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Abstract
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Petrografie, mineralogie, geochemie a genetické aspekty ložiska typu Lahn-Dill Malý Děd (= Leiterberg)
v devonské vrbenské skupině (silesikum), Česká republika

The Lahn-Dill type deposit of Malý Děd located in the Silesian domain is a part of the Devonian
metasedimentary and metavolcanic cover rocks (Vrbno Group) that contain about 30 small Lahn-Dill
type iron-ore occurrences. The Malý Děd deposit occurs in close association with muscovite-biotite gneiss
of the Precambrian Desná Dome. The investigations involved detailed petrographic-petrological studies
supported by whole-rock geochemical, mineral (amphibole, biotite, chlorite, carbonate, feldspar,
magnetite and ilmenite) and fluid inclusion studies.

The following metamorphosed rocks were observed: chlorite-amphibole(-magnetite-ilmenite) schist
originating from submarine intrusions of a basaltic volcanite. The schist consists predominantly of
chamosite (chlorite group) and subordinately ferroanthophyllite/grunerite which are arranged in the
crenulation-cleavage texture. Other rock constituents, totally not higher than 20 vol. % are magnetite,
ilmenite, graphite, albite, quartz and relics of ferrotschermakite. The other rocks are inhomogeneous and
consist of layer-arranged mineral assemblages consisting of: (I) magnetite (mostly higher than 50 vol. %),
chamosite, ferroanthophyllite/grunerite, rarely biotite and quartz; and (II) ankerite-dolomite solid
solutions and calcite. Between (I) and (II) various transitions occur. 

The basaltic volcanite is the source of the Lahn-Dill type iron-mineralization. The parental material of the
assemblages (I) and (II) and mixtures of (I) + (II) (= III), identical with the ore body, was derived from
iron-rich carbonates that precipitated from submarine volcanogenic exhalations. These precipitations were
admixed with pyroclastic material of the basaltic volcanic activity. During the Variscan orogeny, the
parental material of the ore body and the basaltic volcanite underwent metamorphic changes lying just at
the border between low-grade to high-grade greenschist-facies conditions. The temperatures estimated from
the system CaCO3-FeCO3 lie close to 450 °C, from the chlorite compositional geothermometer lying on
average between 403 °C and 419 °C and from early “peak” CO2-H2O fluid inclusions leading to ~ 450 °C
(and ~ 3.5 kbars), fit well to the established conditions of our petrological investigations. The metamorphic
overprint led to the formation and/or recrystallization of amphibole (in the form of felty aggregates
consisting of tiny ferroanthophyllite/grunerite crystals), rarely biotite (siderophyllite), chamosite,
magnetite, quartz, albite, calcite and ankerite-dolomite solid solutions which occur in varying proportions
within the magnetite-rich ore body and the carbonate-free chlorite-amphibole(-magnetite-ilmenite) schist. In
addition, multiple late-metamorphic to post-metamorphic fluid events have been distinguished in
secondary fluid inclusions, characterized by contrasting compositions (H2O-CO2, pure aqueous, methane).
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Of particular significance are ankerite-dolomite solid solutions that contain up to 85 mol. % ankerite-
endmember. Such high concentrations were reported for the first time. Hitherto known ankerite
concentrations do not exceed 70 mol. % in solid solution with dolomite.

Key words: Vrbno Group, Silesicum, Lahn-Dill type iron mineralization, petrography-petrology, fluid
inclusions, microscopy, mineral chemistry, ankerite-dolomite solid solution, whole-rock geochemistry,
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1. Introduction

The Devonian iron ores of the Lahn-Dill type are distributed from the eastern part of
the Rheinisches Schiefergebirge via the Harz Mountains up to the Eastern Sudetes, middle
Moravia and the Czech Silesicum. KRETSCHMER (1906, 1917 and 1918) was the first who
described some of the Silesian deposits and correlated them to the iron mineralizations of
the Lahn-Dill area (Rheinisches Schiefergebirge, Germany). The Silesian iron ores belong
to the upper allochthonous sub-unit of the Desná Dome known as the Vrbno Group. The
studied Malý Děd iron ore deposit represents a metamorphosed example of this type of mi-
neralization in the Vrbno Group.

The genesis of Malý Děd was firstly discussed by WILSCHOWITZ (1926). He described
the wall rocks as metamorphosed limestones of Devonian age that were partially replaced
by ore mineralization originating from ascending iron-rich solutions. BEDERKE (1938) had
a similar opinion. However, SELLNER (1930) and POUBA and HETTLER (1950) correlated
the Malý Děd mineralization with the chlorite-rich iron deposit of Mnišské jámy lying wit-
hin the gneisses of the Desná Dome. FOJT et al. (1961 and 1993) and FIŠERA et al. (1982)
explain the origin of the iron mineralizations by submarine exhalations and SKÁCEL (1966)
by postvolcanic exhalations followed by hydrotherms which became enriched in iron when
percolating volcanic rocks.

Our paper presents data indicating that the iron-rich rocks of Malý Děd originated
from carbonate precipitation of submarine-volcanogenic exhalations that were admixed
with pyroclastic material of the basaltic volcanism.

2. Geological setting

The Malý Děd iron mineralization lies within the Silesian domain that consists apart
from the Orlica-Snieznik Complex, the Velké Vrbno Unit, the Staré Město Unit and the
Keprník Nappe of the Desná Dome and the Devonian metasedimentary/metavolcanic co-
ver rocks (Vrbno Group) (Fig. 1). Some of these units/complexes or parts of them (e.g. the
eastern and western parts of the Silesicum) are constituents of the Brunovistulian terrane.
Therefore, the Silesicum represents for the most part metamorphosed equivalents of the
Brunovistulicum which were incorporated in the Moravo-Silesian shear zone (KALVODA et
al. 2008), which is a NE-SW trending belt and at least 300 km long and in maximum 50
km in width. In Devonian, the tectonic evolution in the northern part of this belt (= nort-
hern Silesian domain) is characterized by rifting of continental crust with the development
of a sub-parallel syn-rift basin (Moravo-Silesian Basin). In this basin, the later Devonian
(Emsian to Givetian) stratigraphy is represented by a sequence of syn-rift sediments and
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volcanics (and post-rift carbonates) which have been affected by two major Variscan meta-
morphic events M2 and M3 (SCHULMANN and GAYER 2000). These led to the formation of
metasediments and metavolcanics which are the main constituents of the Vrbno Group. 

POUBA (1971), PETRÁNEK (1976), SKÁCEL (1987) and AICHLER et al. (1995) attributed
the iron mineralizations to the first stage of the Variscan metallogeny with the formation
of small Lahn-Dill type deposits which are related to submarine mafic volcanism. Except
of PETRÁNEK (1976), these authors also presented maps showing the distribution of at least
30 iron-bearing areas within the Vrbno Group and the Šternberk-Horní Benešov Belt
(Fig. 1) which both contain some stratabound Fe-Pb-Zn+Cu+Au sulphide deposits (Zlaté

Fig. 1. Simplified geological map of the Silesian domain (High Jeseníky Mountains) after SCHULMANN and GAYER

(2000) including the areas (indicated by small strokes) in which the Lahn-Dill type deposits are located
and embedded within the Devonian metasedimentary cover rocks (Vrbno Group) according to SKÁCEL

(1966 and 1987) and AICHLER et al. (1995).

97



Hory, Horní Město, Oskava and Horní Benešov; Fig. 1). The stratabound deposits are asso-
ciated with felsic volcanism and genetically similar to the Rammelsberg deposit (AICHLER

et al. 1995) belonging to the so-called sediment-hosted massive sulphide deposits (SAWKINS

1990). Although the Lahn-Dill type and the sulphide deposits are hosted by the same geo-
logical unit they never occur in one deposit (POUBA 1971).

Another type of iron-rich rocks, occurring at more than 10 localities (e. g. Sylvani, Ko-
saře, Švagrov, Zadní Hutisko and Mnišské jámy) are located within the same area, but are
hosted within biotite-chlorite gneisses of the Desná Dome. The magnetite-rich rocks occur
within, or close to, the basic Sobotín Massif, in an area of about 32 km2. POUBA (1970)
correlated them to banded iron-formations characterized by him as Sydvaranger type. Ho-
wever, according to recent investigations of MÜCKE and LOSOS (2007), the magnetite-rich
rocks could have emplaced as apophyses originating from the mafic Sobotín Massif and
are thus of magmatic origin.

3. Geological setting of Malý Děd deposit

In the southern part, the rocks of the Desná Dome are extensively overlain by meta-
sedimentary and metavolcanic cover rocks of the Devonian Vrbno Group (Fig. 1). Ho-
wever, in other parts of the Desná Dome the outcrops of Devonian rocks are distinctly
subordinate. This is the situation at Malý Děd deposit lying close to the Švýcárna cottage
in an altitude of 1 270 m where Quaternary cover and Devonian rocks of the Vrbno Group
occur in association with fine-grained gneiss (= metaarkose), muscovite-biotite gneiss and
to lesser extent amphibolite belonging to the Precambrian Desná Dome (Fig. 2). GPS
coordinates of the locality are 50°6'31.65"N, 17°12'53.95"E.
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Fig. 2. Geological sketch of the studied area including the location of Malý Děd (Leiterberg) and the mountains
of Malý Děd (1 354 m) and Malý Klín (1 099 m) (after FIŠERA et al., 1982). Explanations: 1 – gneiss; 2 –
mylonite; 3 – graphite-phyllite; 4 – muscovite-plagioclase phyllite; 5 – porphyroide; 6 – amphibolite; 7 –
metaarkose; 8 – quartzite; 9 – green schists; 10 – metagabbro; 11 – Quaternary; 12 – location of the Malý
Děd iron occurrence. (1, 2 and 7 = Desná Dome; 3, 4, 5, 6, 8, 9 and 10 = Vrbno Group).



During geodetical mapping in 1926, Roth discovered the iron mineralization of Malý
Děd and WILSCHOWITZ (1929) mentioned the locality for the first time. The iron minerali-
zation of Malý Děd forms a flat lensoidal body stretching NW-SE and dipping gently
(about 20°) in SE-direction. The thickness of the ore body is about 3 m, exceptionally up
to 5 m, and the average iron content is about 40 wt. %. The ore body which is closely asso-
ciated with chlorite schist and limited by the wall-rock feldspar-graphite phyllite, was trac-
ked down to a depth of 35 m (POUBA and HETTLER, 1950; FIŠERA et al., 1982; FOJT et al.,
1993). Other wall-rocks described by FOJT et al. (1993) are muscovite-phyllite, marble and
quartzite. The same authors recognized two textural types of ore mineralization which are
either compact or occur in the form of weakly and irregularly developed bands and dissemi-
nated aggregates. The major ore mineral is magnetite. In lower amounts following minerals
were detected: pyrrhotite, ilmenite, pyrite, chalcopyrite, iron-rich chlorite, ankerite, calcite,
siderite and quartz.

4. Methods 

4.1. Whole-rock analyses
In total 10 rock samples were analyzed by PHILLIPS PW 1480 XRF at the Georg-Au-

gust-University of Göttingen. International standards were used for calibration (published
in: Geostandard Newsletters, Vol. XIII, Special Issue, 1989). The XRF analyses were
augmented by the determination of H2O– (heating at 110 °C) and the loss on ignition
(LOI) (heating at 1 000 °C). The Fe2+ was determined by oxidimetric titration using of
KMnO4 (HEINRICH and HERRMANN 1990). 

4.2. REE analyses
Eight whole-rock samples were selected for REE analyses carried out at the Georg-

August-University of Göttingen by Perkin-Elmer SCIEX (Concorde, Ontario, Canada) ELAN
DRC II ICP-MS spectrometer. Dissolution of rock powder was carried out by stepwise 
attack with HF, HClO4 and HNO3 at 180 °C for about 12 hours. All samples were normali-
zed using international standardization by Ge, Rh, In and Re. Reproducibility was better
than 1–2 %, accuracy was checked by comparison with international Standard JA-2 [GSJ Geo-
chemical Reference samples: National Institute of Advanced Industrial Science and Techno-
logy (AIST)] and did not exceed 10–15 % deviation. All REE were corrected for Ba, REE
plus oxygen isobaric interferences especially on 151Eu by 135Ba16O and 157Gd by 141Pr16O.

4.3. Fluid inclusions
Fluid inclusions (FI) have been studied petrographically and microthermometrically

in standard doubly-polished wafers. Recognition of individual genetic types of FI was made
according to criteria described in literature (ROEDDER 1984, SHEPHERD et al. 1985, TOURET

2001). Microthermometric parameters were obtained using Linkam THMSG 600 heating-
freezing stage mounted on Olympus BX-51 microscope. The stage was calibrated using
inorganic standards and fluid inclusions with known temperatures of phase transitions. In
H2O-CO2 inclusions, the following parameters have been measured: partial homogeniza-
tion of CO2 phase (Th-CO2), melting temperature of CO2 (Tm-CO2), melting temperature
of clathrate (Tm-cla) and temperature of total homogenization (Th-tot). For aqueous inclu-
sions, the homogenization temperatures (Th), eutectic temperature (Te) and melting tem-
perature of last ice (Tm-ice) were obtained. The interpretation of microthermometric data
of H2O-CO2 and methane FI (composition, isochores) was performed using the Flincor
software (BROWN 1989) with calibration by BOWERS and HELGESON (1983) and HOLLOWAY

(1981), respectively. Salinity of aqueous inclusions was calculated according to BODNAR

(1993), the isochores according to ZHANG and FRANTZ (1987).
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4.4. Electron-microprobe analyses 
Electron-microprobe analyses were carried out at the Institut für Endlagerforschung

of the Technische Universität of Clausthal-Zellerfeld. Wavelenght-dispersive microprobe
analyses were performed using CAMECA SX 100 instrument equipped with five WDS de-
tectors. For quantitative measurement, 15 kV acceleration voltage, 20 nA current on the
Faraday cup and 5 µm defocused beam were chosen. Counting times ranged between 12
and 22 s on the peak and total background analysing the X-ray Kα signals of Na, Mg, Al,
Si, K, Ca, Ti, Mn and Fe. The PAP matrix correction method for the raw counts was em-
ployed (POUCHOU and PICHOIR 1984). The following standards were used for the analyses:
kaersutite (Na, Mg, Al, Si, K, Ca), TiO2 (Ti), alabandine (Mn) and hematite (Fe).

4.5. Calculation of mineral-formulae
The amphibole analyses were calculated as proposed by SCHUMACHER (1997) and

classified following LEAKE et al. (1997). According to Schumacher’s calculation scheme,
the Fe3+-values were averaged and calculated on the basis of electron neutrality for the for-
mulae. H2O was calculated. 

Chlorite analyses were calculated on the basis of 10 cations including minor Ca2+, Na+

and K+. Two cases occur in the procedure of electron neutrality calculation for the chlori-
te formula (Fe2+, Mg, Fe3+, Al)6[OH)8/(Si, Al)4O10]: 
1. The sum of the valences of the anions (= 28) is higher than the sum of the valences of

the cations (under the assumption that iron is exclusively Fe2+). The excess of negative
charge is compensated by the introduction of a certain amount of Fe3+. 

2. The sum of the valences of the anions (= 28) is lower than the total of the valences of
the cations (under the assumption that iron is exclusively Fe2+). The deficiency of nega-
tive charges is compensated by the introduction of O2– instead of OH–. As a consequen-
ce, Fe3+ does not occur.

5. Sampling and sample description

During the years between 1995 and 2005 about 20 samples were collected from stock-
piled material within the area of the former Malý Děd mine. Therefore, we could not obtain
data on the distribution and abundance of the various ore types, shapes of their bodies
and thicknesses as well as the geological relationship between each other. For this reason
the study focused on petrographic and mineralogical description of 15 polished sections and
20 polished or covered thin sections, and petrological interpretations of data. Apart from
the fluid inclusions studies, material of older collections was not used in this study.

The ores are fine-grained, compact, mostly dark and often greenish. Apart from chlo-
rite, magnetite and pyrrhotite, the other constituents and the patterns are not macrosco-
pically visible. Four ore assemblages types (I–IV) were recognized differing in the abundan-
ce of their major minerals. 

Type I. The carbonate-bearing magnetite-chlorite/amphibole-quartz assemblage is the
most abundant. The weakly developed layering and the varying abundance of quartz are cha-
racteristic (compare Figs. 3 and 4). The amount of quartz increases with decreasing chlori-
te/amphibole content (compare layer C with layer A of Fig. 3; and layer B with layer A of
Fig. 4). Generally, quartz is interlayered with the other minerals (Fig. 3), but may also be
irregularly distributed (Fig. 4). A minor constituent is carbonate which does not exceed 5
vol. %. and forms lensoidal polycrystalline aggregates (Fig. 3, layer A). 

Type II. The carbonate-dominated (on average more than 80 vol. %) assemblage con-
tains subordinate magnetite and rarely chlorite/amphibole and quartz in varying propor-
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Fig. 3. Carbonate-bearing magnetite-chlorite/amphibole-quartz assemblage type I (sample 861/7) containing mag-
netite-rich layers (black) that are associated with chlorite, quartz, carbonate and amphibole (sublayers A
to D). Note the occurrence of quartz in the form of layers (B) or in irregular distribution (A and D).
Carbonate occurs often in the form of lensoidal bodies (A and D). One sublayer (C) consists predomi-
nantly of magnetite and chlorite/amphibole alone. Transmitted light, 4.5×2.5 cm.

Fig. 4. Carbonate-bearing magnetite-chlorite/amphibole-quartz assemblage type I (sample 861/1) containing fine-
ly distributed magnetite (black) that is associated with chlorite, carbonate and amphibole (sublayers A to
C). Due to the appearance of fine-grained magnetite, layering is less pronounced than in the samples of
Fig. 3. Note the irregular distribution and shape of quartz. Transmitted light, 4.5×2.5 cm.
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tions (5–20 vol. %). Layering becomes obvious in parts with abundant magnetite. The
carbonate assemblage may occur in sharp contact to the assemblage type I.

Type III. A carbonate-rich magnetite-chlorite/amphibole-quartz assemblage contains
up to 25 vol. % of carbonates (Fig. 5, layers C and F), which are typically concentrated
in form of lensoidal aggregates. In some parts quartz is nearly absent (Fig. 6, layer B) whe-
reas other layers are quartz-rich (Fig. 6, layer A). Quartz-rich layers are relatively magnetite-
rich (Fig. 5, layer C), whereas domains with lower quartz contents are enriched in mixtu-
re of magnetite and chlorite/amphibole (Fig. 6, layer B). This type is a transition between
the two above-mentioned assemblages.

Type IV. All the three above-mentioned assemblages form the ore body which is asso-
ciated with a carbonate-free ore-bearing rock consisting of predominant chlorite, and sub-
ordinate amphibole. The rock is fine-grained, compact and dark-green in colour. Other rock
constituents are magnetite and quartz which together do not exceed 20 vol. %. Based on its
mineralogy, the rock can be classified as a chlorite-amphibole schist. In the text, tables and
diagrams this rock is distinguished as the rock type IV.

6. Results 

6.1. Petrography
Due to its high Fe-content, in transmitted light, chlorite is of green colour and therefo-

re similar to amphibole. Additionally, chlorite occurs always in close association with
amphibole which it replaces. These are the reasons that the two minerals are hardly distin-
guishable from each other. Generally, chlorite is often distinctly more abundant than amphi-
bole. Amphibole forms tiny and elongated crystals (30 to 50 µm in length and about 3 µm
thick) that occur in the form of felty aggregates (Fig. 7a). These general features were obser-
ved in three mineral assemblages I–III and in the crenulation-cleavage textured rock type IV:
• Carbonate-bearing magnetite-chlorite/amphibole-quartz assemblage-(I). This assembla-

ge forms weakly developed layers of different mineral composition. The most abundant
layer type is rich in magnetite (30 to 50 vol. %) which occurs in a groundmass consis-
ting of chlorite and/or amphibole. Magnetite forms euhedral to subhedral crystals (grain
sizes between 0.015 to 0.4 mm; on average 0.15 mm) clustered mainly to polycrystal-
line aggregates. These are intimately intergrown with amphibole aggregates which are
mainly replaced by chlorite. In proportions by far smaller than 1 vol. %, biotite occurs
in association with chlorite and/or amphibole. Biotite may be coarse-grained (grain si-
ze up to 2 mm) and is partially replaced by chlorite (Fig. 7b). Quartz is inhomoge-
neously distributed and its amount varies between 10 and 30 vol. %. It is mainly con-
centrated in polycrystalline masses arranged parallel to the metamorphic schistosity. Its
amount increases obviously on the expense of amphibole and/or chlorite. The grain
boundaries between amphibole and/or chlorite and quartz are irregular and quartz may
contain small relics of amphibole and chlorite (Fig. 7c). Of minor abundance are tiny
ilmenite crystals and euhedral to subhedral quartz grains in those layers that consist of
magnetite and chlorite/amphibole. Carbonates are rare and they are irregularly distri-
buted. Apart from magnetite, pyrrhotite may also occur in some samples of this assem-
blage. However, if pyrrhotite occurs, it is locally abundant and often closely associated
with magnetite (Fig. 7d). The inclusions form small droplet-shaped bodies (0.003 to
0.01 mm) or aggregates (up to 0.09 mm) in which the crystals are arranged in gra-
noblastic triple-junction configuration (Fig. 8). Pyrrhotite may contain small inclusions
of chalcopyrite and may be altered into pyrite in the morphological form of “bird eyes”
due to supergene weathering (Fig. 8).
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Fig. 5. Carbonate-rich magnetite-amphibole/chlorite-quartz assemblage type III (sample 861/12) containing
layered arranged magnetite (black) that is associated with chlorite, carbonate, quartz and amphibole
(sublayers A to F). Carbonate is concentrated in sublayers C and F often in the form of lensoidal shaped
bodies (especially in F). Transmitted light, 4.5×2.5 cm.

Fig. 6. Carbonate-rich magnetite-chlorite/amphibole-quartz assemblage type III (sample 861/9) consisting of
sublayers (A to D) showing different proportions of carbonate (increasing from C via D to A). Sublayer
B consisting predominantly of magnetite and chlorite/amphibole, contains small amounts of carbonate
in the form of lensoidal shaped bodies. Transmitted light, 4.5×2.5 cm.
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Fig. 8. Pyrrhotite (anisotropic) in metamorphic triple-junction configuration. Note the beginning alteration into
pyrite (arrows). Reflected light, oil immersion, longer edge 450 µm.

Fig. 7. Optical microscope photographs of mineral textures.
a: Euhedral to subhedral magnetite crystals or aggregates of them (black) in amphibole (consisting of

finely-felted aggregates) and subordinate quartz (white to grey). Transmitted light, crossed polars,
length of the longer edge 10.5 mm.

b: Coarse-grained biotite crystal (in the centre) associated with quartz, amphibole, magnetite (black)
and chlorite (arrow). Transmitted light, length of the longer edge 10.5 mm.

c: Chlorite (greenish), magnetite (black) and quartz (white) showing irregular grain boundaries of chlo-
rite and magnetite in contact to quartz. Transmitted light, length of the longer edge 10.5 mm.

d: Coarse-grained pyrrhotite crystals (slightly altered; small arrows) in magnetite embedded in chlorite/
amphibole (dark). Reflected light, oil immersion, longer edge 450 µm.



• Carbonate-dominated magnetite-chlorite/amphibole-quartz assemblage-(II). The layer-like ar-
ranged carbonate is the dominating mineral of this assemblage (up to 80 vol. %). It contains
aggregates of magnetite (up to 20 vol. %) that occur in the form of elongated, lenticular bo-
dies. These bodies are parallel to each other (Fig. 9a). Other constituents are small amounts
of chlorite and/or amphibole (up to 5 vol. %) and sporadically biotite and apatite. Quartz va-
ries from about 5 to 20 vol. % and its amount increases at the expense of carbonate. 
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Fig. 10. Optical microscope photographs of ore textures.
a: Crenulation-cleavage textured amphibole containing magnetite crystals (black) and quartz (white)

following the planes of the crenulation cleavage. Transmitted light, length of the longer edge 10.5 mm;
b: Identical with Fig. 10a, but with crossed polars.
c: Chlorite replacing pseudomorphically the crenulation-cleavage textured amphibole associated with

magnetite (black) and quartz (white). Transmitted light, length of the longer edge 10.5 mm.
d: Identical with Fig. 10c, but with crossed polars.

a b

Fig. 9. Optical microscope photographs of the ore.
a: Layered distribution of magnetite (black), carbonate and quartz (white). Transmitted light, length of

the longer edge 10.5 mm.
b: Carbonate (long arrows), chlorite/amphibole (short and white arrows) and quartz containing a big

apatite crystal (2.4 mm). Note the corroded contacts of the minerals to quartz. Transmitted light,
length of the longer edge 10.5 mm.

a b



• Carbonate-rich magnetite-chlorite/amphibole-quartz assemblage-(III). The above-descri-
bed two types are often connected by transitions formed by assemblages in which carbo-
nate and magnetite-chlorite/amphibole layers occur in alternating setting. It was also
observed, that magnetite-dominated layers contain not only chlorite and/or amphibole,
but also carbonate either in the form of single grains or as lensoidal polycrystalline bo-
dies. Quartz occurs in quantities up to 30 vol. % and may contain ilmenite and apatite
of which one crystal was found having a diameter of about 2 mm (Fig. 9b). 

• Rock type IV (chlorite-amphibole schist). This rock type differs from the other three
assemblages by the absence of carbonate, the occurrence of an older amphibole-gene-
ration, the development of the crenulation-cleavage texture and the absence of Sr in the
whole-rock composition. More than 75 vol. % of this rock consists of chlorite and sub-
ordinately of amphibole. The elongated amphibole crystals (generation-II), containing
irregularly shaped relics of an older amphibole (generation-I), are fine-grained and
occur in the form of very small, parallel lying needle-like crystals which are arranged
in the crenulation-cleavage texture (Fig. 10 a, b). Identical arrangement exhibit also
chlorite crystals. This is due to the fact that amphibole-II is pseudomorphosed by chlo-
rite (Fig. 10c, d). Relics of amphibole-I may also occur in newly-formed chlorite (Fig.
11a). The replacement of amphibole by chlorite is inhomogeneously distributed, with
the result that domains within the rock consist of amphibole or chlorite only or of mix-
tures of both. However, chlorite is by far the predominating mineral. Ilmenite is relati-
vely abundant (locally up to 5 vol. %) forming elongated euhedral crystals (length 15
to 40 µm). These crystals follow the patterns of amphibole/chlorite (Fig. 11b). Magne-
tite (up to 10 vol. %) occurs in the form of locally enriched euhedral to subhedral cry-
stals (0.02 to 0.4 mm, on average 0.1 mm) and may contain very small droplet-like inc-
lusions of pyrrhotite. Similar to the arrangement of ilmenite is that of graphite (about
1 vol. %) which forms elongated, wave-like deformed crystals. Quartz is inhomogene-
ously distributed (up to 10 vol. %) and its occurrence reflects the rock texture (Figs.
10a, c).

6.2. Whole-rock analyses
The whole-rock compositions are summarized in Tab. 1 containing the analytical da-

ta of the three assemblage types (I–III) and of rock type IV. Apart from the oxides SiO2,
Al2O3, Fe2O3, CaO and the LOI-content, the other oxides do not show significant differen-
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a b

Fig. 11. Optical microscope photographs of the rock type IV.
a: Irregular distributed relics of amphibole-I (= ferrotschermakite) in chlorite arranged in the crenula-

tion-cleavage texture. Other minerals are quartz and magnetite (black). Transmitted light, crossed
polars, length of the longer edge 3.5 mm.

b: Elongated ilmenite crystals following the crenulation-cleavage texture of amphibole in which it is
embedded. Reflected light, oil immersion, not exactly crossed polars, longer edge 450 µm.



ces. SiO2 has the highest values in assemblage type I (36.30 to 46.47 wt. %). Lower SiO2-
contents occur in the types III and IV ranging from 26.09 to 28.22 wt. %. Whereas SiO2 of
the type II is widely identical with the amount of quartz, the SiO2-content of the type IV is
mainly related to the contents of chlorite and amphibole. In the other two types, SiO2
occurs either in the form of quartz or is constituent of chlorite and amphibole. The Al2O3-
content of the assemblages I, II and III lies in a small range between 1.51 and 4.19 vol. %
and is mainly bound to the chlorite (containing on average about 20 wt. % Al2O3). An
exception is the high Al2O3-concentration (about 14 wt. %) of type IV that consists predo-
minantly of chlorite and subordinate amphibole. 

6.3. REE analyses
Tab. 2 contains the REE-analyses (in ppm) of the assemblage type I–III and rock type

IV. The analytical data show that the contents of ΣREE in all assemblages are low. Type IV
has the lowest ΣREE-content (21.65 ppm). In the other rocks ΣREE varies between 35.67
and 64.55 ppm. Values lying close to 64 ppm were found in those samples that contain the
highest Na2O and K2O concentrations of the whole-rock composition. In the other samples
with distinctly lower ΣREE values (35.67–53.87 ppm) amphibole is mainly replaced by chlo-
rite. This interpretation would also explain the low ΣREE content of rock type IV in which
amphibole is nearly completely replaced by chlorite.
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Table 1. Whole-rock analyses in wt. % (upper part) including trace-element concentrations in ppm (lower part)
of the assemblages I–III, rock type IV and chlorite schist of FOJT et al. (1993). The last line contains
the amount of Fe expressed as FeOtot (wt. %). nd = not detected; na = not analysed.  

Assemblage I Assemblage II Assemblage III Rock type IV
Sample 861/1 861/1 861/3 861/7 861/2 861/4 861/6 861/9 861/12 861/10 Fojt

SiO2 41.04 41.00 46.47 38.89 36.30 26.09 28.08 30.00 31.67 28.22 26.10

TiO2 0.10 0.08 0.06 0.34 0.22 0.08 0.18 0.31 0.12 0.47 2.44

Al2O3 2.99 2.24 1.51 2.56 4.19 2.73 4.11 3.36 2.02 14.54 13.78

Fe2O3 21.15 25.10 26.35 26.38 26.93 5.33 6.88 11.77 16.22 13.55 14.91

FeO 27.40 24.60 21.44 21.35 23.72 22.30 22.79 23.03 25.75 29.29 29.22

MnO 0.18 0.16 0.05 0.04 0.07 0.19 0.24 0.21 0.14 0.03 0.05

MgO 1.57 1.56 0.49 0.57 1.18 1.94 2.68 1.75 1.43 3.00 1.02

CaO 1.32 1.18 0.69 3.91 4.16 17.10 14.40 11.81 9.39 1.87 3.34

Na2O 0.42 <0.10 n.d. 0.36 n.d. n.d. n.d. 0.16 n.d. n.d. 0.10

K2O 0.33 0.22 0.04 0.15 0.06 0.01 0.03 0.37 0.04 0.02 0.09

P2O5 0.20 0.12 0.12 0.38 0.15 0.07 0.09 0.19 0.17 0.09 0.80

SO3 2.32 n.a. 1.69 0.05 0.07 0.59 0.78 2.72 1.62 0.01 n.a.

LOI 0.71 0.75 0.49 2.21 2.16 22.19 18.48 13.48 11.07 7.38 7.00

H2O
-

0.16 0.17 0.10 0.08 0.16 0.28 0.38 0.21 0.25 0.63 0.20

99.98 97.18 99.50 99.27 99.37 98.90 99.45 99.37 99.89 99.10 100.01

V 41 42 81 62 109 35 54 66 66 115 200

Cr 15 <5 <5 22 30 10 8 35 8 67 200

Co 56 14 45 34 51 16 8 21 27 n.d. n.a.

Ni 19 48 n.d. 30 23 9 17 34 13 48 47

Cu n.d. n.a. n.d. n.d. n.d. n.d. 14 46 48 n.d. 21

Zn 46 40 38 41 53 40 55 42 37 129 103

Rb 38 36 n.d. 11 n.d. n.d. 2 44 1 4 n.a.

Sr 87 144 14 94 89 298 226 202 161 <3 n.a.

Zr 13 38 11 22 27 13 32 34 17 87 n.a.

Ba 54 56 9 67 36 21 15 125 6 16 166

Fetot 46.43 47.18 45.15 45.09 47.95 27.10 28.98 33.62 40.34 41.48 42.64



6.4. Fluid inclusions
Fluid inclusions were identified within both quartz and carbonate. Quartz contains five

types of fluid inclusions. Type Q1 (CO2-H2O) FI are present in all samples investigated,
but in relatively small quantity. FI are typically small (up to 11 µm), present as solitary or
in small three-dimensional clusters which is indicative for early (“primary”) timing (TOU-
RET 2001). Shapes are isometric. At room temperatures the following phases are visible: li-
quid CO2-rich phase (Lcar), aqueous solution (Laq), sometimes also vapour phase (Vcar),
and/or an accidentally trapped birefringend solid phase. The phase proportions of carbonic
and aqueous phases vary broadly from approximately 40 to 70 vol. % of carbonic phase.
Homogenization of CO2 phase occurred between –2.4 and +27.9 °C, and the mode of
homogenization was to liquid in all cases. During heating many inclusions decrepitated
even before total homogenization. Only few FI were successfully homogenized by either 1)
dissolution of minor CO2 phase in aqueous solution or 2) dissolution of minor aqueous
solution in carbonic phase. In the first case, the Th-tot values vary broadly from 435
to >550 °C (Tab. 3). In the second case, the accurate Th-tot value typically cannot be 
precisely measured due to optical reasons: it can be concluded only, that the Th-tot is
higher then ca. 300 °C. One inclusion with a small tip showed Th-tot as high as 432 °C.
Solid phases do not dissolve during heating. The solid CO2 phase melted at temperatures
between –57.3 and –59.3 °C with most measurement down to –57.6 °C. The melting of ice
was observed in a water-dominated inclusion at –3.3 °C. The melting of clathrate was
observed between +7.9 °C and +9.7 °C with the highest measured value being found in
CO2-rich inclusion (sample MD). The Type Q1 FI contains 55–84 mol. % H2O,
15–45 mol. % CO2 and 0.1–1.1 mol. % NaCl, if their composition is approximated by
the system CO2-H2O-NaCl. In addition, small amount of non-condensable gas (possibly
ca 5–10 mol. % of methane or nitrogen in the vapour mixture, THIÉRY et al. 1994) is 

Table 2. ICP-MS analyses of the REE (in ppm) of assemblages type I–III and rock type IV.  

Assemblage I Assemblage II Assemblage III IV
Sample 861/1 861/2 861/3 861/7 861/4 861/6 861/9 861/12 861/10
La 13.68 9.37 8.22 14.63 10.92 8.28 13.83 8.70 3.54
Ce 22.00 12.08 13.30 21.81 17.55 13.84 20.95 14.83 6.96
Pr 3.42 1.89 1.95 3.45 2.60 1.99 3.19 2.19 1.15
Nd 13.69 7.87 7.41 13.84 10.58 7.97 12.97 8.89 4.90
Sm 2.78 1.63 1.42 2.74 2.40 1.81 2.99 1.98 1.18
Eu 0.60 0.34 0.27 0.67 0.83 0.48 0.82 0.35 0.25
Gd 2.57 1.70 1.17 2.47 2.58 2.04 3.04 2.12 1.07
Tb 0.35 0.25 0.15 0.33 0.42 0.34 0.46 0.34 0.16
Dy 1.99 1.43 0.72 1.74 2.45 2.07 2.64 2.00 0.93
Ho 0.39 0.29 0.14 0.32 0.48 0.44 0.50 0.40 0.18
Er 1.13 0.87 0.37 0.84 1.35 1.31 1.42 1.16 0.54
Tm 0.16 0.13 0.06 0.12 0.19 0.12 0.20 0.16 0.08
Yb 1.09 0.91 0.42 0.77 1.33 1.46 1.34 1.21 0.61
Lu 0.16 0.14 0.07 0.12 0.19 0.24 0.20 0.19 0.10
ΣREE 64.01 38.90 35.67 63.85 53.87 43.39 64.55 44.62 21.65
ΣLREE 56.17 33.18 32.57 57.14 44.88 34.37 54.75 37.04 17.98
ΣHREE 7.84 5.72 3.10 6.71 8.99 8.02 9.80 7.58 3.67
ΣL/ ΣH 7.16 5.58 10.51 8.52 4.99 4.29 5.59 4.87 4.90
Eu/Sm 0.22 0.21 0.19 0.24 0.35 0.27 0.27 0.18 0.21
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indicated by lowering of melting temperature of solid CO2 down to the theoretical value of
–56.6 °C.

Type Q2 (CO2) FI are relatively more frequent when compared to the Q1 type.
They are typically present in short trails not cutting the whole quartz grain, which
possibly represent ancient healed microfractures. At room temperature, they appear to
be one-phase (Lcar) or two-phase (Lcar + Vcar). The microthermometric parameters are
similar to those characterizing the CO2 phase of Type Q1 inclusions (Tab. 3). These FI
may possibly contain a small amount (up to 10 vol. %) of aqueous solution which is
optically invisible (e.g., VAN DEN KERKHOF and THIÉRY 1994). In such a case, the fluid
would be formed by min. 75 mol. % CO2, up to 25 mol. % H2O and up to 0.1 mol. % 
NaCl.

Type Q3 (H2O-CO2) FI are flat, evidently arranged along healed microfractures. FI
typically contain dominating aqueous solution (c. 95 vol. %) and minor CO2 phase (around
5 vol. %). Occasionally the birefringend solid phase was observed which dissolved at
149 °C (one observation). The Th-tot range between 207 and 261 °C. Cryometric parame-
ters mostly cannot be measured due to small sizes of the present FI. 

Type Q4 (H2O) FI are evidently secondary. They are flat with irregular shape and up
to 27 µm in size. FI are exclusively two-phase (L + V) at room temperature, with con-
sistent liquid-vapour ratios (the vapour phase takes approx. 5 vol. %). The microthermo-
metric parameters differ in both samples where these FI have been observed (Tab. 3). The
homogenization temperatures are generally low (129–189 °C) and the salinities are va-
riable (between 15.8 and 17.0 wt. % NaCl equiv. for sample MD, 0.0 wt. % NaCl equiv. for
sample MD2).

Type Q5 (CH4) FI occur along healed microfractures and are frequently present in all
quartz samples. They are very dark, flat or three-dimensional with both irregular shape and
often tiny tips and up to 22 µm in size. They seem to be monophase at room temperature.
On cooling, a liquid phase condenses below –100 °C. Further cooling down to temperatu-
re limit of the apparatus (–196 °C) does not initiate other phase changes. On reheating, the
inclusions homogenize to vapour at temperatures between –97.5 and –100.1 °C (Tab. 3).
The inclusions probably contain low-density methane-dominating fluid.

Carbonate exhibits relatively easier situation than quartz from fluid inclusion point of
view. Only two types of fluid inclusions have been recognized. C1 primary inclusions be-
longing to type CO2 are abundant in ankerite, but are typically very small (up to 10 µm)
and concentrated around the centre of the carbonate grain whereas the rim is essentially
inclusion-free. They exhibit a negative-crystal shape or are quiet irregular. The FI are mono-
phase (Lcar) or two phase (Lcar + Vcar) at room temperature. The fluid inclusions exhibit
similar parameters to those characterizing the CO2-dominating Q2-type FI in quartz
(Tab. 3).

C2 FI of problematic origin belonging to type H2O are present in both calcite and
ankerite. FI typically occur as solitary with no relation to fractures, but exhibit very flat and
irregular morphology indicative for secondary FI. Phase composition varies across the
samples: L-only FI was found in sample MD whereas L+V FI are present in sample MD3.
The calcite hosted inclusion showed Tmice as high as –2.0 °C indicating salinity of
3.4 wt. % NaCl equiv. In sample MD3 the homogenization temperatures are very low (72
and 75 °C). The cryometric parameters cannot be measured here due to small sizes of the
present FI.
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6.5. Mineral chemistry
Amphibole at the locality is represented by two distinct types: calcic amphibole-(I) re-

stricted to the rock type IV and iron-magnesian amphibole-(II) which was found in the
whole ore body (assemblages I to III) and in rock type IV. Despite of its widespread distri-
bution, the amphibole-(II) compositions are relatively constant (Table 4). Calcic amphi-
bole-(I) exhibits relatively high CaO (9.99 to 10.64 wt. %), Na2O (0.89 to 1.10 wt. %) and
K2O (0.25 to 0.30 wt. %). The other oxides vary between 25.90 and 26.74 wt. % for FeO,
0.62 and 2.22 wt. % for MgO and 17.59 and 21.33 wt. % for Al2O3. On the other hand,
amphibole-(II) has only low contents of CaO (0.14 to 1.96 wt. %), Na2O (0.03 to
0.19 wt. %) and K2O (0.00 to 0.04 wt.%) and its content of major oxides vary between 37.74
and 42.39 wt. % for FeO, 5.31 and 7.49 wt. % for MgO and 0.27 and 3.64 wt. % for Al2O3.

Biotite is a rare mineral and occurs in association with amphibole and/or chlorite
(assemblages I and III). Its amount does not exceed 1 vol. %. In some cases the porphyrob-
lastic grains are relatively big (Fig. 7b). Biotite has high content of FeO (about 30 wt. %)
and low of MgO (4.0 to 5.7 wt. %) (Tab. 5).

Chlorite is the most widespread mineral of Malý Děd and occurs in all samples. It is
most abundant in rock type IV. More than 40 analyses of chlorite were carried out sho-
wing that this mineral is relatively constant in composition. Eight analyses are presented
in Table 5. The highest variations exhibit FeO (37.86 to 43.67 wt. %) and MgO (2.19 to
5.99 wt. %). 
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Table 3. Results of microthermometric measurements of fluid inclusions from Malý Děd. Temperature para-
meters are in °C. All Th CO2-phase values are to the liquid state and all Th CH4-phase values are to
the vapour, respectively. LVR – liquid-vapour ratio, d – decrepitation temperature.

1) CO2-bearing FI

Sample Mineral FI type Vol. % CO2 Th-tot Th CO2-phase Tm CO2 Tm cla

MD Quartz Q1 ∼ 30–40 435–>550 +10.1/+26.3 –57.4/–59.3 +7.9
∼ 70 +14.0/+27.9 –57.6/–59.2 +9.7

MD1 Quartz Q1 ∼ 40 227–289 (d) –2.4/+18.3 –57.3 +8.5/+9.4
∼ 60 432 –2.6/+26.2 –57.3

Q2 100 ? –0.4 –57.5
Q3 5–10 207–261 +8.7

MD2 Quartz Q1 ∼ 60 211–265 (d) +20.5/+22.0 –57.3 +8.4/+8.9
Q2 100 ? +20.5/+28.2 –57.3/–57.5

Ankerite C1 100 ? +20.1/+25.8 –57.6

2) Aqueous FI

Sample Mineral FI type
Phase
composition LVR Th (L+V) Te Tm ice

MD Quartz Q4 L+V 0.95 145–189 –53 –11.8/–13.1
Calcite C2 L 1.00 –2.0

MD2 Quartz Q4 L+V 0.95 129 0.0
MD3 Ankerite C2 L+V 0.95 72–75

3) CH4-bearing FI

Sample Mineral FI type Th CH4-phase

MD Quartz Q5 –97.5/–97.6
MD1 Quartz Q5 –98.1/–98.5
MD2 Quartz Q5 –99.2/–100.1



The chemical composition of carbonates is summarized in the Tabs. 6 to 9. The data
show that the carbonates are composed of ankerite-dolomite solid solutions and calcite.
Whereas calcite is restricted to mineral assemblage I, ankerite-dolomite occurs in all the
assemblages, but is of minor abundance in assemblage I.

Ankerite-dolomite is always zoned (Figs. 12a, b and d). The core of the crystals con-
tains the highest content of CaFe(CO3)2 (75.14 to 85.70 mol. %) and the lowest of
CaMg(CO3)2 (23.46 to 10.94 mol. %). Along the rim, the dolomite component ranges
from 40.10 to 25.72 mol. % and the ankerite component from 56.60 to 75.14 mol. %. 
Other constituents of ankerite-dolomite are CaMn(CO3)2 and CaSr(CO3)2 (up to 2.06 and
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Table 4. Representative analyses of amphibole-(I) and amphibole-(II) in wt. % (upper part) and apfu (lower
part) showing minimal and maximal oxide contents.

Calcic amphibole (amphibole-I) Fe-Mg amphibole (amphibole-II)
SiO2 37.35 38.95 37.36 40.37 49.86 48.03 49.46 50.56 49.93 50.20
TiO2 0.08 0.14 0.14 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Al2O3 21.33 19.90 20.88 17.59 0.72 3.64 1.57 0.27 0.92 0.34
FeOanal. 26.74 25.90 26.43 26.27 42.39 37.74 38.66 40.36 39.77 39.54
MnO 0.03 0.04 0.03 0.31 0.25 0.62 0.74 0.71 0.51 0.25
MgO 0.62 0.98 1.13 2.22 5.47 5.31 6.10 6.38 7.07 7.49
CaO 10.42 10.47 10.64 9.99 0.19 1.96 1.18 0.14 0.30 0.25
Na2O 0.82 0.77 0.89 1.10 0.08 0.19 0.06 0.03 0.09 0.04
K2O 0.28 0.30 0.30 0.25 n.d. 0.04 0.04 n.d. n.d. n.d.
FeOcalc. 21.22 22.49 19.94 21.93 42.00 37.74 38.66 40.36 38.79 38.59
Fe2O3calc. 6.14 3.79 7.21 4.82 0.43 – – – 1.09 1.06
H2Ocalc. 1.96 1.95 1.96 1.97 1.89 1.89 1.89 1.90 1.91 1.90
Total 100.25 99.78 100.48 100.55 100.89 99.42 99.70 100.35 100.61 100.12
Si 5.717 5.973 5.699 6.144 7.895 7.630 7.841 7.992 7.837 7.900
Al 2.283 2.027 2.301 1.856 0.105 0.370 0.159 0.008 0.163 0.063
Σ 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 7.963
Al 1.565 1.569 1.453 1.299 0.029 0.312 0.134 0.042 0.007 –
Ti 0.009 0.017 0.016 – – – – – – –
Fe

3+ 0.707 0.437 0.828 0.552 0.051 – – – 0.129 0.125
Mg 0.142 0.224 0.257 0.504 1.291 1.257 1.441 1.504 1.654 1.757
Fe

2+ 2.577 2.753 2.446 2.645 5.564 5.014 5.126 5.335 5.092 5.079
Mn – – – – 0.033 0.083 0.099 0.095 0.068 0.033
Ca – – – – 0.032 0.334 0.200 0.024 0.050 0.043
Σ 5.000 5.000 5.000 5.000 7.000 7.000 7.000 7.000 7.000 7.037
Fe

2+ 0.139 0.132 0.098 0.147 – – – – – –
Mn 0.004 0.006 0.004 0.040 – – – – – –
Ca 1.709 1.720 1.739 1.629 – – – – – –
Na 0.148 0.142 0.159 0.184 0.025 0.058 0.018 0.009 0.027 0.012
K – – – – – 0.008 0.008 – –
Σ 2.000 2.000 2.000 2.000 0.025 0.066 0.026 0.009 0.027 0.012
Na 0.096 0.087 0.104 0.141 – – – – – –
K 0.054 0.059 0.059 0.048 – – – – – –
Σ 0.150 0.146 0.163 0.189 – – – – – –
OH 2.000 2.000 2.000 2.000 2.000 1.992 1.999 1.957 2.000 2.000
O – – – – – 0.008 0.001 0.043 – –
Σ 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000

ΣO 22.000 22.000 22.000 22.000 22.000 22.000 22.000 22.000 22.000 22.000
Mg-# 0.05 0.07 0.13 0.15 0.19 0.20 0.22 0.22 0.25 0.26



0.48 mol. %, respectively). The analyses of ankerite-dolomite show always excess of CaCO3
in the range between 0.10 and 5.14 mol. %. Generally, this Ca excess can be as large as
8 mol. % and occurs as CaCa(CO3)2 in the ankerite solid solution (REEDER and DOLLASE,
1989). In the assemblages II and III, calcite (Fig. 12a) or siderite (Fig. 12d) or siderite +
calcite (Fig. 12b) form inclusions in the ankerite-dolomite. Calcite contains up to 24.19
mol. % FeCO3 and 6.16 mol. % MgCO3 and siderite up to 13.11 mol. % CaCO3. 

Calcite, the dominating carbonate mineral of assemblage I is mainly distributed in the
form of sporadically occurring single crystals (Fig. 13a) or in irregular to lenticular poly-
crystalline aggregates (Fig. 3, layers A and D). Calcite contains 5.31 to 10.46 mol. % FeCO3,
low quantities of MnCO3 and rare also MgCO3 in the solid solution. Calcite has always small
and irregularly shaped inclusions of siderite (Figs. 13a, b) and rarely ankerite (Fig. 13b). 
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C h l o r i t e Biotite
SiO2 22.32 21.63 22.18 22.28 22.48 23.21 23.58 23.67 33.62 33.52
TiO2 0.09 0.09 0.05 0.06 0.04 0.08 0.07 0.13 1.33 1.20
Al2O3 21.09 21.35 21.75 21.45 21.93 20.58 21.09 21.15 17.43 17.02
FeOanal. 43.67 43.21 42.61 40.71 40.85 40.73 37.86 38.71 30.90 29.15
MnO 0.04 0.07 0.08 0.04 0.10 0.07 0.11 0.05 n.d. n.d.
MgO 2.19 2.84 3.34 4.11 4.26 4.88 5.45 5.99 4.06 5.68
CaO n.d. n.d. n.d. 0.02 n.d. 0.05 n.d. n.d. n.d. n.d
Na2O 0.09 0.08 n.d. n.d. n.d. 0.05 n.d. n.d. 0.16 0.14
K2O 0.25 n.d. 0.04 n.d. 0.10 n.d. 0.88 0.20 9.42 9.12
FeOcalc. 42.51 41.26 41.56 40.29 40.18 39.99 37.08 38.54 30.90 29.15
Fe2O3calc. 1.29 3.06 1.16 0.47 0.75 0.82 0.85 0.19 – –
H2Ocalc. 10.49 10.48 10.61 10.53 10.67 10.67 10.73 10.82 3.33 3.59
Total 100.36 100.86 100.77 99.25 100.47 100.40 99.84 100.74 100.25 99.42
Si 2.549 2.473 2.504 2.536 2.523 2.606 2.635 2.620 2.703 2.687
Al 1.451 1.527 1.496 1.464 1.477 1.394 1.365 1.380 1.297 1.313
Σ 4000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000
Al 1.388 1.351 1.398 1.414 1.425 1.329 1.413 1.381 0.355 0.295
Ti 0.008 0.008 0.004 0.005 0.003 0.007 0.006 0.011 0.081 0.072
Fe

3+ 0.111 0.186 0.099 0.040 0.063 0.069 0.072 0.016 – –
Mg 0.373 0.484 0.563 0.698 0.713 0.817 0.907 0.990 0.486 0.679
Fe

2+ 4.060 3.946 3.924 3.836 3.773 3.754 3.465 3.569 2.078 1.954
Mn 0.004 0.007 0.007 0.004 0.009 0.007 0.011 0.005 – –
Ca – – – 0.003 – 0.006 – – 3.000 3.000
Na 0.020 0.018 – – – 0.011 – – 0.025 0.022
K 0.036 – 0.005 – 0.014 – 0.126 0.028 0.966 0.933
Σ 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 0.991 0.955
OH 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 1.789 1.919
O – – – – – – – – 0.211 0.081
Σ 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 2.000 2.000
O 10.000 10.000 10.000 10.000 10.000 10.000 10.000 10.000 10.000 10.000
Al

VI 23.40 22.64 23.36 23.61 23.85 22.24 24.12 23.19 12.16 10.08
Fetot 70.31 69.25 67.23 64.73 64.21 63.98 60.39 60.19 71.19 66.73
Mg 6.29 8.11 9.41 11.66 11.94 13.68 15.49 16.62 16.65 23.19
I  (0C) 405.3 429.7 419.8 409.5 413.6 386.9 377.6 382.4
II (0C) 423.1 447.5 436.1 425.0 429.0 401.9 391.7 396.2

Table 5. Selected chlorite and biotite analyses in wt. % (upper part) and apfu (medium part). The lower part con-
tains the concentration of AlIV, Fetot and Mg (in mol. %) and the calculated temperatures of formation
after CHATELINEAU (1988) (I) and JOWETT (1991) (II). The biotite formulae were calculated on the ba-
sis of 7 cations. K was excluded, because its amount is often smaller than the theoretical value. 



The composition of ankerite is similar to those of assemblage II and III. In relation to these
assemblages, however, siderite has lower calcite and higher magnesite-contents in the solid
solution. 

The chemical composition of magnetite and ilmenite is presented in Tab. 10. Magneti-
te in all assemblages is almost pure end member, but it always contains small amounts
of TiO2 and Al2O3. Expressed in the form of the end-members, ulvite component ranges
between 0.2 and 1.0 mol. % and hercynite between 0.35 and 2.25 mol. %. The composition
of ilmenite is characterized by low contents of pyrophanite, geikielite and CaTiO3 com-
ponents which do not exceed 1 mol. %, and slightly higher hematite contents (0.6 to
3.6 mol. %). Feldspar from rock IV consists of Ab95.7An3.9Or0.4 (calculated from an elec-
tron-microprobe analysis showing the highest CaO-content). Sporadically analysed apatite
(analyses are not presented) does not show any Cl and F concentrations and is therefore
pure hydroxylapatite.

c d

Fig. 12. BSE photographs of the ore.
a: BSE image showing zoned ankerite with inclusions of calcite (slightly darker, arrows). Quartz is

black, magnetite bright. Assemblage type II, sample 861/6. Longer edge 550 µm.
b: BSE image showing strongly zoned ankerite containing an inclusion of siderite (small arrow) and

inclusions of calcite (longer arrows). Magnetite is bright and quartz black. Assemblage type III, sam-
ple 861/12. Longer edge 300 µm.

c: BSE image with quartz (dark grey) having inclusions of magnetite (white) and ankerite (arrows) with
corroded grain boundaries. Assemblage type I, sample 861/7. Longer edge 550 µm.

d: BSE image of quartz (dark), silicates (bright), magnetite (slightly brighter) and zoned ankerite (diago-
nal arranged) with siderite inclusions (arrows). Assemblage type II, sample 861/6. Longer edge 300 µm.

a b
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a b

Fig. 13. BSE photographs of the ore.
a: BSE image of calcite embedded in quartz (dark). Calcite contains irregularely shaped siderite inclusions

mainly occurring in the centre of the calcite crystal. Assemblage type I, sample 861/1. Longer edge 420 µm.
b: BSE image of a calcite aggregate, associated with pyrrhotite (white) and quartz (black). Calcite con-

tains irregularly shaped siderite (highest reflecting inclusions; short arrows) and ankerite (distinctly
brighter than calcite; long arrows). Siderite also occurs along grain boundaries (long arrow) of homo-
geneous calcite (central part). Assemblage type I, sample F/08. Longer edge 500 µm.

7. Discussion

7.1. Whole-rock chemical composition
The oxides Fe2O3, FeO, CaO and LOI occur in varying proportions (Table 1). The

iron contents correlate with the relative abundances of magnetite, amphibole, chlorite, an-
kerite and siderite, and CaO with calcite and ankerite. The values of LOI especially reflect
CO2 present in carbonates (assemblage type II contains about 20 wt. % of CO2 and assem-
blage type III about 12 wt. % CO2). LOI is also connected with chlorite containing of H2O
(rock type IV). The total iron concentration (expressed as FeOtot) varies distinctly. The hig-
hest values occur in assemblage type I (45.15–47.95 wt. %) and the lowest in assemblage
type II (27.10–28.98 wt. %). Assemblage type III has intermediate FeOtot concentrations
lying between 33.62 and 40.34 wt. %. The FeOtot value of rock type IV is relatively high
(41.48 wt. %) and, therefore close to FeOtot of assemblage type I. 

According to the mineralogical composition and the rock microstructure, the rock
type IV is a chlorite-amphibole(-magnetite-ilmenite) schist. A similar rock, characterized as
chlorite schist, was analysed by FOJT et al. (1993) showing nearly the same element-oxide
concentrations as in the above-mentioned schist [e.g. 42.64 wt. % FeOtot (Tab. 1, sample
“Fojt”)]. However, this rock has an elevated CaO-value (3.34 wt. %) as an indication for the
occurrence of carbonate. POUBA and HETTLER (1950) also observed chlorite schist in Malý
Děd. The authors stated that this rock originated from metamorphosed mafic tuff or tuffite. 

7.2. Rare earth elements
Striking feature of all analyses is the relatively high LREE and low HREE-content

expressed by the ratio of LREE/HREE (Tab. 2). The chondrite-normalized REE patterns
(Fig. 14; normalization after ANDERS and GREVESSE 1989) are enriched in LREE. Apart
from one sample (861/3) containing the highest amount of quartz and having the
LREE/HREE ratio of 10.51, the ratio of the other samples varies between 4.29 and 8.52.
By comparing the individual patterns three other characteristics become obvious:

1. In all assemblages the pattern shapes are similar.
2. Apart from one sample (861/4), a marked negative Eu-anomaly occurs. 
3. The patterns exhibit a pronounced negative Ce-anomaly.



The decrease of the chondrite-normalized REE distribution patterns resembles basic
rocks, but contains also features observed in metamorphic and crustal rocks. It is inferred
that the negative Eu-anomaly (EuN/Eu*= 0.82 – 0.51) occurring in eight of the nine sam-
ples was inherited from the basic rock material. The absence of the Eu anomaly in the sam-
ple 861/4 (assemblage type II) may be explained that it consists nearly completely of carbo-
nate and quartz and has therefore only low magnetite and chlorite/amphibole-contents.
The negative Ce-anomaly (CeN/Ce*= 0.82 – 0.66) occurring in all samples is most pro-
bably a reflection of the influence of reducing conditions of the sea water.

7.3. Fluid evolution 
The earliest found fluid system has been trapped within Type Q1 fluid inclusions hos-

ted by quartz. The H2O-CO2 inclusions belonging to this stage exhibit highly variable phase
composition from members rich in CO2 to members rich in H2O. The phase variability
is a characteristic feature for both FI in clusters and solitary. This essentially reduces the
possibility of its secondary post-entrapment origin (i.e., by necking-down) and favours its
primary nature. The feature may be explained by trapping of heterogeneous fluid, com-
posed of a mechanical mixture of water- and CO2-rich phases. Such an explanation may be
supported also by contrasting salt content of H2O- and CO2-rich FI (sample MD), because
salts are poorly soluble in CO2-dominating fluid. Moreover, the absence of essentially 
pure aqueous and CO2 inclusions indicate that fluid mixture would have been trapped in
a high-temperature regime. Heterogeneous fluid entrapment allows specification of the PT-
conditions based on fluid inclusion data only. In such situations, the minimum measured
homogenization temperature represents the trapping temperatures. The corresponding ho-
mogenization pressure is equal to trapping pressure (e.g., HURAI et al. 2002). In our case,
the appropriate PT-conditions are located at ~435 °C and ~3.5 kbars (Fig. 15) possibly
reflecting the “peak” metamorphic overprint in this area. 

The younger fluid type is represented by CO2 fluids enclosed within abundant Type
Q2 FI in quartz and P FI in ankerite. However, it seems to be unlikely that such a CO2-do-
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Fig. 14. Chondrite-normalized REE plots for 9 samples from assemblage type I [1, 2, 3 and 7 (arrowed)], type II
(4 and 6), type III (9 and 12) and rock type IV (10, arrowed).



minating fluid could be the ultimate fluid phase from which the carbonate had precipita-
ted. Therefore, it is probable that during this stage also coexist two fluids in the hydrother-
mal system: one rich in CO2 (which was widely trapped in FI) and second rich in H2O
(which was essentially not trapped in FI). There are described examples of such a selective
entrapment producing fluid inclusion assemblages with essentially stable phase pro-
portions in the literature (i.e., HEDENQUIST and HENLEY 1985, BODNAR et al. 1985). Ne-
vertheless, a possible candidate to represent the water-rich endmember is fluid phase 
preserved in a group of secondary FI in quartz sample MD1 which exhibit only very low
CO2 content. It must be stressed, however, that direct evidence for such coexistence is still
lacking. If this assumption is true, then the plausible PT-conditions of entrapment would
be located at ~210 °C and ~1 kbar (Fig. 15).

The youngest fluid systems are probably represented by aqueous fluids hosted by FI
in carbonates and both aqueous and methane fluids in secondary FI in quartz. Unfortuna-
tely, their relative chronology cannot be specified due to limited information available.
Most probably, these fluids may have been trapped from homogeneous fluid due to consis-
tent phase composition of fluid inclusions. In such situation, the homogenization tempe-
ratures of aqueous inclusions are the minimum possible temperatures and the true trapping
PT-conditions lie on appropriate isochores (Fig. 15). Therefore, an independent pressure
or temperature estimate is required for precise location of real PT-conditions. Unfortuna-
tely, it is absent in all cases.

In conclusion, it can be stated that several different fluid systems were recognized
in samples from Malý Děd, including H2O-CO2 mixtures, gas-free aqueous solutions and
methane fluid. The position of their isochores precludes a contemporaneous generation of
all fluid types. Rather, the data suggest a long lasting fluid history, covering the peak and
retrograde phases of Variscan metamorphism as well as possible post-metamorphic fluid
evolution. All FI-hosting mineral phases, ankerite, calcite and quartz, host different fluid
inclusion assemblages. Ankerite contains in primary inclusions fluid system postdating the
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Fig. 15. Summary of available PT-data and isochores of fluid inclusions from Malý Děd. The shaded areas repre-
sent possible PT-conditions of fluid entrapment (see text).
Explanations: 1 – isochores of aqueous fluids hosted by S FI in ankerite; 2 – isochores of aqueous fluids
hosted by S FI in quartz; 3 – isochores of methane fluids hosted by S FI in quartz; 4 – isochores of water-
dominated H2O-CO2 fluids hosted by P FI in quartz (dashed line); 5 – isochores of CO2-dominating 
H2O-CO2 fluids hosted by P FI in quartz (dotted line); 6 – isochores of water-dominating H2O-CO2 fluids
in S FI in quartz; 7 – isochores of CO2-dominating fluids in P FI in ankerite and S FI in quartz; 8 – chlo-
rite compositional thermometry.



quartz-hosted “peak” fluids. This may indicate (i) later (“post-peak”) origin of carbonate
mineralization or (ii) younger complete recrystallization of this mineral phase. The calcu-
lated δ18O value of the fluid as high as +2.7 ‰ SMOW (for temperature of 210 °C and car-
bonate δ18O of 14.4 ‰ SMOW) being close to the lower limit for “metamorphic” waters
(e.g., SHEPPARD 1986) is compatible with both mentioned possibilities.

7.4. Minerals
Amphibole-(I) contains high CaB and (Na + K)A-values (Tab. 4) and, therefore, be-

longs to the group of calcic amphiboles. The Si-values vary from about 5.70 to about 6.25
and the XMg = 0.15 or lower (Fig. 16, right side). This amphibole is identical with fer-
rotschermakite. 

Amphibole-(II) has a low MgO-number [(Mg/(Mg + Fe) = about 0.25], a high SiO2-
number (mostly higher than 7.75) and very low CaO contents (Fig. 16, left side). There-
fore, this amphibole belongs either to the monoclinic grunerite or to the orthorhombic
ferroanthophyllite. Due to the intimate intergrowth of the extremely fine-grained ferro-
anthophyllite/grunerite with chlorite and the preponderance of the latter, X-ray diffraction
analyses and optical investigations failed to determine the symmetry of amphibole. 

According to the biotite-classification diagram of RIEDER et al. (1998) using the Fe-
number, and the amount of AlIV, biotite of Malý Děd is siderophyllite (Fig. 17). The plots
show that the Fe and AlIV-contents are slightly changing only. The chemical composition
of chlorite corresponds to iron-rich chamosite with Si close to about 2.5 apfu and the Fe-
number [Fetot/(Fetot + Mg)] higher than 0.75 (Fig. 18). Useful for illustrating differences
in compositions of chlorites that were formed in defined environments (e. g. felsic, mafic,
ultramafic) is the diagram of LIARD (1988), modified and complemented by MÜCKE

(2006). This diagram, presented in Fig. 19, uses the Al/(Al + Fe + Mg) vs. Mg/(Mg + Fe)
values. The chlorite plots occupy a small field only (Al numbers are about 0.4 and the Mg-
numbers vary from 0.05 to 0.2) that is identical with chlorites of Algoma type iron-forma-
tions. The temperatures of formation of the chlorites were calculated according to CATHE-
LINEAU (1988) and JOWETT (1991). The results are presented in Tab. 5 (last two lines). The
temperatures vary between 378 to 430 °C (on average 403 °C of 8 analyses after CATHELI-
NEAU) and 392 and 448 °C (on average 419 °C of 8 analyses after JOWETT).
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Fig. 16. Combined presentation of Fe-Mg amphiboles (left side) and calcic amphiboles (right side), the analytical
points of the two investigated amphiboles (in mol. %) and their general definitions (presented in the
upper parts) according to LEAKE et al. (1997).



The Figs. 17 and 18 contain additional plots obtained from other Lahn-Dill deposits
of the Vrbno Group. In Fig. 17 analyses of ZIMÁK (2002b) and ŽÁČEK (2007) show that
biotite of Seč (close to Jeseník) is richer in Mg (at the expense of Fe) and Si (at the expen-
se of Al) than siderophyllite of Malý Děd and is, therefore identical with annite lying clo-
se to the phlogopite-field. Similar in composition is biotite of Rejvíz-Ulrichsbrücke (unpub-
lished data of the authors). The chlorite-diagram of Fig. 18 contains plots of chlorite
occurring either south or north-east of Malý Děd. The southern part includes the deposits
of Skály (near Rýmařov) (investigated by FOJT et al., 2007), Chabičov (ZIMÁK and VÁVRA,
1998) and Tvrdkov (close to Skály) (ZIMÁK 2001), Benkov (lying between Zábřeh and Rý-
mařov) and Králová (close to Uničov) (MELKA and VYBÍRAL, 1977). The chlorite plots of
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Fig. 18. Chlorite diagram in mol. % according to MELKA (1965) and the analytical plots of the investigated chlo-
rites of Malý Děd (circle) and Rejvíz-Ulrichsbrücke (square); and of Lahn-Dill deposits south (star) and
north-east of Malý Děd (hexagon).

Fig. 17. Phlogopite/eastonite-annite/siderophyllite diagram of RIEDER et al. (1998) and the analytical plots of the
investigated mica solid solutions of Malý Děd (circle) and Rejvíz-Ulrichsbrücke (square); and Seč (star).



these occurrences lie exactly in the field of chlorite from Malý Děd indicating that they we-
re formed under similar metamorphic conditions. However, chlorite plots from Mlýnský
vrch, Drakov (both localities are close to Heřmanovice) and Seč analysed by ZIMÁK (2000,
2002a and 2002b) are lying in the field of Mg-rich chamosite or clinochlore. The latter was
also observed in Rejvíz-Ulrichsbrücke (unpublished data of the authors). As a sign that
both clinochlore and annite of the north-eastern deposits were formed under higher grade
metamorphic conditions than chamosite and siderophyllite of Malý Děd, garnet occurs in
Drakov (ZIMÁK, 2000) and in Rejvíz-Ulrichsbrücke (unpublised data of the authors). Gar-
net from Drakov consists predominantly of grossularite (67.67 mol. %) and almandine
(31.28 mol. %) and from Rejvíz-Ulrichsbrücke of grossularite (48.08 mol. %) and andradi-
te (48.40 mol. %). The relatively high Mg-concentration in both biotite and chlorite and the
occurrence of garnet in deposits north-east of Malý Děd are indications that at least high-
grade greenschist or even amphibolite facies conditions were attained.

The analytical data of carbonate, summarized in the Tables 6 to 9, are presented in
Fig. 20. In this figure, containing analytical plots within the FeCO3-MgCO3-MnCO3 dia-
gram, carbonate parageneses of the assemblages I – III are summarized:
• The Fig. 20a shows analytical data of assemblage type I (containing up to 5 vol. % car-

bonate) in which calcite and rarely ankerite occur. Calcite containing small siderite-con-
centrations is the host of inclusions consisting of ankerite and siderite (Fig. 13b) or of
siderite alone (Fig. 13a). Siderite contains low calcite-concentrations (below 10 mol. %)
and, in relation to siderite of assemblages II and III, relatively high concentrations of
MgCO3, whereas ankerite is relatively rich in Fe. On the other hand, ankerite hosting
calcite inclusions occurs in relatively small grains (about 50 µm; Fig. 12c) and has con-
siderable chemical variations, whereas the composition of the calcite inclusion is nearly
the same as that of the calcite-host.

• The Fig. 20b contains the plots of assemblage II that contains up to 80 vol. % carbona-
te. Zoned dolomite-ankerite solid solutions are the host crystals. These contain inclu-
sions of calcite (Fig. 12a) or siderite (Fig. 12d). Siderite, mainly free of the magnesite,
contains about 10 mol. % calcite, whereas calcite has only small contents of siderite (ma-
ximum 5.5 mol. %) in the solid solution. 
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Fig. 19. Chlorite environmental classification diagram-[Mg/(Mg + Fe) vs. Al/(Al + Fe + Mg)] from LIARD (1988)
modified by MÜCKE (2006) and the analytical plots of the Lahn-Dill type deposit of Malý Děd lying exactly
in the field of iron-formations.



• The Fig. 20c contains the plots of assemblage type III containing up to 25 vol. % carbo-
nate. Zoned ankerite is the host which may contain inclusions of calcite and rarely side-
rite (Fig. 12b). Along the CaMg(CO3)2 – CaFe(CO3)2 join, the composition of the host
is located. Similar to the other two assemblages, the composition of the solid solution
varies in distinct limits, but is always dominated by the ankerite-endmember. However,
the chemical variation is relatively small in ankerite which is free of inclusions. Calcite
of the inclusions contains FeCO3 concentrations of more than 10 mol. % (rarely more
than 20 mol. %) and MgCO3 concentration of slightly more than 5 mol. %. The compo-
sition of siderite of the inclusions is similar to those of assemblage II.

In most of the carbonate parageneses of the assemblages II and III, the host is zoned
dolomite-rich ankerite. It contains inclusions of calcite and siderite. Calcite is intimately
intergrown with the host (Fig. 12a) and siderite occurs not only in the centre of the host
crystals, but also along their rim (Fig. 12d). Therefore it is inferred that host and inclusion
were formed almost together and are of the same age. However, in assemblage I in which
calcite is the host, the inclusions are corroded and irregularly distributed. The inclusions
consist of siderite only (Fig. 13a) or of siderite + ankerite (Fig. 13b). In the central part of
Fig. 13b, the inclusions have been expelled from the host probably due to re-equilibration
during metamorphism and siderite occurs along grain boundaries. These textures resemble
features related to decomposition, agreeing with investigations in the system CaCO3-FeCO3
of GOLDSMITH et al. (1962) and ROSENBERG (1963). This diagram contains a considerable
miscibility gap. The gap becomes smaller with increasing temperature especially in the area
of calcite-rich solid solutions, containing high FeCO3-concentrations (generally lying bet-
ween 2.48 and 11.20 mol. %, but exceptionally up to 24.19 mol. %). Therefore, it is inferred
that the calcite-siderite solid solutions of our study were formed close to, but not higher than
a temperature of 450 °C. With decreasing temperature during cooling, the calcite-siderite
solid solution became unstable and decomposed into calcite with lower siderite content
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Fig. 20. MgCO3-FeCO3-CaCO3 diagrams containing analytical plots of a) assemblage I that consists of calcite and

rarely ankerite. Calcite (host) has inclusions of siderite (arrows) or siderite and ankerite (arrows); b)
assemblage II that consist of zoned ankerite (host) having inclusions of siderite (arrows) and calcite
(arrows); c) assemblage III that consists of ankerite alone or of ankerite (host) having inclusions of cal-
cite (arrows) and siderite (arrow).
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A s s e m b l a g e  II
861/6: zoned Ankerite + Calcite 861/6: zoned Ankerite + Siderite

I II IIIc IVc V VI VII VIII IXc Xc XI XII

FeO 21.04 24.17 25.96 29.31 2.25 2.48 22.61 22.79 26.74 27.16 55.11 55.07
MnO 0.72 0.53 0.42 0.25 0.20 0.15 0.65 0.62 0.45 0.31 0.22 0.28
MgO 7.18 5.01 3.88 2.03 n.d. n.d. 6.28 6.23 3.77 2.96 0.02 0.05
CaO 28.11 27.95 27.33 27.45 54.10 53.92 26.99 28.06 27.02 27.30 5.87 5.11
SrO 0.04 n.a. 0.11 0.08 0.12 0.17 0.08 0.02 0.03 0.07 0.06 n.d.
CO2calc. 43.24 42.54 41.26 41.91 44.01 44.00 43.03 43.17 41.99 41.51 38.55 37.97
Total 100.33 99.20 98.96 101.03 100.68 100.72 100.47 100.89 100.00 99.31 99.83 98.48
FeCa(CO3)2 56.90 69.60 77.06 85.70 – – 64.38 64.68 78.02 80.14 – –
MnCa(CO3)2 2.06 1.56 1.26 0.74 – – 1.88 1.74 1.34 0.94 – –
MgCa(CO3)2 36.26 25.72 20.52 10.58 – – 32.68 31.50 19.62 15.56 – –
SrCa(CO3)2 0.08 – 0.24 0.16 – – 0.16 0.04 0.06 0.14 – –
CaCa(CO3)2 2.00 3.12 0.92 2.82 – – 0.90 2.04 0.96 3.22 – –
FeCO3 29.80 34.80 38.53 42.85 3.13 3.45 32.19 32.34 39.01 40.07 87.56 88.85
MnCO3 1.03 0.78 0.63 0.37 0.28 0.21 0.94 0.87 0.67 0.47 0.36 0.45
MgCO3 18.13 12.86 10.26 5.29 – – 16.34 15.75 9.81 7.78 0.06 0.14
CaCO3 51.00 51.56 50.46 51.41 96.47 96.18 50.45 51.02 50.48 51.61 11.95 10.56
SrCO3 0.04 – 0.12 0.08 0.12 0.16 0.08 0.02 0.03 0.07 0.07 –

Table 6. Ankerite, calcite and siderite analyses of assemblage type II in wt. % (upper part) and in end-member
concentration (mol. %, lower part). Ankerite-dolomite is also presented identical to the calcite-group
in mol. %. Ankerite analyses I, II, VII and VIII are from the rim and III, IV, IX and X from the core
of the zoned ankerite crystals. I (without index: rim of the crystal), IIc (core of the crystal). The
formulae of carbonate were calculated on the basis of 1 cation (calcite-group) and 2 cations (dolomite-
group), respectively.

A s s e m b l a g e II A s s e m b l a g e I
861/4: zoned Ankerite + Calcite 861/7: zoned Ankerite + Calcite

I IIc IIIc IVc V VI VII VIII IXc Xc XIc XII

FeO 21.77 26.80 27.74 28.81 1.81 3.93 20.36 22.26 27.44 27.85 28.32 3.81
MnO 0.53 0.31 0.28 0.24 0.19 0.26 0.55 0.59 0.28 0.23 0.15 0.20
MgO 7.07 3.43 2.84 2.46 54.10 0.45 7.97 6.70 3.53 2.04 2.29 0.05
CaO 27.28 27.20 26.86 26.35 0.19 52.12 27.85 27.71 27.21 27.14 26.28 53.18
SrO n. a. n.a. 0.05 0.11 0.10 n.a. 0.08 0.08 0.04 0.04 0.08 n.a.
CO2calc. 42.79 41.70 41.37 40.78 43.95 43.97 43.41 43.09 42.20 40.74 40.60 44.24
Total 99.44 99.44 99.09 98.64 100.34 100.73 100.22 100.43 99.70 98.04 98.72 101.48
FeCa(CO3)2 62.32 78.74 82.14 84.44 – – 57.46 63.28 79.64 83.74 85.46 –
MnCa(CO3)2 1.54 0.92 0.84 0.74 – – 1.58 1.70 0.82 0.70 0.46 –
MgCa(CO3)2 36.08 17.78 15.00 13.16 – – 40.10 33.94 18.26 10.94 12.34 –
SrCa(CO3)2 – – 0.10 0.24 – – 0.16 0.16 0.08 0.08 0.18 –
CaCa(CO3)2 0.06 2.38 1.92 1.42 – – 0.70 0.92 1.20 4.54 1.56 –
FeCO3 31.16 39.37 41.07 42.22 2.52 5.48 28.97 31.64 39.82 41.87 42.73 5.27
MnCO3 0.77 0.46 0.42 0.37 0.27 0.37 0.80 0.85 0.41 0.35 0.23 0.28
MgCO3 18.04 8.98 7.50 6.58 0.49 1.12 20.21 16.97 9.13 5.47 6.17 0.12
CaCO3 50.03 51.19 50.96 50.71 96.62 93.03 49.94 50.46 50.60 52.27 50.78 94.33
SrCO3 – – 0.05 0.12 0.10 – 0.08 0.08 0.04 0.04 0.09 –

Table 7. Ankerite and calcite analyses of assemblages type II and I in wt. % (upper part) and in end-member
concentration (mol. %, lower part). Ankerite-dolomite is also presented identical to the calcite-group
in mol. %. Ankerite analyses I, VII and VIII are from the rim and II, III, IV, IX, X and XI from the
core of the zoned ankerite crystals.



and newly-formed siderite with low calcite content. Newly-formed siderite may be associa-
ted with ankerite (Fig. 13b). According to REEDER (1983), however, the join CaCO3-FeCO3
does not display a dolomite (ankerite)-like component. Therefore, high temperature calci-
te with ankerite of decomposition origin, is firstly reported in this paper. 
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A s s e m b l a g e I Assemb. III
861/1: Calcite + Siderite F/08: Calcite + Ank + Sid 861/9 Ank

I II III IV V VI VII VIII IX X XI XII

FeO 3.76 3.85 4.43 53.67 54.42 54.04 6.31 7.35 24.55 54.62 27.67 28.78
MnO 0.35 0.17 0.36 0.54 0.79 1.28 0.21 0.24 0.42 0.34 0.35 0.29
MgO n.d. n.d. n.d. 2.24 2.94 1.89 0.57 0.55 3.66 1.16 2.43 2.50
CaO 51.85 52.48 51.47 3.76 2.28 3.31 49.13 48.06 28.55 4.52 27.98 26.69
SrO 0.27 0.48 0.30 n.d. n.d. n.d. 0.11 0.14 0.12 0.05 n.a. n.a.
CO2calc. 43.32 43.85 43.46 38.61 38.82 38.56 43.22 43.03 41.75 38.50 41.77 41.49
Total 99.55 100.85 100.02 98.82 100.04 99.08 99.55 99.37 99.05 99.19 100.20 99.75
FeCa(CO3)2 – – – – – – – – 72.04 – 81.14 84.98
MnCa(CO3)2 – – – – – – – – 1.24 – 1.04 0.88
MgCa(CO3)2 – – – – – – – – 19.14 – 12.68 13.14
SrCa(CO3)2 – – – – – – – – 0.26 – – –
CaCa(CO3)2 – – – – – – – – 7.32 – 5.14 1.00
FeCO3 5.31 5.38 6.25 85.16 85.86 85.86 8.94 10.46 36.02 86.89 40.57 42.49
MnCO3 0.50 0.24 0.52 0.86 1.26 2.05 0.31 0.35 0.62 0.55 0.52 0.44
MgCO3 – – – 6.34 8.27 5.35 1.44 1.39 9.57 3.29 6.34 6.57
CaCO3 93.93 93.92 92.94 7.64 4.61 6.74 89.20 87.66 53.66 9.21 52.57 50.50
SrCO3 0.26 0.46 0.29 – – – 0.11 0.14 0.13 0.06 – –

Table 8. Calcite, siderite and ankerite analyses of assemblages type I and III in wt. % (upper part) and in end-
member concentration (in mol. %, lower part). Ankerite-dolomite is also presented identical to the cal-
cite-group in mol. %.

A s s e m b l a g e  III
861/12: zoned Ankerite + Calcite 861/12: zoned Ankerite +  Siderite + Calcite

I II IIIc IVc Vc VI VII VIIIc IX X XI XII

FeO 24.05 24.03 25.99 27.14 27.69 16.74 20.06 25.95 53.71 53.94 5.65 8.01
MnO 0.41 0.60 0.24 0.37 0.23 0.20 0.72 0.47 0.73 0.31 0.45 0.66
MgO 5.38 5.37 4.55 3.25 3.41 2.39 7.75 4.00 0.15 0.09 0.77 0.86
CaO 27.54 26.95 27.06 27.09 26.62 37.39 28.30 27.28 6.40 6.41 49.69 47.87
SrO 0.03 0.06 0.24 0.04 0.06 0.16 0.03 0.04 0.04 n.d. 0.13 n.a.
CO2calc. 42.48 41.95 42.37 41.69 41.74 42.39 43.42 41.97 38.56 38.36 43.63 43.82
Total 99.89 98.96 100.45 99.58 99.75 99.27 100.28 99.71 99.59 99.11 100.32 101.22
FeCa(CO3)2 69.36 69.88 75.14 79.78 81.28 – 56.60 75.74 – – – –
MnCa(CO3)2 1.18 1.76 0.70 1.10 0.68 – 2.06 1.40 – – – –
MgCa(CO3)2 27.62 27.84 23.46 17.02 17.82 – 38.96 20.78 – – – –
SrCa(CO3)2 0.06 0.12 0.48 0.08 0.12 – 0.06 0.08 – – – –
CaCa(CO3)2 1.78 0.40 0.22 2.02 0.10 – 2.32 2.00 – – – –
FeCO3 34.68 34.94 37.57 39.89 40.64 24.19 28.30 37.87 85.33 86.13 7.93 11.20
MnCO3 0.59 0.88 0.35 0.55 0.34 0.29 1.03 0.70 1.18 0.51 0.64 0.93
MgCO3 13.81 13.92 11.73 8.51 8.91 6.16 19.48 10.39 0.42 0.25 1.92 2.14
CaCO3 50.89 50.20 50.11 51.01 50.05 69.20 51.16 51.00 13.02 13.11 89.38 85.73
SrCO3 0.03 0.06 0.24 0.04 0.06 0.16 0.03 0.04 0.05 – – –

Table 9. Ankerite, calcite and siderite analyses of assemblage type III in wt. % (upper part) and mol. % (lower
part) and in end-member concentration (in mol. %, lower part). Ankerite-dolomite is also presented
identical to the calcite-group in mol. %. Ankerite analyses I, II and VII are from the rim and III, IV, V
and VIII from the core of the zoned ankerite crystals.



Solid solutions of ankerite-dolomite show a limited solubility. Following the studies of
GOLDSMITH et al. (1962) and ROSENBERG (1967), REEDER (1983) stated that natural and
synthetic dolomite does not contain more than roughly 70 mol. % ankerite in the solid solu-
tion. However, our results show the highest Fe-content substituting for Mg in natural dolo-
mite to form ankerite. This is illustrated in Fig. 21, where 27 ankerite-dolomite analyses,
contained in the Tables 6 to 9, are summarized. Due to their low CaMn(CO3)2 concentra-
tion (max. 2.06 mol. %), the analytical plots lie close to the CaMg(CO3)2 – CaFe(CO3)2
join and cover over a span of 38.96 dolomite/56.60 ankerite to 10.58 dolomite/85.70 anke-
rite solid solutions. 
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Fig. 21. Carbonate compositions in the system CaFe(CO3)2 – CaMg(CO3)2 – CaMn(CO3)2 of assemblage types

I to III (mol. %) calculated from ankerite analyses contained in Tabs. 6 to 9.

M a g n e t i t e  solid solutions I l m e n i t e  solid solutions
Assemblage

I
Assemblage

III
Ass.
II

Rock type IV Rock type IV

I II III IV V VI VII VIII IX X XI XII XIII
TiO2 0.34 0.15 0.24 0.08 0.17 0.11 0.15 0.29 0.31 50.69 51.02 51.88 51.24
Al2O3 0.19 0.45 0.38 0.06 0.26 0.65 0.16 0.27 0.25 n.d. n.d. n.d. n.d.
FeOanal. 92.92 92.46 93.54 93.80 92.41 92.66 91.85 92.77 93.10 48.21 47.81 47.06 47.50
MnO n.d. n.d. n.d. n.d. 0.05 n.d. n.d. n.d. n.d. 0.22 0.19 0.20 0.20
MgO n.d. n.d. n.d. n.d. n.d. n.d. 0.10 n.d. 0.03 0.18 0.05 n.d. 0.23
CaO n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.21 n.d. n.d. 0.07
FeOcalc. 31.47 31.08 31.65 31.38 30.08 31.48 30.73 31.38 31.48 44.80 45.56 46.50 45.43
Fe2O3calc. 68.29 68.22 68.78 69.37 68.16 67.99 67.93 68.23 68.48 3.79 2.51 0.63 2.30

100.29 99.90 101.05 100.89 99.72 99.54 99.07 100.17 100.55 99.89 99.33 99.21 99.47
Ulvite 1.0 0.2 0.7 0.2 0.5 0.3 0.4 0.8 0.9 Pyrophanite 0.5 0.4 0.4 0.4
Jacobsite – – – – 0.2 – – – – Geikielite 0.7 0.2 – 0.8
Hercynite 0.40 1.0 0.85 1.15 0.6 2.25 0.35 0.6 0.55 CaTiO3 0.6 – – 0.2
Spinel – – – – – – 0.6 – 0.2 Hematite 3.6 2.4 0.6 2.2
Magnetite 98.6 98.8 98.45 99.65 98.70 97.45 98.65 98.6 98.35 Ilmenite 94.6 97.0 99.0 96.4

Table 10. Selected analyses of magnetite of assemblages I – III and rock type IV and ilmenite of rock type IV
in wt. % (upper part) and in end-member concentration (in mol. %, lower part). The formulae were
calculated on the basis of 3 (magnetite) and 1 cation(s), respectively.
nd = not detected.



The reason for this high ankerite-concentration in our carbonate solid solutions is not
known to us and cannot be solved in this paper, the more so as the cause of the instability
of CaFe(CO3)2 and the limited substitution of Fe2+ for Mg in the dolomite structure had
been often considered and reconsidered by various authors using various methods (e.g.
ROSENBERG, 1991, REEDER and DOLLASE, 1991 and CHAI and NAVROTZKY, 1996) but left
unresolved. 

At high temperature, ankerite is expected to undergo a disordering transition to the
calcite structure (REEDER and DOLLASE, 1991). Therefore, it may be inferred that ankerite
of our study represents a disordered phase. Such a calcite-type disordered CaFe(CO3)2
phase was synthesized at 845 °C and 30 kbar by DAVIDSON et al. (1993). However, these
PT-conditions cannot be applied to our rocks as they are by far too high. Moreover, the
synthesis of DAVIDSON et al. (1993) concerns the ideal end-member CaFe(CO3)2 only, but
not compounds of Ca(Fe,Mg)(CO3)2 containing Mg in the range of 10.38 to 38.96 mol. %
as detected in our study.

Quartz occurs most probably in two generations. One generation is of minor abundan-
ce and occurs in irregular distribution mostly in the form of euhedral crystals or small
aggregates (Figs. 12a, b, d). Apart from rock type IV, the second generation is widely distri-
buted in all of the assemblage types and locally makes up to 30 vol. % (Fig. 5) and is either
arranged parallel to the schistosity (Figs. 3 and 5) or is irregularly distributed (Fig. 4). 
Predominantly it replaces not only amphibole (Fig. 9b), chlorite (Fig. 7c) and carbonate
(Figs. 9a), but also apatite (Fig. 9b) and rarely magnetite (Fig. 7c). The second quartz
generation may be identical with silicification caused by submarine hydrothermal and
exhalative activity. Silicification was accompanied by other rock alterations such as chlori-
tization and carbonatization (MIXA and OREL, 1990).

8. Genesis

The Mid-European iron ores of the Devonian Lahn-Dill type (defined by AHLBURG

1911) represent a clear example of iron ore accumulation in a rift setting (QUADE 1976)
that are closely associated with basaltic volcanics (SAWKINS 1990). Older considerations
about the genesis of this deposit type favoured an iron- rich source identical with submari-
ne volcanogenic exhalations. Postulated by HENTSCHEL (1960) and RÖSLER (1964) and la-
ter confirmed by LEHMANN (1972), SAWKINS and BURKE (1980), FLICK and BEHNISCH

(1990) and LIPPERT and FLICK (1998) the basaltic volcanites are considered to be the sour-
ce rocks of the iron deposits. These rocks were transformed during spilitization into diaba-
se (FLICK and BENISCH 1990, NESBOR et al. 1993) under the release Fe and Si which were
concentrated in the ore body. 

Similar to the geological situation of the Lahn-Dill area in the Devonian, the study area
suffered a period of extension associated with the formation of the Moravo-Silesian basin.
The emplaced volcanic rocks, later transformed into metavolcanics range from arc and
back-arc within plate volcanites to oceanic tholeiites with transitions to the continental tho-
leiites associated with rift zones (KALVODA et al. 2008). Our whole-rock and trace element
data suggest that the chlorite-amphibole schist (rock type IV) could be a basaltic volcanite.
The latter is inferred to be the source rock. This rock has a high Fe-concentration showing
about 42 wt. % FeOtot in the whole-rock composition. The high Fe-content is a reflection of
the composition of ferrotschermakite which contains nearly 40 wt. % FeOtot. Ferrotscher-
makite occurring in the form of remnants in newly-formed ferroanthophyllite/grunerite or
chamosite (Fig. 11a) is a primary constituent of the basaltic source rock.
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Different to the Lahn-Dill area and the Harz Mountains where the iron-mineraliza-
tions originated from spilitization of the source rock, the protoliths of the iron-mineraliza-
tions of Malý Děd were formed by the interaction of two sources:
1. Submarine volcanogenic exhalations. These exhalations are rich in Fe and CO2 and ve-

ry low in Mn. In contact with sea water and reducing conditions FeCO3 (and MnCO3)
precipitation occurs. Due to the elevated CO2-concentrations, the normal sea water
precipitation increases and as a consequence FeCO3 (+ MnCO3) occur together with
CaCO3 and MgCO3. The influence of the marine environment is documented by the
occurrence of Sr in nearly all carbonate analyses (Tabs. 6 to 9) ranging from 0.03 to
0.48 wt. % SrO and in the whole-rock chemical analyses of the carbonate-bearing ore
(e.g. assemblage type II has Sr-contents lying between 298 and 226 ppm). 

2. Submarine pyroclastic material. It is fine-grained like ashes, had the same or a similar
chemical composition as the source rock and, therefore the same high Fe-concentration.
Within the deposit of Malý Děd, the pyroclastic material may be chemically identical
with chlorite-schist that originated according to POUBA and HETTLER (1950) from basic
tuff or tuffite.

From these two sources, differently composed sediments originated that were deposi-
ted in the form of layers in the marine basin:
• In phases of strong volcanogenic-exhalative activity (or low input of pyroclastics) the se-

diments are dominated by carbonate precipitations identical with the protolith of assem-
blage type II.

• In phases of absent or strongly reduced volcanogenic-exhalative activity (or high input
of pyroclastics) the amount of carbonate is low and the resulting sediments are identical
with the protolith of assemblage type I.

• In phases in which both, the volcanogenic-exhalative activity and the input of pyroclas-
tics are moderate, the sedimentation of the protolith of assemblage type III occurs.

Caused by metamorphic events of the Variscan orogeny (SCHULMANN and GAYER

2000), the basaltic volcanite was transformed into chlorite-amphibole schist. Deduced
from prevailing rock patterns, ferrotschermakite transformed into ferroanthophyllite/gru-
nerite which recrystallized into the crenulation-cleavage texture (Figs. 10a, b). Similar to
ferroanthophyllite, quartz (Fig. 10a), ilmenite (Fig. 11b) and graphite suffered the same
metamorphic overprint as they are arranged in the same texture. Chamosite is younger and
inferred to be of retrograde origin. This is supported by the fact that chamosite forms pseu-
domorphic replacement textures after ferroanthophyllite/grunerite only, mostly inheriting
the pre-existing crenulation-cleavage texture (Figs. 10c, d). 

The same Variscan metamorphism transformed the pyroclastic material into mixtures
of amphibole, exceptionally biotite, magnetite and quartz and the precipitations of carbo-
nates into siderite-bearing calcite and dolomite-rich ankerite. Under retrograde conditions,
amphibole and biotite were mostly replaced by chamosite. The second quartz generation is
inferred to be formed under the same metamorphic conditions. The conditions of the high-
grade greenschist facies are marked by the appearance of biotite and the elimination of do-
lomite-ankerite (in the presence of quartz), which is stable under low-grade conditions of
the greenschist facies only. However, both biotite and ankerite-dolomite occur in the ore bo-
dy of Malý Děd. In relation to the abundance of ankerite-dolomite (locally up to 80 vol. %),
the amount of biotite is negligible low obtaining not more than 1 vol. %. From these rela-
tionships it is concluded that the rocks were formed just at the border between low-grade
to high-grade conditions of the greenschist facies. According to MATTHES (1983), the tem-
perature of the greenschist facies varies approximately between 400 °C (2–5 kbar PH2O)
and 450–470 °C (under a medium geothermal gradient and a corresponding gas pressure
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and a medium CO2/H2O-ratio). The calculated temperatures derived from the chlorite
geothermometers of CATHELINEAU (1988) and JOWETT (1991) lying on average at 403 °C
and 419 °C, the temperature of close to 450 °C obtained from considerations within the
CaCO3-FeCO3 system and from trapping of the early “peak” CO2-H2O fluid inclusions lea-
ding to ~ 450 °C and ~ 3.5 kbars, fit well into the results of our petrographic considera-
tions.

The ore body of Malý Děd may contain pyrrhotite (Fig. 7d). Various authors assume
that iron sulphides precipitated from the sea water containing Fe2+ and S2– -ions. The lat-
ter are considered to have been derived from bacterial reduction of marine sulphate. SAW-
LOWICZ (1989) reported the δ34S-values of sulphides resulting from bacterial sulphate re-
duction in the “Kupferschiefer” between –40 and –25‰ CDT (on average –35‰ CDT).
However, the δ34S values, established by FOJT et al. (1993) lie in the range between –14.6
and –19.6‰ CDT and seem to be too heavy to represent a “bacterial” source. HLADÍKOVÁ

and KŘIBEK (1988) reported δ34S values around –15 and 0‰ CDT, similar to those obtai-
ned by FOJT et al. (1993) and inferred that sulphur was leached from associated rocks such
as schists and basic metavolcanites. 

9. Conclusion 

Malý Děd is one of about 40 iron mineralizations within the Vrbno Group. On a ge-
netic point of view all these are identical, because they belong to the Lahn-Dill type. Ho-
wever, on a mineralogical point of view they are different, caused by varying conditions of
metamorphic changes under which the protolith of the iron mineralizations was trans-
formed. The minerals (chamosite: Fe/(Fe + Mg) from 0.78 to 0.92; siderophyllite:
Fe/(Fe + Mg) from 0.74 to 0.83) of Malý Děd originated just at the border between low-
grade to high-grade conditions of the greenschist facies. The deposits north-east of Malý
Děd underwent conditions of the high-grade greenschist or even the amphibolite facies;
this was deduced from lower Fe-concentrations in chlorite (= clinochlore/chamosite:
Fe/(Fe + Mg) from 0.44 to 0.59) and biotite (= annite: Fe/(Fe + Mg) from 0.51 to 0.56) and
the occurrence of garnet (grossularite-almandine or grossularite-andradite solid solutions).
On the other hand, the deposits in the southern part of the Vrbno Group contain chlorite
(= chamosite: Fe/(Fe + Mg) from 0.77 to 0.86) which is identical in composition with chlo-
rite of Malý Děd. Therefore, it was inferred that these deposits had suffered similar meta-
morphic changes. However, the occurrence of stilpnomelane, greenalite and minnesotaite
(e. g. MELKA and VYBÍRAL, 1977; ZIMÁK and VÁVRA, 1998; ZIMÁK, 2001; and FOJT et al.,
2007) in the southern deposits are indications for distinctly lower-grade metamorphic con-
ditions as discussed for Malý Děd. 
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