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Abstract We introduce a new method to construct integrated 3-D models of density, temperature, and
compositional variations of the crust and upper mantle based on a combined analysis of gravity, seismic,
and tomography data with mineral physics constraints. The new technique is applied to North America. In
the first stage, we remove the effect of the crust from the observed gravity field and topography, using a
new crustal model (NACr2014). In the second step, the residual mantle gravity field and residual topography
are inverted to obtain a 3-D density model of the upper mantle. The inversion technique accounts for the
notion that these fields are controlled by the same factors but in a different way, e.g., depending on depth
and horizontal dimension. This enables us to locate the position of principal density anomalies in the upper
mantle. Afterward, we estimate the thermal contribution to the density structure by inverting two tomogra-
phy models for temperature (NA07 and SL2013sv), assuming a laterally and vertically uniform ‘‘fertile’’ man-
tle composition. Both models show the cold internal part and the hot western margin of the continent,
while in some Proterozoic regions (e.g., Grenville province) NA07 at a depth of 100 km is >200�C colder
than SL2013sv. After removing this effect from the total mantle anomalies, the residual ‘‘compositional’’
fields are obtained. Some features of the composition density distribution, which are invisible in the seismic
tomography data, are detected for the first time in the upper mantle. These results serve as a basis for the
second part of the study, in which we improve the thermal and compositional models by applying an itera-
tive approach to account for the effect of composition on the thermal model.

1. Introduction

The North American (NA) continent is composed of several tectonic provinces, each with a different age
and geologic evolution. Most of the central and eastern part of the continent has been relatively stable
since the mid-Proterozoic [e.g., Hoffman, 1997], while the western part is a broad, actively deforming region
extending from Mexico to Alaska [e.g., Dickinson, 2004]. Density heterogeneity of the upper mantle largely
controls tectonic processes in the overlying crust. At the same time, all density perturbations occurring in
the lithosphere are the result of geodynamic processes, such as mountain building and plume upwelling.
Therefore, knowledge of density variations in the uppermost mantle is essential for understanding the evo-
lution of the NA continent. In particular, it is important to assess the two main physical parameters that are
mainly responsible for the density changes: temperature and composition. In turn, their knowledge offers
the opportunity to estimate other physical properties (e.g., rheology) of the lithosphere.

Despite a large number of studies on the structure of the crust and uppermost mantle of North America
[e.g., Grand, 1994; Godey et al., 2003; Nettles and Dziewonski, 2008; Bedle and van der Lee, 2009; Yuan et al.,
2011], several key issues are still open. One important problem is the separation of the effects of thermal
and compositional anomalies in various geophysical fields (primarily in gravity and seismic tomography).
Previous studies [e.g., Deschamps et al., 2002] linked seismic velocity to density perturbations in the upper
mantle through relative scaling of the conversion factor (Rq/s 5 dlnq/dlnVs). Using this approach, Godey
et al. [2004] tried to estimate both temperature and compositional variations in the upper mantle of NA.
They expressed mineralogical variations in the mantle in terms of the volumetric fraction of iron, the
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parameter which has the strongest correlation of the major elements with density and velocity [e.g., Jordan,
1979]. The authors reached the conclusion that the upper mantle of the cratons at a depth of 100 km is
cooler by �440 K and depleted in Fe by �4% relative to the average temperature of 1100 K and an iron
fraction of 11%. In subsequent studies, this method has been further developed by applying a probabilistic
approach aiming to invert seismological data directly into thermo-chemical structure [e.g., Khan et al.,
2011]. More specifically, the authors use a Markov Chain Monte Carlo method to estimate the thermo-
chemical, physical, and anisotropic structure beneath the NA continent using the global surface wave
phase-velocity maps of Visser et al. [2008]. They obtained a range of tomographic, thermal, and composi-
tional models of the NA mantle, the latter in terms of Mg# (100 3 Mg/(Mg 1 Fe)). Their results confirmed
that the cratonic mantle is characterized by depletion in Fe and lower temperatures relative to the active
younger regions in the western part of NA. The main drawback of this approach is that several parameters
are estimated based on variations of only one physical parameter (seismic velocity or phase-velocity maps).
Therefore, the solution that is obtained always represents just one of an infinite number of possible solu-
tions. Other fields (e.g., gravity or geoid) are used only for comparison with the preferred results [e.g., Khan
et al., 2011].

We employ a joint interpretation of seismic, gravity, and other available data (e.g., topography), in order to
overcome the problem of nonuniqueness in geophysical inversions. Mooney and Kaban [2010] applied a
subsequent back stripping of the observed gravity field aiming to identify the component of the gravity
field that reflects density variations in the upper mantle, and to determine the role of the different factors
(thermal versus composition) controlling lateral density variations. In the initial step, they constructed a den-
sity model of the crust. Available seismic data have been used to estimate the Moho depth and variations
of P wave average velocities in the crystalline crust. These crustal velocities were converted to densities
using experimentally determined relationships [Christensen and Mooney, 1995]. The thickness and density of
the sedimentary basins have been determined from published maps and summaries of borehole measure-
ments. These crustal data have been used to estimate the gravity effect of the crust and to remove it from
the observed gravity field. The residual mantle gravity anomalies obtained in this way reflect the density
structure of the mantle. A comparison of the mantle anomaly map with the topographic map indicates that
a significant amount of the topographic uplift in western NA is due to buoyancy in the hot upper mantle.
The analysis of the gravity and topographic data, as described above, indicates that the buoyancy contribu-
tion of the upper mantle is very significant and different from that predicted from seismic tomography
images. In order to separate the contributions of temperature anomalies from mantle composition, an addi-
tional correction for the thermal structure of the uppermost mantle has been applied. The thermal model
used to estimate the thermal component of the mantle gravity anomalies was obtained from Goes and van
der Lee [2002] from the inversion of the tomography model NA00 [van der Lee and Nolet, 1997] in tempera-
ture through a mineral physics approach. The thermally corrected residual map reveals mantle density
anomalies that should be due to compositional variations if all the applied corrections are accurate. A pre-
liminary analysis confirms that some of the prominent features are consistent with our knowledge about
properties of the upper mantle, such as the low densities related to Fe depletion, that characterize the cra-
tonic regions.

Despite these encouraging results, several important issues remain open. The principal question is: how
reliable is the estimated upper mantle thermal structure obtained using seismic tomography? Up to now,
it was difficult to assess uncertainties of the conversion from seismic velocities to temperature [e.g.,
Tesauro et al., 2012a]. Indeed, seismic velocities mainly depend on temperatures, but other effects, such
as compositional variations also play an important role [e.g., Goes et al., 2000]. The thermal model of Goes
and van der Lee [2002] was estimated using a uniform composition. However, the ability to fit the seismic
velocities purely in terms of thermal variations does not exclude the presence of compositional variations.
Neglecting these variations might lead to significant errors in the estimations of temperature [e.g., Afonso
et al., 2010; Hieronymous and Goes, 2010]. In addition, different tomography models often give substan-
tially different velocity variations, depending on the data and assumption used in the seismic inversion
[e.g., Bedle and van der Lee, 2009]. In particular, the reference velocity models used in the tomography
inversion are often different [e.g., Cammarano et al., 2011]. For instance, the tomography models that use
PREM [Dziewonski and Anderson, 1981] as a reference model (e.g., S40RTS of Ritsema et al. [2011]) display
strong velocity changes at a depth of 220 km. Such a discontinuity does not exist globally and is not
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required beneath continental regions, as many other models demonstrate [e.g., Deuss, 2009]. The artificial
effect of this 220 km discontinuity might propagate in the temperatures estimates obtained from inver-
sion of seismic velocities. Therefore, the lateral velocity variations provided by seismic tomography may
be more reliable than their absolute values, which are required for temperature estimations, particularly
on account of the nonlinearity in the relation between velocity and temperature introduced by anelastic-
ity [Goes et al., 2000].

It should be also noted that the NA mantle density model of Mooney and Kaban [2010] does not provide
a density-depth distribution. In fact, the compositional density variations refer to a homogeneous
100 km thick layer. In addition, the model of the crystalline crust used in that study provides only aver-
aged values of velocities and densities. It is likely these assumptions do not lead to significant errors in
the mantle gravity anomalies, but the influence of these assumptions should be evaluated, as we have
done here.

In the present study, we aim to create a density model of the NA crust and upper mantle that is based on
newly improved interpretation methods and initial data sets. The integrated 3-D model of the NA litho-
sphere and upper mantle will yield density variations associated with temperature and compositional
anomalies which are estimated through an iterative inversion. We also analyze potential errors of the model
related to both uncertainties of the initial data and of the method used. The main advances compared to
previous studies are the following:

1. A new improved model of the crust (NACr2014) [Tesauro et al., 2014a] is used to estimate the crustal con-
tribution to the observed gravity field. In comparison with the previous model [Mooney and Kaban, 2010],
NACr14 provides three layers of the crystalline crust, each with velocity and density variations specified.

2. We use a newly developed inversion technique that uses residual gravity anomalies and residual topogra-
phy to construct a 3-D density model of the upper mantle.

3. Two recent seismic tomography models [Bedle and van der Lee, 2009; Schaeffer and Lebedev, 2013] are
inverted for mantle temperature to quantify the effect of their differences on the estimated thermochem-
ical structure of the upper mantle.

4. Temperature and compositional anomalies in the upper mantle are determined simultaneously in an iter-
ative approach.

In this first contribution, we present the general concept and discuss the initial density and temperature
models of the upper mantle. In the second contribution [Tesauro et al., 2014b, this volume], we analyze ther-
mal and compositional models of the upper mantle obtained with the iterative inversion.

2. Study Area

The study area is delimited by the coordinates 10�N by 85�N and 170�W by 50�W and includes most of
the NA continent (Figure 1), which is composed of Archean and Proterozoic cratonic blocks, flanked by
Phanerozoic Orogenic belts. In the central and eastern part of the NA continent, there are several
Archean cratons, such as the Slave, Churchill, Superior, and Wyoming cratons, composing the large Lau-
rentia block [e.g., Bleeker, 2003]. These Archean cratons have been assembled during the Proterozoic
Eon (from 1.8 to 0.8 Ga) by the accretion of additional terrains to the southern and western edges of
Laurentia during the creation and dispersal of the supercontinent Rodinia [e.g., Karlstrom and Hum-
phreys, 1998]. Phanerozoic tectonic processes, such as the accretion of the Appalachian Mountains on
the east coast during the Paleozoic and formation in the Mesozoic/Cenozoic of the western Cordillera,
which extends from Mexico to Alaska, completed the formation of the continent. According to its geol-
ogy, tectonics, and structure, the NA continent is roughly divided along the Rocky Mountain Front into
the stable eastern and tectonically active western parts. The latter is characterized by high surface heat
flow [Blackwell and Richards, 2004], generally thin (25–35 km) crust [e.g., Mooney and Kaban, 2010] low
crustal Pn and Sn velocities [e.g., Nolet et al., 1998; Tesauro et al., 2014a] and a low resistivity [e.g., Rippe
et al., 2013]. All these properties indicate a warm, hydrated uppermost mantle that has been responsi-
ble for the high elevations of western North America [e.g., Mooney and Kaban, 2010]. In contrast, the
eastern part of the continent is characterized by low relief, low surface heat flow [Blackwell and Richards,
2004], thicker (35–50 km) crust, and high crustal and shallow mantle velocities [Tesauro et al., 2014a;
Bedle and van der Lee, 2009].
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3. Modeling Concept

This study employs the following principal modeling steps, which are shown in the diagram (Figure 2):

1. Computation of the crustal gravity effect and its removal from the observed gravity field. Estimation of
the residual topography using these results.

2. Joint inversion of the residual gravity and residual topography to produce a 3-D density model of the
upper mantle.

3. Initial conversion of seismic velocities in the upper mantle to temperature. At this stage, a uniform com-
position of the upper mantle is assumed.

4. Computation of the gravity effect induced by temperature variations and its removal from the total man-
tle gravity anomalies. Application of the same procedure to the residual topography. Joint inversion of
these fields and construction of a preliminary density model that identifies compositional variations in
the upper mantle.

5. Evaluation of compositional changes using the density model obtained in step 4. Repetition of the steps
3 and 4, but taking into account the compositional changes obtained in the previous step. The iterative
loop runs until convergence is reached.

In the next section, we describe the methods used for the gravity modeling.

3.1. Computation of the Crustal Gravity Effect and Residual Topography
The gravity effect of the crust is estimated relative to a laterally homogeneous (1-D) reference density
model consisting of several standard layers. The crustal correction is equivalent to replacing of the laterally
varying crust with the homogeneous reference crustal model [e.g., Mooney and Kaban, 2010]. Thus, the
crustal correction can be compared to the Bouguer correction extending from the surface to the Moho. A
choice of the reference density model basically leads only to a change of the constant level of the com-
puted gravity anomaly, which is not considered in this study. The only important parameter is the reference
density of the upper mantle. It has been demonstrated that possible differences of this parameter from the

Figure 1. Topographic map of North America (km), taken from ETOPO2 [NOAA, 2010]. Red, pink, and blue dashed contours show the boun-
daries between the Archean, Proterozoic and Phanerozoic tectonic provinces, delineated taking into account the crustal age, the geo-
graphical extension of the key tectonic elements and the physiographical boundaries [modified after Tesauro et al., 2014a]. White labels
stand as follows: AP, Appalachians; BR, Basin and Range; CA, Cascade; CHCr, Churchill craton; CI, Cuba Island; CP, Colorado Plateau; CPl,
Canadian Platform; GC, Gulf of California; GM, Gulf of Mexico; GR, Grenville; HB, Hudson Basin; NAC, North American Cordillera; NM, North
Margin; RM, Rocky Mountains; SLCr, Slave craton; SM, South Margin; SN, Sierra Nevada; SUCr, Superior craton; THO, Trans-Hudson Orogen;
WYCr, Wyoming Craton; YM, Yavapai-Mazatzal province.
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average density of the uppermost mantle do not affect the result significantly [e.g., Mooney and Kaban,
2010].

In this study, we use the same reference model that was used in Mooney and Kaban [2010] and earlier in
the global study of Kaban et al. [2003]. It implies zero topography, a 15 km thick upper crust with density
2.7 g/cm3 and a 25 km thick lower crust with density 2.94 g/cm3. Average density of the uppermost mantle
is set equal to 3.35 g/cm3. This model is balanced with old (180 Ma) oceanic lithosphere according to the
cooling plate model [Kaban et al., 1999]. Both models produce the same pressure at 40 km depth.

The gravity anomaly of each layer within the Earth’s crust and mantle is calculated using 3-D algorithms for
a spherical Earth, taking into account changes of density in the horizontal and vertical directions and the
average elevation 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 accuracy of the calculations is 1
mGal. The gravity effect in each point is calculated taking into account density (or boundary) variations for
the whole Earth. For these purposes, the high-resolution model of the North American crust [Tesauro et al.,

Figure 2. Workflow of the main data processing steps used in this research.
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2014a] is embedded in the global model, which was previously used for estimation of the strength and elas-
tic thickness of the lithosphere [Tesauro et al., 2012b]. The global crustal model (in this study, CRUST1.0
[Laske et al., 2013]) has been modified to include detailed compilations of the Moho depth and velocities in
the crystalline crust in North America, Eurasia, and Australia [Tesauro et al., 2008; Stolk et al., 2013; Collins
et al., 2003] and of the sedimentary thickness in the continents [Tesauro et al., 2008; Mooney and Kaban,
2010] and oceans [NOAA, 2010]. Despite the fact that the global crustal model is less reliable than the
regional one for NA, it is sufficient to account for distant effects in the gravity calculations [Kaban et al.,
2004]. By removing the crustal effect from the observed gravity we estimated the residual mantle anomalies
of the gravity field.

The crustal density model is also used to estimate residual topography (tres), which represents that part of
the observed topography, which is under or overcompensated by the crustal structure in an isostatic sense
[e.g., Kaban et al., 2004]:

tres5
1
�q
ðqtopÞtobs11�q

ðM
0

DqðhÞ R2h
R

� �2

dh; (1)

where, qtop is the average block density (including the effects of ice and sediments) of topography (tobs);
�q 5 2.67 g/cm23 is the average density of tres; DqðhÞ is the density anomaly (including water) relative to a
horizontally homogeneous reference model, t is the topography height (zero for sea areas), h is the depth
below geoid, R is the radius of the Earth. The integration is limited to the Moho, since below this boundary
DqðhÞ is assumed to be zero at this stage. This equation describes a local type of isostasy; therefore, the
residual topography also includes all variations that differ from this type.

The residual topography is an important constraint often used in geophysical studies, e.g., in dynamic mod-
eling [Boschi et al., 2010; Faccenna and Becker, 2010; Ghosh et al., 2013]. This parameter chiefly combines
three factors [Kaban et al., 2004]. The first one relates to isostatic anomalies (associated with flexurally sup-
ported load) and the corresponding stress field in the lithosphere. These anomalies normally dominate in
the short wavelengths. The long-wavelength disturbances, e.g., related to postglacial deformations, have
relatively small amplitudes (up to 200 m in the extreme case), which are below computational uncertainties.
The second factor relates to the lithosphere density heterogeneity below the Moho, which are not taken
into account at this stage. In this way, high-density lithospheric keels of the old continental lithosphere con-
trol near-zero topography, while the low-density lithosphere pushes up the topography. The third part rep-
resents the dynamic topography associated with normal stresses at the base of the lithosphere, which are
induced by mantle flow.

The main object of this study is to identify anomalous density distributions in the upper mantle. Therefore,
it is necessary to suppress the impact of other factors. The local isostatic disturbances might be filtered out
to some extent by considering only mid or large-scale anomalies. The dynamic part of tres can be calculated
from global convection models. In this study, we use one of the most recent results [Petrunin et al., 2013].
This global dynamic model is based on the tomography model S40rts [Ritsema et al., 2011] and implies 3-D
viscosity distribution in the mantle. The dynamic effect is estimated for the density anomalies below
325 km. In the same way, we estimated the gravity effect of the deep mantle (also below 325 km) including
dynamic perturbations. This effect is also removed from the residual mantle anomalies. Therefore, the
remaining part reflects the impact of the heterogeneity of the lithospheric and sublithospheric mantle up
to a depth of 325 km.

3.2. Joint Inversion of the Residual Gravity and Residual Topography
The residual mantle anomalies reflect the effect of density variations in the upper mantle induced by both
thermal and compositional changes. However, construction of a reliable 3-D model based only on these
anomalies is impossible since the inverse gravity problem is basically ill posed. The problem of determina-
tion of the density distribution q may be formulated as finding:

min fjjAq2gresjj21aXðqÞg; (2)

where A is the integral operator converting density into the gravity field [Kaban, 2011]. The operator A has
no continuous inverse A21; thus, the direct solution is neither unique nor stable. To overcome this principal
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weakness, a so-called regularization term X is added [Tikhonov and Arsenin, 1977], where a defines strength
of regularization.

Therefore, having one parameter, namely, the gravity field, one can reliably determine only one parameter.
In the study of Mooney and Kaban [2010], the average density of a 100 km thick layer was estimated. The
density-depth relation might be prescribed a priori using some additional constraints based on petrological
models [e.g., Griffin et al., 2003], which will be demonstrated later, but in any case a reliable solution gives
only one integral parameter.

The computed tres opens additional possibilities to constrain 3-D density structure of the upper mantle.
Both fields (residual gravity and residual topography) are induced by density heterogeneity but essentially
in a different way depending on their size and depth (M. K. Kaban et al., Cratonic roots under North America
are shifted by basal drag: New evidence from gravity and geodynamic modeling, submitted to Nature Geo-
science, 2014). The inverse problem is then reformulated [Kaban et al., 2013; Kaban et al., submitted manu-
script, 2014]:

min fjjAq2gresjj21kjjBq2tresjj21ajjq2qini jj2g; (3)

where B is the integral operator converting densities to topography perturbations, k 5 2pGqt is the scaling
coefficient normalizing topography w.r.t gravity, and the regularization condition implies that the obtained
density structure should be close to a predefined model or the density perturbations should be minimum
when such a model is not available (qini 5 0). The inversion is performed in a spherical harmonic domain,
where the solution might be found separately for each spherical coefficient [e.g., Forte and Peltier, 1991].
The topography perturbations are computed for a predefined viscosity profile, which is presented by Stein-
berger and Calderwood [2006] based on global dynamic models. The numerical method is based on spheri-
cal harmonic decomposition of the initial fields [e.g., Forte and Peltier, 1991] with latest improvements
[Petrunin et al., 2013].

The inversion technique has been extensively tested. A test density structure that is representative of the
real Earth has been implemented in a spherical shell and its effect on the gravity field and topography has
been computed. Some noise has been added and the resulting fields have been inverted to reproduce den-
sity structure. It has been demonstrated that in most cases it is possible to reconstruct initial density pat-
terns including various combinations of positive and negative anomalies [Kaban et al., 2013; Kaban et al.,
submitted manuscript, 2014]. In particularly, various types of the dipole anomalies (for both, vertical and
horizontal positions of the positive and negative anomalies) are well recognized. The geometry of inclined
bodies (like subducting slabs) is well recovered. Significantly it is possible to estimate the depth of anoma-
lies, e.g., in the uppermost mantle versus the midcrust. The most challenging case for the inversion is for
anomalies of the same sign; in the inversion they are merged into one smeared anomaly (Kaban et al., sub-
mitted manuscript, 2014). It is also proven in this study that the results do not depend substantially on a
precise choice of the damping factor.

The amplitude of the inverted densities is reduced due to the regularization damping, similar to tomography
models. The amplitude might be up to 30–50% less than the amplitude of the initial anomaly; however, the
anomaly pattern may be smeared. Therefore, this method is more accurate regarding the shape and location
of the anomaly rather than its amplitude. This fact should be taken into account during the interpretation.

4. Initial Data

4.1. Initial Gravity Field
The initial gravity model (EIGEN-6c2) is based on a combination of satellite and terrestrial data [F€orste et al.,
2011]. The field is completed up to 1949 spherical harmonic degree/order. The Bouguer gravity anomalies
have been computed by removing the effect of topography/bathymetry and ice from the observed gravity
field (Figure 3). We use the ETOPO-1 model compiled by NOAA (www.ngdc.noaa.gov/mgg/global/global.
html). The sum of the gravity influence of each volume corresponding to the initial grids is computed in
each grid cell on the surface taking into account the average elevation (or depth) and considering all spher-
ical effects [Kaban et al., 2004]. The density of topography and sea water is considered to be equal to 2.67
and 1.03 g/cm3, respectively.
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4.2. Crustal Model
NACr14, the new 3-D model of the NA crystalline crust [Tesauro et al., 2014a] used in this study, has a resolution
of 1� 3 1� and provides depth and average velocity of the main layers: upper, middle, and lower crust (Figures
4a–4c). It is based on the most complete database of available seismic data in this region, primarily reflection
and refraction profiles and receiver function data (USGS database) [Mooney, 2014]. In the areas not covered by
the database, P wave seismic velocities and thickness of the crustal layers have been estimated on the base of a
statistical analysis for each predefined geological province. The upper and lower boundaries of the crystalline
crust have been taken according to the model of Mooney and Kaban [2010]. The sediment thickness map of
these authors has been improved in the offshore regions using the new compilation of NOAA [2010]. The den-
sity of sediments was estimated by Mooney and Kaban [2010] by defining smoothed density-depth functions
that characterize each type of sedimentary basin (from soft to hard).

The new NA crustal model shows the main variations of the crustal structure reflecting the tectonic evolu-
tion of the continent. The thickness of each crustal layer reaches maximum values up to �20 km, but on
average is between 11 and 13 km (Figures 4a–4c). To estimate the gravity effect of the crystalline crust, we
converted the average velocity of each layer in density (Figures 4d–4f), using the equations provided by
Christensen and Mooney [1995]. Velocities and thus densities of the lower crust vary in a larger range than
those of the other layers, on account of the presence of a 7.03 layer (i.e., Vp> 7.0 km/s) in the lowermost
part of the crust of some Archean and Proterozoic regions. The crystalline crust in the Gulf of Mexico con-
sists of only one layer (presumably basaltic in composition), with an average density of �2.90 g/cm3.

4.3. Tomography Models
We use seismic velocity variations in the upper mantle to estimate the temperature distribution as con-
strained by mineral physics equations [e.g., Stixrude and Lithgow-Bertelloni, 2005]. The S-velocity structure
of the NA mantle has been recently modeled on regional [Marone et al., 2007; Nettles and Dziewonski,
2008; Bedle and van der Lee, 2009; Yuan et al., 2011] and global scale [e.g., Ritsema et al., 2011; Schaeffer
and Lebedev, 2013] by surface waves inversion. The models used in this study are displayed in Figures 5a
and 5b in terms of absolute velocities at a depth of 100 km and along one cross section. They consistently
show principal (large-scale) patterns, but they are quite different in detail, likely because they are derived
from both different data and inversion techniques, e.g., in regularization parameters such as damping. In
particular, as already observed in previous studies [e.g., Becker, 2012], the amplitude of the anomalies

Figure 3. Bouguer gravity anomalies of the gravity field (see text for further explanation).
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may largely vary among different tomographic models. The uncertainty of tomographic models strongly
affects their interpretation with respect to compositional and thermal properties. To estimate the thermal
and compositional structure of North America, we selected two tomography models derived from similar
data. In making this choice, we first selected one of the most recent regional tomography models (NA07)
[Bedle and van der Lee, 2009], which in comparison with some others [e.g., Nettles and Dziewonski, 2008;
Yuan et al., 2011] uses a smoother reference velocity model, thus providing more reliable values of abso-
lute velocities.

Bedle and van der Lee [2009] fit regional S and Rayleigh wave trains generated by the earthquakes around
North America that occurred between the years 2000 through 2006, including waveforms from the Transport-
able Array stations of the EarthScope’s USArray. They implemented a 3-D S wave velocity model of the upper
mantle beneath North America from a suite of best fit models, each created using different parameterization

Figure 4. The 3-D model of the crystalline crust of the NA continent; (a–c) thickness of the upper, middle and lower crust, respectively; (d–
f) density of the upper, middle and lower crust, respectively. The crystalline crust in the Gulf of Mexico has no internal division and its den-
sity corresponds to the entire crystalline crust. The crystalline crust of Cuba Island and the Gulf of California is divided in two layers and
their densities and thickness refer to the upper and lower layer.
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and data subset. This model was derived relative to a 1-D reference model, MC35 [van der Lee and Nolet, 1997],
which is based on PREM-C [Dziewonski et al., 1975]. The tomography model was also corrected a priori for
crustal heterogeneities, using the same seismic constraints employed in the NA04 model [van der Lee and Fred-
eriksen, 2005], as well as the midcontinent data introduced in the model IL05 [Bedle and van der Lee, 2006].

The second model we have selected (SL2013sv) [Schaeffer and Lebedev, 2013] is the most recent global S-
wave model (vertically polarized), obtained with similar data and technique employed in NA07. In this way,
the possibility of a disagreement between the two models, related to the different assumptions used, was
strongly reduced. In fact, as NA07, SL2013sv was developed using the partitioned waveform inversion tech-
nique [Nolet, 1990] and benefited from the stations provided by the USArray. The model was derived rela-
tive to a 3-D reference model of the crust (CRUST 2.0) [Bassin et al., 2000] and 1-D model of the mantle
(AK135) [Kennett et al., 1995]. It should be noted that neither model, mainly based on the vertically polarized
shear waves, takes into account the effect of anisotropy. Seismic anisotropy will bias isotropic velocity esti-
mates, and consequently the temperature estimates, particularly in the regions where seismic sampling is
dominated by one propagation or polarization direction [e.g., Yuan et al., 2011].

Both models show the well-known division of the NA continent between western and the eastern North
America which are characterized by low and high upper mantle velocities, respectively (Figures 5a and 5b).
As also observed in previous models [e.g., van der Lee and Nolet, 1997], such a sharp boundary is marked by
a range in shear velocity of nearly 10% at a depth of 100 km, which corresponds to a thermal contrast of
�500�C, without considering the effect of compositional variations [Goes and van der Lee, 2002]. The high-
est cratonic velocities are found primarily beneath the largest craton of North America, the Superior craton,
which also has the deepest mantle root as inferred from the seismic model. In particular, in the northeastern
part of the Superior craton the velocities from the SL2013sv at a depth of 100 km are 0.05 km/s faster than
those of NA07 model (Figures 5a and 5b). In both models, the lithosphere beneath the cratons extends to

Figure 5. S wave velocity (km/s) at a depth of 100 km provided by (a) the regional tomography model NA07 [Bedle and van der Lee, 2009] and (b) the global tomography model
SL2013sv [Schaeffer and Lebedev, 2013].
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an average depth of �200 km, but can reach locally a depth of 250 km, as observed in the previous study
of Yuan et al. [2011] that estimated the depth of this boundary from changes in the direction of azimuthal
anisotropy. In contrast, the Archean Wyoming craton has significantly lower average velocity in the upper
200 km in comparison with other Archean and Proterozoic provinces. Another large-scale seismic anomaly
observed in both models is the low-velocity zone that underlies most of the western margin of the conti-
nent and which extends to the eastern boundary of the Rocky Mountain Cordillera. This zone extends from
southern Alaska in the north to the south until the Pliocene-Quaternary Trans-Mexican Volcanic Belt. The
lowest measured velocities underlay the Gulf of California and extend northward beneath the Salton Trough
in South California, the Snake River Plain volcanic belt and the Basin and Range province, down to a depth
of �150 km.

In the southern part of the continent, the low velocities in SL2013sv extend more to the east, including part
of the Colorado Plateau. The western margin remains distinct from continental North America down to
�200 km. Within the areas offshore, SL2013sv identifies in the western part of the Gulf of Mexico a small
region characterized by fast velocities that is absent in NA07. In terms of depth-dependence (see cross sec-
tions in Figures 5a and 5b), the main difference between the two models occurs in the shallower mantle (at
a depth <75 km), where NA07 shows significantly faster velocities than SL2013sv and the correlation coeffi-
cient is lower (�0.8) than in the deeper layers (�0.9 at a depth of 100–150 km). This difference is reduced
beneath the western margin (�0.10 km/s) with respect to the cratons, where it reaches �0.15 km/s. This
kind of discrepancy is also observed in the uppermost mantle in other tomographic models [Becker, 2012]
and might be related to the differences in the crustal correction. In fact, the effect of the crust might not be
fully removed from SL2013sv because the crustal model (CRUST 2.0) [Bassin et al., 2000] is remarkably differ-
ent from the actual seismic data [Tesauro et al., 2014a].

Therefore, we can conclude that the differences between the two models are typical of the whole family of
seismic tomography models that have been constructed up to now. They are quite similar on a regional
scale but show some remarkable differences in local details, especially in the uppermost mantle. Therefore,
conversion of these seismic models into temperature variations introduces uncertainties that are usually
not specified explicitly.

5. Residual Mantle Gravity Anomalies and Residual Topography

After constructing the crustal model, we calculate its gravity effect, as previously discussed, relative
to a horizontally layered reference model. Our goal is to correct for the gravitational effect of the
laterally varying crust by replacing it with the homogeneous reference crustal model. We thereby
obtain the residual, or mantle gravity field. The topography/bathymetry correction has been already
included in the Bouguer anomalies. First, we calculate the gravity effect of low-density sediments
(Figure 6a). This field is negative relative to the standard density of the upper crust (2.7 g/cm3) and
varies from 2140 to 0 mGal. The largest minima are located over the Gulf of Mexico and near the
northern and the eastern continental margin, on account of the thick (>10 km) and low-density
(2.5 g/cm3 on the average) sedimentary layer. On the other hand, the older basins (e.g., Michigan
and Illinois) are characterized by negligible anomalies. In fact, despite the remarkable depth of these
basins (>5 km), the high density of their sedimentary infill (2.65 g/cm3) is close to that of the refer-
ence model [Mooney and Kaban, 2010].

In the same way, we compute the gravity effect of the density variations within the crystalline crust (Figure
6b). This field depends on both density and thickness of the crystalline crust (Figures 4a–4f). The largest
positive anomalies (>150 mGal) correspond to regions with high-density lower crust (>3.0 g/cm3) (Figure
6c), as beneath the Superior craton and the Rocky Mountains, close to the Montana-Canada border. Strong
negative anomalies (<250 mGal) are estimated in the regions characterized by crustal thinning, like those
along the southeastern Atlantic margin and having anomalous low crustal densities, such as the Basin and
Range province, on account of the absence of a high-velocity lower crust [Tesauro et al., 2014a].

The most significant gravity effect is generated by lateral variations in the Moho depth (Figure 6c). Within
the continent, the gravity effect is mostly in the range 6150 mGal with the maximum over the old regions
characterized by high crustal thickness. The largest positive anomalies (>300 mGal) are located in the oce-
anic regions that have very thin crust (<15 km).

Geochemistry, Geophysics, Geosystems 10.1002/2014GC005483

KABAN ET AL. VC 2014. American Geophysical Union. All Rights Reserved. 4791



Removal of the total gravity effect of
the crust from the observed gravity
field yields the residual upper mantle
gravity anomaly map (Figure 7a). In
addition, the effect of deep density
heterogeneities located below
325 km is removed from the gravity
field (see section 3.1). The residual
field is slightly filtered to remove arti-
facts related to errors in the initial
crustal model and the effect of local
isostatic disturbances. A Gaussian fil-
ter with k> 250 km (half amplitude)
is applied on the sphere. The mean
value of this field is not interpretable
and set to zero, since it depends on a
choice of the reference model and on
distribution of the anomalous masses
over the whole Earth (e.g., the total
effect of the oceanic water and
topography is strongly negative
everywhere). Variations of the resid-
ual anomalies are mostly within 6330
mGal and reflect density changes in
the upper mantle induced by both
thermal and compositional
heterogeneities.

Following Mooney and Kaban
[2010], we summarize the uncer-
tainties related to the crustal cor-
rection. The following factors
contribute to the overall error of
the residual gravity anomalies and
residual topography: (1) the meas-
ured gravity; (2) the density model
of sediments; (3) densities of the
crystalline crust; and (4) uncertainty
of the Moho position. The initial
gravity field model is very accurate
for North America and its uncer-
tainty is insignificant compared to
other factors. The density of sedi-
ments is basically the same as used
by Mooney and Kaban [2010]. They
estimate the corresponding error in
the gravity field as 10–12 mGal for
relatively large structures, which
correspond to the resolution of this
study (1� 3 1�).

The uncertainty of the crystalline crust density is based on estimations of Christensen and Mooney [1995], who
gives a value of 60.05 g/cm3 for an individual layer. Since the crystalline crust in our model combines three
independent layers, the total uncertainty of the average density may be reduced to 60.03 g/cm3. Thus, the
contribution of the crystalline crust depends on its thickness and may reach 25–50 mGal. The Moho model is

Figure 6. Anomalous gravity effect of the crustal layers: (a) sediments (as con-
trasted to an assumed density 2.7 g/cm3 for crystalline crust); (b) crystalline crust;
(c) Moho. Density of the lower crust and uppermost mantle is set to 2.94 and to
3.35 g/cm3, respectively, according to the reference model. Additional positive
effect is created where the Moho is shallower than 15 km, corresponding to lower
boundary of the upper layer of the reference model (see text for further
explanation).
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again the same as in Mooney and Kaban
[2010], who estimate corresponding grav-
ity errors from 30 mGal for well-studied
regions to 60 mGal for the areas with thick
crust and poor observation covered.

Combining all error sources and consider-
ing them independent, the estimated
standard deviation in the mantle gravity
anomaly map varies from 40 mGal for the
well-studied regions of North America
with thin (<35 km) crystalline crust, to
about 75 mGal, for the regions with thick
(>35 km) crust and poor seismic cover-
age [Mooney and Kaban, 2010]. The corre-
sponding error in the residual
topography varies from 0.35 to 0.65 km
correspondingly.

The most prominent feature of the resid-
ual mantle field is the difference between
the older, stable central and eastern
regions and the younger, active
Mesozoic-Cenozoic provinces of the
western margin. Generally, this result
agrees with those obtained by Mooney
and Kaban [2010] based on their previous
crustal model. However, we observe also
some regional differences due to
changes in the initial crustal model. For
example, the positive anomalies are
remarkably lower (<150 mGal) in some
regions (e.g., over the Canadian Shield)
than in the previous study.

The largest negative anomalies (<2100 mGal) are found in the southwestern U.S. (Basin and Range),
Mexico, and Gulf of California. These minima correspond to low Pn values (<7.9 km/s) [Tesauro et al., 2014a]
and low upper mantle velocities [e.g., Bedle and van der Lee, 2009; Shen et al., 2013], which supports a ther-
mal origin [Goes and van der Lee, 2002]. Beneath the Proterozoic and Archean terranes the gravity anomalies
are positive and on average relatively high (>100 mGal), thereby showing a good correlation with the posi-
tive seismic velocity anomalies in the upper mantle [e.g., Nettles and Dziewonski, 2008; Bedle and van der

Lee, 2009; Yuan et al., 2011]. Therefore, these features provide clear evidence for a thick and cold litho-
sphere. However, beneath these regions the gravity anomalies are heterogeneously distributed and are not
strongly correlated with the age of the geological provinces. We notice that slightly positive values (�50
mGal) correspond to the Canadian Proterozoic platform and to the northwestern part of the Archean Supe-
rior craton, while stronger anomalies (>150 mGal) are found beneath the Proterozoic Trans-Hudson
Orogen.

However, in some off-craton regions, the correlation between the seismic and gravity anomalies becomes
much weaker. In fact, beneath the northern margin, the Grenville province, the southwestern part of the
Appalachian, and the Gulf of Mexico the gravity anomalies are positive (�150 mGal or even larger) similar
to those observed beneath the interior part of the continent. However, these regions are characterized by
high average Pn values (8.0–8.1 km/s) and zero or very weak (either positive or negative) seismic velocity
anomalies [e.g., Nettles and Dziewonski, 2008; Bedle and van der Lee, 2009; Yuan et al., 2011]. These findings
support the hypothesis that temperature is not the only factor controlling density structure of the mantle,
but compositional variations exist as well.

Figure 7. (a and b) Residual mantle gravity anomalies obtained after removal
of the crustal gravity effect from the observed field (see text for further explan-
ations). The average level is set to zero for the study area. (b) Residual topogra-
phy (tres): the part of topography, which is noncompensated or
overcompensated by the crustal structure. Zero level corresponds to the refer-
ence density model (see text for further explanations).
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The tres, computed from the same crustal model (Figure 7b), is controlled by the same factors as the residual
gravity, although in a different way (see section 3.1). The tres is also filtered to remove small-scale artifacts
and the dynamic contribution from the anomalous masses below 325 km is removed as well. Potential
uncertainties of the tres are due to the same factors as for the residual mantle gravity anomalies. They may
reach 60.3 km for the well-studied continental regions with thin (<35 km) crystalline crust and up to
�0.55–0.6 km for the regions with thick (>35 km) crust and poor seismic coverage. Previously, the residual
topography was estimated for western North America [e.g., Becker et al., 2014] and also for the entire conti-
nent [e.g., Ghosh et al., 2013]. It is clear that the different crustal models strongly affect the results [e.g.,
Ghosh et al., 2013], preventing us from making a quantitative comparison. Furthermore, in previous works,
the reference crustal density models are different, which results in a shift of the tres, and the contribution of
the deep mantle (>325 km) is included.

In contrast with the residual gravity anomalies, western North America is mainly characterized by positive
tres (up to �4 km) and the central and eastern parts of the continent by negligible (60.5 km) or weakly neg-
ative tres (mostly >21 km; Figure 7b). However, as for the residual gravity, such a difference is more evident
in the southern part of the continent. Although the tres is usually not correlated with topography, we can
observe that in this case there is a good correspondence between the high elevation characterizing the
western margin of the NA continent and part of its interior (e.g., the Rocky Mountains) and the positive val-
ues of the tres (>2 km). This means that the uplifted topography of western North America is largely sup-
ported by the low-density upper mantle, both within and under the lithosphere.

The relation between the large-scale uplift of the NA Cordillera and mantle upwelling has recently been
investigated [e.g., Hyndman and Currie, 2011; Becker et al., 2014; Ghosh et al., 2013]. The uplift might be
related to a hot back arc [e.g., Hyndman and Currie, 2011] and/or to an uprising mantle plume (e.g., in Yel-
lowstone) [Parsons et al., 1994]. Within the western Cordillera, the anomalous topography of the Colorado
Plateau (Figure 1), accompanied by recent volcanism [e.g., McQuarrie and Oskin, 2010], has been explained
by small-scale convection and delamination processes [e.g., van Wijk et al., 2010; Levander et al., 2011] or by
deep mantle flow [e.g., Moucha et al., 2009]. In our tres map (Figure 7b), we can clearly distinguish the core
of this tectonic feature, which is characterized by positive values (�1.5 km), but substantially lower than
those observed in its southern and western edge and in the adjacent Basin and Ranges (>3 km). We con-
clude that the contribution of the upper mantle in this region, although it might have been important in
the past [Liu and Gurnis, 2010] is currently weaker compared to that of the surrounding regions. This finding
also supports the hypothesis that small-scale convection is currently removing the lithospheric mantle from
the edge of the Colorado Plateau, causing uplift of its margins [e.g., van Wijk et al., 2010].

The study of Becker et al. [2014] has estimated negative tres values along the Sierra Nevada and Cascades,
interpreted as the effect of downwelling forces exerted by the ongoing subduction of Juan de Fuca plate. In
contrast, our tres values are positive in these regions, but not so pronounced (1.5–2 km) as in the Basin and
Range (>3 km). We should consider that these areas are characterized by low seismic velocities [Bedle and
van der Lee, 2009; Yuan et al., 2011], implying the presence of a hot upper mantle, which will provide buoy-
ancy and hence uplifted topography. Therefore, the reduced tres in respect to that of the Basin and Range
might also reflect a partly counteracting downwelling effect of the subducting plate. In this case, the differ-
ence between our results and previous findings might be mainly attributed to the differences in the initial
crustal model, and/or a deeper origin (>325 km) of the downwelling force.

Comparison of the tres with the residual gravity anomalies shows that the previously determined inverse
correlation between the two, such as found in Europe [Kaban et al., 2010] is present only beneath the tec-
tonically active western regions. These areas have large negative anomalies (<2150 mGal) that are under-
compensated by the crust, being characterized by tres of about 13 km. In contrast, most of the regions of
the eastern and central part of North America have large positive mantle gravity anomalies (>150 mGal)
and are characterized by negligible values of tres (60.5 km). Contrary to the residual gravity, the zero level
of tres is strongly related to the reference crustal density model. Therefore, the crust of central and eastern
North America is almost compensated with respect to the 40 km thick reference model. Two exceptions are
the Canadian Proterozoic platform and the northwestern part of the Superior craton that is characterized by
weak positive gravity anomalies and positive tres (up to 2 km). These findings indicate that the lithospheric
mantle density is not so high as might be expected from the fast velocities detected in the tomographic

Geochemistry, Geophysics, Geosystems 10.1002/2014GC005483

KABAN ET AL. VC 2014. American Geophysical Union. All Rights Reserved. 4794



models [e.g., Nettles and Dziewonski, 2008; Bedle and van der Lee, 2009; Yuan e al., 2011]. These results provide
evidence for a buoyant upper mantle, possibly because of its chemical depletion in garnet (Gt) and iron.

6. Three-Dimensional Density Model of the Mantle

The residual gravity field and residual topography have been inverted to assess the 3-D density distribution
of the NA upper mantle (see section 3.2). The inversion has been performed for seven layers centered at
depths of 15, 50, 100, 150, 200, 250, and 300 km. The uppermost layer (15 km) retains errors within the
assumed crustal model, while the other layers represent density variations in the upper mantle. Two slices
through the density model corresponding to the depth of 100 and 200 km are shown in Figures 8a and 8b,
together with two cross sections. The observed density anomalies, varying within the range 60.04 g/cm3,
are induced by both temperature and compositional variations.

The density anomalies variation at a depth of 100 km (Figure 8a) shows a very heterogeneous distribution,
similar to that of the residual mantle gravity anomalies and tres, indicating that the thermal and composi-
tional variations located in the uppermost mantle are the main factor controlling these fields. Also in this
case, we can observe the division between the western region and the other part of the continent, corre-
sponding to negative and positive density anomalies, respectively. The strongest negative anomalies
(<20.03 g/cm3) are estimated along the Mesozoic-Cenozoic western NA margin, reflecting the presence of
a warm and likely wet upper mantle. In this area we can distinguish several minima located over the

Figure 8. Two slices of the density model of the mantle based on the joint inversion of the residual mantle gravity anomalies and residual topography. (a) Density anomalies at a depth
of 100 km; (b) density anomalies at a depth of 200 km. Black lines show the location of the two vertical cross sections displayed at the bottom (see text for further explanations).
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southeastern margin of Alaska, the Basin and Range Province, Gulf of California, and Baja Peninsula, all of
which indicates that the upper mantle is significantly warmer beneath those regions. In contrast, the
uppermost mantle is not buoyant in some other parts of western U.S., such as the inner part of the Colo-
rado plateau and the Cascadia region, where very weak positive density anomalies are estimated. There-
fore, in these regions, the possible effect of high temperatures in the mantle [Goes and van der Lee, 2002]
should be balanced by the presence of cold, likely eclogitized, subducting lithosphere (e.g., below
Cascadia).

Significant positive anomalies (>0.02 g/cm3) are found in most of the Proterozoic regions, such as the
Trans-Hudson Orogen, the Yavapai-Maztzal province, and the southwestern part of the Grenville province.
Previous studies of the Proterozoic subcontinental lithospheric mantle (SLCM), based on interpretation of
xenolith data [e.g., Griffin et al., 2003], estimate an average density of 3.34 g/cm3 at a depth of �100 km
and a temperature of �700�C, corresponding to an upper mantle partly depleted in high-density ele-
ments (Fe) and mineral phases (Gt). This value is significantly larger than that of the Archean SCLM
(3.31 g/cm3), but also significantly lower than that of the Phanerozoic SCLM (3.37 g/cm3). In addition, tem-
peratures of the Proterozoic upper mantle are also characterized by intermediate values between those
of the Archean and Phanerozoic upper mantle [e.g., Griffin et al., 2004]. Therefore, the positive density var-
iations in these regions might be interpreted as a sum of the effects of the relatively low temperatures
and weak depletion or refertilization of the upper mantle by metasomatic changes (e.g., the addition of
Fe and/or Gt). Obviously, the weight of each contribution cannot be quantified only analyzing the total
density anomalies.

The pattern of positive anomalies extends farther to the south in the younger southern NA margin and in
the Gulf of Mexico. In these regions, the seismic tomography does not show any remarkable velocity anom-
aly [e.g., Bedle and van der Lee, 2009]. Therefore, the source of these anomalies must be related to the pres-
ence of a high-density body that is seismically less distinguishable from peridotite rocks, such as eclogite
[Mooney and Kaban, 2010] and/or metasomatic changes influencing more strongly density than seismic
velocities. Other areas showing high positive values correspond to the northern NA margin. However, the
results in the northernmost part of the study area remain questionable, since they are poorly constrained
(both in the initial crustal model and seismic tomography).

In contrast, other old continental areas, such as the Archean Superior craton, the northern part of the
Churchill craton, and the Proterozoic Canadian platform are mostly characterized by near-zero density varia-
tions (within 60.005 g/cm3), suggesting that the effect of the composition and temperature in this case
counteract each other. We can notice that the effect induced by a depleted mantle prevails in the north-
western part of the Superior craton where a broad negative anomaly (�20.013 g/cm3) is observed. On the
other hand, the positive anomalies (�0.018 g/cm3) characterizing the southern part of the Churchill craton
suggest that the thermal and compositional anomalies are not balanced (Figure 8a).

At a depth of 200 km, the density distribution is quite different from that at 100 km (Figure 8b), indicating
that the upper mantle is vertically, as well as laterally heterogeneous. We can observe that the differences
(about 60.012 g/cm3) between the western and the central and eastern part of the continent persist only
as far north as Canada, while for the most part the mantle beneath Canada is more uniform (density varia-
tions within 60.005 g/cm3). Negative density anomalies at a depth of 200 km are mainly located beneath
the western U.S. and in the northern part of Mexico, indicating that mantle buoyancy persists to this depth.
The large positive anomalies, characterizing the uppermost mantle of most of the Proterozoic terranes
and the Gulf of Mexico, are also remarkably low, indicating that the high-density body is observed only in
the shallowest part of the mantle. On the other hand, the broad negative density anomaly found at a depth
of 100 km in the northwestern part of the Superior craton is replaced by a weak positive anomaly, suggest-
ing a change in composition, possibly due to lithospheric fertilization, a process usually occurring in the cra-
tonic mantle at depths >150 km [e.g., Griffin et al., 2004].

Looking at the cross sections, we can observe that the density variations (<0.005 g/cm3) tend to fade below
250 km in the regions characterized by positive values (e.g., the cratons), while in the areas characterized by
negative values (e.g., Basin and Range and Mexico) their amplitude (20.01 g/cm3) remains remarkable
below this depth and consequently below the lithosphere, which is thin in this region [e.g., Yuan et al.,
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2011]. Therefore, the positive anomalies are mostly located within the lithosphere, while the negative ones
extend deeper in the upper mantle.

Analysis of these results indicates that we need additional data to understand the physical nature of the
upper mantle density heterogeneity. It is essential to estimate mantle temperatures from data independ-
ent from gravity, such as seismic tomography. Using these data constrained by mineral physics, we can
determine thermal and compositional effects, which control the total density anomaly in the NA
continent.

7. Initial Thermal Model

We invert both the regional NA07 and the global SL2013sv tomography model for temperature applying
the mineral physics approach of Stixrude and Lithgow-Bertelloni [2005], which consists of the evaluation of
the physical properties of mantle phases at elevated pressure and temperature using the Eularian finite
strain formulation (Appendix A). We used the elastic modulus and the pressure derivative of the mineral
phases defined in Cammarano et al. [2003], which are estimated taking into account their dependence on
the iron content. All the other properties of the mantle, taken from Stixrude and Lithgow-Bertelloni [2005],
are estimated as a weighted average of the Mg, Fe, and Ca (the latter in case of Gt) species (end-members)
composing the olivine (Ol), OPX, CPX, and Gt (Appendix A).

The initial mantle temperature distribution was estimated assuming a uniform composition corresponding
to a ‘‘fertile’’ mantle, which experienced a limited amount of melt extraction. This composition is defined as
an average of the mineral fractions constituting the ‘‘Primitive mantle’’ rock defined by McDonough and Sun
[1995] and the ‘‘Tecton garnet peridotite’’ rock of Griffin et al. [2003]. Therefore, we used the following min-
eral modes: Ol: 58.5%, OPX: 15%, CPX: 11.5%, and Gt: 15%. A commonly accepted Mg# for the ‘‘Primitive’’
peridotites (Mg# 5 89) is used [e.g., Lee, 2003].

The uncertainties affecting the temperatures estimated from the inversion of seismic velocities are difficult to
constrain and may largely vary on a regional scale. Apart from the uncertainties related to the compositional
choice that might cause an error in temperature by �200�C [e.g., Lee, 2003], in the most depleted part of the
craton other uncertainties have to be considered. As pointed out in previous studies [e.g., Tesauro et al.,
2012a], an uncertainty of the S wave velocity of the tomography model used for temperature inversion of
0.05 km/s translates into errors in estimates of temperature up to �150�C in the cold cratons. However, this
uncertainty affects only the areas where data coverage is poor (e.g., the oceans), which are excluded in this
study. In other regions, the uncertainty is likely reduced to half of the maximum value, causing errors in esti-
mates of temperature up to �70�C. The effect is significantly smaller in the hot areas, where velocity varia-
tions correspond to smaller temperature changes due to anelasticity. The largest uncertainties of the elastic
parameters are those related to their temperature derivatives (with 10% and 20% uncertainties [e.g., Cammar-
ano et al., 2003]), leading to uncertainty in the inferred temperatures of about �70�C above 300 km [Tesauro
et al., 2010]. The uncertainty of the attenuation model might cause an error in the estimated temperature of
�100�C when the effect of anelasticity becomes pronounced (at temperature >900�C) [e.g., Jackson et al.,
2002], thus affecting shallow depths only in geothermally warm regions. Its effect increases nonlinearly when
the temperature approaches the solidus, such as at the base of the lithosphere or due to the presence of flu-
ids. Cammarano et al. [2003] have modeled the anelasticty effect by using simple physical laws that are valid
for bulk rock assemblages. We chose the attenuation model Q4 of Cammarano et al. [2003] which reproduces
this effect more strongly in respect to the other models, and which is more representative for the wet upper
mantle. Therefore, both composition and anelasticity models are suitable for a Phanerozoic upper mantle,
which is wetter and almost undepleted in Fe, Gt, and CPX components with respect to the upper mantle
underlying the old cratons. On account of the uncertainties of the attenuation model, the effect of anelasticity
might be still underestimated in the areas most strongly affected by partial melt. Another source of uncertain-
ties affecting temperature estimates is seismic anisotropy. Although previous authors have demonstrated that
the NA upper mantle is strongly anisotropic [e.g., Yuan et al., 2011], this effect is not crucial for this study, since
both tomographic models are based on vertically polarized shear waves (see section 4.3).

The thermal models we obtained (Figures 9a and 9b) are based on the two tomography models described
above and are identified by the names of these tomographic models, NA07 and SL2013sv, correspondingly.
The main difference of the temperatures occurs in the shallow mantle (<100 km) of the cratons. At a depth
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of 50 km, SL2013sv provides a temperature estimate that is 200�C higher than that estimated using NA07.
However, the temperatures according to the former model decrease with increasing depth, causing a nega-
tive thermal gradient between 50 and 100 km (see cross sections in Figures 9a and 9b). This effect is due to
the relatively low velocities in the shallow upper mantle in model SL2013sv, which might reflect, as before
discussed, the effect of the crust not being adequately removed. The temperature differences between the
two models tend to be reduced at larger depths and become negligible below 200 km on account of the
anelasticity effect. Furthermore, in most of the off-craton areas, the temperatures approach the solidus at a
depth shallower than 200 km, while in the coldest parts of the cratons the temperatures reach a maximum
of 1100�C in the deep upper mantle. However, we cannot easily estimate the depth of the thermal litho-
sphere in these regions, since at a depth over 200 km the geotherms are characterized by a constant or
negative gradient. These features have been already observed in previous studies [e.g., Kuskov et al., 2014
and references therein] and attributed to an enrichment of the composition in Gt and pyroxenes respect to
Ol, starting to occur close to the base of the lithosphere.

Both thermal models show strong temperature differences between the internal part and the western mar-
gin of the continent, up to �700�C at a depth of 100 km. The high temperatures in the NA cordillera
(>1200�C at 100 km depth) are in agreement with the high surface heat flow [e.g., Blackwell and Richards,
2004] and low resistivity estimated in the same region [e.g., Rippe et al., 2013], suggesting a shallow
asthenosphere (<70 km), compared to the adjacent NA craton, the presence of aqueous fluids associated
to past subduction [Hyndman and Currie, 2011], and a melt fraction of up to 1.5% in the shallow upper man-
tle [Rippe et al., 2013]. In the southern part, the high temperatures tend to extend to the areas characterized
by Proterozoic crust, such as the Colorado Plateau. The high thermal regime in this region possibly origi-
nates from thermal warming of the plateau over the last 30–40 Myr, following removal of the Farallon slab

Figure 9. Temperature variations (�C) at a depth of 100 km estimated from the inversion of (a) the regional seismic tomography model NA07 [Bedle and van der Lee, 2009] and (b) the
global seismic tomography model SL2013sv [Schaeffer and Lebedev, 2013], assuming a uniform ‘‘Primitive mantle’’ composition [Griffin et al., 2003; McDonough and Sun, 1995] and the
anelasticity model Q4 [Cammarano et al., 2003]. The black line shows the cross section location, while the white letters show the locations of the geological provinces whose geotherms
are displayed in Figure 10. See text for further explanation.
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[Roy et al., 2009] or by an upwelling
asthenosphere, which progressively
infiltrates and replaces the litho-
sphere, as suggested by previous
geophysical studies [e.g., Schmandt
and Humphreys, 2010; Crow et al.,
2011].

At the same depth, in the central
and eastern parts of the NA conti-
nent, the NA07 thermal model
shows more homogeneous and on
average lower temperatures
(�500�C) compared to SL2013sv
(�600�C). The coldest areas corre-
spond to the Archean Churchill,
Slave, and Superior cratons and in
part to the Proterozoic terranes.
The latter are sometimes character-
ized by lower temperatures than
the Archean regions. For instance,
in comparison with the Superior
craton, the upper mantle of the
Trans-Hudson Orogen, a Paleopro-
terozoic Orogenic belt, shows tem-
peratures that are either �300�C
lower (in the NA07 thermal model)
or �150�C lower (in the SL2013sv
thermal model). The temperatures
estimated from SL2013sv are more
heterogeneously distributed, with
the coldest regions (<500�C at a

depth of 100 km), as the northwestern part of the Superior craton, of Archean age and most of the Pro-
terozoic areas characterized by temperatures of �800�C. Interpretations of the mineralogy of mantle
xenoliths [e.g., Griffin et al., 2004; Currie and Hyndman, 2006; Hasterok and Chapman, 2011] predict tem-
peratures between 600�C and 800�C at a depth of 100 km beneath Archean cratons. Thus, the tempera-
tures of both thermal models may be underestimated by �100�C or more, likely on account of the
uniform, undepleted composition used. In fact, a variation in Mg# by 4–5 units, which corresponds to a
typical difference between Archean to Phanerozoic mantle, implies a change of mantle temperature by
200�C [e.g., Lee, 2003].

An exception is given by the Wyoming craton, which in both models shows a hot upper mantle (�1000�C
at 100 km), as also observed by Goes and van der Lee [2002]. Results from xenoliths interpretations relate
such a high thermal regime to Phanerozoic refertilization events, occurring through a prolonged history of
both melt removal and melt addition (refertilization) within the shallow part of the lithospheric mantle [e.g.,
Carlson et al., 2004].

A relatively strong temperature difference (�150�C at 100 km) between the two models is found in the
Grenville province (Figure 10) and might be related to the inadequate resolution of the anomalies in a
region located at the border of the NA cratons. In the off-cratonic regions, such as the Appalachians, both
thermal models show temperatures at 100 km that are �350�C higher than older continental interior (Fig-
ures 9a, 9b, and 10). The higher mantle temperatures estimated here beneath the Appalachians are in
agreement with those estimated by Goes and van der Lee [2002] and with a thermal model based on surface
heat flow [Artemieva and Mooney, 2001]. This region is interpreted as having a hydrated upper mantle asso-
ciated with the underlying (subducted) Farallon slab [van der Lee et al., 2008].

Figure 10. Average mantle temperatures (�C) estimated for selected geological prov-
inces of the NA continent from the inversion of (a) the regional tomography model
NA07 [Bedle and van der Lee, 2009] and (b) the global tomography model SL2013sv
[Schaeffer and Lebedev, 2013]. Letters in the legend identify the corresponding geo-
logical province and show its location in Figures 9a and 9b.
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8. Thermal and Compositional Components of the Residual Mantle Gravity
Anomalies

To understand the physical origin of the residual mantle gravity and hence the mantle density anomalies,
we must first quantify the gravity effect of the temperature variations that have been estimated from the
inversion of two seismic tomography models. After subtracting the thermal effect from the residual mantle
gravity anomalies, we obtain the temperature-corrected residual field, which corresponds to the composi-
tional component of the density anomaly. This estimated compositional component of the mantle gravity
includes uncertainties related to temperature estimations. The latter uncertainties depend on factors that
should not exceed �6150�C [e.g., Tesauro et al., 2012a], which corresponds to a gravity effect of �6100
mGal [Mooney and Kaban, 2010].

The effect of both thermal models and the residual ‘‘compositional’’ gravity anomalies are displayed in Fig-
ures 11a–11d. The gravity anomalies induced by temperature variations (Figures 11a and 11c) range from
about 2230 to 370 mGal. The amplitude of these anomalies is at least two times larger than uncertainties
of the calculated fields, which combine both the crustal and temperature corrections. Their distributions are
relatively uniform and reflect the input thermal models, with large positive anomalies characterizing the
upper mantle of the Archean and the Proterozoic cratons and negative values, corresponding to the upper
mantle of the central and southern part of the NA Cordillera. Other regions, like the northwestern part of
the NA continent show negligible values of thermal gravity anomalies (<50 mGal), indicating that the origin
of the total mantle anomalies is purely compositional.

The gravity effect of compositional variations spans a range similar to that of the thermal gravity anomalies,
from about 2370 to 280 mGal, but it is more heterogeneously distributed. Negative anomalies, suggesting
a depleted upper mantle, are stronger (locally up to �100 mGal) in NA07 and extend over the entire cra-
tonic regions, while in SL2013sv they are more localized in the upper mantle of the Canadian Shield. The
results obtained from both tomographic models show minima in compositional anomalies (<2250 mGal)
in the northwestern part of the Superior craton, in the Slave craton, and the Canadian Proterozoic platform.
In the study of Mooney and Kaban [2010], the compositional anomalies were estimated only in the central
and southern part of the NA continent, according to the geographical limits of the tomography model used
(NA00) [Goes and van der Lee, 2002]. Therefore, for cratonic regions, we can compare the new results and
the previous ones only in the Superior craton. The results are in very good agreement.

Interpretations of the results are somewhat ambiguous in the central part of the U.S., where the composi-
tional anomalies are negative for thermal model NA07 (<2150 mGal), indicative of an upper mantle that is
moderately depleted. For thermal model SL2013sv, compositional anomalies are near zero or even positive
(>150 mGal), in the southern Rocky Mountains, close to the northwestern border of the Colorado plateau.
These regions, being mostly of Proterozoic age, might have a more depleted upper mantle, with respect
to those of Phanerozoic age, as suggested by NA07. However, the results shown by SL2013sv are similar
to those found by Mooney and Kaban [2010]. Other maxima, estimated, only in SL2013sv, in the southern
part of the U.S., along the border between New Mexico and Texas and in the Grenville province
(>200 mGal), correspond to those found by these previous authors. Also in this case, we can observe two
trends of positive anomalies, the first one, N-S oriented, extends from Texas to the west-central part of Colo-
rado, merging with the second one, NE-SW oriented, and located NW of the Grenville-Appalachian suture.
The first anomaly trend, as suggested by Mooney and Kaban [2010], might be the effect produced by an
upper mantle slab remnant, in accord with the model of Hildebrand [2009] that proposes westward-
directed subduction (�150–75 Ma) and slab break off (�75 Ma) during the evolution of the NA Cordillera.
An alternative hypothesis [Bird, 1988] explains these anomalies as a result of the advection of the litho-
spheric mantle originated from the eastward-directed flat slab subduction.

The second broad anomaly (trending NE-SW) might be the effect of slab fragments formed during the clos-
ing of the paleo-Atlantic during the early stages of the Appalachian orogeny [e.g., Thomas, 1989]. However,
we note that in these areas both seismic tomography models provide very weak positive velocity anoma-
lies, indicating that these high-density bodies lack a seismically signature. A similar situation is observed in
the Gulf of Mexico and in the southern margin of the NA continent, where the broad positive compositional
anomaly (�150 mGal), estimated from both tomographic models, is not accompanied by high seismic
velocities. In fact, as previously discussed, only model SL2013sv gives a small high-velocity anomaly, which
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is located in the west-central part of the Gulf of Mexico, not coinciding with the largest values of the com-
positional anomalies. It should be noted that it is the compositional anomaly, not the thermal anomaly (Fig-
ures 11a and 11c) that accounts for the total gravity anomaly beneath the Gulf of Mexico (Figure 7a). This
result suggests that the positive gravity anomaly is caused by a high-density eclogite body, which would
explain the subsidence of the Gulf Coast [Mooney and Kaban, 2010].

In the NA Cordillera, the compositional anomalies estimated from thermal models NA07 and SL2013sv
show a similar trend. They are close to zero in most of this region (Figures 11b and 11d), demonstrating
that the mantle gravity anomalies are mainly related to high temperatures, which also supports the high
topography. Weak positive anomalies (<150 mGal) N-S trending, over Cascade and Sierra Nevada, might
reflect the influence of downwelling forces caused by the subducting Juan de Fuca plate that counteracts
the upwelling effect of the high temperatures. Relatively large negative values (<2100 mGal) are estimated
along the western margin of Mexico, the Gulf of California and Alaska. Since the Phanerozoic upper mantle

Figure 11. Thermal and compositional component of the mantle gravity anomalies (mGal) estimated using (a and b) the regional tomography model NA07 [Bedle and van der Lee, 2009]
and (c and d) the global tomography model SL2013sv [Schaeffer and Lebedev, 2013]. See text for further explanations.
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of these regions is unlikely to be depleted, it appears likely that the temperature-induced density changes
are overestimated, which results in artificial compositional anomalies. Another strong negative composi-
tional anomaly (<2150 mGal) is observed in the southeastern part of Cuba, which might be related to a
fragment of depleted African lithosphere [Mooney and Kaban, 2010].

9. Conclusions

1. An integrated density model of the upper mantle of North America is constructed based on an improved
crustal model and a new gravity inversion technique.

2. The mantle gravity anomalies and residual topography are estimated by removing the crustal effect using
an improved density model of sediments [Mooney and Kaban, 2010] and NACr14, the most recent crustal
model of this region [Tesauro et al., 2014a].

3. A new interpretation technique is based on a joint inversion of the gravity anomalies and residual topog-
raphy. Using these two parameters makes it possible to construct a reliable 3-D density model of the
upper mantle.

4. The largest negative mantle anomalies (<2100 mGal) and positive residual topography (up to �4 km)
correspond to the western U.S. (Basin and Range, Mexico, and Gulf of California). These negative gravity
anomalies are in agreement with previously reported low Pn velocities and low mantle shear-wave veloc-
ities, which indicates their thermal origin. The eastern and central part of the continent is chiefly charac-
terized by positive mantle gravity anomalies and high mantle shear-wave velocities. The largest mantle
anomalies (>150 mGal) correspond to the Trans-Hudson Orogen and Proterozoic terranes of the U.S. In
contrast, the positive mantle anomalies over the younger regions as the Appalachians and the Gulf of
Mexico are mostly accompanied by low Pn and shear-wave velocities. These findings support the hypoth-
esis that besides temperature, compositional changes also control the upper mantle density.

5. In western North America, the residual gravity and topography are generally inversely correlated. In con-
trast, the central and the eastern part of the continent are characterized by negligible (60.5) or weakly
negative (<21 km) residual topography, indicating that the crust is almost compensated with respect to
the reference model (40 km thick). The Canadian Proterozoic platform and the northwestern part of the
Superior Craton are characterized by positive tres (up to 2 km), evidencing that the upper mantle is buoy-
ant in these regions, likely due to depletion.

6. A 3-D density model of the North American mantle is constructed by the inversion of the residual grav-
ity anomalies and residual topography. At a depth of 100 km, the density anomalies are distributed in a
similar way to those of the residual gravity anomalies and tres (the last one with the opposite sign).
Most of the Western Mesozoic-Cenozoic NA margin is characterized by negative density anomalies
(<20.03 g/cm3), reflecting the presence of a warm buoyant upper mantle. In contrast, in the inner part
of the Colorado Plateau and Cascadia, only weak positive density anomalies are observed, indicating
that the possible effect of high temperatures is largely compensated by that of composition, which
might be related to a cold subducting slab. Large positive density anomalies estimated for the Protero-
zoic upper mantle might be interpreted as the effect of relatively low temperatures and weak depletion
of the upper mantle material. On the other hand, the Archean Superior craton and the Proterozoic
Canadian platform are characterized by negligible density anomalies, suggesting that the effect of
composition and temperature in this case counteract each other. The positive density variations tend
to fade with depth, becoming negligible below 250 km (<0.005 g/cm3), while the negative ones extend
in the deeper layers of the upper mantle.

7. In order to separate (to first order) the thermal and compositional components of the residual mantle
gravity anomalies and residual topography, we estimate temperatures (T) by inverting two recent seis-
mic tomography models, NA07 [Bedle and van der Lee, 2009] and SL2013sv [Schaeffer and Lebedev,
2013]. By considering two tomography models, we can estimate ambiguities that arise due to uncer-
tainties of seismic tomography. When converting Vs to T, a uniform composition is used (‘‘fertile’’ com-
position and the anelasticity model Q3) [Cammarano et al., 2003], which is representative of the
Phanerozoic mantle. The thermal obtained models show large differences between the internal part
and the western margin of the continent (up to 700�C at a depth of 100 km). The high temperatures in
NA Cordillera tend to extend to the east in the Proterozoic Colorado Plateau and in the Archean Wyom-
ing craton. The high thermal regime possibly corresponds to a slabless window appeared after removal
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of the Farallon slab [Roy et al., 2009] or from an upwelling asthenosphere, progressively replacing the
lithosphere [e.g., Schmandt and Humphreys, 2010; Crow et al., 2011]. In contrast, the high temperatures
in the Wyoming craton are likely related to Phanerozoic refertilization events [e.g., Carlson et al., 2004].
The coldest areas (�500�C at a depth of 100 km) correspond in both models to the Archean cratons
(Churchill, Slave, and Superior). The Proterozoic upper mantle is also characterized by low temperatures
according to the NA07 model, while has relatively high temperatures (800�C) according to SL2013sv
(e.g., in the Grenville province). Such differences might be due to the different resolution of the models
at the border of the NA cratons.

8. Using the initial thermal models, we estimate the thermal component of the residual mantle gravity
anomalies and we subtract them from the total anomalies in order to get residuals, which likely corre-
spond to compositional anomalies and to the uncertainties of the estimated temperatures. After
removing of the effect of temperature variations, the compositional residual gravity anomalies and
residual topography are estimated. The compositional residual anomalies are more heterogeneously
distributed than the total mantle fields. Negative anomalies, indicating a depleted upper mantle are
extended over the entire cratonic region in NA07, while in SL2013sv they are localized in the Canadian
Shield, northwestern part of the Superior Craton, Slave craton, and the Canadian Proterozoic Platform.
In SL2013sv are observed two trends of positive anomalies (>200 mGal); the first one, N-S oriented, is
extended from Texas to the central-western part of Colorado, merging the second one, which is NE-SW
oriented northwest of the Grenville-Appalachian suture. These anomalies might reflect the effect of
fragments of the slabs formed during the evolution of the NA Cordilera and of the Appalachians [e.g.,
Hildebrand, 2009; Thomas, 1989]. Alternatively, they might be interpreted as a result of the advection of
the lithospheric mantle [e.g., Bird, 1988]. A broad positive anomaly (�150 mGal) is observed in both
models in the Gulf of Mexico and, as was suggested by Mooney and Kaban [2010], it might be related
to an eclogite body, which is often seismically indistinguishable in the upper mantle. In NA Cordillera
the compositional anomalies are mostly negligible, showing that the total mantle gravity is chiefly due
to the high temperatures. The weak positive anomalies observed in Cascadia and Sierra Nevada (<150
mGal) are possibly associated with the subducting Juan de Fuca plate.

9. The results obtained in this study help to identify the origin of the upper mantle heterogeneity. However,
evaluating temperatures with the uniform ‘‘fertile’’ composition, as is done here, might bias the estimates
especially in the cratonic regions. In Part 2 [Tesauro et al., 2014b], we evaluate the effect of mantle deple-
tion beneath cratons by applying an iterative technique.

Appendix A

Mineral Physics Approach
To invert the seismic velocity in temperature, we estimate the anharmonic velocity of a peridotite contain-
ing four main mineral phases (Ol, OPX, CPX, and Gt). Each one is treated as an ideal solid solution of Mg and
Fe species (end-members) and in case of Gt also of Ca species (end-member): Ol (forsterite 1 fayalite), OPX
(enstatite), CPX (diopside 1 hedenbergite), Gt (pyrope 1 almandine 1 glossular). The percentage of the
main mineral phases varies, as well as the percentage of Fe and Mg species, by varying the Mg # (section 7).
The amount of Ca end-member of the Gt (glossular) is taken constant (20%). The bulk and the shear modu-
lus (K0 and G0) and the pressure derivative of each mineral phase at zero pressure (P0) and room tempera-
ture (T0 5 300 K) (STP conditions) are taken from Cammarano et al. [2003] (In the equations. displayed
subscript ‘‘0’’ refers to STP conditions). All the other parameters displayed in the equations below of each
end-member at the same STP conditions are taken from Stixrude and Lithgow-Bertelloni [2005] (Table A1).

To estimate the bulk and shear modulus of each mineral phase as a function of temperature and pressure,
we express the total pressure, PTOT(V,T), as a sum of the pressure at reference temperature, Pref (e.g., isother-
mal compression at 300 K), and the thermal pressure, which increases along an isochore, DPth:

PTOT V ; Tð Þ5Pref ðVÞ1DPth V ; Tð Þ: (A1)

Isothermal compression is estimated through the third-order Birch-Murnaghan equation (For the explicit
form of the equation see Stixrude and Lithgow-Bertelloni [2005].)
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where V is the molar volume at the temperature considered (T). The thermal pressure can be described
using the Debye model [Jackson and Rigden, 1996]:

DPth5
cðVÞ

V
EthðV ; TÞ2EthðV ; T0Þ½ �; (A3)

where c is the Gr€uneisen parameter, which describes the effect that changing the volume of a crystal lattice
has on its vibrational properties, and, as a consequence, the effect that changing temperature has on the
size or dynamics of the lattice. It is assumed to have the form:

c5c0
V
V0

� �q

; (A4)

where q is the volume dependence of the Gr€uneisen parameter (q5dlnc/dlnV), which is assumed to be con-
stant for each end-member [Stixrude and Lithgow-Bertelloni, 2005].

Eth is the vibrational energy for a given volume and temperature, which can be calculated from the Debye
model:

Eth5
9nRT

ðh=TÞ3
ðh=T

0

x3dx
ex21

; (A5)

where 3
h=Tð Þ3

ðh=T

0

x3dx
ex21

is the Debye function (with h the Debye temperature (A10)), R the gas constant, n the

number of atoms per formula unit.

The isentropic bulk modulus as function of temperature and pressure, corrected for the difference between
isothermal and isentropic values is given by:

K5KT ð11acTÞ; (A6)

where a the thermal expansion coefficient is:

a5cCv=KT V ; (A7)

and KT is

KT ðV ; TÞ5K0ð112f Þ5=2½11ð3K ’
025Þf 127=2ðK ’

024Þf 2�1ðc=VÞðc112qÞEthðV ; TÞ2EthðV ; T0Þ2ðc2=VÞ;

TCvðV ;TÞ2300CvðV ;300kÞ
� � (A8)

which agrees with the expression to third order derived from a purely isotropic thermodynamic analysis
[Stixrude and Lithgow-Bertelloni, 2005].

In (A7) and (A8), Cv is the heat capacity at constant volume:

Table A1. Properties of Mantle Species Used in This Study

Mineral Phases Species Formula V0 cm3/mol K0 GPa K0’ h0 K0 c0 q G0 GPa G0’ gs0

Olivine Forsterite Mg2SiO4 43.60 129 4.2 809 0.99 2.1 81-31XFe 1.4 2.4
Fayalite Fe2SiO4 46.29 619 1.06 3.6 1.1

OPX Enstatite Mg4Si4O12 125.35 109120XFe 7.0 810 0.67 7.8 75110XFe 1.6 2.4
Ferrosilite Fe4Si4O12 131.88 680 0.67 7.8 1.1

CPX Diopside Ca2Mg2Si4O12 132.08 105112XFe 6.2-1.9XFe 782 0.96 1.5 67-6XFe 1.7 1.6
Hedenbergite Ca2Fe2Si4O12 135.73 702 0.93 1.5 1.6

Garnet Pyrope Mg3Al2Si3O12 113.08 171115XFe 4.4 823 1.01 1.4 9217XFe 1.4 1.0
Almandine Fe3Al2Si3O12 115.43 742 1.10 1.4 2.2
Grossular Ca3Al2Si3O12 125.12 823 1.08 0.4 2.4
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Cv5 dEth=dTð Þv54Eth=T29nR h=Tð Þ= exp h=Tð Þ21½ �; (A9)

where h, the Debye temperature, is estimated as:

h5h0Exp
c02cðVÞ

q

� �
: (A10)

In (A8), K ’
0is the pressure derivative of the bulk modulus K0 and f is:
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The shear modulus as a function of temperature and pressure is given by:
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(A12)

where G’
0 is the pressure derivative of the shear modulus G0 and g is the shear strain derivative of c [Stixrude

and Lithgow-Bertelloni, 2005].

gs5gs0
V
V0

� �
: (A13)

The density as a function of temperature and pressure is estimated dividing the molar mass (m) by the
molar volume (V)

q5
m
V

� �
: (A14)

Once we estimated the anharmonic velocities of the peridotite, we applied the anelastic correction using
an attenuation model (in this study Q4 from Cammarano et al. [2003]).
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