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Abstract
A suite of silica-undersaturated syenites outcrops along the margins of a
monzogranite pluton emplaced in the Knee Lake greenstone belt at Cinder Lake,
Manitoba. Alkali-feldspar syenitic pegmatite probably represents a cumulate unit
derived from magma that subsequently evolved to fine-grained feldspathoid syenites.
This evolution involved an increase in the degree of undersaturation from cancrinitenepheline syenite to vishnevite syenite. Abundant calcite veinlets, showing a
carbonatitic isotopic and trace-element signature, crosscut the pegmatite and are
interpreted to have evolved from the syenites. The monzogranite and syenites gave
similar radiometric ages (~2.72 Ga), but evidence of fenitization in the former suggests
that the syenites are somewhat younger. The emplacement of these rocks was coeval
with the collision of the North Caribou and North Superior superterranes during
amalgamation of the Superior Province. The observed transition from granitic to
alkaline magmatism is interpreted to mark the transition from a collisional to postcollisional tectonic regime.
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Chapter 1: Introduction

The only known silica-undersaturated rocks in Manitoba occur at Cinder Lake
in the northwestern Superior Province. Despite the extensive geological studies of the
surrounding Knee Lake area (e.g., Syme et al., 1997, 1998; Corkery et al., 1999, 2000),
no detailed study has focused on the Cinder Lake alkaline intrusive complex. Intrusive
rocks at Cinder Lake include a suite of silica-undersaturated syenites and feldspathoidfree alkali-feldspar syenitic pegmatite dykes that outcrop along the Cinder Lake
shoreline. At the core of the complex, the syenites are associated with a monzogranite
pluton that has historically been associated with the Bayly plutonic complex. The
Cinder Lake complex was previously mapped by Elbers of the Manitoba Geological
Survey (MGS) in 1971-1972 as part of the Greenstone project focused on the GodsOxford-Knee Lakes area (Gilbert, 1985). Other than a brief revisit and sampling by
Lenton (1985) and mineral exploration by mining companies (e.g., Inco Limited), no
detailed investigation has been done on the silica-undersaturated rocks at Cinder Lake.
Recent industrial interest has focused on the rare earth potential of the complex. Whole
-rock geochemistry of surface rock samples collected in 1992 by Inco Limited revealed
anomalous concentrations of rare earth elements (REE) in the northern half of Cinder
Lake. Canadian International Minerals Inc. filed a 5000 hectare Mineral Exploration
License covering Cinder Lake in November 2009.
The present work was initiated as a joint project between the University of
Manitoba and the MGS. The major objectives of the present work can be summarized
as follows:
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1) To provide a detailed description of the petrography, mineralogy,
trace-element and isotope chemistry of the Cinder Lake rocks.
2) To provide structural and geochronological constraints for
emplacement age of the Cinder Lake complex and place these rocks
in the context of regional and global tectonics.
The present thesis consists of ten chapters which address specific aspects of the
geology of the Cinder Lake complex, its regional tectonic setting and compare it to
similar localities elsewhere in the Superior Province and beyond. Chapter 2 provides
background information on the regional geology and previous work in the Knee Lake
area. Chapter 3 provides a review of silica-undersaturated rocks, carbonatites and their
association. Chapter 4 describes the methodology and analytical techniques used in this
study. The analytical results, including petrography, mineral chemistry, whole-rock
geochemistry and isotopic data, are presented in chapters 5, 6, 7 and 8 respectively.
Chapter 9 discusses the Cinder Lake complex in context of the regional geology,
compares the complex to other alkaline complexes of the Superior Province and
discusses evidence of carbonatitic magmatism at Cinder Lake. Final statements and
conclusions are summarized in Chapter 10.
Preliminary results of this study were reported in Chakhmouradian et al.
(2008a, 2008b) and Kressall et al. (2009, 2010a, 2010b). Some of the results and
figures from this thesis have been reproduced in Kressall et al. (2010a) prior to
completion of this thesis. It is important to note that since publication of these reports,
our understanding of the Cinder Lake complex has changed. The present thesis is the
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most complete and most current summary of the data and interpretations concerning
the geology and evolutionary history of this complex.
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Chapter 2: Regional Geology
2.1 Geology of the Superior Province
2.1.1 Description of the Superior Province
Cinder Lake is located at latitude 54° 55’ N and longitude 94° 50’ W in the
Knee Lake area of the Superior Province. The Superior Province is the largest Archean
craton in the world, and together with the Hearne-Rae, Wyoming and Slave cratons
forms Laurentia (Fig. 2.1a). The Superior Province extends from Quebec to eastern
Manitoba and further south into northern Minnesota, USA, and an unexposed part of
the craton extends westward beneath the Phanerozoic sedimentary cover. The
Paleoproterozoic Trans-Hudson Orogen separates the Superior Province from the
Hearne-Rae and Wyoming cratons.
A terrane is here defined as a fault-bounded region with a distinct geologic
history (Jones et al., 1983). An amalgamation of terranes is referred to as a
superterrane. Subprovince boundaries have generally been defined based on this
principal, but as additional data are accumulated, subprovinces may be redefined. For
example, the Cinder Lake is located within the Sachigo subprovince (Card, 1990), but
mapping (Skulski et al., 2000; Parks et al., 2006), geochronologic (Corkery et al., 2000;
Lin et al., 2006), radiogenic isotope (Skulski et al, 2000) and geophysical evidence
(Percival et al., 2006) show that the Sachigo subprovince actually consists of: 1) 3.0 Ga
North Caribou superterrane (NCS), 2) 2.73-2.72 Ga Oxford-Stull terrane (OST) and 3)
3.6 Ga North Superior superterrane (NSS). The boundaries of these terranes were first
proposed by Thurston et al. (1991) and refined by Skulski et al. (2000), Percival et al.
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(2006) and Parks et al. (2006). Rayner & Stott (2005) delineated the boundaries of
these structural units in northwestern Ontario.

Figure 2.1: Geological map showing a) the major tectonic subdivisions of North America; and b)
subprovinces of the Superior province. After Percival et al. (2006). © 2008 Canadian Science
Publishing or its licensors. Reproduced with permission.
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2.1.2 Formation and tectonic history of the Superior Province
The Superior Province formed by the amalgamation of smaller Mesoarchean
granitoid terranes, including NSS, NCS, Winnipeg River terrane, Marmion terrane and
Minnesota River Valley terrane, 2.75 – 2.68 Ga ago (Figure 2.1b: Percival et al., 2006).
The NCS, the largest terrane of the Superior Province, is interpreted to have acted as the
nucleus onto which the other terranes were accreted (Percival et al., 2006; Lin et al.,
2006). Convergent nature of the tectonic boundaries between the NCS and NSS and
between the NCS and Winnipeg River terrane is supported by the presence of shallowdipping structures extending a depth of 150 km beneath the suture zones, as indicated
by the Lithoprobe and NATMAP seismic surveys (Fig. 2.2: Percival et al., 2006). These
shallow-dipping structures are interpreted as subducted oceanic slabs (ibid.). A northdipping structure beneath the NCS-Winnipeg River terrane suture and south-dipping
structure beneath the NCS-NSS suture indicate that NCS was overthrusted onto
accreting terranes in the north and south. Granitoid terranes are separated by greenstone
belts composed of metamorphosed volcanics, sedimentary rocks and associated
granitoid intrusions (e.g., OST, Uchi, Wabigoon, and Wawa-Abitibi terranes). Younger
metasedimentary belts separate some granitoid terranes from the greenstone terranes
(e.g., English River, Quetico, and Pontiac terranes).
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A)

B)

C)

Figure 2.2: North-south cross-sections of a) the North Caribou superterrane (NCS) – Winnipeg River
terrane (WR) contact (A-B transect) and b) NCS – North Superior superterrane (NSS) contact (C-D
transect). Location of A-B and C-D transects shown in (c). Tectonic interpretation based on
LITHOPROBE and NATMAP seismic reflection and refraction data (Lin et al., 2006). GLNSZ, Gods
Lake Narrows shear zone; QF, Quetico fault; SLF, Sydney Lake – St. Joseph fault; OST, Oxford-Stull
terrane. After Lin et al. (2006). © 2008 Canadian Science Publishing or its licensors. Reproduced with
permission.
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The NCS is composed of older terranes assembled prior to the formation of the
Superior province, but metamorphism and poor exposure obscures the early tectonic
history of the NCS. The oldest known rocks in this superterrane are 3.02 Ga felsic
volcanic rocks of the North Spirit assemblage (Corfu & Wood, 1986). Calc-alkaline
plutonic rocks (granodiorite to diorite) dominate the NCS (e.g., 2750 – 2686 Ma
Berens River plutonic complex; Corfu & Stone, 1998). Metamorphism is evident
within the NCS greenstone belts prior to intrusion of the 2.87 Ga North Caribou pluton
(Percival et al., 2006). The OST consists of imbricated continental-margin assemblages
and oceanic crust that was trapped during the collision of the NCS and NSS (Percival
et al., 2006). The tectonic events leading to the formation of the OST are outlined in
Figure 2.3. The OST is separated from the NSS by the North Kenyon fault (NKF) and
from the NCS by the Gods Lake Narrows shear zone (GLNSZ: Fig. 2.2b).
The pre-Superior tectonic history of the NSS is not well understood due to its
cryptic record, tectono-metamorphic overprint, remoteness and poor exposure.
Exposed rocks are dominated by granitic gneisses (Percival et al., 2006). Recognition
of the NSS as a distinct cratonic fragment is based on older plutonic Nd model ages
than those observed in the OSD (Skulski et al., 1999, 2000). Geochronological studies
indicate that the record of the NSS extends as far back as the Eoarchean based on up to
3.9 Ga detrital zircons in Mesoarchean paragneiss at Assean Lake (Böhm et al., 2000),
intruded by orthogneiss dated between 3.2-3.1 Ga at Assean Lake (Böhm et al., 2003)
and between 2.85-2.81 Ga at Yelling Lake (Skulski et al., 2000).
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Early amalgamation event in the northwestern part of the Superior Province was
the collision between the NCS and NSS at ~2.72 – 2.71 Ga. Arc magmatism across the
OST has been dated between 2.775 to 2.730 Ga (Skulski et al., 2000; Manitoba Energy
and Mines, 1987; Lin et al., 2006) indicating the development of an active continental
margin prior to collision (Percival et al., 2006). The time of collision between the two
superterranes is constrained by: 1) the appearance of > 3.5 Ga detrital zircons from the
NSS in the < 2.71 Ga syn-orogenic Cross Lake Group of OST (Corkery et al., 2000)
and 2) the occurrence of late-orogenic 2.71 Ga shoshonitic volcanic rocks within strikeslip basins (Percival et al., 2006). Younger zircon ages from the NSS, i.e., ~ 2.68 Ga at
Assean Lake (Böhm et al., 2003) and ~2.74 Ga at Yelling Lake (Skulski et al., 2000)
may indicate the age of metamorphism associated with accretion. The younger age of
the Assean Lake metamorphic zircons indicates that the Assean Lake block may have
been accreted to the Superior Province after the NCS-NSS collision (Böhm et al.,
2003).
To the south, amalgamation of the Superior Province began with the collision of
the Winnipeg River terrane with the NCS during the “Uchian orogeny” 2.72-2.70 Ga
(Percival et al., 2006). Similar to the OSD in the north, arc magmatism is recorded
across the southern margin of the Uchi domain prior to collision (2750-2713 Ma: Stott
& Corfu, 1991; Corfu et al., 1995; Stott, 1997). Sedimentation in the English River
terrane occurred after 2713 to 2704 Ma in an 800-km long foreland basin that
developed in response to the collision between the Winnipeg River terrane and NCS
(Percival et a., 2006; Breaks, 1991). The accretion of the Wabigoon terrane is not well
understood, but is generally accepted to have taken place prior to collision of the
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Winnipeg River terrane and NCS (Sanborn-Barrie & Skulski, 1999, 2006; Percival et
al., 2004).

Figure 2.3: Timeline of events related to the formation of the Oxford-Stull terrane and Knee Lake
greenstone belt along the northern boundary of the North Caribou superterrane. References: [1] Gilbert,
H. P. (1985), [2] Percival et al. (2006), [3] Corkery et al. (2000).
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Subsequently, the Wawa-Abitibi and Mississippi River Valley terranes were
accreted to the composite superterrane during the Shebandowanian orogeny (~2.695
Ga: Corfu & Stott, 1986, 1998) and Minnesotan orogeny (~2.68: Percival et al., 2006),
respectively. During the Shebandowanian orogeny syn-orogenic turbidites and clastic
sedimentary rocks of the Quetico terrane were trapped in a collisional zone (Percival et
al., 2006). In the east, the metasedimentary Pontiac terrane separated the Mississippi
River Valley terrane from the composite superterrane. The Mississippi River Valley
terrane was the last terrane to be accreted to the Superior Province. Small volume posttectonic granites, pegmatites and hydrothermal activity occured throughout the
Superior Province up to 70 million years after collisional events (Corkery et al., 1992,
Corfu et al., 1995, Smith et al., 2004). After amalgamation, the Superior Province was
still tectonically active. The major post-amalgamation events (i.e. <2.68 Ga) include:
1)

Widespread resetting of Rb-Sr and Ar-Ar isotopic values and hightemperature deformation of deep crust exposed in the Kapuskasing uplift
indicating a fluid-related thermal event at around 2.66 to 2.45 Ga (Krogh,
1993; Kamineni et al., 1990; Kerrich and Luden, 2000) although ages
determined using these isotopic systems are commonly significantly younger
than U-Pb ages obtained on the same rock units (e.g., Clark & Cheng, 1980;
Leech et al., 1963; Burwash et al., 1962).

2) Transpressional faulting in the interior of the Superior Province in response to
the Hudsonian orogeny (Percival & West, 1994). This process was responsible
for the formation of the Kapuskasing structural zone.
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3) Collision of the Superior, Hearne-Sask and Wyoming cratons during the TransHudson orogeny 2.0 – 1.8 Ga ago, to form Laurentia. Globally, this process
contributed to the assembly of the supercontinent Columbia by 1.8 Ga (Condie,
2004; Davidson, 2008).
4) Intra-continental rifting of Laurentia (North American mid-continental rift),
extending 2000 km from the Grenville front, through Lake Superior to Kansas
occurred 1.11-1.09 Ga (Davis & Green, 1997). The rift is associated with the
great flood-basalt provinces and gabbroic sills, lamprophyre dykes and several
alkali rock-carbonatite complexes of the Superior Province (ibid.).
5) At least 20 diabase dyke swarms as old as 2.5 Ga occur throughout the Superior
Province (Buchan et al., 1998; Buchan & Ernst, 2004). The dykes likely do not
relate to just one unique event but to all the above mentioned Proterozoic
tectonic events.
Following the breakup of Columbia, Laurentia was incorporated into two more
supercontinents: the Meso- to Neoproterozoic Rodinia (1100 to 750 Ma) and
Phanerozoic Pangaea (300 to 180 Ma: Condie, 2002).

2.2 Geology of the Knee Lake Area
Knee Lake was part of the main route from Lake Winnipeg to York Factory, the
headquarters of the Hudson’s Bay Company from the 17th to late 19th century. The
earliest recorded description of Archean rocks in vicinity of Knee Lake was made by
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Sir John Franklin during his 1819-22 expedition. Early geologists described the
geology of the Knee Lake area as “Keewatin” schists crosscut by granodioritic to
syenitic plutons and dykes of various ages (Bell, 1879; Brock, 1911; McInnes, 1913;
Bruce, 1920; Wright, 1935).
Past studies of the region have placed emphasis on the volcanic-sedimentary
assemblages with little attention directed toward intrusive felsic rocks emplaced in
greenstone belts despite their volumetric significance (e.g., Syme et al., 1997, 1998;
Corkery et al., 1999, 2000). This selective approach is likely due to the well-known
association of greenstone belts with gold and base metal deposits. Much of the work
done in the Knee Lake area, including at Cinder Lake, has been conducted by mining
and exploration companies.
A map of the regional geology of the Knee Lake area is given in Figure 2.4.
The Knee Lake greenstone belt consists of three major units: 1) Hayes River Group
(HRG) composed dominantly of pillow basalt and gabbro with subordinate
intermediate to felsic volcanic-sedimentary rocks; 2) Oxford Lake Group (OLG)
consisting of felsic volcanic and sedimentary rocks overlying the HRG; 3) a series of
tonalitic to granitic plutons, known collectively as the Bayly Lake plutonic complex
intruded into the HRG and OLG. The presence of an unconformity within the
sedimentary and volcanic sequences was first recognized by Wright (1935), who
grouped the pre-unconformity rocks as the HRG and the post-unconformity rocks as
the OLG. The Knee Lake area was mapped by H. P. Gilbert and F. J. Elbers of the
Manitoba Geological Survey in 1971-1972 (Gilbert, 1985). Detailed petrographic
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descriptions of the major rock groups were provided by Gilbert (1985) and, more
recently, by Syme et al. (1997, 1998) in the Knee Lake area and by Corkery et al.
(2000) in the Gods Lake narrows region.

2.2.1 Hayes River group (HRG)
The term “Hayes River group” originally referred to all supracrustal rocks in
the Oxford, Knee and Gods Lake greenstone belts occurring below the widespread
unconformity (Gilbert, 1985; Hubregtse, 1985), but recent studies have shown that
rocks belonging to this earlier-defined group are not necessarily correlatable (e.g.,
Cross Lake, Gods Lake and Knee Lake greenstone belts: Lin et al., 2006). Volcanics
below the unconformity from the Cross Lake and Gods Lake greenstone belts have
been dated at 2.76 Ga (Corkery et al., 1992) and 2.73 Ga (Lin et al., 2006) respectively,
which is much younger than the age established for the HRG volcanics at Knee Lake
(2.83-2.82 Ma: Corkery et al., 2000). The term “Hayes River group”, therefore is used
here only to refer to volcanic and sedimentary units of the Knee Lake greenstone belt
below the unconformity.
Exposure of the HRG extends from the northern Hayes River outlet to northern
Knee Lake and further to southern Knee Lake where the overlying OLG obscures the
southernmost extent of the HRG (Fig. 2.4a). Exposure extends to northern Oxford Lake
in the west and is truncated by the Bayly Lake plutonic complex in the east. The HRG
consists of five volcanic cycles, each cycle consisting of a thick basaltic lower portion
overlain by a thinner felsic volcanic and sedimentary upper portion (Hubregtse, 1985);
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a typical volcanic sequence exposed at Cinder Lake is depicted in Figure 2.5. The
lower portion of a cycle consists of large intervals of aphyric massive pillow basalt
overlain by thinner intervals of spherulitic pillow basalt flows, plagioclase-phyric
flows and greywacke turbidite (Syme et al., 1997, 1998). The thinner upper portion
consists of felsic volcanics, pyroclastics and related sedimentary rocks (ibid.). The
rounding of felsic clasts indicates that pyroclastic material was eroded and transported
in a subaerial environment before deposition in a marine setting (ibid.). Intrusive
bodies of gabbro to quartz diorite occur as sills and plugs in the HRG (Fig 2.5). The
felsic upper portions of the HRG cycles are correlated with a layered rhyolite vent
sequence present at Pain Killer Bay to the south of Cinder Lake (Fig. 2.4b, Syme et al.,
1997).

2.2.2 Oxford Lake group
Younger supracrustal rocks deposited above the unconformity were named
appropriately to the greenstone belt in which they occurred: e.g., the Oxford Lake
group in the Oxford – Knee - Gods Lake greenstone belt, Cross Lake group in the
Cross Lake greenstone belt and Island Lake group in the Island Lake greenstone belt
(Gilbert, 1985; Lin et al., 2006). The OLG is exposed at Oxford Lake, southern Knee
Lake and Gods Lake narrows.

a)
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b)
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Figure 2.4 (pp. 16 -17): (a) Simplified Geology of the Oxford-Knee-Gods Lakes area and (b) Knee Lake
area. Area extent of (b) is outlined in (a) by solid box. Transects a, b, c and d indicate location of
stratigraphic sections in Figure 2.5. Lithological boundaries and location of geochronology samples are
from the Manitoba Geological Survey GIS map gallery (http://www.gov.mb.ca/stem/mrd/geo/gis/
geoscimaps.html).

a) Cinder-Lake southern Knee Lake

b) Southwestern
central Knee Lake

c) Northern
central Knee Lake

d) Northeastern
central Knee Lake

Figure 2.5: Stratigraphic sections from the north-central Knee Lake and Cinder Lake areas (after Syme
et al., 1998). Locations of stratigraphic sections are shown in Figure 2.4b. Numbered units refer to units
of the Hayes River group (HRG). Units A and B are separated by a fault and therefore, their relationship
with HRG cannot be determined.

The OLG consists of a lower volcanic and an upper sedimentary portions.
Sedimentary structures indicate a southwards younging direction in both the volcanic
and sedimentary subgroups (Corkery, 1999). The volcanic subgroup is described as
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consisting of shoshonite flows, andesite flows and related sedimentary rocks (Gilbert,
1985; Syme et al., 1997; Corkery et al., 1999, 2000). Conglomerates and greywackes
composed of volcanic sediments and clasts dominate the volcanic sequence; clasts
range in composition from shoshonite to rhyolite (ibid.). The presence of deformation
fabrics in clasts that predate deposition indicates the presence of older volcanic rocks,
most likely derived from the HRG (ibid.). Iron formations, ironstone and argillite are
common within the greywacke sequence at south Knee Lake (Syme et al., 1997).
Pillow structure in shoshonites on Taskipohikay Island (southern Knee Lake) indicates
that the volcanic sequence at least locally was deposited in a marine environment.
Rounded clasts in overlying conglomerates indicate that their clastic component may
have been deposited in a subaerial environment prior its transport to a marine
environment (ibid.). A subaqueous environment was also suggested for the OLG
volcanic subgroup at Gods Lake narrows based on sedimentary structures (i.e. graded
bedding, flame structures and rip-ups: Corkery et al., 2000). Faults separate the OLG
volcanic subgroup from the lower HRG and upper OLG sequences (Syme et al., 1997;
Corkery et al., 2000).
An age of 2722 ± 3 Ma was determined for shoshonite from Taskipohikay
Island by U-Pb dating (Corkery et al., 2000). Slightly older ages were determined for
volcanic rocks at Little Stull Lake (2726 ± 2 Ma: Corkery & Skulski, 1998), Edmund
Lake (2729 ± 3 Ma and 2732 ± 1 Ma: Corkery & Heaman, 1998; Stone et al., 1999)
and Cross Lake (2729 ± 3 Ma: Corkery et al., 1992).
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West of the Hayes River inlet in southern Knee Lake, the OLG sedimentary
sequence is composed of greywacke and polymictic conglomerates that extend up the
Hayes River; visible cross-bedding in greywackes indicates a subaerial fluvial
depositional environment (Syme et al., 1997). East of the Hayes River inlet, lithology
changes to marine turbidite sandstone and siltstone with minor conglomerates and
laminated argillite and iron formation (ibid.). Further east, at Gods Lake narrows, the
sedimentary subgroup is dominated by polymictic conglomerate with sandstone lenses
and rare bedforms of sand or gravel (Corkery et al., 1999). Clasts in the conglomerates
consist of supracrustal rocks, intrusive rocks and metamorphic rocks (ibid.). To the
north, sporadic outcrops expose polymictic conglomerates north of Mines Point and at
Parker Lake, and garnet-bearing mafic sandstones and siltstones at Mines Point (Fig.
2.4b). The finer-grained sedimentary rocks at Mines Point are strongly deformed, most
likely due to their close proximity to a northeast-trending fault (Syme et al., 1998).
Detrital zircon from a cross-bedded feldspathic wacke, collected in southern
Knee Lake, yielded U-Pb ages ranging from 2798 ± 12 Ma to 2707 +9/-8 (Corkery et
al., 2000). The latter represents the minimum age of sedimentation. At Gods Lake
narrows, detrital zircon from a cross-bedded sandstone yielded ages ranging from 3647
± 2 to 2711 ± 2 Ma (Corkery et al., 2000), indicating similar age of sedimentation in
the Knee Lake and Gods Lake narrows areas. The only known possible source of the
>3.6 Ga zircon in this area is the NSS, which implies that docking of the NSS to the
NCS must have occurred prior to 2711 Ma.
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2.2.3 Opischikona narrows sedimentary rocks
Opischikona narrows sediments consist of turbidite greywacke, pebbly
sandstone and polymict conglomerate deposited on top of chert-magnetite iron
formation in a syncline-controlled basin (Syme et al., 1997; Syme et al., 1998). An
angular unconformity separates the iron formation from the underlying HRG (Corkery
et al., 2000). The published geochronological work suggests that sedimentary rocks at
Opischikona narrows were deposited prior to OLG sedimentation. Corkery et al. (2000)
constrained their age to between 2822 and 2707 Ma. The maximum sedimentation age
refers to the youngest detrital zircon extracted from the sediments (ibid.). The minimum
age refers to the minimum U-Pb emplacement age of a tonalite sill emplaced in the
sedimentary rocks. Marine turbidite greywacke, siltstone and polymictic conglomerate
with slump structures, scours and channels indicate proximal deposition, whereas
graded bedding, parallel laminations, rare convolute lamination and mudstone intervals
indicate a submarine depositional environment (Syme et al., 1997).

2.2.4 Intrusive rocks
Most of the intrusive rocks in the Knee Lake area have been assigned to the
Bayly Lake plutonic complex (Gilbert, 1985). The complex was defined to include
intrusive rocks that postdate the HRG, but predate the OLG (Hubregtse, 1985). Five
plutons occur at Gods Lake: 1) the gneissose Brown Lake–western Gods Lake pluton;
2) the massive Bayly Bay pluton exposed along the western shore of Gods Lake as
intrusions in the Brown Lake – western Gods Lake pluton; 3) the Michikinabish Lake-
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Brown Lake pluton occurring south of the Gods Lake narrows shear zone; 4) the Elk
Island pluton exposed towards the southeastern shore of the lake; and 5) the Gods Lake
pluton outcropping northeast of Gods Lake. The Sellar Lake pluton north of Gods Lake
and the unnamed granitic pluton at Cinder Lake are also considered part of the same
complex (Gilbert, 1985). Older intrusions (Brown Lake–western Gods Lake,
Michikinabish Lake-Brown Lake and Gods Lake plutons) are pre– to syn-kinematic,
having foliations conformable with the local greenstone fabric. Younger intrusions
(Bayly Bay, Elk Island, Sellar Lake pluton and the unnamed pluton at Cinder Lake) are
late- to post-kinematic, showing little to nil deformation. The ovoid diapir-like shape of
the younger intrusions indicates a shallower crustal emplacement in comparison with
the older gneissose granitoids (Gilbert, 1985).
The plutons are dominantly tonalitic to granodioritic, although the pluton at
Cinder Lake is dominantly granitic (Gilbert, 1985). The Brown Lake – western Gods
Lake pluton and Bayly Bay pluton include xenoliths of older gneissose granitoids, and
in their turn, were intruded by the late- to post-kinematic shallow Elk Island pluton
(Corkery et al., 2000).
The age of the Bayly Lake plutonic complex has been broadly constrained to 2.78
-2.73 Ga (Corkery et al., 2000). The older value corresponds to a U-Pb age of zircon
from the Bayly Bay pluton, whereas the younger age corresponds to a U-Pb zircon age
from tonalite just south of Oxford Lake and the Gods Lake narrows shear zone
(GLNSZ: Fig. 2.4a). A range of zircon U-Pb ages were determined for zircon from the
Bayly Lake complex by Lin et al. (2006), the youngest of which (2.77 Ga) is consistent
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with the value reported by Corkery et al. (2000). Thus, the actual emplacement age of
the Bayly Bay pluton is most likely ~2.77-2.78 Ga. Magmatism in the Oxford Lake area
is probably younger (~2.73 Ga) and not directly related to magmatism at Gods Lake.
Lin et al. (2006) determined a wider range of U-Pb ages for zircon from the
deformed Michikinabish Lake-Brown Lake pluton (2.88 – 2.83 Ga). The older age of
the Michikinabish Lake-Brown Lake pluton and its location south of the GLNSZ
indicates that it probably represents an older unit unrelated to the Bayly Lake complex
(Lin et al., 2006).
The smallest and youngest component of the Bayly Lake complex, located at
Magill Lake, was dated at 2.69 Ga (zircon U-Pb: Manitoba Energy and Mines, 1987)
and 2.67 Ga (monazite 207Pb/206Pb: Lin et al., 2006). This pluton consists of massive
granite to granodiorite and pegmatite dykes (Gilbert, 1985).

2.3 Geology of the Cinder Lake Intrusive Alkaline Complex
2.3.1 Previous work
Early mapping efforts failed to recognize the occurrence of feldspathoid-bearing
rocks at Cinder Lake (e.g., Wright, 1935; Barry, 1959). In the Geological Survey of
Canada map of the Oxford Lake-Knee Lake area by Wright (1935), the Cinder Lake
area was mapped as “sedimentary and volcanic strata”, similar to the bedrock
underlying Knee Lake. Barry (1959) recognized the occurrence of granite on a number
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of islands in Cinder Lake and the occurrence of a very unusual coarse-grained
pegmatite along its southeastern shore.
Silica-undersaturated rocks were first recognized at Cinder Lake by Gilbert &
Elbers (1972) in the course of a regional mapping program in the Knee Lake area.
Nepheline-cancrinite syenite was observed as a marginal phase between the granite
pluton (see above) and mafic volcanic rocks of the HRG. A portion of the map sheet
covering Cinder Lake is shown in Figure 2.6. The granite pluton and syenite rim were
both mapped as part of the Bayly Lake plutonic complex (Gilbert, 1985).

2.3.2 Exploration history of the Knee Lake area
The Knee Lake area has been well explored by mining companies. Most
exploration has been focused on gold and base-metal deposits. Records of iron
mineralization occurring in this area date back to Sir John Franklin’s expedition of
1819. Franklin recorded his visit to Magnetite Island in the Opischikona Narrows (Fig.
2.4b) where an iron formation outcrops. Other outcrops of iron formation were
documented by Bell (1879) and McInnes (1913). Gold-bearing quartz veins were first
discovered in 1918 (Wright, 1931). Early gold claims were made at Painkiller Bay and
an unspecified island in southern Knee Lake (Bruce, 1920). In 1935, two gold mines
were operated for a short time in the Knee Lake area, by Johnston Knee Lake Mines
Ltd. and Knee Lake Gold Mines Ltd (Elbers, 1976).
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The Cinder Lake area in particular has been noted for the presence of massive
sulphide mineralization (Barry, 1959; Mooney, 1993). Barry (1959) noted the
occurrence of massive and disseminated sulphide zones up to five meters wide on two
islands in northern Cinder Lake, including Wickstrom Island. One sulphide zone was
reported to consist of 40-45 % massive pyrite partially replaced by pyrrhotite and
minor chalcopyrite and sphalerite. Cinder Lake was explored for gold in the early
1960s by Icon Syndicate. In the 1970s, Knee Lake and Cinder Lake were explored
extensively for base metals by Canadian Nickel Company Limited (1971-73),
Barringer Research Limited (1971-73) and Selco Exploration Company Limited
(1972). Inco Ltd. acquired property on the eastern shore of Cinder Lake in 1992 and
conducted detailed mapping and extensive sampling of the area. De Beers Canada
conducted till sampling for kimberlite indicator minerals and an aerial geophysical
survey as a follow-up to the discovery of indicator minerals in the area (Fig. 2.7: Avery
et al., 2001).

Legend is reduced to show only geological units present in the Cinder Lake area.

Figure 2.6: Geological map of Cinder Lake and surrounding area by Gilbert and Elbers (Gilbert, 1985). This map is a segment of the Knee Lake sheet.
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Figure 2.7 shows the location of the twenty-two holes drilled to date by the
above-mentioned companies and concentrated along the southeastern and northeastern
corners of Cinder Lake. Several of the drill-holes intercepted massive and disseminated
sulphide mineralization similar to that described by Barry (1959) from Wickstrom
Island. Appreciable concentrations of Cu and Zn (up to 0.16 % and 0.22 %,
respectively) were measured by Inco within the massive sulphide zone. Most of the
bedrock intersected by the drillholes was typical of the HRG: mafic to felsic volcanics,
minor chert, iron formation, graphitic mudstone, siltstone, gabbro and mafic dykes
(Mooney, 1995). Felsic rock that may be related to intrusive units of the Bayly Lake
complex or Cinder Lake complex were encountered within two drill-holes. Biotite
feldspar-quartz gneiss with minor hornblende was logged in drill-hole 38748 at a depth
of ~14.0 feet. Drill-hole OX-25 intersected quartz-feldspar porphyry consisting of a
“dacitic matrix” with “phenocrysts of feldspar and bluish quartz” and “occasional small
brown garnets” (intervals 30-58, 63-84 and 108-453 feet).
Magnetic and electromagnetic ground surveys were conducted by Barringer
Research Ltd. (1971a) and Inco Exploration and Technical Services Inc. (Mooney,
1993) in the area between Cinder Lake and Knee Lake. Barringer Research Ltd. also
conducted a gravity survey. Grid B of the Barringer survey covered the area just south
of the pegmatite outcrop on southeastern shore of Cinder Lake. The survey conducted
by Inco covered a larger area, in the eastern half of Cinder Lake, including Wickstrom
Island. An extensive aeromagnetic survey of the Knee Lake area was conducted on
behalf of De Beers Canada in the summer of 2000 (Fig. 2.7). The magnetic anomalies

28

detected by Barringer and Inco are also visible in the De Beers residual aeromagnetic
data.
The Barringer grid B survey covered the southern half of the elongate northsouth trending magnetic high in the southeastern corner of Cinder Lake (Fig 2.7). The
Barringer survey identified three anomalies that are likely related to one another, but
are truncated by faults. The bodies probably occur at different depths resulting in
variable amplitudes of magnetism, residual gravity and conductivity. The same faulted
anomaly is recognizable in the Inco data. Drill-holes (M-4-1, M-4-2, KN-W-3, KN-W4 and 82449) that transect this anomaly intersect a massive sulphide layer at depths
less than 17 meter. Sulphides zones vary in apparent thickness (8-27 m) and in
concentration of pyrite, pyrrhotite, magnetite and minor chalcopyrite. These shallow
sulphide zones are the likely source of the magnetic anomaly. Drill-holes east of the
anomaly (38784, 82434, 82439 and 82485) in an area of low magnetism (Fig. 2.7)
intersected much smaller deposits of massive sulphides, but at greater depths.
Comparison between the De Beers aeromagnetic data and the map units of Gilbert
(1985) shows the sulphide mineralization to be associated with felsic to intermediate
volcanic rocks of HRG (unit 2b in Fig. 2.6). The pegmatite outcrop at southeastern
Cinder Lake (7e in Fig. 2.6) appears to be associated with a low to moderate
magnetism.

Selco Exploration Company Ltd.(1972) drilled Ox-25; Inco Ltd.(1994) drilled 82434, 82439, 82449, 82484, 82485 and 82486 holes.

M-4-1,2; Canadian Nickel Company (1971, 1973) drilled 38621, 38748, 38783, 38784 and 38785; Barringer Research Ltd. (1971b) drilled KN-W-1 to 5;

alkaline intrusive complex is outlined by a magnetic high. Also shown are the locations of drill holes (black dots). Icon Syndicate (1961) drilled M-3-1,2,3 and

Figure 2.7: Aeromagnetic survey data for the Cinder Lake area (Avery et al., 2001). Lows are indicated by blue and highs by magenta. The Cinder Lake
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Multiple strong magnetic anomalies of variable conductivity occur on and east of
Wickstrom Island. Mooney (1994) attributes moderate to high conductivity and high
magnetism to the presence of pyrrhotite. Lapilli tuff sampled from a trench on the
southern shore of the island was reported to host broken pyrite crystals and semimassive pyrrhotite with minor sphalerite and chalcopyrite. The sulphide mineralization
was reported to occur in at least three places with a thickness of at least 5 m and a
strike length of about 100 meters. Drill-holes along the northeastern shore (M-3-1, M-3
-3, 38621 and 38748) transected a massive sulphide zone at depths less than 15 m. As
shown in Figure 2.7, all four of these drill-holes are confined to a zone of high
magnetism. This anomaly extends beyond Cinder Lake to the north; the full extent of
the anomaly is visible in the De Beers survey (Fig. 2.7). The anomaly appears to be
elliptical in shape and to enclose a 25 km2 area of low to moderate magnetism.
Comparison of the De Beers survey and the Gilbert (1985) map suggests that the low to
moderate magnetism corresponds to the Cinder Lake alkaline intrusive complex cored
by the unnamed granite pluton.
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Chapter 3: Silica-undersaturated Alkaline Rocks

3.1 Definition and Classification
The term “silica-undersaturated alkaline rocks” refers collectively to quartz-free
rocks that contain at least one feldspathoid mineral. The evolutionary paths of silicaundersaturated magmas are best illustrated in the so-called basalt tetrahedron (Figure
3.1). The diopside-albite-enstatite plane is referred to as the plane of silica-saturation.
Magma compositions to the right of the plane are silica-saturated and contain normative
quartz. Compositions to the left of the plane are silica-undersaturated and contain
normative olivine and no quartz. The critical plane of silica-undersaturation is indicated
by the diopside-albite-forsterite transect. Magma compositions to the left of this plane
contain alkalis in greater abundance than can be accommodated in feldspars (potassium
feldspar and plagioclase) precipitating from the magma. Excess alkalis are incorporated
in silica-deficient feldspathoids and Na-K-rich ferromagnesian silicates. A list of the
most common feldspathoid minerals is given in Table 3.1.
Primitive magmas on the flank of the critical plane of silica-undersaturation
evolve away from the divide toward either silica-saturated compositions (subalkaline
series) or silica-undersaturated compositions (alkaline series) without crossing the
plane. Subalkaline (including tholeiitic and calc-alkaline) and alkaline series were
defined by Irvine & Barager (1971). A third major magma series enriched in both silica
and alkalis was recognized by Irvine & Barager (1971) as the peralkaline series. In
addition to being silica-undersaturated, these magmas are deficient in Al, i.e. [(Na2O +
K2O)/Al2O3]molar > 1.
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a)

b)

c)

Figure 3.1: a) Basalt tetrahedron at 1 atm (after Yoder & Tilley, 1962); b) Ne-Fo-Qz system
representing the base of basalt tetrahedron (ibid.); c) Ne-Di-Qz system representing the far side of basalt
tetrahedron (ibid.). Abbreviations: Ab, albite; Cg, carnegieite; Cr, cristobalite; Di, diopside; En,
enstatite; Fo, forsterite; Ne, nepheline; Pr, protoenstatite; Qz, quartz; Sp, spinel; Trd, tridymite; Di-FoAb plane = critical plane of silica-undersaturation; Di-En-Ab = plane of silica-saturation.

33

Table 3.1: Major feldspathoid minerals and their idealized formulae.

In the classification of igneous rocks (Shreckeisen, 1974; Le Maitre et al.,
2002), most feldspathoid-bearing rocks can be classified using the bottom half of the
QAPF diagram (Fig. 3.2) where F represents the total modal content of all feldspathoid
minerals present. Further subdivision of these rocks is based on the relative abundances
of major rock-forming constituents (alkali feldspars, plagioclases, feldspathoids and
ferromagnesian silicates). For example, a rock containing nearly equal proportions of
nepheline and microcline should be termed either nepheline syenite or nepheline
melasyenite, depending on whether the modal percentage of dark-coloured constituents
is less or more than 30%. Exceptions to classification by the QAPF diagram include
kalsilite-bearing rocks, leucite-bearing rocks, lamproites and some types of
lamprophyres. The great diversity of silica-undersaturated rocks is beyond the scope of
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this thesis, therefore the focus of this chapter will be on phonolites, their intrusive
analogues and magmas that are capable of producing these rocks, since these are the
types of rocks found at Cinder Lake.
Plagioclase and potassium feldspar commonly occur as both phenocrysts and a
groundmass constituent in varying abundances. Plagioclase is the predominant felsic
phase in mafic plutonic (feldspathoid-bearing diorite and gabbro) and volcanic
(basanite and tephrite) rocks. Both potassium feldspar and albite occur in syenitic
rocks, with the former mineral being more common (Barker, 1996a; Platt, 1996a). All
three polymorphs of potassium feldspar (microcline, orthoclase and sanidine) are
known to occur in syenitic rocks depending on their depth and mode of emplacement
(ibid.). Sanidine and anorthoclase are typical of volcanic rocks, whereas microcline and
orthoclase occur in plutonic rocks (ibid.). Microcline and orthoclase are commonly
perthitic due to a low H2O content in their parental magma (Platt, 1996a). Potassium
feldspars in alkaline rocks are commonly enriched in Ba and Fe (ibid.).
The most common mafic component of silica-undersaturated rocks is
clinopyroxene that occurs across a wide range of rocks from alkali gabbroids to
syenites to foidolites and their extrusive analogues. The composition of clinopyroxene
is typically close to diopside or augite in primitive rocks but becomes progressively
enriched in hedenbergite and aegirine with magma evolution (Woolley & Platt, 1986).
Orthopyroxene does not occur in silica-undersaturated rocks, not even as exsolution
lamellae in clinopyroxene (Barker, 1996a). Amphibole, where present, shows a similar
enrichment in Na (±K) and decrease in Mg/Fe2+ ratio with magma evolution (Woolley
& Platt, 1986; Mitchell, 1990; Giambalvo, 1993; Martin, 2007). Biotite evolves from

35

compositions approaching the phlogopite end-member toward kinoshitalite
[BaMg3Si2Al2O10(OH)2], annite or trioctahedral micas containing Fe3+ in the Si site
(Mitchell & Bergman, 1991; Laurora et al., 2007; Reguir et al., 2009).
Olivine occurs as phenocrysts and a groundmass constituent in alkali gabbroids,
nephelinolites and their volcanic equivalents. Zircon (ZrSiO4), titanite (CaTiSiO5),
ilmenite (FeTiO3) and less commonly baddeleyite (ZrO2) are typical accessory minerals
of miaskitic silica-undersaturated rocks, whereas alkali zircono- and titanosilicates such
as eudialyte [Na15Ca6(Fe2+,Mn2+)2Zr3(Si,Nb)(Si25O73)(O,OH,H2O)3(Cl,OH)2] and
rinkite [Na2Ca4REETi(Si2O7)2F3] are more typical of agpaitic rocks (Barker, 1996a;
Sørensen, 1997; Chakhmouradian & Mitchell, 2002; Marks et al., 2011). Fluorapatite
[Ca5(PO4)3F] and Ti-rich andradite [Ca3(Fe3+)2Si3O12] are common accessory minerals
in both peralkaline and miaskitic rocks (Barker, 1996a; Gwalani et al., 2000;
Chakhmouradian, 2002; Chakhmouradian & McCammon, 2005; Liferovich &
Mitchell, 2006).
In contrast to silica-oversaturated magmas commonly enriched in H2O, the
dominant volatile species in silica-undersaturated magmas are CO2, SO2, F and Cl
(Bailey & Hampton, 1990; Konnerup-Madsen & Rose-Hansen, 1982). The ability of
halogens to form complexes with alkalis and incompatible trace elements leads to the
high mobility of these elements in alkaline magmas (ibid.). The high volatile content of
silica-undersaturated rocks is indicated by the presence of such minerals as sodalite,
cancrinite, vishnevite and calcite. Sodalite crystallizes from silica-undersaturated
magmas with high NaCl activity (Sharp et al., 1989) whereas the sulphate-bearing
members of the sodalite-group, haüyne and nosean are found almost exclusively in

36

Figure 3.2: QAPF classification for plutonic rocks composed of less than 90 vol. % mafic minerals (M:
After Shreckeisen, 1974). 1a = quartzolite. 1b = Quartz-rich granitoids. 2 = Alkali-feldspar granite. 3 =
granite. 4 = granodiorite. 5 = tonalite. 6* = alkali-feldspar quartz syenite. 7* = quartz syenite. 8* =
quartz monzonite. 9* = quartz monzodiorite/monzogabbro. 10* = quartz diorite/gabbro. 6 = alkalifeldspar syenite. 7 = syenite. 8 = monzonite. 9 = monzodiorite/monzogabbro. 10 = diorite. 6’ = foidbearing alkali-feldspar syenite. 7’ = foid-bearing syenite. 8’ = foid-bearing monzonite. 9’ = foid-bearing
monzodiorite/monzograbbro. 10’ = foid-bearing diorite/gabbro. 11 = foid syenite. 12 = foid
monzosyenite. 13 = foid monzodiorite/monzogabbro. 14 = foid diorite. 15, foidolites. 16 = ultramafic
rocks. Abbreviations: Q, quartz and other silica polymorphs; A, alkali feldspar (albite + K-feldspar); P,
plagioclase and scapolite; F, feldspathoid.
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extrusive silica-undersaturated rocks (Edgar, 1983). This restricted occurrence is likely
due to the low compatibility of the large SO42- anion in the sodalite group crystal
structure at low temperatures (Hassan and Grundy, 1989). Cancrinite-group minerals
may occur as a late-stage primary phase or a secondary phase, with cancrinite
commonly occurring as a reaction product between nepheline and a residual carbonaterich magma (Edgar, 1964).

3.2 Magma Evolution of Silica-undersaturated Alkaline Rocks
Two main fractionation series are recognized for silica-undersaturated magmas
(Williams, 1970):
Nephelinite clan: nephelinite → basanite → phonotephrite → phonolite
Alkali basalt clan: alkali-olivine basalt → hawaiite (trachybasalt) → mugearite
(basaltic trachyandesite) → benmoreite (trachyandesite) → phonolite
Residual magmas tend to become more enriched in volatiles and incompatible elements
(such as K, Rb and Zr). The most evolved members of the two fractionation series show
noticeable differences in mineralogy. Phonolites of the nephelinite clan contain titanite
phenocrysts and lack biotite, amphibole, olivine and alkali-feldspar phenocrysts
(Williams, 1970). Le Bas (1987) suggested the presence of olivine-rich nephelinitic
magma at the beginning of the alkali basalt clan. The members of the nephelinite clan
typically form volcanic cones and are commonly associated with carbonatites (Barker,
1996b; Platt, 1996b). Examples of the nephelinite clan include the Oldoinyo Lengai
lavas, Tanzania (Donaldson et al., 1987) and the Gardiner complex, Greenland
(Nielsen, 1981). Rocks of the alkali basalt clan typically occur as lava flows from
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fissure eruptions (Barker, 1996a); examples include the volcanic rocks of Saint Helena
(Baker, 1969) and late-stage caldera-filling basalts of Hawaii (MacDonald, 1968; Stille
et al., 1986).

3.3 Tectonic Setting of Silica-undersaturated Alkaline Rocks
Alkaline series and silica-undersaturated rocks are most commonly found in
anorogenic settings. The most well-known occurrences are along the East African Rift
where both nephelinite and alkali basalt series are known (Williams, 1969). Tertiary
flood basalts erupted prior to the opening of the East African Rift have compositions
ranging from tholeiitic to transitional (Kampunzu & Mohr, 1991). During the grabendevelopment stage, transitional basalts gave way to nephelinitic and carbonatitic
volcanism (ibid.). In the closing stages of flood-basalt volcanism, alkali-basalt series
rocks became dominant. Members of the alkali-basalt evolutionary series also occur in
oceanic intraplate settings, where their petrogenesis is usually linked to mantle-plume
activity (e.g., Hawaii: MacDonald, 1968; Stille et al., 1986; Kurz, 1993; Iceland:
Steinthorsson et al., 1985; Hemond et al., 1993; Saint Helena: Baker, 1969; Weaver et
al., 1987; Chaffey et al., 1989).
Less commonly, alkaline rocks occur in subduction zones, particularly in backarc settings. One example is the Roman Province in Italy, which comprises a wide
spectrum of potassic to ultrapotassic volcanic rocks associated with the formation of
the Tyrrhenian back-arc basin in response to subduction of the African plate beneath
the Eurasian plate (Meletti et al., 2000). Here, volcanism began in the Pliocene and has
been active until the present (the last eruption was Mount Vesuvius in 1944). Silica-
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undersaturated alkaline rocks in subduction zone settings are characterized by strong
enrichment in large-ion-lithophile elements (LILE) relative to high-field-strength
elements (HFSE). This has been attributed to metasomatism of a mantle source by
fluids escaping from the subducted slab (Di Renzo et al., 2007). Potassic to
ultrapotassic phonolites are also known from volcanic island arcs of the Indo-Australian
archipelago (e.g., Muriah, Indonesia: Edwards et al., 1991; Ringgit-Beser, Indonesia:
Edwards et al., 1994; Batu Tara, Indonesia: Stolz et al., 1988; van Bergen et al., 1992;
Lihir, Papua New Guinea: Müller et al., 2001).
The cause of most alkaline magmatism is generally accepted to be low-degree
partial melting of a lithospheric mantle source, which is supported by radiogenic
isotopic and trace-element data. Partial melting of volatile-free peridotite at various
depths and melt fractions produces magmas ranging in composition from komatiites to
picrites to tholeiites to alkali basalts (Eggler, 1989). The generation of nephelinitic
magma requires the presence of volatiles in the mantle source (Eggler, 1978). The
mantle array for the Sr-Nd isotopic system is shown in Figure 3.3. Four end-member
compositions or mantle reservoirs can account for most of the isotopic variation
observed in Phanerozoic oceanic and continental alkaline rocks: 1) depleted MORB
mantle (DMM); 2) a mantle reservoir with anomalously high 238U/204Pb ratios known as
a HIMU (high-μ) end-member (e.g., Chaffey et al., 1989); 3) enriched mantle I (EMI);
and 4) enriched mantle II (EMII). Bulk silicate earth (87Sr/86Sr = 0.7045 and εNd = 0)
represents the isotopic signature of the primitive mantle (Fig. 3.3). The DMM was
derived from fractionation of the Bulk Silicate Earth composition, which may not
actually be present within the present-day mantle. Radiogenic isotopic ratios similar to
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those of DMM are typical of mid-oceanic ridge basalts (MORB) whereas oceanic
island basalts (e.g., Stille et al., 1986) have isotopic values that range from DMM to
EMI and EMII. The ratios are dominantly confined to the mantle array (Fig. 3.3) with
the exception of several Mount Vesuvius samples and a single Batu Tara leucite
basanite. Di Renzo et al. (2007) cited crustal contamination as the source for the
slightly higher 87Sr/86Sr and lower εNd values. It is evident from Figure 3.3, that silicaundersaturated alkaline rocks tap a variety of mantle sources. The alkaline rocks of the
East African Rift form a well-defined trend extending from HIMU to EMI whereas
syenites from Maoniuping (China) and phonolites from Mount Vesuvius plot along a
mixing line between EMI and EMII with no apparent contribution from the HIMU
source. Silica-undersaturated rocks of the Sunda arc (Indonesia) plot in the field of
oceanic island basalts (OIB) indicating a mixture of at least three reservoirs. The
isotopic ratios of late-stage alkali basalts from Hawaii indicate that these rocks have a
mantle source similar to the source of the main-stage shield-building tholeiitic basalts.
The isotopic ratios of Saint Helena basalts indicate a mantle source dominated by
HIMU.
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Figure 3.3: The isotopic composition of the mantle reservoirs, depleted MORB mantle (DMM), high-u
mantle (HIMU), enriched mantle I (EMI) and enriched mantle II (EMII). Solid line outlines field for midoceanic ridge basalts (MORB); dashed line outlines field for oceanic island basalts (OIB); and dotted
line outlines field for East African Rift carbonatites and phonolites. Hawaiian ocean-island basalts
(averages from Stille et al., 1986), Saint Helena alkali basalts (Chaffey et al., 1989) and selected silicaundersaturated rocks and carbonatites are shown. Sources: Oldoinyo Lengai volcano (Bell & Simonetti,
1996); Mount Vesuvius (Di Renzo et al., 2007); Muriah (Edwards et al., 1991); Batu Tara (Stolz et al.,
1988); Ringgit-Beser complex (Edwards et al., 1994); Maoniuping (Xu et al., 2003).
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In an extensional rifting or back-arc settings, melting is generally attributed to
decompression of the mantle. The presence of H2O could also contribute to partial
melting of mantle rocks by lowering the solidus temperature and may explain the
occurrence of mantle-derived melts in subduction zones. During subduction, the slab
dehydrates from the breakdown of hydrous minerals such as chlorite (less than 50 km
depths) and amphibole (at 3 GPa). Escaping fluids rise into the overlying mantle to
react with lherzolite to form pargasite and phlogopite. Metasomatized material in the
mantle wedge is carried downward by the frictional drag and dehydrates at the upper
stability limit of pargasite and phlogopite (at 110 and 200 km depths respectively). The
released water causes partial melting of the mantle wedge at these depths, resulting in
two chains of island arc volcanism, with the second chain comprising rocks with a more
potassic and DMM-like isotopic signature. Potassic rocks within arc zones are generally
younger, have shallow emplacement depths and occur further from the suture zone than
less potassic rocks (Müller et al., 1992).

3.4 Geochemical Discrimination of Phonolitic Rocks by Tectonic Setting
A global database of published phonolite compositions from known tectonic
settings was compiled for geochemical comparison to the syenites of the Cinder Lake
alkaline intrusive complex (the complete dataset is presented in Appendix VI). Only
phonolitic rocks and shallow-emplaced fine-grained syenites were chosen for this
analysis because these rocks are most likely to represent the composition of their
parental magmas. Phaneritic feldspathoid syenites, (e.g., Khibiny, Russia) that occur in
deeply eroded plutonic complexes and associated with phonolites, are excluded from
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the database since their composition may depart from the parental magma by means of
fractional crystallization, magma mixing, solution stoping or other magmadifferentiation processes that are less likely to affect small volumes of rapidly emplaced
batches of magma. All compositions in the database were taken from the literature after
1980 and represent localities younger than Ordovician. The database is composed of 93
phonolite compositions from 73 localities. The majority of the data represent
intracontinental rift settings (66 compositions from 51 localities), followed by oceanisland settings (13 compositions from 9 localities) and continental arc settings (13
compositions from 10 localities, including five in the Roman Province, Italy).
Phonolites are least common found in island arc settings (two compositions and
localities).
Two previously published classifications of potassic rocks (i.e., Foley et al.,
1987; Müller et al., 1992) do not include phonolites and thus, cannot be applied to the
Cinder Lake rocks. The classification of Foley et al. (1987) is limited to ultrapotassic
mafic rocks whereas the classification of Müller et al. (1992) includes a wider range of
potassic compositions (from basaltic to andesitic and phonotephritic), but none that fall
within the phonolite field of the total alkalis vs. silica (TAS) diagram.
The compositional variation of phonolites from the four major tectonic settings
is expressed as ranges and mean values listed in Table 3.2. The major-element
geochemistry of the different phonolites types is relatively similar among the four
tectonic settings, with the most significant difference observed in the Na2O and K2O
content (Fig. 3.4). Continental arc phonolites (including those from the Roman
Province) tend to be more potassic (K/Na = 0.6-5.4 with a mean of 3.4) than phonolites
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from the other three tectonic settings (intracontinental rift: K/Na = 0.5-1.3 with a mean
of 0.8; ocean-island: K/Na = 0.4-1.1 with a mean of 0.8; island arc: K/Na = 1.1-1.2, n =
2). The geochemical differences are more evident in the trace-element compositions of
these rocks (Fig. 3.5). The most primitive Zr/Hf (38.6) and Nb/Ta (15.0) ratios are
observed in the island arc phonolite from Lihir Island (Müller et al., 2001), whereas
ocean-island phonolites have the highest Zr/Hf and Nb/Ta ratios (on average, 62.3 and
33.3, respectively). This decoupling of HFSE indicates derivation of ocean-island
phonolites from highly fractionated magmas (Weaver, 1990). Phonolites from
intracontinental rift (Zr/Hf = 55.2; Nb/Ta = 21.4) and continental arc settings (Zr/Hf =
40.8; Nb/Ta = 27.8) have slightly elevated Zr/Hf and Nb/Ta ratios relative to the
primitive mantle, with the exception of two intracontinental rift phonolites from Poços
de Caldas (Comin-Chiaramonti et al., 2005), which have near-primitive-mantle values.
Elevated Ba/La and Th/Nb ratios (Fig. 3.5b) relative to the primitive mantle
(Ba/La = 10.2; Th/Nb = 0.1) in continental (Ba/La = 23.8; Th/Nb = 1.4) and island arc
phonolites (Ba/La = 4.7; Th/Nb = 0.7 for Lihir Island; Müller et al., 2001), combined
with the potassic nature of these rocks, are indicative of the addition of slab-derived
material to the mantle source (Foley et al., 1987; Edwards et al., 1994). Near-primitive
Ba/La and Th/Nb ratios are typical of phonolites from intracontinental rifts (Ba/La =
5.1; Th/Nb = 0.1) and oceanic island settings (Ba/LaMEAN = 8.3; Th/Nb = 0.2).
Enrichment in light REE (LREE) relative to heavy REE (HREE) is observed in
phonolites from intracontinental rift [(La/Lu)N = 33.1], ocean-island [(La/Lu)N = 23.4]
and continental arc settings [(La/Lu)N = 28.9], whereas the phonolites from Lihir Island
have a more primitive (La/Lu)N ratio of 6.0 (Müller et al., 2001).

Table 3.2: Compositional mean and range of phonolites from intracontinental rifts, oceanic islands, continental arcs and island arcs.
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Table 3.2 (cont.).
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Table 3.2 (cont.).
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Figure 3.4: Major-element chemical variation of phonolites by tectonic setting. Full compositions for
phonolites are available in Appendix VI.
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Figure 3.5: Compositional variation of phonolites by tectonic setting expressed as select ratios.
Primitive mantle values are shown for comparison. Full compositions for phonolites are available in
Appendix VI.
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An elevated Ga/Al value relative to the primitive-mantle ratio in phonolites from
intracontinental rift and ocean-island settings (on average, 0.0003 for both) result from
fractionation of a Ga-poor and Al-rich silicate (plagioclase?) or derivation from an
enriched source, as in the case of A-type granites (Whalen et al., 1987). Since
zirconium is more compatible than Nb in minerals that compose the upper mantle (DZr
= 0.10 and 0.4-0.7; DNb = 0.005 and 0.02 for clinopyroxene and garnet respectively:
Green et al., 1989), a lower Zr/Nb ratio in these phonolites relative to the primitive
mantle (Ga/Al = 0.00017; Zr/Nb = 16.0) support their derivation from an enriched
mantle source (Zr/Nb = 4.4 and 5.5 for the rift and ocean-island settings, respectively).
Phonolites from continental arc settings have a primitive Ga/Al ratio (0.00017), but a
low Zr/Nb ratios (8.7). Gallium data were not available for the two island arc phonolites
included in the database, but a high Zr/Nb ratio of 20.2 and 27.0 was reported for
phonolites from Tambora (Indonesia: Foden, 1986) and Lihir Island (Müller et al.,
2001), respectively.
Positive Nb, Ta, Zr and Hf anomalies in intracontinental rift phonolites and
negative Nb and Ta anomalies in continental and island arc phonolites are observed in
incompatible trace-element spider diagrams in (Fig. 3.6). Oceanic island phonolites, on
the other hand, do not show any notable HFSE anomalies. The negative Nb-Ta anomaly
is thus unique to arc settings and may reflect the occurrence of a refractory Nb-Ta-rich
phase in the mantle source modified by subduction processes (Foley et al., 1987). Foley
et al. (1987) also noted the presence of negative Ba, Nb and Ti anomalies relative to the
primitive mantle in orogenic ultrapotassic rocks. The negative Ba-Ti anomalies are
observed in phonolites from all four tectonic settings in our database. Foley et al. (1987)
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attributed the Ba-Ti anomaly to the fractionated nature of ultrapotassic rocks in
orogenic settings. This may also be the case for the phonolites from all four tectonic
settings.

3.5 Carbonatite-syenite Association
The term “carbonatites” refers to plutonic and volcanic rocks composed
predominantly of igneous carbonates; the main carbonate constituent of carbonatites are
typically calcite, dolomite, ankerite or a combination of these minerals. One notable
exception is extrusive natrocarbonatite produced by the Oldoinyo Lengai volcano in
Tanzania, which is composed predominantly of the Na (±K) carbonate minerals
nyerereite and gregoryite (Zaitsev, 2006; Zaitsev et al., 2009; Mitchell, 2009). Coarsegrained calcite-carbonatites are commonly referred to as sövite. Apatite (commonly
enriched in LREE), phlogopite, clinopyroxenes, olivine, ilmenite and magnetite are the
most common accessory minerals in carbonatites. Carbonatites commonly contain
elevated levels of certain incompatible trace elements (e.g., Sr, Ba, Zr, Y, LREE, Pb,
Th, U and Nb), which is manifested in the presence of such accessory minerals as
allanite [CaREEAl2Fe2+Si3O11O(OH)], Zr-Ti-rich calcic garnets [Ca3(Fe,Ti,Zr)
(Si,Fe,Al)3O12], baddeleyite (ZrO2), barite (BaSO4), bastnäsite (REECO3F), , monazite
[(REE, Th, Ca)PO4], REE-Nb-rich perovskite [(Ca, Na, REE)(Ti,Nb,Fe)O3], pyrochlore
[(Ca,Na)2(Nb,Ti)2O6(F,OH)], strontianite (SrCO3), zircon (ZrSiO4) and zirconolite
[(Ca,REE)Zr(Ti,Nb,Fe3+)2O7].

52

a)

b)
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c)

d)
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Figure 3.6 (pp. 52 and 53): Mean (red), maximum (upper dashed line), minimum (lower dashed line),
75th percentile (upper solid line), 25th percentile (lower solid line) of selected trace elements for
phonolites from (a) intracontinental rifts, (b) ocean-islands and (c) continental arcs normalized the
composition of the primitive mantle (McDonough and Sun, 1995). Representative localities are shown in
blue for comparison. Since only two analyses are available for island arc phonolites, both, normalized to
the primitive mantle (ibid.), are shown in (d).

A well known association exists between alkaline and carbonatitic magmatism;
approximately 80% of carbonatites are found in spatial and temporal association with
alkaline silicate rocks (Woolley, 2003). The most common silicate rock types found in
this association are nephelinite (ijolite), phonolite (foid syenite), trachyte (syenite),
basanite (alkali gabbro), melilitite (melilitolite), pyroxenite and ultramafic lamprophyre
(names in brackets indicate intrusive equivalent: ibid.). Similar to alkaline rocks,
carbonatites are most commonly found in anorogenic environments. Strontium and Nd
isotope ratios indicate a similar mantle source for both rock types (cf. Oldoinyo Lengai
and Maoniuping: Fig. 3.3). However, the exact relationship between carbonatites and
their associated rocks remains debatable. This issue is best addressed by discussing the
proposed origins of carbonatites.
The three widely accepted models for the origin of igneous carbonatites are: 1)
carbonatites and their associated alkaline rocks derived by liquid immiscibility from a
common parental magma; 2) carbonatites are a product of protracted crystal
fractionation of carbonate-bearing silicate magma; and 3) carbonatites and alkaline
silicate rocks originate from discrete (i.e., unrelated) primary mantle-derived melts.
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Experimental studies have established the existence of a miscibility gap between
very alkali-rich silicate and carbonate-rich melts and have led several researchers to
postulate that carbonatitic melts are exsolved from phonolitic, nephelinitic or melilititic
magmas (Koster van Groos & Wyllie, 1963, 1966, 1973; Koster van Groos, 1975;
Freestone & Hamilton, 1980; Kjarsgaard & Hamilton, 1988, 1989). Carbonate ocelli,
spherulites, globules and micro-diapirs in silicate rocks have been interpreted as
petrographic evidence for immiscibility between silicate and carbonate melts (e.g.,
Kjarsgaard & Hamilton, 1989; Kjarsgaard & Peterson, 1991; Stoppa et al., 2005).
The miscibility gap is best understood in terms of phase relationships shown in
the Hamilton projection (Na2O + K2O)-(SiO2+Al2O3+TiO2)-(CaO+MgO+FeO) and
discussed in detail by Lee & Wyllie (1994, 1996, 1997a, 1997b, 1998a: Fig. 3.7). If an
evolving melt intersects the two-liquid field in Figure 3.7a, a carbonate-rich magma is
exsolved with the composition corresponding to the end of the tie-line. Lee & Wyllie
(1998a) clarified that even after exsolution, silicates will only be precipitated from the
carbonate-rich melt as long as it maintains a composition along the liquidus boundary
between the silicate and two-liquid fields. The carbonate-rich melt must be separated
from the silicate melt and cooled significantly to reach the silicate-carbonate field
boundary for carbonates to co-precipitate with silicates (ibid.). Figure 3.7b demonstrates
how the composition of the melt affects the extent of the two-liquid field, specifically
the reducing effect caused by increasing Al/Si or Mg/Ca ratios and decreasing pCO2
(Lee & Wyllie, 1997a; Brooker, 1998).
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a)

b)

Figure 3.7: a) Schematic diagram showing the location of a miscibility gap (two liquid field: m-k-n) and
phase relationships in the Hamilton projection at 1GPa (after Lee & Wyllie, 1998b). Silicate-carbonate
liquidus boundary is shown by e-o join. b) Under conditions of decreased Mg/Ca, Al/Si or increasing
pCO2, the two-liquid field (m-f-k-g-n) expands to the silicate-carbonate liquidus boundary (e-f/g-o).
Abbreviations: NC, sodium carbonate; Nye, nyerereite; Ab, albite; Ne, nepheline; An, anorthite; En,
enstatite; Wo, wollastonite; Fo, forsterite.
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The second possible origin for carbonatites is by differentiation of a carbonatebearing silicate melt. A parental silicate magma, whose composition plots within the
silicate field in Figure 3.7a could evolve to the silicate-carbonate liquidus through
fractionation of silicate minerals (Lee & Wyllie, 1998b). At the silicate-carbonate
liquidus boundary, calcite or dolomite will crystallize and the residual melt will evolve
along the liquidus boundary toward alkali-rich compositions.
A third possible origin is crystallization of carbonatites from primary magmas
derived directly from the upper mantle. Experiments by Eggler (1978), Wallace &
Green (1988), Falloon & Green (1990), Thibault et al. (1992), Dalton & Wood (1993),
Sweeney (1994), and Yaxley & Green (1996) have confirmed that a primary
carbonatitic magma can be derived by partial melting of carbonate-bearing peridotite.
This model requires that the normally volatile-free peridotite be metasomatized by a
CO2-bearing agent prior to the melting event. Metasomatism can also account for the
enrichment of carbonatites in incompatible elements (Barker, 1996b). Metasomatic
amphibole (pargasite and kaersutite), phlogopite and clinopyroxene would act as
repositories for incompatible elements in the metasomatized peridotite. The phase
relationships among metasomatized mantle rocks in the presence of CO2 and H2O
(Wallace & Green, 1988) are shown in Figure 3.8. Primary magma of sodic dolomitic
composition can be derived from dolomite-amphibole lherzolite just above the solidus
at ~ 950 ºC and pressures greater than ~20 kbar but less than ~32 kbar. Comparison of
the carbonatite melt field (stippled in Fig. 3.8) with oceanic and shield geotherms
(dashed lines in Fig. 3.8: Menzies & Chazot, 1995) shows that carbonatitic magmas can
exist in the lithosphere under typical geothermal conditions. Increased partial melting of
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the minerals amphibole ± phlogopite in the carbonate-bearing lherzolite would yield a
nephelinitic or melilititic silicate melt (Fig. 3.8: Wallace & Green, 1988). The change
from silicic to carbonatitic magmatism within an alkaline complex may be due to
different degrees of partial melting at various depths within the upper mantle
(Chakhmouradian, 2006).

3.6 Metasomatism Related to Syenitic and Carbonatitic Magmatism
Alkaline-silicate and carbonatitic magmatism is commonly accompanied by
characteristic sodic or potassic metasomatism in, coupled with silica-loss from, the
country rock; these processes are collectively known as fenitization. The term “fenite”
was first coined by Brögger (1921) to describe metasomatic rocks (developed after
granitic gneiss) composed of potassium feldspar, albite, sodic pyroxene and sodic
amphibole found in association with carbonatite and ijolite in the Fen complex,
Norway. Phlogopite, calcite, nepheline, cancrinite, titanite and apatite are also common
constituents of fenites. Similarities between the modal composition of syenites and
fenites can lead to their mis-identification although the former tend to be more
texturally homogeneous (e.g., Maravic & Morteani, 1980; Morogan & Woolley, 1988;
Ruberti et al., 2002). Fenites can be developed in a wide range of precursor rocks (e.g.,
gneiss: Sindern & Kramm, 2000; argillaceous rocks: Mian & Le Bas, 1986, 1987;
ultrabasic rocks: Pearson & Taylor, 1996). Historically, H2O and CO2-bearing fluids
were considered as the principal vehicle of fenitization (Gittins, 1989), but recent work
has shown that fluorine and chlorine also play a significant role in this process (Gittins
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et al., 1990; Jago & Gittins, 1991; Mitchell, 2006; Bühn, 2008). The presence of
halides in primary carbonatitic magmas is confirmed by the melt-inclusion study of
Veksler & Lentz (2006).
Fenites are classified mainly in two ways. Morphologically, fenites can be
classified as either contact, aureole or vein fenites (Kresten, 1988). Contact fenites
occur in the immediate vicinity of the source rock and show the highest grade of
fenitization. Aureole fenites occupy a larger area surrounding the source rock, and
exhibit a decreasing grade away from the contact. The channelling of fenitizing fluids
along fractures results in vein fenites that can crosscut the fenite aureole and
unmodified country rock (ibid.).
Fenites can be also classified geochemically as either potassic or sodic (Rubie
& Gunter, 1983; Heinrich, 1985; Le Bas, 2008). Sodic fenites contain essential albite,
sodic amphibole and sodic pyroxene and may also contain potassium feldspar, calcite
and apatite (Le Bas, 2008). Fenitization associated with alkaline-silicate magmatism is
typically of this type (e.g., Kisingiri, Kenya: Rubie & Gunter, 1983). Sodic fenitization
is believed to occur earlier and at higher temperatures than potassic fenitization
associated with carbonatites; deeper levels of erosion of older carbonatite complexes
indicate sodic fenites to be present at greater depths (Woolley, 1982; Rubie & Gunter,
1983; Le Bas, 2008).
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Figure 3.8: Phase relationships among mantle assemblages in the presence of CO 2 (0.5-2.5 wt. %) and
H2O (0.3 wt. %) from Wallace & Green (1988), modified by Chakhmouradian (2006). In the stippled
area, a dolomitic carbonatite melt can co-exist in equilibrium with amphibole lherzolite. In the crosshatched area, CO2, carbonates and silicates can co-exist in equilibrium. Solid lines indicate melting of
mineral phases. The “solidus ledge” indicates where melting of lherzolite occurs. Shield (40 mW/m 2)
and oceanic (60 mW/m2) geotherms are indicated by dashed lines (Menzies & Chazot, 1995).
Abbreviations: Amp, amphibole; Cpx, clinopyroxene; Dol, dolomite; Grt, garnet; Mgn, magnesite; Ol,
olivine; Opx, orthopyroxene; Phl, phlogopite; Sp, spinel.
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Potassic fenites, composed predominantly of potassium feldspar (typically
microcline), are observed in the upper levels of carbonatite complexes, typically in
contact with younger carbonatite intrusions (Woolley, 1982; Heinrich, 1985; Le Bas,
2008). Potassic fenites commonly crosscut sodic fenites further supporting early loss of
Na from carbonatites (e.g., Malawi: Woolley, 1982). In addition to alkalis, Fe, Sr, Sc,
V and Zn are commonly enriched in potassic fenites (Le Bas, 2008). Potassium
feldspar typically shows grain coarsening accompanied by enrichment in Rb and Ba
toward the carbonatite contact (e.g., Ruri Hills, Kenya: Le Bas, 2008). A brecciated
texture is commonly developed in potassic fenites by late intrusive carbonatites
(Garson, 1965; McKie, 1966; Le Bas, 1977). An uncommon “trachytic” texture is
observed in some potassic fenites, where large crystals and the groundmass are both
composed almost exclusively of microcline (e.g., Dicker Willem, Namibia: Cooper and
Reid, 2000). The later authors attributed the texture to anatexis and re-emplacement of
potassic fenites as dykes, sills and plugs within the fenite aureole.
Intermediate compositions between sodic and potassic fenites are also known
(e.g., Loe Shilman and Silai Patti, Pakistan: Mian & Le Bas, 1987; Le Bas, 2008;
Kisingiri, Kenya: Rubie and Gunter, 1983). These fenites are typically potassiumfeldspar-rich near the contact and become progressively enriched in albite away from
it.
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Chapter 4: Material and Methods
4.1 Sample Collection
Figure 4.1 shows the location of the samples examined in this study. UTM
coordinates are given in Table 4.1. The first set of samples was collected by P. Lenton
of the Manitoba Geological Survey in the summer of 1985. The locations of the 1985
samples in Figure 4.1 (series 37-85) are estimated from Lenton’s field notes and are not
exact. The location of one sample (37-85-139) could not be established and therefore, is
not shown. The extent of Lenton’s sampling was limited to the southeastern corner of
Cinder Lake. Except for a very short description in Lenton (1985), these samples have
not been examined in adequate detail prior to the current study. The second set of
samples, collected by A.R. Chakhmouradian and C.O. Böhm in the summer of 2008,
covers a larger area across the eastern portion of Cinder Lake (sample series 08 in Fig.
4.1). Due to limited exposure and accessibility, their sampling was focused on scarce
outcrops on islands and along the shoreline accessible by boat. Several of the samples
were collected from large boulders along the eastern shore of the Lake, where no
bedrock is exposed. Sample locations were recorded using GPS in NAD 83, zone 15.

4.2 Petrography
The samples listed in Table 4.1 were studied in detail petrographically using a
combination of optical microscopy, back-scattered electron (BSE) imaging and
cathodoluminescence. Polished thin sections were prepared by Vancouver
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Petrographics Ltd (Vancouver, BC). Petrographic observations included mineral
identification, modal analysis and examination of textural and paragenetic interrelations among both major and accessory minerals. Where optical properties were
insufficient for reliable mineral identification, a combination of microbeam analytical
techniques was used to constrain the chemical composition of these minerals. These
techniques included qualitative analysis by energy-dispersive X-ray spectrometry
(EDS), Raman micro-spectroscopy and full quantitative analysis by wavelengthdispersive X-ray spectrometry (WDS). Energy-dispersive spectra of selected minerals
were acquired with a Cameca SX100 fully automated electron-micropobe instrument
equipped with a Princeton Gamma-Tech EDS system at the University of Manitoba.
Because the sensitivity of this system is limited to elements with Z > 8, Raman microspectroscopy was used to confirm the presence or absence of OH-, (CO3)2- and other
molecular species containing elements undetectable by EDS. Raman spectra were
collected with a LabRAM ARAMIS confocal instrument (HORIBA Jobin Yvon) at the
University of Manitoba. The spectrometer was calibrated prior to each measurement
using the first-order Raman peak of crystalline silicon (520. cm-1). A high-stability, low
-noise mpc6000 laser emitting at 532 nm (Laser Quantum) was used for most
measurements, but if fluorescence was observed with the 532 excitation source, a 633
nm laser by CVI Melles Griot was used instead. All spectra were collected in a confocal
mode with a x100 objective and a diffraction grating of 1800 grooves/mm. Other
instrumental parameters (hole diameter, slit width and data collection time) were
adjusted to optimize the spectral resolution and quality of the Raman signal. Finally,
accurate identification of several minerals required their quantitative analysis by WDS.

topographic contours in increments of 10 m. After Kressall (2010).

location of 37-85-139 could not be established and therefore is not shown. Petrographic classification is colour-coded for each sample. Brown lines represent

Figure 4.1: Sample locations at Cinder Lake from 1985 (37-85-#) and 2008 (08-#-#). Locations of 1985 samples are estimated based on field notes. The
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Table 4.1: UTM coordinates and rock type of samples collected from Cinder Lake and analyzed in this
study.
NAD 83 Zone 15
Sample No. Easting
Northing
37-85-138
37-85-139
37-85-140
37-85-141
37-85-142
08-01-01
383058
6089266
08-01-02
383048
6089259
08-01-03
383064
6089242
08-01-04
383078
6089215
08-01-05
383048
6089238
08-01-06
382978
6089233
08-01-07
383016
6089265
08-01-08
382975
6089335
08-02-01
382878
6089228
08-02-02
382859
6089204
08-02-03
382774
6089105
08-03-01
382497
6089387
08-03-02
382497
6089387
08-03-03
382497
6089387
08-04-01
382306
6089186
08-05-01
381375
6088125
08-06-01
380708
6088218
08-07-01
380697
6088682
08-08-01
382275
6089642
08-09-01
382463
6089778
08-09-02
382463
6089778
08-10-01
382464
6089944
08-10-02
382464
6089944
08-10-03
382464
6089944
08-10-04
382464
6089944
08-11-01
382525
6090508
08-12-01
383095
6090882
08-12-02
383122
6090848
08-12-03
383057
6090901
08-12-04
383057
6090901
08-12-05
383021
6090890
08-13-01
383157
6089513
08-13-02
383157
6089513
08-13-03
383183
6089502
08-13-04
383174
6089521
08-13-05
383237
6089507
08-14-01
383311
6089481
08-15-01
383450
6089676
08-16-01
383450
6089710
08-17-01
383571
6090407
08-18-01
382045
6091517
08-19-01
381842
6091354

Rock Type
cancrinite-nepheline syenite
alkali-feldspar syenitic pegmatite
sericitized alkali-feldspar syenitic pegmatite
alkali-feldspar syenitic pegmatite
vishnevite syenite
sericitized alkali-feldspar syenitic pegmatite
sericitized alkali-feldspar syenitic pegmatite
metasomatized alkali-feldspar syenitic pegmatite
sericitized alkali-feldspar syenitic pegmatite
albitized alkali-feldspar syenitic pegmatite
sericitized alkali-feldspar syenitic pegmatite
sericitized alkali-feldspar syenitic pegmatite
sericitized alkali-feldspar syenitic pegmatite
sericitized alkali-feldspar syenitic pegmatite
sericitized alkali-feldspar syenitic pegmatite (boulder)
sericitized alkali-feldspar syenitic pegmatite
cancrinite-nepheline syenite
vishnevite syenite
vishnevite syenite
lenticular vishnevite syenite (boulders)
alkali-feldspar syenitic pegmatite dyke
alkali-feldspar syenitic pegmatite dyke
vishnevite syenite
cancrinite-nepheline syenite
rhyolite
albitite
monzogranite
fenitized monzogranite
fenitized monzogranite
fenitized monzogranite
monzogranite (no samples)
porphyritic cancrinite syenite
vishnevite syenite (boulder)
vishnevite syenite
vishnevite syenite (boulder)
porphyritic cancrinite syenite
metasomatized alkali-feldspar syenitic pegmatite
sericitized alkali-feldspar syenitic pegmatite
sericitized alkali-feldspar syenitic pegmatite
calcite-rich alkali-feldspar syenitic pegmatite
sericitized alkali-feldspar syenite
alkali feldspar syenitic pegmatite
alkali feldspar syenitic pegmatite (boulder)
alkali feldspar syenitic pegmatite (boulder)
götzenite-bearing nepheline syenite
monzogranite (boulder)
monzogranite (boulder)
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Cathodoluminescence (CL) imaging was used to examine calcite zoning that
was not observable with either optical microscopy or BSE imaging. Because the
principal activator in calcite is Mn2+ (Mariano, 1978), CL imaging was an efficient tool
in discriminating between calcite generations characterized by different trace-element
composition.

4.3 Mineral Chemistry
4.3.1 Major-element mineral chemistry
Major-element chemistry of selected minerals from representative samples was
determined in polished thin sections by WDS using a fully automated Cameca SX100
electron microprobe at the University of Manitoba. The instrument was operated at 15
kV and 20 nA, and a beam diameter of 10 μm was used for most mineral analyses.
Exceptions were calcite and cancrinite-group minerals which both showed significant
beam damage under these operating conditions. To avoid loss of alkali and volatile
components, the beam current was reduced to 10 nA for both calcite and cancrinitegroup minerals, and the beam diameter was increased to 20 μm for the analysis of
cancrinite and vishnevite. A unique set of matrix-matched standards were chosen for
each mineral and ZAF corrections applied to the raw WDS data. A complete list of
standards used for WDS, analytical lines, element detection limits and other pertinent
data are given in Appendix I. Line overlap was addressed by using independent
standards and spectrometers to eliminate spectral artifacts (e.g., LPET for Ba Lα and
LiF for Ti Kα). The WDS data were recalculated to mineral formulae on the basis of a
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fixed number of anions or cations, depending on the mineral. A unique formula
calculation algorithm was developed for each mineral in Microsoft Excel. The Fe3+/
Fe2+ ratio for Fe-bearing minerals was calculated following the method of Droop
(1989), i.e. assuming the ideal stoichiometry. One notable exception was the
recalculation of hornblende from sample 08-10-01, whose Fe3+/Fe2+ ratio was
determined precisely using Mössbauer spectroscopy (see below).

4.3.2 Mössbauer spectroscopy
A small sample (1.3 mg) of hornblende was carefully extracted from
monzogranite (sample 08-10-01) and analyzed by 57Fe Mössbauer spectroscopy using a
Wissel spectrometer at the University of Manitoba. Measurements were conducted in
transmission geometry at room temperature using a 57Co point source. The
spectrometer was calibrated to the room-temperature spectrum of α-Fe. The absorber
was prepared by mixing the hornblende sample with sugar and finely ground under
acetone to avoid oxidation. The absorber was loaded into a 2 mm diameter Pb ring and
analyzed using the Voigt-based quadrupole-splitting distribution method integrated in
the Recoil computer software. In the crystal structure of hornblende, Fe2+ can be
accommodated in the M1, M2 and M3 sites, whereas Fe3+ can occupy only the M2 site.
Each structurally distinct Fe2+ and Fe3+ occupant generates a characteristic doublet in
the Mössbauer spectrum. The Fe3+/Fe2+ ratio is calculated by comparing the Fe3+
occupancy in the M2 site to the total occupancy of Fe2+ in its three host sites.
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4.3.3 Trace-element mineral chemistry
Andradite, calcite and phlogopite from alkali-feldspar syenitic pegmatite were
analyzed for selected trace elements by laser-ablation inductively-coupled-plasma mass
-spectrometry (LA-ICP-MS) using a Thermo Finnigan Element2 sector-field
instrument equipped with a Nd-YAG Merchantek LUV213 laser at the University of
Manitoba. The laser was operated in low-resolution mode at 75 % power. A 5 Hz
repetition rate was used for the analysis. Spot analyses were used for phlogopite (20μm beam) and calcite (25-μm beam), whereas 30-μm line profiles were used for
andradite. Reflected-light and BSE images were used to navigate within the sample and
accurately position the laser beam.
Synthetic glass NIST SRM 610 (Norman et al., 1996) was used for an external
standard and quality control. The glass was analyzed twice at the beginning and end of
each analytical session, or after every 15 analyses. The internal standards used were Ca
for andradite and calcite, and Si for phlogopite. Calcium and Si concentrations in the
standards were previously determined by WDS. Data reduction was done online using
the GLITTER software (van Achterbergh et al., 2001).
Elements analyzed for each mineral, with maximum standard deviations from
multiple analyses, are given in Table 4.2.
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Table 4.2: Elements analyzed and associated standard deviations for LA-ICP-MS analyzes of
phlogopite, andradite and calcite.
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4.3.4 Stable-isotope geochemistry
Calcite grains were extracted from leucocratic lenses in vishnevite syenite
sample 08-04-01 and calcite veins in alkali-feldspar syenitic pegmatite samples 08-1301, 08-13-04 and 08-16-01. Duplicate carbon and oxygen isotope analyses were
performed using the conventional H3PO4 digestion method in the Stable Isotopes for
Innovative Research (SIFIR) Laboratory at the University of Manitoba and in the
Saskatchewan Isotope Laboratory at the University of Saskatchewan. The results of
analysis were expressed in the conventional δ-notation: δ = (Rsmp-Rstd)/Rstd x 1000,
where Rsmp and Rstd are the 13C/12C or 18O/16O ratios in the sample and standard,
respectively. The δ values, expressed in parts per thousand (‰), were calculated
relative to the Vienna Peedee Belemnite (V-PDB) standard for carbon and Vienna
Standard Mean Oceanic Water (V-SMOW) standard for oxygen.
At the University of Saskatchewan, ratios were measured using a Finnigan Kiel
-IV carbonate preparation device coupled to a Finnigan MAT 253 isotope ratio mass
spectrometer. Samples were roasted in a vacuum oven at 200 ºC for one hour to
remove water. Calcite was reacted with H3PO4 at 70ºC for seven minutes and evolved
CO2 was cryogenically purified prior to analysis. The isotope ratios were corrected for
acid fractionation and 17O contribution using the correction factors of Craig (1957).
The data were calibrated using NBS-19 (δ13CV-PDB = 1.95‰ and δ18OSMOW = 33.18 ‰)
as an internal standard. A series of routine analyses (n = 25) of NBS-19 yielded δ13CVPDB =

1.91 ± 0.05 ‰ and δ18OSMOW= 33.02 ± 0.11 ‰.
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At the SIFIR laboratory, the isotope ratios were measured using a Finnigan
Delta V Plus Ratio Mass spectrometer connected to a Gas Bench II device using the
same technique as at the University of Saskatchewan. Two internal calcite standards
were used for calibration (CHI and USC-1). Additional standards (LiPO#3, δ13CV-PDB =
+1.02‰ and δ18OSMOW = 22.70‰; Exp50, δ13CV-PDB = -3.80 ± 0.10‰ and δ18OSMOW =
20.09 ±0.10‰) were analyzed with the Cinder Lake samples for data-quality check.
Routine analyses (n = 45) of LiPO#3 yielded δ13CV-PDB = +0.97 ± 0.08‰ and δ18OSMOW
= 22.65 ± 0.10‰. Routine analyses (n = 48) of Exp50 yielded δ13CV-PDB = -3.93 ±
0.10‰ and δ18OSMOW = -10.67 ± 0.11‰.

4.4 Whole-Rock Geochemistry
Selected whole-rock samples were sent to Activation Laboratories Ltd. in
Ancaster, Ontario, and Acme Labs in Vancouver, BC for geochemical analysis. At the
Activation Laboratories, the samples were pulverized, fused with a lithium-borate flux
and analyzed by inductively-coupled-plasma mass-spectrometry (ICP-MS) for majorand trace elements using a PerkinElmer SCIEX ELAN instrument. Carbon and total
sulfur contents were determined for selected samples using an Eltra CS-2000 Carbon/
Sulphur analyzer, which utilizes infrared-absorption spectroscopy to quantify carbon
and sulfur released during sample combustion. Fluorine was analyzed in selected
samples using ion-selective electrodes. The samples were fused with a lithium-borate
flux in an inductive furnace to release fluoride ions, dissolved in a dilute nitric acid and
reacted with an ammonium citrate buffer. An ion-selective electrode was immersed in
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the solution to measure the activity of fluoride ion. Replicate analyses (Appendix IV)
were conducted on random pulp samples to monitor precision. Reagent blanks and
reference material of known composition were analyzed to measure background and
ensure accuracy, respectively. The following reference materials were utilized at
Activation Laboratories: GXR-1, WMG-1, NIST 694, DNC-1, BIR-1, GBW 07113,
GXR-4, GXR-2, SDC-1, SCO-1, GXR-6, FK-N, LKSD-3, MAG-1 (Depleted), NIST
1633b, SY-2, AC-E, DR-N, UB-N, SGR-1, W-2a, OREAS 13P, NIST 696, SY-4, JSD3, JSd-2 and CTA-AC-1.
The geochemical analytical techniques employed at Acme Labs are similar to
those used at Activation Laboratories, but in the former facility, major-element
concentrations were analyzed using an inductively-coupled-plasma emission
spectrometry (ICP-ES) following fusion of the sample with lithium borate and its
digestion in dilute nitric acid. Trace-element concentrations were measured by ICPMS. At Acme, whole-rock carbon and sulfur concentrations were determined by
infrared techniques using a Leco combustion analyzer. The following reference
materials were utilized at Acme Labs: STD SO-18, STD CSC, STD OREAS76A, STD
SO-18, STD-DS7, STD OREAS45PA, STD STSD-1 and STD LIBF .
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4.5 Radiogenic Isotopes
4.5.1 Samarium-neodymium and rubidium-strontium isotope analysis
Four representative syenite samples and one monzogranite sample were sent to
the Radiogenic Isotope Facility at the University of Alberta for sample preparation and
Sm-Nd - Rb-Sr isotopic analysis by thermal ionization mass spectrometry (TIMS).
Samples were mixed with a weighed 84Sr-87Rb and 50Nd-49Sm spike and dissolved in
HNO3. After evaporation to dryness, samples were re-dissolved in HCl and evaporated
to obtain a chloride precipitate. Rubidium, Sr and REE were separated using a 10 cm
column containing 200-400 mesh AG50W-X8 resin. Samarium and Nd were separated
using a column of BioBeads coated in di(2-ethylhexyl) phosphoric acid. Purified Rb
and Sr in chloride form, and Sm and Nd in nitrate form were loaded onto a Re filament.
Isotope analyses were conducted using a Micromass Sector 54 multicollector mass
spectrometer. Appropriate mass-fractionation and blank corrections were applied to all
analyses. Isotope ratios are expressed in ε notation, calculated following the formulae:

[1]

and
[2]
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where CHUR represents the Chondritic Uniform Reservoir and BSE represents the
Bulk Silicate Earth.

4.5.2 Uranium-lead dating of zircon and titanite
Crystals of zircon and titanite from vishnevite-syenite sample 08-12-04 and
monzogranite sample 08-10-01 were dated using U-Pb geochronology at the
Radiogenic Isotope Facility, University of Alberta. The U-Pb isotopic compositions of
zircon and titanite from sample 08-12-04 were determined in situ by inductivelycoupled-plasma mass-spectrometry (ICP-MS) using a Nu Plasma multicollector
instrument equipped with a UP-213 laser ablation system and following the
methodology of Simonetti et al. (2006). A 30-μm beam was used for all analyses. An
external standard was used to correct for laser-induced Pb/U fractionation and possible
instrumental drift; the standard was analyzed at the beginning, end and approximately
in the middle of each series of 20 point analyses (for zircon) or 16 point analyses (for
titanite). Zircon LH94-15 and a titanite crystal from Namibia (Simonetti et al., 2006)
were used as standards. The analytical data were filtered for high common-Pb content.
In the case of zircon, analyses with high 204Pb counts were discarded. The common-Pb
content of titanite was determined by defining a mixing line between the radiogenic-Pb
component (lower intercept age) and the common-Pb component on a Tera-Wasserburg
diagram (ibid.).
Uranium-lead dating of sample 08-10-01 was done following the methodology of
Heaman et al. (2002), outlined briefly here. Approximately two kilograms of
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monzogranite 08-10-01 were pulverized to a 100 mesh powder. A combination of
magnetic (Frantz isodynamic separator) and density (methylene iodide) separation
techniques were used to obtain monomineralic zircon and titanite separates. A few
small (0.9 to 2.5 μg) prismatic zircon grains and abundant titanite grains were
recovered. The weight of zircon grains and titanite fractions was determined with a
Mettler UTM-2 ultra-microbalance with an uncertainty of less than 1 μg. Mineral
fractions combined with a mixed 205Pb-235U tracer solution were dissolved in 48%
HF:7N HNO3. The mixture was evaporated in an oven at 215 ºC until complete
dryness, and then converted to a chloride by dissolution in 6N HCl and returning the
sample to the oven for 10-16 hours. Uranium and Pb were purified using anion
exchange chromatography, as described in Krogh (1973). Uranium and lead were
separated with an anion-exchange micro-column in 3.1 N HCl, followed by 1N HBr (to
extract U) and 6.2 N HCl (to extract Pb). Uranium was further purified in the column
with 6.2N HCl and 7N HNO3, then recovered with distilled water. Uranium and Pb
were combined with 0.5N H3PO4 to facilitate sample location after evaporation to
dryness. The samples were loaded on a Re filament with silica gel and 1.5N UltrexII
H3PO4, and isotope analyses conducted by TIMS using a Micromass Sector 54
multicollector instrument. Mass-discrimination corrections, based on replicate
measurements of standards, were applied to the analyses. One-sigma errors were
calculated using an in-house program that numerically propagates all known sources of
uncertainty. The radiometric ages of samples 08-12-04 and 08-10-01 were determined
and concordia diagrams plotted using the Isoplot program, version 3.32 in Microsoft
Excel (Ludwig, 2005).
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Chapter 5: Petrographic Descriptions
Two intrusive bodies are identifiable at Cinder Lake, a suite of syenitic rocks that
compose the main alkaline intrusive complex and a monzogranite pluton that outcrops
in the center and towards the northwestern corner of the lake. Intrusive contacts are
generally not observed. Transitional contacts are present locally between modally
similar units of different texture or colour index.

5.1 Granitic Rocks
Granitic rocks are present on islands in the central and north-western parts of
Cinder Lake (Figs. 2.6 and 4.1) as mapped by Gilbert (1985). The most common rock
type is medium-grained monzogranite that appears to be fenitized near the exposure of
the Cinder Lake alkaline intrusive complex.
5.1.1 Monzogranite
Pink massive monzogranite (Fig. 5.1a) is exposed at locations 08-10-01, 08-1101, 08-18-01 and 08-19-01. Sample 08-10-01 was examined in thin section (Fig. 5.1b).
The rock is composed of zoned euhedral plagioclase prisms (1 to 1.5 mm in length: 3040 vol.%) set in a groundmass dominated by fine-grained (0.2-0.5 mm) anhedral quartz
and microcline. Plagioclase is partially altered to muscovite, epidote and minor titanite
toward the core. Several interstitial microcline grains are perthitic. Hornblende
composes 5-10 vol.% of the monzogranite, and is commonly zoned and altered to
epidote along the rim. Phlogopite is intergrown with some hornblende crystals (Fig.
5.1b), but also occurs as an interstitial constituent. Small (<0.1 mm long) euhedral
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magnetite and wedge-shaped titanite crystals are associated with phlogopite,
hornblende and epidote. Minute (<10 μm) apatite inclusions are present in hornblende
and phlogopite crystals. Rare fine-grained (<20 μm) zircon crystals associated with
phlogopite were observed in BSE images.
5.1.2 Fenitized monzogranite
Samples 08-10-02, 08-10-03 and 08-10-04 found in the vicinity of the fresh
monzogranite have a mineral composition and heterogeneous texture consistent with
fenitization, discussed in section 3.4 (Fig. 5.2). The less fenitized samples (08-10-02
and 08-10-03) are composed of anhedral to subhedral diopside (~20-25 vol.%) set in a
groundmass dominated by microcline (~30-35 vol.%), albite (~10-15 vol.%) and quartz
(~25-30 vol.%). Subhedral pyrite and pentlandite grains up to 0.5 mm across and
constituting 1-5 vol.% form aggregates with diopside (Fig. 5.3a). Pentlandite is
typically surrounded by an oxidation rim. An unidentified acicular Fe silicate also
occurs in association with the sulphides and diopside, commonly crosscutting
pentlandite (Figs. 5.3a & b). Point WDS analyses of the Fe silicate show minor
concentrations of Al, Mg, K, Mn and Ba, but yield low totals (86-87 wt.%: full results
of analysis are given in Appendix III.24). Small (<0.2 mm in length) euhedral wedgeshaped titanite crystals and phlogopite laths are also common in association with
diopside crystals. Minute inclusions of zircon (up to 25 μm across) are present in some
microcline crystals.
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Figure 5.1: Images of monzogranite. a) Hand specimen 08-19-01. B) XPL image (sample 08-10-01).
Inclusions in plagioclase are represented by epidote, muscovite and minor titanite. Abbreviations: Hbl,
hornblende; Mc, microcline; Phl, phlogopite; Qtz, quartz.
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Figure 5.2: Images of fenitized monzogranite. a) Xenolith in fenitized monzogranite (sample 08-10-03).
b) Replacement of quartz by andradite (sample 08-10-03), PPL. c) Hand specimen 08-10-04. d) PPL
image of sample 08-10-04. Clinopyroxene contains inclusions of apatite, titanite and magnetite.
Abbreviations: Adr, andradite; Ab, albite; Cpx, clinopyroxene; Mc, microcline; Pyr, pyrite; Qtz, quartz.

Abundant xenoliths in sample 08-10-03 (Fig. 5.2a) are composed
predominantly of albite (~40 vol.% in the xenolith core), partially epidotized
phlogopite (~55 vol.%) and disseminated euhedral partially oxidized pyrite crystals up
to 0.2 mm (~5 vol.%). Toward the rim of the xenoliths, hornblende and diopside
become more abundant than phlogopite.

albite; Cpx, clinopyroxene; Mc, microcline; Pen, pentlandite; Pyr, pyrite; Ti, titanite.

(sample 08-10-04). b) Unidentified Fe-silicate aggregated with pentlandite (major-element composition is given in Appendix III.24). Abbreviations: Ab,

Figure 5.3: Back-scattered electron images of sulphides in fenitized monzogranite. a) Pentlandite with oxidized rim and pyrite-clinopyroxene aggregate
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Fenitized sample 08-10-04 is composed of intergrown anhedral fine- to medium
-grained (0.5 to 2 mm) microcline (35-45 vol.%), albite (15-25 vol.%), diopside (25-35
vol.%) and only ~ 5 vol.% interstitial quartz (Figs. 5.2c & d). Some microcline crystals
contain minute inclusions of barite. Abundant small (<0.5 mm) subhedral apatite
prisms, euhedral wedge-shaped titanite crystals and minor magnetite occur as
inclusions in diopside. Larger (up to 1 mm in length) apatite crystals are present in
association with andradite and Fe-rich veinlets. The latter are composed of minor Feoxides and abundant Fe-oxihydroxide material analogous to that described in section
5.1.1.

5.1.3 Rhyolite
Sample 08-09-01 is a light-green aphanitic rhyolite composed predominantly of
very fine-grained (< 0.2 mm) microcline, albite, biotite and quartz (Fig. 5.4). Epidote
crystals up to 0.5 mm in length commonly form aggregates and thin parallel bands.

5.1.4 Albitite
A light-grey aphanitic rock (sample 08-09-02; Fig. 5.5) occurs in the vicinity of
the rhyolite described above. The rock is composed predominantly of albite (50-60
vol.%) and phlogopite altered to andradite (30-40 vol.%) with accessory titanite (~1
vol.%), magnetite (1-5 vol.%) and epidote (~1 vol. %). Partially oxidized pyrite and
pentlandite occur as small inclusions in andraditized phlogopite. Combined BSE
imaging and EDS analysis indicate that the albite is zoned with respect to Ca (Fig.
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5.5c), possibly resulting from the replacement of a primary Ca-rich plagioclase by
albite. Although this rock could be classified as andesite on the basis of geochemical
criteria (in particular its Na2O5 + K2O and SiO2 contents; Le Maitre et al., 2002), there
is no convincing evidence that is has a volcanic origin. Based on the modal abundance
of albite and its metasomatic texture, this rock is classified here as albitite.

5.2 Cinder Lake Alkaline Intrusive Complex
The main complex is composed of three main units: alkali-feldspar syenitic
pegmatite, cancrinite-nepheline syenite and vishnevite syenite. A spatially minor
porphyritic cancrinite syenite also occurs on a small island just south of Wickstrom
Island (Fig. 4.1). The fine-grained syenite units occur in close proximity to one other;
vishnevite syenite is associated with cancrinite-nepheline syenite in the southern part of
Cinder Lake (samples 37-85-142 and 08-03-01 to -03) and with porphyritic cancrinite
syenite on the island just south of Wickstrom Island (08-12-01 to -06: Fig. 4.1).
Sampling confirmed the presence of alkaline rocks in the eastern part of Cinder Lake.
The western extent of the complex is uncertain, but the western-most syenite sample
examined in this study is vishnevite syenite sample 08-07-01 collected in the
southwestern corner of the lake (Fig. 4.1).
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Figure 5.4: Images of rhyolite (sample 08-09-01). a) Hand specimen. b) XPL image. Abbreviations: Ept,
epidote; Kfs, potassium-feldspar; Qtz, quartz; Pl, plagioclase.
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Figure 5.5: Images of albitite (sample 08-09-02). a) Hand specimen. b) BSE image. c) Compositional
zoning in albite within the outlined area in (b), BSE. Abbreviations: Ab, albite; All, allanite; Apt, apatite;
Mgt, magnetite; Phl, phlogopite.

5.2.1 Alkali-feldspar syenitic pegmatite
Alkali-feldspar syenitic pegmatite forms a rocky ridge striking 45ºNE along the
southeastern shore and occurring as dykes crosscutting HRG basalts on the
southwestern shore (samples 08-05-01 and 08-06-01 in Fig. 4.1).
The principal primary constituent of the pegmatite is microcline occurring as
dark-brown lath-shaped crystals up to several centimetres in length. Only accessory
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prismatic apatite can be identified as another primary constituent of the pegmatite.
Feldspathoid minerals were not observed in any of the pegmatites. The pegmatite has
been variably replaced by phlogopite, albite, calcite and muscovite. Modal
compositions of representative samples are given in Table 5.1. The secondary minerals
are less resistant to weathering than the primary paragenesis; the non-uniform
distribution of these minerals across the pegmatite ridge explains its locally recessed
surface topography.
The freshest material from the ridge is represented by samples 37-85-139 and
37-85-141; their modal proportions are given in Table 5.1. These samples are mostly
dark-brown in colour (Fig. 5.6a); secondary minerals comprise less than 30 vol. % of
these rocks. Minute inclusions (< 50 μm) of barite are common in microcline from
these samples. Back-scattered electron imaging combined with EDS analysis indicate
depletion in Ba toward the rim and along fractures in microcline (Fig. 5.6b). Albitized
pegmatites are white in colour, although dark-brown relict microcline grains may be
present in the albite matrix (samples 08-01-01, 08-01-02, 08-01-05 and 08-01-06: Fig.
5.7).
Sericitized pegmatite samples 37-85-140, 08-01-04, 08-01-08. 08-02-02 (Table
4.1), 08-02-03, 08-13-02 and 08-13-03 (Fig. 4.1) contain the least amount of primary
microcline (as low as 10 vol. % in 08-13-03). Muscovite is the most abundant mineral
observed in these samples (up to 60 vol. %), although phlogopite, calcite and albite can
account for up to 40 vol. % of the pegmatite. Muscovite preferentially replaces
microcline, phlogopite and calcite veinlets are commonly observed in the sericitized
pegmatites. The highly sericitized pegmatites are aphanitic and grayish-green in colour
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(Fig. 5.8a). Microcline is partially to completely replaced by albite and commonly has
the appearance of pseudo-phenocrysts immersed in a muscovite-dominated
groundmass (Fig. 5.8b). Highly metasomatized pegmatite samples (08-01-03, 08-02-04
and 08-13-01; Fig. 4.1) are composed almost entirely of texturally heterogeneous finegrained sericite and phlogopite (Fig. 5.9). Microcline has been completely replaced by
albite in these samples (25-45 vol. %), and testing by HCl indicates that minor calcite
is also present
Sericitized fine-grained alkali-feldspar syenite sample 08-13-05 (Fig. 5.10) is
modally similar to the pegmatitic rocks (Table 5.1), i.e. it is composed predominantly
of anhedral microcline crystals set in a groundmass dominated by muscovite with
minor albite, phlogopite and calcite. Unique to this unit, however are black wedgeshaped pseudomorphs up to 2 cm in length (Fig. 5.10a) that make up ~5 vol. % of the
rock. The pseudomorphs, shown in Figure 5.11a, are composed predominantly of
calcite and albite with abundant inclusions of phlogopite, apatite, monazite and an
unidentified Ca-REE mineral (presumably, a fluorocarbonate: see below). Similarly
shaped pseudomorphs were observed in sample 08-02-02; they consist of a hydrated
monazite core and a calcite-apatite rim (Fig. 5.11b). The hydrated monazite was
identified by a combination of EDS and Raman spectroscopy. The Raman spectrum for
this mineral (Appendix II.2) contains peaks in the range interpreted to represent water
in the crystal lattice (3300 to 3600 cm-1), but other peaks are more consistent with
monazite than rhabdophane; for example, phosphate vibration modes are observed at
970.5 and 1058.1 cm-1 in monazite as opposed to 980 and 1088 cm-1 in rhabdophane
(Uy et al., 2003).

Table 5.1: Modal composition of representative Cinder Lake alkali-feldspar syenitic pegmatite samples.

87

88

Figure 5.6: Images of alkali-feldspar syenitic pegmatite sample 37-85-141. a) Hand specimen. b) Zoning
in pegmatitic microcline consisting of a Ba-enriched core and Ba-depleted rim, BSE image.
Abbreviations: Ca, calcite; Msc, muscovite.
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Figure 5.7: Hand specimen of albitized alkali-feldspar syenitic pegmatite (sample 08-01-06).
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Figure 5.8: Images of sericitized alkali-feldspar syenitic pegmatite sample (08-02-02). a) Hand
specimen. b) Relict microcline crystal in sericite-dominated matrix, cross-polarized light (XPL) image.
Abbreviations: Mc, microcline; Msc, muscovite.
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Figure 5.9: Images of highly metasomatized alkali-feldspar syenitic pegmatite (sample 08-13-01). a)
Hand specimen. b) Phlogopite veinlet in sericitized matrix, XPL image. Abbreviations: Apt, apatite; Ca,
calcite; Mc, microcline; Msc, muscovite; Phl, phlogopite.
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Figure 5.10: Images of fine-grained sericitized alkali-feldspar syenite (sample 08-13-05). a) Hand
specimen; b) XPL image. Abbreviations: Mc, microcline; Msc, muscovite; Phl, phlogopite; P,
pseudomorphs composed of albite, muscovite, phlogopite, Ca-REE fluorocarbonate (?) and monazite.
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Figure 5.11: a) Pseudomorph after an unknown mineral composed of albite (dark grey) and muscovite
(Msc) with abundant inclusions of phlogopite (Phl), Ca-REE fluorocarbonate (?) and monazite (brightest
minerals in the image,; BSE image; sample 08-13-05. b) Pseudomorph after an unknown mineral
composed of hydrated monazite (Mnz) in the core rimmed by apatite (not visible in the image due to small
grain size) and calcite (Ca) in sericitized alkali-feldspar syenitic pegmatite (08-02-02), BSE image.
Abbreviations: Ab, albite; Mc, microcline..
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Compositional zoning of calcite making up the veins in sample 08-16-01 is
visible in BSE imaging (Fig. 5.12a). The heavier calcite (brighter in Fig. 5.12a) has a
more intense red cathodoluminescence than the lighter calcite (Fig. 5.7b). These calcite
veins also contain phlogopite (20 to 30 %), magnetite (1 to 5 %), albite (1 to 5 %), rutile
(<1%), apatite (<1%) and trace amounts of small (< 100 μm) anhedral monazite
crystals. Zoning in calcite from sample 08-13-04 is not detectable in BSE images (Fig
5.12c), but cathodoluminescence indicates dimmer red cathodoluminescence in
interstitial calcite and calcite rims developed on more intensely luminescing crystals
(Fig. 5.12d). The calcite veins in sample 08-13-04 are devoid of phlogopite and
magnetite; aggregates of acicular zircon and an unidentified Fe phase occur along the
contact of the veins (Fig. 5.12c). The EDS spectrum of the Fe-phase indicates that it
also contains small amounts of Si, likely representing an amorphous Fe oxihydroxide.
The same Fe-rich material forms spherulites (<50 μm across) with an acicular Ca-REE
mineral (probably the same mineral as that observed in pseudomorphs in sample 08-1305).
Fine-grained calcite and phlogopite veinlets up to 5 cm in thickness are common
in the pegmatites exposed on the ridge, reaching the highest concentration (up to ~45
vol. % in sample 08-13-04; Fig. 5.13) in samples from the northeastern portion of the
ridge. Calcite-bearing samples 08-14-01, 08-15-01 and 08-16-01 have also been
significantly sericitized, whereas sericitization in the calcite-rich sample 08-13-04
sample is relatively minor. Interstitial medium-grained (1.5 to 2.5 mm in diameter)
phlogopite is also present in these calcite-bearing pegmatite samples (Fig. 5.13c). In
sample 08-13-04, the medium-grained phlogopite grains are replaced to a variable
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extent by andradite, titanite and magnetite (Fig. 5.13d). Larger titanite crystals (up to 1
mm across) occur in association with phlogopite, magnetite and calcite and contain
relict rutile in their cores.
Unevenly distributed throughout the pegmatite ridge, apatite occurs as euhedral
prisms up to 8 mm long, fractured and crosscut by phlogopite stringers. The greatest
abundance of apatite (locally up to 5 vol. %) is observed in calcite-rich sample 08-1304. Small euhedral to subhedral apatite crystals (generally less than 50 μm) occur as
minute inclusions in calcite veinlets and large phlogopite grains (Fig. 5.13c).
Some of the larger apatite crystals display alteration to a very fine-grained
aggregate consisting of a Fe-rich material and Ca-REE mineral (Fig. 5.14b) similar to
those observed in the calcite veins (sample 08-13-04) and black pseudomorphs in the
fine-grained sericitized alkali-feldspar syenite (08-13-01: Fig. 5.14b). The EDS
spectrum of small rare skeletal-like wedge-shaped grains found in a phlogopite veinlet
in sericitized pegmatite sample 08-02-02 indicates that it is composed of a similar
material. A well-resolved Raman spectrum of the Ca-REE mineral could not be
measured in any of the above parageneses due to its very small grain size (only a few
microns in the longest dimension) and close association with the Fe-rich material,
whose strong fluorescence under the 532 nm and 633 nm lasers interferes with the
measurement. Discrete Raman peaks were only identifiable in the Raman spectrum of a
skeletal grain in sample 08-02-02 (Appendix II.1). The measured peaks at 1081.9 and
1098.9 cm-1 are comparable with C-O vibration modes observed in the Raman spectra
of synchysite from Bear Lodge, Wyoming (M. Moore, pers. commun.) and Val Nalps,
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Switzerland (retrieved from http://rruff.info/synchysite-(ce)/). However, none of the
peaks in the 150 to 1000 cm-1 range were observed in the Cinder Lake material.

Figure 5.12: Images of calcite veinlets in syenite pegmatites. a) Calcite veinlet in alkali-feldspar syenitic
pegmatite (sample 08-16-01) containing rutile, phlogopite, muscovite and albite, XPL. b) CL image of
irregular calcite zoning in sample 08-16-01. c) Calcite veinlets in calcite-rich pegmatite (sample 08-1304) encrusted by Fe oxihydroxide material and spherulites composed of fluorocarbonate (brightest
mineral in the image), XPL. d) CL image of zoning in calcite composing veinlets (sample 08-13-04).
Abbreviations: Ab, albite; Ca, calcite; Mc, microcline; Msc, muscovite; Phl, phlogopite; Rtl, rutile.
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Figure 5.13: Images of calcite-rich alkali-feldspar syenite pegmatite (sample 08-13-04). a) Hand
specimen. b) Calcite veining and medium-grained phlogopite, XPL image. c) Apatite and titanite
inclusions (bright inclusions along cleavage planes) in phlogopite, BSE image. d) Fe-rich phlogopite (Fe
-Phl) replaced by andradite, Fe-poor phlogopite (Mg-Phl) and magnetite. Abbreviations: Ab, albite;
Adr, ; Apt, apatite; Ca, calcite; Mc, microcline; Mgt, magnetite; Msc, muscovite; Phl, phlogopite.
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Figure 5.14 (p. 98): Back-scattered electron images of fluorocarbonate (?) in alkali-feldspar syenitic
pegmatites. a) Spherulites composed of acicular fluorocarbonate (?) and Fe-oxihydroxide in calcite
veins (sample 08-13-04). b) Replacement of apatite by mixed fluorocarbonate (?) and Fe-oxihydroxide
(sample 08-13-04). c) Skeletal crystal of fluorocarbonate in phlogopite vein (sample 08-02-02).
Abbreviations: Ab, albite; Apt, apatite; Ca, calcite; Mc, microcline; Phl, phlogopite.

Also present in some calcite veinlets is britholite [(REE,Ca)5(SiO4,PO4)3
(OH,F)] occurring as minute inclusions and rare crystals up to ~50 μm in diameter
(observed in samples 37-85-139 and 08-02-02). Minute inclusions of zirconolite
[(Ca,Ce)Zr(Ti,Nb,Fe)2O7] were observed in one calcite veinlet in sample 08-02-02.
Small (<10 μm) anhedral crystals of zircon occur with secondary albite, phlogopite,
calcite and muscovite, sometimes forming irregularly shaped aggregates (<0.1 mm in
diameter).
Large (up to 20 cm wide) veins of black andradite crosscut alkali-feldspar
syenitic pegmatite at sampling locations 37-85-140, 08-02-02 and 08-02-03 (Fig. 5.15).
The veins are dominantly monomineralic with other constituents composing less than 5
vol.%. Fine-grained (typically <0.5 mm) titanite, phlogopite, magnetite, riebeckite,
clinopyroxene, albite, calcite and minor microcline occur along fractures in the
andradite. In plane-polarized light (PPL), the andradite is predominantly brownish-red,
whereas along fractures, it is yellow in colour (Fig. 5.15b). Tremolite occurs as
lamellae or patches in intermixed riebeckite and clinopyroxene grains (riebeckite and
clinopyroxene are indistinguishable in BSE images: Fig. 5.15c). The yellow andradite
has a slightly lower atomic number (AZ) in BSE images than the more dominant
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brownish-red andradite owing to slightly lower concentrations of Ti, Fe and a number
of trace elements (see section 6.6). Microcline at the contact with the andradite veins
(sample 37-85-140) is commonly replaced by a mixture of albite, titanite and calcite,
and by magnetite near the calcite veinlets. Rutile, instead of titanite, was observed
along the contact with some calcite veinlets.
The pegmatite dykes in the southeastern corner of Cinder Lake (08-05-01 and 0806-01) are composed predominantly of euhedral dark-grey microcline prisms up to 2.5
cm in length with common albite lamellae (Fig. 5.16). Pegmatite sample 08-05-01 was
examined in thin-section (Fig. 5.16c). Albitization, epidotization and minor
biotitization and sericitization are common along microcline grain boundaries and
fractures. The pegmatite dyke at location 08-05-01 is pink whereas pegmatite 08-06-01
has a darker colour owing to biotitization. Fine-grained (<100 μm) partially to
completely oxidized pyrite forms aggregates with secondary albite and epidote.
Accessory euhedral titanite, magnetite, ilmenite, allanite and apatite form aggregates up
to 1 mm in diameter. Magnetite rimmed by ilmenite occurs commonly in the core of
these aggregates whereas their outer rim is composed predominantly of titanite with
minor allanite. Allanite is also common as rims on apatite crystals. Subhedral crystals
of zircon up to 200 μm across are a rare accessory constituent in pegmatite dyke 08-0501.
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Figure 5.15: Andradite veins in syenitic pegmatites. a) Field photo (by A. Chakhmouradian). b) Grain
boundary between andradite crystals consisting of light yellow andradite, titanite, calcite, phlogopite,
magnetite and clinopyroxene listed in order of decreasing abundance, PPL; c) Exsolution texture of
tremolite intergrown with riebeckite and clinopyroxene (indistinguishable in BSE images) in calcite
along andradite crystal boundary, BSE. d) Zoned phlogopite crystal in a titanite-calcite aggregate along
andradite grain boundary, BSE. Abbreviations: Adr, andradite, Ca, calcite, Mgt, magnetite, Peg,
pegmatite; Phl, phlogopite, Rib, riebeckite; Ti, titanite; Trm, tremolite.
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Figure 5.16: Images of pegmatite dyke samples. a) Hand specimen 08-05-01. b) Hand specimen 08-0601. c) Large microcline crystal in sample 08-05-01, XPL. Abbreviations: Ab, albite; Mc, microcline.

5.2.2 Cancrinite-nepheline syenite
Cancrinite-nepheline syenite outcrops on islands in the southern part of Cinder
Lake at locations 37-85-138, 08-03-01 and 08-08-01 (Fig. 4.1). This rock unit is finegrained, massive and mesocratic to leucocratic, depending on the relative abundance of
mafic minerals (Fig. 5.17 and 5.18, respectively). Clinopyroxene-bearing cancrinitenepheline syenite samples (37-85-138 and 08-03-01) consist mainly of fine-grained
clinopyroxene prisms set in a groundmass composed of anhedral microcline and
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nepheline partially replaced by albite and cancrinite, respectively. In places, secondary
muscovite, natrolite and minor stronalsite (SrNa2Al4Si4O16) also occur in association
with cancrinite and albite. Cancrinite is recognizable in cross-polarized light by its
upper first-order to lower second-order interference colours (δ = 0.015-0.025), its
uniaxial negative optic sign and low relief. The birefringence of cancrinite decreases
with an increasing proportion of vishnevite component (see Table 3.1 for mineral
formulae). Calcite is a minor constituent found in association with cancrinite. Allanite
is commonly developed along calcite grain boundaries with cancrinite (Fig 5.19a).
Nepheline and cancrinite in the mesocratic samples are confined to late
interstitial phases, whereas in the leucocratic sample (08-08-01), nepheline occurs as
larger (up to 1 mm across) resorbed grains altered to cancrinite around the rim and
surrounded by interstitial microcline (Fig. 5.18b). Samples 37-85-138 and 08-03-01 are
composed of 40-45 vol.% microcline, 10-45 vol.% nepheline, 10-15 vol.% albite, 5-30
vol.% cancrinite (and other secondary minerals), 10-35 vol.% clinopyroxene, 5-10
vol.% phlogopite and <1 vol.% of combined calcite, titanite, magnetite, apatite,
monazite, britholite and thorite. Leucocratic cancrinite-nepheline syenite 08-08-01 is
composed of 40-45 vol.% microcline, 10-20 vol.% nepheline, 20-30 vol.% cancrinite, 1
-5 vol.% calcite, 1-5 vol.% phlogopite and <1 vol.% of combined titanite, magnetite,
apatite, monazite and britholite.
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Figure 5.17: Images of cancrinite-nepheline syenite. a) Hand specimen 08-03-01. b) Groundmass
cancrinite associated with microcline, albite and nepheline, XPL (sample 08-03-01). c) Clinopyroxene
phenocrysts with aegirine-augite rim (green) and diopside core (colourless) and altered to andradite
along their rim (sample 37-85-138), XPL. Abbreviations: Ab, albite; Ca, calcite; Can, cancrinite; Cpx,
clinopyroxene; Mc, microcline; Ne, nepheline; Phl, phlogopite.
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a

b

Figure 5.18: Images of leucocratic cancrinite-nepheline syenite (sample 08-08-01). a) Hand specimen.
b) Resorbed nepheline crystals partially replaced by cancrinite, XPL. Abbreviations: Can, cancrinite;
Mc, microcline; Ne, nepheline.
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Figure 5.19 (p. 106): Reaction textures in syenites. a) Allanite rim between cancrinite and calcite in
leucocratic cancrinite-nepheline syenite (sample 08-08-01). b) Strontianite rim between vishnevite and
calcite in vishnevite syenite (sample 08-12-02). c) Andradite rim with minor associated phlogopite and
allanite surrounding calcite in porphyritic cancrinite syenite (sample 08-12-02). Abbreviations: Ab,
albite; Adr, andradite; Aln, allanite; Can, cancrinite; Mc, microcline; Mgt, magnetite; Phl, phlogopite;
Stn, strontianite.

Clinopyroxene represented predominantly by aegirine-augite occurs typically as
euhedral 0.1 to 1 mm long prisms although larger grains (1-3 mm) were also observed
in some samples. These crystals are optically zoned and consist of a diopside core
rimmed by aegirine-augite. In polarized light, diopside is colourless and has a
birefringence of ~0.024, whereas aegirine-augite is pleochroic from light- to dark-green
and has a birefringence of ~0.035. An andradite rim is typically developed around
aegirine-augite crystals. Fine-grained (0.1-0.2 mm) phlogopite occurs in the nephelinecancrinite groundmass and is commonly associated with fine-grained euhedral crystals
of titanite and magnetite. Minute inclusions of magnetite are also common in
nepheline. Combined BSE imaging and EDS analysis indicate the presence of rare
small (0.1 to 0.5 mm long) apatite crystals showing complex zoning due to variations in
Sr and REE contents. Small (≤100 μm) monazite and britholite crystals occur in
association with some apatite crystals. Britholite crystals are metamict, especially
towards the rim. A single ovoid grain (~0.1 mm in diameter) of thorite surrounded by
an alteration halo was observed in sample 08-03-01 (Fig. 5.20). The thorite grain
occurs isolated in albite and associated with a small phlogopite grain that crosscuts the
radiation damage halo.
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Figure 5.20: Ovoid thorite crystal in cancrinite-nepheline syenite. Abbreviations: Mc, microcline; Phl,
phlogopite; Thr, thorite.

5.2.3 Götzenite-bearing nepheline syenite
In contrast to the cancrinite-nepheline syenite described above, nepheline
syenite sampled from a boulder along the eastern shore of Cinder Lake (sample 08-1701: Fig. 5.21) is devoid of secondary albite and cancrinite (although it does contain rare
secondary stronalsite along microcline grain boundaries). In common with the
cancrinite-nepheline syenites, aegirine-augite is the principal mafic constituent in this
rock occurring as euhedral prisms up to 1 mm in length set in a microcline-nepheline
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groundmass (Figs. 5.21b). Andradite alteration of aegirine-augite was only observed in
a few grains. Abundant minute inclusions (~10 μm) of aegirine are enclosed in
nepheline. Rare interstitial phlogopite up to 1 mm in length occurs with aegirine-augite
prisms and fine-grained (<50 μm) euhedral titanite. The nepheline syenite also contains
a Ca-Na-Zr-Ti silicate not observed in any of the other samples and tentatively
identified here as götzenite, a member of the rosenbuschite mineral group (Fig. 5.21b).
Rosenbuschite-group minerals are complex Ca- and Na-bearing zircono- and
titanosilicates that occur as accessory minerals in silica-undersaturated alkaline rocks
(e.g., Christiansen & Johnsen, 2003). Combined BSE imaging and EDS analysis
indicate that götzenite crystals are compositionally zoned with respect to Ca, Na, Al
and Ti. Crystals of Sr-rich apatite (<100 μm in length) are common in association with
nepheline and as inclusions in aegirine-augite.

5.2.4 Vishnevite syenite
Vishnevite syenite differs from (cancrinite)-nepheline syenites by the presence of
vishnevite and absence of nepheline. Vishnevite can be distinguished from cancrinite
by its lower first-order interference colours (δ = 0.005 – 0.015). This rock unit is finegrained, weakly trachytoidal and predominantly mesocratic (Fig. 5.22) but locally
contains leucocratic aggregates, veins and lenses composed of microcline, vishnevite
and calcite.
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Figure 5.21: Images of götzenite-bearing nepheline syenite (sample 08-17-01). a) Hand specimen. b)
PPL image. Abbreviations: Cpx, clinopyroxene; Göt, götzenite; Mc, microcline; Ne, nepheline.
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Figure 5.22: Images of vishnevite syenite. a) Hand specimen 08-03-02. b) PPL and c) XPL images of
phlogopite replaced by andradite and pyrite (sample 37-85-142). Abbreviations: Adr, andradite; Mc,
microcline; Phl, phlogopite; Pyr, pyrite; Vsh, vishnevite.

Samples 37-85-142 and 08-03-02/03 are composed of fine-grained (<1 mm in
length) subhedral to euhedral microcline prisms (30-40 vol.%) set in a mosaic of
vishnevite (15-30 vol.%), albite (~10 vol.%), calcite (0-10 vol.%) and abundant small
(up to 0.5 mm long) platy phlogopite crystals (20-30 vol.%). Rare grains of sodalite and
fluorite <50 μm across are also present in the vishnevite-albite-calcite mosaic.
Phlogopite is replaced by andradite, titanite and magnetite to various degrees. Larger
subhedral titanite crystals up to 1.5 mm lengthwise are rarer. Small (<0.5 mm) pyrite
and magnetite crystals also occur disseminated throughout the groundmass. Zoned
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apatite crystals up to 0.5 mm in length commonly occur in association with phlogopite,
titanite and calcite, and locally also as inclusions in these minerals. Allanite is
developed along the edges of some apatite crystals and more rarely occurs as
irregularly shaped fine-grained aggregates that show strong concentric zoning. Zircon
crystals are present in trace concentrations as minute inclusions (<10 μm) embedded in
phlogopite and as euhedral crystals up to 50 μm in the albite-vishnevite mosaic.
Samples from 08-12-02, 08-12-03 and 08-12-04 are mineralogically very
similar to samples 37-85-142 and 08-03-02, but show a more pronounced trachytoidal
texture (Fig. 5.23). Approximate modal proportions are 35-45 vol.% microcline, 1-5
vol.% albite, 35-45 vol.% vishnevite, 15-25 vol.% phlogopite and ≤ 1 vol.% calcite.
Other minerals such as andradite, magnetite, pyrite and titanite constitute < 1 vol.% of
the rock. In these samples, strontianite and stronalsite are commonly developed along
grain boundaries between calcite and vishnevite (Fig. 5.19b). Strontianite not
associated with calcite is also observed along the edges of some microcline phenocrysts
in sample 08-12-04. Sodalite with abundant minute inclusions of celestine occurs along
grain boundaries of vishnevite in sample 08-12-04 (Fig. 5.23c). Larger anhedral
inclusions of celestine with barite in the core are enclosed in some vishnevite grains. A
complex exsolution (or replacement) texture consisting of patches and lamellae of
cancrinite in these vishnevite grains is observed in sample 08-12-04 (Fig. 5.23d). These
grains are also characterized by abundant minute inclusions of celestine (< 5 μm).
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Figure 5.23: Images of vishnevite syenite. a) Hand specimen 08-12-03. b) Trachytoidal texture (sample
08-12-04), XPL. c) Sodalite and celestine developed along vishnevite grain boundaries (sample 08-1204), BSE. d) Exsolution (?) texture consisting of cancrinite lamellae in vishnevite (sample 08-12-04),
BSE. Abbreviations: Ab, albite; Ca, calcite; Cls, celestine; Mc, microcline; Phl, phlogopite; Vsh,
vishnevite.
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Larger euhedral pyrite grains are commonly aggregated with anhedral aegirine
crystals (both up to 0.5 mm in size) in sample 08-12-04. Aegirine crystals are unusual
in lacking any color and pleochroism in thin section, but are identifiable on the basis of
their Raman and EDS spectra. Sample 08-12-04 also contains abundant zircon crystals
significantly larger than zircon from any other Cinder Lake rock (up to 0.4 mm across).
Abundant small (<100 μm in length) wedge-shaped titanite crystals are closely
associated with phlogopite in this sample.
Sample 08-07-01 from the southeastern shore and boulders from location 08-0401 contain leucocratic veins and lenses composed predominantly of calcite and
vishnevite. The lenses in 08-07-01 are elongated, parallel to each other and compose 10
-20 vol. % of the rock (Fig. 5.24). The rest of the rock is compositionally similar to the
vishnevite syenites described above and is composed of 35 vol.% microcline, 25 vol.%
vishnevite, 20 vol.% phlogopite, 10 vol.% albite and 10 vol.% calcite. Accessory
minerals are similar to those described above for 37-85-141 and 08-03-02. Also present
are large (up to 1 mm) subhedral pyrite crystals aggregated with aegirine. The later
mineral has the same unusual optical properties as aegirine in sample 08-12-04, but has
a euhedral wedge-like shape in thin section. A patchy zoned texture is observed in the
pyrite crystals with the patches composed of chalcopyrite (determined by EDS). A rare
elongate (up to 1 mm long) complexly zoned (radioactively altered mineral?) aggregate
is unique to sample 08-07-01 (Fig. 5.24c).

115

116

Figure 5.24 (p. 115): Images of leucocratic veined vishnevite syenite (sample 08-07-01). a) Hand
specimen. b) Leucocratic vein (outlined by dashed red line) composed of microcline, calcite and
vishnevite; XPL. c) Unidentified complexly zoned aggregate, BSE image. Abbreviations: Ca, calcite; Mc,
microcline; Phl, phlogopite; Vsh, vishnevite.

Leucocratic lenses in sample 08-04-01 are around 3 cm in diameter and
compose around 45 vol.% of the rock (Fig. 5.25). Planar alignment of the leucocratic
lenses and bent phlogopite crystals defines the foliation of this rock (Fig. 5.25b). The
lenses consist of euhedral microcline prisms up to 4 mm in length set in a vishnevitecalcite mosaic exhibiting triple-junction grain boundaries (Fig. 5.25c). Microcline
commonly contains albite lamellae. The melanocratic phase (Fig. 5.25d) that hosts the
leucocratic lenses is composed of subhedral microcline grains up to 1 mm across (3040 vol.%) set in a groundmass dominated by phlogopite (40-50 vol.%) with minor
vishnevite (5-10 vol.%), calcite (5 vol.%) and albite (10-20 vol.%). Minor sodalite is
observed in association with vishnevite, most commonly along grain boundaries.
Phlogopite crystals are bent and commonly partially altered to albite, which is
concentrated along cleavage planes. Small wedge-shaped crystals of titanite and zoned
apatite crystals, similar to those described in other vishnevite syenite samples,
commonly occur in association with phlogopite. Small (<50 μm) subhedral allanite
occurs as small clusters throughout the melanocratic phase, and is commonly present as
inclusions in phlogopite.
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Figure 5.25: Images of lenticular vishnevite syenite( sample 08-04-01). a) Hand specimen. b)
Leucocratic lens composed of microcline, calcite and vishnevite; BSE image. c) Melanocratic phase
composed of microcline, phlogopite, albite, vishnevite and apatite; BSE. d) Bent phlogopite crystals
showing albitization along cleavage planes in melanocratic phase, BSE. Abbreviations: Ab, albite,
albite; Apt, apatite; Ca, calcite; Mc, microcline; Phl, phlogopite; Ti, titanite; Vsh, vishnevite.

5.2.5 Porphyritic cancrinite syenite
Porphyritic cancrinite syenite occurs in close association with vishnevite syenite
on the island just south of Wickstrom Island (sampling locations 08-12-01, 08-12-05
and 08-12-06). At sampling location 08-12-06, porphyritic cancrinite syenite is
observed as xenoliths in vishnevite syenite. The unit is mesocratic (Fig. 5.26a & b) to
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melanocratic (Fig. 5.26c & d), fine-grained and has a similar appearance to the
vishnevite syenite, but is distinguished from the latter by the presence of dark-brown
prismatic phenocrysts of microcline up to 5 mm in length. In the mesocratic variety
(sample 08-12-01), microcline phenocrysts constitute 10-15 vol.% of the rock. The
groundmass (Fig. 5.26b) is composed of albite (35-40 vol.%), microcline (10-15
vol.%), cancrinite (15-25 vol.%), phlogopite (10-15 vol.%) and stronalsite (1-5 vol.%).
Groundmass microcline commonly contains minute inclusions (<10 μm) of stronalsite
and zircon. Magnetite, titanite, andradite and epidote commonly aggregate with
interstitial phlogopite. Irregularly shaped white clots up to 1.5 mm in diameter are
composed predominantly of cancrinite, minor microcline and stronalsite and
commonly contain titanite crystals up to 0.5 mm in size (Fig. 5.26b). Rare irregularly
shaped clots ~ 0.5 mm in diameter of calcite are bordered by a rim of andradite with
minor phlogopite and allanite (Fig. 5.19c). Epidote commonly rimmed by allanite
forms crystals up to 100 μm in size disseminated throughout the groundmass.
In the melanocratic variety (sample 08-12-05; Figs. 5.26c-d), groundmass and
phenocrystic microcline has been almost completely replaced by albite and stronalsite.
Microcline phenocrysts constitute only 5 vol.% of the rock (08-12-05). Stronalsite is
commonly developed along cleavage planes of albitized microcline phenocrysts and
also occurs as anhedral grains in the groundmass. Fluorite is more abundant in the
melanocratic variety than the mesocratic variety, occurring in the groundmass and
along the rim of altered microcline phenocrysts, as are andradite, titanite and magnetite
forming crystals up to 0.6 mm in diameter. In contrast, phlogopite is less abundant in
the melanocratic variety compared to the mesocratic variety. Phlogopite is observed in
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the cores of some andradite crystals in the melanocratic variety, but occurs more
commonly as unaltered fine-grained laths (<0.1 μm in length) disseminated throughout
the groundmass. The modal composition of the rock is 30-40 vol.% albite, 20-30 vol.%
cancrinite, 10-15 vol.% andradite, 5-10 vol.% phlogopite, ~1 vol.% stronalsite and 5
vol.% microcline. Not observed in the mesocratic variety but present in the
melanocratic variety are fine-grained (<50 μm) subhedral to anhedral apatite, pyrite and
sphalerite grains disseminated throughout the groundmass and accounting for < 1
vol.% of the rock.
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Figure 5.26: Images of porphyritic cancrinite syenite. a) Mesocratic porphyritic cancrinite syenite,
hand specimen 08-12-01. b) Fresh and pseudomorphed (by cancrinite) microcline phenocrysts in
mesocratic porphyritic cancrinite-syenite (sample 08-12-01), XPL. c) Melanocratic porphyritic
cancrinite syenite, hand specimen 08-12-05. d) Microcline partially replaced by albite and stronalsite
in melanocratic porphyritic cancrinite syenite (sample 08-12-05), XPL. Abbreviations: Can, cancrinite;
Mc, microcline; Ti, titanite.
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Chapter 6: Mineral Chemistry
Selected representative compositions of minerals are presented in the tables in this
chapter. Additional results of WDS analysis are available in Appendix III.

6.1. Feldspars
6.1.1 Potassium feldspars
With the exception of albitite (sample 08-09-02), potassium feldspar (typically
microcline) is present in all lithologies at Cinder Lake. Representative compositions of
the mineral are given in Table 6.1. The key substitutions in microcline are Na1+ and
Ba2+ for K1+ represented by the end-members albite (Ab: NaAlSi3O8) and celsian (Cls:
BaAl2Si2O8), respectively. The Ba-substitution is accompanied by the substitution of
Al3+ for Si4+ to maintain charge balance. The obtained microcline compositions are
plotted in the ternary system BaAl2Si2O8-KAlSi3O8-NaAlSi3O8 in Figure 6.1. Strontium
was analyzed but was below the detection limit (approximately 0.15 SrO wt. %) in all
analyses. Minor substitution of Si4+ by Fe3+ is present in the potassium feldspar at
Cinder Lake but never accounts for more than 0.02 atoms per formula unit (apfu).

Table 6.1: Representative compositions of potassium feldspar.
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Table 6.1 (cont.)
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Figure 6.1: Microcline compositions (mol.%) plotted in ternary system BaAl2Si2O8-KAlSi3O8-NaAlSi3O8 .

The highest Cls content (Kfs90.9Ab4.0Cls5.1: Kfs = KAlSi3O8) is observed in the
high-AZ cores of microcline crystals (HiAZ in Table 6.1) from the least altered
pegmatite samples from the ridge (sample 37-85-141; Fig. 6.1). Toward the rim and
near fractures (MedAZ and LoAZ in Table 6.1), microcline becomes depleted in Ba
(towards Kfs95.8Ab3.7Cls0.5). A slight enrichment in Fe3+ accompanies Ba-enrichment in
the microcline (from 0.14 ± 0.03 to 0.26 ± 0.07 oxide wt. % from LoAZ to HiAZ in
Table 6.1). In the metasomatized pegmatite samples microcline lacks detectable Ba
(Kfs96.6Ab3.4 in sericitized sample 08-02-02). Sodium is depleted to a smaller degree in
microcline moving from the core rim-ward and in metasomatized samples (from 4.0 to
3.4 mol. % Ab). Microcline from pegmatite dyke sample 08-05-01 lacks detectable Ba.
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The Ba-content in microcline from the fine-grained syenites is lower than in the
Ba-rich cores of microcline from the pegmatites but greater than in their Ba-depleted
rims and microcline from the metasomatized parageneses. Intragranular variations in
Ba are less extreme in potassium feldspar from the fine-grained syenites (e.g., LoAZ
vs. HiAZ in 08-04-01; Table 6.1). Depletion in Ba is observed in microcline
phenocrysts in porphyritic cancrinite-syenite sample 08-12-01 (Kfs96.91Ab3.1Cls1.0 to
Kfs97.0Ab3.0Cls0.0 from core to rim). In this rock, groundmass microcline has a Bacontent similar to that in the phenocryst rims, but is more sodic (Kfs96.0Ab4.0: Table
6.1). Less compositional variation is observed between phenocrystic and groundmass
microcline in the more cancrinite-rich sample 08-12-05. The Na-content of potassium
feldspar from the fine-grained syenites is more variable than in microcline from the
pegmatites, whereas there is no significant variation in Na-content among the syenitic
units (Fig. 6.1).
The composition of potassium feldspar from the monzogranite varies with
increasing grade of fenitization. From the least altered monzogranite sample 08-10-01
to the most fenitized (quartz-free) sample 8-10-04, there is a decrease in Ba and Na
concentrations (from Kfs93.1Ab4.9Cls2.0 to Kfs97.0Ab3.0Cls0.0).

6.1.2 Plagioclases
Albite is the most common secondary mineral observed at Cinder Lake,
occurring as replacement rims and exsolution lamellae in microcline. Representative
compositions of albite in each of the major petrographic units are given in Table 6.2.
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All compositions approach the end-member formula (≤ 10 mol. % An = CaAl2Si2O8;
Fig. 6.2), but crystals are commonly zoned with the high AZ zones (HiAZ) containing
higher Ca levels than the low-AZ zones (LoAZ); such zoning patterns are observed in
cancrinite-nepheline syenite, albitite, monzogranite, fenite xenolith and the pegmatite
dyke (Table 6.2). Albite in the fenitized monzogranite, most pegmatite samples and
vishnevite syenite is typically unzoned and contains very low levels of substituent
elements (An<0.4Ab99.2-99.5Kfs0.4-0.7: Fig. 6.2).
The monzogranite differs from the syenitic rocks in containing Ca-rich sodic
plagioclase showing significant variations in composition (Table 6.2). The main
substitution mechanism observed in this mineral is Ca2+ + Al3+ ↔ Na1+ + Si4+ (Fig.
6.2), and accounts for a transition from the Ca-rich core of plagioclase crystals
(An20.7Ab78.3Kfs1.0) to their sodic rim (An6.1Ab93.9Kfs0.0). The K-content is consistently
low in the monzogranite plagioclase (< 0.4 wt. % K2O). The composition of
groundmass albite in the monzogranite (An1.9-9.5Ab90.0-97.7Kfs0.4) overlaps the
composition of the sodic rims of larger plagioclase crystals.

Table 6.2: Representative compositions of plagioclase.
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Figure 6.2: Compositional variation of plagioclases expressed in terms of Ca, Na and Al atoms per
formula unit (apfu).
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6.1.3 Stronalsite
Stronalsite (SrNa2Al4Si4O16) occurs as a secondary mineral developed after
microcline and nepheline in association with albite and cancrinite (Fig. 6.3). Stronalsite
forms a complete solid solution with banalsite (BaNa2Al4Si4O16) and has a crystal
structure similar to that of nepheline (Liferovich et al., 2006). Stronalsite grains large
enough for WDS analysis were observed only in porphyritic cancrinite syenite (Table
6.3; Fig. 6.3b). Stronalsite from the less metasomatized sample (08-12-01) shows little
Ba substitution (0.02 apfu) in comparison with the more cancrinite-rich sample (08-1205: 0.04-0.06 apfu); minor concentrations of K, Ca and Fe are also observed, but are
typically less than 0.01 apfu. It is assumed that K1+ would substitute for Na1+, Ca2+ for
Sr2+ and Fe3+ for Al3+ based on similar atomic properties.

Figure 6.3: Back-scattered electron images of stronalsite. a) Stronalsite and muscovite associated with
cancrinite after nepheline in cancrinite-nepheline syenite (08-08-01). b) Stronalsite occurring along
cleavage planes in albitized microcline and as anhedral crystals in porphyritic cancrinite syenite (08-1205). Abbreviations: Ab, albite; Can, cancrinite; Mc, microcline; Mgt; magnetite; Msc, muscovite; Ne,
nepheline; Str, stronalsite.
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Table 6.3: Representative compositions of stronalsite.
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6.2 Feldspathoids
6.2.1 Nepheline
Representative compositions of nepheline in the cancrinite-nepheline syenite and
nepheline syenite are given in Table 6.4 and plotted in the conventional ternary SiO2NaAlSiO4- KAlSiO4 diagram in Figure 6.4. The composition of this mineral varies only
slightly among the studied samples. The mole content of NaAlSiO4 is relatively
constant among the samples (75 to 76 mol. %) approaching the Buerger-Hamilton
composition (Buerger et al., 1954) whereas the proportion of SiO2 increases and that of
KAlSiO4 decreases from the götzenite-bearing nepheline syenite to the clinopyroxenebearing cancrinite-nepheline syenite and leucocratic cancrinite-nepheline syenite (Fig.
6.4), a trend that is commonly observed in nepheline which crystalized from slowlycooled plutonic bodies (Chakhmouradian and Mitchell, 2002: Fig. 6.5). An increase in
the SiO2-component is accompanied by an increase in vacancies in the alkali (A) site
and in Si:Al ratio in the tetrahedral (T) site (cf. analyses 08-17-01 and 08-08-01 in
Table 6.4).
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Table 6.4: Representative compositions of nepheline.
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Figure 6.4: Compositional variation of nepheline expressed in terms of three principal end-member
components: SiO2, NaAlSiO4 and KAlSiO4.
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Figure 6.5: Composition of nepheline from other alkaline complexes expressed in terms of three
principal end-member components: SiO2, NaAlSiO4 and KAlSiO4 (after Chakhmouradian & Mitchell,
2002). Circles and stars indicate composition from pegmatite and nepheline syenite from Crazy
Mountains, Montana.
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6.2.2 Cancrinite-vishnevite solid solution
Representative compositions of intermediate members of the cancrinitevishnevite solid solution are given in Table 6.5. The key substitution that defines the
solid solution is 2Na1+ + (SO4)2- ↔ 2Ca1+ + 2(CO3)2- (Grundy & Hassan, 1982) which
is reflected in a negative correlation between Ca2+ and Na1+ in the analyses obtained in
the present work (Fig. 6.6a). Pure end-members [Can: Ca2Na6Al6Si6O24(CO3)22H2O;
and Vsh: Na8Al6Si6O24(SO4)2H2O] are not observed at Cinder Lake and all analyses
contain a proportion of both end-members. The measured compositions range from
Can6.7Vsh93.3 (in vishnevite syenite sample 08-04-01) to Can90.6Vsh9.4 (in cancrinitenepheline syenite sample 08-08-01). A moderate positive correlation exists between K
(≤ 0.16 apfu) and Na (Fig. 6.6a). The measured SO42- and calculated CO32- contents
show a stronger correlation with Ca than Na (Figs. 6.6a & b). In the range 0.82 to 0.87
Ca apfu (sample 08-07-01), SO42- concentration deviates from the otherwise linear
trend (from 0.5-0.6 to 0.3-0.4 apfu SO42-: Fig. 6.6b).
The compositions of the cancrinite-group minerals from the Cinder Lake
complex are plotted in the discrimination diagram of Hassan & Grundy (1984) in
Figure 6.7. The obtained compositions cover nearly the entire cancrinite-vishnevite
series, but plot in the field of non-stoichiometric compositions (“A” in Fig. 6.7). The
sum of alkaline and alkali-earth cations (Na, K, Ca and Sr) in the cancrinite-group
minerals ranges from 7.3 to 7.9 apfu (Table 6.5), deviating from the ideal number (8).
This deviation is interpreted to arise from vacancies in the large-cation site. The Cinder
Lake compositions are also slightly more enriched in silica (Si:Al = 1.01-1.06) than the
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ideal cancrinite-vishnevite formula (Si:Al = 1.00). This enrichment is observed in all
analyses and does not show any correlation with any other substitution.
Compositional variation of the cancrinite-group minerals is also reflected in the
Raman spectra (Appendix II.5 to 10). The most intense peaks in Raman spectra of
cancrinite-group minerals occur at 996 cm-1 and ~1043-1044 cm-1, related to molecular
vibrations of the SO42- and CO32– anions in their crystal structure, respectively
(Reshetnyak et al., 1988). Relative intensities of these peaks reflect the mineral
composition, i.e., the proportion of sulphate and carbonate anions in the formula.
Minerals containing >65 mol.% exhibit an additional SO42– vibration at 991 cm-1.
Bands below 525 cm-1 (i.e. 83.8 cm-1, 88-89 cm-1, 196.0 cm-1, 230-233 cm-1, 269.-276
cm-1, 289-298 cm-1, 335–341 cm-1; 402–404 cm-1; 440-442 cm-1, 465-466 cm-1 and 513
-521 cm-1) are interpreted to be associated with deformational modes of the
aluminosilicate framework O-Si,(Al)-O and (Na,Ca)-O (Reshetnyak et al., 1988).
Minor frequency shifts with compositional variation are observed for peaks in these
ranges. Less intense peaks are observed in the range from 630 to 720 cm-1 and also
appear to be related to the concentration of SO42- and CO32. The 631-635 cm-1 peak is
more dominant in Can-poor compositions and the 718-719 cm-1 peak correlates well
with the CO32– vibrational mode (ν4) observed at 716 cm-1 in calcite (Gunasekaran et
al., 2006). Two peaks confirming the presence of water were observed at ~3540 and
~3590 cm-1. The ~3590 cm-1 peak was not observed in the Can6.5 while the 3540 cm-1
peak shifts towards 3545 cm-1 in the more Can-rich members.
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Table 6.5: Representative compositions of cancrinite-group minerals listed in order of increasing
cancrinite-component (Can).
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Figure 6.6: Compositional variation of cancrinite-group minerals expressed as the per formula unit
content (pfu) of major substituents (K, CO3 and SO4 ) and vacancies relative to (a) Na apfu and (b) Ca
apfu. Linear trends are indicated by dashed lines.
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Figure 6.7: Compositions of cancrinite-group
minerals
plotted in the discrimination diagram of Hassan
SO
4 (pfu)
& Grundy (1984). Dashed line shows the ideal mixing line between the cancrinite (Can) and vishnevite
(Vsh) end-members. Non-stoichiometric cancrinite compositions plot in area A whereas compositions
that plot in area B have complex stacking sequences in their crystal structure. The Cinder Lake
compositions plot as a linear trend from approximately 1 SO42- to 1.43 CO32- per formula unit (pfu).

6.2.3 Sodalite
Sodalite grains large enough for WDS analysis were observed only in vishnevite
syenite samples 37-85-142 and 08-04-01 (Table 6.6). There is little chemical variation
among the obtained sodalite analyses; all compositions fall within the range Na7.3-
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7.6Al6.1Si5.9O24Cl1.9-2.0.

The substitution of Na by Ca and K combined is limited to <0.1

apfu. The Cinder Lake sodalite is slightly more Al-rich in comparison with the ideal
formula (Na8Al6Si6O24Cl2) and contains an appreciable proportion of vacancies (0.4-0.7
apfu) in the Na site.

Table 6.6: Representative compositions of sodalite.
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6.3 Amphibole
Two varieties of amphibole were identified in the examined samples. Hornblende
occurs in monzogranite and riebeckite (with tremolite lamellae) in the andradite veins
(Table 6.7). Hornblende is commonly zoned owing to a decrease in Fe content from a
high-AZ core and low-AZ rim. An Fe3+/(Fe2+ + Fe3+) ratio of 0.23 for the hornblende
was determined by comparing the intensity of the M3 Fe3+ doublet in the Mössbauer
spectrum to the sum of the intensities of the M1, M2 and M3 Fe2+ doublets (Fig. 6.8).
This ratio was used to calculate the formulae listed in Table 6.7.
Three hornblende compositions are observed in the monzogranite (Table 6.7): 1)
the core of “hbl 1” corresponds to the most Al-Fe-K-Na-Ti–rich and Si-Mg-poor
composition; 2) the rim of “hbl 1”, core of “hbl 2” and hornblende mantling phlogopite
have overlapping compositions that are more enriched in Si and Mg, and depleted in
Al, Fe2+ and Ti relative to the core of “hbl 1”; and 3) “hbl 2” is mantled by an
amphibole characterized by an even greater enrichment in Si and Mg (~7.9 apfu Si4+
and 3.7 apfu Mg2+). This compositional variation is demonstrated in Figure 6.9.
Hornblende found in xenoliths in fenitized monzogranite is more Fe-Al-K-Narich, Si-Mg-poor and less drastically zoned compared to that found in the monzogranite
(Fig. 6.9). The high-AZ zones are more Fe-Al-K-Na-rich and Si-Mg-poor compared to
low-AZ zones (Table 6.7). The Mn, Ti and Cr contents combined account for less than
0.2 apfu in the hornblende from the xenoliths.

Table 6.7: Representative compositions of amphiboles.
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Table 6.7 (cont.).
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Figure 6.8: Room-temperature Mössbauer spectrum of monzogranite hornblende. Range of doublets is
indicated by bars at top of graph. An additional doublet was observed in the Mössbauer spectrum which
results from the presence of Fe3+ in epidote inclusions commonly lining the fringes of hornblende
crystals (dotted sub-spectrum). Solid sub-spectra: Fe2+ in M1, M2 and M3 sites; dashed sub-spectrum:
Fe3+ in M2 site.
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Figure 6.9: Compositional variation of amphibole from monzogranite and fenitized monzogranite
expressed in terms of K, Na, Mg, Fe and Si atoms per formula unit (apfu).

146

Representative compositions of riebeckite and tremolite lamellae found in the
andradite veins are given in Table 6.7. Although zoning is not evident from BSE
imaging (Fig. 5.10c), WDS analysis of riebeckite suggests the mineral to contain CaMg-rich zones that correspond to magnesio-riebeckite in composition (Hawthorne and
Oberti, 2006). A representative formula for the tremolite lamellae can be written as:
(□0.9Na0.1)(Ca1.9Na0.1)(Mg3.6Fe2+1.3X3+0.1)(Si7.9Al0.1)(OH1.9F0.1) where X = Fe3+ + Al3+.
A significant proportion (ca. 26 mol.%) of ferro-actinolite end-member
[Ca2Fe2+5Si8O22(OH)2] is present in the Cinder Lake tremolite.

6.4 Clinopyroxene
Representative compositions of clinopyroxene are given in Table 6.8. Backscattered electron images of clinopyroxene are shown in Figure 6.10. For simplicity,
clinopyroxene is described in terms of the following end-member components:
aegirine (Ae: NaFe3+Si2O6), diopside (Di: CaMgSi2O6), hedenbergite (Hd:
CaFe2+Si2O6), jadeite (Jd: NaAlSi2O6) and enstatite (En: Mg2Si2O6). The Tschermak
end-member (CaAlAlSiO6) is present but never exceeds 3 mol.% and is not included in
Table 6.8. Other substituent elements (e.g., Ti, V, Cr and Mn) are present at trace to
minor levels only and do not exceed 0.01 apfu in any of the samples. The range of
clinopyroxene compositions is demonstrated in the NaFe3+Si2O6-CaFe2+Si2O6CaMgSi2O6 ternary system in Figure 6.11.
Core of larger (up to 1.5 mm diameter) clinopyroxene phenocrysts found in
cancrinite-nepheline syenite (sample 37-85-138: Fig. 6.10a) has the composition Di67.8-
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73.5Hd12.0-16.1Jd3.4-6.9En3.4-16.9.

The molecular proportion of Di, Hd-and Jd decreases

whereas En increases towards the rim and along fractures (from high-AZ to low-AZ).
The phenocrysts are mantled by aegirine-augite of the composition Ae39.0-42.4Di26.140.3Hd15.8-22.4Jd4.9-9.1

with increasing Ae and decreasing Di moving towards the rim.

Fractures in the diopside core are lined with aegirine-augite of similar composition to
the rim. Smaller aegirine-augite phenocrysts in cancrinite-nepheline syenites (samples
37-85-138 and 08-03-01 in Table 6.8; Fig. 6.10b) have compositions that are slightly
more Ae-enriched and Di-poor (Ae43.8-55.6Di20.5-31.0Hd16.0-26.5Jd4.3-10.2) than the aegirineaugite rim formed on diopside crystals. Some aegirine-augite phenocrysts (37-85-138
in Table 6.8) contain a low-AZ zone that surrounds andradite inclusions and has the
composition Ae63.8-72.8Di16.4-24.3Hd4.8-6.5Jd5.6-6.1. Similar compositions are observed in
aegirine-augite from the götzenite-bearing nepheline syenite (Ae66.0-77.7Di8.9-20.8Hd3.119.1Jd3.5-4.6:

sample 08-17-01 in Table 6.8; Fig. 6.10c). Aegirine, observed in only one

vishnevite syenite sample (08-12-04; Fig. 6.11d), has the most Ae-rich and Di-poor
composition of the Cinder Lake clinopyroxenes (Ae78.2-87.2Di1.1-3.8Hd0.2-3.9Jd10.0-19.4).
A large range of compositions is observed in clinopyroxene from the fenitized
monzogranite (Ae2.6-34.7Di23.3-60.4Hd29.6-46.6Jd0.8-2.8) with the molecular proportion of Ae
and Hd increasing and Di decreasing with a greater degree of fenitization (as indicated
by decreasing SiO2 between samples 08-10-02/03 and 08-10-04: Section 7.2). The
composition of clinopyroxene from the xenolith (Fig. 6.10e) in fenitized sample 08-1003 (Ae6.7-12.9Di52.4-60.6Hd26.830.0Jd2.7-4.8) overlaps with the clinopyroxene compositional
range in the fenite (Fig. 6.11).
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Table 6.8: Representative compositions of clinopyroxene.
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Table 6.8 (cont.)

150

151

Figure 6.10 (p.150): Back-scattered electron images of clinopyroxene. a) Large zoned clinopyroxene
crystals with diopside core and aegirine-augite rim (sample 37-85-138). b) Andradite reaction rim on
clinopyroxene in cancrinite-nepheline syenite (sample 08-03-01). c) Relatively unaltered clinopyroxene
in götzenite-bearing nepheline syenite (sample 08-17-01). d) Aegirine with pyrite inclusions in vishnevite
syenite (sample 08-12-04). e) Intergrown clinopyroxene, hornblende and phlogopite in xenolith from
fenitized monzogranite (sample 08-10-03). f) Clinopyroxene intermixed with riebeckite
(indistinguishable) and tremolite lamellae (dark patch in the clinopyroxene) in calcite along andradite
grain boundaries (sample 37-85-140). Abbreviations: Ab, albite; Ae, aegirine; Adr, andradite; Ca,
calcite; Can, cancrinite; Cpx, clinopyroxene; Göt, götzenite; Hbl, hornblende; Mc, microcline; Mgt,
magnetite; Ne, nepheline; Phl, phlogopite; Pyr, pyrite; Stn, strontianite; Str, stronalsite; Ti, titanite; Vsh,
vishnevite.

Figure 6.11: Compositional variation of clinopyroxene (mol.%) in terms of NaFe 3+Si2O6,CaFe2+Si2O6
and CaMgSi2O6.
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The compositions of clinopyroxene in the andradite veins (Fig. 6.10f) is highly
variable even in single crystals (Ae60.7-87.5Di13.1-18.7Hd0.0-11.5Jd1.4-2.5), although zoning was
not observed in BSE images and overlaps the compositional range of aegirine-augite
from the cancrinite-nepheline syenites.

6.5 Phyllosilicates
6.5.1 Phlogopite
A large range of phlogopite compositions is observed at Cinder Lake (Table 6.9).
Variation can mostly be described in terms of changes in Si:Al, Mg/Mg+Fe (Mg#) and
F values (Fig. 6.12). Of the fine-grained syenitic units, the most Mg-Si-F-enriched
phlogopite is found in the götzenite-bearing nepheline syenite (sample 08-17-01 in
Table 6.9: Mg# = 0.73; Si:Al = 3.43; F = 0.55 apfu). A similar Mg-Si-F-rich
composition is observed in phlogopite in andradite veins and low-AZ zones of
phlogopite crystals partially replaced by andradite in pegmatite (sample 08-13-04) and
in phlogopite from the monzogranite (Mg# = 0.6-0.8 and Si:Al = 2.6-3.2, F = 0.560.85 ). The high-AZ zone of the phlogopite partially replaced by andradite has a low
Si:Al (2.0), Mg# (0.5) and F content (0.5 wt.%).
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Table 6.9: Representative compositions of phlogopite.
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Table 6.9 (cont.)
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Table 6.9 (cont.)
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Table 6.9 (cont.)
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Phlogopite from the other pegmatite samples and albitite has intermediate Mg#
values (Mg # = 0.4-0.5). Crystals from the vishnevite and cancrinite-nepheline syenites
are poorer in Mg (Mg # = 0.3-0.4), whereas the lowest Mg# values (0.2-0.3) are
observed in phlogopite from the fine-grained alkali-feldspar syenite and porphyritic
cancrinite syenite. The Si:Al ratio is lower in the cancrinite-nepheline syenites
compared to the vishnevite syenites (1.5 vs. 1.8-2.2, respectively), and the lowest Si:Al
values (e.g., in samples from cancrinite-nepheline syenite, fine-grained alkali-feldspar
syenite and porphyritic cancrinite syenite) tend to be associated with the most F-poor
compositions (<0.2 apfu).
Other significant substitutions in phlogopite from Cinder Lake (detected by
WDS) include Ti4+ and Mn2+ for Mg2+. The most Mn-enriched phlogopite is found in
albitite (around 0.1 apfu) and porphyritic cancrinite syenite (0.1-0.2 apfu: Fig. 6.12c).
Up to 0.2 Ti apfu is observed in phlogopite from the pegmatites and syenites. Other
substitutions (i.e., Na, Ca and Ba for K) account for less than 0.05 apfu combined.
Results of LA-ICP-MS analysis of phlogopite from a calcite veinlet found in the
pegmatite ridge are given in Table 6.10. The Mn-concentration is greater than 1100
ppm in all but one analysis (point 2-2: 585 ppm). Other significant trace-element
substitutions include V (298-307 ppm) and Rb (959-1309 ppm). The core of these
phlogopite crystals is enriched in Cs, but depleted in Ba relative to their rim (95 vs. 2045 ppm Cs and 126 vs. 238-255 ppm Ba).
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Figure 6.12: Compositional variation of phlogopite expressed in terms of (a) Mg# and (b) F versus
Si:Al, and (c) Ti versus Mn. A notable positive correlation exists between Mg#, F and Si:Al.
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Table 6.10: Representative trace-element composition of phlogopite from calcite veinlet in pegmatite
sample 08-16-01.

6.5.2 Muscovite
Muscovite occurs as an alteration product in the alkali-feldspar syenitic
pegmatites. Representative compositions are given in Table 6.11. In addition to the
elements presented in Table 6.11, F was also analyzed but not detected in any of the
samples, indicating OH- to be more dominant. Fine-grained muscovite in pegmatite
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samples from the ridge is typically zoned with a Fe3+-rich rim and Al-rich core (hiAZ
and loAZ, respectively in Table 6.11). Minor substitution of Ti for Al (<0.1apfu ) is
also observed in the high-AZ rims. Unzoned muscovite found in pegmatite dyke 08-0501 has an Fe3+ concentration (~0.2 apfu) intermediate to the core and rim compositions
of muscovite from the ridge. Other substituent elements (Na, Mg, Ca and Ba), although
present in muscovite from some of the pegmatite samples, typically account for less
than 0.1 apfu.
Table 6.11: Representative compositions of muscovite.
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6.6 Andradite
Three varieties of andradite are observed at Cinder Lake. These are: 1) Ti-rich
andradite veins in the pegmatite ridge (sample 37-85-140); 2) secondary andradite (low
-Ti) that replaces clinopyroxene and phlogopite in the syenites; and 3) fluorine-bearing
andradite found in the groundmass of the porphyritic cancrinite syenite and albitite.
Representative compositions of each type are given in Table 6.12. Titanium
substitution for Fe3+ in andradite occurs in two different ways: 1) coupled with
substitution of Fe3+, Al3+ or Fe2+ in the Si site, represented by the schorlomite end
member [Schl: Ca3Ti2Si3(Fe3+, Al, Fe2+)2O12]; or 2) coupled with incorporation of Fe2+
or Mg in the Fe3+ site represented by the morimotoite end-member (Mrt:
Ca3TiFe2+Si3O12: Armbruster et al., 1998; Chakhmouradian & McCammon, 2005). The
positive correlation between Ti4+ in the Y site and sum of other cations in the X and Y
sites (Fig. 6.13a) is indicative of both substitutions being present in majority of
andradite at Cinder Lake. A negative correlation between Ti4+ and Si4+ is indicative of
the Schl-end-member (Fig. 6.13b). Fluorine-bearing andradite found in the porphyritic
cancrinite syenite, albitite and fenitized monzogranite deviate from these correlations
with Ti remaining low and constant (<1 apfu) while other cations vary in the X, Y and
Z sites (Figs. 6.13a & b). The Schl- and Mrt-substitutions are not significantly present
in the fluorine-bearing andradite.
Based on mineral recalculations, both Ti-substitutions are present in the Ti-rich
andradite veins (Adr66.1-67.6Schl15.8-16.1Mrt16.4-18.2: Adr = andradite, Ca3Fe3+2SiO12), with
the Schl-substitution being more dominant in the yellow andradite occurring along
fractures. The Ti-rich andradite from veins in the pegmatite was analyzed for trace-
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element abundances by LA-ICP-MS (Table 6.13). Both varieties (brownish-red and
yellow) of andradite contain appreciable levels of Th, U and REE (dominated by midrange lanthanides). The early-crystallizing brownish-red variety of andradite is enriched
in Th, U, Nb, Ta, LREE and Sr relative to the yellow variety developed along fractures
(Fig. 6.14); the relative level of Zr, Hf and HREE remains virtually unchanged. This
change in chemistry is reflected in the elemental ratios Zr/Hf and Th/Nb which both
decrease while the Nb/Ta ratio increases in the yellow variety of andradite (Table 6.13).
The small amount of Ti present in secondary andradite occurring after
phlogopite and clinopyroxene is dominated by the Mrt-substitution mechanism (Table
6.12). The dominant substitution in the secondary andradite is Al3+ for Fe3+ in the Y site
represented by the grossular end-member (Grs) in Table 6.12. The compositional range
of the secondary andradite can be sumarized as Adr73.0-89.8Grs7.5-23.7Schl<1.8Mrt<6.4.
Andradite in porphyritic cancrinite syenite, albitite and fenitized monzogranite
contains up to 1.2 wt. % (0.5 apfu) F. Aluminum is also present in this mineral in
higher concentrations (up to ~0.3-1.2 wt. % Al2O3 and ~0.1-0.3 apfu Al) than in the
other andradite types indicating a more prominent grossular or hydrogrossular
component (Fig 6.13c). All three Cinder Lake andradite types were tested for the
presence of water by Raman spectroscopy (Appendix II.13). Similar O-H bands to
those observed in previous studies of hydrogrossular (e.g., ~3648 cm-1 and ~3653 cm-1:
Kolesov & Geiger, 2008) were observed in the fluorine-bearing garnets whereas the Tirich andradite veins and Ti-poor andradite after clinopyroxene in the cancrinitenepheline syenite lack Raman peaks in this range. Andradite replacing phlogopite in
vishnevite syenite exhibited very weak O-H bands (Appendix II.13b).
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Table 6.12: Representative compositions of andradite from Cinder Lake.
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Table 6.12 (cont.).
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Figure 6.13: Compositional variation of andradite expressed in terms of Ti apfu versus (a) combined
Fe3+ + Fe2+ + Al + Mg in the Y and Z sites and (b) Si, apfu; and (c) Fe 3+ versus Al (apfu).
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Table 6.13: Trace element composition of andradite vein found at location 37-85-140.

Nd + Sm,) vs. Sr (ppm).

Figure 6.14: Compositional variation of Ti-rich andradite veins expressed in terms of a) Th vs. U (ppm), b) Nb vs. Ta (ppm) and c) LREE (La + Ce + Pr +
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6.7 Phosphates
6.7.1 Apatite
Representative compositions of apatite are given in Table 6.14. Back-scattered
electron images of apatite in the Cinder Lake units are given in Figure 6.15. The most
common substitutions are LREE (up to 8.6 wt. % and 0.3 apfu) and Sr2+ (up to 6 wt. %
and 0.3 apfu excluding Sr-apatite) for Ca2+ in the A sites. Substitution by LREE occurs
in two ways: 1) accompanied by substitution of Si4+ for P5+ in the T site (up to 3.1
oxide wt. % and 0.3 apfu: Fig. 6.16); and 2) coupled substitution of Na+ and REE3+ for
two Ca2+ atoms in the A sites. Other substitutions (SO42-, Fe2+), although above
detection limits, are relatively minor with none exceeding 0.05 apfu (Table 6.14).
Fluorine dominates the monovalent anion site in all apatite (0.7-0.9 apfu). In this
section, apatite compositions are summarized in terms of end-members apatite [Apt:
Ca5(PO4)3(OH,F)], strontium-apatite [Stp: Sr5(PO4)3(OH,F)], britholite [Brt: Ca2REE3
(SiO4)3F] and Na2.5REE2.5(PO4)3F. Apatite compositions are plotted in the Ca5(PO4)3
(OH,F)-[Ca2REE3(SiO4)3F-Na2.5REE2.5(PO4)3F]- Sr5(PO4)3(OH,F) ternary diagram in
Figure 6.17.
Apatite from the pegmatite ridge (Figs. 6.15a & c) has the composition Apt96.299.1Stp0.7-1.3Brt0.0-3.2[Na2.5REE2.5(PO4)3F]0.0-1.2 with

rims depleted in REE where the

pegmatite has undergone extensive albitization and sericitization. Apatite from the
pegmatite dyke 08-05-01 (Fig. 6.17d) and the monzogranite contains little LREE and
Sr (Apt99.3-99.6Stp0.1-0.2Brt0.3-1.6) whereas apatite from the fenitized monzogranite (Fig.
6.17e) has a slightly REE- and Sr-enriched composition (Apt96.7-97.7Stp0.5-1.3Brt1.4-2.8).
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Apatite from the cancrinite-nepheline syenite (Fig. 6.15f) has a REE-poor core
with the composition Apt91.4Stp5.9Brt2.6[Na2.5REE2.5(PO4)3F]0.1 mantled by a REE-rich
rim with the composition Apt88.8Stp2.1Brt8.8[Na2.5REE2.5(PO4)3F]0.2. Apatite found in
association with britholite in the same rock has a similar composition
(Apt88.8Stp1.7Brt8.9[Na2.5REE2.5(PO4)3F]0.6) to the REE-rich rim. Unzoned Sr-apatite
crystals with the composition Apt76.1-76.8Stp23.1-23.7[Na2.5REE2.5(PO4)3F]0.1 are found in
the götzenite-bearing nepheline syenite (sample 08-17-01: Fig. 6.15g).
Zoned apatite crystals found in the vishnevite syenite have at least three
compositionally distinct zones (Fig. 6.15h); Apt97.0Stp1.9Brt0.9[Na2.5REE2.5(PO4)3F]0.1,
Apt95.4Stp1.7Brt0.9[Na2.5REE2.5(PO4)3F]2.0 and Apt98.9Stp0.9Brt0.2 (from core to rim). The
LREE-poor core is absent in some apatite crystals, but a LREE-rich zone and LREEpoor mantle are always observed. Apatite found in the porphyritic cancrinite syenite is
unzoned and depleted in LREE (Apt98.7Stp1.1Brt0.2).

6.7.2 Monazite
Representative compositions of the analyzed monazite are given in Table 6.15.
Monazite is nearly pure REEPO4 (Fig. 6.17) with the dominant REE being Ce (up to
33.6 wt. % and 0.5 apfu) and minor substitutions of Ca (up to 0.16 oxide wt. % and
0.03 apfu) and Sr (up to 1.1 oxide wt. % and 0.03 apfu). Two different substitution
mechanisms are responsible for the incorporation of Ca and Sr in monazite: 1) Ce3+ +
P5+ ↔ Ca2+ + S6+; or 2) 2Ce3+ ↔ Ca2+ + Th4+ (Bowie & Horne, 1953; Chakhmouradian
& Mitchell, 1998), although analyzed S6+ (0.5 oxide wt. %) can only account for up to
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0.01 apfu Ca2+ + Sr2+ substitution. Thorium was not analyzed and therefore it cannot
be confirmed if the second substitution mechanism can account for the 0.02-0.03 apfu
Ca2+ + Sr2+ present in the Cinder Lake monazite.

Table 6.14: Representative compositions of apatite.
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Table 6.14 (cont.)
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Figure 6.15 (p. 172): Back-scattered electron images of apatite. a) Aggregate of apatite in calcite
veinlet in pegmatite ridge sample 08-13-01. b) Large prismatic apatite in pegmatite ridge sample 37-85141. c) Apatite crystals with Sr-REE-depleted rims in sericitized pegmatite ridge sample 08-02-02. d)
Apatite rimmed by allanite in pegmatite dyke 08-05-01. e) Apatite associated with andradite veinlets in
fenitized monzogranite (sample 08-10-04). f) Zoning in apatite from cancrinite-nepheline syenite
consisting of a Sr-REE-enriched rim and Sr-REE-depleted core (sample 37-85-138). g) Sr-rich apatite in
götzenite-bearing nepheline syenite (sample 08-17-01). h) Zoning in apatite from vishnevite syenite
consisting of a Sr-REE-depleted core and rim separated by an intermediate Sr-REE-enriched zone
(sample 37-85-141). Abbreviations: Ab, albite; All, allanite; Apt, apatite; Ca, calcite; Cpx,
clinopyroxene; Mc, microcline; Mgt, magnetite; Mnz, monazite; Msc, muscovite; Ne, nepheline; Ti,
titanite.

Figure 6.16: Correlation between ΣLREE (apfu) and Si4+ (apfu) in apatite indicating coupled
substitution of LREE3+ for Ca2+ and Si4+ for P5+.

Ca5(PO4)3(OH,F) and Sr5(PO4)3(OH,F).

Figure 6.17: Compositional variation of apatite expressed in terms of three principal end-member components:[Na2.5REE2.5(PO4)3F-Ca2REE3(SiO4)3F],
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Table 6.15: Representative compositions of monazite.
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6.7.3 Britholite
The general formula for britholite is (REE,Ca,Th)5(SiO4,PO4)3(OH,F). A few
analyses were done for the purpose of mineral identification (Table 6.16). Backscattered electron images of britholite in calcite veinlets and cancrinite-nepheline
syenite are shown in Figure 6.18. A limited number of point analyses were obtainable
due to the low abundance of britholite in the examined rocks, its small grain size (in
particular, in the calcite paragenesis) and strong secondary alteration presumably
associated with radioactive damage. Deviations from the ideal formula in Table 6.16
are likely due to the fact that Th was not analyzed in sample 37-85-138 and P2O5 in
sample 08-03-01. Calcium and REE (mostly Ce, up to 25.9 wt. % Ce2O3) are the
dominant cations in the A site. Britholite from sample 08-03-02 contains 3.6-3.9 wt. %
(~0.12 apfu Th; Table 6.16). Fluorine is the dominant occupant of monovalent anion
site.
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Table 6.16: Representative compositions of britholite.
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Figure 6.18: Back-scattered electron images of britholite. a) Large britholite crystal in calcite veinlet in
sericitized alkali-feldspar syenitic pegmatite (sample 08-02-02). b) Minute inclusions of britholite and
larger inclusions of apatite and monazite in calcite veinlets in pegmatite (sample 37-85-139). c) Zoned
britholite crystal in cancrinite-nepheline syenite (sample 37-85-138). d) Britholite rimmed by apatite in
cancrinite-nepheline syenite (sample 08-03-01). Abbreviations: Ap, apatite; Bri, britholite; Ca, calcite;
Mc, microcline; Mgt, magnetite; Mnz, monazite; Msc, muscovite; Phl, phlogopite.
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6.8 Titanite
Representative compositions of titanite are given in Table 6.17. Back-scattered
electron images of titanite from the different lithologies are shown in Figure 6.19.
Little chemical variation is observed in titanite at Cinder Lake; its general formula can
be written as (Ca0.97-1.00Na≤0.01Sr≤0.02LREE<0.02)(Ti0.89-0.94Fe3+0.03-0.06Al0.01-0.03Zr≤0.01)SiO4
(O0.95-0.99F0.01-0.09). Substitution of Ca LREE and Ti by Fe3+ and Al3+ is demonstrated
by correlation between these elements (Figs. 6.20a & b). Charge balance is maintained
by combining the above two substitutions or coupling one of the substitutions with the
substitution of O by F. Titanite aggregates observed in pegmatite dyke 08-05-01 (Fig.
6.19c) are significantly more enriched in LREE (0.03-0.04 apfu), F- (0.06-0.11 apfu)
and Fe3+ (~0.06 apfu) than titanite from the rest of the complex. The most LREEdepleted titanite (<0.01 apfu) is found in the xenolith from fenitized monzogranite (Fig.
6.19g), albitite (Fig. 6.19h) and the götzenite-bearing nepheline syenite (Figs. 6.20c &
d). Titanite from the götzenite-bearing nepheline syenite can be further separated from
titanite in the albitite and xenolith based on lower concentration sof Fe3+ (<0.04 apfu),
Al (~0.02 apfu) and F (0.02-0.04 apfu: Fig. 6.20d) in the former.
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Table 6.17: Representative compositions of titanite from Cinder Lake.
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Table 6.17 (cont.).
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Figure 6.19 (p. 182): Back-scattered electron images of different morphological types of titanite. a)
Large titanite grain associated with calcite and phlogopite and enclosing a rutile core in calcite-rich
pegmatite sample 08-13-04. b) Replacement of microcline by calcite, titanite and albite along the
contact of calcite veinlet in pegmatite sample 37-85-140. c) Titanite aggregate with a magnetite-ilmenite
core, pegmatite dyke sample 08-05-01. d) Titanite crystals associated with phlogopite in cancrinitenepheline syenite (sample 08-08-01). e) Large titanite crystal associated with calcite and phlogopite in
vishnevite syenite (sample 08-03-02). f) Titanite crystals in cancrinite pseudomorphs after microcline in
porphyritic cancrinite syenite (sample 08-12-01). g) Titanite overgrowth on clinopyroxene in fenitized
monzogranite (sample 08-10-04). h) Titanite associated with magnetite and phlogopite in albitite
(sample 08-09-02). Abbreviations: Ab, albite; All, allanite; Apt, apatite; Ca, Calcite; Cpx,
clinopyroxene; Ilm, ilmenite; Mc, microcline; Mgt, magnetite; Ne, nepheline; Phl, phlogopite; Rtl,
rutile; Ti, titanite.

6.9 Epidote-group Minerals
6.9.1 Epidote
Composition of the analyzed epidote is given in Table 6.18 and back-scattered
electron images are shown in Figure 6.21. The most significant compositional variation
observed in this mineral is in the Al:Fe3+ ratio. Aluminum and Fe2+ share the octahedral
B site along with minor Mn, Ti and Fe2+ (Table 6.18). Epidote in the porphyritic
cancrinite syenite (Fig. 6.21a) tends to be the most aluminous (Al:Fe3+ = 3.5) followed
by epidote from pegmatite dyke 08-05-01 (Al:Fe3+ = 2.8: Fig. 6.21b) and albitite
(Al:Fe3+ = 2.5) whereas epidote found in the monzogranite (Fig. 6.21c) is the least
aluminous (Al:Fe3+ = 1.9). Minor Fe2+ substitution also occurs for Ca2+ in the A site
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(typically less than 0.05 apfu). Significant Na was only detected in the monzogranite
(0.05-0.07 oxide wt. %).

Figure 6.20: Composition variation of titanite in terms of (a) ΣLREE versus Ca + Na + Sr + Mg + Mn,
(b) Ti versus Fe3+ + Al, (c)Σ LREE versus Fe3+ + Al and (d) ΣLREE versus F.
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Table 6.18: Representative compositions of epidote and allanite.
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Figure 6.21 (p. 186): Back-scattered electron images of epidote and allanite. a) Allanite with epidote
rim in porphyritic cancrinite syenite (sample 08-12-01). b) Epidote-pyrite aggregate in pegmatite dyke
sample 08-05-01. c) Replacement of hornblende by epidote in monzogranite (sample 08-10-01). d)
Epidotization and sericitization of plagioclase in monzogranite (sample 08-10-01). e) Zoned allanite
inclusions in bent and slightly albitized phlogopite in vishnevite syenite (sample 08-04-01). f) Zoned
allanite in vishnevite syenite (sample 08-03-02). g) Fine-grained allanite aggregate associated with
clinopyroxene in fenitized monzogranite (sample 08-10-02). h) Metamict allanite in porphyritic
cancrinite syenite (sample 08-12-01). Abbreviations: Ab, albite; Aln, allanite; Can, cancrinite; Cpx,
clinopyroxene; Ep, epidote; Hbl, hornblende; Mc, microcline; Mgt, magnetite; Msc, muscovite; Phl,
phlogopite; Plag, plagioclase; Pyr, pyrite; Str, stronalsite;Ti, titanite; Vsh, vishnevite; Zr, zircon.

6.9.2 Allanite
Due to fine-scaled zoning in the allanite crystals and their metamict nature (Fig.
6.21), point analyses of individual zones were difficult and in many cases, impossible
to obtain, i.e. some analyses listed in Table 6.18 (e.g., 08-05-01) represent more than
one compositional zone. Allanite is the main repository for REE in the vishnevite
syenite (up to 26.16 oxide wt. % LREE and 0.9 apfu: Figs. 6.21e & f) with the most
dominant REE being Ce (up to 11.98 oxide wt. % and 0.43 apfu). Charge balance is
maintained by the coupled substitution [vac] + REE3+ ↔ 2Ca2+ in the A-site (Peterson
& MacFarlane, 1993; Ercit, 2002). Excess silica and alkalis (3.06 and 2.10 apfu
respectively) in allanite from vishnevite syenite sample 08-04-01 (Fig. 6.21e) indicates
that this crystal is completely metamict (Ercit, 2002). The dominant oxidation state of
iron is 3+ in allanite from the vishnevite syenites compared to Fe2+ observed in allanite
from the pegmatite dyke (Fig. 6.21g).
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6.10 Calcite
6.10.1 Major-element chemistry
Representative compositions of Cinder Lake calcite are given in Table 6.19.
Major-element substitutions include Sr, Fe2+, Mg and Mn for Ca with Sr being the
most dominant (0.65-2.73 wt. % and 0.01-0.03 apfu). The most Sr-rich calcite (1.2-3.3
wt. %) is found in vishnevite syenite while the most Sr-poor calcite (~0.65 wt. %)
occurs in the leucocratic cancrinite-nepheline syenite sample 08-08-01 (Table 6.19).
The other substitutions (Fe, Mg and Mn) are more prominent in the calcite veinlets
found in the pegmatite ridge (Fig. 6.22). The calcite veinlets are zoned with a high-AZ
zone characterized by high Sr (1.8 oxide wt. %), Mg (0.7 oxide wt. %) and Mn (1.0
oxide wt. %: Table 6.19) and low-AZ zone approaching the ideal formula (Sr, Fe, Mg
and Mn account for less than 0.02 apfu: Table 6.19).
6.10.2 Trace-element chemistry
Results of LA-ICP-MS analysis (Table 6.20) indicate the high-AZ calcite in the
zoned calcite veins to consist of two varieties (Fig. 6.23a); a Sr-REE-rich calcite (7761
-7887 and 401-509 ppm respectively) and a Sr-rich REE-poor calcite (5596-11764
ppm and 148-186 ppm respectively). The low-AZ calcite is a Sr-, REE- and Ba-poor
counterpart of the high-AZ calcite (59-233 ppm; 144-314 ppm; and < 2 ppm
respectively). Barium is enriched in both high-AZ compositions relative to the low-AZ
calcite (5.7-10.3 ppm: Fig. 6.23b).
High Mn-concentrations (activator for cathodoluminescence in calcite) occur in
the Sr-rich REE-poor calcite (6886-7013 ppm) whereas similar Mn-concentrations are

189

observed in the Sr-REE-rich and Sr-REE-poor calcite (3436-5560 ppm: Fig 6.23c).
The REE-distribution patterns of the calcite in veinlets (Fig. 6.24) demonstrates that
the observed variation in REE content affect predominantly LREE, whereas HREE
remain relatively constant among the three calcite varieties.
6.10.3 Carbon and oxygen isotope chemistry
Carbon and oxygen isotopic data are useful for tracing the source and
crystallization history of carbonate minerals. Sedimentary carbonate rocks have
characteristically higher δ13CV-PDB and δ18OV-SMOW values than observed in mantlederived igneous carbonate. Carbon and oxygen isotopic compositions of the Cinder
Lake calcite are given in Table 6.21 and compared to the “primary igneous carbonate”
field of Taylor et al. (1967) and “primary mantle-derived carbonatite field” of Keller &
Hoefs (1995) in Figure 6.25. The published compositions of carbonatites from
Oldoinyo Lengai and eastern Canada are also plotted for comparison. Calcite veinlets
(samples 08-16-01 and 08-13-01) from the pegmatite ridge have C-O isotopic
compositions that plot in the top-right corner of the “primary mantle-derived
carbonatite field”, similar to the Oka carbonatite. An exception is the calcite from the
pegmatite sample 08-13-04, which has an elevated δ13CV-PDB value relative to the
“primary igneous carbonate” field. Calcite from the leucocratic lenses in vishnevite
syenite sample 08-04-01 has δ13CV-PDB and δ18OV-SMOW values that plot in the top right
corner of the “primary igneous carbonate” field, similar to values observed in the
Dolodau and Spanish River carbonatites.

Table 6.19: Representative compositions of calcite from Cinder Lake.
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Figure 6.22: Compositional variation (apfu) of calcite in terms of Sr versus (a) Ca, (b) Mn and (c) Fe 2+.

abundance. HiAZ and loAZ refers to high-AZ and lo-AZ calcite zones respectively. For back-scattered electron image of zoned calcite veinlet see Figure 5.8a.

Table 6.20: Results of select LA-ICP-MS analyses of zoned calcite veinlet from alkali-feldspar syenitic pegmatite sample 08-16-01 in order of increasing Mn
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Figure 6.23: Compositional variation of zoned calcite veinlets (sample 08-16-01) in terms of Sr and (a)
Ce, (b) Ba and( c) Mn.
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Figure 6.24: Rare-earth element distribution of zoned calcite from veinlets (sample 08-16-01)
normalized to the primitive mantle of McDonough and Sun (1995).

Table 6.21: Carbon and oxygen isotopic composition of calcite.

Lu
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Figure 6.25: The C and O isotopic composition of calcite compared to primary igneous carbonate (blue
dashed box: Taylor et al., 1967), primary mantle-derived carbonates (black box: Keller & Hoefs, 1995),
Archean to Mesoproterozoic carbonatite complexes of the Superior Province (Dolodau, Lac Shortt, and
Borden: Halama et al., 2008; Spanish River, Cargill and Firesand: Farrell et al., 2010), Mesozoic Oka
carbonatite in the Grenville Province (Haynes et al., 2003) and recently active Oldoinyo Lengai of the
East African Rift (Keller & Zaitsev,2006).
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6.11 Götzenite
A single WDS-analysis of götzenite (in sample 08-17-01) was done for the
purpose of mineral identification (Table 6.22). Götzenite is a member of the
rosenbuschite group (complex Ca- and Na-bearing zircon- and titano-silicates that
occurs as an accessory mineral in silica-undersaturated alkaline rocks). The generally
accepted ideal formula is Ca2(Ca,Na)2Ca2NaTi(Si2O7)2F4 (Christiansen & Johnsen,
2003). Sokolova (2006) suggested that the formula should be revised to NaCa6Ti
(Si2O7)2OF3. Table 6.22 lists formulae normalized to four atoms of Si and 18 anions.
Although the calculated formula deviates from the ideal formula, it is the closest match
among all known Ca-Na-Zr-Ti silicates. It should be noted that the WDS analysis total
is significantly lower than 100 percent (~94.5 wt. % after correction for F-content).
Some of the deviation from the ideal formula [i.e. excess of Na and (Ti + Zr), and Ca
deficit] can be explained by the possible mixing with another rosenbuschite group endmember showing a coupled substitution in the Ca and F sites: 2Ca2+ + F- ↔ Zr4+ + Na+
+ O2-. For example, götzenite has been previously reported to form a solid solution with
seidozerite (Canillo et al., 1972; Christiansen & Johnsen, 2003). Another discrepancy is
the sum of cations, which is less than the ideal number of 12. Significant cation
deficiencies (up to 0.45 apfu) were reported in the analyses of rosenbuschite-group
minerals by Christiansen & Johnsen (2003) and Sokolova (2006). In addition to the
substitution involving Na and O (see above), Zr4+ coupled with a vacancy may
reasonably substitute for two Ca2+ cations. Another possible explanation for the
formula discrepancy is the presence of an element that was not analyzed, which is
supported by the low analysis total.

197

Table 6.22: Results of WDS analysis and recalculation of götzenite.
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Chapter 7: Whole-rock Geochemistry
Whole-rock geochemical data for the major rock units of the Cinder Lake
complex are presented in Tables 7.1 - 7.3. The major-element variation in and among
the individual units is shown in Harker diagrams in Figure 7.1, where two linear trends
are defined: 1) by the monzogranite and fenitized monzogranite; and 2) by the
pegmatites, cancrinite-nepheline syenite and vishnevite syenite. The two trends are
broadly similar, involving an increase in Na2O and Al2O3, and a decrease in CaO,
Fe2O3, MgO, P2O5, TiO2 and F contents with increasing SiO2 concentrations. The
granitic trend though involves a decrease in K2O content with increasing SiO2
concentration and a different slope is observed in the Na2O vs. SiO2 variation diagram
between the two trends (Fig. 7.1h). Both trends appear to have originated from a similar
Si-Al-Na-poor, Ca-Mg-Fe-P-Ti-CO2-F-rich material.

7.1 Major- and Trace-element Composition of Granitic Rocks at Cinder Lake
7.1.1 Cinder Lake monzogranite pluton
The two unaltered monzogranite samples (08-10-01 and 08-19-01; Table 7.1)
have very similar whole-rock geochemistry. The unaltered monzogranite is
metaluminous to slightly peraluminous (AI = 0.8; ASI = 0.9 to 1.0), enriched in LILE
(particularly K, Pb and Sr: Fig. 7.2a) and depleted in HFSE (particularly Nb, Ta and
Ti). Monzogranite sample 08-19-01 shows a negative Eu anomaly (Figs.7.2a and 7.3).
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Table 7.1: Whole-rock composition of monzogranite, rhyolite and albitite.
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Table 7.1 (cont.)
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Table 7.2: Whole-rock compositions of alkali-feldspar syenitic pegmatites arranged by geographic
location and in order of increasing SiO2 concentration.
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Table 7.2 (cont.)

Table 7.3: Whole-rock compositions of cancrinite-nepheline syenite, vishnevite syenite and porphyritic cancrinite syenite.
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Table 7.3 (cont.)
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Table 7.3 (cont.)
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Figure 7.1 (pp. 206-207): Variation in selected major components relative to the SiO 2 content (wt. %):
a) CaO, b) MgO, c) Na2O, d) Fe2O3 (total), e) P2O5, f) Al2O3, g) TiO2, h) K2O, i) CO2 and j) F.

The fenitized monzogranite is peralkaline (AI = 1.0-1.1; ASI = 0.4-0.6) and
enriched in incompatible trace elements relative to the precursor rock (e.g., 38-99 vs. 17
-18 ppm V; 1227-1585 vs. 1015-1212 ppm Ba; 22.5-22.7 vs. 3.5-4.0 ppm Nb; 1.1-1.9
vs. 0.2-0.3 ppm, Ta; 295.5-567.3 vs. 83.4-118.6 ppm, REE). The Nb/Ta (11.7-20.5) and
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Zr/Hf (32.1-43.3) ratios remain relatively constant between the unaltered and fenitized
monzogranites, although a negative Zr-Hf anomaly is observed in sample 08-10-04
showing the highest degree of fenitization (Zr/Nb = 3.5 vs. 33.0-34.1 in the
monzogranites).

7.1.2 Rhyolite
The whole-rock geochemical composition of rhyolite sample 08-09-01 is similar
to those of the unaltered monzogranites (Fig. 7.1). The rhyolite is slightly peraluminous
(AI = 0.9; ASI = 1.0) and depleted in HFSE (Nb, Ta, Zr, Hf and Ti). The distribution of
LILE is more complex in the rhyolite than observed in the other units, showing a
positive Pb and negative Ba and Sr anomalies (Fig. 7.2c). A slight negative Eu anomaly
is observed (Fig. 7.3). The rhyolite has a greater enrichment in incompatible trace
elements than the unaltered monzogranite (Table 7.3). The Y/Ho (23.3), Zr/Hf (34.4)
and Ba/La (9.1) ratios are near the primitive-mantle values. Conversely, the Nb/Ta (10),
Nb/Pb (0.4), Sr/Ba (0.8), Co/Ni (0.1), Co/Cr (0.2) ratios indicate depletion in Nb
relative to Ta and Pb, Sr relative to Ba; and Co relative to Ni and Cr. Rhyolites from
Cinder Lake and HRG are similar in their incompatible trace-element distributions (Fig.
7.3c) and key elemental ratios (i.e. Y/Ho, Zr/Hf, Zr/Nb, Sr/Ba, Th/Nb, Co/Ni and K/Na:
unpubl. data, T. Corkery, pers. comm.).
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Figure 7.2 (p. 209): Abundances of incompatible trace elements normalized to the composition of the
primitive mantle of McDonough and Sun (1995) for a) monzogranite; b) fenitized monzogranite
compared to unaltered monzogranite (08-19-01) and calcite-rich alkali-feldspar syenitic pegmatite (0813-04); and c) rhyolite and albitite compared to monzogranite and rhyolites of the HRG (unpubl. data,
T. Corkery, pers. comm..).

Figure 7.3: Abundances of REE in monzogranite (08-19-01), rhyolite (08-09-01) and albitite (08-09-02)
compared to HRG rhyolite (unpubl. data, T. Corkery, pers. comm..).
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7.1.3 Albitite
The aphanitic albitite sample (08-09-02) has the major-element composition that
corresponds to trachyandesite in the TAS classification of extrusive rocks. The
composition of the albitite does not follow the syenitic or granitic trends in the Harker
diagrams (Fig. 7.1). The calculated normative composition given in Table 7.4 is
considerably different from the actual modal composition of this rock, supporting the
interpretation that sample 08-09-02 is metasomatic in origin. The trace-element
composition of the albitite bears the greatest resemblance to the above-described
rhyolite: it is characterized by depletion in LILE (Rb, Ba, K and Sr), depletion in
HFSE (Nb, Ta, Zr, Hf and Ti) and a positive Pb anomaly. Element ratios Nb/Ta (17.0),
Y/Ho (29.7), Zr/Hf (36.2) and Zr/Nb (15.5) for the albitite are comparable to the
primitive mantle values, whereas Ba is depleted relative to La (Ba/La = 2.7), and Ni
and Cr relative to Co (Co/Ni = 0.5; Co/Cr = 0.5). In contrast to the rhyolite, the albitite
lacks any Eu anomaly (Fig. 7.3).
Table 7.4: CIPW normative minerals of albitite sample 08-09-02.
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7.2 Major- and Trace-element Composition of the Cinder Lake complex
7.2.1 Alkali-feldspar syenite pegmatites
In the Harker diagrams, the major-element compositions of the pegmatites plot
toward the SiO2-enriched end of the trend defined by the syenitic rocks. Exceptions are
highly metasomatized samples containing an appreciable modal content of calcite and
muscovite (08-13-04 and 08-02-02, respectively). The compositions of these rocks plot
along the SiO2-poor end of the trend. The less altered pegmatites from the ridge (37-85139 and 37-85-141) are ultra-potassic (K/Na = 8.8-17.1), metaluminous to
peraluminous, enriched in LILE (particularly, Rb, Ba and Pb) and depleted in HFSE
(Nb, Ta, Zr, Hf and Ti; Fig. 7.4a). The metasomatized pegmatite samples are less
potassic (2.5-4.1) and are also metaluminous to peraluminous, although the calcitized
pegmatite (08-13-04) has a higher peralkalinity index (0.87) and lower aluminasaturation index (0.45) than other pegmatite samples (Table 7.2). The sericitized
pegmatite (08-02-02) also contains higher Al2O3 (24.66 wt. %) than any other rocks at
Cinder Lake.
The volatile content of the pegmatites is dominated by CO2 (1.99-6.20 wt. %),
correlative with the modal content of calcite, with a maximum level in sample 08-1304. Fluorine (≤0.18 wt.%) and sulphur (≤0.03) are relatively minor constituents.
Approximately 0.5-2.7 wt. % of the loss on ignition value (LOI) is unaccounted for by
CO2, F and S, and likely represents the H2O content, which reaches the maximum levels
in the sericitized pegmatite sample 08-02-02.
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Figure 7.4 (p. 213): Abundances of selected trace elements normalized to the composition of the
primitive mantle (McDonough and Sun, 1995) for a) alkali-feldspar syenitic pegmatites from the ridge;
b) highly metasomatized alkali-feldspar syenitic pegmatites from the ridge; and c) syenitic pegmatite
dykes.

The trace-element distribution of the least altered and metasomatized
pegmatites is compared in Figures 7.4a & b for comparison. Geochemical changes
associated with metasomatism of the pegmatites are described in detail below.
1) The metasomatized varieties are depleted in Ba and Pb, as indicated by
negative anomalies in their spider diagrams (Fig. 7.4b). The least altered pegmatite (3785-141) has a Ba concentration of 3503 ppm and a Sr/Ba ratio of 0.4, whereas the
metasomatized pegmatites have Ba concentrations of 549-670 ppm and a Sr/Ba ratio of
1.5-3.1. Similar Ba concentrations (729 ppm) and a Sr/Ba ratio of 2.1 in sample 37-85139 (slightly more altered than 37-85-141) indicate that Ba was one of the most mobile
elements during metasomatism. This observation is in agreement with the pattern of
secondary zoning in microcline in the pegmatites (see Section 6.1.1). Lead was less
affected by metasomatism, showing a drop from 14-15 ppm in the least altered samples
to 5-8.5 ppm in the metasomatized parageneses.
2) The strongly metasomatized pegmatites have an appreciably lower Nb/Ta
value than their less metasomatized counterparts. The least altered pegmatites are
characterized by superchondritic Nb/Ta ratios (>25) expressed by a negative slope in
the trace-element spider diagram between Nb and Ta (Fig. 7.4a). In contrast, the
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metasomatized pegmatites are characterized by distinctly subchondritic Nb/Ta ratios
(~13), indicated by a positive slope between Nb and Ta (Fig. 7.4b).
3) The strongly metasomatized pegmatites have higher concentrations of V, Y,
REE, Zr, Hf, Th and U relative to the least altered varieties. The Zn content is also
greater in the calcite-rich samples (08-13-04 and 08-16-01). Also notable is enrichment
in HREE in sample 08-13-04 represented by a decrease in the (La/Lu)N ratio (N denote
that the ratio has been normalized to the primitive-mantle) from 68.9-89.9 in the least
altered and sericitized samples to 8.5 in the calcite-rich pegmatite. Combined Ba
depletion and REE enrichment in the metasomatized pegmatites relative to the least
altered samples is indicated by a drop in Ba/La ratio from 27.3-67.6 to 4.1-6.4.
From the least altered to the metasomatized parageneses, the Zr/Hf ratio remains
relatively unchanged (Zr/Hf = 43.4-54.0), indicating a proportional increase in Zr and
Hf contents with metasomatism. The Zr/Nb ratio, however increases from 8.8-11.0 in
the least altered pegmatites (i.e., lower than the primitive-mantle value of 16.0:
McDonough and Sun, 1995) to 50.0-81.5 in the metasomatized pegmatites.
Variably altered pegmatite and fine-grained sericitized syenite from the ridge
(e.g., 08-16-01, 08-14-01 and 08-13-05) are compositionally intermediate between the
least altered and metasomatized pegmatites [i.e., Ba = 1119-2976 ppm; Pb = 4.2-14.4
ppm; ΣREE = 206.2-475.0 ppm; Zr = 81.7-200.7; Hf = 1.6-4.3 ppm; Sr/Ba = 0.4-1.1;
Nb/Ta = 16.7-47.0; (La/Lu)N = 41.15-85.07; Ba/La = 14.4-28.6; Y/Ho = 33.5-37.5; Zr/
Nb = 13.3-51.9].
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The pegmatite dykes from the southeastern part of the complex are
comparatively enriched in SiO2, slightly peraluminous (ASI = 1.0; Table 7.2) and
potassic to ultrapotassic (K/Na = 2.4 and 6.6 in 08-06-01 and 08-05-01, respectively).
Lower concentrations of volatiles (LOI = 0.7-1 wt. %) are observed in both dykes.
Since CO2, F and S in sample 08-05-01 account for only 0.07, 0.03 and <0.02 wt. %,
respectively, water is likely the dominant volatile in the dyke. Sample 08-06-01 is
notably enriched in LILE (particularly Ba, Rb, Pb and Sr) and relatively depleted in
specific HFSE (Nb, Ta, Ti but not Zr and Hf; Fig. 7.2c). Pegmatite 08-05-01 has similar
concentrations of Rb, Pb and Sr, but is depleted in Ba and HFSE and enriched in REE
relative to 08-06-01. Dyke 08-06-01 shares several geochemical similarities with the
least altered pegmatites from the ridge (e.g., similar V, Y, Nb, Th, U and Pb
concentrations). A higher Ba concentration and Nb/Ta ratio, coupled with a lower REE
level and Sr/Ba ratio, suggest that this dyke is related to the pegmatites on the ridge, but
is less altered. Relative to the pegmatites from the ridge, sample 08-05-01has a
significantly lower concentration of Ba (136 ppm), lower Sr/Ba (0.1), Zr/Nb (2.6), Ba/
La and Zr/Hf ratios (0.1, 2.6, 1.5 and 38.7, respectively), and elevated (La/Lu)N and Y/
Ho ratios (159.5 and 36.5, respectively). A lower Ba concentration (136 ppm) and lower
Ba/La (1.5) and Zr/Hf (38.7) ratios in the 08-05-01 dyke relative to the pegmatites from
the ridge support that their parental magmas were derived from distinct mantle sources.
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7.2.2 Cancrinite-nepheline syenite and götzenite-bearing nepheline syenite
Cancrinite-nepheline syenites (samples 37-85-138 and 08-03-01) and nepheline
syenite (sample 08-17-01) show similar major- and trace-element compositions (Figs.
7.1 and 7.5a). Among all the fine-grained feldspathoid syenites, these two units have
the highest SiO2, Al2O3, and Na2O but the lowest CaO, total Fe2O3, MgO, P2O5 and
TiO2 contents (Table 7.3; Fig. 7.1). The rock units are enriched in LILE, depleted in
HFSE, potassic (K/Na = 1.3-2.2) and peralkaline to peraluminous (AI = 0.9-1.1 and
ASI = 0.8-1.1), with the single peraluminous sample being the leucocratic nephelinecancrinite syenite (08-08-01).
The leucocratic cancrinite-nepheline syenite 08-08-01 is characterized by lower
levels of REE, Th and U relative to the other samples. The Nb/Ta (16.7-23.1), Y/Ho
(26.7-40.0), Zr/Hf (39.6-48.4) and Zr/Nb (9.5-15.2) are near the primitive-mantle
values, whereas Ba (2001-2391 ppm) is more enriched relative to La (Ba/La = 14.193.1), Sr (Sr/Ba = 0.2-0.5), Rb (Ba/Rb-12-16.1) and Mn (Ba/Mn = 1.7-7.3). The
cancrinite-nepheline syenite is enriched in LREE relative to HREE [(La/Lu)N = 59.378.7 excluding sample 08-08-01]. In the trace-element spider diagram (Fig. 7.5a), a
positive Pb anomaly (similar to that observed in the lesser altered ridge pegmatites) is
observed in sample 37-85-138 whereas a negative Pb anomaly (similar to that observed
in the metasomatized pegmatites) is observed in samples 08-03-01 and 08-17-01. The
leucocratic cancrinite-nepheline syenite (08-08-01) does not show a Pb anomaly.
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Figure 7.5 (p. 218): Abundances of selected trace elements normalized to the composition of the
primitive mantle (McDonough and Sun, 1995) for a) cancrinite-nepheline syenite; b) vishnevite syenite;
and c) porphyritic cancrinite syenite.

7.2.3 Vishnevite Syenites
In the Harker diagrams (Fig. 7.1), vishnevite syenite compositions (Table 7.3)
plot towards the CaO-MgO-Fe2O3(TOTAL)-P2O5-TiO2-rich and SiO2- Al2O3-Na2O-K2Opoor end of the geochemical trend. These rocks are potassic (K/Na = 1.71-2.15),
metaluminous to slightly peralkaline (AI = 0.9-1.0 and ASI = 0.6-0.8), depleted in
HFSE and enriched in LILE and LREE [(La/Lu)N = 44.39-119.79]. Volatiles
(dominated by CO2 and S; Table 7.3) are present in higher concentrations than in the
cancrinite-nepheline syenite (1.8-7.1 wt. % compared to 0.4-1.6 wt. % LOI,
respectively).
The vishnevite syenites exhibit similar trace-element patterns, but differ in the
level of enrichment of certain elements (most particularly Th, U , Sr and REE; Fig.
7.5b). A positive Pb anomaly is observed in samples 08-03-02, 08-07-01 and 08-12-02,
whereas sample 08-12-03 is the only sample to show a negative Pb anomaly. The
samples lacking Pb anomalies (i.e, 37-85-142, 08-04-01 and 08-12-03) are also
characterized by lower levels of Th, U and LREE, and in sample 08-12-03 depletion in
Hf and Zr (Table 7.3). In terms of their Nb/Ta (18.7-29.2), Y/Ho (28.0-32.5), Zr/Hf
(40.1-49.2), Zr/Nb (3.4-28.4), Ba/La (8.5-33.2) and Sr/Ba (0.6-2.5) values, these three
samples are comparable to the metasomatized pegmatite from the ridge. The Nb/Ta, Y/
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Ho and Zr/Hf ratios are slightly higher ,whereas the Zr/Nb ratio is close to or lower
than the primitive-mantle values.
In addition to bulk-rock data, separate analyses were obtained for the leucocratic
and melanocratic phases of sample 08-04-01 (Table 7.2). The melanocratic phase is
more potassic (K/Na = 3.0 vs. 1.3) and enriched in incompatible trace-elements (with
the exception of Pb and Sr) than the leucocratic lenses composed of vishnevite and
calcite (Fig. 7.6). Strong positive Pb and Sr anomalies are observed in the vishnevitecalcite lenses; the melanocratic phase is characterized by negative Pb and Sr anomalies.
Both phases contain similar Ba concentrations (1350-1441 ppm), but higher Ba/La
(19.5 versus 9.1) and Ba/Mn (4.4 versus 1.0) ratios in the vishnevite-calcite lenses
reflect their depletion in LREE relative to the melanocratic phase. The bulk sample has
a Nb/Ta ratio (18.6) close to the primitive-mantle value, whereas the melanocratic
phase is significantly more enriched in Nb relative to Ta (Nb/Ta = 35.0). The Nb/Ta
ratio could not be calculated directly for the leucocratic phase, but mass-balance
calculations show that it is appreciably subchondritic (<18). The vishnevite-calcite
lenses have notably higher Zr/Hf (65.7) and Y/Ho (38.6) ratios than the melanocratic
phase and the rest of the vishnevite syenites. The Zr/Nb ratio for both phases (25.325.6) is close to the primitive mantle value and is considerably higher than in the other
vishnevite syenite samples. Differences in the (La/Lu)N and Th/U ratios between the
leucocratic and melanocratic phases are less significant (90.4 vs. 110.4 and 7.3 vs. 6.3,
respectively).
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Figure 7.6: Abundance of incompatible trace elements in vishnevite syenite sample 08-04-01, including
bulk sample and its two constituent phases normalized to the composition of the primitive-mantle
(McDonough and Sun, 1995). The calculated trace-element pattern of the vishnevite-calcite phase is
indicated by the dashed line.

7.2.4 Porphyritic cancrinite syenite
The compositional range of the porphyritic cancrinite syenites overlaps those of
vishnevite and cancrinite-nepheline syenites (Fig. 7.1). The porphyritic cancrinite
syenite is anomalously rich in Na2O and poor in K2O compared to the other syenite
units. The unit is potassic to sodic (K/Na = 0.3-1.9), metaluminous, depleted in HFSE
(particularly Nb, Ta and Ti) and enriched in LREE [ΣREE =1092-1338 ppm; (La/Lu)N
= 68.94-99.93. The lowest K/Na value is observed in the altered melanocratic

222

porphyritic cancrinite syenite (sample 08-12-05). The volatile content (LOI = 2.04-5.30
wt.%) is dominated by CO2 (1.14-3.89 wt. %), but also includes significant F (0.240.55 wt.%), and S (0.11-0.39 wt.%). The mesocratic and melanocratic syenites
(samples 08-12-01 and 08-12-05, respectively) exhibit similar trace-element
distributions, whereas the xenolith-bearing cancrinite syenite (08-12-06) shares many
geochemical characteristics with the above-described vishnevite syenites (Fig. 7.5c).
In contrast to the other syenite units, the porphyritic cancrinite syenites are
relatively poor in LILE (particularly Ba and K in samples 08-12-01 and -05). The Ba/
La and Ba/Mn ratios (2.9-3.2 and 0.6-0.8, respectively) are considerably lower in these
samples in comparison with the xenolith-bearing cancrinite syenite (08-12-06)
indicating further Ba-depletion (Ba = 883-1006 ppm) in the xenolith-free samples. The
Ba concentration, Ba/La and Sr/Ba ratios in sample 08-12-06 (3387 ppm, 12.6 and 1.2,
respectively) are more comparable to the values observed in the vishnevite syenites.
Positive Pb anomalies are observed in all porphyritic cancrinite syenite samples. The
xenolith-free samples are also enriched in Zn, Th and U (210-290, 115-130 and 12-30
ppm, respectively).
In common with the other syenitic rocks, the porphyritic cancrinite syenites
exhibit strong negative Nb-Ta and Ti anomalies, but depletion in Zr and Hf is observed
only in the xenolith-bearing sample (Fig. 7.3c). The Zr/Hf (48.1-53.1), Nb/Ta (30.736.3) and Y/Ho (30.0 to 35.9) ratios are most comparable to the values observed in the
melanocratic phase of vishnevite syenite sample 08-04-01.
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Chapter 8: Geochronology and Radiogenic Isotope Geochemistry
8.1 Dating by U-Pb Techniques
8.1.1 Monzogranite
Four small (0.9 to 2.5 μg) prismatic zircon grains and two groups of 20 titanite
grains (25.6 and 53.4 mg) were recovered from monzogranite sample 08-10-01 and
analyzed by ID-TIMS (Table 8.1). Data associated with large errors, including one
zircon analysis (z#2 in Table 8.1), were discarded. The remaining zircon and titanite
analyses yielded discordant U-Pb age results shown in Figure 8.1. Regression of the
remaining three zircon analyses gives a lower intercept of 176 ± 71 Ma and an upper
intercept of 2722 ± 12 Ma, whereas regression of the two titanite analyses results in a
lower intercept of 665 ± 190 Ma and an upper intercept of 2744 ± 11 Ma. A
combination of the zircon and titanite analyses yields a lower intercept of 195 ± 20 Ma
and an upper intercept of 2721 ± 16 Ma (Figure 8.1).

8.1.2 Vishnevite syenite
Six zircon grains ranging from 50 to 400 μm in the longest dimension were
analyzed in situ in vishnevite syenite sample 08-12-04 by MC-ICP-MS. Between one
and eleven point analyses were done on each of the grains depending on their size (Fig.
8.2). The analytical results were filtered for high common Pb by removing data with
greater than 100 cps of 204Pb, thus reducing the number of grains to four and the
number of analyses from 45 to 10 (Table 8.2; see Appendix V for the discarded data).
Back-scattered-electron images of the analyzed grains and the locations of point
analyses are shown in Figure 8.2. The reduced dataset yields discordant ages.
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Regression of the filtered data anchored to a lower intercept of 0 Ma yields an upper
intercept age of 2722 ± 10 Ma (Fig. 8.3).
Due to the smaller size of titanite crystals (50 to 100 μm in length), only one to
five point analyses per grain could be acquired. The titanite analyses were filtered for
low 206Pb and high 204Pb counts, reducing the number of analyses from 31 to 24 (Table
8.3; see Appendix V for the discarded data) . The locations of point analyses are shown
in Figure 8.4. The reduced dataset yields discordant . Regression of the 24 analyses
anchored to a lower intercept of 0 Ma yields an age of 2711 ± 17 Ma (Fig. 8.5).
A tri-modal histogram of the calculated 207Pb/206Pb ages suggests that the
analyzed titanite may belong to two or three different age populations (Fig. 8.6). Four
analyses with 207Pb/206Pb ages older than 2800 Ma (Fig. 8.6) come from two isolated
titanite grains labeled CL-T6 in Figure 8.4. Removal of these data and regression of the
remaining 20 analyses yields a concordia intercept of 2702 ±18 Ma (Fig. 8.7a).
Regression of the four points from grain CL-T6 yields a concordia intercept of 2811 ±
56 Ma (Fig. 8.7b). The remaining 20 analyses can be further divided into those with
207

Pb/206Pb ages younger and older than 2700 Ma, respectively. Regression of the 11

“younger” data (<2700 Ma) yields a concordia intercept of 2682 ± 25 Ma. Regression of
the remaining nine analyses (>2700 Ma) yields a concordia intercept of 2726 ± 27 Ma.
Titanite from both these groups typically occurs in association with phlogopite, with the
exception of CL-T2 and CL-T3 (Fig. 8.4). However, this approach may not be valid
because multiple analyses from the same grain in some cases fall in both age groups,
which is inconsistent with titanite growth from magma.

Table 8.1: U-Pb ID-TIMS analytical results for zircon and titanite from monzogranite sample 08-10-01.
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Figure 8.1: U-Pb concordia diagram for zircon (z#) and titanite (t#) from monzogranite sample 08-1001. Ellipses are plotted at 2σ uncertainty level. MSWD stands for mean square weighted deviation. After
Kressall et al. (2010).
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Figure 8.2: Back-scattered-electron images of zircon (CL-Z1, CL-Z2, CL-Z3 and CL-Z6 in Table 8.2)
from vishnevite syenite sample 08-12-04 dated by MC-ICP-MS. Numbered circles indicate the locations
of point analyses.

Table 8.2: U-Pb laser-ablation MC-ICP-MS analytical results for zircon (CL-Z1, CL-Z2, CL-Z3 and CL-Z6) from vishnevite syenite sample 08-12-04.
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Figure 8.3: U-Pb concordia diagram for zircon from vishnevite syenite sample 08-12-04 (for data, see
Table 8.2). Ellipses are plotted at 2σ uncertainty level. MSWD stands for mean square weighted
deviation. After Kressall et al. (2010).
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Figure 8.4 (p. 230): Plane-polarized-light images of titanite (CL-T2 to CL–T9 in Table 8.3) from
vishnevite syenite sample 08-12-04 analyzed by MC-ICP-MS. Numbered circles indicate the locations of
point analyses.

Further work is required to determine the cause(s) of the observed scatter. At
present, 2702 ±18 Ma is interpreted as the age of the younger population of titanite in
the vishnevite syenite (see above). The grains older than 2800 Ma could be derived
from disaggregated country-rock xenoliths.

8.2 Whole-rock Nd and Sr Isotopic Compositions
The Nd-Sr isotopic compositions were determined for representative whole-rock
samples of cancrinite-nepheline syenite (85-37-138), vishnevite syenite (85-37-142 and
08-04-01), porphyritic cancrinite syenite (08-12-05) and monzogranite (08-10-01). The
sample of lenticular vishnevite syenite (08-04-01) was separated into leucocratic
(calcite- and vishnevite- rich) and melanocratic (phlogopite-rich) fractions prior to
analysis. Results are presented in Table 8.4.

Table 8.3: U-Pb laser-ablation MC-ICP-MS results for titanite (CL-T2 to CL–T9) from vishnevite syenite sample 08-12-04.
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Figure 8.5: U-Pb concordia diagram for titanite from vishnevite syenite sample 08-12-04 (for data, see
Table 8.3). Ellipses are plotted at 2σ uncertainty level. MSWD stands for mean square weighted
deviation. After Kressall et al. (2010).
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Figure 8.6: a) Histogram of 207Pb/206Pb ages calculated for titanite from vishnevite syenite. b)
Probability density distribution for the histogram shown in a). For data, see Table 8.3. Abbreviations: n,
number of analyses; conc., concordance.
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Figure 8.7: U-Pb concordia diagrams for a) four titanite U-Pb analyses with 207Pb/206Pb age > 2800 Ma
from CL-T6; and b) 20 analyses with 207Pb/206Pb age < 2800 Ma (i.e., excluding CL-T6). MSWD stands
for mean square weighted deviation.

Table 8.4: Sm-Nd and Rb-Sr whole-rock compositions determined by TIMS and recalculated to isotopic ratios for representative Cinder Lake rocks.
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εNd (T) and εSr (T) values were calculated and plotted in Figure 8.8, along with
the Bulk Silicate Earth-CHUR composition. The depleted MORB mantle (DMM)
evolution line (dashed line in Fig. 8.8) is defined using the polynomial model of
DePaolo (1981), based on a linear fit of the present day 87Sr/86Sr value (0.7022) and an
initial value of 0.69899 (basaltic achondrite: Papanastassiou et al., 1969). Other modern
mantle reservoirs, HIMU, EMI and EMII cannot be used to describe the mantle sources
of Cinder Lake rocks since 2.7 Ga values for these reservoirs are unknown. The present
day εNd and εSr values for these reservoirs are shown for comparison in Figure 8.8. The
εNd (T) values obtained for the syenites range from -0.2 to 0.5 [(143Nd/144Nd)o=0.509117
-0.509150] and thus, are close to the Bulk Silicate Earth-CHUR reservoir. The
calculated εSr (T) values for the syenitic rocks range from -36.5 to 30.6 [(87Sr/86Sr)
o=0.69870-0.703741],

with the two extreme values corresponding to the melanocratic

and leucocratic fractions of the lenticular vishnevite syenite, respectively. A near Bulk
Silicate Earth-CHUR 143Nd/144Nd, but enriched 87Sr/86Sr composition is observed in the
monzogranite [εNd (T) = -0.2 and εSr (T) = 120.2].
The cancrinite-nepheline syenite (37-85-138) and vishnevite syenite (37-85142) have εNd (T) and εSr (T) values close to the Bulk Silicate Earth-CHUR and isotopic
values observed in Archean Superior Province carbonatites and alkaline complexes
(Table 8.5), particularly the 2.70 Ga Poohbah complex (Fig. 8.8: data from Bell &
Blenkinsop, 1987). The εNd (T) and εSr (T) values for the Archean complexes in the
Superior Province define a trend of increasing depletion in 87Sr and 143Nd with
decreasing ages starting at the Bulk Silicate Earth-CHUR reservoir and evolving
towards the DMM reservoir (Bell & Blenkinsop, 1987; Tilton & Bell, 1994). From
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Figure 8.8, it is apparent that a DMM-type reservoir at 2.7 Ga was more depleted than
the Cinder Lake rocks, suggesting the involvement of at least two isotopically different
sources in the generation of Cinder Lake parental magmas.
Anomalous εSr (T) values are observed in the lenticular vishnevite syenite
(sample 08-04-01). The isotopic composition of the leucocratic fraction plots in the 87Sr
-enriched quadrant [εNd (T) = 0; εSr (T) = 30.6] whereas that of the melanocratic fraction
plots in the 87Sr-depleted and 143Nd-enriched quadrant [εNd (T) = 0.5; εSr (T) = -36.5]. A
linear mixing trend between the two points (dotted line in Fig. 8.8) intersects the
compositions of the other Cinder Lake syenites near the origin of the plot. A linear
mixing relationship seems a reasonable estimate since near identical Sr/Nd ratios are
observed in each fraction, [(Sr/Nd)melanocratic/(Sr/Nd)leucocratic] ≈ 0.9 (DePaolo &
Wasserburg, 1979). A bulk mixture of 55 wt. % of the melanocratic fraction and 45 wt.
% leucocratic fraction yields a point on the trend with εNd (T) and εSr (T) values of 0.3
and -2.94, respectively. The implications of this relationship will be discussed in
Chapter 9. The porphyritic cancrinite syenite (08-12-05) has an εSr (T) value (10.9)
intermediate between those for the other feldspathoid syenites and the monzogranite.
The porphyritic syenite contains abundant secondary cancrinite, albite and stronalsite
and the observed enrichment in εSr (T) may be indicative of metasomatic alteration.
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Figure 8.8: The isotopic composition of the Cinder Lake intrusive rocks expressed in term of εNd(T)
versus εSr(T) values. The compositions of carbonatites and alkaline silicate rocks from the Superior and
Grenville Provinces are shown for comparison (Bell & Blenkinsop, 1987; Tilton & Bell, 1994). Mantle
reservoirs HIMU, enriched-mantle I (EMI), enriched-mantle II (EMII) at 0 Ga and depleted MORB
mantle (DMM) at 2.7 Ga are shown. Dashed line indicates evolution of DMM from 4.55 to 0 Ga based
on the polynomial model of DePaolo (1981) and linear fit of modern 87Sr/86Sr value of 0.7022 and an
initial value of 0.69899 (basaltic achondrite: Papanastassiou et al., 1969). Dotted line indicates a
mixing trend between leucocratic and melanocratic fractions in lenticular vishnevite syenite.
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Table 8.5: The isotopic composition of carbonatites and alkaline complexes of the Grenville and
Superior provinces expressed in terms of εNd(T) versus εSr(T) values.
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Despite the textural and geochemical evidence that the isotopic composition of
samples 08-04-01 and 08-12-05 was modified, regression of the Sm-Nd isotopic data
yields a statistically significant isochron age of 2732 ± 88 Ma and an initial 143Nd/144Nd
ratio of 0.509129 ± 0.000052 at MSWD = 0.77 (Fig. 8.9). This age is within error of the
U-Pb ages determined for zircon and titanite from the vishnevite syenite (see above).
Any metasomatic event that may have occurred did not have a major effect on the SmNd system. The calculated depleted mantle model ages are significantly older than the
Sm-Nd and U-Pb ages, but are relatively similar for the syenites and monzogranite
(2.92-2.98 Ga). Regression of the Rb-Sr isotopic data does not yield a significant
isochron age = 2325 ± 270 Ma and (87Sr/86Sr)o = 0.7032 ± 0.0017 at MSWD = 258 and
0 % probability of fit: Fig. 8.10). The large range of 87Sr/86Sr and 87Rb/86Sr values
reflects the effects of alteration on the Sr-Rb system at Cinder Lake and is the cause of
the large error associated with the above regression analysis. The initial 87Sr/86Sr ratio
of the unaltered cancrinite-nepheline syenite and vishnevite syenite (0.70111) is
interpreted as representative of the Cinder Lake alkaline intrusive complex. The
isotopic ratios of the monzogranite cannot be fitted to either the 87Sr/86Sr or 143Nd/144Nd
isochrons, further supporting the idea that this rock represents a distinct igneous suite.

Figure 8.9: Sm-Nd isochron for Cinder Lake syenites. Data for the monzogranite are shown for comparison.
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Figure 8.10: Sr-Rb regression line for Cinder Lake syenites. Data for the monzogranite are shown for comparison.
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Chapter 9: Petrogenesis of the Cinder Lake Alkaline Intrusive Complex
9.1 Intrusive Events at Cinder Lake
Two distinct intrusive bodies are identified at Cinder Lake: the monzogranite
pluton and the Cinder Lake alkaline intrusive complex confined to the margin of the
former. The occurrence of two distinct intrusive series is supported by mineralogical,
geochemical and isotopic differences between the two bodies, especially the absence of
silica-undersaturated feldspathoid-bearing members among the monzonitic rocks. The
observed variation in initial 87Sr/86Sr ratios (0.70960 in the monzogranite compared to
0.70111 in the most pristine alkaline unit: Table 8.4) supports two different sources for
the two intrusive bodies. Abundant petrographic and geochemical evidence of
fenitization, which is a metasomatic process unique to alkaline igneous activity (Le
Bas, 2008), indicates that the silica-undersaturated series was emplaced later than the
monzogranite.
An explanation for the co-occurrence of silica-saturated and silicaundersaturated rocks that has been suggested for other localities is the assimilation of
limestone by silica-saturated magmas (e.g., Roman Province, Italy: Iacono Marziano et
al., 2008). However, carbonate sedimentary rocks, atypical of greenstone belts, are
characteristically absent in the Knee Lake area. Early studies used this model to explain
the occurrence of silica-undersaturated rocks at Herman Lake in the Michipicoten
greenstone belt (Gledhill, 1927; Moore, 1931). Directly adjacent to the Cinder Lake
complex are the Cycle-I basalts representing the most SiO2-poor and most alkali-rich
member of the HRG series (Hubregtse, 1976). Geochemical comparison among the
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silica-undersaturated syenites (Table 7.2), monzogranite (Table 7.3) and basalts (SiO2
= 44.0-49.9; Al2O3 = 14.6-17.7; Fe2O3TOTAL = 11.0-18.4; CaO = 11.1-12.5; MgO = 5.44.5; Na2O = 0.43-3.67 wt. %; K2O = 0.33-0.73; TiO2 = 0.9-1.3; MnO= 0.4-0.5:
Hubregtse, 1978) indicates that syenites are the most aluminous and alkali-rich type of
the three rock series, and mixing of any proportions of the monzogranite and Cycle-I
basalts cannot account for the major-element variations observed in the syenites (Fig.
9.1).

Figure 9.1: Compositional variation of monzogranite, syenite and pegmatite samples from the Cinder
Lake alkaline intrusive complex and Cycle I basalts of the Hayes River Group (HRG: Hubregtse, 1978).
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Combined assimilation and fractional crystallization (AFC) has been attributed
elsewhere to the coexistence of silica-undersaturated and silica-oversaturated rocks with
the later being the most contaminated (e.g., Foland et al., 1993; Landoll & Foland,
1996). But in cases, such as that presented in this thesis, where there is clear evidence
that one of the intrusions preceded the other (i.e., fenitization of the monzogranite by
the syenitic intrusion, discussed below), then separate magma sources is better
interpreted for the silica-undersaturated and silica-saturated rocks (e.g., Price et al.,
1985).

9.2 Cinder Lake Monzogranite Pluton
Geochemistry of the monzogranite (samples 08-10-01 and 08-19-01 in Table
7.3) is consistent with a modern volcanic-arc (island or continental) high-K calcalkaline magma (Gill, 1981; Pearce et al., 1984; Liégeois et al., 1998). It is
metaluminous to peraluminous (A.S.I. = 0.9-1.0 and A.I. = 0.8), enriched in LILE (93122 ppm Rb, 1015-1212 ppm Ba, 2.8-3.7 wt.% K2O, 745-803 ppm Sr), LREE [(La/Lu)
N

= 49-60] and Th (10-12 ppm) and depleted in HFSE (< 5 ppm Nb, 0.5 ppm Ta and

1340 ppm Ti), HREE and Y (< 0.5 ppm Yb and 5 ppm Y) relative to the primitive
mantle. However, the Zr-Hf depletion typical of volcanic-arc granitoids is not observed
in the Cinder Lake monzogranite (Fig. 7.5). The enrichment in LILE (particularly Rb)
in arc settings has been attributed elsewhere to contamination of the mantle source by
fluids derived from the subducted slab of oceanic crust (Pearce et al., 1984). At Cinder
Lake, this inferred crustal contamination is supported by the elevated initial 87Sr/86Sr
ratio of the monzogranite (0.70111). Contamination is believed to occur in the form of
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metasomatism of the mantle wedge by fluids released by dehydration of the subducted
slab (Tatsumi et al., 1986; Tatsumi, 1989; Tatsumi & Kogiso, 1997).
An active continental-margin setting has been previously suggested for the
emplacement of the Bayly Lake plutonic complex during the collision between the NSS
and NCS (Lin et al., 2006; Percival et al., 2006). Previous mapping recognized the
Cinder Lake monzogranite to be amongst the youngest intrusions of the Bayly Lake
complex due to its lack of foliation and ovoid shape (Barry, 1959; Gilbert, 1985). The
combined titanite-zircon age data obtained in the present study (2.722 ± 23 Ma) is
within the suggested time interval of the NSS-NCS collision (2.72-2.71 Ga: Percival et
al., 2006), but is significantly younger than the suggested age of 2.78-2.77 Ga for the
Bayly Lake pluton (Corkery et al., 2000). The two plutons were likely emplaced at
different stages of the evolution of the collisional boundary between the NSS and NCS.
The high-K calc-alkaline chemistry of the Cinder Lake monzogranite is consistent with
late-stage magmatism in a continental-arc environment (Müller et al., 1992).
Although the unaltered monzogranite samples are geochemically similar to the
rhyolite (sample 08-09-01), enrichment of the rhyolite in Rb and its depletion in Sr
relative to the primitive mantle bears a greater resemblance to trace-element patterns of
rhyolites from the HRG (Fig. 7.5c). Based on the geographic location of the rhyolite
sample, it may represent either a poorly exposed rhyolite xenolith detached from the
country rock during the intrusion of the monzogranite, or an erratic boulder.
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9.3 Cinder Lake Alkaline Intrusive Complex
9.3.1 Fine-grained syenites
The order of emplacement of the fine-grained syenites that compose the bulk of
the complex is interpreted to be from cancrinite-nepheline syenite to vishnevite syenite,
which is accompanied by an increasing degree of silica-undersaturation along with
progressive enrichment in whole-rock CaO, MgO, Fe2O3TOTAL, P2O5, TiO2, SrO, BaO,
REE2O3, CO2, F and S contents, and depletion in Na2O, K2O and Al2O3 in the course of
magma evolution (Fig. 7.1 and Table 7.2). Nepheline and potassium feldspar
geothermometers (Hamilton, 1961; Perchuk & Ryabchikov, 1968; Powell & Powell,
1977) indicate low temperatures of nepheline crystallization, with the highest values
(up to 600 oC according to the geothermometer of Hamilton, 1961) calculated for the
leucocratic cancrinite-nepheline syenite (sample 08-08-01). Nepheline from the
clinopyroxene-bearing cancrinite-nepheline syenite (samples 08-03-01 and 37-85-138)
and gӧtzenite-bearing nepheline syenite (sample 08-17-01) gives crystallization
temperatures of ca. 450-500 °C and 400 °C, respectively (ibid.). Note, however, that
these values most likely reflect the temperature of near-solidus re-equilibration of
nepheline, rather than the true temperature of its crystallization.
Textural relations indicate that cancrinite is a reaction product between
nepheline and the residual liquid, providing further support to the importance of latemagmatic processes in the evolution of the Cinder Lake alkaline suite. The
compositional variation of cancrinite (from Can91 in sample 08-08-01 to Can67 in 08-03
-01) indicates that in the leucocratic cancrinite-nepheline syenite, the residual melt was
significantly enriched in Ca and CO3 relative to Na and SO4 in comparison with the
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clinopyroxene-bearing cancrinite-nepheline syenite. Vishnevite (Can ≤ 67, but more
typically ≤ 40) does not occur as a reaction product, forming instead late-stage
interstitial intergrowths with albite and calcite. The lack of late-stage cancrinite (and
other minerals) in the gӧtzenite-bearing nepheline syenite suggests that this rock either
represents a cumulate assemblage or has lost a residual melt fraction after the
crystallization of nepheline, microcline, gӧtzenite and aegirine-augite. An increase in
CaO, SrO and CO2 concentrations and decrease in SiO2 with magma evolution is
reflected in the high modal proportion of Sr-rich calcite in the vishnevite syenite.
Magma evolution from the cancrinite-nepheline syenite to the gӧtzenite-bearing
nepheline syenite to vishnevite syenite is also evident from the compositional variation
of clinopyroxene in these rocks, which involves an increase in NaFe3+Si2O6 (aegirine)
during magma evolution (Fig. 6.9). The earliest clinopyroxene to crystallize is
represented by subcalcic diopside making up the core of clinopyroxene phenocrysts in
cancrinite-nepheline syenite (Di69-74Hd12-16Jd3.-7En4-16). Their rim comprises Na-rich
compositions corresponding to aegirine-augite (Ae38-42Di26-40Hd16-22Jd6-9). Woolley and
Platt (1986) interpreted a similar discontinuous zoning pattern in nepheline syenite
complexes of the Chilwa Province (Malawi) as indicative of two stages of
crystallization. According to these authors, the diopside cores of clinopyroxene crystals
crystallized at depth and were mantled by aegirine-augite when the magma was injected
into a shallow magma chamber. The composition of aegirine-augite is continuous from
the cancrinite-nepheline syenite (sample 08-03-01) to gӧtzenite-bearing nepheline
syenite (sample 08-17-01), reaching nearly pure aegirine (Ae82Di1Hd4Jd13) in vishnevite
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syenite sample 08-12-04. Other samples of vishnevite syenite do not contain
clinopyroxene, and probably represent more evolved magma types (see below).
Phlogopite is a common replacement product of aegirine-augite in the cancrinite
nepheline syenite and is more abundant than sodic clinopyroxene in the vishnevite
syenites. The mica compositions in these rocks appear to follow a compositional trend
of increasing Mg# (from 0.3 in the cancrinite-nepheline syenite to 0.3-0.4 in the
vishnevite syenites), Si:Al ratio (from 1.4-1.6 to 1.7-2.3), Ti and F contents (up to 0.2
and 0.3 apfu, respectively, in the vishnevite syenite relative to ≤ 0.1 apfu in the
cancrinite-nepheline syenite).
Andradite rims enveloping clinopyroxene and phlogopite crystals in the
cancrinite-nepheline and vishnevite syenites probably developed as a reaction product
between the precursor mafic phase and a silica-undersaturated, Ca-Fe-rich residual melt
in a manner similar to the above-described formation of cancrinite after nepheline. The
presence of OH ions in the late-stage andradite (see Section 6.6) indicates that the
residual melt also contained more water than was present in the residual melt after
crystallization of the cancrinite-nepheline assemblage (Appendix II.13). Other
secondary minerals (titanite, magnetite and pyrite) associated with phlogopite do not
form reaction rims, occurring instead as secondary inclusions commonly confined to
cleavage planes (Fig. 5.7c). Similar textural relationships between phlogopite and
titanite have been interpreted as metamorphic by Yui et al. (2001). The low Ca
concentrations in the phlogopite suggest that the crystallization of titanite involved
influx of Ca into the system (ibid.).
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Two stages of apatite crystallization can be recognized on the basis of its
chemical composition and zoning. The first stage is represented by the REE-poor and
Sr-rich core (~2.5 and 6.0 wt. % respective oxides) of crystals observed in the
cancrinite-nepheline syenites. These crystals are enclosed by a rim of REE-rich and Sr
-poor apatite (~8.0 and 2.0 wt. % respective oxides; Fig. 6.15e), similar to that
observed in the vishnevite syenites. Although discrete zones are recognizable in
apatite from the vishnevite syenite (Fig. 6.15g), the chemical variation is relatively
continuous from REE-rich and Sr-poor compositions analogous to those found in the
rim of apatite crystals from the cancrinite-nepheline syenite toward further depletion
in REE and Sr in crystals from the vishnevite syenite (ca. 1 wt. % REE2O3 and 2 wt.
% SrO in the core; nil REE and <1 wt.% SrO in the rim). This continuously zoned
apatite from cancrinite-nepheline and vishnevite syenites represents the second stage
of apatite crystallization. The first stage of apatite crystallization likely occurred
together with diopside crystallization at depth, whereas the second stage occurred
during magma was injection at a shallower depth, similar to the evolution of
clinopyroxene from aegirine-augite to aegirine. The change in apatite composition in
the second stage of crystallization reflects the magmatic evolution within the chamber.

9.3.2 Pegmatite emplacement and metasomatism
The alkali-feldspar syenitic pegmatites are the most silica-rich units of the
Cinder Lake complex. Similarities in trace-element geochemistry between the
pegmatites and fine-grained syenites support their derivation from petrogenetically
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related magmas. These similarities include enrichment in LILE (particularly Rb, Ba, K
and Sr) and LREE, depletion in HFSE (Nb, Ta, Zr, Hf and Ti) and the presence of
positive and negative Pb anomalies (Fig. 7.2a).
Given the less evolved geochemistry of the pegmatites in comparison with the
syenites, the volatile-rich melt that gave rise to the pegmatites must have separated
from its parental magma at an early stage of emplacement, probably
contemporaneously with the most silica-rich members of the syenite series (i.e.,
cancrinite-nepheline syenite). Alternatively, the pegmatites may actually represent a
cumulate unit comprising microcline crystals fractionated from the magma that
subsequently crystallized to the diverse types of syenite. This latter mechanism is
supported by the subparallel orientation and euhedral shape of microcline crystals in
the pegmatites. Importantly, microcline is the only primary mineral that can be
identified in the pegmatite, whereas other minerals (albite, calcite, phlogopite,
muscovite and andradite) either replace microcline or occur as late-stage veinlets crosscutting the primary fabric. The less-common accessory minerals (such as titanite,
apatite, fluorite, zircon, monazite and REE fluorocarbonate) are always found in
association with one or more of the major alteration phases. The whole-rock
compositions of the pegmatite plot at the SiO2-rich end of the magma evolution trend
with the vishnevite-syenite compositions trending away from the pegmatite (Fig. 7.1).
This relationship suggests that the vishnevite syenite may represent the evolved
“leftover” melt generated by fractionation of microcline and possibly another, as yet
unidentified, primary phase that underwent complete replacement by muscovite, albite
and calcite (Section 5.1.1).
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Barium enrichment and abundance of barite inclusions in the core of microcline
crystals from the pegmatites indicate that these rocks may have been initially more Barich than the fine-grained syenites, but were subsequently depleted in Ba during
metasomatic albitization and sericitization. The most calcitized and sericitized
pegmatite samples contain much lower Ba levels (549 and 670 ppm; Table 7.1) in
comparison with the less metasomatized samples (up to 8500 ppm Ba in pegmatite
dyke 08-06-01). Similar major- and trace-element geochemistry (LILE-enrichment
coupled with HFSE-depletion) of pegmatite dyke 08-06-01 and less-altered pegmatite
samples from the ridge suggests that the dykes are related to the ridge pegmatites, but
were less altered by metasomatism. The unaltered pegmatite also shows a high Nb/Ta
ratio (~30 in sample 08-06-01) relative to the primitive-mantle value and a positive Pb
anomaly (Fig. 7.2), which contrasts with a much lower Nb/Ta ratio (~13) and negative
Pb anomaly in the strongly metasomatized samples (Fig. 7.2b). Dyke 08-05-01 differs
from the other pegmatite samples in containing much lower levels of LILE, including
Ba (136 ppm). Epidotization accompanying albitization in dyke 08-05-01 is not
observed in the other pegmatites and is more consistent with the alteration patterns
observed in the monzogranite and rhyolite. This combined petrographic and
geochemical evidence indicates that pegmatite dyke 08-05-01 may represent a discrete
intrusive phase predating the alkaline-syenitic series.
Geochemical comparison of unaltered and metasomatized pegmatite samples
indicates that the fluids responsible for albitization, sericitization and calcitization must
have been enriched in Ca, Mg, Na, Sr, P, Ti, V, Y, REE, Zr, Hf, Th, U, F and CO2. The
levels of all these elements increase significantly with decreasing SiO2 content and
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increasing modal abundance of metasomatic minerals (albite, calcite, phlogopite and
muscovite). Notably, this metasomatic trend parallels the magma evolution trend
observed in the fine-grained syenites. For example, the calcitized pegmatite (sample 0813-04) is geochemically most similar to the lenticular vishnevite syenite (08-04-01),
even though the two rocks differ mineralogically. It is plausible that the
metasomatizing fluids evolved from the magmas that produced the syenites, and the
alteration of the pegmatites was thus an autometasomatic process.
The order of metasomatism within the pegmatites is interpreted to be
albitization, then calcitization, followed by sericitization. Albite, also present in the fine
-grained syenites (commonly in association with cancrinite and stronalsite), occurs as
replacement rims and overgrowths on primary microcline that are interpreted to be
reaction products between microcline and a more sodic residual melt. Calcite veinlets
were emplaced following the crystallization and albitization of the pegmatites, which is
indicated by the occurrence of euhedral albite crystals embedded in calcite. Crystals of
REE-enriched apatite (up to 2.4 wt.% LREE2O3) commonly found in the calcite
veinlets exhibit depletion in REE along the contact with sericite (0.1 wt.% LREE2O3 in
the most sericitized samples), indicating that the development of REE-enriched calcite
veinlets preceded sericitization, which involved removal of REE. Monazite grains,
present in the calcite veinlets, also show evidence of alteration (hydration) in sericitized
samples.
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9.3.3 Metasomatic processes in the syenites
Although the porphyritic cancrinite syenite is macroscopically similar to the
vishnevite syenite, the greater abundance of secondary minerals (i.e., albite, cancrinite
and stronalsite after microcline; andradite after phlogopite) suggests that this unit was
affected more strongly by metasomatism. The precursor rock was probably a
phlogopite-bearing porphyritic syenite. Depletion in Ba, observed along the rims of
microcline phenocrysts in the porphyritic syenite, is similar to Ba depletion in
microcline from the pegmatites (see above), providing further support to the
importance of metasomatic processes in the evolution of this rock. Geochemically, it
differs from the other fine-grained syenites in showing significantly higher levels of
Na2O and REE2O3, but lower K2O contents; it does not fit the magma evolution trend
shown in Figure 7.1. In addition to Na and REE, the metasomatizing fluid must have
been enriched in Ca, Sr and volatiles (particularly, F, CO2 and SO3), as indicated by the
abundance of cancrinite-vishnevite (Can51), stronalsite, calcite, fluorite and hydrous
andradite. Because the primary texture and mineralogy was obscured by
metasomatism, it is not possible to identify the precursor rock to the porphyritic
syenite.
Fenitization of the monzogranite by alkaline silicate magmas is supported by
petrographic observations and geochemical data. Metasomatized samples of
monzogranite have compositions that fall between those of the most pristine
monzogranite samples and the most SiO2-poor calcite-rich rocks of the Cinder Lake
complex, characterized by enrichment in K2O, CaO, Fe2O3, MgO, P2O5, TiO2,V, Y,
REE and Th (Fig. 7.1). Fenitized sample 08-10-02 also shows enrichment in Zr, Hf and
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U. Plagioclase and hornblende, representing the major constituents of fresh
monzogranite, are absent in the fenitized samples, that instead contain a large modal
proportion of potassium feldspar, albite and clinopyroxene with accessory titanite,
apatite, magnetite and Fe sulphides. An increasing grade of fenitization is recognizable
in the chemistry of the clinopyroxene, which exhibits gradual enrichment in Ae and Hd
(Ae8Di60Hd30Jd2 to Ae33Di24Hd41Jd2). Enrichment of the fenitizing fluid in S is evident
from the whole-rock analyses and presence of sulphides (pyrite and pentlandite) in
sample 08-10-02.
The discrete albitite unit, represented by sample 08-09-02, was probably
metasomatized at the same time as the porphyritic cancrinite syenite and monzogranite.
The xenolith extracted from strongly fenitized monzogranite 08-10-02 is
mineralogically and texturally similar to the albitite and may represent the same rock
unit. Similarities in trace-element geochemistry indicate that the albitite may actually
represent a metasomatized derivative of rhyolite from the HRG, although the latter
shows slightly lower levels of LILE and REE enrichment. In common with the
porphyritic cancrinite syenite, the albitite shows enrichment in CaO, MgO, Na2O,
Fe2O3, TiO2 and F, and depletion in SiO2 and K2O. Xenoliths of volcanic rocks from
the HRG may have been incorporated into the monzogranite during its emplacement
and subsequently fenitized during the intrusion of the alkali-rich syenitic magmas
making up the Cinder Lake complex.
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9.3.4 Evidence for carbonatitic magmatism at Cinder Lake
Evidence for carbonatitic magmatism at Cinder Lake includes, first and
foremost, the abundance of calcite in the syenitic rocks and especially in the
pegmatites. In the pegmatites, calcite forms cross-cutting veinlets containing euhedral
crystals of phlogopite, magnetite and accessory minerals characteristic of carbonatites
(REE-bearing apatite, monazite and britholite). The calcite shows a significant
enrichment in Sr and REE (up to 2.4 oxide wt. % and 510 ppm, respectively) which are
(along with Ba) typical of igneous calcite (e.g., Xu et al., 2007, 2010).
Most δ13C and δ18O values for the calcite veinlets plot within the range of values
typical of mantle-derived carbonates (Taylor et al., 1967; Keller & Hoefs, 1995), with
the exception of sample 08-13-04. Various secondary processes, such as degassing or
weathering are known to affect the C-O isotopic composition of igneous carbonates,
changing the primary source-defined isotopic signature (e.g., Keller & Zaitsev, 2006).
A shift toward a higher δ13CV-PDB value without any appreciable change in δ18OV-SMOW,
such as observed in sample 08-13-04, has been attributed to mantle heterogeneity
arising from metasomatic processes involving decarbonation of subducting oceanic
crust (Demény et al., 2004). The observed variations imply that calcite in pegmatites 08
-13-04, 08-13-01 and 08-16-01 could have evolved from isotopically different
carbonatitic melts (fluids?), thus suggesting multiple intrusive events. It is very unlikely
that enrichment of sample 08-13-04 in 13C resulted from crustal contamination because
carbonate sedimentary rocks have not been reported from this part of the Superior
Province, and also because such contamination would produce a positive shift in δ18OVSMOW

value (Demény et al., 2004), which is not observed. The calcite paragenesis in
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sample 08-13-04 also differs from the other veinlets in containing fluorite and
spherulites of REE fluorocarbonate (?) in the absence of phlogopite, magnetite, rutile
and monazite. The whole-rock composition of pegmatite 08-13-04 is appreciably
enriched in HREE relative to the other calcite-bearing samples, which may indicate
that this paragenesis represents a more evolved carbonatite fraction remaining after the
precipitation of early LREE phases (e.g., apatite and monazite; for discussion, see Xu
et al., 2010).
The C-O isotopic characteristics of the lenticular vishnevite syenite are
consistent with crystal fractionation, forming a trend toward elevated δ13CV-PDB and
δ18OV-SMOW values and away from the box corresponding to primary mantle-derived
carbonatites (Taylor et al., 1967; Kellers & Hoefs, 1995), including the values for SrREE-enriched calcite from the pegmatites. Different 87Sr/86Sro and εNd isotopic ratios
measured for the leucocratic and melanocratic phases in the lenticular vishnevite
syenite indicate that post-emplacement partial melting may have affected this rock,
causing the apparent isotope fractionation (see below). This explanation is consistent
with the observed enrichment of calcite in the leucocratic phase in the heavier carbon
isotope (Knesel & Davidson, 1999).
The carbonatitic melts likely evolved from the fine-grained syenites that make
up the bulk of the Cinder Lake complex and are the most likely source of fluids that
metasomatized the earlier-emplaced rocks (monzogranite, rhyolite and pegmatites). In
the whole-rock geochemical variation diagrams (Fig. 9.2), the trends defined by the
fine-grained syenitic rocks and the pegmatites both converge toward a similar
composition, with the exception of Na2O content which decreases with decreasing SiO2
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in the syenites, whereas the pegmatites show an increase in Na2O, consistent with the
albitization of the pegmatites. The Al2O3 content of the pegmatites (Fig. 9.2f) fits the
syenite trend for all but the most sericitized sample (08-02-02), demonstrating the
localized nature of sericitization. Sodium and Al probably partitioned into
metasomatizing fluids prior to the intrusion of the calcitic veins into the pegmatites.
The geochemical composition of the SiO2-deficient end-member for each of the three
trends (syenitic evolution trend; metasomatism of pegmatites; and fenitization of
monzogranite) was estimated using the best-fit regression line and calculated into a
modal composition (Table 9.1). The calculated end-members for the syenitic evolution
trend and metasomatism of the pegmatites have a similar modal composition to that of
the calcite and phlogopite veinlets found in the pegmatites (see Section 5.1.1). The only
major difference between the syenitic and pegmatitic end-members is the higher
abundance of albite calculated in the pegmatite end-member. The hypothetical endmember of the fenitizing trend of monzogranite has many similarities to the other two
compositions (e.g., SiO2, MgO, Na2O, Fe2O3, P2O5, TiO2 and REE2O3), but differs in
K2O, CO2 and F contents (Table 9.1). Potassium was likely removed from the evolving
syenitic magma to a carbonatitic melt and introduced into the monzogranites by
metasomatizing fluids, whose composition is uncertain as this time, although low CO2
and F levels are typical of potassium-fenites (Le Bas, 2008). The calculated modal
composition consists predominantly of potassium feldspar and very little calcite
compared to the other two end-members (Table 9.1).

260

261

Figure 9.2 (p 260-261): Variation in selected major components and trace elements relative to SiO 2 (wt.
%) simplified from Figure 7.1: a) CaO, b) MgO, c) Na 2O, d) Fe2O3total, e) P2O5, f) Al2O3, g) TiO2, h)
K2O, i) CO2 , j) F, k) REE and l) Ba. Linear regression lines are shown for the three trends defined at
Cinder Lake.
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Table 9.1: Estimated geochemical and modal compositions of hypothetical SiO 2-deficient end-members
for three trends shown in Figure 9.2 that describe the evolution of the Cinder Lake alkaline intrusive
complex, metasomatism of the pegmatite and fenitization of the monzogranite. Geochemical
compositions were determined by defining SiO2 compositional range by x-intercepts (Na2O, K2O and
Al2O3 for the syenitic trend; K2O for the pegmatitic trend; Na2O and Al2O5 for the fenitizing trend) and
determining a range of major-element variation within the defined SiO2 range.
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In order to estimate the composition of the hypothetical carbonatitic liquid, the
major- and trace-element analyses of calcite, phlogopite, apatite, magnetite and
monazite and the modal abundances of these minerals were recalculated into weight
percentages of selected chemical components (Table 9.2). The calculated composition
gives a Nb/Ta ratio of 11 which is consistent with the low Nb/Ta ratio observed in the
metasomatized pegmatite samples. The compositions of the world carbonatite average
(Woolley & Kempe, 1989) and Maoniuping carbonatite (Xu et al., 2003) are given in
Table 9.2 for comparison. General similarities with the world average include similar
major-element abundances, enrichment in REE and depletion in HFSE (in particular,
Ta, Zr and Ti; Hf value is not available for the world average).
In contrast to the world average composition, the calcite veinlets show a small
positive Sr anomaly, a distinct negative Nb-Ta anomaly and much lower calculated Nb/
Ta ratio (~11) also showing similarity to the trace-element distribution of the
Maoniuping carbonatite complex (Fig. 9.3), which is believed to have evolved from
potassic syenitic rocks (Xu et al., 2004). The strong Ba-enrichment typical of most
carbonatites (Fig. 9.3) is not observed in the calculated data, possibly because Ba was
coprecipitated with albite as barite inclusions in metasomatized pegmatite prior to the
crystallization of carbonate paragenesis. Alternatively, if the carbonatite liquid and
pegmatite are derived from the same parental melt, fractionation of Ba-rich microcline
to form the pegmatite explains depletion of the more evolved carbonate residuum in
Ba.
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Table 9.2: Estimated whole-rock composition of calcite veinlets based on the average modal
composition (45% REE-poor calcite, 45% REE-rich calcite, 6.9% phlogopite, 1% magnetite, 1% albite,
0.5% apatite, 0.5% rutile, 0.1% monazite). The mineral compositions were determined by WDS and LAICP-MS (see Chapter 6).
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Table 9.2 (cont.)

complex (Xu et al., 2004) is shown for comparison. All data were normalized to the primitive mantle of McDonough and Sun (1995).

min) and maximum (world max) carbonatite trace-element values of Woolley and Kempe (1989). The composition of calcite carbonatite from the Maoniuping

Figure 9.3: Comparison of the estimated trace-element composition of the calcite veinlets at Cinder Lake to the world average (world avg), minimum (world
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The aeromagnetic survey data (Fig. 2.7) indicate that the area of the Cinder
Lake complex at the current erosion level is around 25 km2. This estimate is similar in
scale to the carbonatite-syenite intrusions at Mountain Pass (California: Castor, 2008)
and Maoniuping (China: Xu et al., 2004), which are much better exposed than the
Cinder Lake complex owing to their younger age and elevated topography. At both
localities, carbonatite forms prominent intrusive bodies measuring tens to hundreds of
meters in length. It is not clear whether a discrete carbonatite body was present at
Cinder Lake and subsequently removed by erosion, or remains unexposed at the current
erosion level. Based on the above size estimate, the extent of unexposed carbonatite
bodies at Cinder Lake may be significant and represent a potential exploration target.

9.4 Tectonic Setting
In comparison to the phonolite database presented in Chapter 3, the
geochemistry of the fine-grained syenites is most consistent with a continental arc
tectonic setting. This is evident from comparison of the geochemical ratios Zr/Hf (39.849.2), Nb/Ta (16.7-29.2), Th/Nb (0.6-1.9), Ba/La (8.5-32.8 excluding one outlier
corresponding to sample 08-08-01), (La/Lu)N (44.4-119.8), K/Na (1.3-2.2) and Zr/Nb
(3.4-28.4) of the fine-grained syenites to the mean values and ranges listed for the
different tectonic settings in Table 3.2. Further comparison is provided in Figure 9.4.
The trace-element patterns of the Cinder Lake syenites have a characteristic negative
slope, negative Ti-anomaly and commonly negative Ba-Sr anomalies, typical of
phonolites from all four tectonic settings, but are also characterized by strong
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enrichment in LILE and depletion in HFSE, characteristic of continental and island arc
phonolites. The strong positive Pb anomaly typically present in continental arc
phonolites is observed in several Cinder Lake syenite samples (i.e., 37-85-138, 37-85142, 08-03-02, 08-12-02). Negative Pb-anomalies (Figs. 7.3a & b), observed in some
syenite samples, are interpreted to be related to remobilization of LILE by
metasomatizing fluids (see above). A continental arc setting has been proposed for the
Mountain Pass and Maoniuping syenite-carbonatite complexes as well, but they are
related to younger orogenic events (Mesoproterozoic and Cenozoic, respectively;
Castor, 2008; Xu et al., 2004). Mitchell (2005) suggested the carbonatites may have
evolved from the syenites at these complexes.
A continental arc tectonic setting is in accord with the presence of a convergent
boundary between the NCS and NSS, which collided between 2.72 and 2.71 Ga
(Percival et al., 2006). The transition from high-K calc-alkaline monzogranitic
magmatism to silica-undersaturated syenitic magmatism was probably associated with
a change in tectonic regime. The monzogranite was emplaced during the late stage
developments of a volcanic arc, whereas the alkaline magmatism was likely associated
with post-collisional evolution, when the convergent boundary relaxed causing the
LILE-enriched mantle wedge to melt. Similar transitions from island arc calc-alkaline
to potassic alkaline magmatism have been observed in the Ringgit-Beser complex
situated in the Murdura basin behind the currently active volcanic front of East Java,
Indonesia (Edwards et al., 1994). Edwards et al. (1994) ruled out crustal contamination
as a source of the potassic suite of rocks based on differences in isotopic and traceelement composition. Geochemistry of the calc-alkaline volcanics from the Ringgit-

dashed black patterns.

Sun, 1995). The mean of phonolites is shown in red. The 75 th and 25th percentiles are shown in solid black. Minimum and maximum values are shown in

from different tectonic settings (database presented in Section 3.4). Compositions are normalized to the composition of the primitive mantle (McDonough and

Figure 9.4: Trace-element distribution of a representative Cinder Lake feldspathoid syenite compared to average trace-element distributions of phonolites
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Beser complex is consistent with those of a normal garnet-free MORB source, whereas
the geochemistry of the potassic rocks is consistent with an enriched garnet-bearing
mantle source (ibid.). In contrast to the Ringgit-Beser complex where the older calcalkaline rocks have a more depleted initial 87Sr/86Sr ratio than the potassic rocks
(0.7042 versus 0.7044-0.7055), the syenites at Cinder Lake complex have more
depleted initial 87Sr/86Sr ratios than the monzogranite (Table 8.4). A low Ce/Pb ratio in
the monzogranite (3.0-3.8) is indicative of a significant subducted sedimentary
component probably represented by the mantle wedge metasomatized by slab-derived
fluids, which may also account for the higher 87Sr/86Sr ratio in the monzogranite
(Hofman et al., 1986; Newsom et al., 1986; Edwards et al., 1994). Higher Ce/Pb ratios
(4.6-15.8) are observed in the calc-alkaline volcanics of the Ringgit-Beser complex
(Edwards et al., 1994) whereas even higher Ce/Pb values (7.2-27.9) are observed in the
Cinder Lake syenites, indicating a more primitive mantle source. The variable and
enriched isotopic nature of the potassic rocks of the Ringgit-Beser complex led
Edwards et al. (1994) to conclude that this rock suite was derived from a heterogeneous
enriched mantle source formed by the recycling of subducted oceanic crust with a small
amount of pelagic sediment (EMI). These authors interpreted the transition from calcalkaline to potassic magmatism as due to the diminishing contribution of fluids from
the subducted slab to melting in the mantle wedge (ibid.).
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9.5 Age of Emplacement
Zircon from the aegirine-bearing vishnevite syenite (sample 08-12-04) is
similar in age to zircon from the monzogranite (2722 ± 10 Ma and 2721 ± 16 Ma,
respectively), whereas titanite from the vishnevite syenite is more similar in age to
zircon from the vishnevite syenite sample 37-85-142 studied by Chakhmouradian et al.
(2008; i.e., 2702 ± 18 Ma and 2705 ± 2 Ma, respectively). The age of the titanite
probably represents the time of widespread regional metamorphism or metasomatism
of the Cinder Lake igneous suite, involving the development of titanite, pyrite,
magnetite and andradite after phlogopite and clinopyroxene. The slightly older age
obtained by Chakhmouradian et al. (2008) may indicate that alteration occurred
immediately after the emplacement of the vishnevite syenite. Alternatively, the age of
the titanite fits well within the age range (2705-2685 Ma) of regional metamorphism in
the Crow Lake greenstone belt, Split Lake block and Pikwitonei Granulite Domain,
northwest of the Knee Lake area (Corkery et al., 1992; Böhm et al., 1999; Heaman et
al., 2011). The appreciably older age determined for zircon from the monzogranite and
vishnevite syenite 08-12-04 may be interpreted in two different ways: 1) the zircon
was inherited from monzogranite and the 2705-2702 Ma range represents the actual
period of emplacement of the syenite suite; 2) the vishnevite syenite is coeval with the
monzogranite (2722-2721 Ma) and the age of zircon from sample 37-85-142 (2705 ± 2
Ma: Chakhmouradian et al., 2008) and age of titanite (2702 ± 18 Ma) actually relate to
regional metamorphism or metasomatism of the syenite.
Fenitization of the monzogranite supports the emplacement of the alkaline
rocks after the monzogranite, but the ages of the Cinder Lake complex and the

272

monzogranite pluton are essentially within the analytical error of the method, indicating
that the two rock series probably intruded during a transition from a collisional to postcollisional regime.

9.6 Comparison to Other Alkaline Complexes of the Superior Province
Three major periods of Precambrian alkaline magmatism are known in the
Superior Province: Neoarchean (~2.7-2.6 Ga), Paleoproterozoic (~1.9-1.7 Ga) and
Mesoproterozoic (~1.2-0.9 Ga: Bell & Blenkinsop, 1980; Kwon, 1986; Bell et al.,
1987). Majority of the complexes form circular to elliptical discordant bodies that are
expressed as strong magnetic anomalies similar to the one identified at Cinder Lake
(Fig. 2.7). The Neoarchean intrusions occur scattered throughout the Superior Province,
characteristically associated with greenstone belts. Five Paleoproterozoic carbonatite
complexes occur in the northeast-trending Kapuskasing structural zone (KU in Fig.
2.1b), where they were emplaced along fault zones associated with a lithospheric uplift
(Percival and West, 1994). The Mesoproterozoic alkaline complexes consist of silicate
rocks and carbonatites concentrated along the Keweenawan Mid-Continental rift,
particularly the failed arm that extends north of Lake Superior (Sage, 1991). Unlike the
Archean complexes confined to greenstone belts, the Mesoproterozoic complexes
straddle three different terrane types: the Wawa-Abitibi, Quetico and Eastern
Wabigoon terranes. The largest (~580 km2) and best-documented of the
Mesoproterozoic alkaline complexes is the Coldwell pluton that occurs where the failed
arm intersects the Keweenawan rift (Mitchell & Platt, 1978, 1982). Contact
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metamorphism and fenitization of granitoid and supracrustal rocks is commonly
associated with all alkaline complexes of the Superior Province.
Neoarchean alkaline complexes occur in several greenstone belts throughout the
Superior Province. These complexes are similar in tectonic setting, geochemistry and
age to the Cinder Lake complex. The greenstone terranes hosting the Archean
intrusions were accreted to the composite Superior Province during its assembly. The
ages (2.71-2.66 Ga) of the complexes indicate that they were emplaced syn- to postcollisionally. In nearly every Neoarchean alkaline complex, the silica-undersaturated
rocks occur in close proximity to silica-saturated rocks. The only other Archean
alkaline complex known within the Oxford-Stull Domain, the Wapikopa Lake
complex, situated east of Cinder Lake, does not contain any feldspathoid minerals
(Sage, 1988a; Tilton and Kwon, 1990).
Petrographically, the Cinder Lake complex is most similar to the Herman Lake
complex, emplaced in the Michipicoten greenstone belt of the Wawa subprovince and
composed predominantly of aegirine-augite syenite to nepheline-cancrinite syenite
(Sage, 1993). The alkaline rocks emplaced along the margin of the Maskinonge Lake
granodiorite stock (ibid.; Collins et al., 1926). The modal content of cancrinite, which
is the principal feldspathoid mineral in syenitic rocks making up the core of the
Herman Lake complex, decreases toward the inferred contact with metavolcanic wallrocks (Sage, 1993). Titanite-zircon ages from the Herman Lake nepheline-cancrinite
syenite and the Maskinonge Lake stock (2671 + 17/-11 Ma and 2671 ± 2 Ma,
respectively: Corfu and Sage, 1992) indicate that these two rock series are
contemporaneous and were emplaced after the amalgamation of the Wawa subprovince
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to the composite Superior Province at ~2.695 Ga (Corfu and Stott, 1986, 1998).
Although, the contact between the two intrusions at Herman Lake was not observed,
crosscutting relationships between the syenites and silica-saturated rocks in the
complex led Sage (1993) to suggest that the granitic rocks are younger than the
feldspathoid syenites. Both the Herman Lake and Maskinonge Lake stock show
enrichment in LILE and depletion in HFSE (with strong negative Nb-Ta and Ti
anomalies) typical of calc-alkaline and shoshonite magmatism in collisional settings
(ibid.) and similar to the syenitic and granitic rocks exposed at Cinder Lake.
Petrographical similarities between the Cinder Lake and Herman Lake alkaline
complexes include the presence of oriented potassium feldspar crystals that show
progressively stronger foliation toward the rim of the complex. Sage (1993) suggested,
based on the high concentration of potassium feldspar crystals, that these syenitic
rocks represented crystal mushes lining the walls of the magma chamber. Potassium
feldspar crystals in the Herman Lake nepheline-cancrinite syenite are immersed in a
granoblastic-like groundmass composed of albite and cancrinite, similar to what is
observed in the vishnevite syenite at Cinder Lake.
Other syenite complexes identified in the Superior Province include the
Springpole Lake complex in the Birth Lake greenstone belt of the Uchi subprovince,
Sturgeon Narrows and Squaw Lake complexes in the Sturgeon Lake greenstone belt of
the Wabigoon subprovince and Poohbah Lake complex intruding metasedimentary
schists of the Quetico subprovince at the southern margin of the NCS (Sage, 1988b &
c). The southern portion of the Squaw Lake complex is composed of quartz-bearing
monzonite (Sage, 1988b), which is also observed as xenoliths in nepheline-syenite
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elsewhere in the complex (Trowell, 1976), suggesting that the silica-undersaturated
rocks are younger than the quartz-bearing monzonite, similar to the intrusive sequence
proposed in the present work for the Cinder Lake complex.
A range of plutons of different composition were observed in the Abitibi
greenstone belt, with compositions correlative to emplacement ages. Diorites were
emplaced ca. 2710-2700 Ma (e.g., Aquarius Mine), followed by granodioritic
magmatism at ~2690 Ma (e.g., Paymaster, Preston, Pearl Lake, Crown and Millerton
porphyries) and alkaline magmatism at 2680-2670 Ma (Corfu et al., 1989; Frarey &
Krogh, 1986). The latter phase of magmatism produced a number of small stocks of
dominantly monzonitic (e.g., Winnie Lake and Garrison stocks) to syenitic (e.g., Otto
and Murdock Creek stocks) composition. The Otto stock is the only stock in which
feldspathoid minerals have been observed; it is composed of a nepheline-syenitic rim
enclosing a quartz-syenitic to granitic core (Lovell, 1972; Ben Othman et al., 1990;
Pigeon & Bergen, 2003, 2004). The alkaline magmatism culminated with the formation
of the Timiskaming alkaline volcanic suite composed of tephrites, trachytes and
phonolite, and representing the youngest stratigraphic unit of the Abitibi greenstone
belt (2680-2677 Ma: Corfu et al., 1991). The similar age and geochemistry of the
volcanic and plutonic suites in the Abitibi belt indicate that these suites are comagmatic (Ben Othman et al., 1990; Corfu et al., 1991). It is possible that alkaline
volcanics were also present in the Cinder Lake area but have been eroded. Shoshonitic
flows, in the lower volcanic portion of the Oxford Lake Group in the Knee Lake area,
are of similar age (dated at 2722 ± 3 Ma: Corkery et al., 2000) to the monzogranite and
vishnevite syenite 08-12-04 at Cinder Lake. The Cinder Lake complex and its
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associated monzogranite may represent a complex, multiphase magma chamber similar
to the Otto Stock, where calc-alkaline magmas were emplaced first and were
subsequently followed by silica-undersaturated magmas after a change in tectonic
regime.
Autometasomatic processes and fenitization of country rock are commonly
associated with alkaline magmatism. Phlogopite and garnet commonly occur as
reaction rims on pyroxenes and amphiboles, whereas cancrinite commonly replaces
nepheline. Metamorphism in the albite-epidote facies, observed at the contact between
the Herman Lake complex and the supracrustal rocks of Michipicoten greenstone belt
(Sage, 1993), is similar to the alteration of the monzogranite at Cinder Lake (see
Section 5.2.1). Similar to the Cinder Lake complex, titanite, apatite and calcite
(comparatively more abundant in more evolved rocks) are common accessory minerals
in all of the aforementioned complexes.
Carbonatite dykes intruded syenites at the Springpole, Lac Shortt and Dolodau
complexes, dated at 2734, 2661 and 2677 Ma, respectively (Bédard & Chown, 1992;
Tilton & Bell, 1994; Barron, 1996). Unlike at Cinder Lake, the silicate rocks at these
localities (including volcanic rocks and syenite dykes away from the volcanic centre)
occur in close association with calcite carbonatite (ibid.). A pattern of alteration similar
to that observed on the pegmatite ridge at Cinder Lake and attributed here to
carbonatitic veining was reported for syenite and trachyte at Springpole Lake, where
the silicate rocks are replaced by calcite, pyrite and muscovite (Baron et al., 1989). The
carbonatite, syenite and fenitized country rock from the Springpole Lake complex are
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all enriched in REE (ibid.). Intense calcitization-sericitization was also reported at the
Sturgeon Narrows complex (Sage, 1988b).

9.7 Archean Mantle Composition
Owing to the inadequate understanding of isotopic variations in the Archean
mantle, the source(s) of alkaline magmas at Cinder Lake cannot be sufficiently
constrained or described in terms of the present-day mantle reservoirs (i.e. DMM, EMI,
EMII, HIMU and FOZO). Younger syenite-carbonatite complexes, such as the
Oldoinyo Lengai volcano in Tanzania and the Eocene-Oligocene Maoniuping complex
in China, have Sr-Nd isotopic compositions defined essentially by three components:
EMI, EMI and HIMU. It is uncertain when fractionation of the mantle into depleted
and enriched reservoirs occurred (Bowring & Housh, 1995; Vervoort et al., 1996), but
it has been suggested that fractionation of a DMM reservoir beneath the Superior
Province did not begin until around 3.0 Ga based on the intersections of 87Sr/86Sr and
143

Nd/144Nd regression lines with the Bulk Silicate Earth and CHUR compositions,

respectively, at that time (e.g., Chase & Patchett, 1988; Kwon et al., 1989; Tilton &
Kwon, 1990; Galer & Goldstein, 1991; Tilton & Bell, 1994). The Sr-Nd isotopic
composition of the Cinder Lake syenites is similar to that of other Neoarchean syenites
from the Superior Province (Fig. 8.8). Younger complexes in the Grenville province
(e.g., 110 Ma Oka) have compositions near HIMU [εNd (T) = 5.3, εSr (T) = -15.1],
whereas the oldest complexes in the Superior Province (Poohbah Lake and Cinder
Lake) have lower εNd and 87Sr/86Sr0 values approaching the 2.70 Ga CHUR and Bulk
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Silicate Earth compositions. Tilton & Bell (1994) observed similar differences in Pb
isotopic compositions, where the 206Pb/204Pb ratios from the 2.68 Ga Lac Shortt and
Dolodau carbonatites cluster around the 2.68 Ga Bulk Silicate Earth composition in
contrast to young (<200 Ma) carbonatites that form a trend toward the modern DMM
and HIMU reservoirs away from the Bulk Silicate Earth value. Unfortunately,
Proterozoic and Paleozoic carbonatites were not considered in Tilton & Bell’s (1994)
study to identify when this shift in 206Pb/204Pb composition occurred.
The 143Nd/144Nd and 87Sr/86Sr values for vishnevite syenite samples 37-85-142
and cancrinite-nepheline syenite sample 37-85-138 are the most consistent and
interpreted here to represent the pristine Sr-Nd isotopic composition of the parental
alkaline magma.
The enriched 143Nd/144Nd and 87Sr/86Sr values observed in the monzogranite,
combined with a low Ce/Pb value (3.0-3.8), are indicative of crustal input in its parental
magma, probably in the form of metasomatism associated with slab dehydration. A
slightly enriched 87Sr/86Sr signature and slightly higher Ce/Pb value (6.1) in the
porphyritic cancrinite syenite (08-12-05) relative to the other syenites suggest that this
unit may have had a greater crustal input in its petrogenesis than the other syenites.
Petrographic evidence suggests that metasomatism affected this rock more than the
other syenitic rocks (see Section 5.1.4) which may also explain the modified Sr isotopic
value.
A possible explanation for the variable 143Nd/144Nd and 87Sr/86Sr ratios between
the leucocratic and melanocratic fractions of the lenticular vishnevite syenite (08-04-
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01: Fig. 8.8) is post-emplacement anatexis. A similar effect has been observed in partial
melts along the margin of the Sierra Nevada batholith and reproduced experimentally,
where radiogenically distinct glass fractions were produced by partial melting (Knesel
& Davidson, 1999). Similar fractionation of Sr and Nd isotopes, along with
incompatible trace-elements, is commonly observed in crustally-derived granites and
leucosomes of migmatites (e.g., Ayres & Harris, 1997; Zeng, 2005; Meyer et al., 2009).
At Cinder Lake, major geochemical differences between the leucocratic and
melanocratic fractions include enrichment of Na, Ca, Pb and Sr in the leucocratic
fraction, whereas the melanocratic fraction is enriched in most other elements,
including REE, HFSE and Rb (Table 7.2 and Fig. 7.4). The similar K and Ba
concentration between the two fractions indicates that partial melting likely did not
involve potassium feldspar. It remains uncertain, however, what may have caused
partial melting or radiogenic disequilibrium in the vishnevite syenite.
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Chapter 10: Conclusions and Future Work
On the basis of detailed studies of the petrology, mineralogy, geochemistry and
isotopic composition of the Cinder Lake alkaline complex presented above the
following conclusions can be drawn:
1)

Two geochemically distinct intrusive suites are present at Cinder Lake, i.e., the
monzogranite pluton and alkaline syenitic pluton. An aeromagnetic anomaly
indicates that these rocks form a large elliptical body covering an approximate
area of 25 km2. The monzogranite occurs in the core of the anomaly and the
alkaline intrusive complex is emplaced along the margins of the monzogranite
body as mapped by Gilbert (1985). More detailed mapping is required to
acquire a better understanding of the structure and geometry of the Cinder Lake
complex.

2)

On the basis of the zircon-titanite U-Pb ages determined in this study, the
monzogranite pluton and alkaline intrusive suite may have formed
contemporaneously. The combined zircon-titanite age of the monzogranite is
2721 ± 16 Ma and the zircon age of the vishnevite syenite is 2722 ± 10 Ma,
well within analytical error. The titanite age of the vishnevite syenite (2702 ±
18 Ma) is more similar to the zircon age established for this rock type
previously (2705 ± 2 Ma: Chakhmouradian et al., 2008) and comparable to the
2705-2695 Ma regional metamorphim observed in the Crow Lake greenstone
belt, Split Lake block and Pikwitonei Granulite Domain northwest of Cinder
Lake (Corkery et al., 1992; Böhm et al., 1999; Heaman et al., 2011). The
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titanite age is interpreted to be related to post-emplacement tectonometamorphism or alteration of the primary igneous assemblage. Further
geochronological work is needed to better constrain the age relationship
between the syenitic and monzogranitic rocks.
3)

The whole-rock geochemistry of the monzogranite is consistent with a late- or
post-collisional, high-K calc-alkaline affinity. The whole-rock geochemistry of
the syenites is most consistent with phonolites emplaced in a continental arc
setting [e.g., Zr/Hf, Nb/Ta, Th/Nb, Ba/La, (La/Lu)N, K/Na and Zr/Hf ratios].
Late-stage emplacement in a collisional tectonic setting is supported by the
lack of structural deformation in the monzogranite pluton and syenites, and is
consistent with the published interpretation of the regional geology as a
collisional boundary between the North Superior and North Caribou
superterranes at around 2.72-2.72 Ga (Percival et al., 2006; Lin et al., 2006).

4)

The Cinder Lake alkaline intrusion postdates the central monzogranite pluton
based on the currently available geochemical and petrographic data.
Fenitization, associated with alkaline magmatism and characterized by a
decrease in SiO2 and increase in K2O is observed along the margins of the
monzogranite pluton. The fenitized rock is also characterized by enrichment in
CaO, Fe2O3, MgO, P2O5, TiO2, V, REE and Th relative to the precursor
monzogranite. The suite of alkaline syenites is interpreted to have been
emplaced along the margins of the monzogranite chamber.
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5)

Both the monzogranite and the Cinder Lake alkaline intrusive complex were
derived from partial melting of a heterogeneous mantle wedge. The source of
the high-K calc-alkaline magma from which the monzogranite evolved was
likely metasomatized by fluids released from dyhydration of the subducting
slab. A crustal component in the monzogranite is indicated by the low Ce/Pb
ratio (3.0-3.8) and higher 87Sr/86Sr ratio. The mantle source of the silicaundersaturated magmas from which the syenites evolved had less input from a
crustal source as indicated by a high Ce/Pb (7.2-27.9) ratio and lower 87Sr/86Sr
ratio. The silica-undersaturated magmas likely formed by decompression
melting associated with the relaxation of the convergent boundary at ~2.72
Ga.

6)

Calcite veinlets found in the alkali-feldspar syenitic pegmatite are
geochemically, mineralogically and isotopically consistent with a carbonatitic
source. Carbonatitic magma (or fluid) probably evolved from the silicaundersaturated syenitic magma that gave rise to the syenites. The observed
variation in δ13CV-PDB and δ18OV-SMOW values is consistent with a mantle
carbonate source (Taylor et al., 1967; Kellers & Hoefs, 1995). In order to
ascertain this relationship, between the carbonate veinlets and syenites (e.g.,
their possible co-magmatic nature), the distribution of radiogenic isotopes (Sr,
Nd and Pb) among the principle minerals in these rocks must be examined..
Further mapping and exploration drilling are desirable to determine whether a
carbonatite body is present at Cinder Lake and to explore the potential of this
locality of a REE target.
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7)

Secondary albite and stronalsite after microcline, cancrinite after nepheline,
and andradite after phlogopite and clinopyroxene observed in the syenitic suite
are interpreted to be reaction products of the residual magma with the later
minerals. Sericitization observed in the pegmatite ridge are attributed to
autometasomatism most likely related to the late-stage carbonatitic veins.
Secondary titanite after phlogopite is better attributed to post-emplacement
tectono-metamorphism or alteration at ~2.70-2.68 Ga.

8)

The order of emplacement of the individual units making up the alkaline
igneous complex, reconstructed on the basis of geochemical and mineralogical
evidence, is as follows: fractionation of microcline to produce alkali-feldspar
syenitic pegmatite → leucocratic nepheline syenite → cancrinite-nepheline
syenite → götzenite-bearing nepheline syenite → aegirine-bearing vishnevite
syenite → vishnevite syenite → vishnevite syenite → carbonatitic veinlets.
This evolutionary trend is characterized by an increase in silicaundersaturation, CaO, MgO, Fe2O3TOTAL, P2O5, TiO2, Sr, Ba, REE, CO2, F and
S concentrations and a decrease in Na2O, K2O and Al2O3 concentrations.

9)

Based on geochemical similarities, the pegmatite dyke at sampling location 08
-06-01 is related to the Cinder Lake complex, whereas the pegmatite dyke at
sampling location 08-05-01 is unrelated and likely predates the alkaline suite,
based on whole-rock geochemical, mineralogical and textural differences,
including low-grade albite-epidote metamorphism not observed in the Cinder
Lake complex.
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10) Based on the geochemical similarity between the rhyolite and the Hayes River
volcanic sequence, the former is interpreted to represent either a xenolith
entrapped in the granitic or syenitic magma or an erratic boulder.
11) Albitite formed by metasomatism of the country rock (possibly, rhyolite of the
Hayes River Group) contemporaneously with the emplacement of the Cinder
Lake alkaline intrusive complex. Further field mapping of the complex may
clarify why some rhyolite was preferentially altered.
12) The 2.72-2.70 Ga emplacement of the Cinder Lake alkaline intrusive complex
is coeval with the 2.72-2.68 Ga amalgamation of the Superior Province,
particularly the collision between the North Superior and North Caribou
superterranes (2.72-2.71 Ga). Several other alkaline complexes of similar age
(2.71-2.66 Ga) are known in other greenstone belts across the Superior
Province, including the Wapikopa complex in the Oxford Stull Domain,
Poohbah complex in the Quetico subprovince (Mitchell, 1976), Herman Lake
complex in the Wawa subprovince (Corfu & Sage, 1992), Springpole Lake
complex in the Uchi subprovince, Sturgeon Narrows and Squaw Lake
complexes in the Wabigoon subprovince (Sage, 1988b), and Otto, Lac Shortt
and Dolodau intrusions in the Abitibi subprovince (Corfu et al., 1991; Tilton &
Bell, 1994). Many textural, mineralogical and petrologic similarities exist
among all these complexes, including the close spatial and temporal
association between silica-undersaturated alkaline and granitic rocks. The
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change from granitic to alkaline magmatism relates to a transition in tectonic
regime from a collisional to a post-collisional or possibly extensional setting.
13) The Cinder Lake alkaline intrusive complex has a radiogenic isotopic
composition (εNd = 0.3, 87Sr/86Sr0 = 0.70111) similar to those of the Poohbah
complex (εNd = -0.3-1.5, 87Sr/86Sr0 = 0.70119-0.70123: Bell and Blenkinsop,
1987), Dolodau and Lac Shortt intrusions (εNd = 0.50926-0.50938, 87Sr/86Sr0 =
0.70122-0.70135: Tilton and Bell, 1994), which are all similar to the Bulk
Silicate Earth and CHUR isotopic composition. These complexes probably
relate to the early fractionation of the depleted MORB mantle beneath the
Superior craton beginning at around 3.0 Ga (Chase & Patchett, 1988; Kwon et
al., 1989; Tilton & Kwon, 1990; Galer & Goldstein, 1991; Tilton & Bell,
1994). Younger Neoarchean alkaline complexes of the Superior Province
subsequently have more depleted radiogenic isotopic composition.
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Appendix I: Standards and Detection Limits for Wavelength-DispersiveSpectroscopy Analysis

312

313

314

315

Appendix II. Raman Spectra of Selected Minerals from the Cinder Lake Complex
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Appendix III: Additional WDS Analyses of Minerals from the Cinder Lake Complex
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Appendix IV: Results of Duplicate Whole-Rock Geochemical Analyses Conducted

392

Appendix IV (cont.)

Appendix V: Filtered U-Pb Results from Laser-Ablation MC-ICP-MS Analysis.
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Appendix VI: Global Phonolite Database Excel Spreadsheet (CD-ROM)

Description: The global database of phonolites compositions consists of 93 published
whole-rock analyses from 73 localities. Fine-grained examples were chosen as the
most representative of their parental magma. All compositions are from papers
published after 1980, and represent phonolites (if uncertain, compositions were
plotted on the TAS diagram), of post-Ordovician age (<444 Ma). The data are
subdivided by tectonic setting into the following categories; 1) intracontinental rifts;
2) oceanic islands; 3) continental arcs; and 4) island arcs. Phonolites from the Roman
Province (Italy) are regarded as a distinct category. Mean, maximum, minimum and
standard deviations for each setting are also given in the database. References of
analyses are provided in separate worksheets by tectonic setting.

Format: Excel 1997-2003 Workbook (*.xls)

