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Abstract

The igneous rocks of the Katzenbuckel, Southwest Germany, represent a unique and unusual alkaline to peralkaline association
within the European Volcanic Province. The magmatic activity can be subdivided into two main phases. Phase I comprises the main
rock bodies of phonolite and nepheline syenite, which were later intruded by different peralkaline dyke rocks (tinguaites and alkali
feldspar syenite dykes) of phase II. The dyke assemblage was accompanied by magnetite and apatite veins and was followed by a
late-stage pneumatolytic activity causing autometasomatic alterations.

As is typical for alkaline to peralkaline igneous rocks, early mafic minerals of phase I rocks comprise olivine, augite and Fe-Ti
oxides, which are substituted in the course of fractionation by Na-amphibole and Na-pyroxene. For the early magmatic stage,
calculated temperatures range between 880 and 780 °C with low silica activities (0.4 to 0.6) but high relative oxygen fugacities
between 0.5 and 1.9 log units above the FMQ buffer. Even higher oxygen fugacities (above the HM buffer) are indicated for the
autometasomatic alteration, which occurred at temperatures between 585 and 780 °C and resulted in the formation of pseudo-
brookite and hematite.

The unusually high oxygen fugacities (even during the early magmatic stage) are recorded by the major element compositions
of the mafic minerals (forsterite content in olivine between 68 and 78 mol%, up to 6.2 wt.% ZrO, and 8.5 wt.% TiO, in
clinopyroxene), the unusual mineral assemblages (pseudobrookite, freudenbergite) and by the enrichment of Fe** in the felsic
minerals (up to 2.8 wt.% Fe,O3 in alkali feldspar and up to 2.6 wt.% Fe,O5 in nepheline). These observations point to a
metasomatically enriched and highly oxidized lithospheric mantle as a major source for the Katzenbuckel melts.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Alkaline and peralkaline igneous rocks represent a
volumetrically small but highly variable group of igne-
ous rocks typically located within intracontinental ex-
tensional environments (Wilson, 1989). Generally, they
are characterized by high contents of alkalis, halogens
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and rare and incompatible elements such as e.g., Li, Rb,
Zr, Zn, Nb and REE and low concentrations of com-
patible elements like Mg, Ca, Cr, Co and Ni (Serensen,
1997).

These chemical characteristics result in an unusual
mineral assemblage: otherwise scarce minerals can ap-
pear as rock-forming phases (e.g., aegirine, arfvedso-
nite) and are accompanied by a variety of rare accessory
minerals among which Na-Ti—Nb-oxides (e.g. pyro-
chlore) Na-Ti-silicates (e.g. lorenzenite) or Na—Zr-sili-
cates (e.g. eudialyte) predominate.
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Various experimental (e.g., Sood and Edgar, 1970;
Edgar and Parker, 1974; Kogarko and Romancheyv,
1977) and field studies (e.g., Larsen and Serensen,
1987; Markl et al., 2001; Marks and Markl, 2001;
Marks et al., 2003) showed that water pressure and
oxygen fugacity are critical factors that influence the
formation and the chemical evolution of peralkaline
melts. Solidus temperatures of some agpaitic melts
may be as low as 400 °C. As low initial water contents
and/or low oxygen fugacity prevent the early exsolution
of a fluid phase (Kogarko, 1977; Khomyakov, 1995)
alkalis and volatiles are therefore retained in the melt
and finally enriched in the hydrothermal fluid separated
from the low-temperature melt in the very late-magmat-
ic stage (Serensen, 1997). These residual fluids give
rise to a number of mineralizations documented in the
exotic assemblages of pegmatites and hydrothermal
veins (e.g., Salvi and Williams-Jones, 1990; Chakh-
mouradian and Mitchell, 2002; Markl et al., 2001;
Markl and Baumgartner, 2002; Marks et al., 2003).
Other important effects are metasomatic alterations
(fenitization) that mainly affect the exocontact zone of
an intrusion (e.g. Morogan, 1989).

The alkaline rocks of the Katzenbuckel, Southwest
Germany, which are the topic of the present study,
comprise a small occurrence of silica-undersaturated
and peralkaline sodic rocks (phase I), which were
intruded by various peralkaline dykes (phase II). Dur-
ing the late-magmatic stage, phase I rocks were subject
to metasomatic overprinting in some places. This event
was accompanied by hydrothermal magnetite and apa-
tite mineralizations. In the present contribution we
focus on the mineral chemistry and the petrology of
the main rock types. The data are used to discuss the
influence of intrinsic parameters such as oxygen fugac-
ity on the observed compositional trends in the rock-
forming minerals. We compare them to similar rock
types worldwide and finally try to deduce geochemical
constraints on the magma source region for the Katzen-
buckel rocks.

2. Regional geology

2.1. The Cenozoic alkaline magmatism of western and
central Europe

The Katzenbuckel volcano belongs to a group of
Cenozoic alkaline intracontinental volcanic complexes
in western and central Europe that are concentrated in
three provinces, which are mainly situated within
Variscan massifs (Fig. la). Their centres lie in the
Massif Central, the Bohemian Massif and in the
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Fig. 1. (a) Schematic map of the western and central European
Cenozoic volcanic provinces and their location within the Variscan
massifs (modified after Wilson and Downes, 1991). (b) Map of the
German Cenozoic volcanic province with some of the more important
occurrences of volcanic rocks of the Rhenish Massif, the Vogelsberg
and the Rhinegraben area indicated.
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Rhenish Massif (e.g., Eifel, Westerwald, Siebenge-
birge) including the Vogelsberg volcanic complex
and its neighboring areas to the north and east (Fig.
1b). A number of smaller occurrences (Kaiserstuhl,
Urach, Hegau) are found within and in the surroun-
dings of the Tertiary Rhinegraben. The Katzenbuckel
is located in the southeastern part of the Odenwald
(Southwest Germany) about 25 km east of the Rhine-
graben (Fig. 1b).

Volcanic activity in the three European regions
lasted for a period of more than 60 Ma, starting in the
Upper Cretaceous and reaching its climax in the Mio-
cene, continuing to the Quaternary only in few regions
with the youngest (10 kA) in the Laacher See area
(Eifel). K/Ar-ages of 65 Ma (biotite) and 55 Ma
(whole rock) place the Katzenbuckel rocks among the
oldest of this group (Lippolt et al., 1963, 1976).

The magmatism in all three provinces is dominated
by sodic primitive magmas ranging from melilitites,
melilite nephelinites and olivine nephelinites through
basanites to alkali olivine basalts (Wilson and Patter-

Table 1

Mineral assemblage of the investigated samples from the Katzenbuckel
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son, 2001). Differentiates of these rocks are subordinate
and typically appear in bimodal assemblages (e.g. pho-
nolites from Hegau). In few areas, potassic basic mag-
mas such as leucite nephelinites and leucitites can be
found (East Eifel, Massif Central).

Based on geochemical and isotopic investigations,
Wilson and Downes (1991) and Wedepohl and Bau-
mann (1999) derived models for the genesis and the
source regions of the primitive basic magmas. Accord-
ing to these authors, they can be regarded as the product
of mixing of partial melts from both asthenospheric and
lithospheric mantle sources where the primitive potassic
magmas indicate an increasing involvement of an
enriched lithospheric component. The spectrum of
primitive sodic magmas is considered to represent var-
iable degrees of partial melting of an asthenospheric
reservoir that shows the character of a residual depleted
mantle (MORB character) mixed with HIMU-like
enriched mantle material. The latter is thought to have
originated from lithospheric material subducted during
the Variscan orogeny.

Rock type Phenocrysts (p), early Groundmass Late-stage hydrothermal Sample #
magmatic minerals minerals, late minerals, metasomatic minerals
magmatic minerals
Phase I: main Phonolite Cpx (p), £ne (p), ol, ap, Ne, bt, aeg, alkfsp, Zeolites, hem, pseudobrookite, Kb3, KbU2,
intrusive phase mag, ilm, sdl titanian andradite, carbonates Kb48, Kb49
Nepheline syenite  Ne (p), £cpx (p), ol, ap, £ Ne, bt, amph, Amph, aeg, * Fe-sulfides, Kb22, Kb24,
mag, ilm, sdl aeg, alkfsp zeolites, + chl, +hem, Kb25, KbU6
Phase II: Nepheline syenite ~ Ne (p), bt, ap, foid Alkfsp, aeg Zeolites, anl, Nb-Ti—Fe oxides, Kb31
late-magmatic dykes (tinguaites) minerals, mag, ilm chl, carbonates, Zr oxide
phase; intrusion of Alkfsp, foid minerals, Aeg +Nb-ilm, +mag, *py, +sp, KbUS, KbU6
various dyke rocks +amph, +aeg +ap, Nb-Zr-Ti oxides, zeolites,
and hydrothermal aeg, * Zr-silicates, + mnz
veins; metasomatic
alteration “Normal” alkali Alkfsp, foid minerals, Aeg Mag, hem, mnz, Kb50
feldspar syenite amph, aeg freudenbergite, pyrochlore,
dykes lorenzenite
Alkfsp, foid minerals, Bt, + amph Zeolites, + Ti-Nb-(Fe) oxides KbU4dykel
cpX, ap, mag, ilm Kb47dykel
Alkfsp, foid minerals, + Amph, aeg, Aeg, zeolites, +ap, =+ chl, KbU4dyke2
aeg, amph, mag, ilm, + alkfsp + Fe-sulfides, + carbonates Kb47dyke2
+ap
Alkali feldspar Alkfsp, amph, =+ foid Amph, aeg + Aeg, zeolites, ap, Nb-ilm, Kb48, Kb49
syenite dykes minerals, mag +hem, +zm, + pyrochlore,
associated with + carbonates
magnetite veins
Magnetite veins Mag, + mnz, +ap, Kb48, Kb49

carbonates, cpx

Mineral abbreviations are after Kretz (1983), except for aecg = aegirine.
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The tectonomagmatic background of the Cenozoic
European volcanism is still not fully understood. How-
ever, there is a general consensus that it is intimately
related to the alpine extensional tectonics that caused
the evolution of Miocene rift-systems in the areas north
and west of the alpine fold belt (Wilson and Downes,
1991). On the other hand, gravity (Sobolev et al., 1997)
and heat flow measurements (Ritter et al., 2001) indi-
cate thermal anomalies beneath some of the volcanic
centres. Based on broadband seismic mantle tomogra-
phy, several small mantle plumes were proposed for the
volcanic fields of the Eifel (Sobolev et al., 1997; Ritter
et al., 2001) and the Massif Central (Granet et al., 1995)
and it is assumed that their roots reach down to the
transition zone.

2.2. The Katzenbuckel volcano

Within the German Rhinegraben province, the Kat-
zenbuckel forms an isolated vent filling with a diameter
of about 1 km. It is assumed that a mafic, strongly
alkaline melt intruded into a depth of about 600 m
below the present surface (Frenzel, 1975). Exsolution
of volatiles led to an explosive eruption, leaving behind
a cylinder-shaped diatreme. Tuffaceous material with
inclusions of fragments from the overlying Mesozoic
sediments (e.g. Jurassic limestones and fossils) is inter-
preted as a fallback breccia that sealed the base of the
diatreme (Frenzel, 1975).

At depth, a so-called “sanidine nephelinite” (Rosen-
busch, 1869; Table 1) crystallized from the cooling melt.
It represents the main rock type of the Katzenbuckel
assemblage and makes up more than 90% of the vent
filling. Shortly after, a second magma pulse intruded and
formed a rock body of about 100 m in diameter. With
respect to its mineralogical and chemical composition it
strongly resembles the “sanidine nephelinite”. Slower
cooling rates and the retention of volatiles caused the
more plutonic texture of this rock type, which has been
termed “Na-shonkinite” (Rosenbusch, 1869). Both rock
types are believed to belong to the same magmatic
event, which is referred to as the main intrusive phase
(phase I, Table 1) in this work. Following the IUGS
nomenclature classification scheme (Le Maitre, 2002)
the nephelinite (sensu Rosenbusch) will be named pho-
nolite and the Na-shonkinite (sensu Rosenbusch) as
nepheline syenite throughout this study. The second
magmatic phase (phase II, Table 1) is characterized by
the intrusion of a variety of peralkaline dyke rocks. This
dyke assemblage is accompanied by Fe—P—S-minerali-
zations and the formation of lenses of sulfide minerals.
Late-stage pneumatolytic activity caused metasomatic

mineralizations and alterations, which are most intense
in the outer contact zone of the nepheline syenite body.

3. Petrography
3.1. Research history and investigated sample material

As the Katzenbuckel hill is largely cultivated, natu-
ral outcrops of the magmatic rocks are rare. Thus, field
relations are mainly based on the early works of Rosen-
busch (1869), Lattermann (1887), Freudenberg (1906)
and Frenzel (1953, 1961, 1967, 1975). Recent investi-
gations by Stdhle et al. (2002) and Stdhle and Koch
(2003) focused on the rare accessory minerals in the
Katzenbuckel rocks. The samples of the present study
(Table 1) were taken from the collections of the Min-
eralogical Institutes of the Universities of Heidelberg
and Tiibingen.

3.2. Phase I — main intrusive phase

3.2.1. Phonolites (samples KbU2, Kb3, Kb48, Kb49)

This dark grey rock usually has a porphyritic texture.
Clinopyroxene phenocrysts show a poikilitic structure
(Fig. 2a) with inclusions of magnetite and apatite.
Occasionally, their rims are resorbed and overgrown
by a later clinopyroxene generation. Microphenocrysts
are apatite, a strongly altered sodalite group mineral,
olivine, Ti-rich magnetite and ilmenite. The latter three
phases are often overgrown by biotite (Fig. 2b).
Groundmass minerals are euhedral pyroxene (average
grain size 40 pm) and minor amounts of euhedral
nepheline (<25 um). All phases are embedded in anhe-
dral alkali feldspar.

3.2.2. Nepheline syenites (samples Kb22, Kb24, Kb25,
KbU6)

This rock type is considered as the plutonic equiva-
lent of the phonolites. Like the latter, it consists of
clinopyroxene, olivine, Ti-rich magnetite, ilmenite, apa-
tite, biotite, nepheline, a strongly altered sodalite group
mineral, alkali feldspar and amphibole. However, the
nepheline syenites show a great variability with respect
to modal proportions and texture. A coarse and equi-
granular grained type (KbU6) can be distinguished from
porphyritic types with either nepheline (Kb25) or with
both nepheline and clinopyroxene (Kb22, Kb24) as
phenocryst phases and some melanocratic varieties
also occur. In all samples except Kb25, poikilitic crys-
tals of clinopyroxene and euhedral nepheline (up to 1
cm) can be found. Along cracks, the colour of the
clinopyroxene grains becomes more intense (Fig. 2c).
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Fig. 2. Petrographic features of phase I rocks from the Katzenbuckel. (a) Zoned poikilitic clinopyroxene phenocryst with many inclusions of
magnetite in phonolite Kb3. (b) Magnetite and olivine overgrown by biotite in the same sample. In the groundmass, Fe—Ti oxides and tiny euhedral
clinopyroxenes predominate. (c) Large poikilitic clinopyroxene crystal with inclusions of magnetite and apatite from the nepheline syenite KbU6
showing a darker colour towards the margin and along fissures. (d) Radially arranged needles of interstitial aegirine and amphibole partly
intergrown with biotite on olivine in nepheline syenite Kb25. (e) Assemblage of biotite, amphibole and aegirine in the nepheline syenite KbU®6. (f)
Two pseudomorphs of very fine-grained hematite in the centre rimmed by alkali feldspar, possibly replacing olivine in the metasomatically altered
phonolite KbU2. (g) and (h) BSE images of aggregates of hematite and pseudobrookite replacing magnetite in the metasomatically altered phonolite
KbU2. Mineral abbreviations are after Kretz (1983) except aeg = aegirine and psbrook = pseudobrookite.
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In two samples (Kb22, Kb24), a second nepheline
generation is present as small (50-100 um) euhedral
grains. Olivine occurs as inclusions within nepheline
phenocrysts or alkali feldspar. Magnetite and ilmenite
occur as separate phases in variable modal proportions.
Biotite, amphibole, aegirine and alkali feldspar are late
mineral phases (Fig. 2d and e). Biotite usually forms
first among these phases and in two samples (Kb25 and
KbU®6) it occurs as large euhedral sector-zoned grains
up to 2.5 mm. In samples Kb22 and Kb24, anhedral
biotite is partly overgrown by amphibole. The inter-
growth of amphibole and aegirine indicates their simul-
taneous crystallization (Fig. 2e).

3.3. Phase Il — late magmatic phase

Based on modal and textural criteria, the late mag-
matic dyke rocks are divided into two main groups.
One group includes a number of veins and dykes with a
characteristic bluish to greyish green colour, an ex-
tremely fine-grained groundmass and a thickness bet-
ween 0.5 mm and 10 cm. These rocks are classified as
tinguaites (Freudenberg, 1906; Table 1). In contrast, a
more leucocratic and coarser grained group with a
reddish or grey colour are referred to as alkali feldspar
syenite dykes (Table 1; compare Stdhle et al., 2002).
They have widths of 1-5 cm, rarely up to 40 cm.
According to Frenzel (1975), tinguaites generally rep-
resent the older dyke generation, followed by an alter-
nating production of alkali feldspar syenite dykes and
magnetite veins. Some of the alkali feldspar syenites
show a complex internal structure that might indicate
several dyke generations. In some samples, a tinguaite
can be found in their inner part. As a consequence of
this close spatial and temporal relationship between the
different groups of dykes, a clear categorization is not
always possible. Moreover, intermediate rock types
exist (e.g. sample Kb50, see below).

3.3.1. Tinguaites (samples KbUS5, KbU6, Kb31)

Major components of the tinguaites are alkali feld-
spar and different modal proportions of altered foid
minerals, aegirine, amphibole, Fe-Ti oxides and apa-
tite. They may show a fluidal texture with an inho-
mogeneous distribution of the major mineral phases
(Fig. 3a). Accessory minerals include sphalerite, pyrite
and some unidentified Nb—Zr—Ti oxides. In the inner
part of the dykes, lense-shaped voids with a secondary
filling of zeolite minerals (natrolite), secondary aegir-
ine needles, recrystallized alkali feldspar, Fe-sulfides
(mostly pyrite), monazite and unidentified Zr-silicates
indicate a late-magmatic fluid circulation.

One porphyritic tinguaite sample (Kb31) with
higher contents of mafic phases and feldspathoid
minerals is regarded as the earliest and least evolved
among the investigated tinguaites. It contains large
nepheline phenocrysts that are embedded in a ground-
mass of fibrous aegirine and alkali feldspar. Sector-
zoned biotite, apatite, strongly altered Fe—Ti oxides
and foid minerals are microphenocrystic components.
Based on its mineral assemblage and texture, this
sample possibly represents a rock type intermediate
between phases I and II, thus indicating a continuous
magmatic evolution of the various Katzenbuckel melts.

3.3.2. “Normal’ alkali feldspar syenite dykes (samples
KbU4, Kb47, Kb50)

These rocks predominantly consist of medium to
coarse-grained framework-forming alkali feldspar,
with only minor amounts of altered euhedral feld-
spathoid minerals. Aegirine, amphibole, biotite and
Fe—Ti oxides occur in varying proportions with aegirine
often overgrowing amphibole (Fig. 3b). The dykes are
often symmetrically zoned possibly indicating succes-
sive magmatic events (see Table 1, samples Kb47 and
KbU4, each showing an outer (dykel) and an inner
(dyke2) zone). In some cases, different generations
can clearly be distinguished (Kb47) whereas in other
cases their separation is less distinct (KbU4, Fig. 3e). At
the contact to the host rock (fallback breccia), dykel of
sample KbU4 is medium grained with a very high
content of alkali feldspar. Anhedral biotite overgrowing
Fe-Ti oxides dominates among the mafic minerals.
Subhedral clinopyroxene, strongly corroded grains of
apatite and altered foid minerals are subordinate. The
boundary towards the inner dyke2 is marked by a
general increase in grain size and the appearance of
large crystals of aegirine and amphibole instead of
biotite. In a narrow zone, tabular alkali feldspar is
oriented perpendicular to the dyke axis (Fig. 3¢). Mag-
netite, partly with a skeletal texture (Fig. 3c), ilmenite
and occasionally euhedral foid minerals can be found in
between. Alkali feldspar and aegirine show disconti-
nuous growth rims of a later mineral generation. The
inner part of the dyke is filled with a dense green to
brown and partly zeolitized groundmass. It consists of
aegirine and amphibole needles and contains randomly
oriented alkali feldspar and amphibole phenocrysts.
Both euhedral and anhedral apatite can be found in
the inner dyke2. Fe-Ti oxides are strongly altered.

The mineral assemblage of sample Kb50 slightly
differs from the typical alkali feldspar syenites in having
a higher aegirine and a lower alkali feldspar content.
With respect to its low foid content, coarse grain size and
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crystals. (d) Anhedral, late-magmatic apatite and pyrochlore (prc) overgrowing zoned crystals of aegirine in the alkali feldspar syenite dyke Kb48 (BSE image). (¢) Symmetrically zoned alkali
feldspar syenite dykes of sample KbU4 showing an outer (dykel) and an inner (dyke2) zone. The host rock in this case is the fallback breccia consisting of sedimentary fragments, lapilli and
volcanic bombs. (f) Alkali feldspar syenite dyke (Kb49) associated with magnetite veins showing exsolution textures.
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strongly parallel oriented fabric caused by the feldspar
laths and fibrous aegirine, however, it resembles more
the alkali feldspar syenites than the tinguaites. Amphi-
bole usually intergrown with or overgrown by aegirine
and corroded and exsolved magnetites are minor phases.
Additionally, sample Kb50 shows a broad variety of rare
accessory minerals often being concentrated along thin
ribbon-like zones. These include anhedral monazite and
pyrochlore, tabular freudenbergite (up to 100 um) with
aegirine or hematite and various Na—Ti—Nb-silicates
(predominantly lorenzenite).

3.3.3. Alkali feldspar syenite dykes associated with
magnetite veins (Kb48, Kb49)

A group of red coloured alkali feldspar syenite
dykes is closely related to magnetite veins either cutting
and intruding them or even partly mixing with them
(Fig. 3f). Principally, they show the same assemblage
as the typical alkali feldspar syenite dykes. The most
significant deviations are the absence of biotite and the
Fe-Ti oxide assemblage. Ilmenite is most abundant. It
may exsolve hematite or is intergrown with it or with a
Nb—Fe-Ti oxide (possibly freudenbergite) and aegirine.
Former Ti-rich magnetite has been exsolved to magne-
tite and ilmenite showing trellis-type exsolution tex-
tures (after the terminology of Buddington and
Lindsley, 1964). Euhedral zircon and subordinate anhe-
dral carbonates, pyrochlore and late apatite occur as
accessory minerals (Fig. 3d). The associated magnetite
veins consist mainly of unexsolved magnetite with
minor amounts of carbonates, apatite and clinopyrox-
ene and clusters of monazite. Additionally, Frenzel
(1975) observed veins dominated by apatite.

3.4. Metasomatic alteration features (samples KbU2,
Kb48, Kb49)

Both rock types of phase I occur also as metasoma-
tically altered varieties (see also Freudenberg, 1906;
Frenzel, 1955). Alteration zones are particularly devel-
oped in the phonolite close to the contact with the
nepheline syenite body. A characteristic feature of
these altered varieties is their reddish colour. The in-
vestigated sample KbU?2 has a slightly porphyritic tex-
ture, with clinopyroxene and nepheline as phenocryst
phases. In contrast to the unaltered phonolites, the
clinopyroxenes are intensively corroded. Micropheno-
crystic nepheline, alkali feldspar and a precursor soda-
lite group mineral are strongly replaced by zeolithes.
Neither amphibole nor biotite is present. Aggregates of
fine-grained hematite with clinopyroxene and rimmed
by alkali feldspar with hematite inclusions replace

euhedral crystals (Fig. 2f), which we interpret as pre-
cursor olivine. The most characteristic feature of the
altered phonolite, however, is the replacement of mag-
netite and ilmenite by pseudobrookite and hematite
(Fig. 2g and h).

The two main rock types have also undergone alter-
ation in the neighboring areas of magnetite veins (sam-
ples Kb48 and Kb49). Of the primary assemblage, only
apatite and clinopyroxene remained. Besides abundant
zeolites that replace precursor foid minerals, numerous
small clustered clinopyroxenes are present in the fine-
grained brown groundmass. Irregularly shaped cavities
are filled with titanian andradite that can also replace
magnetite. To a lesser extent, carbonates appear as
secondary phases.

4. Mineral chemistry
4.1. Analytical methods

Minerals were analyzed with a JEOL 8900 electron
microprobe in wavelength-dispersion mode at the Insti-
tut fiir Geowissenschaften, Universitdt Tiibingen (Ger-
many), using a beam current of 15 nA and an
acceleration voltage of 15 kV. The counting time on
the peak was 16 s for major elements, 30—60 s for
minor elements (Mn, Ba, Zr, Cl, F). Background coun-
ting times were half of the peak counting times. To
avoid Na migration under the electron beam, silicates
were analyzed using a defocused beam of 5 pm dia-
meter. For calibration, both natural and synthetic min-
eral phases were used as standards. Processing of the
raw data was carried out with the internal ¢pZ correc-
tion method of JEOL (Armstrong, 1991).

4.2. Feldspar

The Katzenbuckel feldspars are essentially Ca-free
(Ca0<0.23 wt.%), but contain elevated amounts of
iron (Fe,O3 between 0.5-2.8 wt.%) and Ba (up to 5.7
wt.% BaO; Table 2). All iron was calculated as Fe**
(Deer et al., 1963, 1992) and is expressed as FeOr
(KFe*Si;0g) component, which reaches up to 10
mol% in some of the dyke rocks and in the metasoma-
tically altered phonolite. For most analyses, Fe*" p.f.u.
shows a negative 1:1 correlation with Al p.fu. (Fig.
4a). Feldspars, which show a deviation from this main
trend towards higher Al values, are enriched in Ba,
containing between 2.0 and 5.65 wt.% BaO. In these
cases, the Fe’ —Al exchange is partly camouflaged by
the coupled incorporation of Al and Ba. In phonolites
and nepheline syenites, the composition varies between
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Table 2
Representative microprobe analyses of feldspars and nephelines from the Katzenbuckel
Mineral ~ Fsp Fsp Fsp Fsp Fsp Fsp Fsp Ne Ne Ne Ne
Sample  Kb3 Kb24 Kb31 KbU4dyke2  Kb50 Kb48 Kb3 Kb24 Kb25 KbU2
Rock type Phonolite Nepheline Tinguaite Alkali feldspar Metasom. Alkali feldspar syenite Phonolite Nepheline Nepheline Metasom.
syenite syenite dyke altered alkali dyke associated with syenite  syenite  altered
feldspar magnetite veins phonolite
syenite dyke
wt.%
SiO, 64.87 60.61 65.33 63.98 65.36 66.82 65.50 45.98 43.90 42.74 45.54
Al204 18.12 19.54 17.30 17.84 16.87 17.63 18.14 30.31 31.55 32.70 30.67
Fe,O5 0.83 0.76 1.27 1.32 2.76 1.68 0.26 1.52 1.20 0.80 2.62
CaO 0.01 0.05 0.00 0.05 0.02 0.03 0.00 0.11 0.01 0.22 0.04
BaO 0.78 5.67 0.07 1.51 0.10 0.21 0.08 0.00 0.05 0.08 0.00
Na,O 2.90 3.73 1.74 1.64 3.94 7.10 0.40 16.15 16.17 16.91 16.90
K,0 11.96 8.86 14.45 13.70 10.92 6.82 16.50 5.19 6.41 5.73 4.98
Total 99.47 99.22 100.16  100.04 99.97 100.29 100.88 99.25 99.28 99.17 100.75
Formulae based on 8 (feldspar) and 32 (nepheline) oxygens
Si 2.99 2.88 3.01 2.98 3.00 3.00 3.01 8.85 8.53 8.31 8.68
Al 0.99 1.10 0.94 0.98 0.91 0.93 0.98 6.87 7.22 7.50 6.89
Fe** 0.03 0.03 0.04 0.05 0.10 0.06 0.01 0.22 0.18 0.12 0.38
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.05 0.01
Na 0.26 0.34 0.16 0.15 0.35 0.62 0.04 6.02 6.09 6.38 6.25
K 0.70 0.54 0.85 0.81 0.64 0.39 0.97 1.27 1.59 1.42 1.21
Ba 0.01 0.11 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.01 0.00
Sum 4.98 5.00 5.00 5.00 5.00 5.00 5.01 23.25 23.61 23.79 23.42
mol%
Ab 27 39 16 15 35 61 4 Ne 68 71 78 72
An 0 0 0 0 0 0 0 Ks 15 19 17 14
Or 70 58 80 80 55 33 95 Qtz 17 10 5 14
FeOr 3 3 4 5 10 6 1

Oryg g1 FeOr, gAbyg 46. Feldspars from tinguaites have
high sanidine contents (Orgg_g9FeOry gAby_16) and feld-
spars from the alkali feldspar syenite dykes vary in
composition between Orys_g7FeOrg_190Abs_45. The wi-
dest compositional range reaching the highest Ab con-
tents — Orz3_ggFeOr;_gAbs ¢; — was found in the alkali
feldspars syenite dykes associated with magnetite veins.

4.3. Nepheline

Due to complete alteration of nepheline in the dyke
rocks, nepheline composition could only be analyzed in
the phase I rocks. The composition ranges from
Ne;gKs 7Qtzs to NeggKs 5sQtzy; (Table 2). Generally,
the compositional range is relatively narrow and no
chemical zonation was found in phenocrysts nor was
a chemical difference between early and late crystals
detected. Minor elements are Ca (CaO<0.77 wt.%) and
Ba (BaO<0.10 wt.%). Fe,O3 contents vary between
0.76 and 2.63 wt.% with the highest concentrations in
the metasomatically altered phonolite. Fig. 4b shows a
roughly negative correlation between Fe** and Al. Full

tetrahedral occupancy (16 atoms per formula unit) is
only reached if Fe’" is added to the sum of Si+Al
(Table 2).

4.4. Olivine

Olivine composition varies between Fo-gFay;Tp,
and FoggFas3oTp, (Table 3). The highest Fa contents
were detected in olivine relics overgrown by biotite in
the phonolite whereas the highest Fo contents were
found in olivine inclusions in nepheline phenocrysts
of the nepheline syenites. MnO contents, being posi-
tively correlated with Fa-content, range between 0.84
and 1.53 wt.% and CaO between 0.12 and 0.39 wt.%
CaO, showing a slight negative correlation with Fe*".
Ni is generally below 200 ppm. No chemical zonation
in individual olivine grains was observed.

4.5. Clinopyroxene

In most samples two generations of clinopyroxene
are present: large phenocrysts and groundmass miner-
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Fig. 4. Correlation diagrams of Fe*" p.fu. and Al p.fu. for the
Katzenbuckel feldspars (a) and nephelines (b).

als. Representative analyses are shown in Table 4. For a
detailed chemical classification, eight endmembers
were used. Calculated amounts of these components
in the various Katzenbuckel rocks are summarized in
Table 5 and details on the endmember calculations are
given in Appendix A.

Besides the classical Quad-components (enstatite
(En), ferrosilite (Fs), diopside (Di) and hedenbergite
(Hd)), the most important Na-component is aegirine
(Aeg), whereas jadeite (Jd) plays only a limited role.
However, in most analyses, Na-content exceeds the
calculated (Fe*"Aly,), implying additional Na-compo-
nents. Excess Na (expressed in terms of [Na—
(Fe’"+Al,)]) shows a positive correlation with the
sum of [Ti+Zr] (Fig. 5a). The proportion of about 2: 1
implies the existence of a Ti- and Zr-bearing sodic
pyroxene component with the general formula Na(Ti,
Zr)os(Mg, Fe?")y.5S1,0¢, here referred to as (Ti, Zr)-
aegirine ((Ti, Zr)-Aeg). This component is already
known from other alkaline igneous rock suites world-
wide (e.g., Ranlev and Dymek, 1991; Larsen, 1976;
Ferguson, 1977; Grapes et al., 1979; Nielsen, 1979).
Most analyses, however, contain more [Ti+Zr]
than necessary to form (Ti, Zr)-Aeg. Expressed as

[Ti+Zr]es, this excess shows a strong correlation
with Al with a proportion of 1:2 (Fig. 5b). As Ca
must be incorporated in this endmember, the amount
of Ca available apart from the formation of Di, Hd is
expressed as [Ca—M*"],es With M>"=Mg+Fe*" +Mn.
In Fig. Sc, this difference is plotted against Al Ca—
Ti or Ca—Zr tschermakite components (Ca-(Ti, Zr)
Al,Og) that meet the observed (Ti+Zr):Ale, ratio
but would also require a Ca:Aly, ratio of 1:2 are
well known from other localities (Larsen, 1976; Njon-
fang and Nono, 2003; Coulson, 2003). As the latter
proportion clearly exceeds 1:2 but approaches about
1:1 for the Katzenbuckel pyroxenes (Fig. 5c), we
postulate the multi-endmember component Ca-(Ti,
Zr)os(Mg, Fe2+)o.5AISiO6 and refer to it as Ca-(Ti,
Zr)-component.

Both Ti- and Zr-contents reach exceptionally high
values in the Katzenbuckel pyroxenes (up to 8.49
wt.% TiO, and up to 6.24 wt.%. ZrO,) Generally,
Ti- and Zr-contents increase from early to later rock
types and groundmass pyroxenes are generally richer
in Ti or Zr than phenocryst pyroxenes. In most anal-
yses, Ti dominates over Zr, but the relationship be-
tween Ti and Zr in the Katzenbuckel pyroxenes is
rather complex, showing both negative and positive
correlations in various samples.

Fig. 6 shows the different endmember proportions
for the Katzenbuckel rocks in comparison with pub-
lished trends from other peralkaline suites. The pho-
nolites and nepheline syenites cover a broad
compositional range starting with high Di (up to 73
mol%; Table 5) to high Aeg (maximum of 63 mol%)
without any significant enrichment of the Hd compo-
nent (<15 mol%) during fractionation (Fig. 6a). Pyr-
oxenes from the metasomatized phonolite sample
(KbU2) reveal a shift towards even lower Fe** con-
tents. A similarly large range is covered by the alkali
feldspar syenite dykes KbU4 and Kb47 (Table 5) with
primitive compositions in the outer dyke generations
(dykel) and a strong increase in Aeg component
towards the inner part of dyke2, respectively. Interme-
diate compositions are represented by phenocrysts
from the inner boundary of KbU4dyke2. The tin-
guaites and the alkali feldspar syenite dykes associated
with magnetite veins contain more evolved clinopyr-
oxenes starting with a minimum of about 30 mol%
Aeg (Fig. 6a). Compared with trends from other lo-
calities (dashed lines), the Katzenbuckel pyroxenes
show an almost unique trend as they show almost
no increase of Fe?' during fractionation, whereas
most other trends indicate an initial increase in Hd,
before bending towards Aeg.
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Representative microprobe analyses of olivines and Fe—Ti oxides from the Katzenbuckel
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Mineral ol Ol Ol mag mag mag mag ilm ilm Hem hem psbrook psbrook
Sample Kb3 Kb24 Kb22 Kb25 Kb49 Kb48 Kb49 Kb3 Kb49 KbU2 KbU2 KbU2 KbU2
Rock type Phonolite Nepheline Nepheline Nepheline Alkfsp ~ Magnetite Magnetite Phonolite Alkfsp ~ Metasomatically altered
syenite  syenite  syenite syenite  vein vein syenite  phonolite

dyke with dyke with

magnetite magnetite

veins veins
wt.%
SiO, 37.52 38.27 39.28 - - - - - - - - - -
TiO, 0.06 0.12 0.04  18.86 10.27 0.84 2.74 51.44 4874 12.25 16.61 4421 44.72
AlLO3 0.01 0.02 0.02 0.85 0.06 0.76 5.29 0.02 0.01 0.12 022 032 0.53
Cr,04 - - - 0.02 0.05 0.08 0.00 0.00 0.00 0.03 0.00 0.10 0.00
Fe,05 (cale.)* 33.01 49.16 67.74  59.16 6.67 7.7 80.45 70.58 48.88  47.96
FeO (calc.)*  26.82 21.88 2037  40.88 34.28 2597  21.77 3442 2417 0.96 6.94 0.00 0.00
MnO 1.43 1.27 1.06 1.70 4.11 3.23 6.69 2,13 1721 1.27 096 0.49 0.52
MgO 34.38 38.58 39.77 3.73 0.62 1.82 3.38 5.43 0.54 479 387 5.34 5.45
CaO 0.12 0.25 0.39 - - - - - - - - - -
ZnO - - - 0.25 1.35 0.26 0.79 0.00 1.47 0.27 0.14 0.00 0.09
Total 100.34  100.39  100.93  99.30 99.90 100.70  99.82 100.11  99.91 100.14 99.32 99.34  99.27

Formulae based on 4 oxygens Formulae based on ideal cation—oxygen ratios: 3:4 (mag), 2:3 (ilm, hem), 3:5 (psbrook)
Si 1.00 0.99 1.01 - - - — — - - — - -
Al 0.00 0.00 0.00 0.04 0.00 0.03 0.23 0.00 0.00 0.00 0.01 0.01 0.02
Ti 0.00 0.00 0.00 0.52 0.29 0.02 0.08 0.94 0.93 023 032 126 1.28
Cr - - - 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe** 0.91 1.41 1.91 1.62 0.12 0.15 1.53 136 145 1.42
Mg 1.37 1.49 1.52 0.21 0.04 0.10 0.18 0.20 0.02 0.18 0.15 0.30 0.31
Fe** 0.60 0.48 0.44 1.26 1.09 0.81 0.66 0.70 0.51 0.02 0.15 0.00 0.00
Mn 0.03 0.03 0.02 0.05 0.13 0.10 0.21 0.04 0.37 0.03 0.02 0.02 0.02
Ca 0.00 0.01 0.01 - - - - - - - - - -
Zn - - - 0.01 0.04 0.01 0.02 0.00 0.03 0.00 0.00 0.00 0.00
Sum 3.00 3.00 3.00 3.00 3.00 2.98 3.00 2.00 2.01 1.99 2.01 3.04 3.05
mol%
Fo or 68 75 77 53 29 2 8 94 93 23 32
usp/ilm
Fa or 30 24 22 47 71 98 92 6 7 77 68
mag/hem

Tp 2 1 1

(calc.)*: calculated FeO and Fe,O; contents are based on microprobe analyses assuming stoichiometry. — not analyzed.

The increase in Aeg component is generally accom-
panied by an increase in (Ti, Zr)-Aeg (Fig. 6b). In the
late-stage or groundmass pyroxenes, the (Ti, Zr)-Aeg
content can reach maximum values >40 mol% (Table
5). In aegirines from the tinguaites, the (Ti, Zr)-Aeg
content is constantly high, while in Kb48 and Kb49 a
slight increase of (Ti, Zr)-Aeg can be observed in the
latest pyroxenes (Fig. 6b).

The Ca-(Ti, Zr)-component (Fig. 6¢) reaches up to
16 mol% and is highest in the metasomatized pho-
nolite and in the unaltered phonolites and nepheline
syenites (Table 5). While (Ti, Zr)-Aeg shows an
increase during fractionation, the Ca-~(Ti, Zr)-compo-
nent is present at a low but relatively constant
level that is similar in pyroxenes from all rock types.

4.6. Fe-Ti oxides

The compositional variation of Fe-Ti oxides is
presented in the FeO-Fe,O;-TiO, triangle (Fig. 7),
where MgO and MnO were added to FeO and
Table 3 shows representative analyses. Due to strong
alteration, compositions of magnetites could not be
determined in all samples. Furthermore, semi-
quantitative detection revealed some Nb—Fe-Ti oxi-
des and elevated Nb contents in some ilmenites,
particularly in some tinguaites and alkali feldspar
syenite dykes. These analyses were neglected in this
study.

Ti contents of homogeneous magnetites are high-
est in nepheline syenites (Uspss_3gMagys_¢>) and
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Table 4
Representative microprobe analyses of clinopyroxenes from the Katzenbuckel
Sample Kb24 KbU6 Kb25 KbU2 Kb31 KbU6 Kb47dykel KbU4dyke2 Kb49 Kb48
Rock type Nepheline Nepheline Nepheline Metasom. Tinguaite Tinguaite Alkali feldspar syenite Alkali feldspar syenite
syenite syenite syenite Altered dyke dyke associated with

phonolite magnetite veins
wt.%
SiO, 49.49 52.54 50.73 51.16 52.16 52.44 51.22 52.38 52.44 50.82
TiO, 2.84 1.88 8.49 1.62 4.08 435 1.48 5.71 1.54 4.88
AlLO; 3.69 0.52 0.74 227 0.92 0.58 2.17 0.52 0.73 1.04
FeyO5 (cale.)* 4.02 15.74 16.92 6.50 12.22 24.52 2.73 22.02 12.35 17.08
FeO (calc.)* 3.47 2.22 4.08 0.00 5.23 1.46 3.26 1.91 3.50 1.21
MnO 0.27 0.42 0.28 0.24 0.36 0.25 0.17 0.28 1.14 0.27
MgO 13.40 7.10 2.49 14.57 6.14 2.03 14.35 1.71 8.39 4.09
CaO 21.44 10.38 2.25 21.78 9.13 1.76 22.80 0.52 11.34 2.08
Na,O 1.45 7.97 12.30 1.86 8.25 12.79 0.95 13.43 6.65 12.36
K,0 0.01 0.01 0.05 0.00 0.00 0.02 0.00 0.00 0.03 0.01
Zr0, 0.18 1.84 0.97 0.11 0.77 0.54 0.06 0.61 1.68 6.24
Total 100.26 100.62 99.30 100.11 99.26 100.74 99.19 99.15 99.79 100.08

Formulae based on 4 cations and 6 oxygens

Si 1.84 1.98 1.94 1.88 1.98 1.97 1.91 1.99 1.98 1.93
Al 0.16 0.02 0.03 0.10 0.04 0.03 0.10 0.02 0.03 0.05
Fe** 0.11 0.44 0.49 0.18 0.35 0.69 0.08 0.63 0.35 0.49
Ti 0.08 0.05 0.24 0.04 0.12 0.12 0.04 0.17 0.04 0.14
Zr 0.00 0.03 0.02 0.00 0.01 0.01 0.00 0.01 0.03 0.12
Mg 0.74 0.40 0.14 0.80 0.35 0.11 0.80 0.10 0.47 0.23
Fe** 0.11 0.07 0.13 0.00 0.17 0.05 0.10 0.06 0.11 0.04
Mn 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.04 0.01
Ca 0.85 0.42 0.09 0.86 0.37 0.07 0.91 0.02 0.46 0.08
Na 0.10 0.58 0.91 0.13 0.61 0.94 0.07 0.99 0.49 091
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Sum 4.00 4.00 4.00 4.00 4.01 4.00 4.02 4.00 4.00 4.00
Di 60 33 3 76 23 2 73 0 34 3
Hd 9 7 3 1 12 1 10 0 10 1
En 4 0 0 0 1 0 2 0 4 0
Fs 1 0 0 0 1 0 0 0 1 0
Aeg 10 44 49 13 35 70 7 63 35 49
Jd 0 0 0 0 2 0 0 2 1 0
Ti-Aeg 0 14 42 0 24 24 0 34 13 42
Ca-(Ti, Zr)-comp. 16 2 3 10 2 3 8 1 2 5

lowest in the late magnetite veins (Usp;s_oMaggs og).
Exsolved magnetites in alkali feldspar syenite dykes
have intermediate compositions of about Usp;;Magg;
(Kb49) and about Usp;sMaggs (Kb48), respectively.
Al,O3 contents are generally low (<0.9 wt.%) in
both exsolved and unexsolved magnetites, but
reach 5.3 wt.% in the late magnetite veins. MgO
and MnO contents reach up to 3.7 and 6.9 wt.%,
respectively.

The composition of both homogeneous and exsolved
ilmenites range between IlmgsHems and IlmgoHemy;.
Al,Oj is always below 0.06 wt.%, but elevated Mg (up
to 6.0 wt.% MgO) and Mn contents (up to 21.8 wt.%)
were detected.

The secondary Fe-Ti oxides of sample KbU2
show relatively high contents of MgO (pseudobroo-
kites: ~5.3 wt.%; hematites ~4.9 wt.%) but low
contents of MnO (pseudobrookites: ~0.5 wt.%; hema-
tites ~1.3 wt.%) both of which were present in
elevated concentrations in the primary magnetite—il-
menite assemblage. TiO, reaches 16.6 wt.% in hema-
tites resulting in compositions of Ilm,o 3,Hemgq gs.
With an average composition of Mgo_3FeﬂTi1.305,
the Katzenbuckel pseudobrookites (compare Otte-
mann and Frenzel, 1965) belong to a solid solution
series between ideal pseudobrookite (Fe’'Fe®'TiOs)
and the Mg-endmember (Mg0A5Fe3+Ti1A5O5; Bowles,
1988).
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Table 5
Clinopyroxene endmember proportions (mol%) in the various Katzenbuckel rock types
En Fs Di Hd Quad Ac Jd  Ti-Aeg Ca~(Ti, Zr)-comp.
Phonolite Phenocrysts 34 0-1 6369 9-12 7882 89 0-1 O 9-11
Matrix 2-4  0-1 49-67 7-12 60-78 11-28 04 3-9 1-6
Nepheline syenite Phenocrysts 0-7 02 33-73 5- 40-87 244 04 0-14 1-16
Matrix 0-5 0-1 3-71 1- 5-89 2-63 0-7 142 0-
Metasom. altered phonolite ~ Phenocrysts 0-3 0 54-75 1-9 5881 11-35 0-1 03 6-16
Matrix 14 0 43-72 14 48-75 17-39 0-1 0-9 4-10
Tinguaites 0-1 0-1 2-28 1-12 442 3569 0-8 14-26 04
Alkali feldspar syenite dykes KbU4dykel, Kb47dykel 2-6  0-1 56-73 6-14 7188 420 0-5 0-7 0-8
KbU4dyke2, Kb47dyke2,Kb50 0-3 02 0-52 0-19 0-73 17-73 04 541 04
Kb48, Kb49: contact to 2-10 0-5 11-33 3- 20-59 31-57 02 7-25 04
magnetite vein
Kb48, Kb49: dyke centres and 0-6 02 0-30 0-9 0-47 3882 0-8 742 0-5

late cpx generation

Quad = En+Fs+Di+Hd.

4.7. Biotite

The Katzenbuckel biotites (Xp, between 0.14 and
0.49) are characterized by low Al contents and 8-
Si+ Al deficits of 0.22-0.50 p.f.u. (Table 6), indicating
the presence of tetrahedrally coordinated Fe’™ (e.g.
Dunworth and Wilson, 1998) or Ti*" (Deer et al.,
1992). High Ti contents (4.3-12.8 wt.% TiO,) are a
characteristic feature of the Katzenbuckel biotites.
However, all analyses reveal a strongly negative corre-
lation between Ti and the two dominating elements on
the octahedral position (Mg, Fe**; Fig. 8a). In high-Ti
analyses, Mg shows a variation independent from the
Fe**content. Wagner et al. (1987), proposed the coupled
substitution of Mg* +2 Si*'<—>Ti*"+2 AP for a
single Katzenbuckel nepheline syenite. The observed
positive correlation between Ti and Al with a proportion
of about 1:2 in the investigated biotites of our work
support this assumption (Fig. 8b). A further possibility
for reaching charge balance while replacing divalent
cations by Ti*" on octahedral sites might be the creation
of vacancies on the X position (Deer et al., 1992) of the
mica structure (Mg? +2 K'<—>Ti* +2+0). Accord-
ing to the applied formula calculation up to about 10%
of the X position may be vacant.

As common in biotites from alkaline rocks especial-
ly from K-poor rock types (Dunworth and Wilson,
1998) elevated Ba contents (up to 3.1 wt.% BaO)
were detected and show a positive correlation with Ti
(Fig. 8c). For the occupation of the hydroxyl sites, Cl is
unimportant (<0.1 wt.%), but F contents range between

0.2 and 2.4 wt.%. F and Fe and F and Ti contents are
negatively correlated in all samples.

Sector-zoning is a typical feature of the euhedral
biotites of the nepheline syenite Kb25 and the tinguaite
Kb31 (see also Wagner et al., 1987). Fig. 9 shows the
BSE image of a biotite with a complex internal zoning
structure and a second generation. Positive correlation
trends exist between Si, Mg, F and K on the one hand
and Ti and Ba on the other. Ba values are high in sector |
and decrease stepwise when crossing the border to
sectors II and III, with rather constant concentrations
within one specific sector. For the other elements, the
changes are more continuous within sectors [-III. At the
border to the later growth rim (profile C-D) some ele-
ments show a sharp increase (Ba, Mg, F), whereas
others indicate a more continuous change (K, Si, Ti).

4.8. Amphibole

Some representative amphibole analyses are shown
in Table 6. Based on the nomenclature of Leake et al.
(1997), the analyzed amphiboles fall in two groups:
sodic—calcic amphiboles (richterite to magnesiokato-
phorite) and sodic amphiboles (magnesio-arfvedsonitie
to ferric-nybdite). The dominant substitution mecha-
nism seems to be the coupled substitution of Na'+
Fe''<—>Ca*"+(Mg, Fe)*", describing the transition
from the sodic—calcic to the sodic amphibole members.
Xwmg in the Katzenbuckel amphiboles is always >0.5.

As for biotites, the Katzenbuckel amphiboles are
characterized by relatively low Al contents (0.76-3.4
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Fig. 5. Correlation diagrams for Katzenbuckel pyroxenes. (a) Excess
Na (expressed in terms of [Na— (Fe* + Al,)] shows an approximate
2:1 correlation with the sum of [Ti+Zr] indicating the existence of
the (Ti, Zr)-aegirine endmember. (b) Excess [Ti+Zr]..sx shows a
strong correlation with Al with a proportion of 1:2. (c) [Ca-M?"]
with M?"=Mg+Fe?"+Mn against Al indicating the existence of a
multi-endmember component Ca-(Ti, Zr), s(Mg, Fe2+)0_5AISi06 (see
text for detailed discussion).

wt.% Al,O3) and calculated 8-Si+ Al deficits ofup to 0.3
p.f.u., indicating tetrahedrally coordinated Ti*" (Oberti et

al., 1992; Della Ventura et al., 1991) or Fe** (Hogarth et
al., 1987).

K,O contents in both groups are similar, ranging
from 0.99-2.8 wt.%. Among the minor elements, Mn
varies between 0.1 and 1.8 wt.% MnO, showing a
negative correlation with Xy;,. ZrO, contents reach up
to 1.3 wt.%, showing no systematic relation to Ti. F
contents vary between 0.07 and 2.60 wt.%, whereas Cl
concentrations are always below 0.02 wt.%.

5. Calculation of intensive crystallization
parameters

At a given depth of emplacement, the evolution of the
Katzenbuckel melts is mainly governed by 7, as;o,, and
fo2. Minimum liquidus temperatures for some samples
of phase I could be estimated by the use of nepheline
thermometry after Hamilton (1961). Solidus tempera-
tures, silica activity and oxygen fugacity were calculated
for one phonolite (Kb3) and two nepheline syenites
(Kb24, Kb25) from the assemblage of olivine, clinopyr-
oxene, ilmenite and magnetite using the QUILF program
of Andersen et al. (1993). In the dyke rocks of phase II,
such calculations were not possible due to either the lack
of a suitable phase assemblage or because of the strong
alteration of relevant mineral phases. Detailed informa-
tion on the theoretical background and the application of
the QUILF program has been given by Lindsley and
Frost (1992), Frost and Lindsley (1992) and Marks and
Markl (2001). In our calculations, temperature was de-
rived from the Fe-Mg-exchange between olivine and
clinopyroxene and from two-oxide thermometry. For
the calculation of silica activity and oxygen fugacity,
the displaced reaction

FeSiOs(in augite) + Fe; TiO4(in magnetite)
= FeTiO;(in ilmenite) + Fe;SiOq4(in olivine)

was used. In order to minimize the effects of subsoldidus
cation diffusion, only the Fe-richest clinopyroxene core
compositions and the average olivine values were used
(Markl, 1998). Most olivine crystals were protected
from later re-equilibration as they occur as inclusions
in nepheline phenocrysts. Relative oxygen fugacity was
determined including the whole range of Fe—Ti oxide
mineral compositions for each sample.

5.1. Pressure
Based on the overlying sedimentary cover, Stihle

et al. (2002) assumed a pressure of 200-300 bar for
the emplacement level of the investigated rocks.
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(Ti,Zr)-Aeg

Ca-(Ti,Zr)-comp.

Ca-(Ti,Zr)-comp.

Fig. 6. Compositional variation of the Katzenbuckel pyroxenes (a) in the system Mg—(Fe>"+Mn)—Na. In the right triangle pyroxene trends from
other alkaline suites are shown for comparison: 1 = Murun, Siberia (Mitchell and Vladykin, 1996), 2 = Lovozero, Kola Peninsula (Korobeinikov
and Laajoki, 1994), 3 = Uganda (Taylor and King, 1967), 4 = South Qoroq (Stephenson, 1972), 5 = Ilimaussaq (Larsen, 1976). (b) in the system
Quad—Ti-Aeg—Aeg and (c) in the system Quad—Ca~(Ti, Zr)-comp.—Ti-Aeg. For detailed information on the endmember calculations see

Appendix A.

However, the early formed phenocryts of olivine,
clinopyroxene and Fe-Ti oxides used in the QUILF
calculations below, probably formed at a deeper level.
In accordance with typical upper crustal alkaline

(Ti,Zr)-Aeg
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magma chambers (e.g., Larsen and Serensen, 1987,
Potter et al., 2004) we assume a pressure of 1 kbar.
However, re-calculations with a pressure of 200 bar
resulted in almost identical values.
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Fig. 7. The compositional variation of Fe-Ti oxides in the FeO—
Fe,05-TiO, triangle.

5.2. Temperature and silica activity

Applying nepheline thermometry after Hamilton
(1961) maximum temperatures range between 750
and 780 °C. These temperatures have to be regarded
as minimum liquidus temperatures, since late- to post-
magmatic re-equilibration results in a Si loss and hence
lower-temperature estimates (Powell, 1978).

The QUILF-calculated solidus temperatures for Kb3
and Kb24 range from 680 to 880 °C with an estimated
uncertainty of about +20 °C (Fig. 10). In the case of
sample Kb25, the application of the QUILF calculations
is restricted as it lacks clinopyroxene phenocrysts and the
groundmass pyroxene is enriched in Na. For this sample,
a very broad temperature range reaching down to 600 °C
was calculated (Fig. 10). This possibly reflects the late-
stage conditions, which are in accordance with tempera-
tures derived for the late magmatic alkali feldspar syenite
dykes (between 550 and 750 °C; Stihle et al., 2002).
Another constraint on temperature for the late magmatic
stage is given by the secondary pseudobrookite—hema-
tite assemblage in the metasomatically altered phonolite
(KbU2) and in some of the alkali feldspar syenite dykes
also investigated by Stéhle et al. (2002). The formation
of pseudobrookite records minimum temperatures of
about 585 £ 10 °C (Haggerty and Lindsley, 1970).

Silica activity was determined with QUILF in the rock
types of the main intrusive phase from the above-men-
tioned assemblage of Fe—Mg silicate minerals and Fe—Ti
oxides. The calculated values are relatively low ranging
from 0.5 to 0.6 in the phonolite and from 0.4 to 0.5 in both
nepheline syenites. Unit activity of SiO, was referred to a
standard state of a pure SiO, modification at P and T.

5.3. Oxygen fugacity

For phase I rocks, relative oxygen fugacity varies
between 0.5 and 1.9 log units above the synthetic FMQ
buffer indicating relatively oxidized conditions. For the
late-magmatic stage at the Katzenbuckel, the only con-
straint on oxygen fugacity is the secondary pseudobroo-
kite—hematite assemblage of the metasomatically altered
phonolite (KbU2) indicating a high-temperature oxida-
tion. Additionally, hematite occurs in some alkali feld-
spar syenite dykes. This indicates conditions of
formation above the synthetic HM buffer and an in-
crease of the oxygen fugacity in phase II (Fig. 10).

6. Discussion
6.1. Evolution of oxygen fugacity during fractionation

The petrological investigations have the following
implications for the fractionation of the Katzenbuckel
melts. Already the least fractionated rocks of phase I
indicate relatively oxidized conditions above the FMQ
buffer. During cooling, the assemblage of olivine, clin-
opyroxene, ilmenite and magnetite buffers oxygen fu-
gacity and the melt develops parallel to the FMQ buffer.
In the late-magmatic stage, an increase in oxygen fu-
gacity culminates in the formation of hematite and in
some places pseudobrookite at still relatively high tem-
peratures and conditions above the HM buffer (short
bold arrow in Fig. 10). Moreover, in most rock types
arfvedsonite and aegirine occur as late-magmatic
minerals, which also indicates a relative increase in
oxygen fugacity (e.g., Marks et al., 2003).

Similar evolution trends are known from other per-
alkaline rock suites and quantitative data on crystalliza-
tion parameters are available from two examples of the
Gardar province, South Greenland (Ilimaussaq, Markl et
al. (2001); Puklen, Marks et al. (2003)). The early Ili-
maussaq augite syenite shows an internal development
towards more reducing conditions with values between 2
and 4 log units below FMQ, thus representing the most
reduced conditions known from alkaline complexes so
far. With the formation of highly fractionated agpaitic
rocks, oxygen fugacity rises. The increase in oxygen
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Table 6

Representative electron microprobe analyses of biotites and amphiboles from the Katzenbuckel

Mineral Bio Bio Bio Bio Bio Magnesio- Magnesio- Richterite Ferric- Ferric-  Magnesio-
katophorite katophorite nyboite  nyboite  arfvedsonite
Sample Kb22 Kb25 Kb25 Kb31 Kb47dykel Kb22 Kb24 Kb49 Kb25 KbU6 Kb50
Rock type Nepheline Nepheline Nepheline Tinguaite Alkali Nepheline Nepheline Alkfsp Nepheline Tinguaite Metasom.
syenite syenite syenite feldspar syenite syenite syenite syenite altered alkali
syenite dyke with feldspar
dyke magnetite syenite dyke
veins
wt.%
SiO, 40.06 35.07 38.58 39.18 41.04 50.89 50.73 53.22 48.53 50.94 53.05
TiO, 8.57 12.78 9.03 5.34 4.71 4.87 3.68 422 5.71 3.97 2.65
ALO; 9.76 13.13 10.62 8.52 10.77 2.58 3.09 1.01 1.86 1.85 1.83
BaO 0.00 2.65 0.37 0.00 0.00 - - - - - -
Fe,05 (cale.)* 0.00 0.00 0.00 3.50 4.55 6.59
FeO 10.88 11.77 12.56 20.80 6.27 8.19 9.03 12.77 15.32 12.01 5.88
MnO 0.19 0.13 0.23 0.72 0.32 0.29 0.18 1.48 0.62 0.49 0.35
MgO 16.60 11.94 14.63 12.11 21.43 16.27 16.06 12.90 9.47 12.05 15.36
CaO 0.01 0.02 0.03 0.02 0.02 6.08 438 2.68 1.37 2.18 0.80
Na,O 0.72 0.73 0.66 0.50 0.68 6.09 6.88 8.02 7.71 7.95 9.57
K,0 9.41 7.80 8.90 9.37 9.73 1.89 1.75 1.05 2.79 2.35 1.15
710, — - - - - 0.11 1.28 0.07 0.32 0.12 0.15
Cl 0.01 0.08 0.01 0.02 0.01 0.01 0.01 0.01 0.00 0.01 0.00
F 2.43 0.22 0.43 1.33 1.89 1.76 2.45 0.26 0.44 091 241
Total 98.64 96.32 96.05 97.91 96.87 99.03 99.52 97.69 97.70 99.38 99.79
Formulae based on 22 oxygens Formulae based on 16 cations and 23 oxygens
Si 5.84 5.25 5.72 5.99 5.92 7.42 7.40 7.85 7.37 7.49 7.63
Al 1.68 2.31 1.85 1.53 1.83 0.44 0.53 0.18 0.33 0.32 0.31
Ti 0.94 1.44 1.01 0.61 0.51 0.53 0.40 0.47 0.65 0.45 0.29
Zr - - - - - 0.01 0.09 0.00 0.02 0.01 0.01
Fe** 0.00 0.00 0.00 0.40 0.50 0.71
Mg 3.61 2.66 3.23 2.76 4.61 3.54 3.49 2.84 2.15 2.64 3.29
Fe** 1.33 1.47 1.56 2.66 0.76 1.00 1.10 1.57 1.95 1.48 0.71
Mn 0.02 0.02 0.03 0.09 0.04 0.04 0.02 0.18 0.08 0.06 0.04
Ca 0.00 0.00 0.00 0.00 0.00 0.95 0.69 0.42 0.22 0.34 0.12
Na 0.20 0.21 0.19 0.15 0.19 1.72 1.95 2.29 2.29 227 2.68
K 1.75 1.49 1.68 1.83 1.79 0.35 0.33 0.20 0.54 0.44 0.21
Ba 0.00 0.16 0.02 0.00 0.00 - - - - - -
Cl 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
F 1.12 0.10 0.20 0.64 0.86 0.81 1.13 0.12 0.21 0.42 1.10
Sum 15.37 15.01 15.29 15.62 15.65 16.00 16.00 16.00 16.00 16.00 16.00

fugacity is controlled by equilibria among arfvedsonite,
aenigmatite and aegirine developing parallel to an ex-
perimentally determined curve along which these phases
coexist (Ernst, 1962; labeled “Aeg+ Arf” in Fig. 10). A
similar evolution trend was found in the Puklen syenites.
Initially, oxygen fugacity is well below the FMQ buffer
and the late-stage formation of aegirine and hematite at
the expense of arfvedsonite finally indicates an increase
in oxygen fugacity above the HM buffer, though at much
lower temperatures compared to Ilimaussaq and the
Katzenbuckel (Fig. 10).

Obviously, oxygen fugacity in alkaline to peralka-
line melts is buffered by several solid phase equilibria
during most of their evolution. Among these, Ilimaus-

saq shows the most reducing starting conditions while
in the melts of the Katzenbuckel, oxygen fugacity was
relatively high. Although the initial redox state in such
melts can be highly variable (the discussed melts reflect
differences in oxygen fugacity of more than 4 log units)
they all end up very similar at highly oxidized condi-
tions with arfvedsonite—aenigmatite—aegirine—hematite
assemblages at or above the HM buffer.

6.2. Influence of oxygen fugacity on major element
mineral chemistry

Compared to other basic Rhinegraben volcanics, the
Katzenbuckel rocks show low Ni (<30 ppm), Cr (<5
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Fig. 8. Correlation diagrams for the Katzenbuckel biotites. (a) A
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proportion of about 1:2 possibly indicates the coupled substitution of
Mg® +2 Si<—>Ti*"+2 Al. (c) The positive correlation between Ba
and Ti in the Katzenbuckel suite, which is quite common in phlogo-
pites from alkaline rocks.

ppm) and MgO (~5 wt.%) contents (Gehnes and Wim-
menauer, 1975; Frenzel, 1975; Stdhle et al., 2002)
indicating considerable fractionation of the Katzen-

buckel melts despite the relatively high Fo contents
of olivines (up to 78 mol%). However, the relatively
oxidized conditions found for the early magmatic stage
led to a high Fe**/Fe?" ratio in the Katzenbuckel melts,
which in turn caused a relatively increased Mg?*/Fe*"
ratio compared to melts with the same Mg/ Fe, ratio at
lower oxygen fugacities. This high Fe*"/Fe?" ratio was
responsible for the crystallization of Mg-rich olivine
and for the same reason, the other mafic phases (early
clinopyroxene, amphibole, biotite) have high Xy,
values, which do not reflect a primitive melt composi-
tion but record the low Fe®"/Fe®" ratio in the melt
caused by the high oxygen fugacity.

Most obviously, the oxidation state of such alkaline
to peralkaline melts is reflected in their clinopyroxene
compositional trends (Fig. 6a). Generally, pyroxene
trends from alkaline suites evolve from diopsidic to
Aeg-rich compositions (e.g. Woolley and Platt, 1988).
However, the extent of the Fe®'-enrichment in the
course of their evolution varies significantly among
different sample suites mainly depending on the oxida-
tion state of the magma (e.g. Larsen, 1976). In that
sense, the Katzenbuckel and the Ilimaussaq suite repre-
sent extremes at either end of the existing range. The
highly reduced Ilimaussaq melts crystallized pyroxenes
with the strongest enrichment in Fe** prior to evolution
to Aeg-rich composition, whereas at the oxidized Kat-
zenbuckel pyroxenes are extremely Fe? -poor (Fig. 6a).
Thus, variation in clinopyroxene chemistry (in terms of
their Fe*"/Fe®" ratio) appears to be a sensitive monitor
of oxygen fugacity. Similar Fe**-poor clinopyroxene
trends were reported from potassic rocks of Murun,
Siberia (Fig. 10a, no. 1; Mitchell and Vladykin, 1996)
and from Gordon Butte, Montana (Chakhmouradian and
Mitchell, 2002; not shown on Fig. 6). Unfortunately, a
determination of oxygen fugacities in these rocks was
not possible. However, the partitioning of Fe** between
clinopyroxene and co-existing mafic minerals was also
shown to be of certain importance for the evolutionary
trend of clinopyroxenes (Chakhmouradian and Mitchell,
2002; Piilonen et al., 1998).

Not only the pyroxenes record the high oxygen
fugacity of the Katzenbuckel melts. The Fe*" content
of the melt must have been so high that even the felsic
minerals incorporated Fe>* in their structure. In both
alkali feldspar and nepheline, Fe*" contents reach ex-
ceptionally high values in the metasomatically altered
phonolite (KbU2) where highly oxidizing conditions
are recorded by the occurrence of hematite and pseudo-
brookite (see above).

The high oxidation state of the Katzenbuckel
melts reflected by the major element composition
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of the important rock-forming minerals is taken as
evidence of a highly oxidized source region for

the Katzenbuckel melts. Although
state of the Katzenbuckel even

increases

the oxidation

in the meteoric fluids.

late-magmatic stage, the general oxidized character
appears to be a source characteristic and is not
believed to be induced by the interaction with
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6.3. Significance of minor element mineral chemistry

A typical feature of the Katzenbuckel melts is their
strong enrichment in incompatible trace elements like
Ba, Sr, Nb and especially Ti and Zr, which is reflected
not only by the occurrence of rare late-magmatic ac-
cessory minerals but also by unusual compositions of
the major rock-forming minerals. The most prominent
example is again displayed by the pyroxenes, which are
exceptionally rich in both Ti and Zr. Although Ti- and
Zr-rich aegirines are well known from alkaline to per-
alkaline igneous rocks (e.g., Larsen, 1976; Shearer and
Larsen, 1994; Jones and Peckett, 1980; Nielsen, 1979)
similarly high concentrations of both Ti and Zr have so
far only been reported by Duggan (1988). Among
others, the most important factors used to explain Ti-
and Zr-rich aegirine are melt composition and the ab-
sence of other Ti/Zr-bearing mineral phases and oxygen
fugacity.

Experimental work (e.g., Watson, 1979; Watson
and Harrison, 1983) showed, that the solubility of
Zr in felsic liquids is critically dependent upon per-
alkalinity. Furthermore, solubility of Zr and Ti
increases with F content in the silicate melt (Keppler,
1993). Thus, the high peralkalinity of the Katzen-
buckel rocks (see Stdhle et al., 2002) is an explana-

tion for the high concentrations of Ti and Zr in the
Katzenbuckel melts. Although theoretically, zircon
saturation in phase I rocks was achieved based on
whole-rock data (Gehnes and Wimmenauer, 1975;
Stahle et al., 2002), no zircon crystallized. Possibly
silica activity was too low for zircon to crystallize
(see calculations above). The absence of Zr-minerals
like eudialyte or baddeleyite at high Zr concentrations
in the melts easily explains the high Zr contents of
pyroxenes. However, aegirines of the zircon-bearing
phase II rocks are not poorer in Zr than other Kat-
zenbuckel rocks.

Many authors consider low oxygen fugacity in the
melt as being responsible for high Ti and Zr contents
in aegirine structure (e.g. Jones and Peckett, 1980;
Larsen, 1976). According to the schematic equilibrium
Fe*"+Ti/Zr=2 Fe’", a high Fe*'/Fe’" ratio in the
melt should favor high Ti and Zr contents in aegirine.
Thus, the oxidized Katzenbuckel melts should crys-
tallize rather Ti- and Zr-poor aegirine. However, for
the relatively Fe** poor, but Mg-rich Katzenbuckel
rocks, the above mentioned equilibrium does not
hold, but can be written as Mg> +Ti/Zr=2 Fe’".
Thus, in the case of the Katzenbuckel, it is not
oxygen fugacity but possibly the relatively high initial
concentrations of Ti and Zr in the melt that are
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responsible for the high Ti and Zr concentrations in
aegirines. High Ti contents in the melts are also
recorded by the magnetite compositions that show
Usp components up to 55 mol% despite the highly
oxidizing conditions and by high Ti contents in am-
phibole and biotite. The considerable amounts of Ti in
the major mineral phases of the Katzenbuckel rocks
do not only reflect the strong enrichment of this trace
element during fractionation but point towards a Ti-
rich source for the melts.

6.4. Constraints on possible source regions for the
Katzenbuckel melts

The present investigation of the mineral chemistry
and petrology of the Katzenbuckel suite confirms its
exceptional position within the European volcanic
province. Their high relative oxygen fugacity and
their highly peralkaline character point to an unusual
composition of the melt source. All observations
reported above are best explained, if they are inter-
preted as primary features of the source as they are
already documented within the least fractionated rocks
of phase I. Thus, we assume a metasomatically
enriched lithosphere as a major source for the Kat-
zenbuckel melts, which was already proposed by
Wilson and Downes (1991, 1992) as an important
source region for the Cenozoic alkaline magmatism
in central Europe. However, primitive magmas from
many localities are believed to include also contribu-
tions from the asthenosphere, ranging from direct
(Goes et al., 1999; Haase et al., 2004) to indirect
involvement of a mantle plume, with the latter caus-
ing a metasomatic overprint of the lower lithosphere
(Wilson et al., 1995; Dunworth and Wilson, 1998;
Haase et al., 2004). At other localities, an astheno-
spheric component may be present as a metasomati-
cally enriched upper mantle region only, which may
be the result of the preceding geological events, i.e.
the recycling of oceanic lithosphere during the Var-
iscan orogeny (Wilson and Downes, 1991, 1992).
One reason for the unusual melt composition and
source characteristics of the Katzenbuckel rocks
might be that inhomogeneity of the lithosphere is a
rather small-scale phenomenon that is intimately
connected with the complex processes during the
Variscan orogeny.

7. Summary

The present mineral chemical and petrological
study of the Katzenbuckel rocks highlights their ex-

ceptional position within the European volcanic pro-
vince as well as compared to other peralkaline
igneous suites worldwide. The most interesting devi-
ation from typical evolution trends of peralkaline
igneous suites is the highly oxidized character (0.5
to 1.9 log units above the FMQ buffer) of the rocks
during their early magmatic stage at temperatures
between 780 and 880 °C. The highly oxidized con-
ditions during the early evolution of the Katzen-
buckel melts led to an early enrichment of Fe** in
magmatic clinopyroxenes and to the formation of
Fe**-rich alkali feldspar and nepheline. During their
late magmatic evolution, a further increase in oxygen
fugacity resulted in redox conditions well above the
HM buffer, which is typical for the late-stage evolu-
tion of peralkaline melts.

Typical for peralkaline rocks in principal, but
exceptional for the European volcanic province, the
Katzenbuckel rocks are highly enriched in trace
elements like Ti, Zr, Nb, Ba, Sr, P and others.
This results in unusual compositions of the rock-
forming minerals as well as the accessory phases.
For example, clinopyroxenes show exceptionally
high concentrations of TiO, (8.5 wt.%) and ZrO,
(6.2 wt.%), respectively. Besides high amounts of
the Ti-aegirine endmember, a here newly defined
Ca-(Ti, Zr)-clinopyroxene component with a chemi-
cal formula of Ca~(Ti, Zr)ys(Mg, Fe*")osAlSiOq
contributes significantly to the composition of the
Katzenbuckel clinopyroxenes. The enrichment of
the above-mentioned elements, not only in pyroxene,
but also in amphibole, biotite, Fe-Ti oxides and
apatite and in the various accessory minerals point
to a metasomatically enriched lithosphere as a pos-
sible source for these melts. Compared to the Euro-
pean volcanic province as a whole, the exceptional
melt composition and source characteristics of the
Katzenbuckel rocks indicate that metasomatic enrich-
ment processes in the lithosphere might be rather
small-scale phenomena, which were intimately
connected to complex tectonic processes during the
Variscan orogeny.
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Appendix A. Calculation of clinopyroxene endmembers in the eight component system Di-Hd-En-Fs—Ac-Jd-

Ti-Aeg—Ca-(Ti, Zr)-comp

Conditions/restrictions

Endmember Chemical formula Calculation
Aegirine (Aeg) NaFe'Si,04 =Fe*" %100
=Na*100
Jadeite (Jd) NaAlSi,Oq4
= Al * 100

=(Na—Ac)* 100

(Ti, Zr)-aegirine Na(Ti, Zr)y s(Fe", Mg)y.5S1,04

((Ti, Zr)-Aeg)

=(Na—Ac—Jd)*100

if Fe*" <Na

if Fe*">Na

(if Al 0 and (Na— Ac)>0)

if Al < (Na— Ac)

if Aly>(Na— Ac)

(if (Na— Ac—Jd)>0 and (Ti+Zr)>0)
if (Na— Ac—Jd) <2*(Ti+Zr)

=2*(Ti+Zr)* 100 if (Na— Ac—Jd)>2*(Ti+Zr)
Ca-(Ti, Zr)-component Ca-(Ti, 7r)o s(Fe*", Mg), sAlSiOg (if (Ti+Zr)rese]>0 and Alie,>0)
(Ca-~(Ti, Zr)-comp.) =2% (Ti+Z)es * 100 if 2% (Ti+Zr)est < Alieyr and 2 * (Ti+Zr),ee < Ca
=Aliee * 100 if 2% (Ti+ Z6)ree> Aliegy and Al < Ca
=Ca*100 if Ca<2*(Ti+Zr)est and Ca<Ale,
Diopside (Di) CaMgSi,0¢ (if MZ5>0 and Caye>0)
=Ca2*(1-X;3)* 100 if M2 Caey
= Mrzf:;t * (1 - XFe) *100 if Mf;st < Carest
Hedenbergite (Hd) CaFeSi,04 @if MZ>0 and Caeq™ 0)
=Cgeg * X * 100 if Mg > Cayeg
:Mfgst*XFc *100 if Mrznjst<carcst
Enstatite (En) Mg, Si,06 (if MZ5>0 and Caye=0)
=0.5* (Mot — Cages) * (1 = Xpe) ¥ 100 if My > Careq
Ferrosilite (Fs) Fe,Si,06 (if MZ5>0 and Caye=0)

=0.5% (M —

Ca'resl) *XFe *100

o\ f2F
if Miegr=> Careg

L (Ti+ Z0)es=[(Ti+Zr) — (0.5* Ti-Aeg)], *: Cayeqe=Ca—Ca-(Ti, Zr)-comp., *: Xp.=(Fe* +Mn)/(Mg+Fe* +Mn), *: M2, =[(Mg+Fe*"+Mn)

— (0.5*Ti-Aeg) — (0.5 * Ca~(Ti, Zr)-comp.
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