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ABSTRACT

This report presents whole-rock major- and trace-element data of mafic sills and dykes from the New Québec Orogen of
western Labrador. The data include samples from the Wakuach and Gerido intrusive suites (also known as the Montagnais
Group), which previous geochronological studies indicate were emplaced into volcanosedimentary rocks of the Kaniapiskau
Supergroup (KS) in two main stages, at ca. 2.17 and 1.88 Ga, respectively. In addition, data for amphibolite dykes from the
nearby McKenzie River Domain (MRD) are included to test regional correlations between the MRD and the KS. Most of the
samples are subophitic gabbronorites, although olivine- and quartz-bearing varieties, the latter with granophyric quartz—K-
feldspar intergrowths, are found locally. The amphibolites are recrystallized, but based on field observations are interpreted
as metamorphosed gabbroic dykes. The analyzed samples span a relatively broad compositional range, with magnesium num-
bers (Mg#) from 23—74. All samples, irrespective of group, are of tholeiitic basaltic composition. The gabbros exhibit decreas-
ing AL,O;, CaO, Cr, and Ni, and increasing SiO,, with increased fractionation (lower Mg#), consistent with the fractionation
of plagioclase, olivine, clinopyroxene, and orthopyroxene. Rare-earth element (REE) and extended trace-element patterns are
mid-ocean ridge basalt (MORB)-like, with overall flat patterns ((La/Yb)-=0.63-2), negligible Eu anomalies (Eu/Eu*=
0.73-1.28), and variable, but generally low, (Th/Nb)y (0.34—7.06), indicative of relatively minor crustal contamination dur-
ing ascent. The presented data are consistent with previous tectonic interpretations that sill emplacement was the result of
lithospheric-scale rifting of the eastern Superior margin. Geochemical similarities suggest the MRD dykes may be co-mag-
matic with either of the Wakuach—Gerido intrusive suites, although at present, the timing of mafic magmatism in the MRD is
not known.

INTRODUCTION scale evolution of the Superior margin prior to ca. 1.8 Ga
Hudsonian orogeny.

The Paleoproterozoic volcanosedimentary successions

underlying the New Québec Orogen (NQO) of western
Labrador are intruded by two generations of mafic to local-
ly ultramafic sills, historically referred to as the Montagnais
Group or Montagnais Sills (Baragar, 1960; Wardle and
Bailey, 1981; T. Krogh and B. Dressler, cited by Clark,
1984; Findlay et al., 1995; Findlay, 1996). The sills are
mostly found in allochthonous zones in the central part of
the orogen, where they form several-km-thick complexes
intruded into the surrounding metasedimentary and
metavolcanic rocks of the Kaniapiskau Supergroup (KS;
Baragar, 1960; Findlay, 1996). Elsewhere in the orogen
they are known to locally host base-metal, precious-metal
and platinum-group-element (PGE) mineralization (e.g.,
see Lacroix and Darling, 1991; Smith et al., 2018, Conliffe
et al., 2019), and represent an important exploration target
in western Labrador. In addition, the sills are of general sci-
entific interest as potential indicators of the lithospheric-

This report describes and interprets the whole-rock
major- and trace-element geochemistry of mafic sills from
the central NQO in western Labrador, spanning NTS map
areas 231/12 (Andre Lake), 231/13 (Marion Lake) and
23J/16 (Hollinger Lake). The data comprise 71 samples col-
lected in 2017 and 2018 as part of regional mapping pro-
gram conducted by GSNL, and are available online to the
public in two Open File data releases (Butler, 2019a, b). The
report starts with a brief review of the regional geology of
the NQO in western Labrador, followed by a summary of
the distribution and lithological features of the sills, and
their basic petrography. The geochemical data are presented
in the form of classification and multi-element diagrams,
with an emphasis on comparing samples from different
lithotectonic domains. Finally, the data are discussed in the
context of previous work and tectonic models for the evolu-
tion of the Superior margin.
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REGIONAL GEOLOGY OF THE NQO IN
WESTERN LABRADOR

The NQO (historically the Labrador Trough) is a north—
south-trending orogenic belt extending ~1600 km from
Ungava Bay southward through northern Québec and west-
ern Labrador (Figure 1; Hoffman, 1988). It represents the
southeastern arm of the much larger ca. 1.8 Ga Trans-
Hudson orogen, formed when the eastern margin of the
Superior Craton collided with the Core Zone, an assemblage
of Archean crustal blocks (Wardle et al., 2002; Corrigan et
al., 2018), following closure of the Manikewan Ocean
(Wardle et al., 2002; Corrigan et al., 2009). Collision result-
ed in the formation of a west-vergent fold-and-thrust belt
built from supracrustal rocks deposited along the eastern
margin of the Superior Craton, and to the east more distal
and suspect domains (Wares and Goutier, 1990; Wardle et
al., 2002). In the eastern hinterland of the orogen, high-
grade metamorphism accompanied the formation of large-

scale basement-cored nappes and anticlines (Moorhead and
Hynes, 1990).

This report assesses the central part of the NQO in
western Labrador, where the mostly sub- to greenschist-
facies volcanosedimentary rocks of the KS and associated
intrusions are deformed into orogen-parallel folds cut by
east- to northeast-dipping thrust faults (Figure 2; Wardle,
1982). The KS in western Labrador is subdivided into three
stratigraphic cycles bounded by erosional unconformities
(Figure 3; Wardle and Bailey, 1981; Clark and Wares, 2005).
The first cycle was deposited unconformably on Archean
Superior basement, and comprises conglomerates and sand-
stones (Seward Group), locally associated with alkaline
basalts—andesites, overlain by turbidites and interlayered
tholeiitic basalts (Le Fer Formation), and finally shallow-
water carbonates (Denault Formation dolomites) and silt-
stones (Dolly Formation; Wardle and Bailey, 1981). This
cycle is interpreted to reflect initial rifting and later subsi-
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Figure 1. Simplified geological map highlighting the main tectonic elements of Labrador. The NQO is a north—south-trend-
ing orogenic belt that records collision between the Superior craton and the Core Zone at ca. 1.8 Ga. Box shows approximate

extent of Figure 2.
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Figure 2. Simplified geological map of the central NQO in western Labrador, showing sample locations coloured according
to the formation they intrude, and their lithological type (see text for details). Thrust faults separate the orogen into a series
of tectonic zones, including the Schefferville Zone (SZ), the Howse Zone (HZ), the Hurst Zone (HuZ), and the Retty Zone (RZ).
Thrust faults include the Ferrum River Fault (FRF), the Chassin Fault (CF), the Walsh Lake Fault (WLF), the Wade Lake
Fault (WaLF), and the Quartzite Lake Fault (QLF). The Ashuanipi River Shear Zone (ARSZ), a dextral-transpressive shear
zone, separates the low-grade rocks of the Kaniapiskau Supergroup from reworked Archean orthogneisses of the McKenzie
River Domain (MRD). Map grid lines (solid grey) denote 1:50 000-scale NTS map areas (Hollinger Lake, 23J/16; Marion
Lake, 231/13; Andre Lake, 231/12). The studied areas lie to the north and east of the southeast-trending, regional-scale

Petitsikapau Synclinorium (PS).

dence—marine transgression along the present-day eastern
margin of the Superior Craton (Wardle and Bailey, 1981;
Findlay, 1996). Equivalent successions found along the
northern and western peripheries of the eastern Superior
Craton suggest this was part of a widespread—plate-scale
tectonic event (St-Onge et al., 2000), perhaps related to the
opening of an ocean basin (the Manikewan Ocean; Stauffer,
1984).

The second cycle (Ferriman Group) comprises a trans-
gressive sequence including sandstones (Wishart
Formation), black shale (Ruth Formation), iron formation
(Sokoman Formation), and sub-alkaline to alkaline basalts
(Nimish Formation) overlain by a thick succession of tur-
bidites and associated tholeiitic basalts (Menihek
Formation; Figure 3; Wardle and Bailey, 1981, 1982; Clark
and Wares, 2005). To the east, the Ferriman Group is in fault
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Figure 3. Generalized stratigraphic column showing the main sedimentary units of the KS in western Labrador (from Butler,
2019¢). The Doublet Group is considered to be correlative with the Cycle 2 Ferriman Group. Geochronological data (with
superscripts) from: (1) Bleeker and Kamo (2018); (2) Findlay et al. (1996),; (3) T. Krogh and B. Dressler, cited by Clark

(1984); (4) Rohon et al. (1993).

contact (along the Walsh Lake Fault) with mafic volcan-
oclastic rocks (Murdoch Formation), shales—siltstones
(Thompson Lake Formation), and tholeiitic basalts (Willbob
Formation) of the Doublet Group, considered its distal,
deeper water correlative based on limited geochronological
data (e.g., Findlay et al., 1995). Tectonic models for second
cycle sedimentation and volcanism range from a foredeep
setting (Hoffman, 1987), to an embryonic oceanic rift anal-
ogous to the Gulf of California (Wardle and Bailey, 1981;
Skulski et al., 1993).
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The third cycle comprises arkosic sandstones of the
Tamarack River Formation (Clark and Wares, 2005), inter-
preted as syn-orogenic molasse. Cycle 3 rocks have not been
identified in the study area (Figure 2).

Cycles 1 and 2 of the KS are each intruded by several-
km-thick complexes of tholeiitic gabbro (and locally peri-
dotite) sills, which form the basis of the present study. The
distribution and lithology of the sills are described in the fol-
lowing section. The sills have been historically combined
into one group, referred to by many names, including the
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Montagnais Intrusives (Frarey and Duffell, 1964), and
Montagnais Group (Baragar, 1967). More recently,
Bilodeau and Caron-Co6té (2018) introduced the term
Wakuach Intrusive Suite to refer to all sills intruding the first
cycle, whereas those intruding the second cycle are termed
the Gerido Intrusive Suite. This report adopts these terms,
but further subdivides the gabbros according to the forma-
tions—groups they intrude (following Findlay, 1996) to facil-
itate regional comparison.

The available geochronological data, although limited,
suggest that the Wakauch and Gerido intrusive suites were
emplaced in two separate stages, at ca. 2.17 and ca. 1.88 Ga,
respectively, corresponding to important changes in sedi-
mentation along the Superior margin. Wakuach Intrusive
Suite gabbros were emplaced 2169 + 4 Ma (Figure 3; Rohon
et al., 1993), the age of a gabbro sill intruding the
Chakonipau Formation (Seward Group) at the base of Cycle
1. Rifting and deposition of Cycle 1 conglomerates—sand-
stones were therefore underway by ca. 2.17 Ga. Subsequent
Cycle 1 marine transgression and passive margin sedimen-
tation took place before 2142 +4/-2 Ma, the age of a rhyo-
lite dyke cutting the upper Bacchus Formation basalts,
which are correlative with the Le Fer Formation (Figure 3;
Swampy Bay Group) in the present study area (T. Krogh and
B. Dressler, in Clark, 1984).

Later emplacement of the Gerido Intrusive Suite took
place by 1878 £ 0.5 Ma, the age of a gabbro sill that cuts the
Menihek Formation at Howse Lake (Findlay et al., 1995;
Bleeker and Kamo, 2018), and continued until at least 1874
+ 3, the age of a gabbro sill intruding into basalts of the
Hellancourt Formation (Machado ef al., 1997), correlative
with the Ferriman Group (Clark and Wares, 2005) in the
northern part of the orogen.

At the eastern edge of the NQO in Labrador, the
Ashuanipi River Shear Zone (ARSZ) marks the boundary
between the KS and reworked Archean orthogneisses of the
McKenzie River Domain (MRD; James and Dunning,
2000). Protolith ages of 2776 = 5 Ma from orthogneisses
underlying the MRD suggest it is of Superior affinity (James
and Dunning, 2000), although its precise history, which may
have included rifting and separation from the Superior mar-
gin prior to Hudsonian collision remains speculative.
Amphibolite boudins and layers are common in the MRD
orthogneisses, and probably represent deformed equivalents
of mafic dykes observed by Wardle (1979) near Lac
Verrazano in the Marion Lake arca. Wardle and Bailey
(1981) speculated that the latter represent feeder dykes relat-
ed to sills intruded into the KS, based on similarities in their
major-element compositions, although no trace-element
data were obtained. Four samples of MRD amphibolites
have been included here to test this hypothesis.

REGIONAL DISTRIBUTION AND
LITHOLOGICAL CHARACTERISTICS
OF MAFIC SILLS AND DYKES

The analyzed samples were collected in 2017 and 2018
during regional mapping of NTS map areas 231/12 (Andre
Lake), 231/13 (Marion Lake) and 23J/16 (Hollinger Lake),
in the eastern part of the NQO of western Labrador (Figure
2). The bedrock geology can be divided into structurally
allochthonous zones separated by northwest—southeast- to
north—south-trending thrust faults formed during Hudsonian
collision. The distribution of sills in these zones, and their
first-order characteristics, are summarized below. Note that
parts of the region, particularly the Hollinger Lake area, are
characterized by exceptionally poor bedrock exposure.
Some of the features described below are therefore based on
the observations of Findlay (1996), who provided a detailed
examination of sills near Howse Lake area, ~40 km along-
strike of the Hollinger Lake area.

WAKUACH INTRUSIVE SUITE

The Wakuach Intrusive Suite gabbros include all gabbro
sills intruded into Cycle 1 rocks. In this study, they are rep-
resented by the Le Fer gabbros of the Howse Zone, which
trends northwest—southeast through the Hollinger Lake area,
and by gabbros intruded into Cycle 1 rocks in the Andre
Lake area, and included by Clark and Wares (2005) in the
Schefferville Zone.

The Howse Zone lies between the Ferrum River Fault
(FRF), which cuts the northern limb of the regional-scale
Petitsikapau Synclinorium, and the Chassin Fault (CF,
Figure 2). The zone is primarily underlain by Cycle 1 shales
and basalts (Le Fer Formation), in addition to sandstones
(Seward Group). Gabbro sills, forming ~5-km-thick com-
plexes with interlayered basalt and shales, are exposed in
two anticlines adjacent to the Ferrum River Fault. Individual
sill thicknesses were not measured, but in the section near
Howse Lake range from ~50-600 m (Findlay, 1996). In the
Hollinger Lake (NTS 23J/16) area, most of the Le Fer gab-
bros comprise dark-grey, aphyric to medium-grained
equigranular gabbro (Plate 1A). Networks of anastomosing
felsic veins cut some outcrops (Plate 1B), in addition to late
quartz veins. Contacts with adjacent sedimentary rocks
exhibit aphanitic margins, and the sedimentary units are typ-
ically gossanous.

The Andre Lake area (Figure 2; NTS 231/12) is situated
to the southeast of the Hollinger Lake area, and is struc-
turally unique in this part of the orogen, comprising a cen-
tral, basement-cored anticline flanked by rocks of Cycles 1
and 2. In this area, the southeast-trending faults defining the
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Plate 1. Photographs showing field aspects of gabbros and amphibolites from the study area. A) Medium-grained magnetite-
bearing Le Fer Gabbro from the Howse Zone, Hollinger Lake area; B) Felsic veins cutting Le Fer Gabbro in the Hollinger
Lake area; C) Glomeroporphyritic Menihek Gabbro from the Hurst Zone; D) Medium-grained, foliated amphibolite lens from

the McKenzie River Domain.

Howse and other zones north of the Petitsikapau
Synclinorium swing into southward orientations parallel to
the ARSZ. Most of the Andre Lake area is shown by Clark
and Wares (2005) to be part of the Schefferville Zone, which
encompasses the foreland of the orogen and is largely under-
lain by Cycle 2 turbidites (Menihek Formation) and iron for-
mation. This subdivision may require revision, given that
the Andre Lake anticline is such a distinct structural feature,
and that the flanking sedimentary units and associated gab-
bros are similar to, albeit stratigraphically much thinner
than, those in the Howse and Hurst zones. In following sec-
tions, gabbros intruded into Cycle 1 rocks on the flanks of
the Andre Lake anticline have been included with those
from zones north of the Petitsikapau Synclinorium accord-
ing to the units they intrude as described below.
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The Wakuach Intrusive Suite is represented in the
Andre Lake area by gabbro sills intruded into the Seward
Group sandstones and Le Fer Formation phyllites on both
the eastern and western limbs of the Andre Lake anticline.
The sills there are thin by comparison with the thick com-
plexes seen in the Howse Zone, typically a few hundred
metres, but are lithologically similar, comprising dark-grey,
aphyric to medium-grained equigranular gabbro. Metamor-
phic grade is higher in the Andre Lake area, however, par-
ticularly on the eastern limb of the anticline, where gabbro
sills exhibit amphibolitized margins with strong lineations
likely related to dextral transpression along the ARSZ.

GERIDO INTRUSIVE SUITE

The Gerido Intrusive Suite refers to all mafic—ultra-
mafic sills intruded into Cycle 2 rocks, and includes the
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Menihek gabbros and the Doublet gabbros of the Hurst and
Retty zones, respectively.

The Menihek gabbros are exposed in the Hurst Zone, a
northeast-facing succession of Menihek Formation shales
intruded by a ~10-km-thick pile of aphyric to plagioclase—
glomeroporphyritic gabbro sills with interlayered basalts
and sedimentary rocks, situated north of the Chassin Fault.
Findlay (1996) showed that some Menihek sills near Howse
Lake exhibit a distinct stratification consisting of narrow
chilled margins, an upper and lower gabbroic phase consist-
ing of aphyric to sparsely glomeroporphyritic dark-grey
gabbro, and a middle zone of coarser grained, highly glom-
eroporphyritic (30-50% glomerocrysts) gabbro—anorthosite.
In addition, in the upper parts of some sills, the gabbroic
phase grades into felsic zones that form irregular lenses and
pods (locally pegmatitic), ranging in composition from
quartz gabbro to granite (Findlay, 1996). The Menihek gab-
bros in the Hollinger Lake area exhibit features similar to
those reported by Findlay (1996). Most outcrops comprise
dark-grey, aphyric to medium-grained equigranular gabbro.
Glomeroporphyritic varieties are found locally (Plate 1C),
although they generally comprise relatively few glomero-
crysts (<10%). No outcrops resembling the anorthositic
internal zones documented by Findlay (1996) were observed
in the Hollinger Lake area, although this may be due to poor
exposure.

North of the Walsh Lake Fault, in the Retty Zone, the
Doublet gabbros intrude into a comparatively narrow belt of
shales (Thompson Lake Formation), situated beneath a thick
succession of basalt (Willbob Formation). As noted above,
the rocks of the Doublet Group are interpreted to represent
deeper water correlatives of the Cycle 2 Ferriman Group
(Findlay et al., 1995). Samples from the Retty Zone were
collected in all three map areas studied here. Like the
Menihek gabbros, the Doublet gabbros are mostly aphyric to
sparsely glomeroporphyritic (<10% glomerocrysts).
Associated ultramafic rocks, unique to sills in the Retty
Zone, include peridotite, pyroxenite, and serpentinite. Some
of these units represent parts of differentiated mafic—ultra-
mafic sills (Lacroix and Darling, 1991), whereas others
show intrusive contacts with adjacent gabbros (Bilodeau
and Caron-Coté, 2018). Ultramafic rocks in the Labrador
segment of the NQO are restricted to a narrow slice adjacent
to the border in the northern part of the Marion Lake area.
One sample was collected for geochemical analysis, but has
been excluded from this report pending further mapping and
sampling.

McKENZIE RIVER DOMAIN AMPHIBOLITES

East of the ARSZ, the orthogneisses of the MRD con-
tain abundant, deformed amphibolite lenses interpreted as

deformed dykes, possibly related to the Montagnais Sills
(Wardle and Bailey, 1981), although their age is not known.
These bodies range in thickness from ~10-100 m thick, and
are typically deformed into concordance with the dominant
north—south fabric in the MRD. A few outcrops exhibit relict
gabbroic textures, but most have been completely trans-
formed to fine- to medium-grained weakly foliated amphi-
bolite (Plate 1D), typically with biotite-rich margins. Within
the ARSZ, the dykes have been mylonitized along with the
surrounding orthogneiss. Samples have been included in this
study to examine possible correlations with the Wakuach
Suite and Gerido intrusive suites.

PETROGRAPHIC OBSERVATIONS

The studied gabbros are divided into three types based
on their inferred primary mineralogical and textural fea-
tures. The majority of the samples (from all groups) are fine-
to medium-grained, subophitic- to ophitic-textured gab-
bronorites, consisting of plagioclase, clinopyroxene, and
subordinate orthopyroxene, in addition to minor Fe-Ti
oxides (Plate 2A). Minor primary hornblende appears in
some samples. Compositionally and texturally, these sam-
ples appear similar to the homogeneous aphyric sills and the
gabbroic phases of layered sills described by Findlay
(1996). All of the samples have undergone some degree of
alteration and/or metamorphism, manifested in the partial
replacement of pyroxenes by fine-grained aggregates of
chlorite, prehnite, and pumpellyite. Actinolite is common in
sills from the Andre Lake area, where metamorphic grade
was higher, and in some instances, deformed sill margins
have been completely transformed to actinolite schist.

Glomeroporphyritic textures, with clusters of sericit-
ized plagioclase phenocrysts, are present among samples of
Menihek and Doublet gabbros. Mineralogically, the glom-
eroporphyritic samples are also gabbronorites, and typically
exhibit a fine-grained subophitic matrix comprising plagio-
clase, clinopyroxene, and orthopyroxene, surrounding
glomerocrysts that range in size from <1-5 cm in diameter.
As noted above, the present samples are only sparsely glom-
eroporphyritic (<10% glomerocrysts).

A few of the Menihek samples contain up to ~10%
relict olivine (Plate 2B). Olivine in these samples forms
irregular, rounded grains, possibly the result of resorption,
included in clinopyroxene and orthopyroxene oikocrysts.
Unlike the pyroxenes, olivine lacks plagioclase inclusions,
and is interpreted as an early phase. Most relict olivine
grains are completely replaced by aggregates of fine-grained
mica, likely talc. These olivine-bearing samples probably
correspond to the olivine gabbronorites documented by
Findlay (1996) in the central parts of some Menihek Gabbro
sills.
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Plate 2. Thin section photos showing representative petrographic features of the gabbro samples. A) Subophitic gabbro show-
ing clinopyroxene with inclusions of dusty plagioclase (Le Fer Gabbro); B) Rounded (resorbed?) olivine grains partly includ-
ed in clinopyroxene (Menihek Gabbro); C) Granophyric quartz—K-feldspar intergrowths in quartz-bearing gabbronorite
(Menihek Gabbro); D) Amphibolite with granoblastic hornblende and plagioclase (MRD amphibolite). Key: Cpx—clinopy-

roxene, Pl-plagioclase, Ol-olivine, Qtz—quartz, Kfs—K-feldspar, Hbl-hornblende.

A small number of Menihek Gabbro samples, and one
Doublet Gabbro sample, are quartz-bearing gabbronorites.
The Menihek samples are mineralogically and texturally
similar to the other gabbronorites, but contain cm-scale
patchy zones in which quartz and inferred alkali-feldspar
form complex granophyric intergrowths (Plate 2C). These
features were not recognized in the field, and so their con-
text is somewhat unclear, but similar granophyric textures
were described by Findlay (1996) from the upper “felsic
zones” of stratified Menihek sills near Howse Lake.

The MRD amphibolites examined here are remarkably
consistent in their mineralogy and texture. The least
deformed samples comprise medium-grained granoblastic
hornblende and plagioclase (Plate 2D). Some samples
exhibit a weak foliation defined by the alignment of horn-
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blende and thin, plagioclase-rich layers. Relict gabbroic tex-
tures were not observed in the studied thin sections, but have
been reported elsewhere (Wardle, 1981).

METHODS

Data are presented for 23 samples representing the
Wakuach Intrusive Suite (Le Fer gabbros), 42 samples rep-
resenting the Gerido Intrusive Suite (34 Menihek gabbros
and 8 Doublet gabbros), and 4 MRD amphibolites. The data
are coloured according to these groups, and different sym-
bols are assigned corresponding to the mineralogical—petro-
graphic types noted above. Whole-rock major- and trace-
element compositions were determined at the GSNL geo-
chemistry laboratory following the analytical methods out-
lined by Finch ef al. (2018). Major-element concentrations
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(in addition to Cr, Zr, Be, Sc and Ba) were analyzed by
Inductively Coupled Plasma-Optical Emission Spectro-
metry (ICP-OES) following borate fusion. Ferrous iron
(FeO) was calculated following the method of Wilson
(1960). Volatiles were determined by loss-on-ignition at
1000°C. Rare-earth elements (REE) and selected trace ele-
ments were determined by Inductively Coupled Plasma-
Mass Spectrometry (ICP-MS) following the same sample
digestion procedure. Additional trace elements (As, Cd, Co,
Cu, Li, Ni, Pb, Rb, V, Zn) were analyzed by ICP-MS fol-
lowing total-acid digestion.

GEOCHEMISTRY RESULTS
ALTERATION AND ELEMENT MOBILITY

Proper classification and petrogenetic interpretation of
igneous rocks require separating their primary igneous geo-
chemical features from those imparted during later meta-
morphism and/or hydrothermal alteration. In general, most
major elements and the low-field-strength elements (LFSE;
e.g., Cs, Rb, K) are regarded as mobile during metamor-
phism and hydrothermal alteration, whereas select major
elements (namely Al, Ti and P), high-field-strength elements
(HFSE; e.g., Y, Th, Nb), rare-carth elements (REE; except
Ce, Eu), and transition metals (e.g., Cr, Ni, Co) are consid-
ered relatively immobile and are thought to remain unaf-
fected during postmagmatic processes (e.g., Ludden et al.,
1982).

Figure 4 shows the degree of alteration of the analyzed
samples using the Spitz and Darling (1978) index (wt. %
Al,04/Na,O) plotted against wt. % Na,O. Several of the
samples contain less than 2 wt. % Na,O, and there is a gen-
eral increase in Al,05/Na,O with decreasing Na,O, suggest-
ing these samples have undergone Na-loss and residual gain
in Al related to breakdown of sodic plagioclase, consistent
with thin-section observations. Moreover, certain major ele-
ments, namely Na,O, K,O, and to a lesser extent CaO and
Si0,, show considerable scatter on bivariate plots (Figure 5;
see below), further indicating that these elements underwent
postmagmatic remobilization. Consequently, the classifica-
tions and petrogenetic interpretations presented below are
based on the major and trace elements that show the least
mobility during postmagmatic processes. With some excep-
tions (see below) all samples are shown on subsequent dia-
grams, regardless of their degree of alteration.

MAJOR- AND SELECTED TRACE-ELEMEMT
CHEMISTRY

Major- and trace-element compositions of representative
gabbro analyses for each group-lithological variety are pro-
vided in Table 1. All analyses can be found in Butler (2019a,

b). On the whole, the gabbros contain moderate SiO,
(43.81-53.66 wt. %), low to moderate MgO (2.66—13.17 wt.
%) and moderate to high FeO; (=FeO+0.9*Fe,0,) (6.90—
18.01 wt. %), corresponding to Mg#s of 23—74, where Mg#
= mol. Mg/(Mg+FeO;)*100. The lowest Mg#s, correspon-
ding to the most evolved samples, are found among the
quartz-bearing Menihek gabbros. TiO, ranges from 0.50—
3.14 wt. %, with higher values corresponding to glomero-
porphyritic Menihek and Doublet gabbronorites, and quartz-
bearing Menihek gabbros. Al,O; is variable (10.85-21.38 wt.
%), with the highest values found among the aphyric and
glomeroporphyritic Menihek gabbros. Loss on ignition
(LOI) values range from 0.65-3.8 wt. % among the present-
ed samples, consistent with the widespread presence of
hydrous secondary minerals noted above.

Figure 5 shows selected major-element concentrations
plotted against Mg# as the index of differentiation, where
lower Mg# represents more evolved compositions. Several
first-order trends are apparent. The samples generally exhib-
it decreasing Al,O; and CaO with increasing fractionation
(lower Mg#). Si0,, TiO, and P,0O, meanwhile, increase with
fractionation. These trends are well illustrated by the Le Fer
gabbros, which range from Mg#=39-67. The Menihek gab-
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Figure 4. Na,O vs. A1,Oy/Na,O diagram (Spitz and Darling,
1978) showing the degree of sample alteration. Numerous
samples plot below the ‘“fresh to weakly altered” range of
Na,O values, and exhibit increasing Al,Oy/Na,O with
decreasing Na,O, suggesting Na-loss resulting from alter-
ation of plagioclase.
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Table 1. Representative whole-rock geochemical data for the different gabbro groups (Le Fer, Menihek, Doublet) and MRD
amphibolites. All data are available in Butler (2019a, b)

Sample 17JPB258A01  17JPB250A01  17JPB191A01  17JPB061A01  17JPBO15A01 17JPB074A01 17JPB044A01  18JPB023A01

Group Doublet Doublet Le Fer Menihek Menihek Menihek Menihek MRD
Lithology glom* glom olivine quartz amphibolite

SiO, 47.94 48.73 48.35 48.26 46.43 45.88 50.64 48.16
TiO, 1.08 0.923 0.621 0.854 1.027 0.509 2.711 1.207
Al,O4 13.89 16.13 16.9 13.71 21.38 15.72 10.85 13.53
FeO 9.53 9.11 7.12 9.03 7.16 8.1 15.46 10.91
Fe,04 2.36 1.82 1.7 0.89 1.22 1.27 2.01 1.91
MnO 0.218 0.188 0.162 0.216 0.179 0.147 0.326 0.219
MgO 7.41 6.85 8.04 8.51 3.25 12.31 2.66 6.91
CaO 11.57 10.4 10.7 11.72 8.07 9.02 6.56 10.49
Na,O 1.28 1.8 2.86 1.89 3.49 1.08 2.75 2.12
K,0 0.08 0.1 0.09 0.77 1.63 0.28 0.6 0.46
P,05 0.078 0.061 0.047 0.051 0.059 0.035 0.289 0.093
LOI 2.15 2.52 2.73 2.32 3.47 3.62 1.81 0.89
Cr 173 287 456 555 24 130 3 169
Ni 86 93 99 114 30 295 17 79
Co 51 47 45 59 26 83 34 56

Sc 44.1 39 39.4 51.4 24 21.8 47.2 452
\Y% 329 278 211 295 255 155 22 359
Cu 132 83 92 202 20 140 3 150
Pb b.d. b.d. b.d. 15 2 b.d. b.d. b.d.
Zn 87 90 161 291 95 67 72 105
Mo b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d.
Sn 1 b.d. b.d. b.d. b.d. b.d. 2 2

Tl b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d.
Cs b.d. b.d. b.d. 0.6 0.7 1.2 0.6 0.8
Ga 14 13 11 12 16 12 19 15
Ba 14 23 47 182 1122 100 102 44
Rb 9 8 9 20 45 10 24 20

Sr 114 104 148 116 261 178 89 123
Hf 1.6 1.1 0.9 1.1 1.2 0.5 4.7 1.7
Ta b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d.
Nb 22 1.6 b.d. 1.2 3.1 1.2 9.6 2.9
Y 17 14 10 13 12 9 56 22

Zr 56 45 39 37 46 31 167 67
Th 0.2 0.1 b.d. 0.2 0.7 b.d. 0.8 0.2
U b.d. b.d. b.d. b.d. 0.2 b.d. 0.3 0.2
La 4 3.7 b.d. 3.6 10.1 2.6 11.1 5.1
Ce 8.3 6.5 3.9 53 10.8 4.5 30.1 11.1
Pr 1.2 1 0.7 0.8 1.4 0.5 4.7 1.7
Nd 7.1 5.4 3.9 43 6.9 3.2 25.9 8.1
Sm 2.1 1.8 14 1.5 1.8 0.9 8.2 2.7
Eu 0.81 0.62 0.44 0.61 0.73 0.51 2.38 0.91
Gd 2.9 2.5 2 2.1 2.3 1.6 10.5 3.7
Tb 0.6 0.4 0.3 0.4 0.4 0.2 1.8 0.6
Dy 3.7 2.9 2.3 2.6 2.2 1.7 11.5 4.1
Ho 0.7 0.6 0.5 0.5 0.5 0.4 2.3 0.9
Er 22 1.8 1.3 1.6 1.6 1.1 6.9 2.6
Tm 0.31 0.26 0.18 0.23 0.21 0.17 1 0.38
Yb 2.1 1.8 1.3 1.5 1.4 1.3 6.2 2.5
Lu 0.32 0.27 0.24 0.24 0.21 0.13 0.93 0.38
Be 0.3 0.3 b.d. b.d. 0.3 b.d. 0.9 0.6
As b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d.
Cd 0.3 0.3 0.5 14 0.4 0.2 0.2 0.4
Li 8.5 20.5 13.7 28.8 41.3 19.1 9.7 38
Note:

“b.d.” refers to analyses below detection; *glom—glomeroporphyritic
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bros span a broader range of compositions, from Mg#=23—
73, and exhibit similar trends, with the exception that a few
samples (both aphyric and glomeroporphyritic gab-
bronorites) above Mg#~50 show elevated AlL,O;. The
quartz-bearing Menihek gabbros are characterized by the
lowest Mg#s (23-55) and the strongest incompatible ele-
ment enrichment. The Doublet gabbros, including aphyric,
glomeroporphyritic, and quartz-bearing gabbronorites, span
a more limited compositional range (Mg#=57-69), but
appear to follow the same broad trends. The MRD amphi-
bolites span Mg#s=48-62, exhibit the same general trends
described above, and fall within the broad compositional
ranges defined by the gabbros. For all sample groups, Na,O
(and K,O; not shown) exhibit significant scatter, likely rep-
resenting post-magmatic alkali loss.

As noted above, immobile trace elements offer more
robust constraints on the primary compositions of
altered—metamorphosed igneous rocks owing to their rela-
tively low mobility during alteration and metamorphism.
Classification diagrams based on immobile trace elements
show that all samples have basaltic compositions and are of
predominantly tholeiitic affinity (Figure 6). Figure 7 shows
the concentrations of selected trace elements plotted against
Zr as the index of fractionation, where higher Zr corre-
sponds to more evolved compositions. Several first-order
trends are apparent. For all samples, increasing Zr correlates
with an increase in the HFSE (e.g., La, Nb, Th, Y and Yb),
and all samples, irrespective of group, fall along the same
general trend. The Nb contents of the Le Fer gabbros show
a slight scatter. The transition metals (e.g., Cr, Ni) are also
somewhat scattered, but in general appear to decrease with
increasing Zr. The quartz-bearing Menihek gabbronorites in
particular are depleted in these elements.

RARE-EARTH AND MULTI-ELEMENT PATTERNS

Chondrite-normalized REE patterns for the different
gabbro groups are shown in Figure 8. For clarity, the dia-
grams have been restricted to a maximum of 10 representa-
tive analyses per group. All samples, irrespective of group,
are characterized by overall flat REE patterns, with
(La/Yb)y=0.41-2.24. Europium anomalies, calculated as
EwEu*=(Eu)c/[(Sm)enX(Gd)ey ], are negligible, ranging
from small negative to positive values (Eu/Eu*= 0.73-1.28).
The most pronounced negative anomalies (Eu/Eu*=0.73)
are exhibited by the quartz-bearing Menihek gabbros.
Overall REE abundances (XREE) range from ~10-50x
chondritic abundances, with the highest values found in the
quartz-bearing Menihek gabbros, although this may be an
effect of sampling bias. Other important REE ratios (e.g.,
(La/Sm)cy, (Gd/YD)qy, etc.) are provided in Table 2.

40

S
trachy-
andes. /
andestite/ /
basaltic andes.
[ A
s 2 A’:ﬁ;ﬁ‘“ alkali foidite
o A basalt
A
basalt
- | A
o
2 I I
o
0.01 0.1 1 10
Nb/Y
A
o
- ° "calc-alkaline"
o =]
A
A
ah é g
As o3
o A .
A “transitional”
£ Ay N
A A
e
0
o —
o
"tholeiitic"
_|B
o
IS] I I I
2 5 10 20
zrlY
Le Fer Formation Doublet Group

A gabbronorite

Menihek Formation

A gabbronorite

o gabbronorite—glomeroporphyritic
¢ olivine gabbronorite

@ quartz-bearing gabbronorite

A gabbronorite

@ gabbronorite—
glomeroporphyritic

m quartz-bearing gabbronorite

MRD
A amphibolite

Figure 6. Immobile trace-element-based classification dia-
grams. A) Nb/Y vs. Zr/Ti diagram of Pearce (1996) showing
the basaltic compositions of the analyzed samples; B) Zr/Y
vs. Th/Yb diagram of Ross and Bedard (2009) showing that
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Table 2. Selected REE and trace-element ratios (given as
ranges) for the different gabbro groups

Group Doublet Le Fer Menihek MRD

(n=8) (n=23) (n=34) (n=4)
(La/Yb)ey 0.70-1.51 0.67-1.78  0.41-2.24  0.79-1.69
(La/Sm)cy  0.63-1.35  0.60-1.54  0.49-1.88  0.72-1.59
(Gd/Yb)ey 1.07-1.17  0.92-1.40  0.92-1.50  1.03-1.71
(Th/Nb)ey  0.55-1.10  0.34-7.06  0.28-1.99  0.61-2.60
Eu/Eu* 0.84-1.02 0.76-1.28 0.73-1.23  0.83-1.05
YREE 69.2-102.9 66.1-117.4 47.8-237.7 108.6-119.7
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(1995).

Primitive mantle-normalized extended trace-element
diagrams are shown in Figure 9, along with some average
compositions for oceanic basalts (Gale et al., 2013) for com-
parison. The Le Fer gabbros are characterized by overall flat
trace-element patterns (Table 2), with minor troughs at Y.
Normalized Th/Nb values are variable, owing to variable Th
contents, but are generally low, from (Th/Nb).=0.34-1.39,
with the exception of one sample with (Th/Nb)=7.06
owing to elevated Th. Many samples contain Th close to, or
below the detection limit. Similarly low (Th/Nb)qy is
observed for average N-MORB and back-arc-basin basalts
(BAB). The Menihek gabbros exhibit similar overall flat
trace-element patterns. The most evolved (quartz-bearing)
samples show elevated trace-element concentrations and
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exhibit minor troughs at Ti in addition to Y. The olivine-
bearing samples contain lower elemental abundances, in
many cases below detection, resulting in irregular patterns
with minor to moderate troughs at Hf and Tb. Normalized
Th/Nb values range from (Th/Nb)c=0.28-1.99. The
Doublet gabbros display patterns similar to the Le Fer gab-
bros, with relatively flat REE and HFSE, with the exception
of minor troughs at Y. Normalized Th/Nb values for the
Doublet gabbros range from (Th/Nb),=0.55-1.10,
although several samples contain either Th or Nb below
detection. The MRD amphibolites exhibit overall similar
trace-element patterns, but show somewhat more variable
(Th/Nb)y, from 0.61-2.6.
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SUMMARY AND PETROGENETIC
INTERPRETATION OF
GEOCHEMICAL TRENDS

The analyzed samples of the Le Fer, Menihek and
Doublet gabbros, and the MRD amphibolites are generally
of tholeiitic to weakly transitional basaltic compositions
with Mg#s=23-74, and TiO, contents from 0.50-3.14 wt. %.
The quartz-bearing Menihek gabbros exhibit the most
evolved compositions, with Mg#=23, TiO,=3.14 wt. % and
Si0,=53.66 wt. %, and up to 229 ppm Zr. The sample with
the highest Mg# is a Menihek olivine gabbronorite with
Mg#=74, Ti0,=0.51, Si0,=45.88 and 31 ppm Zr.

Major-element compositions of the gabbros fall within
similar ranges, with the exception of the quartz-bearing
Menihek gabbros, which are significantly more evolved but
nonetheless appear to lie along the same trend as the “nor-
mal” gabbronorites. In general, the gabbros exhibit decreas-
ing Al,O; and CaO, and increasing SiO,, TiO, and P,O; with
increased fractionation (lower Mg#). Bivariate trace-ele-
ment plots show increasing HFSE with Zr, and generally
decreasing Cr, and Ni.

Chondrite-normalized REE patterns of the gabbros are
essentially flat, with (La/Yb)-=0.63-2, no significant rela-
tive LREE or HREE enrichment ((La/Sm)¢=0.49—1.88 and
(Gd/Yb)(x=0.92-1.71), and negligible Eu anomalies
(Euw/Eu*=0.73-1.28). Primitive-mantle-normalized extend-
ed trace-element diagrams exhibit relatively flat HFSE and
REE patterns within only minor HFSE troughs, and gener-
ally low (Th/Nb)y values (with some exceptions) similar to
those of N-MORB or BAB.

The petrogenesis of the Wakuach and Gerido intrusive
suites has been examined, in detail, by several authors, most
notably Baragar (1960, 1967), and Findlay (1996), although
only the latter reported data from the Le Fer (Wakuach
Intrusive Suite) gabbros. Readers interested in a detailed
examination of sills from the Howse Lake area and further
northwest are referred to these sources.

The correlations between certain immobile trace ele-
ments exhibited by the gabbros suggest that the observed
geochemical variation is the result of fractionation from a
compositionally similar parental magma. The observed
decreasing Al,O; and CaO with Mg# are consistent with pla-
gioclase fractionation. Similarly, decreasing Ni and Cr with
increased Zr are consistent with the fractionation of olivine
and clinopyroxene and/or orthopyroxene, respectively. The
increases in TiO, and P,0O; with increased fractionation,
meanwhile, suggest that fractionation of ilmenite and apatite
were minor. Observations by Findlay (1996) suggest that
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derivation of the sills from this parental magma was a multi-
stage process involving early fractionation in mid-crustal
magma chambers followed by in-situ differentiation during
emplacement (Findlay, 1996). Early fractionation is evi-
denced by micro-phenocrysts of the plagioclase, olivine,
and pyroxenes within the chilled margins of some Menihek
Gabbro sills (Findlay, 1996). Subsequent in-situ differentia-
tion was likely the combined result of crystal settling, evi-
denced in widespread cumulate textures, and flow differen-
tiation, which resulted in the concentration of early formed
(resorbed) olivine and plagioclase glomerocrysts in discrete
layers within the central parts of sills (Findlay, 1996).

The chondrite-normalized REE and primitive-mantle-
normalized extended trace-element diagrams provide fur-
ther constraints on the petrogenesis of the gabbro sills. The
flat, MORB-like REE patterns with negligible Eu anomalies
exhibited by all groups are consistent with a relatively high
degree of partial melting of a plagioclase-free mantle
source. Simple batch-melting calculations following Winter
(2001, Table 9-5) show that a similarly flat pattern with
(La/Yb)cy~1.5 can be achieved by ~25% melting of lherzo-
lite with 60% olivine, 25% orthopyroxene and 15% clinopy-
roxene, consistent with estimated melting extents of 8-25%
for modern ocean-ridge systems (Ahern and Turcotte, 1979;
Klein and Langmuir, 1987). Addition of 5% garnet (at the
expense of clinopyroxene), meanwhile, raises the melt frac-
tion required to produce (La/Yb)<1.5 to 60%. The pres-
ence of minor Eu anomalies in some samples is likely relat-
ed to plagioclase fractionation during magma ascent.

Figure 10A show the samples plotted on the Nb/Yb vs.
Th/Yb diagram of Pearce (2008) and can be used to assess
the degree of crustal contamination. Most of the samples
plot within the MORB-OIB array (between N-MORB and
E-MORB), demonstrating their MORB affinity, and sug-
gesting that they have experienced minimal crustal contam-
ination, with the exception of a few samples that plot above
the array. These results are not unlike other basalts erupted
on continental margins (see Pearce, 2008), for example, the
North Atlantic Margin. The Nb/Yb vs. TiO,/Yb diagram
(Figure 10B) of Pearce (2008) provides some constraint on
the depth of melting, as variations in Ti/Yb can be largely
explained in terms of the presence/absence of garnet in the
source. Nearly all of the samples plot within the N-MORB
field, slightly overlapping E-MORB, and within the MORB
array, indicating derivation by shallow mantle melting.

TECTONIC IMPLICATIONS

The Wakuach (Le Fer) and Gerido intrusive suites
(Menihek and Doublet) gabbros exhibit very similar major-
and trace-element characteristics, despite their dramatically
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Figure 10. 4) Nb/Yb vs. Th/Yb diagram of Pearce (2008) showing samples distributed along the MORB—OIB array, with some
samples displaced above the array indicating minor crustal contamination; B) Nb/Yb vs. TiO/Yb diagram of Pearce (2008),
showing samples within the shallow melting array, and one sample in the deep melting array.

different ages (2.17 vs. 1.88 Ga, respectively). The obvious
conclusion is that both were derived from compositionally
similar magma sources, and probably formed in similar tec-
tonic environments. The present data are generally consis-
tent with previous interpretations that both Cycle 1 and
Cycle 2 sill emplacement were the result of multiple stages
of lithospheric-scale rifting along the eastern Superior mar-
gin (Wardle, 1981; Rohon et al., 1993; Findlay, 1996).
Prolonged rifting would have resulted in the development of
an ocean basin, presumably to the present-day east of the
orogen. However, no ophiolites have been identified in the
NQO, and it is possible that the basin in which the KS was
deposited remained a narrow embryonic rift throughout
much/all of its history (James and Dunning, 2000).

The age of mafic magmatism in the MRD is not known,
but the results presented here are compatible with previous
inferences that the dykes represent deeper seated equiva-
lents of sills intruded into the KS (Wardle, 1981). James and
Dunning (2000) showed that the MRD is probably of
Superior affinity, and speculated that it represents a micro-
continent-like fragment that was rifted from the Superior
margin, possibly during deposition of Cycle 2. The age of
MORB-like magmatism in the MRD should offer a potential
test for this hypothesis, in that the presence of ca. 1.88 Ga
ages would imply that the MRD was part of the Superior
margin at least until that time.

CONCLUSIONS

Mafic to locally ultramafic sills appear throughout the
central NQO, where they form several-km-thick complexes
intruded into the volcanosedimentary rocks of the KS. The
sills can be divided into two main suites based on their
stratigraphic position and presumed age of intrusion. The
Wakuach Intrusive Suite gabbros intrude Cycle 1 sediments,
and were emplaced ca. 2.17 Ga, based on available
geochronology. The Gerido Intrusive Suite gabbro (and
locally peridotite) sills intruded into Cycle 2 rocks, and were
emplaced ca. 1.88 Ga. Amphibolites from the MRD have
been interpreted as feeder dykes to the sills, although their
age is not known.

Most of the examined samples are subophitic gab-
bronorites. Olivine-bearing samples were observed among
the Menihek and Doublet gabbros (representing the Gerido
Intrusive Suite). In addition, some Menihek samples contain
patchy granophyric quartz—K-feldspar intergrowths. The
MRD samples are relatively simple, fine- to medium-
grained foliated amphibolites.

All samples, including gabbros of the Wakuach and
Gerido intrusive suites, as well as the MRD amphibolites,
exhibit broadly similar compositional trends. All are of
basaltic composition, and of tholeiitic affinity. Compo-
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sitional variations among sample groups point to decreasing
Al,O; and CaO and increasing SiO,, with increased frac-
tionation (lower Mg#), and bivariate plots show increasing
HFSE with Zr, and generally decreasing Cr, and Ni, features
consistent with the fractionation of plagioclase, olivine,
clinopyroxene, and orthopyroxene. Rare-earth-element and
multi-element diagrams show that the gabbros are all essen-
tially MORB-like, with (La/Yb)=0.63-2, and negligible
Eu anomalies (Ew/Eu*=0.73—1.28).

The present data are consistent with previous tectonic
interpretations that sill emplacement was the result of lithos-
pheric-scale rifting of the eastern Superior margin. Available
geochronology show that rifting took place in two widely
separated stages, although the resulting magmatic products
of each are similar. Geochemical similarities suggest the
MRD dykes could be co-magmatic with either the Wakuach
or Gerido intrusive suite sills, although at present the timing
of mafic magmatism in the MRD is not known.
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