653

The Canadian Mineralogist
Vol. 37, pp. 653-663 (1999)

HYDROTHERMAL REE-RICH EUDIALYTE FROM THE PILANESBERG COMPLEX,
SOUTH AFRICA

GEMA RIBEIRO OLIVO? axo ANTHONY E. WILLIAMS-JONES

Department of Earth and Planetary Sciences, McGill University, 3450 University Street,
Montreal, Quebec H3A 2A7, Canada

ABSTRACT

The Pilanesberg Complex, in South Africa, one of the world’s largest alkaline complexes, contains large resources of Zr and
the rare-earth elements (REE). Eudialyte is the main carrier of Zr, and contains appreciable concentrations of REE. It is particu-
larly abundant in the green nepheline syenite (20% by volume). It forms complexly zoned poikilitic domains that enclose aegirine,
albite, microcline, nepheline, zircon, pectolite, sodalite, and an unidentified Na—Zr silicate. These domains mantle corroded
silicates and replace outer zones of microcline euhedra. The eudialyte is partially replaced by fergusonite-(Y) and britholite.
Compositionally, the eudialyte at Pilanesberg is unusual; it contains the highest concentration of Nb (up to 3.8 wt% Nb,Os) and
the lowest concentrations of Na (<11.4 wi% NayO) and Fe (< 0.4 wt% FeO) reported in the literature. In addition, it has one of the
highest contents of REE (up to 7.6 wt% REE;Os, mainly Ce and La and traces of Sm and Nd) and Mn (up to 7.5 wt%) reported
in the literature. On the basis of 78 anions, its formula is (Naj30REE] 39Cag89 Ko20)514.78 (Cas4Mngsg)ss (MnygeFepoa)ss
(Zr,66Nbg 28Hfp,06)33 (Nbg 6651028 Tag06)s1 Sinses O7a (OHj01Clo9oFo.07)52¢2H,0. On the basis of textural relationships, the
Pilanesberg eudialyte is interpreted to be hydrothermal. It seems to have formed from an orthomagmatic Na-Nb-REE—CI-F-
bearing hydrothermal fluid that exsolved from an agpaitic syenitic magma. In this system, zirconium was probably remobilized
from magmatic zircon as a F-complex (e.g., ZrF¢>"), and REE were introduced as Cl- and F-complexes. The incorporation of the
REE in eudialyte probably occurred in response to the reduced Cl- and F-activities that accompanied precipitation of sodalite and
the unidentified (F-bearing) Na~Zr silicate.
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SOMMAIRE

Le complexe alcalin de Pilanesberg, en Afrique du Sud, un des plus gros au monde, contient des ressources importantes de Zr
et de terres rares. L’eudialyte est le porteur principal du Zr, et contient aussi des teneurs importantes de terres rares. Ce minéral
est particulidrement abondant dans 1’unité de syénite néphélinique verte (20% en volume). I forme des domaines poecélitiques
zonés de fagon complexe qui englobent aegyrine, albite, microcline, néphéline, zircon, pectolite, sodalite, et un silicate Na~Zr
non identifié. Ces domaines recouvrent des silicates corrodés et remplacent les bordures des cristaux idiomorphes de microcline.
L’eudialyte est remplacée en partie par la fergusonite-(Y) et la britholite. Par sa composition, 1’ eudialyte & Pilanesberg n’est pas
courante. Elle posséde la concentration la plus élevée en Nb qui soit (jusqu’a 3.8 wt% Nb,Os), et des teneurs en Na (<11.4 wt%
Nay0) et Fe (<0.4 wt% FeO) qui sont les plus faibles dans la littérature. De plus, les teneurs en terres rares (7R) (jusqu’a 7.6%
TR,03, surtout Ce et La et des traces de Sm et de Nd) et Mn (jusqu’a 7.5 wt% MnO) sont parmi les plus élevées que I'on
connaisse. Sur une base de 78 anions, la formule chimique est (Na;3 30REE} 39Cag 89 Ko.20)514.78 (Cas 42Mng s8)s6 (Mn2 g6Fe0,04)53
(Zr3 66Nbg 28HfG 06)33 (Nbo 6651028 Ta0.06)51 Sizs.64 O74(OH1 01Clo 92F0 07)5222H20. Selon les critéres texturaux, nous croyons qu’il
s’agit d’une origine hydrothermale. L’eudyalite semble s’étre formée a partir de la phase fluide orthomagmatique, porteuse de
Na-Nb—REE-CI-F, issue du magma syénitique agpaitique. Dans ce systéme, le zirconium a probablement été remobilisé par
dissolution du zircon magmatique sous forme de complexe fluoré (e.g., ZrF¢>), et les terres rares ont été introduites sous forme
de complexes chloré ou fluoré. L’incorporation des terres rares dans 1’eudialyte résulterait d’une réduction de I’activité de Cl et
de F qui accompagna la précipitation de la sodalite et du silicate fluoré a8 Na—Zr non identifié.

(Traduit par la Rédaction)
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INTRODUCTION

Eudialyte is a rock-forming Na—Ca zirconosilicate
that may contain appreciable concentrations of rare-
earth elements (REE) and Y. The name “eudialyte”,
from the Greek words “eu” (well) and “dialytos™ (dis-
solved), emphasizes an important property of this min-
eral, namely the ease with which it can be dissolved in
dilute acids. This property makes it possible to easily
beneficiate eudialyte-bearing ores using conventional
heap-leach techniques (Mariano 1989).

Eudialyte commonly occurs in agpaitic syenites and
granites. The syenite-hosted occurrences include the
Lovozero (Kola Peninsula, Russia), Ilimaussaq
(Greenland), and Pilanesberg (South Africa) massifs
(Kogarko 1987, Larsen & Sgrensen 1987, Lurie 1986),
whereas eudialyte in granite has been described at As-
cension Island, along the Mid-Atlantic Ridge (Harris et
al. 1982) and Straumsvola, in the Antarctica (Harris &
Rickard 1987). Although many papers have been pub-
lished on the mode of occurrence and chemistry of
eudialyte, the genesis of this mineral has received lim-
ited attention. Most investigators, however, favor a
magmatic origin (e.g., Portnov 1964, Kogarko et al.
1982, Krigman et al. 1983, Larsen & Sgrensen 1987).

The Pilanesberg complex is an ideal setting in which
to investigate the processes controlling the formation of
eudialyte and the incorporation of REE in its structure.
This intrusive complex is unusually rich in this mineral,
notably in a green nepheline syenite unit, which con-
tains up to 20% eudialyte by volume. Moreover, this
eudialyte contains one of the highest concentrations of
REE reported in the literature (cf. Deer et al. 1986,
Johnsen & Gault 1997). The purpose of our study is to
determine the textural relationships and composition of
eudialyte in the green nepheline syenite, and to further
our understanding of the processes that led to the crys-
tallization of REE-rich eudialyte in this agpaitic syen-
itic complex.

THE P1rLANESBERG COMPLEX

The Pilanesberg Complex is one of the world’s larg-
est alkaline igneous bodies, covering an area of 570 km?;
it was emplaced approximately 1250 + 50 Ma ago (K-
Ar age, Retief 1963), along the eroded contact between
the granitic and mafic phases (norite) of the Bushveld
Complex (Fig. 1). The rocks of the Pilanesberg com-
plex, which are now partially unroofed, comprise pyro-
clastic and lava-flow sequences and inwardly dipping
ring-dykes (except in the north, where they locally dip
outward), concentrically disposed around the core
(Lurie 1986). From the core to the outer ring, the arcu-
ate units comprise red and white feldspathoidal syeni-
tes, green nepheline syenite, white feldspathoidal
syenite [referred to in Lurie (1986) as foyaite], tinguaite,
and red syenite (Fig. 1). The oldest intrusive rock is the
red syenite, which was subsequently intruded by the red
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feldspathoidal syenite, which forms the core of the struc-
ture. Green nepheline syenite postdates the red and
white feldspathoid syenites, as well as a cone sheet of
tinguaite, and is intruded by tinguaite dykes.

Rocks of the Pilanesberg Complex are enriched in
fluorine, strontium, niobium, tantalum, zirconium,
hafnium, the rare-earth elements, thorium and uranium
(Lurie 1986). Of the major rock-types, the green
nepheline syenite, which has also been referred to in the
literature as green foyaite and Ledig foyaite, has the
highest content of zirconium (up to 19,900 ppm) and
rare-carth elements (up to 6,500 ppm) (Table 1). Its high
REE content has previously been attributed to the pres-
ence of britholite, (REE,Ca,Y)s(Si04,PO4)(OH,F), and
products of its weathering. However, contrary to previ-
ous reports, a large proportion of the REE seems to be
hosted by eudialyte, which comprises up to 20% of the
rock by volume.

THE GREEN NEPHELINE SYENITE

The green nepheline syenite (Fig. 1) is coarse grained
and comprises thick layers composed of variable pro-
portions of mafic (mainly aegirine) and felsic minerals.
In addition to aegirine, the rock also contains microcline,
albite, nepheline, sodalite, pectolite, zircon, eudialyte,
britholite, fergusonite-(Y), and traces of an unknown

TABLE 1. COMPOSITION OF THE GREEN NEPHELINE SYENITE, PILANESBERG

CENTRAL ZONE SOUTHERN-LEDIG ZONE"
(this paper) WESTERN PART CENTRALPART EASTERN PART

S0, (wi%) 5132+
ALO, 15.55%
Fe,0; 858"
MnO 118*
MgoO 0.03*
Ca0 2.75%
No,0 1076%
&0 3,08%
TiO, 0.20%
P,0, 0,03
Lot 28
Total 9636
La  (ppm) 1773 1500 1000 1500
ce 3216 2400 1600 2400
Br 268
Nd 815
Sm 122
Eu 1607
Gd 909
T 15.8
Dy 3.7
Ho 18.6
Er 508
Tm 961
b 512
Lu 7.75
Total REE 656343 3900 2600 3900
7t 1994618090 4800 9600 7700
HE 378 173 155 114
Y 564*-546 230 190 170
Nb 2120 2100 1000 1040
Ta 165 9 63 76
U 217 63 23 45
Th 4306 20 110 an
Rb 199 317 300 400
st 2113*.1977 410 530 230
Ba %23 0 %0 550

* only fusion ICP anatysis; the other analyses were conducted using fusion ICP-MS technique
Y K
Lurie (1986)
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FiG. 1.
Transvaal, South Africa (after Lurie 1986).

Na—Zr silicate. Aegirine occurs as prismatic crystals
interlayered with albite (Fig. 2A), or encloses micro-
cline and nepheline crystals. It is also commonly in-
cluded in felsic minerals. Nepheline and microcline
form tabular poikilitic crystals up to one centimeter in
diameter; they contain inclusions of aegirine and albite.
In addition, nepheline contains inclusions of microcline,
and is commonly replaced by sodalite, clays (Fig. 2B)
and eudialyte. Albite also occurs in aggregates with fine-
grained microcline. Both feldspars are locally corroded
and replaced by sodalite and eudialyte (Figs. 3A, B).
Pectolite is found among albite and aegirine crystals, in
mafic layers. Zircon forms bipyramidal zoned crystals
up to 200 pm in diameter, and is commonly included in
eudialyte (Figs. 3C, D). Fergusonite-(Y) occurs as ir-
regular grains (up to 20 wm in diameter) that are inter-
stitial to the silicates or fill cleavages and fractures in
and occupy embayments in zircon. The margin of
fergusonite-(Y) grains is commonly corroded and
coated by britholite, which also replaces eudialyte, zir-

Geological map of the Pilanesberg Complex; the inset shows its location in relation to the Bushveld complex, western

con, aegirine, and feldspar, and fills fractures in the
unknown Na-Zr silicate (Figs. 3E, F).

A paragenetic sequence for the minerals in the green
nepheline syenite is shown in Figure 4, and a detailed
description of textures involving eudialyte is presented
in the next section. The mineral assemblage and tex-
tural relationships suggest that the green nepheline sy-
enite formed under subsolvus conditions (reflected by
the assemblage nepheline-microcline—albite) and under-
went extensive subsolidus re-equilibration in the pres-
ence of Cl-bearing hydrous fluids (as indicated by the
replacement of nepheline, microcline, and albite by so-
dalite).

TeXTURES INVOLVING EUDIALYTE

Eudialyte typically forms pleochroic (pink), com-
plexly zoned poikilitic domains up to a few centimeters
in diameter, which contain aegirine, albite, microcline,
nepheline, zircon, pectolite, and the unidentified Na—Zr
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FIG. 2. A. Aegirine (Ae) interlayered with albite crystals (Ab). B. Tabular poikilitic crys-
tals of nepheline altered to sodalite (black) and fine muscovite or clays (C). (Ab: albite;

Ae: aegirine). Crossed nicols.

silicate (Figs. 3A to 3F). The eudialyte mantles and
occupies embayments in corroded zircon, aegirine, mi-
crocline, albite, nepheline, pectolite, and the Na—Zr sili-
cate (Figs. 3C, D). Eudialyte also preferentially replaces
outer zones of microcline euhedra, and fills fractures and
cleavages in microcline, albite, pectolite, nepheline and
the unknown Na—Zr silicate (Fig. 3B). Eudialyte do-
mains are themselves corroded and partially replaced
by britholite and fergusonite-(Y) (Figs. 3E, F). The tex-
tural relationship between sodalite and eudialyte is am-

biguous. The contacts between these minerals are either
sharp or corroded, and commonly, eudialyte fills
embayments in sodalite.

The textural relationships described above suggest
that eudialyte formed late, replacing most of the mag-
matic silicates, but it predated britholite and fergusonite-
(Y), which replaced it. The occurrence of eudialyte in
fractures and cleavages within feldspars suggests that it
is post-magmatic, i.e., hydrothermal.
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FiG. 3. A. Eudialyte domains (pink) with relict silicate inclusions (Ab: albite, Ae: aegirine, Mc: microcline, NZ: unknown Na—
Zr silicate). B. Back-scattered electron image showing eudialyte (Eud) replacing outer zones and cleavages of microcline
(Mc), Na—Zr silicate (NZ) and albite (Ab) (B: britholite). C. Back-scattered electron image showing eudialyte domains (Eud)
with relict aegirine (Ae), zircon (Zrn), albite (Ab), and microcline (Mc) inclusions. D. Eudialyte (pink) occupying embayments
in corroded zircon (Zrn) and altered aegirine (Ae). E. Back-scattered electron image showing eudialyte (Eud) domains occu-
pying embayments in Na—Zr silicate (NZ) which, in turn, is replaced by composite grains of fergusonite-(Y) and britholite (F—
B). F. Back-scattered electron image showing complexly zoned eudialyte domains replaced by britholite (B).

CHEMICAL COMPOSITION chemical composition using inductively coupled plasma

OF THE GREEN NEPHELINE SYENITE — emission spectrometry (ICP-ES) for the major ele-

ments and ICP coupled with quadrupole mass spectrom-

A representative fused sample of the green nepheline  etry (ICP-MS) for the minor and trace elements. The
syenite (sample P6; Fig.1) was analyzed for its bulk  results are listed in Table 1. In addition to the high Zr
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Aegirine r—

Zircon —

Microcline s
Albite —
Nepheline S ——
Pectolite —,

Sodalite

Unknown Na-Zr silicate
Endialyte
Fergusonite-(Y)

Britholite

FiG. 4. Paragenetic sequence for the green nepheline syenite
from Pilanesberg.

content (2 wt% ZrO,), this sample also has high con-
centrations of REE and Nb, 6500 ppm and 2120 ppm,
respectively.

The agpaitic index of the green nepheline syenite,
based on the above sample, is 1.35 (similar values for
the index have been reported for Pilanesberg nepheline
syenites by Kogarko et al. 1982). The replacement of
nepheline and feldspars by sodalite indicates that the
syenite was altered by aqueous fluids enriched in Cl
(Wellman 1970) and probably in Na. Consequently, the
agpaitic index reported may not reflect the original
magmatic proportions of Al, K and Na. Nevertheless,
the occurrence of magmatic aegirine is consistent with
a relatively high agpaitic index (Mitchell 1996).

CHEMICAL COMPOSITION OF THE EUDIALYTE

The composition of the eudialyte was determined
using a JEOL JXA-8900L automated wavelength-dis-
persion electron microprobe (EMP) at McGill Univer-
sity. Calibration for the analyses was done using albite
(Na), diopside (Si, Ca, and Mg), orthoclase (Al and K),
zircon (Zr and Hf), andradite (Fe), spessartine (Mn),
K;TayO¢ (Ta), NapNbyOg (Nb), TiO, (Ti), vanadinite
(C), CaF, (F), and synthetic REE phosphate standards
(La, Ce, Sm, Nd, and P), and Y3FesO1; (Y). The operat-
ing conditions were: accelerating voltage 15 kV and
beam current 30 nA. A 10-pum beam was used for analy-
sis, and the concentration of Na was measured first to
minimize its loss through volatilization, although
Johnsen & Gault (1997) pointed out that Na volatiliza-
tion and migration do not seem to be a major problem
in eudialyte analyzed under similar conditions.
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As noted above, the eudialyte is complexly zoned
(Fig. 3F). In back-scattered electron images, this zon-
ing is manifested by very irregular light zones (10—
30 wm wide) and dark patches commonly narrower than
10 wm. This fact makes the analysis of the dark patches
difficult. Sixty analyses were done, most of them in the
light zones; the results of representative analyses are
presented in Table 2.

The Pilanesberg eudialyte sample, based on analy-
ses of the light zones, is compositionally unusual com-
pared with eudialyte from other localites (e.g., Balashov
& Turanskaya 1960, Jones & Larsen 1989, Deer et al.
1986, Mandarino & Anderson 1989, Coulson & Cham-
bers 1996, Coulson 1997, Johnsen & Gault 1997). It
contains the highest concentration of Nb (up to 3.8 wt%
Nb,Os) and the lowest concentrations of Na (<11.4 wt%
Nay0) and Fe (<0.4 wt% FeO) reported in the litera-
ture. Furthermore, it has one of the highest contents of
REE (up to 7.6 wt% REE>O3, mainly Ce, La, and traces
of Nd and Sm) and Mn (up to 7.5 wt% MnO) reported
in the literature. As is common to eudialyte from other
localities, it contains Cl1 (up to 1.2 wt%), and traces of
F, Hf, K, Al and Ta, and all the analyses yield low totals
(up to 96 wt%), which reflects the presence of H,O and
OH in its structure (Coulson & Chambers 1996). The
levels of Y, P and Ti are lower than the detection limit
of the EMP. As noted above, the dark zones were diffi-
cult to analyze. Consequently results for them are less
reliable than for the light zones. However, analyses of
the widest dark patches suggest that the dark zones are
richer in Ca, Si, Zr, and Fe, and poorer in REE, Nb, and
Hf than the light zones (Table 2).

THE STOICHIOMETRY OF EUDIALYTE

Eudialyte is a cyclosilicate containing three- and
nine-fold rings of silicon—oxygen tetrahedra (Deer et al.
1986). It is trigonal and crystallizes in the acentric space-
group R3m (Giuseppetti et al. 1971, Golyshev et al.
1971, Johnsen & Gault 1997). Although the formula unit
has usually been calculated on the basis of 19
(0,0H,Cl), there is some uncertainty about this conven-
tion, and the structural formula of eudialyte has been
variously given as: Naj, (Ca, REE)s (Fe?*,Fe** ,Mn,
Mg); (Zr,Nb), Zr3 [Siz027_,(OH),l4 (Si309)4 Cl,, where
0.1<x<-09,1<y<3,0.7 <z< 1.4 (Giuseppetti et al.
1971), (Na,Ca,REE)s (Fe**,Mn) (Zr, Ti) [(Si309)2] (OH,
Cl) (Deer et al. 1986), and Na;5(Ca)g (Fe?*, Mn?*) (Zr)3
(Si,Nb) (Si»s073) (O,0H,H,0) (C1,0H), (Mandarino
1999). Johnsen & Gault (1997) recently completed an
extensive review of the structure and chemical compo-
sition of eudialyte. On the basis of this review, and in
the absence of specific structural information, they pro-
pose the best procedure for determining the stoichiom-
etry of eudialyte is to adopt a basis of 78 anions, using
the general formula ABCDESi,O7¢ (C1,0H,F),, where
xis 24 to 26, E = Zr + Hf (= 3), D = Nb +Ti (= 0.5),
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Na,0 S0, Z10, K, 0 CaO FeO MnO HfO, F €l Ce05 LaO; N0y SmO; Nb,Os TwO; Total REEO,

Na-rich bands (light bands)
1 1027 4429 934 031 1019 005 744 042 001 089 369 232 063 005 383 039 9392 6.69
2 1118 4479 928 022 1006 005 719 040 000 091 376 333 033 003 353 051 9535 744
3 1095 4490 937 027 1038 006 7.52 045 006 090 341 219 095 010 369 033 9531 665
4 1097 4497 948 031 1047 010 747 042 001 086 365 201 085 002 368 033 9542 652
5 1120 4477 940 024 1020 003 751 045 000 09 419 255 085 003 371 025 9608 761
6 1039 4486 9.63 031 1014 007 730 041 007 09 346 232 044 007 350 041 9409 6.29
7 1099 4505 951 023 1017 008 711 035 000 1.08 360 211 058 0.05 333 036 9434 634
8 1107 4484 946 027 1012 007 729 038 010 087 332 249 037 007 347 048 9442 625
9 1136 4481 957 020 1008 012 697 024 012 113 359 218 064 007 360 017 9454 648
10 11.09 4504 947 030 1016 011 717 020 005 098 371 227 052 001 359 041 9484 651
11 11.09 4500 942 021 1003 005 715 033 000 114 385 251 058 005 367 036 9520 7.00
12 10.87 4482 954 029 1033 015 718 031 003 050 29 246 060 013 362 033 9425 610
13 1089 4494 933 031 1017 006 723 028 000 088 384 287 045 000 382 036 9522 7.16
14 1114 44838 942 025 1000 0.01 720 032 0.08 1.04 382 240 0.51 0.00 343 041 9462 673
15 1123 4500 954 028 1011 009 726 026 003 100 345 214 071 005 3.58 037 9485 635
16 1095 4537 942 027 1036 008 734 034 009 097 359 271 070 0.06 362 041 9603 7.06
17 1078 4526 936 031 1070 006 747 067 000 083 369 19 085 013 379 028 9595 6.62
18 1099 4530 946 028 10.19 008 723 032 002 094 343 212 066 008 339 032 9459 6.29
19 1113 4531 928 032 1034 009 728 036 000 085 308 251 055 007 371 037 9504 621
20 1111 4515 953 027 1026 610 721 029 009 091 317 214 046 005 3.65 036 9450 5.82
21 1130 4535 969 027 1017 005 724 038 000 089 339 265 055 000 377 038 9589 6358
22 1118 4551 951 029 1027 004 725 030 000 0.8 35 195 069 013 370 019 9522 633
23 1124 4552 950 023 1043 012 714 040 007 105 357 244 068 010 3.66 036 9624 6.78

Ca-rich bands (dark bands)
24 1070 4610 1000 026 11.08 041 744 025 005 103 18 113 032 000 313 017 9379 328
25 993 4602 941 028 1143 037 738 015 002 107 198 171 043 007 318 023 9379 420
26 1062 4601 966 030 1115 036 724 0221 110 187 139 033 006 359 010 9386 3.65
27 1001 4626 982 035 1171 034 745 017 006 099 190 137 044 000 314 013 9421 371
28 10.54 4692 11.45 037 1154 042 695 028 008 101 124 069 025 006 2952 029 9494 223
29 1039 4634 1010 030 1152 039 742 017 014 104 165 104 045 009 318 022 9432 323
30 1045 46.83 991 029 1164 056 7.53 0231d 102 185 104 045 012 281 031 9499 345

atomic proportions calculated on a basis of of 78 anions
Na Si Zr K Ca Fe Mn Hf F Cl Ce La Nd Sm Nb Ta

Na-rich bands
1 1163 2585 266 023 637 002 368 007 001 088 079 050 013 001 101 0.06
2 1251 2584 261 016 622 002 351 007 000 08 079 071 007 001 092 008
3 1221 2583 263 020 640 0.03 366 007 011 088 072 046 020 002 09 005
4 1221 2581 265 022 644 005 363 007 001 084 077 042 017 000 095 005
5 1247 2571 263 017 628 001 3.65 007 000 088 088 054 017 001 096 004
6 1169 2603 273 023 631 003 359 007 013 095 073 050 009 001 092 0.06
7 1232 2606 268 017 630 004 348 006 000 106 076 045 012 001 087 006
B 1242 2595 267 020 627 003 357 006 018 085 070 053 008 001 091 008
o 1274 2593 270 015 625 006 342 004 022 111 076 047 013 001 094 0.03
10 1239 2596 266 022 627 005 350 003 010 09 078 048 011 000 093 006
11 1239 2593 265 016 619 002 349 006 000 111 081 053 012 001 09 0.06
12 1220 2594 269 021 640 007 352 005 006 088 061 053 012 003 095 005
13 12,16 2588 262 023 627 003 353 005 000 08 081 061 009 000 099 006
14 1250 2598 266 018 620 000 3.53 005 014 102 081 051 011 000 09 006
15 1255 2593 268 020 625 004 354 004 005 098 073 046 015 001 093 006
16 1213 2591 262 020 634 004 355 006 016 094 075 057 014 001 093 0.06
17 1193 2584 261 023 654 003 361 011 000 08 077 041 017 003 098 004
18 1227 2609 266 021 629 004 353 005 004 092 072 045 014 002 088 005
19 1237 2598 259 023 635 004 353 006 000 083 065 053 011 001 09 006
20 1240 2600 268 019 633 005 351 005 016 08 067 046 009 001 095 006
21 1250 2587 270 020 622 003 350 006 000 08 071 056 011 0.00 097 0.06
22 1239 2602 265 021 629 002 351 005 000 084 075 041 014 003 09 0.03
23 1240 2592 264 017 636 006 3.45 007 013 101 074 051 014 002 094 006

Ca-rich bands
24 1183 2628 278 019 677 020 359 004 009 100 038 024 006 000 08F 003
25 11.00 2628 262 020 699 018 357 002 004 103 041 036 009 001 082 004
26 1174 2624 269 022 681 017 350 004 000 106 039 029 007 001 093 002
27 11.02 2625 272 025 712 016 358 003 010 095 039 029 009 000 081 002
28 11.45 2628 313 026 693 019 330 004 013 095 025 014 005 001 074 004
20 1142 2626 279 021 699 019 356 003 025 100 034 022 009 002 0381 003
30 1139 2634 272 021 701 027 359 004 000 098 038 021 009 002 071 005
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C =Fe + Mn (< 3), B = Ca + REE + remaining of Mn
(=6)andA=Na+ K+ Sr+Y (15-17).

The difficulty in establishing a satisfactory method
for calculating the structural formula of eudialyte is
probably due to: (1) the presence of extra ions and H,O
in the large spaces in the structure, (2) extensive substi-
tution in the various sites (Johnsen & Gault 1997), (3)
the occurrence of five or more Na sites (Johnsen & Gault
1997), and (4) variations in the number of anions
(Johnsen et al. 1997).

The empirical formula of the Pilanesberg eudialyte
was calculated using the average composition obtained
from 23 analyses of the light zones (Table 2); as dis-
cussed earlier, the dark zones are commonly finer than
the width of the electron-microprobe beam. Using the
method proposed by Johnsen & Gault (1997) and
Johnsen et al. (1998), the stoichiometry of the
Pilanesberg eudialyte (sample P6) is: (Najp30REE] 39
Cap30Ko20)314.78 (Cas42Mng s3)s6 (Mns gsFep 04)s3
(Zr2.66Nbo.25Hf0 06)53 (Nbo 66S10.28Ta0.06)51 Sizs.64074
(OH, 01Clg.02F0 07)52°2H,0. This formula is superfi-
cially similar to that of kentbrooksite, the Mn—REE~Nb-
F end-member of the eudialyte group of minerals
(Johnsen et al. 1998). However, using the parameters
SiCaFeCl and NbREEMNnF defined by Johnsen & Gault
(1997) and Johnsen et al. (1998), the Pilanesberg
eudialyte is intermediate in SiCaFeCl between
kentbrooksite and eudialyte from the type locality
Kangerdluarsuk, Ilimaussaq (Johnsen et al. 1998), but
enriched in NbREEMnF relative to an intermediate
member of the series (Fig. 5). In particular, the
Pilanesberg eudialyte contains concentrations of Ca
similar to that from Ilimaussaq and twice that of
kentbrooksite. For this reason, the eudialyte-group min-
eral at Pilanesberg is more appropriately referred to as
eudialyte.
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FIG. 5. A plot of 3SiCaFeCl versus SNbREEMnF in atoms
per formula unit, apfu, comparing the composition of
eudialyte from Pilanesberg (diamond) with that of eudialyte
(E) from the type locality Kangerdluarsuk, Ilimaussaq, and
kentbrooksite (K). Data and tie line from Johnsen & Gault
(1997) and Johnsen et al. (1998).
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ORIGIN OF THE EUDIALYTE

Kogarko et al. (1982) have reviewed the textures and
compositions of eudialyte-bearing rocks from various
alkaline complexes, including Lovozero, Ilimaussaq and
Pilanesberg, and concluded that eudialyte is of mag-
matic origin. They also conducted a limited number of
experiments designed to investigate the magmatic crys-
tallization of eudialyte. On the basis of these experimen-
tal results, they concluded that eudialyte can crystallize
only from agpaitic melts. They also showed that the tim-
ing of crystallization and hence the morphology of the
eudialyte are strongly dependent on the zirconium con-
tent of the magma. In agpaitic nepheline syenites with
over 1 wt% ZrO,, eudialyte crystallizes contemporane-
ously with the main rock-forming minerals, and is idio-
morphic. On the other hand, if the melt contains less
than 1 wt% ZrO,, eudialyte crystallizes later than the
main rock-forming minerals, and is poikilitic and
xenomorphic.

In the green syenite of the Pilanesberg complex,
which is agpaitic and contains more than 2 wt% ZrO,,
eudialyte should be an early crystallizing idiomorphic
phase, according to the findings of Kogarko et al.
(1982). On the contrary, as discussed above, textural
relationships suggest that the eudialyte formed late, re-
placing aegirine, zircon, both feldspars, the Na—Zr sili-
cate, and pectolite. The occurrence of eudialyte in
fractures and cleavages within feldspars, nepheline, and
the Na—Zr silicate suggests that it is postmagmatic, i.e.,
hydrothermal. Significantly, the early crystallization of
aegirine, followed by feldspar and nepheline in these
rocks, suggests crystallization at H,O pressures higher
than 500 bars (Kogarko & Romanchev 1976). More-
over, the replacement of feldspars and nepheline by so-
dalite indicates that the green nepheline syenite has been
metasomatized by Cl- and probably Na-rich aqueous
fluids. It is therefore attractive to propose that the
eudialyte in the green nepheline syenite crystallized
from aqueous fluids exsolved from the magma. In addi-
tion to Cl, these orthomagmatic brines also carried F,
which is found in minor concentrations in the unknown
Na—Zr silicate, in eudialyte (~ 0.1 wt%), and in appre-
ciable concentrations in britholite (~1 wt%).

In proposing a hydrothermal origin for eudialyte, the
first issue that needs to be addressed is the notion that
Zr is generally immobile during hydrothermal alteration.
Although it has been widely assumed in the literature
that Zr is immobile, and indeed this property has been
used to monitor alteration, a number of recent studies
have shown that Zr can be quite mobile under certain
conditions. For example, Gieré & Williams (1992) re-
ported the presence of zirconolite (CaZrTi,O7) in hy-
drothermal veins in dolomite adjacent to the Adamello
batholith, Italy. Vard & Williams-Jones (1993) docu-
mented the occurrence of hydrothermal weloganite
[(Sr3NayZr(CO3)g*3H,0)] in vugs in phonolite sills in
the Francon quarry, Montreal, Quebec. Rubin et al.
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(1993) have described zircon—fluorite replacement bod-
ies in limestone next to bodies of subvolcanic rhyolite
in Texas. Unfortunately, the behavior of zirconium in
hydrothermal fluids is still poorly understood. To our
knowledge, only one study has investigated high-tem-
perature complexation of Zr in aqueous fluids (Aja et
al. 1995). Although this study was very preliminary, it
did demonstrate that Zr forms stable complexes with
F-, SO4* and OH™ under hydrothermal conditions, and
that appreciable Zr can be mobilized, depending on the
activities of these ligands.

In the absence of detailed information on the chem-
istry of the fluid phase affecting the green nepheline
syenite at Pilanesberg, we are unable to evaluate quan-
titatively the relative importance of different Zr com-
plexes. However, given the likelihood that the
hydrothermal fluids responsible for metal transport were
orthomagmatic and F-bearing (up to 0.1 wt% in the
unknown Na—Zr silicate and in eudialyte), we suggest
that Zr could have been mobilized by zirconium—fluo-
ride complexes such as (ZrFg)>~. We also cannot dis-
count the possibility of Zr transport by a hydroxy
complex, e.g., Zr(OH),’, which is the dominant com-
plex in the absence of significant activities of compet-
ing ligands such as F (Aja ef al. 1995).

On the basis of the textural relationships discussed
earlier, we propose that the source of Zr in eudialyte
was zircon. In cases where eudialyte replaces zircon, Zr
was clearly conserved. Elsewhere, Zr was evidently
mobilized, and we propose that this occurred as a result
of the dissolution of zircon (zircon cyrstals are com-
monly corroded, as described above) by fluorine-bear-
ing orthomagmatic fluids, which transported the Zr as a
ZrF¢* complex and redeposited it as eudialyte.

ENRICHMENT OF EUDIALYTE IN REE

As discussed earlier, the eudialyte in our sample of
green nepheline syenite has one of the highest contents
of REE reported in the literature. Only eudialyte from
Mont Saint-Hilaire and Ascension Island have higher
concentrations of REE, up to 9.78 and 8.39 wt%
REE,O3, respectively (Johnsen & Gault 1997, Harris et
al. 1982). By contrast, eudialyte in other major alkaline
intrusions, e.g., the Lovozero and Ilimaussaq com-
plexes, typically contains <3 wt% REE,O; (Balashov
& Turanskaya 1960, Deer e al. 1986). Significantly,
eudialyte in these other complexes is interpreted to be
of magmatic origin (Kogarko er al. 1982).

Why is the eudialyte at Pilanesberg, which is clearly
hydrothermal in origin, enriched in REE? In order to
understand the behavior of REE in hydrothermal sys-
tems, several researchers have investigated the stabili-
ties of aqueous REE complexes (e.g., Wood 1990, Haas
et al. 1995, Gammons et al. 1996). These studies indi-
cate that a variety of ligands, including F- CI-, OH-,
S0,4%, CO3*, and PO4*, are capable of complexing the
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REE in hydrothermal fluids. However, at high tempera-
ture, high chlorinity, and low pH, conditions that may
be inferred for the hydrothermal fluids responsible for
eudialyte crystallization (see above), REE are com-
plexed predominantly by chloride and fluoride (Haas e?
al. 1995).

On the basis of textural and chemical features of the
green nepheline syenite, and the thermodynamic stud-
ies mentioned in this paper, we thus propose that the
REE were transported mainly as chloro- and F-com-
plexes in orthomagmatic fluids that metasomatized the
green syenite. We furthermore propose that the REE
were incorporated in eudialyte as a result of the reduc-
tion in Cl- and F-activity that accompanied precipita-
tion of sodalite and the unknown (F-bearing) Na-Zr
silicate.

CONCLUSIONS

The eudialyte composition at Pilanesberg is unusual
because of its high contents of Nb (up to 3.8 wt%), REE
(up to 7.6 wt%, mainly Ce, La, and traces of Nd and
Sm), and Mn (up to 7.5 wt%), and its low contents of
Na (up to 11.4 wt%) and Fe (up to 0.4 wt%). This chem-
istry reflects a hydrothermal origin for the mineral,
which is supported by textural relationships that dem-
onstrate a secondary or replacement origin. We propose
that the eudialyte crystallized from an orthomagmatic
Na—-Nb—-REE-CI- and F-bearing hydrothermal fluid,
which partitioned from an agpaitic syenitic magma. We
envisage that the Zr was locally remobilized from
magmatic zircon as a zirconium—fluoride complex
(Z1F¢>), and that the REE were introduced by the
orthomagmatic fluid as Cl- or F-complexes (or both).
Incorporation of REE in eudialyte occurred because of
a reduction in Cl- and F-activities due to precipitation
of sodalite and the unknown Na—Zr silicate.
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