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Abstract

Circa 2.11 Ga sills and rare dykes (herein named the ‘Griffin gabbros’) extend discontinuously across an area 400 by
125 km in the Hearne domain of the western Churchill Province in northern Canada. Sills form poorly connected,
tongue-like tabular bodies primarily within Paleoproterozoic intracratonic basin deposits of the lower Hurwitz Group.
Dykes are restricted to the southern limit of the Griffin suite and have not been found in the interior of Hurwitz Basin
or in Archean basement. Incompatible element patterns and low &l!' values (—0.1-+1.0) indicate an enriched
asthenosphere source. Similar to many modern hotspot-related ocean island basalts, the gabbros display enrichments in
Nb and La, suggesting a mantle plume origin. Heavy rare earth element depletions and TiO, values (averaging 3.40
wt.%) suggest partial melting of a garnet peridotite source at depths of 70—100 km; MgO values (averaging 5.20 wt.%)
indicate fractionation after melting. Concentrations of both the incompatible and compatible elements scatter widely
with respect to Mg number, indicating that compositional variation does not represent fractional crystallization from a
common parent, consistent with derivation from different magma chambers related to the same mantle plume. The
gabbros fail to show signs of an Archean enrichment event recorded by other Paleoproterozoic mafic rocks in the
Hearne domain. This, together with the absence feeder dykes in basement, indicate derivation external to Hurwitz
Basin. We interpret that a mantle plume, located beyond the present southern margin of the Hearne domain, was active
during ~ 2.1 Ga rifting that led to opening of the Manikewan ocean. The Griffin gabbros were likely injected because
of the hydraulic head created by topographic doming above this plume. Analogous to the Ferrar sills (Jurassic) in
Antarctica, the gabbros may have been fed by cryptic dykes in which magmas traveled laterally for at least 250 km
across the southern Hearne domain and then, controlled by sedimentary layering, spread as sills for hundreds of km
within Hurwitz Basin. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Gabbro sills and dykes are significant compo-
nents of continental flood basalt provinces that,
relatively protected from removal by erosion, may
be the only record of large-scale Precambrian
volcanic events (Ernst and Buchan, 1997a). Com-
monly associated with mantle plumes, voluminous
mafic magmatism on the continents is typically
attributed to decompression melting of hot athe-
nospheric mantle within plume heads, or decom-
pression and conductive melting of lithospheric
mantle above plume heads (White and McKenzie,
1995; Turner et al., 1996; Ernst and Buchan,
1997a,b, 2001a; Hawkesworth et al., 2000; Camp-
bell, 2001; Condie, 2001). Although some would
argue in favour of upwellings related to plate
reorganizations and upper mantle convection cells
(Anderson, 1998), recent seismic tomography has
provided compelling images of discrete plumes,
some of which extend upward from the core-
mantle boundary (Zhao, 2001).

Work on giant dyke swarms has largely con-
firmed that mafic rocks need not be derived from
immediately underlying mantle sources, and that
magmas are capable of traveling laterally in the
crust for hundreds to thousands of km away from
plume centres (Fahrig, 1987; Greenough and
Hodych, 1990; Ernst and Buchan, 1997a,
2001a,b; Ernst and Buchan, in press, Ernst et al.,
2001). Large sills are also found at great distances
from plume centres, but these are typically asso-
ciated with laterally extensive dykes (Ernst and
Buchan, 1997b, 2001a). Such dykes are generally
considered the conduits through which long-dis-
tance lateral magma transport occurred, and to
have either fed magma directly into sills or rolled
over to become sills (Hyndman and Alt, 1987,
White, 1992; Ernst and Buchan, 1997b, 2001a).
Long-distance transport through subhorizontal
pathways to form sills, considered theoretically
by McKenzie et al. (1992), is not commonly
recognized. A notable exception, the Ferrar sills
in Antarctica (Jurassic) continue laterally for
greater than 3000 km in the absence of significant
feeder dykes in basement (Elliot et al., 1999).

The interval 2.2-2.0 Ga was a time of wide-
spread global mafic magmatism. Dyke and sill

swarms of this age, possibly related to the breakup
of a speculative Neoarchean supercontinent (‘Ke-
norland’ of Williams et al., 1991), are found in
Fennoscandia, Greenland, Siberia, and North
America (Aspler and Chiarenzelli, 1998; Buchan
et al., 1998, 2000; Ernst and Buchan, 2001b, and
references therein). Forming part of this extensive
suite, ~2.11 Ga gabbro sills (and rare dykes),
herein referred to as the ‘Griffin gabbros’, extend
across an area of about 50000 km? in the central
Hearne domain of the western Churchill Province
in northern Canada (Figs. 1 and 2). These sills
occur primarily within Paleoproterozoic siliciclas-
tic intracratonic basin strata of the lower Hurwitz
Group (Figs. 3 and 4).

In the first part of this paper we describe the
Griffin gabbro sills, documenting their distribu-
tion, geometric relationships to host rocks and
rare dykes, contacts, internal structures, and
regional geochemical and Sm—Nd isotopic char-
acteristics. In the second part we consider the
derivation of the sills and their emplacement
mechanisms. Both field and geochemical data
indicate that the Griffin gabbros originated out-
side of Hurwitz Basin, and that they constitute a
Proterozoic example, analogous to the Ferrar sills,
where mafic magmas travelled long distances
laterally within the crust. We interpret that the
gabbros were derived from a mantle plume beyond
the present southern margin of the Hearne do-
main, and that this plume was active during ~ 2.1
Ga rifting that led to opening of the Manikewan
ocean (Stauffer, 1984), which separated the
Hearne, Sask, and Superior cratons before colli-
sional events in Trans-Hudson orogen (Fig. 1).

2. Geologic setting

The Griffin sills were emplaced at 2111+1 Ma
(Patterson and Heaman, 1991; Heaman and Le-
Cheminant, 1993), after deposition of the lower part
of the Hurwitz Group (sequences 1 and 2, Fig. 3).
The Hurwitz Group is a succession of continental to
marine siliciclastic and carbonate deposits that are
distributed in a series of outliers across an area 200
by 700 km (Figs. 1 and 2). Sequences 1 and 2 record
the evolution of an intracratonic basin that occupied
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Fig. 1. Regional context of Hurwitz Basin and Griffin gabbro sills, Western Churchill Province. The Sask Craton (not outlined) is a
basement terrane in the interior of Trans-Hudson orogen that extends southward beneath Phanerozoic cover from rare exposures in
structural windows in the Glennie Lake and Hanson Lake domains (Chiarenzelli et al., 1998).

the interior of the Hearne domain during the
breakup of Kenorland, whose daughter fragments
ultimately dispersed at 2.1-2.0 Ga (Aspler and
Chiarenzelli, 1998; Aspler et al., 2001). Deposition
of upper Hurwitz Group strata (sequences 3 and 4,

Fig. 3) overlapped, in part, with the assembly of
Laurentia (Aspler et al., 2001; Aspler and Chiar-
enzelli, 2002).

The Hurwitz Group lies unconformably above
an Archean basement that includes: ~ 3.3-3.0 Ga
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Fig. 3. Lithostratigraphy and sequence stratigraphy of the Hurwitz Group and stratigraphic context of the Griffin gabbros.

gneisses; ~ 2.79-2.66 Ga volcanic, siliciclastic and
chemogenic rocks; and ~2.74-2.55 Ga plutonic
and gneissic rocks (Aspler and Chiarenzelli, 1996a;
Hanmer et al., 2000). Griffin sills and dykes are
unknown within Archean basement. The Mon-
tgomery Group (Figs. 2 and 3) is a local,
predominantly fluvial, siliciclastic wedge of uncer-
tain age and tectonic significance that is separated
from underlying Neoarchean supracrustal rocks
and overlying Hurwitz Group strata by angular
unconformities (Aspler and Chiarenzelli, 1996b;
Aspler et al., 2000). At Fitzpatrick Lake (Fig. 4),
the Montgomery Group is cut by Griffin gabbros.

A maximum age of Hurwitz Basin is defined by
~2.45 Ga baddeleyite (Heaman, 1994) from the

Kaminak dykes, a laterally extensive mafic swarm
that cuts basement rocks but not the Hurwitz
Group. Mafic volcanic and siliciclastic rocks of the
Spi Group (Patterson, 1991), likely extrusive
equivalents to the Kaminak swarm (Beavon,
1976; Sandeman et al., 2000), separate Archean
greenstones from the Hurwitz Group near Carr
Lake (Fig. 2). Lacking direct geochronologic
confirmation, the best estimate for the start of
Hurwitz Basin sedimentation is ~ 2.3 Ga. This
estimate is based on long-standing (Young, 1988)
formation-level correlations of units in sequence 1
(Noomut, Padlei and Kinga formations, Fig. 3)
with those at the top of the Huronian Supergroup
(Cobalt Group) in the Superior craton. Predomi-
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nantly continental siliciclastic deposits of sequence
1 record development of a broad, shallow con-
tinental depression (Aspler et al., 2001). In se-
quence 2, immature pelites of the Ameto
Formation, containing local mafic volcanic flows
(Happotiyik Member, Fig. 3), reflect basin-margin
arching and basin-centered deepening related to a
second episode of stretching. The Griffin gabbros
were emplaced after these initial stretching epi-
sodes, shortly before or during rift-passive margin
sedimentation on the southern flank of the Hearne
domain (lower Wollaston Group, Figs. 1 and 2;
Yeo et al., 2000), which started before 2075 +2 Ma
(Ansdell et al., 2000).

3. Griffin gabbros

3.1. Definition and distribution

Tabular gabbro sills occur in Hurwitz Group
outliers across a wedge-shaped area 400 long and
125 km wide (Fig. 2). These intrusive rocks have
conventionally been referred to as the ‘Hurwitz
gabbros’. Herein we introduce the term ‘Griffin
gabbros’, to avoid confusion with gabbroic ex-
trusive rocks that form part of the Happotiyik
Member (Fig. 3). Particularly extensive exposures
are in the type area at Griffin Lake, where sills
define prominent ridges along the southern limb of
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Fig. 5. Simplified geological map of the Griffin gabbro type area, west arm of Griffin Lake (modified after Aspler and Bursey, 1990).

See Figs. 2 and 4 for location.

an east-plunging syncline (Figs. 4 and 5). The sills
were folded together with Hurwitz Group sedi-
mentary units under lower greenschist facies con-
ditions as part of regional thick-skinned (Archean
basement-Paleoproterozoic cover) deformation
(Aspler et al., 2002). Paleomagnetic data from
two sills with significantly different tilts indicate
that the gabbros were remagnetized after folding
(K.L. Buchan, unpublished data).

In other basins (Francis, 1982), sill and sediment
rock isopachs coincide, and sills are thickest at
sites of maximum sediment accumulation, forming
bodies that are saucer-shaped at the regional-scale.
However, as illustrated in Fig. 6, the Griffin sills

fail to show a systematic relationship to Hurwitz
Group depositional patterns. Successive units in
sequence 1 onlap radially, spreading outward from
a centre near the Henik lakes, and sequence 2
attains a maximum thickness near Ducker Lake
and the northern part of The Grey Hills. The
Griffin sills are scattered independent of this basin
fill geometry: their thickness, number, and lateral
continuity bear no relation to the centre of the
basin.

The Griffin sills are generally less than a few
hundred metres beneath the sub-sequence 3 un-
conformity and have no extrusive equivalents (see
below). The possibility that volcanic rocks formed
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coeval with the sills, but were eroded before
deposition of sequence 3 cannot be dismissed
entirely, given that emplacement depths of similar
bodies elsewhere typically range from 1000 to 2500
m (Mudge, 1968), km-scale vertical uplifts may be
associated with emplacement of sills (Gvirtzman
and Garfunkel, 1997), and the time gap between
Griffin magmatism and deposition of sequences 3
and 4 is at least 200 Ma (Davis et al., 2000).

3.2. Sill geometry

The Griffin sills are tongue-like, tabular bodies
that are concordant with (or gently inclined to)
bedding in enclosing strata. They generally occur
in thinly stratified pelites of the Ameto Formation,
well within the Ameto section. But at Griffin Lake
and southwestern Sealhole Lake, they follow the
Whiterock Member-Ameto Formation contact
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(Fig. 7). In addition, sills with similar field,
petrographic and geochemical characteristics are
locally found in underlying units: at Fitzpatrick
Lake they cut conglomeratic arkoses of the
Montgomery Group and subarkoses of the Ma-
guse Member (Fig. 7; Aspler et al., 2000), and at
Quartzite Lake (Fig. 2), they cut quartz arenites of
the Whiterock Member (Bell, 1968). They typically

have thicknesses of 50-300 m (Figs. 6-8). The
thickest sill (up to 1000 m) is at Sealhole Lake; it
contains abundant plagioclase megacrysts and
displays well-developed magmatic layering (see
below). Recognized previously by Eade (1974),
some of the thicker sills are composite intrusions,
as indicated by local sill-in-sill chilled margins.

In two dimensional slices, the Griffin sills are
poorly connected (Figs. 6-—8), forming tongues
that branch and coalesce close to the paleohor-
izontal (Fig. 9). Although some continue laterally
for up to 40 km, most sills are generally difficult to
trace for greater than 10 km in any two-dimen-
sional set of exposures, typically tapering toward
blunt terminations (Figs. 7 and 8). In some areas,
multiple sills occur at different stratigraphic levels
in the same section (e.g. Fitzpatrick Lake, Fig. 7).
However, along The Grey Hills three separate sills
are staggered in an en echelon array, with minimal
overlap between individuals (Fig. 8). The sills at
The Grey Hills also climb upsection within the
Ameto Formation (from southeast to northwest,
Fig. 8) although in general, such changes in
stratigraphic level cannot be traced. For example,
between Fitzpatrick Lake and Sealhole Lake the
sills rise 2—3.5 km across a distance of 10 km, but
continuous step-ups from east to west are lacking.
These sills terminate within the Montgomery
Group and Maguse Member on the southeast
without an obvious connection to those in the
Ameto Formation to the west (Fig. 7).

3.3. Dykes

Absent in central Hurwitz Basin, dykes have
only been recognized at three sites (Figs. 7 and 10),
close to Fitzpatrick Lake at the southern edge of
the Griffin suite (Fig. 2). First, northeast of
Fitzpatrick Lake, a northeast-trending 20 m-wide
dyke cuts south-dipping Maguse Member beds
above the highest of two Griffin sills (Fig. 10).
Because of faulting and lake cover, it is unclear if
this dyke leads upward, breaking away from the
roof of the highest sill, or if it connects in the third
dimension as a feeder to both sills. Second, on the
south shore of the north arm of Fitzpatrick Lake,
two 20 m-wide northeast-trending dykes cut Mon-
tgomery Group strata, but neither connects to a
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sill (Fig. 10). Third, extending north from an east-
trending arm of Fitzpatrick Lake, a 40 m-wide
dyke containing plagioclase megacrysts cuts per-
pendicular to the trace of east-trending (pre-
Hurwitz Group) folds in the Montgomery Group
(Fig. 10). This dyke bends eastward through 90°,
becomes concordant with bedding, and widens to
become a 200 m-thick megacryst-bearing inclined
sheet (Fig. 10), similar to dyke-to-sill roll-
overs described elsewhere (Hyndman and Alt,
1987).

The absence of feeder dykes elsewhere in
Hurwitz Basin does not merely reflect poor

Griffin gabbro sills

Ameto Formation pelite

exposure; if present, such dykes would be easily
recognizable on the relatively continuous and
lichen cover-free white-toned ridges formed by
quartz arenites of the Whiterock Member. In
short, dykes associated with the Griffin sills are
rare, and physical continuity between a dyke and a
sill has only been established in one example.

3.4. Contacts

Contacts between the gabbros and host units are
sharp: the gabbros have well-defined chilled mar-
gins, and pelitic country rocks are hornfelsed

Fig. 9. Cartoon illustrating inferred sill geometry. Rather than forming sheets that are continuous in three dimensions, the sills are
tongue-like tabular bodies exhibiting limited continuity in two dimensional sections perpendicular to the paleohorizontal.
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within a metre of the gabbros. Metre-scale bifur-
cations of gabbro locally extend from sill margins
into host rocks. Thinly interbedded siltstones and
mudstones of the Ameto Formation in contact
with the gabbros lack soft-sediment deformation
structures. The gabbros contain xenoliths of
Ameto Formation pelites that are angular, have

sharp boundaries, and display undistorted internal
lamination, and peperites are lacking. As will be
discussed further below, these observations imply
that the Ameto Formation was well indurated
before gabbro emplacement, and that the sills are
not coeval with volcanic rocks of the Happotiyik
Member (cf. Bell, 1968, 1970).
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3.5. Structure and petrography

The sills are typically massive, generally consist-
ing of uniformly medium- to coarse-grained plagi-
oclase (variably altered to sericite and epidote) and
primary hornblende (variably altered to chlorite).
They generally lack a penetrative cleavage related
to regional folding, but are well-jointed; many
joint surfaces are covered by chlorite slickenfibres.
Host rock xenoliths are uncommon, and occur in
narrow zones immediately adjacent to sill margins.
Exotic xenoliths derived from Archean basement
have not been observed. In some areas, such as at
Griffin Lake, the sills display well-defined joints
subparallel to adjacent strata (Fig. 5), possibly
reflecting an anisotropy inherited from subtle
primary magmatic layering.

At Fitzpatrick and Sealhole lakes, the gabbros
contain plagioclase megacrysts in proportions
ranging from a few crystals to 20% (Fig. 11). The
megacrysts are subhedral to euhedral, tabular to
equant, single crystals (locally broken) with max-
imum dimensions of 1-10 cm. At Fitzpatrick
Lake, the megacrysts are dispersed randomly in a
fine- to medium-grained groundmass. Similar to
examples described from the Mesoproterozoic
Gardar intrusions in Greenland (Bridgwater,
1967), both the inclined sheet in the Montgomery
Group and the dyke that rolls into it (Fig. 10) are
megacryst-bearing, indicating that the megacrysts
were transported from elsewhere and not did not
result from in situ growth. In a thick (1000 m) sill
at Sealhole Lake, the megacrysts are layered in
zones (Fig. 11) that are sub-parallel to bedding in
overlying and underlying Hurwitz Group strata.
These layers are defined mainly by variation in
plagioclase size and concentration, and range from
zones of single aligned crystals several cm thick, to
massive m-scale beds. Some of the thicker layers
display normal size grading (Fig. 11B). In addi-
tion, some display mineralogical grading, with
local basal zones concentrated with cm-sized
hornblende crystals. By analogy to the Fitzpatrick
Lake occurrences, we suggest that the megacrysts
at Sealhole Lake were transported by magmatic
flow and that the layering was produced by
gravitational settling and/or current sedimenta-
tion, although we cannot dismiss the possibility

Fig. 11. Layered plagioclase megacryst-bearing sill, east shore
of Sealhole Lake. (A) Dispersed plagioclase megacrysts dis-
tributed in layers. (B) Normal grading defined by decrease in
size and concentration of megacrysts to top of photo.

of a contribution by in situ growth (Ashwal, 1993;
Naslund and McBirney, 1996 for review). As will
be returned to below, the megacryst-bearing
gabbros also display the strongest geochemical
and isotopic contamination signatures, and we
consider that the megacrysts were entrained from
the crystal mush of a regionally unique magma
chamber, and transported laterally in magma flow
pulses.

3.6. Geochemical and Sm—Nd isotopic studies

3.6.1. Major and trace elements

Samples from the central part of Hurwitz Basin,
have compositions that plot in the alkaline basalt-
trachybasalt field of a total alkali-silica diagram
(Fig. 12; Table 1). In contrast, several samples
from the southeast have higher SiO,, and plot in
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Fig. 12. Griffin gabbro sill and dyke samples plotted on a total
alkali-silica classification diagram of le Bas et al. (1986). Field
for basaltic-gabbroic flows in Ameto Formation at Kaminak
Lake (Happotiyik Member) from Hemmingway and Sandeman
(1999).

the subalkaline basalt and basaltic andesite fields
(Fig. 12). Relative to primary mantle melts (Ba-
saltic Volcanism Study Project, 1981), MgO values
are low (average 5.20 wt.%; n=19) implying that
the magmas fractionated after melting. Concen-
trations of TiO, average 3.50 wt.% (n=19), and
concentrations of both the compatible (e.g. Ni, V,
Sc) and incompatible (e.g. Ti, P, La) elements
display wide scatter with respect to Mg number
(Fig. 13).

Differences in bulk composition between sills in
the central part of Hurwitz Basin and those in the
southeast are reflected by markedly different
incompatible element patterns (Fig. 14, normal-
ized to Primitive Mantle). Sills from central
Hurwitz Basin display patterns similar to modern
hotspot-related ocean island basalts (Sun and
McDonough, 1989; Weaver, 1991), with enrich-
ments in Nb and La producing gently convex-
upward curves (Fig. 14A). In contrast, sills and
dykes to the southeast yield variably negative Nb

anomalies (Fig. 14B) characteristic of continental
volcanic sequences that have been contaminated
by crustal material (Dupuy and Dostal, 1984;
Arndt et al., 1993; Griselin et al., 1997). All
samples have patterns with steep negative slopes
owing to depletions in the heavy REE.

3.6.2. Sm—Nd isotopes

Values for &} from sills in the central part of
the basin are relatively uniform, and range from
—0.1 to +1.0 (Table 2, Fig. 15). Sills and dykes in
the southeast display a wider variation in &}j! (+
0.5 to —3.6), and an inverse correlation between
eni! and SiO, (Table 2, Fig. 15). In samples from
central Hurwitz Basin, &' is independent of TiO,
and P,Os, whereas those from the southeast dis-

play a weak positive correlation (Fig. 16).

3.6.3. Griffin gabbros compared with Happotiyik
Member flows

These two units have significant geochemical
differences, consistent with field observations (see
above) that the Griffin gabbro sills and dykes
formed after the Ameto Formation was well
indurated, and could not be coeval with the
Happotiyik Member mafic flows: (1) the Griffin
sills are typically alkaline, whereas the Happotiyik
flows are subalkaline (Fig. 12); (2) the Griffin sills
and dykes have greater overall REE abundances
than the Happotiyik Member (Fig. 14); (3) Griffin
sills in the central part of Hurwitz Basin display
enrichments in Nb and La whereas the Happotiyik
flows display negative Nb anomalies (Fig. 14A);
(4) the Griffin sills and dykes have greater deple-
tions in the heavy REE than the Happotiyik flows,
and hence steeper incompatible element patterns
(Fig. 14); (5) the Griffin sills typically have positive
Ti anomalies and high TiO, values (average
3.50 wt.%, n=19), whereas the flows have
weak negative Ti anomalies (TiO, average, 1.20,
n=06; Hemmingway and Sandeman, 1999, Fig.
14); and (6) the MgO contents of the Griffin sills
and dykes (average 5.20 wt.%; n=19) are lower
than those of the Happotiyik flows (average 6.80
wt.%; n = 6; Hemmingway and Sandeman, 1999),
indicating that the sills are more highly fractio-
nated.



Table 1
Major and trace element geochemistry, Griffin gabbro sills and dykes
Sample 93-4- 93-5- 93-16- 93-52- 93-37-1 98-12-3 98-19-  98-22-1 98-22-2  98-22-5 98-22-7 98-22-  98-22-  99-4- 99-8-3 99-8-11 99-14-8 99-19- 99-28-25  Precision
2e 7d 12 35 1 8 9 13b 13
Area Otter  Otter  Otter Mont- Ducker Mont- Ameto Grey Ducker Hawk Watterson Griffin  Griffin  Fitz- Sealhole  Sealhole  Fitz- Sealhole Fitz-
gomery gomery Hills Hill patrick patrick patrick
Unit Sill Sill Sill Sill Sill Sill Sill Sill Sill Sill Sill Sill Sill Dyke Phyric Phyric Phyric Sill Phyric
sill sill dyke sill
wt.%
SiO, 4854 4976 49.89 44.18 41.52 4688 4564 4845 46.61 46.75 48.67 47.56  46.81 53.69 49.12 50.48 48.32 482 51 0.23
TiO, 3.83 3.84 1.29 5.6 4.34 4.14 4.82 4.03 335 3.51 3.84 2.86 3.64 1.873 3.49 2.53 3.8 4.1 1.29 0.03
ALO; 133 13.66  15.46 14.29 14.53 12.43 13.51 13.96 14.24 12.72 1335 16.18 15.38 12.74 14.67 15.8 13.12 13.31 14.68 0.12
Fe,O;  16.32 15.55 12.85 16.59 13.08 16.49 16.97 15.13 12.57 16.74 15.74 13.59 15.08 15.82 14.03 12.1 16.52 16.83 14.07 0.12
MnO 0.21 0.21 0.18 0.2 0.03 0.16 0.21 0.20 0.12 0.21 0.19 0.17 0.17 0.201 0.17 0.16 0.21 0.2 0.21 0.01
MgO 472 3.77 6.26 5.17 11.76  4.14 4.49 4.03 5.61 6.50 4.54 5.76 5.64 333 391 4.48 4.45 4.52 5.36 0.05
CaO 7.15 7.5 7.55 6.65 0.96 6.84 7.10 7.13 5.85 6.50 6.87 8.37 7.80 6.59 7.38 8.54 7.57 7.2 9.06 0.13
Na,O  3.57 2.94 3.52 3.72 0.01 4.04 347 4.39 3.09 2.85 2.62 3.23 331 2.74 3.59 331 291 3.25 2.33 0.04
K,O0 0.8 1.23 0.86 0.09 3.99 1.38 1.79 1.21 2.30 230 2.50 1.14 1.32 1.17 1.93 1.14 1.42 1.28 0.65 0.03
P,05 0.34 0.38 0.09 0.42 0.38 1.13 0.69 0.40 0.38 0.39 0.44 0.34 0.43 0.27 0.31 0.28 0.45 0.43 0.16 0.07
LOI 0.15 0.43 0.7 1.62 9.22 1.37 0.61 0.77 4.96 1.14 0.47 0.30 0.34 0.9 1.5 2 1.4 1.8 0.9 0.08
Total 9893  99.27  98.65 98.53 99.77  99.00 9930  99.70 99.08  99.61 99.23 99.50  99.92  99.32 100.1 100.82 100.17 101.12  99.71
S 0 0.04 0.06 0.04 5.33 0.01 0.01 0.03 0.08 0.01 0.01 0.04 0.01 nd nd nd nd nd nd 0.01
CO, 0.18 0.56 0.13 0.04 0.32 0.28 0.22 0.23 3.62 0.1 0.13 0.06 0.08 nd nd nd nd nd nd 0.07
ppm
Nb 18 20 6 15 17 31,14 2272 2313 2327 2213 24.74 2008 2526 11 15 15 23 22 6 1
Zr 219 243 105 144 127 240 174 205 203 207 252 178 230 194 176 163 230 209 124 3
Y 30 33 22 23 21 42 27 29 34 33 38 27 35 30 21 20 30 28 20 2
Sr 526 522 217 598 19 373.6 5339 4757 292.8 4058 562.1 597.8 5771 311 603 712 585 546 271 13
Rb 33 46 30 9 48 2573 50.16  34.18 76.67 9232 107.14 39.74 4024 24 53 21 48 41 13 2
Ba 315 429 271 111 193 nd nd nd nd nd nd nd nd 683 540 413 446 419 267 30
Cr 47 37 36 10 8 nd nd nd nd nd nd nd nd 36 40 66 43 74 53 9
Co 50 40 50 54 75 33 40 45 47 59 50 51 45 46 35 37 46 46 58 4
Cu 30 67 20 30 29 83 92 50 71 48 53 66 15 nd nd nd nd nd nd 7
Ni 65 40 65 72 108 22 41 55 95 105 57 117 84 63 42 55 48 49 116 4
Sc 24 24 27 20 4 26 25 26 22 22 24 19 24 nd nd nd nd nd nd 2
\% 370 360 250 300 219 210 298 429 299 345 371 270 307 218 443 312 400 449 215 7
Zn 120 120 110 130 43 127 148 161 98 154 125 124 142 125 111 92 130 131 104 8
La 28 35 14 22 21.075 42.50 27.21 25.82 26.80 28.29 32.50 24.45 30.22 30.14 23.40 21.97 31.07 27.93 19.13 0.11
Ce 66 80 31 53 5252 98091 6435 6138 60.50  64.75 74.30 5545  68.50  59.32 53.17 48.42 70.21 63.92 37.88 0.2
Pr 9.1 11 4.1 7.5 7.08 14.63 945 8.69 8.53 9.06 10.52 7.73 9.66 7.52 7.33 6.59 9.91 9.11 4.84 0.08
Nd 40 47 17 33 31.67  65.67  41.64 3741 36.64  38.86 44.66 3295 4134 29.65 30.02 27.99 42.93 39.44 19.54 0.31
Sm 8.9 10 42 72 6.51 13.92 9.05 8.36 7.73 8.42 9.71 6.95 8.80 6.17 6.59 5.93 9.32 8.62 4.31 0.09
Eu 2.9 32 1.4 2.6 2.02 4.68 3.40 2.81 2.46 2.59 2.96 2.33 2.54 1.56 2.15 2.08 2.94 2.89 1.34 0.04
Gd 8.1 9.4 43 6.4 4.85 11.74 771 7.27 6.63 7.38 8.38 6.04 7.62 5.75 5.74 5.25 8.21 7.53 4.12 0.1
Tb 1.2 1.4 0.65 0.86 0.6 1.56 1.04 1.06 0.96 1.02 1.20 0.86 1.09 0.89 0.84 0.75 1.16 1.05 0.64 0.08
Dy 6 6.9 3.8 44 3.27 8.51 5.70 5.97 5.53 5.91 6.75 4.96 6.40 5.55 4.74 4.28 6.43 5.79 4.06 0.04
Ho 1.1 1.2 0.75 0.75 0.56 1.49 1.00 1.10 1.02 1.05 1.23 0.93 1.17 1.16 0.90 0.78 1.22 1.12 0.91 0.06
Er 2.9 32 2.1 1.9 1.46 3.84 2.52 2.77 2.74 2.69 3.18 2.48 3.13 333 2.26 2.07 3.08 2.78 2.50 0.02
Tm 0.35 0.38 0.28 0.22 0.18 0.47 0.30 0.34 0.36 0.34 0.39 0.32 0.40 0.48 0.29 nd 0.40 0.36 0.35 0.01
Yb 22 2.5 1.9 1.5 1.1 2.70 1.77 2.00 2.19 1.94 2.29 1.94 2.32 3.00 1.69 1.55 2.31 2.07 225 0.05
Lu 0.29 0.34 0.27 0.2 0.17 0.41 0.24 0.27 0.32 0.27 0.34 0.27 0.35 0.48 0.26 0.24 0.36 0.31 0.36 0.02
Th 3.8 4.5 2 2.1 1.56 3.18 2.13 3.08 2.53 3.05 3.64 223 2.88 7.57 342 3.04 3.75 332 4.38 0.1
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Table 1 (Continued)

Sample 93-4-  93-5-  93-16-  93-52-  93-37-1 98-12-3 98-19-  98-22-1 98-22-2  98-22-5 98-22-7 98-22-  98-22-  99-4- 99-8-3 99-8-11 99-14-8 99-19- 99-28-25  Precision
2e 7d 12 35 1 8 9 13b 13

Area Otter  Otter  Otter Mont- Ducker Mont- Ameto Grey Ducker Hawk Watterson Griffin  Griffin  Fitz- Sealhole  Sealhole  Fitz- Sealhole Fitz-

gomery gomery Hills Hill patrick patrick patrick
Unit Sill Sill Sill Sill Sill Sill Sill Sill Sill Sill Sill Sill Sill Dyke Phyric Phyric Phyric Sill Phyric

sill sill dyke sill

18] 0.88 1 0.34 0.51 3.66 0.74 0.48 0.72 0.56 0.73 0.86 0.52 0.65 1.61 0.84 0.77 0.92 0.83 1.02 0.12
Hf 3.8 4.7 1.8 34 3.29 5.81 2.53 341 4.51 4.36 5.43 2.84 4.20 5.01 4.53 3.92 5.90 5.42 331 0.1
Ta 1.4 1.5 0.41 1.2 0.34 1.92 1.47 1.48 1.46 1.43 1.59 1.27 1.64 0.63 1.02 0.90 1.50 1.35 N.D. 0.02

Analyses of phyric samples include both groundmass and plagioclase megacrysts. Precisions are based on analyses of standards and blind duplicates. See Appendix A for

methods.
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Fig. 13. Plots of compatible (Ni, V, Sc) and incompatible (Ti, P, La) element concentrations with respect to Mg number (calculated
with cation proportions; volatile-free). Although Ni and La are weakly correlated to Mg#, all elements display a wide scatter,
inconsistent with derivation in a direct line of descent from a common parent due to fractional crystallization.
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Fig. 14. Incompatible elements in Griffin gabbro sills and dykes normalized to Primitive Mantle (Sun and McDonough, 1989). (A)
Samples from central Hurwitz Basin. Envelope for basaltic flows in the Ameto Formation at Kaminak Lake (Happotiyik Member)
from Hemmingway and Sandeman (1999). Thick dashed white line represents ocean island basalts for comparison (from Sun and
McDonough, 1989). (B) Samples from southeastern exposures, near Otter, Sealhole and Fitzpatrick lakes. Thick dashed black line
represents crustally contaminated flows near the base of the Coppermine River basalts, 1.27 Ga Mackenzie igneous event for
comparison (after Griselin et al., 1997).

Table 2

Sm—Nd isotope data, Griffin gabbro sills and dykes

Sample  Area/unit Nd (ppm) Sm (ppm) "Sm/'**Nd  "PNd/"*Ndm  "BNd/'"Ndi  ef* Tom*
93-4-2¢e  Otter sill 35.60 7.93 0.1347 0.511789 0.509916 0.3 2535
93-5-7d  Otter sill 45.89 10.05 0.1324 0.511766 0.509925 0.4 2507
93-16-12  Otter sill 18.73 4.35 0.1405 0.511767 0.509813 —1.8 2780
93-52-35 Montgomery sill 39.42 8.48 0.1301 0.511748 0.509940 0.7 2470
93-37-1 Ducker sill 30.22 6.36 0.1272 0.511695 0.509927 0.5 2480
98-12-3  Montgomery sill 61.34 13.26 0.1307 0.511764 0.509947 0.9 2459
98-19-1 Ameto sill 42.88 9.44 0.1332 0.511791 0.509940 0.7 2484
98-22-1 Grey Hills sill 35.97 8.11 0.1362 0.511795 0.509901 —-0.1 2574
98-22-2 Ducker sill 34.43 7.49 0.1316 0.511772 0.509943 0.8 2471
98-22-5  Hawk Hill sill 39.93 8.85 0.1340 0.511784 0.509922 0.4 2522
98-22-7 Watterson sill 43.63 9.59 0.1328 0.511779 0.509933 0.6 2495
98-22-8  Griffin sill 32.12 6.93 0.1304 0.511769 0.509955 1.0 2444
98-22-9 Griffin sill 38.77 8.39 0.1308 0.511770 0.509952 1.0 2451
99-4-13b  Fitzpatrick dyke 29.41 6.22 0.1278 0.511499 0.509722 —3.6 2840
99-8-3 Sealhole phyric sill 29.30 6.43 0.1327 0.511724 0.509879 —0.5 2595
99-8-11 Sealhole phyric sill 26.83 5.81 0.1310 0.511706 0.509886 —-04 2572
99-14-8 Fitzpatrick phyric dyke 41.26 9.11 0.1335 0.511784 0.509928 0.5 2508
99-19-13  Sealhole sill 37.25 8.22 0.1334 0.511778 0.509924 04 2514
99-28-25  Fitzpatrick phyric sill 18.51 4.06 0.1326 0.511606 0.509762 —2.8 2810

Analyses of phyric samples include both groundmass and plagioclase megacrysts. See Appendix A for methods. Note:
3Nd/'"**Ndm = measured present-day ratio, '**Nd/'**Ndi = intial ratio assuming crystallization age (7) of 2111 Ma. *Epsilon Nd
value: &f; = ((*PN/MNdi)/(M**Nd/M**NdCHUR)) —1)*10,000; CHUR = chondritic meteorites at time T. Towmy** is depleted mantle
model age, assuming depleted mantle '4’Sm/'**Nd = 0.214 and present-day '**Nd/'"**Nd = 0.513115.



286 L.B. Aspler et al. | Precambrian Research 117 (2002) 269—294

@ gabbro sills central Hurwitz Basin

(O gabbro sills Otter, Sealhole, and Fitzpatrick
lakes

/\ feldspar-phyric gabbro sills and dykes
Sealhole and Fitzpatrick lakes

e
A

A

2111

ENd

2] |20 ©)
A

-4 T T T T T T T T T
42 44 46 48 50 52 54
SiOp (Wt %)

2111

Fig. 15. Summary of ey’ versus SiO, for Griffin gabbro

samples. In central Hurwitz Basin, 4" and SiO; are indepen-

dent, whereas samples from Otter, Sealhole, and Fitzpatrick
lakes display a negative correlation, indicating crustal contam-
ination.

4. Discussion

4.1. Magma sources

Like many continental mafic suites, such as the
~1.27 Ga Mackenzie dykes and Coppermine
basalts in northern Canada (Baragar et al., 1996;
Griselin et al., 1997), the 250 Ma Siberian Traps
(Fedorenko et al., 1996), and the 65 Ma Deccan
Traps in western India (Hawkesworth and Galla-
gher, 1993), gabbro sills in the central part of
Hurwitz Basin display geochemical and isotopic
characteristics that are typical of modern hotspot-
related ocean island basalts (see above). With
incompatible element enrichments and low &3!
values, the gabbros appear to have been derived
from enriched asthenosphere sources. The lack of
systematic variation in ¢} with SiO, implies that
crustal contamination was not a major process
affecting the magmas in central Hurwitz Basin,
consistent with the near absence of xenoliths.
Heavy REE depletions, together with high TiO,
concentrations, point to derivation of small
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Fig. 16. TiO, and P,0s versus SiO, for Griffin gabbro sill and
dyke samples. In central Hurwitz Basin, TiO, and P,Os are not
correlated with SiO,, whereas samples from Otter, Sealhole,
and Fitzpatrick lakes display a positive correlation, indicating
crustal contamination. Analytical uncertainties are less than
symbol size.

magma volumes by low-degree partial melting of
garnet-bearing peridotite sources at depths of
~70-100 km (Ellam, 1992; Arndt et al., 1993;
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Nykénen et al., 1994). The sills cannot be related
in a single line of descent from a single parental
magma due to fractional crystallization because
both compatible and incompatible elements dis-
play wide scatter with respect to Mg number. This
is consistent with derivation from different magma
chambers originating from the same mantle plume,
such has been suggested for the Mackenzie dykes
by Baragar et al. (1996).

Although crustal components do not appear to
have contributed significantly to the sills in the
central part of Hurwitz Basin, sills and dykes near
the southern limit of the Griffin gabbros, particu-
larly those containing plagioclase megacrysts, were
contaminated by crustal material, as indicated by

negative &3j' values, an inverse correlation be-

tween &Jj' and SiO,, and positive correlations

between &2}' and TiO, and P,Os. The decrease in
contamination from southeast to northwest may
reflect a temporal or ‘downstream’ increase in the
degree to which magmas were mechanically in-
sulated from country rock, such as suggested to
explain contamination patterns elsewhere (Wirth
and Vervoort, 1995; Baragar et al., 1996). How-
ever, close coincidence of contamination with
distribution of plagioclase megacrysts suggests a
common process. We interpret that the sills and
dykes in the south were drawn from a regionally
unique, contaminated magma chamber in which
temporarily stored magmas crystallized plagio-
clase crystals that were periodically entrained and
transported during forceful magma flow events,
similar to mechanisms envisaged by Phinney et al.
(1988), Hansen and Gronvold (2000), Phinney and
Halls (2001).

4.2. Subjacent or external magma derivation?

A wide spectrum of relationships exists between
potential feeder dykes and sills (Ernst and Buchan,
1997b). In many cases, dykes are restricted to the
margins of sedimentary basins (Francis, 1982), but
this is not universal (Leaman, 1995). In some
examples, such as the Karoo sills (Jurassic) in
southern Africa (Chevallier and Woodford, 1999),
or the Roraima intrusive suite (Paleoproterozoic)
in the Guiana shield (Gibbs, 1987), sills and dykes
are intimately connected in complex three-dimen-

sional networks. In others, such as the Mackenzie
sills (~1.27 Ga) in northern Canada (Hulbert et
al., 1993; Mandler and Clowes, 1997), or the
Parana sills (Cretaceous) in South America
(White, 1992; Peate, 1997), large sills are con-
nected to dykes that form parts of giant radiating
swarms. In still others, such as the Nipissing sills
(~2.2 Ga) in Ontario, no physical connection can
be made between sills in Huronian Supergroup
strata (Paleoproterozoic) and coeval dykes in
Archean basement that form a giant radiating
swarm (Klotz, Maguire, and Senneterre dykes;
Buchan et al., 1998). Finally, the Ferrar sills
(Jurassic) of Antarctica, although linked by nu-
merous small dykes, continue laterally for ~ 3000
km and connections to feeder dykes in basement
have not been observed (Hamilton, 1965; Fleming
et al.,, 1997; Elliot et al., 1999). Similar to the
Ferrar example, feeder dykes are unknown in
Archean basement to the Hurwitz Group. What
few dykes have been found are not part of a
regional swarm, are restricted to the southern limit
of the Griffin suite, and can be shown to connect
with a sill in only one example. Hence, the
geometry of the sills and sill-dyke relationships
established by field mapping indicate that the
magmas moved laterally from a source outside of
Hurwitz Basin.

As outlined below, geochemical and isotopic
data from ~ 1.83 to 1.81 Ga ultrapotassic dykes
and flows of the Christopher Island Formation
that formed early in the history of Baker Lake
Basin (Fig. 2) also imply the mantle reservoir that
produced the Griffin gabbros was well removed
from Hurwitz Basin, and from the central Hearne
domain. Ultrapotassic rocks such as the Christo-
pher Island Formation minettes, characterized by
high volatile contents, subduction zone-like in-
compatible element enrichment patterns, and dis-
tinctive isotopic compositions, are widely accepted
as melts of metasomatized lithospheric mantle
(Canning et al., 1998). Incompatible element
patterns and &83° values of the Christopher Island
Formation minettes are remarkably uniform
across a large area (240000 km?) of the western
Churchill Province (Cousens et al., 2001). This
geochemical and isotopic homogeneity indicates
that a correspondingly large and uniform reservoir
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of enriched lithospheric mantle extended beneath
the western Churchill, including parts of central
Hearne domain crust that contain the Griffin
gabbros (Cousens et al., 2001). With Nd model
ages of ~2.8 Ga, and highly negative ¢&° values
(80% between —7 and —9) that reflect neither
crustal contamination nor Paleoproterozoic sub-
duction, this reservoir was probably created dur-
ing a Neoarchean metasomatic event, and was
tapped during lithospheric stretching at ~ 1.83 Ga
(Cousens et al., 2001). If such a volatile-rich sheet
was frozen within, or close to the base of, the
lithospheric mantle beneath the central Hearne
domain at the end of the Archean, then post-
Archean magmatic suites derived from sub-central
Hearne mantle should display the geochemical and
isotopic enrichment signatures that characterize
the Christopher Island Formation (Cousens et al.,
2001). Two such suites, the ~2.45 Ga Kaminak
dykes and Spi Group flows and the Tulemalu-
MacQuoid dykes ( ~2.19 Ga; Fahrig et al., 1984;
Tella et al., 1997) display negative &}, values and
subduction zone-like enriched incompatible ele-
ment patterns that include prominent negative Nb,
Ta, P, and Ti anomalies, consistent with deriva-
tion, at least in part, from the same enriched
source as the Christopher Island Formation (San-
deman et al.,, 2000; Cousens et al., 2001). The
Griffin gabbros fail to show evidence of this
Neoarchean subduction-like enrichment event.
They display hotspot-like &}, values and enrich-
ment patterns that lack negative Nb anomalies.
Thus, consistent with field relationships, the geo-
chemical data indicate that the Griffin gabbros
were derived from an enriched mantle source that
was outside of Hurwitz Basin and the central
Hearne domain.

4.3. Manikewan ocean mantle plume?

Whereas Cenozoic dyke and sill swarms may be
tracked to modern hot spots (White and McKen-
zie, 1989; Storey, 1995), establishing the source of
Precambrian examples is more of a challenge.
Nonetheless, numerous Precambrian plume cen-
tres have been identified (Ernst and Buchan,
2001a,b), and inventories of plume size, distribu-
tion, degree of clustering, and duration through

geological time are being used to evaluate poten-
tial secular changes in mantle dynamics (Ernst and
Buchan, in press). Because the Griffin sills cannot
be related to a radiating dyke swarm, we can only
speculate as to where their mantle plume source
may have been, but regional relationships suggest
that the most likely site was outboard of the
southern Hearne margin, in what was the Mani-
kewan ocean. Conceivably as wide as 5000 km
(Symons et al.,, 1995), the Manikewan ocean
separated the Hearne, Sask, and Superior cratons
before closing during Trans-Hudson orogenesis
(Fig. 1). Ongoing work indicates that rift to
passive margin sedimentation along the southern
flank of the Hearne domain (Yeo et al., 2000)
started by at least 207542 Ma, the age of bimodal
volcanic rocks in the lower part of the Wollaston
Group (Ansdell et al., 2000). Gabbro dykes on the
opposite side of Trans-Hudson orogen, near the
northwestern flank of the Superior Province, have
yielded similar ages (2072 +3 Ma Birthday Rapids
dykes; Heaman and Corkery, 1996; 2091 +2 Ma
Cauchon dykes Halls and Heaman, 2000). We
suggest that the Griffin gabbros, volcanic rocks in
the lower Wollaston Group, and the northwestern
Superior dykes constitute the relics of a ~2.1 Ga
mantle plume related to opening of the Manike-
wan ocean and circum-Superior rifting (Baragar
and Scoates, 1987; St-Onge et al., 2000). Direct
evidence of this plume would likely have been
obscured during subsequent Trans-Hudson colli-
sions.

4.4. Lateral magma transport from Manikewan
plume

Following models proposed by McKenzie et al.
(1992), White (1992), Baragar et al. (1996), we
interpret that dynamic uplift above a mantle
plume in what became the Manikewan ocean
provided the hydraulic head for magmas to move
laterally ‘downhill’ within the crust. According to
this hypothesis, close to the plume, relatively low
density melts under high magma pressures would
have risen from depths of ~ 100 km, accumulated
in discrete chambers near levels of neutral buoy-
ancy in the middle and upper crust, and after
varying degrees of fractionation, injected laterally
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as dykes and sills because of the elevated topo-
graphy of the focal region (Fahrig, 1987; McKen-
zie et al., 1992; White, 1992; Ernst and Buchan,
1997a,b, 2001a; Baragar et al., 1996; Ernst et al.,
2001).

One potential problem in applying this model to
the Griffin sills is that a feeder dyke swarm has not
been found in the region between the Hearne
margin and Hurwitz Basin. However, this is
similar to the situation in the Ferrar province of
Antarctica (Jurassic), where sills extend for 3000
km away from a focal region without feeder dykes
in basement. For the Ferrar example, Storey and
Kyle (1997) have suggested that magmas ponded
in large chambers flowed away from topographic
domes along the length of the Transarctic Moun-
tains as sills. Alternatively, Fleming et al., (1997),
Elliot et al. (1999) proposed that the Ferrar
magmas traveled long distances in dykes that
remain unexposed, owing to ice cover and level
of erosion, and that these magmas were further
distributed for hundreds of km as sills within flat-
lying Devonian to Triassic sedimentary rocks
(Beacon Supergroup) and horizontally jointed
(Hamilton, 1965) granitic basement. It is possible
that cryptic dykes may have extended across the
southern Hearne, but have not been observed
because of: (1) the deep exposure levels south of
Hurwitz Basin, in southern Nunavut (Eade, 1973;
Fraser, 1983) and northern Manitoba (Schlede-
witz, 1986), where rocks at upper amphibolite to
granulite grade may have been beneath the level of
dyking; (2) dyke destruction during emplacement
of the Wathaman batholith (Fig. 1); (3) possible
confusion of Griffin dykes with Archean dykes;
and (4) extensive Quaternary drift cover. In
addition, the cryptic dykes need not have formed
in the high concentrations typified by, for exam-
ple, the Mackenzie swarm. For example, the
Abitibi swarm (1140 Ma) in central North
America consists of only a few individual dykes
(Ernst and Buchan, 1993), and the Senneterre
dykes, which appear to have fed the Nipissing sills
of northern Ontario at 2.22 Ga, are sparsely
concentrated over large areas (Buchan et al.,
1998).

4.5. Emplacement of sills within the Hurwitz Group

Because sills and dykes form perpendicular to o3
(least principal compressive stress), in the ¢;—0o,
plane (o1 > g, > 03), dykes are particularly com-
mon in areas undergoing regional horizontal
extension, whereas sills tend to form in areas of
regional horizontal compression (for review see
Rubin, 1995; Vigneresse et al., 1999). Nonetheless,
sills are common in modern rift zones (Walker,
1999), and in extensional terranes (Goodwin et al.,
1989; Parsons and Thompson, 1991) where dyking
alters the local stress field causing a switch in the
orientations of ¢; and o3, such that o3 becomes
vertical. In addition, the differential stress required
for failure is significantly reduced across aniso-
tropies such as bedding surfaces, and under high
magma pressures, sills may form perpendicular to
regional ¢; (Parsons et al., 1992; Lucas and St-
Onge, 1995; Vigneresse et al., 1999; Lafrance and
John, 2001). We interpret that the near-horizontal
mechanical anisotropy of layered sedimentary
rocks in Hurwitz Basin controlled emplacement
of the Griffin sills, and that the low tensile strength
of Ameto Formation mudrocks (relative to other
units in the lower Hurwitz Group) coupled with
high magma pressures, led to sill injection during
regional extension. Upon entering the basin,
magmas spread laterally as sills for several hun-
dreds of km.

4.6. Relationship between Griffin gabbros and
Happotiyik Member flows

Bell (1968, 1970) considered that the Griffin
gabbro sills and the Happotiyik Member volcanic
rocks (extruded during sedimentation of the
Ameto Formation) formed at roughly the same
time. However, both field and geochemical data
presented above indicate that the Griffin gabbro
sills and Happotiyik flows represent two distinct
magmatic events. First, if unconsolidated at the
time of gabbro injection, the Ameto sediments
would have been highly susceptible to load or
shock-induced thixotropy. In contrast to examples
described in the literature of ubiquitous soft-
sediment deformation where magmas injected
into poorly consolidated sediment (McPhie, 1993;
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Shaw et al., 1999), delicate layering in the Ameto
Formation is preserved intact (see above). Hence
we consider that emplacement of the Griffin
gabbro was after lithification of the Ameto For-
mation. Second, the Griffin gabbros and Happo-
tiyik Member have significant geochemical
differences. In particular, the steeper incompatible
element patterns of the Griffin sills (Fig. 14) imply
derivation from greater depths (garnet field) than
the flows (spinel field; see Ellam, 1992), the
positive Ti anomalies displayed by the sills (in
contrast to the weak negative Ti anomalies dis-
played by the flows) are consistent with melting of
a deep garnet-bearing source at high pressures
(Arndt et al., 1993), and the higher MgO contents
of the sills indicate that they are more highly
fractionated. In short, the Happotiyik flows were
extruded during deposition of the Ameto Forma-
tion (sequence 2), likely at about 2.2 Ga (Aspler et
al., 2001) whereas the Griffin gabbro sills were
emplaced after lithification of both sequences 1
and 2, at ~2.1 Ga.

5. Conclusions

e The Griffin gabbros ( ~2.11 Ga) are distributed
discontinuously across 50 000 km? in the central
Hearne domain of northern Canada, forming
poorly connected tongue-like sills, and rare
dykes, mainly within Paleoproterozoic siliciclas-
tic strata in the lower Hurwitz Group.

e Field and geochemical data indicate that the
sills were drawn from magmas from outside of
Hurwitz Basin and the central Hearne domain.

e The gabbros display geochemical and isotopic
characteristics of an enriched asthenosphere
source, similar to many modern ocean island
basalts, suggesting a mantle plume origin.

e This plume was likely situated south and east of
Hurwitz Basin, beyond the present southern
margin of the Hearne domain, and was active
during ~ 2.1 Ga rifting that led to opening of
the Manikewan ocean, which separated the
Hearne, Sask, and Superior cratons.

e Dynamic uplift above this plume provided the
hydraulic head for magmas to move laterally
within the crust. Lateral transport for at least

250 km across the southern Hearne domain
may have occurred via cryptic dykes. Con-
trolled by the horizontal anisotropy of sedi-
mentary layering, magmas under high pressure
spread laterally as sills upon entering Hurwitz
Basin, traveling for several hundreds of km,
primarily within thinly stratified mudrocks of
the Ameto Formation.

e The Griffin gabbros represent a Paleoproterozic
example of long-distance lateral transport of
mafic magmas within the crust, analogous to
the Ferrar sills (Jurassic) in Antarctica.

e Field observations and geochemical contrasts
indicate that the Griffin gabbro sills and
volcanic rocks in the Ameto Formation at
Kaminak Lake (Happotiyik Member) represent
two distinct magmatic events.
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Appendix A: Analytical methods

All samples were cut into thin slabs, from which weathered
rims were trimmed and discarded. The remaining material was
wrapped in plastic and broken into l-cm chips with a rock
hammer. The chips were further reduced to granule size in a
Bico jaw crusher, then ground to a fine powder in an agate ring
mill. An aliquot of each ground sample was retained for
analysis of Nd and Sm concentration and **Nd/'*Nd isotopic
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composition. The remainder of the powder was sent to the
Ontario Geological Survey (OGS) Geochemical Laboratories
for major and trace element analysis; some samples were
analyzed at the University of Ottawa X-Ray Spectrometry
Facility. S and CO, were determined by infrared combustion
(LECO furnace) at the OGS. Major element oxides were
analyzed by fused-disc X-ray fluorescence (XRF) spectrometry
at both labs. For samples sent to the University of Ottawa, Nb,
Zr, Y, Sr, Rb, Ba, Cr, Co, Cu, Ni, V, and Zn were also
determined by fused-disc XRF spectrometry. Samples sent to
the OGS were analyzed for Co, Cr, Ba, Cu, Ni, Sc, V, Y and Zn
by inductively-coupled plasma (ICP) emission spectrometry. All
REE, Ta, Th, U, Hf, Rb, Sr, Zr and Nb determinations were by
acid-dissolution ICP-mass spectrometry at the OGS. The
precision of analyses is based on analyses of blind duplicates
and reproducibility of in-house and international standards
AGV-2, BHVO-2, BIR-1, and NBS-688.

All Sm—Nd isotopic analyses were performed at Carleton
University, Ottawa (for procedures, see Cousens, 1996). Whole-
rock powders were spiked with a **Nd—'*’Sm mixture prior to
dissolution. The uncertainties in Sm and Nd concentrations are
+1-2%, but "“’Sm/'**Nd ratios are reproducible to better than
1%. Eighty-one runs of the La Jolla standard averaged
1SNd/"Nd =0.511876+18 (1o, September 1992—March
2001). Epsilon Nd (ef,) values (DePaolo and Wasserburg,
1976) were calculated relative to a modern CHUR (Chondrite
Uniform Reservoir) value of 0.512638 and '4’Sm/'*Nd =
0.1967, using measured and estimated ages. The precision of
the &, values are +0.8 epsilon units, based on duplicate
analyses of geochemical standards and other rock samples.
Duplicate runs from this study agree within 0.5 epsilon units.
Depleted mantle model (7Tpy) ages were calculated assuming a
978m/"**Nd of 0.2140 and "*Nd/"**Nd of 0.513151 for modern
depleted mantle.
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