregates and the original radiating and fibrous pattern is re-
tained by the pseudomorphs which have a chalk-like appe-
arance. The wollastonite-rich horizon with alteration
phenomena is exposed over an area > 10 m®. Wollastonite
replacement is also observed in thin sections on microsco-
pic scale. Alteration is often extensive where wollastonite
formed nearly monomineral aggregates. Distal protrusions
and isolated wollastonite crystals enclosed in primary calci-
te often remain unaltered. It is suggested that this pattern of
wollastonite transformation or preservation may reflect dif-
ferences in plastic deformation properties between calcite
and wollastonite. In calcite-rich domains deformation
would be accomodated dominantly by calcite.

The pseudomorphs are bound by the frame of the for-
mer wollastonite-primary calcite interfaces, i.e., interfaces
between primary calcite and the pseudomorph aggregate
are common. Microscopic and SEM observations show
that individual crystals comprising the pseudomorphs are

less than 1 pym in diameter. Two hand-picked samples
(samples SNZ 1, and SN 44, Table 1) of the pseudomorphs
were used for X-ray mineral identification. Sample SNZ, |
shows little evidence of weathering. However, minor po-
rosity in sample SN 44 suggests that weathering has af-
fected this sample. For both samples an untreated sample
and insoluble residue after leaching in 9% HCI were stu-
died by X-ray diffraction (Table 1). Because of the nature
of the samples, a small amount of marble matrix around
the pseudomorphs, estimated to < 20 wt. %, was also pre-
sent in the selected material. This matrix component con-
tributes calcite, diopside and quartz to the sample analy-
zed (Tables 1 and 3).

Table 1. X-ray identification of phases in the pseudomorphs

Sample No.  Untreated sample Residue after leaching in 9% HCI
SN 44 calcite diopside

quartz quartz

aragonite

diopside
SNZ 1 calcite wollastonite

quartz quartz

wollastonite diopside

diopside

The X-ray measurements were conducted using the difractograph Dron
3, Cu/Ni radiation at 35 kV, 20 mA, in the range 4.00 to 74.00 °20, step
0.05 °2©

Mineral compositions in wollastonite marble contai-
ning the pseudomorphs were studied by microprobe ana-
lysis (Table 2). The pseudomorphs produce poor quality,
uneven surface which affects quality of measurements.
Several compositions measured on the pseudomorphs are
plotted in Fig. 1 after recalculation to 100 %. One sample
of the pseudomorphs, No. SNZ 1, 2 g in weight, was used
for wet analyses (Table 3).

Optical microscopy of the insoluble residue from sam-
ple SN 44 in grain mounts using immersion liquids shows
the presence, besides diopside and quartz, of abundant iso-
tropic fibres, which represent alteration product of former
wollastonite. The fibres have brownish-grey colour and
exhibit irregular non-planar features running approximate-
ly across the fibres. Due to the small width of the fibres,
their composition remains unknown. X-ray measurements
(Table 1) indicate that this material is probably amorp-
hous. In sample SNZ 1 the insoluble pseudomorphs are
present besides fresh wollastonite (P1. Id).

These observations show that the optically isotropic
pseudomorphs after wollastonite seen in thin sections are
composed of two types of material, which are not resolved
by optical microscopy: (1) very fine-grained (<1 um) aggre-
gates rich in calcite (+ some SiOz), which appear isotropic
because of the small grain size and (2) isotropic and probab-
ly X-ray amorphose pseudomorphs after wollastonite, which
retain approximately the shape of former wollastonite cry-
stals (P1. Id) and which are insoluble in 9% HCI.

The composition of the pseudomorphs indicated by
wet analysis (Table 3) and a relatively more homogeneous
group of compositions calculated from the microprobe
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Table 2. Electron microprobe analyses of minerals in wollastonite
marble; sample SN 44

Mineral Diopside Wollastonite Calcite
(n=9) (n=3) (n=2)
Si02 55.45 51.35 0.12
TiO2 0.03 0.00 0.00
Alx03 0.22 0.08 0.05
FeQ 0.52 0.04 0.00
MnO 0.02 0.00 0.05
MgO 17.79 0.11 0.06
CaO 26.06 48.10 55.83
Na-O 0.17 0.05 0.12
K20 0.02 0.01 0.00
CO2 n.d. n.d. 377"
Total 100.28 99.74 100.00™
Number of cations (0=6) (0=3) (0=6)
Si 2.010 0.995 0.033
Al 0.010 0.002 0.002
Cr 0.001 0.002 0.000
Ti 0.001 0.000 0.000
Fe 0.016 0.001 0.000
Mn 0.001 0.000 0.001
Mg 0.956 0.003 0.003
Ca 1.006 0.999 1.979
Na 0.012 0.002 0.008
K 0.001 0.000 0.000
C - - 1.972

bands in phlogopite, local brittle disintegration of calcite
in subgrain mosaic, plastic deformation of calcite inclu-
ding rotation of cleavage planes by angles of up to 40°,
and a strong undulous extinction in quartz. The absence of
planar deformation features in quartz indicates that dyna-
mic compression was <5 GPa.

C0s

o .

" - COg calculated to 100 % of analysis
All iron calculated as FeO

Table 3. Wet chemical analysis of pseudomorphs after wollastonite

Si02  24.11 NaO  0.03 Calculated mineralogical
TiO2  <0.005 K20 0.04 composition, wt.%
Al2Os  0.34 P20s 0.07

Fe20s"  0.08 CO> 2882 CaCO3 65.4
MnO 0.015 LoI" 0.53 SiO2 16.1
MgO 1.59 H-0" 046 diopside 8.6
CaO  41.84 Total  98.20 wollastonite 6.2

LOI™ loss on ignition, value after subtraction of CO» and H20"
The analysis was made in the Chemical Laboratory of the Czech
Geological Survey, Prague; Analyst: J. Sikl

analyses are plotted in Fig. 1. The compositions are shif-
ted from the wollastonite-calcite join towards the SiO»
apex, in agreement with the presence of quartz and diop-
side originating from the marble matrix around the pseu-
domorphs. The composition of the pseudomorphs is do-
minated by CaCOs which implies a significant CaCOs
metasomatism and desilication of the wollastonite sites.
As seen in Fig. 1, composition of the pseudomorphs also
can derive from carbonation of one of the very high-tem-
perature minerals arising by reaction of wollastonite with
calcite, i.e., larnite, hatrurite, spurrite or tilleyite. We have
found no evidence for a former presence of these minerals.

Deformations observed in thin sections are of interest
for the mode of formation of amorphose pseudomorphs
after wollastonite. Several examples of deformation textu-
res are documented in Pl. I, which also shows relations of
pseudomorphs after wollastonite to preserved wollastoni-
te. In summary, deformations observed include mosaicism
in wollastonite, deformation twinning in diopside (PI. Ie)
and titanite, birefrigence fringes in diopside (Pl. If), kink-

a0 Ht Lr Wo Si0,

Fig. 1. Composition of pseudomorphs after wollastonite plotted in CaO-
$i02-COz triangle. Phases actually present: Cc - calcite, Ar - aragonite,
Wo - wollastonite, SiO2 - quartz. Several high-temperature phases, not
found in the samples studied, are shown for discussion of a possible mo-
de of formation of the pseudomorphs: Lr - larnite, Ht - hatrurite, Sp -
spurrite, and TI - tilleyite

m composition of the pseudomorphs - wet analysis of handpicked sam-

ple SNZ 1 (Table 3)
e microprobe analyses of the pseudomorphs, sample SN 44

A theoretical composition of pseudomorphs after wollastonite following
the carbonation reaction CaSiO3 + CO2 —> CaCOs3 + Si0O-

Carbonation of wollastonite

The preservation of remains of the amorphose phase after
wollastonite in the pseudomorphs indicate the following
mode of formation of pseudomorphs after wollastonite:

two step alteration including: (1) transformation of
wollastonite to optically and X-ray amorphose phase
(which could probably result from a high-rate tectonic de-
formation or shock wave compression), (2) reaction of re-
latively unstable amorphose CaSiOs with CO», when ex-
posed to water with high contents of CO», mainly in the
zone of supergene alteration. The microscopic-scale de-
formations in wollastonite and the presence of abundant
isotropic needles, which represent alteration products of
former wollastonite indicate that this is the most probable
mode of formation of the pseudomorphs. The carbon and
oxygen isotopic compositions measured in the CaCQOs-
rich pseudomorphs after wollastonite support the alterna-
tive of a late supergene carbonation.

Alternative modes of formation of the pseudomorphs,
including, e.g., a spontaneous decomposition of wollasto-
nite to CaO + SiO- (due to shock wave deformation) du-



20

Journal of the Czech Geological Society 42/1-2(1997)

ring the step (1) or high-temperature reaction of a part of
wollastonite with calcite (from the enclosing marble) to
larnite, spurrite, or other very high-temperature minerals
(also an alternative of step 1) could not be supported by
observation; no remains of CaO or larnite were observed.
Leaching of untreated pseudomorph sample SN 44 in de-
stilled water continuously charged with gaseous nitrogen
resulted in pH 9.3 of the solution, indicating only a trace-
level concentration of (OH)™ ions. Unstable high-tempara-
ture minerals formed from wollastonite would transform
to CaCOs-rich pseudomorphs on exposure to water ha-
ving a high content of CO5 (step 2).

Single-step modes of formation of the pseudomorphs
such as incongruent dissolution of wollastonite, and repla-
cement by CaCOas, in the zone of weathering is not sup-
ported by observation - wollastonite behaviour as a mine-
ral stable during weathering is well known. The associated
diopside, quartz and primary calcite show no replacement
by secondary calcite.

The most reasonable explanation for the formation of
the wollastonite pseudomorphs is provided by two-step
evolution mode, which is supported by the presence of the
amorphose phase after wollastonite in the pseudomorphs.
It is suggested that amorphose CaSiOs is susceptible to
carbonation in the zone of weathering in contrast to cry-
stalline wollastonite, for which no report of alteration un-
der such conditions seems to exist. It is also noted that
high resolution transmission electron microscopy, which
could not be used in the course of this study, may provide
a more conclusive information on mechanism of wollasto-
nite transformation to the pseudomorphs.

Stable isotope and fluid inclusion study

Samples representing all distinct types of calcite observed
in the Nezdice quarry and surroundings were selected for
the stable isotope study. The description of individual
samples and stable isotope data are given in Tab. 4.

Analytical methods

For the carbon and oxygen isotopic determination on car-
bonates the samples were reacted with 100% HsPO4 at
25 °C under vacuum (McCrea 1950). Carbon and oxygen
isotopic determinations were performed on a Finnigan
MAT 251 mass spectrometer. Results are expressed in
usual & notation relative to international V-PDB standard.
The 8'#0 values related to V-SMOW standard were deri-
ved by recalculation. Overall analytical error was + 0.1 %
for both carbon and oxygen isotope determination.

Fluid inclusions were studied in cleavage flakes of calci-
te using optical microthermometrical methods of homogeni-
zation and cryometry on a CHAIXMECA heating and free-
zing stage, which enables observation of phase changes
inside fluid inclusions in the temperature range from -180 °C
to +600 °C. The apparatus was calibrated using MERCK
chemical standards and the triple points of water and CO».

Carbon and oxygen isotope composition

The carbon and oxygen isotope compositions of the sam-
ples of impure calcite marbles, are plotted in the 880 vs.
8'3C diagram shown in Fig. 2, and are shifted slightly
from the field typical for non-metamorphosed limestones.
This usual isotope shifts to lower §'®0 and §'3C values
are mostly related to decarbonation reactions. During
high-temperature metamorphic reactions, the CO that es-
capes from the metamorphosed rock sequence has slight-
ly higher 8'®0 and 8"'>C values than the original marble.
As a result of this the 880 and 8'3C data of the residual
marble are shifted to lower isotopic values (see Zik -
Sztacho 1994, for review of literature related to this pro-
cess and for data from other marble bodies in the
Moldanubian unit). To trace this process in detail, a profi-
le perpendicular to marble contact with granitic dyke was
sampled and analysed (see data in Tab. 4 and analytical
points in Fig. 2, connected by dashed line). Sample SN 64
which is more shifted to lower 8" #O values is influenced
also by interaction with circulating hydrothermal fluids.

Samples of calcite from hydrothermal veins have a nar-
row range of 8'>C values but a very wide range of 820
values. Coarse/blocky hydrothermal calcite (sample SN
63) that completely fills open N-S trending fractures (width
up to 8 cm) with crystals up to 6 cm in diameter have §'#0
value of +8.2 %o (SMOW). The highest homogenization
temperature of fluid inclusions (see below) recorded in this
type of calcite are as high as 180 °C. Calculated oxygen
isotopic composition of hydrothermal fluids at this tempe-
rature is - 2 %o (SMOW). Such a value is typical for waters
with relatively shallow circulation in the crust which had
undergone only partial oxygen isotope exchange with hot
magmatic and/or metamorphic rocks or some type of wa-
ters derived from sedimentary basins.

The sample SN 64 showed 8'%0 value of +18.1 %o
(SMOW). Using the Th of fluid inclusions in this type of
calcite, an oxygen isotopic composition of the fluid is cal-
culated to be approximately of +3 %o (SMOW). This va-
lue is typical for waters with relatively shallow circulation
in the crust that have undergone limited oxygen isotope
exchange with hot magmatic and/or metamorphic rocks or
it represents some type of water from sedimentary basins.

Carbon and oxygen isotopic compositions of recent
calcite flowstone films deposited by meteoritic waters in
karst systems (karstic-type waters) fit well into the typical
field of cave carbonates of Bohemia.

Calcite (and aragonite) phase from CaCOs-rich pseu-
domorphs after wollastonite show oxygen isotopic compo-
sition similar to values typical for Bohemian cave carbona-
tes (carbonates deposited from recent meteoric waters
under temperature close to average surface year temperatu-
re). The oxygen isotopic composition of such calcite is
controlled only by temperature and the oxygen isotopic
composition of water that deposited the calcite. The oxy-
gen isotopic composition of the marble has no influence.
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Fig. 2. Carbon and oxygen isotopic composition of carbonates from the Nezdice quarry. Data for marble and for calcite-rich pseudomorphs from the

same sample are connected by an arrow
In contrast, the carbon isotopic composition of such

calcite types results from mixing of carbon derived from
the dissolved marble (§*>C values close to -4 %o) and car-

Table 4. Carbon and oxygen isotope data of carbonates

bon dioxide of soil origin, derived by the bacterial oxida-
tion of organic matter in soils. The 6'>C values of soil
CO2 origin usually are about -25 %o, and depend on the cli-

Anal. Sample §'3C 580 880
No. No. Location Sample description (PDB) (PDB) (SMOW)
1 SN 59 Nezdice quarry Impure calcite marble, calcite replaced by chlorite and quartz -4.3 -12.3 18.2
2 SN 60 Nezdice quarry Porous impure marble showing hydrothermal alteration -3.7 -13.6 16.9
3 SN 60 Nezdice quarry The same sample, less altered zone -3.6 -13.6 16.8
4 SN 62 Nezdice quarry Colourless calcite crystals coating walls of N-S trending open fractures -5.6 -6.7 23.9
5 SN 62 Nezdice quarry Impure marble from the same sample -4.3 -13.0 17.5
6 SN 63 Nezdice quarry Coarse/blocky hydrothermal calcite completely filling open N-S trending
fractures, crystals up to 6 cm, thickness of the vein 8 cm -7.9 -22.0 8.2
7 SN 64 Nezdice quarry Colourless calcite crystals coating walls of N-§ trending open fractures -4.8 -12.3 18.1
8§ SN 64 Nezdice quarry Impure marble from the same sample -6.4 -19.4 10.9
9 SN 67 Nezdice quarry Recent calcite flowstone films deposited by karstic-type waters -8.4 -8.1 22.5
10 SN 66 OstruZno Impure marble adjacent to granitic dyke, distance 15 ¢m from the contact -3.9 -10.5 20.0
11 SN 66 Ostruino The same sample, distance 3 cm from the contact -3.9 -11.9 18.6
12 SN 66 Ostruzno The same sample, distance 2 cm from the contact -4.3 -13.8 16.7
13 SN 66 OstruZno The same sample, distance 1 ¢cm from the contact -4.4 -14.1 16.3
14 SN 66 OstruZzno The same sample, distance 0.5 cm from the contact -5.6 -14.6 15.9
15 SN 70 OstruZno Impure marble close to granitic dyke, another sampling site -4.2 -12.7 17.8
16 SN 72 Nezdice quarry White marble, usual type, less disturbed -4.0 -10.1 204
17 SN 43 Nezdice quarry Impure calcite marble (+diopside, wollastonite, phlogopite, quartz) with calcite
pseudomorphs after wollastonite, calcite + aragonite pseudomorphs -15.1 -7.6 23.1
18 SN 43 Nezdice quarry The same sample, marble without pseudomorphs -6.1 -15.6 14.8
19 SN 44 Nezdice quarry Impure calcite marble (xdiopside, wollastonite, phlogopite, quartz) with calcite
+ aragonite pseudomorphs after wollastonite, calcite pseudomorphs -13.5 -8.3 223
20 SN 44 Nezdice quarry The same sample, marble without pseudomorphs -6.7 -16.8 13.6
21 SN 24 Kadesice Augite microgranodiorite dyke with calcite-quartz-chlorite amygdales,
calcite from amygdales -14.3 -20.5 9.7
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Fig. 3. Salinity vs. Th diagram for studi-
ed inclusions in hydrothermal calcite
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mate and vegetation in the area. The carbon isotopic com-
position of CaCOs5 -rich pseudomorphs after wollastonite
showed lower 8'2C values than analysed karstic calcite.
This can be a result of either higher proportion of soil-de-
rived CO» in the pseudomorphs relative to karstic type
calcite or by the formation of CaCOs forms in respective
samples under different climatic conditions.

Fluid inclusions

Fluid inclusions were studied in three samples of hydrot-
hermal calcite (SN 63 - vein type, SN 64 and SN 62 - cal-
cite crystals coating walls of fractures).

Several genetic types of aqueous inclusions were ob-
served in vein type of calcite (SN 63). The oldest inclusi-
ons, probably pseudosecondary (PS in Table 5 and Fig. 3),
occur along short fluid inclusion planes and have consi-
stent liquid to vapour ratio with 10 vol. % of vapour pha-
se. Temperatures of homogenization (Th) vary between
157 and 184 °C, salinity is low, from 0.2 to 1.9 wt. % NaCl
equiv. (after Bodnar 1993).

Table 5. Fluid inclusion data of hydrothermal calcites

samples from the Nezdice quarry.

Later secondary fluid inclusions in this calcite type are
represented as fluid inclusion planes mostly following cle-
avage planes. Two distinct types of inclusions with diffe-
rent Th, salinity, and composition of solution were found
(S1 and S2). While S2 inclusions have Th from 62 to 68 °C
and low salinity from 0.2 to 0.5 wt. % NaCl equiv., S1 inc-
lusions have higher Th between 72 and 92 °C and salinity
is in the range from 5.6 to 22.7 wt. % NaCl equiv. The tem-
peratures of melting of hydrohalite (Tmnn = -23.6 1o
-23.9 °C) and temperatures of eutectic (Te) between -52.1
and -55.2 °C in inclusions with higher salinity indicate
H>0-NaCl-CaCl> fluid composition with up to 7 wt. % of
CaClz and 10 wt. % of NaCl. This can indicate an influx of
later high salinity fluid with greater content of CaCls.

Analogous aqueous inclusions occur in calcite crystals
of sample SN 64. Primary and pseudosecondary inclusi-
ons (small three-dimensional clusters or short fluid inclu-
sion planes, P in Table 5 and Fig. 3) have more or less con-
sistent liquid to vapour ratio with about 10 vol. % of
vapour phase. Th ranges from 119 to 149°C, salinity is
low, from 0.2 to 1.7 wt. % NaCl equiv.

Sample No. | Genetic type Th (°C) Te (°C) Tmpn (°C) Tmjce (°C) Salinity NaCl CaCly
of inclusions (wt. % NaCl equiv.) (wt. %) (wt. %)
SN 62 S -0.5t0-0.7 09-1.2
SN 63 PS 157 - 184 0.1 to-1.1 02-19
S1 72-92 -52.1t0-552 | -23.6t0-239 | -3.4to0-204 5.6-227 6-10 4-7
S2 62 - 68 -0.1t0-0.3 0.2-05
SN 64 P 119 - 149 -0.1to-1.0 02-1.7
Sl 74 - 105 -37.0 -0.1to-1.8 0.2-3.1
S2 51-63 -39.0t0-59.0 | -15.6t0-22.3 | -20.2to -25.6 22.5-26.0 12 - 14 12

Explanation: Th - temperature of homogenization, Te - temperature of eutectic, Tmnn - temperature of melting of hydrohalite (NaCl . 2Hz0),
Tmice - temperature of melting of ice, P - primary inclusions, PS - pseudosecondary inclusions, S - secondary inclusions
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Two generations of secondary inclusions (S1 and §2)
with different Th and salinity were observed in sample SN
64. The S1 inclusions have Th from 74 to 105 °C and sa-
linity from 0.2 to 3.1 wt. % NaCl equiv. In contrast, the S2
inclusions are characterized by Th from 51 to 63 °C and
high salinity between 22.5 and 26 wt. % NaCl equiv. The
Te temperatures in S2 inclusions ranging from -37.0 to
-59.0 °C suggest that the solutions consist of CaCl, and
NaCl with possible minor MgCl, and KCl admixture
(Borisenko 1977).

In colourless calcite crystals of sample SN 62 virtual-
ly secondary only single-phase liquid-only aqueous inclu-
sions were found with salinity from 0.9 to 1.2 wt. % NaCl
equiv. Much higher 8"#0 values of this calcite type pro-
bably reflect notably lower temperatures of deposition
close to 60-70 °C.

Discussion

Numerous studies of wollastonite-bearing assemblages
from areas of high-grade metamorphism and contact me-
tamorphic environments indicate that wollastonite persists
(metastably, in part) under conditions of decreasing tem-
peratures up to conditions of surficial weathering, without
noticeble alteration.

Harker and Tuttle (1956) succeeded in reversing the
wollastonite reaction: CaCO3 + Si0Oz ==> CaSiOs + CO-
under moderate temperatures by introducing CO- into ex-
perimental charges. It is therefore surprising that examples
of natural reversal are seldom reported. Harley and
Santosh (1995) described wollastonite carbonation which
took place under conditions of high-grade metamorphism
and COz influx from an abyssal source. Composition of
the granular mosaic of calcite and quartz replacing wol-
lastonite in Kerala samples corresponds approximately to
stoichiometry of the reversed wollastonite reaction.

The pseudomorphs described from Nezdice do not cor-
respond to this mode of formation by having a very fine-
grained texture (<1pm), by deviating strongly from stoi-
chiometry of the carbonation reaction (desilication), by
the presence of aragonite besides calcite in one sample, by
weathering profile signature of the oxygen and carbon iso-
topes in carbonates in the pseudomorphs, and by the pre-
sence of an amorphose phase after wollastonite.

An acceptable scenario is provided by a two-step evo-
lution mode. An amorphose alteration product of wollas-
tonite accompanies secondary carbonates and minor SiO»
in the pseudomorphs. It is suggested that the optically iso-
tropic and probably X-ray amorphose phase after wollas-
tonite is the unstable phase which reacted to secondary
carbonates in the zone of weathering. The isotope infor-
mation on secondary carbonates indicates that late stages
of evolution of the pseudomorphs correspond to superge-
ne (near surface weathering) alterations.

Aragonite is present in pseudomorphs after wollastoni-
te in sample SN 44 (Table 1), showing effects of weathe-
ring. However, as morphological position of aragonite in

the wollastonite pseudomorphs is unknown, conditions of
its crystallisation are unclear.

Among the different types of calcite samples studied,
only the recent flowstone films have carbon and oxygen
isotopic composition similar to the calcite + aragonite
pseudomorphs after wollastonite. Hydrothermal calcite
veins exhibit very wide range of oxygen isotope data be-
cause of the involvement of several fluid types and gradu-
al temperature drop. Nevertheless, none of these hydrot-
hermal fluids could produce studied pseudomorphs after
wollastonite.

Hydrothermal vein calcites formed under relatively
wide thermal conditions. The vein type (sample SN 63)
formed at temperatures from 160 up to 190 °C and calcite
crystals coating walls of open fractures at temperatures
120 to 150 °C (SN 64), and 60 to 70 °C (SN 62). Salinity
of early fluids was low to moderate, from 0.2 to 2 wt. %
NaCl equiv.

On the contrary, later penetrating fluids, characterized
by secondary fluid inclusions, had high salinity up to 26 wt.
% and greater content of CaClo. Similar fluid types were re-
corded at numerous localities of post-Variscan fluid circula-
tion in western part of the Bohemian Massif (Behr et al.
1993, Dobes et al. 1995) and are related to shallow to mo-
derate depths of fluid circulation in the crust, not related to
Variscan magmatic and metamorphic events.
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Podminky vzniku rznych typi kalcitu a pseudomorféz po wollastonitu v kalcitickém mramoru
u Nezdic (pestrd skupina moldanubika)

V lomu u Nezdic v jihozdpadnich Cechéch jsou odkryté wollastonitem bohaté polohy v kalcitickém mramoru s pomémné rozséhlou pfemnou wollas-
tonitu v sekundérni pseudomorfézy. ProtoZe piirodni vyskyty zp&tného pribghu wollastonitové reakce jsou vzacné, byly tyto pseudomorfézy podro-
beny mineralogickému a izotopickému studiu. Pro srovndvaci tigely a pro interpretaci zpisobu vzniku pseudomorféz byly s pouZitim analyzy stabil-
nich izotopii studovany vzorky mramoru ze zény metamorfni dekarbonizace, kalcit hydrotermélnich Zil a povlaky kalcitu vzniklé b&hem subrecentniho
krasovEni. Studium fluidnich inkluzi v hydrotermdlnim kalcitu poskytlo informace o teplotdch a sloZeni piislu$nych fluid. Ziskana data nasv&dguji
dvouetapovému vyvoji pseudomorféz: (1) pfemé&na wollastonitu v opticky izotropni a pravdépodobné rentgen-amorfni fizi; moZnou ptitinou této ne-
obvyklé transformace by mohla byt tektonicka deformace (s vysokym podilem deformace v ¢ase) nebo deformace Zokovou vinou, (2) reakce relativ-
né& nestabilni amorfni faze s vodou obsahujici zvySenou koncentraci HCO5™, produkujici CaCQa; izotopické sloZeni O a C nasv&déuje uplatnéni této
reakce v zon€ zvétrdvani, za i&asti CO, vznikajiciho pidni oxidaci organickych litek. Zatladovani izotropni faze po wollastonitu sekundarnimi kar-
bonaty (pfevaZné kalcit, z&4sti i aragonit) probihalo s &4stenym odnosem kiemiku a vysledné pseudomorfézy jsou znaéné bohat§i CaCOa, ne by od-
povidalo reakei CaSiOs + CO2 = CaCOs3 + SiO». Zbytky izotropni fize po wollastonitu se jeSts vyskytuji uvnitf pseudomorféz. Alternativni zptisoby
vzniku pseudomorfdz, zahrnujici napf. sponténni transformaci wollastonitu na smés CaO + SiO- [hypoteticky ucinek Sokové viny, jakoZto alternativa
etapy (1)], nebo vysokoteplotni reakci &asti wollastonitu s okolnim kalcitem v mramoru [rovnéZ alternativa etapy (1)] na larnit, spurrit nebo jiné vel-
mi vysokoteplotni minerdly, nenachdzeji podporu v pozorovani; nebyly zjidt&ny zbytky CaO nebo larnitu. Takovéto alternativni produkty by také rea-
govaly s HCO3"™ ve vodé€ na CaCOs5 (+Si0>). Dosavadni literdrni data o chovéni wollastonitu v zéné zvétravani nenasvédeuji mozZnosti vzniku pseu-
domorféz inkongruentnim rozpousténim wollastonitu - tento minerél se chovd v podminkach zvétravani jako znaéné staly. SdruZeny diopsid, kiemen
a kalcit nejsou postiZeny zatlafovanim sekundarnimi karbondty. Analyzy stabilnich izotopi a studium fluidnich inkluzi v krystalech hydrotermélniho
kalcitu narostlych na trhlinich v mramoru sv&dgi o tom, Ze jejich vznik nem4 spojitost se vznikem pseudomorfdz po wollastonitu.

< Explanation of plate I

a. Deformed calcite in wollastonite marble, sample SN 43. The NW trending fractures (darkened), parallel to (101) are displaced by the NE trending
cleavage. Irregular open fractures are filled by younger calcite (indicated by arrows). Single polarizer. Width of the area shown 0.6 mm,

b. Thin prisms of wollastonite (Wo, white, near centre), enclosed in calcite (Cc) are preserved unaltered. Former wollastonite aggregate in the lower
part is completely altered to isotropic pseudomorph material (WoP). Sample SN 44. Crossed polarizers. Width of the area shown 1.8 mm,

c. Wollastonite in the large central aggregate (Wo) is of a motled appearance and shows incipient alteration. Former wollastonite in lower left is com-

pletely altered to isotropic pseudomorph material (WoP); granular mosaic of calcite (Cc) in upper right. Sample SN 44. Single polarizer. Width of

the area shown 1.8 mm,

Fresh transparent wollastonite (Wo) and grey, isotropic pseudomorphs after wollastonite (WoP) in immersion liquid. The longest pseudomorph is

deformed and shows notch-like recessions. Insoluble residue after leaching of sample SNZ 1 in 9 % HCL Single polarizer. The largest pseudomorph

fragment is 0.10 mm long,

Deformation glide twinning of diopside on (001). The two lighter lamellae at the base are moved towards observer. The crystal fragment, 70 pm

long, is mounted in immersion liquid. Sample SN 44. Crossed polarizers,

Centrally positioned diopside (Di) shows several interference fringes corresponding to individual dislocations bounding disoriented portions (hence

with variable birefrigence) of a former single crystal of diopsi.dc. Calcite (Cc) and wollastonite (Wo) are present next to diopside. Wollastonite de-

veloped notable mosaicism and interference fringes, not visible in this figure. Sample SN 43, Crossed polarizers. Width of the area shown 1.5 mm
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