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Lithospheric assembly and modification of the SE
Canadian Shield: Abitibi-Grenville teleseismic
experiment

Stéphane Rondenay,! Michael G. Bostock,®! Thomas M. Hearn, 2
Donald J. White,® and Robert M. Ellis*

Abstract. This paper presents the results of a joint Lithoprobe-Incorporated
Research Institutions for Seismology (IRIS)/Program for Array Seismic Studies of
the Continental Lithosphere (PASSCAL) teleseismic experiment that investigates
portions of the Grenville and Superior Provinces of the Canadian Shield along the
Québec-Ontario border. Data from a 600-km-long, N-S array of 28 broadband
seismographs deployed between May and October 1996 have been supplemented
with additional recordings from an earlier 1994 deployment and from stations of
the Canadian National Seismograph Network and the Southern Ontario Seismic
Network. Relative delay times of P and S waves from 123 and 40 teleseismic events,
respectively, have been inverted for velocity perturbations in the upper mantle and
reveal a low-velocity, NW-SE striking corridor that crosses the southern portion
of the line at latitude 46°N and lies between 50 and 300 km depth. Multievent
S K S-splitting results yield an average delay time of 0.574+0.22 s and a direction of
fast polarization of N93°E+18°, which is consistent with an earlier interpretation
as being due to fossil strain fields related to the last major regional tectonic event.
Subtle variations in splitting parameters over the low-velocity corridor may suggest
an associated disruption in mantle fabric. Profiling of radial receiver functions
reveals large and abrupt variations in Moho topography, specifically, a gradual
thickening in crust from 40 to 45 km between latitudes 45°N and 46°N, which is
followed by an abrupt thinning to 35 km at 46.6°N, some 65 km southeast of the
Grenville Front. This structure is interpreted as a subduction suture extending
the full length of the Front and punctuating a major pre-Grenvillian (Archean-
Proterozoic) episode of lithospheric assembly in the southeast Canadian Shield. The
low-velocity mantle corridor, by contrast, is better explained as the extension of
the Monteregian-White Mountain-New England seamount hotspot track below the
craton and is here postulated to represent interaction of the Great Meteor plume
with zones of weakness within the craton developed during earlier rifting episodes.

1. Introduction

Cratons are generally associated with the idea of sta-
bility, a property which is due, at least in part, to
the deep lithospheric roots that render them resistant
to major structural reworking [Jordan, 1978; Hoffman,
1990]. The detailed architecture of the roots is cur-
rently a topic of great interest as it holds the clues
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to two important issues in solid Earth science: (1) the
manner of assembly and stabilization of early continen-
tal landmasses and (2) the nature of processes which
have served to modify cratonic lithosphere in its post-
stabilization evolution, for example, those responsible
for kimberlite volcanism or the emplacement of giant
mafic dike swarms.

Over the past 2 decades, considerable progress has
been made on these issues using a variety of tools. Near-
surface studies (geological mapping, geochemistry, geo-
chronology, and paleomagnetics) have supplied strong
evidence that plate tectonics have been active as far
back as Archean time [Ludden and Hubert, 1986; Hoff-
man, 1988; De Wit et al., 1992; Kimura et al., 1993].
Recent, high-resolution seismic experiments provide
supporting documentation in the form of images of
mantle reflectors merging with overlying crust in the
vicinity of ancient continental sutures [BABEL Work-
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ing Group, 1990; Calvert et al., 1995; Warner et al.,
1996; Cook et al., 1998]. A complex mantle stratig-
raphy apparently persists throughout the continental
lithospheric column as revealed by deeper-probing seis-
mological investigations [Revenaugh and Jordan, 1991;
Bostock, 1998].

Widespread, if infrequent, Phanerozoic kimberlite
volcanism indicates that continental roots are not com-
pletely static entities but continue to evolve in the
present day. Some authors [Sykes, 1978; Crough et
al., 1980] have suggested a genetic relation between
kimberlites and hotspot tracks, here defined as lin-
ear, anorogenic volcanic chains mapped over oceanic
and young continental lithospheres. The termination
of these features over thickening continental roots has
been cited as evidence supporting the origin of hotspot
tracks in the interaction of fixed mantle plumes with
an overriding plate [Morgan, 1972; Burke and Wilson,
1976; Crough et al., 1980; Sleep, 1990a; Duncan and
Richards, 1991], although compelling arguments may
also be made for association of hotspot tracks with an-
cient rifts and subvertical lithospheric discontinuities
[Currie, 1976; Sykes, 1978; Anderson, 1998].

This paper presents results from a teleseismic ex-
periment conducted across the Superior and Grenville
Provinces of the Canadian Shield. The results reveal
lithospheric structures that are apparently related to
both craton assembly during a major Precambrian com-
pressional event and subsequent alteration associated
with the Cretaceous Monteregian hotspot track. A brief
tectonic overview is provided in section 2, followed by
a presentation of results from analyses of body wave
travel time inversion, SKS splitting and P wave re-
ceiver functions. The paper concludes with a discus-
sion of the implications of the results for the evolution of
mantle lithosphere in the southeastern Canadian Shield.

2. Tectonic Overview of the Study Area
and Geophysical Coverage

The region of interest in this study is shown in Fig-
ure 1 and encompasses a variety of geological terranes
with ages that range from late Archean in the northern
portion of the region to Paleozoic in the south. The
northern, older part comprises the Archean Superior
Province of the Canadian Shield, which consists of a se-
quence of generally east-west trending volcano-plutonic
(granite-greenstone), metasedimentary, plutonic, and
high-grade gneiss subprovinces [Card and Ciesielski,
1986]. Formations of the Superior Province included in
the study area are (from north to south) (1) the Opatica
plutonic belt, which is interpreted as the deeply eroded
core of an Archean orogen [Benn et al, 1992; Saw-
yer and Benn, 1993]; (2) the volcano-plutonic Abitibi
subprovince, a major greenstone belt [Ludden and Hu-
bert, 1986]; and (3) the Pontiac metasedimentary sub-
province, which is interpreted as a turbidite fan formed
by the erosion of the terranes situated immediately
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to the north [Kimura et al., 1993]. The Abitibi sub-
province is truncated to the west by the Kapuskasing
Structural Zone (KSZ), which represents a section of
high-grade Archean lower crust thrust to the surface
during the Early Proterozoic (circa 1.9 Ma [Percival
and West, 1994]). The southern portion of the study
area is within the Grenville Province, which is com-
posed of Proterozoic and reworked Archean rocks that
were strongly deformed and metamorphosed during the
Grenvillian orogenic cycle (~1190-980 Ma [Rivers,
1997]). The Superior and Grenville Provinces are sep-
arated by the continuous SW-NE trending Grenville
Front, a major crustal discontinuity that is the locus of
important uplift, change in metamorphic grade, fault-
ing, and mylonitization [Rivers et al.,, 1989]. In the
southernmost portion of the study area, Paleozoic sed-
imentary rocks uncomformably overlie basement rocks
of the Grenville Province.

Late Jurassic to Early Cretaceous diamond-bearing
kimberlites have been documented for at least two lo-
cations in the study area: the “Rapide des Quinze”
kimberlites (maximum age of 126 Ma [Ji et al., 1996])
and the Kirkland Lake kimberlite field (age ranging be-
tween 147 and 158 Ma [Meyer et al., 1994, and refer-
ences therein]). Kimberlite magmatism in the region
has been associated with the same event responsible for
the emplacement of the Cretaceous Monteregian-White
Mountains-New England Seamounts (MWN) igneous
series (see top inset in Figure 1 [Sykes, 1978; Crough
et al., 1980; Adams and Basham, 1991]). The trend
defined by these three igneous series will be referred to
here as the MWN hotspot track. These series are com-
posed mainly of alkaline rocks showing a general age
progression from west to east, with radiometric ages
dating the Monteregian Hills at 124 + 1 Ma [Foland
et al., 1986], the Cretaceous pulse of the White Moun-
tains at 125-100 Ma [Foland and Faul, 1977], and the
New England Seamounts at 103-83 Ma [Duncan, 1984).

The study area has been the focus of extensive geo-
physical investigation, as part of the Lithoprobe Abitibi-
Grenville transect [Clowes, 1997]. Magnetotelluric sur-
veys have revealed the presence of upper mantle elec-
trical anisotropy [Kellett et al., 1994; Mareschal et
al., 1995; Sénéchal et al., 1996], which is believed to
be related to interconnected grain boundary graphite
precipitated from hydrothermal activity during major
Archean tectonic events [Mareschal et al., 1995]. Shear
wave splitting analysis of data from a small array cross-
ing the Grenville Front shows the existence of simi-
lar seismic anisotropy, with principal directions corre-
sponding (within a systematic ~20° obliquity) to those
of the electrical anisotropy [Sénéchal et al., 1996; Ji et
al., 1996] and to the general orientation of major de-
formation zones in the area. The splitting results are
thus interpreted as a “frozen-in” fabric related to the
last major tectonic event to have affected the area, more
than 1 Gyr ago [Sénéchal et al., 1996; Ji et al., 1996]. Ji
et al. [1996] further interpret the systematic ~20° oblig-
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Figure 1. Simplified tectonic map of the study area with the position of teleseismic stations.
Top inset shows the location of the study area with respect to central Canada-NE United States;
solid line indicates the surface expression of the Monteregian (M)/White Mountains (WM)/New
England Seamounts (NES) hotspot track; and dashed line represents the expected hotspot track
beneath the Canadian Shield. Bottom inset focuses on the area of the 1994 experiment. ABT,
Allochthon Boundary Thrust; CMBbtz, Central Metasedimentary Belt boundary thrust zone.

uity between the two anisotropies as a kinematic indic-
ator manifesting dominantly east-west dextral shearing
during this last episode of deformation.

Seismic reflection and refraction profiles indicate sub-
stantial variations in Moho depth in the vicinity of the
corridor traversed by the teleseismic array. A local
thinning of the crust occurs near the latitude of the

Grenville Front, where the thickness is 32-34 km, rel-
ative to 39-43 km in the Grenville Province, and 34-
36 km in the Superior Province [ Winardhi and Mereu,
1997; Kellett et al., 1994; Grandjean et al., 1995; Mar-
tignole and Calvert, 1996]. Results of gravity and
heat flow surveys [Mareschal et al., 2000; Antonuk and
Mareschal, 1992; Guillou et al., 1994] show a general
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increase in Bouguer gravity anomaly and crustal heat
flux from east (Grenville) to west (Kapuskasing). The
mantle heat flux is relatively constant across the dif-
ferent provinces and subprovinces of the southeastern

Canadian Shield at ~12 mW m~? [Mareschal et al.,
2000].

3. Data Acquisition

The data considered in this paper were recorded along
two main arrays as part of a two-phase teleseismic sur-
vey of the Lithoprobe Abitibi-Grenville transect. Ad-
ditional recordings from permanent stations located in
the study area were included in some of the analyses.

3.1. Abitibi 1994 (Abi94) Experiment

The first temporary array was deployed between July
and November 1994 and consisted of 10 short-period
seismographs from the French Lithoscope program.
Both Hades and Titan data acquisition systems were
used to record teleseimic data at 25 Hz and 31.5 Hz
sampling rates, respectively. All instruments were con-
nected to portable short-period three-component Len-
nartz 3D/bs seismometers, with a natural frequency of
0.2 Hz (5 s), permitting recovery of frequencies between
0.2 and 12.5 Hz. The stations were deployed along
a NNW-SSE array sampling the Pontiac subprovince
and the northern Grenville Province (see bottom inset
in Figure 1) at an average spacing of ~25 km. The
data collected along this first array have been subject
to shear wave splitting [Sénéchal et al., 1996; Ji et al.,

1996; Rondenay et al., 2000] and receiver function [Ron-
denay et al., 2000] analyses.

3.2. Abitibi 1996 (Abi96) Experiment

The second temporary array was deployed between
May and November 1996, as part of a collaborative
project involving Lithoprobe, the U.S. National Sci-
ence Foundation (NSF), and the Geological Survey of
Canada (GSC). All stations consisted of RefTek data
acquisition systems and Streckeisen STS-2 portable
three-component broadband seismometers, provided by
the Program for Array Seismic Studies of the Continen-
tal Lithosphere (PASSCAL) of the Incorporated Re-
search Institutions for Seismology (IRIS). These seis-
mometers have a flat response to ground velocity ran-
ging from 0.0083 to 50 Hz permitting frequency recovery
of 0.0083-10 Hz (using a 20-Hz sampling rate). A total
of 28 stations were deployed for the Abi96 experiment,
26 of which formed a linear NNW-SSE array which over-
lapped with the Abi94 line (Figure 1). Stations along
the line were spaced at 20-km intervals, and the remain-
ing two stations were deployed west of the main array to
allow sampling of the lithosphere below the Kapuskas-
ing Uplift and the Kirkland Lake kimberlite field.
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3.3. Permanent Stations

Additional data from the Canadian National Seismo-
graph Network (CNSN) and the Southern Ontario Seis-
mic Network (SOSN) were considered for some of the
analyses presented below. The study area includes two
CNSN broadband (~0.03-10 Hz) three-component sta-
tions, namely, GAC (Glen Almond, Québec) and SADO
(Sadowa, Ontario). The SOSN consists of six short-
period (1-Hz) three-component stations and is operated
by the University of Western Ontario (UWO) for On-
tario Hydro.

4. Travel Time Inversion
4.1. Method

Inversion of teleseismic body wave travel times was
performed to obtain a velocity model of the upper man-
tle below the study area. The method used was devel-
oped by VanDecar [1991] and can be summarized as
follows: (1) optimum relative delay times are determ-
ined by cross correlation of all pairs of waveforms, for a
given event; (2) delay times are inverted for velocity per-
turbations (with respect to the iasp91 one-dimensional
(1-D) radial Earth model [Kennett and Engdahl, 1991})
beneath the teleseismic array; (3) the velocity model is
parameterized by splines under tension constrained at
a grid of regular knots (35x47 knots every 1/2°E-W
and 1/3°N-S, respectively, in the horizontal plane, by
27 knots every 25-33 km along the vertical axis), with
a region of high resolution bounded by the area of the
main location map in Figure 1 and extending from the
surface down to 500 km depth; and (4) linear inversion
is performed using conjugate gradients [Hestenes and
Stiefel, 1952], simultaneously solving for slowness per-
turbation, station time corrections, and event misloca-
tion. The inversion is an iterative damped least squares
problem, with regularization by flattening and smooth-
ing (minimizing L, norms of first and second model pa-
rameter derivatives), and an iterative downweighting of
large residuals [Bostock and VanDecar, 1995]. Further
details are given by VanDecar [1991].

4.2. Data Set

The data set for P waves consisted of 2796 travel
time picks from 124 events (5.0<m;<6.6; Figure 2a),
while for S waves, 918 travel time picks from 40 events
(5.0<my<6.6; Figure 2b) were used. Estimates of rel-
ative delay times were obtained from these travel time
picks, with average standard deviations of 0.03 s and
0.13 s for P and S waves, repectively. These data did
not incorporate seismograms from the Abi94 experi-
ment due to inaccurate timing. The measured delays
are mainly from direct P and S phases, but a few core-
refracted phases were also included. Both data sets pro-
vide reasonable epicentral distance and azimuthal cov-
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Figure 2. Datasets used for the different analyses performed in this study: (a) P wave .trz‘a.vel
time inversion; (b) S wave travel time inversion, simultaneous deconvolution, and SK S splitting.

See text for details.

erage with, however, a concentration of events located
along the edges of the Pacific plate. As a result, there

is good ray coverage along a vertical plane coinciding
approximately with the teleseismic array.

4.3. Results

The inversion results are presented in Figures 3 and
4 and Plate 1 as horizontal depth slices or vertical pro-
files through the preferred models. The gray/color scale
represents the slowness (reciprocal of velocity) anomaly
in terms of percent deviation from the iasp91 radial 1-
D model. Regions of poor ray coverage (model para-
meters sampled by less than four rays) are masked in
white on black and white plots (Figures 3 and 4), and
in black on colour plots (Plate 1). In all cases shown
below, curves representing the trade off between data
misfit and model variance were constructed to select the
appropriate regularization parameters. Damping para-
meters were set at 600 (P) and 450 (S) for flattening
and 17,200 (P) and 14,100 (S) for smoothing.

A series of resolution tests were performed in order
to assess the reliability of our results. These tests in-
volved the construction of synthetic models and calcula-
tion of travel time residuals for the same source-receiver
combinations as used in the actual inversion. Travel
time inversion was then performed, and the resulting
models were compared to the original synthetic ones.
Figure 3 presents a resolution test performed for syn-
thetic P and S slowness models composed of alternat-
ing (+£5%) spikes. The 40-km-diameter spherical spikes
are positioned at regular intervals within the model
volume, and random Gaussian noise (0=0.03 s for P

waves and 0=0.13 s for S waves) has been added to
the synthetic travel times. We note that the first layer
of spikes (50 km depth) is not well resolved in either
P or S inversions. This is explained by the proximity
of this layer to the surface; the associated travel time
delays are largely absorbed by station static corrections
rather than by velocity variations in the model | VanDe-
car, 1991]. For the next three layers (183, 317, and 450
km), the reconstructed image is more consistent w‘ith
the synthetic input spike model. In the P inversion
results, the anomalies are properly positioned within
most of the volume illuminated by the rays, a region
which near the surface is restricted to a narrow band
centered on the array (e.g., ~220 km wide at a depth of
50 km) and widens substantially with depth (e.g., ~800
km at a depth of 300 km). In the S inversion tests the
spikes are adequately recovered only directly beneath
the teleseismic array, and thus resolution of structure
is, not unexpectedly, poorer away from the array axis
than for P travel time results. Both P and S wave tests
produce amplitudes of recovered spikes that are lower
than their original values, and this disparity becomes
more pronounced with increasing depth. This obser-
vation is explained by (1) the regularization, which fa-
vors flatter, smoother solutions over “spiky” ones and
(2) the fact that more rays intersect the model points
close to the surface than at greater depths, thus plac-
ing tighter constraints on amplitudes of the near-surface
model perturbations.

The P wave inversion results for the real data are
shown in Plate 1; the preferred model explains 93% of
the root-mean-square (rms) of P wave delay time re-
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Figure 3. Resolution test for P and S wave travel time inversion. Results are presented as
depth slices through the model, with a gray scale giving percent slowness anomaly with respect
to iasp91 and regions of poor ray coverage masked in white. (left) Synthetic model, which is
composed of alternating +5% spike anomalies. (middle and right) Inversion results for P and S
travel times calculated through the synthetic model. Resolution is generally good within the high
ray coverage region, except close to the surface, where some of the variations may be included
into station static corrections. We also note that the spikes are better recovered by P than by S
travel time inversion, which is probably due to more comprehensive P wave coverage.
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Figure 4. S wave travel time inversion results, presented as (a-d) various horizontal depth slices
and (e) a vertical profile through the preferred model. Description of the gray scale is as for
Figure 3. A low-velocity anomaly is observed near latitude 46°N, extending mainly west of the
station array (see arrows). In this case, the anomaly does not show a clear extension as in the

P wave inversion results. This is probably due to the limited data set available for S waves and
the resulting loss in resolution.
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Plate 1. P wave travel time inversion results, presented as (a-d) various horizontal depth slices
and (e) a vertical profile through the preferred model. The color scale gives the percent slowness
anomaly with respect to iasp91, and regions of poor ray coverage are masked in black. A NW-
SE trending low-velocity corridor (~1% slowness anomaly; see arrows) is observed, crossing the
seismic array near latitude 46°N. The vertical profile shows that the anomaly is nearly vertical
and extends between 50 and 300 km depth, with a relatively constant width of ~120 km. At a
regional scale the anomaly appears to represent the northwestward extrapolation of the MWN
hotspot track. The low-velocity corridor is flanked on either side by two high-velocity anomalies
that probably represent the deep lithospheric roots of the Canadian Shield.
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siduals (rms reduction from 13.57 to 1.00 s). The most
prominent feature to appear on all depth slices is an
elongate, positive 1.0% slowness anomaly (low veloc-
ity) that crosses the southern portion of the main line
near latitude 46°N. As depth increases and the illumi-
nated area widens, the anomaly takes the shape of a
NW-SE low-velocity corridor, with an average width of
120 km (measured at 0% slowness anomaly). Plate le
shows a vertical profile (AA’) that cuts the model along
the teleseismic array and thus yields an approximately
transverse view of the low-velocity corridor. The anom-
aly dips slightly to the south, which may be due in
part to smearing in that direction, and its width re-
mains fairly constant with depth, from 50 to 300 km
beneath the surface. Two higher-than-average velocity
zones flank the anomaly to the north and south. Syn-
thetic tests and analysis of station corrections demon-
strate that the limited outward extent of these features
are artificial, reflecting an insensitivity of the method to
low wavenumber (including DC) components of struc-
ture. Thus the recovered models are band-pass-filtered
images of true mantle velocity structure, wherein lat-
erally extended anomalies are well resolved only in the
vicinity of more rapid, lateral variations. Accordingly,
the high-velocity flanks may persist to the north and
south and represent ambient, high-velocity levels of the
Canadian Shield, as observed in the North American
shear velocity models of Grand [1994] and Van der Lee
and Nolet [1997]. Consequently, the true deviation of
the low-velocity zone from ambient mantle may be bet-
ter represented by a peak to peak anomaly of ~2%.

The S wave inversion results are shown in Figure 4,

with the preferred model explaining 97% of the rms of
the delay time residuals (rms reduction from 63.97 to
1.64 s). This model also shows the presence of a low-
velocity anomaly at the same latitude as that observed
for P waves (i.e., near 46°N). However, as expected, the
anomaly is less well resolved away from the main axis,
especially on the east side of the array. Vertically, the
anomaly is better resolved closer to the surface, between
50 and 200 km (see Figure 4e), but the best correlation
between the P and S models is obtained around 300 km
depth (compare Figure 4d and Plate 1d). Directly north
of the low-velocity anomaly, the high-velocity zone ob-
served in the P wave inversion is also present but more
extended both horizontally and vertically.

A potential concern regarding the origin of the low-
velocity corridor arises from the presence of known
Moho topography near its latitude (see section 6). More
specifically, a 5-km thickening of the crust from 40 to
45 km in the vicinity above the low-velocity anomaly
is followed, to the north, by a shallowing to 35 km
depth that coincides with the Grenville Front and the
north flanking high-velocity region (see Plates 2 and
3). Contributions to relative travel time residuals of
+0.15s (based on the iasp91 1-D velocity model) might
be expected from this structure; however, much of this
should be absorbed by station static corrections which
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are solved for as part of the inversion [ VanDecar, 1991}.

Moreover, velocities above the zone of crustal thinning,

as determined from refraction profiling [Winardhi and

Mereu, 1997], are ~0.3 km/s slower than for the thicker

crust to the south, resulting in a vertically integrated

net travel time anomaly near zero across the structures.

The interplay of crustal thickness and velocity may be

responsible for the pattern of static station corrections

revealed in Plate 3, where negative values occur at lat-

itudes corresponding to both thinner (~47.3°N) and

thicker crust (~46.3°N). However effective static sta-

tion corrections may be, three independent tests were

run to further investigate the influence of strong lat-

eral crustal variations. First, synthetic tests show that

Moho relief (without compensating for variation in ve-

locity) does leak some signal into the shallowmost man-
tle but cannot reproduce the depth nor lateral extent

of the low-velocity corridor observed in the tomographic
results. Second, we performed a number of “squeezing”

inversions [Lerner-Lam and Jordan, 1987; Saltzer and
Humphreys, 1997] using both real and synthetic data
(incorporating Moho relief) where different regulariza-
tions were imposed to penalize structure at a range of
depth intervals within the reconstructed model. Results
show that for synthetic data, slowness anomalies asso-
ciated with crustal structure are concentrated close to
the surface (<100 km), whereas the observed data re-
quire a majority of the anomaly to reside at depth (100-
300 km) within the lithospheric mantle. Third, we per-
formed an inversion from which travel time data from
the five stations overlying the mantle slowness anomaly
were excluded. Crustal structure at the latitude of the
anomaly will thereby have minimal influence on the re-
constructed model at mantle lithospheric depths. Our
results again indicate a well-defined low-velocity cor-
ridor trending NW-SE between 100 and 300 km depth,
with average width of 120 km.

5. Shear Wave Splitting Analysis
5.1. Method

Over the past 15 years, numerous studies have demon-
strated the global extent of azimuthal seismic aniso-
tropy in the continental lithosphere, which is generally
interpreted as due to the lattice preferred orientation
of olivine, the primary mineral constituent of the up-
per mantle [Babuska and Cara, 1991; Vinnik et al.,
1986; Silver and Chan, 1988, 1991]. Azimuthal aniso-
tropy will generally cause a plane-polarized, vertically
incident shear wave to split into two quasi shear waves
which travel at different velocities and are orthogonally
polarized along the principal axes of symmetry. Ana-
lysis of shear wave splitting usually assumes propaga-
tion through a homogeneous layer, so that anisotropy
is parameterized through the following two quantities:
(1) the effective polarization direction of the fast wave,
¢, which is expected to coincide with the direction of
crystallographic axis a of olivine, and (2) the effective
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Plate 2. Radial (SV) impulse responses mapped to depth as a function of latitude, binned
according to Moho (i.e., 40 km) conversion point. The most prominent feature is the Moho (M),
represented by a strong positive polarity pulse, and showing important variations in topography
in the vicinity below the surface expression of the Grenville Front (GF). Note jump in Moho
depth occuring at ~46.6°N, separating thicker crust to the south (40-45 km) from thinner crust
to the north (~35 km).
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Plate 3. Compilation of the results obtained in this study, with depth to Moho inferred from
refraction study [Winardhi and Mereu, 1997 indicated by dashed brown line. Background shows
the radial impulse response profile (Plate 2), with interpretation of Moho topography shown in
green. Dashed green line indicates the presence of a possible subducted plate stranded within
the cratonic lithosphere. A cross section of the tomographic low-velocity corridor as defined by
the 0% slowness anomaly is outlined in black, and station static corrections are plotted above.
Splitting parameters are shown at the position of each station above the profile.
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time shift between the fast and slow waves, 6t, which
is representative of the intensity of anisotropy and the
thickness of the anisotropic layer. The Silver and Chan
[1991] method is employed here to recover the two pa-
rameters; in their method an inverse operator is de-
signed that minimizes the transverse energy recorded
at the surface (for initial waves of known polarization,
i.e., SK S) or the second eigenvalue of a covariance mat-
rix constructed from the two split waves. The method
can be extended to treat multiple events simultaneously
at a given station [Wolfe and Silver, 1998], increasing
the robustness of the results with respect to the analysis
of single wave forms.

5.2. Data Set

The data set used in this paper consists exclusively
of teleseismic SK S phases recorded along the Abi96 ar-
ray (results from the analysis of the Abi94 data set are
given by Sénéchal et al. [1996] and Ji et al. [1996]).
Of 69 events recorded on the Abi96 array with my>5.5
and minimum epicentral distance of 85° (for which SK S
arrives prior to S), only seven events were suitable for
shear wave splitting analysis, and all of these occurred
in the vicinity of the Sea of Japan (Figure 2b). Further-
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more, only subsets of these seven events were considered
at each individual station (see “number of events” in
Table 1) due to varying levels of noise on the different
recordings. Stations such as KAPU and LLAK were
affected by generally low SK S signal-to-noise ratio, as
evidenced by the fact that only one event could be used
in either case.

5.3. Results

Results from multievent SK S splitting analysis of
the Abi96 data set are presented in Table 1 and Fig-
ure 5. The average value of ¢ over the entire array
is N93°E+18°, in agreement with the results from the
Abi94 data set, and corresponds to the general trend
(E-W, NE-SW) of the main tectonic features at the
surface [Sénéchal et al., 1996; Rondenay et al., 2000].
Over the length of the 1996 array, ¢ undergoes a sys-
tematic rotation from ENE at the northern stations to
ESE in the southern portion of the line, which may
be attributed to slight variations in orientation of the
last episodes of lithospheric-scale deformation to have
affected the area [Rondenay et al., 2000]. Thus aniso-
tropy in the northern portion of the array may reflect
E-W regional shear zones of Archean age [Ji et al,

Table 1. Station Locations and Results of SKS Splitting

Site Latitude Longitude Number 9, 6t,
°N W of Events deg s

DEND 49.79 79.01 76.00+ 8.50 0.901+0.25
VSG4 49.63 79.00 6 77.00+£15.50 0.65+0.23
KM44 49.43 79.00 2 79.00+25.50 0.3540.18
NNNN 49.29 79.16 5 88.00+31.00 0.2540.20
VBOI 49.10 79.14 4 134.00+13.00 0.55+0.68
VSGL 49.01 79.11 2 53.00+ 7.00 0.65%1.60
CHAZ 48.83 79.05 3 120.00+26.50 0.50+0.40
POUL 48.63 79.04 4 104.004-26.00 0.40+0.20
DEST 48.46 79.00 7 80.00+19.50 0.5540.20
LDUF 48.32 78.94 2 94.00+ 8.00 0.5510.08
KAPU 48.13 82.91 1 49.004:37.50 1.05+0.43
BELL 48.10 78.94 5 110.00+11.00 0.70%0.15
LLAK 48.10 79.80 1 65.00+ 6.00 0.65+0.23
CARO 47.92 78.98 4 109.00+13.00 0.75+0.25
POP1 47.81 79.17 5 109.004+-28.50 0.5510.23
POP2 47.59 79.22 2 114.00+13.50 0.45+0.28
POP3 47.45 79.18 5 115.004+29.50 0.45+0.20
POP4 47.22 79.12 3 91.004+14.50 0.351+0.08
POP5 47.12 78.91 4 89.00+16.50 0.45+0.12
POPS6 46.95 78.82 5 77.004+27.00 0.401+0.15
POP7 46.81 78.60 5 86.00+22.00 0.50+0.20
POP8 46.62 78.58 5 101.00+20.00 0.7510.28
POP9 46.47 78.40 5 112.00+ 8.50 1.00+0.30
POP10 46.29 78.29 3 83.00+21.50 0.40+0.20
BISC 46.03 78.24 5 110.004+11.00 0.70+0.15
ALQN 45.74 78.19 3 100.00+19.50 0.4540.10
MADW 45.53 78.00 4 97.00+17.50 0.40+0.10
PAPL 45.32 77.81 2 77.00+£16.00 0.5540.12
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Figure 5. Multievent SK S splitting results. Solid bars indicate the polarization direction ¢
of the fast shear wave, and their lengths are proportional to the delay time ¢ between the two
split waves. The average direction of polarization is E-W and is believed to represent “fossilized”
lithospheric strain fields associated with the last major episode of deformation to have affected
the region during the Precambrian. Subtle variations in ¢ and 6t occur at the latitude of the
tomf)graphlc low-velocity corridor (~46°N; thick dashed line indicates surface projection of the
corridor), providing evidence for complexity in the underlying structure.

1996; Rondenay et al., 2000], whereas in the south it
may result from younger regional deformation associ-
ated with the Grenvillian Orogeny. In the latter case,
fast directions are almost perpendicular to Grenvillian
structures (Figure 5), suggesting that the mantle fab-
ric may have recorded the last extensional event of the
orogeny (e.g., 1140-1090 Ma [Carr et al., 2000]. Vari-
ations in 6t from 0.25 to 1.05 s over the entire array
(average of 0.5740.22 s) do not correspond well with

previous results [Rondenay et al., 2000]. The inconsis-
tency in magnitude of average 6t between the two ex-
periments may be due to the following factors: (1) the
difference in back azimuthal coverage (285°-335° for the
1996 experiment, compared to 165°-339° for the 1994
experiment) coupled with depth-dependent and later-
ally variable anisotropy, which would result in a wider
range of delay times for the analysis of the Abi94 data;
and (2) the possibility of contamination by source-side
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anisotropy introduced through the use of some S and
ScS phases in the Abi94 analysis. Subtle variationsin ¢
and 6t occur at the latitude of the low-velocity corridor
(~46°N), providing possible evidence for complexity in

the underlying structure (i.e., change in mantle aniso-
tropic fabric).

6. P-S Conversions
6.1. Method

Receiver function analysis is a method commonly
used in the study of P to § (Ps) conversions generated
at discontinuities in the crust and uppermost mantle
[Langston, 1979; Owens et al., 1984; Cassidy, 1995]. It
employs the vertical component of the seismic signal
as an estimate of the source and deconvolves it from
the radial and transverse components in order to iso-
late Ps conversions. The approach adopted here con-
tains a series of additional processing steps [Bostock,
1998] and can be summarized as follows: (1) the rotated
components of the ground displacement vector recor-
ded at the surface [Ur, Ur, Ujz] are transformed into
an upgoing wave vector [P, SV, SH] using estimates of
near-surface velocities; (2) seismograms are binned in
latitude, at selected depth intercepts [e.g., Dueker and
Sheehan, 1997], in order to better map known discon-
tinuities (Moho, 410, 660), and possible discontinuities
within the lithospheric mantle; (3) simultaneous least
squares deconvolution of S components by P compo-
nents is performed in the frequency domain for all seis-
mograms within individual bins to obtain an impulse
response; and (4) move-out corrections [Vinnik, 1977)
calculated using the iasp91 model are applied during

deconvolution to coherently stack arrivals from greater
depths.

6.2. Data Set

This approach was applied to a joint data set of
568 high-quality seismograms from 49 events, which in-
cludes recordings from both Abi96 and Abi94 experi-
ments. The distribution of events is shown in Figure 2b.

6.3. Results

Plate 2 shows the radial impulse responses plotted
in color as a function of latitude and binned according
to Moho (i.e., 40 km) conversion point. All data have
been projected onto a N-S line, and the configuration
of the profile is such that two bins separate each pair of
stations, with three extra bins (~10km each) added to
either end of the station line. The main feature observed
on the radial component profile is the Moho, which is
represented by a strong positive polarity pulse located
at an average depth of 40 km. Moho topography is
apparent with a tapered thickening in crust from 40
to 45 km thickness between latitudes 45°N and 46°N
followed by an abrupt thinning of crust to ~35 km at
46.6°N. These observations are in good agreement with
Moho relief estimated from seismic refraction profiling
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[Winardhi and Mereu, 1997] (see also Plate 3). The
refraction Moho in the vicinity of the proposed suture
is apparently constrained primarily by refracted waves
(versus wide-angle reflections), leading to a smoothing
of topographical variations [ Winardhi and Mereu, 1997].
The scattered wave profile suggests a more discontinu-
ous jump in Moho depth at ~46.6°N, some 65 km south
of the Grenville Front. It is important to stress that the
image obtained is likely diffuse due to diffraction at the
structure. The image might be improved by employing
teleseismic migration techniques [Bostock and Ronde-
nay, 1999]. However, this is beyond the scope of this
paper and may be considered in future processing of
this data set. Further interpretation of this Moho jump
and its relation to similar features observed on seismic
profiles crossing the Grenville Front in other locations
are presented in section 7.

A similar analysis (including profiling and stacking)
was performed to detect the presence of possible varia-
tions in apparent depths to the 410- and 660-krn discon-
tinuities. Estimated Ps times from conversions occur-
ing at the 410-km (P410s) and 660-km (P660s) discon-
tinuities were fairly constant along the entire array at
43.5 and 67.0 s, respectively (compared to theoretical
values for iasp91 of 44.1 and 68.1 s). These results
are in agreement with those of Bostock [1996], sug-
gesting a laterally homogeneous transition zone beneath
the study area and below average Ps times related to
high-velocity lithospheric mantle beneath the Canadian
Shield.

7. Discussion

A comipilation of results presented in previous sec-
tions is shown in Plate 3 along with the depth to Moho
inferred in the study of Winardhi and Mereu [1997].
Splitting parameters and station static corrections are
shown at the position of each station above the profile.
In this section we discuss the tectonic and geodynamic
implications of these interpreted lithospheric structures;
specifically, the relation of variations in crustal thick-
ness to the Grenvillian Orogeny and the nature of the
low-velocity mantle corridor and mechanism responsible
for its origin.

7.1. Variations in Crustal Thickness

Our interpretation of Moho topography is shown as
a thick green line in Plate 3. The geometry of Moho
topography near 46.6°N (i.e., Moho jump, see section
6) is reminiscent of structures observed on a number
of high-resolution reflection seismic profiles traversing
other Precambrian and Phanerozoic orogens [Morgan
et al., 1994; Calvert et al., 1995; McBride et al., 1995;
Warner et al., 1996; Pfiffner et al., 1990; Cook et al.,
1998]. In many of these studies a tapered crustal thick-
ening followed by abrupt thinning has been ascribed di-
rectly to the suture between colliding plates, where the
deepening Moho is associated with delaminating con-
tinental lower crust on the incoming plate sutured to
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crustal ramp
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Moho

Figure 6. Schematic diagram showing the geometry of
a tectonic wedge (modified from Beaumont and Quin-
lan [1994]). The incoming plate on the left is split into
an upper section exhumed to the surface along a crustal

ramp and a lower section subducted beneath the fore-
land at point S.

thinner crust on the overriding plate. The results of
this process are usually referred to as lithospheric-scale
delamination structures or tectonic wedges (Figure 6),
since the lithosphere of the incoming plate is effect-
ively split into an upper section exhumed to the surface
along a crustal ramp and a lower section subducted be-
neath the foreland [e.g., Cook et al., 1998]. On the
basis of these previous studies a possible interpretation
of the Moho jump is a subduction /underthrusting mar-
gin within a tectonic wedge whose surface expression
is represented by the Grenville Front (i.e., the surficial
limit of Grenville deformation), ~65 km to the north.
It is further worth noting that a sequence of admittedly
weak but suggestive negative polarity arrivals project
northward into the mantle from the Moho structure
and thus may represent Ps conversions from eclogitized
oceanic or continental crust stranded within the Supe-
rior cratonic lithosphere upon cessation of subduction.
As discussed below, our interpretation does not nec-
essarily imply that the Grenville Front is a Grenvillian
age suture. In this section we explore the implications of
the tectonic wedging hypothesis for the observed Moho
structure by focussing on two main points, namely, (1)
the relation between the structure and the present loc-
ation of the Grenville Front and (2) the possible age of
the structure.

7.1.1. Moho step and Grenville Front. If sub-
duction/underthrusting is truly responsible for the ob-
served variations in crustal thickness and the location
of the Grenville Front as an associated surface feature,
a similar signature should be expected at other points
along strike of the Grenvillian orogen. A number of
other profiles have been run to the southwest and in-
clude a refraction line in the Sudbury (Ontario) area
[Winardhi and Mereu, 1997, and reflection lines in the
Great Lakes region (Great Lakes International Multi-
disciplinary Program on Crustal Evolution [Green et
al., 1988]) and Ohio (Consortium for Continental Re-
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flection Profiling [Culotta et al., 1990]). These studies
have all involved lines crossing the Grenville Front and
all show some evidence for crustal thickening occurring
near but on the Grenville side of the Front. Indeed,
Cullotta et al. [1990] interpret the Ohio profile in terms
of subduction but invoke a more complicated two-sided
subduction style to explain the doubly-vergent crustal
reflections. The formation of tectonic wedges developed
through subduction (continental collision or intraconti-
nental compression) has been extensively modeled by
Beaumont and Quinlan [1994] for a range of physical
conditions. In their geodynamic modeling, Beaumont
and Quinlan [1994] reconsider both the Ohio and Great
Lakes profiles in terms of continental collision models
with single-sided, northwest dipping subduction. Along
strike to the northeast, there are, unfortunately, no re-
flection profiles which traverse the Grenville Front, but
two lines do approach the boundary from the south.
Martignole and Calvert [1996] identify a ~50-km-wide
zone of crustal thinning toward the Front, but this oc-
curs on a portion of the profile oriented largely par-
allel to orogen strike and thus must represent short-
wavelength local structure. Eaton et al. [1995], in con-
trast, document a 10-km crustal thickening toward the
Front. Furthermore, a narrow, strike-parallel, negative
Bouguer anomaly becomes increasingly evident to the
northeast and is generally interpreted to represent lo-
cally thickened crust [Rivers et al., 1989]. The peak
anomaly is located systematically to the Grenville side
of the Front, suggesting that thickening is restricted to
Grenville crust and is thus consistent with the model
proposed for more southerly portions of the orogen and
with a simple subduction margin extending the full
length of a paleocraton plate boundary. The intens-
ification in Bouguer anomaly toward the NE portion
of the orogen may therefore reflect a more pronounced
delamination (wedging) of Grenville crust, perhaps re-
lated to an earlier commencement of collision due to
geometry of the incoming plate boundary.

7.1.2. Age of subduction. Our next task is to
consider the likely age of the proposed tectonic wedge
and, in particular, its timing with respect to the Grenvil-
lian Orogeny. We consider three possible scenarios,
namely, that the structure is post-, syn-, or pre-
Grenvillian.

The possibility of the structure being post-Grenvillian
in age is the least likely option, given the lack of phys-
ical evidence for a major episode of tectonic activity
postdating the orogeny. Indeed, a subduction/suture
extending the length of the orogen could not have oc-
curred after the main orogenic pulses without produc-
ing important post-Grenvillian reworking of the ter-
ranes located southeast of the Grenville Front. Many
surface studies conducted in the Grenville Province
clearly show that its terranes have retained a meta-
morphic/deformational inprint dating from the Meso-
proterozoic, with no trace of subsequent regional-scale
tectonism [Carr et al., 2000, and references therein].
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It is widely recognized that the Grenville Front is not
a Grenvillian age suture [Rivers et al., 1989; Rivers,
1997], or at least not one which was originally activated
syntectonically with the main orogenic pulses. Numer-
ous geological and geophysical studies have outlined the
extent of reworked Archean rocks as far as 200 km south
of the Grenville Front [Martignole and Calvert, 1996;
Dickin and McNutt, 1989; Rivers, 1997, and references
therein]. Furthermore, there is geochronologic and iso-
topic evidence for an Andean-style subduction margin
along southeastern Laurentia, in effect over a period of
~500 Myr between 1.71 and 1.23 Ga [Rivers, 1997]. At
that time, the Laurentian margin between southeast-
ern Ontario and Labrador was located up to 600 km
southeast of the present location of the Grenville Front
[Rivers, 1997; Rivers and Corrigan, 2000]. Thus, at the
onset of the Grenvillian Orogeny, a major portion of the
Laurentian continent extended well into the present-day
Grenville Province, implying that the tectonic wedge
proposed in this study could not have been the result
of a contemporary suture. However, the wedge could
be related to a pre-Grenvillian suture reactivated dur-
ing the last pulse of the northwest propagating orogeny.
A related model involving step-up shear zone and asso-
ciated intra-continental subduction/underthrusting has
been suggested for the Grenville Front Tectonic Zone in
NE Ontario [Haggart et al., 1993], using geochronolo-
gical results and geodynamic models of Beaumont and
Quinlan [1994]. In a more general sense, several authors
have tentatively interpreted the Grenville Front as a
reactivated zone of weakness that was originally asso-
ciated with the buildup of Laurentia [Martignole and
Calvert, 1996; White et al., 2000; Holmden and Dickin,
1995]. A similar form of intra-continental reworking due
to the reactivation of long-lived (possibly accretion re-
lated) structures has been inferred from seismic profiles
across the Arunta Block in central Australia [Goleby et
al., 1989; Kosch et al., 1998].

On the basis of the arguments presented above, we
propose the existence of an active continental margin
that predated the Grenvillian orogen and approximately
paralleled its northwesternmost boundary. This mar-
gin would have been instrumental in defining the loca-
tion of the Grenville Front, by providing a pre-existing
lithospheric ramp for the exhumation of lower crustal
elements towards the surface. The Moho step would
thus represent a relict subduction margin, possibly re-
activated as an underthrust sheet during the Grenvil-
lian orogeny. To the southwest of the Great Lakes, the
inferred subduction may have coincided with the Meso-
proterozoic active margin of Laurentia, since arc mag-
matism of that age has been identified in the Protero-
zoic foreland of the orogen [Rivers and Corrigan, 2000].
The absence of systematic foreland arc magmatism over
the full extent of the Greville Front remains problematic
but might be explained by varying subduction geome-
try along the margin, as is documented on the western
margin of South America [Sacks, 1983].
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7.2. Nature of the Low-Velocity Mantle
Corridor

An outline of the low-velocity mantle corridor, as de-
fined by the 0% slowness anomaly contour and deter-
mined from inversion of P wave travel time delays, is
presented in Plate 3. The essential geometrical char-
acteristics of this feature that must be considered in
assessing its physical significance are as follows: (1)
it is quasi-linear in planform and strikes NW-SE; (2)
it is constrained to the mantle above at most 300 km
depth; and (3) it is <120 km in cross-strike width. The
trend of the structure is well resolved (see dashed line
in Figure 1) as highly oblique to the NE-SW strike of
the Grenville Orogen, thus rendering an association be-
tween the two features unlikely. Rather, the geometry
of the low-velocity corridor is better correlated with an
extrapolation of structures associated with more recent
tectonic activity, namely, the alkaline volcanism which
defines the MWN hotspot track and the Kirkland Lake-
Rapide des Quinze kimberlite fields (Figure 1). It is this
interpretation which we shall pursue in more detail by
first considering the process responsible for these surfi-
cial features and then the possible factors contributing
to low mantle velocities.

7.2.1. Proposed mechanisms for the MWN
track. Two different processes have been proposed to
explain magmatism along the hotspot track, namely,
(1) a fixed mantle plume and (2) an episode of con-
tinental rifting. The plume hypothesis is based on
five main arguments. First, the geographical config-
uration of the MWN Cretaceous formations and a pos-
sible relation with the North American plate drifting
over a fixed mantle plume were originally proposed by
Morgan [1972], mainly based on the geographical suc-
cession of these linear chains [see also Morgan, 1971].
Second, radiometric ages show a clear age progression
along the New England Seamounts (83-119 Ma, from
east to west [Duncan, 1984]) and between the other
groups, which are dated at 100-125 Ma for the Creta-
ceous White Mountains [Foland and Faul, 1977) and at
124 Ma for the Monteregian Hills (single pulse [Foland
et al., 1986]). Similar dates from earlier studies were
compiled by Crough [1981] and allowed him to trace
the plume back to its present location, that of the Great
Meteor hotspot (~30°N, 30°W). Third, the spatiotem-
poral coordinates of the Kirkland Lake and Rapide des
Quinze kimberlite fields are in agreement with the con-
tinental drift rate of North America proposed for mid-
dle to late Mesozoic time [Crough et al., 1980; Crough,
1981; Duncan, 1984]. Fourth, the evidence of hotspot-
related uplift along the continental portion of the track
was reported and analyzed by Crough [1981], and the
swell of the marine portion was studied by Sleep [1990b].
Fifth, a similarity of initial St and Nd isotopic ratios be-
tween the land and sea portions of the track suggests the
mantle plume origin, as noted by Foland et al. [1988].

The effect of a mantle plume on the lithosphere has
been examined by several authors [Crough, 1981; Sleep,
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1990a, 1996, 1997; Duncan and Richards, 1991; Dav-
ies, 1994]. Davies [1994] described a process of ther-
momechanical erosion which involves heating-softening
of the lithospheric base by a plume tail, followed by
mechanical removal of the material due to convective
transfer. In the case of thick continental lithosphere,
Davies [1994] estimated that the time of contact with
a plume tail necessary to obtain partial melting is ~25
Myr. For the present study area it would have taken at
least 25 Myr for the plume to produce the track of 600
km from its westernmost point (~150 Ma emplacement
of the Kirkland Lake kimberlites) to the Monteregian
Hills (124 Ma). In that case, any point at the base of
the lithosphere beneath the study area would have been
in contact with the plume tail for no longer than 5 Myr
(for a 120-km-diameter plume tail). This time is inad-
equate for partial melting to occur and would explain
the lack of obvious surficial expression on the Canadian
Shield.
The continental rifting hypothesis, on the other hand,
is supported by four main arguments. First, the dif-
ferent Cretaceous formations of eastern North Amer-
ica coincide with the trend of rift zones that may have
been activated or reactivated in relation to the opening
of the Atlantic Ocean [Kumarapeli, 1976; Sykes, 1978;
McHone and Butler, 1984; Bédard, 1985; McHone,
1996; Faure et al., 1996]. Indeed, the Monteregian Hills
are located near the junction of the Ottawa-Bonnechere
Graben, which is believed to be of late Precambrian
age but would have been reactivated during the Meso-
zoic, and the St. Lawrence Valley Paleozoic rift sys-
tem [Kumarapeli, 1976; Sykes, 1978; Bédard, 1985].
The New England Seamounts are considered by some
authors as being related to the early Jurassic Kelvin
Fracture Zone, again associated with the opening of
the North Atlantic [Sykes, 1978; Bédard, 1985]. Sec-
ond, even if the White Mountains are not located above
a well-defined rift structure, they still show different
episodes of magmatism, with three main pulses at 230
Ma, at 200-165 Ma, and in the Cretaceous at 125-100
Ma [Foland and Faul, 1977]. The Early Jurassic mid-
dle pulse corresponds to the initiation of rifting be-
tween North America and Africa. Furthermore, there
are strong geochemical similarities between formations
associated with different pulses [McHone, 1996]. Hence
McHone [1996] argues that a long-lived lithospheric tec-
tonic zone is better suited to explain the geographical
overlap of similar magmas of different ages. Moreover,
Bédard [1985] argues that the doming (or uplift) ob-
served in eastern North America is associated with the
first main pulse of magmatism of this continental rift
system, rather than to the younger Cretaceous alkaline
formations. Third, only the New England Seamounts
show a clear age progression among individual volcanic
centers [Bédard, 1985; McHone, 1996]. Fourth, a pa-
leostress study conducted by Faure et al. [1996] out-
lines two important events with contrasting extension
direction during the Cretaceous: (1) an early regional
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NE-SW directed extension at ~140 Ma, which would
have reactivated the Ottawa-Bonnechere Graben and
extended farther west in the Canadian Shield to induce
kimberlite magmatism; and (2) younger, localized N-5
directed extension, at 125 Ma, which would have been
generated as a response to the earlier event and is re-
sponsible for the single pulse of magmatism leading to
the Monteregian Hills.

The effect of rifting on a thin continental plate is one
of extension accompanied by decompressional melting
at the base of the lithosphere, producing magmatic epis-
odes at the surface [ White and M* Kenzie, 1989; Bédard,
1985]. Within the thicker lithosphere of the Canadian
Shield, events of tensional stress like the one discussed
by Faure et al. [1996] could produce some extension,
generating occasional kimberiite volcanism without ma-
jor uprise of decompressional melt.

7.2.2. Physical properties and low velocity.
We now consider the nature of the seismic anomaly ob-
served beneath the study area by discussing the possible
factors contributing to low mantle velocities, specific-
ally: (1) temperature, (2) composition, and (3) mineral
fabric/anisotropy. It must be recognized, at the out-
set, that images in Plate 1 likely represent minimum
estimates of true mantle velocity contrasts as a result
of the smoothing/damping equations which are applied
to regularize the inverse problermn. Thus, on the basis
of synthetic tests a peak to peak anomaly of 1-2% may
manifest a true velocity contrast of 3-4%. Experimental
temperature derivatives of seismic velocities show that
P velocity anomalies of this order are produced by 400-
600 K perturbations [Kumazawe and Anderson, 1969;
Sobolev et al., 1996]. This may appear unrealistically
large given that such elevated temperatures would in-
evitably intersect the solidus in some areas, implying
large-scale generation of partial melt. By incorporating
temperature-induced effects on anharmonicity, mineral
reactions, anelasticity, and production of partial melt
and their influence on seismic velocities, Sobolev et al.
[1996] argue that smaller temperature perturbations of
order 100-200 K may suffice to explain a 3% velocity
variation. The presence of kimberlites erupted at 158-
126 Ma requires that the underlying mantle must have
been subject to thermal perturbations in the past; how-
ever, a major present-day thermal contribution to the
observed anomaly is judged unlikely on several grounds.
First, the anomaly width is of order 120 km, and for
heat not to have diffused to greater extent over a pe-
riod of ~150 Myr would require the initial thermal dis-
turbance to have occurred along an exceedingly narrow
zone (i.e., fracture). Moreover, this disturbance would
have to be maintained over an unrealistically long time
period to produce a measurable anomaly in the present
day. In addition, a local heat flow anomaly would be
expected over the feature, whereas none has been thus
far observed [Mareschal et al., 2000]. For these reas-
ons we dismiss the notion that a present-day major
thermal anomaly is responsible for the low-velocity cor-
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ridor. However, we retain for consideration the pos-
sibility of contributions from minor thermal perturba-
tions (i.e., remnant; <100 K) with related anelasticity,
anharmonicity, and mineral reactions (e.g., metasoma-
tism). A second viable mechanism is the current ex-
istence of small pockets of melt within the lithosphere
formed through minor degrees of decompression, as con-
temporary stress fields appear to produce maximum ho-
rizontal extension with a component perpendicular to
the strike of the Ottawa-Bonnechere Graben [Zoback,
1992].

Compositional changes can also produce variations in
velocity. In this case, the most important factor is usu-
ally considered to be Fe content, with fertile (Fe-rich)
mantle peridotite exhibiting reduced velocity relative
to more depleted rock [e.g., Jordan, 1978, 1979]. In
the context of the low-velocity anomaly observed here,
Fe-rich magmas may have penetrated the lithosphere
through either fracturing or thermomechanical erosion
and may have solidified along a narrow fracture sys-
tem and/or a thermomechanically eroded plume chan-
nel. However, the velocity variations associated with
Fe content (and those ascribed to different rock types,
Le., eclogite versus peridotite) are generally considered
not to exceed 1% in magnitude [e.g., Jordan, 1979;
Anderson, 1990; Sobolev et al., 1996]). Thus compo-
sitional changes cannot be wholly responsible for the
tomographic anomaly.

Changes in anisotropic parameters represent a ma-
jor source of velocity variation within the continental
lithospheric mantle [Anderson, 1990] and may be in
major part responsible for the low-velocity corridor ob-
served beneath the Canadian Shield. Some evidence for
this comes from the variation in splitting parameters
over the vicinity of the anomaly, which presumably be-
trays a change in configuration of mantle fabric (Fig-
ure 5), although a potential anisotropic structure of
stranded former oceanic lithosphere dipping to the NW
near the tomographic anomaly must also be acknowl-
edged. An origin in anisotropy might tend to favor the
rifting hypothesis for the MWN track through atten-
dent rheological considerations; however, it is also con-
ceivable that thermomechanical erosion as envisaged by
Davies [1994] could promote mineral alignment.

The analysis remains somewhat inconclusive as a
clearly superior candidate for the physical property of
the anomaly fails to emerge. On the basis of simple
conduction models it appears unlikely that the anom-
aly could represent a thermal signature directly asso-
ciated with the process responsible for MWN magma-

tism; however, minor degrees of decompressional melt-
ing, composition, and anisotropy remain as potential
contenders. The narrow width of the anomalous cor-
ridor would further appear to favor continental rifting
over plume-induced thermomechanical erosion as a vi-
able mechanism of origin. It is, nevertheless, difficult
to ignore the arguments summarized earlier which favor
the latter explanation, and some form of mantle plume
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interaction is clearly required to faithfully accommo-
date all constraints. An interesting hybrid model which
involves both elements has been proposed recently by
Ebinger and Sleep [1998] to explain continental mag-
matism and uplift throughout East Africa. Magmatism
there occurs along rift zones, with gravity, geochemical
data, and small degrees of extension all pointing to-
ward plume-related volcanism [Ebinger and Sleep, 1998,
and references therein]. They show that a single, large
plume can explain the timing and location of volcanism
in the area, provided that plume material reaches the
surface and/or preferentially causes uplift in regions of
thinned lithosphere associated with preexisting conti-
nental rifts [see also Sleep, 1996, 1997). These results
are readily adapted to the present work by observing
the alignment of the low-velocity corridor with several
ancient (Paleozoic) rift systems. Early rifting episodes
would likely have weakened and locally thinned the base
of the lithosphere beneath the Canadian Shield. Small
degrees of partial melt created during subsequent pas-
sage of the North American plate over a fixed man-
tle plume (i.e., that responsible for the Great Meteor
hotspot) would naturally migrate into these zones, in-
teracting with continental lithosphere to produce local-
ized kimberlite in thick cratonic areas and more regular,
linear igneous series in peripheral regions.

8. Concluding Remarks

The results presented here highlight the importance
of two processes fundamental in shaping the charac-
ter of the cratonic lithosphere, namely, (1) subduc-
tion associated to the assembly of continental blocks,
and (2) modification of the craton edifice through rift-
ing and plume-lithosphere interaction. More specif-
ically, the Grenville Front is interpreted to represent
the surface limit of a pre-Grenvillian zone of tectonic
wedging/indentation between two continental blocks
formerly separated by NW dipping subduction. Grav-
ity data and seismic profiles crossing other portions of
the Grenville Front suggest that the lithospheric wedge
may be ubiquitous over the entire length of the exposed
orogen. In addition, we present evidence that mecha-
nisms responsible for linear anorogenic volcanic chains
in thinner continental and oceanic lithospheres are also
likely to leave an imprint within thicker cratonic edi-
fices. While previous studies have extrapolated hotspot
tracks in areas of thick lithosphere using surface ob-
servations of rare kimberlitic intrusions, the results ob-
tained here provide a more direct link between an ex-
tensively documented hotspot track and a well-resolved
low-velocity corridor underneath the Canadian Shield.
Plume-lithosphere interaction is implied on the basis of
age progression and geochemistry, but a more precise
understanding of the process will await targeted 2-D
regional studies of these structures.
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