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Tjolitic rocks of the Flurbiihl Composite Intrusion rank to the most primitive intrusive rocks found within the Doupovské
hory Volcanic Complex. Studies of mineral chemistry together with crystallization modelling of melteigite and ijolite
brought new information about the evolution of ijolitic magmas and their ascent. Crystallization modelling affirms the
absence of accumulated minerals and confirms that the recalculated major-element bulk-rock analyses reflect the com-
positions of their original parental magmas accurately. Melteigite developed by early equilibrium crystallization under

pressure of approximately 4 kbar (estimated minimum cooling rate is ~0.02 °C/hr) and subsequent fractional crystalli-
zation under much lower pressure (~0.2 kbar). [jolite originated by fractional crystallization of a slightly more evolved
magma batch under lower pressures probably at the final emplacement level. The results of crystallization modelling
and estimates of REE contents in parental melts suggest a close genetic relationship between both rock suites. The olivi-
ne-bearing melteigite was postulated as a possible parental magma composition for derivation of the olivine-free ijolite.
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1. Introduction

High-level intrusions are rather common in mafic alkaline
volcanic complexes. However, they are mostly hidden
and even where they crop out thanks to advanced ero-
sion of the volcanic edifices, their original features are
frequently obscured by alteration processes. Therefore,
detailed research and models of magmatic evolution in
such intrusions are rather scarce.

We have investigated intrusive rocks from the central
part of the Doupovské hory Volcanic Complex (the Flur-
biihl Composite Intrusion) that provide the possibility
to study the sub-surface magmatic processes related to
formation and evolution of the still preserved superficial
volcanic complex. The petrology and bulk-rock chem-
istry of the entire subvolcanic suite with two observed
differentiation trends is described by Holub et al. (this
volume). From the whole association of alkaline rocks
we selected for detailed examination of mineral chemistry
and crystallization history the very fresh ijolitic rocks
with nearly anhydrous mineral assemblages.

The major aims of this contribution are to unravel the
crystallization history of these intrusive rocks rich in
mafic minerals, to evaluate a possible role of mafic min-
eral accumulation in the genesis of the melteigite, and to
decipher its relationship to ijolites with lower abundances
of the mafic phases.

2. Geological setting

The Doupovské hory Volcanic Complex (DHVC) oc-
cupies the western part of the northeast-southwest-
trending Eger (Ohfe) Graben (EG) in northwestern
Bohemia (Czech Republic; Fig. 1). The EG belongs
to the system of Cenozoic rifts in central and western
Europe (European Cenozoic Rift System sensu Dézes et
al. 2004 — ECRIS). The EG follows the older Variscan
suture between the Saxothuringian and Tepla—Barrandian
domains (Babuska et al. 2010; Ml€¢och and Konopasek
2010) in the northwestern part of the Bohemian Massif.
It is interpreted as an incipient rift structure formed dur-
ing two distinct phases of extension (Rajchl et al. 2009).
The first phase lasted from the late Eocene until the early
Miocene. It was characterised by the NNE-SSW to N—S
oriented horizontal extension, oblique to the rift axis. The
palacostress field of the oblique extension most probably
reflected lithospheric doming due to thermal perturbation
of the lithosphere (Dézes et al. 2004), which resulted
also in extensive OIB-like magmatism within the EG.
The later, orthogonal extensional phase is explained by
stretching along the crest of a growing regional-scale
anticlinal feature, which supports the recent hypothesis
of the lithospheric folding in the Alpine—Carpathian
foreland (Dézes et al. 2004; Bourgeois et al. 2007; Rajchl
et al. 2009).
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Fig. 1 Location of the Doupovské hory Volcanic Complex and the Flurbiihl Composite Intrusion.

The volcanic activity of the DHVC started in the earli-
est Oligocene (mammal zone MP-21; Fejfar and Kaiser
2005) and lasted until the early Miocene (Rapprich and
Holub 2008). The Flurbiihl body, which also includes the
studied ijolites, intruded into the early DHVC volcanic
edifice at about 29-30 Ma (Holub et al. this volume).

The setting and composition of the DHVC are similar
to many other Cenozoic intra-plate volcanic complexes of
central and western Europe (The Circum-Mediterranean
Anorogenic Cenozoic Igneous Province sensu Lustrino
and Wilson 2007 — CiMACI). The DHVC is dominated by
mafic alkaline lavas corresponding to (olivine-) foidites,
basanites, tephrites and picrobasalts to alkali basalts.
Moderately differentiated rocks (trachybasalts to trachy-
andesites) are subordinate and phonolitic rocks occur only
scarcely, mostly in the form of NW-SE trending dykes
(Skacelova et al. 2009). Subvolcanic rocks building up the
Flurbiihl body (Wiesbaur 1901) are represented by clino-
pyroxenites, various nephelinolites (melteigite to ijolite
with rare urtite), essexite, sodalite monzodiorite to mon-
zosyenite and sodalite syenite (Holub et al. this volume).

Most of the mafic volcanic and intrusive rocks are
depleted in compatible elements (Cr, Ni) suggesting
that these rocks already experienced significant crystal
fractionation. The most mafic rocks with the highest mg#

values and compatible element contents are picrobasalts.
However, abundance of large olivine and clinopyroxene
phenocrysts (exceeding 1 cm) together with positive cor-
relation between SiO, and MgO point to a semi-cumulate
origin of these rocks (Rapprich and Holub 2008).
Among intrusive rocks of the Flurbiihl body, the most
mafic, apart from the extremely heterogeneous clinopyrox-
enite breccias, are ijolitic rocks, namely the olivine-bearing
melteigite (melanephelinolite). Though these rocks are
present at the current surface only as loose blocks, local
road construction works temporarily exposed two types
of these primitive alkaline intrusive rocks at the eastern
margin of the Flurbiihl Intrusion. The first type, olivine-
bearing melteigite, is described in Holub et al. (this vol-
ume) as samples DH1330 and DH1319A. The second type,
olivine-free ijolite, is represented by their sample DH1329.

3. Methods
3.1. Scanning electron microscopy and
microanalysis

Two polished thin sections (21x34 mm and 20x38 mm)
from an olivine-bearing melteigite and one (24x38 mm)
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from an olivine-free ijolite were prepared. Textural and
mineralogical characteristics were studied using a LEICA
DMLP petrographic microscope.

Backscattered electron (BSE) images and elemental
X-ray intensity maps were produced using a CamScan
3200 scanning electron microscope fitted with an Oxford
Instruments Energy Dispersive Spectral unit at the Czech
Geological Survey in Prague. The elemental X-ray maps
were generated using an accelerating voltage of 20 kV
and 25 nA beam current. Mineral modes were deter-
mined using the Area Measurement software (Oxford
Instruments) and digital processing of BSE images and
elemental X-ray maps.

Mineral compositions were acquired using quantita-
tive X-ray wavelength dispersive spectral analysis on an
MICROSPEC 3PC X-ray wavelength dispersive system
on a CamScan 3200 scanning electron microscope at the
Czech Geological Survey. The analyses were performed
using an accelerating voltage of 15 kV, 20 nA beam cur-
rent, 1 um beam size and ZAF correction procedures. The
counting times were 20 or 30 s for all analyzed elements.
To avoid Na volatilization during the analysis of neph-
eline and sanidine, the beam diameter was defocused to 5
pm. A combination of natural and synthetic standards was
used for calibration. Relative uncertainties are calculated
to be less than 1 % at the >10 wt. % level, <12 % at the
~1 wt. % level and >20 % at the <0.5 wt. % level.

3.2. Electron backscattered diffraction

Crystallographic orientations of olivine were determined
by electron backscattered diffraction (EBSD). The thin
sections used for EBSD applications were prepared by the
process of chemo-mechanical polishing using colloidal
silica suspension. The crystallographic orientation data
were obtained from automatically indexed EBSD pat-
terns collected by a HKL Technology Nordlys II EBSD
system (Schmidt and Olensen 1989) on a CamScan 3200
scanning electron microscope at the Czech Geological
Survey. Analytical conditions were 33 mm working
distance, 20 kV accelerating voltage and 5.0 nA beam
current. Obtained EBSD patterns were indexed by using
the CHANNEL 5 software from HKL Technology.

3.3. Laser ablation ICP-MS

The concentrations of selected trace elements (including
REE) in clinopyroxene and olivine phenocrysts were
analysed by mass spectrometer with inductively coupled
plasma equipped with laser ablation (LA-ICP-MS) hosted
at the Institute of Chemistry, Masaryk University in Brno.
Instrumentation for LA-ICP-MS consists of a laser abla-
tion system UP 213 (New Wave, USA) and an ICP-MS

spectrometer Agilent 7500 CE (Agilent, Japan). A com-
mercial Q-switched Nd:YAG laser ablation device works
at the 5™ harmonic frequency which corresponds to the
wavelength of 213 nm. The ablation device is equipped
with programmable XYZ-stages to move the sample
along a programmed trajectory during ablation. Target
visual inspection as well as photographic documentation
is accomplished by means of a built-in microscope/CCD-
camera system. A sample was enclosed in the SuperCell
(New Wave, USA) and was ablated by the laser beam,
which was focused onto the sample surface through a
quartz window. The ablation cell was flushed with helium
(carrier gas), which transported the laser-induced aerosol
to the inductively coupled plasma. A sample gas flow of
argon was admixed to the helium carrier gas flow behind
the laser ablation cell to achieve the total gas flow of
1.6 1/min.

For LA-ICP-MS measurements, a hole drilling mode
(fixed sample position during laser ablation) was used
for 60 s at each spot. Laser ablation was performed with
a laser spot diameter 65 um, laser fluence 5.0 J cm and
repetition rate 10 Hz. The NIST612 glass standard (Hol-
locher and Ruiz 1995) was used for calibration purposes.

4. Results

4.1. Petrography and mineral chemistry

4.1.1. Melteigite

The studied melteigite (olivine-bearing melanephelino-
lite; samples DH1330 and DH1319A) has a coarse-
grained porphyritic magmatic texture consisting mainly
of clinopyroxene (63 vol. %), olivine (4 vol. %), Ti-rich
magnetite (5 vol. %), nepheline (18 vol. %) and sanidine
(7 vol. %) (Fig. 2). Accessory minerals include apatite
(0.9 vol. %), ilmenite (1 vol. %), rare chromite, titanite
(< 0.1 vol. %), Mg-biotite (1 vol. %), analcime, and rare
calcite. The distribution of silicate minerals is relatively
homogeneous.

Olivine. Olivine in the melteigite forms euhedral to sub-
hedral phenocrysts (1.8—4.0 mm, typically > 2.5 mm)
with equant shapes. The olivine grains show normal
symmetric zoning with Mg-rich cores and less magne-
sian rims (Fig. 2c). The early-formed olivines often have
inclusions of chromite or crystallized melt inclusions
consisting of fine-grained clinopyroxene, nepheline, Ti-
rich magnetite, ilmenite and apatite.

Electron microprobe data of 48 olivine spot analyses
were collected to obtain the true range of Fo component
(Fog, 5 .,5)- Representative compositions of olivine are
listed in Tab. 1. Variation of Fo component within select-
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Fig. 2 Back-scattered electron images illustrating the texture and mineralogy of the studied samples. Melteigite: a—b — Coarse-grained magmatic
texture with zoned pyroxene phenocrysts; ¢ — Detailed view of a large zoned olivine phenocryst; d — Detailed view of late-stage mineral associ-
ation. Ijolite: e — Coarse-grained magmatic texture with clinopyroxene phenocryst; f — Detail of a large zoned clinopyroxene phenocryst. Mine-
ral abbreviations after Kretz (1983).
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ed single olivine grain was also investigated along two
orthogonal profiles (see section 4.3 for more discussion).
A BSE image of the measured olivine grain is shown in
Fig. 3a and variation of Fo component within this grain
is plotted in Fig. 3b—c.

Concentrations of CaO vary from 0.29 to 0.42 wt. %,
TiO, is less than 0.03 wt. %, Cr,O, is below 0.01 wt. %
and the MnO range is 0.11-0.60 wt.%.

Clinopyroxene. Clinopyroxene is the most abundant
mineral phase, occurring mainly as euhedral, elongated
phenocrysts (3—7.5 mm) and also as finer later crystal-
lized euhedral and subhedral grains (Fig. 2a—b). All clino-
pyroxenes are characterized by remarkable symmetric
chemical zoning. Clinopyroxenes contain inclusions of
common Ti-rich magnetite, as well as of rare chromite
and apatite.

The chemical composition of clinopyroxene shows
strong variations in terms of Mg, Fe, Si, Al and Ti
contents (Fig. 4). Representative analyses of the main
compositional types of clinopyroxene are listed in
Tab. 1. Two representative orthogonal chemical profiles
across one selected clinopyroxene phenocryst are shown
in Fig. 4. Characteristic zoning of the earliest formed
clinopyroxene phenocrysts is represented by Mg-rich
diopsidic cores with very homogeneous compositions

(En,,, Wo,,), mantles enriched in Ca, Fe, Al and Ti
(En,, ,,, Wo,, ..) and rims enriched in Ca and Mg (En,, .,
Wo,, ). The core-to-mantle enrichment in Ca, Fe, Al

and Ti of clinopyroxene grains is not continuous. This
feature reflects a discontinuity in the chemical composi-
tion between Mg-rich diopside and Al-Ti-rich diopside
(Fig. 4). The majority of clinopyroxene phenocrysts, and
all clinopyroxene grains that crystallized later, have the
composition of Ca—Fe—Al-Ti-rich diopside and do not
contain Mg-enriched diopsidic cores. The wollastonite
content of the Ca—Fe—Al-Ti-rich diopside is generally
higher than 50 mol. % due to extreme enrichment in non-
quadrilateral components (Al and Ti in Ca-Tschermak’s
molecules — e.g., Rapprich 2005) and such diopside
shows depletion in Si.

The chemical composition of Mg-rich diopsidic clino-
pyroxene cores can be used for estimation of pressure at
the time of their initial crystallization from the parental
magma. We employed the method of Nimis (2007) based
on element occupation of clinopyroxene structural posi-
tions. It yielded approximately 4 kbar for the early crys-
tallized Mg-rich cores of larger clinopyroxene crystals
and also for Mg-rich clinopyroxene inclusions in olivine.
This estimation can be interpreted as the prevailing pres-
sure during initial clinopyroxene crystallization from the
parental melt in a relatively deep-seated magma chamber.

Ti-rich magnetite. Ti-rich magnetite in the melteigite
occurs as euhedral and subhedral grains (100-500 pum),
commonly with exsolved ilmenite. Representative com-

positions of Ti-rich magnetite, ulvdspinel and exsolved
ilmenite are given in Tab. 1. Early crystallized cores have
ulvospinel compositions typically of Mgt.. Usp,..

4.1.2. ljolite

The ijolite has a coarse-grained porphyritic magmatic
texture similar to that of the melteigite (Fig. 2e—f) and
is dominated by clinopyroxene (58 vol. %) but free of ol-
ivine. Other rock-forming minerals are Ti-rich magnetite
(4 vol. %), nepheline (24 vol. %), sanidine (8 vol. %) and
apatite (1.5 vol. %). Accessory minerals include Mg-rich
biotite (3 vol. %), ilmenite (1 vol. %), titanite (< 0.1
vol. %), analcime and rare calcite. Similarly to the melt-
eigite, the ijolite is homogeneous at the thin-section scale.

Clinopyroxene. Clinopyroxene is the most abundant
phase occurring mainly as euhedral, elongated pheno-
crysts (3.5-7 mm) (Fig. 2e—f) and also as smaller later
crystallized euhedral and subhedral grains. All clinopy-
roxenes possess characteristic symmetric chemical zoning
with significant sector zoning (hourglass structure).

The chemical composition of ijolite clinopyroxenes
varies widely in terms of Mg, Fe, Si, Al, and Ti con-
tents (Fig. 5). However these are much smaller than the
compositional variations of the melteigite clinopyroxene
(Fig. 4). Representative compositions of the main types
of clinopyroxene are listed in Tab. 1. Two representa-
tive orthogonal chemical profiles across one selected
clinopyroxene phenocryst are shown in Fig. 5. The
characteristic zoning of the clinopyroxene phenocrysts
is represented by Mg-enriched, homogeneous diopsidic
cores (En,, ,, Wo, . ), mantles rich in Ca, Fe, Al and Ti
(En,, .., Wo,, ) and Ca-Mg-rich rims (En,, .., Wo_, ).
All ijolite clinopyroxenes are richer in Ca, Fe, Al, and Ti
than those in the melteigite.

Ti-rich magnetite. Ti-rich magnetite in ijolite occurs as
euhedral and subhedral grains (80-500 pm), commonly
with exsolved ilmenite. Representative compositions of
Ti-rich magnetite, ulvospinel and exsolved ilmenite are
listed in Tab. 1. Early crystallized cores have ulvospinel
compositions typically of Mgt, Usp,..

4.2. Crystallization modelling

4.2.1. Melteigite

For crystallization modelling we used whole-rock analy-
ses by Holub et al. (in this volume). These were recalcu-
lated on the basis of total FeO, whereby the proportion of
Fe,O, was adjusted to the oxygen fugacity value used for
the modelling (Tab. 2). Roeder and Emslie (1970) showed
that the distribution coefficient K for partitioning of iron
and magnesium between olivine and a co-existing liquid
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is relatively insensitive to temperature, melt composi-
tion and oxygen fugacity, with a value of 0.3 + 0.03. For
calculation of the Fo_ content of olivine in equilibrium
with bulk-rock mg# the equation described by Roeder
and Emslie (1970) was used.

The Fo_, content of olivine in melteigite with the
recalculated bulk-rock mg# of 64.7 was calculated to be
Fo_ ¢ (Tab. 2). This Fo_ value is in good agreement with
the highest measured Fo content in olivine (Fo,, ) of this
rock and supports the assumption that this mineral does
not have a cumulate origin. Therefore, we used the recal-
culated melteigite major-element bulk-rock composition
for crystallization sequence modelling using the PELE
software (Boudreau 1999) based on the algorithms and
database of Ghiorso (1985) and Ghiorso and Sack (1994).

The modelling started with calculated liquidus tem-
perature of 1233 °C, pressure of 4 kbar, determined from
clinopyroxene core compositions (see above), and an
oxygen fugacity one log unit below the quartz—fayalite—
magnetite (QFM) buffer. This oxygen fugacity value was
determined according to the method of Buddington and
Lindsley (1964). For the change of fO, with temperature

the model of Kress and Carmichael (1988) was used.
Since the mineral assemblage is essentially anhydrous,
we consider the melt to be relatively H,O-poor, hence
H,O was neglected in our calculations. The predicted
crystallization sequence for equilibrium and fractional
crystallization was compared with analysed chemical
compositions of minerals. Thereafter, a final model of
crystallization was computed in two steps. The first
invoked early equilibrium crystallization of olivine and
clinopyroxene cores, having simulated the presence of
equilibrated Mg-rich cores of early-crystallized olivines
and clinopyroxenes. The second step included fractional
crystallization of residual liquid under a pressure of 0.2
kbar (assumed for the intrusion emplacement). The results
of this crystallization model are shown in Fig. 6a-b.

4.2.2 ljolite

As in the case of the melteigite, the recalculated bulk-
rock composition (Tab. 2) was used for crystallization
modelling of ijolite. However, the early-crystallized
olivine is not present in this rock. Therefore we used the
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Tab. 2. Bulk-rock compositions used for crystallization modelling

modelled bulk-rock
compositions?

real bulk-rock
compositions’

melteigite ijolite melteigite ijolite
wt. %
Sio, 40.74 38.05 41.38 39.16
TiO, 4.63 5.45 4.70 5.61
Cr,0, 0.06 0.01 0.06 0.01
AlLO, 9.57 10.71 9.72 11.02
Fe,0, 5.97 6.69 1.35 1.67
FeO 6.62 6.85 10.92 11.73
MnO 0.18 0.20 0.18 0.21
MgO 11.06 8.28 11.23 8.52
CaO 16.74 16.43 17.00 16.91
Na,O 1.47 1.60 1.49 1.65
K,0 1.24 1.57 1.26 1.62
PO, 0.44 1.15 0.45 1.18
F 0.13 0.18 0.13 0.18
Co, 0.10 0.50 0.10 0.51
S 0.02 0.02 0.02 0.02
LOI 0.77 1.53 - -
Total 99.73 99.22 100.00 100.00
mg# 62.2 534 64.7 56.4
K, - - 0.3 -
Fo,, - - 85.9 -
Top, °C) - - 1232 -
(En, Wo),_ - - - 43.0,49.8
ey (°O) - - - 1123
log fO, - - -11 -11

Published analyses of Holub et al. (this volume).
Melteigite: sample DH1330, ijolite: sample DH1329.
* Recalculated bulk-rock compositions used for modelling

PELE software to calculate the chemical composition of
the first clinopyroxene that could have crystallized from
the modelled magma composition. The predicted clinopy-
roxene composition is En_,, Wo, (Tab. 2) and the highest
Mg-value measured from clinopyroxene core composition
is En,, , Wo,, .. This agreement was fundamental for
crystallization modelling and suggests that the first clino-
pyroxene crystallized from the liquid was in equilibrium
with the parental magma and that clinopyroxenes having
this composition are not of cumulate origin.

The ijolite crystallization modelling started with
calculated liquidus temperature of 1 123 °C, pres-
sure of 0.2 kbar (assumed emplacement pressure) and
oxygen fugacity equivalent to one log unit below the
quartz—fayalite—magnetite (QFM) buffer. The oxygen
fugacity changes were treated as suggested by Kress
and Carmichael (1988).When the models for fractional
and equilibrium crystallization are compared, fractional
crystallization yields a better agreement between the
predicted and observed compositional ranges for studied
mineral phases. The results of fractional crystallization
modelling of ijolite are shown in Fig. 6¢—d.

4.3. Cooling rate estimation

The chemical zoning preserved in olivine grains can
be used to estimate cooling rate and thermal history of
the given rock during its crystallization. The minimum
cooling rates necessary for the preservation of measured
compositional zoning in olivine grains of melteigite
were determined following the kinetic model of Taylor
et al. (1977) with interdiffusion coefficient for the Mg?*
and Fe?" determined by Buening and Buseck (1973).
The variations of Fo content in a selected olivine grain
(Fig. 3), measured along mutually orthogonal profiles
across the grain, were used to estimate the minimum
cooling rates. The effects of crystallographic orientation
(determined from EBSD analyses) on Mg—Fe diffusion in
the olivine grains were taken into account in the calcula-
tions. Based on the procedure of Taylor et al. (1977) the
calculated minimal cooling rate of these olivine crystals
is ~0.02 °C/hr, or 175 °C/yr.

4.4. REE concentrations in clinopyroxenes

Based on the large observed variations of major elements
in the clinopyroxenes of melteigite and ijolite, the com-
position of REE in several clinopyroxene grains from
both rocks was further investigated using the LA-ICP-MS
(Tab. 3). The analyses of specific parts of the clinopyrox-
ene grains were carried out to cover the wide range of
clinopyroxene’s major-element variation observed.

Rare earth element concentrations correlate with major-
element abundances (Fig. 7), whereby the cores of clino-
pyroxene grains (Cpx-1, Cpx-2 for both rocks, see Tab. 3)
have consistently lower REE concentrations than the
mantles (Cpx-3, Cpx-5 for melteigite and Cpx-3 for ijolite)
and the rims (Cpx-4, Cpx-6 for melteigite and Cpx-4 for
ijjolite). Measured clinopyroxenes are clearly enriched in
light REE (LREE) relative to heavy REE (HREE) without
a Eu anomaly. Chondrite-normalized ratios [La/Lu] (nor-
malization after Anders and Grevesse 1989) for studied
melteigite clinopyroxenes vary in the range of 2.05-12.34
and for ijolite clinopyroxenes between 7.89 and 10.43.

5. Discussion

5.1. Clinopyroxene composition as a record
of crystallization processes

During the crystallization of a basaltic magma, the Al/Ti
ratios in clinopyroxene vary depending upon appearance
and disappearance of other liquidus phases and changes
in crystallization conditions. Thus, the co-variation be-
tween Al and Ti in clinopyroxene may provide useful
information about the crystallization sequence.
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Fig. 6 Results of crystallization modelling of melteigite (a—b) and ijolite (c—d). Upper diagrams (a, c¢) in both cases show the modelled crystalliza-
tion intervals of mineral phases with decreasing temperature and the ranges of their calculated/measured chemical compositions. Lower diagrams
(b, d) illustrate the modelled volumes of the crystallized phases appearing with the dropping temperature.

5.1.1. Melteigite

Magnesian cores of clinopyroxene grains are depleted in
Al and high field-strength elements (HFSE) with Z(Al,
Ti, Cr) = 0.21 apfu (based on 6 oxygens) relative to the
mantles (X(Al, Ti, Cr) = 0.45) and rims (Z(Al, Ti, Cr) =
0.30) (Tabs 1, 3). The Ti/Al ratios in Mg-rich clinopy-
roxene cores are ~ 0.2 and reflect initial diopsidic Cpx
crystallization (Fig. 4). Furthermore, these Mg-rich cores
show only negligible variability in chemical composi-
tion. Clinopyroxene mantles enriched in Ca—Fe—Al-Ti
have higher concentrations of Al and Ti and lower Si

(Tabs 1, 3 and Fig. 4). This trend suggests a combination
of substitutions with overall stoichiometry Fe?* + Ti*" +
2 Al for 2 Mg + 2 Si, leading to the idealized end-member
CaFe Ti AlSiO,. For crystallization of such Ti—Al-rich
diopsides, the favourable conditions would be low pres-
sure, high activity of TiO, and low fO, (Tracy and Rob-
inson 1977). The change in Ti/Al due to the substitution
described above most probably indicates a rapid drop
in pressure during magma rise to the final emplacement
level. Subsequent decrease in Ti and Fe concentrations
recorded in clinopyroxene (Fig. 4) can be interpreted as an
appearance of Ti-rich magnetite on the liquidus, whereby
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Fig. 7 The REE abundances in clinopyroxene from melteigite (a) and ijolite (b). Normalization values are from Anders and Grevesse (1989).

the amount of Ti and Fe uptake into the clinopyroxene
structure would be controlled by the declining Fe and Ti
contents in the melt. Also the simultaneous decrease of Al
concentration in clinopyroxene (Fig. 4) indicates an onset
of nepheline and sanidine crystallization. Thus, crystal-
lization of magnetite together with nepheline, sanidine
and clinopyroxene presumably lead to depletion in Fe, Ti
and Al in the residual magma as well as an increasing Mg
uptake to the clinopyroxene structure.

Furthermore the concomitant decrease of Al, Ti and Fe
(see orthogonal profiles Fig. 4) indicate that magnetite,
nepheline and sanidine begun to crystallize probably at
the same time during crystallization of clinopyroxene.
The melteigite crystallization sequence of major mineral
phases, derived from variations in Ti and Al contents and
clinopyroxene chemical zoning, can be proposed as fol-
lows: Ol — Ol + Cpx — Cpx + Mgt — Cpx + Mgt + Ne
— Cpx + Mgt + Ne + Sa. Coexisting magnetite—ilmenite
pairs indicate log fO, =11, calculated using the method
of Buddington and Lindsley (1964). This is slightly more
reducing than the quartz—fayalite—-magnetite buffer.

5.1.2. ljolite

Similarly to the melteigite, the Mg-rich cores of clino-
pyroxene grains are also depleted in Al and HFSE with
2(Al Ti, Cr) = 0.25 apfu (based on 6 oxygens) relative to
the mantles (X(Al, Ti, Cr) = 0.51) and the rims (Z(Al, Ti,
Cr) = 0.35) (Tabs 1, 3). This indicates that the clinopyrox-
enes of ijolites are more enriched in the HFSE than those
of melteigites. Furthermore the Ti/Al ratio is the same for
Mg-rich cores and mantles enriched in Ca, Fe, Al, and

Ti, having a consistent value of 0.33 (Fig. 5). This fact
documents that ijolite clinopyroxene crystallized from a
more fractionated magma that was enriched in Al and Ti
in respect to the melteigite. This assumption is also sup-
ported by the bulk-rock composition, lower mg# (Tab. 2)
and absence of strongly Mg-enriched clinopyroxene cores
with low abundances of Al and Ti. The uniform Ti/Al
values for Mg-rich cores and Ca, Fe, Al, Ti-rich mantles
also indicate substitution of Fe*" + Ti** + 2 Al for 2 Mg
+ 2 Si during the whole crystallization interval of the
parental magma that led to a significant enrichment of
Al and Ti, especially in clinopyroxene mantles. This ob-
servation is consistent with clinopyroxene crystallization
from magma enriched in Al and Ti under lower pressure,
i.e. at its final emplacement level.

A subsequent decrease in Ti and Fe concentrations
recorded in clinopyroxene rims (Fig. 5) can be interpreted
(identically to the case of melteigite) as an appearance of
Ti-rich magnetite on the liquidus, when the amount of Ti
and Fe uptake into the crystal structure was affected by
simultaneous crystallization of Ti-rich magnetite. Further-
more, concomitant decrease in clinopyroxene Al contents
(Fig. 5) indicates the onset of nepheline and sanidine
crystallization. Crystallization of magnetite together with
nepheline, sanidine and clinopyroxene presumably led to
the Fe, Ti and Al depletion of the residual melt.

The crystallization sequence of major mineral phases,
derived from Ti/Al values and clinopyroxene chemical
zoning, is: Cpx — Cpx + Mgt — Cpx + Mgt + Ne — Cpx
+ Mgt + Ne + Sa. This crystallization sequence is in good
agreement with the results of crystallization modelling
(see section 5.2.2.).
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5.2. Crystallization modelling

5.2.1. Melteigite

Numerical modelling can provide significant information
for understanding the crystallization processes of the
studied melteigite. When the resulting two-step model is
compared with mineral chemistry data, the model yields
a very good fit between predicted and observed composi-
tional ranges for both olivine and clinopyroxene (Fig. 6).
The first step of the model is equilibrium crystallization
for the recalculated bulk composition of melteigite at
4 kbar (Tab. 2, Fig. 6) predicting the olivine (Fo,,) as
a first phase to crystallize from the cooling liquid at
1 232 °C, followed by diopsidic pyroxene (En,,, Wo,,)
at 1 227 °C. This first crystallization phase finished at
1 209 °C (olivine Fo,, + clinopyroxene En,,, Wo,,). The
modelled olivine and clinopyroxene compositions cor-
respond to the compositional variation in our samples
(see above and Fig. 4).

The second step is assumed to have taken place at a
pressure of 0.2 kbar. The fractional crystallization model
infers crystallization of olivine (Fo,,) and clinopyroxene
(En,,, Wo,)). The end of olivine crystallization (Fo,)
predicted at 1058 °C was followed by crystallization
of ulvospinel (Mgt,,, Usp,,) at 1 057 °C, nepheline at
1 047 °C, apatite at 1 035 °C, sanidine at 1 030 °C and
titanite at 905 °C.

The predicted and observed mineral chemistries are
in good mutual agreement (Fig. 6). The sudden drop in
pressure and onset of substitution of Fe*" + Ti*+ 2 Al for
2 Mg + 2 Si in clinopyroxene explain the predicted and
observed compositional gap in the clinopyroxene (Fig. 4).
The two-step crystallization model is consistent with the
crystallization sequence derived from Ti/Al variations in
clinopyroxenes (section 5.1.1 and Fig. 4) and provides
us with a very detailed insight into the crystallization
evolution of melteigite from the parental magma. The
melteigite crystallization model also excludes the pres-
ence of accumulated minerals and, together with other
lines of evidence (e.g., type of chemical zoning of olivine
and clinopyroxene — section 4.1.1; strong REE variations
between core and rim for clinopyroxene grains — section
4.4), reflects the role of fractional crystallization pro-
cesses during crystallization of the magma.

5.2.2. ljolite

When we compare the results of fractional crystallization
modelling of the studied ijolite at a pressure of 0.2 kbar,
the very good fit between predicted and observed chemi-
cal compositions of main mineral phases is apparent (Figs
5-6). Diopsidic pyroxene (En,,, Wo, ) is the first phase
that was modelled to have crystallized from the cool-

ing parental magma at 1 123 °C followed by ulvdspinel
(Mgt,,, Usp,,) at 1 029 °C, nepheline at 1 020 °C, apatite
at 999 °C and sanidine at 995 °C. Similarly to the melt-
eigite, the agreement between the predicted and observed
compositions of the early-crystallized clinopyroxene ex-
cludes any significant presence of accumulated minerals.
The predicted limited temperature range of the beginning
of Ti-rich magnetite, nepheline, apatite and sanidine
crystallization corresponds well with the chemical re-
cord in pyroxene. The Fe?* + Ti*"+ 2 Al for 2 Mg + 2 Si
substitution was already significant in the clinopyroxene
core, confirming that low-pressure fractional crystalliza-
tion was effective throughout the whole crystallization
interval. The results of crystallization modelling for both
studied rocks suggest that, after final emplacement of pa-
rental magmas, they crystallized under similar conditions.
However, the chemical compositions of these parental
magmas were slightly different (Tab. 2). The melteigite
model, together with the observed chemical composition
of the clinopyroxene, records also an early equilibrium
crystallization history of olivine and clinopyroxene at
higher pressure, whereas the slightly more fractionated
ijolite magma crystallized entirely at a lower pressure.

5.3. Character of the parental magmas

5.3.1. Melteigite

The rare-earth element concentrations of melteigite clino-
pyroxenes measured by LA-ICP-MS show significant
variations (Fig. 7a) suggesting an extensive fractional-
crystallization history of the melteigite magma. The REE
compositions of clinopyroxene can be therefore used to
estimate the composition of the liquid with which they
were in equilibrium at the time of crystallization (e.g.,
McSween et al. 1996). As shown by these authors, good
agreement between bulk-rock and estimated equilibrium
melt REE contents for the earliest-formed minerals could
indicate evolution of the parental magma in a closed-
system. On the other hand, it is also possible to detect the
presence of minerals with cumulitic origin or potential
escape of some REE-enriched residual melt expelled by
the filter-pressing processes.

The studied clinopyroxenes have in their Mg-rich
cores lower REE abundances than their Ca—Fe—Al-Ti-
rich mantles and Ca—Mg-rich rims. The correlation of
(La/Lu), values with the Wo and En contents is illustrated
in Fig. 8. In general, the (La/Lu)_values of Mg-rich cores
are lower than those of mantles and rims. This observa-
tion can easily be explained as an increase in (La/Lu),
value with progressive magma fractionation. The lowest
(La/Lu), values seen in equilibrated Mg-rich cores (Fig.
8a—b) are in agreement with petrographic observations
and numerical modelling, suggesting that this was the
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Fig. 8a—b — Correlation plots between (La/Lu), and En and Wo contents in analysed clinopyroxenes; e-~d Modelled REE abundances in melts pa-
rental to melteigite (c) and ijolite (d). Normalization values are from Anders and Grevesse (1989).

earliest clinopyroxene crystallizing from the melteigite
parental magma.

In estimating the composition of the melteigite paren-
tal magma, REE partition coefficients between olivine
and melt, published by Bédard (2005), appear to be too
low. In our evaluation we therefore take into account the
bulk-rock REE concentrations (Tab. 3.) published by
Holub et al. (this volume), and the olivine modal abun-
dance in this rock. The REE abundances in measured
olivine grains are very low, often below the detection
limit of LA-ICP-MS. In any case, this mineral could

accommodate only <0.01 ppm of total REE and was
therefore excluded from the calculation.

The equilibrium melt compositions have thus been
calculated for the earliest formed Mg-rich diopsidic
pyroxene having the lowest REE concentrations and
consuming substantial amounts of REE from the parental
magma (Cpx-1, Cpx-2, see Tab. 3 and Fig. 7a). The REE
partition coefficients between diopsidic clinopyroxene
and melt of Hart and Dunn (1993) were used. In addi-
tion, melt compositions in equilibrium with the Ca, Fe,
Al and Ti-rich clinopyroxene (Cpx-5) with the highest

292



Crystallization of the ijolitic rocks from Doupovské hory, northern Bohemia

Tab. 4. The measured bulk-rock REE compositions and calculated equilibrium melt REE compositions for melteigite and ijolite

melteigite (melteigite

melteigite earliest formed pyroxenes

REE (ppm) D,

bulk-rock bulk-rock),

Cpx-1 Cpx-1-pm (Cpx-1-pm) Cpx-2 Cpx-2-pm (Cpx-2-pm) Cpx-5 Cpx-5-pm (Cpx-5-pm)

La 0.054  39.00 166.17 1.88 35.13 149.67 3.53 65.79 280.30 3.81 71.02 302.58
Ce 0.086  89.10 147.71 6.13 71.40 118.37 11.86  138.28 229.24 11.49 13391 222.00
Pr 0.140 11.80 132.44 1.24 8.85 99.32 2.44 17.40 195.26 1.87 13.32 149.53
Nd 0.187  42.00 92.84 6.17 32.92 72.76 12.48 66.66 147.34 11.28 60.21 133.09
Sm 0.291 8.15 55.40 1.86 6.41 43.56 3.83 13.17 89.56 2.55 8.78 59.67
Eu 0.329 2.49 44.46 0.66 2.01 35.97 1.19 3.62 64.63 0.81 2.47 44.11
Gd 0.367 7.27 36.98 1.93 5.25 26.72 3.68 10.03 51.02 2.70 7.37 37.46
Tb 0.404 0.93 25.62 0.29 0.71 19.52 0.58 1.43 39.38 0.53 1.32 36.48
Dy 0.380 443 18.25 1.43 3.77 15.54 1.35 3.54 14.59 1.68 443 18.23
Ho 0.415 0.69 12.41 0.23 0.55 9.81 0.26 0.62 11.24 0.28 0.68 12.26
Er 0.387 1.72 10.82 0.56 1.45 9.13 0.72 1.85 11.63 0.59 1.53 9.61
Tm 0.409 0.21 8.80 0.09 0.22 8.96 0.08 0.20 8.33 0.10 0.24 9.82
Yb 0.430 1.21 7.45 0.50 1.16 7.12 0.67 1.55 9.55 0.48 1.11 6.82
Lu 0.433 0.17 7.00 0.10 0.22 9.03 0.11 0.25 10.41 0.07 0.16 6.44
REE (ppm) DCPX bui-lil(()}it)e A buggil(i)fk) ijolite earliest formed pyroxene
h Cpx-1 Cpx-1-pm (Cpx-1-pm), Cpx-2 Cpx-2-pm (Cpx-2-pm),

La 0.054  65.40 278.65 3.38 62.97 268.32 4.61 86.03 366.53

Ce 0.086 148.00 245.36 12.63  147.21 244.04 18.36  213.93 354.66

Pr 0.140  19.40 217.73 2.42 17.31 194.29 3.52 25.17 282.51

Nd 0.187  69.50 153.63 14.09 75.21 166.25 20.77  110.89 245.12

Sm 0.291 12.50 84.98 2.83 9.71 66.00 3.68 12.63 85.89

Eu 0.329 3.65 65.18 0.88 2.67 47.69 1.02 3.11 55.60

Gd 0367 11.20 56.97 2.52 6.88 34.99 3.28 8.94 45.45

Tb 0.404 1.38 38.02 0.39 0.97 26.75 0.49 1.20 33.10

Dy 0.380 6.33 26.08 1.89 4.97 20.49 2.09 5.50 22.66

Ho 0.415 0.99 17.81 0.39 0.93 16.73 0.42 1.01 18.15

Er 0.387 2.50 15.73 0.92 2.37 14.94 0.94 243 15.29

Tm 0.409 0.31 12.98 0.11 0.28 11.39 0.14 0.34 13.85

Yb 0.430 1.77 10.89 0.66 1.53 9.40 0.88 2.04 12.53

Lu 0.433 0.23 9.59 0.04 0.10 421 0.05 0.11 4.35

REE mineral-melt partition coefficients for diopsidic clinopyroxene (D) (Hart and Dunn 1993), REE concentrations and normalized REE concen-
trations in melteigite (DH1330) and ijolite (DH1329) adopted from Holub et al. (this volume), measured REE concentrations in Mg-rich clinopy-
roxene, calculated REE concentrations for parental melts in equilibrium (X-pm) and calculated normalized REE concentrations for parental melt
in equilibrium (Xpm) . Normalization values are from Anders and Grevesse (1989).

En component (and with the lowest REE concentrations)
have also been calculated in this model. The calculated
equilibrium melt REE compositions are compared with
measured bulk-rock REE contents (Holub et al. this vol-
ume) in Tab. 4 and Fig. 8c.

The bulk-rock REE concentrations of melteigite are
very similar to the calculated equilibrium melt REE

concentrations for Mg-rich diopsidic pyroxene (Cpx-1,
Cpx-2, see Tab. 4, Fig. 8c). Furthermore, the REE compo-
sition of melts in equilibrium with early-formed diopsidic
pyroxene and Ca, Fe, Al and Ti-rich clinopyroxene with
the highest En component (Cpx-5), are also similar to
each other, suggesting that both clinopyroxenes crystal-
lized from similar melts. This calculation is consistent

293



Jakub Haloda, Vladislav Rapprich, FrantiSek V. Holub, Patricie Halodovda, Tomas Vaculovic¢

with the results of crystallization modelling (see section
4.2.1) predicting the early equilibrium crystallization of
olivine and Mg-rich diopsidic pyroxene and subsequent
fractional crystallization of clinopyroxene enriched in
Ca, Fe, Al and Ti.

The similarity between the measured bulk-rock and
calculated equilibrium melt REE contents supports the
assumption that the REE composition of the melteigite
reflects that of the parental melt very well. This fact,
together with the outcome of crystallization modelling,
excludes the presence of any significant cumulate olivine/
clinopyroxene or removal of REE-enriched residual melt.
The results of the parental magma composition model-
ling thus indicate a closed-system crystallization of the
melteigite parental magma.

5.3.2. ljolite

The REE concentrations in ijolite clinopyroxenes mea-
sured by LA-ICP-MS showed also significant variations
(Tab. 3, Fig. 7b). These clinopyroxenes have lower REE
abundances in their Mg-rich cores than in their mantles
and rims. The correlation of (La/Lu)_values with the Wo
and En contents of clinopyroxenes also demonstrates an
increasing degree of magma fractionation (Fig. 8a—b).
However, the range of (La/Lu), is in this case much
more limited compared to that in the melteigite clino-
pyroxenes. This observation, together with the results of
crystallization modelling and the chemical composition
recorded in clinopyroxenes, reflects a generally simple
low-P fractional crystallization history. Furthermore, the
evolution of the ijolite magma implies also variations
in REE between clinopyroxene cores, mantles and rims
(Fig. 7b). The results of crystallization modelling sug-
gest that the clinopyroxene with the highest En content
should be the earliest phase to have crystallized from the
parental magma. The REE contents of these clinopyrox-
enes were therefore used for the estimates of the parental
liquid composition using the same method as applied to
the melteigite clinopyroxene.

Good agreement between the observed bulk-rock and
the estimated equilibrium melt REE compositions for the
earliest formed clinopyroxenes once again indicates that
these pyroxenes crystallized from magma with a compo-
sition resembling that of the bulk rock (Tab. 4, Fig. 8d).
Moreover, this also indicates a closed-system fractional
crystallization.

5.4. Genetic relationship between melteigite
and ijolite

The results of crystallization modelling and REE parental
melts composition estimations suggest the possibility of
a close petrogenetic relationship between both studied

ijjolitic rocks from the Flurbiihl Composite Intrusion. For
verification of this theory we used the modelled bulk-rock
melteigite composition (Tab. 2) as that of initial melt.
Taking into account modal abundances of early crystal-
lized olivine and clinopyroxene that originated during
the equilibrium phase of crystallization (see section
5.1.1) and their chemical composition, 4 wt. % olivine
and 10 wt. % clinopyroxene were removed, and the bulk
composition of melteigite was recalculated (Tab. 5). After
this first step, the recalculated bulk-rock composition was
far from the fractionated ijolite bulk rock composition
(Tab. 5, Fig. 9), thus indicating that the ijolite bulk-rock
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Fig. 9 Modelled evolution of SiO,, CaO, FeO, AlL,O,, MgO and TiO,
contents in the melt after removal of 4 % Ol, 10 % Cpx and 6 % Cpx
with the indicated chemical compositions. The initial chemistry of the
melt (black dots) represents the recalculated melteigite bulk-rock com-
position. Recalculated real bulk-rock composition of ijolite (circles) is
also plotted.
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Tab. 5. Recalculated and modelled melteigite and ijolite bulk-rock compositions

melteigite 1. step 2. step ijolite
(recalculated melteigite melteigite (recalculated 1. step 1. step 2. step
bulk-rock (-4 % Ol, (-6 % Cpx) bulk-rock Ol composition Cpx composition Cpx composition

composition) —-10 % Cpx) composition)
wt. %
Sio, 41.41 40.33 39.73 39.16 40.88 52.08 49.73
TiO, 4.70 5.35 5.55 5.61 - 1.15 2.22
AlLO, 9.73 10.91 11.32 11.02 - 3.72 4.60
Fe,0, 1.35 1.57 1.67 1.67 - - -
FeO 10.93 11.45 11.86 11.73 14.02 4.18 4.95
MnO 0.18 0.20 0.21 0.21 0.17 0.01 0.01
MgO 11.24 8.86 8.51 8.52 44.59 15.51 14.31
CaO 17.01 17.35 16.93 16.91 0.34 23.12 24.02
Na,O 1.49 1.71 1.81 1.65 - 0.23 0.15
K,0 1.26 1.46 1.56 1.62 - - -
PO, 0.45 0.52 0.55 1.18 - - -
F 0.13 0.15 0.16 0.18 - - -
CoO, 0.10 0.12 0.13 0.51 - - -
S 0.02 0.02 0.02 0.02 - - -
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00
mg# 64.72 57.99 56.14 56.43
Fo 85.0
En 45.4 41.7
Wo 47.9 50.3

composition cannot be derived by fractionation of olivine
and clinopyroxene from melteigite melt. Furthermore,
melteigite crystallization modelling shows that to ap-
proach the REE concentrations of residual melt similar to
those of the ijolite, solidification of ¢. 22 wt. % of paren-
tal melt is needed. Based on the fractional crystallization
model, only clinopyroxene should have crystallized in
this range (after removal of 14 wt. % olivine + clinopy-
roxene in the first step). At the second step of this simple
model, 6 wt. % clinopyroxene was removed from the
recalculated bulk rock composition; a representative Ca,
Fe, Al and Ti-rich clinopyroxene composition (Tab. 5)
was adopted for calibration of this model. Removing
6 wt. % clinopyroxene provides the best fit between
modelled major-elements bulk-rock composition and the
real ijolite analysis (Tab 5, Fig. 9). Total removal of 20 %
olivine and clinopyroxene from the melteigite bulk rock
composition is very close to the estimation based on mod-
elled REE concentration evolution during equilibrium and
fractional crystallization of the melteigite parental melt.
It is apparent that derivation of ijolite parental melt from
melteigite is possible only for conditions of olivine and
clinopyroxene fractionation during the early crystalliza-
tion phase and also with partial crystallization during
magma ascent (that is, pressure decrease).

6. Conclusions

(1) Crystallization modelling of ijolitic rocks excludes
the presence of any significant amounts of accumu-
lated minerals and confirms that the modelled major-
element bulk-rock compositions reflect their parental
magma compositions very well.

(i1) Chemical zoning of clinopyroxenes in melteigite and
ijolite resulted from substitution of Fe* + Ti*" + 2 Al
for 2 Mg + 2 Si, which led most likely to significant
enrichment of clinopyroxenes in Al and Ti in the cour-
se of the crystallization. Significance of this substituti-
on mechanism points to a rapid pressure decrease as-
sociated with the magma ascent.

(iii) The chemical composition of melteigite clinopyroxe-
nes, together with the results of crystallization model-
ling, indicates early equilibrium crystallization at ¢. 4
kbar followed by low-pressure fractional crystalliza-
tion (~0.2 kbar). For ijolite, the results indicate sole-
ly low-pressure fractional crystallization, probably at
the final emplacement level.

(iv) Strong REE variations between core, mantle and rim
of clinopyroxene grains in both rock samples suggest
formation of these rocks by fractional crystallization
processes, and correspond very well with the results
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of crystallization modelling. The limited compositio-
nal variability in Mg-rich clinopyroxene cores from
melteigite indicates early equilibrium crystallizati-
on under higher temperature and pressure. Low mini-
mum cooling rate estimated for melteigite (175 °C/yr;
~0.02 °C/hr), based on the variation of Fo content in
olivine, suggests that this rock has been emplaced and
crystallized at a greater depth.

(v) The correspondence between measured bulk-rock
REE contents and calculated equilibrium melt REE
compositions for melteigite and ijolite, suggests that
the bulk-rock REE budget of both ijolitic rocks reflects
the composition of the original parental melt accura-
tely. The bulk-rock chemistry of these rocks excludes
the presence of significant amounts of accumulated
minerals and was not affected by removal of putati-
ve REE-enriched residual melt by filter-pressing after
emplacement, neither. Therefore, these rocks were li-
kely to have evolved solely by the closed-system frac-
tional crystallization.

(vi) The results of crystallization modelling and paren-
tal melts REE composition estimations suggest a clo-
se genetic relationship between both studied ijolitic
rocks. Removal of ~20 % of olivine and clinopyroxe-
ne from the initial melt provides a feasible mechanism
for the derivation of fractionated ijolite magma from
that of the melteigite.
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