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anorthosite xenoliths, to the mildly peraluminous to
metaluminous Hearne Channel and Mad Lake Granite
and Whiteman Lake Quartz Syenite (Fig. 2; Davidson,
1982). To the east, the peralkaline Grace Lake Granite
and the Thor Lake Syenite have a gradational boundary
marked by increasing alkalinity inwards, except where
the peralkaline Rim Syenite separates the two units
(Davidson, 1981, 1982; Fig. 2). Pyroxene composition
evolved from diopside (Caribou Lake Gabbro) to heden-
bergite (Whiteman Lake quartz syenite) and the aegirine
proportion increases in the Thor Lake Syenite
(Davidson, 1982). Amphiboles in the Thor Lake Syenite
and Grace Lake Granite are iron- and alkali-rich ferro-
richterite and riebeckite (Davidson, 1982). Fayalitic oliv-
ine and iron-rich biotite occur in the Hearne Channel
and Mad Lake Granites and in the Whiteman Lake
Quartz Syenite (Davidson, 1982). The intrusions of the
complex have been interpreted to represent separate
magma batches derived from a deep magma chamber
and emplaced along ring fractures (Davidson, 1982).

The NLS is a dome-shaped layered intrusion,
emplaced in the centre of the Thor Lake Syenite, that
consists of agpaitic nepheline–sodalite syenites, with
aegirine and biotite as mafic phases (Figs 2 and 3). The
upper 300 m of the NLS host hydrothermally altered
eudialyte-syenites, which constitute the Nechalacho
Rare Metal Deposit (REE, Nb, Zr; Sheard et al., 2012).
This deposit consists of the Upper and Basal Zones,
which together contain measured and indicated re-
sources of 109 Mt grading 1!59 wt % REE2O3, 0!39 wt %
(Nb,Ta)2O5 and 2!67 wt % ZrO2 and an inferred mineral
resource of 160 Mt grading 1!38 wt % REE2O3 (Avalon
Rare Metals Inc., 2013).

Several rare metal pegmatites are present within the
Thor Lake Syenite and Grace Lake Granite to the north
of the NLS and the Fluorite Zone, a REE-enriched hydro-
thermal alteration domain, formed to the south of it
(Fig. 3). The largest pegmatite is the peraluminous to
metaluminous T-Zone (Fig. 3). It consists of an outer,
feldspar-dominated and gallium-enriched Wall Zone, a

Fig. 2. Geology of the Blatchford Lake Igneous Complex, compiled from the maps of Johnson & Senkiw (1977) and Davidson
(1982) and information from this study. The Indin, Hearne and MacKenzie dike swarms crosscut the complex. The age dates are
from 1Bowring et al. (1984), 2Sinclair et al. (1994), 3Mumford (2013) and 4M€oller & Williams-Jones (2013).
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 REE + Zr at Thor Lake, Canada

Sørensen, 1992; Salvi et al., 2000). Eudialyte group min-
erals (hereafter we use the term eudialyte for simplicity)
are the principal REE–Nb–zirconosilicate in agpaitic
rocks. There is general agreement that nepheline syen-
ites and associated rocks in alkaline complexes form
from mantle-derived magmas, which may be rift- or
plume-related, and that the high field strength element
(HFSE, including the REE) and volatile-rich compositions
of the syenites are acquired by low degrees of partial
melting of large volumes of metasomatized mantle
(Upton et al., 2003; Kogarko et al., 2010). Fractional crys-
tallization of parental alkaline mafic melts in the lower
crust may also be important for producing some of the
diverse rock types present in alkaline complexes
(Downes et al., 2005). At the emplacement level, internal
closed-system fractional crystallization and strong com-
positional layering are common features of agpaitic
nepheline syenites (Sørensen, 1969; Kogarko, 1987;
Larsen & Sørensen, 1987). Associated pegmatites and
hydrothermal veins can be enriched in HFSE, beryllium
and lithium (Bailey et al., 1993; Markl, 2001). In addition
to their exceptionally high HFSE contents, agpaitic rocks
are characterized by high volatile concentrations (up to 4
wt % H2O, F, Cl and carbon species; Larsen, 1979; Bailey
& Hampton, 1990) and solidus temperatures as low as
450!C (Piotrowski & Edgar, 1970; Kogarko, 1987).
Moreover, fO2, aH2O and the activities of fluorine and
chlorine control the liquid lines of descent in phonolitic
melts (Giehl et al., 2013, 2014). Despite advances in
understanding, there is still considerable debate over the
relationship between nepheline syenites and cogenetic
silica-saturated rocks, the origin of the HFSE-rich melts,
the behaviour of major and trace elements in layered
nepheline syenites and the mechanisms of in situ enrich-
ment of the HFSE in agpaitic plutons.

The Nechalacho Layered Suite (NLS, previously
referred to as the ‘Lake Zone’; Trueman et al., 1988;
Pinckston & Smith, 1995) comprises a thick sequence of
nepheline and sodalite syenites and is currently being
evaluated for exploitation of REE, Nb and Zr. It offers an
excellent opportunity to study the magmatic behaviour
of HFSE in agpaitic intrusions. It is the youngest and
most evolved member of the Blatchford Lake Igneous
Complex (previously called the Blachford Lake
Complex; Davidson, 1978, 1981, 1982), a set of alkaline
to peralkaline intrusions of Paleoproterozoic age that
were emplaced in the Slave Craton of northwestern
Canada (Fig. 1). Previous research on the NLS con-
sidered aspects of the magmatic mineralogy and pet-
rology (Pinckston & Smith, 1995), but dealt mainly with
the hydrothermally altered potential ore zones
(Trueman et al., 1988; Sheard et al., 2012). In this study,
we focus on the magmatic architecture of the NLS and
the systematics of igneous Zr, REE and Nb enrichment.
Based on a detailed petrographic and geochemical ana-
lysis we evaluate the characteristics of the magma that
formed the NLS, its genetic relationships to the other
members of Blatchford Lake Igneous Complex, the
physicochemical conditions during emplacement and

the internal crystallization sequence within the intru-
sion. The NLS is interpreted to represent the final prod-
uct of a multi-phase petrogenetic evolution that was
initiated by the generation of an HFSE-rich mantle-
derived melt, led to strong in situ enrichment and frac-
tionation of the REE and other HFSE, and culminated in
the crystallization of highly HFSE-enriched eudialyte
syenites.

REGIONAL GEOLOGY

The Paleoproterozoic Blatchford Lake Igneous Complex
is located near the southern margin of the Slave Craton
along the Hearne Channel of Great Slave Lake,
Northwest Territories, Canada (Figs 1 and 2). It intruded
greenschist- to amphibolite-facies turbiditic meta-grey-
wackes of the Archean Burwash Formation (Henderson,
1972; Ferguson et al., 2005) and Archean granitoids
(Fig. 2). The intrusive units of the western lobe of the
complex range in composition from the transitional tho-
leiitic to alkaline Caribou Lake Gabbro, which contains

Fig. 1. (a) Overview map of Canada, indicating the location of the
Northwest Territories (NWT) and Great Slave Lake. (b) Distribution
of the 2185–2175 Ma alkaline intrusions of the Slave Craton.
BS, Big Spruce Complex; BB, Baby Bear Syenite; S, Squalus
Lake Intrusion; BI, Blob Intrusion; DD, Dogrib Dikes; DS, Duck
Lake Sills; C, Compton Sills; E, Easter Island Dikes; BIC,
Blatchford Lake Igneous Complex. Modified after Buchan et al.
(2010).
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Fig. 7. Rock types in the Nechalacho Layered Suite. (a) Flow-banded syenite (NLS-8) with nepheline phenocrysts in an albite–
aegirine matrix and minor interstitial eudialyte (pseudomorphed by zircon). (b) Porphyritic sodalite-syenite (NLS-8). (c) Outcrop of
eudialyte cumulate (Upper Zone, NLS-5) south of Thor Lake. Eudialyte is pseudomorphed by zircon, quartz and HFSE minerals.
Photograph courtesy of J. C. Pedersen. (d–f) The textural varieties in the Basal Zone (NLS-6) include euhedral cumulus eudialyte
displaying gravitational settling textures (d), poikilitic eudialyte in aegirine foyaite (e) and densely packed eudialyte cumulate (f).
(g) Syenite with cyclic biotite-rich layers that display gradational upper and sharp lower boundaries (NLS-12, drill hole L09-194,
807!2–820!2 m depth). (h) Scanned section of biotite–sodalite syenite (NLS-12). (i) Aegirine–nepheline syenite containing carmine-
red villiaumite, which decomposed to Na-hydroxide upon contact with air moisture (NLS-8, drill hole L11-377, 428 m depth).
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Fig. 4. (a) Boundary between the Grace Lake Granite and the Thor Lake Syenite in outcrop on the north shore of Great Slave Lake,
marked by an abrupt decrease in quartz content. (b) Thor Lake Syenite in drill core near the contact with the NLS, showing a por-
phyritic texture defined by zoned alkali feldspar phenocrysts and interstitial riebeckite and quartz. (c) Metasomatized Thor Lake
Syenite, displaying secondary aegirine in veins and as a replacement of riebeckite (drill hole L11-375, 113 m above the contact to
the NLS). (d) Contact between Thor Lake Syenite and NLS, marked by a thin pegmatitic K-feldspar-rich zone followed below by the
Roof Sodalite Syenite (unit NLS-1, 1 m scale). (e) NLS-1 in outcrop SE of Thor Lake. Sodalite is pseudomorphed by greenish-blue il-
lite; K-feldspar is pink-coloured owing to hydrothermal hematite dusting (cm scale). (f) NLS-1 in drill core with euhedral blue–grey
sodalite, light grey K-feldspar and interstitial green aegirine (scanned section). (g) Layered aegirine–nepheline–sodalite syenite (drill
core L09-194, 282!35–306!63 m, box width 1!5 m), including the boundary between units NLS-8 and NLS-9. (h) Fine-grained
sodalite–aegirine syenite (NLS-9) with a pocket containing coarse-grained aegirine (green), interstitial eudialyte (pseudomorphed
by brown zircon) and white albite (scanned rock section).
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aegirine matrix and minor interstitial eudialyte (pseudomorphed by zircon). (b) Porphyritic sodalite-syenite (NLS-8). (c) Outcrop of
eudialyte cumulate (Upper Zone, NLS-5) south of Thor Lake. Eudialyte is pseudomorphed by zircon, quartz and HFSE minerals.
Photograph courtesy of J. C. Pedersen. (d–f) The textural varieties in the Basal Zone (NLS-6) include euhedral cumulus eudialyte
displaying gravitational settling textures (d), poikilitic eudialyte in aegirine foyaite (e) and densely packed eudialyte cumulate (f).
(g) Syenite with cyclic biotite-rich layers that display gradational upper and sharp lower boundaries (NLS-12, drill hole L09-194,
807!2–820!2 m depth). (h) Scanned section of biotite–sodalite syenite (NLS-12). (i) Aegirine–nepheline syenite containing carmine-
red villiaumite, which decomposed to Na-hydroxide upon contact with air moisture (NLS-8, drill hole L11-377, 428 m depth).
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Problem:

• Sodic pyroxenes have 
high REE (Marks 2004). 

• Evolved alkaline melts 
attain high REE contents 
(e.g. Gardar, Nechalacho)

JOURNAL OF PETROLOGY VOLUME 42 NUMBER 10 OCTOBER 2001

Fig. 5. Selected core compositions of pyroxene plotted in the pyroxene quadrilateral (Lindsley, 1983) together with coexisting olivine compositions.
The slightly different slopes of the tie-lines within one sample suite should be noted. The Wo-poorest pyroxene compositions are shown, which
are likely to reflect the most pristine magmatic conditions.

Fig. 6. Clinopyroxene composition trends in the four sample traverses plotted in terms of diopside (Di), hedenbergite (Hd) and aegirine (Aeg)
components. On the left, generalized pyroxene trends from other Gardar complexes and for the whole Ilı́maussaq suite are shown for comparison.
Na-rich pyroxene was found only in sample GM1223 (Β in suite AS1).
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Scientific objectives:

Quantify physiochemical controls on element partitioning 

– Determine optimal conditions for magmatic enrichment of REE



Scientific objectives:

Quantify physiochemical controls on element partitioning 

– Determine optimal conditions for magmatic enrichment of REE

Schematic diagram of concentration, mineral/melt partition 
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Determine pyroxene-melt partition coefficients



Internally heated pressure vessel

Edgar, A.D. (1973) Experimental Petrology. Clarendon Press Oxford
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Run products:
~ 0.25 mm

M5, IHPV-2: 800ºC, 2 KBar, Aegirine Augite

~0.4 mm
H5_2, IHPV-5: 700ºC, 2 KBar, Aegirine Augite

H4, IHPV-4: 825ºC



Preliminary experiment glasses H2O Sat, 2 kBar
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Preliminary experiment pyroxenes

CaFeSi2O6

NaFeSi2O6

CaMgSi2O6

L1 (950)
L2 (950)
L4 (875)
L5 (700)
M1 Leak (950)
M3 (825)
M4_2 (700)
M4 (825)

M5_2 (700)
M5 (800)
H2 (825)
H3 (825)
H4_2 (800)
H4 (825)
H5_2 (700)
Canaries Px



~ 0.25 mm

~0.4 mm

Element partitioning

10-2

10-1 

1 

10

Li Ga Rb Sr Y Zr Nb Cs Ba La Ce Nd Sm Eu Dy Tm Yb Hf Ta Pb Th U 

D
 p

yr
ox

en
e/

gl
as

s

Compatible

Incompatible

This study, IHPV, M5 Phonolite

Gardar Dykes, Larsen, 1979

Schnetzler & Philpotts, 1970
Mafic Phonolite, Montana

!! DREE > 1



~ 0.25 mm

10-2

10-1 

1 

10

Li Ga Rb Sr Y Zr Nb Cs Ba La Ce Nd Sm Eu Dy Tm Yb Hf Ta Pb Th U 

D
 p

yr
ox

en
e/

gl
as

s

Compatible

Incompatible

M5_2 (700)
M5 (800)

H5_2 (700) H4_2 (800)

H3 (825)

M3 (825)

H4 (875)

Literature

Element partitioning



DREE correlated with aegirine fraction
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Fluorine – The link to natural systems?

Ponader and Brown, 1989, Geochimica
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Future:

• Build partitioning model which 
predicts changes with mineral 
chemistry

• Mafic and F-bearing 
experiments

Blundy & Wood, Nature 372, (1994)
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