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INTRODUCTION

The "rare-elements" (also called rare-metals) are predominantly
either large-ion-lithophile elements (LILE) or high-field-strength
elements (HFSE), with low and high charge-to-ionic-radius ratios,
respectively. Because of their sizes and/or charges, these elements
do not readily substitute into most common rock-forming minerals,
and thus behave incompatibly during the crystallization of metalu-
minous, peraluminous and peralkaline melts. They are concentrated
in silicate melts by small degrees of partial melting or by high
degrees of fractional crystallization. In the latter case, HFSE abun-
dances in residual melts typically increase until saturation of a
HFSE accessory phase such as zircon or monazite occurs. The
processes by which LILE are concentrated are reviewed by London
(this volume), and therefore will not be discussed. This chapter
focuses on HFSE in Groups III-A, IV-A, V-A and VI-A on the peri-
odic table, notably Y, REE, Sn, W, Zr, Hf, Nb and Ta. The abun-
dances of Y and the REE are presented by Samson and Wood (this
volume), and the concentrations of Sn, W, Zr, Hf, Nb and Ta in dif-
ferent mantle and crustal reservoirs are given in Table 1. It is clear
that the latter group of elements is enriched in the crust, particular-
ly in the upper continental crust (typically at the ppm or tens of ppm
level, similar to Y and REE), relative to MORB or C-1 chondrite,
where most of these elements are near the 1 ppm concentration
level, or lower.

The major rare-element producing districts of the world are
reviewed by Pollard (1995) and are dominantly associated with
either peralkaline or peraluminous magmatism. Peralkaline-associ-
ated deposits include those associated with carbonatites, which are
the world's primary source of Nb and REE (see Mitchell, this vol-
ume; Rankin, this volume), and Nb-REE-Y-Zr deposits that are
related to peralkaline granites (see Salvi and Williams-Jones, this
volume). Two families of the rare-element class of pegmatites are
also recognised (Cerny, 1991a). One family has a pattern of metal
enrichment similar to peralkaline granites, being characterized by
Nb>Ta, with high concentrations of Y, REE, Sc, Ti, Zr, Be, Th, U,
and F). This family of pegmatite is named NYF (for the high Nb, Y
and F contents, Cerny, 1991a). Ercit (this volume) reviews REE
mineralization in the NYF family of pegmatites as well REE enrich-
ment in other types of pegmatites.

This chapter focuses on rare-element mineralization associat-
ed with granites and pegmatites, particularly those associated with
peraluminous compositions. These pegmatites belong to the second
family of rare-element pegmatites and they are particularly impor-
tant because most of the world's Ta is produced from peraluminous
pegmatites. This second family is enriched in Li, Cs and Ta and con-

Table 1. Abundances of different high field strength elements in dif-
ferent reservoirs

Upper Lower C-1
Continental Continental Carbonaceous

Element Crust Crust N-MORB Chondrite

Sn 5.5 1.5 1.1 1.65

w 2.0 0.7 0.01 0.093

Nb 25 6 2.33 0.240

Ta 2.2 1.0 0.132 0.0136

Zr 190 70 74 3.82

Hf 5.8 2.1 2.05 0.103

Values for Upper Continental Crust and Lower Continental Crust
are from Taylor and McLennan (1995), N-MORB from Sun and
McDonough (1989), and C-1 Carbonaceous Chondrite from
McDonough and Sun (1995).

sequently is named 'LCT' pegmatites (Cerny, 1991a). Among the
present and past producers of Li and Ta, the most significant peg-
matite deposits are Greenbushes (Ta, Li) and Wodgina (Ta) in
Australia, Tanco (Ta, Li, Cs) in Canada, Bikita (Li) and Kamativi
(Li, Sn) in Zimbabwe and Kenticha (Ta) in Ethiopia (see
Fetherstone, 2004 for a summary of global Ta resources). Details on
the Tanco pegmatite are discussed by Cerny (this volume), and the
LCT pegmatites in Ontario by Breaks et al. (this volume). Tantalum
and lithium are also produced from peraluminous leucogranites that
are chemically similar to LCT pegmatites at Yichun in China.
Additional examples of granite-hosted mineralization are the Li-F-
rich Beauvoir granite in France, a well-studied intrusion that con-
tains sub-economic concentrations of Ta-Sn-W-Li-Be, and similar
mineralization hosted by the granites at Orlovka, Russia. The evo-
lution of rare-element peraluminous granites will be examined first
because the distinction between magmatic and hydrothermal
processes is more readily apparent for these rocks compared to peg-
matites. The experimental constraints on the interpretation of the
magmatic and hydrothermal enrichment of rare-elements in these
granites and LCT pegmatites will then be examined.

RARE-ELEMENT GRANITES

Rare-element granites (also called rare-metal granites) generally
represent the latest, most fractionated end members of a layered
sequence in upwardly differentiated plutons (Kovalenko et al.,
1970; Cuney et al., 1992; Yin et al., 1995). They are relatively
quartz-poor and albite-rich, and host disseminated Ta-Nb mineral-
ization, as well as Sn-W in stockworks that developed during a
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magmatic-hydrothermal stage (e.g., Beauvoir; Cuney et al., 1992).
The most complex succession of granitic facies is observed at the
Khangilai massif, Transbaikalia, Russia (Syritso et al., 2001), where
seven different granitic units are recognized (Figure 1). Rare-ele-
ment granites are generally emplaced at shallow levels and may be
subvolcanic, and miarolitic cavities are present in some intrusions.
They occur as isolated bodies (Beauvoir, France; Cuney et al.,
1992), as pegmatite swarms (La Chaise-Chédeville, France;
Raimbault 1998), as rhyolitic (Richemont, France; Raimbault and
Burnol, 1998) to microgranitic dykes (ongonites, Kovalenko and
Kovalenko, 1976) or as volcanic rocks such as at Spor Mountain,
Utah, which hosts the world's largest Be deposit (as bertrandite,
Be,Si,0,(OH),; Lindsey, 1977).

The upper contacts of rare-element granites are generally char-
acterized by a particular facies called "stockscheider" (which in
German means: separation between two granite stocks, or between
the granite stock and country rock), in which a variety of structures
can be developed. The most typical is the development of
"plumose" feldspars rooted at the roof of the last granite injection
and branching downward in a matrix of fine-grained granite.
Mineral layering may also occur at the contact with enclosing rocks.
Much of the research on rare-element granites before 1980 was con-
ducted in the USSR and China. Since that time, an increasing num-
ber of studies have been undertaken in other parts of the world and
more sophisticated approaches have been used: radiogenic and sta-
ble isotopes, in situ analysis of re-homogenized melt inclusions,
experimental studies of melting and crystallization of granites in
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halogen-rich systems and metal solubility. One of the most compre-
hensive studies has been the investigation of the Beauvoir peralumi-
nous rare-element granite, France. A 900 m continuously cored drill
hole through this rare-element granite was systematically sampled
and analysed (Cuney and Autran, 1987; Cuney et al.,, 1992;
Raimbault et al., 1995).

Classification of Rare-Element Granites

Various classifications of the rare-element granites have been pro-
posed, the most complex of these, with eight types, was proposed
by Beus (1982). However, these can be regrouped into three major
types of magmatic associations with highly specific geochemical
and mineralogical characteristics (Kovalenko, 1978; Pollard,
1989a; Taylor 1992, Raimbault et al., 1991, 1995):

i) The peralkaline rare-element granites (ASI <1, where ASI
refers to the alumina saturation index, i.e., the molar Al/[Na+K]
ratio). These granites are characterized by very high abundances of
F, REE, Y, Zr, Nb, high abundances of Th, Sn, Be, Rb, and U, high
Nb/Ta, and low P contents (Table 2). The high Zr and Th contents
are particularly useful for distinguishing peralkaline from other
rare-element granites (Figure 2). Peralkaline granites are relatively
rich in Fe and contain sodic amphiboles and/or pyroxene (aegirine,
riebeckite, arfvedsonite). Lithium-F micas, zinnwaldite, polylith-
ionite or astrophyllite, occur in limited amounts because Li enrich-
ments are only moderate (100 to a few 1000 ppm). The rare-element
granites of this association correspond to the riebeckite-albite gran-
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Figure 1. Geology of the Khangily Complex, Russia, modified after Badanina et al., 2004.
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Table 2. Compositions of peralkaline granites

1 2 3 4 5 6 7 8 9 10 11

n 6 1 2 3 6 7 11 1 1 1

Sio, 76.6 74.9 76.1 76.5 71.6 67.18 67.9 68.8 69.94 7125 72.39
TiO, 0.74 0.38 0.14 0.14 0.23 0.77 0.51 0.36 0.27 0.33 0.34
AlO, 8.96 10.4 1088  11.09  13.54 5.62 9.66 10.29 12.38 11.26 9.18
Fe,0, 4.93 451 245 1.63 1.85 428 1.85 2.7 32
FeO 0.86 0.8 1.05 3.49 3.96 0.4 2.98 2.09 1.91
MnO 0.13 0.14 0.05 0.05 0.07 1.07 0.18 0.2 0.11 0.12 0.13
MgO b.d. b.d. 0.06 0.01 0.01 0 0.02 0.02 0.06 0.07 0.38
Ca0 0.11 0.08 0.12 0.25 0.01 0.14 4.01 34 0.88 0.88 1.23
Na,0 3.33 4.93 3.96 3.77 6.79 421 4.6 3.49 5.34 5.67 3.84
K,O 5.19 4.67 4.56 4.97 3.79 4.73 3.69 4.79 4.84 3.95 4.03
P,0, 0.03 0.01 0.01 0.01 0.10 0.04 0.03 0.02 0.02 0.03
LOI 8.1 8.4 0.91 0.48 0.38 0.64 0.61 0.77 0.97
F(%) 0.94 1.22 0.1 0.22 0.94 1.99 0.87 1.97 0.58 0.61 0.48
ppm

cl 0.36 <0.05 198 203 128
B 0.19 0.48 12 68 14

Li 210 126 230 721 119

S 1624 1737 93 83 400

As 24 55 12 0 320

Ba 18 8 45 1400 164 176 70 67 58
Be 340 92 33

Cs 1.4 0.7 8 1.4 1.4

Ga 270 37 38 36
Hf 41 26 103 334 335

Nb 1177 1946 434 245 1604 5750 991 1128 218 491 942
Pb 89 55 103 264 310

Rb 1275 2042 396 411 1226 3770 390 666 469 752 1067
Sc 0.2 0.2 0.21 0.18

Sn 50 17 50 660 277 470

Sr 10 35 5 5 0 5 138 215 27 39 80
Ta 31 312 72 67

Th 75 198 156 61 126 410 114 118 62 139 180
U 155 58 46 8 19 36
Y 425 304 234 590 144 2240 1042 1136 307 1328 1556
Zn 500 478 766 1347 1200 366 712 1198
Zr 3187 11494 1103 815 3071 26530 13920 17137 2465 6325 12429
La 92 109 28 139 70 520 629 750 271 246 1446
Ce 260 370 70 286 232 1450 1308 1448 570 531 1206
Pr 34 47 200 153 409 60 60 650
Nd 131 165 580 634 633 229 206 653
Sm 41 44 190 154 183 53 47 424
Eu 0.4 17 13.9 19 3 3 69
Gd 69 61 121 154 48 47 307
Tb 15 18 86 243 46 13 12 362
Dy 88 102 420 114 221 73 69 304
Ho 16 22 100 32 67 19 17 294
Er 41 84 290 72 160 66 46 269
Yb 52 148 49 113 138 62 51 375
Lu 8.4 22 42 19.4 144 9 8 367

1-2 — Melt inclusions of the peralkaline Amis complex, Namibia (Schmitt et al., 2000); 3-5 — Arfvedsonite albite granite, Nigeria (Kinnaird
et al., 1985); 6 — Melt inclusion of the peralkaline Khaldzan-Buregtey complex, Mongolia (Kovalenko et al., 1995); 7-8 — Peralkaline gran-
ites of the Khaldzan-Buregtey complex, Mongolia, (7) 5™ phase, (8) 7" phase (Kovalenko et al., 1995); 9-11 — Peralkaline granites of the
Lac Brisson, Labrador, Canada (Pillet et al., 1992).
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Figure 2. Trace-element characteristics of peraluminous high phos-
phorous (PHP), peraluminous intermediate phosphorous (IHP),
peraluminous low phosphorous (PLP) and peralkaline granites
(PLK). See Tables 2 to 4 for the sources of data for the granites.
Values for the Upper Continental Crust are from Taylor and McLen-
nan (1995), except for fluorine, which is from Wedepohl (1995).
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Figure 3. Distribution of rare-elements in peralkaline granites
(PLK) relative to the Upper Continental Crust. See Table 2 for the
sources of data for the granites. Values for the Upper Continental

Crust are from Taylor and McLennan (1995), except for fluorine,
which is from Wedepohl (1995).
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ites of Beus et al. (1962), the agpaitic class of Kovalenko (1978),
and belong to the highly fractionated Al-type granites of Eby
(1992). Silica-undersaturated felsic peralkaline complexes are relat-
ed to this type because they are characterized by the same type of
metal enrichments. The peralkaline association is typically
emplaced in anorogenic geotectonic settings. They generally con-
tain Zr mineralization as zircon and zirconosilicates such as elpidite
and gittingsite, Nb mineralization, mainly as pyrochlore, and REE
mineralization, mainly as fluocarbonates rather than monazite.
Figure 3 shows a spider diagram of concentrations of rare-elements
in peralkaline granites relative to the upper crust. Of particular
importance on this diagram are the high concentrations of the REE,
and the relatively flat Zr-Hf-Nb-Ta profile.

ii) Metaluminous (molar [Na,O+K,0]<Al,0;<[CaO+Na,O+
K,0]) to peraluminous (molar Al,0;>[CaO+Na,0+K,0]), low P
(phosphorous) rare-element granites. These granites typically have
intermediate REE, Y, Zr, Hf, Th, and Pb contents (Table 3). Their
REE patterns are generally flat and with a strongly negative Eu
anomaly (Figure 4). This type of rare-element granite is associated
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Figure 4. Distribution of rare-elements in peraluminous high phos-
phorous (PHP), peraluminous intermediate phosphorous (IHP),
peraluminous low phosphorous (PLP). See Tables 3 to 5 for the
sources of data for the granites. Values for the Upper Continental
Crust are from Taylor and McLennan (1995), except for fluorine,
which is from Wedepohl (1995).
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Table 3. Compositions of peraluminous low phosphorous granites
12 13 14 15 16 17 18 19 20 21 22 23 24
n 6 1 2 3 6 7 11 1 1 1 1 1 1
SiO, 7491 7466 7425 7376 7289  75.09 7595 759 72.16 74.93 74.21 7299 759
TiO, 0.108  0.96 0.33 0.11 0.01 0.07 0.1 <0.01 0.01 0.02 0.01 0.01 0.11
AlLO4 1455 1334 1401 14.99 16 13.61 12.9 13.44 15.92 13.73 14.67 15.1 12.85
Fe,04 0.53 1.05 0.91 1.11 0.44 0.31 0.54 0.44 0.2 0.22 0.33 0.44 0.33
FeO 0.54 0.71 1.05
MnO 0.77 0.5 0.3 0.64 0.002  0.04 0.03 0.07 0.08 0.14 0.13 0.43 0.05
MgO 0.36 0.3 0.83 0.76 0.17 0.17 0.14 0.03 0.04 0.07 0.06 0.05 0.02
CaO 0.11 0.33 1.11 0.06 0.38 0.29 0.6 0.08 0.29 0.12 0.1 0.08 0.24
Na,O 4.29 3.54 3.39 3.48 5.99 3.86 2.81 5.22 6.4 5.14 6.82 6.38 3.91
K,0 3.65 4.46 4.76 5.1 3.27 4.62 5.34 3.89 3.73 4.04 1.81 2.72 431
P,05 0.11 0 0.01 0.04 0.01 0.01 0.01 <0.01  <0.01 <0.01 <0.01 <0.01 0.01
LOI 1.09 1.56 1.37 1.19 0.81 0.86 1.25 0.73 0.74 1.31 0.64 1.19 0.52
F(%) 0.13 0.95 0.97 1.2 0.68 0.52 0.36
Li 76 544 605 1175 511 232 149 88 391
As 12.5 0.6 520 29 9
Ba 30 12 25 49 59 33 26 52 16 23 109
Be 139 5 11 21 7
Bi 22 5 0.42 n.b. 2.94 n.b. n.b.
Cs 32 24 41 26 31.7 26.8 12 8 15 n.n. 5
Ga 34 32 45 58 57 81 129 128 142
Hf 2.5 2.8 23 8.9 5.6 6.6 30.01 28 23.76 38 75 28
Nb 88 19 39 52 74 48 44 50 71.51 33 52 214
Pb 29 29 9.5 39 22 28 69 83 65 36 29 56
Rb 1104 903 955 997 1229 1677 771 533 860 667 327 520 979
Sb 32 0.3 0.45 0.11 5 3 1468  nn. 0.9 n.n. n.n.
Sc 0.82 5.9 11.4 23 9.83 n.n. 4.78 2 3
Sn 48 284 103 213 29 92 29 48 18 293 3888 1731 40
Sr 18.9 10 15 14.6 13.3 12 14 11 7 24 7 18 15
Ta 56 21 18 104 47.6 7.61 35 112 240.85 249 395
Th 5.4 13.3 10.3 12.7 14.5 67.6 16.04 20 3.43 n.n. 12 111
U 2.7 12 6.9 2 29 31 5 n.n. 7 n.n. 7
W 9.5 14 32 25 5 54 36 34 11 22 12 12
Y 5.9 106 154 73 10.7 ~6 102 696
Zn 44 10 62 108 45 27 275 92 138 657 302 376
Zr 30.3 35 30.3 41 37 130 1559 49 44.26 47 75 399
26 27 28 29 30 31 32 33 34 35 36 37 38
La 2 34.1 32 14.4 5.6 28 41 234
Ce 4.6 82 89 46.7 17.4 65 83 296
Nd 2.4 37.7 54 27 10
Sm 1.15 12.4 21.4 10.6 2.6 6.33 9.92
Eu 0.06 0.25 0.013  0.02 0.03 ~0.005  0.13
Tb 0.25 25 3.9 1.77 0.4 1.3 22
Dy 2.29 5.09
Ho 0.35 0.78
Er 31 81
Tm 0.021 0.004
Yb 0.25 13.7 19.7 7.2 1.5 19 17.2
Lu 0.044  1.85 3.49 1.31 0.23 2.16 2.23
A/NK 1.32 1.25 1.31 1.33 1.20 1.20 1.24 1.05 1.09 1.07 1.11 1.12 1.16
Ta/Nb 0.64 1.11 0.46 2.00 0.64 0.16 0.80 2.24 3.37 7.55 7.6

12 — Les Chatelliers granite, Vendée, France (Raimbault et al., 1995); 13 — Ahelehedj granite, Algeria (Cheilletz et al., 1992); 14 —
Shizhuyuan topaz granite, Hunan, China (Raimbault et al., 1995); 15 — Chavance microgranite, Morvan, France (Raimbault et al., 1995); 16
— Orlovka albite-amazonite-cryophylite granite, Transbaikalia, Russia (Raimbault et al., 1995); 17-18 — Cinovec granite, Czech Republic
(Breiter, 1998); (17) upper zinnwaldite-albite granite, (18) lower protolithionite granite; 19-23 — Nuweibi albite granite, Eastern Desert,
Egypt (Renno, 1997); 24 — Biotite granite Ririwai complex, Nigeria (Kinnaird et al., 1985).
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with high-K, calc-alkaline metaluminous rocks, rich in Th, REE,
and Y (the higher Th and REE relative to high P granites are well
illustrated by Figures 2 and 4). They correspond to the standard
class of Kovalenko (1978), the highly fractionated I- or A2-type
granites of Eby (1992), or the magnetite-series granites of Ishihara
(1981). Zinnwaldite is the main, Fe-rich Li-F mica. Highly fraction-
ated I and A2 types are difficult to distinguish because they tend to
have similar geochemical characteristics (King et al., 1997, 2001).
High K, calc-alkaline rare-element granites are significantly peralu-
minous, but less than the high P (phosphorous) type (see below) and
are always associated with metaluminous to weakly peraluminous,
less-fractionated intrusions. They occur in both post-orogenic and
anorogenic geotectonic settings. The associated mineralization is
mainly Nb-Ta-Sn as columbite-tantalite and cassiterite, and these
granites have relatively low Zr/Hf and Nb/Ta ratios, as shown by
the positive slope of the Zr-Hf-Nb-Ta profile on (Figure 4).

iii) The peraluminous (molar Al/[Na+K]>1.15) high P rare-ele-
ment granites. These granites are characterized by extremely low
REE (much lower than upper crust abundances, close to chondritic
abundances; Figure 4), Y, Zr, Hf, Th, Sc, and Pb contents (Table 4),
and by the presence of Li-rich muscovite or lepidolite (Li/F class of
Kovalenko, 1978). Rubidium and Cs contents are also generally
very high. Because of their strongly peraluminous character, they
are classically related to the S-type granites of White and Chappell
(1977). However, S-type granites have highly variable mineralogi-
cal and geochemical characteristics resulting from a variety of
genetic processes (Stussi and Cuney 1993; Turpin et al., 1990).
Peraluminous rare-element granites are generally associated with
large, strongly peraluminous, muscovite-biotite leucogranitic plu-
tons with a restricted variation of chemical composition. They were
typically emplaced as post-orogenic plutons in continental collision
belts such as the Variscan mid-European belt and the Jurassic
(Yenshanian) belt of south-east China (e.g., Hu et al, 1984).
Tantalum-Sn-Li mineralization in the form of microlite, columbite-
tantalite, Ta-rich cassiterite, lepidolite, and amblygonite is associat-
ed with this type of granite. Figure 4 shows a very strong positive
slope for the Zr-Hf-Nb-Ta profile of such granites, reflecting very
low Zr/Hf and Nb/Ta ratios in these rocks, as well as very low Zr
and Hf contents, and very high Ta abundances. It is also possible to
distinguish a class of peraluminous granites with intermediate P
contents (Figures 2 and 4; Table 5). Overall, the geochemical signa-
ture of the intermediate P granites is similar to the high P granites
(Table 4).

The low and high P types of peraluminous rare-element gran-
ites represent the latest intrusions in the internal part of continental
collision belts, and generally have been emplaced under extension-
al tectonic conditions. However, one occurrence, the Abu Rusheid
albite-zinnwaldite rare-element granite in the Eastern Desert of
Egypt was emplaced within a low angle thrust zone (M. Cuney,
unpublished results). Such an exceptional, syntectonic emplace-
ment is comparable to the tectonic setting of the giant Greenbushes
rare-element pegmatite in Australia (Partington, 1990), as well as
other LCT pegmatites (Breaks et al., this volume).

The peraluminous, high P rare-element granites are strongly
enriched in F, variably enriched in Sn, W, Nb, Ta, Rb, Cs, Be and
Li, and are depleted in Mg, Ti, and transition elements. Indium
resources may also be associated with rare-element granites in indi-
um-rich cassiterite or even indium minerals such as roquesite
(CulnS; Botelho and Moura, 1998). Boron may be enriched (up to
4.1 wt.% B,0; in melt inclusions, Thomas et al., 2003), but may be
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very low, even in highly F-, Li- and rare-element enriched bodies
such as the Beauvoir granite (with only 20 ppm B, Cuney et al.,
1992). Pollard et al. (1987) similarly divided Sn systems as being
either F-rich or B-rich.

Origin of Peraluminous Rare-Element Granites

The main cause of rare-element enrichment in rare-element granites
has been a controversial topic since the late 1950s, particularly
among Russian geologists. The apical parts, or cupolas, of rare-ele-
ment granites are commonly mineralized (e.g., with Nb, Ta, or Sn),
and are also strongly enriched in volatiles (e.g., F, Li, P, and/or B).
One group proposed a metasomatic origin for rare-element mineral-
ization and another group favoured a magmatic origin. The "meta-
somatists" (Beus et al., 1962; Beus and Zhalashkova, 1964;
Zhalashkova and Sitnin, 1967; Hu et al., 1984) proposed that the
mineralized granites (apogranites) resulted from the upward move-
ment of post-magmatic fluids that leached metals from the lower
part of the pluton and concentrated them in the apical parts. It was
argued that successive metasomatic zones of microclinization,
albitization and greisenization could be recognized from the lower
levels to the upper few hundreds meters of the pluton. By contrast,
the "magmatists" (Kovalenko et al, 1970; Kovalenko and
Kovalenko, 1976) maintained that the characteristics of the miner-
alized granites could have resulted entirely from crystal-melt frac-
tionation, with only moderate redistribution during late- to post-
magmatic fluid-rock interactions, which may have upgraded the
mineralization. This model is based on the similarity of the whole
rock compositions of rare-element granitoids and volcanic dykes
(ongonites from Ongon, Mongolia; Kovalenko and Kovalenko,
1976), which indicates an essentially magmatic origin for at least
some of the occurrences of rare-element mineralization. This model
is also supported by more recent melt inclusion studies on peralu-
minous granites and pegmatites (e.g., Webster et al., 1997; Thomas
and Webster, 2000; Badanina et al., 2004).

A well documented example of a rare-element peraluminous
granite is the Beauvoir granite in France. The average major-ele-
ment, trace-element, and oxygen isotopic compositions of this gran-
ite are similar to the Richemont rhyolite, which is a naturally
quenched rare-element granite melt (compare Cuney et al, 1992 and
Raimbault et al., 1995 with Raimbault and Burnol, 1998). Both of
these are located in the northern Massif Central in France, and are
likely related to the same magmatic event, which further strength-
ens a magmatic origin for rare-element enrichment in such granites.
The unusual mineralogical and major-element compositions of rare-
element granites can be explained by experimental studies of halo-
gen-rich haplogranitic systems, which show that the granite mini-
mum compositions shift toward albite-rich and quartz-poor granite
compositions with increasing F and Li contents in the melt (Man-
ning, 1981; Martin and Henderson, 1984). Finally, detailed studies
of continuous drill core through rare-element granites have shown
that upwardly differentiated layered sequences are the result of a
series of magmatic injections (e.g., Gagny, 1987; Jacquot and Gag-
ny, 1987; Cuney et al., 1992; Yin et al., 1995), with the most frac-
tionated melt having been emplaced at the highest level. The thick-
ness of the layered sequence is generally less than 300 m (Beus,
1982; Syritso and Chernick, 1967; Yin et al., 1995), but exceeds 700
m in the Beauvoir rare-element granite (Cuney et al., 1992).

In spite of the apparent magmatic origin for rare-element gran-
ites, it is still difficult to explain the extreme degree of element
enrichments and depletions in such granites by common magmatic
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Table 4. Compositions of peraluminous high phosphorous granites and melt inclusions

25 26 27 28 29 30 31 32 33 34 35 36 37
n 11 15 13 6 15 23 6 32 2 1 1 1 1
SiO, 67.0 662 6854  69.15  68.09 69.17 69.57 71.46 71.9 69.88  70.37 74.41 69.7
TiO, 0.04 0.1 0.01 0 0.01 0.01 0.01 0.01 0.01 0.01 0.02
AlLO4 155 159 17.58 1674 17.35 17.22 16.86 16.1 15.88 16.47  17.07 14.42 16.44
Fe,04 0.12 0.05 0.15 0.25 0.44 0.51 0.25 0.59 0.07 0.02 0.37
FeO 0.4 0.42 0.26 0.19 0.67
MnO 0.05 0.07 0.27 0.19 0.36 0.9 1.03 0.79 0.65 0.11 0.05 0.05 0.041
MgO 0.01  0.01 0.39 0.43 0.22 0.37 0.4 0.26 0.52 0.02 0.03
CaO 0.07 0.1 0.86 1.43 0.45 0.5 0.82 0.39 1.84 1.21 0.08 0.01 0.48
Na,O 323 438 512 4.51 4.94 4.63 4.39 4.49 3.92 3.43 5.55 2.55 4.5
K,0 445 427 346 2.78 3.33 3.37 3.56 3.67 2.35 3.12 2.37 275 3.51
P,0; 392 43 1.53 1.73 1.46 1.73 1.75 1.06 1.49 1.17 1.73 2.16 1.64
LOI 0.8 1.4 2.1 2.42 1.69 1.54 1.49 1.41 2.17 2.45 1.75 2.21 na
F(%) 384 346 1.77 1.71 2.51 222 1.67 1.66 0.19 1.25 0.47 0.53 1.48
ppm
B 359 373 34 18 21 14 17 16 75 68 28 71
Li 1590 319 5176 5057 5762 3738 2201 2296 1205 3072 2500 5532 1644
As 10.2 12.9 7.9 4 19 4.1 6.8 40.8 11
Ba 74 53 25 38 27 15 9 35.9 9 <5
Be 221 139 283 286 97 34 11 27 3 92.1 83 385
Bi 15 68
Cs 689 341 676 546 360 378 204 255 136 362 60 350 111
Co 0.2 0.17 0.31 0.92 0.18 0.58 0.67
Ga 76 56 64 60 51 38 33 32 36 34.4 29 52
Hf 37 59 4 42 2.6 2.1 1.9 1.2 3.6 2.59 2.6 4.7 6.3
Mo <1 <1 29 25 4 2.4 1.5 1.5 1.5
Nb 103 117 130 116 91 49 39 49 95 85 67 46 124
Pb 26 25 29 16 11 10 18 18.1 <7
Rb 4900 4980 4265 3771 3440 2478 1768 2013 1473 1933 1140 2448 1812
Sb 0.617  0.672  0.541 0.153 0.249 0.115 0.29 2.05
Sc 0.113  0.059  0.079 0.05 0.063 0.053 0.125 3.7
Sn 390 451 1099 1438 1175 961 590 347 1142 502 575 746 10
Sr 0.3 1.7 424 428 126 150 274 92 69 97.7 <5 <5 421
Ta 169 521 300 232 141 71 39 45 220 81.7 84 161 107
Th 6 6 2.1 1.7 0.65 0.48 0.38 0.42 0.9 0.31 0.01 0.9 5.7
U 45 64 13.8 135 11.3 15.9 18 14.9 6.4 14.2 5.4 15.4 31
W 70 55 44 35 22 30 19 54.6 17.5 5.9 76
Zn 19 52 65 54 80 119 144 127 112 91.0 69 58 84
Zr 25.5 25.6 25.7 27.4 28.3 20.2 26.3 26.8 12 13 51
La 0.64 0.36 0.76 0.73 0.77 0.65 0.79 1.37 0.248 0.145 0.9
Ce <1 <1 0.61 1.78 1.24 1.46 1.01 0.87 2.66 0.434 0.337 4.1
Sm 0.047  0.072 0.068 0.073 0.054 0.063 0.309  0.044 0.015 0.12
Eu 0.009  0.011 0.008 0.005 0.007 0.018 0.055  0.0045  0.0025  0.057
Tb 0.007  0.013 0.009 0.007 0.004 0.014 0.074  0.0041  0.004 0.08
Yb 1.8 1 0.012  0.023 0.017 0.031 0.024 0.029 0.257  0.0261  0.0062 0.2
Lu 0.002  0.0032 0.0024 0.0041 0.0033 0.0048 0.041 0.0044 0.0004 0.035
A/NK 1.53 135 145 1.61 1.48 1.53 1.52 1.42 1.77 1.83 1.46 2.01 1.47
Ta/Nb 1.64 445 231 2.00 1.55 1.45 1.00 0.92 2.32 0.96 1.25 3.50 0.86

25-26 — Melt inclusions from the Ehrenfriedensdorf pegmatite, Germany (Webster et al., 1997); 27-32 — Beauvoir topaz lepidolite granite,
Massif Central, France: fringe facies (27), upper B1 (28), B1 (29), B2 (30), B3 (31), B2 (32), (Raimbault et al., 1995); 33 — Montebras topaz
muscovite granite, Massif Central, France (Raimbault et al., 1995); 34 — Richemont muscovite rhyolite, Massif Central, France (Raimbault
et al., 1995); 35-36 — Argemela microgranite, Portugal; (35) microgranite, (36) differentaited ball facies (Charoy and Noronha, 1996); 37 —
Podlesi granite, Czech Republic (Breiter, 1998).
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Table 5. Compositions of peraluminous intermediate phosphorous granites and volcanic glass

38 39 40 41 42 43 44 45 46 47 48 49
n 1 1 1 4 18 7 1 1 1 1 1 1
Sio, 69.79 73.22 73.38 69.64 73.14 71.94 73.37 69.81 72.26 71.68 72.78 76.68
TiO, 0.03 0.04 0.03 0.01 0.17 0.01 0.03 0.05 0.04 0.01 0.01 0.01
Al O, 16.93 14.15 14.31 18.2 15.19 15.33 15.08 16.64 15.83 15.79 15.01 13.61
Fe,04 0.16 0.11 0.41 0.05 1.37 0.72 0.41 1.1 0.04 0.01 0.09 0.13
FeO 0.6 0.91 na na na 0.57 0.84 0.58 0.46
MnO 0.052 0.037 0.042 1.12 0.63 0.48 0.04 0.03 0.06 0.09 0.16 0.06
MgO 0.02 0.03 0.01 0.02 0.33 0.66 0.04 0.09 0.02 0.24 0.12 0.12
CaO 0.24 0.47 0.54 0.12 0.54 0.51 0.58 0.46 0.22 0.60 0.34 0.52
Na,O 5.19 3.8 5.54 6.14 3.75 4.08 5.01 2.83 4.14 5.84 5.34 4.86
K,0 3.99 445 2.39 2.71 3.77 3.82 3.64 7.37 3.66 3.48 3.96 2.50
P,05 0.645 0.55 0.65 0.59 0.47 0.54 0.78 0.63 0.53 0.20 0.29 0.13
LOI Na na na 1.63 0.77 1.31 na na 0.46 0.93 0.60 0.38
F(%) 1.45 1.07 0.2 1.84 0.8 0.53 0.381 0.427 1.33 0.37 0.44 0.86
ppm
B <20 <10 1958
Li 901 975 51 5294 515 600 153 469 3200 166.8 98.8 71.7
As 16 17.4 0.2 0.9 3.1 4.6 26 13
Ba 17 14 <10 7.6 38.8 16.3
Be 110 414
Cs 125 130 16 482 31 71 60 121 566 90.7 54 39.3
Ga 39 34 32 62.2 343 35.7
Hf 2.46 2.23 1.2 3.7 1.8 1.8 1.48 1.88 <2 8 34 3.1
Nb 92 36 59 43 30 42 64 37 44 165.8 80.6 71.8
Pb <7 <7 8 56 7 5 12 7 5.1 11.2 28.0
Rb 1515 1283 570 3423 883 1057 1244 1034 1177 1346 1412 861.3
Sc 2.6 4.1 0.32 0.025 2.1 4.4 0.19 9.5 2.2
Sn 18 64 20 85 179 71 83 58 155 108.1 221.8 968.4
Sr <7 16 87 4.2 69 56 33 21 1.62 17.7 17.4 14.0
Ta 55 153 33 186 11.1 20 30 12 26.9 130.1 122.6 146.4
Th 39 6.8 0.5 3.6 4.9 1.5 0.2 1.9 23 12.2 10.3 10.8
U 18 36 1.3 6.7 22.6 28.6 2.2 2.7 18.8 7.9 10.5 9.8
w 43 46 3.7 17 20 13 8.7 30 33 10.4 5.8
Zn 75 50 32 74 163 85 58 90 92 55.2 22.9 61.0
Zr 19 33 <7 26.4 29 42 <7 24 39 72.1 29.6 21.8
La 0.65 34 0.6 0.28 1 3.7 0.41 2.6 1.92 0.200 0.226 0.089
Ce 2.3 10.7 1.26 0.97 2.8 7.9 1 6.6 4.52 0.349 0.407 0.159
Pr 0.030 0.034 0.016
Nd 0.65 1.3 4.7 0.107 0.104 0.038
Sm 1.06 0.19 0.08 0.74 0.74 0.18 1.16 0.86 0.020 0.015 0.010
Eu 0.007 0.016 0.024 0.013 0.05 0.01 0.02 0.022 0.02 0.023 0.06 0.028
Gd 0.72 0.018 0.019 0.008
Tb 0.03 0.26 0.048 0.023 0.23 0.19 0.06 0.28 0.005 0.004 0.003
Dy 0.79 0.04 0.031 0.019
Ho 0.005 0.003 0.002
Er 0.35 0.012 0.011 0.008
Tm 0.002 0.002 0.002
Yb 0.12 0.7 0.13 0.01 0.25 0.37 0.11 0.61 0.39 0.065 0.036 0.038
Lu 0.018 0.1 0.016 0.0015  0.027 0.057 0.01 0.06 0.06 0.004 0.005 0.004
A/NK 1.32 1.28 1.22 1.40 1.48 1.41 1.24 1.32 1.47 1.18 1.15 1.27
Ta/Nb 0.60 0.43 0.56 4.33 0.37 0.48 0.47 0.32 0.61 0.78 1.52 2.04

38-39 — Podlesi granite, Czech Republic (Breiter, 1998); 40 — Sejby granite, Czech Republic (Breiter, 1998); 41 — Yichun topaz-lepidolite
granite, Jiangxi, China (Raimbault et al., 1995); 42 — East Kemptville topaz-muscovite leucogranite, Nova Scotia, Canada (Kontak, 1990);
43-45 — Homolka muscovite granite, south Bohemian pluton, (43) (Raimbault et al., 1995), (44-45) (Breiter, 1998); 46 — Macusani volcanic
glass pebble, Peru (Pichavant et al., 1987b); 47 — Shuiximiao topaz-albite granite, Limu district, China (Zhu et al., 2001); 48 — Laohutou
topaz-albite granite, Limu district, China (Zhu et al., 2001); 49 — Jinzhuyuan topaz-albite granite, Limu district, China (Zhu et al., 2001).
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processes. The high concentrations of fluxing elements such as F,
Li, B, and P typical of rare-element granitic melts, are thought to
have a key role in modifying melt structure and determining the
physico-chemical properties of silicate melts (London, 1987), and
the effects of these elements are thought to be additive (Dingwell,
1988; Linnen, 1998). They strongly decrease the viscosity and
solidus temperature of the magmas, which facilitates crystal-melt
separation and thus favours protracted crystal-melt fractionation,
making it possible for extreme rare-element enrichment in the resid-
ual melts. The decrease of the Nb/Ta ratio with rare-element enrich-
ment shows that mass-dependant fractionation processes, such as
Soret diffusion (as proposed by Hildreth, 1979), cannot play an
important role. The general location of the strongest rare-element
enrichment at the roof of the pluton cannot be explained by in situ
double diffusive convection involving sidewall crystallization.
Where it has been possible to analyze complete transects of granite
bodies, such as at the Beauvoir granite, other fractionation process-
es at the scale of each magmatic unit have been proposed.
Raimbault et al. (1995) proposed that, in addition to crystal frac-
tionation, liquid immiscibility may explain the extreme rare-ele-
ment enrichment of the Beauvoir granite, with a brine/melt phase
having transported elements such as Li, Rb, Ga, Sn, and Ta upward
through the magma towards the roof of the granite body. In another
example, Charoy and Noronha (1996) interpreted that the Argemela
rare-element microgranite resulted from the injection of a quartz-
albite-phengite crystal mush that was overprinted by a Li-F-P- and
rare-element-rich phase. It is not clear whether the younger, rare-
element-rich phase crystallized from a melt or a solution-melt
derived from melt immiscibility at deeper levels. A similar process
was proposed by Reyf et al. (2000) and Badanina et al. (2004) to
explain the extreme rare-element enrichment in the Orlovka Ta
deposit in the Khangilai complex, Russia. They proposed that the
most Ta-rich part of the pluton resulted from the removal of an
interstitial residual melt from deeper parts of the magmatic body
that was injected into a previously solidified crystalline carapace at
the top of the pluton. Gramenitskiy and Shchekina (2001) provided
some experimental evidence for the partitioning of Nb, Ta, Zr and
Hf into aluminofluoride melts coexisting with aluminosilicate
melts. However, the aluminosilicate melts in these experiments
were peralkaline, and it is not clear whether similar silicate-halide
melt immiscibility will occur in peraluminous systems (see Veksler,
this volume for further discussion). In order to further evaluate the
various models of rare-element enrichment and crystallization of
rare-element minerals in granitic systems, it is necessary to first
examine the solubility and partitioning behaviour of the rare-ele-
ments in granitic systems.

EXPERIMENTAL CONSTRAINTS ON
RARE-ELEMENT BEHAVIOUR

It is clear from the preceding sections that a magmatic model is cur-
rently favoured to explain rare-element mineralization. In order to
assess this model, information on the mineral-melt partition coefti-
cients of rare-elements are needed to constrain the degree of partial
melting and the amount of fractional crystallization that are needed
to produce the high degree of rare-clement enrichment that is
observed in rare-element granites and pegmatites. Knowledge of the
solubilities of rare-element minerals in granitic melts is needed to
assess the magmatic controls on rare-element mineralization and
lastly, fluid-melt partition coefficients are required to assess the role
of magmatic-hydrothermal fluids to mineralization. These data are
reviewed below. It is also worth noting that there are a number of
experimental studies that have investigated the behaviour of rare-

elements in basaltic melts. However, the purpose of these studies is
to better understand the mantle and the core, and the results are not
directly applicable to granite-hosted ore deposits and thus will not
be discussed. The partition coefficients, D, discussed below follow
the normal definition where D¢ represents the weight % of ele-
ment i in phase a divided by weight % of element 7 in phase b.

Mineral-Melt Partitioning of Rare-Elements

The rare earth elements have long been used to understand petroge-
nesis in igneous systems and it is beyond the scope of this chapter
to review all of the mineral-melt partition data for REE. The REE
abundances of peraluminous granites and pegmatites are dominant-
ly controlled by accessory phases, in particular monazite, xenotime,
allanite, zircon, and apatite (e.g., Bea, 1996). The solubilities of
these accessory phases in peraluminous melts are low, as discussed
below, and consequently REE abundances in peraluminous granites
are low, but their solubilities greatly increase with peralkalinity of
the melts. Similarly, the Zr and Hf contents of peraluminous gran-
ites and pegmatites are low and are largely controlled by zircon-
hafnon saturation and mineral-melt partition coefficients of Zr and
Hf will not be considered further. By contrast, the abundances of
Nb, Ta, W, and Sn are high in peraluminous rare-element granites
and pegmatites, and as discussed above, these elements are believed
to be enriched by fractional crystallization. Therefore this section
discusses the mineral-melt partition coefficients of these elements.

Nb and Ta

Most of the mineral-melt partition data that have been determined
either experimentally or from phenocrysts-matrix analyses are for
basaltic systems. Linnen and Keppler (1997) showed that the rela-
tive solubilities of columbite-tantalite, and hence the relative mag-
nitude of the Nb/Ta activity coefficient ratio in the melt, is strongly
dependent on melt composition. Thus, partition coefficients for
basalts cannot be applied to granites (similarly, partition coeffi-
cients for peralkaline granites cannot be applied to metaluminous or
peraluminous granites). Nevertheless, some mineral-basalt melt
partition data will be discussed here because of the paucity of par-
tition data for granite melts. In basaltic systems Nb and Ta are mod-
estly incompatible in ferromagnesian minerals. For pyroxenes,
D™ and DL varied as a function of DZ*™" and the CaO
content of the pyroxene (Forsythe et al., 1994), the 'YAl content of
the pyroxene (Hill et al., 2000), and the composition of the melt
(Green et al., 2000). The only values for melts that are nearly
granitic in composition are 0.065 for DZ* ™" and for 0.261 for
D! determined for clinopyroxene in a dacite melt at 1072°C
and 0.1 MPa (Forsythe et al., 1994). Similarly, there are no amphi-
bole-granite melt experimental partition coefficients, although
Klein et al. (1997) determined partition coefficient values for a
tonalite melt at 800 to 900°C and 1 GPa. At these conditions,

D mphibolitezmelt 5 q [ mphit " were both 0.3 to 0.4.

The minerals that are probably the most important in control-
ling Nb-Ta contents of igneous suites are the Fe-Ti oxide phases,
most notably magnetite, titanite and ilmenite. Unfortunately, very
few partition coefficients have been determined for such minerals in
granitic melts. Linnen and Keppler (1997) calculated Dy ™" and
Dyvilemelt yalues of ~4900 and ~1900, respectively, giving a
DM/D™ value of 2.6. These values are in contrast with the much
lower values for more mafic melts, e.g., for an andesitic melt, Green
and Pearson (1987) measured a D" of 26 5 and D™l of
44.0 and a D"/D™ value of 0.6. Horng and Hess (2000) determined
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Dyjpitemelt and Dy mell yalues for granitic melts. However, the lat-
ter experiments were conducted for systems that were Fe- and Mn-
free, and it is well established that Nb and Ta substitute into rutile
via a columbite-type substitution (Cerny and Ercit, 1985). Conse-
quently AI** was involved to charge balance the 5+ substitution
(i.e., AP™Nb**=2Ti*"), thus the partition values from Horng and
Hess (2000) cannot be applied to natural rutile. Magnetite is also an
important sink for Nb and Ta. For basaltic systems the partition
coefficients for Nb and Ta ranged from <0.1 to ~3, depending on the
magnetite composition (most notably they increased with increas-
ing Dpesnetite-mell, Nielsen and Beard, 2000). IImenite-andesite melt
partition coefficients at 1000°C and 400 MPa determined by Green
and Pearson (1987) were 4.6 and 6.6, for Nb and Ta, respectively,
but much higher values are reported from analyses of a natural rhy-
olite: 51-71 and 64-85, respectively (Stimac and Hickmott, 1994).
The only available partition data for titanite are from basaltic ande-
site, andesite and trachyte melt compositions at 950° to 1000°C and
400 to 750 MPa (Green and Pearson, 1987). Partition coefficients
for titanite, D2 ™ and D", range from 3.5 to 7.6 and 10.6 to
19.6, respectively. It can be predicted that these values will be high-
er for granitic melts, similar to their partitioning behaviour with
respect to rutile and ilmenite.

Some partition data was reported by Kovalenko et al. (1977)
for naturally occurring ongonite (PLP) volcanic rocks, which are F-
and rare-element-rich. Their results showed that quartz and
feldspars contain negligible Nb and Ta. Partition coefficients
derived for mica-groundmass pairs were 2.7 to 5.8 for D, ™" and
~0.9 to 2.9 for D€l The bulk distribution coeffi ments from
that study showed the highly incompatible nature of Nb and Ta and
ranged from 0.05 to 0.09 for Nb and 0.02 to 0.05 for Ta. More
recently, Raimbault and Burnol (1998) determined partition coetfi-
cients for muscovite in the Li-F-P-rich (PHP) Richemont rhyolite
dyke in France. Djm" ™" is 3.5, whereas D" is 0.42, and Raim-
bault and Burnol (1998) proposed that muscov1te crystallization
could account for the decrease of Nb/Ta ratios observed in peralu-
minous granites.

Sn and W

We are not aware of any experimentally derived mineral-melt parti-
tion coefficients for Sn in granitic systems. However, it is very like-
ly that in oxidized granitic melts Sn will be a compatible element
because Sn*" and Ti*" have similar ionic radii and consequently
melts will become depleted in Sn with magnetite and titanite crys-
tallization. By contrast, in reduced melts Sn** behaves as an incom-
patible element (Lehmann, 1990). Partition coefficients for Sn have
been derived from the analyses of phenocrysts and groundmass in
sub-volcanic rocks (Kovalenko et al., 1977; Antipin et al., 1981;
Kovalenko et al., 1988). Only magnetite and mica have partition
coefficients >1. Raimbault and Burnol (1998) also reported a mus-
covite-rhyolite melt partition coefficient, but it was somewhat
lower, at a value of 0.37.

There is also very little mineral-melt partition data for W and
granitic melts. Candela and Bouton (1990) studied W partitioning in
ilmenite at different oxygen fugacity (fo) conditions. Values of
Djim-melt_at 800°C and 100 MPa for a hlgh silica rhyolite melt
ranged from 0.39 at the C-CH, buftfer, to 0.5 at anfo2 near the Ni-
NiO buffer. Other partition coefficients are from natural rocks. In
the studies of Kovalenko et al. (1977) and Antipin et al. (1981) mica
was the only mineral that had a D value for W of >1. In the study of
Kovalenko et al. (1988) D values near or above 1.0 were also
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reported for magnetite, K-feldspar and plagioclase at temperatures
higher than 850°C.

Rare-Element Solubilities in Silicate Melts
Nb and Ta Mineral Solubilities

There is a wide variety of Nb-Ta minerals, and their compositions
and structures have been reviewed by Foord (1982) and Cerny and
Ercit (1985). Only three groups of minerals are of significant eco-
nomic importance: the pyrochlore, wodginite, and columbite-tanta-
lite groups. Pyrochlore ([A,.,B,0(O,0H,F), ] where A=Ba, Bi,
Ca, Ce, K, Na, Pb, Sn, Sr, Th, Sb>", U, Y, or Zr; and B=Nb, Ta, or
Ti) is an important Nb mineral in carbonatites and other anorogenic
intrusions Cerny and Ercit, 1989). The solubility of pyrochlore and
other Nb phases in carbonatite melts is summarized by Mitchell
(this volume). In peraluminous pegmatites, the pyrochlore-group
mineral microlite [Ca,Na),Ta,04(0,0H,F)] can be common, but
typically is a subordinate Ta mineral, e.g., in the Tanco deposit
Cerny et al. 1998). It is generally unclear whether it is a primary
magmatic mineral or resulted from the replacement of previously
crystallized Ta minerals. In the Greenbushes pegmatite, microlite is
interpreted to be hydrothermal in origin (Partington et al., 1995),
but by contrast, microlite is observed to be replaced by tantalite in
the Beauvoir granite (Ohnenstetter and Piantone, 1992). Wodginite
(MnSnTa,Oyg; for substitutions see Ercit et al., 1992) is an important
ore mineral in the world's largest tantalum deposits, e.g., Tanco
Cerny et al., 1998), Greenbushes (Partington et al., 1995), and
Wodgina (Sweetapple and Collins, 2002), but the solubilities of
microlite or wodginite in granitic melts have not yet been deter-
mined.

The columbite-tantalite [(Fe,Mn)(Nb,Ta),04] group is the
most abundant group of Nb-Ta minerals Cerny and Ercit, 1989) and
the solubilities of manganocolumbite and manganotantalite in
granitic melts have been the subject of several studies (Keppler,
1993; London, 1995; Horng and Hess, 1995; Linnen and Keppler,
1997; Linnen, 1998; Linnen, 2005). The Mn end-members were
investigated because at geologically reasonable redox conditions
Mn will have a 2+ valence in silicate melts (Linnen and Keppler,
1997); this is in contrast to the Fe end-members which require care-
ful redox control (see below). Manganocolumbite and manganotan-
talite dissolve congruently in most granitic melt compositions:

Mn2+Nb206crysta/ — Mn2+0melt + szojmelt ( 1 )
and
Mn2+Nb206crjvsta/ — Mn2+0melt + Nb205n1e/t (2)

Their solubilities are expressed as solubility products, Kq, and KVT;,
defined as [MnO]-[Nb,Os], and [MnO]-[Ta,Os], respectively, where
square brackets represent concentrations in mole/kg in the melt. The
solubility products are related to the thermodynamic equilibrium
constants of columbite (K*) and tantalite (K™) dissolution through

the equations:

_ ., Nb20Os5 MnO Nb205 yyMnO ; MnNb,Og5 _
K anelt Vimelr Xmelt Xmelt /a Amineral = =
Nb ,  MnNbyO4
}/NI)703 “Ymmo K /amme/al (3)

Ta _ , Tay0s MnO Ta;05 ,yyMnO ; MnTa,Op _
K" = Ymelt = "Vimelt ‘X/nelt )(melt /a mineral
MnTay04

. xTa
Y10,05 Yoo Ksp / Amineral 4)

where y represents the activity coefficients and X represents the
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molar fractions in the melt phase, and a represents the activity of the
crystalline phase. Depending on the choice of standard state, the
activities of the minerals (pure phases) are unity. If one divides
equation 3 by 4, the activity coefficient for MnO cancels out and
one obtains the relationship:

Nb ol _ oNb pTay ., MaNb,Og , MnTayOf /o TaxOs /. NbsOs
K‘sp /Ksp - (K /K ) (aminerf:l 6/aminer2a/ 6) (}/meh ’ /anell ) (5)

The terms (KY/K™) and (a}205 /"% y are constant at fixed
temperature and pressure. Thus, changes in the relative solubilities
(Kg,}’/KSTZ ) with melt composition at constant temperature and pres-
sure are inversely proportional to the relative activity coefficients of
the metal oxide components in the melt (y,3%% /y2%2%%). Linnen and
Keppler (1997) showed that the solubility products of MnNb,Og
and MnTa,O are nearly identical in hydrous peralkaline granitic
liquids at fixed P and T (Figure 5), but that the solubility product of
MnNb,Oy is smaller than that of MnTa,O4 in water-saturated meta-
luminous and peraluminous melts. Columbite-tantalite evolution in
most natural pegmatites is characterized by decreasing Nb/Ta
(Figure 6). This is explained by the experimental data because man-
ganocolumbite, being less soluble, will crystallize before mangano-
tantalite, leading to Ta enrichment relative to Nb in the residual
melt. The higher solubility of manganotantalite relative to that of
manganocolumbite also explains the decrease in the Nb/Ta ratio
with fractionation that typifies rare-element metaluminous and per-
aluminous granites and pegmatites (Figure 7). Because the activity
coefficient of Ta in the melt is smaller than that of Nb, fractional
crystallization will result in a progressive decrease of the Nb/Ta
ratio, even if columbite-tantalite is not one of the phases that has
crystallized. By contrast, because Kﬁf,band KST’p’ are nearly identical in
peralkaline granitic melts, fractional crystallization of this melt
composition will not lead to a strong decrease of the Nb/Ta ratio
with fractionation (Figure 7).

The solubilities of the Fe end-members (ferrocolumbite and
tapiolite) are more complicated because they will depend on redox
conditions:

FeZ+ Tazo(;‘)jvstal — F62+0melt + Tazojmelt (6)
but

FeZ+0melt + 0.502”16/1 — Fe‘HO;fzjelt (7)
and combining reactions (7) and (8)

F62+ Tazoécrysml +0.5 Ozmelt — FeSJrO;jrljelr + Tazojme/[ (8)

It thus can be predicted from equation (8) that tapiolite solubility
will increase with increasing fo,. Preliminary results of ferro-
columbite and tapiolite solubility in water-saturated haplogranitic
melts (ASI=1.0) at 800°C, 200 MPa and at a log fp, of Ni-NiO+0.5
are 1.0x10” mol*/kg® for ferrocolumbite and 2.3x10~* mol*/kg* for
tapiolite (Linnen, unpublished data). These solubilities are an order
of magnitude higher than those of the Mn end-members at the same
conditions (1.2x10™* mol*/kg® and 2.6x10™* mol*/kg® for mangano-
columbite and manganotantalite solubility, respectively; Linnen and
Keppler, 1997). The higher solubilities of the Fe end-members
mean that, if columbite-tantalite crystallization controls the Fe-Mn
concentrations in granitic melts, an Fe-enrichment trend should be
observed. This is opposite of the observed 'normal' magmatic trend
of Mn enrichment in columbite-tantalite Cerny et al. 1986), indicat-
ing that one or more other phases controls Fe-Mn in rare-element
granites and pegmatites. One possible explanation is that a silicate
phase controls Fe-Mn contents. It is unlikely that this phase is gar-
net, because garnet is rarely present in rare-element granites and
pegmatites, and a typical magmatic trend for this mineral is one of
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Figure 5. Manganocolumbite-manganotantalite solubility in peral-
kaline to peraluminous haplogranitic melts at 800°C and 200 MPa.
The ppm Nb and Ta scales are based on stoichiometry dissolution/
saturation of MnNb,O4 and MnTa,O,, respectively. Modified afier
Linnen and Keppler (1997).
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Figure 6. Typical trends for columbite-tantalite compositions in
LCT pegmatites. Modified after Cerny et al. (1986).
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Fe-enrichment (Mn-rich cores and Fe-rich rims; e.g., Manning,
1983; Linnen and Williams-Jones, 1993; London et al., 2001). By
contrast, tourmaline can show Mn-enrichment with fractionation
(Selway et al. 2000; London et al., 2001), and thus the Mn enrich-
ment observed in columbite-tantalite may be controlled by tourma-
line crystallization. However, it should be noted that tourmaline is
rare or absent in many rare-element pegmatites, e.g., in the Marko's
pegmatite, Separation Lake area, Ontario, and columbite-tantalite at
these pegmatites also display Mn-Ta enrichment (Tindle and
Breaks, 2000). Thus, tourmaline crystallization cannot explain all of
the Mn-enrichment trends observed in pegmatites.

Muscovite crystallization is potentially important in control-
ling Mn/Fe in the melt. Raimbault and Burnol (1998) reported mus-
covite-matrix partition values for the Richemont rhyolite dyke of
8.5 for D™ and 2.0 for D™ i.e., a DM value of 4.25,
indicating that a melt will become strongly depleted in Fe relative
to Mn with progressive muscovite crystallization. However,
London et al. (2001) proposed that Mn substitution in tourmaline is
coupled with Li and Al, thus Fe-Mn partitioning in micas may be a
complex function of mica composition. A strong increase of the
Mn/Fe ratio was observed for the global evolution of zinnwaldite-
lepidolite, from the least to most fractionated Beauvoir granite
(from 0.14 in the zinnwaldite-dominant composition at -865 m, to
0.28 in the lepidolite-dominant composition at -110 m; Monier et
al., 1987). The same general evolution is observed in the Nb-Ta
minerals, which represent negligible hosts for Fe and Mn compared
to micas. However, in detail, the Mn/Fe ratios of zoned micas
decrease from core to rim in a relatively fractionated phase of the
Beauvoir granite (-429.25 m, Table 3 of Monier et al., 1987), which
may correlate to Mn enrichment of the melt. An alternate explana-
tion for the enrichment of Mn relative to Fe is that it is related to
high F activities in the melt Cerny and Nemec, 1995), but experi-
mental data is also needed to test this hypothesis.

The above experiments contain only H,O as a fluxing com-
pound, but it has been shown above that other fluxes such as F, Li,
B and P, are important, and in fact characteristic of rare-element
granites. The effects of these fluxes on the solubilities of mangano-
columbite and manganotantalite in granitic melts have been the sub-
ject of several studies. Keppler (1993) demonstrated that the solu-
bilities of manganocolumbite and manganotantalite both increase
with increasing F contents of subaluminous (ASI=1.0) granitic
melts. In that study it was shown that the solubilities of both
manganocolumbite and manganotantalite increased approximately
four- to five-fold as the F content of the melt increased from 0 to 6
wt.% F, thus there is no evidence that F should affect the Nb/Ta ratio
of columbite-tantalite during crystal fractionation. The preliminary
work of Wolf and London (1993) and Wolf et al. (1994) suggested
that B has no effect on solubilities, but that P apparently increased
their solubilities. Linnen (1998) showed that manganocolumbite
and manganotantalite solubilities increase with increased Li content
of the melt, and that the effects of F and Li were additive.

Most of the above solubility experiments were conducted at
>800°C. These temperatures are high enough for the diffusion of
Nb and Ta to be sufficiently fast for the melts to attain saturation in
these phases over a reasonable experimental time scale (weeks to
months), i.e., that the analyses of Fe, Mn, Nb, and Ta in quenched
melts (glasses) reflect mineral saturation. In order to model the
crystallization of columbite-tantalite in natural melts, the solubility
data must be extrapolated to lower temperatures (Linnen and
Keppler, 1997; Linnen, 1998). These data are summarized by
Figure 8, where the ppm Nb or Ta represent stoichiometric ratios of
Mn:Nb or Mn:Ta in the melt (i.e., ratios of 0.5) for saturation of
manganocolumbite and manganotantalite. The amounts of Nb and
Ta in the melt at saturation could be lower if the Mn contents were
correspondingly higher, however, high Mn contents in peralumi-
nous melts will result in spessartine crystallization, and for that rea-
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Figure 8. Temperature dependence and the effects of Li and F on manganocolumbite-manganotan-
talite solubility in subaluminous haplogranitic melts at 200 MPa. The ppm Nb and Ta scales are
based on stoichiometric dissolution/saturation of MnNb,O4 and MnTa,0y, respectively. The data is

from Linnen (1998).

son Linnen and Keppler (1997) and Linnen (1998) calculated the
amount of Nb and Ta required for manganocolumbite-manganotan-
talite saturation in a melt with 0.05 wt.% Mn. At these conditions,
70, 120 and 120-490 ppm Nb are required for manganocolumbite
saturation in melts with 0 wt.% Li-F, 2 wt. % Li, and 2 wt.% F,
respectively, and 510, 2700 and 1300-6800 ppm Ta are required for
manganotantalite saturation in water saturated melts at 600°C and
200 MPa with 0 wt.% Li-F, 2 wt. % Li, and 2 wt.% F, respectively.

Zr, Hf and REE Mineral Solubilities

Magmatic zirconium minerals in peralkaline silicate rocks include
zirconosilicates such as eudialyte, elpidite and wadeite, in addition
to zircon and baddeleyite. Discrete Hf minerals are not present in
such rocks. A number of rare earth minerals are also present in per-
alkaline rocks, notably fluorcarbonate minerals such as bastnisite
(see Ewing and Chakoumakos, 1982, for a detailed list of Zr, Hf,
and REE minerals). The solubilities and stabilities of these minerals
are poorly understood, but Marr et al. (1998) established that in
H,O-saturated, peralkaline granitic-syenitic melts (ASI=0.73) at
800°C and 100 MPa, zircon was the stable Zr phase in melts with
greater than ~55 wt.% SiO,. At lower silica contents, either wadeite
or baddeleyite was the stable Zr phase. Marr et al. (1998) also noted
that a solubility maximum occurred in halogen-free melts with 57-
60 wt.% Si0O,, but that the addition of F or Cl reduced zircon solu-
bility.

Zircon solubility is thus depend-
ent on the SiO, content of the
melt, and therefore, instead of
using the ASI ratio as a melt com-
positional parameter, Watson and
Harrison (1983) included SiO, in
the denominator. Other network-
modifying cations have subsequently been included, e.g., Baker et
al. (2002), and a melt compositional parameter M can be defined as
the molar ratio:

1 Na=K+2(Ca+ Mg+ Fe)

M=gx Al

©)

Additional factors that affect zircon solubility are the F
(Keppler, 1993) and Fe (Baker et al., 2002) contents of the melt,
both of which increase zircon solubility. By contrast, the solubilities
of zircon and hafnon decrease with increasing Li content of the melt
(Linnen, 1998).

Ellison and Hess (1986), Linnen (1998) and Linnen and
Keppler (2002) showed that the solubility of hafnon is always
greater that that of zircon at the same pressure, temperature, and
melt composition (Figure 9). However, the change in their relative
solubilities with the ASI ratio of the melt is similar to that of
manganocolumbite-manganotantalite. The molar zircon/hafhon sol-
ubility ratio in strongly peralkaline melts is close to unity, which
means that zircon fractionation from such melts will have little
effect on the Zr/Hf ratio of the residual melt. By contrast, the molar
zircon/hafhon solubility ratio in a metaluminous melt at 800°C is
approximately 0.2. This means that the fractional crystallization of
zircon will deplete the melt in Zr relative to Hf and that the Hf con-
tent of zircon will increase with progressive crystallization. How-
ever, it should be noted that although some peraluminous granite
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Figure 9. Zircon-hafnon solubility in peralkaline to subaluminous
haplogranitic melts at a) 1035°C and 200 MPa and b) 800°C and
200 MPa. The data is from Linnen and Keppler (2002).

and rhyolite suites show a trend of decreasing Zr/Hf with increasing
Hf (where Hf is an incompatible element this is a 'normal' magmat-
ic trend) other suites show either a constant or increasing Zr/Hf with
increasing Hf. Linnen and Keppler (2002) suggested that the latter
behaviour could be explained by Hf being a compatible element in
some cases, and the influence of restite zircon in other cases.
Whether or not zircon can survive as a restite phase depends on the
size of the zircon crystals as well as zircon solubility and Zr diffu-
sivity in the melt (see Hanchar and Watson, 2003 for further discus-
sion).

Monazite solubility in silicate melts has also been demonstrat-
ed to depend strongly on the ASI or M ratio of the melt as well as
on temperature (Montel 1986; Rapp and Watson, 1986; Rapp et al.,
1987; Ellison and Hess, 1988). It is evident that monazite solubili-
ty is very low in peraluminous melt compositions at the pressure-
temperature conditions at which rare-element granites and peg-
matites crystallize (Montel, 1993; Wolf and London, 1995). Total
REE dissolved in monazite and H,O-saturated silicate melts at
800°C range from > 1wt.% for low-silica, strongly peralkaline com-
positions, to a few hundred ppm for high-silica peraluminous com-
positions (Montel, 1993), to only a few tens of ppm for low temper-
ature peraluminous rare-element granites. It has also been deter-
mined that the solubility of xenotime is greater than that of mon-
azite in the same melt composition (Keppler, 1993; Wolf and
London, 1995), and in the former study it was shown that solubili-
ties increase from LaPO, to GAPO, to YbPO,. However, in contrast
to the solubilities of other high field strength elements, the F con-
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tent of the melt has no effect on monazite or xenotime solubility
(Keppler, 1993).

Sn and W Mineral Solubilities

Cassiterite is by far the most common Sn mineral. Most Sn deposits
are hydrothermal in origin, but cassiterite in many pegmatites is
interpreted to be magmatic in origin (e.g., Linnen and Williams-
Jones, 1994). Experiments on cassiterite solubility in granitic melts
have been conducted by Stemprok (1990), Taylor and Wall (1992),
Linnen et al. (1995, 1996), Ellison et al. (1998), and Bhalla et al.
(2005). Tin differs from the other rare-elements discussed above in
that it can have different valences, Sn*" and Sn*', at geologically
relevant redox conditions. Cassiterite solubility increases dramati-
cally with decreasing ASI values of peralkaline melts at both
reduced (Linnen et al., 1996) and oxidized (Ellison et al., 1998)
conditions. At reduced conditions, Linnen et al. (1996) observed
that cassiterite solubility was at a minimum at the subaluminous
(ASI=1.0) composition, then increased slightly with increasing ASI
values of peraluminous melts (Figure 10). Bhalla et al. (2005) also
observed an increase in cassiterite solubility with increasing ASI
values of peraluminous melts, as well as increasing cassiterite solu-
bility with increasing F and Cl contents of the melt. Taylor and Wall
(1992), however, observed a decrease in cassiterite solubility with
the addition of CI to the melt. It is not clear why these latter two
studies are in disagreement, although it may be related to problems
with the experimental method that Taylor and Wall (1992)
employed (see Linnen et al., 1995, for a discussion). Lastly, B has
no apparent affect on the solubility of cassiterite (Wolf and London,
1994).

Oxygen fugacity is a major control of cassiterite solubility in
subaluminous to peraluminous melt compositions: e.g., cassiterite
saturation in H,O-saturated subaluminous granitic melts at 850°C
and 200 MPa ranges from 2.8 wt.% SnO, at a log f,,, of FMQ-0.84
to ~800 ppm SnO, at FMQ+3.12 (where FMQ represents the fay-
alite-magnetite-quartz oxygen fugacity buffer; Linnen et al., 1995).
The simple dissolution reaction illustrates that the log solubility of
cassiterite should be proportional to -0.5 times the log fo,.

SnO5™*! = Sn0"™*" +0.507"" (10)
6.0
850°C, 2 kbar
55 FMQ + 0.57
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Figure 10. Cassiterite solubility in peralkaline to peraluminous
haplogranitic melts at 850°C and 200 MPa and a log fo, of
FMQ+0.57, where FMQ represents the value at the fayalite-mag-
netite-quartz buffer. The data is from Linnen et al. (1996).



RARE-ELEMENT GEOCHEMISTRY AND MINERAL DEPOSITS 59

Tin is dissolved in H,O-saturated subaluminous to peraluminous
melts dominantly as Sn*" at log Jo, conditions more reduced than ~
FMQ+2.5. By contrast, in strongly peralkaline granitic melts Sn*" is
the dominant valence of tin dissolved in the melt, even at log f,,
conditions as reduced as the FMQ buffer (Linnen et al., 1996).

Stemprok (1990) and Bhalla et al. (2005) determined cassi-
terite solubility as a function of temperature. The temperature
dependence of cassiterite solubility in the two studies was similar,
although the absolute values were different because the melt com-
positions were different (Figure 11). One of the compositions was
peralkaline and the fo2 conditions were oxidizing (Stemprok, 1990),
whereas the other set of experiments were conducted at f,, condi-
tions where Sn>* should dominate (Bhalla et al., 2005). The similar-
ity of the temperature dependence of the two studies suggests that
there is no significant enthalpy difference between SnO, dissolution
as a Sn®" or Sn** species in the melt. For a H,O-saturated peralumi-
nous melt with ~1 wt.% F and at a log f,,, of Ni-NiO, Bhalla et al.
(2005) derived the relationship:

logC,p, = 3.17 3510/ T (11

where Cg,, is the wt.% SnO, in the melt for cassiterite saturation
and T is the temperature in Kelvin. This equation predicts that cas-
siterite saturation requires 1400 ppm SnO, at 600°C for this melt
composition, but that lower SnO, abundances will result in cassi-
terite saturation at more oxidized conditions (Linnen et al., 1995,
1996).
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Figure 11. Temperature dependence of cassiterite solubility in a
natural F-rich granitic melt (Kymi topaz granite, Finland) and a
synthetic F-rich peralkaline melt. The data is from Bhalla et al.
(2005).

The dominant ore minerals of W are scheelite and wolframite
(ferberite-hiibnerite solid solution). Wolframite is rare as a magmat-
ic mineral (Tsareva et al., 1995) and we are not aware of any case
where scheelite is reported to have crystallized directly out of a
melt. Stemprok (1990) summarized the experimental work on WOj
solubility in silicate melts. The solubility of hiibnerite has been
determined in a subaluminous granitic melt with variable Li con-
tents (Linnen, 1998) and H,O contents (Linnen, 2005). The hiibner-
ite solubility product, [MnO]-[WO;], in H,O-saturated subalumi-
nous granite melt at 200 MPa was not affected by Li and decreased
from ~1.3x10" mol*/kg® at 1035°C to ~5x10-4 mol*/kg’at 800°C
(Linnen, 1998). The effect of melt ASI composition on hiibnerite
solubility is shown in Figure 12 (Linnen, unpublished data). The
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Figure 12. Hiibnerite solubility in peralkaline to peraluminous hap-
logranitic melts at 800°C and 200 MPa. The ppm W scale is based
on stoichiometry dissolution/saturation of MnWOA4.

results are very similar to those for columbite-tantalite, with a solu-
bility minimum at an ASI ratio of ~1.0, a strong increase in solubil-
ity with decreasing ASI values in peralkaline melts, and a weak
increase in solubility with increasing ASI values in peraluminous
melts. As is the case for columbite-tantalite, this also indicates that
a few thousand ppm WOj are required for wolframite saturation in
subaluminous to peraluminous granitic melts at 800°C.

Fluid-Melt Partitioning of Rare-Elements

There are only a few experimentally determined fluid-melt partition
coefficients for rare-elements. It should be pointed out that the pH
of the fluid wasn't controlled in any of these experiments, and since
the solubilities of these elements are pH-dependent (Wood, this vol-
ume), this may affect fluid-melt partitioning (Frank et al., 2003;
also see Samson and Wood, this volume). Two studies utilized nat-
ural glasses: London et al. (1988) used the peraluminous F-rich,
Macusani glass at 775 to 435°C and 200 MPa, and Webster et al.
(1989) used the peraluminous F-rich, Spor Mountain topaz rhyolite
at 950 to 770°C and 50 to 400 MPa. The other studies cited below
used synthetic granitic glasses as starting materials, and conducted
experiments at 750 to 1000°C and 100 to 500 MPa. An exception is
Keppler (1996), who studied haploandesite-H,O and haploandesite-
H,0-(Na,K)Cl at 1040 to 1100°C and 0.3 to 2.0 GPa. The data from
the Keppler (1996) study cannot be directly applied to granite-fluid
systems but is included because of the lack of data for granitic sys-
tems.

It is important to note that in many studies the amount of Cl is
varied because Cl is an important complexing agent for many ele-
ments. The partition coefficient of a rare-element thus will vary
with the Cl content of the coexisting fluid if complexed as a chlo-
ride (cf. Candela and Piccoli, 1995). It is also worth noting that if
the aqueous species of the rare-element is an oxyacid (e.g., W), an
increase in its partitioning with the NaCl content of the fluid may be
related to Na ion pairing rather than chlorine complexing (see the
discussion on W below). Fluorine may complex rare-elements
(Wood, this volume; Samson and Wood, this volume). However, F
partitions in favour of the melt (London et al., 1988; Carroll and
Webster, 1994; Chevychelov et al., 2004) and the F content of the
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fluid has been varied in very few experimental studies. Overall,
because of the preceding considerations, the fluid-melt partitioning
of rare-elements is much less well understood compared to the sol-
ubilities of rare-elements in silicate melts.

Nb and Ta

London et al. (1988) determined that D{¥ ™" is very low, ~0 to
0.1. Neither Keppler (1996) nor Schifer et al. (1999) were able to
determine D{i“! because of the low concentrations of Nb in the
fluid. In F-bearing systems, Chevychelov et al. (2004) measured
D{luid-melt alues of ~0.005 to 0.008 at 100 MPa for peralkaline melt
compositions. D{i ™ yalues increased with decreasing tempera-
ture and with an increasing ASI ratio of the melt (note that F parti-
tioning also depends on temperature and melt composition). Only in
the study of Webster et al. (1989) did significant amounts of Nb par-
tition into the fluid phase, thus partition coefficients from this study
should be used with caution. They observed a complicated behav-
iour: D™ increased with decreasing pressure, increasing tem-
perature, and with increasing Cl content of the fluid. At 200 MPa
Dl mell \yas greater than 1.0 at temperatures over 850°C, but at
775°C was 0.2. A somewhat surprising result is that D{¥"! yag
apparently dependent on the Cl concentration in the fluid. At 775 to
800°C and 200 MPa D{l!¢=! increased from 0.2 to 3.3 for fluids
with 0.16 and 2.96 m Cl, respectively. However, additional increas-
es in the Cl content of the fluid, up to 6.13 m, did not change the
D{luid-melt alye, which suggests that Nb is not complexed by Cl and
that the increase must be related to a different factor, such as ion
pairing with alkalis or changes of pH.

Tantalum fluid-melt partition coefficients for peralkaline
granitic systems have been measured in only one study, that of
Chevychelov et al. (2004). The values of D74 are consistently
lower than those of D{¥@ ™" from that study, and range from
~0.002 to 0.08. Chevychelov et al. (2004) also found that the tem-
perature-dependence of DJ“ ™! was greater than that of D{l“ "
and that D" also increased with increasing ASI ratio in the
melt. The only other study that attempted to measure
Dfuidmelt ig that of Keppler (1996), where the concentrations of Ta
in the aqueous fluids were below the detection limit, implying
Drdmelt <0 004 for haploandesite at the P-T conditions of the ex-
periments. The lack of Ta enrichment in the geochemical aureoles
above Ta-rich rare-element granites cupolas also supports an
extremely low partition coefficient for Ta in the fluid phase, despite
elevated CI contents in the magmatic fluids, as observed for the
Beauvoir granite and its mica schist envelope (Cuney et al., 1992).

Zr and Hf

We are aware of only one study that determined fluid-melt par-
tition coefficients of Zr and Hf, that of London et al. (1988). In that
study D£“4me! ranged from ~0 to 0.2 and increased with decreas-
ing temperature. D,/,l}“d melt \as slightly higher, ranging from ~0 to
0.7, and also increased with decreasing temperature, suggesting that
Zr/Hf fractionation might be possible via hydrothermal processes.

Sn and W

The partition data for Sn is problematic because, at geologically rel-
evant redox conditions, Sn is in either the 2+ or 4+ valence states in
both silicate melts and aqueous fluids. Pure Sn melts at a low tem-
perature (232°C) and under reducing conditions, cassiterite reacts
with all of the precious metals that are used to make capsules to
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form alloys or tin-precious metal liquids that destroy the capsule
(see Linnen et al., 1995). Consequently, the fluid-melt partition
coefficients for Sn are very difficult to determine, particularly at
reduced conditions. Taylor (1988) concluded that Sn is partitioned
in favour of the melt when the chlorinity of the coexisting aqueous
fluid is less than approximately 1 M at f,, conditions near that of the
Ni-NiO buffer. Other studies (Nekrasov et al., 1980; Durasova et
al., 1986; Keppler and Wyllie, 1991), report lower DI““ ™ yalues,
0.005 to 0.08 for 0 to 2 M HCI (starting fluid HCI contents).
Keppler and Wyllie (1991) did not observed any effects of F on Sn
partitioning and measured D4 ™! values of ~0.1 to 0.2 for start-
ing HF fluid concentrations of up to 3 M. In conclusion, only one
study showed that significant amounts of Sn can be partitioned into
a magmatic vapour phase, but given that Sn is readily complexed by
Cl in aqueous solutions (Wilson and Eugster, 1990), it is expected
that Sn will partition in favour of the fluid at high CI concentrations.
Until an experimental technique is developed that solves the prob-
lem of Sn reacting with precious metals, experimentally-derived
fluid-melt partition coefficients for Sn should be used with caution.

Tungsten can also have different valences at geologically rea-
sonable conditions (4+, 5+ and 6+). Candela and Bouton (1990)
observed only a minor change in the silicate melt-ilmenite partition
coefficient at different redox conditions, suggesting that W is dom-
inantly at only one valence in granitic melts. Linnen (2005) further
suggested that W is the predominant valence in oxidized granitic
melts (log f02> NNO). However, it is also important to note that
Ertel et al. (1996) determined that tungsten had a 4+ valence in an
anhydrous haplobasaltic melt at 1300° to 1700°C over a log fo2
range of ~10™"° to 107 bars (approximately FMQ-8 to FMQ-2).
Tungsten also differs from Sn in that it forms an oxyacid complex,
e.g., HWO;, and as such can complex with alkalis, e.g., NaHW O,
(Wood and Samson, 2000). There is some variation of fluid-melt
partition coefficient values among the different experimental stud-
ies that have been published. For halogen-free studies, D™
ranges from 0.1 (Manning and Henderson, 1984), to ~ 4 (Schifer et
al., 1999) or ~5 (Keppler and Wyllie, 1991). Partitioning involving
low salinity (NaCl) fluids also resulted in relatively high Dje!
values: 0.2 to 0.3 at 200 MPa (Kravchuk et al., 1997), ~0.3 to 1.0 at
100 MPa, and ~2.0 at 500 MPa (Chevychelov and Chevychelova,
1997). Keppler and Wyllie (1991) found that Dy ™! decreased
with the addition of HF or HCI and argued that this was due to the
decrease of the fluid pH, as dictated by the following reaction:

WO_;MI[ +H20ﬂuid — (Woj(OI_I)—)ﬂuid + (H'F)ﬂuid (12)

Nonetheless, the D" " values from Keppler and Wyllie (1991)
for coexisting HF or HCl fluids are relatively high, ~0.4 to 1.0. Bai
and Koster van Groos (1999) observed decreasing Dji“ " values
with the addition of NaCl and a slight increase with the addition of
HCIL. By contrast, Manning and Henderson (1984) and Kravchuk et
al. (1997) observed an increase of Dj“ " with increasing NaCl or
NaF in the fluid, but this increase could have been related to an
increase in the pH of the coexisting fluid (Keppler and Wyllie,
1991). Bai and Koster van Groos (1999) also observed decreasing
Djridmelt yalues with the addition of (Na,K),CO;, but it should also
be pointed out that the addition of carbonate shifted the melt com-
position to highly peralkaline compositions.

REE

Partition coefficients have been determined by Flynn and Burnham
(1978), London et al. (1988), Webster et al. (1989), Kravchuk et al.
(1990), Bai and Koster van Groos (1999), and Reed et al. (2000). In
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most studies where the concentration of Cl was a variable, D
increased with increasing Cl concentration in the fluid. The excep-
tion is Bai and Koster van Groos (1999) who observed increasing
D]luid=melt yith increasing HCI concentration in the fluid, but no
effect with increasing (Na,K)Cl concentration in the fluid. These
results indicate that the REE are complexed as chlorides, and,
because the fluid-melt partitioning of Cl is a complex function of
temperature, pressure and melt composition (Carroll and Webster,
1994), Dfuid-melt (il be similarly complex. Reed et al. (2000) deter-
mined that the D44 yalyes are all <0.01 at 800°C and 200 MPa
for their experiments with an initial C1" concentration in the fluid of
0.4 m. There was also a decrease in D44 \with increasing atom-
ic number of the REE. As the salinity of the initial fluid increased,
Djluid-melt increased, and at [Cl gy of 3.5 m, Dfuid-mel for the LREE
was >1.0.

Sfluid—melt
REE

DISCUSSION

Temperature and Pressure of Ta-Nb-Sn
Mineralization

The pressure at which Ta-Nb-Sn mineralization occurs can be con-
strained by the metamorphic assemblages of the rocks into which
the pegmatites and granites intruded, by the lithium silicate miner-
al assemblage (petalite-spodumene; e.g., London, 1986), or by
using fluid inclusions. Granite-hosted deposits are typically
emplaced at a very high level, commonly sub-volcanic, whereas
LCT pegmatites are generally emplacement at moderate pressures,
300-500 MPa.

The temperature at which columbite-tantalite crystallizes in
natural pegmatites and granites is poorly constrained, and is based
primarily on fluid inclusion and melt inclusion data, silicate miner-
al phase equilibria and liquidus-solidus temperatures from experi-
ments on granitic systems. Fluid inclusion estimates of crystalliza-
tion temperatures of natural pegmatites range considerably. The
highest temperature of tantalite crystallization reported in the liter-
ature is 750°C at 500 MPa, interpreted for the strongly deformed
Greenbushes pegmatite (Partington et al., 1995). These values are
difficult to evaluate because they are based on fluid inclusion data
that were not included in that paper. Petalite at the Tanco pegmatite
initially crystallized at ~600°C and 325 MPa, but lower tempera-
tures are estimated for the crystallization temperatures of the Ta-
mineralized units, from 600° to <400°C at ~300 to 270 MPa
(London, 1986; Morgan and London, 1987; Thomas et al., 1988,
1990; see also Cerny, this volume). The Nong Sua Sn-W-Nb-Ta
pegmatite in Thailand is estimated to have crystallized at ~650°C
and 380 MPa (Linnen and Williams-Jones, 1994). The magmatic
stage of the Harding pegmatite, New Mexico, includes the crystal-
lization of tantalite at 650° to 550°C at 330 to 350 MPa
(Chakoumakos and Lumpkin, 1990). Beurlen et al. (2001) observed
primary aqueous-carbonic inclusions in manganotantalite from the
Borborema Province, northeast Brazil, and concluded that these flu-
ids were trapped at ~580°C and 350 MPa. The minimum P-T con-
ditions for the Forcarei Sur rare element pegmatite field in Galicia,
Spain is 550°C and 300 MPa (Fuertes-Fuente and Martin-Izard,
1998). Considerably lower temperatures, 350°-400°C at 270 MPa,
are estimated for the crystallization temperature of the Tin
Mountain pegmatite (Sirbescu and Nabelek, 2003).

Solidus temperatures for granitic melts rich in fluxing agents
(F, B, Li, P) are similar to the temperature estimates of Ta mineral-
ization discussed above: ~600°C at 200 MPa for the Li-rich

Harding pegmatite (Burnham and Nekvasil, 1986); ~700° to 650°C
at 100 to 300 MPa for the B-rich HIM-3 granite (Benard et al.,
1985); ~580° to 550°C at 100 to 300 MPa for the Li-F-P-rich the
Beauvoir granite (Pichavant et al., 1987a). The Spor Mountain vit-
rophyre, which contains 1.2 wt. % F, also has a very low solidus
temperature, <550°C (Webster et al., 1987). Other relevant experi-
ments include the fluxing effects of P,O5 (London et al., 1993) and
Li,O (Stewart, 1978; Chou and Anderson, 1998). The lowest exper-
imentally determined liquidus and solidus temperatures for granitic
melts are those of the Macusani glasses (London et al., 1989). This
natural glass, which is rich in Li, P, B and Li has, at 200 MPa, lig-
uidus temperatures of ~950° to 600°C, depending on H,O content,
and a solidus temperature of ~450°C. Remelting of melt inclusions
also provides direct information on the solidus and liquidus temper-
ature of rare-element granitic melts, with similar estimates to those
listed above (e.g., Webster et al., 1997; Thomas et al., 1996 and
2000; Badanina et al., 2004).

Magmatic Mineralization

Deciphering source melting mechanisms, and the observed or
inferred degree of fractionation of rare-element-enriched magmas,
are key for understanding the genesis of the associated rare-element
deposits. Crystal fractionation appears to be the most important
mechanism leading to rare-element enrichment (Congdon and
Nash, 1991; Cerny, 1991b; Raimbault et al., 1995). In some cases,
rare-element fractionation can be traced from less to more fraction-
ated granite phases, suggesting that the source granites may be
derived from source rocks with average rare-element abundances
(e.g., Lehmann, 1990). If the source granites contain Ta abundances
close to, or lower than, 1 ppm (see Table 1), a degree of fractiona-
tion lower than 0.01 is required for the most fractionated rare-ele-
ment granites to attain Ta concentrations on the order of several
hundreds of ppm. This corresponds to less than 1 wt.% of residual
silicate melt fraction in a perfect fractional crystallization model.
However, in rare-element granite complexes, less-fractionated
phases may be absent, diachronous, or cannot be simply related by
fractional crystallization to the spatially related rare-element gran-
ite body. Derivation of rare-element granites from a very low degree
of partial melting in the lower or middle crust (Christiansen et al.,
1986; Manning and Hill, 1990; Pichavant et al., 1987b) or from par-
tial melting of sources enriched in rare-elements (Cuney et al.,
1992; Marignac and Cuney, 1999), or a combination of partial melt-
ing and crystal fractionation (e.g., Burt et al., 1982), have also been
proposed. If Ta contents are used as a reference to estimate the
degree of magma fractionation, the enrichments of Sn, W, Rb, Li,
etc. that are observed in different rare-element granites indicate that
they share a similar geochemical signature (Figure 4). However,
variations in different element ratios could reflect variable degree of
enrichment of these elements in the source material that was partial-
ly melted, differences in the nature or abundance of the phases crys-
tallized, or differences in oxygen fugacity.

The available mineral-melt partition data suggests that the Ta,
Nb, Sn, and W concentrations in granitic melts are controlled dom-
inantly by the crystallization of Ti-rich minerals, notably titanite
and magnetite. Consequently, these elements are the most incom-
patible in granites that have the lowest modal abundances of these
minerals, i.e., reduced, S-type and/or ilmenite-series granitic rocks.
The alternate explanation to extreme fractionation for high rare-ele-
ment concentrations is very low degrees of partial melting, as was
discussed above. In this case, the mineral-melt partition data indi-
cates that the most favourable source would be one rich in Ti min-
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erals, i.e., titanite, magnetite and/or rutile (assuming that these min-
erals do not remain as restite).

The temperatures of Ta mineralization in general overlap with
the crystallization temperatures of granitic melts rich in fluxing ele-
ments, with which they are associated. In rare-element granites,
columbite-tantalite and microlite occur homogeneously disseminat-
ed within the major rock-forming minerals with no evidence of vein
type distribution. These minerals have locally been observed as
inclusions in the same quartz that bears melt inclusions and even in
the melt inclusions themselves. All of these features indicate a mag-
matic origin for Ta mineralization. Tantalite in LCT pegmatites is
commonly in layers in saccharoidal albite units, but also can be
associated with intermediate pegmatite zones, where it also can be
intergrown with K-feldspar, muscovite, and/or lepidolite (e.g., at
Tanco; Ercit, 1986). The mineralization in the albite units is syn-
chronous with the albite, and the latter is generally interpreted to be
magmatic in origin, although layers of nearly pure albite may result
from a process such as constitutional zone refining (e.g., London,
this volume). Oscillatory growth bands (e.g., Lahti, 1987) are prob-
ably magmatic in origin, with sharp breaks in Ta/Nb ratio, possibly
in response to very slow Nb and Ta diffusion in silicate melt
(Mungall et al., 1999). However, very complicated compositions or
evidence of replacement textures are also commonly observed,
which indicate, at least in part, a hydrothermal origin. The origin of
these patterns is, however, poorly understood. Compositional vari-
ation could be the result of direct deposition from hydrothermal flu-
ids, but also could result from local remobilization of Nb or Ta from
primary magmatic oxides (i.e., the Ta and Nb may only move very
short distances, but the resulting zonation in the crystals will be
complex).

The relationship between Ta mineralization and fluxing ele-
ments, Li-F in particular, is paradoxical because the addition of
fluxing elements to a granitic melt increases tantalite solubility
(Figure 8). At 600°C, several thousand ppm Ta are required for tan-
talite saturation in a melt with 2 wt.% F, which probably is an unrea-
sonably high value considering that the parental melt likely initial-
ly has only on the order of 1 ppm Ta. The highest amount of Ta
observed in a natural glass or melt inclusion is 521 ppm (Webster et
al., 1997), but this may result from the fact that the natural exam-
ples were not tantalite-saturated, and Ta contents increase during
fractionation. An additional explanation is the possible competing
effects between the variety of rare elements that are present in nat-
ural melts. The paradox is that at lower temperatures tantalite solu-
bility will be lower, however, the amount of fluxing elements in the
melt, required to attain lower solidus temperatures, also increases
tantalite solubility. Two possible solutions to this paradox are: 1) If
the Li and F contents of the melt are lowered via crystallization of
a phase such as petalite, or lepidolite, the solubility product of tan-
talite will be lowered (less soluble in a flux-free melt), which could
trigger tantalite saturation (in this case <1000 ppm Ta in the melt
required; Linnen, 1998); 2) the granitic magmas are strongly super-
cooled and the crystallization of tantalite is possible because of the
very low temperature of the magma (London, this volume). It is
interesting that the addition of F to silicate melts increases the
amount of undercooling that a silicate melt can attain (see London,
2005b, and the references therein). With the exception of the fluid
inclusion study by Beurlen et al. (2001), the temperatures of tanta-
lite crystallization are in fact poorly constrained, e.g., at Tanco tem-
peratures are based on fluid inclusions in quartz or spodumene or on
lithium silicate phase equilibria, neither of which, in detail, are
directly associated with the Ta mineralization. More detailed stud-
ies that focus specifically on Ta mineralization are required to bet-
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ter establish the temperature of mineralization, which is needed to
test the supercooling model.

Magmatic-Hydrothermal Mineralization

There are several lines of evidence that suggest that Ta mineraliza-
tion is not hydrothermal in origin. Ta haloes are lacking around rare-
element pegmatites, although the wallrocks surrounding the peg-
matites are typically enriched in alkalis, e.g., Li, Rb and Cs, which
can be used as an exploration tool (Galeschuk and Vanstone, this
volume). In plutonic rocks, Ta mineralization appears to be mag-
matic, but the presence of late- to post-magmatic alteration that is
rich in volatile elements (particularly F) makes it difficult to sepa-
rate the effects of magmatic fractionation from fluid/rock interac-
tions. A redistribution of the rare-element mineralization in some
deposits by late-magmatic, F-rich fluids within the granitic intru-
sion has been proposed for some deposits (e.g., Pollard et al.,
1989a,b). However, these studies do not demonstrate the extent to
which the hydrothermal transport of the rare-elements has con-
tributed to the enrichment of the ore deposits. Where the fluids
escape into the enclosing rocks, skarn, breccia, and vein-type min-
eralization may occur. But the mineralization related to these fluids
is mainly cassiterite and/or wolframite, with very limited Ta and Nb
substitutions. For example, the mica schist at the roof of the
Beauvoir rare-element granite is strongly enriched in Sn, W, F, Li,
and Rb, but not Ta. The concentrations of Nb and Ta in the mica
schist are dramatically lower than the granite at the top of the cupo-
la (Cuney et al., 1992). This implies that Ta was not transported by
aqueous (£ carbonic) fluids, which is consistent with the very low
fluid-melt partition coefficients that have been reported. It is inter-
esting that Nb can be enriched in the surrounding wallrock and that
this element has a higher fluid-melt partition coefficient than Ta,
which suggests that Nb may be more mobile. The fluid-melt parti-
tion coefficients for Sn and W are significantly higher than those for
Nb or Ta, and Sn-W mineralization can be magmatic-hydrothermal
in origin as well as magmatic in rare-element granitic systems, as
shown by their common occurrence as vein type deposits. This is
consistent with the observation that most Sn-W deposits that lack
Nb and Ta are magmatic-hydrothermal in origin, rather than mag-
matic, Lehmann (1990).

Badanina et al. (2004) used homogenized melt inclusions to
demonstrate immiscibility between a K-rich aluminosilicate melt
and a Na-F-rich hydrosaline melt in the most evolved units of the
Orlovka granite complex, a phenomena also supported by the
results of experimental studies (Veksler et al., 2002, and this vol-
ume). Similarly, complete miscibility between silicate melts and
hydrous fluids at low pressure and relatively low temperature was
interpreted in the melt inclusion study of the F-B-P-rich
Ehrenfriedensdorf pegmatite (Thomas, et al., 2000). However, the
experimental data of Sowerby and Keppler (2002) indicate a tem-
perature of >600°C for supercritical behaviour at 200 MPa for a
melt with very high concentrations of fluxing elements. The role of
immiscibility on the distribution of rare-elements in highly evolved
granites and pegmatites for both natural and experimentally derived
samples remains enigmatic. However, it is very important for future
studies to determine whether this is an important process for the for-
mation of rare-element deposits.
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