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The phlogopite pyroxenite with a high content of pyrrhotite forms a body of circular outline about 1 km in diameter
at Pfedni Zvonkova in Moldanubian Zone (Sumava/Bohemian Forest/Bohmerwald), Czech Republic. The contours of
pyroxenite body are indicated by magnetometry and gravity data. Loose blocks up to 70 cm in size scattered on fields
in the flat terrain indicate that the rock is at least partly exposed at the current erosion level. The best preserved sample
SV235A is a medium-grained rock containing 27 vol. % phlogopite, 23 % diopside, 25 % enstatite, abundant apatite
(7 %), minor plagioclase (3 %, An,, ,,), and pyrrhotite (3 %). Tendency to sulphide segregation is indicated by several
mm pyrrhotite aggregates enclosing individual grains of pyroxenes, phlogopite and apatite.

In the mg# vs. MgO diagram the studied pyroxenites plot along the linear trend defined by granitoid durbachites (me-
lanocratic quartz syenites, quartz monzodiorites to melagranites), biotite—amphibole quartz diorites and biotite—amphi-
bole ultramafic rocks (all from the Moldanubian Zone in southern and south—central Bohemia), after the whole-rock
compositions of pyroxenites are corrected for the respective content of pyrrhotite. Several pyroxene thermometers yield
equilibration temperatures in the range of 970 to 1040 °C for the sample SV235A.

The Re-Os and Sr-Nd isotope composition of whole-rock samples indicates important crustal component in the sulphides
and silicates. Petrological and geochemical data show a major role of fractional crystallization/crystal accumulation in
formation of these rocks but magma mixing process is also recorded. The phlogopite pyroxenite is a rare rock important
for understanding genesis of durbachitic magmatism.

Czech
G )
“0logical 500"

Keywords: phlogopite pyroxenite, durbachite, cumulate, Moldanubian Zone
Received: 15 January 2015; accepted: 18 March 2015; handling editor: Emil Jelinek

1. Introduction

Amphibole-biotite/phlogopite granitoids, often with quartz
syenite and quartz monzonite compositions, designated as
durbachites, represent important rock-types in the Molda-
nubian Zone of the Variscan orogenic belt (von Raumer et
al. 2014; Z4k et al. 2014; Tabaud et al. 2015). Following
the most plausible interpretation, the rocks crystallized from
hybrid magmas (Holub 1997; Gerdes et al. 2000; Janousek
and Holub 2007). The rocks are ultrapotassic sensu Foley et
al. (1987), feature high MgO and K,O contents and elevated
abundances of incompatible trace elements (Rb, Cs, Ba,
U, Th). Relatively high Cr and Ni contents, accompanying
elevated MgO, are considered a signature of melt derived
from mantle source. The other component in the parental
magma was a leucogranite melt of crustal derivation (Holub
1997; Janousek and Holub 2007).

It will be shown that the presently studied phlogopite
pyroxenite, localized in Bohemian Forest area (Moldanu-
bian Zone) in Bohemian Massif [WGS84: N48°44'01.3",
E14°0028.3"], exhibits mineralogical and geochemical

similarities and genetic affinity to durbachites. Whereas
in the published papers on durbachites discussion of
melt origins and magma mixing prevailed, the newly
obtained data on phlogopite pyroxenite indicate a role of
fractional crystallization in evolution of durbachitic mag-
mas. Breiter (2008) and Parat et al. (2010) also presented
information supporting role of fractional crystallization
in genesis of durbachites of the Ttebi¢ Pluton, western
Moravia, Czech Republic.

The existence of relatively abundant fine-grained
enclaves in durbachites, having a more mafic composi-
tion (Holub 1997), amphibole—phlogopite ultramafic
rocks and amphibole—phlogopite quartz diorites intruded
mainly in the Prachatice Granulite Massif (Hejtman 1975;
Breiter and Koller 2009) represent additional reasons
to discuss possible role of fractional crystallization in
evolution of durbachitic magmas. We will show that
comparison of new data on phlogopite pyroxenite with
published ones on durbachitic rocks presents evidence
that both the processes were important in generation of
the phlogopite pyroxenite.
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Fig. 1la — The simplified sketch of Europe with outline of the Bohemian Massif, marked position of the Czech Republic and the basement outcrop
area. b — Geological sketch of the Sumava/Bohemian Forest (Bohmerwald) area (Moldanubian Zone) (adopted and modified after the geologic
map 1:50 000, sheets Nova Pec 32—14, Cesky Krumlov 32-23, and Vy3si Brod 32-41).

As an interesting aspect of intrusion mechanisms
appear incomparable dimensions of intrusions/plutons
of various members of the durbachitic group. Whereas
amphibole—biotite quartz syenite and quartz monzonite
to melagranite constitute the large Knizeci Stolec Pluton
(Fig. 1b; Verner et al. 2008), ultramafic to mafic amphi-
bole—phlogopite intrusions in the Prachatice Granulite
Massif attain usually dimensions only of tens to hundred
metres (Hejtman 1975). The studied phlogopite pyro-
xenite from Pfedni Zvonkova, indicated by geophysical
data as a plug or lens 1 km in diameter, comes near to
the small-size category of mafic rocks in the Prachatice

Granulite Massif. The present discovery of durbachitic
phlogopite pyroxenite represents the rare rock-type in the
Moldanubian Zone of the Bohemian Massif.

2. Geological setting

2.1. Moldanubian Zone of the Bohemian
Massif

The study area is located in the Moldanubian Zone of
the Bohemian Massif (Fig. 1a) in the Sumava/Bohemian
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Fig. 2a — Airborne magnetic map with M1 anomaly near village of Pfedni Zvonkova at the western margin of the area; M2 anomaly 2 km to the
NE probably indicates similar rocks but the body is under water; b — Gravity map showing G2 and G3 anomalies coinciding with location of M1

and M2 anomalies. Data from Sramek (2010).

Forest (Bohmerwald) region (Fig. 1b) and close to the
Bavaricum domain. The Moldanubian Zone is inter-
preted as a root zone of the Variscan belt, resulting from
collision of Gondwana with Laurasia (e.g., Schulmann
et al. 2009). Metamorphic rocks of the Moldanubian
Zone include mainly amphibolite-facies gneisses and
migmatites with early Palacozoic and late Proterozoic
protolith ages (Kosler et al. 2013), as well as high-
pressure granulites, often with lenses or larger bodies of
garnet and spinel peridotites and eclogites (Vrana et al.
1995). Subdivision of the Moldanubian Zone was pre-
sented in Dallmeyer et al. (1995) and McCann (2008);
stratigraphy and lithology were characterized by Fiala et
al. (1995). Important is the presence of several Variscan
granitoid plutonic complexes including many scattered
occurrences of ultrapotassic amphibole-biotite granitoid
rocks (durbachites) (Holub 1997; Janousek and Holub
2007; Zak et al. 2014).

2.2. Field data

Phlogopite pyroxenite body has been found by field as-
sessment of a striking gravimetric and magnetometric
anomaly, circular in plan and 1 km in diameter, near
the village of Piedni Zvonkova, Cesky Krumlov region,
southern Bohemia (Figs 1b, 2a—b). This work was con-
ducted in course of compilation of the geologic map
1:25 000, sheet Cerna v Posumavi (Vrana et al. 2010).

Phlogopite pyroxenite occurs near contact of migmatites
of the Monotonous Unit with retrogressed felsic granu-
lites of the southern margin of the Kfistanov Granulite
Massif (Fig. 1). This place is located 8 km south of the
Knizeci Stolec durbachite pluton, 90 km?in area (Verner
et al. 2008).

Airborne magnetometry survey (Salansky and
Manova 1988; Sramek 2010) identified two small
prominent anomalies, marked M1 and M2 (Fig. 2a).
The anomaly M1 coincides with the body of phlogo-
pite pyroxenite, as confirmed by fieldwork. The
anomaly M2 is probably caused by a similar rock
as M1; however, the region is flooded by the Lipno
dam lake.

Gravimetry of wide area is based on detailed survey,
including four stations per 1 km? (Vrana and Sramek
1999). Anomalies G2 and G3 (Fig. 2b) coincide with
the magnetometry anomalies M1 and M2. The gravity
effect is caused by phlogopite pyroxenite with mea-
sured density of 3.1 g.cm™, sampled in the area of the
G2/M1 anomaly. Phlogopite pyroxenite shows a strong
contrast against the local country rocks — migmatite,
felsic granulite and paragneiss (with densities of 2.65—
2.70 g.cm™; Sramek 2010). The gravimetry information
indicates that the subsurface vertical dimensions do
not exceed 100 m. Thus a lens-shaped circular body
or a tectonic segment of a former plug would fit the
gravimetry data.
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3. Methods

3.1. Electron microprobe analysis

Analyses of the major rock-forming and selected acces-
sory minerals were done with fully automated CAMECA
SX-100 electron microprobe, employing ®(pz) cor-
rection procedure (Pouchou and Pichoir 1985) at Joint
Laboratory of Electron Microscopy and Microanalysis,
Department of Geological Sciences, Masaryk University,
and Czech Geological Survey, Brno, Czech Republic
(P. Gadas). Analyses of clinopyroxene, orthopyroxene,
and amphibole were performed typically at an accelera-
tion voltage of 15 kV, currents of 20—40 nA and spot size
of 5-10 um. For phlogopite, chlorite and plagioclase,
the beam current was 10—15 nA and spot size 2 um. For
sulphides beam current 20 nA with 25 kV acceleration
voltage and 1 pm beam diameter were used. Minor-
element interferences have been checked routinely and
corrected for by measuring the corresponding standards.
Calculation of mineral analyses to apfu was done using
the spreadsheets by Tindle (2015).

3.2. Whole-rock geochemical analyses

Samples (€. 15-30 kg) were crushed in the laboratories of
the Czech Geological Survey Prague—Barrandov (CGS) to
grain fraction 2—4 cm by steel jaw crusher, homogenized
and split to 500-1500 g. Finally, aliquots of c. 300 g were
grinded in an agate mill. Selected major-element analyses
were carried out by wet chemistry at CGS (Dempirova
2010). The relative 2c uncertainties were better than 1 %
(8i0,), 2 % (FeO), 5 % (ALQ,, K,0, Na,0), 7 % (TiO,,
MnO, Ca0), 6 % (MgO) and 10 % (Fe,O,, P,O,).

Total abundances of the several minor elements were
analysed in the Acme Analytical Laboratories (Vancouver)
Ltd., Canada by ICP-OES following a lithium metaborate
or tetraborate fusion and dilute nitric digestion of a 0.2 g
sample (method 4A). The REE and refractory metals were
determined by ICP-MS following a lithium metaborate
or tetraborate fusion and nitric acid digestion of a 0.2 g
sample (method 4B). In addition, separate 0.5 g splits
were dissolved in aqua regia and analysed by ICP-MS to
report the precious and base metals (method 1DX). For
further analytical details, see http://acmelab.com.

Interpretation and plotting of the whole-rock geochemi-
cal data was facilitated by the freeware R-language pack-
age GCDKkit, version 3.0 beta (Janousek et al. 2006, 2011).

3.3. Sr—Nd isotopes

For the radiogenic isotope determinations, samples were
dissolved using a combined HF-HCI-HNO, digestion.

Strontium and bulk REE were isolated from the matrix
following the exchange chromatography techniques of
Pin et al. (1994), i.e. using PP columns filled with Sr.spec
and TRU.spec Eichrom resins, respectively. The Nd was
further separated from the REE fraction on PP columns
with Ln.spec Eichrom resin (Pin and Zalduegui 1997).
Further analytical details were reported by Mikova and
Denkova (2007).

Isotopic analyses of Sr were performed on a Finnigan
MAT 262 thermal ionization mass spectrometer (TIMS)
housed at the CGS in dynamic mode using a single Ta
filament. Isotopic ratios of *Nd/***Nd were acquired
on MC ICP-MS Finnigan Neptune at Czech Geologi-
cal Survey. The *3Nd/**Nd ratios were corrected for
mass fractionation to '“Nd/***Nd = 0.7219 (Wasser-
burg et al. 1981), ¥Sr/*¢Sr ratios assuming #Sr/*Sr =
0.1194. External reproducibility is estimated from repeat
analyses of the JNdil [Tanaka et al. 2000; *Nd/**Nd
= 0.512101+ 14, (20, n = 10) and NBS 987 [¥’Sr/36Sr
= 0.710247+26, (20, n = 22)] isotopic standards. The
decay constants applied to age-correct the isotopic ratios
are from Steiger and Jager (1977 — Sr) and Lugmair
and Marti 1978 — Nd). The ¢, values were obtained us-
ing Bulk Earth parameters of Jacobsen and Wasserburg
(1980), the single-stage Depleted Mantle Nd model ages
(TN, were calculated after Liew and Hofmann (1988).

3.4. Re-0Os geochemistry

Rhenium and osmium separation was performed at the
Institute of Geology AS CR, v.v.i. The powders (~ 2 g)
were mixed with "*Re and '"°Os spikes and dissolved
using High Pressure Asher (Anton Paar) apparatus with
~4 ml of concentrated HCI and ~5 ml of concentrated
HNO, at 320°C and 120 bar for 12 hours. After diges-
tion, osmium was separated using solvent extraction
to CCl, and back reduction to HBr (Cohen and Waters
1996). The final fraction was purified by microdistilla-
tion (Birck et al. 1997). Rhenium was separated by anion
exchange chromatography using AG 1x8 resin (BioRad).
The samples were loaded into columns in chloride form
(IM HCI) and Re fraction was collected by 6M HNO,.
Rhenium concentrations were determined on sec-
tor field single-collector ICP-MS Element 2 (Thermo)
coupled with desolvation nebulizer Aridus II at the In-
stitute of Geology CAS, v.v.i. The isotopic fractionation
was corrected using a linear law and different 300 ppt
Re standard solution (NIST 3143, E-Pond). Osmium
isotopic compositions were analysed as OsO,” using a
Finnigan MAT 262 TIMS with modifications for measur-
ing negative ions (N-TIMS) at the CGS. All samples were
measured using an electron multiplier in a peak-jumping
mode. The samples were loaded onto Pt filaments and
dried. The Ba(OH), activator was subsequently added
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Fig. 3 Texture of phlogopite pyroxenite.
Note numerous light grey to moderate
grey euhedral sections of pyroxene up
to 5 mm long. Light beige grains are
phlogopite crystals split parallel to the
basal cleavage. Sulphide aggregates up
to 5 mm across show a pepper-and-salt
pattern.

for electron production. The measured Os isotopic ratios
were corrected offline for oxygen and osmium mass frac-
tionation using %20s/'%30s = 3.08271 (Shirey and Walker
1998). Osmium concentrations were obtained using
isotope dilution technique. After that, offline '¥"Os/'*Os
correction for blank and spike contribution was applied.
External precision for the 300 pg Os UMCP standard
solution (Johnson—Matthey Co.) was 0.2 % (2c5). The
vOs parameter represents percent deviation from Primi-
tive Mantle with a '¥70Os/"*80s value of 0.1296 (Meisel
et al. 2001). Osmium model ages (T,,,) were calculated
using Primitive Mantle '®’Re/'*¥Os and '*’0Os/'*¥0Os values
of Meisel et al. (2001) and decay constant of Smoliar et
al. (1996).

Tab. 1 Estimates of modal composition of phlogopite pyroxenites
(vol. %)

Sample SV235A SV235B SV235C
clinopyroxene 23 14 35
orthopyroxene 25 —* —*
Amp primary 6 32 25
Amp second. 6 32 23
phlogopite 27 9 7
chlorite - 4 -
plagioclase 3 - 2
quartz - - 2
apatite 6.7 7.0 3.7
sulphides 3 2.1 2.3
titanite - +

carbonate - - +
graphite +

—* orthopyroxene replaced by actinolite and anthophyllite

4. Results

4.1. Magnetometry and gravimetry

Given the flat relief in the area and soil cover, geophysi-
cal data (magnetometry and gravimetry) provide informa-

0 1cm
L 1

tion on probable shape and dimensions of the pyroxenite
body. The site corresponds to the centre of the geophysi-
cal anomalies M1 and G2 (Fig. 2). Several blocks of
phlogopite pyroxenites (Fig. 3) up to 70 cm long were
located at a stone heap, which resulted from clearing
the local pasture. Three of the blocks were sampled for
chemical analyses: 235A, 235B, 235C.

4.2. Petrography and mineral chemistry

The medium-grained rock, sample A, contains 27
vol. % phlogopite, 23 % diopsidic clinopyroxene. 25
% orthopyroxene, abundant apatite (c. 7 %), as well
as minor plagioclase (3 %) and pyrrhotite (3 %) (Tab.
1). Volume % estimates for apatite and pyrrhotite are
supported by S and P,O, contents in chemical analyses.
Owing to late postmagmatic reactions, orthopyroxene
is locally replaced by fibrous aggregates of actinolite
and anthophyllite. A part of the sample shows numerous
subhedral to euhedral pyroxene crystals (Figs 3—4) as
would be expected in a cumulate rock. Samples B and
C show effects of a more or less intense replacement
of pyroxenes by a light brown tremolitic amphibole
and of orthopyroxene by tremolite + anthophyllite ag-
gregates. The sample C was significantly enriched in
diopside (Tab. 1) with clear tendency to concentrate in
Cpx-rich bands.

Colourless diopside is highly magnesian with mg# =
0.80-0.81 (mg# = Mg/(Mg + Fe)). It contains low Al,
Cr and Na (Tab. 2). Orthopyroxene is widely preserved
in sample A (Fig. 4a—c). It has mg# = 0.72 and contains
low Al, Cr and Ca. Reddish-brown phlogopite is also
highly magnesian with mg# = 0.78, 3.9-4.0 wt. % TiO,,
0.39-0.43 wt. % Cr,0, and 0.45-0.46 wt. % BaO. There
is a light brownish to ochre amphibole (Fig. 4d), with
textural relations indicating a late primary magmatic
crystallization, in part via orthopyroxene replacement. It
has mg# = 0.89-0.92 and contains 4.3 wt. % ALO,. It is
classified as magnesiohornblende compositionally close
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Fig. 4a — Aggregate of subhedral orthopyroxene crystals in contact with deformed phlogopite, apatite and minor interstitial plagioclase; b — Subhedral
orthopyroxene, clinopyroxene and minor interstitial plagioclase; ¢ — Poikilitic phlogopite carrying pyroxene inclusions and bordering pyroxene
aggregate; d — Light brown primary amphibole replacing a large Opx crystal; e — Sulphide aggregate with inclusions of pyroxene, phlogopite and
apatite; f — Poikilitic aggregate of pyrrhotite (Po) with unmixed pentlandite (Pn), chalcopyrite (Ccp) and cobaltite. Transmitted plane-polarized
light photomicrographs (a—e) and Back-scattered electron (BSE) image (f). All mineral abbreviations are after Whitney and Evans (2010).
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Tab. 2 Electron-microprobe analyses of silicate minerals (wt. % and apfu)

Orthopyroxene  Clinopyroxene Amphibole Phlogopite Plagioclase Anthophyllite Actinolite Apatite
analysis No 3 2 6 8 131 9 10 14 16 26" 277 11 18
Sio, 5496  55.06 53.86 53.83 53.76 39.26 3897 58.61 58.26 56.45 57.15 0.15 0.14
TiO, 0.30 0.19 0.17 0.22 0.63 3.94 4.01 0.06 0.09
ALO, 0.69 0.67 0.90 1.21 4.26 1421 1396 2590 2646 0.48 0.65
Cr,0, 0.06 0.05 0.23 0.17 0.17 0.43 0.39 0.04 0.05
V,0, 0.00 0.04 0.09 0.04 0.13 1.19 1.26 0.00 0.01
Fe,0,} 2.78
FeO 4.28 0.13 0.00
FeOt 17.58 17.75 7.76 7.79 9.41 9.45 0.03 0.05 18.14 10.80
MnO 0.35 0.37 0.26 0.24 0.11 0.03 0.03 0.63 0.44 0.06 0.03
MgO 2537 2545 1699 16.56 19.02 19.12  18.62 20.80 20.25 0.04 0.00
CaO 1.30 143 20.17 2049 12.23 0.00 0.01 8.10 8.77 1.04 8.43 54.88  55.45
SrO 0.23 0.22 0.11 0.11
PbO 0.03 0.00
Na,0 0.05 0.05 0.24 0.28 0.76 0.29 0.27 6.90 6.67 0.10 0.21 0.09 0.05
K,0 0.00 0.00 0.02 0.00 0.37 9.30 9.44 0.28 0.26 0.00 0.03
BaO 0.46 0.45
PO, 41.07  40.40
ZnO 0.00 0.07 0.00 0.07 0.00 0.04 0.00 0.00 0.00
NiO 0.00 0.01 0.00 0.00 0.01 0.03 0.02 0.02 0.00
F 0.38 0.28 0.29 0.05 0.10 2.84 2.21
Cl 0.03 0.02 0.13 0.15
La,0, 0.08 0.05
Ce,0, 0.16 0.16
Pr,0, 0.06 0.05
Nd,0, 0.15 0.07
SO, 0.01 0.00
H,0¢ 1.97 4.03 3.98 2.08 0.40 0.67
O=F.Cl -0.16 -0.12  -0.13 -0.02 -0.04 -1.22 -0.96
Total 100.67 101.17 100.78 101.01 100.74 101.97 101.04 100.10 100.69 99.93 98.20 99.57  98.61
Number of ions
Si 1.988 1986 1.974 1970 7.473 5.648  5.667 2.627  0.597 8.025 7.990 0.013  0.012
Al 0.012  0.014 0.026  0.030 0.527 2352 2333 1.368  1.391 0.000 0.010
Al 0.017 0.015 0.013  0.022 0.171 0.058  0.060 0.080 0.097
Ti 0.008  0.005 0.005 0.006 0.066 0.426  0.439 0.006 0.009
Cr 0.002  0.001  0.007 0.005 0.019 0.049  0.045 0.004 0.006
Fe¥ 0.291
Fe?* 0.532  0.535 0222 0.226 0.497 1.132 1.149  0.001  0.002 2.155 1.263 0.009  0.000
Mn 0.011  0.011  0.008  0.007 0.013 0.004  0.004 0.076 0.052 0.004  0.002
Mg 1.367 1368  0.928  0.903 3.942 4.100  4.036 4.405 4.221 0.005  0.000
Ca 0.050 0.055 0.792 0.803 1.822 0.388 0419 0.158 1.263 4.999  5.102
Sr 0.006  0.006
Pb 0.001  0.000
Zn 0.000 0.004  0.000 0.000 0.000
Ni 0.000  0.000  0.000 0.000 0.001 0.003  0.002 0.000 0.002
Na 0.004  0.003 0.017 0.020 0.205 0.081 0.076  0.599 0.576 0.028 0.057 0.015  0.008
K 0.000  0.000 0.001 0.001 0.066 1.707 1.751  0.016 0.015 0.000 0.005
Ba 0.000 0.026  0.026 0.001 0.001
P 2964  2.938
F 0.167 0.127  0.133 0.022 0.044 0.766  0.600
Cl 0.002 0.007  0.005 0.002 0.005 0.019  0.022
La 0.002  0.002
Ce 0.005  0.005
Pr 0.002  0.002
Nd 0.005  0.002
S 0.001  0.000
OH* 1.831 3.865 3.862 1.975 1.951 0.215  0.378
Total 3.990  3.995 4.008 4.006 17.092 19.590 19.589  5.000  5.000 16.940 16.975 9.031  9.079
Mg/(Mg+Fe)  0.720  0.719  0.807  0.800 0.888 0.784  0.778 0.672 0.770

T 13 — primary magnesiohornblende close to tremolite; 26 — secondary anthophyllite; 27 — secondary actinolite in mixture with anthophyllite
I H,O content calculated from stoichiometry as is also ferrous/ferric ratio in primary amphibole
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Tab. 3 Electron-microprobe analyses of sulphides

Analysis No. 3 9 10 2
mineral pyrrhotite  chalcopyrite  cobaltite sphalerite
S 38.35 34.81 19.43 33.13
As 0.04 0.00 45.02 0.02
Fe 58.86 29.96 5.30 10.33
Co 0.00 0.00 23.60 0.13
Ni 0.33 0.03 6.85 0.01
Cu 0.00 34.54 0.00 1.31
Zn 0.00 0.02 0.01 54.02
Total 97.58 99.34 100.21 98.95
No. of atoms

S 1.062 2.005 1.000 1.000
As 0.000 0.000 0.991 0.000
Fe 0.935 0.991 0.157 0.178
Co 0.000 0.000 0.660 0.002
Ni 0.003 0.000 0.192 0.000
Cu 0.000 1.004 0.000 0.020
Zn 0.000 0.000 0.000 0.800
Total 2.000 4.000 3.000 2.000

to the tremolite—actinolite—magnesiohornblende triple

point (Leake et al. 2003).
Accessory plagioclase is intermediate andesine (An
Ab

0.42 0.58-0.60

relatively low light REE and Sr contents.

0.39—

Or, ) with 0.22-0.23 wt. % SrO. Fluorapatite
(Tab. 2) is a relatively important phase making 3.7-7.0
vol. % of all samples. It contains 2.2-2.8 wt. % F, but

Tab. 4a Chemical composition of phlogopite pyroxenites from Piedni
Zvonkova (major and minor components; wt. %)

sample SV235A SV235B SV235C
Sio, 44.81 47.38 49.49
TiO, 1.02 0.44 0.47
ALO, 5.36 3.62 3.12
Fe,0, 1.33 226 2.73
FeO 10.70 9.63 7.47
MgO 17.35 18.81 15.15
MnO 0.190 0233 0.223
Ca0 9.51 9.84 14.71
S10 0.018 0.017 0.015
BaO 0.123 0.020 0.025
Li,0 0.004 0.003 0.004
Na,0 033 0.20 0.45
K,0 2.30 0.86 0.65
P,0, 2.759 2.489 1.526
F 0.358 0.196 0.134
co, 023 0.10 0.65
C 0.067 0.098 0.157
s 1.140 0.852 0.932
H,0* 2.12 2.80 1.87
H,0- 0.16 0.09 0.12
F-cq. -0.151 -0.083 ~0.056
S-eq. -0.285 0213 -0.233
sum 99.87 99.94 99.89
FeO 11.90 11.66 9.93
mg# 78.75 80.52 80.90

mg# = 100*Mg/(Mg + Fe) with total Fe, atomic values

Ultrabasic | Basic/"" ' Acid
- , ,
A /\ Hejtman (1975) ! !
O Holub (1997) Nepheline
Lithological . Syenite )
database . )
@ This study E Syenite
o
O, 2 -
X
+
ON
©
=z ' Quartz
+ diorite
| (granodiorite)
ToE o .
Diorite |
o

Sio,
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It is notable that the rocks are
free of magnetite and an oxidic
Cr-rich phase. Phlogopite con-
taining 0.39-0.43 wt. % Cr,0,
is the main carrier of chromium,
being followed by diopside. Mi-
nor accessory titanite, graphite
and allanite were also detected.

Sulphide aggregates occur in
all three samples. They are typi-
cally 1 to 3 mm long in samples
A and B and 1 mm or smaller in
sample C. The aggregates appar-
ently evolved via crystallization
on silicate interfaces, gradual
coarsening and coalescence to 3
mm aggregates carrying numer-
ous inclusions of pyroxenes,
phlogopite and apatite, making

Fig. 5 The total alkalis versus silica
(TAS) diagram modified by Cox et al.
(1979) for the phlogopite pyroxenites
from Piedni Zvonkova, hornblende
biotitites (Hejtman 1975), durbachites
(Holub 1997) and durbachites (litholo-
gical database, Giirtlerova et al. 1997).
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Tab. 4b Chemical composition of phlogopite pyroxenites from Pfedni
Zvonkova (trace elements excluding REE; ppm except for Au)

Sample SV235A SV235B SV235C
Cr *1420 2186.6 2299.1
Hf 1.8 3.3 2.9
Nb 7.7 10.2 7.7
Pb 3.2 1.5 20.3
Rb 162 27.1 13.2
Se 1.1 <05 <05
Ta 0.5 8.4 5.7
Th 9.0 14.6 8.5
Au (ppb) 1.8 2.0 2.7
Cd - 0.8 0.4
Cs 6.9 5.0 1.6
Cu 168.3 118.6 159.4
Ga 8.6 6.3 7.0
Ge - 14.3 11.4
In - <0.1 <0.1
Ir - <0.1 <0.1
Mo 1.5 3.1 1.8
Nb 7.7 10.2 7.7
Ni 246.7 211.1 256.9
Sn - 5 <1
Ti - 2558 2601
Tl 1.1 0.3 0.3
U 4.5 5.0 3.4
\% 382 319.1 439.7
W - 6.4 2.1
Zn 45 213 84
Zr 55.5 95.0 80.0
Sr 152.0 140.3 125.3
Sc - 42.1 58.7
Ba 1105 178.9 220.1
Be - 2.7 2.1
Co 100.7 73 76
Ag 0.1 <0.8 <0.8
Cd - <038 <0.38
Cs - <10 <10
Laboratory 1,2 2 2

Laboratories and methods: 1 — Czech Geological Survey, Prague,
*XRF; 2 — Acme Laboratories Ltd., Vancouver, Canada, combination
of methods, ICP-MS (in italic)

30 to 50 % by volume of the sulphide aggregate. The
aggregates contain (by estimate) 90 vol. % pyrrhotite, 6
% chalcopyrite, 1-2 % cobaltite and 2-3 % pentlandite
as a flame-shaped unmixed phase in pyrrhotite. Compo-
sition of sulphides is presented in Tab. 3. Several mm
long aggregates of pyrrhotite enclose individual grains of
pyroxenes, phlogopite and apatite, and indicate tendency
to local segregation of sulphides (Fig. 4e—f).

4.3. Whole-rock geochemistry

Dataset of the whole-rock major- and trace-element analy-
ses of phlogopite pyroxenites contains three samples (see

Fig. 1b for position of the sampled locality). For compari-
son, published whole-rock analyses of major- and trace-el-
ements of durbachitic rocks are used (Hejtman 1975; Holub
1997 and lithological database of Giirtlerova et al. 1997).
The studied samples are basic (SiO, = 44.8-49.4
wt. %). In the total alkalis versus silica (TAS) diagram,
modified by Cox et al. (1979), the phlogopite pyroxenites
occupy the gabbro field (Fig. 5). According to the mineral
contents, the sample 235A is classified as a phlogopite
websterite (Le Maitre ed. 2002). The samples B and C
are difficult to classify with regard to strong alteration.
The binary diagram mg# [i.e. molar ratio 100xMgO/
(MgO +FeO))] vs. MgO shows values corrected for the
pyrrhotite enrichment in three phlogopite pyroxenites and
literature data (Hejtman 1975; Holub 1997; Giirtlerova
et al. 1997) (Fig. 6). The diagram underlines the highly
magnesian character of phlogopite pyroxenites. The cor-
relation of the mg# values vs. major- and minor elements
in the samples SV235A, B, C and literature data are pre-
sented in Fig. 7. It demonstrates the low contents of SiO,,
Al,0,, Na,0O and K,O and high FeO,, CaO and P,O, of
the pyroxenites relative to the common durbachitic rocks.
If compared with the lower continental crust (Taylor
and McLennan 1995; Fig. 8a), the samples are enriched
in Large-lon Lithophile Elements (LILE; Cs, Rb, Th, U
and K) and LREE. For Sr, Ti and HREE, the normalized
values are close to one. The patterns also show troughs
in High Field Strength Elements (HFSE; Ti, Zr, Hf). The

Tab. 4c Chemical composition of phlogopite pyroxenites from Pfedni
Zvonkova (rare earth elements; ppm)

Sample SV235A SV235B SV235C
Y 349 30.5 30.3
La 45.8 41.3 30.7
Ce 132.1 99.5 76.3
Pr 18.37 11.56 8.85
Nd 89.3 82.9 62.8
Sm 19.83 18.92 15.22
Eu 2.31 2.16 1.81
Gd 13.87 12.50 10.52
Th 1.67 1.45 1.34
Dy 7.50 6.82 6.61
Ho 1.26 1.12 1.13
Er 3.15 2.89 2.99
Tm 0.38 0.35 0.37
Yb 2.47 2.12 2.23
Lu 0.34 0.28 0.32
(La/Yb), 12.5 13.18 9.29
(La/Sm), 1.5 1.4 1.3
Eu/Eu* 0.43 0.43 0.44
XREE 338.4 284.0 221.2
Laboratory 2 1 1

(La/Yb) = elemental ratio of La and Yb normalized to average chon-
drite composition (Boynton 1984)

Eu/Eu* = europium anomaly calculated using the geometric mean of
chondrite-normalized abundances of Sm and Gd
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REE contents vary moderately (XREE = 221-338). The
chondrite-normalized patterns (Boynton 1984; Fig. 8b)
are steep (La /Yb = 9-13). Typical is the flat course of
the LREE segment (La,/Sm = 1.3-1.5) and the presence
of negative Eu anomalies (Eu/Eu* = 0.4).

4.4. Radiogenic isotopes

4.4.1. Sr-Nd isotopic data

In order to further constrain geochemical variations, all three
samples were analysed for their Sr—Nd isotopic composition
(Tab. 5). The phlogopite pyroxenites are characterized by
evolved crust-like Sr-Nd isotopic signatures (*Sr/*Sr,,.
0.7093-0.7143; eNd,,, -5.4 to -5.6; Fig. 9). The depleted-

Tab. 5 Sr—Nd isotopic data for phlogopite pyroxenites

mantle Nd model ages calculated after Liew and Hofmann
(1988) are ~ 1.7-1.9 Ga for the single-stage model.

4.4.2. Re-Os isotopic data

Two whole-rock samples (SV235A and C) were ana-
lysed for their Re-Os concentrations and '*7Os/'%8Os
compositions (Tab. 6). They yield variable Re contents
of 1.62 and 2.96 ppb, respectively, at nearly similar
Os concentrations (0.076 and 0.070 ppb). These result
in high *"Re/'*%0s ratios of 107 and 236, respectively.
Consequently, both samples exhibit markedly radio-
genic present-day '*70s/'"*80s compositions of 0.4622
and 1.3230 with yOs values of +257 and +921. Osmium
model ages yield values of 0.2 and 0.3 Ga.

Sample (ppzl) (plsnrn) YRb/ST Sr/“Sr 2 SE (VSr/Sr),. (li”;l) (ppmy ST/UNG ONGPUNG 2SE - (NN e T (Ga)
SV235A 161.5 152.0 3.0801 0.72404 18 0709260 19.83 89.3  0.1342  0.512225% 7 0511929  —537 1.7
SV235B 27.1 1403 05598 0.71595 11  0.713266 18.92 829  0.1379  0.512232% 5 0511928  -539 1.7
SV235C 132 1253 03044 071578 12 0714318 1522 628  0.1465  0.512241* 5 0511918 =559 1.9

Isotopic ratios with subscript ‘337’ were age-corrected to 337 Ma; decay constants are from Steiger and Jager (1977 — Sr) and Lugmair and Marti

(1978 — Nd).

The ¢, values were obtained using Bulk Earth parameters of Jacobsen and Wasserburg (1980).
The single-stage Nd model ages (T}s,) were calculated after Liew and Hofmann (1988).

*|sotopic ratios of 1*Nd/*Nd were obtained on MC-ICP-MS.
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Fig. 7 Binary plots of mg# vs. major- and minor-element oxides (wt. %).

4.5. Geothermometry

Two-pyroxene thermometers of Bertrand and Mercier
(1985), Brey and Koéhler (1990) and Taylor (1998) gave
temperatures of 969—1038 °C (Tab. 7). The Ca-in-
orthopyroxene calculation following Brey and Kdhler
(1990) yielded somewhat lower average value of 917 °C.
The coupled exchange of Ti and Fe?* in biotite (Luhr et
al. 1984) gave 1007 °C (Tab. 7). Geothermometry data
were calculated always for two mineral pairs and the re-
sults in Tab. 7 are averages. Altogether these data indicate
crystallization temperatures for phlogopite pyroxenite
from Pfedni Zvonkova in the range of ~970-1040 °C.

5. Discussion

5.1. Petrogenesis of the studied phlogopite
pyroxenite

The studied phlogopite pyroxenites have ultramafic
composition, and represent cumulates formed by
fractional crystallization of a durbachitic melt. The
euhedral/subhedral shape of pyroxenes, occurrence of
diopside-enriched bands in sample SV235C, a strong
enrichment in apatite and segregation of sulphides sug-
gesting melt immiscibility, all accentuate the character
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(Boynton 1984).

of the studied phlogopite py-
roxenites as cumulates.

In the mg# vs. MgO plot
(Fig. 6) amphibole—phlogopite
rocks (Hejtman 1975) span
a transitional array between
durbachites, with lower mg#
and MgO, and phlogopite py-
roxenite cumulates. Binary
diagrams of mg# values versus
selected oxides, except TiO,,
show linear relations for dur-
bachitic rocks (Fig. 7). In most
cases (ALO,, FeO, CaO, K,O
and P,O,) these are not fol-
lowed by the studied phlogopite
pyroxenites. Figure 10 under-
lines a notable enrichment in Cr
and especially V in the studied
pyroxenites probably due to
preferential crystallochemical
incorporation into the accumu-
lated phlogopite.

Notable is the absence of
zircon in phlogopite pyro-
xenites from Pfedni Zvonkova.
This indicates crystallization
at temperatures higher than
zircon saturation temperature,
resulting in Zr retention in the
residual melt.

The phlogopite pyroxenite
geochemistry cannot be ex-
plained without incorporation
of a granitic crustal component.
Neodymium isotope geochem-
istry, as well as Re/Os relations,
indicate a prolonged crustal
residence of crustal material
prior to its incorporation into
the durbachitic melt. With regard
to widespread replacement of
pyroxenes by secondary am-
phiboles in samples B and C,
the Sr isotopic composition was
probably modified by activity of
low-T fluids. Previous studies
interpreted durbachitic rocks
mainly as having crystallized
from hybrid magmas developed
via mixing of anomalous mantle-
derived melts with crustal, leu-
cogranitic magmas (Holub 1997;
Janousek and Holub 2007).
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Central Bohemian Plutonic Complex 0.710 0.711 0.712 0.713 0.714
(CBPC), Moldanubian Unit and Tiebi¢
Pluton after Holub and Janousek (2003) 87 86
recalculated to 337 Ma. Sr/ Sr337
Tab. 6 (Present-day) Re—Os isotopic data for phlogopite pyroxenites
Sample Re (ppb) Os (ppb) Re/Os 187Re/1%80s 1870s/1%80s 2 SE vOs T,,(Ma) PUM
SV235A 1.62 0.076 21.3 107 0.4622 7 257 187
SV235C 2.96 0.070 42.3 236 1.3230 6 921 304

The radiogenic ratios of '870Os/'880s (0.4622 and
1.3230), low content of Os (0.076 and 0.070 ppb) and
elevated concentrations of Re (1.62 and 2.96 ppb) in the
two whole-rock samples all indicate crustal origin of the
sulphides (e.g., Aulbach et al. 2010). On the other hand,
initial "70Os/'%80s ratios are confusing because probably
the system was open during the origin of sulphides.
Crystal lattice of sulphides, in particular of pyrrhotite,
should play a key role in poor Os retention (e.g., Morelli
et al. 2010).

The best match in the Sr—Nd isotopic compositions of
phlogopite pyroxenites (*’Sr/*Sr,, 0.7093-0.7143; eNd,

between —5.4 and —5.6) is observed in some durbachites
in the Central Bohemian Plutonic Complex (Vepice;
¥8r/%Sr . = 0.71048; eNd,,, —6.5), the Moldanubian
Zone (Netolice; *’Sr/*Sr, . = 0.7125; eNd,,, —7.4) and
Ttebi¢ Pluton (Kamennd; *’Sr/*Sr, .. = 0.71026; eNd,,,
—6.3) (Holub and Janousek 2003) (Fig. 9).

A review of geothermometry estimates for dur-
bachitic granitoids (Holub 1997) indicates values
ranging from 740°C for mafic facies of the Milevsko
Massif (K-feldspar—biotite thermometry, Minafik and
Povondra 1976). Higher temperature estimates of 750—
850 °C were obtained by Hejtman (1975) for dioritic

Tab. 7 Equilibration temperatures for selected mineral compositions of pyroxenes and phlogopite

assumed pressure (kbar) method reference T (°C)
two-pyroxene Bertrand and Mercier (1985) 999

3 two-pyroxene Brey and Kohler (1990) 969
two-pyroxene Taylor (1998) 1038

3 Ca-in-Opx Brey and Kohler (1990) 917

surface pressure coupled exchange of Luhr et al. (1984) 1007

Ti and Fe?* in biotite
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to amphibole-phlogopite-rich ul-
tramafic durbachite-related types
in the Prachatice area. Applica-
tion of two-pyroxene thermometer
of Wells (1977) by Holub (1997)
on pyroxene-bearing rocks near
Pisek, southern Bohemia, yielded
temperatures of 900-950 °C. This
comparison for durbachites and
related ultramafic rocks indicates
a range of temperatures from the
best-preserved two-pyroxene phlog-
opite pyroxenite, as exemplified
by the Pfedni Zvonkova body (c.
1000°C), to approximately 750°C
for granitoid durbachites.

5.2. Tectonic position of
phlogopite pyroxenite
and possible relations
to durbachite bodies

The sample A in this study rep-
resents a phlogopite pyroxenite
(ultramafic durbachite rock) with
preserved fresh orthopyroxene be-
sides diopside. It stands in contrast
to 31 small intrusions in the Pra-
chatice Granulite Massif, which
contain amphibole in place of py-
roxenes (Hejtman 1975).

The occurrence of phlogopite
pyroxenite cumulate with minor
diopside pyroxenite layers could
be interpreted as an in situ example
of crustal domain in which ac-
cumulation of crystals took place
in a local magma chamber. In this
context small durbachite intrusions
to the west in the Smréiny area and
especially the medium-size Knizeci
Stolec Pluton 8 km to the north are
of interest (Fig. 1), as they seem to
represent possibly different crustal
levels than the phlogopite pyrox-
enite. These relations suggest pos-
sible role of vertical displacements
of individual structural segments on
late shear zones and faults (Benes et
al. 1983, Vrana and Sramek 1999;

Fig. 10 Variation diagrams of Cr and V
(ppm) in studied phlogopite pyroxenites and
durbachitide rocks from the Moldanubian
Zone of the Bohemian Massif.

86



Phlogopite pyroxenite from the Moldanubian Zone, Bohemian Massif

Verner et al. 2008), connected mainly with a relatively late
regional deformation event D, (Vrana and Sramek 1999)
and later normal faulting. This seems to be important as
the occurrence of ultramafic cumulate marks a level of
crystal settling.

Taken together, the evolution of phlogopite pyroxenite
probably included the following steps: (i) Formation of
a hybrid magma by mixing upper mantle-derived and
leucogranite melt components; (ii) Fractional crystal-
lization and accumulation of phlogopite and pyroxenes
(plus apatite and sulphides) in proportions corresponding
to sample A; (iii) Relative tectonic movements of local
crustal segments along late structures.

6. Conclusions

* Phlogopite pyroxenite, found during field assessment
of geophysical anomalies near the Pfedni Zvonkova
village in the Sumava/Bohemian Forest (Bohmerwald)
region (Czech Republic), exhibits geochemical and
petrological relations with durbachites. The euhedral/
subhedral shape of pyroxenes, presence of diopside-
-enriched bands, a strong enrichment in apatite and
segregation of sulphides suggesting melt immiscibility,
all accentuate the character of phlogopite pyroxenites
as crystal cumulates.

e Although the studied phlogopite pyroxenites have
ultramafic composition, they evolved by fractional
crystallization/accumulation from a hybrid durbachitic
melt. The phlogopite pyroxenite geochemistry cannot
be explained without incorporation of a granitic crustal
component.

* Sr—Nd isotope geochemistry, as well as Re—Os isoto-
pes, indicates a prolonged crustal residence of crustal
material prior to its incorporation into the durbachitic
magma.

* Two-pyroxene thermometry of sample SV235A,
using three calculation procedures, yields values 970—
1040°C. The low Zr contents in pyroxenites (56—95
ppm) and lack of zircon suggest that the crystallization
temperature was well above the zircon saturation tem-
perature.

* Whereas most published durbachite studies accentuate
the aspect of mixing of an upper mantle-derived melt
with a crustal melt of approximately granitic compo-
sition and others are oriented to the role of fractional
crystallization, our results argue for combined role of
both processes. The ultramafic phlogopite pyroxenite
from Pfedni Zvonkova is not an example of a simple,
Mg-rich upper mantle component.

* The relatively late tectonic disintegration of these parts
of the Moldanubian Complex into a mosaic of mutu-
ally displaced segments (mainly D, event and later

normal faulting) resulted in an exposure of contrasting
levels of durbachitic plutonism. For this reason are
encountered examples of “in situ” high-T ultramafic
crystal cumulates, as well as plutonic masses of crys-
tallized granitoid durbachites at the present level of
erosion.
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