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ABSTRACT

We report a new occurrence of the mineral zirconolite, ideally CaZrTi2O7, from xenoliths in the pyroclastic formations
outcropping near Niedermendig, Laacher See eruptive center, Eifel volcanic region, Germany. This example of zirconolite is
crystalline, a rare feature for a mineral of this group; it gives an X-ray-diffraction pattern corresponding to the orthorhombic
polytype (zirconolite-3O), space group Acam, with a 10.145(8), b 14.18(8), c 7.284(5) Å. It contains the highest concentration of
Mn reported from natural zirconolite (6% MnO); it is also rich in Nb (~18% Nb2O5) and REE (up to 19.4% Y2O3 + REE2O3), with
Ce the dominant REE. The mineral formula, expressed in terms of three of the five end-member components identified for the
compositional space of zirconolite, is: 32% CaZrTi2O7, 53% REEZrMe5+Me2+O7, and 6% ACTZrTiMe2+O7 (with 9% unas-
signed). The compositional variation can best be described by the coupled substitution: REE3+ + (Fe2+,Mn2+) + Nb5+ ↔ Ca + 2Ti.
The host rock is an alkali syenite xenolith almost exclusively composed of alkali feldspar (Or45Ab55), with minor biotite.
Zirconolite crystallizes as an accessory mineral in voids between feldspar crystals, together with baddeleyite, manganoan mag-
netite, and monazite-(La), a rare species of monazite. This suite of minerals, with their unusual chemical compositions, crystal-
lized from late-stage metasomatic fluids enriched in Nb and Mn, and having an exceptional La-enriched REE signature.

Keywords: zirconolite, unit-cell parameters, crystal chemistry, monazite-(La), Laacher See eruptive center, Eifel volcanic region,
Germany.

SOMMAIRE

Nous décrivons un nouvel exemple de zirconolite, de composition idéale CaZrTi2O7, provenant de xénolithes récupérés d’une
séquence pyroclastique près de Niedermendig, et faisant partie du centre éruptif de Laacher See, région volcanique d’Eifel, en
Allemagne. Fait important à signaler, cet exemple de zirconolite est cristallin; le spectre de diffraction X correspond au polytype
orthorhombique (zirconolite-3O), groupe spatial Acam, a 10.145(8), b 14.18(8), c 7.284(5) Å. Sa teneur en Mn est la plus élevée
qui ait été signalée (6% MnO); il est aussi enrichi en Nb (~18% Nb2O5) et en terres rares, TR (jusqu’à 19.4% de Y2O3 + TR2O3),
le Ce surtout. Sa formule chimique, exprimée ici en termes de trois des cinq composantes nécessaires pour définir le champ de
composition de la zirconolite, est: 32% CaZrTi2O7, 53% TRZrMe5+Me2+O7, et 6% ACTZrTiMe2+O7 (avec 9% non assigné). La
composition varie surtout selon la substitution couplée TR3+ + (Fe2+,Mn2+) + Nb5+ ↔ Ca + 2Ti. La roche hôte est une syénite
alcaline contenant presqu’exclusivement un feldpath alcalin (Or45Ab55), avec biotite accessoire. La zirconolite cristallise dans les
espaces entre les cristaux de feldspath, avec baddeleyite, magnétite manganifère, et la monazite-(La), membre rare du groupe de
la monazite. Cette suite de minéraux, avec une composition chimique inhabituelle, a cristallisé à partir de fluides tardifs d’origine
métasomatique, enrichis en Nb et Mn, avec un enrichissement exceptionnel en La parmi les terres rares.

(Traduit par la Rédaction)

Mots-clés: zirconolite, paramètres réticulaires, chimie cristalline, monazite-(La), centre éruptif de Laacher See, région volcanique
d’Eifel, Allemagne.
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INTRODUCTION

Zirconolite is a relatively rare accessory mineral,
ideally CaZrTi2O7 in composition, but generally accom-
modating a large number of elements in its structure.
With its extensive substitutions, it may be best described
in terms of five hypothetical end-member components
(Gieré et al. 1998), listed below. In addition to having a
large compositional range, zirconolite also exists as sev-
eral polytypes (Bayliss et al. 1989, Smith & Lumpkin
1993). However, as it can incorporate significant
amounts of actinide elements (Th and U) into its struc-
ture, zirconolite in the majority of cases is partially or
completely metamict, and its structure cannot be re-
solved easily. Here, the young age of the Eifel volcanic
complex, coupled with the relatively low content of ac-
tinide elements (ACT) in zirconolite, combine to allow
retention of much of the original crystal structure and
enable a single-crystal X-ray pattern to be obtained, and
the structure to be determined.

Although zirconolite occurs in a wide range of rock
types (e.g., Williams & Gieré 1996), it has only rarely
been reported from syenites. In this study, we describe
the crystallography and unusual composition of
zirconolite and its coexistence with the rare monazite
species monazite-(La) within the late-stage alteration of
a syenitic ejectum enclosed in the pyroclastic succes-
sions of the Laacher See volcanic center, Eifel volcanic
region, Germany. This report contributes further to our
knowledge of the complex mineralogy and chemical
composition of zirconolite, and in particular, to its crys-
tallization from a fluid exceptionally enriched in light
rare-earth elements (REE) and Mn.

BACKGROUND INFORMATION ON THE CRYSTALLOGRAPHY

AND CRYSTAL CHEMISTRY OF ZIRCONOLITE

Zirconolite, ideally CaZrTi2O7, has five cation-ac-
ceptor sites: Ca in 8-coordination (M8 site), Zr in 7-co-
ordination (M7), three distinct Ti sites, (M6) in
6-coordination, and a pair of 5-coordinated M5 sites
(e.g., Gieré et al. 1998). The large variation in polyhe-
dral volumes of these sites, ranging from 5.7 Å3 for the
M5 site to 21.3 Å3 for the M8 site (Fielding & White
1987), provides a structure capable of accommodating
many elements, and in natural samples of zirconolite,
thirty or more elements may be present at the 0.1 to 1.0
wt% concentration level (e.g., Williams & Gieré 1996).
Substituting cations range in size (ionic radii data from
Shannon 1976) from 0.051 (Ti4+) to 0.112 nm (Ca2+),
and charge from 2+ (Mg) to 6+ (W). The principal sub-
stitutions are: the rare-earth elements and actinide ele-
ments for Ca, Hf for Zr, and Nb, Ta, Fe, Mn, Mg and W
for Ti. On the basis of observations made on naturally
occurring and synthetic zirconolite, Gieré et al. (1998)
identified five hypothetical end-members, these being
CaZrTi2O7, CaZrMe5+Me3+O7, ACTZrTiMe2+O7,
REEZrTiMe3+O7 and REEZrMe5+Me2+O7. Within this

multicomponent system, twenty-four possible substitu-
tions have been identified, of which only five or six are
important in natural samples (Gieré et al. 1998).

In natural samples, three polytypes of zirconolite
have been reported: zirconolite-2M is the two-layered
monoclinic aristotype (see White 1984), zirconolite-3T
is the three-layered trigonal polytype, and zirconolite-
3O is the three-layered orthorhombic polytype (Mazzi
& Munno 1983, Bayliss et al. 1989). In synthetic
samples, two additional polytypes, zirconolite-4M and
zirconolite-6T, have been identified (Smith & Lumpkin
1993, Coelho et al. 1997), and described as supercells
of the corresponding monoclinic and trigonal phases.
The Bayliss et al. (1989) IMA-approved scheme of no-
menclature stipulates that the name zirconolite should
be employed for the non-crystalline (metamict) mineral,
or for an undetermined naturally occurring polytype of
CaZrTi2O7. Of the many reported natural occurrences
of zirconolite, in only a few can the structure be confi-
dently assigned, or reliably inferred. These are from
Cape Verde (Silva & Figueiredo 1980), Campi Flegrei
(Mazzi & Munno 1983), Kaiserstuhl (Sinclair &
Eggleton 1982), Sebl’yavr (Bulakh et al. 1998),
Jacupiranga (Sinclair & Ringwood 1981), Bergell
(Lumpkin et al. 1997) and several from Kola Peninsula
(G.R. Lumpkin, pers. commun. 1999).

Although zirconolite occurs in a wide range of rock
types and parageneses, the majority from carbonatites
(Gieré et al. 1998), it has been reported from only four
syenite occurrences out of a total of more than 50 ter-
restrial localities (Williams & Gieré 1996): (1) at Glen
Dessarry, Scotland (e.g., Fowler & Williams 1986), as
very small grains (typically <10 mm) enclosed in alkali
feldspar phenocrysts, (2) from the alkali intrusion of the
Arbarastakh Massif, Russia (Borodin et al. 1960), (3)
in syenite pegmatites in the Oslo region of Norway at
Fredicksvärn (Brøgger 1890) and Langesundfjord
(Larsen 1996), and (4) from a syenitic ejectum enclosed
in the explosive volcanic deposits at Campi Flegrei, Italy
(Mazzi & Munno 1983).

ANALYTICAL  TECHNIQUES EMPLOYED

To augment standard optical microscopic tech-
niques, petrological and chemical information at high
resolution was obtained using a Philips XL30 scanning
electron microscope (SEM) coupled with an EDAX
energy-dispersion system of analysis. The SEM was
operated at an accelerating voltage of 25 kV and a beam
current of 0.3 nA at LIME (Laboratorio di Microscopia
Elettronica, Università di Roma Tre, Italy). Quantita-
tive chemical analyses of the mineral phases were ob-
tained with a Cameca SX–50 wavelength-dispersion
electron microprobe (at the Natural History Museum,
London, U.K.) operated at an accelerating voltage of 20
kV and a beam current of 20 nA. A spot size of 5 mm
was used for mica and feldspar, whereas a spot size of
1 mm was used for all other minerals. The small size of
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the zirconolite and baddeleyite grains analyzed intro-
duces the possibility of fluorescence effects from adja-
cent phases and consequently some analytical error.
However, the absence of significant Si and Al suggests
that this effect was negligible, since these elements are
the most probable “contaminants” from the feldspar
matrix. Characteristic X-ray lines of all the elements
sought, background positions employed and standards
used are presented in Table 1. Inter-element interfer-
ences, particularly for the rare-earth elements, were
based on the procedure given in Williams (1996), and
were corrected empirically in this study.

The X-ray-diffraction pattern of zirconolite (CuKa,
Ni-filtered radiation at 40 kV, 20 mA, 48 hours expo-
sure) was obtained from a single crystal mounted in a
Gandolfi camera (114 mm radius).

PETROGRAPHY AND MINERAL COMPOSITIONS

The zirconolite- and monazite-bearing specimen
described here is a small (3 to 4 cm diameter) fragment
of fine-grained syenite collected from the pyroclastic
sequence belonging to the late Quaternary Laacher See
eruptive center, outcropping near Niedermendig, Ger-
many. Explosive eruptions of the Laacher See volcano
(~11,000 years old) produced fallout and surge deposits
more than 50 m thick near the vent (Bogaard &
Schmincke 1984). These pyroclastic rocks are locally
enriched in xenoliths of various types, including

regional metamorphic and contact metamorphic rocks
(e.g., hornfels, spotted mica schists: Wörner et al. 1982).
The sample studied here has a porphyritic texture con-
sisting of elongate and intergrown perthitic alkali feld-
spar phenocrysts. The phenocrysts generally display
Carlsbad twinning, they are inclusion-rich and are com-
positionally homogeneous, corresponding approxi-
mately to Or44Ab55An01 (Table 2). Of the minor
elements sought using the microprobe, neither Sr nor
Ba were detected.

The interlocking nature of the feldspar crystals gives
rise to small (millimeter-size) miarolitic cavities that
host the assemblage of accessory minerals: biotite, mag-
netite, monazite, baddeleyite and zirconolite. The biotite
has a Mg/(Mg + Fe) ratio around 0.55 and thus is ferroan
phlogopite; it has a high Mn content (average MnO ≈
5.3%, Table 2). Magnetite forms typically roundish,
subhedral crystals and also is rich in both Mn and Ti,
corresponding to approximately Mgt80Gal20 (Table 2).
Some of the magnetite crystals show evidence of later
intensive corrosion and alteration to produce a skeletal
“residue” of iron oxides that is depleted in both Mn
and Ti.
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Baddeleyite is rare, forms small crystals (<10 mm),
and is usually found in association (in some cases
intergrown) with zirconolite within the cavities and frac-
tures among the feldspar crystals (Fig. 1). Baddeleyite
generally has a composition close to stoichiometric
ZrO2, with published analyses typically showing only
Hf (and, more rarely, Nb) at concentrations >1% (e.g.,
Heaman & LeCheminant 1993). Baddeleyite from
Laacher See contains significant amounts of Hf, Ti, Fe
and Nb (Table 3).

MONAZITE-(La)

Monazite-(La) typically occurs as well-developed
subhedral to euhedral crystals, up to 50 mm in diameter,
in the angular miarolitic cavities among feldspar grains.
Monazite is homogeneous in composition and close to
ideal REE(PO4), with only a limited incorporation of Si,
Th and Ca. The average result of nine electron-micro-
probe analyses is given in Table 3; La is the dominant
REE, confirming that the mineral is the relatively un-
common species monazite-(La). The vast majority of

examples of monazite reported in the literature are
monazite-(Ce), with monazite-(La) and monazite-(Nd)
only rarely encountered (Chang et al. 1996).

ZIRCONOLITE

Zirconolite occurs as very rare, small, usually acicu-
lar crystals (maximum length ~5–10 mm) located in the
cavities and fractures of feldspar (Fig. 2). It is transpar-
ent, with reddish brown color when viewed in transmit-
ted light under an optical microscope.

X-ray diffraction

A single, small, acicular crystal of zirconolite (~20
mm in length and 2–3 mm in diameter) was removed
from a vug in the rock. Its X-ray-diffraction pattern dis-

FIG. 1. Back-scattered electron image of baddeleyite (Bd)
associated with zirconolite (Zc) and biotite (Bi) in a small
cavity between intersecting crystals of alkali feldspar (dark
grey). The scale bar is 10 mm.

FIG. 2. Back-scattered electron image of acicular zirconolite
(Zc) in a miarolitic cavity between crystals of alkali feld-
spar (dark grey). The scale bar is 20 mm.
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plays only a few lines, but all are sharp (Table 4), estab-
lishing the crystal to be non-metamict, unlike the ma-
jority of natural crystals of zirconolite reported in the
literature. The pattern corresponds well with that of
zirconolite-3O by Mazzi & Munno (1983), and was in-
dexed in the orthorhombic space-group Acam. Refined
unit-cell parameters are given in Table 4.

As outlined above, zirconolite exists in many
polytypes, and has a wide compositional range. In labo-
ratory experiments, only the aristotype structure
zirconolite-2M and its polytype (zirconolite-4M) have
been synthesized (Smith & Lumpkin 1993, Coelho et
al. 1997), where a transition from 2M to 4M occurs with
an increasing proportion of Nd in the structure. Zircon-
olite-3T also has been synthesized, but only within a
very narrow range of incorporated Nd (Coelho 1995).
However, in natural samples, it is not known whether
the chemical composition and the paragenesis influence
its structural polytype, as the presence of even minor
amounts of actinide elements usually renders the min-
eral at least partially metamict and therefore not ame-
nable to resolution of the very minor structural differ-
ences that exist among the various polytypes. Of the
many reported occurrences of zirconolite (>50), in only
a few cases can the structure be confidently assigned, or
reliably inferred. However, what scarce evidence exists
indicates that zirconolite from carbonatitic environ-
ments forms either monoclinic zirconolite-2M or cubic
zirkelite. Orthorhombic zirconolite-3O described here
and zirconolite-3T and -3O from Campi Flegrei (Mazzi
& Munno 1983) are from metasomatic environments
associated with syenitic intrusions. The compositional
data from Mazzi & Munno (1983) are unfortunately in-
complete as the published analytical total is <80% (with
concentrations of Mn, Nb and REE not established), and
no material is available for further investigation (R.
Munno, pers. commun., 1992). There are also some sig-
nificant differences in zirconolite composition that cor-
relate with paragenesis (Gieré et al. 1998), but as yet
there are too few data to link these compositional dif-
ferences with structural type. Clearly, further new stud-
ies of non-metamict zirconolite are needed to test this
tentative correlation of structural type with paragenesis
or mineral chemistry (or both).

Chemical composition

Several of the larger grains (typically 5–10 mm in
size) were analyzed, and the data are given in Table 5.
From these data, it is apparent that zirconolite is homo-
geneous, this being verified by back-scattered electron
images; the zoning commonly observed in zirconolite
is absent (e.g., Williams & Gieré 1988, 1996, Bella-
treccia et al. 1999). The concentrations of the major
constituents (i.e., Ca, Ti and Zr) are among the lowest
so far recorded from terrestrial environments. To com-
pensate for these low values, the Laacher See zirconolite
is enriched in Fe and Nb relative to the mean of
zirconolite values from Williams & Gieré (1996), and
in addition has exceptionally high concentration levels
of Mn and REE. The Mn content of the Laacher See
zirconolite is particularly noteworthy (MnO = 6.0%).
Although synthetic zirconolite has been doped with Mn
at levels >5 wt% MnO (Kesson et al. 1983), Mn is usu-
ally only a minor constituent in natural terrestrial
zirconolite, [average = 0.33% MnO, Williams & Gieré
(1996), with a maximum value of 2.0% (Zakrzewski et
al. 1992)]. In addition, the REE concentration of 19.4%
is one of the highest recorded for natural, terrestrial
zirconolite (the maximum being 23.7%: Fowler & Wil-
liams 1986).

Chemical substitutions

In the zirconolite from Laacher See, the [8]-coordi-
nated Ca-site (A site, or M8 site according to the no-
menclature of Mazzi & Munno 1983) is occupied by
almost 60% REE plus minor amounts of Th + U
(Table 5). The [7]-coordinated B site (M7) is occupied
by Zr plus Hf. The three C sites (two M6 octahedra and
one [5]-coordinated polyhedron, M5) are predominantly
occupied by Ti, but there is an extensive incorporation
of Fe, Mn and, notably, Nb. Although the sum of all the
cations amounts to 3.996, i.e., close to the ideal value of
4.00 (based on seven atoms of oxygen), the A and B
sites are only approximately 90% filled, whereas the
sum of the C sites are overfilled by approximately 20%.
To balance this discrepancy in the site occupancy, we
suggest that some of the Mn resides in both A and B
sites. The ionic radius of 7- and 8-coordinated Mn2+ is
0.090 nm and 0.096 nm, respectively (Shannon 1976),
which compares with 0.078 nm for Zr4+ and 0.112 nm
for Ca2+. Incorporation of Mn2+ into the Ca site has been
inferred to occur in some cases of natural zirconolite
(Gieré et al. 1998) and has been observed also in syn-
thetic zirconolite (Kesson et al. 1983).

Of the five hypothetical end-members that constrain
the composition of zirconolite (Gieré et al. 1998, Fig.
3), the sample from Laacher See can be expressed within
the plane defined by three of these; it has a formula
corresponding to: 32% CaTiZr2O7, 53% REEZrMe5+

Me2+O7, and 6% ACTZrMe2+O7. Full correspondence is
not achieved because of the apparent deviation from
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stoichiometry (SA ≈ 0.9, SB ≈ 0.9 and SC ≈ 2.2,
Table 5). Thus approximately 9% cannot be assigned to
any of the remaining two hypothetical end-members, as
Zr is fully accounted for within this calculation, unless
some of the excess cations (mainly Ti, Me2+ and Me5+)
substitute for Zr. Both a slight deficit and an excess in
B-site totals have been reported for natural zirconolite

(Gieré et al. 1998), suggesting the possibility of substi-
tution at this site.

Of the many substitutions possible in the zirconolite
structure, only a few are geologically relevant. Several
of the proposed substitutions describe the incorporation
of REE at the M8 site (Gieré et al. 1998), and each can
operate in different geological environments. Although
the oxidation–reduction reactions of the crystallizing
environment are difficult to assess, there is evidence to
suggest that the redox conditions prevailing at the time
of the zirconolite formation may exert some control on
the mechanisms of substitution involved, and on the
total amounts of REE and actinides accommodated by
the structure (Gieré et al. 1998). Statistical analysis of a
large number of chemical data of zirconolite from
carbonatitic rocks suggests that in environments where
both REE and pentavalent cations (Me5+ = Nb + Ta) are
relatively abundant, incorporation of REE occurs mainly
via the REE + Ti ↔ Ca + Me5+ substitution (#22, Gieré
et al. 1998). However, as can be seen from the compo-
sitional-space diagram for natural zirconolite (Gieré et
al. 1998, Fig. 3), this substitution cannot operate ini-
tially from the ideal zirconolite formula, but first re-
quires substitution of REE or Me5+ (or both) in an initial
exchange such as in substitutions #2 or #20 given by
Gieré et al. (1998). Iron can exist as either divalent or
trivalent cations, and for REE-enriched zirconolite (i.e.,
SY + REE > 0.12 apfu), particularly from carbonatites,
the coupled substitution REE + Me3+ ↔ Ca + Ti (#20,
Gieré et al. 1998) involving trivalent cations (Me3+ =
Al + Fe) can be significant, provided oxidizing condi-
tions exist. In zirconolite from Laacher See, the S(Mn
+ Fe) almost equals that of S(Nb + Ta)5+ (Table 5), sug-
gesting that substitution #21 of Gieré et al. (1998), i.e.,
REE + Me2+ + Me5+ ↔ Ca + 2Ti, is the most important
in controlling the chemical composition of this sample
(where here, Me2+ = Fe, Mn). This substitution is shown
in Figure 3, in which the data from the Laacher See
sample are plotted together with data from high-REE
zirconolite from Adamello (Gieré & Williams 1992).
The good correlation suggests that both Fe (and Mn)
indeed occur mainly in their divalent state, as also docu-
mented for the Adamello high-REE zirconolite (Gieré
1990, Gieré & Williams 1992). However, for the
Laacher See sample, the redox conditions are more dif-
ficult to constrain; although some zirconolite crystals
are associated with (and in some cases included within)
larger crystals of magnetite, the large stability-field of
magnetite does not allow for an accurate prediction of
the redox conditions.

REE patterns

Because of its compliant structure, zirconolite does
not appear preferentially to host the various REE, with
the exceptions of La and Ce (Gieré 1986, Williams &
Gieré 1988). This is because the 8-coordinated A site,
which the REE predominantly occupy, does not easily
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accommodate cations larger than Ca2+ (i.e., r > 0.112
nm: Smith & Lumpkin 1993). Hence elements La3+ and
Ce3+, with ionic radii of 0.116 and 0.114 nm, respec-
tively, as well as those cations that, in many mineral
structures may substitute for Ca (e.g., Sr, Ba, Pb), are
largely excluded from the zirconolite structure. Thus the
majority of terrestrial examples for which chondrite-
normalized patterns have been obtained (e.g., Fowler &
Williams 1986, Platt et al. 1987, Bellatreccia et al. 1999)
typically display a maximum at the position of Pr or Nd
(r = 0.113 and 0.111 nm, respectively) even though crys-
tallization may have involved a fluid relatively enriched
in the lightest REE (the examples quoted are from
carbonatites or nepheline syenites). Lunar zirconolite,
and that occurring in fractionated magmas, have heavy-
REE chondrite-normalized patterns that broadly reflect
the chemical characteristics of the geological environ-
ment of crystallization (Gieré et al. 1998). Therefore,
the chondrite-normalized pattern of zirconolite from
Laacher See, with the maximum at Ce (Fig. 4), is un-
usual and must reflect crystallization from a fluid with
a very enriched light-REE signature. It is noteworthy
that the only other recorded example of zirconolite with
a similar chondrite-normalized pattern is also from a
syenite, that from Glen Dessarry, Scotland (Fowler &
Williams 1986).

Monazite is a relatively common accessory mineral
in granitic pegmatites, syenites and alkali-rich environ-
ments in general, as well as in carbonatitic rocks (Chang

et al. 1996). It is generally enriched in LREE (e.g.,
Fleischer & Altschuler 1969), commonly displaying
steeply fractionated chondrite-normalized patterns (e.g.,
Della Ventura et al. 1996). The chondrite-normalized
pattern for the Laacher See monazite (Fig. 4) appears
typically that of monazite from these parageneses, but
it is significantly more enriched in La than most reported
examples of monazite; the species is monazite-(La) and
not the more typical monazite-(Ce). Thus both zircono-
lite and monazite-(La) are exceptionally enriched in the
lightest REE, which suggests that they probably crys-
tallized contemporaneously from the same fluid.

CONCLUSIONS

Basement xenoliths in the pyroclastic formations of
the East Eifel volcanic field are well known, and have
been studied since the last century (e.g., Nöggerath
1824). According to Brauns (1911), these xenoliths rep-
resent regionally metamorphosed country-rocks that
have a pronounced metasomatic overprint, e.g., the
sanidinites that show the effect of highly alkaline meta-
somatic fluids on regional metamorphic precursors
(Frechen 1947, Wörner et al. 1982). Elements such as
Ti, Zr, Nb and the REE can be very mobile in such en-
vironments (Michard 1989, Rubin et al. 1993, Gieré
1996). The late-stage volcanic activity in the Eifel re-
gion led to an enrichment in these elements, as docu-
mented by the abundance of rare minerals such as
låvenite, wöhlerite, thorite, narsarsukite and pyrochlore-
group minerals in the sanidinites (Hentschel 1983). The
present study provides a further example of this phe-
nomenon, with the recorded presence of REE, Nb-rich
zirconolite and monazite-(La).

FIG. 3. Ca + Ti versus REE + M2+ + M5+ relationship for the
Laacher See zirconolite. Filled dots: this work; filled trian-
gles: metasomatic REE-rich zirconolite from Adamello and
Bergell (data from Williams & Gieré 1996).

FIG. 4. Chondrite-normalized REE patterns of zirconolite and
monazite-(La). Chondrite values from Wakita et al. (1971).
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