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Chemical characteristics of natural zirconolite

by Reto Gierél, C. Terry Williams? and Gregory R. Lumpkin’

Abstract

Zirconolite (CaZrTi,O,) is a rare accessory mineral crystallizing under different geological conditions and in a wide
range of generally SiO,-poor rock types. In this paper, we present results obtained from a statistical study of nearly
300 chemical analyses of natural zirconolite. The chemical composition of natural zirconolite often deviates signifi-
cantly from its theoretical composition due to extensive substitutions involving more than 30 chemical elements
which vary widely in size (from 0.40 to 1.14 A) and charge (from 2+ to 6+). These data document a high degree of
compositional flexibility in zirconolite, and imply that availability of specific elements is a key factor in determining
the chemical composition of zirconolite. The composition is strongly dependent on and reflects the chemical charac-
teristics of the geological environment: zirconolite from lunar basalts is generally poor in Nb, Ta, U and Th, but rich
in Fe, Zr, Hf and rare earth elements (ZREFE,O; up to 32 wt%); zirconolite in metasomatically altered carbonate
rocks exhibits a large variation in the content of U, Th and REE, but is generally low in Nb and Ta; and zirconolite
from carbonatites is poor in Al and Mg, but extremely variable with respect to its Nb, Ta, REE, U and Th contents.
Distinct compositional trends are observed for individual geological localities and are attributed to chemical varia-
tions resulting from pronounced continuous and discontinuous zoning within individual crystals.

The results show that the chemical composition of natural zirconolite can be simplified and satisfactorily de-
scribed in terms of 9 components: Ca, Zr, Ti, Me* (Nb and Ta), Me* (mainly Al and Fe®), Me** (primarily Mg and
Fe?'), REE, ACT (U* and Th*), and O. In metasomatically altered carbonate rocks, most of the compositional vari-
ation can be expressed by the substitutions ACT + Me?* < Ca+Ti and REE + Me?* < Ca + Ti; the statistical analy-
sis further indicates that both Fe? and Fe?* are often present. In carbonatites, the most important substitution is Me®*
+ Me* < 2 Ti, and Fe appears to be present predominantly as Fe3*. The chemical data further suggest that Ca may
be replaced by a limited amount of Mn?* or Mg, and possibly by Zr.

Although many substitutions are theoretically possible, only a few are geologically important. The results sug-
gest that the redox conditions during crystallization exert a significant control on the substitution mechanisms and
possibly on the total amounts of ACT and REE accommodated by zirconolite. The highest reported amounts of ACT
(0.475 ACT per formula unit), in particular, were incorporated by a substitution that requires the presence of a
charge-balancing bivalent cation (ACT + Me* < Ca + Ti) and was thus influenced by the relative abundances of
Fe? and Fe?. The limited number of important substitutions observed in natural samples indicates that these mech-
anisms produce zirconolite crystals with energetically favorable compositions and a generally high durability, im-
plying that synthetic zirconolite designed for immobilization of high-level nuclear waste (e.g., in Synroc) should be
tailored in a similar way.

Keywords: zirconolite, mineral chemistry, rare earth elements, actinides, substitution.

VAN BERGEN, 1996; PAN, 1997; RIED, 1994; SHENG
et al., 1991; SONNENTHAL, 1992; WILLIAMS and

Introduction

however,

Zirconolite, ideally CaZrTi,O,, is a relatively rare
mineral reported to date from only 52 terrestrial
localities, 7 lunar landing sites, and 1 meteorite
(CaBELLA and GazzotTl, 1994; DE HooG and

GIERE, 1996). These occurrences,
demonstrate that zirconolite can crystallize in a
wide range of rock types and at different geologi-
cal conditions. The mineral is easily overlooked
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during microscopic examination of thin sections,
because it may resemble more common accessory
minerals such as ilmenite or rutile. Thus, the pauci-
ty of recorded occurrences may not accurately re-
flect the actual distribution of this mineral.

The chemical composition of natural zircono-
lite often deviates significantly from its theoretical
composition due to extensive substitutions in-

volving the rare eart E: including
Y), the actinide > and other ele-

ments. The available samples of naturally occur-
ring zirconolite cover an extensive range in ACT
content, age and host-r¢ type, and thus offer an
ideal opportunity to study the relationships be-
tween a-decay doses, ra i lamage, and geo-
chemical alterati ) e e.g., LUMPKIN
et al., 1994a; LuMPKIN et al., 1998; LUMPKIN et al.,
1994b; LumMPKIN et al., 1997). It is the purpose of
the present paper to document and discuss the ob-
served compositional variation of zirconolite in
various geological environments. Moreover, we
propose a series of substitutions and end-mem-
bers which appear to be best suited to describe the

. Zr Ca

Fig. 1 Crystal structure of zirconolite-2M, drawn using data from GATEHOUSE et al. (1981).

natural chemical variation. Understanding the
crystal chemistry of naturally occurring zircono-
lite is essential for the formulation of zirconolite-
based crystalline wasteforms (e.g., Synroc) de-
signed to immobilize high-level nuclear waste or
excess weapons plutonium. Besides being an ex-
cellent natural analogue for such waste forms, the
mineral is of considerable petrologic interest be-
cause its presence is controlled to a great extent
by the bulk composition of the host rock and the
fluid phase (ALLEN and ELLIS, 1996), and because
its chemical zoning patterns may be useful indica-
tors for changes that took place in the geological
environment during crystallization and alteration
(GIERE and WILLIAMS, 1992).

Crystal structure of zirconolite

The crystal structure of monoclinic zirconolite is
closely related to those of fluorite and pyrochlore:
it can be regarded, for instance, as an anion-defi-
cient superstructure based on the fluorite struc-

TiOg - Polyhedron

¢ Ti in split site (M5)
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ture (PYATENKO and PUDOVKINA, 1964). On the
other hand, zirconolite can also be thought of as a
derivative of the cubic pyrochlore structure
(A,B,X,Y, where cations are represented by A
and B, anions by X and Y), in which three differ-
ent cations (Ca, Zr, T1) have ordered onto five dif-
ferent sites. A major difference between these two
structures is that the B-X octahedra in pyrochlore
are arranged in a three-dimensional array, where-
as in zirconolite the Ti—O octahedra are arranged
only in a two-dimensional array. Thus, the crystal
structure of zirconolite is best described as a lay-
er structure in which layers of Ti polyhedra lie par-
allel to (001) and alternate with planes containing
Ca and Zr (Fig. 1). The Ti layer is built as a con-
tinuous sheet of six-membered corner-sharing
TiO,4 rings (M6 sites) each of which surrounds a
pair of statistically occupied sites containing Ti
atoms coordinated by five oxygens in a trigonal
bipyramid (split M5 site; shown as Ti atoms in
Fig.1). The Ca and Zr atoms (shown as spheres in
Fig. 1) are arranged within the layers as alternat-
ing chains of distorted CaQj, cubes (M8 sites) and
ZrO; polyhedra (M7 sites; GATEHOUSE et al.,
1981; ROSSELL, 1980; SINCLAIR and EGGLETON,
1982; SMITH and LUMPKIN, 1993; WHITE, 1984).
The cation sites in the zirconolite structure have
very different polyhedral volumes, ranging from
5.7 A’ for the MS site to 21.3 A® for the M8 site
(FIELDING and WHITE, 1987), creating a structure
capable of accommodating a wide variety of
chemical elements.

Three polytypes of zirconolite have been re-
ported in natural samples: zirconolite-2M, the
two-layered monaclinic aristotype of the zircono-
lite minerals (WHITE et al., 1984); zirconolite-37,
a three-layered trigonal polytype, and zirconolite-
30, a three-layered orthorhombic polytype (BAY-
LISS et al., 1989; Mazz1 and MUNNO, 1983). Two
additional polytypes have recently been observed
by bhigh resolution transmission electron mi-
croscopy of synthetic samples; these polytypes,
zirconolite-4M and zirconolite-67, appear to be
supercells of the zirconolite-2M and -3T struc-
tures, respectively (COELHO et al., 1997; SMITH
and LumPpkiN, 1993). At the present state of
knowledge, it is not possible to identify either the
compositional field or the pressure and tempera-
ture conditions under which a specific polytype is
stabilized relative to the others.

Chemical composition
A compilation of chemical analyses for natural

zirconolite has been published recently (WiL-
L1aMs and GIERE, 1996). This set of 321 analyses

(an updated version is available from the authors)
contains mainly data obtained by electron probe
microanalysis (EPMA) but also some early wet
chemical analyses of mineral separates. The latter,
however, most likely do not fully characterise the
chemical composition, because zirconolite often
exhibits pronounced zoning and is invariably fine-
ly intergrown with other minerals. In the follow-
ing discussion, we therefore only use the EPMA
data (n = 291}, supplemented in certain cases by
analyses obtained through analytical transmission
electron microscopy (AEM; for analytical
method, see LUMPKIN et al., 1994c¢)

The review of WILLIAMS and GIERE (1996) has
shown that both the range of elements accommo-
dated in natural zirconolite and the degree of sub-
stitution are extensive. Thirty or more chemical el-
ements are often present at the 0.1 to 1.0 wt%
concentration level, and any microprobe analysis
of natural zirconolite should include data for at
least the following elements: Mg, Al, 81, Ca, Ti, Mn,
Fe, Zr, Nb, Hf, Ta, W, Pb, Th, U, and of the REE
group Y, La, Ce, Pr,Nd, and Gd. Some zirconolites
may additionally contain Cr (particularly in lunar
basalts) or Zn (in some metasomatic samples). Sr
and Ba are only rarely detected (DE HooG and
VAN BERGEN, 1997, G.R. LuMPKIN, unpublished
data). Pb is present in some cases only (up to
1.5 wt% PbQ); its concentration is correlated with
those of Th and U and with the age of the sample,
and calculations have shown that most of the Pb
is radiogenic (LUMPKIN et al., 1994b; and unpub-
lished data). Na and K, although reported in some
wet chemical analyses, have not been detected by
EPMA, except in two samples, where zirconolite
apparently contains small amounts of these ele-
ments (DE HooG and VAN BERGEN, 1997; PaN,
1997). It is of note that low contents of Si (SiO, <
1 wt%) are common, and in some cases Si may be
present at substantially higher concentrations,
particularly in altered parts of zirconolite (LUMP-
KIN et al., 1994b; WiLLIAMS et al., in prep.). There
is some indication for the presence of H,O in a
number of samples due to their low oxide totals
(PLATT et al., 1987; ZAKRZEWSKI et al., 1992), but
zirconolite is, in general, anhydrous.

Some of the elements that are commonly be-
low detection limit or present only at very low
concentrations in natural zirconolite, may be in-
troduced in substantial concentrations in synthet-
ic crystals: in special Synroc formulations, for ex-
ample, Na,O and SrO can be incorporated at lev-
els up to 2.4 wt% and 1.4 wt%, respectively
(KESSON et al., 1983; LUMPKIN et al., 1991; Lump-
KIN et al., 1995; RYERSON, 1984).

Zirconolite with an ideal CaZrTi,O, stoi-
chiometry theoretically contains 16.5 wt% CaQ,
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Tab. 1 FExtent of site substitution in natural zirconolite.

R. GIERE, C.T. WILLIAMS AND G.R. LUMPKIN

Site Element Max./Min. % Analysis Host rock Locality
cation in site number !
M3 3(REE)? 78.8 (max.) L11 Lunar Basalt Apollo 15 Landing Site
2(U +Th) 40.4 (max.) M59 - Metasomatic (vein) Adamello, [taly
Ca 21.2 (min.) Lil Lunar Basalt Apollo 15 Landing Site
M7 Hf 2.4 (max.) L9 Lunar Basalt Apollo 15 Landing Site
Zr 97.6 (min.) L9 Lunar Basalt Apollo 15 Landing Site
M56 Mg 14.8 (max.) NS§14 Nepheline Syenite Tchivira Mt., Angola
Fe,.. 30.5 (max.)? 17 Lunar Lithic Fragment Apollo 14 Landing Site
1 11.3 (max.}* NS14 Nepheline Syenite Tchivira Mt., Angola
3(Nb + Ta) 41.2 (max.) C15 Carbonatite Kovdor, Russia
1.1 (max.) M8 Metasomatic (skarn) Bergell, Switzerland/Italy
Ti 34.8 (min.) cn Carbonatite Kaiserstuhl, Germany

! Analysis numbers refer to table 3 in WiLL1aMs and GIERE (1996)

2 The abbreviation REE includes the lanthanides (La — Lu) as well as Y

* This value corresponds to 12.67 wt% Fe,O,, which is still higher than that recently reported for zirconolite from
lavas in Eastern Indonesia (DE HooG and vAN BERGEN, 1996)

* The highest recorded value of 13.5% (analysis C16) is suspect, because it is a wet chemical analysis on separated

grains and is inconsistent with recent microprobe data

36.3 wt% ZrQ,, and 47.2 wt% TiO,. In natural
samples, CaO ranges from 2.63 to 16.5 wt%, ZrO,
from 24.3 to 45.4 wt%, and TiQ, from 13.6 to 45.9
wt%, showing that the major components can be
substituted to a large extent by other elements.
The variation in ZrO,, however, is so large only on
a wt% basis because it is mainly the result of ex-
tensive substitutions taking place on the Ca and Ti

sites: nearly 80% of the MBS site and up to 65% of
the M5,6 sites may be occupied by elements other
than Ca and Tj, respectively, whereas at least 97 %
of the M7 sites are filled by Zr in all cases (Tab. 1).
These relationships are shown graphically in
figure 2, where most data points plot on the
Zr-rich side of the theoretical zirconolite compo-
sition.

Ca

Zr = Ti

Kimberlite
Ultrabasic rocks
Gabbro pegmatite

Syenites/Nepheline syenites

B > N O o

Placer deposits
+  Sapphirine granulite

Lunar rocks

Carbonatites

o} Metasomatic rocks

Fig. 2 'Triangular diagram showing the compositional variation of natural zirconolite with respect to the major com-
ponents Ca, Zr, and Ti (in atomic %). Shaded diamond represents the theoretical composition of pure CaZrTi,0,.
Only EPMA data are plotted (n = 291; data from WILLIAMS and GIERE, 1996); AEM data not included.
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Tab. 2 Selected hypothetical zirconolite end-members.

M8 M7 MS5,6 MS5,6 Evidence !
natural ? synthetic *
1 Ca Zr Ti Ti O, X X
2 Ca Zr Zr Ti O, * X
3 Ca Zr Me* Me3+ O, X X
4 Ca Zr Wwe- Me# O, X X
5 Ca Ti Ti Ti O, X
6 Ca Hf Ti Ti O, X X
7 Ca ACT Ti Ti O, X X
8 Ca REE Ti Mes+ O, X X
9 ACT Zx Ti Me?* O, X X
10 ACT Zr Me3 Me3+ O, X
11 REE Zr Ti Me3+ O, X X
12 REE Zr Me? Me?+ O, X X
13 REE REE Ti Ti 0O, # X

I Except for end-members (1) and (3), none of the end-members occurs in nature nor has it been synthesized, but

there is evidence for substitutions towards them
2 * indicates that evidence is presented in this study

3 E.R. VANCE, personal communication. Evidence for end-members (2) and (35) from GATEHOUSE et al. (1981)

The limited extent of Zr substitution in natur-
al samples is in marked contrast to synthetic zir-
conolite: here, Zr may be replaced up to approxi-
mately 50% by ACT (e.g., U*, Pu*), 97% by Hf,
and 50% by REE (e.g., Nd* or Ce*); the higher
concentrations of ACT and REE tend to produce
twinning and stacking disorders, and to develop
the 4M polytype rather than the 2M polytype
{(BEGG and VANCE, 1997; Buck and GIERE, in
press; COELHO et al., 1997; E.R. VANCE, private
communication; VANCE et al., 1995). Moreover,
GATEHOUSE et al. (1981) reported that Zr can also
be replaced by Ti; their synthetic zirconolite, in
fact, conformed to the general formula CaZr,
Ti; ,O; (0.85 < x £ 1.30). The latter takes into ac-
count that significant amounts Zr were also ob-
served on the M5,6 sites {see also CHEARY and
CoELHO, 1997). GATEHOUSE et al. (1981) further
showed that some Zr may be allocated on the M8
site. Limited evidence for some of these substitu-
tion mechanisms is also found in natural samples
(see below).

In combination with the crystal structure re-
finements of GATEHOUSE et al. (1981) and SIN-
cLAIR and EGGLETON (1982), the data for natural
zirconolite document that the structure of zir-
conolite is compositionally very flexible on all
sites. This indicates that availability of specific
components must be a key factor in controlling
the chemical composition of zirconolite. The
chemical components mcorporated into the zir-
conolite structure vary in size from 0.40 A (16154
to 0.83 A (Mn?*) on the M35,6 sites, from ~ 0.67
(Ti**) to ~ 1.04 A (Nd**) on the M7 site, and from
0.84 A (Zr*) t0 1.26 A (Sr**) on the M8 site (ef-
fective ionic radii from SHANNON, 1976). In gener-

al, the Ca site does not easily accommodate
cations larger than Ce™ (r = 1.143 A for CN = §;
La commonly present only in small concentra-
tions). This is due to the smaller volume of the Ca
site in zirconolite relative to that in pyrochlore
(SMITH and LUMPKIN, 1993). In natural samples,
the most important substituents are: ACT and
REE for Ca on the M8 site; Nb, Ta, Fe, Mg, and Al
for Ti on the M5,6 sites; and Hf for Zr on the M7
site.

Because the zirconolite system comprises
more than 30 components, it needs to be simpli-
fied in order to assess the crystal chemisiry in
terms of substitutions or exchange vectors. A first
step in reducing the number of components is to
ignore the radiogenic Pb. We further neglect the
generally small quantities of Si which is most like-
ly incorporated into zirconolite via a simple sin-
gle-site substitution, i.e. Si* « Ti* ; ignoring Si,
therefore, does not directly affect other substitu-
tions. A next step is to group bivalent, trivalent
and pentavalent metal ions by defining the new
variables

Me* = Mg* + Fe* + Mn? + Zn*
Me* = AP+ + Fe3 + Cr¥*
Me> = Nb** +Ta’" .

With this measure, we ignore simple single-site
substitutions such as e.g., Mg?* & Fe?* and AP
Fe*. We further constitute that only trivalent lan-
thanides (Ln) and Y3* are included in the abbre-
viation "REE", given by:

REE =Ln* +Y?*.

This term, therefore, does not account for Ln*
which may be present in the Ca and Zr sites of
synthetic zirconolite (e.g., Ce*; see BEGG et al.,
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Tab. 3 Potentially important substitutions in zirconolite.

Substitution Sites involved

1 Zr = Ti M35.6

2 Mes+ + Me3+ & 2Ti M5,6

3 W+ + Me2+ = 2Ti M35,6

4 2 Me* o Ti + Me?+ M5,6

5 Me> + Me?+ = Ti + Me3+ Ms5.6

6 Ti S Zr M7

7 Hf =S Zr M7

8 ACT & Zr M7

9 REE + Me’* o Zr+Ti MS5,6/M7
10 REE +Ti = Zr + Me* M5,6/M7
11 REE +2Ti & Zr + Me3+ + Me?* MS5,6/M7
12 ACT + Me? =S Ca+Ti MS5,6/M8
13 ACT + 2 Me* & Ca+2Ti M35,6/M8
14 ACT + Me? = Ca + Me’+ M5,6/M8
15 ACT + Me** =S REE +Ti M35,6/MS
16 ACT + Me?* = REE + Mg+ MS5,6/M8
17 ACT +Ti = REE + Me5* MS5,6/M8
18 ACT +Ti + Me?+ = Ca + Me’r + Me* MS5,6/M8
19 ACT + 2 Me3+ = REE + Me> + Me? M35,6/M8
20 REE + Me3+ = Ca+Ti MS5,6/M8
21 REE + Me>* + Me2+ & Ca+2Ti M35,6/MS8
22 REE + Ti = Ca + Me’* M35,6/M8
23 REE + Me?+ = Ca + Me?+ MS5,6/M8
24 MEREE + MREE =S Ca+Zr M7/M8

1998). The last step consists in combining the most
common tetravalent actinides in the abbreviation
ACT, defined as:

ACT = U* +Th* .

This definition may be expanded to include
other tetravalent actinides so as to account for,
e.g., Np* and Pu* in studies on zirconolite-based
nuclear waste forms. The trivalent transuranic ac-
tinides, although common constituents of high-
level radioactive waste (e.g, Np**, Am*), should
be grouped under REE, because they are incor-
porated into synthetic zirconolite in a way similar
to that of REE (e.g., Nd3*; VANCE et al., 1994).
Hence, the number of components has been re-
duced to 11 (Ca, Zr, Ti, ACT, REE, Me?*, Me?,
Me*+, W, Hf, O); these are used here to define 13
hypothetical end-members for the zirconolite sys-
tem (Tab. 2). These end-members were chosen,
because there is evidence from either natural or
synthetic zirconolite for the existence of solid so-
lution among them. It should be noted that end-
member (13) represents a pyrochlore rather than
zirconolite. Apart from stoichiometric CaZrTi,O,
and CaZrMe3*Me**O,, however, none of the oth-
er 10 zirconolite end-members has been found in
nature nor have they been synthesized. Nonethe-
less, these hypothetical end-members are useful
for defining substitutions (or exchange vectors)
effective in the multicomponent zirconolite sys-
tem. The potentially most important substitutions

in zirconolite are listed in table 3 which, however,
does not account for any of the possible single-site
substitutions amongst Me?*, Me* and Me’* (see
above). Several of the more complicated substitu-
tions are linear combinations of simpler substitu-
tions and were listed because they may be more
suitable to describe compositional variations (see
below). .

In natural zirconolite, the extent of Zr substi-
tution is limited (cf. Fig. 2, Tab. 1) and therefore, in
a first approach, the Zr-free end-members (5), (6),
(7), (8), and (13) can be disregarded when study-
ing natural zirconolite. End-member (4) is of mi-
nor importance, because W was detected in a few
samples only and generally in small concentra-
tions (Tab.1). Moreover, evidence for substitution
towards end-members (2) and (10) has so far only
been found in synthetic zirconolite. These obser-
vations suggest that the chemical composition of
natural zirconolite can be satisfactorily described
in terms of the 5 end-members CaZrTi,O,,
CaZrMe*Me*Q,, ACTZ:TiMe*Q,, REEZr-
TiMe**O,, and REEZrMe’*Me?*Q,.The latter and
the respective exchange vectors, thus, define the
composition space of natural zirconolite which
may be graphically represented as a double tetra-
hedron (Fig. 3). One of the advantages of choos-
ing this representation is that the composition
space can be subdivided into a Me?*- and a Me?**-
dominated portion located in the lower left and
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upper right part of the double tetrahedron, re-
spectively. Below, we will use this composition
space and parts thereof to describe the chemical
variation observed in zirconolite from different
geological environments.

Petrographic features of zirconolite
and its host rocks

Zirconolite has been described from a variety of
host rocks including kimberlite, ultrabasic rocks,
dendritic anorthosite, gabbro pegmatite, syenite,
nepheline syenite, carbonatite, metasomatic and
metamorphic rocks (including rodingites; A.
STuckl, personal communication), as well as plac-
er deposits (Tab. 4). In lunar samples, zirconolite
was found primarily in coarse-grained basalts, but
was also reported from feldspathic peridotite, lith-
ic fragments, and metamorphosed breccia. In me-
teorite samples, zirconolite has so far been ob-
served only from plagioclase-olivine inclusions in
the Allende carbonaceous chondrite (SHENG et
al., 1991). A common feature of all these host
rocks is their low SiO, content and, in most cases,
the absence of quartz. To our knowledge, quartz as

439

a rock-forming mineral has only been described
from two zirconolite-bearing samples, a dendritic
anorthosite from the Skaergaard intrusion, East
Greenland (SONNENTHAL, 1992) and a gabbro
pegmatite on St. Kilda, Scetland (HARDING et al.,
1982). So far, only one locality is known where zir-
conolite occurs in relatively evolved rocks (K-rich
lavas with 57-62 wt% SiQ,), in which it is associ-
ated with a hydrated silica phase (DE HooG and
VAN BERGEN, 1996). To date, carbonatite, with six-
teen reported occurrences of zirconolite, is the
most common host rock for this mineral
(WiLLiaMs and GIERE, 1996). In all these rock
types, zirconolite occurs as an accessory mineral.
It is usually less than 100 pum in size, but cm-sized
crystals have been found in heavy mineral sands
of Sri Lanka and in the phoscorites at Phalabor-
wa, South Africa.

Because zirconolite exhibits a wide variation
in composition, its optical properties as seen in
thin section vary considerably. LAVEROV et al.
(1996) recently reported optical properties for
synthetic zirconolite, which formed as elongate
prismatic crystals (up to 1 mm in length) upon
cooling of a melt in the system CaO-TiO,~ZrO,;
according to their observations, pure zirconolite

CaZr Me>* Me*t O,

ACTZr Ti Me?* O,

CaZr T12 07

AN

17 21

REE Zr Ti Me3* O,

REE Zr Me** Me2* O,

Fig.3 Composition space for natural zirconolite. Note that upper right part of the double tetrahedron is Me3+-dom-
inated, whereas lower left is Me?-dominated. Numbers on tielines refer to substitutions listed in table 3. Shaded

plane represents ternary system shown in figure 15b.
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Tab. 4 Zirconolite and associated minerals in various host rocks. Minerals listed are either in grain contact or in-
tergrown with zirconolite (most commonly observed minerals in capitals).

Rock type Number of Numberof  Associated minerals
occurrences  analyses !
Kimberlite 3 1 Baddeleyite, calcite, ilmenite, zircon
Ultrabasic rocks? 3 3 Apatite, baddeleyite, zircon
Dendritic anorthosite 1 23 Allanite, apatite, baddeleyite, ilmenite, plagioclase,
titanite, zircon
Gabbro pegmatite 1 1 Allanite, apatite, biotite, epidote, titanite, zircon
Syenite 5 4 Allanite, APATITE, epidote, ILMENITE, titanite, zircon
Nepheline syenite 6 21 Apatite, BADDELEYITE, hellandite, hibonite, perovskite,
pseudobrookite, wohlerite, zircon
Calc-alkaline lava 1 04 Hydrated silica
Carbonatite 16 142 Anatase, APATITE, BADDELEYITE, CALZIRTITE, clinchumite,
magnetite, perovskite, PYROCHLORE, wohlerite, zircon
Metasomatically 11 98 Allanite, APATITE, baddeleyite, betafite, CALCITE,chlorite,
altered rocks diopside, dissakisite-(Ce), DOLOMITE, GEIKIELITE, ilmenite,
jordisite, olivine, PHLOGOPITE, pyrite, pyrrhotite, rosenbu-
schite, rutile, SPINEL, titanite, titanian clinchumite, zircon
Sapphirine granulite 1 3 Enstatite, phlogopite, sapphirine, spinel
Cordierite gneiss 1 23 Rutile, titanite, zircon
Alndite 1 0 Baddeleyite, perovskite
Placer 2 5 Baddeleyite and perovskite from heavy mineral fraction
Lunar rocks 7 13 BADDELEYITE, ilmenite
Meteorite ¢ 1 0 Perovskite, olivine, plagioclase
1 Electron microprobe analyses used for this paper; data listed by WiLLIaMS and GIERE {1996)
2 Includes zirconolite in chromitite layers (no analyses given by CABELLA and GAZZoTTI, 1994)
3 Analyses given by SONNENTHAL (1992)
4 No analyses given by DE HOOG and vAN BERGEN (1996)
5 Analyses listed by PAN (1997)
6

No full analysis available (cf. SHENG et al., 1991)

of CaZrTi,O, composition is colorless and biaxial
negative, exhibits a high birefringence, and has
straight extinction and negative elongation (2V =
80-85%, ny = 2.30, nB = 2.27, na = 223, ny-—na =
0.07). Natural zirconolite may be translucent or
opaque, and its color can vary from orange-red to
reddish-brown or dark brown, and in many cases,
several of its optical properties resemble those of
rutile. If zirconolite is enriched in ACT, however,
and when enclosed by phlogopite, it is usually sur-
rounded by strongly pleochroic haloes (GIERE,
1990), a radiation damage feature not observed
around rutile. D'OREY (1991) observed consider-
able anisotropy of microhardness values (ranging
from 5.4 to 6.2 on the Mohs scale) for a Nb-rich
zirconolite from Santiago island, Cape Verde.

In several localities, zirconolite represents the
only Zr phase. More often, however, it is associat-
ed or intergrown with other Zr minerals, most
commonly with baddeleyite (ZrQ,), calzirtite
(Ca,ZrsTi,0,¢), and zircon, but occasionally also
with eudialyte, rosenbuschite or wohlerite. A sum-
mary of the minerals found in close textural asso-
ciation with zirconolite is given in table 4. More

detailed paragenetic information as well as a list
of references may be found in the review of
WiLLiaMS and GIERE (1996).

Figure 4 shows the chemographic relationships
for the ternary system CaO-ZrO,-TiO,. The dia-
gram represents a projection from CQ, and thus,
can be used only if excess CO, is present (e.g., for
carbonatites and metacarbonate rocks). Some of
the minerals shown in figure 4 lie on pseudobina-
ry joins, revealing two compositional degenera-
cies, i.e. baddeleyite — perovskite and calcite - ru-
tile. This implies, for example, that calzirtite can-
not coexist in equilibrium with both baddeleyite
and perovskite in this simplified system. If zir-
conolite is associated with these minerals, we
therefore should find one of the following three-
phase assemblages: (A) zirconolite + baddeleyite
+ calzirtite, (B) zirconolite + baddeleyite + pe-
rovskite, or (C) zirconolite + calzirtite + pe-
rovskite. Assemblage (A) is known, for instance,
from the carbonatite locality at Schryburt Lake,
Ontario, and is feasible for Zr-rich but relatively
Ca-poor portions of the system (cross-hatched
area in Fig. 4); these rocks are difficult to interpret,
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Tab. 5 List of zirconolite-forming reactions in the system CaO-ZrO,-TiO,~CO, (see Fig. 4).

perovskite + rutile + baddeleyite
3 perovskite + 5 rutile + calzirtite
calcite + 2 rutile + baddeleyite
3 calcite + 8 rutile + calzirtite
calzirtite + 2 rutile
calzirtite + 8 perovskite + 5 CO,

~ baddeleyite + 2 perovskite + CO,
calzirtite + CO,

43806009

W B

Zirconolite

5 zirconolite

zirconolite + CO,

5 zirconolite + 3 CO,

2 zirconolite + 3 baddeleyite

5 zirconolite + 5 calcite

zirconolite + calcite

zirconolite + 4 baddeleyite + calcite

however, because both calcite and perovskite also
occur.

Crystallization of zirconolite can be attributed
to-various processes involving solid phases, melts
or fluids. Several zirconolite-forming reactions
possible in this simplified system can be read from
figure 4, and are listed in table 5. Alternatively, the
reactions could be written in terms of CaO, ZrQO,
and TiO, in those cases where these components
are present in a melt or a fluid rather than as sol-
id phases. Crystallization from a silica-poor melt is
one of the most important processes as docu-
mented by the numerous zirconolite occurrences
in carbonatites, alkaline igneous rocks, and
mesostasis areas of ultrabasic and basic rocks.
Moreover, zirconolite appears to have crystallized
from a melt which was produced during partial
anatexis of a sapphirine granulite in Antarctica
(HARLEY, 1994). Formation of zirconolite may
also result from solid-melt interaction; this

CaO

Calcite

+C02 ‘

Perovskite

TiO,
Rutile

ZrO;
Baddeleyite
Fig. 4 Chemographic diagram for the system CaO-

ZrQ,-TiO~CQ,. Cross-hatched three-phase assem- .

blage represents an assemblage observed in the carbon-
atite at Schryburt Lake, Ontario. Dark-shaded field rep-
resents the assemblage found in the metasomatic veins
at Adamello, Italy.

process has been implied, for example, to explain
zirconolite rims around baddeleyite crystals
which were exposed to an alndite magma (HEA-
MAN and LECHEMINANT, 1993). And finally, zir-
conolite can be produced during metamorphism
and metasomatism, i.e., by solid-solid reactions
(e.g., reactions (1), (2) or (5),see Tab. 5), or by re-
actions involving a fluid phase. The latter mecha-
nism, for example, led to crystallization of zir-
conolite in metasomatic veins at Adamello, Italy
(GIERE, 1990; GIERE and WILLIAMS, 1992), and in
veins and a skarn at Bergell, Switzerland/Italy
(GIERE, 19806; RIED, 1994). At Adamello, zircono-
lite occurs in association with rutile and calcite, a
typical assemblage for relatively Zr-poor whole-
rock compositions when the prevailing physical
and chemical conditions preclude formation of
perovskite from calcite + rutile (Fig. 4); no relics
of baddeleyite, calzirtite or perovskite have been
found, and it appears that zirconolite precipitated
from the fluid phase. In the Oetztal-Stubai com-
plex, Austria, on the other hand, reaction (3) could
be responsible for the growth of zirconolite rims
around baddeleyite during metamorphism of
carbonate rocks (PURTSCHELLER and TESSADRI,
1985).

Breakdown of zirconolite, including dissolu-
tion, alteration and replacement, has also been
documented. Pan (1997) provided evidence for
the breakdown of zirconolite to the assemblage
rutile + titanite + zircon. Dissolution (or corro-
sion) and alteration of zircomolite under hy-
drothermal conditions have been observed at sev-
eral localities. At Phalaborwa, South Africa, for
example, it appears that a Si-rich, S-bearing
groundwater interacted with metamict zirconolite
(2.05 Ga old), and alteration involved incorpora-
tion of Si along microfractures at the expense of
Ca, Ti and Fe, but with Th and U remaining im-
mobile (GIERE et al., 1994). At Adamello, geolog-
ically young zirconolite crystals (42 Ma old) have

- been corroded by an acid, reducing, P-, S-, Cl-, and

F-rich fluid at P,,, = 2 kbars and T = 500-600 °C
(GIERE, 1996; GIERE and WILLIAMS, 1992); this ex-
ample is the only one known to date, where re-
lease of actinides into the fluid phase is indicated.
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Other examples from different geological envi-
ronments include Langesundfjord (Norway), Se-
blyavr (Kola Peninsula, Russia), Sokli (Finland)
and Cummins Range (Australia), and are current-
ly being investigated; preliminary data indicate
that a Si-bearing fluid was involved in all these
cases (WILLIAMS et al., in prep.). Examples of zir-
conolite from Koberg, Sweden (ZAKRZEWSKI et
al., 1992) and Malawi (PLATT et al., 1987) further
indicate hydration of zirconolite, presumably af-
ter partial metamictization and interaction with
low-temperature hydrothermal fluids; similar
processes are reported for alteration of py-
rochlore (LumMPKIN and EwWING, 1995). Character-

a)l Carbonatites

m Kovdor

O Schryburt Lake
+ Hegau

® Araxa

* Phalaborwa

A Howard Creek

ACT

b) Metacarbonates

o Bergell
® Adamello

x Koberg

ACT Me3+

Fig. 5 Triangular plots (atomic %) showing the com-
positional variation of natural zirconolite with respect to
REE, ACT (U+Th), and Me* (Nb+Ta} for (a) carbon-
atites, and (b) metacarbonates.
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ization of these processes, together with laborato-
ry-based corrosion tests, are of particular impor-
tance with regard to the performance assessment
of zirconolite in titanate waste forms designed for
storage of high-level nuclear waste or weapons
plutonium (HART et al., 1997; MALMSTROM et al.,
in press; SMITH et al., 1997).

Compositional variation in zirconolite
from various geological environments

Because of its compositional fiexibility, zirconolite
does not produce significant fractionation be-
tween elements of similar size/charge characteris-
tics during its crystallization. This property leads
to two distinct features which can be used as pet-
rogenetic tools for the interpretation of zircono-
lite-bearing rocks: (1) The frequently observed
zoning patterns record chemical changes that

1 ! I '

Kovdor

1.00

= 0.90

0.80 -

0.70 |- Ti=1.790 - 1.386*Me>+; 12 =974

a N 1 i P 1
0.46 T T T T T T
0.44 |-
0.42 -
=)
=
%)
= 0.40 -
1
0.38
e ® ]
0.36 | Feyop=0.291 + 0.205*Me>*; 12 =0.652
i . ) 1
0.40 0.50 0.60 0.70 0.80
b Mest

Fig. 6 Chemical variation in zirconolite from Kovdor,
Russia. (a) Ti vs. Me>*; (b) Fe,,,, vs. Me%* (in atoms per for-
mula unit, based on 7 oxygens).
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took place locally in the geological environment
during growth, corrosion or alteration of zircono-
lite (GIERE, 1996; GIERE and WILLIAMS, 1992;
PLATT et al., 1987, WiLLIAMS and GIERE, 1988);
and (2). The overall chemical composition of zir-
conolite reflects the general chemical characteris-
tics of its geological surroundings.

The available compositional data suggest that
the various chemical components can be incorpo-
rated into the zirconolite structure in more than
one way, and further, that different exchange vec-
tors operate in zirconolite from different geologi-
cal environments. Here, we assess these variables,
although interpretation of the analytical data for
such a complex chemical system is difficult and in
several cases ambiguous. In our analysis, we con-
sider the following points: (a) correlation matrices
for all important components, (b) actual ranges of
the individual components, {(c) slopes and inter-
cepts of linear regressions, and (d) site totals. The
statistical data for each suite of samples are given
in the Appendix (Tabs A1-A9). ACT and REE
were allocated to the M8 site and thus, the site to-
tal abbreviated as M8 includes Ca, ACT and
REE; similarly, M7 includes Zr and Hf, and
3M5.6 includes Ti and all other elements. In our
procedure, we generally employ the best correla-
tion coefficients first and use large compositional
ranges only in order to assess the various substi-
tutions (numbered as in Tab. 3). Because the va-
lence of iron could not be determined from the
EPMA data, we list the statistical data for Fe,., as
well as for Me?* and Me*, whereby both Me?* and
Me?*" include the total iron content. The oxidation
state of Fe can then be inferred from the dominant
substitution mechanism; it is, however, an esti-
mate only. In the following, we discuss in some de-
tail localities for which a large number of zircono-
lite analyses is available.

CARBONATITES

Zirconolite from carbonatites is highly variable
with respect to the contents of REE, ACT, and
Me>* (Fig. 5a). This pronounced variability is, in
part, the result of zirconolite having distinct com-
positions at individual localities: the highest Me>*
contents reported for zirconolite, for example, are
found in a carbonatite sample from Kovdor, Rus-
sia (Tab. 1), but low concentrations are observed
at Phalaborwa, South Africa (Fig. 5a). A charac-
teristic feature of all zirconolites from carbon-
atites, however, is their very low Al content (<
0.031 Al per formula unit [p.f.u.]). Moreover, a
predominance of LREE over HREE, and of Fe,,
over Mg is observed for all samples.

Kovdor, Russia

The niobian zirconolite from the phoscorites at
Kovdor on the Kola Peninsula is rich in Fe,,, and
Me**, thus leading to an average Ti content of less
than 1 atom per formula unit (Tab. A1). It is pri-
marily the large variation in Nb/Ti that is respon-
sible for the pronounced zoning observed for
these zirconolites in backscattered elecron (BSE)
images (WILLIAMS, 1996). An excellent negative
correlation is found between Ti and Me’* (Fig. 6a),
suggesting that substitution #2 best describes the
accommodation of Me**. This indicates that Fe is
present mainly as ferric iron. Substitution #5 is not
consistent with the data, because Mg and Fe,, cor-
relate positively and because no other trivalent
cation was detected. The linear regression of Fe,,,
vs. Me’* yields a positive slope of 0.205 (Fig. 6b)
which is significantly smaller than required by
substitution #2; this is due to the fact that the
range in Me’* is larger than that of Fe,, (Tab. Al).
Similarly, the range in Ti is larger than that of
Me**, yielding a slope that is less negative than the
one resulting from substitution #2 (Fig. 6a). Thus,
an additional mechanism must exist to explain the
correlated variation in Me* and Ti; this variation
is possibly linked to the incorporation of REE via
substitution #22, but it is difficult to assess a prop-
er mechanism because of the effect of substitution
#2 on the Me** and Ti contents. The variation in
ACT, on the other hand, is fairly well constrained
by the data and can be described by substitution
#12. The average MS5,6 totals display a slight ex-
cess which could be diminished by allowing some
Mn to be accommodated on M8; this is consistent
with the negative correlation found between M8
and Mn (M8 = 1.037-2.251*Mn; r? = 0.482) and
with the fact that there is no correlation between
Ti and M7. Incorporation of Mn?* into the M8 site
(up to 0.25 atoms p.f.u.) has been observed also in
synthetic zirconolite (KESSON et al., 1983).

Schryburt Lake, Canada

In comparison to the Kovdor zirconolites, the
crystals from this locality in Ontario are enriched
in REE, but depleted in Me>*, and exhibit a con-
siderably larger range in the contents of REE,
Me>*, Ca, and Ti (Tab. A2). The statistical analysis
reveals strong negative correlations between Ca
and REE, and between Ti and Me*> (Figs 7 a, b).
These data are consistent with substitution #22,
which is clearly the dominant substitution in these
samples and best describes the observed large
compositional range. Substitution #22, however,
does not account for incorporation of the large
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amounts of Fe (Tab. A2). The statistical data indi-
cate that the variation in Fe is probably due to
substitution #2, and thus, that Fe is present main-
ly as Fe*. Ferric iron therefore is the major Me*,
as Cr was not detected and only very small
amounts of Al are present. The variation in ACT
could possibly be described by substitution #16,
but the statistical data do not provide definite ev-
idence. Although the average cation totals on
each site are nearly ideal, they exhibit a consider-
able range (Tab. A2). The data are consistent with
accommodation of some excess Zr on the M5.6
sites via substitution #1 (ZMS5,6 = 2.633-0.597*Zr;
r’> = 0.448).
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Fig. 7 Chemical variation in zirconolite from Schry-
burt Lake, Canada. (a) Ca vs. REE; (b) Ti vs. Me® (in
atoms per formula unit, based on 7 oxygens).

Hegau, Germany

Zirconolite from the Hegau volcanic province ex-
hibits large ranges in Ti and Me’*, and a consider-
able variation in Fe,. Strong correlations are ob-
served among several components, but only a few
are significant due to low concentrations and
ranges of Mg, Al, ACT and REE (Tab. A3). The
statistical data reveal excellent correlations be-
tween Ti, Me>* and Fe,, (Fig. 8 a, b, Tab. A3); these
are consistent with substitution #2, and thus with
3+ being the dominant oxidation state of Fe. Sub-
stitution #5 is also compatible with the data, how-
ever, and thus requires the presence of some bi-
valent Fe; substitution #5 is indicated because
Fe,, and (Mg + Mn) correlate positively among
each other (Fig. 8c), but negatively with Al (Tab.
A3). 1t is of note that the average Fe,, content is
approximately equal to that of Me’*, whereas the
average Al concentration is significantly lower
(and Cr was not detected). These observations
suggest that only a small percentage of the aver-
age Me> content could be explained in terms of
substitution #5, and thus, that substitution #2 is
dominant. The substitutions involving ACT and
REE are difficult to assess because of the rela-
tively low contents and ranges of these elements,
and because Ca correlates poorly with both ACT
and REE. Moreover, there is a positive correla-
tion between ACT and REE which cannot be
described in terms of any individual substitution
listed in table 3; this trend might result from a
combination of two or more substitutions such as
#12, #13, #20, and #21. The Hegau zirconolites
are further characterized by M7-site totals that
are always larger than the theoretical value
(Tab. A3).The negative correlation between M8
and Zr (Fig. 8d) indicates that excess Zr may oc-
cupy the Casite;the regression data are consistent
with 2 Ca < Zr + 0, a substitution that would
produce one vacancy (©) for each Zr on the M8
site (note, however, that the average total number
of cations is 4.065, i.e. greater than the stoichio-
metric valuel,

Howard Creek, Canada

At this locality in British Columbia, zirconolite
has high average contents of ACT and Fe,,, and
exhibits considerable variation in Ca, ACT and
Mes+ (Tab. A4). The relatively good correlations
observed among these components indicate that
substitution #14 is dominant (Fig. 9a). This re-
quires that Fe?* is the main Me?* cation involved,
because the Al content is very low and Cr was not
detected. There is, however, also a good inverse
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correlation between ACT and REE (Fig. 9b), con-
sistent with substitution #17. It is of note that sub-
stitutions #14 and #17 are not observed in zir-
conolite from any other locality (Tab. 6). This un-
usual correlated variation of ACT, Me’ and REE
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is clearly visible in figure 5a, where the Howard
Creek zirconolites follow a distinct trend. The M8-
site totals are always smaller, the M5,6-site totals
always larger than the theoretical values (Tab.
A4).This could be due to accommodation of Mn?*
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Fig.8 Chemical variation in zirconolite from Hegau, Germany. (a) Ti vs. Me™; (b) Me* vs. Me** (total Fe included
in Me*); (c) Mg+Mn vs. Fe,,; (d) ZM8 vs. Zr (in atoms per formula unit, based on 7 oxygens).

! Cation totals greater than 4.000 could result from the
overall uncertainty associated with the data: the cumula-
tive relative error on the cation total is estimated at 24%
based on the count statistics for individual elements. Thus,
cation totals greater than the theoretical value (but
smaller than 4.160) may not be significant, and the cation
totals of all analyses are smaller than 4.160. On the oth-
er hand, none of the analyses of natural zirconolite ex-
hibit cation totals of less than 3.840, and thus vacancies
are not indicated. Moreover, because the formula was

calculated on the basis of O =7.000, the cation total is de-
pendent upon the valence of Fe and U. The latter was as-
sumed to be present as U* in all cases, and with this as-
sumption, the cation total is a minimum if all Fe is Fe*,
but a maximum if all Fe is Fe?". The proposed vacancy-
generating substitution 2 Ca < Zr + ¢ thus, is poorly con-
strained, particularly in Fe-rich zirconolite, and is solely
indicated by the regression data for these natural zir-
conolites. [n some synthetic zirconolites, however, vacan-
cies have also been inferred to exist (BEGG et al., 1998).
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Fig. 9 Chemical variation in zirconolite from Howard
Creek, Canada. (a) Me* vs. ACT; (b) REE vs. ACT: (c)
2MS8 vs. Mn (in atoms per formula unit, based on 7 oxy-
gens).

in the M8 site rather than in the M35,6 sites; the re-
gression data shown in figure 9¢ are consistent
with this conclusion, although most data points
cluster around the mean values of Mn and SM8
(0.016 and 0.976, respectively).

Araxa, Brazil

The compositional data from this carbonatite in
Minas Gerais belong to two distinct populations
(Fig. 10a), as suggested also by the presence of two
zones that can be clearly distinguished in BSE im-
ages (C.T. WILLIAMS, unpublished data). The data
set can be subdivided into an Al-bearing low-
REE group and an Al-free high-REE group en-
riched in Fe (Fig. 10b). These two populations fur-
ther exhibit different correlations among several
substituting cations (Tab. ASa, A5b): a correlation
between REE and Fe,,,, and Me®, for instance, can
be observed for the low-REE group but not for
the high-REE group (Figs 10 b, ¢).

The low-REE zirconolite (< 0.11 REE p.fu.)
exhibits relatively large variations in Me%, Ti and
Fe,,, and the excellent correlations among these
components suggest that substitutions #2 or #5
give rise to this variability. From the regression
data shown in figure 1ia, however, we conclude
that #2 best describes the incorporation of Me3+
and Fe, and thus that Fe is present mainly as Fe**.
Incorporation of the small amounts of REE is
consistent with substitution #20, as indicated by
the correlations between REE and Al Fe,,,and Ti
(Fig. 10b, Tab. A5a). On the other hand, incorpo-
ration of REE could also be the result of substitu-
tion #21, for which there is limited evidence in fig-
ure 10c; this would require the presence of some
Fe?r as well. The low-REE zirconolites are further
characterized by M8- and M7-site totals that are
systematically low and high, respectively (Tab.
ASa). Moreover, the negative correlation be-
tween M8 and Zr (Fig. 11b) suggests that some
Zr is accommodated in the Cassite, possibly via the
exchange vector ZrCa, (the average total number
of cations, however, is greater than the stoichio-
metric value; for discussion, see footnote 1).

The high-REFE population exhibits a signifi-
cantly larger compositional variation than the
low-REE group (Tab. ASb). REE and Ca exhibit
identical ranges (approximately 0.16 atoms p.f.u.)
and a good negative correlation (Tab. ASb, Fig.
10a). Similar relationships are exhibited by Me™*
and Ti, but their ranges are considerably larger
(> 0.3 atoms p.f.u.). These results are consistent
with substitution #22 which accounts for accom-
modation of all REE (Ca = 0.946-0.935*REE)
but explains only about 50% of the variation in Ti
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and Me’*. The variation of the latter two compo-
nents, however, is also correlated with that of
Fe,,, a feature that is best described by substitu-
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Fig. 10 Chemical variation in zirconolite from Arax4,
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REE (in atoms per formula unit, based on 7 oxygens).
Note the presence of two populations, a low-REE group
and a high-REE group, in all three diagrams.

tion #2. From this conclusion we infer that Fe is
predominantly present as Fe*', as in the low-REE
group. The data for zirconolite from Araxa clear-
ly show that accommodation of REE at low con-
centration levels is achieved by a mechanism that
is markedly different from that incorporating
larger amounts of REE. It is of note that the exis-
tence of different exchange mechanisms is not ap-
parent in figure 10a, where both the low- and high-
REE groups plot along a line of slope —1.0, as re-
quired by substitutions #20 and #22, respectively.
A distinct contrast between low-REE and high-
REE zirconolite is also observed at Adamelio,
where the mechanism of REE incorporation
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Fig. 11 Chemical variation in zirconolite from Araxa,
Brazil. (a) Ti vs. Me* (total Fe included in Me*); (b)
SMS8 vs. Zr. Data for low-REE zirconolite only (in
atoms per formula unit, based on 7 oxygens).
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changes at very similar concentration levels
(~ 0.12 REE p.f.u.; see below).

METASOMATICALLY ALTERED
CARBONATE ROCKS

Zirconolite occurring in metasomatically altered
carbonate rocks exhibits a very large variation in
the content of ACT and is, in general, relatively
poor in Me3* (Fig. 5b). A considerable scatter is
also observed for REE, Al, Fe,,, and Mg. Further-
more, there is a wide variation in REE patterns,
ranging from Ce-dominated to Y-dominated com-
positions, a feature that is in marked contrast to
zirconolite occurring in carbonatites which is al-
ways LREE-dominated. These variations result
partly from zirconolite having distinctive compo-
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Fig. 12 Chemical variation in zirconolite from Bergell,
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on 7 oxygens).
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sitions at specific localities, but also from the pres-
ence of pronounced compositional zoning within
individual crystals (GIERE, 1990; GIERE and
WILLIAMS, 1992; LUMPKIN et al., 1994¢; WILLIAMS
and GIERE, 1988). The presence of considerable
amounts of W is a characteristic of metasomatic
zirconolite occurring in metacarbonates associat-
ed with calc-alkaline intrusions (up to 1.44 wt%
WO, see Tab. 3 in WILLIAMS and GIERE, 1996);in
all other rock types, zirconolite contains de-
tectable W only in a nepheline syenite at Tchivira
Mt., Angola (average WO; = 042 + 0.03 wt%).

Bergell, Switzerland/Italy

For this example from a skarn in the Bergell con-
tact aureole, a set of 43 analyses obtained by AEM
is available in addition to the 15 EPMA data of
WiLLiAMS and GIERE (1996). There is an excellent
agreement between the two data sets (LUMPKIN et
al., 1994c¢), and thus a combined data set is used in
the following discussion. There is no evidence for
a distinct low-REE and high-REE population, as
a continuous compositional variation is found
from 0.052 to 0.424 atoms per formula unit (Fig.
12a). Moreover, if we subdivide the data into a
low-REE and high-REE data set (transition at
0.12 REE p.f.u., see above), the statistical para-
meters are nearly identical in both sets, and thus
there is no evidence in this case for a significant
difference in the behavior of REE at different
concentration levels. Therefore, the statistical pa-
rameters are presented for the entire data set
(Tab. A6a). As pointed out by WiLLIAMS and
GIERE (1988) and Lumpkin et al. (1994c), the
dominant exchange mechanism in this sample is
substitution #20, requiring that most of the Fe is
trivalent (Fig. 12b). Substitution #12 is also indi-
cated by the data (Me?* =0.166 + 2.418*ACT; 12 =
(.767), but is of lesser importance because the
range in ACT is considerably smaller than that of
REE (0.117 vs. 0.372 atoms p.fu.). A slope of
+2.43 was obtained from the linear regression of
REE vs. ACT and provides an estimate for the rel-
ative magnitudes of substitutions #20 and #12; the
predominance of substitution #20 is clearly visible
also in figure 15b (see below). The chemical analy-
ses exhibit generally an excess of cations on the
MBS site, and often a slight deficit on the M7 site.
This observation indicates that some REE or
ACT substitute for Zr on the M7 site (see also
LUMPKIN et al., 1994c). To test this hypothesis, we
calculated linear regressions for M7 vs. REE and
ACT.The data, shown in table A6b, are consistent
with the above hypothesis, but reveal that it must
be refined in order to explain the pronounced dif-
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ferences observed between U and Th as well as
among individual REE. The least squares fit for U,
for example, is better than that for Th, suggesting
that U is more likely to substitute for Zr. Similar-
ly, 2M7 exhibits a fairly strong inverse correlation
with most of the heavy REE, but not with La, Ce,
Pr, and Nd. This marked contrast is clearly reflect-
ed by the significantly different correlations ob-
served for LREE and HREE. The statistical
analysis, even though not complete because some
REE were not detectable in all cases (Tab. A6b),
thus suggests that the M7 site is partly occupied
by U, HREE and possibly Y; on this site, however,
these elements do not account for more than
approximately 0.05-0.10 atoms per formula
unit. U enters the Zr site via the simple substitu-
tion #8; accommodation of REE is more complex
because of charge balance requirements, and
could be achieved via substitutions #24 or #9 (or
both).

Adamello, Italy

Two samples from a Ti-rich vein in a contact meta-
morphic marble have been studied in detail by
GiErRE and WiLLiAMS (1992) who reported that
there was a distinct difference in the behavior of
REE at low and high concentration levels (transi-
tion at ~ 0.12 REE p.fu., corresponding to ap-
proximately 5 wt% REE,0,;). More data are
available now because an additional sample has
been studied by AEM in order to characterize ra-
diation damage effects (LUMPKIN et al., 1997). Be-
cause it has been shown that analyses obtained for
zirconolite by AEM agree very well with those ob-
tained by EPMA (LuMPKIN et al., 1994c), we in-
cluded the AEM data into this discussion and thus
have access to a significantly larger database. The
large ranges in most chemical components, partic-
ularly in ACT and REE, make the Adamello zir-
conolites especially valuable in view of deducing
the most important substitutions. The new data set
confirms the conclusion of GIERE and WILLIAMS
(1992) that the REE-involving substitution in
low-REE rzirconolite is different from that in
high-REE zirconolite (#20 and #21, respectively).

Low-REE zirconolite: The excellent correla-
tions among Ca, ACT, Ti and Me?* (Tab. A7a) and
the diagram shown in figure 13a confirm that sub-
stitution #12 is responsible for incorporation of
ACT, and thus that Fe is mostly bivalent. It is of
note that up to 0.475 ACT per formula unit (the
highest reported ACT content; cf. Tab. 1) are ac-
commodated via substitution #12 (Fig. 13a). The
correlation between Al and REE has been im-
proved only very slightly in comparison to the
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Fig. 13 Variation of Me?* and ACT in zirconolite from
Adamello, Ttaly (total Fe included in Me?*). (a) low-
REE group; (b) high-REE group (in atoms per formula
unit, based on 7 oxygens). For comparison, the regres-
sion line obtained for the low-REE data set (solid line
in Fig. 13a) is also plotted in the diagram for the high-
REE zirconolite (dashed line in Fig. 13b); see text for
discussion.

original data set, but it is consistent with substitu-
tion #20.

High-REE zirconolite: The observed correla-
tions among the major components are signifi-
cantly less good than those exhibited by the low-
REE zirconolite because of complex interfer-
ences between different substitutions (Tab. A7b).
Although ACT are most likely incorporated via
substitution #12, the trend is not evident in figure
13b. As pointed out by GIERE and WILLIAMS
(1992), this is the result of Fe?* being involved in a
second exchange mechanism, namely substitution
#21. This interpretation provides an explanation
why almost all data points plot above the dashed
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(b) Ti vs. Me>*. Data for high-REE zirconolite only (in
atoms per formula unit, based on 7 oxygens).

line of slope +1 in figure 13b, and is also consistent
with the data listed in table A7b and the linear re-
gression shown in figures 14 a and b. The larger
data set available for the present study further al-
lows to substantiate the hypothesis of GIERE and
WILLIAMS (1992) that some ACT or heavy REE
may substitute for Zr on the M7 site: the latter ex-
hibits slight deficiencies in all cases, whereas M8-
site totals are always too high (Tab. A7b). More-
over, weak inverse correlations are observed be-
tween 2M7 and ACT (slope =-0.299, r2 = 0.130)
and between 2M7 and REE (slope = -0.157,12 =
0.147); although very poor, these correlations are
consistent with the above hypothesis and possibly
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with substitutions #8 and #9 or #11. It is of note
that at Adamello, the correlations between >M7
and ACT and REE are considerably weaker
than at Bergell (Tab. A6b); this observation is
generally also valid for individual REE, and U
and Th.

Koberg, Sweden

This sample from the Bergslagen ore district is
characterized by relatively high average contents
of Mn (0.05 Mn p.fu.), REE and Fe,,. It further
exhibits a large variation in Fe,,, and a fairly large
range in Ca, REE, Ti and Mg. Inspection of table
A8, however, reveals no strong correlations
among these components. In spite of this, the data
are consistent with substitution #20 which would
account for all the variation in REE and nearly
the entire variability in Ti and Ca. Substitution #20
would further infer that Fe is mostly trivalent; this
conclusion, however, appears to be in contrast
with the petrographic observations which re-
vealed that zirconolite is closely associated with
sulfides. The strong positive correlation between
Mg and Al points to a substitution relating the ex-
change of Me?* and Me?** on the M5,6 sites (e.g.,
Mg + Al & Mn?* + Fe*), but the data do not allow
us to verify this mechanism.

NEPHELINE SYENITES

At present, the data set for zirconolite occurring
in other terrestrial rock types is very limited (Tab.
4) and consequently, a statistical evaluation is not
feasible. A considerable number of analyses, how-
ever, is available for nepheline syenites. In these
host rocks, zirconolite is often rich in Fe, but poor
in Al and Mg, as observed, for example, on Chilwa
Island in southern Malawi and at Tre Croci in
Latium, Italy (WiLLiaAMS and GIERE, 1996). In
strong contrast to these findings, zirconolite at
Tchivira Mt., an alkaline complex near
Quilengues in southern Angola, has extremely
low Fe contents and the highest reported concen-
trations of Al and Mg (A1,O; = 3.43 wt%, MgO =
3.53 wt%;see Tab. 1). Even though only six single-
spot analyses are available for the Tchivira Mt.
zirconolite, the data indicate that some Mg is ac-
commodated in the M8 site; this conclusion is con-
sistent with systematically low MS8-site totals
(M8 = 0.841 + 0.027) and high M5,6-site totals
(EM5,6 = 2.136 + 0.044; data from WILLIAMS and
GIeErRE, 1996). The Mg-rich zirconolite from
Tchivira Mt. is the only sample that provides evi-
dence for the substitution Ca < Mg, which also
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Tab. 6 Substitutions operating in zirconolite from various localities.

Rock type Locality Substitution # Type of Inferred main
dominant others zirconolite ! valence of iron
Carbonatite Kovdor, Russia 2 12,22(?),MnCa, low-REE? 3+
Schryburt Iake, Canada 22,2 16(7),1(?7) high-REE 3+
Hegau, Germany 2 S5, ZrCa_(?) low-REE 3+, (2+)
Howard Creek, Canada 14 17, MnCa_, low-REE ? 3+
Araxa, Brasil 2 20,21(7),ZrCa(?) low-REE 3+
22,2 high-REE 3+
Metacarbonate  Bergell, Switzerland-Italy 20 12, 8,24/9(?) low/high 3 3+, (2+)
Adamello, Italy 12,20 low-REE 2+
12,21 8,9/11(7) high-REE 2+
Koberg, Sweden 20 _ high-REE 3+,2+ ()
Lunar basalt Various landing sites 23,20 1,ZrCa (?) high-REE 2+, 3+

1 Definition of "low-REE": 3REE is less than approximately 0.12 atoms per formula unit. EREE = 0.1 corresponds

to approximately 5 wt% REE,QO;

2 Most anatyses have ZREE < 0.12 atoms per formula unit

3 Same substitutions are operating in both low-REE and high-REE zirconolite

has not been observed in synthetic samples. It re-
mains to be studied whether this unusual zircono-
lite composition is due to a peculiar host-rock
composition.

LUNAR BASALTS

Most lunar zirconolites were found in basaltic
rocks. These zirconolites are very rich in REE
(highest REE content reported for natural sam-
ples: REE,O; = 31.98 wt%, cf. Tab. 1), always
HREE-dominated and, on average, significantly
richer in Hf and Zr (average contents in atoms
pfu:Hf =0.014 + 0.009; Zr = 1.141 + 0.134) than
those occurring in other host rocks. The samples
from lunar basalts are further characterized by
generally high Cr and Fe contents whereby Fe,,,
invariably predominates over Mg. In contrast,
they contain only small amounts of Nb and Ta, and
little or no ACT, a feature that is consistent with
their basaltic host rocks.

Table A9 shows that zirconolite from lunar
basalts exhibits very large ranges in Ca and REE,
and varies considerably with respect to Fe,, and
Ti. The statistical parameters indicate that the
dominant substitution in lunar basalts is probably
#23. Substitution #20, however, appears to be im-
portant also, as suggested by the relatively large
range in Ti. If substitutions #20 and #23 are both
responsible for the incorporation of the large
amounts of REE, iron must be present as Fe?* and
Fe**. The average M8-site totals are generally low-
er, the M7-site totals systematically higher than
the theoretical values, suggesting that some Zr is
accommodated in the Ca site; the statistical data
are consistent with this conclusion and point to

the substitution Zr + ¢ < 2 Ca. The extent of this
substitution, however, is limited and the correla-
tion between the MS8-site totals and Zr is weak
(M8 =1.567-0.610*Zr; 12 = 0.269); moreover, the
average total number of cations is nearly stoichio-
metric (ZM = 4.032). The M5,6-site totals exhibit
a very large variation and the data indicate that
some Zr may additionally be accommodated on
MS5,6 via substitution #1 (EMS5,6 = 2.611-
0.531*%Zr; r* = 0.317). Zirconolite from lunar
basalts thus provides some evidence for the pres-
ence of Zr on the M8 and MS5,6 sites, in addition
to the M7 site.

Discussion

The preceding evaluation of the compositional
variation in zirconolite from various geological
settings is summarized in table 6. The latter re-
veals that only a few of the substitutions listed in
table 3 are important in natural zirconolite, i.e.
substitutions #2, #12, #20, and #22. Moreover, the
inferred predominant oxidation state of Fe is in
many cases trivalent, as expected in these geolog-
ical environments. Ferrous iron appears to be im-
portant only at Adamello, where reducing condi-
tions during zirconolite crystallization have been
documented (GIERE, 1996).

Table 6 further shows that substitutions #12
and #20 are typical for zirconolite from metacar-
bonates, whereas substitutions #2 and #22 are
characteristic for carbonatitic environments. This
means that most natural zirconolites will plot in
the upper part of the composition space shown in
figure 3, above the shaded plane. The latter can be
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used to display the compositions and trends of zir-
conolite in metacarbonates, whereas the plane de-
limited by substitutions #2, #20, and #22 is most
convenient for displaying ACT-poor zirconolite
from carbonatites (see Fig. 15). These diagrams
further allow to distinguish between low- and
high-REE samples as well as between Me**~ and
Me?**-dominated compositions.

These results clearly show that large amounts
of Me* most commonly enter the zirconolite
structure. via substitution #2. This is particularly
well displayed by the low-REE zirconolites from
Kovdor, Hegau and Araxa (see Fig. 15a). Incorpo-
ration of Me’* is inversely correlated with that of
REE in geochemical environments where both el-
ements are available in relatively high concentra-
tions: this is documented by the predominance of
substitution #22 in the high-REE zirconolites
from carbonatite complexes (Tab. 6).

Inspection of table 6 further reveals that at low
concentration levels (i.e. < 0.12 REE p.fu.), the
REE are most commonly accommodated via sub-
stitution #20; at higher levels, substitution #20 is
only observed in relatively oxidizing and/or Me>-
poor geochemical environments such as in the
Bergell skarn and lunar basalts (the situation at
Koberg is less clear, see above). In reducing envi-
ronments, however, accommodation of substan-
tial quantities of REE seems to be possible only if
considerable amounts of Me>* are available, as in-
dicated by the Adamello high-REE zirconolites
(substitution #21). These observations may offer
an explanation why different trends are observed
for low- and high-REE zirconolite at Adamello,
but not at Bergell.

The most important mechanism by which large
amounts of ACT (up to 0.475 ACT p.L.u.) are in-
corporated into the zirconolite structure is substi-
tution #12, which requires the presence of a
charge-balancing bivalent metal cation. The low-
REE-zirconolites from Adamello exemplify this
trend in figures 13a and 15b. If a bivalent cation is
not available in sufficient quantities, other substi-
tutions are involved; this is documented, for ex-
ample, by zirconolite from the Howard Creek car-
bonatite, where accommodation of ACT is corre-
lated with that of Me>* via substitution #14 (Fig.
9a); the data for this sample plot in the interior
part of the double tetrahedron (Fig. 3) and thus,
are not plotted in figure 15a.

The data shown in table 6 indicate that Zr may
in some cases be present -on sites other than M7.
The strongest evidence for Zr on the M8 site is
provided by the low-REE zirconolites from
Araxé (Fig. 11b) and those from Hegau (Fig. 8d),
whereas best evidence for Zr on the M5,6 sites is
provided by the lunar samples; the substitution
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Fig. 15 Triangular plots displaying the composition of
zirconolite from selected suites of samples. (a) zircono-
lite from carbonatites shown in the diagram CaZrTi,O,
- REEZ(TiMe* O, — CaZrMe>*Me*O; (represents the
plane delimited by substitutions #2, #20, and #22 in Fig.
3; the entire plane is thus located in the Me**-dominat-
ed part of the double tetrahedron shown in Fig. 3). Note
the distinction between low-REE and high-REE zir-
conolite from Araxd. (b) zirconolite from metasomati-
cally altered carbonate rocks shown in the diagram
CaZrTi,0, - REEZrTiMe**0, — ACTZrTiMe?*O, (rep-
resents shaded plane in Fig. 3). Dashed line divides the
triangle into a Me?'-dominated ACT-rich part (upper
left) and a Me*-dominated REE-rich part (lower right).
Note the distinction between low-REE and high-REE
zirconolite from Adamello. The shaded arca represents
in both diagrams the composition of low-REE zircono-
lite. The data were plotted by using the number of Ca,

‘REE, ACT and Me** atoms per formula unit (based on

7 oxygens).
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mechanisms can be described as Zr + 0 & 2 Ca (al-
though there is no direct indication of vacancies,
see footnote 1) and Zr < Ti, respectively. There is
no evidence for these substitutions in metacar-
bonates {cf. Tab. 6). It is of note that the zircono-
lites from both the Araxd carbonatite and the lu-
nar basalts are richer in Hf than any other sample
(max. HfO, = 1.34 wt% ), suggesting that the M8
and M35,6 sites may also accommodate some Hf in
addition to Zr. This hypothesis seems justified be-
cause the ionic radius of Hf** is only slightly small-
er than that of Zr* (BIH{** = 0.83 A, WZr* = 0.84
A;SHANNON, 1976). The concentration of Hf, how-
ever, is in both samples too low (~ 0.014 Hf p.f.u.)
to test the hypothesis.

Our results suggest that the redox conditions
prevailing at the time of zirconolite crystallization
exert a significant control on the substitution
mechanisms, and possibly on the total amounts of
REE and ACT accommodated by zirconolite.
Moreover, natural zirconolite most often occurs
in SiQ,-undersaturated rocks and therefore, the
silica activity probably plays an important role in
the distribution of zirconolite. This indicates that
SiQ,-bearing fluids may react with and thus desta-
bilize zirconolite. The limited number of impor-
tant substitutions observed in natural zirconolite
indicates that these substitutions probably pro-
duce energetically more favorable (stable) com-
positions. This would imply that high-level nuclear
waste elements should be incorporated into syn-
thetic zirconolite in a similar way to that observed
in natural samples.
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Appendix

STATISTICAL DATA FOR ZIRCONOLITE FROM VARIOUS LOCALITIES

Tab. A1 XKovdor (n = 18; analyses C14-C34).

Descriptive statistics

Correlation matrix

Mean o, Min. Max. Range Ca ACT REE Me>» Ti Mg Fe, Al
Ca 0851 0.036 0.788 0.89% 0.108 1.000
ACT 0.055 0024 0022 0100 0.078 -0.783  1.000
REE 0.104 0.016 0.060 0125 0.069 -0.338 -0.257 1.000
Mes 0.613 0.081 0447 0744 0297 -0.386 0515 -0.122 1.000
Ti 0940 0113 0.768 1174 0.406 0477 -0.561 0.031 0987 1.000
Mg 0.054 0018 0026 0082 0.056 -0734 0793 0.026 0.793 -0.853 1.000
Fe,. 0417 0.020 0375 0446 0071 -0.640 0541 0265 0808 -0.861 0887 1.000
Al 0.000 0.000 0.000 0.000 . . . . U . . .
Me2 0484 0039 0407 0537 0.130 -0.736 0711 0146 0827 -0.884 .
Me* 0417 0.020 0375 0446 0.071 -0.640 0541 0265 0808 -0.861 0.887
M8 1.010 0.014 0985 1035 0.050
IM7 0992 0016 0958 1018 0.060
2M56 2.037 0015 2.009 2057 0.048
Tab. A2 Schryburt Lake (n = 24; analyses C35-C58).
Descriptive statistics Correlation matrix
Mean o, Min. Max. Range Ca ACT REE Me* Ti Mg Fe, Al
Ca 0.636 0.131 0445 0855 0410
ACT  0.032 0024 0.002 0121 0119 0.395 1.000
REE 0324 0137 0139 0567 0428 -0943 -0.590 1.000
Mes* 0371 0.126 0.090 0600 0.510 0.546 0409 -0.613 1.000
Ti 1.166  0.127 0936 1455 0519 0381 -0.508 0486 —0.947 1.000
Mg 0030 0012 0.008 0.062 0.054 0.480 0471 -0559 0352 -0436 1.000
Fe, 0420 0.030 0376 0474 0098 -0402 -0.187 0392 0.232 -0294 -0.061 1.000
Al 0.003 0004 0000 0016 0016 -0.006 0470 -0.135 -0.380 0.255 0.414 -0.294 1.000
Me* 0475 0.034 0418 0539 0121 -0353 0.048 0245 0.346 -0.503 -0.082
Me3+ 0423 0029 0383 0477 0094 0416 -0.123 0385 0.183 -0.265 -0.001
M8 0992 0035 0879 1.037 0158
M7 1.021 0038 0972 1108 0.136
SM56 2.030 0035 1971 2091 0.120
Tab. A3 Hegau (n = 16; analyses C73-C88).
Descriptive statistics Correlation matrix
Mean o, Min. Max. Range Ca ACT REE Me* Ti Mg Fe, Al
Ca 0.864 0015 0827 0887 0.060
ACT 0.041 0007 0031 0058 0.027 -0042 1.000
REE 0.053 0010 0038 0074 0.036 0.044 0.831 1.000
Mes* 0345 0102 0225 0557 0332 0266 0.828 0900 1.000
Ti 1.248 0121 099 1408 0412 0235 -0.844 -0.905 -0.996 1.000
Mg 0.034 0.007 0027 0051 0024 -0202 0801 0739 0777 -0.804 1.000
Fe,, 0363 0035 0314 0432 0.118 0.151 0.824 0855 0966 -0973 0.817 1.000
Al 0.024 0.006 0.015 0.033 0.018 -0433 -0.709 -0.794 -0.943 0.937 -0.605 -0.915 1.000
Me?+ 0411 0045 0355 0501 0.146 0.094 0853 0.857 0961 -0971 -0.885
Me* (.388 0.029 0348 0448 0.100 0.094 0.830 0850 0952 -0962 0.842
M8 0959 0.023 0912 1.000 0.088
M7 1077 0039 1.001 1127 0.126
IMS56 2.029 0021 2000 2074 0.074
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Tab. A4 Howard Creek (n = 46; analyses C90-C135).
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Descriptive statistics

Correlation matrix

Mean o, Min. Max. Range Ca ACT REE Me> Ti Mg Fe, Al
Ca 0.669 0.057 0.585 0.750 0.165
ACT 0213 0.076 0108 0307 0199 -0946 1.000
REE 0.094 0.023 0.065 0144 0079 0.725 -0.899 1.000
Me> 0279 0.039 0230 0349 0.119 0.872 -0.899 0.759 1.000
Ti 1.269 0.023 1208 1.302 0094 -0481 0542 -0482 —0.831 1.000
Mg 0.040 0.009 0.027 0.052 0025 -0919 0980 -0.898 —0.855 0.482 1.000
Fe, 0449 0.019 0387 0473 008 -0551 0.765 -0.866 -0.611 0362 0780 1.000
Al 0.005 0.001 0.004 0.008 0.004 0.621 -0.599 0481 0.526 -0.280 -0.573 -0.331 1.000
Me?* 0505 0.026 0467 0541 0074 -0.869 0957 -0.907 -0.795 0.407 -0.513
Me* 0454 0.019 0391 0477 0086 -0.531 0748 -0.856 -0.595 0354 0.765
M8 0976 0.011 0926 0988 (.062
M7 1.007 0.019 0976 1.057 0.081
IM5,6 2.058 0.011 2006 2.076 0.070
Tab. ASa  Araxd, low-REE zirconolite (n = 14; analyses C136-C139 and C152-C161).
Descriptive statistics Correlation matrix
Mean o, Min. Max. Range Ca ACT REE Me™* Ti Mg Fe, Al
Ca 0.860 0.013 0.833 0878 0.045
ACT (0021 0008 0.009 0036 0.027 -0.802 1.000
REE 0.097 0009 0.077 0109 0032 0371 0639 1.000
Mes (0.138 0.049 0.057 0187 0130 -0303 0.694 0869 1.000
Ti 1.568 0.073 1478 1.695 0217 0436 -0.797 -0.821 -0.977 1.000
Mg 0.014 0.004 0007 0.021 0014 0710 0932 0622 0.735 -0.839 1.000
Fe, 0270 0.033 0208 0312 0104 -0484 0.841 0826 0959 0983 0.848 1.000
Al 0.006 0.002 0000 0.008 0.008 0.059 0432 0.604 0800 0766 0417 0729 1.000
Me>*  0.280 0.039 0215 0341 0126 -0.527 0866 0815 0946 -0.983 0.689
Me* 0276 0035 0211 0318 0107 -0.457 0828 0.825 0965 -0.990 0.834
M8 0978 0013 0955 0994 0.039
M7 1.082 0.022 1.049 1.120 0.071
EM356 2.004 0017 1976 2.026 0.050
Tab. A5b  Araxa, high-REE zirconolite (n = 12; analyses C140-C151).
Descriptive statistics Correlation matrix
Mean o, Min. Max. Range Ca ACT REE Me* Ti Mg Fe, Al
Ca 0.676 0.045 0.595 0756 0.161
ACT 0.041 0018 0.013 0081 0.068 0264 1.000
REE 0289 0.043 0214 0376 0162 -089 -0152 1.000
Me® 0221 (111 0.072 0384 0.312 0013 0.596 -0369 1.000
Ti 1.400 0129 1210 1598 0.388 0.161 -0.661 0219 -0983 1.000
Mg 0.028 0.012 0.010 0053 0.043 0429 0744 0016 0825 0894 1.000
Fe, 0380 0.026 0338 0422 0084 0629 0714 0285 0726 -0.835 0.867 1.000
Al 0.000 0.000 0.000 0.000 0.000 . . . . . . .
Mez 0431 0.042 0352 0498 0.146 0573 0746 0195 0.790 -0.885
Me3  0.389 0.026 0338 0422 0084 -0629 0714 0285 0726 0835 0.867
M8 1.006 0.008 0987 1021 0.034
M7 1.009 0.027 0975 1.049 0.075
IMS,6 2.055 0017 2.029 2081 0.052
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Tab. A6a Bergell (n=58; includes 15 EPMA analyses [M8-M22 in WILLIAMS and GIERE, 1996] and 43 AEM analy-
ses [from LUMPKIN et al. 1994c]).
Descriptive statistics Correlation matrix
Mean o, Min. Max. Range Ca ACT REE Me* Ti Mg Fe, Al
Ca 0.836 0.094 0540 0963 0423
ACT 0035 0026 0003 0120 0117 -085 1.000
REE 0161 0.085 0.052 0424 0372 0949 0.754 1.000
Me*+ 0.026 0.021 0000 0072 0072 -0818 0711 0.806 1.000
Ti 1.694 0.093 1461 1814 0.353 0.953 -0.825 -0.926 -0.872 1.000
Mg 0.006 0.009 0.000 0.033 0033 -0267 0155 0193 0.038 -0.143 1.000
Fe,, 0244 0.070 0139 0415 0276 0961 0.886 0933 0.851 -0950 0203 1.000
Al 0.042 0.014 0014 0080 0066 0499 0414 0484 0449 -0505 0.174 0501 1.000
Me2+ 0252 0073 0140 0438 0298 0962 0.876 0926 0.821 0937 0.505
Me* 0287 0078 0175 0468 0293 0953 0.870 0.926 0.845 0944 0.214
2M8 1032 0.027 0954 1121 0167
ZM7  1.000 0.033 0912 1.067 0155
IMS6 2.030 0032 1958 2118 0.160

Tab. AGb Bergell. Linear regression data for 3M7 vs x (n = 58; AEM and EPMA data; mdl = number of analyses
with concentrations below minimum detectable limit).

X slope intercept r mdl x slope intercept r mdl
ACT -0.929(+0.111) 1.033 (x0.005) ~-0.745 0 LREE 0.199 (£0.250) 0990 (+0.013) 0.105 0
Th -1.309 (£0.341) 1.022 (x0.007) 0456 0 HREE ~1.028 (£0.121) 1.037 (£0.005) -0.749 0
U -1.199 (20.152)  1.022 (+0.004) -0.725 4 HREE+Y -0.290 (20.036) 1.032 (£0.005) -0.732 0
REE -0.267 (£0.037) 1.043(x0.007) —0.692 0
La 1.440 (£0.527)  0.992 (£0.005) 0.343 23
Ce 2.010 (£0.427) 0.957 (x0.010) 0.532 0O
Pr -3.068 (+2.312) 1.004 (£0.005) -0.175 36
Nd  -2106(x0.701) 1.034(x0.012) -0.373 0
Sm  -5498 (+0.737) 1.024(x0.004) -0.706 18
Gd 4133 (20.471) 1.023(x0.004) -0.761 20
Dy  -2397(x0.342) 1.033(x0.006) -0.683 0
Er —4.022 (£0.459) 1.031 (£0.005) -0.760 8
Yb  -3.115 (20.810) 1.027 (£0.008) -0.457 7
Y -0.393 (x0.051) 1.030(x0.005) -0.715 0
Tab. A7a Adamello, low-REE zirconolite (n = 74; includes 25 EPMA analyses [from WiLL1AMS and GIERE, 1996]
and 49 AEM analyses, unpublished).
Descriptive statistics Correlation matrix
Mean o, Min. Max. Range Ca ACT REE Me* Ti Mg Fe, Al
Ca 0.776 0.080 0.603 1.042 0.439
ACT 0198 0099 0019 0475 0456 0921 1.000
REE 0.077 0.022 0018 0.118 0.100 0106 -0.369 1.000
Me™  0.029 0.015 0011 0075 0064 0436 0.585 -0458 1.000
Ti 1.633 0108 1410 1960 0.550 0.947 -0905 0.079 0447 1.000
Mg 0.070 0.071 0.006 0269 0263 -0.593 0755 -0.590 0.850 -0.594 1.000
Fe,, 0174 0074 0035 0325 029 -0.684 0569 0297 -0.088 -0.725 -0.005 1.000
Al 0.091 0.023 0.028 0.129 0101 0.074 0298 0.505 -0.667 0.080 -0.613 0296 1.000
Mez 0252 0106 0052 0473 0421 -0910 0932 -0179 0.508 -0.940 —0.192
Me* 0265 0083 0.09 0422 0332 -0586 0423 0400 -0259 -0.620 -0.171
M8 1.050 0030 1011 1174 0.163
M7 0980 0.039 0871 1.055 0.184
IM56 2012 0034 1949 2122 0.173
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Tab. A7b  Adamello, high-REE zirconolite (n = 25; includes 14 EPMA analyses [from WIiLLIaMS and GIERE, 1996]
and 11 unpublished AEM analyses).

Descriptive statistics

Correlation matrix

Mean o, Min. Max. Range Ca ACT REE Me*™* Ti Mg Fe, Al
Ca 0691 0.095 0.519 0.853 0.334
ACT 0146 0051 0.096 0341 0245 0.166  1.000
REE 0254 0103 0122 0407 0285 -0.837 0492 1.000
Mes  0.070 0030 0.021 0.125 0104 -0.657 -0304 0815 1.000
Ti 1.558 0.088 1406 1685 0279 0624 0151 -0.748 -0.805 1.000
Mg 0.088 0.041 0025 0204 0.179 0.153 0557 0278 0015 0217 1.000
Fe,, 0264 (0.136 0106 0460 0354 0639 -0348 0.762 0.615 -0.862 -0.604 1.000
Al 0.057 0.021 0.022 0108 0.086 0.491 0.158 -0.635 -0.632 0707 0248 -0.742 1.000
Me?+ 0362 0119 0180 0532 0352 0698 0208 0.792 0.728 -0.940 -0.777
Me* 0322 0121 0155 0505 0350 -0.632 0363 0.744 0.580 -0.844 -0.635
IM8 1.091 0.048 1.013 1215 0202
SM7 0937 0042 0829 0994 0.165
IMS,6 2.053 0.056 1954 2132 0.178
Tab. A8 Koberg (n = 28; analyses M67-M94).
Descriptive statistics Correlation matrix
Mean o, Min. Max. Range Ca ACT REE Me* Ti Mg Fe, Al
Ca 0577 0.038 0527 0666 0139
ACT 0.046 0.018 0.017 0.074 005 -0102 1.000
REE 0408 0.025 0351 0452 0102 0495 -0.046 1.000
Me* 0.091 0.020 0.057 0133 0077 -0268 0340 0720 1.000
Ti 1445 0.027 1403 1508 0.106 0.601 -0.133 -0443 -0495 1.000
Mg 0.043 0.027 0018 0136 0118 0305 0.061 -0340 -0276 -0.444 1.000
Fe, 0364 0.055 0184 0423 0239 -0.713 -0300 0.150 0129 -0.230 0.115 1.000
Al 0.024 0.011 0008 0.060 0052 0249 0023 0549 0483 -0238 0914 0233 1.000
Me?*  0.458 0.048 0.325 0574 0249 0767 -0.160 0.049 0.053 -0.534 0.624
Me*  0.388 0.059 0.193 0463 0271 0717 -0278 0.038 0.031 -0.261 0.280
ZM8 1.030 0.036 0958 1.134 0175
IM7 1.016 0016 0989 1.052 0.063
IM5,6 2.050 0051 1928 2.196 0.268
Tab. A9 Lunmar basalts (n = 9; anatyses L.1-1.4 and L9-113).
Descriptive statistics Correlation matrix
Mean o, Min. Max. Range Ca ACT REE Me* Ti Mg Fe, Al
Ca 0.354 0.184 0.194 0705 0.511
ACT 0.007 0.007 0000 0021 0021 0.641 1.000
REE 0511 0294 0.130 0910 0780 -0.866 -0.818 1.000
Mest  0.047 0.051 0000 0127 0127 -0443 -0.116 0.077 1.000
Ti 1.400 0.092 1.308 1.577 0.268 0262 0.231 -0.303 -0.086 1.000
Mg 0.025 0.029 0.000 0065 0.065 0700  0.714 -0.773 -0.448 0.492 1.000
Fe,, 0419 0.128 0221 0566 0345 -0932 -0.798 0884 0506 -0.184 -0.811 1.000
Al 0.060 0.038 0.000 0.116 0.116 0.808 0.603 -0.865 -0.185 0.080 0.753 -0.801 1.000
Me? 0446 0.106 0256 0573 0317 -0933 -0.762 0851 0.501 -0.081 -0.762
Me* 0491 0088 0366 0.627 0.261 -0.863 -0.774 0.768 0.589 -0.187 -0.708
ZM8 0872 0.158 0704 1.157 0453
M7 1155 0130 1.023 1361 0338
IMS56 2006 0127 1.838 2166 0.328
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