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ciences is the study of deformation at various depth levels within the Earth.
Seismology has offered a remarkable tool for doing this via seismic anisotropy. It is however not always clear
how to interpret those observations. A question of interest is to understand the relation between the defor-
mation of the mantle and the crust, and in studying the relation between the two. Mantle deformation is
expressed in seismic anisotropy. In this paper we seek an objective way of extracting information about crus-
tal fabric as well, to be able to compare with seismic anisotropy. The magnetization of crustal rocks offers an
attractive possibility for doing this. We thus explore the use of magnetic data, and we compare magnetic
crustal fabric orientation with mantle fabric observations from seismic anisotropy. We apply our technique to
the North American craton for which we have an excellent magnetic dataset, and we show that there is a
clear relation between crustal and mantle fabric for the cratonic region. This has important implications for
crustal formation, and for interpreting seismic anisotropy observations.

© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

The study of deformation within the Earth is a central interest of
tectonics. As the gradient of displacement, deformation helps to unravel
relativemotion (current or ancient) recorded in the rock sequence, and it
mayalsohelp to constrain stress. At the surfaceof the Earth, deformation
is apparent in outcrops studied by field geologists, but there are only a
few types of observations that constrain deformationwithin the Earth's
interior. Xenolith studies offer awindow on deformation at small-scales
for rocks that are now at the surface and may or may not be typical for
the mantle (Mainprice et al., 2000).

In the last decades, seismic anisotropy has offered an attractive
way of studying deformation within the Earth (e.g., Silver et al., 1999).
This allows us in principle to constrain deformation andmotionwithin
the deeper Earth, and especially, whether the motion of the crust and
the mantle portion of the lithosphere is coherent, or whether there is
relative motion between the two. The relation between deep defor-
mation and surface tectonics has many important implications. One of
the questions of interest in various tectonic environments is whether
crust and mantle are ‘coupled’ (or decoupled), that is whether they
are moving coherently or independently (e.g., Teyssier et al., 1995;
Schulte-Pelkum et al., 2001; Bokelmann and Silver, 2002; Tikoff et al.,
2004). This is important for better understanding mantle rheology,
+33 4 67 14 36 03.
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and it may also serve to understand the role of the various forces driv-
ing the motion of lithospheric plates (e.g., Bokelmann, 2002a,b).

The present paper is focused on the origin of lithospheric roots, for
which one of the guiding models is the “Vertically Coherent Defor-
mation”model of Silver and Chan (1988,1991), which suggests a similar
deformation in crust and mantle lithosphere based on the coherence of
observed mantle deformation with crustal deformation determined in
the field by inspecting geological structures. However, concern has been
raised by some (e.g., Vinnik et al., pers.comm.) about the subjective
fashion that is employed in extracting crustal fabric features.

We will take up this comparison and present an objective way for
extracting crustal fabric features, based on quantitative geophysical
information. Our technique extracts preferred orientation information
from potential field data, andmore generally all kinds of mapped data.
We will here focus on the crustal magnetic field. Magnetic data are
particularly well-suited for our purpose, since smaller-scale features
of the magnetic field at the Earth's surface (except for the long-
wavelength corefield) depend exclusively on the uppermost portion of
the lithosphere, due toa limiting temperature for ferromagnetic behav-
iour, the Curie temperature. Magnetic data are available with high
resolution. Wewill study the relation between seismic anisotropy and
crustalmagnetic fabric for North America. A first inspection has shown
similarities between linear structures present in the magnetic maps
and the shear-wave splitting fast directions. This has attracted our
attention, and we present here an objective comparison using a Radon
Transform to extract dominant orientations in the magnetic field data.
Our primarygoal is to understand the deformation of the uppermantle

mailto:Goetz.Bokelmann@gm.univ-montp2.fr
http://dx.doi.org/10.1016/j.epsl.2008.10.032
http://www.sciencedirect.com/science/journal/0012821X


356 G.H.R. Bokelmann, A. Wüstefeld / Earth and Planetary Science Letters 277 (2009) 355–364
and especially the origin of the deep lithospheric keels under the
cratons, e.g., whether these have been created at the same time as the
ancient crust, or more recently.

2. Preferred orientations in the mantle from seismic anisotropy

Deformation in the Earth can be constrained by seismic anisotropy,
since the latter is caused by deformation-induced alignment of ani-
sotropic minerals, and especially olivine, into “crystal-preferred-
orientations” (CPO) (Nicolas and Christensen, 1987). A deformation
eventmay erase any existing CPO relatively quickly by developing new
fabric or by recrystallization processes (Nicolas et al., 1973; Mainprice
and Silver, 1993). Therefore, any anisotropy can be assumed to reflect
the last period of significant deformation, or the last thermal event. In
stable tectonic regimes, the anisotropy caused by the last period of
deformation may remain “frozen” in the lithospheric rocks during
post-tectonic thermal relaxation (Vauchez and Nicolas, 1991; James
and Assumpcao, 1996; Barruol et al., 1997; Barruol et al., 1998; Heintz
and Kennett, 2006).

The effect of seismic anisotropy is present in all kinds of seismic
waves: Surface waves (e.g., Montagner, 1986), P- and Pn-wave delays
(e.g., Raitt et al., 1969; Babuška et al., 1984; Babuska and Cara, 1991;
Bokelmann, 2002a; Schulte-Pelkum and Blackman, 2003), P-wave
polarization (Bokelmann, 1995; Schulte-Pelkum et al., 2001), and
particularly in shear-waves via shear-wave splitting (Fukao, 1984; for
reviews see Silver, 1996 and Savage, 1999). The different techniques
provide very different constraints on seismic anisotropy. Pn-waves
provide very good vertical resolution (just below the Moho), as do, to
slightly lesser degree, surface waves. Both types of constraints average
laterally over hundreds to thousands of kilometers, and their
usefulness for studying structures within cratons is thus limited,
since the lattermaywell vary significantly over those length scales. The
best-suited technique for addressing the questions raised above is in
fact shear-wave splitting, since it provides excellent lateral resolution,
at the price of weak vertical resolution within the upper mantle.

A teleseismic S-wave refracting at the Earth's core is polarized
within the sagittal plane. Impinging on an anisotropicmedium, it splits
into two components. This phenomenon is called seismic birefrin-
gence or shear-wave splitting. The two components are polarized in
mutually perpendicular directions, and they travel at different speeds.
The time delay dt between the two S phases, arriving at the surface as
well as the polarization directionФ of the faster S wave serve as mea-
sures of the anisotropy in the subsurface. These two parameters can be
extracted efficiently, e.g., using computer codes that we have made
Fig. 1. a) Shear-wave splitting measurements (non-Nulls) for the North American craton. Fo
length gives the splitting delay dt (see text). Rectangles give regions of particular interest tha
after Bankey et al., 2002). Themap is truncated at −500 and 500 nT (nanoTesla) to emphasize
this figure legend, the reader is referred to the web version of this article.)
available to researchers in the field recently (e.g., Wüstefeld et al.,
2008).

The technique of shear-wave splitting has been widely applied in
many regions around the Earth, and it has shown its great utility for
deciphering deep deformation in various settings of active tectonics
(e.g., Wüstefeld et al., submitted for publication). In contrast to those
active zones, cratons constitute the old, stable parts of continents that
have not shown tectonic activity for a long time. There are only a
limited number of shear-wave splitting studies in such areas (Canadian
shield, Kaapvall craton, Baltic Shield, Australian shield, and others; see
Fouch and Rondenay, 2006 for a review). The information on upper
mantle deformation that they supply is particularly valuable for
cratonic regions, where other observational constraints on deep defor-
mation, such as lithospheric flexure, are lacking. Cratonic regions are
generally associated with thick lithospheric roots that apparently
move coherently with the plates. This raises the question of how and
where the relative motion between surface plate and deeper mantle is
taking place. Perhaps thick lithospheric roots act as keels that deviate
mantleflowaround them (McKenzie,1979; Bormannet al.,1993, Fouch
et al., 2000). Seismic anisotropy in such environments may help to
distinguish present day deformation at depth, associated with plate
motion (McKenzie,1979), from fossil deformation (Bokelmann, 2002a,b;
Bokelmann and Silver, 2000).

Since the first applications of shear-wave splitting (Ando and
Ishikawa, 1982; Vinnik et al., 1984; Fukao, 1984; Bowman and Ando,
1987; Silver and Chan, 1988; Ansel and Nataf, 1989) numerous studies
have been performed. North America has been relatively well sampled
(see references in Fouch and Rondenay, 2006). Fig. 1a shows shear-
wave splittingmeasurements on theNorth American Craton. These are
taken from the shear-wave splitting database (Wüstefeld et al., sub-
mitted for publication, http://www.gm.univ-montp2.fr/splitting/DB),
originating from studies by Silver and Chan (1988, 1991), Vinnik et al.
(1992); Silver and Kaneshima (1993); Sénéchal et al. (1996); Ji et al.
(1996); Barruol et al. (1997), Kay et al. (1999); Bank et al. (2000);
Rondenay et al. (2000a,b); Snyder et al. (2003); Eaton et al. (2004). The
data set is representative for the North American craton, although
someof themore recent experimentsmay perhaps not yet be included,
e.g., recent studies using Polaris data.

In this study, we focus on stations on or near the Precambrian
portion of the crust in the central northern part of North America. This
portion corresponds closely to the part of the continent that is
associated with high average velocities in the upper mantle, shown by
the thick line in Fig. 1a (from Bokelmann, 2002b) outlining regions
more than 0.2 km/s faster than the global average in the tomographic
r each measurement, the orientation of the (blue) line gives the fast direction, and the
t will be studied in more detail below. b) Magnetic map for North America (in nanoTesla;
linear features. See text for more details. (For interpretation of the references to colour in
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model of Grand (1994). A fast mantle indicates the presence of a thick
lithosphere under the old cratonic crust. The anisotropy at each
station is characterized by a fast direction Ф and a splitting delay dt
that is up to a maximum value of 2.15 s at station SAO (lat. 36.765N,
long. 121.445W). We focus on stations within or near that portion,
north of 45° latitude where Precambrian rocks outcrop at the surface.
For the few stations that show two layers of anisotropy, in the sense of
Silver and Savage (1994), we use the shallower one.

The crust is known to contribute only a few tenths of a second to
the total splitting (Barruol and Mainprice, 1993). The crust can
therefore explain only a small portion of the observed splitting parti-
cularly in this area of high dt, which we have confirmed by numerical
modeling experiments. This modeling has also shown that the crustal
anisotropy has only minor effect on the observed fast directions. Most
of the observed shear-wave splitting is apparently due to the upper
mantle; potential deeper anisotropy has a strong effect on the
observations made at the surface only if it is coherent over the entire
lateral Fresnel zone that is much wider at those depths (e.g., Sieminski
et al., 2007).

Fig. 1b shows magnetic field anomalies at the Earth's surface (after
Bankey et al., 2002) which we will discuss in detail below. Comparing
alignment directions of magnetic lineaments visuallywith seismic fast
directions, we have noted a certain correlation. This has motivated the
present study.

3. Magnetic properties of the lithosphere

Crustal and lithospheric magnetic properties are dominated by the
ingredients of ferro- or ferri-magnetic minerals in the bulk rock. The
most magnetic of these minerals is magnetite (Fe3O4), which is
furthermore present in considerable quantities throughout the litho-
sphere. Magnetite is a ferrimagnetic mineral with very strong suscept-
ibility. Beyond its characteristic Curie temperature of about 580 °C,
magnetite loses its ferrimagnetism. Themagnetism is then dramatically
weaker, and controlled only by paramagnetism. The Curie temperature
is found to increase with pressure by about 20 K/GPa (Samara and
Giardini,1969; Schult,1970). Fig. 2 shows geothermal profiles typical for
both hot and cold lithosphere (after Karato and Wu, 1993). These
profiles intersect with the Curie temperature in the upper lithosphere,
at depths not far from the crust–mantle boundary. This suggests that
magnetization is weak in deeper portions of the lithosphere, in
Fig. 2. Curie temperature for geothermal profiles corresponding to a hot (tectonic)
lithosphere and a cold (cratonic) lithosphere (see text). The dashed line shows the slight
pressure-dependence of the Curie temperature.
particular the depth region which corresponds to the observed seismic
anisotropy. Maximum depths of ferrimagnetic behavior in the Earth
correspond roughly to the depth obtained independently using spectral
analysis of magnetic data at the surface (e.g., Chiozzi et al., 2005).

Magnetic anomalies are thus sensitive essentially exclusively to the
Earth's crust. Short-wavelength magnetic lineaments therefore pro-
vide a way to study crustal fabric that can then be compared with
mantle fabric from seismic anisotropy. Beside the depth distribution of
themagnetization, the distance from the surface also plays a role since
the magnetic field decays strongly (∼r−3) with distance. It is thus clear
that the magnetic field is influenced less by structures in the deep
crust, even if there exist enhancement effects such as those described
by Gilder et al. (2002).

4. Preferred directions in the crust from magnetics

This paper addresses the spatial patterns of magnetic field
anomalies over Precambrian North America. Fig. 1b shows the high-
resolution dataset for North America from Bankey et al. (2002),
presented on a 1×1 km grid. Note that the spatial resolution is not
the same everywhere, as high-resolution data are not available for all
regions, e.g. for the Northern RockyMountain area and certain offshore
areas. Regions of North America where no magnetic data are available
are shown in white. This dataset has been assembled from aeromag-
netic and satellite data and is downward-continued to a height of 300m
(1000 ft) above the surface. Aeromagnetic data provide high spatial
resolution down towavelengths of a fewkilometers,while satellite data
offer reliable long-wavelength information of up to 500 km. This long-
wavelength limit excludes the strong core field. The (total intensity)
magnetic anomalies regarded here are on the order of several hundreds
of nanoTesla (nT). The data processing involveddownward continuation
(equivalent source method) of CHAMP data (Maus et al., 2002). The
sequence of steps is described in Bankey et al. (2002).

Fig. 1b shows a fascinating array of magnetic structures, with
positive and negative bands of various widths which vary smoothly in
space. This smooth spatial variation is especially apparent for the
craton, where bands are up to several thousand kilometers long. Off
the craton, the appearance of the magnetic pattern is more diffuse,
with apparently a lower degree of spatial organization. Inspecting
images such as Fig. 1b visually, does however not necessarily reveal all
magnetic structures: On one hand, there is potential variation at
smaller scale lengths not visible in the map; on the other hand,
variations at weaker (or stronger) level might be concealed by the
color map. This is yet another reason for choosing an objective
technique for characterizing the magnetic field.

We are looking for preferred orientations in the magnetic data
f(x,y). The natural way for doing this is to use a linear Radon transform

F θ; sð Þ = ∫ ∫ f x; yð Þδ x cos θ + y sin θ−sð Þdxdy ð1Þ
to transform the magnetic field data f(x, y), as has been done in other
recent approaches (Zhang et al., 2006; Hansen and de Ridder, 2006).
This transformation corresponds to a ‘slant stack’ along each direction
θ (see Fig. 3). This procedure maps a linear feature in f(x, y) into a point
in F(θ,s) at slope angle θ and offset s. Furthermore, a point maps into a
sinusoid in F(θ,s). The Radon transformation gives thus a basis for
either detecting individual lineaments in the map, or for characteriz-
ing preferred orientation by summing over all offsets s in a suitable
way. We are primarily interested in the overall preferred orientation
(‘alignment’) rather than individual lineaments, and also in linea-
ments with both positive and negative amplitude. For this purpose we
will in the following use the simple measure

P θð Þ = ∫ jF θ; sð Þjpds=max ∫ jF θ; sð Þjpds� � ð2Þ

as proxy for the degree of alignment (DOA). The exponent p may be
chosen larger than 1 to enhance the effect of linear features. We will



Fig. 3. Illustration of the Radon transformation: data f(x,y) shown in a) map into F(θ,s) in
b). As an example, a linear structure (A) is mapped into a point; a point is mapped into a
sinusoid with an amplitude proportional to the distance of the point B to the origin of
the geographical map.
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use a value of p=2 in this study. As an alternative to the exponent, one
might use semblance-basedmeasures (e.g., Neidell and Taner, 1971) to
increase the sensitivity. We also remove outliers in the magnetic map
f(x,y), that have absolute values of more than 5000 nT. This threshold
is quite conservative, since the procedure is hardly sensitive to the
presence of outliers.

Fig. 4 shows the processing sequence for example station RSON at
Redlake, Ontario (latitude 50.86N, longitude 93.70W). a) shows the
magnetic map around the station (in a spherical transverse Mercator
projection). Note the linear features with positive/negative ampli-
tudes (red/blue) with wavelength of 10 to 40 km that have a nearly
East–West trend. We calculate Eqs. (1) and (2) for several circular
regions around the station, with radii between 25 to 50 km. The
largest circle size is made to roughly correspond to the Fresnel zone in
the topmost upper mantle experienced by the shear waves with
Fig. 4. Crustal and mantle structures for station Red Lake, Ontario: a) magnetic anomaly map
93.70W). The dashed magenta line shows the determined preferred direction frommagnetic
fabric), with six different circular test regions (dashed white circles). The length shows the
transform of a) for the largest test region (as the colored background), together with the (nor
blue colors negative values. c) shows a rose diagramwith P(θ) for the six test regions from a);
version of c). (For interpretation of the references to colour in this figure legend, the reader
dominant period of 10 s, so that we compare the same regions in crust
(magnetics) and mantle (seismic anisotropy). The variation of
preferred orientation with search region will help to determine
robustness of results and their statistical variation.

The Radon transform F(θ,s) in Fig. 4b (calculated for the largest
circle) shows strong amplitudes, both positive and negative, indeed
for angles θ between 500° and 100°. In addition, there are apparently
points with strong amplitude in a) that map into a number of sinu-
soids in F(θ,s). The white line shows the normalized polarization P(θ).
Fig. 4c) shows polar plots of (smoothed) P(θ), that have maxima
(‘preferred orientation’) at approximately 80° for all circle sizes.

The procedure recovers preferred orientations that we would also
have selected visually. The advantage of this technique is that it is
reproducible and also objective in the sense that it depends on sub-
jective criteria only through a set of parameters, most of which are in
fact based on physical criteria (e.g., size of Fresnel Zone). Beside these,
we require that data gaps constitute at most 5% of the circular test
area, and we retain a preferred orientation only if there is clear
alignment, that is min{P(θ)}/max{P(θ)} needs to be smaller than 0.6.

The extracted magnetic orientation shown by the dashed line in
Fig. 4a) agrees well with the fast direction from shear-wave splitting.
Themedianmagnetic direction is 75°, versus a seismic fast direction of
76°. We will see below however that there can be multiple sets of
preferred alignment at a given station. A direct comparison of the two
directions can therefore be misleading. An appropriate way to judge
the agreement is to inspect the normalized degree of alignment

Ps θð Þ = P θð Þ−min P θð Þf g
1−min P θð Þf g ; ð3Þ

and to determine the quantile of the normalized magnetic alignment
Ps(θ) that corresponds to the orientation of the seismic fast direction
f(x,y) (100×100 km) around the seismological station RSON (latitude 50.86N, longitude
s (crustal fabric); the solid black line shows the fast direction from SKS splitting (mantle
splitting delay (dashed magenta line gives a 1 second reference). b) shows the Radon
malized) degree of alignment P(θ) (as a white line). Red colors in b) indicate positive and
d) shows the preferred orientation as a function of radius, determined from a smoothed
is referred to the web version of this article.)



Fig. 5. Degree of alignment as a function of azimuth for the example station RSON as in Fig. 4 (shown between 0° and 180°). a) The degree of alignment P(θ) is shown by a dashed line,
and the normalized DOA Ps(θ) by a solid line, together with the value corresponding to θseis. b) shows the cumulative distribution of Ps(θ), and the determination of quantile values for
θseis. For station RSON, the quantile value is 0.98, indicating an excellent agreement. (see text).
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θseis that is observed by shear-wave splitting. The quantile is defined as
the fraction (or percent) of points below the given value. For example,
we have a quantile of 0.9 (or 90%) if 90% of the total angular range (0° to
360°) is associated withmagnetic alignments Ps(θ) that areweaker than
the alignments corresponding to the seismic fast direction Ps(θseis). In
that case, the other 10% of the 360° angular range would show a better
agreement than the direction corresponding to the seismic fast
direction. The range of the quantile is between 0 and 1, with a value of
1 indicating the best possible agreement. A comparison of random
orientations would, on the average, give a value of 0.5. Fig. 5 illustrates
this procedure for theexample fromFig. 4. For stationRSON, thequantile
is 0.98 (98%) which indicates an excellent agreement between seismic
and magnetic orientations.
Fig. 6. Thewestern Superior Province around station RSON (central panel of Fig. 1a). a) Lines s
with themagnetic map in b). High quantile values (light shading) indicate good agreement. N
that is also apparent by visually comparing a) and b). The magenta line in a) gives the appro
Empty circles show stations where the magnetic alignment is not sufficiently strong. Magn
5. Application to the North American Craton

5.1. Superior Province

Fig. 4 has shown the application to a station in theWestern Superior
Province, RSON at Red Lake, Ontario. There are in fact three studies of
seismic anisotropy at this station in the literature (Silver and Chan,1991;
Vinnik et al.,1992; Silver and Kaneshima,1993)who obtained nearly the
same results for the fast direction θseis=76°/80°/76°, and identical values
for dt (1.7 s). The quantile values are 1.0/0.98/1.0.

Fig. 6 shows theWestern Superior Province, giving available shear-
wave splitting measurements (from Silver and Chan, 1988; Silver
and Kaneshima, 1993; Kay et al., 1999) and the magnetic map. Fast
how splitting measurements and colors/shading give quantile values for the comparison
ote the generally very good agreement between fast directions andmagnetic lineaments
ximate location of the Superior Province – Trans-Hudson boundary (under sediments).
etic data in b) are given in nT.



Fig. 7.Magnetic map for the Slave Craton (smaller panel in the northwest in Fig. 1a; given in nT). a) lowpass-filtered with λmin=20 km. b) highpass-filtered at λmax=20 km (see text).
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orientations are mostly WSW–ENE in the Western Superior Province,
e.g., near and to the south of station Red Lake which is in the center of
the map. The magnetic map shows lineaments that visually agree
more or less with the splitting orientations, especially for the central
portion. This is corroborated by the very high quantile values (shown
in a) at those stations. Both magnetic preferred orientation and seis-
mic fast directions, agree well with the dominant feature directions in
the Western Superior Province (e.g., Hoffman, 1989), and they show
simultaneous rotationwith them, such as the clockwise rotation in the
northern part of the TWT transect (Kay et al., 1999). The agreement
degrades somewhat for the stations further to the West. The five
stations in the Southwest are on the Superior Province – Trans-
Hudson boundary or already within the Trans-Hudson. Magnetic pre-
ferred directions for the Trans-Hudson orogen are in fact more or less
North–South, which is in agreement with the dominant tectonic
structures. Seismic fast directions at the SW stations are somewhat
intermediate between these ‘Trans-Hudson directions’ and theWSW–

ENE trend observed in the Western Superior Province. Nevertheless,
24 of the 38 stations have quantile values above 0.75, indicating that
many of the stations in this region show a very good agreement
between the two sets of orientations. The basement is covered by
sediments of the Williston basin.

5.2. Slave Craton

We will now focus on the subregion indicated in the northwest of
Fig. 1a, the Slave Craton. Seismic fast directions are mostly SW–NE for
that region (Bank et al., 2000). We show the magnetic field for the
central Slave craton (corresponding to the smaller window in Fig. 1a) in
Fig. 7 a) and b), as low- and high-pass filtered images, selecting res-
pectively either longer or shorter wavelengths than 20 km. The seismic
directions agree more or less with lineations that are apparent in the
lowpass-filtered magnetic map in a). On the other hand, wavelengths
shorter than 20 km make a set of North–South trending lineaments
appear (Fig. 7b). The presence of this secondary set of lineaments has in
factmotivated themore elaborate statistical technique presented above.

The North–South trending lineaments are caused by dykes. These
dykes are part of the massive MacKenzie dyke swarm, which radiates
from a plume center west of Victoria Island (Ernst et al., 2001). Typical
widths of these dykes are 20–50m, and several of them are thousands
of kilometers long (LeCheminant, 1994). The orientations of the dykes
vary smoothly in space. The magnetic signal of the dykes becomes
quite apparent in the highpass-filtered map. Their effects are still
present in the low-pass filtered version though. This is seen for
individual stations on the Slave craton. An alternative approach is to
filter out the dyke signal using directional filtering, via a coordinate
transformation approach (Pilkington and Roest (1998). For our study,
we have decided to use the full information content of the original
data, and to apply the statistical technique based on quantiles des-
cribed above rather than comparing a preferred magnetic alignment
with seismic fast directions. In the presence of dykes, quantile values
for the comparison may be slightly underestimated.

Application of the code to individual stations has made the pre-
sence of these two sets of lineaments apparent for many stations on
the Slave craton. The code finds two sets of preferred directions, one
nearly East–West and one nearly North–South. For some stations, the
North–South trending dykes produce a stronger magnetic lineament
signature than the East–West trending lineaments.

Fig. 8a shows splitting data for the Slave Craton, which trend
mostly in SW–NE direction along the craton. Quantile values show rea-
sonable agreement between seismic and magnetic directions, despite
the interference from the dykes. 4 stations out of 11 for which the
analysis could be made, have quantile values of more than 0.75. The
splitting directions (Bank et al., 2000) are in good agreement with fast
directions from surface waves (e.g., Fouch and Rondenay, 2006), and
they also agree with high-conductivity directions of around 80° from
magnetotellurics (e.g., Eaton et al., 2004).

5.3. Abitibi/Grenville region

Fig. 8b shows a comparison for the third region indicated in Fig. 1a,
the Abitibi/Grenville region. The Grenville Front separates the Archean
Superior Province, named Abitibi in that region, from the Grenville
Province. The latter consists of Proterozoic and reworked Archean
rocks.

Mantle anisotropy in this region has been studied using seismology
(Sénéchal et al., 1996; Ji et al., 1996; Fouch and Rondenay 1996;
Rondenay et al., 2000a,b), and also using magnetotellurics. Shear-wave
splitting is noticeablyweaker than in the other two regions,with amean
of 0.7 s, as opposed to 1.3 s for theWestern Superior Province and 1 s for
the Slave Craton. This is perhaps due to its location closer to the edge of
the shield, as is indicated from the +0.2 km/second line in Fig. 1a that
passes close-by. A correlation of splitting delay timeswith uppermantle
delay has previously been noted by Silver and Chan (1991), and it has
been used to argue for a lithospheric origin of the observed anisotropy.

The correlation between fast directions and magnetic lineaments is
quite good for the Abitibi, and also for stations further into theGrenville,
but it is low for stations in the immediate vicinity of the Grenville front,
that is stations on the Pontiac terrane, but also just south of theGrenville
front. High-conductivity directions from magnetotellurics can be
slightly different from the seismic fast directions, e.g., Ji et al. (1996)
have suggested that the rotation of about 20° may indicate a dextral



Fig. 8. Splitting fast directions (solid lines) and comparisonwith magnetic lineaments for a) the Slave Craton, and b) the Abitibi/Grenville region. The two regions are shown in Fig. 1a.
Empty circles show stations where the magnetic alignment is not sufficiently strong. For better visualization, the splitting lines are shown twice as long as in Fig. 6.
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shearing. This does however not appear to be a systematic feature in the
region (Frederiksen et al., 2006).

6. Discussion

We have presented a technique for extracting lineament orienta-
tions from magnetic (and other map) data, and we have applied that
technique to magnetic data from North America. Magnetic data are in
principle ideally suited for extracting information on crustal fabric. For
the Northern part of the North American craton, e.g. the Slave craton,
these data are however, strongly influenced by magnetic perturba-
tions fromdykes.We have chosen an approach based on quantiles that
is relatively insensitive to such interference.
Fig. 9. Comparison of splitting fast directions and magnetic lineament directions. a) angular
fast axes. b) histogram of quantile values for all stations. Red colors show the same for the sm
colour in this figure legend, the reader is referred to the web version of this article.)
We have seen that crustal magnetic fabric and seismic mantle
anisotropy correlate well for different portions of the North American
Craton. Fig. 9a shows a histogram of angular deviations between
seismic fast axes and the preferred magnetic alignment (for the
stations on the craton). The distribution is slightly off-center by −10°,
and the standard deviation is relatively large (σ=40°), and somewhat
better for the stations where splitting is stronger than dtN1.4 s (off-
center by −7°, σ=32°). It is however clear that there is a correlation. As
we have discussed above, a better representation in the presence of
multiple sets of alignments is to inspect quantile values. Note that this
distribution (Fig. 9b) clearly deviates from a random (uniform)
distribution. This is especially the case for the set of stations where
splitting is stronger than dtN1.4 s. We have inspected formal errors of
differences for all stations in Fig. 1, between magnetic preferred directions and seismic
aller set of stations that have dtN1.4 s (see text). (For interpretation of the references to



Fig.10. Conceptual model explaining the similarity of crustal andmantle features on the
craton. Both crust and mantle–lithosphere deform in transpression. Fabrics become
perpendicular to the shortening direction, in both the crust and themantle–lithosphere.
These fabrics are apparent via magnetic lineaments in the crust, and seismic anisotropy
in the mantle.
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θseis to test whether this may be due to the θseis being better deter-
mined than at other stations, and we find that this does not explain
the stronger correlation by itself. The correlation is thus indeed better
where splitting is stronger. The main results of the comparison are
therefore:

1) There is a good correlation between crustal lineamentswithmantle
seismic fast directions,

2) This correlation is best where splitting is the strongest, and where
the lithosphere is the thickest.

All this is especially the case in the Western Superior Province,
where the lithosphere has not been significantly overprinted since the
Archean. The correlation is somewhat weaker in the other zones we
considered, the Trans-Hudson orogen, the Slave craton, and the
Abitibi-Grenville region.

The Superior Province consists of East–West trending belts (Card,
1990), and they appear to have been assembled progressively from
North to South. This suggests that the deformation associated with the
collision of these belts was to large degree transpressive. Such a
transpressive regime reorients all structures perpendicular to the com-
pression direction. Magnetic lineaments appear to record that deforma-
tion reliably. This alignment is rather impressive in theWestern Superior
Province where magnetic lineaments are clearly closely parallel to the
ancient suture zones (Hoffman, 1989, Card, 1990; Hoffman, 1990). We
have also seena second typeof deformation (minorextensionassociated
with dykes). Suchdyke sets pervademuch of the northernportion of the
craton. These dykes clearly show up in themagnetic field, in addition to
the effect of (older) crustal fabric (Fig. 7). There is no correlation of dyke
orientations with seismic fast orientations. This suggests that the
deformation associated with the dykes has not reset lithospheric fabric
at scale lengths of our seismic waves (∼100 km).

On the other hand, there is a robust correlation between seismic
(mantle) anisotropy and (crustal) magnetic fabric. That robust correla-
tion between crustal and mantle fabric gives us important clues on the
processes that have formed the mantle lithosphere. The crust in some
parts of the Canadian shields (Superior and Slave cratons) has not been
significantly overprinted tectonically for at least 2.5 billion yrs. The
similarity with the mantle suggests that the same is true for the mantle
portion of the lithosphere as well.

The most natural explanation for the good correlation between
crustal and mantle fabric is to suggest that the two depth layers were
formed together, as is implied in a number of models for cratonic
formation (e.g., Jordan, 1975, 1978, 1988; Silver and Chan, 1988; 1991).
This would suggest that the mantle portion of the lithosphere was thus
also created at least 2.5 billion yrs ago, together with the crust. The
correlation is clearest for the Western Superior Province, which is a
model region for Archean terranes, due to its large amount of un-
reworked Archean lithosphere. Fig. 10 shows a conceptual model for
orientation of seismic fast directions, motivated by the vertically cohe-
rent deformation as described by Silver (1996). A lithosphere deforming
by transpression produces a preferred orientation that is perpendicular
to the compressiondirection. In the crust this alignmentwouldmanifest
itself, amongst other, in an alignment of magnetic features. In the
mantle, the same process produces an alignment of mineral grains, and
especially olivine that would attain a preferred orientation of a-axes
perpendicular to the compression direction. Seismic fast axes for the
mantle and crustal magnetic features therefore align, if vertically
coherent deformation occurs in the region.

More recently, there have been suggestions of ancient subduction
zonesunder the SlaveCraton (Bostock,1998;Davis et al., 2003), basedon
observations of converted and reflected seismic phases at mantle
interfaces (e.g., Bostock, 1998). A seismic interface in the upper mantle
under the Slave craton does seem to extent a long way to the west, and
indeed all the way to the surface (Mercier et al., 2008). These studies
have made the case for cratonic formation via shallow subduction
processes (e.g., Vlaar, 1986; Abbott, 1991). There have been suggestions
of ancient subduction events also for the Superior Province (e.g., Calvert
et al., 1995). The observed correlation of mantle and crustal structure
does not exclude such a model, since it is conceivable that the crust is
deformed during such a subduction event. This would however give a
clear constraint on the timing of the root-forming subduction event(s),
which should be of neoarchean age (e.g., Davis et al., 2003).

An alternative to using magnetic data is the use of gravity
anomalies. Those data are however less distance-sensitive, due to the
r−2-dependence of the gravitational field. The gravitational field is not
only sensitive to (topography and) crustal structure, but also mantle
structure, although the latter effect can be eliminated by high-pass
filtering. Such an approach has been presented by Simons et al. (2003),
however to a somewhat different problem. They have studied the
correlation between topography and the Bouguer gravity anomaly to
address a potential ‘isostatic coherence anisotropy’ thatmay give clues
about ‘mechanical anisotropy’, and applied their technique to Aus-
tralia. The technique presents an interesting theoretical approach, but
it requires topography variations of which not much need to be left
over in stable portions of continents. In contrast, the advantage of
magnetic data is that they originate from the uppermost (crustal) por-
tion only, and the clear correlation between crustal magnetics and
mantle seismic anisotropy provides for a true comparison of inde-
pendent quantities.

In order for our inferences to be correct, it is required that observed
seismic anisotropy is not much perturbed by the crust. If this were the
case, a correlation with crustal features would not be surprising. Some
authors (Rümpker and Silver, 1998; Saltzer et al., 2002) have recently
discussed whether there may be such a contamination by the crust. For
that reason, we have performed numerical tests using an anisotropic
two-layer case, and we have found that a potential crustal anisotropic
layer has only minor effects on overall anisotropic parameters. For
realistic anisotropic parameters for the crust the fast directions that are
determined vary by just a fewdegrees, which is tooweak to be detected.

Surfacewaves, receiver functions, and also backazimuthal variation
of shear-wave splitting suggest that many regions around the world
have (at least) two layers of anisotropy. Two such layers of anisotropy
appear to be present also under the craton of North America (e.g.,
Bokelmann and Silver, 2000). Fast directions of the two layers appear
to be rather similar though, and it may be difficult to distinguish them.
This similarity is probably due to the fact that ancient fabric in crust
and lithosphere is more or less parallel to absolute plate motion. More
recently, non-zero dip angles of anisotropy for the bulk anisotropy
have been interpreted as being due to the deeper anisotropic layer that
may be due to plate-motion induced anisotropy (Bokelmann, 2002a,b).
Other evidence for the existence of multiple layers in the Canadian
shield have been provided by Kay et al. (1999), Bank and Bostock
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(2003), Snyder et al. (2003), andMusacchio et al. (2004). Beside shear-
wave splitting, we have also compared magnetic fabric with ani-
sotropic directions from surface waves, but we have not found much
correlation. This is probably due to limited lateral resolution of the
global surface wave models that we have used (e.g., Debayle et al.,
2005), which is probably around thousand kilometers, but it may
perhaps be better in some areas that are well-covered by seismic
instrumentation (e.g., Wüstefeld et al., submitted for publication). The
latter is not particularly the case for North American cratonic regions,
and the tomographic models are apparently not yet capable of
resolving inner-cratonic anisotropic structures. This may however
change in the next few years with data from USArray becoming
available for the stable portion of North America.

7. Conclusions

We have studied preferred orientation of fabric in crust andmantle
for the stable portion of North America, using alignments of magnetic
features in the crust, and seismic anisotropy for the upper mantle.
Although totally independent, the two quantities show a remarkable
correlation. This correlation is probably not fortuitous, and the best
explanation is that the crust and mantle portions of the rather thick
lithosphere of the North American Craton have been created together,
and that at least 2.5 billion yr ago. In fact, the correlation is best where
the lithosphere is the thickest, and the least perturbed by more recent
tectonic activity.

Shear-wave splitting gives a relatively weak depth constraint, and
it is often not clear whether the anisotropy is in the lithosphere or in
the asthenosphere. The good correlation with crustal features
indicates that much of the anisotropy observed above the shield is
indeed in the lithosphere. A second anisotropic layer may not be easily
distinguished in the stable portion of the North American plate.
Indeed, absolute plate motion is quite close to this fast direction for
the region under consideration.

The correlation between crustal magnetic features and mantle
features also indicates that the ‘magnetic’ proxy for crustal fabric works
well, at least in a transpressive deformation environment. Future
studies of more tectonically active regions may perhaps reveal such a
correlation for other tectonic settings. In fact, a global magnetic map
compilation is available now (Purucker, 2007), and this kind of study
can now be performed in various tectonic domains around the world.
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