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Abstract We present a new model, EUNA‐rho, for the density structure of the continental and oceanic
upper mantle based on 3‐D tesseroid gravity modeling. On continent, there is no clear difference in
lithospheric mantle (LM) density between the cratonic and Phanerozoic Europe, yet an ~300‐km‐wide zone
of a high‐density LM along the Trans‐European Suture Zone may image a paleosubduction. Kimberlite
provinces of the Baltica and Greenland cratons have a low‐density (3.32 g/cm3) mantle where all
non‐damondiferous kimberlites tend to a higher‐density (3.34 g/cm3) anomalies. LM density correlates with
the depth of sedimentary basins implying that mantle densification plays an important role in basin
subsidence. A very dense (3.40–3.45 g/cm3) mantle beneath the superdeep platform basins and the East
Barents shelf requires the presence of 10–20% of eclogite, while the West Barents Basin has LM density of
3.35 g/cm3 similar to the Variscan massifs of western Europe. In the North Atlantics, south of the Charlie
Gibbs fracture zone (CGFZ) mantle density follows half‐space cooling model with significant deviations at
volcanic provinces. North of the CGFZ, the entire North Atlantics is anomalous. Strong low‐density LM
anomalies (< −3%) beneath the Azores and north of the CGFZ correlate with geochemical anomalies and
indicate the presence of continental fragments and heterogeneous melting sources. Thermal anomalies in
the upper mantle averaged down to the transition zone are 100–150 °C at the Azores and can be detected
seismically, while a <50 °C anomaly around Iceland is at the limit of seismic resolution.

1. Introduction

Thermochemical heterogeneity of the upper mantle is a fundamental problem in geodynamics. Both tem-
perature and composition affect physical parameters (seismic velocities, elastic moduli, and density) mea-
sured in remote geophysical surveys (Jordan, 1975, 1979; Lee, 2003; Schutt & Lesher, 2006; Simmons
et al., 2009), yet geodynamic modeling and understanding of secular evolution of the Earth require indepen-
dent information on thermal and compositional variations in the upper mantle, which are also directly
linked to and reflect the processes of formation and evolution of the overlaying crust. Thermochemical buoy-
ancy of the lithosphere (James et al., 2004; Jordan, 1988; Kelly et al., 2003; Lee et al., 2004) contributes to the
craton stability over long geological times (Doin et al., 1997; Eaton & Perry, 2013; Lee et al., 2004; Lenardic &
Moresi, 1999; Shapiro et al., 1999; Sleep, 2005) and controls the initialization and the style of subduction
(O'Neill et al., 2007; Sizova et al., 2010), therefore affecting the style of mantle convection (Bercovici et al.,
2000; Sleep, 2005). Furthermore, large‐scale topography features also depend on density variations in the
upper mantle (Steinberger, 2016) which affect the gravity field and geoid (Cazenave, 1994; Panasyuk &
Hager, 2000; Ricard et al., 1993; Shapiro et al., 1999).

Lateral and vertical variability of in situ upper mantle density structure may be inferred from a joint inver-
sion of seismic and gravity data (Deschamps et al., 2002; Forte & Perry, 2000; Tondi et al., 2012), yet the
major problem is the nonuniqueness of the relation between seismic velocities and density (Barton, 1986;
Brocher, 2005; Deschamps et al., 2001; Lee, 2003). The approach does not allow for separating thermal
and compositional effects on physical properties of themantle, which requires additional assumptions either
onmantle temperatures or on composition. Alternatively, gravity and free‐boardmodeling are used tomodel
global and regional patterns of density variations in the upper mantle (Molnar et al., 2015; Mooney & Vidale,
2003), and compositional variations in mantle density can be calculated if thermal structure of the litho-
spheric mantle (LM) is known. One approach involves subtracting gravitational effect of crustal heterogene-
ity from the observed gravity field (Artemjev et al., 1994; Artemieva et al., 2019; Herceg et al., 2016; Kaban &
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Mooney, 2001; Kaban et al., 2003, 2016; Mooney & Kaban, 2010; Yegorova & Starostenko, 2002), and the
other includes mantle density calculation from lithosphere buoyancy in regions that are close to isostatic
equilibrium (Artemieva, 2003; Artemieva & Vinnik, 2016; Cherepanova & Artemieva, 2015; Mooney &
Vidale, 2003). In both cases the results are critically dependent on the quality and resolution of the crustal
model (Herceg et al., 2016; Kaban & Schwintzer, 2001), which necessitates the development of high‐
quality regional seismic models for the crust (Artemieva & Thybo, 2013; Cherepanova et al., 2013; Grad
et al., 2009; Kennett et al., 2011; Tesauro et al., 2014; Xia et al., 2017). For example, a global gravity
modeling demonstrated the presence of strong low‐density anomalies (−0.10–0.05 g/cm3) in the
subcontinental lithospheric mantle (SCLM) of the cratons (Kaban et al., 2003), but the resolution is
insufficient to resolve reliably intracratonic density variations due to limitations of a global model of the
crustal structure used in calculations.

Regional studies for the SCLM density structure are available for Eurasia (Artemjev et al., 1994), the East
European craton (Artemieva, 2003), Europe and the North Atlantics (Yegorova & Starostenko, 2002),
North America (Kaban & Mooney, 2001; Mooney & Kaban, 2010), Siberia (Artemieva et al., 2019;
Cherepanova & Artemieva, 2015), Asia (Kaban et al., 2016), and southern Africa (Artemieva & Vinnik,
2016). The results of these studies are in overall agreement with global geochemical observations on secu-
lar variations in SCLM density (Gaul et al., 2000; Griffin et al., 1998): Cratonic LM is typically 0.5–2% less
dense than the asthenospheric mantle, with significant lateral variations within and between the cratons
(Griffin et al., 2004). However, a comparison of different continental regions calculated by different
groups is challenging, in part due to fundamentally different assumptions on thermal structure of the
upper mantle and on the depth range to which mantle gravity anomalies are confined. In particular,
one may use thermal models constrained by surface heat flux and xenolith geothermobarometry and
resolved on a 1° × 1° spatial grid (Artemieva et al., 2006; Artemieva & Mooney, 2001) or may constrain
mantle temperatures from seismic tomography (Goes et al., 2000, 2005; Kaban et al., 2016), despite
that geophysical studies indicate the presence of a strong nonthermal (compositional, melt, water, and
grain size) component in seismic velocity variations (Afonso & Schutt, 2012; Artemieva, 2009; Faul &
Jackson, 2005; Godey et al., 2004; Lee, 2003; Zhu et al., 2013), and lateral resolution of these models is
significantly less than 1° × 1° (Foulger et al., 2013).

The number of studies for density variations in the oceanic upper mantle remains limited with major focus
on ocean cooling models and regional deviations from them (Cadio & Korenaga, 2014; Cazenave, 1994;

Figure 1. Tectonic map for Europe and the North Atlantics (modified after Artemieva & Thybo, 2013).
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Cowie & Kusznir, 2018; Deschamps et al., 2002; Kaban et al., 1999; Panasyuk &Hager, 2000). It is commonly
assumed that the density structure of oceanic upper mantle is controlled chiefly by ocean cooling, yet
regional geochemical studies from ocean hot spots indicate significant compositional heterogeneity of
the mantle melting source (Harrison et al., 2017; Korenaga & Kelemen, 2000; Simon et al., 2008;
Widom, 2002). Regional gravity studies of the upper mantle are limited mostly to regions of continent‐ocean
transition, where active seismic profiles provide information on the crustal structure (Maystrenko &
Scheck‐Wenderoth, 2009; Tan et al., 2018).

In this study we perform gravity modeling with focus on density heterogeneity of the upper mantle in
Europe and the North Atlantic Ocean (70°W to 60°E, 30–80°N; Figures 1 and 2a). The region includes a
mosaic of continental terranes with ages ranging from Archean to Cenozoic and the oceanic domain with
the oldest ages of circa 180 Ma and with a number of volcanic provinces and hot spots, including Iceland,
the Azores, the off‐shore Meteor hot spot track, and the North Atlantic Large Igneous Province (LIP)
(Figure 1). Most of the regions are not isostatically compensated, and therefore calculations based on free‐
board modeling and lithosphere buoyancy cannot be used. We use a regional seismic model for the crust
(EUNAseis; Artemieva & Thybo, 2013) and calculate its gravitational effect. The difference between the
observed gravity and the crustal gravity is next interpreted in terms of upper mantle density heterogeneity,
which we assume to be confined to the LM. To examine compositional heterogeneity of the upper mantle,
we use available thermal models for the continental and oceanic domains. Yet by comparing the North
Atlantic Ocean to “normal oceans” where bathymetry follows the square‐root‐of‐age pattern, we also calcu-
late thermal anomalies in the oceanic part of the region down to the mantle transition zone. For the conti-
nental domain we constrain only compositional heterogeneity of the SCLM. For both the oceanic and the
continental domains, we compare the results with geochemical data and seismic tomography models.

2. Crustal and Lithosphere Structure
2.1. Crustal Data

Modeling gravity and density anomalies in the upper mantle requires removal of crustal gravitational effect
from the observed gravity field, and crustal models based on gravity data (e.g., Haase et al., 2017) cannot be
used in such type of modeling. For example, the CRUST1.0 global crustal model (Laske et al., 2013) con-
strains crustal structure by gravity data in regions without seismic data. It also shows significant deviations
from regional seismic profiles, for example, ~10 km for the Moho depth in the oceanic domain around
Iceland (Artemieva & Thybo, 2013).

In this study we use an updated regional crustal model EUNAseis (Artemieva & Thybo, 2013), which is
based on compilation of seismic reflection/refraction profiles, complemented by seismic receiver function
information on theMoho depth in regions with sparse seismic profiles (Table 1). This in particular is the case
for Greenland, where we use a P‐RF model (Dahl‐Jensen et al., 2003) complemented by recent interpreta-
tions along the active source seismic profile, TopoGreenland, which covers the region from the east coast
of Greenland to the island's center (Kraft et al., 2019; Shulgin & Thybo, 2014). We also updated the
EUNAseis model for seismic profiles in the North Atlantic Ocean, where the seismic data coverage is still
sparse (Figure S1 in the supporting information). To close large gaps in data coverage, we assign a 7‐km‐

thick oceanic crust with a standard velocity structure to oceanic crust of the North Atlantic Ocean not cov-
ered by seismic data.

The EUNAseis model contains detailed information on Vp velocities and thicknesses of five crustal layers:
sediments, upper crust, middle crust, lower crust, and high‐Vp lowermost crust, digitized along the profiles
with spacing of 50 km or less in regions with heterogeneous crust, and complemented by seismic receiver
functions on the Moho depth in regions not covered by seismic profiles (Artemieva & Thybo, 2013). To
account correctly for a 3‐D gravity effect in areas with a sharp change in the crustal structure (Figure 2),
the digitized seismic data of the updated EUNAseis model are interpolated to a 0.5° × 0.5° grid. Since the
region covers a large range of latitudes, interpolation was done in the equal‐distant projection for true metric
distances to avoid geometrical distortion during interpolation. The same interpolation procedure was used
for all other parameters, and our modeling is performed on a 0.5° × 0.5° grid. Due to a large density contrast
between the (depth‐integrated) sediments and the mantle, accurate information on the thickness of the sedi-
mentary layer (Figure 2b) is critical for gravity modeling (Herceg et al., 2016). For the North Atlantic oceanic
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Figure 2. (a) Hypsometry of the study region (based on GEBCO data set, 2010). Plate boundaries, major oceanic fracture zones, and selected continental provinces
are shown by white lines. Abbreviations: Ocean: Aer = Aegir paleo‐MOR; BB = Bay of Biscay; CGFZ = Charlie‐Gibbs Fracture Zone; GB = Greenland Basin;
GIFR = Greenland‐Faroe‐Iceland Ridge; HA = Hellenic subduction arc; IB = Iceland Basin; JM=Jan Mayen block; KnR = Knipovich Ridge; KR = Kolbeinsey
Ridge; LB = Lofoten Basin; RB = Reykjanes Basin; RR = Reykjanes Ridge; RP = Rockall Plateau; RT = Rockall Trough. Continent: AM = Armorican massif;
BM = Bohemian massif; Cal = Norwegian Caledonides; Cc = Caucasus; Cp = Carpathians; CRRS = Central Russia Rift system; DDR = Dniepre‐Donets rift;
Di = Dinarides orogen; FM = FrenchMassif Central; IM = Iberian massif; Lf = Lofoten block; LG = Labrador Grenvillian province; LN = Labrador Nain province;
NGB = North German Basin; PB = Pannonian Basin; PCD = Peri‐Caspian Depression; Py = Pyrenees; RG = Rhine Graben; TESZ = Trans‐European Suture Zone;
TPB = Timan‐Pechora Basin; US = Ukrainian Shield; VM = Voronezh Massif; VPR = Vyatka‐Pachelma Rift. (b) Thickness of sediments (see Table 1 for data
sources). (c) Depth to Moho from sea level (see Table 1 for data sources).
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domain, the thickness of sediments in the EUNAseis database is based on a 5′ NGDC global compilation
(Divins, 2008); for the continents and the Arctic shelf the sedimentary thickness is constrained by seismic
data and compilation of drilling data by EXXON (1985), which was updated in EUNAseis by a recent
compilation for the Arctic Shelf (Drachev et al., 2010).

2.2. Average Crustal Density

Gravity modeling requires information on the crustal density structure. We therefore, convert seismic Vp for
each crustal layer in the EUNAseis model to density. A large number of conversion curves have been pro-
posed based on laboratory studies of global, regional and local data (e.g., Ocean Drilling Programme
(ODP) data). They all are consistent, especially for metamorphic and igneous rocks (Figure 3a). For the

Table 1
Data Sources for Crustal and Lithosphere Structure

Layer structure Continental Europe Arctic shelf North Atlantic ocean

Thickness of sediments EXXON (1985);
EUNAseis model
(Artemieva & Thybo, 2013)

EXXON (1985);
Regional data
(Drachev et al., 2010);
EUNAseis model
(Artemieva & Thybo, 2013)

NGDC data (Divins, 2008)

Crustal structure
(Vp and thickness in
four basement layers)

EUNAseis model
(Artemieva & Thybo, 2013)

EUNAseis model
(Artemieva & Thybo, 2013)

Updated EUNAseis model
(Artemieva & Thybo, 2013);

Fixed 7‐km‐thick crust in
regions without seismic data

LAB depth TC1 model
(Artemieva et al., 2006)

Fixed at 110‐km depth Half‐space cooling model, based
on ocean age; Minimum depth
of 40 km is assigned to MOR
and very young oceans

Note. LAB = lithosphere‐asthenosphere boundary; MOR = mid‐ocean ridge.

Figure 3. Correlation between seismicVp and density for crustal rocks. (a) Selected experimental data and commonly used
Vp‐to‐density conversion curves for the crystalline crust (Brocher, 2005; Carlson & Herrick, 1990; Christensen & Mooney,
1995; Ludwig et al., 1970). (b) Vp‐to‐density conversion curves proposed for some sedimentary basins of Eurasia
(Avchan & Oserskaya, 1985). In the present study we use fixed values for sediment density (red line), depending on the
thickness of the sedimentary fill.
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crystalline crust, we use the conversion based on data of Christensen and Mooney (1995), which is parame-
terized by the second‐order polynomic equation

ρ ¼ 2:0855−0:0358864·Vpþ 0:0242794·Vp2 (1)

and provides a close fit to Brocher (2005) for the crystalline crust.

The East European craton is covered by old and dense (meta)sediments and includes several superdeep
(>20 km) basins where the lower layers of sediments are likely to have been metamorphosed due to high
pressures and temperatures. The region also includes young and shallow on‐shore and off‐shore basins. It
is therefore hardly possible to choose a universal Vp‐density conversion curve for all sedimentary basins of
the region, as used in previous studies (Yegorova & Starostenko, 2002). Besides no correlation exists between
the thickness of sediments and Vp in the sedimentary cover of Europe and the North Atlantic region
(Artemieva & Thybo, 2013), indicating significant differences in the density structure of different basins,
which depend on regional tectonics and burial history. The same study (Artemieva & Thybo, 2013) did
not confirm general trends of density variation with depth proposed for some major sedimentary basins of
the ex‐USSR (Avchan & Oserskaya, 1985; Oserskaya & Podoba, 1967) and used in some gravity studies of
the region (Artemjev et al., 1994; Kaban et al., 2003).

We therefore assign fixed density to the sedimentary layer, depending on the basin depth (Figure 3b) and use
the following density values: 2.35 g/cm3 for basins with <5‐km thickness of sediments, 2.45 g/cm3 for the
basin depth between 5 and 10 km, and 2.55 g/cm3 for thickness of sediments in access of 10 km. Thus, for
deep sedimentary basins we effectively create three sedimentary layers with density increasing with depth
to account for compaction and for possible metamorphism in the superdeep basins. The adopted values
cover the range of commonly assumed values for both deep and shallow basins of Eurasia located in different
tectonic settings (Avchan & Oserskaya, 1985; Oserskaya & Podoba, 1967). They are also in agreement
with recent studies in the Barents and Kara Seas based on seismic and gravity data which suggest a density
increase from 2.20–2.30 g/cm3 in Quaternary sediments to 2.50–2.55 g/cm3 in the deep strata (Barrere et al.,
2011; Kashubin et al., 2018). We do not use the maximum local values of 2.60 g/cm3 reported for the western
Barents Sea (Barrere et al., 2011), since it is unclear how representative they may be of all deep basins in the
study region, and note that a 0.05‐g/cm3 underestimate in density for a 5‐km‐thick layer will produce a
10‐mGal gravity effect, which is well within the overall uncertainty of our modeling. The resulting average
density of the crust in Europe‐North Atlantics is shown in Figure 4a. It clearly correlates with the thickness
of the sedimentary cover (Figure 2b).

2.3. Lithosphere Thickness and Temperature

Residual mantle gravity anomalies (RMG) can be calculated by subtracting the crustal gravitational effect
(including water and ice) from the observed gravity field. However, the next step, that is calculation of man-
tle density from the RMG anomalies, requires knowledge on the thickness of the layer to which density var-
iations (caused by anomalies in temperature and composition) are confined. We assume that most of these
anomalies are within the LM, and therefore add the depth to the lithosphere‐asthenosphere boundary (LAB)
to the model (Figure 4b).

We do not use seismic tomographymodels to define the LAB for several reasons. (1) Tomographymodels that
cover the entire region provide a significantly different images of the upper mantle velocity structure
(Kustowski et al., 2008; Lu et al., 2018; Ritzwoller & Levshin, 1998; Schaeffer & Lebedev, 2013; Schivardi &
Morelli, 2009; Villasenor et al., 2001; Weidle & Maupin, 2008; Yang et al., 2007; Zhu et al., 2012), with a sig-
nificant discrepancy in tomography models for the Arctic region (Lebedev et al., 2018; Levshin et al., 2007)
and for different parts of the continental Europe (Hejrani et al., 2017; Kastle et al., 2018; Lippitsch et al.,
2003; Pedersen et al., 2013; Silvennoinen et al., 2016). (2) Upper mantle of, at least, some parts of the region
is anisotropic (Eken et al., 2012; Fry et al., 2010; Kustowski et al., 2008; Pilidou et al., 2004; Plomerová &
Babuška, 2010; Zhu et al., 2015), complicating interpretations of velocity anomalies in terms of the LAB.
(3) The LAB is expected to be gradual (Jaupart & Mareschal, 1999; Karato et al., 2015; Kustowski et al.,
2008) and therefore it is ambiguous, which velocity perturbation may correspond to the LAB. (4) The resolu-
tion (spatial, depth, and amplitude) of the tomography models remains a controversial issue (Foulger et al.,
2013) and probably ismuchmore coarse than a 0.5° × 0.5° grid used in our calculations. (5) Finally, to convert

10.1029/2018JB017025Journal of Geophysical Research: Solid Earth

SHULGIN AND ARTEMIEVA 9285



the calculated in situ mantle densities to room conditions, we need information on upper mantle tempera-
tures. Therefore, we use a thermal model for the LAB depth (Figure 4b).

For the continental domain, we use a part of the global continental thermal model TC1 where the litho-
sphere base is defined by the depth to a 1300 °C isotherm (Artemieva et al., 2006). The Arctic shelf and other
off‐shore regions with the continental lithosphere are not included into the TC1 model and we assign them
the fixed LAB depth of 110 km (Table 1). This assumption may not be fully correct (Artemieva, 2019) and it
affects, in part, our conclusions on the deep structure of the Barents Sea. The choice of the LAB depth is

Figure 4. (a) Average density of the crust, including sediments (Figure 2b), but excluding water for oceans and ice cap for Greenland. Density model is based on the
conversion curves shown in Figure 3 applied to the EUNAseis crustal model (Artemieva & Thybo, 2013). (b) Depth to the lithosphere‐asthenosphere boundary
(LAB; see Table 1 for data sources). LAB = lithosphere‐asthenosphere boundary.
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based on the following considerations. (1) We assume, based on the crustal structure of the Barents Sea, that
the shelf was formed by rifting of the platform (cratonic) lithosphere (Artemieva & Shulgin, 2019).
Therefore, the lithosphere thickness should be similar to continental extensional areas. (2) Our choice
does not contradict regional tomography models for the Arctic region, which remain highly controversial,
in particular, because of a very thick sedimentary cover (cf. Lebedev et al., 2018). In particular, a regional
tomography model (Levshin et al., 2007) may be interpreted in terms of a 80–130‐km‐thick lithosphere
beneath the Barents Sea, if defined by a >2.5% Vs anomaly.

Figure 5. (a) Thickness of lithospheric mantle (LM) calculated as the difference between the LAB depth (Figure 4b) and the Moho depth (Figure 2c). (b) Average
temperature of LM, assuming LAB temperature of 1350 °C. Moho
temperature for continents is based on the TC1 model (Artemieva et al., 2006); for oceans—computed from linear temperature gradients in the lithosphere
assuming thermal conductivity of 2.5 W·m−1·K−1 for the crust and 4.0 W·m−1·K−1 for LM. High temperature anomalies around Iceland and at the Jan Mayen
block are due to the small thickness of LM (Figure 5a) in the proximity to the mid‐ocean ridge. LAB = lithosphere‐asthenosphere boundary.
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For the oceans, the depth to the LAB is calculated using the half‐space cooling (HSC) model, based on the
age of the seafloor. For young oceans around the mid‐ocean ridge (MOR), we use the minimum value of
40 km for the LAB depth. This assumption may not be fully correct for the anomalous region around
Iceland, and we address it in the discussion section. We do not use seismic tomography models to constrain
the LAB depth due to a significant controversy between the existing models which cover the entire region
(Schaeffer & Lebedev, 2013).

Figure 5a shows thickness of the LM calculated as the difference between the LAB and theMoho depths. The
LAB depth controls the lithosphere geotherms, which are needed to separate thermal and compositional
components of mantle gravity and density anomalies. Average temperature in the LM is the arithmetic mean
between the LAB and Moho temperatures. We assume that temperature at the LAB is 1300 °C. For the
continental part, the Moho temperatures are based on the TC1 model. For oceans, we use a linear tempera-
ture gradient in the lithosphere and assume thermal conductivity of 2.5 W·m−1·K−1 for the crust and
4.0 W·m−1·K−1 for the LM. It is counter‐intuitive that oceans have a colder LM than SCLM (Figure 5b).
The reason is a thin oceanic crust, and therefore lowMoho temperatures. The Iceland region has an extreme
average temperature in the LM (close to 1300 °C) because of a thick crust (25–30 km) and a shallow LAB
(fixed at 40 km since the region is at the MOR).

3. Method
3.1. Gravity Effects of Remote Zones and Sphericity

Free air gravity anomalies in the ocean and Bouguer gravity anomalies on the continent (for reduction
density of 2.67 g/cm3) are based on the EGM2008 global gravity model (Pavlis et al., 2012) resampled with
0.5° to match the resolution of the crustal model (Figure 6). The gravity modeling is based on the 3‐D gravity
code “Tesseroids” (Uieda et al., 2016). It computes the gravity response of spherical tesseroids at close proxi-
mity to the sea level (+10 m elevation), therefore including the effects of both the sphericity (important for
large regions and deep‐seated gravity anomalies) and the remote zones. We use tesseroids with the sides of
0.5°, centered at grid nodes of the EUNAseis model, and down to the depth of 400 km. The 3‐D gravitational
effect is computed for the 10 neighboring crustal columns in each direction; that is, we took into account
gravity effects within a 5° radius for each surface point. Doubling the radius leads to a significant increase

Figure 6. Gravity anomalies (free air for oceans and Bouguer for continents assuming reduction density of 2.67 g/cm3) based on the EGM2008 model (Pavlis et al.,
2012).
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in the computation time without notable change in the results, similar to conclusions of other studies (e.g.,
Szwillus et al., 2016).

The calculation includes computing gravitational anomalies down to the mantle transition zone, including
the gravitational effects of the intracrustal boundaries (including sediments), the Moho topography, and the
geometry of the LAB. These gravitational effects are particularly important in regions with a large gradient
in the crustal and upper mantle density structure, where the difference between the full 3‐D solution and the
Bouguer thin (infinite) plate approximation (without an account for the gravity effects of sphericity and
remote zones) can reach up to ±100 mGal (Figure S2).

3.2. Gravity Effects of Intralithospheric Boundaries and Crustal Structure

We first analyze the gravitational effects of crustal density heterogeneity and of the Moho and at the LAB
topographies. Four different gravity models, which introduce a step‐by‐step complexity into the reference
model, are computed for a comparison: 1‐D reference model (Ref1D), 3‐D reference model (Ref3D), 3‐D
crustal model (Crust), and 3‐D lithosphere model (Lith; Figure 7).

1. The 1‐D reference model is a simple four‐layer model with fixed depth to the Moho and LAB boundaries
and constant densities in each layer. It consists of a 3‐km‐thick water layer with ρ = 1.03 g/cm3, 37‐km‐

thick crustal layer with ρ= 2.90 g/cm3, 80‐km‐thick LMwith in situ density ρ= 3.30 g/cm3, and astheno-
sphere down to a 400‐km depth with in situ density ρ = 3.25 g/cm3. Densities in the two mantle layers
correspond to SPT peridotite density of 3.40 g/cm3 (at Standard P‐T conditions at P = 1 atm and
T = 20 °C) for thermal expansion coefficient α = 3.5 · 10−5 1/K and mantle temperatures of 900 and
1300 °C, respectively.

2. The 3‐D reference model (Ref3D) has the same four layers with the same constant densities as (Ref1D),
but takes into account the geometry of the seafloor (based on the GEBCO model (GEBCO: General
Bathymetric Chart of the Oceans, 2010)), the Moho (based on the EUNAseis database), and the LAB
depth (based on the TC1 model for continents and half‐space cooling model for oceans, Table 1).

Figure 7. Reference models used in gravity modeling. See details in text. LAB = lithosphere‐asthenosphere boundary;
RLMG = residual lithosphere mantle gravity anomalies; RMG = residual upper mantle gravity anomalies.
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Therefore, the difference between the gravitational effects of (Ref3D) and (Ref1D) quantifies the gravita-
tional effect of the three major boundaries (bathymetry, the Moho, and the LAB). This difference is, in
general, in the range from −200 mGal to +200 mGal and with larger values locally (Figure S3a).

3. The 3‐D fullmodel (Lith) differs from (Ref3D) by including the detailed information on the lateral variations
in crustal densities (calculated layer by layer from the Vp velocities in the EUNAseis crustal model), and the
gravitational effect of each crustal layer is calculated separately. Densities of the LM and asthenosphere are
constant and the same as in the reference models (Ref1D) and (Ref3D; Figure 7). Therefore, the difference
between the gravitational effects of the (Lith) and (Ref3D) models quantifies the gravitational effect of crus-
tal density heterogeneity, which is, in general, also in the range from−200mGal to+200mGal (Figure S3b).

4. Finally, the (Crust) reference model differs from the (Lith) model by excluding the LAB boundary
(we assign density of the LM the same value as the asthenosphere density in other reference models;
Figure 7). Therefore, this model constrains gravity anomalies in the upper mantle in the layer between
the Moho and the mantle transition zone, without the assumption that all density heterogeneity should
reside in the lithospheric model.

3.3. Residual Gravity Anomalies: RLMG and RMG

To calculate density anomalies in the LM, we first compute residual gravity anomalies produced by density
heterogeneity within the lithosphere mantle (between the Moho and the LAB), residual lithosphere mantle
gravity anomalies (RLMG). They are calculated as the difference between the EGM2008 gravity anomalies
(free air anomalies for oceans and Bouguer anomalies for continents) and the calculated gravity effect of
the (Lith) model with respect to the (Ref1D) model:

RLMG ¼ EGM2008 – GLithþ GRef1D: (2)

Since reference models are to some extent arbitrary (and given the tectonic complexity of the region, it
clearly cannot be matched by the same lithosphere model everywhere), the choice of a different reference
model will cause a systematic shift of RLMG by a constant value. Here a static shift of −275 mGal is used to
center the G(Lith) – G(Ref1D) anomalies at zero (Figure S3c). The resulting map of the residual LM gravity
anomalies is shown in Figure 8a. Later the RLMG anomalies are used to calculate density anomalies in the
LM, and we ensure that a systematic shift of RLMG is justified by comparing the calculated LM density
with experimental data on mantle‐derived peridotites. In particular, SPT density values of 3.33–3.35
g/cm3 are typical of both oceanic mantle (Afonso et al., 2007) and mantle‐derived cratonic peridotites
(Gaul et al., 2000). They correspond to in situ LM density ρ0 = 3.24 g/cm3 for an average LM temperature
of 800–950 °C, and we use these values as a reference frame for the calculated LM density.

Residual mantle gravity (RMG) anomalies are calculated as the difference between the EGM2008 gravity
anomalies (Figure 6) and the calculated gravity effect of the (Crust) model with respect to the (Ref1D)model:

RMG ¼ EGM2008 – GCrustþ GRef1D; (3)

with a static shift of −160 mGal to center G(Crust) – G(Ref1D) anomalies at zero (Figure S3d; that is our
assumption on the LAB boundary in the (Lith) model shifts the average gravitational effect by 115 mGal
for the whole region). The resulting map of the residual gravity anomalies is shown in Figure 8b. This model
does not include any assumptions on the thickness of the anomalous mantle layer and therefore is suitable
for discussing a possible presence of deep‐rooted temperature anomalies in the North Atlantic region, such
as may be expected beneath Iceland.

We emphasize again that both RLMG and RMG anomalies are not in absolute, but in relative values because
they depend on the choice of the reference model (Ref1D), and the choice of a different model will shift all
values systematically by a constant. Therefore, the results are best suited for a comparison of different
regions because such comparison removes the effect of the reference model. To circumvent the effect of
the reference model, we also perform other types of the analysis, including the calculation of LM density.

3.4. Lithosphere Mantle Density

LM density can be calculated from the RLMG anomalies (Figure 7). Average in situ LM density (in g/cm3) at
each grid point can be estimated from the modified Bouguer approximation as
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ρ ¼ Δg·C
41:93·HLM

þ ρ0; (4)

where Δg are RLMG anomalies (in mGal), HLM the thickness of the LM (in km), and C is geometrical
factor that takes into account the 3‐D gravitational effect (ignored in the Bouguer approximation) of den-
sity anomalies from the neighboring cells. Geometrical factor quantifies the fraction of the total gravita-
tional effect of LM density anomalies that comes from the LM located directly below a given cell, and

Figure 8. (a) Residual lithospheric mantle gravity anomalies (RLMG) calculated by subtracting the gravitational effect of the lithosphere model (Lith; Figure 7)
from the observed gravity field (Figure 6). RLMG variations are caused by density anomalies in LM (between the Moho and the LAB). (b) Residual upper
mantle gravity anomalies (RMG) calculated by subtracting the gravitational effect of the crustal model (Crust; Figure 7) from the observed gravity field (Figure 6).
RMG variations are assumed to be caused by density anomalies between the Moho and the mantle transition zone. LM = lithospheric mantle; LAB = lithosphere‐
asthenosphere boundary.
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takes into account crustal geometry, the LAB depth, the latitude correction, and the Earth's sphericity.
For each grid point, the gravitational effect of the LM density anomalies is calculated within a 180‐km
radius, and the computed geometrical factor shows the ratio between gravitational effects of the LM
anomalies computed in the Bouguer plate approximation and for 3‐D gravity calculation with
tesseroids (Figure S4).

Figure 9. (a) In‐situ density in lithospheric mantle (LM). Our results may overestimate the amplitude of the anomalies along theMOR. Low density along theMOR
are due to a small thickness of lithosphere mantle, which is limited by the lithosphere‐asthenosphere boundary depth of 40 km, while mantle melting
responsible for mid‐oceanic ridge basalt generation takes place at greater depths. (b) Density in LM with the temperature effect removed. SPT = standard
P‐T conditions at room pressure and temperature. Kimberlite provinces are shown by diamonds. Abbreviations refer to locations with geochemical data on mantle
composition (see Figure 14): A, B, C = locations along the East Greenland coast, Az = Azores, M =Madeira, MAR = mid‐Atlantic ridge, R = Reykjanes ridge, K=
Kolbeinsey ridge, I = SW Iceland, T = Theistareykir; MOR = mid‐ocean ridge.
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The calculated in situ density provides the value averaged over the layer from the Moho to the LAB
(Figure 9a). These values can directly compared to other remote geophysical models (e.g., seismic tomogra-
phy), which also sample mantle at in situ conditions. Here we note that the in situ LM density model and
seismic tomography models cannot be expected to be well correlated. (1) The density model shows the
anomalies integrated over the thickness of the LM layer, while velocity models (e.g,. Legendre et al., 2012)
provide depth slices. (2) In situ density anomalies reflect variations in temperature, melt, and composition.
Seismic velocities are controlled by a much broader spectrum of parameters, which includes grain size
variations and anisotropy, to which density is insensitive. (3) Temperature variations have different effects
on density and Vs (Schutt & Lesher, 2006): A temperature anomaly of 50 °C will produce a 0.5% change in
Vs but only 0.2% change in density (Deschamps et al., 2002). (4) The presence of trace fractions of a fluid
phase (melt and water, as imaged by seismic attenuation in the European and North Atlantic mantle
(Zhu et al., 2013) has little effect on density, but it leads to a sharp drop in seismic velocities. As a result,
we do not expect a strong correlation between seismic velocities and densities in the upper mantle, in
contrast to model assumptions used in some gravity studies (Kaban et al., 2016).

To compare the results with petrological data, the LM density values should be recalculated to the SPT
conditions (room pressure and temperature) by removing the gravitational effect of thermal expansion.
Although compressibility also effects mantle density (Simon & Podladchikov, 2008), the effect can be
neglected because the calculated LM density is integrated over the layer at similar depths, from the Moho
to the LAB. The correction for lateral temperature variations in LM is based on average temperature T in
the LM at each grid point (Figure 5b) and SPT density is determined as

ρSPT ¼ ρinsitu 1þ α·Tð Þ; (5)

where α = 3.5 · 10−5 1/K. The resulting SPT density variations in the LM are shown in Figure 9b.

3.5. Uncertainty in Lithosphere Density

We use the calculated in situ LM density and the earlier calculated gravitational effect of the crust to recover
the gravity field. The misfit between the recovered gravity field and EGM2008 (Figure S5a) is close to zero for
most of the region, with significant deviations (~100 mGal) in deep (>15 km) sedimentary basins, where 3‐D
gravitational effects are particularly important due to a large density contrast between the sedimentary cover
and the mantle. Regions with a large gravity misfit (the Central and Eastern Mediterranean, the Black Sea,
the Caucasus, the Zagros orogen, Anatolia, and the East Barents Sea) also correspond to areas where the
presence of slabs in the mantle is expected. Since these slabs are located below the LAB, their gravitational
effect cannot be included into our gravity recovery calculation, therefore leading to large misfit values.
Therefore, the misfit provides a measure of dynamic (mantle) contribution to the topography.

We next use the misfit values (Figure S5a) to calculate the uncertainty of lithosphere density (Figure S5b),
which includes errors in crustal density estimates (Figure 4a) and in the calculation of LM density
(Figure 9a). For the cratonic and western Europe and for most of the North Atlantic ocean the uncertainty
is <0.005 g/cm3. In regions with a large gravity misfit and a poorly known crustal structure (the southeastern
part of the study region and the East Barents Sea), the uncertainty in the average lithosphere density
(crust and LM) is typically 0.010–0.030 g/cm3 with local anomalies up to ~0.050 g/cm3. We therefore
conclude that, overall, our lithosphere density model is well constrained.

4. Overview of Results

Our major results are RLMG anomalies (Figure 8a) and lithosphere mantle density anomalies at in situ and
SPT conditions (Figure 9ab). All these types of anomalies are assumed to originate within the LM, between
the Moho and the LAB. This assumption, which explicitly follows from the procedure used to calculate the
RLMG anomalies and LM density, is particularly important for the anomalous region around Iceland, where
the anomalous mantle may have a deep origin, much below the LAB depth. The thickness of the LM layer is
laterally variable (Figure 5a), and the results depend on its thickness.

To address this problem we examine separately RMG anomalies calculated by subtraction of the crustal
gravity signal from the observed gravity (Figure 8b). The depth distribution of these anomalies is unknown
but can be indirectly assessed from their wavelength, since the maximum depth of a density anomaly is
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tightly related the width of the gravity anomaly that it produces. In particular, for simple geometries, the
depth to the anomaly center is proportional to ~0.65 of the anomaly width in case of a sphere and to ~0.5
of its width in case of a horizontal cylinder. A 300‐ to 400‐km‐wide and ~2,000‐km‐long RMG anomaly of
~ +200 mGal along the Trans‐European Suture zone (TESZ) may be, roughly interpreted as caused by a
cylindrical high‐density body at ~150‐ to 200‐km depth (Figure 8b). We address this topic in sections 5 and 6.

A comparison of in situ mantle density (Figure 9a) with recent seismic tomography models (Schaeffer &
Lebedev, 2013) at a 100‐km depth (Figure S6) shows an agreement in some large‐scale features, and signifi-
cant disagreement in many details (as discussed in section 3.4, we do not expect a strong correlation between
mantle densities and velocities). In oceans, both models agree in resolving a low‐Vs, low‐density anomaly
along the mid‐Atlantic ridge (MAR) with the strongest anomaly centered around the Azores hot spot and
the Kolbeinsey and Reykjanes ridges south and north of Iceland. Both models resolve an increase in Vs

and in situ density from the MAR toward the old ocean, which reflects thermal cooling of oceanic litho-
sphere with age. On continents, the tomography model largely images the difference between the fast cra-
tonic LM and the slow Phanerozoic LM and supports a continental origin of the Barents Sea lithosphere
(Dore, 1995). In situ densities show a more complex pattern of the anomalies, with prominent high‐density
anomalies in the SE part of the region around the Caspian Sea. We discuss a possible origin of these anoma-
lies in the next sections.

5. Density of Subcontinental Lithosphere Mantle (SCLM)
5.1. Origin of SCLM Density Heterogeneity

The next section focuses on SPT density anomalies in LM (Figure 9b), which reflect compositional variations
(including fluids andmelt). SPT density values may be directly compared to geochemical and laboratory data
on rock composition and physical properties. Before discussing the results, we summarize the mechanisms
which may cause density heterogeneity of SCLM.
5.1.1. Age Dependence
SCLM is the chemical and thermal boundary layer formed as residue after melt extraction from the
convective mantle (Carlson et al., 2005). Secular cooling of the Earth leads to formation of SCLM under
changing mantle temperature and melting conditions, resulting in secular variations in its major element
composition and in bulk properties (elastic moduli, seismic velocities, and densities). High mantle tempera-
tures on the early Earth produced the unique (Fe‐poor) composition of the cratonic LM (Carlson et al., 2005)
with low SPT density and high seismic velocities (Lee, 2003). Global studies of kimberlite‐hosted mantle‐
derived xenoliths show that typical SPT densities range from 3.30–3.33 g/cm3 for the Archean SCLM
to 3.34–3.36 g/cm3 for the Proterozoic SCLM, and 3.37–3.39 g/cm3 for the Phanerozoic SCLM
(Gaul et al., 2000). Note that kimberlite sampling of the cratonic mantle is non‐uniform and apparently
biased, so that the pristine Archean mantle with the most depleted composition is not sampled by
kimberlite‐hosted peridotites and its physical properties (e.g., density) are not constrained by geochemical
data (Artemieva, 2009; Artemieva et al., 2019; Artemieva & Vinnik, 2016). Therefore, the range of expected
SPT density of SCLM is from 3.30 to 3.39 g/cm3.
5.1.2. Compositional Modification
The planetary cooling is irreversible; therefore, the compositional trend for SCLM is also irreversible; it
means that once a highly depleted ancient SCLM is destroyed, it cannot be recreated, and any modification
leads to its densification. This conclusion is supported by a strong heterogeneity in SCLM density (from
3.28–3.30 g/cm3 to 3.40 g/cm3) for the cratons of the Archean‐early Proterozoic age (Artemieva & Vinnik,
2016; Cherepanova & Artemieva, 2015). Chemical densification of the continental LM may take place
through metamorphic reactions or through mantle metasomatism in the cratonic settings.

Metasomatism of depleted cratonic LM, usually associated with basaltic magmatism (e.g., Griffin et al., 2005;
Howarth et al., 2014), decreases the Mg/Fe ratio, increases LM density and decreases seismic velocities
(Jordan, 1981; Lee, 2003). As a result, density of depleted SCLM may increase to the values typical of fertile
adiabatic LM (Figure 10a).

Metamorphic reactions may also cause LM densification. The most important one is eclogitization because
of the abundance of eclogite in the cratonic LM (Barth et al., 2002; Kopylova et al., 2016; Shirey et al., 2001)
and its high density (3.48–3.52 g/cm3) as compared to mantle peridotite (Christensen & Mooney, 1995;
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Aoki & Takahashi, 2004; James et al., 2004; Figure 10a). Although eclogitization has been earlier proposed as
subsidence mechanism for different deep basins of Eurasia and the Arctic shelf (Artyushkov, 2010), it has
not been supported by geophysical observations. Our results (Figure 9) demonstrate the presence of a very
dense mantle material beneath the Pannonian, Peri‐Caspian, and the North German–Polish basins and
thus provide the geophysical evidence that eclogitization may indeed be an important mechanism in
formation of the super‐deep intraplate basins, including the Barents Sea.

5.2. Precambrian Shields

Cratonic LM shows a strong heterogeneity in composition of the lithosphere mantle (Figure 9). Overall, the
terranes of the East European craton with a low‐density, depleted lithosphere mantle correlate with regions
that have high Vs in the upper mantle at SPT conditions, calculated by removal of the effect of temperature
heterogeneity from a seismic tomography model (Artemieva, 2009). There is no clear correlation between
the geological age and mantle depletion in the Baltic shield, although in general the Archean blocks are
more depleted than Proterozoic. The lowest densities of 3.32–3.33 g/cm3 are typical of the Archean
Kola‐Karelia province of the Baltic shield, in agreement with geochemical data for ancient cratonic LM
(e.g., Gaul et al., 2000), while LM density beneath the Archean‐early Proterozoic Ukrainian shield and the
Voronezh massif is slightly higher, ~3.33–3.34 g/cm3. The Archean Lofoten block at the Norwegian coast
in underlain by a low‐density LM (3.32–3.33 g/cm3), which extends inland beneath the northern dome of
the Norwegian mountains.

There is no density difference between the Early Proterozoic (Svecofennian) and the Middle Proterozoic
(Sveconorwegian) provinces of the Baltic shield. The Svecofennian province is dominated by values of
around 3.34 g/cm3, although the anomalies are patchy. LM of the north‐western Finland has an increased
density (~3.35 g/cm3) and this high‐density body extends beneath the Baltic Sea, providing support for the
hypothesis that it may have been formed by Proterozoic rifting (Lahtinen et al., 2005). Alternatively, the
high‐density LM body may be associated with a 1.9‐Ga paleosubduction imaged by seismic reflectors at a
50‐ to 80‐km depth (BABEL Working Group, 1990), or with intensive mafic anorogenic magmatism in
southern Fennoscandia at ~1.5 Ga (Vigneresse, 2005). This interpretation is consistent with the presence
of a high‐density (3.35–3.36 g/cm3) LM body beneath the Baltic States, where a huge volume of anorogenic
magmas was emplaced in Mesoproterozoic (Bogdanova et al., 2008).

In Greenland, low‐density mantle (3.32–3.33 g/cm3) dominates the southern, mostly Archean block,
including the Isua greenstone belt of the Early Archean age. This low‐density mantle continues in the

Figure 10. Trends in mantle density changes. (a) In continents, density of depleted cratonic mantle may increase by
metasomatism (an addition of Fe‐rich basaltic material) or by partial eclogitization. (b) In oceans, density of oceanic
mantle depends on the amount of melt extraction by isobaric or batch melting (Afonso & Schutt, 2012). Recycling of
depleted cratonic mantle and its mixing with the pyrolite mantle will reduce mantle density, while mixing of basaltic
material (such as subducted oceanic crust) will have the opposite effect. SPT = standard P‐T conditions at room pressure
and temperature
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Archean Nain province at the Atlantic coast of the Canadian shield. The
central and northern Greenland and the Grenville province in Labrador
have a denser LM with values around 3.34 g/cm3, typical of Proterozoic
mantle. Note that the crustal structure of Greenland is still poorly
known and therefore the results for this region should be considered
with caution. In central Greenland around the Summit station, where
a high‐resolution seismic data on the crustal structure exists (Kraft
et al., 2019; Shulgin & Thybo, 2014), LM density increases to 3.35
g/cm3 in the region where a ~10‐km‐thick high‐velocity mafic layer is
present in the lower crust (Figure 9). A narrow belt of a high‐density
mantle (3.36 g/cm3) is present off‐shore along the coast of East
Greenland in the region affected by the North Atlantic LIP (Figure 1)
and well covered by crustal‐scale seismic profiles.

5.3. Kimberlites and SCLM Density

Abundant geochemical (Agashev et al., 2013; Aulbach et al., 2013; Doucet
et al., 2014; Griffin et al., 2005; Hawkesworth et al., 1990; Howarth et al.,
2014; Huang et al., 2014; Kargin et al., 2016; Peslier et al., 2010) and geo-
physical data (Artemieva, 2009; Artemieva et al., 2019; Artemieva &
Vinnik, 2016; Cherepanova & Artemieva, 2015) from different cratons
worldwide indicate that LM in kimberlite provinces is melt‐ and water‐
metasomatized. Our results indicate that the kimberlite provinces of
Baltica, Greenland, and Labrador are all emplaced in regions with a
low‐dense (3.32–3.33 g/cm3) LM (Figure 11), and nondiamondiferous
kimberlites are clearly associated with a slightly denser mantle. Similar
observation has earlier been reported for the Kaapvaal mantle, where sta-
tistically all kimberlite‐rich regions have SPT mantle density of 3.32–3.33
g/cm3, while kimberlite‐poor regions have a higher density of ~3.35 g/cm3

(Artemieva & Vinnik, 2016). In Kaapvaal this bimodal density distribu-
tion of LM density also correlates with the Moho sharpness; the absence
of similar data for the East European craton does not allow for testing this
conclusion for other cratons.

For the European‐North Atlantic region, we interpret the absence of the
LM with densities lower than in the kimberlite provinces as evidence that
the region does not preserve any pristine, highly depleted Archean man-
tle, which has been metasomatically reworked by Proterozoic and
Phanerozoic tectonomagmatic events (e.g., Beyer et al., 2006). Regional
geochemical studies from the Karelian craton indicate that a highly
depleted layer may be restricted to the upper section of the lithosphere
mantle (Lehtonen et al., 2004).

5.4. Russian Platform, Intracratonic Basins, and Paleorifts

The Russian (East European) platform shows a strong variability in the LM density structure, similar to
the cratons of Siberia (Cherepanova & Artemieva, 2015; Kaban et al., 2016) and southern Africa
(Artemieva & Vinnik, 2016). In agreement with earlier studies (Artemieva, 2003, 2007), mantle density
increases toward the southern parts of the platform, which have also experienced a fast subsidence and
sedimentation since the Devonian. Lithosphere mantle of the Archean Volga‐Uralia subcraton is denser
(3.35–3.36 g/cm3) than in other Archean cratons, suggesting its significant metasomatic reworking.
Alternatively, it may include some eclogite as proposed in some formation models for
the cratonic mantle (Barth et al., 2002; Schulze, 1989), and as observed in mantle‐derived xenoliths from
the cratonic mantle worldwide (Aulbach & Viljoen, 2015; Jacob et al., 1994; Kopylova et al., 2016; Schulze
et al., 2000; Smart et al., 2012).

Figure 11. Distribution of lithospheric mantle (LM) densities
(based on results in Figures 9a and 9b). (a) In situ LM densities;
(b) temperature‐corrected LM densities. The double‐peak distribution
reflects the difference between the oceanic and continental domains.
(c) Temperature‐corrected LM densities at the kimberlite provinces of
Europe (based on results in Figure 9b). Note that all known nondiamondi-
ferous kimberlites are restricted to LM with increased densities, while
diamondiferous kimberlites are found in regions with a more depleted
subcontinental lithospheric mantle. SPT = standard P‐T conditions at room
pressure and temperature; LM = lithospheric mantle.
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Major Precambrian rifts of the East European craton have no signature in
LM density, in a sharp contrast to the Paleozoic rifts. In particular, the
Devonian Dnieper‐Donets rift with 20–24 km of sediments has a very
high‐density LM, with a significant difference between the NW and SE
parts where SPT mantle density is 3.35–3.36 g/cm3 and 3.37–3.39
g/cm3, respectively.

A strong correlation between mantle density and the depth of sedimen-
tary basins (Figure 12) indicates that mantle eclogitization may an
important mechanism in formation of the superdeep intraplate basins.
The most prominent density anomalies in the cratonic mantle of the
East European craton are associated with the Peri‐Caspian depression
which was formed in response to the Devonian rifting (Figure 9).
High SPT mantle density (3.39–3.40 g/cm3) suggests the presence of
10–20% of eclogite in a 70‐ to 100‐km‐thick layer below the Moho in
case eclogitization took place in refertilized cratonic LM and up to
50% of eclogite in case the cratonic mantle still preserves a partially
depleted composition (Figure 10a).

5.5. Arctic Shelf

We find a sharp distinction in the mantle density structure between the
East and West Barents Sea shelves. The East Barents Sea has a high‐
density LM (3.38–3.39 g/cm3), similar to the Peri‐Caspian depression.
These values do not exceed density of mantle peridotite and do not require
the presence of a significant volume of eclogite in the mantle in case of a

fertile LM composition. In this case, the density structure of the East Barents LM can be explained by a
strong refertilization of the cratonic LM, such as associated with mantle delamination, similar to the
mechanism proposed for the Mesozoic destruction of the North China craton (Gao et al., 2002). This process
may possibly be followed by relamination (Kelemen & Behn, 2016), with an accretion of a new, fertile adia-
batic mantle material to the shelf lithosphere.

Alternatively, mantle eclogitization may have also contributed to the East Barents Sea subsidence
(Gac et al., 2014). In the east, the East Barents Sea is bordered by the orogen of the Novaya Zemlya
archipelago, which is interpreted tectonically as a continuation of the Paleozoic Uralides orogen
(Figure 1). Therefore, similar to the Uralides, one may expect the presence of a paleosubduction system
beneath this part of the Arctic shelf. Water‐rich conditions would facilitate metamorphic reactions, such as
basalt/gabbro‐eclogite transformation, given that even trace amounts of water may lead to rapid eclogitiza-
tion (Austrheim et al., 1997). In case the LM has a major element composition similar to Proterozoic
SCLM, the presence of 20–30% of eclogite cannot be ruled out (Figure 10a).

In contrast, the West Barents basin has density similar to Proterozoic cratons (~3.35 g/cm3). Our results sug-
gest significantly different subsidence history of the East and West Barents Sea and a possible presence of a
major fault between the two contrasting basins of the European Arctic shelf. The contrasting structure of the
East andWest Barents Sea has also been identified in a regional tomographymodel (Levshin et al., 2007), but
it is absent in a more recent model for the Arctics (Lebedev et al., 2018).

5.6. Craton to Noncraton Transition

Ourmodeling shows two unexpected results for the craton to noncraton transition in the upper mantle along
the major tectonic and geological boundary in Europe, the Trans‐European Suture Zone (TESZ).

1. We do not find a strong craton to noncraton transition in SPT mantle density across the TESZ, such as
observed in seismic tomography models (Figure S6) and in an earlier gravity modeling based on an old
map for the Moho depth and sedimentary cover with an unknown data coverage and no information
on the inner velocity structure of the crust (Yegorova & Starostenko, 2002). We expect that the cratonic
LM is depleted and low‐dense, while the Phanerozoic mantle is fertile and high‐dense; however we do
not observe this in the results (Figure 9). Since the lithosphere is both thermal and chemical boundary
layer, the explanation should be found in both temperature and compositional variations across the

Figure 12. Data density plot showing thickness of sediments versus
temperature‐corrected lithospheric mantle (LM) density. The basin depth
increases with the increase in LM density, as expected from isostasy. High
LM density in superdeep basins requires partial eclogitization, which is
therefore an important mechanism for deep basin formation.
STP = standard P‐T conditions at room pressure and temperature.
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TESZ. As on overall conclusion, one may argue that Jordan's isopycnicity hypothesis (Jordan, 1978, 1981)
for the tectosphere structure (that is thermal and chemical effects on uppermantle density structure com-
pensate each other) is roughly satisfied in Europe on the continent scale.

2. The lack of contrast in SPT density with a sharp contrast in seismic velocities between the cratonic and
Phanerozoic Europe implies the following. Upper mantle seismic velocities are controlled by tempera-
ture variations to a greater extent than mantle density (e.g., Deschamps et al., 2002; see section 3.4),
and therefore a pronounced difference between a low‐velocity Phanerozoic mantle and a high‐velocity
cratonic mantle may reflect primarily a strong change in lithospheric geotherms across the TESZ
(Artemieva, 2003, 2006). Temperature‐corrected Vs velocities (at SPT conditions), which reflect changes
in mantle composition and hydration, reveal a pronounced difference across the craton edges worldwide,
including the TESZ (Artemieva, 2009). The lack of contrast in SPT density across the TESZ may indicate
that significant parts of the cratonic LM are possibly essentially chemically reworked (as discussed
above), while some parts of the Phanerozoic West European mantle may have depleted LM. We address
this question below.

3. Our results suggest the presence of a high‐density body in the upper mantle along the entire TESZ. This
high‐density belt with the RMG anomaly of ~ +200 mGal has a very regular width of ~300–400 km
(Figure 8b), suggesting that the center of the (cylindrical) anomaly may be at a ~150‐ to 200‐km depth,
that is right below or at around the LAB. The high‐density anomaly is right above the upper mantle
low‐Vs zone (−4.6% with respect to PREM), which also follows the TESZ from the Black Sea to southern
Sweden (Zuilhuis & Nolet, 1994). The Vs anomaly, although not imaged in more recent regional tomo-
graphic models (Lebedev et al., 2018; Legendre et al., 2012; Zhu et al., 2013) was explained as the image
of a highly hydrated subducting slab associated with closure of the Tornquist Ocean and collisional tec-
tonics along the edge of the East European craton (Nolet & Zuilhuis, 1994). If this interpretation is cor-
rect, the high‐density body imaged in our model may be the shallow part of the oceanic slab, which is not
resolved in seismic tomography due to the counter play of composition and low temperature, on one side,
and high water content, on the other side.

5.7. Variscan Massifs

Phanerozoic lithosphere ofWestern and Central Europe has been formed during the collapse of the Variscan
orogen and includes the mosaics of Variscan (280–430 Ma) and Caledonian (400–500 Ma) terranes
(Artemieva et al., 2006; Cloetingh et al., 2007). The presence of a strong seismic anisotropy in the lithosphere
mantle of the Variscides is interpreted as evidence for Paleozoic subduction systems associated with the
closure of the Rheic oceanic domains and the collision of the Gondwana and Laurasia continents
(Plomerová et al., 1998). Lithosphere delamination concluded the Variscan orogeny (Menard & Molnar,
1988), leaving a thin crust with a nearly uniform thickness of 28–32 km (Figure 2c).

The Variscan massifs (the Bohemian, London–Brabant, Armorican, Iberian, and the Ardennes Massif) are
recognized within the rest of Western Europe by the rheologically strong lithosphere (cf. Cloetingh et al.,
2007). They include the lithosphere terranes of Proterozoic to Carboniferous ages, that experienced
deformation, partial metamorphism and eclogitization (Franke, 1994), and voluminous granitoid
emplacement between 370 and 280 Ma (Matte, 1986). Our results suggest that small blocks of the cratonic
LM of the Gondwana and Laurasia continents could have survived during the Variscan orogeny and are
now entrapped within the Phanerozoic lithosphere of Western and Central Europe. The Variscan
massifs have a distinctly different lithospheric structure with cratonic‐type LM densities, which range from
3.32–3.33 g/cm3 in the Bohemian Massif to 3.33–3.34 g/cm3 in other Variscan massifs.

Low mantle density (3.32–3.33 g/cm3) beneath the French Massif Central and the Rhine Graben may be
associated with the presence of a partially molten, low‐density material at shallow depths, as suggested by
regional tomography models (Zhu et al., 2012) and xenolith geothermobarometry (Werling & Altherr,
1997). TWe note that mantle‐derived xenoliths constrain Palaeoproterozoic ages for some parts of the
French Massif Central mantle (Wittig et al., 2006) and suggest that the massif has a relatively depleted
LM in the northern part and fertile LM in the southern part (Downes et al., 2003; Uenver‐Thiele et al.,
2017). We cannot resolve the difference in SCLM density between the two parts of the massif, and our results
may indicate the presence of some depleted cratonic mantle in the region.
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5.8. Orogens

The Cenozoic orogens of Europe (Alps, Pyrenees, and Carpathians) are all associated with high‐density
LM anomalies, typically in the range 3.35–3.37 g/cm3 (Figure 9). Regional tomography models with
high‐velocity bodies imaged down to 200‐ to 260‐km depth suggest the presence of subducting slabs beneath
these orogens (Hetenyi et al., 2018; Kastle et al., 2018; Lippitsch et al., 2003), and judging from the range of
density values we do not expect slab eclogitization, which may occur locally where LM density increases to
3.39–3.40 g/cm3. Our results agree with a recent study for Pyrenees where the absence of a high‐density
anomaly in the upper mantle was interpreted as lack of eclogitization of the subducted Iberian crust
(Dufrechou et al., 2018).

Surprisingly, density of the upper mantle beneath the Paleozoic Urals is similar to the Cenozoic orogens,
although significantly denser than beneath the Norwegian mountains. This difference possibly reflects the
presence of some eclogitic material, such as in an eastward dipping high‐velocity block with compressional
velocities of ~8.7 km/s down to a 100‐km depth (Ryberg et al., 1996). In agreement with our conclusion, an
earlier gravity modeling suggests that most gravity anomalies in the Urals can be explained by a strong
density heterogeneity within the island arc material of the Uralian crust, with a “normal” mantle density
(Doring et al., 1997).

LM density structure of the Paleozoic Norwegian mountains is different. Our results suggest, in agreement
with earlier conclusions (Artemieva, 2003), that the high topography of the Norwegianmountains, and espe-
cially of the northern dome, may have a strong compositional component. A similar conclusion was made
for the southern dome of the Norwegian mountains (Maupin et al., 2013), where our results also show the
presence of a relatively low‐dense LM, ~3.33–3.34 g/cm3. The calculated low LM density is also in agreement
with geochemical studies of depleted mantle samples from southern Norway (Andersen & Sundvoll, 1995)
and with the presence of a highly depleted SCLM beneath the Western Gneiss Region in southern
Norway (Beyer et al., 2006). Yet high‐resolution seismic data on the upper mantle structure beneath the
southern Norway remains highly controversial (Maupin et al., 2013) and the origin of the high topography
of the Norwegian mountains is still debated (Gabrielsen et al., 2010; Nielsen et al., 2012).

5.9. Basins

Major sedimentary basins (the Pannonian Basin, the North German Basin, the Po basin, the Peri‐Caspian
depression) all have an extremely high density LM (>3.39 g/cm3). We explain these LM density anomalies
by partial eclogitization of the lithosphere mantle which may require the presence of ~10–20% of eclogitic
material in the LM of the sedimentary basins (Figures 10a and 12). In particular, thinning of the crystalline
crust locally to 15–20 km in the South Caspian basin is sometimes interpreted as an evidence of oceanization
(Allen, Jones, et al., 2002) and its subsidence is attributed to phase transitions in the lower crust
(Artyushkov, 2007, 2010). Consequent sinking of a high‐density material into the mantle may create high‐
density LM anomalies as observed in our model.

Our results indicate the presence of an extremely dense LM beneath the Black Sea and the Caspian Sea, and
also beneath the Iranian plateau and the Zagros orogenic belt. A high LM density (3.40–3.47 g/cm3), if cor-
rect, requires the presence of 20–70% of eclogite in the LM (Figure 10a). However, all of these regions have a
poor seismic coverage on the crustal structure (Artemieva & Thybo, 2013), and therefore the results for these
regions are poorly constrained.

6. Density of Oceanic Upper Mantle
6.1. Origin of OLM Density Heterogeneity

Oceanic lithosphere mantle (OLM) is formed as thermal boundary layer by cooling of lithospheric plates
with age. It also forms chemical boundary layer as the product of mantle melting. Compositional structure
of OLM is commonly expected to be more homogeneous than of SCLM, and the major factors controlling
SPT density of oceanic upper mantle are the presence of partial melts associated with volcanic provinces,
subducted oceanic crust, and continental fragments.

Mineralogy has a strong effect on mantle density (Schutt & Lesher, 2006) and a broad range of density values
was reported for fertile adiabatic oceanic lithosphere mantle. Some of the largest SPT density values of
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~3.38–3.39 g/cm3 are based on calculations for pyrolite composition (Irifune, 1987; Poudjom Djomani et al.,
2001). In situ density for average composition of oceanic MOR peridotite of 3.22 g/cm3 (Simon et al., 2008)
also yields SPT density of 3.38 g/cm3 for average MOR peridotites. In contrast, some theoretical calculations
favor low SPT density values for oceanic mantle, 3.325–3.336 g/cm3 (Afonso et al., 2007; Afonso & Schutt,
2012; Cadio & Korenaga, 2014). Assuming that, similar to SCLM, oceanic upper mantle density structure
is a linear melting function correlated with Mg#, Lee et al. (2004) calculated SPT density of oceanic
mantle as 3.350 g/cm3.

Mantle potential temperature at which OLM is formed and chemical heterogeneity of the melting source
also control composition and density of oceanic lithosphere mantle. OLM generated at 1300 °C has density
of ~3.29 g/cm3 and an increase of mantle potential temperature to 1600 °C produces OLM with density of
3.27 g/cm3 (Korenaga, 2013; Figure 13a). The presence of subducted oceanic crust in melting source reduces
mantle temperatures required for melt generation in oceanic mantle (Brown & Lesher, 2014). The effect of
melt depletion on density of garnet peridotite is also important: 25% partial melting at mid‐ocean ridge will
reducemantle density by 1.9% (Jordan, 1979; O'Hara, 1975). For a 3.39 g/cm3 SPT density of pyrolitic mantle,
it implies SPT mantle density of 3.326 g/cm3 at MOR. Recent modeling for batch and isobaric melting pre-
dicts a smaller (~1.0–1.5%) decrease in density of oceanic upper mantle at 25% partial melting (Afonso &
Schutt, 2012; Figure 10b).

The presence of recycled LM (continental or Archean oceanic) within oceanic mantle is reported from geo-
chemical studies of peridotites from hot spot‐related ocean islands (e.g., Schaefer et al., 2002; Widom, 2002).
These continental fragments can also significantly change OLM density. Ocean island peridotites from the
Canary Islands with a high proportion of highly refractory, high Mg#, and low‐density harzburgite have
in situ density values as low as 3.20 g/cm3 for a 100‐km‐thick mantle column at T ~ 1060 °C (Simon et al.,
2008). These values correspond to SPT density of 3.32 g/cm3. Some of the lowest values of 3.30 g/cm3, similar
to cratonic low‐T peridotites, have been reported for basalt‐depleted magmas in Iceland (O'Hara, 1975).
Therefore, the range of expected SPT density of OLM is from 3.30 to 3.39 g/cm3, that is the same as for

Figure 13. Crustal density (including sediments) in oceanic and continental domains (Figure 4a) as a function of lithospheric mantle (LM) density (Figure 9b).
Oceans are distinguished from continents by the available sea floor age data. Oceanic domain may include some continental fragments. Crust and lithosphere
mantle are both the products of mantle melting and their densities are expected to be related. Plots show color‐coded data density; dots = data points; blue and red
lines are trends for oceans and continents, respectively. Black line on the ocean plot = theoretical predictions for different mantle potential temperatures (numbers
at the curve) (Korenaga, 2013). STP = standard P‐T conditions at room pressure and temperature; MOR = mid‐ocean ridge.
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SCLM. Our results, however, indicate that OLM densities in the North Atlantics are somewhat lower than in
the European SCLM (Figure 13).

6.2. Chemical Heterogeneity of Oceanic Lithosphere Mantle (OLM)

We define the ocean mantle structure that follows the square‐root‐of‐age pattern as “normal ocean.” In situ
mantle density anomalies (Figure 9a) reflect both temperature and compositional heterogeneity of oceanic
upper mantle, while thermal effect associated with age‐dependent ocean lithosphere cooling has been
removed from the SPT mantle density variations (Figure 9b; see section 3).

South of the Charlie‐Gibbs Fracture Zone (CGFZ), SPT densities show a uniform composition of the North
Atlantic oceanic lithosphere mantle, with regional variations in OLM density mostly within 0.05–0.10 g/cm3

around mean value of ~3.31 g/cm3 (Figure 11b). This implies the density contrast between the oceanic litho-
sphere mantle and the convective mantle of about 0.07–0.08 g/cm3 at SPT conditions and ~0.02–0.03 g/cm3

at in situ conditions (Figure 9a), that is about twice less than commonly assumed in geodynamic modeling
(e.g., Ficini et al., 2017; Schubert et al., 2001).

There is a sharp difference in the density structure of the OLM north and south of the CGFZ (Figures 9b and
S7). The northern part is highly heterogeneous, and this heterogeneity reflects variations in both composi-
tion and chemistry. Major density anomalies are also associated with the Mid‐Atlantic Ridge around the
Azores hot spot and north and south of Iceland (the Kolbeinsey and Reykjanes Ridges). Importantly, in
our modeling the OLM density anomalies (Figure 9b) are assumed to be restricted to the LM with the
age‐dependent LAB depth that follows the HSC ocean cooling model. We assume that along the MOR the
LAB is at a 40‐km depth, while mantle melting responsible for MORB generation takes place at greater
depths. Therefore, our results overestimate the amplitude of the anomalies along the MOR (Figure S8).
Furthermore, mantle temperature anomalies associated with hot spots may extend much deeper than the
lithosphere base. We discuss this problem in detail in the next subsections.

Geochemical studies of oceanic peridotites from the North Atlantic region (Korenaga & Kelemen, 2000; Simon
et al., 2008) allow for some speculations on the compositional origin of the OLM density heterogeneity. SPT
density anomalies within the oceanic lithosphere mantle show inverse correlation with both Mg# and εNd in
oceanic peridotites from East Greenland, MAR around Iceland, and the Azores (Figure 14). A general

Figure 14. Mantle SPT density anomalies with respect to pyrolite mantle (Figure S8b) plotted versus geochemical data (letters refer to locations marked in
Figure 9b; numbers in brackets – εNd values). (a) Mantle density decreases with Mg# increasing (that is with Fe‐depletion). A strong density decrease at south-
ern Iceland (I) and the Reykjanes Ridge (R) cannot be explained by chemical depletion alone and requires high mantle temperatures. High Mg# and low density
mantle at and around the Azores (Az, MAR), at northern Iceland (Theistareykir) and at the Kolbeinsey Ridge (K) suggests the presence of some continental
material. (b) The covariation of mantle density and the amount of basalt mixed with depleted pyrolite mantle (data of Korenaga and Kelemen (2000)). Mantle
density increases when basalt mixes with the convective mantle. Locations A and B in East Greenland are within the Tertiary flood basalts, locations I and R are at
the Mid‐Atlantic Ridge. Geochemical data sources: Korenaga and Kelemen (2000) for the Iceland‐Greenland region; Simon et al. (2008) for the North Atlantics
hotspots (Azores and Madeira). STP = standard P‐T conditions at room pressure and temperature; MORB= mid‐oceanic ridge basalt.
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agreement of our results with the density‐Mg# linear relationship (Lee et al., 2004) based on peridotite melting
suggests that, at least in part, chemical heterogeneity of the North Atlantic oceanic mantle may be caused by a
melting heterogeneity. Yet a low‐density anomaly at southern Iceland and the Reykjanes Ridge (Figure 14a) is
too strong to be explained by chemical depletion alone and it requires high temperatures and possibly a high‐
percentage melting in the upper mantle. Low mantle density at the Azores and the Kolbensey Ridge near the
JanMayen continental terrane correlates with highMg# andmay indicate the presence of continentalmaterial
in oceanic mantle, in agreement with geochemical data for the Azores (Widom, 2002).

In contrast, mixing of basalt with the convective mantle will increase mantle density. Such a situation may
happen when basaltic oceanic crust subducts into the mantle. A comparison of mantle density anomalies
with the mixing trend for basalt and convective pyrolite mantle (Korenaga & Kelemen, 2000) shows that
the North Atlantic region around Iceland may have two different trends: One includes the ocean north of
Iceland around the Jan Mayen block, and the other — East Greenland within the North Atlantic LIP and
the region just south of Iceland (Figure 14b). A strong nonlinear correlation between Mg# and εNd in the
North Atlantics around Iceland has earlier been interpreted by mixing between a recycled oceanic crust
(formed at ~0.6 Ga by normal MORB) and depleted mantle (Korenaga & Kelemen, 2000), yet these authors
are cautious in linking these basalts with the coeval Caledonian suture zone near the East Greenland mar-
gin. Our results suggest that oceanic basalts in the North Atlantics mantle around Iceland may play an
important role in mantle density heterogeneity (Figure 14b). It is, however, outside the scope of the present
study to discuss a possible origin of the observed chemical heterogeneity in the upper mantle of the North
Atlantic Ocean.

6.3. Deviations of Mantle Structure From Half‐Space Cooling (HSC) Model

To remove limitations related to the assumption that all density variations (of any origin) are restricted to the
LM, we now focus on residual mantle gravity (RMG) anomalies. These anomalies (Figure 8b) are produced
in the upper mantle layer between the Moho and the 400‐km depth. As discussed above, the residual litho-
spheric mantle gravity (RLMG) and density structure of the North Atlantic Ocean south of the CGFZ is very
uniform, implying that the upper mantle of this part of the ocean follows the HSC model. The analysis of
bathymetry and RMG variations with age (Figure 15ab) further supports this conclusion. We therefore

Figure 15. Age dependence of bathymetry (a) and residual mantle gravity (RMG) anomalies (b) in the southern part of the North Atlantic Ocean (south of the
Charlie‐Gibbs Fracture Zone). Red lines = best fit to data. This part of the North Atlantic Ocean follows the square root of age predictions of the half‐space cool-
ing model and is considered as “normal” ocean.
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consider the North Atlantic Ocean south of the CGFZ as “normal” ocean and use it as reference frame in our
further analysis.

The map of anomalous bathymetry (Figure 16a), defined here as bathymetry from which the reference
square‐root‐of‐age trend is removed (Figure 15a, red line), shows that the entire North Atlantic Ocean north
of the CGFZ is anomalous with the hypsometry 1–2 kmmore shallow than the ocean cooling predicts. South
of the CGFZ deviations from the square‐root‐of‐age trend are restricted to the ocean older than ~120 Ma
(where some volcanic provinces are located) and to the Azores hot spot.

The anomalous ocean structure north of the CGFZ is even more striking for the Reduced RMG anomalies
(Figure 16b), calculated by subtracting the reference square‐root‐of‐age trend (Figure 15b, red line) from
the RMG anomalies (Figure 8b). Importantly, the RMG and RLMG anomalies depend on the reference
model (Figure 7), but the reduced RMG anomalies are independent of the reference model and are, there-
fore, in absolute values. Negative anomalies imply a low‐density mantle, most likely associated with high
mantle temperatures and the presence of a low‐dense recycled lithosphere material, while positive anoma-
lies indicate the presence of a high‐density basaltic material in the mantle.

South of the CGFZ, all major anomalies are clearly associated with hot spots and volcanic islands. This
includes the New England volcanic seamounts (−50–60 mGal), which are a part of the Meteor hot spot
track in North America, the Azores (−150–240 mGal), the Madeira (−110–210 mGal), and the Canary
Islands (~ −200 mGal, only a part of the region is covered by the study). The results also show a symmetric
sublatitudinal anomaly (−30–40 mGal) across the Atlantic ocean at ~45°N, which has the pattern of a hot
spot track, yet the authors are unaware of any hot spot track in this part of the North Atlantic Ocean. On
the European side, this anomaly corresponds to the fracture zone that continues into the Bay of
Biscay (Figure 1).

North of the CGFZ, the Reduced RMG anomalies are −60–80 mGal at the Reykjanes Basin and the
Reykjanes Ridge and increase to −130–180 mGal toward the Rockall Plateau. Similar values are typical
for the Labrador Sea. North of Iceland, the anomalies are −80–100 mGal at the Kolbeinsey Ridge with the
largest anomaly of −150–200 mGal associated with the Jan Mayen block. The latter is usually interpreted
as a continental fragment (Mosar et al., 2002), and therefore the Reduced RMG anomaly there includes both
temperature and compositional components.

Positive Reduced RMG anomalies are restricted largely to the East Greenland margin (+40 + 160 mGal)
and the Greenland‐Iceland‐Faroe Ridge (GIFR) across the Atlantic Ocean (0 + 50 mGal). The geody-
namic origin of the GIFR, which has a ~25‐ to 30‐km‐thick crust remains enigmatic (Lundin & Dore,
2005; Parkin & White, 2008). Our results suggest that the deep structure of the GIFR is not fully sym-
metric: The major high‐density anomaly is along the Greenland margin, where it is apparently associated
with the North Atlantic LIP. We speculate that the anomaly is compositional in origin and, similar to
continental mantle, may be caused by partial eclogitization of basaltic magmas associated with the
LIP, facilitated by mantle hydration at the paleosubduction system (Schiffer et al., 2014). Therefore,
the apparent absence of the anomaly at Iceland and along the GIFR may be caused by the counter‐play
of a negative low‐density anomaly of thermal origin and a positive high‐density anomaly of composi-
tional origin. In case a low‐density thermal anomaly around Iceland has the same magnitude as at the
Reykjanes Ridge, the true high‐density anomaly is ~ +200 mGal. This value is comparable to a very high
density anomaly (+200 + 300 mGal) in the Bay of Biscay (Figure 16b) which appears really anomalous;
its amplitude also suggests a chemical origin. Note that a similar RMG anomaly of ca +200 mGal in the
Peri‐Caspian region (Figure 8b) can be explained by the presence of ~10–20% of eclogitic material in the
mantle (see section 5).

6.4. Mantle Temperature Beneath the MOR and Hot Spots

We speculate that a significant part of low‐density Reduced RMG anomalies around the volcanic islands and
hot spots in the North Atlantics is of thermal origin. Using the Bouguer plate approximation, one may esti-
mate the amplitude of temperature anomaly ΔT, which causes a density decrease due to thermal expansion
and produces a Reduced RMG anomaly ΔG:
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Figure 16. (a) Anomalous bathymetry in the North Atlantic Ocean calculated by subtracting the half‐space cooling trend (Figure 15a) from the observed
bathymetry. North of the Charlie‐Gibbs Fracture Zone (CGFZ), the North Atlantics has on average 1–2 km positive anomalous bathymetry, which reaches 4 km
at the Greenland‐Faroe‐Iceland ridge and in the Baffin Bay. (b) Reduced residual mantle gravity anomalies in the North Atlantics calculated by subtracting the
half‐space cooling trend (Figure 15b) from the RMG anomalies (Figure 8b). Strong negative anomalies north of the Charlie‐Gibbs Fracture Zone require high
mantle temperatures. The linear trend along ~ 45°N may be a trace of an unknown hot spot track. (c) Temperature anomalies in the upper mantle of the North
Atlantic Ocean calculated from reduced RMG anomalies (b) under the following assumptions: (1) all gravity anomalies are thermal in origin; (2) their source is in
the layer between the Moho and a 400‐km depth. Numbers along the MOR = temperature estimates based on geochemical data (Dalton et al., 2014). The
apparent absence of thermal anomaly at around Iceland and along the Greenland‐Iceland‐Faroe Ridge is due to a counter‐play of a negative low‐density anomaly of
thermal origin possibly balanced by a positive high‐density anomaly of compositional origin. RMG = Residual upper mantle gravity anomalies; MOR =mid‐ocean
ridge.
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ΔG ¼ 2πGHρ 1 − αΔTð Þ (6)

Here α is coefficient of thermal expansion, ρ is mantle density, H is thick-
ness of the layer with a temperature anomaly, and G is the gravitational
constant. In case a thermal anomaly extends through the entire upper
mantle, from the mantle transition zone to the Moho, its amplitude in
the region around Iceland is less than 50 °C, similar to mantle tempera-
ture anomaly at the New England seamounts (Figure 16c). Yet as dis-
cussed above, the absence of the anomaly at Iceland may be apparent
due to the balancing effects of thermal and compositional anomalies.
Numerical simulations based on lava compositions from the anomalous
North Atlantics around Iceland indicate that they can be generated by a
relatively small increase in mantle temperatures (by 85–210 °C) if subduc-
tion of oceanic crustal material was present in the mantle source (Brown
& Lesher, 2014). Yet other studies suggest a 125 °C mantle temperature
anomaly at ~55–60 Ma, with a significant cooling by 45 Ma (Holbrook
et al., 2001), which does not contradict our results for the present‐day
mantle thermal structure.

A temperature anomaly of 50‐100 °C will produce a 0.5–1% change in
mantle Vs (Deschamps et al., 2002). This situation explains the on‐going
debate on the presence of a mantle plume beneath Iceland (Allen,
Nolet, et al., 2002; Bijwaard & Spakman, 1999; Delorey et al., 2007;
Foulger et al., 2001; Ritsema & Allen, 2003; Shen et al., 2002; Vinnik
et al., 2005). The presence of a broad but weak temperature anomaly is
consistent with a recent high‐resolution global tomography model that
images a broadly distributed low‐density anomaly in the mantle beneath
the Iceland‐Jan Mayen region (French & Romanowicz, 2015).

The depth distribution of the temperature anomaly beneath Iceland is,
however, not resolved, and the anomaly will be much stronger if it is
confined not to the entire upper mantle as assumed in Figure 16c, but
to a thin layer. It is, however, difficult to imagine a physical mechanism
for a shallow broad mantle temperature anomaly at Iceland, which is
also associated with a strong geochemical anomaly (Courtillot et al.,
2003). In case the Iceland thermal anomaly is shallow (~100‐km deep),

it has a better chances to be detected seismically (Figure 17). The expected temperature anomaly at the
Azores, as compared to the “normal” ocean, is significantly higher, 100–150 °C if it extends down to the
mantle transition zone (Figure 17) and it is consistent with temperature estimates at MORs (Figure 16c;
Dalton et al., 2014).

Therefore, our results imply that while a deep temperature anomaly beneath the Azores hot spot can
undoubtedly be resolved seismically, it can hardly be resolved beneath Iceland. This situation explains
the ambiguity in seismic imaging of a possible mantle plume beneath Iceland.

7. Conclusions

We present 3‐D gravity modeling for Europe and the North Atlantics Ocean. The model is constrained by a
global compilation for the thickness of sediments (Divins, 2008), the regional updated seismic model for the
crust EUNAseis (Artemieva & Thybo, 2013), a global continental model for the lithosphere thickness TC1
(Artemieva et al., 2006), and the half‐space cooling model for thickness of the oceanic lithosphere. We
calculate mantle residual gravity anomalies and average density of the lithosphere mantle at in situ and
SPT (at room P‐T) conditions, and conclude the following.

1. The cratonic lithosphere is low dense, with typical SPT densities of 3.32–3.34 g/cm3.
Nondiamondiferous kimberlites are associated with a higher‐density subcontinental lithospheric man-
tle (SCLM).

Figure 17. Mantle temperature anomaly versus thickness of a mantle layer
with an elevated temperature. There is a trade‐off between temperature
anomaly and thickness of the heated layer in producing Residual upper
mantle gravity (RMG) anomalies. For a given value of reduced RMG
anomaly, the twofold increase of the layer thickness will result in more than
double drop in the anomalous temperature. The reduced RMG anomaly
beneath the Azores can be explained by a ~125 °C temperature anomaly
distributed over a 400‐km‐thick layer, and such a temperature anomaly can
be reliably resolved by seismic methods. In the Iceland region, the reduced
RMG anomaly can be explained by a temperature anomaly of ca 110 °C if
the heated layer extends 100 km below the Moho. However, if thermal
anomaly extends down to a 410‐km depth, its amplitude can be as small as
25 °C. Such a small increase in temperature will decrease Vs velocity by only
~0.2%, which is at the limit of resolution by seismic tomography.
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2. We do not observe any correlation between the age and SCLM density in the East European Craton,
which we interpret as evidence for a strong metasomatic reworking of most of the cratonic mantle.

3. High topography of the Norwegian mountains, and especially of the northern dome, may have a strong
compositional component as indicated by a low‐density SCLM.

4. The absence of a significant difference in mantle SPT density between the cratonic and the Phanerozoic
Europe provides support for the isopycnicity hypothesis (Jordan, 1978, 1981) which is roughly satisfied
in Europe on the continent scale.

5. The high‐density anomaly along the Trans‐European Suture Zone (TESZ) from the Black Sea to the
North Sea imaged in our model may represent a shallow part of subducting oceanic slab associated with
the closure of the Tornquist Ocean. The slab may not be resolved in seismic tomography due to the
counter play of composition, low temperature, and high water content.

6. Superdeep basins of Europe and the East Barents Sea are underlain by an extremely dense litho-
spheric mantle (>3.40 g/cm3), which requires the presence of 10–20% of eclogitic material.
Correlation between the basin depth and the LM density anomaly provides the geophysical evi-
dence that eclogitization is indeed an important mechanism in formation of, at least some, super-
deep intraplate basins.

7. Low‐density SCLM (3.32–3.34 g/cm3) beneath the Variscanmassifs suggests that small blocks of the cra-
tonic LM of the Gondwana and Laurasia continents could have survived during the Variscan orogeny
and are now entrapped within the Phanerozoic lithosphere of Western and Central Europe.

8. Low‐density SCLM beneath the French Massif Central and the Rhine Graben may be associated with
the presence of a partially molten, low‐density material at shallow depths.

9. Mantle density structure of the North Atlantic Ocean is strongly heterogeneous. South of the Charlie
Gibbs Fracture Zone (CGFZ), the density structure is well described by the half‐space cooling model
with significant deviations restricted solely to the hot spots. The largest temperature anomaly is asso-
ciated with the Azores.

10. A weak low‐density anomaly at ~45°N across the North Atlantic Ocean from the Spanish to the
Canadian coast may represent a possible, yet unknown, hot spot track with the upper mantle tempera-
ture anomaly of ~30–40 °C, if it extends down to a 400‐km depth.

11. North of the CGFZ, the entire North Atlantics is anomalous. Strong correlation between the calculated
oceanic lithospheric mantle density and geochemical data indicates the presence of a strong chemical
heterogeneity in the oceanic mantle, such as caused by melting of subducted oceanic crust, heterogene-
ity in mantle melting temperatures, and by the presence of continental lithosphere fragments entrapped
in oceanic mantle.

12. High density mantle anomaly off‐shore East Greenland is compositional in origin, and may be caused
by partial eclogitization of basaltic magmas associated with the North Atlantic LIP. The apparent
absence of the anomaly at Iceland and along the Greenland‐Iceland‐Faroe Ridge is caused by the
counter‐play of a negative low‐density anomaly of thermal origin and a positive high‐density anomaly
of compositional origin.

13. North of the CGFZ, most of the North Atlantics mantle, including the Labrador Sea and the Baffin Bay,
has high temperatures and does not follow the half‐space cooling model. The anomaly around Iceland
can be explained by mantle temperature elevated by less than 50 °C, if it extends down to a 400‐km
depth. The associated seismic velocity anomaly is at the limit of resolution by tomography models,
which explains the on‐going debate on the presence of a mantle plume beneath Iceland. In contrast,
a significantly stronger mantle temperature anomaly beneath the Azores can be resolved seismically.
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