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[1] The upper mantle of North America has been well studied using various seismic
methods. Here we investigate the density structure of the North American (NA) upper
mantle based on the integrative use of the gravity field and seismic data. The basis
of our study is the removal of the gravitational effect of the crust to determine the mantle
gravity anomalies. The effect of the crust is removed in three steps by subtracting the
gravitational contributions of (1) topography and bathymetry, (2) low‐density sedimentary
accumulations, and (3) the three‐dimensional density structure of the crystalline crust
as determined by seismic observations. Information regarding sedimentary accumulations,
including thickness and density, are taken from published maps and summaries of
borehole measurements of densities; the seismic structure of the crust is based on a recent
compilation, with layer densities estimated from P‐wave velocities. The resultant mantle
gravity anomaly map shows a pronounced negative anomaly (−50 to −400 mGal) beneath
western North America and the adjacent oceanic region and positive anomalies (+50 to
+350 mGal) east of the NA Cordillera. This pattern reflects the well‐known division
of North America into the stable eastern region and the tectonically active western region.
The close correlation of large‐scale features of the mantle anomaly map with those of
the topographic map indicates that a significant amount of the topographic uplift in
western NA is due to buoyancy in the hot upper mantle, a conclusion supported by
previous investigations. To separate the contributions of mantle temperature anomalies
from mantle compositional anomalies, we apply an additional correction to the mantle
anomaly map for the thermal structure of the uppermost mantle. The thermal model is
based on the conversion of seismic shear‐wave velocities to temperature and is consistent
with mantle temperatures that are independently estimated from heat flow and heat
production data. The thermally corrected mantle density map reveals density anomalies
that are chiefly due to compositional variations. These compositional density anomalies
cause gravitational anomalies that reach ∼250 mGal. A pronounced negative anomaly
(−50 to −200 mGal) is found over the Canadian shield, which is consistent with chemical
depletion and a corresponding low density of the lithospheric mantle, also referred to as
the mantle tectosphere. The strongest positive anomaly is coincident with the Gulf of
Mexico and indicates a positive density anomaly in the upper mantle, possibly an eclogite
layer that has caused subsidence in the Gulf. Two linear positive anomalies are also
seen south of 40°N: one with a NE‐SW trend in the eastern United States, roughly
coincident with the Grenville‐Appalachians, and a second with a NW‐SE trend beneath
the states of Texas, New Mexico, and Colorado. These anomalies are interpreted as being
due to (1) the presence of remnants of an oceanic slab in the upper mantle beneath the
Grenville‐Appalachian suture and (2) mantle thickening caused by a period of shallow,
flat subduction during the Laramie orogeny, respectively. Based on these geophysical
results, the evolution of the NA upper mantle is depicted in a series of maps and cartoons
that display the primary processes that have formed and modified the NA crust and
lithospheric upper mantle.

Citation: Mooney, W. D., and M. K. Kaban (2010), The North American upper mantle: Density, composition, and evolution,
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1. Introduction

[2] The North American (NA) continent has evolved over
the past 4 billion years (Ga) through a series of geological
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processes, including accretion, rifting, and lateral terrain trans-
lation, that are common to all large continents. The growth
of the NA continent is evidenced by the existence of Archean
cratonic blocks that are surrounded by accreted Proterozoic
terrains, which in turn are bounded by Phanerozoic accre-
tionary belts (Figure 1). The growth of Precambrian North
America is summarized by Hoffman [1988, 1989a, 1989b,
1997], Williams et al. [1991], and Karlstrom et al. [1999,
2001], who document the growth of North America by the
accretion of Proterozoic terrains to the southern edge of
Laurentia from 1.8 to 0.8 Ga during the creation and dis-
persal of the supercontinent Rodinia. Important processes

occurred during the Phanerozoic as well, with the accretion
of the Appalachian Mountains on the east coast [Hatcher,
1989; Thomas, 1989] and the formation of the Western Cor-
dillera, which extends from Mexico to Alaska [Christiansen
and Lipman, 1972; Oldow et al., 1989; Burchfiel et al., 1992;
Dickinson, 2004]. The Laramide orogeny (55 Ma) played a
major role in forming the present‐day topography of the
western United States and has been widely attributed to flat
subduction and, later, rollback by the east‐dipping Farallon
slab [Dickinson and Snyder, 1978; Bird, 1984, 1988]. An
alternative model with west‐dipping subduction has been
proposed by Hildebrand [2009]. North America thus con-

Figure 1. Simplified basement geologic province map of North America [after Hoffman, 1988;
Karlstrom et al., 2004; Whitmeyer and Karlstrom, 2007]. This study is focused on the determination of
the density of the underlying upper mantle and on the processes that have formed and modified the
mantle.
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sists of a Precambrian core that is flanked by Phanerozoic
orogenic belts.
[3] Intensive geophysical studies of the crust and upper

mantle of North America began in the 1960s. The basic
outline consists of a 35–45 km thick crust beneath the Pre-
cambrian core and a 25–35 km thick crust within much of
the western Cordillera and beneath the eastern coastal plains
[Mooney and Braile, 1989; Chulick and Mooney, 2002]. The
NA upper mantle was first investigated using seismic surface
waves, which defined higher shear‐wave velocities in the
Precambrian core and lower velocities in the tectonically
active west [i.e., Dorman, 1969; Burdick and Helmberger,
1978; Iyer and Hitchcock, 1989].
[4] The increasing number of seismic stations within

North America and the development of techniques for seis-
mic tomographic imaging of the upper mantle have led to
rapid advances in resolution of the structure of the upper
mantle [Grand, 1994; Li and Romanowicz, 1996; Grand
et al., 1997; Van der Lee and Nolet, 1997a, 1997b; Grand,
2002; Godey et al., 2003; Zhao, 2004; Zhou et al., 2006;
Marone and Romanowicz, 2007; Marone et al., 2007; Nettles
and Dziewonski, 2008; Bedle and Van der Lee, 2009]. These
studies have demonstrated that the Canadian shield, partic-
ularly the Archean Superior province, has a high‐velocity
root that extends to a depth of 220+ km, while the western
portion of the continent has one of the strongest low‐velocity
anomalies imaged under any continental region worldwide.
[5] There have been two other notable seismic observa-

tions of properties of the NA upper mantle. The first is that
of azimuthal seismic anisotropy, as evidenced by shear‐
wave splitting [Vinnik et al., 1984; Silver and Chan, 1991;
Silver, 1996; Bostock et al., 1997], and radial anisotropy, as
evidenced by Rayleigh and Love wave dispersion [e.g.,
Marone et al., 2007]. It is generally agreed that this anisot-
ropy is due to the alignment of the crystallographic axes of
olivine within the upper mantle. While this observation is
important for deciphering the deformation history of the
lithosphere, it has no relation to the density structure of the
upper mantle as determined here. However, we return to this
observation when discussing the evolution of the NA upper
mantle. The second notable seismic property observation
is based on near‐vertical seismic reflection profiling that
documents both steeply dipping and near‐horizontal seismic
reflections within the upper mantle [e.g., Cook et al., 1999].
These seismic reflections provide strong evidence for the
processes of plate convergence and subduction during the
Precambrian.
[6] Gravity data provide valuable constraints on the phys-

ical state of the lithosphere that are complementary to the
seismic data. For example, density variations within the
lithosphere and sublithospheric mantle often control surface
elevation. Seismic data alone do not provide sufficient infor-
mation about the density structure of the upper mantle,
because seismic P and seismic S velocities are controlled by
a number of factors including composition, temperature, and
volatile content. A clear example of the ambiguity of seis-
mic models when considered alone is cratonic roots. These
are characterized by strong positive lithospheric velocity
anomalies but have near‐zero density anomalies because
low temperatures are compensated by compositional differ-
ences [e.g., Jordan, 1978, 1988; Boyd, 1989, Kaban et al.,
2003].

[7] Dorman and Lewis [1970a, 1970b, 1972] were the
first to calculate an isostatic model for North America based
on cross‐spectral analysis of the gravity and topography
data. Simpson et al. [1986] presented an isostatic gravity
anomaly map for the conterminous United States that finds
frequent use in studies of structure at near‐surface. How-
ever, it is not possible to use gravity data alone to estimate
mantle structure, since the observed gravity field is an
integral of the entire subsurface volume. The crust, being the
most heterogeneous layer, often masks the effects of deeper
layers. Therefore, the first step for an investigation of upper
mantle density structure is the application of a correction
for the crustal contribution. Recent gravity models for the
uppermost mantle of North America include 2D modeling
along seismic profiles [e.g., Snelson et al., 1998, Romanyuk
et al., 2007] and 3D models for the western part of the
continent [Kaban and Mooney, 2001].
[8] Perry et al. [2003] used gravity and seismic data to

determine the thermochemical structure of the mantle
beneath the NA craton. To resolve the density heterogeneity
of the mantle, they have corrected the observed gravity field
for the crustal effect estimated based on a 5° × 5° model.
This model is based on the CRUST5.1 data [Mooney et al.,
1998] corrected with the Lithoprobe results for Canada
[Perry et al., 2002]. A global tomography model of Grand
et al. [1997] was employed to constrain the thermal structure
of the mantle. It was demonstrated that the inferred density
heterogeneity of the mantle requires simultaneous anomalies
in temperature and composition. According to the model of
Perry et al. [2003], the NA lithosphere is basically divided
in two parts: the upper mantle under the central‐northeastern
portion is characterized by strong basalt depletion and cor-
responding decrease in density, while the upper mantle
structure in the southwestern portion is primarily controlled
by temperature variations. Because of insufficient resolution
of the initial data (both crustal and tomography models), the
model of Perry et al. [2003] could not provide a higher
resolution. Recently available data sets provide a possibility
to improve this model.
[9] The available knowledge of the crustal structure of

North America [cf. Chulick and Mooney, 2002], which is
based on 1400 active and passive seismic source determi-
nations, provides a good starting point to create a detailed
density model of the NA crust, from which the upper
mantle density structure can then be determined. Recently,
Hasterok and Chapman [2007] used NA gravity and geo-
thermal data to investigate the density structure of the upper
mantle based on the isostatic approach. This approach is
similar to one that was proposed by Artemjev and Kaban
[1986] and applied by Mooney and Vidale [2003]. It is
based on the assumption that a lithospheric column is in
isostatic equilibrium. Therefore, if one has constraints on the
density structure of the crust it is possible to calculate the
density in the mantle that provides isostatic equilibrium of
the total lithospheric column. However, there are some
limitations to this approach. Regional structure is sometimes
perturbed from a state of isostatic balance: the structure
might be supported by the strength of the lithosphere or by
mantle flow (i.e., dynamically). Therefore, in general it is
only possible to compare relatively large provinces, as done
in the studies by Mooney and Vidale [2003] and Hasterok
and Chapman [2007]. An alternative approach, applied here,
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based on the modeling of the gravity field is less sensitive to
these limitations. Another principal difference between our
study and that of Hasterok and Chapman [2007] is that we
primarily rely on seismic tomography to estimate mantle
temperatures. This approach provides more uniform cover-
age than geothermal modeling, where many gaps may exist
[Röhm et al., 2000; Artemieva and Mooney, 2001; Goes and
Van der Lee, 2002].
[10] In this paper we apply three‐dimensional (3D) crustal

corrections to the NA Bouguer gravity map to obtain the
“crust‐free,” or residual, mantle gravity anomalies. We then
apply a thermal correction to the residual mantle gravity
map to obtain those density anomalies due to lateral varia-
tions in composition. The thermal model is based on a high‐
resolution tomography model, which is also corrected for
the crustal effect using the same data on the crustal structure
[Goes and Van der Lee, 2002]. The mantle compositional
density anomaly map provides a new view of the NA upper-
most mantle.

2. Initial Data

2.1. Gravity Data

[11] The initial gravity data set consists of Bouguer
gravity values with terrain corrections onshore [Godson,
1985] and free air anomaly (FAA) values offshore [Simpson
et al., 1986] using a grid spacing of 4 km. These data sets
are based on a compilation of nearly all terrestrial gravity
observations in North America. Bathymetric and topogra-

phy data (Figure 2) are taken from ETOPO2 [NOAA, 2000].
We applied a Bouguer correction to the oceanic regions
by calculating the gravitational effect of bathymetry and
removing it from the FAA. The resultant Bouguer gravity
values interpolated onto a 5′ × 5′ grid are shown in Figure 3.
For calculation of the residual mantle anomalies this field
was averaged over 1° × 1° compartments and projected
on the same grid as other crustal parameters (e.g., crustal
thickness).

2.2. Thickness and Density of Sediments

[12] The first step in processing the Bouguer gravity map
was to remove the effect of extensive sedimentary basins.
Hydrocarbon resource exploration has involved comprehen-
sive investigations of sedimentary basins worldwide and
we have utilized this knowledge base regarding basin thick-
ness and densities (Figure 4). A 5′ × 5′ digital grid of sediment
thickness was prepared based on the data sources in Table 1.
For the conterminous United States it is based on the com-
pilation of Frezon et al. [1983] supplemented by regional
sources (Table 1). For the rest of the region we used data
from the Exxon [1985]. Extensive basins with depths of up to
15 km are located on the continental margin of the east coast
of North America and in the Gulf of Mexico (Figure 4). The
basins of the continental margin of the west coast are gen-
erally more shallow and narrow.
[13] It is necessary to estimate the density‐depth structure

of the sedimentary basins in order to calculate their gravi-
tational effect. Of particular importance is the shallow

Figure 2. Topographic map of North America and neighboring regions. Western North America (west
of 100°E at 30°–50°N) has a highly elevated topography. Central and eastern North America lies below
500 m, with the exception of some limited regions. This topography is accounted for when calculating the
mantle gravity.
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Figure 4. Map of sediment thickness for North America and neighboring regions. Sources are listed in
Table 1. Sediments are absent or thin for large portions of the continental crust and for much of the young
crust of the Pacific Ocean. The greatest sedimentary accumulations are within the Gulf of Mexico and
along the East Coast of North America. The gravitational effect of these low‐density sediments is
removed from the observed gravity as the first step in calculating the mantle gravity field.

Figure 3. Bouguer gravity anomaly map of North America and neighboring regions [Godson, 1985;
Simpson et al., 1986]. These data are corrected for the gravitational contributions of low‐density sedi-
ments (Figure 4), lateral variations in crustal thickness (Figure 7), and crustal density (estimated from
seismic velocity), thereby yielding a mantle anomaly map.
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density structure, since for depths greater than about 6 km
sedimentary rocks achieve a density that is nearly equal to
that of crystalline basement rocks. We note that the density‐
depth structure of sedimentary basins varies considerably.
For example, the Michigan and Illinois basins are charac-
terized by dense sediments (limestone), whereas most off-
shore basins are filled with soft sediments. Numerous well
logs provide density data to depths of 2–3 km. These data
show complex variations in density with depth, including
strong density contrasts [e.g., Beyer et al., 1985]. However,
these strong density contrasts usually have only a relatively
short lateral continuity. Therefore, a reasonable approach is
to construct a smooth density‐depth function characterizing
each type of sedimentary basin, and to ignore local and thin
density anomalies. The smoothed density‐depth function is
based on averaged borehole data, well‐determined density‐
compaction relations, and seismic profiling data. Thus we
take into account the general properties of each basin and
ignore small‐scale density variations. This approach has been
successfully used in previous gravity modeling of sedi-
mentary basins [Jachens and Moring, 1990; Langenheim
and Jachens, 1996; Kaban et al., 1999; Kaban and Mooney,
2001].
[14] A set of density‐depth functions for the main types

of sedimentary basins in North America (Figure 5) shows
that young offshore basins are filled with the least dense
sediments. The well logs show that the bulk density within
such basins is highly dependent on the porosity, whereas
the density of individual sedimentary grains is very close to
the average density of the upper crust (2600–2700 kg/m3

[McCulloh, 1967; Beyer et al., 1985; Ocean Drilling Program,
1994]). For these offshore basins we adopt the smooth
density‐depth function shown in Figure 5 [cf. Kaban and
Mooney, 2001]. The same modeling approach is used to
describe the density‐depth structure of the on‐shore basins
(Figure 5). The gravitational effect of sediments relative to
a sediment‐free upper crust is shown in Figure 6.

2.3. Crustal Thickness and Density of the Solid Crust

[15] We have constructed a new Moho map for North
America using an online database with about 1500 determi-
nations of crustal structure [Chulick and Mooney, 2002].
However, even this number of data is not sufficient to con-
struct a Moho map with 1° × 1° resolution using only simple
interpolation. Instead we use a special adaptive interpolation
technique. The idea of this method is to use available sur-
face data to reproduce the geometry of geologic features,
such as circular basins or linear mountain belts. In general,
the crustal structure of such geologic features is measured
in several places. For example, a number of seismic cross

sections depict the crustal structure of the ocean‐continent
transition. If neighboring sections are similar, we may
assume that this structure is also similar within a local area.
Thus, we use the known geometry of the continental margin
as a guide to predict the structure in between the seismic
lines. To avoid any bias in our processing of the gravity data
we do not use the gravity field in constructing our crustal
model.
[16] Previous analysis has shown that density anomalies

in the upper crust may contribute significantly to the total
crustal load (in addition to topography) and will have a
correlation with the deep structure, such as Moho depth. For
example, there is a clear inverse correlation between the
thickness of low‐density sedimentary basins and the thick-
ness of the crystalline crust. The precise nature of such a
correlation varies from region to region and depends on the
density of the sediments within the basin [Artemjev et al.,
1994; Lowry et al., 2000]. To incorporate all factors con-
trolling near‐surface load we define a parameter called the
adjusted topography (Tadj):

Tadj ¼ T � Hsed � �crust � �sedð Þ=�crust½ �
� Bwater � �crust � �wð Þ=�crust½ �; ð1Þ

where T is the actual topography (0 at sea level), Hsed is the
thickness of the sediments within the basin, rsed is the

Figure 5. Density‐depth curves for six typical geological
provinces within North America. Density‐depth relations
were obtained from drill‐hole logs for the upper 2–3 km
and extended to greater depths using seismic data as a con-
straint. The lithology of the basin fill varies and is reflected
in the highly variable density particularly above 6 km
depth. At greater depths porosity is decreased and the sedi-
ments begin to lithify, converging toward an average den-
sity of 2.7 km/m3. These density‐depth functions were
used to calculate the gravitational attraction of the sedi-
ments in Figure 4.

Table 1. Main Data Sources for Sediment Thickness Mapa

Region Reference

Base map for the
whole area

Frezon et al. [1983]

Great Valley Jachens et al. [1995]
Offshore basins Gardner et al. [1992]
Basin and range Jachens and Moring [1990]
Los Angeles basin Fuis et al. [2001]; Langenheim and Jachens [1996]

aSee Figure 4.
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average density of the sediment column from the top to Hsed,
rcrust is the average density of the upper crust from the
reference model, Bwater is water depth in the sea areas, and
rw = 1030 kg/m3 − water density.
[17] Thus the adjusted topography is obtained by numer-

ical densification of water and sediments to be equal to the
normal upper crust density (usually 2670 kg/m3) [Artemjev
et al., 1994]. After applying this transformation, a flat sur-
face over any sedimentary basin is replaced by a depression
that is proportional to the depth and average density of the
basin. Using the topographic and sediment data already
described, we compute the adjusted topography for the whole
study area. We then compute the correlation coefficient
between the adjusted topography and the Moho depth for all
points where we have seismic data on crustal thickness. This
analysis is performed in a sliding window with the radius of
200 km. This radius is increased if the number of points
inside is low. If the correlation coefficient between these
parameters is relatively high, we use regression coefficients
we have obtained to define the Moho boundary in between
the seismic determinations; otherwise we use standard inter-
polation. Following this procedure, we obtain a Moho map
(Figure 7) that corresponds in all cases to the seismic determi-
nations, but that also follows the geometry of the main tec-
tonic provinces, as provided by the adjusted topography.
[18] After calculating the crustal thickness model, we need

to estimate the density structure of the crust. Measured
P‐wave velocities within the crystalline crust were con-
verted into densities using the equations provided by
Christensen and Mooney [1995]. These density values have
been interpolated onto the same standard grid used for the

thickness (i.e., layer depth) parameters used for the sediment
and Moho models.

3. Gravity Effect of the Crust and Calculation
of Mantle Gravity Anomalies

[19] We calculate the gravity effect of the density model
of the crust relative to a horizontally homogeneous refer-
ence model. Our goal is to correct for the gravitational
effect of the laterally varying crust by replacing it with the
homogeneous reference crustal model. The mantle density is
initially assumed to be constant and we obtain the residual
or mantle gravity field, which reveals density variations in
the mantle. The topography and bathymetry correction is
already included in the Bouguer gravity calculation. Next,
for each crustal layer we compute the difference between
the actual crust and the reference crustal model (Figure 8).
Thus, the crustal correction can be compared to a Bouguer
correction that extends from the surface to the Moho. For
example, the effect of low‐density sediments is negative
relative to the standard solid crust, and thus by removing
this effect we increase the residual anomaly. Likewise, we
account for density variations within the crystalline crust
including variations in the crustal thickness (depth to Moho).
Any uplift of the Moho boundary produces a positive
gravity signal and leads to a reduction in the residual anom-
aly, whereas a deepening of the Moho produces a negative
signal with an increase in the residual anomaly.
[20] It is generally assumed that any change in the hori-

zontally homogeneous reference density model would lead
only to a change in the reference level of the residual

Figure 6. Gravitational effect of sediments relative to a sediment‐free upper crust with an assumed
density of 2.7 g/cm3. Note that the gravitational correction for sediments is relatively small for nearly
all of the continental interior, including regions that show strong anomalies in the mantle gravity field.
This implies that the sediment correction cannot be responsible for these mantle gravity anomalies. The
largest corrections, up to 80 mGal, are within the Gulf of Mexico and along the East Coast.
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anomaly, since the effect of the layer with invariable density
and boundaries is a constant value. However, this is com-
pletely true only if the average mantle density, which we
attribute to the model, corresponds to the real one. We
investigate possible uncertainties related to this factor later.
For North America we apply the same reference density
model of the lithosphere that was previously used in a global
study [Kaban et al., 2003]. This reference model corre-
sponds to a continental crust with zero topography, a 15 km
thick upper crust with a density of 2.7 g/cm3, and a 25 km
thick lower crust with a density of 2.94 g/cm3. The average
density of the uppermost mantle is set equal to 3.35 g/cm3.
[21] The gravity anomaly of each layer within the Earth’s

crust and mantle is calculated using a 3D algorithm for a
spherical Earth, taking into account changes in density in
the horizontal and vertical directions and the average ele-
vation (or depth) of each cell. The sum of the gravity
influence of each volume corresponding to the initial grids is
computed in each grid cell on the surface. We use the
algorithm of Artemjev and Kaban [1994], which is based on
the formulas of Strakhov et al. [1989]. The estimated accu-
racy of the calculations is 1 mGal. We calculate the crustal
gravity field for the area between 32°N latitude and 63°N
latitude and between 50°W longitude and 130°W longitude.
To account for density inhomogeneities outside our study

Figure 8. Illustration of (left) the laterally varying crust of
North America and (right) the reference crustal column. To
obtain the mantle gravity anomaly, a correction is applied to
crustal columns on a dense grid covering all of North Amer-
ica. This eliminates the gravity effect of crustal density var-
iations. The result is equivalent to the hypothetical situation
whereby the North American crust is laterally homogeneous
and, thus, contributes no gravity anomalies.

Figure 7. Depth of the crust‐mantle boundary (Moho) below sea level. White crosses indicate data
points where crustal thickness was determined mainly from active‐source seismic profiles [Chulick
and Mooney, 2002; additional subsequent profiles]. To obtain the mantle gravity anomaly, the mea-
sured crustal P‐wave velocity structure was used to calculate the density structure of the crust needed to
compute the gravitational effect (see text). Note that the crust has not been “removed”; rather, the lateral
variations in the crust have been replaced by a uniform, 30 km thick homogeneous crust.
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area we use crustal data from the global CRUST 2.0 model
[Bassin et al., 2000; Mooney et al., 1998] as updated for
several regions by Kaban et al. [2004]. Thus, the calculated
field at each point reflects variations of the crustal layers
over the entire Earth. Since these distant areas produce only
a minor effect on the calculation, possible errors in this
model are insignificant.
[22] The gravity effect of sediments relative to the normal

upper crustal density is shown in Figure 6. This field varies
from 0 to −85 mGal. The most pronounced minima are
located over the Gulf of Mexico and near the eastern con-
tinental margin. It is obvious that the correction for the
density of sediments significantly changes the Bouguer
gravity. In the same way we compute the effects of density
variations within the crystalline crust and the effects of
Moho depth variations. The total gravity effect of the crust
excluding the topography/bathymetry correction, which is
already removed from the Bouguer anomalies, is shown in
Figure 9. The pattern of this crustal correction map may be
compared with that of the initial Bouguer gravity (Figure 3).
Although there are some similarities between these figures
(negative anomalies over the continent and positive anoma-
lies over the ocean), many important differences exist,
especially when one compares the continental anomalies. The
most striking feature is the absence of a pronounced differ-
ence between the eastern and the western parts of North
America in the crustal gravity map, in contrast with the
Bouguer gravity anomaly map. This difference implies that
there are additional density inhomogeneities not incorpo-
rated in the initial model. Since the crustal density structure

is considered as known, the additional density variations are
most likely located in the upper mantle.
[23] After removing the crustal correction from the Bou-

guer anomalies we obtain the mantle gravity anomalies
(Figure 10). We set the mean value of this field to 0, since
the absolute value depends on the choice of the reference
model. Variations in the mantle gravity are as large as
±350 mGal. The most pronounced minimum anomaly or
density is found in the southwestern part of the United
States, particularly in the Basin and Range province and the
Gulf of California, while the densest lithosphere forms a
complex distribution under Canada and the central and
southeastern parts of the conterminous United States. We
note that this mantle gravity anomaly map reflects lateral
variations in both composition and temperature, both of
which affect density. We now further process this map by
applying a thermal correction for lateral variations in the
mantle temperature to obtain the compositional mantle
anomaly. These density variations might be located in the
subcrustal layer of the lithosphere and/or below. In the
present paper we do not attempt to distinguish these sources.

3.1. Uncertainties in the Mantle Gravity Anomalies

[24] It is essential to estimate uncertainties in the correc-
tions that have been made to the gravity data to obtain the
mantle anomaly map. Some aspects of this topic have been
addressed with respect to global studies by Panasyuk and
Hager [2000] and Kaban and Schwintzer [2001]. Here
we consider the uncertainties for North America, which
has much higher quality observed data compared to other

Figure 9. Crustal anomaly map. This map depicts the total correction that is applied to the Bouguer
gravity data (Figure 3), excluding the correction for topography and bathymetry. The correction is pos-
itive in the ocean, and near‐zero or negative for the continent, and reaches ±400 mGal.
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regions of the world. The following factors contribute to
the overall error in the calculated mantle gravity anomalies:
(a) the measured gravity and topography; (b) the crustal
model, which includes the estimated thickness and density
both of the sediments and of the solid crust; and (c) the
assumed mean density of the upper mantle. Of these three
factors we may ignore potential errors in the observed gravity
and topography, since for North America these errors amount
to only 1–2 mGal. However, the other two factors may con-
tain substantial error. Active‐source seismic refraction data
provide the primary basis for the crustal model. A single
seismic determination may contain substantial error. For
example, the uncertainty in Moho depth could be up to 10%
(4–5 km) for older (pre‐1970s) seismic profiles. However,
when we consider regions where several independent seis-
mic studies have occurred, this uncertainty is significantly
reduced. While constructing the crustal database for North
America we have inspected all seismic models of the crust
and removed questionable and/or inconsistent results from
the analysis.
[25] As mentioned previously, sedimentary basins may

contain thin high‐ or low‐density layers, but in general
smooth density‐depth functions are adequate to describe
each specific basin. Owing to compaction and metamor-
phism, the main density variations occur within the upper

6 km of the basin [e.g., Beyer et al., 1985; McCulloh, 1967],
and these depths are well documented by borehole and
seismic data. Because of extensive hydrocarbon explora-
tion, the thickness of sediments is known in even greater
detail than is necessary for this study. Thus, following Kaban
et al. [2002] and Kaban and Schwintzer [2001], we assume
that the maximum error for the gravity effect of sediments
at a medium (≥100 km) to large (≥250 km) scale (cor-
responding to approx. 180 and 70 spherical harmonic deg,
respectively) is at most 15% or about 10–12 mGal for the
deepest gravity minima (Figure 6).
[26] The error arising from the uncertainty in Moho depth

can be estimated assuming a mean density contrast of
0.35 g/cm3 between the lower crust and the uppermost
mantle. For a broad mantle gravity anomaly, which is based
on many (>10) seismic determinations from different seis-
mic cross sections, the average regional depth to Moho is
determined with an accuracy of about 2 km. This corre-
sponds to a gravity error of about 30 mGal. In active tec-
tonic regions and in areas with poor seismic coverage (with
fewer than several determinations per anomaly), this uncer-
tainty is doubled and may reach 60 mGal. This value corre-
sponds to a depth‐to‐Moho accuracy of 10% (∼4 km). In view
of these considerations of uncertainty, we do not discuss
mantle anomalies that are constrained by only one or two

Figure 10. Mantle gravity anomaly map obtained by applying corrections for topography, sedimentary
basins, and lateral variations in crustal structure. The hot, buoyant mantle in the southwestern United
States and western Mexico shows strongly negative anomalies, whereas the colder mantle of the central
and east portions of the study area shows either weakly positive (25–100 mGal) or strongly positive
(≥100 mGal) anomalies. The Atlantic Ocean has a near‐zero anomaly, whereas the eastern Pacific Ocean
shows a negative anomaly coincident with the East Pacific Rise. A pronounced positive anomaly coin-
cides with Gulf of Mexico and several regions of the continental interior.
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measurements of crustal structure. The standard deviation
in estimated crustal density is based on the uncertainty in
the velocity‐to‐density formulas given by Christensen and
Mooney [1995]. For each individual crustal layer this amounts
to about ±0.05 g/cm3. We expect that this uncertainty is
reduced when we average the densities of several layers, as
usually exist in seismic models of the crust. Assuming a
typical three‐layer model of the continental crust, the overall
uncertainty of the solid crustal density is equal to approxi-
mately 0.03 g/cm3. Thus, the contribution of the crystalline
crust to our error analysis depends on its thickness and may
reach 25 to 50 mGal (for 20 to 40 km thick crust, respec-

tively). Note that a change in the assumed mean density of
the mantle by 0.03 g/cm3 yields an additional uncertainty in
the calculated mantle gravity anomaly of 12 mGal.
[27] Uncertainties corresponding to different factors are

summarized in Table 2. It should be noted that the relative
weight of these factors depends on the data coverage and
type of the crust. Usually these uncertainties do not correlate
and thus the total uncertainty is much less than a sum of
them. For example, the areas with a thick crust are usually
characterized by an insignificant effect of sediments and by
a stable, well‐defined Moho. Therefore, we take into account
the distribution of these uncertainties when estimating a
cumulative error. Combining all error sources, the estimated
standard deviation in the mantle gravity anomaly map varies
from 35 mGal for the well‐studied regions of North America
with thin consolidated crust to about 70 mGal for the
regions with thick crust and poor seismic coverage. In
contrast, our residual mantle anomaly map shows a range of
values as great as ±250 mGal, yielding a signal‐to‐noise
ratio of at least 4 and frequently higher.

3.2. Mantle Gravity Anomalies Due to Temperature
and Compositional Variations

[28] We find a large range of mantle gravity anomalies
over North America (Figure 10). It is of interest to assess the
origin of these mantle anomalies, that is, whether they are
due to primarily temperature or compositional effects. Some
indications for mantle temperatures may be obtained from
seismic tomography data since S‐wave velocity variations
are chiefly controlled by temperature variations [Röhm et al.,
2000; Goes and Van der Lee, 2002]. In Figure 11 we show
the S‐wave velocity distribution at the depth of 100 km

Table 2. Potential Uncertainties of the Gravity Effect of the Crust,
Temperature Variations in the Upper Mantle, and the Residual
Gravity Fielda

Source/ Type of Anomaly Uncertainty

Sedimentary layer Up to 15% or 10–12 mGal for
thick sediments

Moho 30 to 60 mGal (good or moderate
coverage of data)

Crystalline crust 25 to 50 mGal (for 20 to 40 km
thick crust)

Total effect of crust and
residual anomalies (RMS)

35 to 70 mGal

Gravity effect of temperature
variations in mantle

50 to 70 mGal (corresponding
to uncertainty of ∼100° C
for geothermal model
[Goes and Van der Lee, 2002])

“Compositional” residual
gravity anomalies (RMS)

60 to 100 mGal

aSee text for detailed explanation.

Figure 11. Seismic shear‐wave anomaly map at a depth of 100 km determined from the inversion of
Rayleigh wave phase velocities [Van der Lee and Nolet, 1997b]. Strong negative anomalies are found
in the west (cf. Figure 10a) and strongly positive anomalies correlate with the Precambrian continental
interior of Canada and the northern United States.
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[Van der Lee and Nolet, 1997b]. Although we see some
similarity between this map and the mantle gravity anomaly
map (Figure 10), there are also substantial differences. The
western part of the continental United States is characterized
by a strong minimum in seismic velocities, which coincides
with a corresponding minimum in the mantle gravity. How-
ever, in the central and eastern parts of North America the
correlation between the two fields (Figures 10 and 11) is
much weaker. The most prominent maximum for S‐wave
velocity is located under the Canadian Shield, where the
mantle gravity is not at its strongest. Furthermore, the eastern
and southeastern parts of the conterminous United States are
characterized by strong positive mantle anomalies but have
near‐zero seismic velocity anomalies.
[29] To separate out the thermal compositional contribu-

tions to the mantle gravity map (Figure 10), we apply a
complete upper mantle temperature correction, thereby iso-
lating that portion of the mantle gravity that is due purely to
composition. The thermal structure of the NA mantle was
calculated by Goes and Van der Lee [2002] based on the
Van der Lee and Nolet [1997b] seismic surface wave tomo-
graphic model. This seismic and temperature model extends
to a depth of about 250 km with a depth resolution of about
50 km. The horizontal resolution approximately corresponds
to the resolution of the residual mantle anomalies. The great
advantage of using the seismic model of Van der Lee and
Nolet [1997b] for mantle temperature estimations is that
it was calculated using an a priori crustal model, thereby
minimizing trade‐offs between the velocity structure in the
crust and the upper mantle. The crustal data used are the
same that we used for the calculation of the mantle anoma-
lies, which makes a comparison of these data sets consistent.
[30] Goes and Van der Lee [2002] present a detailed dis-

cussion of the assumptions underlying their conversion of
S‐wave velocity to temperature. The conversion is per-
formed taking into account the possible existence of some
melt fraction when the calculated temperature is close to
solidus, as may be the case for the mantle beneath western
North America. The authors have also considered the poten-
tial influence of compositional variations and provide an
estimated accuracy of the conversion of S‐wave velocity to
temperature. Once they have estimated the mantle temper-
ature, Goes and Van der Lee [2002] calculate variations in
the mantle density distribution using published coefficients
of thermal expansion. We use their temperature‐derived
density distribution to adjust our mantle gravity anomaly
map (Figure 10). To avoid boundary effects outside North
America we make use of the global upper mantle density
model of Kaban et al. [2003].
[31] After removing the temperature‐induced gravity field

from the mantle anomaly (Figure 10), we obtain a map of
compositional mantle gravity anomalies (Figure 12). The
amplitude of the gravity anomalies due to mantle tempera-
ture variations ranges from −150 to +220 mGal, which is
about 50% of the amplitude of the total residual mantle
anomaly shown in Figure 10. Figure 12 also contains some
signal from below 275 km depth that was the limit of the
temperature calculations. Density anomalies between 275
and 660 km deep may contribute to the gravity field in
Figure 12, and these are discussed below in relation to the
subducted Farallon slab [Van der Lee and Nolet, 1997a].
Density anomalies in the lower mantle will be relatively

weak with a long wavelength (i.e., spherical harmonics of
order <12 [Forte and Perry, 2000]) and thus will not be
prominent in Figure 12.

3.3. Uncertainties in the Compositional Mantle
Anomaly Map

[32] The temperature correction applied to the mantle
anomaly map introduces additional uncertainties. These
uncertainties are mostly due to the errors in the estimation of
temperature based on seismic velocities. Goes and Van der
Lee [2002] reported that the discrepancy between tempera-
ture estimates based on different seismic parameters (e.g.,
from P‐wave velocity vs. S‐wave velocity) usually does not
exceed 100°C. The maximal gravity effect of such uncer-
tainty could be up to 50–70 mGal (Table 2).
[33] The mantle temperature estimates of Goes and Van

der Lee [2002] may be compared with the estimates obtained
by other methods. Artemieva and Mooney [2001] estimated
upper mantle temperatures for all continents (excluding
Antarctica) from heat flow data. Their results, which have a
lower resolution, are in good agreement with the average
values of Goes and Van der Lee [2002]. We found that
the difference between temperature‐induced mantle gravity
anomalies estimated from seismic vs. heat flow data is less
than 50 mGal when we consider relatively large areas. This
is consistent with our previously stated estimate of the
uncertainty of the temperature correction.
[34] The total error in the calculation of the “composi-

tional” residual anomalies may therefore reach 60–100 mGal,
depending on the area. The amplitudes of the observed
anomalies are significantly higher and reach ±250 mGal
(Figure 12). We have contoured the compositional anomaly
map with a 100 mGal interval, thus emphasizing the largest
anomalies that are well determined.

3.4. Interpretation of the Compositional Mantle
Gravity Anomalies

[35] Western Canada and the United States have a near‐
zero compositional mantle anomaly (Figure 12; A), which
indicates that the temperature correction has fully explained
the uncorrected mantle anomaly (Figure 10). This supports
the concept that the 1–2 km average topography of much of
western North America is largely due to high temperatures
in the uppermost mantle [Hyndman and Lewis, 1999; Kaban
and Mooney, 2001]. This is also in agreement with geody-
namic studies, which indicate that the dynamic effect of
global mantle flow is insignificant with respect to the broad
high topography of the western United States [Perry et al.,
2003].
[36] The compositional mantle anomaly map clearly defines

the depleted root of the Canadian shield (Figure 12; B).
This strong (≥100 MGal) negative compositional mantle
anomaly is well known from previous geophysical and pet-
rologic studies [Jordan, 1978, 1981, 1988] and may provide
the buoyancy that has uplifted and exposed the Canadian
shield. This result is in agreement with the results of Perry
et al. [2003] and Kaban et al. [2003]. However, this new
model provides more geographic detail compared to the pre-
vious studies; the depleted part of the sub‐crustal lithosphere
is localized and corresponds closely with the Canadian
Shield rather than with major portions of central and north-
eastern North America. Another strong negative composi-
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tional mantle anomaly is found north of Cuba (Figure 12; C)
and may indicate a zone of depleted mantle, possibly a
fragment of African lithosphere, beneath the shallow waters
surrounding the Bahamas.
[37] The Gulf of Mexico displays the most positive

(≥200 mGal) compositional mantle anomaly (Figure 12; D).
Nettles and Dziewonski [2008; Figure 15] report a positive
S‐velocity anomaly in the uppermost mantle coincident with
this compositional mantle anomaly. Positive density anom-
aly D may contribute to the subsidence of the Gulf Coast,
and we hypothesize that it is due to eclogite within the upper-
most mantle.
[38] Anomaly E (Figure 12) trends NNW from Texas to

Colorado and parallels the axis of the ancestral Rocky
Mountains. What is remarkable about this anomaly is that
it is perpendicular to the middle‐to‐late Proterozoic accre-
tionary belts (Yavapai, Mazatzal, and Grenville provinces
[Karlstrom et al., 2001]) that form the southern margin of
North America. This geometrical relation indicates that
compositional mantle anomaly E postdates the Proterozoic
accretion of these terrains. We consider two alternative
models for the origin of the compositional mantle anomaly.
Hildebrand [2009] proposes a model for the evolution of

the Cretaceous‐Tertiary orogony in the NA Cordillera that
invokes westward‐directed subduction (ca. 150–75 Ma) and
slab breakoff (ca. 75 Ma). Compositional anomaly E cor-
relates geographically with the hypothesized location of
a slab remnant [Hildebrand, 2009] south of 40°N latitude.
Alternatively, anomaly E may be the result of advection of
the lithospheric mantle during a hypothesized period of
eastward‐directed, shallow, flat slab subduction [Bird, 1984,
1988]. Both of these models can explain our observed com-
positional mantle anomaly, but we prefer the advective down-
welling model because the flat slab hypothesis appears to
explain more completely the magmatic and tectonic events
associated with the Laramide orogeny [Bird, 1984, 1988;
Dickinson, 2004].
[39] Anomaly F (Figure 12) trends NE‐SW and is located

NW of the Grenville‐Appalachian suture. This suggests an
origin related to the closing of the paleo‐Atlantic during the
early stages of the Appalachian orogeny [Hatcher, 1989;
Thomas, 1989]. Seismic tomography models for North
America [e.g., Nettles and Dziewonski, 2008; Bedle and Van
der Lee, 2009] report moderately high S‐wave velocities in
the uppermost mantle coincident with anomaly F at the SE
margin of the craton. However, a distinct, isolated anomaly

Figure 12. Compositional mantle gravity anomaly after removing the effect of thermal expansion due to
lateral variations in mantle temperature. This map contains all corrections, topography, bathymetry, grav-
itational effects of sedimentary basins, and lateral variations within the crust (Figure 9), as well as a
correction for the thermal state of the mantle, as inferred from seismic tomography (Figure 11). We
identify six major features: (A) a near‐zero anomaly in western North America, indicating that the high
topography is supported by a positive thermal anomaly; (B) a depleted lithospheric root beneath the
Canadian shield that is clearly evident; (C) a second region of mantle depletion correlated with the
Bahamas; (D) a strong positive compositional anomaly beneath the Gulf of Mexico, perhaps due to
eclogite in the uppermost mantle; (E) a NNW‐trending anomaly on the SW edge of the North American
craton that may be due to a lithospheric downwelling; (F) a NE‐SW‐trending positive anomaly located
NW of the Grenville‐Appalachian suture that may indicate a remnant slab fragment in the uppermost
mantle. The overall picture is of a very compositionally heterogeneous uppermost mantle.
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is not reported in seismic tomography models coincident
with anomaly F [Grand, 1994; Grand et al., 1997; Van der
Lee and Nolet, 1997b; Zhao, 2004; Zhou et al., 2006;Marone
et al., 2007; Nettles and Dziewonski, 2008; Bedle and Van der
Lee, 2009]. We note that this anomaly, like anomaly E termi-
nates at 40° N latitude, whereas the Grenville‐Appalachian
suture continues to beyond 50°N. Anomalies D–F (Figure 12)
provide evidence of significant compositional variations
within the uppermost mantle of North America.

3.5. Quantitative Estimate of the Compositional Mantle
Density Anomalies

[40] We use the compositional gravity anomalies (Figure 12)
to estimate the magnitude of compositional density changes
in the upper mantle under North America. Since the solution
of the inverse gravity problem is generally not unique, we
use a simple model that places all density variations within a
100 km thick layer. In the course of the inversion we sup-
press small‐scale density variations (less than several hun-
dred kilometers, >60 spherical harmonic deg) that can be
attributed to the previously discussed uncertainties in the
crustal density and thermal models. The resulting compo-
sitional density distribution in the upper mantle is shown
in Figure 13. The amplitude of the average density var-
iations ranges from −0.07 to +0.06 g/cm3. The amplitude of
these anomalies may be higher or lower, depending on the
assumed layer thickness (here taken as 100 km), however,

the selection of a specific thickness should be based on
some a priori knowledge. Given this uncertainty in the layer
thickness, and hence the absolute density variations, specific
petrologic interpretations, such as mantle metasomatism or
the presence of eclogite, are poorly constrained.

3.6. Density Model for the Farallon Slab Beneath
North America

[41] A portion of the mantle density anomalies identified
in this study may be related to the presence of the subducted
Farallon slab within the upper mantle [Bird, 1984, 1988].
Seismic tomography models have clearly shown a dipping
high‐velocity anomaly beneath eastern North America that
has been postulated to be a remnant of the eastward‐
subduction Farallon slab [Grand, 1994; Grand et al., 1997;
Van der Lee and Nolet, 1997a; Bijwaard et al., 1998; Zhao,
2004; Sigloch et al., 2008]. Part of this anomaly
extends from the bottom of the mantle transition zone
(660 km) to the midmantle (Figure 14, inset). We calculate
the gravity expression of that portion of the Farallon slab
below 660 km assuming a positive density contrast of
0.025 g/cm3. The resultant anomaly is in excellent geo-
graphic agreement with our anomaly D (Figure 12) located
in the Gulf of Mexico. However, the D anomaly is in excess
of 200 mGal, whereas the calculated Farallon slab anomaly
is only 50 mGal. The amplitude of velocity perturbations
might be significantly reduced by damping, which is an

Figure 13. Upper mantle density anomalies calculated assuming that the causative anomalies are within
the uppermost mantle in a 100 km thick layer (i.e., at an average depth of 40–140 km). This results in an
estimated negative density anomaly of −0.03 to −0.07 kg/m3 beneath the Canadian shield, a result that is
consistent with lithospheric xenolith studies [Boyd, 1989]. The prominent positive density anomalies have
a magnitude of +0.04 to +0.06 kg/m3, which may be explained by eclogite embedded in an upper mantle
composed of peridotite [Boyd, 1989], but the uncertainty in the thickness of the anomalous layer pre-
cludes a definitive petrologic interpretation.
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essential part of any tomographic inversion. To estimate the
upper bound of the possible gravity anomaly caused by the
Farallon slab, we have used a maximal density contrast
(0.025 g/cm3) for the slab. We conclude that the portion of
the Farallon slab below the mantle transition zone may
contribute as much as 50 mGal to compositional gravity
anomaly D (Figure 12) but the slab does not fully explain
the entire 200 mGal anomaly.
[42] Van der Lee and Nolet [1997a] image fragments of

the Farallon slab within the mantle transition zone. We have
calculated the total effect of their seismic anomaly between
275 and 660 km (Figure 15). Three prominent positive
anomalies are evident: (1) anomaly A still correlates with
the cold root of the Canadian shield, (2) anomaly B corre-
lates with the dense Juan de Fuca slab, and (3) anomaly C
correlates with the shallow fragments of the Farallon slab
and reaches a maximum magnitude of 60 mGal. Anomaly C
(Figure 15) correlates with anomalies C and D of the
compositional anomaly map (Figure 12) but, again, is sig-
nificantly lower in magnitude (60 vs. 250 mGal). Although
anomaly C (Figure 15) is wider than compositional anomaly
D in Figure 12, this difference might be attributed to the

low resolution of the tomography model at greater depths.
We note that the Gulf of Mexico anomalies calculated in
Figures 14 and 15 sum to 100–120 mGal, which is about
half of the anomaly we seek to explain (Figure 12). Thus,
the influence of the Farallon slab appears to provide half
of the compositional gravity anomaly in the Gulf of Mexico.
[43] The NE‐SW‐trending positive anomaly in the com-

positional gravity anomaly map (labeled E) and the NE‐
SW‐trending anomaly F are too narrow to be explained by
the Farallon slab as imaged by seismic tomography meth-
ods. For this reason our preferred model for anomaly E is a
lithospheric drip, or advective downwelling, located at the
western edge of the southern craton. Our preferred model for
anomaly F is the presence of a fragment of a slab associated
with the Appalachian orogeny.

4. Evolution of the North American Upper
Mantle

[44] The results presented here, combined with previous
geologic and seismological investigations, provide insight

Figure 14. Gravity anomaly owing to the portion of the Farallon slab located below 660 km depth.
Inset : seismic model of Zhao [2004]. This deep mantle density anomaly results in a gravity anom-
aly of 50 mGal and thus cannot explain the observed 200 mGal compositional anomaly labeled D in
Figure 12. A shallower upper mantle density anomaly, such as an eclogite layer, is the favored inter-
pretation for anomaly D.
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Figure 15. Gravity anomaly owing to the portion of the Farallon slab located above 660 km [Van der Lee
and Nolet, 1997a]. Anomaly C has a magnitude of 50 mGal, too low to explain anomaly D in Figure 12.

Figure 16. Maps illustrating stabilization and growth of the North American continent. Inset (top left): lines A‐A′, B‐B′‐B′′,
and C‐C′ indicate cross sections locations that appear in Figure 17. Map A: Suturing of the Wyoming, Trans‐Hudson,
Superior, and Slave/Roe/Hearne provinces occurred during the Trans‐Hudson orogeny between 1.85 and 1.78 Ga, forming
the cratonic core of Laurentia [Hoffman, 1988; Ross and Villeneuve, 2003]. The collision of these and other smaller
Archean‐early Proterozoic fragments created the core of the North American craton [Hoffman, 1988]. These events were
preceded by the closing of Archean‐aged ocean basins [Bleeker, 2003; Corrigan et al., 2005; Bleeker and Ernst, 2006].
Figure 17, cross sections 1 and 2, taken through line A‐A′, accompany this map view. Map B:Yavapai province was
welded to the southeastern edge of the North American craton during the Yavapai orogeny (1.71–1.68 Ga). Yavapai
province was formed from an assemblage of oceanic arc terranes 1.80–1.70 Ga. The Yavapai currently extends from
present‐day Arizona to Colorado (south of the Cheyenne belt) and northeast into the midcontinent [Van Schmus et al.,
2007]. Map C: Mazatzal province, 1.68–1.60 Ga, accreted to the craton during the Mazatzal orogeny (1.71–1.62 Ga).
Mazatzal province was formed from volcanic arcs at continental margins and backarcs. Mazatzal province includes vol-
canogenic greenstones composed of metamorphosed basalt, basaltic andesite, dacitic tuff, and rhyolite [Karlstrom et al.,
2004; Whitmeyer and Karlstrom, 2007]. Granite‐Rhyolite province accreted to the North American craton between
1.55 and 1.35 Ga. This province is composed primarily of A‐type granites and anorthosites. Granite‐Rhyolite province
extends over a vast portion of the present‐day United States and has a metamorphic overprint from the Grenville orogeny.
Granite‐Rhyolite province is largely concealed by the Paleozoic sedimentary cover of the midcontinent [Whitmeyer and
Karlstrom, 2007]. Map D:The paleocontinent Laurentia formed through a series of continent‐continent collisions, ulti-
mately leading to the creation of the supercontinent Rodinia [Moores, 1991; Dalziel, 1991]. Grenville province collided
with Granite‐Rhyolite province along an eastward‐directed subduction zone. The resulting Grenville orogeny caused a
front of deformation that extends from the present‐day southwestern United States through northeastern Canada. Grenville‐
aged deformation also extends into Granite‐Rhyolite and Mazatzal provinces. Figure 17, cross section 3, taken through line
B‐B′‐B″, accompanies this map view. Map E: Rifting was initiated along the midcontinent rift, located in the south‐central
area of Superior province and extending southward through the Yavapai and northern Mazatzal provinces. Rifting was
aborted, and mantle‐derived basalts filled the midcontinent rift graben. The core of North America remained intact, with a
new series of resultant faults passing through the center of the continent. Rodinia broke apart along the western edge of
Laurentia between 0.78 and 0.68 Ga [Dalziel, 1991; Moores, 1991; Karlstrom et al., 1999; Li et al., 2008]. This successful
rifting opened the Pacific Ocean. Later, rifing along the eastern margin (0.6 Ga) created the paleo‐Altanic Ocean. Figure 17,
cross section 4, taken through line C‐C′, accompanies this map view. Map F: Closing of the paleo‐Atlantic in the Paleozoic
created the Appalachian province as Africa collided with the east coast of Laurentia, suturing a host of schistose rocks to
present‐day eastern United States and Canada. Appalachian province and smaller subterranes subducted beneath Grenville
and Granite‐Rhyolite province sequences. Basement rocks of present‐day eastern United States were thus accreted during
the Appalachian orogeny. Figure 17, cross section 5, taken through line C‐C′, accompanies this map view. Map G:
Cordilleran province was accreted and deformed along the western margin of the North American craton. The modern
Atlantic Ocean was created by the rifting of the eastern margin of North America. Figure 17, cross section 6, taken through
line C‐C′, accompanies this map view sequence.
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into how the upper mantle beneath North America has
evolved. As already mentioned, in the present study we have
not attempted to distinguish lithospheric versus sublitho-
spheric contributions to the total mantle anomaly. However,
we may assume that a major part of the composition density
variations should be located within the geologically more
complex lithosphere. Otherwise, it is unlikely that these
anomalies could be preserved for a relatively long period of
time. Our mantle compositional anomaly map (Figure 12)
clearly outlines the depleted tectosphere beneath the Archean

Canadian shield. In contrast, depleted mantle is not found
beneath the U.S. portion of the NA craton, where much of
the cratonic mantle shows a near‐zero density anomaly
(Figure 12). Positive density anomalies, D–F (Figure 12),
appear to correlate with (1) the anomalous upper mantle
beneath the Gulf of Mexico (D), (2) a lithospheric advective
downwelling located at the SW edge of the Proterozoic
craton (E), and (3) a fragment of subducted lithosphere
associated with the Appalachian orogeny (F). We illustrate
the processes that have formed and modified the litho-
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sphere of NA in map view (Figure 16) and in cross sec-
tions (Figure 17). In map view (Figure 16) the growth of
the NA continent is characterized by stabilization of the
Archean/early Proterozoic core (Figure 16a). During the
Proterozoic a series of exotic terrains accretes to the SW
margin (Figures 16b–16d), followed by rifting to form the
proto‐Atlantic (Figure 16e). The Applachian orogeny (450–
350 Ma; Figure 16f) is followed by the rifting and opening
of the modern Atlantic Ocean on the east coast and the
accretion and deformation of the Western Cordillera on the
west coast (Figure 16g).
[45] We illustrate the evolution of the mantle lithosphere

in six simplified cross sections (Figure 17). These cross
sections illustrate the complex evolution of the subcrustal
lithosphere over the past 2.5 Ga and depict the diversity of
processes that have acted to form the NA upper mantle.
These processes are documented in our analysis of the NA
gravity data, including continental extension (Figure 12; A),
the stabilization of the Archean craton (Figure 12; B), regions
of mantle depletion of uncertain provenance (Figure 12; C),
dynamic subsidence (Figure 12; D), advective instabilities
(Figures 12 and 17; E, cross section 6), and paleoplate sub-
duction (Figures 12 and 17; F. cross section 6). The broad‐
scale geologic complexity of the mantle lithosphere is
therefore comparable to the geological complexity of the
continental crust.

5. Conclusions

[46] We find that crustal density variations within sedi-
mentary basins and the crystalline crust are compensated in

the uppermost mantle. Crustal corrections applied to NA
Bouguer gravity data reveal significant upper mantle density
anomalies that are of thermal and compositional origin.
Maxima and minima in mantle gravity anomalies impose
stresses on the base of the crust and these correlate with loci
of crustal seismicity (Figure 10b). This process is similar to
seismicity induced by vertical buoyancy forces associated
with glacial rebound.
[47] To separate thermal anomalies from compositional

anomalies, we apply a thermal correction to the mantle
anomaly map (Figure 10a) to obtain the mantle composi-
tional anomaly map (Figure 12). We find that (a) the mantle
lithosphere beneath the Canadian shield has a pronounced
low‐density anomaly that has a compositional origin (deple-
tion), as found in previous studies; (b) the low‐density mantle
anomaly beneath western North America is well modeled
by a purely thermal correction; (c) there is a region of low‐
density (depleted?) uppermost mantle beneath the greater
Bahamas region; (d) the Gulf of Mexico is underlain by a
pronounced positive compositional anomaly that may con-
tribute to the subsidence of the Gulf; (e) a linear positive
compositional anomaly at the southwestern edge of the
craton may be an advective downwelling that has not be
identified previously; and (f) a linear positive compositional
anomaly coinciding with the NW edge of the Grenville‐
Appalachian suture (south of 40°N) may be caused by a
stalled slab that has not previously been identified.
[48] Our study fills in several details concerning the 3D

structure of the NA upper mantle. We use these insights
to construct a concise outline of the evolution of the mantle
lithosphere depicted in cross‐sectional view. We find that

Figure 17. Cross sections illustrating main events in the formation of the lithospheric mantle beneath the North America
continent. These cross sections are simplified to highlight the principal geological processes that have formed and modified
the mantle lithosphere over the past 2.5 Ga. Cross section A:During the early Proterozoic, the Archean Wyoming and Supe-
rior provinces collided and the Wyoming oceanic lithosphere subducted beneath the Superior. Resulting subduction‐related
volcanism formed the Trans‐Hudson volcanic arc. This cross section is the precursor to map view A in Figure 16. Cross
section B: Trans‐Hudson orogen occurred between 1.85 and 1.78 Ga, accreting the Wyoming and Superior cratons along
with the Trans‐Hudson volcanic arc into the cratonic core of Laurentia [Hoffman, 1988; Ross and Villeneuve, 2003]. Trans‐
Hudson belt includes Archean fragments, reworked Archean crust, and juvenile arcs along a zone that extends from present‐
day Montana to Hudson Bay [Whitmeyer and Karlstrom, 2007]. This cross section matches map A in Figure 16. Cross
section C: The Yavapai orogeny (1.71–1.68 Ga) brought the Yavapai province to the North American craton. Mazatzal and
Granite‐Rhyolite provinces collided with the eastern edge of Laurentia and adhered between 1.68 and 1.35 Ga. The addition
of the Grenville province to the eastern portion of Laurentia formed the supercontinent Rodinia at 1.1Ga [Karlstrom and
Whitmeyere, 2007]. This cross section accompanies map D in Figure 16. Cross section D: Rifted occurred in the mid-
continent between the boundaries of the Superior and Yavapai provinces as shown in the center of this diagram. The craton
formed by Wyoming, Trans‐Hudson, and Superior provinces partially rifted away from that of the eastern provinces
(northeastern Yavapai, Mazatzal, Granite‐Rhyolite, and Grenville). This cross section accompanies map E in Figure 16.
Farther to the west (not depicted here), Rodinia was rifted, leading to the separation of Laurentia and the western continents
(Australia, etc.), opening a paleo‐Pacific ocean. Cross section E: The Appalachian orogeny occurred with the closing of the
paleo‐Atlantic, deforming and thickening the mantle lithopshere beneath the Grenville and Granite‐Rhyoite provines. Slab
breakoff left a fragment of the westward‐directed subduction zone in the uppermost mantle beneath the eastern Grenville
province, here hypothesized to account for mantle anomaly F (Figure 12). This cross section corresponds to map F in
Figure 16. Cross section F: Subduction of the Pacific plate as initiated beneath the west coast of North American. A
continental magmatic arc extends along the west coast, and the western cordillera is formed during a period of eastward‐
directed flat slab subduction that created lithospheric mantle anomaly E. Slab rollback and crustal extension in the Basin
and Range province created space for asthenospheric upwelling and the creation of mantle anomaly A (Figure 12). Rifting
occurs along the east coast forming the Atlantic Ocean. The mantle lithosphere preserves a >2.5 Ga history of continental
growth, including subduction, rifing, and deformation. As is evident in the cross section, the broad‐scale geologic com-
plexity of the subcrustal mantle lithosphere beneath North America is as complex as that of the crust.
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the mantle contains far more structural complexity, as
evidenced by the density structure, than has previously been
documented.
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