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SCHWEIZ. MINERAL. PETROGR. MITT. 68, 133-140, 1988

Metasomatic zonation of REE in zirconolite from a marble
skarn at the Bergell contact aureole (Switzerland/Italy)

by C. Terry Williams' and Reto Gieré2

Abstract

Zirconolite from a marble skarn at the Bergell contact aureole (Switzerland / Italy) has been re-examined,
and the mineral chemistry more completely characterised. Three discrete zones were observed in the zirconolite,

each possessing a distinctive chemical composition, and representing a zonal sequence of crystallisation.
The concentrations of REE are markedly different in each zone, and reflect a progressive enrichment of heavy
REE in the metasomatic fluid during the alteration of the skarn. Tungsten is reported for the first time in zirco-
nolites, and is present at minor concentration levels in all three zones.

Keywords: Zirconolite, Rare Earth Elements, Metasomatic Zonation, Skarn, Bregaglia contact aureole,
Switzerland, Italy.

Introduction

Zirconolite in a marble skarn from the Bergell

contact aureole (Switzerland/Italy) has
been described originally by Gieré (1986). The
low analytical totals obtained for zirconolite in
his original study (96.1 % from 15 elements)
indicated that undetermined elements may be
present at minor concentration levels. In order
to make a full chemical characterisation of
zirconolite, a sample of the marble skarn was re-
sectioned and, from a selection of ten polished
thin sections, eleven zirconolite grains were
analysed by electron probe microanalysis to
cover a range of 31 elements. This note details
the results, and provides new information on
the mineral chemistry of zirconolite, and on the
chemistry of the metasomatic fluid present,
particularly for the rare earth elements (REE),
during the alteration of the skarn.

Mineralogy and Geological Setting

The detailed mineralogy and geological
setting of the skarn were given by Gieré (1986),
but they are briefly summarised here. The marble

skarn occurs at the eastern margin of the
Tertiary Bergell calc-alkaline igneous intrusion
where gneisses and marbles are cross-cut at
their contact by the Bergell granodiorite
(Bucher-Nurminen, 1977, 1981: Gieré, 1985).
The skarn is an assemblage of mainly spinel,
phlogopite and anorthite, with relic calcite and
accessory rare earth-bearing minerals zirconolite,

allanite and sphene. Textural relationships
indicate a step-wise three-stage alteration of
the spinel to 1) högbomite or corundum +
magnetite, 2) margarite, and 3) chlorite (Gieré,
1986). Of the rare earth-bearing minerals,
zirconolite is the most common, although mo-
dally not more than 0.1 %. Optically zirconolite
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Tab. 1 Inter-element correction factors used in the analysis ofzirconolites

Element rvvctai Pea'< Interfering Peak «Correction
Interfered ^ Position (0) radiation Posit1on(0) factor
with line

Ba PETC002) 18.52 Tl-Ka, 18.33 0.02

Pr LIF(200) 37.71 La-L81 37.64 0.303

Nd LIFC200) 36.07 Ce-L81 35.81 0.011

Sm LIF(200) 33.12 Ce-Lß2,ls 33.27 0.082

Gd LIFC200) 30.55 Ce-LX1 30.59 0.090

- - 30.55 La-U2 30.54 0.026

Dy LIFC200) 28.30 Mn-KB-i 28.32 0.338

w LIFC200) 21.51 Yb-LB1 21.50 0.51

* Correction Factor concentration (weight %) of element interfered with
equivalent to 1.0 weight % of interfering element.

varies from translucent reddish-brown to
opaque, and is typically 30-40 pm in size.

Analytical Conditions

The zirconolites were analysed by a
wavelength-dispersive electron microprobe
(Cambridge Instruments Microscan 9) operated at
20 kV and with a specimen current of 25 nA
measured on a Faraday cage. Thirty one
elements were sought using well-characterised
minerals, synthetic compounds or pure
elements as standards. Data from all detected
elements were fully corrected for ZAF matrix
effects. Empirical corrections were calculated for
spectral overlaps between interfering elements
(Tab. 1). Considerable care was taken over the
selection of background positions, particularly
for the heavy REE, where intra-REE spectral
interferences are potentially severe (Âmli and
Griffin, 1975).

Zirconolite

Zirconolite is polymorphous with the
minerals zirkelite and polymignite, which are all

essentially CaZrTi207 (Mazzi and Munno,
1983). Although structurally distinct, zirconolite

can be distinguished from zirkelite only on
the basis of weak intensity X-ray diffraction
reflections obtained from single crystals
(Mazzi and Munno, 1983) which, in natural
samples, are often absent owing to partial or
total metamictisation. The difficulties in
distinguishing zirconolite from zirkelite in the
absence of full X-ray characterisation have led to
confusion in nomenclature (e.g. Platt et al.,
1987). Recently published guidelines by
Nickel and Mandarino (1987, 1988), which
recommend that the name zirconolite be
replaced by zirkelite, do not however resolve the
nomenclature problem. These guidelines were
based on the nomenclature system for pyroch-
lore (Hogarth, 1977), and were formulated
before the confirmation of structural differences
between zirconolite and zirkelite recognised by
Mazzi and Munno (1983). In this study, the
grains were too small to allow separation for
single crystal X-ray diffraction, and the name
zirconolite is retained such that its usage is
consistent with that by Gieré (1986) in describing
the original material.

Zirconolite has five cation-acceptor sites,
these being Ca in 8-coordination, Zr in 7-coor-
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Tab. 2 Electron microprobe analyses ofzirconolites

El
average average average

of standard of standard of standai
9 deviation 3 deviation 3 deviati

*MgO 0.04 ,04 <.04 _ 0.07 .07
Ala0a 0.60 .06 0.74 .02 0.66 .03
SiOj 0.09 .02 <.04 - <.04 -
CaO 14.32 .87 11.34 .60 8.68 .77
TiOa 39.3 1.70 33.5 .90 30.0 .50
MnO 0.01 .01 0.04 .03 0.09 .01
FeaOa* 4.09 .66 6.34 .32 7.90 .36
Ya0a 0.58 .27 3.05 .09 7.23 .60
ZrOa 34.5 .61 31.3 .68 29.2 1.27
NbaOs 0.45 .09 1.82 .17 1.74 .22
La2Oa 0.1? .02 0.11 .03 <.05 -
CeaOa 0.99 .17 0.99 .28 0.23 .07
Pra0a 0.09 .04 0.19 .03 <.09 -
NdaOa 0.56 .12 1.39 .37 0.46 .27
Sm30a 0.17 .10 0.58 .05 0.54 .04
GdaOa 0.22 .03 0.67 .09 0.90 .08
Dy20a 0.14 .10 0.61 .07 1.64 .21
EraOa 0.14 .06 0.40 .05 1.20 .22
YbaOa <.1 - 0.33 .08 0.89 .12
Hf03 0.55 .18 0.62 .19 0.62 .10
woa 0.70 .32 0.69 .19 0.95 .21
ThOa 0.96 .81 2.51 1.74 1.12 .08
UOa 0.37 .31 2.01 1.10 4.63 1.84

TOTAL 99.0 99.2 98.8

Number of cations based on 7 oxygens

Ca 0.912 0.762 0.605
Y 0.018 0.102 0.250
La 0.004 0.003 0.000
Ce 0.021 0.023 0.006
Pr 0.002 0.004 0.000
Nd 0.012 0.031 0.011
Sm 0.004 0.012 0.012
Gd 0.004 0.014 0.019
Dy 0.003 0.012 0.034
Er 0.003 0.008 0.025
Yb 0.000 0.006 0.018
Th 0.013 0.036 0.017
U 0.005 0.028 0.067

ICa site 1.001 1.041 1.064

Zr 0.999 0.954 0.927
Hf 0.009 0.011 0.011

IZr site 1.008 0.965 0.938

Mg 0.003 0.000 0.007
Al 0.042 0.055 0.050
Si 0.005 0.000 0.000
Ti 1.756 1.579 1.468
Mn 0.001 0.002 0.005
re8+ 0.183 0.298 0.387
Nb 0.012 0.051 0.051
W 0.011 0.011 0.016

ETi Site 2.013 1.996 1.984

TOTAL 4.022 4.004 3.986

* Ajll Fe as FeaOa

F,Na,Cr,Sr,Mo,Ba,Ta,Pb all below 0.10 weight % as oxides
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dination, and three distinct Ti sites: Ti (I) and

Ti(III) are both 6-coordinate, and Ti(II) is

5-coordinate (Gatehouse et al., 1981; Mazzi
and Munno, 1983). Data from both natural
and synthetic zirconolite show that the structure

allows a wide range of cation substitution
(e.g. Ringwood, 1985), encompassing a variation

in ionic size from 0.051 nm (Ti4+ in 5-co-

ordination) to 0.112nm (Ca2+ in 8-coordina-
tion) - all ionic radii data from Shannon
(1976) - and charge from 2+ (e.g. Mg, Mn) to
6+ (e.g. W). There is therefore potential for
many elements to enter the zirconolite structure

and, in the Bergell zirconolites described
here, 23 elements are present at concentration
levels above the detection limit of the electron
microprobe (Tab. 2).

The secondary electron images obtained by
the microprobe include a backscattered
component which reveals atomic number contrast
in some zirconolite grains, showing them to be

distinctly zoned (fig. 1). Such zoning is not
apparent in optical examination owing to the
translucent to opaque nature of the zirconolite
(GierÉ, 1986). Microprobe spot and small raster

areas (approximately 100 um2) were
analysed for 31 elements on zoned and apparently
homogeneous grains. Three separate zones
were identified on the basis of their chemical
compositions and are designated El, E2 and
E3. Each zone has a distinct chemical composition

with relatively small standard deviations
for the major elements (Tab. 2). With the
exception of Th and U, for which there is
considerable variation in concentration from grain
to grain and in each zone, the concentrations
with their standard deviations (SD) for the major

elements in each zone, i.e. Ca, Ti, Zr and £
(Y + REE), do not overlap those for the other
zones, and the SD are greater than the 2 o
analytical errors for these elements (2 a for Ca

0.11; Ti 0.24; Zr 0.56, and I (Y + REE)

Fig. 1 a) Secondary electron image of zirconolite showing three zones El, E2 and E3. b) X-ray distribution
of Y. c) Secondary electron image of zirconolite displaying two zones El and E3. d) X-ray distribution of Y.

Microprobe analytical conditions were 20kV and 25nA measured on a Faraday cage.
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< 0.2). Of note are the relatively high concentrations

of W (0.69-0.95% W03), a feature not
previously reported for zirconolites from other
localities.

Of the 11 grains analysed, only one
displayed the three distinct zones (fig. la, b). Two
other grains had two zones present, El + E2,
and El + E3 (fig. lc, d). All other grains
analysed were of uniform composition: six of zone
El, and one each of zones E2 and E3. All
analyses reported by Gieré (1986) represent zir-
conolite of El composition only. There is no
correlation between the location of crystals
with different zonal compositions and the
composition of adjacent minerals.

The major chemical variations between
zones El, E2 and E3 are an increase in E (Y +
REE) and Fe (as Fe203, Gieré, 1986), with a
corresponding decrease in Ca, Ti and Zr
(Tab. 2). No continuous zoning was observed in
the major elements Ca, Ti, Fe, Zr, Y or REE
between the three zones. The number of cations
based on 7 oxygens was calculated (Tab. 2)
following the procedure of Gatehouse et al.
(1981) and Kesson et al. (1983), from which
there can be seen to be a calculated excess of
Ca, Y, REE, Th and U occupying the Ca site in
zones E2 and E3, with a corresponding
deficiency of Zr and Hf in the Zr site. Experimental
work by Kesson et al. (1983) on synthetic zir-
conolite show that U4+ (0.095 nm), Y3+
(0.096 nm) and the middle to heavy REE Dy3+,
Er3+ and Yb3+ (0.097 nm, 0.094 nm and
0.0925 nm respectively, all in 7-coordination)
can be accommodated in the Zr site (Zr4+
0.078 nm), with the light REE La3+, Ce3+ and
Nd3+ (0.116nm, 0.114nm and 0.1109 nm
respectively in 8-coordination) strongly
partitioned into the Ca site (Ca2+ 0.112nm). In
order to attempt to redress the calculated
cation imbalance in Ca and Zr sites of zones E2
and E3 (Tab. 2), it is suggested that U, with its
similar charge to Zr is partitioned into the Zr
site in preference to Y or heavy REE. Based on
this assumption, the cations can be recalculated

whereby £ Ca (Ca + Th + Y + REE)
and E Zr (Zr + Hf + U), and values close to
1.000 are obtained for each of E2 and E3, i.e.
E CaE2 1.013, ECaE3 0.997 and EZrE2
0.993, EZrE3 1.005.

With Y and REE (and Th) occupying the
Ca site, charge balance can be achieved by the
substitution of divalent (e.g. Mg, Mn) or trivalent

(e.g. Al, Fe3+) cations for tetravalent Ti

0.4

0.3

Fe3+
0.2

0.1

0.0
0.0 0.1 0.2 0.3 0.4

(Y + REE)3+
Fig. 2 Plot of Fe3+ against (Y + REE)3+ cations for
the three zones El, E2 and E3. Error bars represent
2ct errors resulting from counting statistics.

(Ringwood, 1985). Since Mg, Mn and Al
remain relatively constant at low concentration
levels throughout the three zones El, E2 and
E3, charge balance is likely to be maintained
predominantly by the presence of Fe3+ in addition

to Ti4+ in octahedral sites. A plot of E (Y
+ REE)3+ against Fe3+ (fig. 2) shows a linear
correlation with a correlation coefficient (rcorr

0.948) which indicates a close interdepen-
dency between these cation species, although
the charge balance equation will be complicated

by the presence of Th4+, Nb5+ and W6+
(and possibly Ti3+, Kesson et al., 1983) in the
structure. The small, highly-charged cations
Nb5+ (0.064 nm in 6-coordination) and W6+
(0.060 nm) will be accommodated in either
Ti(I) or Ti(III) sites (Ti4+ 0.0605 nm in 6-co-
ordination).

REE Variation in Zirconolite Zones

There are significant differences in
E(REE203 + Y203) between the three zones
with a greater than four-fold increase between
zones El and E3, E2 being intermediate in
composition (Tab. 2). In addition, there is a
nearly three-fold increase in the relative
proportion of Y203 between zones El and E3
(Tab. 3). Since the ionic radius of Y is similar to
those of Dy and Er (Y 0.1019 nm; Dy
0.1027 nm; Er 0.1004 nm, all in 8-coordina-

ill!
* y 0.67x + 0.14

J L
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Tab. 3 Average relative amounts of Y and REE in
the three zirconolite zones (REE203 + Y203 100%)

El E2 E3

Y203 CD00sH 36.7 55.2

La203 5.6 1.3 <. 4)

^6 2^ 3 32.4 11.9 1.8

Pr203 2.9 2.3 < 7

Nd203 18.3 16.7 3.5

Sin 2 0 3 5.6 7.0 4.1

Gd 2^3 7.1 8.1 6.9

Dy203 4.6 7.3 12.5

E3?2^3 4.6 4.7 9.2

Yb203 <3 4.0 6.8

tion), the geochemical behaviour of Y is similar
to that of the heavy REE. Thus the fractionation

pattern of the REE follows that of Y in the
three zones, with the most abundant relative
proportions of the REE varying from Ce in
zone El, to Nd in E2 and Dy in E3 (Tab. 3).

Chondrite-normalised (c/n) REE plots for
the three zones are presented in fig. 3. Overall,
these patterns are broadly similar to published
patterns of zirconolites from other localities
(e.g. Fowler and Williams, 1986), with light

La Ce Pr Nd

Fig. 3 Chondrite-normalised REE plots for the
three zones El, E2 and E3. The shaded areas represent

the range of values within each zone. Chondrite
values after Wakita et al. (1971)

REE depletion and middle or heavy REE
enrichment. However, significant differences are
observed in the c/n plots for the three zones,
and these reflect the chemical variations in
REE outlined above. The shaded areas relating
to each zone in fig. 3 correspond to the range of
values observed within that zone, and the
discrete nature and distinctive REE plot of each
zone are clearly illustrated by the c/n patterns.

Discussion

Minerals, such as zirconolite, which can
accommodate a variety of elements which range
both in ionic charge and size, provide useful
indicators of chemical changes in metasomatic
fluids or magmatic liquids during fractionation
or alteration processes. In particular, studies
involving the fractionation of the REE have
yielded considerable information on a wide
range of petrogenetic problems. However, for
different fractionation processes, the ratio of
light to heavy REE can change in either direction.

In magmatic crystallisation, the melt generally

becomes enriched in light REE relative to
the heavy REE. If crystallisation of zirconolite
occurs during this fractionation stage, it can
develop continuous zoning, the later growth
zones becoming progressively enriched in light
REE (e.g. Platt et al., 1987).

Evidence from metasomatic systems, however,

can show a different fractionation trend.
In a study of REE mobility from a metasomati-
cally zoned ultrabasic pod from Fiskenaesset,
Greenland, Fowler et al. (1983) showed that
heavy REE enrichment occurred at the outer
chloritic margins of the pod; and Cressey
(1987) described the enrichment of heavy REE
during crystallisation of three generations of
fluor-hydrogarnet in a metachalk marble from
Arran, Skye.

In the marble skarn described here, Gieré
(1986) recognised a step-wise three-stage
alteration of the spinel to 1) högbomite or corundum

+ magnetite, 2) margarite, and 3) chlorite.
Gieré (1986) observed that crystallisation of
zirconolite of El composition occurred before
the chloritisation stage, and suggested that
REE and other high valence cations could be

transported together with K+ as complex ions
by ligands such as F- and PO|-. The new
observations on the zirconolites show the presence
of three chemically distinct zones, indicating
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that the crystallisation history of zirconolite
can be more complex than originally thought.
Zone El, which crystallised before the chloriti-
sation phase (Gieré, 1986) also appears from
textural evidence to have formed before zones
E2 and E3, since these two zones partially, or
completely enclose El (fig. 1). The crystallisation

relationship between E2 and E3 however,
is not apparent from textural evidence, since
the minerals adjacent to the different zones are
always calcite, anorthite or phlogopite. From
this evidence, and by analogy with other meta-
somatic systems described above (Fowler et
al., 1983; Cressey, 1987) in which heavy REE
enrichment occurs in those minerals crystallising

later in the metasomatic sequence, it is
suggested that zirconolite zone E3 - with the highest

concentration of heavy REE - formed after
zone E2, producing a zonal crystallisation
sequence of El — E2 — E3.

It is suggested therefore, that the development

of zones El to E3 in the Bergell zirconolite

represents a zonal crystallisation sequence,
and the distinctive REE composition of the
three zones reflect changes to the REE composition

of the fluid during the three-stage alteration

of the skarn, there being a progressive
enrichment of heavy REE as alteration proceeds.

Conclusion

Three distinct zones were observed in
zirconolite grains from the Bergell marble skarn.
Each zone has a characteristic chemical,
particularly REE, composition. Although a complete

crystallisation sequence could not be
identified from textural or mineralogical
relationships, the changes in c/n patterns and
comparisons with other metasomatic systems, indicate

a progressive, but step-wise evolution of the
fluid from light to heavy REE enrichment during

formation of the zirconolite.
Thus zirconolite is sensitive to, and reflects

changes in the chemistry of the fluid during its
evolutionary history - both in metasomatic
systems described here, and in magmatic fractionation

processes reported in other studies (e.g.
Platt et al., 1987).
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