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Abstract: High-resolution seismic models of three-dimensional mantle heterogeneity are interpreted in terms of upper
mantle thermal and compositional anomalies. These anomalies produce density perturbations that drive mantle flow and
corresponding convection-related geophysical observables, such as the nonhydrostatic geoid, free-air gravity anomalies,
and dynamic surface topography, and provide constraints on internal mantle density structure. The convection related ob-
servables are corrected for the isostatically compensated crustal heterogeneity and compared with those predicted by to-
mography-based mantle flow models. Occam inversions of the surface topography and gravity data provide inferences of
the velocity–density scaling coefficients, which characterize mantle density anomalies below North America. The inferred
density anomalies require simultaneous contributions from temperature and composition. The density and seismic shear ve-
locity anomalies place constraints on the thermochemical structure of the mantle beneath the North American craton. Per-
turbations in the molar ratio of iron, R = XFe/(XFe + XMg), are used to quantify the compositional anomalies in terms of
iron depletion in the sub-continental mantle. Estimates of the extent of basalt depletion in the tectosphere beneath North
America are obtained. This depletion is interpreted to produce a local balance between positive chemical buoyancy and
the negative thermal buoyancy that would otherwise be produced by the colder temperatures of the sub-cratonic mantle
relative to its sub-oceanic counterpart.

Résumé : Des modèles tridimensionnels de sismique haute résolution de l’hétérogénéité du manteau sont interprétés en
termes des anomalies thermiques et de composition du manteau supérieur. Ces anomalies perturbent la densité qui contrôle
le flux dans le manteau et les observables géophysiques reliés à la convection, tels que le géoı̈de non hydrostatique, les
anomalies gravimétriques à l’air libre et la topographie dynamique de la surface; elles fournissent de plus des limites à la
structure interne de la densité du manteau. Les observables reliés à la convection sont corrigés pour l’hétérogénéité de la
croûte compensée isostatiquement et ils sont comparés à ceux prédits par les modèles de flux du manteau basé sur la to-
mographie. Des inversions Occam de la topographie de la surface et des données gravimétriques fournissent des inférences
des coefficients de proportionnalité vitesse–densité, lesquels caractérisent les anomalies de densité du manteau sous l’Amé-
rique du Nord. Les anomalies de densité inférées demandent des contributions simultanées de température et de composi-
tion. Les anomalies de densité et de vitesse de cisaillement sismique imposent des limites à la structure thermochimique
du manteau sous le craton nord-américain. Des perturbations du rapport molaire du fer, R = XFe/(XFe + XMg), sont utilisées
pour quantifier les anomalies de composition en termes d’appauvrissement en fer dans le manteau sous-continental. Des
estimations sont obtenues pour l’étendue de l’appauvrissement des basaltes dans la tectosphère sous l’Amérique du Nord.
Cet appauvrissement produirait un équilibre local entre la flottabilité chimique positive et la flottabilité thermique négative,
un équilibre qui aurait été autrement produit par les températures plus froides du manteau sous le craton par rapport à sa
contrepartie sous l’océan.

[Traduit par la Rédaction]

Introduction
As part of the Lithoprobe initiative, Canada’s multidisci-

plinary geoscience project (Clowes et al. 1992), numerous
seismic refraction experiments were conducted over the
Canadian landmass during the past 20 years. The Lithoprobe
refraction results provided the basis for revising models of
Canadian crustal structure that had been previously extracted
from global crustal models, such as CRUST5.1 (Mooney et
al. 1998). The LITH5.0 crustal model (Perry et al. 2002)
was developed as an improvement to previous models to
provide better constraints on crustal structure in Canada.
These constraints play an essential role in determing the
density and thermochemical structure of the continental
lithosphere, specifically the sub-continental lithospheric
mantle (SCLM). The differences between the crustal struc-
ture in models CRUST5.1 and LITH5.0 are summarized in
Fig. 1 in terms of crustal thickness variations. We note that
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the most significant differences are seen in the northern
Canadian Cordillera, the central Canadian Shield, and the
eastern Canadian Platform, all of which were well sampled
by Lithoprobe seismic refraction surveys.

In the present paper, we review how the more refined and
improved LITH5.0 crustal model is used to determine the
signature of isostatically compensated crustal heterogeneity
in surface topography and gravity anomalies. Removal of
this crustal signal yields an improved estimate of the dy-
namic surface topography arising from sources in the litho-
sphere and underlying mantle and thus provides a
fundamental constraint on the density structure of the upper-
most mantle.

In addition to the dynamic surface topography, other con-
vection-related surface observables such as free-air gravity
or geoid anomalies provide constraints on the density struc-
ture of the Earth’s mantle. Constraining the density structure
of the uppermost mantle requires a joint analysis of the en-
semble of these geophysical fields, since each provides inde-
pendent constraints on the mantle density structure and each
is sensitive to density anomalies at different depths in the
mantle. The predicted surface topography provides an inte-
gral constraint on the uppermost mantle density structure,
especially at the shortest wavelengths that are mainly sensi-
tive to lithospheric density anomalies. The predicted free-air
gravity anomalies also provide localized sensitivity in the
upper mantle. In a convecting mantle the short-wavelength
gravity anomalies are found to have peak sensitivity to den-
sity anomalies below the lithosphere. Investigations of the
geodynamic implications of three-dimensional (3-D) mantle
heterogeneity in seismic tomography models (Forte and
Peltier (1987), (1991); Hager and Richards (1989); Ricard
and Vigny (1989); Corrieu et al. (1994); Forte (2000),
(2007)) have demonstrated that the density perturbations de-
rived from these tomography models may be used in mantle
flow predictions to yield good fits to the main convection-
related observables. This is valid for the nonhydrostatic ge-
oid, tectonic plate motions, dynamic topography at the sur-
face, and the excess flattening or dynamic ellipticity of the
core–mantle boundary (CMB) (Forte 2007).

Intrinsic to the seismic–geodynamic inversions for SCLM
thermochemical structure are the assumed relationships be-
tween density and seismic velocity anomalies. These rela-
tionships are complex, since the seismic shear-wave
velocity and density anomalies are both dependent on tem-
perature, composition, and pressure (Jordan 1981; Schutt
and Lesher 2006). SCLM density anomalies are highly sen-
sitive to compositional variations, such as bulk iron content,
whereas the tomography-derived shear-wave velocity
anomalies are mostly sensitive to temperature variations
(Forte and Perry 2000; Forte and Mitrovica 2001). The re-
sults of Röhm et al. (2000), Goes et al. (2000), Deschamps
et al. (2002), and Schutt and Lesher (2006) further reinforce
the conclusion that seismic shear velocities in the upper
mantle are mostly sensitive to temperature. More recently,
Simmons et al. (2007, 2009) confirmed that 3-D mantle
models consistent with both geodynamic and seismic con-
straints can be found while assuming a dominance of ther-
mal effects on shear-velocity and density anomalies
throughout the mantle. These studies have furthermore
shown that to infer sub-continental compositional variations,

seismic constraints on velocity anomalies must be supple-
mented by additional constraints on density anomalies,
whose sensitivity to temperature and compositional varia-
tions are comparable. If one considers continental roots as
thick, long-lived domains (e.g., Jordan 1975; Griffin et al.
2009), then they must have equilibrated thermally with adja-
cent mantle domains through time. This would suggest that
their relatively high shear-wave velocity cannot be due to
intrinsic differences in temperature alone, and that the com-
position of the roots must be a non-negligible factor.

Following (Jordan 1975), we employ the term ‘‘tecto-
sphere’’ to refer to the mantle below sub-continental litho-
sphere that is assumed to be stabilized against convective
disruption by a balance between thermally generated nega-
tive buoyancy and positive chemical buoyancy. We also em-
ploy the term ‘‘dynamic topography’’ to signify all
contributions to surface topography due to density anomalies
in the mantle, including the lithosphere as well (Forte et al.
1993; Forte 2007). The observed surface topography consists
of the linear superposition of the dynamic topography and
the much larger amplitude topography due to the isostatic
compensation of crustal heterogeneity. To obtain the dy-
namic contribution to the observed surface topography, the
isostatic contribution is removed from the observed surface
topography. The dynamic component of the observed sur-
face topography is then used to constrain the density anoma-
lies in the mantle. Herein lies the importance of reliable
regional crustal models and the wide-ranging applications
of the Lithoprobe data sets in geodynamic modelling of the
continental lithosphere.

This paper reviews the methodology used for the joint
seismic and geodynamic modelling of the chemical contri-
butions to the density field in the uppermost mantle and is
focussed on the North American tectosphere. We interpret
the shear-wave velocity anomalies in terms of compositional
variations using additional constraints from geodynamic data
sets on lithospheric density structure. Specifically, we use
the crust-corrected dynamic topography and free-air gravity
anomalies over North America to constrain the density
structure of the underlying tectosphere. This work reviews
the main results from two previous papers: Forte and Perry
(2000) and Perry et al. (2003), that present global and re-
gional-scale analyses of the thermochemical structure of the
tectosphere. Although this paper largely provides a synthesis
of our previous work, there have been recent efforts to
jointly invert seismic and geodynamic data (Simmons et al.
2006) that have led to revised estimates of the density and
buoyancy structure of continental roots (Simmons et al.
2007). The implications of these newer studies will also be
discussed in the context of the earlier results.

Buoyancy of continents and compositional
and thermal structure

The accumulated evidence from numerous geological and
geophysical studies suggests that cratons have been stable
since Archean times, and that they are underlain by thick,
cold, and stiff mantle roots largely preserved against con-
vective disruption since their initial formation. Both geo-
chemical analyses and thermodynamic arguments support
the stability of cratons over billion-year time scales (e.g.,
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Pearson 1999; Mareschal and Jaupart 2006). It is assumed
that the high viscosity of the cratonic roots, owing to their
colder temperatures, protects them from large-scale defor-
mation, however, the fact that they are cold and thick, also
suggests that they are dense and gravitationally unstable.
The stability of such thick, cold cratonic roots over billion-
year time scales requires some source of positive buoyancy
to oppose the thermally generated instability. Depleted sub-
continental lithosphere has less iron and garnet than fertile
mantle and, therefore, has a lower intrinsic density and
higher seismic velocity (Jordan 1975, 1978, 1979; Lee
2003). The process of basalt extraction from fertile perido-
tite produces a residuum of depleted mantle material that is
chemically more buoyant relative to the surrounding mantle,
and this is believed to be the mechanism responsible for the
formation of the upper 200 km of the Archean lithosphere
(Boyd and Callister 1976; Jordan 1979; Jaques 1987; Sobo-
lev 1987). The dynamic equilibrium between the competing
effects of positive chemical buoyancy and the opposing neg-
ative thermal buoyancy is believed to be a determing factor
for the stability of cratons over long geological time scales,
and this work investigates this outstanding question from a
geodynamic perspective.

Seismic and petrologic data suggest the presence of a sub-
continental chemical boundary layer (CBL), whose base
may or may not be coincident with the base of the thermally
and rheologically defined lithospheric mantle (Jordan 1981;
Snyder et al. 2004; O’Reilly and Griffin 2006; Griffin et al.
2009). Global and regional models of seismic tomography

suggest high-velocity roots below continents extend to
depths between 200 and 400 km (Grand 2002; van der Lee
and Nolet 1997; Ekström and Dziewonski 1998; Li et al.
1998; Fischer and van der Hilst 1999; Zhao et al. 1999;
Mégnin and Romanowicz 2000; Ritsema and van Heijst
2000; Godey et al. 2004; Nettles and Dziewonski 2008) and
they show that the sub-cratonic mantle is characterized by
shear-wave speeds at least 5% faster than the ambient man-
tle. Global studies of the structure of the continental and
oceanic lithospheres using geoid anomalies and heat flow
suggest the presence of a chemically and petrologically dis-
tinct reservoir beneath cratons (Forte et al. 1995; Doin et al.
1996; Forte and Perry 2000; Perry et al. 2003; van Gerven et
al. 2004). Studies based on continental heat flow and gravity
data suggest that the tectosphere thermal boundary layer
may extend deeper, between 200 and 330 km depth (Doin
et al. 1996; Jaupart and Mareschal 1999). Studies of mantle
xenoliths (Finnerty and Boyd 1987; Rudnick et al. 1998),
mantle xenocrysts (Griffin et al. 2004; O’Reilly and Griffin
2006; Griffin et al. 2009), diamondiferous kimberlites (Boyd
et al. 1985), and surface heat flow (Jaupart and Mareschal
1999; Mareschal et al. 2000) suggest that cratonic mantle
temperatures are anomalously low and relatively consistent
with the high seismic velocities observed beneath cratons.

Archean SCLM is strongly depleted in basaltic compo-
nents and is highly magnesian (Jordan 1981) in composition.
It is a zone consisting mainly of ultramafic rocks, ranging
from lherzolites to dunites and harzburgites (Griffin et al.
2009), a compositional range generally interpreted in terms

Fig. 1. The difference in crustal thickness between models LITH5.0 (Perry et al. 2002) and CRUST5.1 (Mooney et al. 1998). The average
root mean square (rms) difference in regions constrained by Lithoprobe data is found to be 5.5 km. In general, model CRUST5.1 under-
estimates the thickness of the crust in parts of the central Canadian Shield and overestimates crustal thickness in regions of the northern
Canadian Cordillera.
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of progressive removal of the basaltic components during
partial melting (Jordan 1981). Well-studied xenolith and
xenocryst suites suggest that Archean SCLM is composed
principally of depleted garnet lherzolites with a high ortho-
pyroxene/olivine ratio. However, Griffin et al. (2009) sug-
gest that most Archean SCLM originally consisted of highly
depleted dunites and harzburgites and that incorporation of
these rocks into the upper parts of cratonic SCLM better sat-
isfies the seismic and gravity data. It should be noted that
most North American Archean SCLM, with the exception
of the Slave Province, appears to be less depleted than sim-
ilar sections that have been extensively studied in the south-
ern African and Siberian cratons. According to analysis of
peridotitic garnet xenocrysts from kimberlites and other vol-
canic rocks, the Slave Province SCLM shows a two-layer
structure, where the upper layer is ultradepleted and thick
(*150 km) and the lower layer is less depleted and meta-
somatized (Griffin et al. 2004; O’Reilly and Griffin 2006).

Re-evaluation of petrological analysis of xenolith and
xenocryst suites from kimberlitic zones in cratons world-
wide suggests that fertile SCLM may be even more depleted
than previously suggested. Global and regional seismic to-
mography indicate that most kimberlites cluster at the pe-
ripheries of high-velocity S-wave zones zones of the cratons
and are thus likely representative of more strongly refertil-
ized SCLM (Begg et al. 2009). Thus, preferential sampling
of kimberlites at the peripheries of the cratons (and not gen-
erally within their interiors) has biased our estimates of fer-
tile SCLM composition toward metasomatized material
(Griffin et al. 2009). These results suggest that pristine
SCLM consists of highly depleted dunites and harzburgites
and that the upper 100–150 km of the tectosphere is more
strongly depleted than the garnet lherzolites previously ac-
cepted as representative of Archean SCLM (Griffin et al.
2009).

These petrological studies indicate a refractory mantle
root beneath the North American craton, which would sug-
gest an overlying enriched Archean crust, if crust and man-
tle have remained mechanically coupled through time.
Indeed, a secular variation in the composition of SCLM
(less basaltic depletion through time) is evident from petro-
logical analysis of garnet xenolith and xenocryst suites when
SCLM age is based on the tectonothermal age of the overly-
ing crust (O’Reilly and Griffin 2006; Griffin et al. 2009). A
similar secular variation in basalt depletion of SCLM, more
specifically in the tectosphere, seems evident from the
present geodynamic inversions.

Geodynamic data sets
Here, we present the geodynamic data sets used to place

constraints on the tectosphere density structure. The first
step in retrieving the surface constraints on the viscous re-
sponse of the convecting mantle is the removal of the crustal
signal from the observed gravity and topography data sets to
estimate the isostatic contribution to these observed fields.
The difference between the observed and predicted isostatic
components of these data is the contribution associated with
density perturbations throughout Earth’s mantle (including
the lithosphere).

In the joint inversions discussed in the following sections,

we employ the dynamic topography and free-air gravity
anomalies in North America, and also incorporate global
constraints provided by convection-related data consisting
of tectonic plate velocities (DeMets et al. 1990), the satel-
lite-observed GEM-T2 free-air gravity anomalies (Marsh et
al. 1990), the global surface topography corrected for crustal
isostasy (Mooney et al. 1998), and the excess ellipticity of
the CMB (Mathews et al. 2002) that is inferred from the pe-
riod of the Earth’s retrograde free core nutation (Herring et
al. 2002). The EGM96 geopotential model (Lemoine et al.
1996) is used as a constraint on the North American geoid
and free-air gravity anomalies. EGM96 incorporates surface
gravity anomaly measurements across North America (and
other continents). The global geodynamic constraints are in-
corporated with the North American geodynamic data sets to
constrain the density structure of the lower mantle.

Isostatic reduction of crustal contributions to
geodynamic data

The condition of isostasy, or surface mass compensation,
requires that the total mass in a unit-area vertical column at
the surface be constant down to a compensation depth. This
is the condition of hydrostatic equilibrium. It can be ex-
pressed in terms of the depth distribution of near-surface,
lateral density anomalies Dr(y):

½1�
Z h

0

DrðyÞdy ¼ 0

where h is the thickness of the surface layer and y is the
depth variable. To isolate the mantle or dynamic contribu-
tion to surface geodynamic observables, it is necessary to re-
move the isostatically compensated crustal contribution that
satisfies condition [1].

Isostatic surface topography
The condition of isostasy in eq. [1] is applied to the crus-

tal model to determine the isostatic surface topography. The
crustal thickness and velocity structure in North America is
taken from the LITH5.0 crustal model (Perry et al. 2002),
and P-wave velocities are converted to densities using the
velocity-to-density systematics of Christensen and Mooney
(1995). The estimates of isostatic topography and residual
dynamic topography are highly sensitive to the P-wave ve-
locity-to-density conversion scheme. The root mean square
(rms) amplitude of the dynamic topography signal, which is
derived on the basis of the estimated isostatic topography,
varies by as much as 63% within the error bounds of the lin-
ear regression lines given in Christensen and Mooney
(1995). In estimating crustal densities, we consider an upper
crustal section composed of granitic gneiss that becomes in-
creasingly tonalitic with depth; a mid-crustal region charac-
terized by abundant amphibolite; and a lower crustal region
containing granulite-facies assemblages grading to mafic
garnet granulite.

The vertical loads, sL5.0, in each of the 58 � 58 cells de-
fined in the LITH5.0 model are calculated using

½2�
Z h

0

rðyÞdy ¼ sL5:0

where h is the crustal thickness in each cell. For the
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LITH5.0 cells (where Lithoprobe data have replaced
CRUST5.1 data), the vertical loads s defined in eq. [2] are
calculated using a point-by-point vertical integration of den-
sity through the crust, instead of the layer-by-layer scheme
required by the CRUST5.1 model. Therefore, in calculating
s in cells containing Lithoprobe data, we spline integrate r
through a maximum of five depth nodes, depending on the
velocity model in the each cell. To each s, we then add the
additional surface load corresponding to sedimentary layers,
water, and ice based on the CRUST5.1 model (Mooney et
al. 1998).

The isostasy principle reduces to the determination of the
(hydrostatic) equilibrium depths of the Mohorovičić discon-
tinuity (Moho), the solid surface, and all intermediate crustal
boundaries (which define the upper, middle, and lower
crust). Using the boundary locations in the individual cells,
we define global horizontal averages, denoted by the symbol
hi, for the boundary locations. All perturbations are defined
relative to the global averages. The perturbation of the crus-
tal thickness in each cell is defined by

½3� dHCðq;fÞ ¼ HCðq;fÞ � hHCi

where HC(q, f) is the local crustal thickness and hHCi is the
corresponding global average.

The vertical loads, sL5.0, in the Lithoprobe data cells are
then used to solve for the perturbation of the Moho satisfy-
ing the isostatic condition in eq. [1]. This translates into de-
termining the vertical distance that the crust will sink into
the mantle (and the vertical distance to which the mantle
will be displaced) to maintain isostatic equilibrium. The per-
turbation of the Moho is defined as

½4� dML5:0ðq;fÞ ¼
hsL5:0i � sL5:0hq;fi

rum

where rum = 3.36 Mg/m3 is the global-average, upper-mantle
(sub-Moho) density in preliminary reference Earth model
(PREM, Dziewonski and Anderson 1981). We assume a lat-
erally homogeneous sub-Moho density rum as required for
the mantle to be in a state of hydrostatic equilibrium (i.e.,
surfaces of constant density must coincide with surfaces of
constant pressure). The isostatic surface topography is
solved using eqs. [3] and [4]:

½5� daisoðq;fÞ ¼ dML5:0ðq;fÞ þ dHCðq;fÞ

For cells containing CRUST5.1 data, we denote local and
horizontally averaged thickness and density pairs, corre-
sponding to a crustal layer, i, by (hi, ri) and hhi; rii, respec-
tively. In the cells where only CRUST5.1 data exist, we
vertically integrate the density in seven layers (three crust,
two sediment, one water, and one ice). The total vertical
loads in each 58 � 58 cell are calculated by summing N = 7
thickness–density pairs to find the Moho perturbation. In
analogy to eq. [4], the condition of isostasy applied to the
CRUST5.1 model yields

½6� dMC5:1ðq;fÞ ¼

XN

i¼1
hsC5:1ii �

XN

i¼1
sC5:1iðq;fÞ

rum

where hsC5:1ii ¼ hri; hii.
The lateral variations in isostatic surface topography (rel-

ative to a global mean value of zero) is then solved as in
eq. [5]:

½7� daisoðq;fÞ ¼ dMC5:1ðq;fÞ þ dHCðq;fÞ

Figure 2(a) shows the observed ETOPO-5 surface topog-
raphy (National Geophysical Data Center 1988) in kilo-
metres. Figure 2(b) shows the isostatic surface topography
for North America calculated on the basis of eqs. [4] and
[6]. The amplitude of its signal is comparable to that of the
observed surface topography, however its shape is influ-
enced by the crustal structure and thickness (see fig. 3a in
Perry et al. (2002)). The crustal model is re-sampled to a
28 � 28 grid for use with the seismic tomography model of
Grand (2002).

Isostatic geoid anomalies
The geoid height anomalies, DN, produced by the isostati-

cally supported crustal density anomalies are calculated fol-
lowing the method of Turcotte and Schubert (1982), where
geoid anomalies are directly proportional to the vertical di-
pole moment of the density anomalies

½8� DN ¼ � 2pG

go

Z h

0

yDrðyÞdy

where G is the gravitational constant, g0 is the gravitational
acceleration, h is the thickness of each crustal block, and
Dr(y) are the lateral perturbations in density as a function
of depth. The anomaly defined in eq. [8] may be called the
isostatic geoid, since it assumes perfect compensation as de-
fined by expression [1]. This assumption of complete com-
pensation is valid in the long-wavelength limit, in which the
horizontal scale length of crustal heterogeneity is assumed
much greater than the thickness of the crustal blocks and
the thickness of the elastic lithosphere. In this case, flexural
response of the elastic lithosphere thickness may then be ig-
nored. The residual (or dynamic) geoid anomalies are esti-
mated by subtracting the isostatic geoid from the
corresponding observed field and reflect all density anoma-
lies from mantle sources.

The corresponding isostatic free-air gravity anomalies are
obtained from eq. [8] using the following expression (see
Appendix A):

½9� DGðq;fÞ ¼ � @DN

@r

� �
Ro

� 2

Ro

DN

in which Ro = 6371 km is Earth’s mean radius and all terms
are calculated in the spherical harmonic domain (see
eq. [A4]). The anomalies in Fig. 2(e), synthesized from har-
monic coefficients in the degree range ‘ = 2–36, are of the
order of *50 mGal, and show a large negative anomaly
centred over Hudson Bay. The isostatic component provides
as much as 20% of the total gravity signal and, thus, as in
the case of the geoid anomalies, it must be removed from
the observed signal to accurately constrain mantle density
sources.

Glacial isostasy
The topography and free-air gravity data over North

America are also corrected for the effects arising from the
incomplete rebound of the surface following the Laurentide
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Fig. 2. (a) Observed surface topography of North America from the ETOPO-5 compilation. (b) Isostatic surface topography calculated on
the basis of a recent compilation of crustal thickness and velocity structure (Perry et al. 2002). (c) The residual or dynamic surface topo-
graphy, obtained by subtracting the isostatic topography in (b) from that observed in (a). (d) Free-air gravity anomalies from the EGM96
compilation (Lemoine et al. 1996) obtained using the relation in eq. [A4] in Appendix A). (e) Isostatic free-air gravity anomalies calculated
on the basis of a recent compilation of crustal thickness and velocity structure (Perry et al. 2002) and eq. [A4]). (f) The residual or dynamic
free-air gravity anomalies obtained by subtracting the isostatic free-air gravity anomalies in (e) from those observed in (d). All fields are
represented as averages in the 58 � 58 cells.
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deglaciation event. For example, the large free-air gravity
low over Hudson Bay is associated in part to ongoing post-
glacial rebound, with the remaining contribution provided by
mantle convection (Peltier et al. 1992). The relative impor-
tance of the rebound signal compared with the mantle dy-
namics signal below North America is still under debate
(e.g., Mitrovica 1997; Simons and Hager 1997). Analysis of
time-dependent gravity data from the Gravity Recovery and
Climate Experiment (GRACE) satellite mission now sug-
gests that the gravity anomalies in Hudson Bay due to in-
complete glacial isostatic adjustment are *–15 mGal
(Tamisiea et al. 2007; 1 Gal = 1 cm s–2). We use an earlier
calculation of the post-glacial rebound signal calculated us-
ing a model of a viscoelastic self-gravitating sphere (Mi-
trovica and Tamisiea, personal communication). The
rebound signal is estimated using a simple two-layer approx-
imation of the viscosity profile in the mantle, where the vis-
cosity of the upper and lower mantle is 0.3 � 1021 Pa s and
20 � 1021 Pa�s, respectively. An elastic lithosphere of thick-
ness 96 km is assumed. This model provides an estimate of
the present-day radial displacement of the surface (related to
non-relaxed topography) and the component of the observed
free-air gravity data resulting from post-glacial rebound
processes. The peak (negative) value of the free-air gravity
anomalies predicted over Hudson Bay is about –19 mGal
and is comparable to the most recent estimate by Tamisiea
et al. (2007).

Methods
The density perturbations in the North American tecto-

sphere are constrained using the mantle flow theory pre-
sented in the following section and a seismically inferred 3-
D model of mantle structure. The flow theory is based on
geodynamic kernels, which relate the viscous response of
the mantle to internal density perturbations. With the iso-
static components of the surface topography and free-air
gravity estimated earlier in the text, we may compare the
‘‘observed’’ mantle signal with the ‘‘predicted’’ mantle sig-
nal, representing the mantle’s dynamic response to density
perturbations at different depths. The starting point of our
analysis is the seismically inferred 3-D mantle structure
from the tomography model of Grand (2002). The seismic
velocity anomalies in this model are related to mantle den-
sity anomalies through geodynamically inferred velocity–
density scaling coefficients (d ln r/d ln Vs), which are deter-
mined through an inversion scheme discussed later in the
text. The combined seismic velocity and density anomalies
may then be used to constrain the thermochemical structure
of the tectosphere.

Buoyancy-induced mantle flow
The mantle flow theory for determining the viscous re-

sponse of the mantle to internal density perturbations on a
regional (continental) scale is summarized in Appendix A.
We use a tomography-based mantle flow model to predict
the dynamic topography and free-air gravity fields, which
are then compared with the observed, present-day fields.
The internal loading formulation of the flow theory that we
employ allows for the calculation of the viscous response to
density loads placed at arbitrary depths in the mantle. The

full theoretical and numerical procedure employed in solv-
ing the flow equations for an arbitrary distribution of inter-
nal density perturbations dr(r, q, f) in a spherical,
compressible, and self-gravitating mantle is described in
and Forte and Peltier (1991) and Forte (2000, 2007).

The relationship between the flow-related observables,
such as the nonhydrostatic geoid, surface topography and
free-air gravity anomalies, and the internal density perturba-
tions that drive the flow is expressed in terms of geody-
namic kernel functions. The kernels relate the flow-related
observables to density loads at different depths in the man-
tle. The kernel functions summarize the viscous response of
the mantle and are dependent on the rheology of the mantle,
represented here in terms of a radial viscosity profile. The
kernel functions employed in this study are calculated using
a reformulated viscous-flow theory (Forte 2000), in which
the flow solution is dependent only on the logarithm of the
depth-dependent viscosity. In Fig. 3, we present a compari-

Fig. 3. Depth-dependent effective viscosity of the Earth’s mantle.
The solid curve represents the viscosity profile inferred in Occam
inversions (Forte and Mitrovica 2001) of the geodynamic data
(listed in Table 1 based on the 3-D seismic models of Grand
(2002). The dotted line represents a recent 13-layer viscosity profile
obtained by simultaneously inverting global convection and post-
glacial rebound data (Mitrovica and Forte 2002). The broken line is
obtained by calculating the averages of the convection viscosity in-
ference (solid curve) in the same 13 layers as the dotted curve.
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son of an earlier inference of the depth-dependent mantle
viscosity obtained solely on the basis of convection-related
data sets (Forte and Mitrovica 2001). Mitrovica and Forte
(2004) and a radial viscosity profile constrained by simulta-
neously inverting glacial isostatic adjustment (GIA) and
convection data sets (Mitrovica and Forte 2002) obtained a
revised inference of depth-dependent mantle viscosity from
joint GIA–convection inversions that yield viscous-flow re-
sponse (i.e., kernel) functions similar to those obtained on
the basis of the Mitrovica and Forte (2002) inversions. The
topography and geoid kernels, T‘(r) and G‘(r), employed
here and in the following convection predictions are calcu-
lated on the basis of the effective viscosity derived from the
earlier (Mitrovica and Forte 2002) inversions.

Given the high viscosity of the mantle compared with the
relatively inviscid outer core, mantle flow solutions assume
a simple free-slip boundary condition at the CMB. For the
surface boundary conditions, we assume rigid plates which
are viscously coupled to the mantle-wide convection proc-
ess. The theoretical method of viscous plate-coupling devel-
oped by Forte and Peltier (1991, 1994) is used here to model
the mantle flow with rigid surface plates. The flow theory is
formulated such that the buoyancy-induced mantle flow is
coupled to the 13 principal (rigid) surface tectonic plates
(DeMets et al. 1990), whose motions are determined by the
underlying flow field (Forte and Peltier 1994). This plate-
coupled flow theory is employed to calculate the global con-
vection-related data employed in the analysis presented later
in the text. In the regional-scale analysis of North American
data, the boundary condition may be locally approximated
as an effective no-slip surface, since the density anomalies
below the continent effectively interact with an overlying
rigid lid.

Velocity-to-density conversion
Archean SCLM is a particularly sensitive region for deter-

mining the relationships between seismic velocity and den-

sity, due to its variable thermal structure, chemical
composition, and thickness (a few tens of kilometres in rift
zones to >250 km beneath some Archean cratons). A key is-
sue in developing models of sub-continental mantle flow is
the choice of velocity–density conversion factor (d ln r/d ln
Vs), needed to translate the relative seismic shear-wave ve-
locity perturbations (dVs/V) into equivalent density perturba-
tions (dr/r). We note here that Schutt and Lesher (2006)
examined the effects of melt depletion on density and anhar-
monic temperature dependence of VP and VS on the basis of
the melting relations of fertile peridotite between 1 and 7
GPa. They concluded that taking into account the pressure
variation of the density of mantle residuum may reduce the
effect of depleted upper mantle composition on VS. In the
present work, however, we use the standard temperature
and pressure (STP) density and velocity values from Jordan
(1979).

Forte et al. (1993, 1994) inverted gravity data for a simple
depth variation in d ln r/d ln Vs, which was assumed to be
constant in the top 400 km of the mantle, constant in the
transition zone between 400 km and 670 km depth, and as-
sumed to vary smoothly across the lower mantle. Forte and
Perry (2000) and Forte and Mitrovica (2001) determined the
d ln r/d ln Vs conversion factors for a more complex depth
variation on a global scale. In this study, we determine the d
ln r/d ln Vs conversion factors for each layer of the Grand
(2002) model of seismic shear-wave velocity heterogeneity.
The joint inversions employ the geodynamic data as con-
straints on the density perturbations in the mantle.

As shown in Appendix A, the global viscous-flow re-
sponse of the mantle can be expressed in terms of local spa-
tial coordinates. On the basis of the expressions for dynamic
topography and free-air gravity anomalies in geographic co-
ordinates (see eqs. [A12] and [A15]), we obtain the follow-
ing equations that incorporate conversion factors and
seismic velocity anomalies for two distinct regions in the
mantle:
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where N = 22 is the number of layers in the Grand (2002)
model, ‘‘sh’’ denotes mantle beneath shields and ‘‘th’’ de-
notes mantle outside shield regions, which is presumed to
be characterized mainly by thermally generated anomalies.

In the case that the mantle was a perfectly elastic and
chemically homogeneous region and did not undergo pres-
sure- or temperature-induced phase transformations, reason-
able estimates for d ln r/d ln Vs could be derived from
laboratory measurements of the temperature derivatives of
seismic velocity and density (Forte et al. 1994). However, it
has been shown that the mantle may deviate significantly
from this ideal behaviour (e.g., Karato 1993; Forte and Mi-
trovica 2001), and therefore the results of laboratory studies
cannot be readily applied to the mantle without verifying the
plausibility of the resulting geophysical predictions.

The density structure of the tectosphere is determined
through an Occam inversion of the geodynamic data based
on the theoretical relationships given in eqs. [10] and [11],
in which the shear-velocity perturbations dVs/Vs, given by
the Grand (2002) model are expressed as the percent of devi-
ation from horizontally averaged values. The shear-wave ve-
locity heterogeneity associated with the continental root
below North America is isolated such that its density may
be inferred independently from the rest of the upper mantle.
This is carried out by identifying those portions of the man-
tle lying below the North American shield which are charac-
terized by positive shear-velocity anomalies (dVs/Vs > 0). In
doing so, we delineate the depth-dependent horizontal extent
of the tectosphere and the corresponding shear-wave velocity
anomalies, which we denote by (dVs/Vs)sh. The seismic ve-
locity anomalies outside the tectosphere are denoted by (dVs/
Vs)th, assuming that the seismic anomalies exterior to the tec-
tosphere are primarily thermal in origin. The assumption that
seismic anomalies outside the tectosphere are thermally in-
duced may not be valid in tectonically active regions charac-
terized by substantial basaltic magmatism (e.g., under the
southwestern US and Basin and Range province).

Inversion method for velocity–density conversion factors
We employ the Occam inversion method (Constable et al.

1987) to infer optimal velocity–density scaling factors (d ln
r/d ln Vs) for the mantle to satisfy the observed geodynamic
fields. This method finds the model, m, which minimizes
the misfit between data and predictions and simultaneously
minimizes a measure of model roughness. This technique
delivers the smoothest radial velocity–density scaling profile
that is consistent with the data. This linear inversion algo-
rithm allows us to move arbitrarily far away from the as-
sumed starting model since only the roughness of the
profile is penalized. The goodness of fit of the model predic-
tions to the actual values is quantified by the usual weighted
least-squares criterion (Constable et al. 1987):

½12� X2 ¼
XM
j¼1

ðdj�Fj½m�Þ2=s2
j

where sj is the uncertainty in the jth datum assuming statis-
tical independence of the errors, dj is the jth datum, and Fj is
the forward model functional associated with the jth datum.
In vector notation, this functional dependence on the model
m may be expressed as

½13� d ¼ F½m�

Since the dependence between data and model is linear in
this study, the mathematical relationship between m and d
may be expressed by the M � N matrix G, such that

½14� d ¼ Gm

The misfit, X2 in eq. [12], can then be written as

½15� X2 ¼ jjWd�WGmjj2

where W is the diagonal M � M matrix containing the un-
certainties sj associated with each datum

½16� W ¼ diag½1=s1; 1=s2; . . . ; 1=sM�

The relative uncertainty, sj, is determined through the cal-
culation of the sample standard deviation of the geodynamic
predictions (for a given viscosity and velocity–density scal-
ing profile) based on the seismic velocity heterogeneity in
two tomography models, namely that of Grand (2002) and
Ekström and Dziewonski (1998). We estimate the relative
ability of the two models to predict similar values at given
locations. The problem then reduces to finding the model
m, which possesses the smallest roughness possible, while
X2 achieves a statistically acceptable value. The roughness
of the velocity–density scaling profiles is quantified by its
first derivative in the inversions carried out here. Second-de-
rivative regularization yields very similar results, provided
the amplitude of the roughness weighting term is appropri-
ately reduced. Further details concerning the roughness reg-
ularization scheme may be found in Constable et al. (1987).

Thermochemical structure of the continental tectosphere
Since shear-wave velocities alone cannot distinguish

chemical heterogeneities in the tectosphere, it is necessary
to combine the seismic results with geodynamic constraints
on the density structure. We formulate our analysis in terms
of the chemical heterogeneity resulting from partial melting
of fertile mantle peridotite (Jordan 1979). The chemical het-
erogeneity is parameterized in terms of anomalies in iron
content and garnet content, where the latter is treated as a
proxy for variations in aluminum oxide.

On the basis of estimates of the impact of temperature
and compositional variations on seismic shear-wave velocity
(see Appendix B), we estimate that the effect of basalt de-
pletion on Vs will be substantially smaller than that due to
temperature (see also Röhm et al. 2000), whereas the effect
on r will be much larger. We note that basalt depletion in
the tectosphere results in the simultaneous variation in its
iron and garnet content (Jordan 1979). Therefore, to deter-
mine the extent of chemical depletion in the tectosphere,
one must look to the density perturbations in the mantle, de-
rived from the velocity–density scaling factors inferred from
the inversions of geodynamic data.

Results

Velocity-to-density conversion
If Vs anomalies in the mantle resulted only from temper-

ature perturbations, then there should be no difference be-
tween (d ln r/d ln Vs)sh and (d ln r/d ln Vs)th. However, the
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effect of lower seismic attenuation in the tectosphere result-
ing from colder temperatures (Jordan 1981) implies (d ln r/d
ln Vs)sh > (d ln r/d ln Vs)th (Karato 1993). In contrast, the
Occam inversions reveal that (d ln r/d ln Vs)sh < (d ln r/d
ln Vs)th (Fig. 4a), which implies that the density anomalies
in the tectosphere do not result solely from temperature var-
iations, suggesting the presence of chemical heterogeneity in
the tectosphere. For the shield heterogeneity, we find that
the minimum values of (d ln r/d ln Vs)sh occur in the upper
200 km of the mantle. We impose the 670 km boundary as
the maximum depth to which cratons are explicitly identi-
fied, assuming that only ‘‘thermal’’ mantle persists below
that depth. For the majority of the mantle in which thermal
effects are assumed to dominate, the (d ln r/d ln Vs)th scal-
ing peaks at *800 km depth and diminish down to
*2500 km depth (Fig. 4a).

The density perturbations in the tectosphere, (dr/r)sh = (d
ln r/d ln Vs)sh (dVs)sh, have a peak amplitude at *150 km
depth, with negligible amplitude below 250 km (Fig. 4b).
We have not imposed convergence of (d ln r/d ln Vs)sh and
(d ln r/d ln Vs)th below 670 km depth since (dr/r)sh is neg-
ligibly small at these depths. The density perturbations we
obtained on the basis of the scaling of Karato (1993) are
summarized in Fig. 4c. The most significant differences in
(dr/r)sh predicted on the basis of the geodynamic constraints
and that calculated from independent mineral physics con-

straints occurs at the top of the mantle (Figs. 4b, 4c). This
is not surprising since we find the presence of significant
chemical heterogeneity in this region, while Karato (1993)
accounts only for the thermally generated heterogeneity.

The mantle signal in the geodynamic data

Surface topography
The dynamic surface topography estimated on the basis of

the LITH5.0 crustal correction is shown in Fig. 2c, and it is
determined by subtracting the isostatic topography (Fig. 2b)
and the post-glacial rebound contribution from the observed
surface topography (Fig. 2a). Positive, or uplifted, dynamic
topography is seen in the western Cordillera, in agreement
with the high estimated mantle heat flux in this region (Hy-
ndman and Lewis 1999). In general, however, the trend of
depressed continental and elevated oceanic regions is evi-
dent. An annular region of approximately zero dynamic top-
ography in the centre of the craton suggests that the
isopycnic (neutral buoyancy) hypothesis (Jordan 1975) may
be locally valid in the underlying continental lithosphere.

The dynamic topography predicted on the basis of a mantle
viscosity and density structure inferred in a previous global
study (Forte and Mitrovica 2001), assuming purely thermal
buoyancy, is characterized by depressed continents and elevated
oceans; however, the predicted depression of the North Ameri-

Fig. 4. Geodynamic inferences of the density structure in the Earth’s mantle. (a) The long-dashed line represents the d ln r/d ln Vs (velo-
city–density) scaling coefficient originally estimated by Karato (1993) on the basis of mineral physics data and subsequently modified on
the basis of geodynamic data (Forte and Woodward 1997), where all heterogeneity is assumed to be thermal in origin. The short-dashed line
represents (d ln r/d ln Vs)sh, obtained through inversions of the geodynamic data (Table 1, inferred for the tectosphere seismic anomalies in
the model of Grand (2002). The solid line represents (d ln r/d ln Vs)th inferred for the seismic anomalies outside the tectosphere in the
model of Grand (2002). (b) The root-mean-square (RMS) amplitude of the density perturbations, as a function of depth. The short-dashed
and solid lines represent the rms amplitude of the density anomalies derived from the model of Grand (2002) in the tectosphere (dr/r)sh and
outside the tectosphere (dr/r)th, respectively. (c) The RMS amplitude of the density perturbations as a function of depth, derived from the
mineral physics estimate of d ln r/d ln Vs (long-dashed line in (a)).
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can continent is much greater than observed here in Fig. 2c.
This suggests that composition plays an important role in de-
termining the dynamic topography in the continents.

Free-air gravity anomalies
The dynamic free-air gravity signal is determined through

the removal of the isostatic signal (Fig. 2e) and the post-gla-
cial rebound contribution from the observed signal (Fig. 2d).
The result is shown in Fig. 2f, where we note a clear depres-
sion of the residual gravity field (negative anomalies) cen-
tred in the Canadian craton, in the Hudson Bay region. This
gravitational depression implies that the deeper portions of
the North American lithospheric mantle must have a residual

negative buoyancy (i.e., characterized by positive density
perturbations). These regional free-air gravity anomalies,
therefore, provide buoyancy constraints that are independent
and complementary to the dynamic topography constraints
(Fig. 2c). The latter instead suggest that conditions in the
shallow sub-continental mantle may be closer to that of neu-
tral buoyancy.

Predicted geodynamic data sets
The regional (North American) dynamic surface topogra-

phy and free-air gravity anomalies predicted on the basis of
the new d ln r/d ln Vs inferences are illustrated in Figs. 5a
and 5b, respectively. A quantitative summary of the regional
and global fits to the convection data achieved on the basis
of the new d ln r/d ln Vs inferences is provided in Table 1.

Thermochemical structure of the continental tectosphere
We use two estimates of chemical heterogeneity, one

based on our internally consistent inferences of d ln r/d ln
Vs and the other based on independent mineral physics con-
straints. The chemical heterogeneity inferred on the basis of
both approaches suggests greater iron and garnet depletion
in the upper portion of the tectosphere, with a maximum de-
pletion at *150 km depth (Fig. 6). Below 250 km depth,
the chemical heterogeneity diminishes rapidly, thereby de-
lineating the base of the CBL below the North America, in
agreement with the base of the CBL found in a recent global
study (Forte and Perry 2000).

The reference molar ratio of iron (R = XFe/(XFe + XMg) for a
pyrolitic mantle is 11% (Jackson 1998). Our inferred values of
dR (Fig. 6) are perturbations relative to this reference value.
These inferences of dR are determined on the basis of expres-
sion (eq. [B11]) in Appendix B, and they require a value of (d
ln Vs/d ln r)th that describes the temperature sensitivity of Vs
and r in the tectosphere. If we assume that seismic attenuation
is negligible in the tectosphere, we can use independent min-
eral physics constraints on the anharmonic thermal conversion
factors, such that (d ln Vs/d ln r)th ^ 4 in the upper mantle
(Karato 1993). On the basis of this mineral physics estimate,
the maximum inferred iron depletion is dR = –0.022 at
*150 km depth (Fig. 6), suggesting at least 20% fractionation
of basalt in the tectosphere beneath North America (see
table 6 in Jordan (1979)). If we instead employed our geo-
dynamic inference for (d ln Vs/d ln r)th, we find the maxi-
mum dR = –0.004 at the same depth. One possible problem
with the latter estimate is the possible effect of partial
melting or strong shear-velocity attenuation in the shallow
thermal mantle, which would render the geodynamically
inferred (d ln Vs/d ln r)th inappropriate in the context of
the tectosphere. In comparison to a global study (Forte
and Perry 2000), the two independently calculated deple-
tion profiles (Fig. 6) show much more similarity, owing to
the fact that we sample a smaller (continental) area, thus
limiting the possibility of finding areas of widespread par-
tial melting or strong attenuation globally distributed
amongst different oceanic areas.

The spatial distribution of iron depletion, and the corre-
sponding thermal anomalies at a depth of 150 km in the
mantle, are represented in Fig. 7. The maximum temperature
perturbations occur at *150 km depth, corresponding to the
depth of maximum iron depletion. The regions of maximum

Fig. 5. (a) The dynamic surface topography predicted on the basis
of the mantle viscosity and density structure (Fig. 3; Fig. 4b) in-
ferred on the basis of the tomography model of Grand (2002). (b)
The dynamic free-air gravity anomalies predicted on the basis of
the mantle viscosity and density structure (Fig. 3; Fig. 4b) inferred
on the basis of the tomography model of Grand (2002).

Perry and Forte 473

Published by NRC Research Press



iron depletion are found beneath the Canadian Shield,
whereas the Phanerozoic Cordillera exhibits a much lower
degree of depletion. The regions of maximum chemical de-
pletion are correlated to regions of coldest temperatures be-
low the Precambrian Shield of North America.

Similar results are found in petrological and geochemical
analyses of mantle xenoliths from the Canadian Shield. Gaul
et al. (2000) address the Mg# in mantle profiles, where Mg#
= 1 – R = XMg/(XFe + XMg), derived directly from xenolith
and xenocryst data for kimberlites worldwide, including the
Slave Province. They concluded that the iron content in oli-
vine is smallest toward the top of the sections, consistent
with the higher degrees of partial melting at shallow depth
predicted by models of melting during adiabatic decompres-
sion. In the Slave Province in particular, they found a dis-
tinct stratification of the lithospheric mantle, with a highly
depleted upper layer and a lower layer of less depleted peri-
dotitic mantle, the two layers separated by a boundary at a
depth *50 km. Peridotites from the Canadian Shield region
are found to contain much higher Mg# suggesting that they
are more refractory than the lithospheric mantle in the Pha-
nerozoic Cordillera (Schmidberger and Francis 1999). Grif-
fin et al. (2004) present a detailed chemical analysis of the
North American lithospheric mantle using empirical xenolith
data with detailed profiles of olivine Mg#.

The coldest temperatures are found in the centre of the
North American craton, and they become less cold toward
its edges (Fig. 7b). Seismic and magnetotelluric studies
place the lithosphere–asthenosphere transition at *200–250
and 195 km, respectively (Jones and Ferguson 1997; Bo-
stock 1997). Pressure–temperature (P–T) estimates from
xenoliths suggest minimum lithospheric thicknesses of
*180–190 km (MacKenzie and Canil 1999; Kopylova et
al. 1998; Boyd and Canil 1997) in the centre of the Slave
Province. The occurrence of an inflection in the P–T array
of a mantle xenolith suite from the Canadian Arctic at
140 km depth reported by Schmidberger and Francis (1999)
may suggest that the transition from the base of the litho-
sphere shallows from the centre of the Slave craton to its
margin beneath Somerset Island. Boyd (1987) reports simi-

Table 1. Fits to global and North American convection data.

3-D mantle* Free-air gravity{ Plate divergence{ Surface topography§ Excess CMB ellipticityk

Global [‘ =
2–32]

N. Amer. [‘ = 1–32] [‘ = 1–32] N. Amer.

Grand# 26% 36% 60% 26% –52% –0.50 km
Grand} 27% 29% 59% 50% 57% –0.52 jn

Note: All fits are quantified in terms of percent variance reduction (e.g., Forte 2007, p. 834). For the global fits all data and predictions are filtered to
maximum spherical harmonic degree 32 and for the North American (N. Amer.) fits all fields are filtered to maximum harmonic degree 128.

*Mantle flow predictions of geodynamic observables use the tomography model of Grand (2002) in this study.
{The observed free-air gravity anomalies calculated with the nonhydrostatic gravitational potential derived from satellite data. The free-air gravity anomalies

in North America are derived from the satellite data of the EGM96 model (Lemoine et al. 1996), while the global free-air gravity anomalies are derived from the
satellite data of the GEM-T2 model (Marsh et al. 1990).

{Plate motion data are represented in terms of the horizontal divergence of the plate velocities given by the NUVEL-1 model (DeMets et al. 1990).
§The dynamic surface topography in North America is obtained from the observed surface topography after removal of the isostatic crustal contribution

(Figs. 2a–2c), while the global dynamic surface topography is obtained after an isostatic crustal reduction of the observed topography using Mooney et al.
(1998).

||The recent inference of excess dynamic core–mantle boundary (CMB) ellipticity Mathews et al. (2002) suggests a value of about 0.4 km.
}The density perturbations in the mantle-flow models are derived from the shear-wave velocity anomalies using d ln r/d ln Vs (long-dashed curve, Fig. 4a),

which is based on an estimate originally obtained by Karato (1993).
**The density perturbations are derived on the basis of the associated d ln r/d ln Vs profiles (solid and short-dashed curves, Fig. 4a) inferred in inversions of

the convection data. The d ln r/d ln Vs conversion inferred for the North American tectosphere (short-dashed curve, Fig. 4a) is only applied to this continental
root in the calculation of global convection observables.

Fig. 6. Iron depletion dR in the tectosphere, where R is the refer-
ence molar ratio of iron (= XFe/(XFe + XMg). The solid line repre-
sents the estimate of dR, obtained with independent mineral physics
data (Karato 1993), inferred from the model of Grand (2002). The
dashed line represents the internally consistent estimate of tecto-
sphere heterogeneity, inferred on the basis of an Occam inversion
of the convection data, expressed in terms of peak values of the
perturbation to the iron molar ratio R in each layer of the tomogra-
phy model of Grand (2002).
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lar shallowing of the lithosphere–asthenosphere transition
for the Kaapvaal craton from its centre (200 km) to its mar-
gins (*140 km).

Uncertainties in chemical composition and temperature
The uncertainties inherent in our predictions of Mg# (or

equivalent Fe#) deserve some scrutiny. They can be esti-
mated on the basis of an assumed 20% uncertainty in the
crust-corrected (dynamic) topography. This error estimate
follows from the analysis of Pari (2001), who considered
the uncertainties associated with predictions of dynamic top-
ography resulting from uncertainties in both the crustal layer
thickness and P-velocity-to-density systematics of Christen-
sen and Mooney (1995). Pari (2001) noted that the errors in
the conversion of P-velocity to density provide the dominant
contributions to the total error since the densities are multi-
plied by large values of the continental crust thickness in the
isostatic topography calculation.

A 20% error in the observed dynamic topography trans-
lates to a significant uncertainty in our predictions of Fe de-
pletion and corresponding Mg# in the tectosphere. It should
be noted that the (comparitively small) uncertainties in the
observed dynamic free-air gravity anomalies are not consid-
ered in this instance. These depend on the uncertainty in the
isostatic free-air gravity anomaly, which contributes only a
small fraction to the observed free-air gravity anomaly. The
uncertainty in the predicted temperature perturbation at
150 km depth is *100 K, compared with a background
anomaly of about 500 K at this depth (Fig. 7).

Iron depletion in cratonic mantle
We examined the secular trend in the iron composition of

xenolith suites from North America. For this purpose, we fo-

Fig. 7. Chemical and thermal structure of the mantle beneath North America at 150 km depth. (a) Iron depletion dR in the tectosphere
inferred on the basis of the Grand (2002) shear-velocity heterogeneity model and employing independent mineral physics data to estimate
the thermal properties of the tectosphere. (b) Lateral temperature variations inferred on the basis of the Grand (2002) model and using, as in
(a), independent mineral physics constraints on the tectosphere’s thermal properties.

Fig. 8. Iron depletion, dR, as a function of tectonothermal age of
crustal rocks, where variations in dR are based on and the tecto-
nothermal age range of crustal groups according to Hoffman
(1989). The dashed-line marks the line of best fit. The solid line is
one possible solution within the bounds of the crustal age groups
and the variation in dR and shows that, at time t = 0, the mantle is
fertile and undepleted in its iron components.
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cused on the four tectonothermal crustal age distributions
given by Hoffman (1989): one Archean (3.3–2.5 Ga) and three
Early Proterozoic (2.5–1.6 Ga). The exclusion of the oldest
Archean rocks is valid since our spatial resolution of the dR
values is not less than 28� 28, and the point occurrences of
these old Archean rocks are very localized. The computed dR
values of the sub-continental mantle rock are assigned the
tectonothermal age of the corresponding overlying crust.

To estimate the amount of iron depletion in the tecto-
sphere, dR, for crustal age t, one must account for uncertain-
ties in both crustal age and dR. We adopt a measure of
misfit that incorporates both the dR estimates and the tecto-
nothermal crust age. A model of the dR–age relationship is
generated by computing infinitely many random points that
are valid within the range of dR values for a given crustal
age. We seek a linear regression line consistent with the un-
certainties that intersects the point dR = 0 at time t = 0. We
find that such a line exists, supporting the hypothesis that
the mantle is fertile and undepleted in its iron constituents
at time t = 0 (Fig. 8).

The trend of increasing iron depletion with the age of
SCLM lithosphere probably suggests that the petrogenic
processes creating lithospheric mantle have changed with
time. Petrological analyses of xenolith and xenocryst sam-
ples worldwide suggest that the roots of most Proterozoic
shields probably consist of refertilized Archean SCLM and
the juvenile SCLM beneath Proterozoic and Phanerozoic
mobile belts reflects only moderate depletion of primitive
mantle compositions (Griffin et al. 2009). This secular evo-
lution in SCLM composition, related to tectonothermal age
of the overlying crust, is evident in the petrological analyses
of garnet xenocrysts from O’Reilly and Griffin (2006).
These studies are consistent with the predictions of Schmid-
berger and Francis (1999), who suggest that the Mg# of Ar-
chean SCLM beneath the Canadian Shield is higher than
that of SCLM beneath the Phanerozoic Canadian Cordillera
at the western margin of the shield. A similar trend is re-
corded by Poudjom-Djomani et al. (2001), where Mg# was
shown to decrease secularly in mantle-derived peridotite
xenoliths and garnet-xenocryst suites from Archean (highest
Mg#) to Phanerozoic (lowest Mg#).

Discussion

Effect of viscosity variations and boundary conditions
The geodynamic inversions for optimal d ln r/d ln Vs con-

version factors in the North American ‘‘shield’’ mantle and the
exterior ‘‘thermal’’ mantle (Fig. 4) yield similar fits to the
global-scale and regional-scale (i.e., North American) data sets
(Table 1); however, the fit to the latter is slightly better. This
would indirectly suggest that the effect of lateral viscosity var-
iations are relatively small in the North American SCLM.

To better understand why the joint modelling of global
and regional convection-related data does not seem to re-
quire an explicit treatment of lateral viscosity variations, we
refer to the work of Forte and Peltier (1994). Their quasi-an-
alytic treatment of buoyancy-induced flow in the presence of
large-scale lateral viscosity variations suggests that the pre-
dicted surface topography and geoid anomalies are weakly
affected, provided the same horizontally averaged profile of
viscosity is used. Forte and Mitrovica (2001) and Moucha et

al. (2007) calculated the large-scale viscosity heterogeneity
expected on the basis of temperature anomalies derived
from global seismic tomography, and they also showed the
resulting impact on global convection data is in the order of
10% to 20%, less than current uncertainties in the global to-
mography models. An explicit calculation of the relatively
minor effect of lateral viscosity variations on predicted dy-
namic topography in North America is presented in Forte et
al. (2010). The lateral viscosity variations which may be
predicted on the basis of our inferred temperature anomalies
(Fig. 7) are on a similarly large scale as in the recent study
by Forte et al. (2010), and this is why we should expect a
similarly small effect.

We test the importance of lateral viscosity variations by
considering the differences between regional- and global-
scale inferences of mantle viscosity derived from inversions
of different types of geodynamic data. We consider the two
viscosity profiles presented in Fig. 3: the first being the dot-
ted curve, derived by simultaneously inverting global con-
vection and post-glacial rebound data (Mitrovica and Forte
2002), and the second being the solid curve, the convection
viscosity profile. The dynamic surface topography predicted
with the joint rebound–convection viscosity profile differs
from the prediction obtained with the pure convection pro-
file by only 14%, despite the large difference between the
two viscosity profiles, especially in the upper mantle. This
result further reinforces our conclusion that large-scale lat-
eral viscosity variations have a relatively small impact on
the geodynamic surface predictions.

The impact of rigid tectonic plates, whose motions are
coupled to the underlying buoyancy-driven mantle, is as im-
portant as the effect of lateral viscosity variations. Indeed, it
may be argued that the plates are a manifestation of lateral
heterogeneity in rheological behaviour (e.g., Tackley 2000).
According to the treatment of rigid plates developed by
Forte and Peltier (1991, 1994), the plates enforce a partition-
ing of the internal density anomalies into two components:
(i) one that is spatially correlated with the global plate boun-
dary geometry and is thus able to drive observable plate mo-
tions (these density anomalies are, therefore, modelled with
a free-slip boundary condition); and (ii) one that is spatially
uncorrelated (effectively ‘‘orthogonal’’) to the plate bounda-
ries and, therefore, cannot produce observable plate motions.
The latter density anomalies must, therefore, be modelled
with a no-slip condition at the surface. Density anomalies
that are significantly displaced relative to the location of the
plate boundaries can, therefore, produce little or no horizon-
tal movement of the overlying plates, as shown in Forte
(2007). These density anomalies effectively see a local rigid
surface boundary condition, and this is the case for the re-
gional density anomalies below North America.

Perry et al. (2003) compared the regional dynamic topog-
raphy predicted with a (global) no-slip condition and the re-
gional topography predicted with a global flow model which
incorporates moving tectonic plates involving both free-slip
and no-slip conditions. The relative difference between the
two predictions is only 5%. Evidently, the assumption of a
rigid surface boundary for the regional modelling of flow
below North America is a robust and accurate approxima-
tion and it represents the primary, effectively ‘‘rheological,’’
control on the underlying flow dynamics.
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Geodynamic inversions
The dynamic topography predicted on the basis of mineral

physics data, which assume that mantle heterogeneity is
mainly thermal in origin, provides a rather poor fit to the
data (Table). The assumption of a dominant thermal origin
for the seismically imaged heterogeneity is evidently an in-
accurate approximation for the continental tectosphere,
where colder temperatures coexist with chemically depleted
mantle material. This being said, to interpret compositional
heterogeneity in SCLM, joint seismic–geodynamic inver-
sions of the density structure are necessary, since shear-
wave velocity anomalies alone are weakly affected by chem-
ical variations within the SCLM. In oceanic regions, a
purely thermally derived scaling is more appropriate since
the sub-oceanic mantle lacks the chemical heterogeneity
present in its sub-continental counterpart.

As noted earlier in the text, the constraints on tectosphere
density structure provided by topography data differ from
the free-air gravity constraints. To underline this point, we
note that an analysis of free-air gravity anomalies over
North America by Pari and Peltier (2000) conclude that the
rebound process accounts for only 10% of the observed free-
air gravity low over Hudson Bay. They suggest that the
main source of the anomaly arises from mantle convection
(e.g., Peltier et al. 1992). They deduce that, at very long
wavelengths, the nonhydrostatic free-air gravity field fa-
vours the existence of high-density sub-continental mantle
and suggest (following Forte et al. (1993)) that it is through
the downward stresses exerted on the Earth’s surface by
these anomalous high-density masses that depressions in the
dynamic topography of continental regions are sustained
over time relative to oceanic regions. To obtain these results
they use a priori estimates of (d ln r/d ln Vs)sh above
175 km depth, which assume either positive or negative val-
ues, implying negative or positive buoyancy for fast sub-
continental anomalies, respectively.

Through the joint inversion of the full suite of convection
data (in particular the combined topography and gravity
anomalies), we find (d ln r/d ln Vs)sh varies from 0.01 at the
surface to a peak value of 0.08 at *150 km depth, decreas-
ing to *0.05 at the base of the tectosphere (Fig. 4a). Pari
(2001) finds that a best fit to the long-wavelength dynamic
surface topography signal is obtained when (d ln r/d ln Vs)th
= 0.15 at depths >175 km, a result predicted independently
through our inversions of the velocity–density conversion
factors. The density structure of the sub-cratonic mantle has
a significant impact on both the predicted dynamic surface
topography and free-air gravity anomalies, and thus a joint
inversion for (d ln r/d ln Vs)sh is essential in determining the
dynamical processes effecting the sub-continental mantle
convective flow. To further emphasise this point, we note in
Table 1 that a purely thermally derived velocity–density
scaling (e.g., Karato 1993) seems to provide a better fit to
the local North America gravity data, but it yields a dynamic
topography prediction that is clearly incorrect.

Conclusions
Several studies have attempted to evaluate the effect of

melt depletion on garnet peridotite buoyancy in the mantle
(e.g., O’Hara 1975; Oxburgh and Parmentier 1977; Jordan

1979). O’Hara (1975) suggests that partial melting in the
upper mantle generally decreases Fe/(Fe + Mg) in the man-
tle rock residuum and depletes the dense garnet component,
and that residual material should be about 2.5% less dense
than undepleted mantle for 20% partial melting. These re-
sults were supported by experimental studies on two natural
peridotites (Boyd and Callister 1976). Oxburgh and Par-
mentier (1977) predicted that 25% partial melting beneath
an oceanic ridge will result in a decrease in density of
*1.9% for the mantle source. Our results indicate that the
North American tectosphere is *2.2% more depleted in
iron at 150 km depth than the average mantle. These infer-
ences of iron depletion for the North American sub-conti-
nental lithospheric mantle suggest that repeated episodes of
partial melting of this region are required over its very long
tectonic history. These repeated episodes of partial melting
would then lead to the creation of long-lived, chemically
buoyant cratonic roots.

It is important to note that our estimated iron depletion
profile shows maximum depletion at 150 km. Therefore,
our estimate of *2.2% more iron depletion at 150 km depth
compared with the average mantle represents an upper
bound estimate of total iron depletion in Archean SCLM.
Almost all depth profiles of Mg# (olivine) obtained from
petrological analyses of garnet xenoliths and xenocrysts sug-
gest an increase in Fe content with depth, associated with
refertilization by asthenospheric fluids. In xenolith and xen-
ocryst data sets worldwide (e.g., Slave Province and Kaap-
vaal), this decrease in depletion tends to occur below
*150 km (O’Reilly and Griffin 2006; Griffin et al. 2009),
marking the boundary between an ultradepleted upper layer
and a refertilized lower layer. In the Slave Province, this
same ‘‘layering’’ at 150 km depth is evident from teleseis-
mic analayses (Snyder et al. 2004). These petrological and
seismic results correlate very well with our predicted depth
of maximum iron depletion around 150 km depth.

Considering the contributions to density from both iron de-
pletion and temperature in the North American tectosphere,
we find a total positive density anomaly of *0.25% com-
pared with that of the surrounding mantle. This suggests a
slightly heavy tectosphere, which is consistent with the nega-
tive free-air gravity anomaly over the craton. One possible
explanation for our prediction of lesser Fe depletion relative
to isopycnic equilibrium is the presence of denser lithologies
(e.g., eclogite or Fe-rich peridotites) that contribute to the
average density of the tectosphere, but remain largely un-
sampled (Lee 2003). Eclogites are generally associated with
zones of intense metasomatism in adjacent peridotites, and re-
flect the introduction of Fe among other heavy elements into
the base of the depleted SCLM. On the other hand, most of
the published Mg# (olivine) profiles based on xenolith and
xenocryst petrological analyses, show a general increase in
Fe with depth reflecting refertilization from asthenospheric
fluids infiltrating upwards from the lithosphere–astheno-
sphere boundary. It seems unlikely that there could be enough
eclogite to produce this effect as only <5% is likely for any
given mantle section (e.g., Griffin and O’Reilly 2007).

Future perspectives
On the basis of more recent work involving joint inver-

sions of global seismic and geodynamic data sets (Simmons
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et al. 2006), we will be revisiting the compositional and
thermal mapping of the tectosphere. The most recent joint
seismic–geodynamic inversions (Simmons et al. 2007, 2009)
suggest higher degrees of sub-continental depletion in the
lithosphere and higher local magnesium numbers than previ-
ously estimated. The methodology presented in this review
will be used to carry out future studies of the lithospheric ther-
mochemical and density structure using these recent high-res-
olution tomography models. Heat-flow data sets will also be
incorporated into our current inversion scheme, thereby pro-
viding another independent and fundamentally important con-
straint on the thermal component of lithospheric density.
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Appendix A. Summary of buoyancy induced
mantle-flow theory

Spectral godynamic kernels
The surface topography kernel functions, T‘(r) relate the

spherical harmonic coefficients of the flow-induced surface
topography dam‘ to the radially varying spherical harmonic
coefficients of the density contrasts drm‘ ðrÞ as follows:

½A1� dam
‘ ¼

1

Drmo

Z a

b

T‘ðrÞdrm
‘ ðrÞdr

In this expression, Drmo = 2.2 Mg/m3 is the density jump
across the mantle–ocean boundary, a is the mean radius of
the solid surface, and b is the mean radius of the core–man-
tle boundary (CMB). The detailed shape of the topography
kernels T‘(r) depends on the radial profile of relative (non-
dimensional) mantle viscosity.

The geoid kernels G‘(r) relate the spherical harmonic co-
efficients of the nonhydrostatic geoid, dNm

‘ , to the spherical
harmonic coefficients of the density perturbations drm‘ ðrÞ as
follows:

½A2� dNm
‘ ¼

3

ð2‘þ 1Þ �r

Z a

b

G‘ðrÞdrm
‘ ðrÞdr

where �r = 515 Mg/m3 is the mean density of the Earth.
Free-air gravity anomalies contain two contributions: (i)

the direct gravity effect due to all the density anomalies
which contribute to the geoid anomalies in eq. [A2]); (ii)
the indirect gravity effect which is due to the displacement
between the geoid surface and the reference global surface r
= Ro = 6371 km (this displacement is, of course, the geoid
undulation). This indirect effect is calculated as though there
is no intervening mass between the geoid and the reference
surface, hence the term ‘‘free-air’’ correction, which is often
used to describe the indirect effect. We can show that the
sum of the direct and indirect effects leads to the following
expression for the free-air gravity anomalies:

½A3� dGðq;fÞ ¼ � @dNðr; q;fÞ
@r

� �
Ro

� 2

Ro

dNðRo; q;fÞ
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In the spherical harmonic domain, this expressions yields the
following relationship between the free-air gravity anomaly
coefficients dGm‘ and the nonhydrostatic geoid coefficients
dNm

‘ :

½A4� dGm
‘ ¼ ð‘� 1Þ go

Ro

dNm
‘

where go = 9.82 m/s2 (982 000 mGal) is the mean gravita-
tional acceleration at Earth’s surface. In the present study,
the nonhydrostatic geopotential coefficients are obtained
from the EGM96 model (Lemoine et al. 1996), from which
we subtract the hydrostatic rotational flattening (e.g. Jeffreys
1963; Nakiboglu 1982). Through the combination of eqs.
[A2] and [A4], one can relate the gravity anomaly coeffi-
cients to the internal density perturbations.

Finally, the spherical harmonic coefficients of the flow-in-
duced CMB topography dbm‘ are related to the density per-
turbations drm‘ ðrÞ by the CMB topography kernels B‘(r):

½A5� dbm
‘ ¼

1

Drcm

Z a

b

B‘ðrÞdrm
‘ ðrÞdr

where Drcm = –4.43 Mg/m3 is the density jump across the
CMB (PREM, Dziewonski and Anderson (1981)).

The topography and geoid kernels, T‘(r) and G‘(r), re-
spectively, defined in eqs. [A1] and [A2], are calculated on
the basis of an effective viscosity model (Forte and Mitrov-
ica 2001) inferred from a non-linear, iterative, Occam-style
inversion of the main convection-related geophysical data.
These data consist of global free-air gravity (Marsh et al.
1990) and horizontal divergence data (DeMets et al. 1990)
in the degree range ‘ = 2–32 and ‘ = 1–32, respectively.
The topography and geoid kernels, T‘(r) and G‘ (r), calcu-
lated on the basis of the viscosity model. In the upper
200 km of the mantle, the topography kernels show peak
amplitudes over all spherical harmonic degrees, however
the higher degrees show more distinct, narrower peaks.

In all cases, the topography kernels achieve a value of ex-
actly –1 at the surface, consistent with the isostatic compen-
sation of all density anomalies located right below the solid
surface through local vertical deflection of this surface.
These very shallow density anomalies do not produce man-
tle flow. As depth increases, the density anomalies drive in-
creasingly more flow, corresponding to reduced levels of
isostatic compensation by the surface deflection and hence
producing less surface topography (e.g., at ‘ > 8, topography
kernels have negligible values below about 500 km depth).

At the surface, all geoid kernels vanish because of the ex-
act isostatic compensation of shallow mantle density anoma-
lies. As depth increases, the kernels swing to peak negative
values near 200 km depth. Density anomalies at these shal-
low depths interact with a very low stiffness mantle (Fig. 3)
and hence produce sufficiently large mantle flow to deflect
the solid surface with an amplitude large enough to over-
shadow the direct gravitational effect of the internal density
anomalies. At greater depth, in the transition-zone region of
the upper mantle, the local density anomalies interact with
significantly increased stiffness of the mantle (Fig. 3). The
greater viscosity of the mantle reduces the efficiency with
which density anomalies drive flow, and hence the corre-
sponding dynamic surface topography is reduced and can

no longer mask the direct gravitational effect of the internal
loads at these depths. This explains the positive values of
the geoid kernels (especially at short horizontal wave-
lengths) in the bottom half of the upper mantle and in the
top of the lower mantle.

We note that constraints on density anomalies in the
deepest mantle are provided by the longest wavelength
(e.g., degree ‘ = 2) components of surface topography and
gravity. This implies that global-scale data are needed to
properly constrain the density structure of the lower mantle.

Spatial geodynamic kernels
The spectral or wavelength-dependent geodynamic ker-

nels T‘(r) and G‘(r) may also be used to represent the vis-
cous response of the mantlein the spatial domain. We
consider the derivation of the spatial kernels for the surface
topography here. The surface topography, represented in
spherical harmonics in eq. [A1], may be represented in geo-
graphical coordinates as follows:

½A6� daðq;fÞ ¼
X
l;m

ðdaÞm‘ Ym
‘ ðq;fÞ

where Ym‘ is a spherical harmonic basis function of degree ‘
and order m. Similarly, the density perturbations in the man-
tle are expressed as a function of radius, colatitude, and
longitude (r, q, f) as follows:

½A7� drðr; q;fÞ ¼
X
‘;m

ðdrÞm‘ ðrÞYm
‘ ðq;fÞ

Employing the relation

½A8� ðdrÞm‘ ðrÞ ¼
1

4p

I
Ym�
‘ ðq0;f0Þdrðr;q0;f0ÞdS0

where dS denotes integration over the entire unit sphere, and
* denotes complex conjugation. Combining eqs. [A1], [A7],
and [A8] we obtain

½A9� daðq;fÞ ¼ 1

4pDrmo

Z a

b

I X
‘;m

T‘ðrÞYm�
‘ ðq0;f0ÞYm

‘ ðq;fÞ

� drðr;q0;f0ÞdS0dr

We use the addition theorem for spherical harmonics,
which expresses a Legendre polynomial of degree ‘ in terms
of a series of products of the spherical harmonics evaluated
at two surface positions (q, 4)) and (q’, 4’):

½A10�
X‘

m¼�‘
Ym�
‘ ðq0;f0ÞYm

‘ ðq;fÞ ¼ ð2‘þ 1ÞP‘ðcosDÞ

where the angular distance D between the two locations (q,
f) and (q’, f0) is determined from the following expression:

½A11� cosD ¼ cos qcosq0 þ sin qsinq0cosðf0 � fÞ

The surface topography in eq. [A9] is represented as a
function of D defined in eq. [A11]:

½A12� daðq;fÞ ¼ 1

Drmo

Z a

b

Z p

0

Z 2p

0

Tðr;DÞdrðr;q0;f0Þ

� sinq0dq0df0dr
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where T(r, D) is the spatial topography kernel. The general
spatial representation of all geodynamic kernels is

½A13� Kðr;DÞ ¼ 1

4p

X
‘

K‘ðrÞP‘ðcosDÞð2‘þ 1Þ

where K(r, D) are the spatial kernels and K‘(r) is the asso-
ciated spectral kernel corresponding to either dynamic topo-
graphy or free-air gravity.

The geoid anomalies in geographic coordinates are ex-
pressed as

½A14� dNðq;fÞ ¼ 3

�r

Z a

b

Z p

0

Z 2p

0

Nðr;DÞdrðr;q0;f0Þ

� sinq0dq0df0dr

where N(r, D) is the spatial geoid kernel. The corresponding
free-air gravity anomalies are

½A15� dGðq;fÞ ¼ 3go

�rRo

Z a

b

Z p

0

Z 2p

0

Gðr;DÞdrðr;q0;f0Þ

� sinq0dq0df0dr

The spatial kernels (Fig. A1) employed are calculated by
summing the spectral kernels for a no-slip surface boundary
condition. This surface boundary condition is appropriate for de-
scribing the interaction of upper mantle density anomalies with
an overlying plate. The depth-dependent behaviour of the spatial
kernels reflects the radial variation in the spectral kernels.

Both the topography and free-air gravity kernel ampli-
tudes are dominant in the upper mantle, decreasing to very
small relative amplitude below about 500 km. The kernels
are represented as a function of D, at different depths, in
Fig. A2. The topography kernels have a peak (negative) am-
plitude at the top of the mantle (Fig. A2a), decreasing in
magnitude to *670 km depth. The free-air gravity kernels
(Figs. A2d–A2f) show zero amplitude at the surface, a peak
(negative) amplitude at *93 km depth (Fig. A2e), and then
change sign to positive values at *272 km depth (Fig. A2f).

As discussed earlier, the change in sign of the gravity ker-
nels reflects the interaction of local density anomalies with
increasingly stiffer, sluggish mantle below *250 km depth.
At still greater depth, the local density anomalies corre-
sponding to short wavelengths provide less surface gravity
signal, as reflected by the decrease to very small values of
the spatial gravity kernels below *800 km depth.

In summary, the regional dynamic surface topography is
very useful in determining the buoyancy properties of the
shallow lithospheric mantle, since its spatial response func-
tions peak at the Earth’s solid surface. In contrast, the free-air
gravity-response functions vanish at the solid surface and
achieve peak amplitudes toward 100 km depth. This implies
that the regional gravity anomalies will provide strongest con-
straints on the buoyancy of the deeper continental lithosphere.

Truncation of the geodynamic kernels
In expressions [A12]–[A15], the angular distance D be-

tween two geographic coordinates (q, f) and (q’, f0), extends
from 08 to 1808 at the antipode of (q, f). Spatial convolution
of the density structure with the kernels over all q and f is,
therefore, computationally intensive. We truncate the spatial
topography and free-air gravity kernels (Fig. A2a–A2f) at D

= 308, since the accuracy is not significantly improved using
a wider window. Since most of the amplitude of the kernels
is focused around D = 08, beyond which the amplitudes de-
crease rapidly to small relative values, truncation is valid.
Small but persistent errors are incurred, however, because
of the relatively small-amplitude oscillatory undulations of
the kernels out to D = 1808. Error associated with the trun-
cation is assessed through comparison of the spatial repre-
sentation of geodynamic fields up to harmonic degree and
order ‘ = 128, and those calculated in the truncated spatial
domain using the spatial kernels. The spherical harmonic ex-
pansions up to this degree and order are accurate representa-
tions of all the information contained in the geodynamic
kernels, and thus their comparison to the results obtained us-
ing the truncated kernels reveals the extent of the error in-
curred by truncating at 308. The resulting root mean square
(rms) difference between the dynamic topography and free-
air gravity anomalies computed in the spatial domain using
the tomography model of Grand (2002) and those calculated
on the basis of the a spherical harmonic expansion up to de-
gree and order ‘ = 128 for the same tomography model are
5% and 7%, respectively.

Our use of degree-128 spatial kernels is based on the re-
quirement that the regional (North American) data should be
employed to constrain the regional mantle heterogeneity di-
rectly below the continent. As discussed earlier, the horizon-
tal integration width of the degree-128 kernels meets this
requirement.

Kogan and McNutt (1993) present an alternative method
for truncating the geodynamic kernels, and we performed a
second test of the validity of our kernel truncations by com-
paring our results to those obtained using their methodology.
To calculate the spatial topography kernels, Kogan and
McNutt (1993) truncate the kernels expressed in the spectral
domain, thereby defining a null space for the spatial convo-
lution. Since we are working on a regional scale (character-
ized by half wavelengths £1500 km), we may confine the
analysis to harmonic degrees ‘ = 12 since the longer wave-
lengths would require a whole Earth treatment. Following
Kogan and McNutt, an arbitrary combination of the first 11
Legendre polynomials may be subtracted from the spherical
harmonic expansions (eq. [A13]) of the kernels. The results
obtained using this methodology are in agreement with those
found using our truncation method in the spatial domain.
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Appendix B. Thermochemical structure of
the tectosphere

The effects of lateral variations in temperature and com-
position on variations in seismic shear-wave velocity (dVs/
Vs) and density (dr/r) in the tectosphere may be expressed
by

½B1� dr

r
¼ �adT þ @lnr

@R
dRþ @lnr

@XGt

dXGt

½B2� dVs

Vs

¼ @ln Vs

@T
dT þ @ln Vs

@R
dRþ @ln Vs

@XGt

dXGt

where dT are the temperature perturbations, and, following
the method of Jordan (1979), the compositional heterogene-
ity is expressed in terms of the iron molar ratio, R = XFe/(XFe
+ XMg) and the molar fraction of garnet in the whole rock,
XGt. Using the estimates of Jordan (1979)

½B3� @ln Vs

@R
¼ �0:34;

@ln Vs

@XGt

¼ þ0:05

½B4� @lnr

@R
¼ þ0:32;

@lnr

@XGt

¼ þ0:10

and assuming 10% fractionation of basalt from fertile sub-
continental lherzolite, for which dR & –0.013 and dXGt
& –0.056 (see table 6 in Jordan (1979)), yields the follow-
ing compositional perturbations:

½B5� dVs

Vs

¼ þ0:16%;
dr

r
¼ �0:98%

Assuming a temperature perturbation of –500 8C at
100 km depth (Jaupart and Mareschal 1999) yields the fol-
lowing thermal perturbations:

½B6� dVs

Vs

¼ �7:0%;
dr

r
¼ þ1:75%

where we take a = 3.5 � 10–5 K–1 and @lnVs=@T = –14 �
10–5 K–1 (Karato 1993).

On the basis of expressions eqs. [B1] and [B2], we obtain

½B7� dr

r

� �
sh

¼ �adT þ AdR ¼ dln r

dln Vs

� �
sh

dVs

Vs

� �
sh

½B8� dVs

Vs

� �
sh

¼ �a dln Vs

dlnr

� �
th

dT þ BdR

where

½B9�
A ¼ @lnr

@R
þ @ln r

@XGt

dXGt

dR

B ¼ @ln Vs

@R
þ @ln Vs

@XGt

dXGt

dR

We estimate a value for dXGt

dR
by considering the covariance

between whole-rock depletion of iron and garnet, which may
be estimated from models of basalt extraction from a pyrolite
starting composition. The estimates provided by Jordan (1979)
(see fig. 1 and table 6) for the effect of 10% partial melting
yield dXGt

dR
& 4. The coefficient of thermal expansion, a, is as-

sumed to vary linearly from 3.3 � 10–5 K–1 at the top of the
mantle to 2.5 � 10–5 K–1 at the bottom of the upper mantle.

Solving for dT and dR yields

½B10� dT ¼ � 1

a

dln r

dln Vs

� �
sh

dln Vs

dln r

� �
sh

� B

A

� �

� @lnVs

@lnr

� �
th

� B
A

� ��1
dVs

Vs

� �
sh

½B11� dR ¼ 1

A

@ln Vs

@ln r

� �
th

dln r

dln Vs

� �
sh

� 1

� �

� @lnVs

@lnr

� �
th

� B
A

� ��1
dVs

Vs

� �
sh

Exterior to the tectosphere (i.e., in the ‘thermal’ mantle),
compositional heterogeneity is assumed to be negligible and
thermal heterogeneity is the primary cause of the seismic
velocity anomalies. In these regions we have

½B12�

dr

r

� �
th

¼ adT ¼ dlnr

dln Vs

� �
th

dVs

Vs

� �
th

dT ¼ � 1

a

dln r

dln Vs

� �
th

dVs

Vs

� �
th
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