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

by C. Terry Williams!and Reto Gieré?

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 zircono-
lite, 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 Ber-
gell contact aureole (Switzerland/ Italy) has
been described originally by GIErE (1986). The
low analytical totals obtained for zirconolite in
his original study (96.1% from 15 elements) in-
dicated that undetermined elements may be
present at minor concentration levels. In order
to make a full chemical characterisation of zir-
conolite, a sample of the marble skarn was re-
sectioned and, from a selection of ten polished
thin sections, eleven zirconolite grains were an-
alysed 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 set-
ting of the skarn were given by GIERE (1986),
but they are briefly summarised here. The mar-
ble 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: GIERE, 1985).
The skarn is an assemblage of mainly spinel,
phlogopite and anorthite, with relic calcite and
accessory rare earth-bearing minerals zircono-
lite, allanite and sphene. Textural relationships
indicate a step-wise three-stage alteration of
the spinel to 1) hégbomite or corundum +
magnetite, 2) margarite, and 3) chlorite (GIERE,
1986). Of the rare earth-bearing minerals, zir-
conolite is the most common, although mo-
dally not more than 0.1 %. Optically zirconolite

! Department of Mineralogy, British Museum (Natural History), Cromwell Road, London SW7 5BD,

U.K.
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Tab.] Inter-element correction factors used in the analysis of zirconolites

l—Ill ement Crystal Peak Interferirig Peak *Correction
nterfered Position (@) radiation Position(@) factor
with line
Ba PET(G02) 18.52 T'I-Ku] 18.33 0.02
Pr LIF¢200) 37.1 La-LB.I 37.64 0.303
Nd LIF¢200) 36.07 (Ie—LB1 35.81 0.011
Sm LIF(ZOO) 33.12 ce_LBZ,]s 33.27 0.082
Gd LIF(200) 30.55 Ce-L!S1 30.59 0.090
- - 30.55 La.—L’ﬂ2 30.54 0.026
Dy LIF(200) 28.30 Mn—KB] 28.32 0.338
W LIF(200) 21.51 Yb-—LB., 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 um in size.

Analytical Conditions

The zirconolites were analysed by a wave-
length-dispersive electron microprobe (Cam-
bridge Instruments Microscan 9) operated at
20kV and with a specimen current of 25 nA
measured on a Faraday cage. Thirty one ele-
ments were sought using well-characterised
minerals, synthetic compounds or pure ele-
ments as standards. Data from all detected ele-
ments were fully corrected for ZAF matrix ef-
fects. 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 (AMLI and
GRIFFIN, 1975).

Zirconolite

Zirconolite is polymorphous with the min-
erals zirkelite and polymignite, which are all

essentially CaZrTi,O; (Mazzi and MunNo,
1983). Although structurally distinct, zircono-
lite can be distinguished from zirkelite only on
the basis of weak intensity X-ray diffraction
reflections obtained from single crystals
(Mazz1 and MunnNo, 1983) which, in natural
samples, are often absent owing to partial or
total metamictisation. The difficulties in distin-
guishing zirconolite from zirkelite in the ab-
sence 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 re-
placed 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 be-
fore the confirmation of structural differences
between zirconolite and zirkelite recognised by
MAzzl and MuUNNoO (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 con-
sistent with that by GIERE (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 of zirconolites

E1 E2
average average average
of standard of standard of standard
9 deviation 3 deviation 3 deviation
"Mgo 0.04 N <.04 - 0.07 .07
Al,0, 0.60 .06 0.74 .02 0.66 .03
$i0, 0.09 .02 <.0u = <.0u -
Ca0 ! 14,32 .87 11.34 .60 8.68 <77
TiO, 39.3 1.70 33.5 .90 30.0 .50
MnO. 0.01 .01 0.04 .03 0.09 .01
Fe,0,* 4.09 <66 6.34 +32 7.90 +36
Y204 0.58 .27 3.05 .09 7.23 .60
2r0,; 4.5 .61 31.3 .68 29.2 1.27
NboOg 0.45 .09 1.82 .17 1,74 .22
Lay0, 0.17 .02 0.11 .03 <,05 -
Ce,0, 0.99 .17 0.99 .28 0.23 .07
Pr,0, 0.09 R 0.19 .03 <.09 -
Nd,0, 6.56 .12 1.39 .37 0.46 .27
Smy0y 0.17 .10 0.58 .05 0.5u .04
Gd,0, 0.22 .03 0.67 .09 0.90 .08
Dy20, 0.14 .10 0.51 .07 1.64 .21
Er,0, 0.14 .06 0.40 .05 1.20 .22
Yb,0, <.1 - 0.33 .08 0.89 A2
HfO, 0.55 .18 0.62 .19 0.62 .10
WO, 0.70 .32 0.69 .19 0.95 .21
ThoO, 0.96 .81 2.51 1.74 1.12 .08
uo, 0.37 .31 2.01 1.10 4,63 1.84
TOTAL 99,0 99.2 98.8
{REE;0,)

I Y200 3.06 8.92 13.09

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
&d 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 0.087
ICa site 1.001 1.041 1.064
2r 0.8989 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
8i 0.005 0.000 0.000
Ti 1,756 1.579 1.468
¥n 0.001 0.002 0.005
Fedt 0.183 0.298 0.387
Nb 0.012 0.051 0.051
W 0.011 0.011 0.016
LTi site 2.013 1.996 1.984
TOTAL b.022 4.004 3.986

& All Fe as Fe,0,

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(Il) is
5-coordinate (GATEHOUSE et al., 1981; Mazzi
and MuNNo, 1983). Data from both natural
and synthetic zirconolite show that the struc-
ture allows a wide range of cation substitution
(e.g. RINGwOOD, 1985), encompassing a varia-
tion 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
64 (e.g. W). There is therefore potential for
many elements to enter the zirconolite struc-
ture 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 com-
ponent which reveals atomic number contrast
in some zirconolite grains, showing them to be

8 ] . E ] )
10N 00.002

distinctly zoned (fig. 1). Such zoning is not ap-
parent in optical examination owing to the
translucent to opaque nature of the zirconolite
(GIERE, 1986). Microprobe spot and small ras-
ter areas (approximately 100 um?) were ana-
lysed 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 composi-
tion with relatively small standard deviations
for the major elements (Tab. 2). With the ex-
ception of Th and U, for which there is consi-
derable variation in concentration from grain
to grain and in each zone, the concentrations
with their standard deviations (SD) for the ma-
jor elements in each zone, i.e. Ca, Ti, Zr and X
(Y + REE), do not overlap those for the other
zones, and the SD are greater than the 2o
analytical errors for these elements (2 o for Ca
= 0.11; Ti = 0.24; Zr = 0.56, and £ (Y + REE)

. e
10MM 00.003

o )
5 20KY

Fig. 1 a)‘Sécondary electron image of zirconolite showing three zones E1, E2 and E3. b) X-ray distribution
of Y. ¢) Secondary electron image of zirconolite displaying two zones E1 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 concen-
trations of W (0.69-0.95% WO;), a feature not
previously reported for zirconolites from other
localities.

Of the 11 grains analysed, only one dis-
played the three distinct zones (fig. 1a, b). Two
other grains had two zones present, E1 + E2,
and E1 + E3 (fig. 1¢, d). All other grains ana-
lysed were of uniform composition: six of zone
E1l, and one each of zones E2 and E3. All ana-
lyses reported by GIERE (1986) represent zir-
conolite of E1 composition only. There is no
correlation between the location of crystals
with different zonal compositions and the com-
position of adjacent minerals.

The major chemical variations between
zones El1, E2 and E3 are an increase in Z (Y +
REE) and Fe (as Fe;O3, Gierg, 1986), with a
corresponding decrease in Ca, Ti and Zr
(Tab. 2). No continuouszoning 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) fol-
lowing 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 defi-
ciency of Zr and Hf in the Zr site. Experimental
work by KEessoN et al. (1983) on synthetic zir-
conolite show that U4+ (0.095nm), Y3+
(0.096 nm) and the middle to heavy REE Dy3+,
Er3* and Yb3t+ (0.097nm, 0.094nm and
0.0925 nm respectively, all in 7-coordination)
can be accommodated in the Zr site (Zré4+ =
0.078 nm), with the light REE La3+, Ce3+ and
Nd3+ (0.116 nm, 0.114nm and 0.1109 nm re-
spectively in 8-coordination) strongly parti-
tioned into the Ca site (Ca2+ = 0.112nm). In
order to attempt to redress the calculated ca-
tion 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 recalcu-
lated whereby X Ca = (Ca + Th + Y + REE)
and £ Zr = (Zr + Hf + U), and values close to
1.000 are obtained for each of E2 and E3, i.e.
b3 CaE2 = 1013, z CaE3 = (.997 and EZI’EZ =
0.993, X Zrg3 = 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 triva-
lent (e.g. Al, Fe3t) cations for tetravalent Ti

1 T T T
o4l )
0.3 L |
Fe3+

0.2 L i
0.1L y = 0.67x + 0.14 ]

’ Teorr = ©.948

0.0 . . , .
0.0 0.1 0.2 0.3 0.4
(Y + REE)3+

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

(RiINGwoOOD, 1985). Since Mg, Mn and Al re-
main relatively constant at low concentration
levels throughout the three zones E1, E2 and
E3, charge balance is likely to be maintained
predominantly by the presence of Fe3* in addi-
tion to Ti4* in octahedral sites. A plot of (Y
+ REE)3+ against Fe3+* (fig. 2) shows a linear
correlation with a correlation coefficient (Toopr
= 0.948) which indicates a close interdepen-
dency between these cation species, although
the charge balance equation will be compli-
cated by the presence of Th4+, Nb5+ and Wé+
(and possibly Ti3+, KEssoN et al., 1983) in the
structure. The small, highly-charged cations
Nb3+ (0.064 nin in 6-coordination) and Wé+
(0.060nm) will be accommodated in either
Ti(I) or Ti(I11) sites (Ti4+ = 0.0605 nm in 6-co-
ordination).

REE Variation in Zirconolite Zones

There are significant differences in
2 (REE,05; + Y,03) 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 pro-
portion of Y,0; 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-
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Tab.3 Average relative amounts of Y and REE in
the three zirconolite zones (REE,O; + Y,0; = 100%)

El E2 E3
Yol 18.9 36.7 55.2
La,04 5.8 1.3 (<.4)
Ce,04 32.4 11.9 1.8
Pr,04 2.9 2.3 (<.7)
Nd,04 18.3 18.7 3.5
Smy04 5.6 7.0 4.1
Gd,0, Td 8.1 6.9
Dy ;04 4.6 7.3 12.5
Er,0,4 4.6 4.7 9.2
¥b,0, (<3) 4.0 6.8

tion), the geochemical behaviour of Y is similar
to that of the heavy REE. Thus the fractiona-
tion 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 (¢/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. FOowLER and WiLLiaMS, 1986), with light

100

10r

sample /chondrite

La Ce Pr Nd Sm

1 i

Gd Dy Er Yb

10°

Fig. 3 Chondrite-normalised REE plots for the
three zones E1, E2 and E3. The shaded areas repre-
sent the range of values within each zone. Chondrite
values after WAKITA et al. (1971)

WILLIAMS C.T. AND R. GIERE

REE depletion and middle or heavy REE en-
richment. 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 dis-
crete nature and distinctive REE plot of each
zone are clearly itlustrated by the c¢/n patterns.

Discussion

Minerals, such as zirconolite, which can ac-
commodate a variety of elements which range
both in ionic charge and size, provide useful in-
dicators 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 direc-
tion. In magmatic crystallisation, the melt gene-
rally 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 €t al., 1987).

Evidence from metasomatic systems, how-
ever, 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, GIERE
(1986) recognised a step-wise three-stage alter-
ation of the spinel to 1) hogbomite or corun-
dum + magnetite, 2) margarite, and 3) chlorite.
GierE (1986) observed that crystallisation of
zirconolite of E1 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 PO3-. The new obser-
vations 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 E1, which crystallised before the chloriti-
sation phase (GIERE, 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 crystallisa-
tion 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 crystallis-
ing later in the metasomatic sequence, it is sug-
gested that zirconolite zone E3 - with the high-
est concentration of heavy REE - formed after
zone E2, producing a zonal crystallisation se-
quenceof E1 — E2 — E3.

It is suggested therefore, that the develop-
ment of zones E1 to E3 in the Bergell zircono-
lite represents a zonal crystallisation sequence,
and the distinctive REE composition of the
three zones reflect changes to the REE compo-
sition of the fluid during the three-stage altera-
tion of the skarn, there being a progressive en-
richment of heavy REE as alteration proceeds.

Conclusion

Three distinct zones were observed in zir-
conolite grains from the Bergell marble skarn.
Each zone has a characteristic chemical, parti-
cularly REE, composition. Although a com-
plete crystallisation sequence could not be
identified from textural or mineralogical rela-
tionships, the changes in ¢/n patterns and com-
parisons with other metasomatic systems, indi-
cate a progressive, but step-wise evolution of the
fluid from light to heavy REE enrichment dur-
ing 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 sys-
tems described here, and in magmatic fraction-
ation processes reported in other studies (e.g.
PLaTT €t al., 1987).
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