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ABSTRACT

Dysprosian xenotime-(Y) was found in the Annie Claim #3 pod of lepidolite-subtype granitic pegmatite within the Greer
Lake intrusion of pegmatitic granite, in the Archean Bird River Subprovince of the Superior Province, in southeastern Manitoba.
It occurs as microscopic inclusions in spessartine and as discrete crystals, both enclosed in ferroan muscovite, atbo associate
with manganocolumbite — manganotantalite, microlite, zircon and apatite. The xenotime-(Y) contains up to 14.88@¢.% Dy
(and 7.59 wt.% G#gD3, 3.31 wt.% ThOs3), the highest concentration of Dy so far observed in this mineral. In chondrite-normal-
ized REE patterns, the positive Tb anomaly is even higher than that of Dy. Along with xenotime-(Y) and xenotime-(Yb) from
other granitic pegmatites, altered granites and alpine veins, the Annie Claim #3 xenotime-(Y) shows prominent double segment-
ing of the Gd to Lu sequence, ascribed by some authors to the tetrad effect in geological materials generated from, loy affected
aqueous media. Analytical problems could not produce this effect in the xenotime samples.

Keywords xenotime-(Y), xenotime-(Yb), rare-earth elements, tetrad effect, granitic pegmatite, Annie Claim #3, Manitoba,
Canada.

SOMMAIRE

Nous avons trouvé du xénotime-(Y) enrichi en dysprosium dans une lentille de pegmatite granitique de type Iépidolite appelée
Annie Claim #3, et faisant partie du massif intrusif du lac Greer, d’age archéen, Sous-province de Bird River de la Province du
Supérieur, dans le secteur sud-est du Manitoba. Les cristaux se présentent en inclusions dans la spessartine et #natsistaux dis
tous inclus dans des agrégats de muscovite ferreuse, en association avec manganocolumbite — manganotantalite, microlite, zircon
et apatite. Le xénotime-(Y) contient jusqu’'a 14.88%@yen poids (et 7.59% G@s;, 3.31% ThOs), la teneur de Dy la plus
élevée qui soit connue pour cette espéece. Les spectres de terres rares normalisés par rapport a une distribution chondritique
montrent une anomalie positive en Tb méme plus grande que I'anomalie en Dy. Comme c’est le cas pour le xénotime-(Y) et le
xénotime-(Yb) provenant d’autres pegmatites granitiques, granites altérés et veines alpines, le xénotime-(Y) de la pegmatite
Annie Claim #3 fait preuve d’'une segmentation double des teneurs normalisées dans l'intervalle entre Gd et Lu, que certains ont
attribué a I'effet de tétrade, reconnu dans les matériaux déposés a partir de milieux aqueux, ou bien affectés par ceux-ci. Les
probléemes analytiques ne sauraient expliquer cet effet dans les échantillons de xénotime.

(Traduit par la Rédaction)

Mots-clés xénotime-(Y), xénotime-(Yb), terres rares, effet de tétrade, pegmatite granitique, Annie Claim #3, Manitoba, Canada.

INTRODUCTION Franzet al.1996). Here we report on the occurrence of
xenotime-(Y) with the highest content of Dy ever re-
Xenotime-(Y) normally shows low contents of heavyported in this mineral, from a lepidolite-subtype granitic
rare-earth elementtiREE) and negligible concentra- pegmatite in Manitoba. This example of xenotime-(Y)
tions of their light counterparts REE). Increased quan- also shows potential evidence, along with some of its
tities of individualHREEs, such as those in xenotimepegmatitic and hydrothermal counterparts, of the con-
(Yb) (Buck et al. 1999), are exceptional, althoughtroversial tetrad effect in chondrite-normalizB&EE
moderate enrichment in Yb, Dy and Gd has been ocgaatterns.
sionally noticed (Vlasov 1966, Saharenal. 1973,
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REGIONAL SETTING AND THE PARENT PEGMATITE deconvolution. Zr, Hf, Al, Sc and Ce (and, in most cases,
La also) were found to be below detection limits; Pr and
The parent pegmatite is located in southeasteBu were not sought. All of the minor Fe was assumed
Manitoba, very close to the southwestern margin of tiiévalent.
Greer Lake pegmatitic granite, located in metabasalts ChondriticREEvalues of Taylor & McLennan (1985)
of the Lamprey Falls Formation of the Bird River Greenwere used to normalize tHREE contents of xenotime-
stone Belt, in the Bird River Subprovince, western Si§Y) and xenotime-(Yb) from all localities cited.
perior Province of the Canadian Shietfl Cerny et al.
(1981) for details of regional geology]. DysProsIAN XENOTIME
The pegmatite forms a subellipsoidal, subhorizontal
body approximately 1& 7 meters in size, with distinct ~ The subhedral to anhedral inclusions of xenotime-
concentric zoning (Masau 1999). The zones show &) in garnet embedded in micaceous aggregates range
inward progression of five main types of mica, fronfrom 20 to 10um in size, and the xenotime-(Y) grains
muscovite to lithian muscovite and lepidolite, assocdisseminated in those aggregates are somewhat larger,
ated mainly with quartz and several varieties of albiteg150 wm. Internally, most of the grains are homoge-
K-feldspar is subordinate in the outermost zones am@ous, or they display only minor variations in the cation
missing in the intermediate and inner zones. Accessargntents. Distinctly heterogeneous distribution of Y and
minerals include spessartine, cesian beryl, cassiteritee individualHREEis rarely observed.
manganocolumbite, manganotantalite and rare micro- Representative compositions of the Annie Claim #3
lite, uranpyrochlore, wodginite, ferrotapiolite, yttro-xenotime-(Y) are shown in Table 1. The content of Dy
tantalite or formanite-(Y), apatite, zircon, coffinite,is variable, between 6.90 and 14.88 wt.%®y and
uraninite and xenotime-(Y). Minerals of boron andveraging about 8.5 wt.%. The 14.88 wt.% concentra-
phosphates of Li, Al, Fe or Mn are conspicuouslyion is the highest ever observed; it amounts to 0.17 at-
absent. oms per formula unitapfu), alongside the dominant Y
The Dy-enriched xenotime-(Y) forms inclusions inat 0.66. Gadolinium also is enriched at 7.59 wt.% oxide
garnet (SpgAlmeGrs; to SpgzAlm1Grss, with up to and 0.09apfu In contrast, the incorporation of Si, U
0.67 wt.% Y;03), which is hosted by small subroundand Th is negligible, and Zr may be present, if at all,
nodules of dark brownish green ferroan muscovite (2.2hly below detection limits of electron microprobe.
to 7.57 wt.% total Fe as FeO, 0.04 to 0.33 wt.% MnGhus, departure of the compositions toward the coffinite
0.58 to 1.66 wt.% RI®, average LO 0.63 wt.%). The and thorite components is not important, and a potential
mica aggregates also contain discrete crystals mfcon component is undetectable. Also, the satisfactory
dysprosian xenotime-(Y), and subhedral platy crystatnalytical totals and stoichiometry of unit formulas in-
of manganocolumbite—manganotantalite [Mn/(Mn + FejJicate that the potential presence of hydroxyl must be
at. from 0.44 to 0.87, Ta/(Ta + Nb) at. from 0.18 tmegligible, even lower than that of the fluorine (maxi-
0.85], in part replaced by microlite. Isolated grains ahum 0.31 wt.%, 0.033pfu, and much less in all other
the xenotime-(Y) are rarely found scattered among tlkempositions).
mica flakes. The paragenetic position of the micaceous
nodules could not be precisely established, as they were Discussion
found only in broken-up dump material. However, the
nodules most probably crystallized in late stages of coAbsolute REE concentrations
solidation of the Annie Claim #3 pegmatite, as they
locally cross-cut adjacent albite of the outer intermedi- Slight selective enrichment in Dy was reported in
ate zone. xenotime-(Y) by Demartiret al. (1991) from granitic
pegmatites and alpine veins, by Férster & Rhede (1995),
EXPERIMENTAL Sabourdyet al. (1997) and Forster (1998) from gran-
ites, and by Franet al.(1996) from metapelites. How-
The dysprosian xenotime-(Y) was analyzed usingever, concentrations of Dy comparable to those reported
Cameca SX-50 electron microprobe at the Departméntxenotime-(Y) from the Annie Claim #3 have not been
of Geological Sciences, University of Manitoba. Theo far encountered in any environment. Representative
conditions of analysis in the wavelength-dispersiodata quoted in Table 1 (compositions 1 to 4) are shown
mode were the same as those applied to xenotime-(Xsgphically in Figure 1A, using the style favoreddy,
by Bucket al. (1999), except for an accelerating volt-Vlasov (1966): the sum of even-numbered medium and
age of 15 kV and a beam current of 20 mA. The analytieavyREE complemented by Y, is normalized to a to-
cal data were reduced and corrected by the PAP methabof 100. This representation reflects the absolute abun-
of Pouchou & Pichoir (1884, 1985). The values of Trdances of individuaREE+ Y relative to each other.
were adjusted for overlap with Sm using the method of Table 1 also lists representative Yb-enriched com-
Amli & Griffin (1975), elaborated on by Nagy (1993),positions quoted by Jefford (1962), Voloshin &
and processed by the XMAS option for overlafakhomovskii (1986), Belolipetskii & Voloshin (1996)
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TABLE 1. REPRESENTATIVE COMPOSITIONS OF DYSPROSIAN XENOTIME(Y)

FROM THE ANNIE CLAIM #3 GRANITIC PEGMATITE
AND OF OTHER Dy-, Yb-, AND Gd-ENRICHED SAMPLES

1 2 3 4 5 6 7 3 9 10 11 12 13 14 15
P05 36.73 3543 3513 3392 3490 3260 33.57 3364 3290 31.80 2946 2725 29.03 2882 2447
Si0, 012 003 004 000 000 100 027 068 026 074 293 =nd nd 000 nd
Zr0O; nd. nd nd nd nd nd nd 1d nd  nd 266 nd nd nd nd
ThO, 000 000 022 044 030 010 08 175 0.00 084 095 nd. nd. 000 nd.
AlLO; nd nd nd =n0d nd  nd  ad nd.  nd nd. 200 =nd nd n.d. n.d.
Fe,03 nd nad nd 1nd nd nd nd nd nd nd 035 ad nd nd nd
U0, 027 017 002 037 100 020 021 026 032 025 022 =nd nd nd nd
Y,03 4893 41.87 39.73 3479 4750 4290 3897 4057 3040 2680 3399 875 1251 2528 1032
La,O4 0.00 000 000 000 nd nd. 002 005 nd n.d. nd. nd. nd. n.d. nd.
Cey03 0.00 0.00 000 000 nd n.d. 000 0.1 000 006 nd nd. nd. nd. nd.
Pry03 nd.  nd  nd nd nd nd 000 001 003 004 nd nd nd nd nd
Nd,05 007 020 000 000 nd 050 007 010 019 016 033 nd nd nd nd
Sm,03 000 1.9 029 073 =nad 120 103 056 022 024 046 nd nd 026 nd
Eu,04 nd nd nd nd. 010 010 nd nd nd nd nd nd nd 000 nd
Gd03 229 638 578 759 240 350 860 734 543 271 090 026 023 136 009
Tb,05 1.16 1.64 253 331 09 09 124 116 105 061 048 019 nd 0.15 n.d.
Dy;03 690 845 1169 1488 720 690 644 671 861 561 502 372 357 553 086
Ho,04 060 054 078 087 120 120 111 123 200 130 0.64 094 061 233 nd
Er,O3 1.42 162 1.18 153 400 380 378 316 723 737 487 829 769 923 587
Tm, 04 021 027 020 0.11 n.d. n.d. nd. n.d. 1.13 1.69 1.13 286 252 1.86 3.33
Yby03 1.07 162 1.00 107 220 3.00 268 185 7.82 1510 1173 3637 3227 18.69 4338
LuyOy 0.01 000 000 000 020 030 070 061 130 227 096 712 984 226 848
Ca0 000 003 003 013 000 010 003 009 008 017 n.d. nd. nd. 0.15 024
FeO 028 000 008 013 nd nd. nd n.d. nd. nd. n.d. nd. nd. n.d. nd.
MnO 000 000 013 000 nd nd nd nd nd nd nd nd nd  nd  nd
PbO 005 000 000 000 nd nd nd nd nd nd nd nd nd  ad  nd
F 003 006 000 000 nd n.d. n.d. nd. nd. nd. nd. nd. nd. n.d. nd.
O=F 001 -0.03 000 000 =nd nd n.d. n.d. nd. n.d. n.d. nd. nd n.d. n.d.
Total 100.13 99.47 98.83 99.87 101.70 98.30 99.58 98.88 9897 97.76 99.59 9575 9827 9592 97.04
atoms per formula unit (normalized to 4 anion atoms)

Zr - - - - - - - - - - 0045 - - - -
Th 0.000 0000 0002 0003 0002 0001 0007 0006 0000 0007 0008 - - 0000 -

U 0002 0001 0000 0003 0007 0002 0002 0002 0003 0002 0002 - - - -
Al - - . - - - - - - - 0082 - - - -
Fe** - - - - - - - - - - 0009 - - - -

Y 0.839 0.747 0.718 0.645 0835 0789 0.717 0741 0.581 0527 0.630 0202 0272 0534 0248
La 0.000 0.000 0.000 0.000 - - 0.000 0.00% - - - - - - -
Ce 0.000 0.000 0.000 0.000 - - 0.000 0.001 0.000 0.001 - - - - -
Pr - - - - - - 0.000 0.000 0000 0.001 - - - - -
Nd 0.001 0.002 0.000 0.000 - 0.006 0.001 0.001 0002 0.002 0.004 - - - -
Sm 0.000 0014 0.003 0.009 - 0.014 0.012 0.007 0.003 0.003 0.006 - - 0.004 -
Eu - - - - 0.001 0.001 - - 0.000 0.000 - - - 0.000 -
Gd 0.024 0071 0.065 0.088 0.026 0.040 0.099 0083 0.065 0033 0010 0004 0.003 0.018 0.001
Th 0.012 0018 0.028 0038 0010 0.010 0014 0013 0012 0007 0.005 0003 - 0.002 -
Dy 0.072 0091 0.128 0.167 0077 0.077 0072 0074 0100 0.067 0056 0052 0047 0071 0012
Ho 0.006 0006 0.008 0010 0013 0.013 0012 0013 0023 0015 0.007 0013 0008 0.029 -
Er 0014 0017 0.013 0017 0042 0.041 0041 0034 0082 0.086 0.053 0113 0117 0.115 0.083
Tm 0.002 0003 0.002 0.001 - - - - 0013 0019 0012 0.039 0039 0023 0.047
Yb 0011 0.017 0010 0012 0022 0032 0.028 0019 008 0.170 0.125 0481 0402 0226 0.59
Lu 0.000 0.000 0.000 0000 0.002 0.003 0.007 0006 0014 0025 0.010 0093 0.121 0.027 0.115
Ca 0.000 0.001 0.00f 0.005 0.000 0004 0005 0003 0.003 0.007 - - - 0.006 0.012
Fe** 0.008 0000 0.002 0004 - - - - - - - - - - -
Mn 0.000 0.000 0.004 0.000 - - - - - - - - - - ~
Pb 0.000 0000 0.000 0.000 - - - - - - - - - - -
Sum 4 site 0.991 0988 0984 1.001 1037 1.033 1.013 1.004 0987 0972 1064 1000 1.009 1055 IL.114
P 1.002 1.005 1.009 1.000 0976 0953 0983 0977 1.001 0994 0869 1.001 1.005 0.968 0.934
Si 0.004 0001 0.0601 0.000 0000 0.035 0009 0023 0009 0027 0102 0000 0.000 0.000 -
Sum 7 site 1.006 1006 1.010 1.000 0976 0988 0.992 1.000 1010 1.021 0971 1.001 1.005 0.968 0.934
F 0.003 0.006 0.000 ©.000 - - - - - - - - - - -

O 3997 3.994 4.000 4.000 4.000 4.000 4.000 4.000 4000 4000 4.000 4000 4000 4.000 4000

Columms: 1to 4: Annie Claim #3, this study; 5, 6: Demartin et al. (1991), their samples 11 and 6, from alpine veins; 7, 8: Franz
et al. (1996), their samples 17329.1 and 14529.1, respectively, from metasediments; 9,10: Forster (1998), his samples 1141-FS
and 1157-FS, respectively, from granites; 11: Jefford (1962), his sample 1, total includes 0.51 wt.% by ignition loss, from an
alkaline granite; 12, 13: Buck et al. (1999), their samples YB1 and YB2, respectively, from a granitic pegmatite; 14: Voloshin
& Pakhomovskii (1986), their sample 2, from a granitic pegmatite; 15: Belolipetskii & Voloshin (1996), their sample 1, from a
granitic pegmatite. 0.00: below detection limit; n.d.: not determined. Compositions reported in wt.% oxides + flucrine.
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Fic. 1. Concentrations of middle and heavy even-numbREgand Y, normalized to a
total of 100, in selected samples of xenotime-(Y) and xenotime-(Yb); numbers in brack-
ets after the references correspond to those of compositions quoted in Table 1.

and Buclet al.(1999). Some of those compositions als€hondrite-normalized REE abundances
show exceptional enrichment in Er and Lu, but the Dy
and Gd contents are invariably low (Table 1, composi- It is noteworthy that the Dy + Gd and Yb + Er + Lu
tions 11 to 15, Figs. 1C, D). associations suggested above coincide with two of the
A strong positive Gd anomaly was recorded bjour REE tetrads, based on the periodicity and rhyth-
Sahamaet al.(1973) in xenotime-(Y) from the Morrua mics of ground-state total orbital quantum numbers of
pegmatite, Mozambique, but only in terms of relativéree trivalentREEcations (Sinha 1975, and reviewed in
abundance compared to oftREE quantitative data Sinha 1983). Expression of this tetrad effect in geologi-
were not obtained. Otherwise, moderately Gd-enricheal materials was reported tB.g, Masuda & Ikeuchi
xenotime was encountered only by Franal. (1996) (1979), Masudaet al. (1987) and Masuda & Akagi
in metapelitic lithologies (Table 1, compositions 7 an¢l1989), doubted by McLennan (1994) and Pan (1997),
8, Fig. 1E). but reaffirmed by Bau (1996, 1997) and Mdller (1997)
The selective enrichments in individ##REEdo not  specifically for mineral assemblages and whole-rock
seem to be related to specific environments that genererprints generated in aqueous environments (post-
ate xenotime. In contrast, some of REEtend to cor- magmatic fluids, hydrothermal solutions, and surface
relate in samples of various provenances. A link mayaters).
possibly exist among the positive anomalies of Yb, Er The tetrad effect is best revealed in the classic chon-
and Lu, which are found mainly in Dy- and Gd-depletedrite-normalized patterns, shown in Figure 2 for the
samples. On the other hand, Dy and Gd locally both tettdrd- and fourth-tetrad elements (Gd to Ho and Er to
to show an enrichment. Lu, respectively) for the compositions listed in Table 1.
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Fic. 2. Chondrite-normalize®EE abundances (Gd to Lu) in compositions of selected
samples of xenotime-(Y) and xenotime-(Yb); numbers in brackets after the references
correspond to those of compositions quoted in Table 1. The patterns are grouped as in
Figure 1.

The tetrad effect is apparently well expressed inch pegmatite-forming melts may contain up to ~15
xenotime-(Y) from the Annie Claim #3 pegmatite, fromwt.% (approx. 40 vol.%) dissolved,8 (Londonet al.
alpine veins (Demartiet al. 1991), and from an alka- 1989). The Annie Claim #3 pegmatite could not attain
line pegmatite (Jefford 1962), and in xenotime-(Ybdhis experimentally established maximum, as it is very
from the Shatford Lake pegmatite group (Bwatkal. poorin P and B, but it must have crystallized from a Li-
1999) (Figs. 2A, B, C). In contrast, it is not observed iand F-rich and consequently®rich magma, as indi-
samples from granites (Forster 1998) and metamorpluated by the abundance of Li- and F-rich micas. In gen-
rocks (Franzt al. 1996) (Figs. 2D, E). Xenotime-(Yb) eral, pegmatite-forming magmas should qualify as
from granitic pegmatites of Kola Peninsula generatesibstantially aqueous systems with respe&E& be-
irregular (Voloshin & Pakhomovskii 1986) or smooth-havior f. Bau 1996), despite being phase-homoge-
looking (Belolipetskii & Voloshin 1996) patterns (Figs.neous throughout most of their consolidation (before
2C, D). they become volatile-oversaturated and exsolve a
Magmas consolidating into more or less highly fracsupercritical fluid;e.g, Londonet al. 1989).
tionated granitic pegmatites do not rank with aqueous The number of data summarized in Table 1 and rep-
systemssensu strictpbut they differ distinctly from resented in Figures 1 and 2 is not sufficiently signifi-
plutonic batches of granitic melts by considerable egant to substantially contribute to the argument for or
richment in HO, promoted by the presence of F, B, Rgainst the geological expression of the tetrad effect, all
and Li e.g, London 1986a, b, 1990). Experimentathe more that they are restricted to only the heavy half
evidence shows that homogeneous residual F,B,P,bif the REE spectrum. Nevertheless, the coincidence of
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