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The lithosphere beneath themargin of the Archean Superior and Proterozoic Grenville provinces was investigat-
ed with a northwest–southeast oriented, 650-km-long profile of 40 magnetotelluric stations. Dominant
geoelectric strike azimuths of N45°E andN85°Ewere defined for the crust and the lithosphericmantle respective-
ly. A 2-D isotropic resistivitymodel derived using the crustal strike images resistive Laurentianmargin rocks dip-
ping southeast to the base of the crust, bounded to the northwest by the Grenville Front, and to the southeast by
the CentralMetasedimentary Belt Boundary Zone. The observation is in contrast to conductivemid to lower crust
elsewhere in the region. A 2-D isotropic resistivity model determined using the lithospheric mantle strike
azimuth reveals an extremely resistive region in the upper 100 km of the mantle lithosphere of the northern
Grenville Province. The geometry of this body, which includes a well-defined base and southeast dip, suggests
that it is Superior lithosphere. A sub-vertical conductor, located approximately 50 km along strike from the
Mesozoic Kirkland Lake and Cobalt kimberlite fields, is interpreted to be due to re-fertilization of an oldermantle
scar. The resistivitymodel includes a horizontal conductor at 160 kmdepth beneath the southern Superior Prov-
ince that is possibly the resistivity signature of the lithospheric–asthenospheric boundary.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

POLARIS (Portable Observatories for Lithospheric Analysis and
Research Investigating Seismicity) is a multi-institutional geophysical
consortium focused on investigation of the structure and dynamics of
the Earth's lithosphere, assessment of earthquake, and geomagnetic
hazards across Canada, using the magnetotelluric (MT) method and
earthquake seismology (Eaton et al., 2005). Between 2002 and 2005
seismic and MT data were collected in POLARIS study areas across
Canada, including southern Ontario (Fig. 1). The focus of the Ontario
MT study is to use deep electrical resistivity imaging to derive new
geophysical and geological information on crustal and upper mantle
structures and processes in the Grenville Province. MT results from
the POLARIS projects in British Columbia, Manitoba, and southern
Ontario have been presented by Soyer and Unsworth (2006), Gowan
et al. (2009) and Frederiksen et al. (2006) respectively.

TheMTmethod involvesmeasuring the time-varying fluctuations of
the natural electric andmagnetic fields of the Earth and analyzing these
data to map the spatial variation of the Earth's subsurface electrical
properties. Signals with long periods (low frequencies) penetrate
deeper into the Earth allowing the variation of resistivity with depth
to be determined (Cagniard, 1953; Tikhonov, 1950). The subsurface
ciences, University of Manitoba,
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resistivity structure can provide information on the processes that
have formed and deformed a region (e.g., Evans et al., 2011; Ferguson
et al., 2012; Jones, 1999; Jones and Craven, 1990; Miensopust et al.,
2011; Nover et al., 1998; Spratt et al., 2009) and on the source of
major conductivity anomalies (e.g., Ferguson et al., 2005; Jones and
Savage, 1986). Enhanced electrical conductivity (reduced resistivity)
in the crust is often linked to thepresence andmobility of aqueousfluids
(e.g., Glover and Vine, 1995; Hyndman et al., 1993). Graphite, intercon-
nected grains of metallic oxides and sulfides are also important sources
(e.g., Jones and Craven, 1990; Katsube and Mareschal, 1993; Li et al.,
2003). There are several sources of enhanced electrical conductivity in
the mantle, including graphite, hydrogen, partial melt, water and tem-
perature variation (e.g., Constable, 2006; Ducea and Park, 2000; Hirth
et al., 2000; Jones, 1999; Karato, 1990; Korja, 2007; Mibe et al., 1998;
Muller et al., 2009; Selway, 2013; Yoshino et al., 2008).

The electrical resistivity structure of the Grenville Front (GF) region
and the southern subprovinces of the Superior craton has been exam-
ined in earlier MT studies (Boerner et al., 2000) but there have been
very fewMT studies in areas south of the GF (e.g., Kurtz, 1982). Previous
results for the GF area were derivedmainly from 1-D inversion and 2-D
forward modeling. They showed that the upper crust is generally resis-
tive, the middle to lower crust is relatively conductive, and the upper-
most mantle is resistive (Kellett et al., 1992; Kurtz, 1982; Zhang et al.,
1995).

Results from the previous MT studies have been interpreted as indi-
cating anisotropic electrical resistivity within the mantle in the GF area
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Fig. 1. Initial deployments of POLARISMT sites in Canada. The first four POLARIS deployments were in the Cordillera, Slave craton, Superior craton–Trans Hudson Orogenmargin, and the
Grenville Province. Tectonic background modified from Hoffman (1989). MCR = mid-continent rift.
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(e.g., Frederiksen et al., 2006; Ji et al., 1996; Kellett et al., 1992;Mareschal
et al., 1995). The interpretation of the observed azimuthally-dependent
MT responses in terms of anisotropy was based on the absence of induc-
tion arrow responses that would be indicative of 2-D or 3-D structures.
The anisotropy was constrained to lie between 45 and 150 km depth
(Mareschal et al., 1995) and interpreted to be associatedwith southward
extension of Archean Superior rocks beneath the Grenville Province
(Boerner et al., 2000; Kellett et al., 1992). Ji et al. (1996) suggested that
the anisotropy is caused by shape-preferred orientation of mantle
minerals.

The present study area includes the Abitibi and Pontiac Subprovinces
of the Archean Superior Province and the Central Gneiss Belt (CGB) as
well as the Central Metasedimentary Belt (CMB) of the Proterozoic
Grenville Province (Fig. 2). It describes the processing and interpretation
of MT data along a profile oriented in a northwest–southeast direction
that extends the earlier Lithoprobe Abitibi–Grenville Transect MT acqui-
sition (Boerner et al., 2000) with POLARIS MT (Eaton et al., 2005) sta-
tions. It contrasts with the prior MT studies of the Superior–Grenville
margin (e.g., Ji et al., 1996; Kellett et al., 1992; Mareschal et al., 1995)
by using full 2-D inversion methods to model the MT data. The profile
ofMT stations examined in this study provides the highest available den-
sity of MT sites crossing the Superior–Grenville boundary. However, ad-
ditional MT data have been collected in the Superior–Grenville area in
the Lithoprobe and POLARIS projects. Results from a larger-scale study
area are examined in Adetunji et al. (in preparation) which also include
a more detailed examination of local and regional geoelectric strike
variation, tipper responses, and MT tensor distortion in the Superior–
Grenville area.



Fig. 2.A simplified geotectonicmap of the study area showing the location of theMT sites. Triangles represent the LITHOPROBEAbitibi–Grenville transectMT sites and polygons represent
the POLARIS MT sites. Sub-units of the Superior and Grenville Provinces are labeled. GF = Grenville Front, GFTZ = Grenville Front Tectonic Zone, OBG = Ottawa Bonnechere Graben;
CMBBZ = Central Metasedimentary Belt Boundary Zone.
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2. Geological and tectonic setting

The Archean Superior Province mostly comprises rocks formed
between 2.8 and 2.7 Ga (Hoffman, 1989). The Abitibi Subprovince rep-
resents a remnant from a larger Neoarchean granite–greenstone terrain
that has a record of rapid crustal growth during the Neoarchean (Card,
1990; Percival et al., 2004). It is characterized by polycyclic volcanic
stratigraphy overlain by a late-stage sequence of turbiditic sedimentary
rocks and synorogenic clastic rocks. Numerous granitoid plutons intrud-
ed and deformed these rocks in several phases of folding and faulting
(Card and Poulsen, 1998).

The Pontiac Subprovince is an Archean metasedimentary and plu-
tonic terrane separated from the Abitibi Greenstone Belt to the north
by the Cadillac Larder–Lake Fault Zone (CLLFZ); while to the south its
boundary with the Grenville Province is marked by the southeast-
dipping Grenville Front Tectonic Zone (GFTZ) (Card and Ciesielski,
1986). It is characterized by supracrustal, metagraywacke and
metasedimentary rocks together with a small metavolcanic belt (Card,
1990; Card and Poulsen, 1998; Dimroth et al., 1982).
The Grenville Province was formed during middle to Late
Mesoproterozoic orogenic activity (Easton, 1992; Hanmer, 1988;
Hoffman, 1989). The orogen followed a period of pre-Grenvillian
continental-margin arc magmatism, accretionary, and collisional tec-
tonic events (Carr et al., 2000). This collision and thrusting resulted in
a first phase of high grademetamorphism and convergent deformation,
which occurred between 1190 and 1140 Ma (Corrigan and van
Breemen, 1997; Rivers et al., 1989). In southwestern Ontario, the Gren-
ville orogen produced northwest-trending thrusting of a composite belt
of continental crustal and magmatic rocks onto the margin of the Lau-
rentian craton (Carr et al., 2000; Rivers, 1997). The collisional tectonics
resulted in crustal thickening, and local over-thickening due to the duc-
tile nature of the crust (Ludden and Hynes, 2000). This was followed by
orogenic collapse and emplacement of mantle- and lower-crustal-
derived magmas.

The GFTZ marks the northwestern boundary of the Grenville orogen
and thrusting along this shear zone occurred late in the Grenvillian orog-
eny, at ca. 990 Ma (Haggart et al., 1993; Krogh, 1994). The GFTZ is a
prominent southeast-dipping crustal-scale shear zone of amphibolite-
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facies rocks. Its boundaries are gradational and are deformed by
cataclastic zones that extend into the adjacent Superior Province
(Easton, 1992).

Division of the Grenville Province into the CGB in the north and the
CMB to the south is based on the contrasting lithologies of these terranes
(Easton, 1992) and we use these terminologies herein. More recently,
the CGB has been referred to as part of pre-Grenvillian Laurentia and
its margin, and the constituent units of the CMB, with the exception of
the Frontenac terrane, have been collectively termed the Composite
Arc belt (e.g., Carr et al., 2000).

The CGB represents the reworked margin of the pre-Grenvillian
Laurentian craton (Carr et al., 2000). It is characterized by layered felsic
gneiss and amphibolites, and upper amphibolite to granulite facies plu-
tonic and supracrustal rocks (Easton, 1992). Several ductile shear zones
that separate distinctive lithotectonic domains and sub-domains in the
CGB show an indication of a northwest-directed low angle ductile
thrusting (Davidson, 1986). This belt is subdivided into four (Nipissing,
Algonquin, Tomiko and Parry Sound) domains (Fig. 2) based on con-
trasting lithologies, metamorphic grade and deformation histories.
These domains represent imbricated panels of relatively low strain
rocks bounded by anastomosing ductile shear zones (e.g., Culshaw
et al., 1983; Davidson and Morgan, 1981; Davidson et al., 1982;
Hanmer and Ciesielski, 1984).

The CMB lies to the southeast of the CGB from which it is separated
by the Central Metasedimentary Boundary Belt Zone (CMBBZ). Shear
indicators in this zone indicate thrusting of the CMB northwestwardly
against the CGB (Davidson, 1998; Easton, 1992). The CMBBZ is charac-
terized by alternating crystalline thrust sheets enveloped by anasto-
mosing higher strain zones of porphyroclastic to migmatitic tectonites
and marble tectonic melange (Hanmer and McEachern, 1992; Hanmer
et al., 1985).

The CMB contains a major accumulation of carbonate, siliciclastic,
plutonic, and volcanic rocks metamorphosed into greenschist to granu-
lite facies during the Grenvillian orogeny (Easton, 1992; White et al.,
2000). The rocks of the CMB are dominated by structural polyfolded do-
mains with complex geometry (White et al., 2000). Based on different
lithologies, metamorphic grade, deformation and geochronological his-
tories, the CMB is subdivided into five domains (Fig. 2): the Bancroft, El-
zevir, Mazinaw, Sharbot Lake and Frontenac terranes.

The Ottawa Bonnechere Graben is a 60 km wide graben (Mereu
et al., 1986) that lies along the border between Ontario and Quebec
(Fig. 2). This graben has been interpreted as a failed arm of a triple junc-
tion formed during a late Precambrian to early Paleozoic event during
which the Iapetus ocean opened (Kamo et al., 1995; Kumarapeli,
1985). It consists of deformed metasedimentary and metavolcanic
rocks intruded by felsic to mafic plutons (Easton, 1992).

The youngest tectonic event associated with the study area is the
interpreted Great Meteor hotspot (Crough, 1981; Sleep, 1990). The
track of this hotspot was interpreted to be responsible for the emplace-
ment of the Cretaceous Monteregian–White Mountain–New England
Seamounts Igneous Province (Crough, 1981; Sleep, 1990). It is also
interpreted to be associated with the Mesozoic lamprophyric dykes
and kimberlite magmatism at Rapide des Quinze (Ji et al., 1996) and
Kirkland Lake (Ji et al., 1996; Meyer et al., 1994) areas of Pontiac
Subprovince (Faure et al., 2011; Griffin et al., 2004).

3. MT data

In the POLARIS project, MT data were collected at a total of 41 sites
within the southern Ontario POLARIS array between 2002 and 2005
(Eaton et al., 2005). These sites include 20 broadband MT (BBMT), 7
long period MT (LMT) and 14 LMT + BBMT sites distributed across
the Grenville Province in southern Ontario. The MT data examined in
this study are from 40 Lithoprobe and POLARIS broadband MT sites on
a northwest–southeast, 650-km-long profile (Fig. 2). Twenty-five
Lithoprobe stations (triangles in Fig. 2) extend from the Abitibi
Subprovince to the CGB while 15 POLARIS stations (pentagons in
Fig. 2) cross part of the CGB and the entire CMB. The POLARIS sites
also cross the Ottawa Bonnechere Graben. The data from the Lithoprobe
Abitibi–Grenville Transect studies have been described in Boerner et al.
(2000), Ji et al. (1996), Kellett et al. (1992), Mareschal et al. (1995),
Sénéchal et al. (1996), and Zhang et al. (1995). The POLARIS data are de-
scribed in Adetunji (2013) and Frederiksen et al. (2006).

A resistivity structuremay be 1-D or horizontally-layered, 2-Dwith a
geoelectric strike in which the resistivity is invariant, or it may have a
more complex 3-D form. The primary responses derived from the MT
data are the apparent resistivity and impedance phase; both responses
provide information on the underlying resistivity structure (Chave and
Jones, 2012; Vozoff, 1991). The MT responses measured over a 2-D
structure are the transverse electric (TE) mode in which the electric
field is parallel to the geoelectric strike, and the transverse magnetic
(TM) modes in which the electric field is perpendicular to the strike.
The depth of penetration of MT signals depends on both the period of
the signal and the local resistivity. The maximum depth of penetration
of the responses in the present study was estimated for each site with
the Niblett–Bostick depth transform (Jones, 1983; Niblett and
Sayn-Wittgenstein, 1960) of the TE and TM modes of best-fitting
regional 2-D responses. Although the estimated depths might be
affected to some degree by 3-D effects, the Niblett–Bostick approxima-
tion provides a superiormethod for comparing related responses than a
period-based data analyses (Jones, 2006). At all of the MT sites consid-
ered in the present study, the maximum period of responses is 1820 s
and depending on the local resistivity, this period corresponds to a
depth of between 100 km and 400 km (Fig. 3). The penetration depth
differs at the same site for different modes, an effect discussed in
Jones (2006).

4. Geoelectric dimensionality and strike analysis

Galvanic distortion of the electric field by near-surface inhomogene-
ities can mask the true dimensionality of the regional resistivity struc-
ture unless tensor decomposition methods are applied to remove its
effects (e.g., Bahr, 1988; Caldwell et al., 2004; Groom and Bailey, 1989;
Jones, 2012;McNeice and Jones, 2001). In this study the galvanic distor-
tion and geoelectric strikewere determined using the single-site STRIKE
algorithm of McNeice and Jones (2001) that is based on the Groom and
Bailey (GB) tensor decomposition (Groom and Bailey, 1989, 1991). The
GB method fits a regional 2-D MT response in the presence of in-phase
frequency-independent electric field distortion. McNeice and Jones
(2001) extended the GB method to multi-site and multi-frequency
fitting which allows for the determination of the optimal strike for a
group of sites and/or a selected range of frequencies. A more recent
modification involves the determination of strike azimuth for a speci-
fied depth range using Niblett–Bostick depth approximation (e.g.;
Hamilton et al., 2006; Miensopust et al., 2011; Muller et al., 2009).
This approach greatly reduces the mixing of strikes from different
depths, which, because of the resistivity dependent depth of MT signal
penetration, can occur in frequency-based studies (Jones, 2006). As in-
dicated in Fig. 3, there is a strong variation in the penetration depth of
the MT responses along the profile, and this supports the use of
depth-bands in the geoelectric strike analyses.

In the present study, depth is divided into nominal crustal
(1–40 km), lithospheric mantle (40–200 km) and asthenospheric
mantle (200–400 km) ranges. These depth bands are based on a priori
information rather than on MT results. The crustal depth range was
defined so as to exclude near-surface structures, and the crust–mantle
depth was based on seismic estimates of the depth to the Moho
(Eaton et al., 2006; White et al., 2000). The lithospheric mantle depth
range is based on typical lithospheric thickness defined by Artemieva
(2009), while the asthenospheric depth range includes all deeper-
penetrating periods. The results of the geoelectric strike estimation, pre-
sented in this paper, were based on an impedance error floor of 3.5%,



Fig. 3. TheNiblett–Bostick penetration depth for the 40 sites on theprofile. Each of the symbols represents the response at a particular period. Red color represents penetration depth for TE
mode and blue color represents penetration depth for TMmode. GF = Grenville Front; CMBBZ = Central Metasedimentary Belt Boundary Zone.
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which corresponds to a 7% error for the apparent resistivity and 2° for
phase.

In GB tensor decomposition, galvanic distortion is parameterized in
terms of shear that defines the polarization of the electric field and
twist that defines its rotation (Groom and Bailey, 1989, 1991). The
root mean square (RMS) misfit of the GB model provides a measure of
the fit to the observed response of the GB model. The shear and twist
angles, as well as the RMS misfits, for each site are shown in Fig. 4.
The results indicate that there is a moderate level of distortion in the
study area. For the crustal depth range, the mean of the absolute value
of the shear angle is 19° and the mean of the absolute value of the
twist is 12° (with a standard deviation of 12° in both cases). The abso-
lute values of the shear and twist angles are predominantly b25° and
b15° respectively. For the lithospheric mantle depth range (Fig. 4b
and d), the mean of the corresponding absolute values of shear and
twist values is 24° and 18° (with standard deviation of 14° in both
cases). Variogram analysis of the results indicates that the shear and
twist responses are dominated by local rather than regional effects
(Frederiksen et al., 2006).

The distribution of the RMS misfits for the crustal (Fig. 4e) and the
lithospheric mantle (Fig. 4f) depths shows that most of the sites have
an average RMS misfit of less than 2.0, which is considered to be an
acceptable value (Jones, 2012), with a peak mode of ~0.75 for both
the crust and the mantle lithosphere. The sites with high RMS misfit
are mainly located near major shear zones (the GF and CMBBZ).

Fig. 5 shows Rose diagrams of geoelectric strike azimuths for crustal,
lithospheric mantle and asthenospheric mantle depths. The 90°
ambiguity that normally affects geoelectric strike determination
(e.g., Hamilton et al., 2006) was addressed by plotting results in a single
quadrant (azimuth of 10°–100°) that includes the surface geological
strike. The dominant geoelectric strikes are N45°E for the crust
(Fig. 5a), N85°E for the lithospheric mantle (Fig. 5b) and N68°E for the
asthenospheric mantle (Fig. 5c).

At lithospheric mantle depths, most of the strike azimuths lie be-
tween N75°E and N90°E with some local deviations within the Pontiac
Subprovince and near the CMB. The regional lithospheric mantle strike
determined in this study generally agrees with the N80°E ± 6°
obtained by Ji et al. (1996) and the results of Frederiksen et al. (2006).
The differences are due to variation in the number of data used and
the method of computation; this study is based on depth-transformed
data whereas previous studies were based on periods. Data from only
seventeen sites within the study area provide penetration to mantle
depths exceeding 200 km. They show geoelectric strike direction that
ranges from N60°E to N75°E (Fig. 5c).

Fig. 6 shows the individual single-site GB strike azimuths for the crust
(Fig. 6a) and the lithospheric mantle (Fig. 6b). At crustal depths, the ma-
jority of the sites have strike azimuths that are parallel to, or sub-parallel
to, regional geological strike, e.g., as defined by the GF and CMBBZ. As
noted in Frederiksen et al. (2006), strike azimuth at some sites is parallel
to the local total magnetic field anomalies. However, at other sites, par-
ticularlywithin theCMB, the azimuth is not parallel to either the regional
geological strike or local magnetic field anomalies.

At lithosphericmantle depths, except for a couple of local exceptions,
the sites show a very consistent east–west strike direction. Over the
whole length of the profile this azimuth is consistently 30° to 40° clock-
wise from the crustal azimuth. As previously observed byMareschal et al.
(1995) and Ji et al. (1996), the lithospheric mantle strike azimuth is very
uniform in a region crossing the GF and extending in the CGB.

Fig. 6c shows the relationship between the individual single-site GB
strike azimuths for the asthenospheric mantle depth. There is excellent
agreement between the strike azimuths at most sites. The discrepancy
at the remaining two sites may be due to the effects of noise or residual
distortion in the MT data at these sites.

The consistency of geoelectric strike in the crust and the lithospheric
mantle, alongwith the relatively low RMSmisfit values, suggests that
2-D modeling is a reasonable approach for the determination of crustal
and lithospheric mantle resistivity structures. However, the different
average strike azimuths of N45°E (crust) and N85°E (lithospheric
mantle) indicate the need for separate modeling at the two depths.
Data sets were prepared for 2-D inversion using the regional responses
from the GB decompositions with the regional geoelectric strike azi-
muth constrained to either the crust or lithospheric mantle value. The
data set included the tipper response (Tz) which defines the relation-
ship between the vertical and horizontal magnetic field components

image of Fig.�3


Fig. 4.Distribution of the absolute value of the shear and twist angles for the crustal (a and c) and the lithospheric mantle (b and d) depths. The distribution of the average RMSmisfits for
the crustal (e) and lithospheric mantle (f) depths are also shown.
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and forms part of the TEmode response (Vozoff, 1991). Prior to 2-D in-
version, the data sets were re-edited and examined using TE and TM
pseudosections and tipper pseudosections. The D+ approach (Parker,
1980), which performs 1-D modeling of the admittance, was used to
check for consistency between phase and apparent resistivity responses
and to aid in identifying unreliable data points that were subsequently
removed prior to modeling/inversion.

For 1-D and 2-D structures the impedance phase responses are relat-
ed to the gradient of apparent resistivity with log period (e.g., Parker
and Booker, 1996; Weidelt and Chave, 2012). Increasing phase values
greater than 45° indicate increase in conductivity with depth, values
close to 45° indicate relatively uniform conductivity with depth while
decreasing values less than 45° indicate decrease in conductivity with
depth. The phase response is a more robust response than the apparent
resistivity and for 1-D and 2-D structures it can be recovered exactly
from distorted responses using tensor decomposition methods. In
contrast, after tensor decomposition the apparent resistivity may still
be affected by static shift, a frequency-independentmultiplicative factor
(Jones, 1988).

The MT apparent resistivity and phase pseudosections for both the
crustal and lithospheric mantle data sets are presented in Figs. 7 and 8
respectively. Apparent resistivity and phase responses for both TE and
TM modes are examined in both cases and the results indicate that
significant differences exist between the TE and TM responses, which
indicate the presence of 2-D structures. The TE mode is sensitive to cur-
rent flow, which is dictated by the conductance of conductive regions of
the sub-surface, but has lower sensitivity to the lateral position of struc-
tures than TMmode. The TM response is sensitive to charges on conduc-
tivity contrasts or gradients of lateral boundaries. The pseudosections
for the crustal and lithospheric mantle strike directions are generally
very similar but there are some differences evident for the responses
in the different strike directions.

The apparent resistivity response for both pseudosections is domi-
nated along most of the profile by high values (N2000 Ω·m) over an in-
termediate period band between 10−3 and 1 s. This response extends
from the northwestern end of the profile southeast to the middle of
CMB where the resistivity in the band decreases to values of b20 Ω·m.
At shorter periods the response is generally more conductive
(b1000 Ω·m), although in the CGB, resistive responses are observed to
extend to the shortest periods. The transition from the conductive to
the resistive response, at the shortest to the intermediate periods
(10−4 to 10−2 s), is reflected in the phase response by a region of low
impedance phase (b30°). The apparent resistivity at longer periods
(N1 s) is typically b500 Ω·m. The transition from high apparent resis-
tivity at intermediate periods to lower apparent resistivity at long
periods is reflected in a period band of high phase responses (N60°)
centered on 1 s extending alongmost of the profile. These observations
provide evidence for a structure extending over the profile that is
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Fig. 5. Rose diagrams of the regional geoelectric strike for (a) crustal depth, (b) lithospheric depth, (c) asthenospheric depth and (d) the absolute plate motion for the HS3_Nuvel 1A
hotspot model defined by Gripp and Gordon (2002) and for the GPS based model defined by Larson et al. (1997). The bin size in all cases is 15° and N denotes number of data points
(sites) used for each plot.
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relatively conductive near the surface, resistive at intermediate depths,
and conductive at depth. Lateral variations in these responses, for ex-
ample, increased TE mode apparent resistivity at intermediate periods
in the CGB, indicate the presence of 2-D structures. In the CMB there
are some differences in the form of the responses between the crust
and lithospheric mantle pseudosections indicating the presence of
strong 2-D structures.

The pseudosections provide evidence for several more conductive
areas. In the northwestern part of the profile, there is a relatively
conductive zone observed at short periods (~10−4 to 10−2 s). This
zone extends from the Abitibi Subprovince into the middle of the CGB
(Figs. 7 and 8). At the southeastern end of the profile, beneath the first
site (PSO001), both pseudosections include a conductive zone defined
by low apparent resistivity values in the TE and TM apparent resistivity
responses at short periods. The lithospheric mantle apparent resistivity
pseudosection (Fig. 8) includes a second conductive feature at longer
periods at this location. Finally, there is a conductive response observed
at long periods in the northwest of the profile in the lithosphericmantle
strike pseudosection (Fig. 8). The response includes increased TMmode
phase values at ~1000 s over the northwestern half of the profile. The
phase values are locally higher in the part of the profile beneath the
Pontiac Subprovince and at this location; there is an additional high-
phase response in the TE component and a zone of decreased TM
mode apparent resistivity.

The tipper data (not shown) were rotated to the 2-D modeling
coordinate system, and the component parallel to the profile was edited
carefully prior to inclusion in 2-D inversions. The tipper is usually
sensitive to the local structures but can also be strongly affected by con-
ductivity boundaries at the edges or outside of the region modeled.
Based on visual inspection, the tipper data were heavily edited to
exclude power-line effects and erratic points characterized by jumps
in tipper magnitudes, tipper magnitudes exceeding 1, and/or large
error estimates. In addition, based on the study of Zhang et al. (1993),
short period (b0.1 s) tipper data were excluded because of the possible
contamination by magnetic effects of galvanic distortion. Following
the editing, the tipper responses include several large-scale spatial
variations.
5. Two-dimensional modeling and inversion

The crust and lithospheric mantle in the study area were separately
modeled using 2-D isotropic inversion of MT data decomposed to
the appropriate strike directions for the two depth ranges. We used
the 2-D isotropic modeling and inversion algorithm of Rodi and
Mackie (2001), as implemented in Geosystem's (now Western Geco/
Schlumberger) WinGLinK software. The 2-D forward modeling uses a
finite difference numerical method for calculation. The inversion code
applies the non-linear conjugate gradient (NLCG) method for direct it-
erative minimization of an objective function that penalizes data resid-
uals and second spatial derivatives with respect to resistivity structures
(Rodi and Mackie, 2001, 2012).
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The inversion models were obtained by solving for the smoothest
model using uniform-grid Laplacian regularization and minimizing the
integral of the Laplacian (Rodi andMackie, 2012). Many 2-D inversions,
using different combinations of inversion parameters and data, were
run to explore the range of possiblemodels that couldfit the data. Inver-
sion of TE data alone resolves mainly the depth and the conductivity-
thickness product of the conducting regions, whereas inversion of the
TMdata alone resolves their horizontal extent and the presence of resis-
tive layers (Agarwal et al., 1993; Simpson and Bahr, 2005; Vozoff, 1991).
Inclusion of bothmodes in the inversion allows for superior determina-
tion of the subsurface resistivity structure. All the 2-D models were de-
rived using a 100 Ω·m half space as the starting model. Initial models
were obtained by fitting the TE, TM and vertical magnetic transfer func-
tion for all 40 BBMT sites. Some highly distorted sites, with extreme
RMS-misfits (N4.0), were later excluded from the final set of inversions.

The uncertainty estimate on each data point was set to either the
calculated error value or to an error floor if the calculated error was
smaller than the value of the error floor. When 2-D inversion methods
are applied to data containing weak 3-D effects, error floors must be
set appropriately. For example, when the conductive features in a
model have a finite strike length, the TE response is generally more
distorted than the TM response (Ledo et al., 2002). However, there are
some geometries for which the TMmode ismore affected by 3-D effects
than the TEmode (e.g., Park andMackie, 1997). In this study, for the ini-
tial set of inversions, error floors of 50% were set for the apparent resis-
tivity of both modes, the error floor for TE phase was set at 25% and the
error floor for TM phase at 5%. The apparent resistivity was down
weighted in order to reduce the effect of static shift. All of the error
floors were subsequently reduced to 16% and 12% for TE and TM appar-
ent resistivity and 4% (~1.2°) and 3% (~1°) for TE andTMphases, respec-
tively. The vertical magnetic transfer function (tipper) error was set at
0.02. The apparent resistivity data for the final set of models were
corrected for static shift effects. Every new inversion was restarted at
least once after its initial termination so that the final model would rep-
resent a deeper minimum of the objective function. The typical number
of iterations per sequence was 400.

A range of weighting functions and regularization parameters were
examined to explore for the optimal model (e.g., Mackie et al., 1997;
Schäfer et al., 2011; Spratt et al., 2009). The model term in the objective
function includes amultiplication factorα that is applied to the horizon-
tal derivative and controls the relative horizontal smoothness of the
inversion model. Another parameter, β, is an exponential factor that in-
creases the weighting function with depth. Additional parameters that
regulate the spatial smoothing are the minimum block dimension in
the horizontal and vertical directions, H and V respectively. The
Tikhonov regularization parameter (τ) controls the trade-off between
RMS-misfit and model-roughness. Large τ results in smooth models
with high RMS-misfit whereas small τ produces a good fit to the data
but rough structures are required. The optimal value of τ was deter-
mined by plotting a trade-off (L) curve between the regularization
parameter and the RMS-misfit. The inversions used for this purpose
weremainly based on the phase responses. For both the crustal and lith-
ospheric mantle data sets, τ = 6 gave results in the elbow of the trade-
off curve providing a relatively good data fit and a relatively smooth
model. Other weighting function parameters were set at α = 1,
β = 0.3, H = 500 and V = 500 for the inversions. These values were
chosen after a series of initial inversions that were performed to deter-
mine the best smoothing and regularization parameters.
Fig. 6. The crustal (a), lithospheric mantle (b) and the asthenospheric mantle (c) strike
azimuths obtained from the STRIKE program with 90° ambiguity correction are plotted
on the regional magnetic map (data obtained fromGeological Survey of Canada). The lon-
ger arrow, APM-1, shows the HS3-Nuvel-1A absolute plate motion direction defined by
the hotspot based model of Gripp and Gordon (2002) and the arrow APM-2 shows the
absolute plate motion of the GPS based model of Larson et al. (1997).
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Fig. 7. The apparent resistivity and phase pseudosections of TE and TM responses for the study area. The data are the regional impedances derived from theGBdecomposition for the crust-
al strike azimuth of 45°. Each panel shows the observed responses and the responses of the 2-D resistivity model fitted to the observed data. Static shift correction has been applied to the
apparent resistivity responses.
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Fig. 8 compares the model response pseudosections with the data
pseudosections for the best-fitting model of lithospheric mantle data
set, and Fig. 9 compares the observed TE, TM and tipper responses
with the modeled ones at representative sites in the study area. The
data fit is considered acceptable for all the sites shown, with individual
RMS values of b2. Themisfit at other sites is shown in Figs. 10 and 11 for
the crustal and lithospheric models respectively. The overall fit to the
tipper response is poorer than the fit to the MT apparent resistivity
and phase responses, but examination of the real and imaginary
pseudosections of the tipper (not shown) shows that the model repro-
duces the large-scale features of the observed data.

5.1. Crustal resistivity model

Fig. 10 shows the final crustal 2-D resistivity model from simulta-
neously inverting the TE + TM + Tz data. The RMS-misfits of the sep-
arate TE (red), TM (blue) and joint TE + TM + Tz (purple) inversions,
for each of the sites, are shown at the top of the model. The data fit is
relatively good to the northwest of the CMBBZ, where the averagemisfit
for the joint inversion is around 2. Themisfit is particularly poor at some
sites within the CMB, which is attributed in part to the structurally com-
plex metasedimentary rocks that occur in this region. However, the
global RMS misfit value of 2.4 is considered acceptable in light of the
distribution of the misfit, and inspection of the data versus model
pseudosections indicates that no major data feature is being misfit.

The resistivity structures defined by the joint and individual inver-
sions reveal some differences caused by the different sensitivities of
the different modes. Generally, the crustal model shows that there is a
resistive upper crust below a relatively thin conductive layer near the
surface. The resistive crust extends to 8–10 km depth beneath the
Abitibi and Pontiac subprovinces (Feature A in Fig. 10). The Superior
Province is characterized by very resistive upper crust (N10,000 Ω·m),
with resistivity decreasingwith increasing depth. The resistive zone ex-
tends to 16–20 kmdepth beneath the CGB andnorthwestern part of the
CMB (Feature D). A well-resolved resistive zone (Feature B), including
resistivity exceeding 10,000 Ω·m, dips southeast to the base of crust be-
neath the CMBBZ. The resistive zone is b5 km thick in the southeastern
part of the CMB and is less resistive than further to the northwest.

Except for the resistor beneath the CMBBZ, themiddle to lower crust
is relatively conductive, b500 Ω·m, along the whole profile. A poorly-
resolved localized conductive zone (Feature C) (~30 Ω·m) is imaged
in the upper crust beneath the CMBBZ. The southern end of the profile
is characterized by a fairly well resolved conductive zone in the lower
crust (Feature E) (b10 Ω·m) that is defined by the data at the two
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Fig. 8. The apparent resistivity and phase pseudosections of TE and TM responses for the study area. The data are the regional impedances derived from the GB decomposition for the lith-
ospheric mantle strike azimuth of 85°. Each panel shows the observed responses and the responses of the 2-D resistivity model fitted to the observed data. Static shift correction has been
applied to the apparent resistivity responses.
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southeasternmost sites (PSO042 and PSO001). This zone extends from a
depth of around 24 km to 40 km and has a lateral extent of about
80 km. It is poorly resolved because of the strong local variation in the
geoelectric strike of this region. However, it is not considered a spurious
feature caused by localized 3-D responses in the data or 3-D structures
at the southern end of the profile because it appears in both the joint
and separate inversions of the individual modes and it is associated
with a zone of lower apparent resistivity in the pseudosections (Fig. 7).

5.2. Lithospheric mantle resistivity model

Fig. 11 shows the resistivitymodel and datamisfit for the lithospher-
ic mantle. In this model the top 48 km, i.e., the crust, has been blanked
out as the crustal data are in an inappropriate strike direction for the in-
version. Data from a number of sites (ABIM06, ABI005, ABI006, PSO014,
PSO022, PSO038, and PSO039) were excluded from the final sets of in-
versions because these sites exhibited high RMS misfit (N4) in earlier
exploratory inversions. The global RMS error of the final model is 2.50.
The misfit results show that it is possible to fit the TE mode data to a
lower level of relative misfit than the TM mode data. The fit of the
joint inversionmodel is found to be reasonably spatially uniform, except
for some sites at the southern end of the profile. As shown by the
pseudosection responses (Fig. 8), the large-scale features in the ob-
served data are all replicated by the model response.

Fig. 11 shows that only the northwest and southeast ends, as well as
the very deep parts of the lithospheric mantle, along the profile, are rel-
atively conductive (b200 Ω·m). Beneath the CGB, there is a well re-
solved southeast-dipping highly resistive zone (labeled R in Fig. 11)
that extends from the base of the crust to about 140 km depth. The
upper part of the resistive feature is also visible in the crustal model
beneath the CGB (Fig. 10). It extends laterally from the GF to themiddle
of the CMB. The resistivity of the feature is 2000–8000 Ω·m. The litho-
spheric resistor corresponds to a region of interpreted resistive and an-
isotropic rocks defined in earlier studies (Ji et al., 1996; Mareschal et al.,
1995; Sénéchal et al., 1996). The resistor overlies a less resistive region,
with resistivity of ~250 to 2000 Ω·m, that is still more resistive than ad-
jacent parts of the lithosphere. This zone extends to a depth of around
280 km, and its southeastern extent is similar to that of the overlying
more resistive zone.

The lithospheric resistivity model contains two isolated conductors.
There is a conductor at approximately 80 km beneath the Pontiac
Subprovince (labeled C2 in Fig. 11), and at the southern part of the
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Fig. 10. 2-D resistivity section of the crust obtained by joint inversion of TE, TM and tipper responses for the crustal data set (V.E = 5). The RMS values of the TE (triangles), TM (stars) and
joint TE + TM + Tz (squares) inversions at individual sites are plotted above the inversion model.
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profile, a localized conductor (labeled C3)with conductivity between10
and 20 Ω·m, is also resolved. This conductor lies between 100 and
150 km depth.

A prominent feature of the mantle lithosphere resistivity model is a
deep conductor (labeled C1 in Fig. 11) beneath the southwest Superior
Province. The top of the conductor is approximately horizontal and lies
at a depth of about 150 km. Its resistivity is ~10 Ω·m. The conductivity
of the feature increases beneath the Pontiac Subprovince (resistivity
b5 Ω·m), where it is overlain by conductor C2. The form of the contour
shown in Fig. 11 suggests that C2 is connected with a zone of enhanced
conductivity within the horizontal part of conductor C1. Further to the
southeast, the conductive feature appears to dip downwards beneath
the Grenville Province but this part of the conductor is not properly
resolved by the inversion and the apparent geometry is an artifact of
the inversion.

Further data examination was carried out to confirm that the major
resistivity structures in the final 2-D resistivity models are supported by
the data. The key features in themodel occur at depths at which theMT
data from the overlying sites provide adequate penetration (shown in
Fig. 3). Conductor C3 is primarily defined by the TE mode data, whereas
resistor R and conductors C1and C2 are defined by the penetration of
both TE and TMmodes, as well as the Tz transfer functions. The conduc-
tors are associatedwith increase in phase or decrease in apparent resistiv-
ity at longer periods in the data. Conductors C2 and C3 can be related to
conductive responses in the TE apparent resistivity response at periods
of ~103 s. The northwestern part of Conductor C1 appeared in almost all
of the various inversions, providing a reasonable fit to the long period
MT data. The existence of the conductor is supported by the observation
of high phase values (exceeding 70° in places) at periods N103 s in the
TE and TM phase responses (Figs. 8 and 9). The absence of decreasing
phase values at longer periods shows that the base of the conductor is
not resolved, i.e., the electromagnetic fields at long periods do not pene-
trate through the conductor. The key features in the resistivity model
are also imaged at sites where the data fit is good as shown in Fig. 11.
Sites ABI001, ABI002 and ABI004 are directly above conductors C1 and
C2, ABIM14 is above resistor R, while PSO001 is above conductor C2.

The necessity of the features in the resistivity model was examined
by hypothesis testing usingmodeling and inversion. The joint inversion
Fig. 9. Comparison of the observed andmodel TE and TM apparent resistivity and phases aswel
the lithospheric mantle data set using the strike azimuth of 85°. Themodel response shown is o
ABI001, ABI002 and ABI004 are located in the Pontiac Subprovince, ABIM14 is located in the C
model was edited by removing the conductive and the resistive features
(jointly and independently), and the resulting models were taken as
starting models for a new series of inversions constrained to find the
model closest to the starting model rather than the smoothest model,
as is normally the case. The results consistently showed that conductors
C1, C2 and C3, as well as the resistor R, are data-supported structures.
The complete removal of conductors C1 and C2 or resistor R from the
model consistently increased the global RMS misfit of the model by at
least a factor of 3 and the RMSmisfit of the individual sites also rose sig-
nificantly. Although the resolution and shape of these features vary to
some degree for different inversions, the results consistently suggest
that the conductors and the resistor are first-order features existing in
the subsurface.

6. Comparison of resistivity models with seismic results

6.1. Crustal model

Fig. 12 shows the location of theMT profile relative to seismic results
available in the study area. The seismic results include a seismic
refraction/wide-angle reflection profile that is approximately coinci-
dent with the southeastern part of the MT profile, as well as seismic
reflection lines 12, 16, 16A, 15, 32, 33 and 71 that provide overlap
coverage over much of the profile. Fig. 13 shows the seismic reflection
and refraction models of the study area. Calvert and Ludden (1999)
and White et al. (2000) used the Lithoprobe depth-migrated, near-
vertical incidence, seismic reflection data along with seismic refraction-
wide angle reflection velocity model to construct the cross-section of
the crust in this region. The seismic profiles used include Lithoprobe
lines 12 and 16 (Calvert and Ludden, 1999), line 16A (Benn et al.,
1994), line 15 (Kellett et al., 1994), and lines 32 and 33 (White et al.,
2000). Zhang and Frederiksen (2013) provide scattering tomography P
and S velocity models for the crust in the study area but neither the
P- nor S-velocity models show significant correlation with tectonic
structures and the interpretation of their results remains uncertain.

Seismic reflection results show that the southern end of the Abitibi
Subprovince is characterized by a half graben structure (Benn, 2006;
Calvert and Ludden, 1999), and that the Pontiac crust is primarily
l as the tipper responses at six sites along theMT profile. The results are for the inversion of
btained from TE + TM + Tz data and the RMSmisfit for each site is shown above it. Sites
GB, PSO009 is located on the CMBBZ and PSO001 is the southeasternmost site.
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Fig. 11. Resistivity model derived by joint inversion of TE, TM and tipper responses for the lithospheric data set (V.E = 1). The RMS values of the TE (triangles), TM (stars) and joint TE + -

TM + Tz (squares) inversions at individual sites are plotted above the inversionmodel. The crustal section (upper 48 km) of themodel is not shown. The lower section of themodel inwhich
there is no data resolution (below the lithosphericmantle conductor C1) has been blanked. The 123 Ω·m contour is shown in order to better define the depth extent of themore resistive part
of the mantle.
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made up of amid-crustal duplex, underlain by a deeper thrust and over-
lain by near surface thrusts (Benn et al., 1994; Calvert and Ludden,
1999; Kellett et al., 1994). To the west of the study area, the GFTZ is
32 km wide (Green et al., 1989). Within the study area, it is a zone of
southeast dipping stacked crustal sheets that extend to a maximum
depth of 25–30 km (White et al., 2000).

The near-vertical andwide-angle seismic reflection data show dom-
inantly southeast dipping reflectivity throughout the Grenville Province
(White et al., 2000). The seismic results are interpreted to show south-
east to northwest assembly of allochthonous crustal elements making
up the CMB, followed by the deformation of this unit and its northwest
transport over the rocks of the Laurentian margin (CGB) and pre-
Grenvillian Laurentia (southeast Superior craton) (White et al., 2000).
The reworked pre-Grenvillian Laurentia and Laurentian margin rocks
are interpreted to extend at least 350 km south of the GF. Roy and
Mereu (2000) showed that the CMBBZ is characterized by bands of
southeast-dipping shallow reflectors extending to mid-crustal depth
of 25 to 30 km. O'Dowd et al. (2004) defined this zone to be 10 to
12 km wide.

Fig. 14 overlays the seismic reflection image on the 2-D crustal resis-
tivity model. The figure shows previous interpretations of the seismic
reflection data (e.g., Benn et al., 1994; Calvert and Ludden, 1999;
Kellett et al., 1994; White et al., 2000) (solid lines) and some modified
interpretations (dashed lines) based on the combined resistivity and
seismic reflection information. Within the Grenville Province, the
strongest dipping reflectors are associated with very resistive regions
in the resistivity model. There are prominent packages of reflectors,
interpreted in previous studies (White et al., 2000) to correspond to
the GF and CMBBZ, near the upper and lower surfaces of the dipping
resistor (Feature B in Fig. 10). Strong coherent reflectors also occur
within the resistive upper crust (Feature D) several tens of kilometers
to the southeast of the CMBBZ. Further to the southeast, the reflectors
associated with more conductive parts of the crust are more diffuse or
sparse, and have irregular dips. There are no reflection data available
in the area of the crustal conductors (Features C and E) in the Grenville
Province.
6.2. Lithospheric mantle model

Fig. 12 shows the location of seismic tomographic images derived
in studies by Rondenay et al. (2000) and Chen and Li (2012) and
reproduced here in Figs. 15 and 16. Aktas and Eaton (2006) also
conducted a tomographic study of the same region and Zhang and
Frederiksen (2013) conducted scattering tomography.

In a large-scale teleseismic study, van der Lee and Nolet (1997) con-
cluded that the Canadian Shied has a thick lithospheric root that extends
to ~250 kmdepth beneath theGrenville Province. Smaller-scale seismic
tomography studies have imaged a high velocity zone, or “seismic lid” in
the upper lithosphere of the northern Grenville Province. It is defined in
the Rondenay et al. (2000) (Fig. 15) and Chen and Li (2012) (Fig. 16)
models as being between 50 and 100 km thick and lying between
depths of 50 and 150 km. The strike direction of this anomaly is roughly
parallel to the Grenville orogen tectonic trend (Aktas and Eaton, 2006;
Chen and Li, 2012; Rondenay et al., 2000). Aktas and Eaton (2006)
interpreted a high velocity anomaly within the Grenville Province as a
relict slab associated with subduction beneath the CMB at 1.25 Ga.

There are several differences in how the body is imaged in different
seismic studies. In the Rondenay et al. (2000) model, the high velocity
zone is separated into two parts by the underlying low velocity anomaly,
but in the Chen and Li (2012)model it is continuous across the area of the
low velocity zone. Considering the superior depth resolution of the
surface-wave based results of Chen and Li (2012), it appears that the
break in the high velocity zone is likely an artifact of upward smearing
of the low velocity anomaly. In contrast to the body wave studies of
Aktas and Eaton (2006) and Rondenay et al. (2000), Chen and Li (2012)
show that the high velocity zone extends to the south of the current
study area and that the velocity anomaly becomes stronger near the
Appalachian Front. Considering the superior lateral resolution of the trav-
el time inversion, it appears possible that the Chen and Li (2012)model is
connecting separate anomalies to the north and south of Lake Ontario.

The resistor R1 imaged in this study is closely spatially correlated
with the high velocity anomaly. The upper and lower surfaces of the re-
sistor are at similar depth to those of the velocity anomaly resolved in
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Fig. 12.Map of the study area showing the relationship between this study and previous seismic and tomography studies. The dashedwhite line indicates the Lithoprobe Abitibi–Grenville
transect wide angle seismic refraction profile. Locations of Lithoprobe reflection seismic lines 12 and 16 (Calvert and Ludden, 1999), line 16A (Benn et al., 1994), line 15 (Kellett et al.,
1994), and lines 32, 33 and71 (White et al., 2000) are also shown. Theblack lines illustrate theRondenay et al. (2000), Chenand Li (2012) seismic tomography studies aswell as the surface
track of Great meteor hotspot track defined by Crough (1981). The locations of the Kirkland Lake and Cobalt kimberlite fields are also indicated.
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the surface wave study of Chen and Li (2012). The northern limit at 47°
N is consistent with the northern limit of upper lithospheric (b150 km)
high velocities in the Aktas and Eaton's (2006) and Rondenay et al.'s
(2000) body-wave tomography models.

Taken together, the seismic and MT results provide compelling evi-
dence for a coincident high-velocity, high-resistivity zone in the upper
lithosphere extending southwards from near the Grenville Front. The
southern limit of the feature is less well resolved but the MT and body
wave seismic inversions suggest that a maximum southern extent is a
point beneath the Frontenac terrane. Based on the resistivity model,
the top of the body dips to the southeast from near the Moho at the
GF to around 80 km depth beneath the Frontenac terrane. The base of
the anomaly increases from around 80 km beneath the GF to around
150 km beneath the Frontenac terrane.

The seismic tomography also identifies a low velocity anomaly in the
study area. Rondenay et al. (2000), in their P-wave travel-time inversion
results (Fig. 15), resolve a near-vertical, WNW–ESE-trending low veloc-
ity anomaly. This anomaly extends between 50 and 300 km depth, with
a relatively constant width of ~120 km. Aktas and Eaton (2006), also
using body wave travel-time tomography, imaged the same anomaly
and referred to it as a patchy NW-trending low velocity anomaly.
Chen and Li (2012) produced a 3-D shear wave model of this region
using a surface-wave two-plane wave inversion method, and their
result (Fig. 16) shows a near-vertical anomaly similar to those imaged
by earlier studies but in their model the top of the anomaly is at
150 km depth.

The low velocity anomaly is interpreted as being spatially correlated
with the Great Meteor hotspot track by Aktas and Eaton (2006), Chen
and Li (2012), Eaton and Frederiksen (2007), and Rondenay et al.
(2000). The geometry and location of this anomaly approximately
match an indentation in the North American lithospheric root defined
by Fouch et al. (2000). This indentation is parallel to, and located to
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Fig. 13. Previous seismic reflection and refraction (wide-angle reflection)models of the study area. The seismic refractionwide-angle reflectionmodel (top) is fromWhite et al. (2000). The
middle panel shows a composite seismic reflection image from Lithoprobe seismic reflection lines 12 and 16 (Calvert and Ludden, 1999), line 16A (Benn et al., 1994), line 15 (Kellett et al.,
1994), and lines 32 and 33 (White et al., 2000) through the boundary zones. The bottompanel represents the crustal seismic interpretation fromLudden andHynes (2000) andWhite et al.
(2000).
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the southwest of, the Ottawa Bonnechere Graben. Faure et al. (2011)
interpreted this feature as a mantle scar, produced during Neoarchean
subduction, which has been reused by several magmatic events.

The low velocity lithospheric anomaly imaged in the seismic tomog-
raphy study lies to the south of theNW–SE dipping lithospheric conduc-
tor C1 imaged in this study (Fig. 15). The lateral position of the seismic
anomaly is defined accurately in the bodywave travel time tomography
studies of Aktas and Eaton (2006), and Rondenay et al. (2000), both of
which involved relatively high site density. Likewise, the lateral position
will be quite well resolved in the MT 2-D inversions as it is defined by
both the TE and TM mode data. Although the seismic low velocity and
low resistivity anomalies have a somewhat similar geometry, they are
clearly distinct features. The resistivity is relatively uniform and resis-
tive in the vicinity of the seismic velocity anomaly. However, there is a
Fig. 14. The crustal resistivity model (V.E = 2.5) is overlain by seismic reflection profiles from L
(in CMB) terranes are not covered by the seismic studies. The black continuous lines show the i
Ludden (1999) for lines 12, and 16, as well asWhite et al. (2000) for lines 32 and 33. The dashe
data.
weak low velocity response observed in the vicinity of the resistivity
anomaly.

7. Interpretation and discussion of geoelectric strike

The geoelectric strike results show geographically consistent, but
different, strike azimuths for the crust, lithosphere and the astheno-
sphere of the Grenville Province and adjacent Superior Province in
southern Ontario. The defined crustal geoelectric strike (45°) is approx-
imately parallel to the geologic strike of the GF and the CMBBZ in the
study area. The strike azimuth for the crust exhibits more variability
than the lithospheric and asthenospheric azimuths. These variations
are attributed to some sites within the Pontiac Subprovince and the
CMB. Within the CMB the variability is explained by the presence of
ithoprobe lines 12, 16, 16A, 15, 32, and 33. The Algonquin (in CGB), Sharbot and Frontenac
nterpretation of Kellett et al. (1994) for line 15, Benn et al. (1994) for line 16A, Calvert and
d lines show the additions and modifications of the interpretation based on the resistivity
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Fig. 16. Seismic surface-wave tomographymodel of Chen and Li (2012) for NW–SE profile
through the present study area. See Fig. 12 for profile location: the present study area
extends over the distance interval 0 to 3. The image shows the absolute S-wave velocity.

161A.Q. Adetunji et al. / Tectonophysics 614 (2014) 146–169
polyfolded domains with complex geometry and by the brittle to
brittle–ductile thrust and normal faults that separate the domains
(White et al., 2000). These rocks contrast with the largely flat-lying,
amphibolite–granulite facies magmatic gneisses to the north in the
CGB.

This study defined a regional lithospheric strike direction of
N85°E, which agrees well with the N80°E defined by earlier studies
(e.g., Mareschal et al., 1995). The new MT sites in the present study
suggest that this strike azimuth extends some distance south into the
Grenville province and therefore that there may be additional controls
on the strike direction to the deformation in transcurrent shear zones
in the mantle as suggested by Ji et al. (1996).

Deeper (N200 km depth) geoelectric strike azimuth, can be com-
pared with estimates of absolute plate motion (APM) e.g., as done by
Simpson (2001) (Figs. 5d, 6c). The APM direction at each of the MT
sites was defined using three different APM models: the model of
Larson et al. (1997), which is based on Global Positioning System
(GPS) results, has a mean direction of 277°; the APM model of Demets
et al. (1990), which is based on no-net-rotation reconstruction, has a
direction of 279°; and the model of Gripp and Gordon (2002), which
is a hotspot-referenced model, has a direction of 248°. The observed as-
thenospheric (N200 kmdepth) geoelectric strike azimuth is in excellent
agreement with the Gripp and Gordon (2002) direction but it appears
that this global APM model provides a poor estimate of the true plate
motion in the study area. The Gripp and Gordon (2002) result, which
is the estimate of the direction of the trace a hotspot would make over
the last 50 Myr, is oblique to the interpreted surface trace of the Great
Meteor hotspot for 150 to 115 Myr (Eaton and Frederiksen, 2007).
The Great Meteor hotspot trail implies an approximately northwest
plate motion in the study area, closer to direction indicated by the
other APM models. Frederiksen et al. (2006) show that, the shear-
Fig. 15. Comparison of seismic body-wave tomography results of Rondenay et al. (2000) with re
right panel shows the percentage P-wave slowness anomaly. Arrows define the lowvelocity zon
and vertical scale as the seismic image.
wave fast direction, in the study area, coincides with the direction of
plate motion defined by Larson et al. (1997).

The results of the present study therefore indicate that the deep
(N200 km) geoelectric strike is oblique to both the plate motion and
seismic fast direction. Similar obliquity has been observed in other
Precambrian cratons (e.g., Hamilton et al., 2006; Simpson, 2001). In
the Grenville–Superior area, the observed obliquity provides support
for interpreted lithospheric deformation in the region (Eaton and
sistivity model. Left panel shows the location of the seismic tomography profile and upper
e. Lower right panel shows the lithosphericmantle resistivitymodel at the same horizontal
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Frederiksen, 2007). The deep geoelectric strike has the same sense as an
observed offset between the surface trace of the Great Meteor hotspot
and the seismic velocity “divot” observed at depths of 200 km that it
is interpreted to be associated with the hotspot. The offset is
explained by Eaton and Frederiksen (2007) by deformation of the litho-
spheric keel arising from viscous coupling with asthenospheric flow.
Noting that the Niblett–Bostick depth transform used in the study is
an approximate transform, and therefore that there may be some con-
tribution to the “asthenospheric” results from lithospheric depths; the
MT results are also consistent with such deep lithospheric deformation.

8. Interpretation of crustal resistivity structures

8.1. The Abitibi Subprovince

Fig. 14 shows the interpretation of the crustal resistivity model
based on previous seismic reflection results and known surface geology
of the region. Seismic reflection interpretations suggest that the crust of
the Abitibi has a three-layer form (Benn, 2006; Calvert and Ludden,
1999). The upper to middle crust, at the northwestern end of the resis-
tivity model, corresponding to the upper layer in seismic reflection
models, includes a very resistive, synformal structure that extends to
about 20 km depth. Our interpretation of the MT results follows the
original interpretation of reflection seismic line 12 which suggests that
this feature is a half graben developed as a result of large-scale exten-
sion (Calvert and Ludden, 1999). The surface geological evidence sug-
gests that this feature consists of stacked volcanic assemblages of the
southern volcanic zone of the Abitibi Subprovince (Ludden and
Hubert, 1986). The high resistivity in the upper crust of the Abitibi
may also be due locally to the granitic plutons intruded into what are
now shallow depths (e.g., Benn, 2006).

The high resistivity of the Archean upper crust of the Abitibi
Subprovince was noted in earlier MT studies. In Precambrian basement
terranes, metasedimentary rocks, and particularly pelitic rocks, are
observed to bemore conductive thanmetavolcanic rocks or granites be-
cause of their increased content of conducting elements such as graph-
ite or sulfides (e.g., Boerner et al., 2000; Ferguson et al., 1999; Korja
et al., 2002). Deformation can further increase the conductivity by in-
creasing the interconnection of these elements (Gowan et al., 2009;
Jones et al., 1997).

Boerner et al. (2000) speculated that the lack of enhanced conduc-
tivity in the metasedimentary rocks of the southern Superior Province
may be due to the limited extent, or poor preservation, of anoxic basin
sediments. Earlier high resolution MT studies have shown mild en-
hancement of conductivity at regional scale fault zones in the Abitibi,
such as the Destor-Porcupine deformation zone (Boerner et al., 2000;
Zhang et al., 1995). However, this enhanced conductivity is not resolved
by the subset of MT sites included in the present regional-scale study.

Themiddle crust of the southern Abitibi has different reflectivity pat-
terns from the upper crust, and was interpreted by Calvert and Ludden
(1999) to be of unknown affinity, with the upper crust representing an
allochthonous unit. Benn (2006) re-interpreted the seismic reflec-
tion data and suggested that the middle crust consists of tonalite–
trondhjemite–granodiorite (TTG) gneiss and paragneiss and that the
upper crust and middle crust represent a single, differentiated autoch-
thonous unit. The lower crust of the southern Abitibi is interpreted by
both Calvert and Ludden (1999) and Benn (2006) to represent older,
pre-3000 Ma crust from beneath the Pontiac Subprovince wedged
into the Abitibi Subprovince (Fig. 14).

The resistivity model (Fig. 14) shows that the middle to lower crust
of the Abitibi Subprovince is relatively conductive, and provides no dif-
ferentiation between the lower two seismic zones. In earlier interpreta-
tions (Boerner et al., 2000 and references therein), the enhanced
conductivity of the middle crust of Archean terranes of the southern
Superior was thought to reflect the present-day state of the crust rather
than inherent conductivity within the Precambrian rocks. This
interpretation is re-examined below in light of the new results from fur-
ther south in the Grenville Province.

8.2. The Pontiac Subprovince

The Pontiac Subprovince was imaged by seismic lines 16, 16A and
part of 15. At the northern end of the Pontiac Subprovince, the
interpreted seismic reflection packages dip to the north and extend
beneath the surface boundary of the Abitibi Subprovince. Southward
thinning fan-shaped packages of reflectors are interpreted to represent
the expression of the Pontiac metasedimentary rocks at depth (Calvert
and Ludden, 1999). In the same area the resistivity image shows a
northwest dipping boundary between a more resistive zone and more
conductive rocks at depth. The more conductive rocks are interpreted
to correspond to the metasedimentary rocks, with the increase in
conductivity with depth occurring as a result of thrusting. The geophys-
ical results, alongwith the structural studies of Camire and Burg (1993)
and Dimroth et al. (1982) which indicate the presence of south-verging
folds in the Pontiac, suggest that the southern Abitibi overthrusts the
Pontiac Subprovince.

The upper few kilometers of the Pontiac crust alongmuch of the pro-
file are relatively resistive. This is attributed to the presence of granitic
rocks of the Décelles batholith that was intruded towards the end of
the accretionary process. The southernmost 10 km of the subprovince
is more conductive and correlates with a zone of metagraywacke and
pink granite (Kellett et al., 1994). The enhanced conductivity is again at-
tributed to the metasedimentary component of the rocks. As observed
in the Abitibi Subprovince the middle and lower crusts in the Pontiac
Subprovince are relatively conductive, as previously noted by Kellett
et al. (1994).

8.3. The Grenville Front

At crustal scale, the observed resistivity structure in the region of the
GF and the GFTZ consists of a southeast-dipping resistivity contrast
extending from the upper crust to the base of the crust (Fig. 14). This
contrast separates more conductive rocks to the northwest from very
resistive rocks to the southeast. At 10 to 15 km depth, the resistivity
contrast correlates spatially with very strong southeast-dipping reflec-
tivity that is interpreted to represent the GF (e.g., Kellett et al., 1994;
White et al., 2000). The correlation of the resistivity and seismic reflec-
tion results provides an indication that the GF is represented in the 2-D
resistivity model by a boundary between more conductive Archean
Pontiac rocks to the northwest and significantly more resistive rocks
of the CGB to the southeast. Boerner et al. (2000), based on the earlier
work of Kellett et al. (1994), interpreted the increase in resistivity to
be associated with an increase in metamorphic grade across the GFTZ
from the Archean foreland into the allochthonous rocks of the CGB.

Seismic profiles across different parts of the Grenville Province have
indicated different depths of penetration for the GF (Martignole and
Calvert, 1996; White et al., 2000). Ludden and Hynes (2000) interpret
the penetration of the GF, as a normal fault, throughout the crust and
into the mantle. The MT results from the present study provide confir-
mation that the GF extends to at least the base of the crust. The resistivity
contrast can be traced clearly to this depth (Fig. 14). This interpretation is
also consistent with that of the seismic reflection results by White et al.
(2000) that suggest that the Archean footwall rocks are preserved
along the length of the GF and extend a significant distance beneath
the Grenville Province.

At upper-crustal scale, the 2-D resistivity model from this study sup-
ports the earlier interpretations that the GF has a relatively steep dip in
the upper 6 to 8 km (e.g., Kellett et al., 1994). The resistivity model in-
cludes a prominent resistive block extending to around 20 km depth
immediately beneath the GF. This feature is well resolved and appears
in all inversion models. This part of the crust was interpreted by
Kellett et al. (1994) to correspond to metagraywacke and orthogneiss.
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However, based on the observation of significantly lower resistivity in
the metagraywackes closer to the surface, the MT results suggest that
the resistive unit may consist largely of orthogneiss.

The seismic interpretation of Culshaw et al. (1997) and Green et al.
(1988) indicates that the GFTZ is the shear zone that penetrates the en-
tire crust and propagates into the mantle. As noted by previous authors
(e.g., Boerner et al., 2000) the resistivity models indicate that, unlike
some other major fault zones elsewhere, the GFTZ is not characterized
by a significantly enhanced conductivity. However, the result is consis-
tent with observations at some other major Precambrian shear zones,
e.g., the Great Slave Lake shear zone in northern Canada (Wu et al.,
2002).

8.4. The Central Gneiss Belt

The 2-D crustal resistivitymodel shows that the CGB is characterized
by a southeast-dipping package of highly resistive rocks that overly the
GFTZ and extends to the lower crust beneath the CMB. These rocks have
been interpreted as upper amphibolite facies, reworked, and displaced
pre-Grenvillian Laurentia and Paleoproterozoic rocks (Rivers et al.,
1989). The high resistivity can be attributed to the relatively low sedi-
mentary component, the high metamorphic grade and the ductile
thrusting the rocks underwent during the collisional process. Boerner
et al. (2000) comment that the observed resistivity supports the surface
geological mapping, by suggesting that there is no foreland basin type
sediments preserved in the Archean foreland. However, more conduc-
tive rocks are observed at depth further to the southeast. The upper
crustal conductive feature located in the CGB to the north of the
CMBBZ lies within the Algonquin terrane. This anomaly is interpreted
to correspond to a sequence of paragneissic rocks within this terrane.
The enhanced conductivity is attributed to a component of graphitic
or sulfidic metasedimentary rocks.

8.5. The Central Metasedimentary Belt Boundary Zone

In the 2-D resistivity model, the CMBBZ is interpreted to correspond
to a strong resistivity contrast between the resistive rocks of the CGB to
the northwest andmore conductive rocks to the southeast. This feature
is located immediately down dip of the seismic reflections and is orient-
ed parallel to them, allowing it to be confidently reinterpreted in this
study as the CMBBZ. The strong resistivity contrast can be traced from
around 20 km depth to the base of the crust.

Based on this model, we interpret the CMBBZ as a southeast-dipping
feature that extends throughout the crust and possibly propagates into
the mantle, rather than rooting into a lower crust decollement as sug-
gested by White et al. (2000). This reinterpretation means that accre-
tion of the Laurentian margin rocks onto Laurentia, between 1080 and
1040 Ma, involved a whole crustal section rather than simple telescop-
ing of the margin rocks onto older Laurentian crust. In this model, the
lower crust of Laurentia is interpreted to extend only as far as to beneath
the Elzevir terrane of the CMB rather than to further south beneath the
Frontenac–Adirondack Belt, as suggested by White et al. (2000). The
Sm–Nd data set also provides little evidence for Archean crust beneath
the Frontenac–Adirondack Belt (e.g., Dickin, 2000). As with the GFTZ,
the CMBBZ is characterized by an absence of enhanced conductivity,
an observation which is consistent with the high metamorphic grade
and ductile deformation that characterize the zone.

8.6. The Central Metasedimentary Belt

The resistivitymodel of the upper crust in the CMB includes very re-
sistive rocks in the Bancroft terrane and northern part of the Elzevir ter-
rane, and relatively conductive rocks in the southern part of the Elzevir
terrane, the Sharbot Lake terrane and in the Frontenac–Adirondack ter-
rane to the south. In seismic reflection lines 32 and 33, the zone of high
resistivity in the upper crust is characterized by strong south-dipping
reflectivity, whereas themore conductive area to the south is character-
ized by horizontal or irregular reflections.

The southeast margin of the resistive upper crust lies in the Elzevir
terrane, and is interpreted to correspond to the transition between the
Belmont domain to the north and the Grimsthorpe domain to the
south. The higher conductivity in theGrimsthorpe domain can be attrib-
uted to the presence of volcaniclastic sedimentary rocks in that domain
and also to the lower grade of metamorphism. The Belmont domain has
been metamorphosed to amphibolite facies, whereas the Grimsthorpe
domain records mainly greenschist facies metamorphism. Carr et al.
(2000) note that the nature of the Belmont–Grimsthorpe boundary re-
mains uncertain. The resistivity model from the present study suggests
a near-vertical boundary between these units.

The relatively conductive upper crust in the Frontenac terrane can be
attributed to an increased proportion of graphite or sulfides in the pre-
dominantly supercrustal rocks which include quartzofeldspathic gneiss,
marble, and quartzite (Carr et al., 2000). The boundary between the
rocks of the Composite Arc Belt and the Frontenac–Adirondack Belt is
interpreted to be a south-dipping shear zone (Robertson Lake shear
zone) extending into a regional mid-crustal decollement (Carr et al.,
2000; White et al., 2000). The resistivity model provides no resolution of
either enhanced conductivity or a resistivity contrast across this feature.

8.7. The middle and lower crustal resistivity

A number of MT studies in the southern Superior craton have
mapped relatively conductive middle and lower crusts. The enhanced
conductivity has been observed to cross major structural boundaries,
e.g., between the Abitibi and Pontiac subprovinces (Sénéchal et al.,
1996), between the Abitibi and Kapuskasing structural zone (Kurtz
et al., 1993), and between the Pontiac Subprovince and the northern-
most Grenville terrane (Kellett et al., 1994). In theKapuskasing structur-
al zone, enhanced conductivity cuts across steeply-dipping structural
and seismic reflection fabric (Boerner et al., 2000). These observations
led to the interpretation that the enhanced conductivity reflects the
present daymechanical and fluid state of the crust rather than an inher-
ent feature of the Precambrian rocks that are present (Boerner et al.,
2000; Mareschal et al., 1995). Boerner et al. (2000) noted that for the
Abitibi–Grenville region, the interpretation is based only on observa-
tions from the Superior and northernmost Grenville crust.

As discussed above, the results from the current study define a well-
resolved resistive zone, corresponding to the rocks of the CGB, extending
into the lower crust. They also define a localized zone of enhanced conduc-
tivity beneath the Frontenac terrane. The dipping nature of the resistive
rocks of the CGB, and the localized extent of the Frontenac conductor indi-
cate control on resistivity by the associated Precambrian rocks. This obser-
vation suggests a significant difference in controls on middle and lower
crustal resistivity in the Grenville and Superior Provinces.

Boerner et al. (2000) discuss the constraints on the timing of the
formation of the conductive middle and lower crusts in the southern
Superior. Evidence for widespread tectonic activity in the deep crust of
the Superior Province includes 2660–2580 Ma growth of metamorphic
zircon and 2520–2400 Ma overgrowths on Archean zircons in kimber-
lite xenoliths. However, these events predate the formation of the
~1900 Ma Kapuskasing Structural Zone in the Paleoproterozoic in
response to the Hudsonian orogeny (Kerrich and Ludden, 2000) and
cannot explain the continuity of enhanced conductivity across the
boundaries of this structure. Fluid events at 1950–1800 Ma associated
with the actual formation of the Kapuskasing Structural Zone (Kerrich
and Ludden, 2000) provide amore suitable timing provided that a com-
ponent of the fluid flux occurred late in the tectonic process.

The rocks in the dipping resistor created by the CGB are of Archean
to Mesoproterozoic age. The bounding faults of the structure, the
CMBBZ and the GF, were active at around 1080–1060 Ma and ca.
1000 Ma respectively (Carr et al., 2000). Late normal faulting on these
shear zones may be as young as 850 Ma (Ludden and Hynes, 2000).
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The observation of structures of this age cutting across the conductive
lower crust implies that the pervasive enhancedmid-crustal conductiv-
ity to the northwest is either older than these dates or, if it is younger, it
occurs in a restricted geographical area. The observations would appear
to exclude the suggestion by Mareschal et al. (1995) that the enhanced
conductivity is associated with a present-day ductile lower crust.

The lower crustal conductor that exists in the Frontenac domain is not
well resolved in the crustal model. The feature is however consistently
present in all crustal models and also appears well-resolved in the litho-
spheric model (Fig. 11). Along with the poorer fits to the GB decomposi-
tions for the CMB, the result suggests that the conductive feature may
have a strike that lies closer to east–west than the 45° azimuth used in
the 2-D inversions of the crustal data set.

Enhanced electrical conductivity in the lower continental crust is usu-
ally interpreted to be caused by fluids, graphite, and/or sulfide-bearing
rocks of sedimentary sequences that have undergone complex deforma-
tion such as thrusting (Jones, 1992; Korja et al., 1996; Schwarz, 1990).
The localized geometry of the conductive zone would be very difficult
to explain in terms of a fluid source. The Frontenac terrane consists of a
succession of multiply deformed, relatively low-pressure, granulite
facies, quartzofeldspathic and pelitic gneiss, quartzite and marble in-
truded by plutonic rocks and subjected to metamorphism (Easton and
Davidson, 1997). Easton (1992) suggested that the Frontenac terrane
is different from other terranes within the CMB in terms of composition
(it lacks volcanic rocks) and in that in it is preserved granulite facies
rocks in contrast to the lower grade facies to its north (Bancroft and
Elzevir) and south (Adirondack lowlands). The hypothetical stratigra-
phy of this terrane consists of two stacked sets of tripartite units com-
posed from bottom to top, gneiss, quartzite and marble (Hildebrand
and Easton, 1995). The marble in the Frontenac terrane is composed
of calcite with varying proportions of graphite, serpentine and calc-
silicate minerals (Hildebrand and Easton, 1995). The lower conductor
is thus fairly reliably interpreted to be caused by graphitic rocks of the
CMB.

9. Interpretation and discussion of lithospheric mantle
resistivity structure

9.1. High-resistivity zone beneath the northwest Grenville Province

Fig. 17 shows the 2-D resistivity model of the study area along with
our interpretation of the prominent features. An important feature of
the lithospheric resistivity model is the southeast-dipping resistive
Fig. 17. Interpretation of features in lithospheric mantle resistivity model. The figure shows th
shallow mantle lithosphere as being modified Archean lithosphere, interpretation of the cond
interpretation of a localized conductor as a lithospheric mantle scar refertilized in the Cretaceo
propriate at crustal signal penetration) is shown above the lithospheric model. The arrows sho
feature that extends from ~40 to 140 km depth. This northwest-
striking resistivity anomaly extends laterally from GF into the middle
of the CMB at depth and includes resistivity values exceeding
2000 Ω·m. As described above there is excellent spatial correlation of
the high resistivity anomaly with a seismic high velocity anomaly.

Two explanations for the seismic high velocity zone have been pro-
posed: that it is either associated with depletion of iron in the cratonic
lithosphere (Chen and Li, 2012) and/or that it is a relict slab associated
with the Early Proterozoic subduction beneath the CMB (Aktas and
Eaton, 2006). The high velocity observed in the feature can be explained
petrologically by either an increased Mg to Fe ratio in a peridotitic or
harzburgitic mantle, or to the presence of eclogite and garnet phases
produced by plate subduction (Chen and Li, 2012).

An increasedMg to Fe ratio, for example associatedwith depletion of
themantle, would also be associatedwith increased electrical resistivity
(e.g., Fullea et al., 2011; Jones et al., 2009a; Selway, 2013). Petrological
studies of mantle xenoliths from different parts of the world have con-
firmed the existence of systematic variations in the composition of the
lithospheric mantle due to depletion of the cratonic mantle in basaltic
components, primarily iron, aluminum and volatiles, which results in
the increase of the upper mantle resistivity (Artemieva, 2009). The
first explanation for the high velocity is therefore in accord with the
resistivity results.

The second explanation of the high velocity is less compatible with
the MT results in this study as the resistivity model differs significantly
from models commonly observed in plate subduction settings. In
regions of active subduction, resistivity anomalies are dominated by
enhanced conductivity rather than dipping resistors (e.g., Jödicke
et al., 2006; Soyer and Unsworth, 2006). The enhanced conductivity,
whichmay form localized features, is interpreted to be caused by fluids
released by the subducting slab. The resulting anomalies have been
observed to persist for a long duration following the cessation of sub-
duction (e.g., Ledo et al., 2004) and it is generally expected that
refertilization of the mantle by the fluids will lead to long-lived en-
hanced conductivity (Selway, 2013). The relatively conductive upper-
most mantle lithosphere observed downdip from the southeastern
CGB and CMB in Fig. 11 could be interpreted as enhanced conductivity
associated with subduction, but the thick resistive slab represents an
unusual observation in a subduction setting.

The mantle lithosphere beneath the northern Grenville Province
may have formed by one of two mechanisms. If the lithosphere is in
situ and the same age as the overlying upper crustal rocks, it must
have developed during the series of long-lived orogenies that accreted
e 2-D lithospheric resistivity model (V.E = 1), interpretation of the resistive block in the
uctive zone at 160 km depth as the LAB beneath the southeastern Superior province, and
us by passage of the Great Meteor hotspot. The correct model (for the strike azimuth ap-
w the part of the model used to define the averaged resistivity profile shown in Fig. 18.
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Andean arc and back arc rocks onto the Laurentian margin between 1.9
and 1.2 Ga. However, there is strong evidence to suggest that the
accretion of the Proterozoic rocks before and during the Grenville
orogen occurred onto Archean basement of the Superior Province. The
observation in both seismic reflection images and electrical resistivity
images (this study) of the Laurentianmargin rocks extending some dis-
tance to the south in the middle and lower crusts provides support for
this interpretation. In other studies, Ludden and Hynes (2000) suggest
that an Archean lithospheric root was responsible for providing a stable,
cold, and relatively low density basement to the Grenvillian orogen.
Hynes and Rivers (2010) inferred that the central Grenville Province is
underlain at depth by Archean rocks of the Superior Province. Finally,
within the study area there is nomajor change in the shear wave veloc-
ity at 150 km depth at the location of the surfacemargin of the Superior
and Grenville Provinces (Faure et al., 2011) providing further support
for the fact that the Grenville Province is underlain by the Archeanman-
tle of the Superior Province.

The values of resistivity observed in the resistor beneath the north-
ern Grenville Province are extremely high. Comparison of the Grenville
results with a deep 2-D resistivity model crossing Proterozoic and
Archean blocks in southern Africa (Muller et al., 2009) shows that in
terms of the resistivity values, the upper 100 km in the Grenville lies
between that observed in the East and West Kimberley blocks of the
Archean Kaapvaal Craton and is approximately an order of magnitude
more resistive than the lithosphere in adjacent Proterozoic terranes,
including the Ghanzi-Chobe and Damara belts (Fig. 18).

The MT results do not provide definitive support for either of the
proposed mechanisms of formation of the high velocity-high resistivity
zone. The geometry of the high resistivity feature in the MT model
includes a well-resolved dip to both the upper and lower surfaces, as
would be expected for an anomaly related to a relict slab feature. The
results also show that the base of the feature is relatively well defined
Fig. 18. Comparison of electrical resistivity depth profiles for the northern Grenville Prov-
ince (GRV; this study), with the profiles for the Ghanzi-Chobe/Damara Block (DMB),
Western Kimberley Block (KBW), and Eastern Kimberley Block (KBE; Muller et al.,
2009). The average profile for the Grenville Province is computed for the area shown in
Fig. 17. The theoretical resistivity-depth profiles calculated byMuller et al. (2009) forman-
tle geotherms of different lithospheric thicknesses are also shown in black. The laboratory
measurements of the electrical-conductivity against pressure and temperature for dry ol-
ivine and pyroxene are used to compute the profiles (Constable et al., 1992; Xu and
Shankland, 1999; Xu et al., 2000). The points of inflection on these curves coincide with
the intersection between the adiabat and the conductive mantle geotherm (Muller et al.,
2009).
(Fig. 18). However, as discussed above, it is presently unclear how a
relict slab could create such highly resistive features, especially in the
absence of any associated conductive anomalies. In addition, if this fea-
turewere to be a relict slab, it should be located down dip from the CMB
or further southeast. In contrast to the geometry of the high resistivity
zone, the actual values of resistivity observed provide support for for-
mation of the feature by high levels of mantle depletion.

9.2. Deep, laterally-extensive, horizontal conductive anomaly

An important feature of the 2-D lithospheric resistivity model is the
lithospheric conductor (C1) that extends horizontally beneath the
southern Superior Province. The top of this feature is observed at around
160 km depth (Fig. 17).

A common interpretation for deep (N150 km) laterally-continuous
conductors is that they represent the electrical signature of the litho-
sphere–asthenosphere boundary (eLAB) (Jones et al., 2010). The LAB
depth has been estimated from a sharp change in mantle conductivity
that is interpreted to be associated with the onset of partial melt
(Artemieva, 2009; Jones et al., 2010) or of enhanced bound water in
olivine and pyroxenes (Karato, 1990, 2012). Muller et al. (2009) de-
scribe an alternative method for estimating the LAB using comparison
of resistivity-depth profiles derived for predicted geotherms with ob-
served resistivity-depth profiles. This approach assumes a dominant
thermal control on resistivity.

Fischer et al. (2010), using shear wave velocity, suggested that the
seismically-defined LAB depth of the Superior Province ranges from
150 to 220 km. Darbyshire et al. (2007) suggested that the lithospheric
thickness of the Superior Province in the study area varies from 100 to
220 km. Within the study area the estimated depth of the petrologic
LAB beneath the southern Superior Province has been estimated using
kimberlites from Cobalt and Kirkland Lake, to be 160 km (Griffin et al.,
2004) and 144 to 150 km (Snyder and Grütter, 2010).

We interpret the horizontal portion of the lithospheric conductor in
the southern Superior Province to be the eLAB. Our suggestion is sup-
ported by the success of electrical LAB depth interpretations elsewhere
(Jones et al., 2010) and by the good agreement between the depth of
160 km indicated by the resistivity results and the seismic and petrolog-
ical results for the southern Superior area. Fig. 18 shows theoretical re-
sistivity profiles calculated by Muller et al. (2009) based on thermal
models for different thicknesses of the lithosphere. For all models, the
LAB coincides with resistivity values of 100 to 150 Ω·m. As shown in
Fig. 11, this value of resistivity is attained at a depth of about 140 kmbe-
neath the southeastern part of the Superior craton. As noted in previous
studies, the LAB depth is relatively shallow for an Archean craton. Faure
et al. (2011) also show that the lithospheric seismic velocity at 150 km
depth beneath the southern Superior craton is significantly less than
farther to the north in the craton. These results have been attributed
to the extensive tectonic processes that have affected this region follow-
ing formation of the craton, e.g., during the 2.4 Ga events associated
with formation of the Huronian basin and the 1.8 Ga events associated
with the Hudson orogen. In addition, the earlier postulated mantle
plumes (Faure et al., 2011) and lithospheric subduction-dominated pro-
cesses, associatedwith the formation of the Abitibi Greenstone Belt dur-
ing the Neoarchean, may have modified the lithospheric mantle in this
area (Daigneault et al., 2004).

9.3. Deep, subvertical conductivity anomaly

Another important feature of the lithospheric 2-D resistivity model is
the subvertical conductor C2 beneath the Pontiac Subprovince. This con-
ductor overlies enhanced conductivity at the depth of the interpreted
LAB (Fig. 17).

Previous studies have concluded that the seismic low-velocity
anomaly, farther to the south in the lithospheric mantle of this region,
was formed as a result of the geochemical alteration of the mantle due
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to the passage of the Cretaceous Great Meteor hotspot, which is the last
tectonothermal event that affected this region (Aktas and Eaton, 2006;
Chen and Li, 2012; Eaton and Frederiksen, 2007; Rondenay et al.,
2000; van der Lee and Nolet, 1997). The alkaline volcanism of the
Great Meteor hotspot is responsible for the emplacement of features
along the Monteregian–White Mountain–New England seamount
track (Crough, 1981). Faure et al. (2011) however suggested that the
low velocity zone is produced by tectonothermal events (Early Protero-
zoic to Cretaceous) that have reused the permanent mantle scar left by
the earlymodification of themantle during the formation of greenstone
belts in the Neoarchean. This zone correlates spatially with the
Neoarchean Greenstone Belt of the Abitibi Subprovince and its plume-
driven subduction zone. Rondenay et al. (2000) and Faure et al.
(2011) relate the low velocity anomaly to the magmatism responsible
for the emplacement of the Kirkland Lake and Cobalt (Rapide des
Quinze) kimberlite fields.

Selway (2013) reviewed sources of enhanced conductivity in tecton-
ically stable lithosphere. She suggested that the electrical conductivity
of stable lithosphere ismainly affected by hydrogen content of nominal-
ly anhydrousmantleminerals and grain boundary graphitefilms. A sub-
duction or plume eventmay have introduced hydrogen and carbon into
Archean lithosphere as much as several billion years ago and, if no high
temperature events have occurred to remove those species, they will
still remain to produce a conductive anomaly (Selway, 2013). However,
it should be noted that not all regions of themantle lithosphere inwhich
metasomatism has occurred have decreased resistivity (Jones et al.,
2002).

Considering both the controls onmantle resistivity and the results of
the earlier seismic studies we interpret the enhanced conductivity in
the sub-vertical conductor to have resulted from the re-fertilization of
the mantle scar, initially created by an early thermomechanical event
responsible for the formation of the Abitibi Greenstone Belt, by the
Cretaceous Great Meteor hotspot plume. We propose that the alkaline
richmantle plume, associatedwith theGreatMeteor hotspot, refertilized
themantle by re-introducing grain-boundary graphitefilms and possibly
other incompatible elements by intrusion of melt through a weak zone
within the lithosphere, thereby increasing the conductivity of the zone.
Following this interpretation, it is concluded that the conductivity struc-
ture is of Cretaceous age. Faure et al. (2011) pointed out that plumes that
accumulate around the LAB interface form unstable pockets thatmigrate
by excess pressure vertically through sub-vertical zones of weakness.
This description is consistent with the observation of enhanced conduc-
tivity at the LAB beneath the subvertical conductor and indicates the ex-
istence of a complex interaction between the postulated mantle plume
and the base of the lithosphere. This interaction is generally controlled
by the geometry of the LAB or the lithospheric zones of weakness.

It is of note that the Mesozoic Kirkland Lake and Cobalt kimberlite
fields are located about 50 km along strike from the lithospheric con-
ductor (C2). It is therefore possible that diamondiferous kimberlites
passed through the part of the region of lithosphere containing the
subvertical conductor. The conductor itself lies above the diamond-
graphite stability field at 140–150 km depth and may therefore be
caused by graphite. However, the enhanced conductivity at the LAB
lies within the diamond stability field and must therefore be explained
in terms of mantle enrichment by other elements.

Jones et al. (2001) imaged a conductor beneath the Slave Craton in
northern Canada, the Central Slave Mantle Conductor (CSMC). As ob-
served in the present study, the conductor seems confined to depths
of less than 130 km. The CSMC is collocated with an Eocene-aged kim-
berlite field in the Slave Craton. In earlier interpretations, the CSMC
was interpreted to be due to carbon, either as grain boundary film or
as graphite or water associated with subduction beneath the Slave
craton (Jones et al., 2003). However, in a recent re-interpretation by
Selway (2013), the enhanced conductivity is attributed to initial re-
fertilization of the lithosphere by subduction and subsequent remobili-
zation of the conducting constituents due to kimberlite emplacement
(Selway, 2013). It is possible that such an interpretation also applies in
the southern Superior, with the initial introduction of carbon and
water into themantle having occurred in the Archean and/or Proterozo-
ic events with the remobilization occurring in the Cretaceous. In this
case, the enhanced conductivity and decreased velocity observed be-
neath 160 km depth in this region may be attributed to the presence
of refertilized lithosphere rather than to asthenosphere.

10. Conclusions

The MT data, collected at sites in southern Ontario, during the
Lithoprobe-Abitibi Grenville Transect and POLARIS project, are used to
image the Proterozoic Grenville Province and its margin with the
Archean Superior Province.

The strike results show a different geoelectric strike azimuth for the
crust, lithosphere and the asthenosphere of this region. The crustal
geoelectric strike (45°) is subparallel to the surface geologic strike of
theGrenville Front and the CMBBZ. The lithosphericmantle strike direc-
tion of N85°E agrees well with the N80°E defined by earlier studies, and
the new observations extend the region of this strike direction farther
south into the Grenville province.

A 2-D resistivity model determined using the crustal strike azimuth
delineates a number of crustal structures. The upper crust of the Abitibi
Subprovince is resistive and the middle to lower crust is relatively con-
ductive. The upper crust in the Pontiac Subprovince contains some areas
of increased conductivity that are attributed to the metasedimentary
component of the rocks in the area. The new MT results, from farther
south in the Grenville Province, provide confirmation that the GF ex-
tends to at least the base of the crust. Based on the resistivity model,
the CMBBZ is interpreted as a southeast-dipping feature that extends
throughout the crust rather than rooting into a lower crust decollement
as suggested by White et al. (2000). Graphite-bearing rocks of the CMB
are suggested to be responsible for the lower crustal conductor imaged
beneath the Frontenac terrane.

The crustal resistivity model includes very resistive Laurentian
margin rocks dipping southeast to the base of the crust, bounded to
the northwest by the GF, and to the southeast by the CMBBZ. The obser-
vation is in contrast to the observation elsewhere in the region of con-
ductive mid to lower crust and requires revision of the interpretation
that the enhanced conductivity reflects present day geodynamic condi-
tions. If a single event caused the enhanced conductivity, it must be
younger than the 1950–1800 Ma formation of the Kapuskasing Struc-
tural Zone which is crosscut by the enhanced conductivity, and older
than the 1080–1060 Ma age of the CMBBZ and the ca. 1000 Ma age of
theGFwhich crosscut the enhanced conductivity. The Superior Province
crust records a 1950–1800 Mafluid event associatedwith the formation
of the Kapuskasing Structural Zonewhichmay explain the observations
as long as a component of the fluidflux postdates themain deformation.

A 2-D resistivitymodel for the lithosphericmantlewas derivedusing
the corresponding strike azimuth. It defines a very resistive lithospheric
layer that extends between approximately 40 and 140 km vertically
and laterally from the GF southeast into the middle of the CMB. The
feature corresponds to a high velocity zone in seismic tomographic
models. The resistivity of this feature is comparable to that observed
in depleted Archean lithosphere in southern Africa and suggests that
the lithosphere has not been re-fertilized by young tectonic process
(e.g., Selway, 2013). The geometry of the body suggests that it may be
a relict slab of Superior craton lithosphere. As noted by previous
authors, the presence of modified Archean lithosphere beneath the
Grenville Province would have provided the necessary basement for
the Grenvillian orogeny.

A lithospheric conductor that extends horizontally beneath the
southern Superior Province with its top at 160 km is interpreted to rep-
resent the eLAB beneath that craton. The observed depth of the feature
is in agreementwith seismic and petrological information for the area. A
sub-vertical conductor observed in the lithospheric mantle beneath the
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Pontiac Subprovince overlies a region of enhanced conductivity at about
150 km depth. This feature lies well to the north of a sub-vertical low
seismic velocity zone delineated in seismic tomography studies. We in-
terpret the enhanced conductivity in the sub-vertical conductor to have
resulted from re-fertilization of the mantle scar, initially created by an
early thermomechanical event responsible for the formation of the
Abitibi Greenstone Belt, by the Cretaceous Great Meteor hotspot
plume. The location of the sub-vertical lithospheric conductor, which
is along strike with the Kirkland Lake and Cobalt field kimberlite fields,
also drives us to suggest that the diamondiferous kimberlites being
produced in these fields passed through this part of the lithosphere.
The assertion that MT is capable of imaging such enrichment is impor-
tant for the interpretation of lithospheric structure and evolution.
More importantly, the ability of MT to image such regions is useful for
diamond exploration, as espoused by Jones and Craven (2004) and
Jones et al. (2009b).
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