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Ahstraet The Strange Lake plutonic complex consists 
of three annular Mid-Proterozoic arfvedsonite- 
aegirine-bearing alkali granites emplaced in the Rae 
province of the Canadian Shield. The mineralogy, 
chemistry and structural setting of the complex are very 
simiiar to that of many peralkatine central salic com- 
plexes associated with the development of the Gardar 
rift in southern Greenland. The Strange Lake granites 
are highly fractionated (Rb/Sr= 5 to 160 and 
K/Rb = 27 to 120) and carry unusually high abund- 
ances of HFSE and REE-bearing exotic minerals (e.g. 
pyrochlore, gittinsite, elpidite, gadolinite and kainosite) 
which are reflected in the elevated HFSE (e.g. Zr = 307 
to 16800ppm) and REE (e.g. L a =  84 to 1337ppm) 
contents of the granites. HFSE and REE increase from 
the oldest intrusive unit, which is hypersolvus and 
unaltered, to the youngest, which is subsolvus and 
metasomatized. The unaltered granites display a re- 
stricted range of 61sO values ( + 8.2 to + 9.6%0) and 
low 3~SO signatures for fresh arfvedsonite/aegirine 
( +  4.8 to + 5.2%0). Anomalously high CaO (0.7 to 
3.2wt%) and MgO (0,1 to 0.6wt%) concentrations 
characterize the altered subsolvus granites. These rocks 
also have elevated whole rock 61s0 values ( + 9.6 to 
+ 11.9%o), negative A S 1 8 O q u a r t z _ a l k . f e l d  " ( - 0 . 1  to 
- 1.6), and high 8180 values of altered arfvedsonite 

(i.e. + 6.5 to 13.75%o) that correlates positively with 
whole rock 8t80 values. The chemical and isotopic 
data are consistent with a model in which the least 
evolved alkali granites are formed through differenti- 
ation fiom trachytic (syenitic) parents. Extreme HFSE 
and REE-enrichment may have been accomplished by 

M. Bo i ly  1 ( ~ 3  )" A.E.  Williams-Jones 
Department of Earth and Planetary Sciences, McGill University, 
3450 University Street, Montr4al, Qu6bee, Canada, H3A 2A7 

1 P r e s e n t  address: 

GI~ON, 10785 rue St-Urbain, Montr6al, Qu6bec, Canada, H3L 2V4 

Editorial responsibility: J. Patchett 

differentiation through fractional crystallization and 
heterogenous distribution of F-rich silicic residual 
melts in which the REE and HFSE are transported a s  

fluorocomplexes. The O-isotopic values are consistent 
with the circulation of low temperature ( <  200~ 
hydrothermaI fluids in the youngest subsolvus intrusive 
unit which caused extensive Ca (Mg and St) meta- 
somatism and fluorine leaching, widespread hemati- 
zation, and remobilization of the HFSE and REE. 

Introduction 

The Strange Lake plutonic complex is a composite 
Mid-Proterozoic intrusion of alkali granites located in 
Labrador, Canada. The complex has amongst the high- 
est contents of REE and HFSE ever reported for alkali 
granites giving rise to a large suite of exotic minerals 
some of which are unique to the complex. Locally, the 
HREE, Nb, Zr and Be concentrations are sufficiently 
high that they have been considered for economic ex- 
ploitation (Miller 1985). Three intrusive units were re- 
cognized from crosscutting relations, petrographic cri- 
teria and exotic mineral contents (e,g. Miller 1986). 
Their origin and evolution, including the degree of 
HFSE and REE enrichment, were considered to be 
magmatic or late magmatic/early hydrothermal (Mil- 
ler, 1985, 1986, 1990; Currie 1985; Birkett el al. 1992). 
However, recent petrographic and fluid inclusion 
studies by Salvi and Williams-Jones (1990, 1993a, b) 
identified a low temperature ( <  200~ sub-solidus 
Ca-metasomatic event which affected the youngest 
intrusive unit. This hydrothermal event caused wide- 
spread replacement of Na-HFSE and REE-bearing sili- 
cates by calcic pseudomorphs, major volume loss and 
remobilization of HREE and Y in the economically 
interesting zones. 

In this paper we make use of major element, trace 
element and stable isotope geochemistry to investigate 
the petrogenesis of the complex and, in particular, the 
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i m p o r t a n c e  of  m a g m a t i c  a n d  h y d r o t h e r m a l  p roces ses  
in the  e n r i c h m e n t  of  H F S E  a n d  R E E .  O u r  d a t a  sugges t  
tha t ,  a l t h o u g h  d i f f e r en t i a t i on  by  a lka l i  f e ld spa r  f rac-  
t i o n a t i o n  m a y  have  p l a y e d  a ro le  in c o n c e n t r a t i n g  
H F S E  a n d  R E E ,  the  e x t r a o r d i n a r i l y  h igh  c o n t e n t s  of  
these  e l emen t s  a r e  bes t  e x p l a i n e d  b y  a m o d e l  i n v o l v i n g  
a f l uo r ine - r i ch  p r i m i t i v e  syeni t ic  m a g m a  wh ich  was  
ab l e  to  d i s so lve  u n u s u a l l y  h igh  a m o u n t s  of  H F S E  a n d  
R E E  as f l u o r o - c o m p l e x e s  a n d  c o n c e n t r a t e  t h e m  in la te  
l o w - t e m p e r a t u r e  r e s i d u a l  s i l icic mel ts .  F ina l l y ,  the  
p a p e r  d o c u m e n t s  m a j o r  a n d  t r ace  e l e m e n t  v a r i a t i o n s  
a n d  a ~ 1 8 0  increases ,  w h i c h  are  a t t r i b u t e d  to  ex tens ive  
s u b - s o l i d u s  h y d r o t h e r m a l  a l t e r a t i on .  

Geological setting 

The Strange Lake plutonic complex was emplaced in the Rae pro- 
vince of central Labrador, a high grade metamorphic terrane of 
Archean to Aphebian age (Currie 1985; Hoffman 1988). This 
anorogenic Mid Proterozoic complex (K-Ar age of 1163 • 21 Ma 
on arfvedsonite and a whole rock Rb-Sr isochron of 1t89 + 32 Ma; 
Pillet et al. 1989) was intruded at the contact between Aphebian 
gneiss and an Elsonian monzonitic massif (B~langer 1984; Miller 
1986; Pillet 1989). The peralkalinity, mode of emplacement and age 
of the complex lead Currie (1985) and Pillet (1989) to suggest that it 
may belong to the Gardar igneous province (1320-1120 Ma; Upton 
and Emeleus 1987). 

The complex forms a circular epizonal pluton 6 km in diameter 
which is surrounded by a fluorite and hematite-rich breccia (Fig. 1). 
Contacts with the wall rocks are extremely sharp. Crosscutting 
relations observed in the field and in core samples, combined with 
the occurrence of granite inclusions and marginal fine-grained facies, 
indicate that the complex comprises at least three major intrusive 
units of alkali granite successively emplaced as annular plutons 
around a central core (Miller 1985; Pillet 1989; this study, Fig. 1). 
Miller (1985), Pillet (1989) and Salvi (1990) identified several sub- 
types of alkali granitcs ranging from fine-grained equigranular gra- 
nite to medium and com'se-grained porhyritic granite. The core of the 
complex is occupied by a small circular body of unaltered hypersol- 
vus granite which was subsequetly intruded at its margins by an 
unaltered subsolvus granite. The latter contains abundant sub- 
rounded to amoeboid-shaped inclusions of fine-grained trans-solvus 
melanocratic granite (presumably a marginal facies forming the roof 
of the hypersolvus unit) and numerous rafts and roof pendants of the 
host monzonites. The youngest intrusive consists of an altered sub- 
solvus granite which defines the external shell of the complex. 
Peralkaline granitic pegmatites form thin (10 to 50 cm), subvertical 
EW-trending dykes that were emplaced mainly into the altered 
subsolvus facies and are generally more intensely altered than their 
host. At the centre of the complex, a 6 to 20 m thick pegmatite-aplite 
sill comprises the bulk of the potential ore zone (Miller 1990). 

The mineralogy and modal abundances of the granites and 
pegmatites are presented in Table 1. Alkali feldspar (albite, micro- 
cline and perthite), quartz, arfvedsonite, aegirine, aenigmatite, as- 
trophyllite and fluorite are the principal mineral constituents of the 
Strange Lake granites and pegmatites. Microdine and/or arfvedso- 
nite and/or quartz occur as phenocrysts; they can reach up to 1 cm 
in diameter. The complex, however, acquired its name from the 
unusual nature and abundance (up to 50%) of exotic REE and 

GEOLOGICAL MAP OF THE STRANGE LAKE PLUTONIC COMPLEX L E G E N D  
Strange Lake 
alkali granites 
1.189 +0.032 Ga) 
Ore zone (altered 
pegmatites, aplites 
and granites) 
Altered subsolvns 

granites 
Unaltered subsolvus 

granites 
Unaltered hypersolvus 

granites 

an intrusions (1.4 Ga) 
Monzonites, quartz 

monzonites, adamellites 

ian basement (1.8 Ga) 
Arnphibolites and 
metagabbros 

Metadiorites 
Quartzo-feldspathic 
gneiss 

Calc-silicate gneiss 

luorite-hematite breccia 

Roof pendant 

Fig. 1 Geologic map of the Strange Lake plutonic complex modified from Miller (1986) as a result of new geological data gathered by the 
McGill group 



Table I Mineralogy and mode 
of the alkali granite units and the 
pegmatites and aplites forming 
the Strange Lake plutonic 
complex. 
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Mode (vol. %) 

Hypersolvus Subsolvus Subsolvus Pegmatites/ 
Mineral Unaltered Unaltered Altered Aplites 

Quartz 20(15 25) 25 (20-35) 25 (20-35) 15-25 
K-Feldspar 2(0 5) 40(35-45) 35 (30 45) 20-40 
Albite 2 (1 5) 7 (5-10) 5 (0 10) 5-10 
Perthite 60 (45-70) Tr. Tr. 0- 10 
Aegirine 2(0 5) 5(0-10) 2(0-15)* 10-20 
Arfvedsonite 10 (5 15) 15 (5-20) 15 (0 20)* 10-20 

Aenigmatite Tr. Tr. N N 
Astrophyllite Tr. Tr. N N 
Fluorite 0 1 0-2 0-10 5-20 
Hematite N Tr. 0-10 5 20 
REE and 
HFSE- 
bearing 
minerals 0-5 5- 10 10-20 10-50 

* Aegirine and arfvedsonite are often intergrown. Source: Pillet (1989), Miller (1990), Salvi (1990) and this 
study. Tr = trace, N = none 

HFSE-bearing minerals of which elpidite (NazZrSi6OtsHzO), 
gittinsite (CaZrSi20 7 ), pyrochlore ((Na, Ca, LREE)2 
(Nb, Ta)206(OH, F)), gadolinite (Y2Fe+aBe2Si2Olo + HREE), 
kainositc (Caz(Ce, Y , HREE)zSi4Olz(CO3))H20 , gagarinite 
(Na(Y, Ca, Na, REE)2F6), bastnfisite ((LREE)CO3F) and thorite 
(ThSiO4) are amongst the most comnlon (Miller 1985; Birkett et al. 
1992). The abundance of exotic HFSE and REE-bearing minerals 
increases from the hypersolvus granite to the late pegmatite-aplite 
dykes and sills. The alteration of the subsolvus granite is conspicuous 
and is largely reflected by: (1) the presence of scattered patches of 
hematite enclosing a variety of REE, HFSE and Ca-bearing minerals, 
(2) the replacement ofaffvedsonite by hematite + aegirine _+ quartz, 
(3) the pseudomorphism of sodic exotic phases by calcic equivalents + 
quartz, and (4) the appcarance of secondary blue-purple fluorite. 

Whole rock isotopic, major and trace element geochemistry of 
the Strange Lake plutonic complex 

Analytical procedures 

Each sample collected from outcrops represents 2 to 5 kg of granite 
rock or 3 to 8 kg of pegmatite-aplitc dyke material. Also analyzed 
were crushed samples of split core forming 1 to 5 m of a homogene- 
ous granite section or the entire thickness of pegmatite dykes (5 to 
15 kg). We believe thc analytical results to be reliable due to the 
medium to coarse-grained size of the minerals in the pegmatites and 
aplites ( < 2 mm to 3 cm, but mostly in the range of 5 mm to 1 cm; 
Miller 1985) and the large quantities of material processed. The 
major elements were analyzed by X-ray fluorescence following the 
standard procedures established by Norrish and Hutton (1969). The 
trace elements Zr, Nb, Y, Rb, Sr, Ba and Zn were also determined by 
XRF according to the method of Schroeder et al. (1980). However, 
due to the unusually high Zr, Nb, Y and Zn abundances of all 
granitic samples, we slightly modified the standard procedures. (1) 
After preliminary determinations of Zr, Y, Nb and total REE con- 
centrations by XRF and INAA, we included these values in order to 
recalculate the total absorption coefficients (# values) for the all 
trace elements analyzed by XRF. (2) We carefully selected the stan- 
dard samples to establish calibration curves from which we extrapo- 
lated several Zr, Nb and Y values. Miller (1985) used special 
"spiked" standards for determining the Zr, Nb and Y abundanccs of 

the Strange Lake granites and pegmatites. We re-analyzed several of 
his samples and found that our Zr, Nb and Y values agreed to within 
10% of his. Moreover, for the entire granitic and pegmatite suites, 
we observe an excellent linear correlation between Zr(XRF) and 
HfCINAA), two elements analyzed by different methods but with 
identical behaviour in granitic systems. 

Fe+2/Fe +3 were determined by wet chemistry. Concentrations 
of the rare earth elements (REE) and Ta, Hf, Th, U, Cs and Sc were 
measured by INAA using a method which is fully described by Boily 
et al. (1989). Extractions for oxygen isotopic analyses were per- 
formed using the standard BrF s reaction technique described by 
Clayton and Mayeda (1963), followed by conversion of 0 2 to CO 2 
by reaction with hot graphite. Mass spectrometric analyses were 
carried out at the Universit6 de Montr6al on a Nuclide 6-60-RMS 
triple collector mass spectrometer. Values were corrected for instru- 
mental errors using the method of Craig (1957) and Deines (1970). 
All oxygen isotope compositions are reported in 8 notation relative 
to Standard Mean Ocean Water (SMOW; Baertschi 1976). Analyti- 
cal precision is _+ 0.3%0 for whole rock determinations and +_ 0.1%o 
for silicate mineral separates. 

Results 

In Table 2, we present representative major and trace 
element analyses of each granitic intrusive unit accom- 
panied by their respective averages. Concentrations for 
selected samples of melanocratic inclusions, pegmatite- 
aplite dykes, and aphyric dykes are also provided. The 
complete set of analytical data can be obtained on request 
from the authors. Oxygen isotope analyses of whole 
rocks and mineral separates are reported in Table 3. 

The granitic intrusives forming the Strange Lake 
complex have chemical compositions that are similar in 
many respects to those of other highly evolved peralka- 
line granites. Their agpaitic indices (molar 
Na20 + KzO/A1203) are commonly > 1 (0.86 to 1.35) 
and they exhibit extremely low K/Rb (25 to 120) and 
MgO, Ba, Sr, Sc and TiO2 contents. They also show 
elevated Rb/Sr (5 to 160), strong negative Eu anomalies 
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and high concentra t ions  of fluorine (F = 0.1 to 
1.2 wt%),  iron (FeOt = 2.8 to 6.5 wt%)  and total  alkalis 
(Na2 + K 2 0  = 7.8 to 9.6 wt%). The Strange Lake  al- 
kali granites are exceptional  for their enr ichment  in 
HFSE,  R E E  and Zn and wide ranges of  values for these 
elements (e.g. Z r  = 307 to 16800ppm,  N b  = 26 to 
1791, Y = 76 to 3600, H f  = 33 to 569, La  = 84 to 1337, 
Yb = 25 to 346, Zn  = 83 to 1158, Th = 12 to 727 ppm). 
Whole  rock samples display a wide spread of ~ 8 0  
values (e.g. + 8.2 to 11.9%o; Table  2 and Fig. 2f). 

The unaltered subsolvus and hypersolvus  granites 
have very similar ma jo r  element contents (Table 2). 
Their  whole rock  8~80 values are also comparab le  
(Table 3) and there is considerable over lap in their trace 
element abundances .  However ,  the subsolvus granites 
are slightly more  enriched in H F S E  and R E E  
(Fig. 2a-c).  Various plots using the major  elements 
reveal a lack of correlat ion (Fig. 2g) or considerable 
scatter  (Fig. 2h). However ,  the unal tered granites ex- 
hibit posit ive linear correlat ions between all pairs of  
incompat ib le  elements, no tab ly  amongs t  the H F S E  
(Hf, Zr, Ta, Nb,  Th, Y), REE,  Zn  and Rb (Fig. 2a-c) .  
Moreover ,  A1203 and Sc contents decrease systemati-  
cally with K / R b  (Fig. 2d), whereas the H F S E  (e.g. Y, 
Fig. 2e) and R E E  display a negative correlat ion with 
K/Rb.  Y REE,  Z H F S E  and C a O  show weak posit ive 
correlat ions with F and  Sr. 

With the exception of silica, the altered subsolvus 
granites have significantly different composi t ions  f rom 
their unal tered equivalents. A ma jo r  difference f rom the 
unal tered rocks is their s t rong and anomalous  enrich- 
men t  in C a O  (0.7 to 3.2 wt%),  M g O  (0.1 to 0.6 wt%;  
Fig. 2h) and Sr (23 to 132 ppm.). On  average, they have 
lower A1203, N a 2 0 ,  K 2 0 ,  F and lower and relatively 
cons tant  K / R b  and Sc, slightly higher TiOz and total  
FeO,  and significantly higher 8180 and F e 2 0 3 / F e O  
(Tables 2, 3; Figs. 2, 3). The altered granites show poor  
correlat ions amongs t  the incompat ib le  elements (Fig. 
2a-c)  as well as with the major  elements. H F S E  and 
R E E  abundances  of the altered granites are consider- 
ably higher than those of the unaltered granites, but  
show no obvious  correlat ion with the degree of alter- 
at ion (e.g. extent of  hemat iza t ion  and abundance  of 
secondary  blue fluorite). This enr ichment  is also reflec- 
ted in the R E E  chondr i te-normal ized profiles of  the 
altered and unal tered granites, despite a wide range of 
values and over lapping pat terns  (Fig. 4). 

Relative to the altered granites, the chemistry of the 
pegmati tes  and aplites is character ized by anomalous ly  
high CaO,  M g O  and TiO2,  low A1203, SiO2 and 
N a 2 0  concentra t ions  and slightly higher 6180 values. 
These rocks also have extraordinar i ly  high 
H R E E ,  Y, Ta, Nb,  Th  and U contents  that  reach up 
to 20 times those of the altered subsolvus granites 
(Fig. 2a-c).  Fur thermore ,  they differ significantly f rom 
the al tered subsolvus granites in having chondr i te-nor-  
malized profiles that  show even greater  H R E E  enrich- 
ment  relative to the L R E E  (Fig. 4). 

Table 2 Selected major and trace element compositions of the prin- 
cipal rock types forming the Strange Lake plutonic complex: the 
hypersolvus and subsolvus alkali granites, granitic melanocratic 
inclusions, pegmatite-aplite dykes and aphyric granitic dykes, ( - -  
not determined,* total iron as Fe203, A.I. agpaitic index, L.O.I. loss 
on ignition). Averages for the hypersolvus and subsolvus granites 
and for the pegmatites-aplites are also provided, n.d. = not detected. 

Altered subsolvus alkali granites 
25-C-1 LB13-8  LB54-44 SL183-1 SL5D-36 

Major elements 
SiO 2(wt %) 70.69 70.40 70.85 70.41 70.61 
TiO 2 0.48 0.31 0,36 0.41 0.43 
A1203 9.00 8.27 8.58 8.40 7.99 
FezO 3 4.27 5.77 4.50 2.88 4.80 
FeO 1.45 0.32 1.06 1.02 0.63 
MnO 0.20 0.11 0.15 0.14 0.15 
MgO 0.16 0.48 0.18 0.10 (t.25 
CaO 1.40 1.39 2.27 1.16 2.72 
Na20 3.98 3.46 4.06 3.98 3.76 
K20 3.79 4.64 3.85 4,17 3.73 
ZrO z 1.61 2.12 1.76 2.38 2.46 
Y~O 3 0.36 0.42 0.32 0.91 0.29 
Nb205 0.25 0.30 0.22 0.55 0.16 
P~O 5 0.02 0.02 0.02 0.02 0.02 
F 0.61 0.18 0.51 0.24 0.59 
A.I. 1.18 1.30 1.26 1.32 1.28 
L.O.I. 0.79 0.63 0.60 1.88 0.72 
Total 99.06 98.82 99.29 98.65 99.31 

Trace elements 

Ba (ppm) 161 67 n.d. 50 13 
Rb 791 1128 968 1232 963 
Sr 39 83 132 80 108 
Ta 52 65 62 126 49 
Hf 352 506 427 534 569 
Th 198 373 183 727 131 
U 32 65 40 108 36 
Zn 987 613 1002 1103 91 
Sc - -  - -  
La 1003 781 972 686 655 
Ce 1913 1418 1687 1453 114 
Nd 774 619 693 619 501 
Sm 167 182 182 286 130 
Eu 11.1 9.7 8.2 16 6 
Tb 30 38 29.2 79 20 
Dy 205 249 195.3 530 153 
Tm 19 28 204.5 53 21 
Yb 161 199 156.6 346 189 
Lu 20 26 21 42 26 
Cs 

Unaltered subsolvus alkali granites 
38-A-1 57 -A-2  57-D-1 58-C-4  SL204D-t9 

Major elements 
SiO 2(wt %) 71.40 70.28 70.04 70.62 70.13 
TiO 2 0.20 0.16 0.31 0.23 0.30 
A1203 10.44 11.26 11.84 12.01 8.71 
F%O 3 2.65 2.85 1.51 1.98 4.50 
FeO 2.73 2.16 3.20 2.81 1.53 
MnO 0.11 0.13 0.11 0.14 0.15 
MgO 0.01 0.01 0.01 0.01 0.25 
CaO 1.40 0.79 0.71 0.55 0.15 
NazO 4.99 4.65 5.23 5.13 6.28 
K~O 3.76 5.20 4.71 4.98 3.64 
ZrO 2 0.81 1.25 1.64 0.30 1.46 
Y2()3 0.20 0.26 0.16 0.13 0.28 
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Table 2 (continued) 
Pegmatites-/aplites 
MB-TR-4A 37-E-3 

Major elements 

SiO 2 (wt %) 61.97 
TiO z 0.82 
AlzO 3 4.77 
Fe20 3 5.40 
FeO 0.29 
MnO 0.22 
MgO 1.00 
CaO 8.68 
Na20 1.98 
K20 3.42 
ZrO 2 2.42 
YzO3 2.47 
Nb20 5 0.87 
P205 0.02 
F > 1.0 
A.I. 
L.O.I. 2.10 
Total 97.30 

Trace elements 

Ba (ppm) 136 
Rb 1036 
Sr 781 
Ta 166 
Hf 366 
Th 1446 
U 
Zn 1589 
Sc 0.20 
La 1237 
Ce 1896 
Nd 719 
Sm 
Eu 27 
Tb 188 
Dy 1195 
Tm 147 
Yb 879 
Lu 108 
Cs 4.6 

Subsolvus Subsolvus Hypersolvus Pegmatites- 
Altered Unaltered Unaltered aplites 
(n = 28) (n = 10) (n = 15) (n = 7) 

63.17 70.80 70.48 70.92 64.75 
3.67 0.35 0.24 0.30 1.74 
5.72 8.86 11.40 11.44 5.72 
1.53" 4.15 2.90 2.59 4.18 

- -  1.43 2.20 2.68 0.37 
0.02 0.14 0.11 0.11 0.16 
0.68 0.27 0.04 0.02 0.80 

12.49 1.50 0.67 0.61 6.03 
0.72 3.82 4.96 5.03 1.92 
4.23 4.01 4.71 4.73 3.57 
0.77 2.01 0.85 0.50 2.46 
0.23 0.38 0.21 0.12 1.57 
0.17 0.29 0.13 0.01 0.96 
0.01 0.03 0.02 0.02 0.05 

- -  0.44 0.67 0.51 0.63 
- -  1.20 1.16 1.17 1.23 

2.87 0.71 0.63 0.46 2.18 
96.28 98.48 99.59 99.68 95.01 

352 38 32 57 162 
1004 964 746 509 960 
784 67 28 27 329 
- -  56 24 16 305 
.... 410 162 49 429 
- -  239 86 68 2014 
- -  40 17 8 136 

160 966 562 460 992 
- -  0.32 0.82 0.67 0.27 
- -  794 514 130 1165 
- -  1472 1050 248 3510 
- -  618 398 106 850 
- -  164 94 27 246 
- -  9 5 1.8 25 
- -  32 17 6 182 
- -  191 109 47 1085 
- -  22 8 5 127 
- -  169 61 42 843 
- -  2 1  8 6 27 
- -  1.7 2.6 2.2 2.9 

Oxygen isotope chemistry of mineral separates 

O x y g e n  i so topic  analyses  were carr ied  ou t  on  quar tz ,  
alkali  feldspar  and  ar fvedsoni te /aegi r ine  minera l  sepa- 
rates (Table 3). The  results show tha t  there was s t rong  
i so topic  d isequi l ibr ium between all minera l  pairs, ex- 
cept  be tween qua r t z  and  ar fvedsoni te  in the una l te red  
granites.  The  f rac t iona t ion  fac tor  be tween these two  
minera ls  (m~18Oquartz.arfv) ranges between + 3.0 and  
+ 3.8%0 and  co r r e sponds  to  t empera tu res  o f  550 ~ to  

6 5 0 ~  acco rd ing  to  the g e o t h e r m o m e t e r  of  Bo t t i nga  
and  J a v o y  (1975). The  6 1 8 0  c o m p o s i t i o n  of  the alkali  
feldspar  is sys temat ica l ly  h igher  by  0.1 to 1.6%o than  
tha t  o f  the coexis t ing quar tz ,  which  is the reverse of  
w h a t  is expected f rom equi l ibr ium f rac t iona t ion  
between these minera ls  (C lay ton  et al. 1972). This  m a y  

indicate  re-equi l ibr ium of  the alkali  fe ldspar  with low 
t empe ra tu r e  h y d r o t h e r m a l  fluids (Wenner  and  T a y l o r  
1976; Tay lo r  1978). Una l t e r ed  ar fvedsoni te  and  bot t le-  
green aegirine yield low 6180  values ( + 4.8 to 5.2%0) 
relative to m o s t  amphibo les  and  c l inopyroxenes  of  con-  
tenta l  peralkal ine  grani tes  (fia80 = + 6.8 to + 8.2%0; 
S h e p p a r d  1986). These  low n u m b e r s  are similar  to  
those  of  ar fvedsoni te  in vlasovite  and  da ly i te -bear ing  
grani te  inclusions in oceanic  comendi t e s  (e.g. Ascen-  
sion, ~lsO,rfv = + 4.66 to  + 4.91%o; S h e p p a r d  and  
Har r i s  1985). 

Wi th in  the una l te red  granites,  the prist ine (black) 
ar fvedsoni te  (samples M B T R - 3  and  48-A-1) and  tha t  
i n t e rg rown  with bot t le  green aegirine (sample 46-B-3) 
display low ~ l s O  values ( + 4.8 to  + 6.1%o). Howeve r ,  
in the al tered subsolvus  granites,  the whole  rock  6180  
en r i chmen t  appears  to have  been cont ro l led  by  the 



Table 3 Whole  rock and  
minera l  ~5180 values of  selected 
samples  of  the  Strange Lake  
plutonic  complex  
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5180SMOW 

Sample  # W.R. Quar tz  Alk.-felds. Arfved. Ag18Ootz_felds. A'~180 Qtz-Arfv 

Unal te red  hyperso lvus  and  subsolvus  grani tes  

38-A-1 + 8.2 
46-E-1 + 8.9 
46-B-3" + 8.5 
48-A-1 + 9.4 
57-A-2 + 9.2 
57-D-1 + 9.1 
M B T R - 3  + 9.6 

Altered subso lvus  grani tes  

25-C-1 + 11.5 
25-E-1 + 11.1 
27-A-4" + 10.0 
27-B-1 + 11.9 
46-G-3"  + 10.5 
LB13D-8 + 10.6 
LB13D-43 + 11.6 
LB15D-16 + 10.3 
LB54D-44 + 10.8 
SL5D-36 + 10.8 
SL16D-2  + 11.3 
SL183-1 + 11.9 

Pegmat i tes  and  aplites 

M B T R -  1 + 11.4 
M B T R - 2 A  + 11.3 
M B T R - 4 A  + 11.8 
37-E-6 + 13.7 

Aphyr ic  dykes 

44-C-1 + 6.8 
25-A-2 + 8.5 

+ 8.6 + 8.9 + 4.8 - 0.3 + 3.8 
+ 8.5 + 9.6 + 5.2 - 1.1 + 3.3 

+ 9.1 + 9.4 + 6.1 - 0.3 + 3.0 

+ 10.1 + 11.0 + 11.9 - 0.9 - 1.8 
+ 10.3 + 11.3 
+ 9.9 + 4.8 

+ 8.6 + 9.6 + 13.1 - 1.6 - 5.2 
+ 9.7 + 10.6 + 6.5 - 0.9 + 3.2 

+ 9.3 + 9.1 - -  - 0.1 

Melanocra t ic  f ine-grained granit ic  inclusions 

38-A-5 + 8.3 
57-E-2 + 8.4 
TTR-28  + 9.0 

* Aegirine and  arfvedsoni te  are often in te rgrown 

degree of hematization of the arfvedsonite as suggested 
by the excellent positive correlation obtained in Fig. 5. 
Sample 27-A-4, consisting of bottle green aegirine inter- 
grown with arfvedsonite, has the lowest ~180 value 
( +  4.8%0), whereas sample 46-G-3, showing aegirine 
intergrown with arfvedsonite but also incipient 
hcmatization, is slightly more enriched in 180 
(6180 = + 6.5%0). Samples 25-C-1, 25-E-1 and 27-B-1, 
which are completely hematized, display the highest 
~180 values ( + 11.3 to + 13.1%o). The similarity of the 
ga80 values of alkali feldspar and quartz in unaltered 
and altered rocks indicates that these minerals did not 
contribute to the higher $180 values of the latter. 

The magmatic evolution of the Strange Lake plutonic complex 

According to the A1203 (wt %) vs FeOt(wt %) diagram 
used by Macdonald (1974) to classify peralkaline vol- 
canics (Fig. 6), the unaltered Strange Lake peralkaline 
granites (subsolvus and hypersolvus) are related to 

comendites (high A1203, low FeOt), whereas the alter- 
ed subsolvus granites have a pantelleritic affinity (low 
A1203 and slightly higher FeOt). Positive linear cor- 
relations between the HFSE and REE, systematic en- 
richments in HFSE, Zn and REE and depletions in Sc, 
Cr, Sr and Eu of pantellerites relative to comendites are 
also common characteristics shared by the Strange 
Lake granites peralkaline volcanics (Upton et al. 1971; 
Gibson 1972; Villari 1974; Upton 1974; Harris 1982; 
Macdonald 1987). Although there is no evidence of 
associated volcanism at Strange Lake, it is possible that 
the complex represents the shallow root of a comen- 
dite-pantellerite volcanic edifice. 

Proposed mechanisms of HFSE and REE enrich- 
ment for comendite-pantellerite systems fall into two 
categories: (1) crystal fractionation controlled by the 
separation of alkali feldspar and (2) complexing of REE 
and HFSE with F and/or C1 and subsequent transport 
in melts or aqueous fluids (Villari 1974; Ferrara and 
Treuil 1974; Bailey and Macdonald 1975; Hildreth 
1981; Leat et al. 1984; Macdonald 1987). 
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Crystal fractionation of alkali feldspar 

The unaltered hypersolvus and subsolvus granites dis- 
play a trend of decreasing K/Rb values with A1203 
which is accompanied by uniform increases in HFSE, 
REE, Zn, Th and U concentrations. At Strange lake, 
alkali feldspar is a phenocryst phase accompanied by 
arfvedsonite and quartz (Pillet 1989; Salvi and Will- 
iams-Jones 1990; Nassif 1993). The fiactionation of this 
mineral assemblage can be roughly evaluated using 
a least squares mixing approach. For the hypersolvus 
granites, the best fit for the model is obtained by the 
removal of 19 wt% of alkali feldspar, having a com- 
position close to the alkali feldspar thermal minimum, 
and of 2 wt% of arfvedsonite (totalling 21% solidifi- 
cation of the parental granite). This reproduces the 
observed trend of A1203, K 2 0  and N a 2 0  depletion 
and slight CaO enrichment within the hypersolvus 
granites (Table 4). However, modelling the HFSE, 
REE, Zn and Rb variations, using the equation estab- 
lished for Rayleigh fractionation (see Wood and Fraser 
1976) and assuming a minimum bulk distribution coef- 
ficient (Ko) equal to zero, would require the crystalliza- 
tion of 65 to  80% of a parental granitic liquid to 
explain the observed concentrations of these elements. 
Since some of the Rb, Zr and Y would enter the struc- 
ture of feldspars and amphibole, the realistic require- 
ment for the degree of crystallization is much higher. 
Similar conclusions are obtained from modelling the 
internal chemical variations within the unaltered 
subsolvus granites. 

Nearly 22% of the parent liquid would have to 
crystallize in order to match the composition of the 
average altered subsotvus granite (daughter) with that 
of the average unaltered subsolvus granite (parent), 
through separation of alkali feldspar (19 wt%) and 
minor arfvedsonite (3 wt%). However, the model does 
not predict the strong and unusual increases in CaO 
and MgO. Alkali feldspar fractionation also fails to 
explain the lack of variation in K/Rb values and A1203 
abundances (Fig. 3), and the three to five-fold increases 
in HFSE and REE concentrations within the altered 
subsolvus granites. In conclusion, it appears that the 
separation of alkali feldspar and arfvedsonite from 
a peralkaline silicic parent, while accounting for part of 
the observed HFSE and REE variations within the 
unaltered units, is incapable of producing sufficient 
ernrichment of these elements. 
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The role of fluorine in the REE and HFSE enrichment 
of the Strange Lake granites 

Each granitic unit at Strange Lake also carries high 
fluorine contents (i.e. 0.44 to 0.67 wt%; Table 2). In the 
unaltered granites, the total concentrations of REE, 
HFSE and F are positively correlated, but this correla- 
tion breaks down for the altered granites and pegma- 
tites. However, the late magmatic and sub-solidus 
evolution of the granites provide strong clues as to 
the mobility of fluorine indicating that the present F 
concentrations reflect only a fraction of what was ori- 
ginally dissolved in the melts. These are as follows: 
(1) Fluorine was partitioned into a hydrothermal fluid 
at a deuteric stage to form the fluorite and hematite- 
rich matrix of the breccia surrounding the granite. The 
matrix supports clasts of host rocks and alkali granites 
and contains as much as 4.5 wt% fluorine and 9.2 wt% 
FeOt (Miller 1985). (2) Fluorine also entered an aque- 
ous hydrothermal fluid and/or a silicate melt fraction 
during the formation of the pegmatite and aplite sills 
and dykes. The latter contain from 1.0 to 3.8 wt% 
fluorine (Miller 1985, and this study). (3) Finally, the 
sub-solidus alteration of the late subsolvus granite may 
have been characterized by substantial leaching of 
fluorine. 

High fluorine contents dissolved in peralkaline fel- 
sic melts cause the distortion of the aluaninosilicate 
structure, depolarize the melt, lower the solidus and 
produce a large range of sites of various size and 
coordination (Manning 1981; Collins et al. 1982; and 
Manning and Pichavant 1985). This allows the highly 
charged cations (e.g. the REE and HFSE) to form 
stable compounds with fluorine and the excess alkalis 
(e.g. Na3TaFs, Na2NbFv, Na2UF6, KCeF4, NaZrF7, 
NaZnF3; Collins et al. 1982). Thus, the net effect of 
excess alkalis and high fluorine content is to produce 
homogeneous REE and HFSE enrichments in silicic 
melts by forming highly soluble and mobile alkali- 
fluorocomplexes with these elements. 

The same homogeneous behaviour cannot be pre- 
dicted if the REE and HFSE are partitioned into a 
separate C1 or F-rich aqueous phase. Experimental 
and theoretical studies have shown that, at various 
ranges of magmatic temperatures, (500~176 
(1) transport by fluoride species is unimportant, 
and (2) REE, Nb and Y partition into a Cl-rich 
aqueous fluids, while Ta, Zr and probably Hf are not 

Fig. 2a b Binary trace element plots illustrating the compositional variations of the granitic intrusive units, pegmatites-aplite and dyke 
rocks of the Strange Lake plutonic complex, a Y (ppm) vs Zr (ppm), b Zr (ppm) vs Nb (ppm), e La (ppm) vs Zn (ppm), d Sc (ppm) vs K/Rb, 
e Y (ppm) vs K/Rb, f 8180 ...... w.r. vs Y (ppm), g KaO (wt %) vs NazO (wt %), h MgO (wt %) vs CaO (wt %). Note the unusually high 
concentrations of HFSE and REE, and their systematic enrichment from the oldest hypersolvus granites to the youngest altered subsolvus 
granites and pegmatites-aplites. Note also the good to excellent linear correlations within the unaltered granites and poor correlation within 
the altered subsolvus granites. Alkali granites: open circles unaltered hypersolvus, half-filled circles unaltered subsolvus,filled squares" altered 
subsolvus. Plu.~ signs melanocratic inclusions, stars aphyric dykes, diamonds pegmatites-aplites in ore zone, triangles pegmatites-aplites in 
granites. 
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Fig. 3a-e  A1203 (wt%) vs K/Rb plots showing the positive correla- 
tion expressed by the unaltered hypersolvus and subsolvus granites. 
This contrasts with the lack of correlation given by the altered 
subsolvus granites. Symbols as in Fig. 2 
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Fig. 4 Average chondrite norlnalized REE patterns for the granitic 
intrusives and pegmatite and aplite samples from the ore zone. 
Observe the moderate HREE enrichment in the altered subsolvus 
granites and extreme HREE enrichment characteristic of the ore 
zone 
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Fig. 5 A plot of 6180 . . . .  w.r. VS 5 1 8 0  . . . .  arfv./aeg.. The excellent 
linear correlation (r 2 = 0.97) within the altered subsolvus suggests 
that the degree of hematization of the amphiboles and pyroxenes is 
largely responsible for the increase in whole rock 6z80 values. 
Symbols as in Figure 2 

significantly transported in aqueous vapour, either as 
chloride or fluoride species (Krauskpof 1964; Flynn 
and Burnham 1978; Webster et al. 1989; Wood 
1990a, b). Consequently, if the separation of an aque- 
ous phase and subsequent partitioning of the HFSE 
and REE during the evolution of silicic peralkaline 
systems is the principal mechanism of rare metal en- 
richment, we should observe a strong decoupling be- 
tween several elements (e.g. Zr over Nb), which we do 
not. We thereby propose that extreme fractionation 
of an unusually F-rich granitic magma produced 
low-temperature, highly depolymerized and extremely 



< 

17.0 

1 3 . 0  

9 . 0  

5 . 0  

, , i , , i 

edctrche / t  
~ ' ~ ~ ' ~  P~antelleritic trachvte �9 ~ + ~ Pantelleritic trachyte 

C o m e n d i t e  OP � 9  ~ - ~ ~  

/ P a n t e l l e r i t e  / 
, /  * r i r i 1 

5.0 10.0 
FeO t (wt. %) 

Fig. 6 FeO~ (wt %) vs AI20 3 (wt %) classification plot used for 
quartz normative peralkaline volcanic rocks, from Macdonald 
(1974). The Strange Lake unaltered hypersolvus and subsolvus alkali 
granites are located in the field of comendites, whereas most of the 
altered subsolvus granites fall in the field of pantellerites. Symbols as 
in Figure 2 

mobile HFSE, REE, F and alkali-rich residual melts. 
The heterogenous redistribution of these melts, prior to 
the separation of pegmatite/aplite melts and a free 
aqueous phase, in nearly consolidated granitic units 
may have generated the observed range of HFSE and 
REE-enrichments. 
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Ca, Mg, Sr and ~sO enrichments: limitations of the magmatic 
model 

A magmatic model is, however, inadequate to explain- 
features as such as the O isotopic variations, wide- 
spread hematization and Ca, Sr and Mg enrichments of 
the altered subsolvus granites. In the case of MgO and 
CaO, it could be argued that, since the internal evolu- 
tion of pantellerite and comendite magmas is partly 
controlled by the fractionation of alkali feldspar, Ca 
will act as an incompatible element and become en- 
riched in the residual magma. Indeed, a study of Ca 
partitioning between alkali feldspar phenocrysts and 
coexisting silicic peralkaline melt by Noble et al. (1972) 
showed the preference of calcium for the melt. How- 
ever, in order to reach the average CaO content of the 
altered subsolvus granites (i.e. 1.5 wt%) from an initial 
concentration of 0.5 wt% (the average content of the 
unaltered granites) nearly 60% crystallization of alkali 
feldspar is required while the concentrations of the 
other major elements are obtained after 25% crystalli- 
zation (Fig. 7). The highest CaO content recorded by 
the altered subsolvus unit obviously cannot be 
sinmlated, as it would require 95 % feldspar crystalliza- 
tion. Moreover, in the subsolvus granites, the crystal- 
lized plagioclase is almost pure albite (Anol-os) and the 
arfvedsonite and aegirine contain virtually no Ca and 
Mg. As these minerals crystallized late in the mineral 
paragenesis of the Strange Lake granites, often simulta- 
neously with the HFSE and REE-bearing exotic phases 

Table 4 Mass balance 
calculations using the Wright 
and Doherty (1970) algorithm 
for estimating the degree of 
alkali feldspar fractionation 
experienced by the 
hypersolvus granites. LB- 
10-33, representing the least 
evolved granite of this suite 
with high AI20 3 and 
moderate HFSE and REE 
concentrations, serves as 
a parental granite, whilst 46- 
E-1 having low AlaO 3 and 
high HFSE and REE contents 
is an appropriate daughter. 
The low degree of feldspar 
fractionation (19%) conflicts 
with the large degree required 
to model the HFSE variations 
(65-80%) 

LB-10-33 Albite K-Felds. Arfveds. 46-E-1 
(parent) (daughter) 

SiO 2 (wt%) 70.25 68.52 64.85 50.12 71.83 
TiO z 0.28 0.00 0.00 1.86 0.21 
AI20 3 12.46 19.48 17.45 2.79 11.28 
FeO 4.25 0.00 0.00 29.79 4.58 
MnO 0.10 0.00 0.00 0.00 0.12 
Mgo 0.01 0.00 0.00 1.61 0.09 
CaO 0.85 0.00 0.00 3.86 0.79 
Na20  5.67 11.85 0.43 7.66 5.10 
K20  4.93 0.15 16.28 1.28 4.77 
P20~ 0.20 0.00 0.00 0.00 0.20 

Solution % cumulate 

LB-10-33 1.00 
Albite - 0.121 57.88 
Microcline - 0.068 32.47 
Arfvedsonite -0.020 9.65 
46-E-1 0.79 

LB-10-33 46-E-1 % crystallization 
(Rayleigh) 

Rb (ppm) 378 819 65 
Y 284 906 70 
Zr 1912 9511 80 
Nb 127 479 75 

R2:0.068 
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Fig. 7 AI~O 3 (wt %) vs CaO (wt%)plot  showing the unusual cal- 
cium enrichment of the altered subsolvus granites which no mag- 
matic process can explain. Less than 25% crystallization of alkali 
feldspar (CXF) will account for the AI20 3 variations between altered 
and unaltered granites, but this model predicts considerably lower 
CaO concentrations even if the latter is considered perfectly incom- 
patible. Thermogravitational (TGD) diffusion commonly generates 
depletions in CaO and AI,O 3 m the most HREE and HFSE- 
enriched silicic rocks whilst bulk wall-rock assimilation will drive 
the granitic magmas toward lower A120 a concentrations (see text). 
The wall rock assimilant is represented by a composite chemical 
average of Aphebian metamorphic rocks surrounding the Strange 
Lake complex. Tick marks represent the degree (in wt %) of wall- 
rock assimilation. Symbols as in figure 2 

(Pillet 1989; Nassif 1993), they would obviously have 
incorporated Ca and Mg in their structures if they had 
equilibrated with a melt enriched in the latter elements. 
Other magmatic processes also appear inadequate. For 
example, thermogravitational diffusion invariably pro- 
duces a depletion in Ca and Mg in the most REE and 
HFSE-rich liquids, instead of the observed increases 
(Mahood 1981 and Hildreth 1981). Moreover, from 20 
to 30% bulk assimilation of wall rocks (a chemical 
composite of gneisses and schists hosting the complex) 
during the consolidation of the outer subsolvus granite 
would be necessary to augment Ca and Mg to their 
observed values. However, such a high rate of assimila- 
tion would also have produced depletions in A1203, 
KzO and SiO2 and ~lSO compositions that are not 
observed (Table 2 and Fig. 7). We must conclude 
that the CaO, MgO (and St) enrichment characterizing 
the altered subsolvus granite cannot be of magmatic 
origin but most likely stemmed from metasomatic 
processes. 

The sub.solidus evolution of the Strange Lake plutonic complex 

A metasomatic origin for the Ca enrichment of the ore 
zone pegmatites and aplites has already been demon- 
strated by Salvi and Williams-Jones (t990), confirm- 

ing the preliminary investigations of Curie (1985) 
carried on the altered subsolvus granites. Petrographic 
observations recently completed by Salvi and 
Williams-Jones (1993b) have shown that elpidite, a 
Na-zirconosilicate of magmatic origin, was replaced by 
armstrongite and gittinsite (two Ca-zirconosilicates), 
the latter replacement being accompanied by major 
volume loss. Their studies of fluid inclusions in 
pseudomorphs of elipdite and other HFSE minerals 
indicated that Ca metasomatism was caused by low- 
temperature saline hydrothermal fluids which, they ar- 
gued, acquired high CaCI2 by circulating in the gneisses 
hosting the complex. 

At Strange Lake, the negative A~lSOquartz_alk. feldspar 
(Table 2) provides conclusive evidence of the circula- 
tion of low temperature fluids within the altered subsol- 
vus granites and the ore zone pegmatites. Such un- 
usual isotopic signatures can only occur by partial or 
total subsolidus re-equilibration of the feldspars with 
low temperature meteoric and groundwater fluids 
( < 300 ~ C) with no substantial isotopic exchange with 
quartz (Wenner and Taylor 1976; Shieh 1983; Kyser 
1983). The fluid entrapment temperatures provided by 
Salvi and Williams-Jones (1990) (e.g. 135~ ~ C) can 
be used in conjunction with the temperature 
-~18Oalk,li f~ld~p,r diagram of Wenner and Taylor 

(1976) to estimate the bulk isotopic composition of the 
low temperature hydrothermal fluids. If it is assumed 
that the range in alkali feldspar 5180 values (e.g. + 9.4 
to + 11.0%o) represents a state of equilibrium between 
fluid and mineral under a closed system and at low 
water/rock ratio, e.g. ,,~ 1 (Wenner and Taylor 1976), 
then the 8 1 8 0  fluid compositions should range between 
- 1  + 3%o. At higher water/rock ratios, e.g. >> 1, 

slightly lower values (e.g. 0 to - 5%o) are indicated. 
These 6180 compositions are clearly outside the range 
of magmatic values and may reflect mixing of depleted 
(meteoric/groundwaters) and enriched (magmatic/ 
metamorphic) waters or evolved meteoric fluids that 
had exchanged with the host monzonites and gneisses. 

The positive linear correlation between ~1 s o values 
of altered arfvedsonite and whole rock 5180 composi- 
tions within the altered subsolvus granites also indi- 
cates low temperature alteration, and apparently 
contradicts Bonin's (1986) assertion that the destabi- 
lization of arfvedsonite into aegirine + quartz + hema- 
tite + H20 takes place at near solidus temperatures 
(6000-625 ~ C), when the amphibole reacts with a late 
magmatic F-depleted oxidizing fluid. The fractionation 
factors between quartz, amphibole, aegirine, hematite 
(the product of arfvedsonite destabilization) are too 
low, at these temperatures (e .g.  A~lSOm i .. . .  J 
- -  ~18Owate r < + 2), for equilibrium reaction with or- 

thomagmatic fluids ( < + 10%o; Taylor 1978) to have 
been able to generate the observed trend of ~ s O  en- 
richment in the altered arfvedsonite ( +  4.8 to 
+ 13.1%o). It is, however, difficult to conceive how the 

latter could also occur through interaction with a low 
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Fig. 8 Plot o fCaO (wt%) vs F (ppln) showing the excellent correla- 
tion observed in the unaltered granites which probably indicate 
control by fluorite. The data from the altered subsolvus granite 
exhibit considerable scatter which we attribute in a large part to the 
circulation of low temperature sub-solidus oxidizing fluids which 
leached fluorine from the granites. The strongly hematized samples 
carry the lowest F concentrations. Symbols as in figure 2 

5~sO fluid (e.g. < + 5%0). Only quartz becomes 
substantially enriched in ~sO relative to water at 
l o w  temperature t8 (~  Oquartz-water = + 10 to + 15 
from 250 ~ to 150~C; Clayton et al. 1972; Kawabe 
1978), whilst hematite-water fractionation factors 

-is - 2 )  and those extrapolated ( A ~  O h  emati t . . . .  ter : < 

with the Na-pyroxene-water pair (A~ Is ONa.p . . . .  ter 
+ 3) are much t o o  l o w  at these temperatures (Mat- 

thews et al. 1983; Yapp 1991). Perhaps, gm-sized clay or 
mica flakes are interspersed with aegirine, hematite and 
quartz. Fractionation factors between micas/clays and 
water being very large at temperature below 200~ 
( > 10%o; Kyser 1987, chapter 1), elevated 8 t sO values 
could then be obtained even if the arfvedsonites reacted 
with low 1sO waters. 

In their model, Salvi and Williams-Jones (1990) 
suggested that an oxidizing, low salinity Ca-poor 
groundwater may have leached fluorine and rare meta- 
ls (notably Y and REE) from the granites surrounding 
the ore zone and deposited them when these fluids 
mixed with external fluids rich in Ca. Mobilization of 
REE and Y within the ore pegmatites is also supported 
by the presence of secondary fluid inclusions trapped in 
quartz veins and Ca-pseudomorphs which contain 
HFSE and REE-bearing daughter minerals (e.g. 
bastn/isite, gagarinite and pyrochlore). 

Evidence for the circulation of oxidizing fluids in 
the altered subsolidus granites is given by scattered 
patches of hematite, hematization of arfvedsonite and 
the distribution of fine grained hematite dust in the 
alkali feldspars. The loss of fluorine in the strongly 
hematized granites and the absence of a correlation 
between CaO and F (Fig. 8) further testify to sub- 

solidus high mobility of fluorine. Nontheless, our 
investigations have yet to demonstrate substantial 
HFSE and REE leaching, but the excellent correlations 
displayed by the unaltered granites as opposed to the 
lack of correlation between the HFSE and REE in the 
altered subsolvus granites, could at least indicate that 
some remobilization took place within the latter. 

A preliminary model for the evolution of the Strange Lake 
plutonic complex 

We propose that F-rich, mantle-derived, trachytic 
(syenitic) magmas established chemically zoned magma 
chambers in the upper crust. Extensive crystal frac- 
tionation produced HFSE, REE and F-rich comendite 
and/or pantellerite roof zones that were periodically 
tapped and injected at higher crustal levels ( ~ 1-3 km) 
to form successive annular alkali granite intrusives. 
Injection of the hypersolvus core occurred principally 
in the Elsonian quartz monzonites. Rapid crystalliza- 
tion and chilling at the roof zone and on the side-walls 
generated the melanocratic fine-grained facies. While 
the intrusive core was consolidating, it underwent caul- 
dron subsidence and/or roof collapse, giving way to 
a new batch of slightly more differentiated (hence more 
HFSE, REE, Zn and F-rich) subsolvus granitic magma 
which was then emplaced by stoping and foundering of 
roof slabs. The altered enriched subsolvus granite was 
later emplaced in a similar fashion to form the external 
shell of the complex. 

We suggest that the alkali granites acquired pantel- 
leritic or comenditic compositions depending on the 
time that elapsed before the extraction of the upper- 
most part of the magma chamber. A prolonged resi- 
dence time created pantelleritic residual liquids by 
allowing extreme fractionation, principally by alkali 
feldspar separation, to occur (hence the extreme de- 
pletion in K/Rb and A1203),  while promoting enrich- 
ment in HFSE and REE by volatile complexing with 
F in the melt. Shorter residence times would have 
allowed for less differentiation thereby forming less 
HFSE and REE-enriched comenditic liquids. The most 
evolved stages of magmatic differentiation occurred 
during the emplacement of each intrusive and were 
controlled by the heterogeneous migration of REE and 
HFSE-alkali-fluorocomplexes in residual melts accom- 
panied by minor alkali feldspar and arfvedsonite 
fractionation. 

At a late (deuteric?) stage, a hydrothermal fluid 
carrying substantial amounts of fluorine and iron force- 
fully escaped from the late subsolvus granite creating 
a fluorite and hematite-rich breccia surrounding the 
complex. The segregation of a F-rich aqueous phase 
(probably enriched in HREE, Nb, Y-ftuoro-complexes) 
was accompanied by an extremely REE and HFSE- 
rich, highly fractionated felsic melt which was intruded 
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in fractures as sub-vertical pegmatite-aplite dykes and 
sills in the cupola, while the roof of the altered granite 
cooled and contracted. The presence of a F-rich aque- 
ous phase may have caused substantial fractionation 
and decoupling of rare metals (e.g. HREE/HFSE and 
Nb/Zr), thereby explaining the unusual HREE-rich 
patterns of the pegmatites and aplites (Figs. 2, 4). 

At present we propose two preliminary models to 
account for the complex sub-solidus history of the 
Strange Lake complex. One possibility is that the es- 
cape of orthomagmatic F-rich aqueous fluid and heat 
loss during the consolidation of a low solidus 
(5000-600 ~ subsolvus granite may have initiated 
a low-temperature hydrothermal system within the 
granite and in the surrounding wall rocks which in- 
volved fluids of several origins and compositions (e.g. 
groundwater, meteoric and magmatic). The interaction 
of low temperature ( < 200 ~ C) Ca-rich fluid with the 
granites and pegmatites produced extensive Ca-meta- 
somatism and the replacement of sodic minerals by 
calcic equivalents. A low temperature Ca-poor oxidiz- 
ing fluid may also have been responsible for destabili- 
zation of arfvedsonite, disequilibrium between ~a80 of 
quartz and alkali-feldspar, loss of fluorine and rare-metal 
remobilization within the altered subsolvus granites. 

Alternatively, the metasomatism and hydrothermal 
alteration of the subsolvus granite may be related to the 
burial of the granites under their own volcanic ejecta 
(now eroded) or the intrusion of late granitoids at depth 
which may have raised the local geothermal gradient 
and initiated the circulation of low temperature con- 
nate and/or meteoric waters in the upper part of the 
subsolvus granite. This process has been invoked to 
explain the reverse quartz-feldspar 6180 fractionation 
and alkali feldspar hematization in Mid-Proterozoic 
brick-red granites and granophyres (e.g. Muskox 
granophyres and St. Frangois Mountain granites; Wen- 
ner and Taylor 1976; Taylor 1978). 

Conclusions 

This paper provides a new assessment of the role of 
magmatic and sub-solidus processes in the generation 
of HFSE and REE-enriched peralkaline granites. It 
stresses the strong similarities in the chemical evolution 
of the Strange Lake alkali granites to that of pantel- 
lerites and comendites. While extreme differentiation 
from marie-intermediate (trachytic-syenitic) precursors 
by alkali feldspar fractionation may have played a sub- 
stantial role in the HFSE and REE-enrichment of the 
granites, extremely high concentrations of these ele- 
ments are more reasonably explained by the formation 
of fluoro-complexes in low-temperature residual silicic 
melts and their heterogeneous distribution in the late 
magmatic evolution of the Strange Lake complex. This 
process may have been enhanced by the unusually high 

fluorine contents initially dissolved in the granitic mag- 
mas. The sub-solidus evolution of the plutons involved 
the circulation of low temperature fluids in the granites 
and pegmatites which caused widespread Ca-meta- 
somatism, hematization, loss of fluorine and enrich- 
ment in 6t80 values. The possibility that these fluids 
may have remobilized the REE and HFSE within the 
altered subsolvus granite emphasizes the importance of 
addressing the role of hydrothermal processes in the 
formation of granite-hosted HFSE and REE deposits. 
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