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A new window into Earth’s mantle from satellite gravity gradients
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1. The gravitational gradient anomalies
By sensing tiny differences of acceleration in three orthogonal directions, GOCE measures
the six components of the Earth’s gravity gradient tensor, out of which five are
independent. This symmetric trace-free tensor, which entries are the second-order spatial
derivatives of the gravity potential, describes the curvature of the equipotential surfaces (1).
Four of its components are determined from GOCE with the extreme accuracy of 10 to 20
milliEötvös/ Hz (1 Eötvös = 10-9 s-2) in the 5-100 mHz measurement bandwidth (1),
corresponding to spatial scales comprised between 740 and 40 km. The GOCE gradients
are measured in the instrument reference frame, which means that the direction of
differentiation changes according to the satellite orientation. Using a GOCE orbit-based
gravity field model to account for the less precise components of the tensor and for the
longest wavelengths, the GOCE High-level Processing Facility computes enhanced
gradients in the Local North Oriented Frame (LNOF) (2,3), a local frame with origin at the
satellite center of mass and with axes oriented in the North, West and radial directions
(Figure S1). We used these Level 2 LNOF gradient packages as provided by ESA, spanning
the period from 31/10/2009 to 31/03/2011. We obtained about 28 millions data per
component, with a level of precision estimated to 10 to 60 milliEötvös for the LNOF
diagonal components in the Level 2 data packages. Averaging over 2.5 months on 1° x 1°
spatial blocks, which corresponds to about 100 data per block, leads to an error estimate at
the level of a few milliEötvös.
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Fig. S1: The Local North-Oriented Frame, indicated by the (X, Y, Z) directions, and with origin located at the
satellite center of mass, of spherical geocentric coordinates (r, θ, ϕ). The Earth’s geoid shape, computed from
the DIR-R3 model (13), is represented in color (its deviation to the ellipsoid is amplified).

We defined anomalies by subtracting from these data the effect of a reference Earth’s
model, with an interior structure given by the Preliminary Reference Earth Model at a
reference period 1 s (Table 1 of reference 4). We computed the low-degree spherical
harmonics expansion of the associated gravitational potential as given in (5), where the
hydrostatic, self-gravitating equilibrium of a rotating, radially layered spherical Earth is
solved. Multiplying these coefficients with those determined from the computation of the
second-order spatial derivatives of the spherical harmonics in the LNOF frame, we
obtained the model gradients that we subtracted from the data. We computed the spherical
harmonics derivatives at each orbit position following (6), in rectangular coordinates,
avoiding singularities at poles (even if these areas are devoid of measurements due to the
orbit geometry). We finally gridded the resulting anomalies with a 0.25° step in latitude and
longitude using the GMT software (7). Because a physical Earth model is used to define the
reference, these gradient anomalies can be used to investigate Earth’s structure at all spatial
scales. Only the diagonal components are shown in this work but the Vxz component can
also be used.
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The quality assessment of the gradients in the LNOF frame has been done through
comparisons with modelled ones from previously existing global gravity models, after
filtering in the measurement bandwidth, and did not show trackiness effects that could
generate directional artefacts (3). Direct comparisons of the GOCE geoid models with
previously existing ones, not including any GOCE data, do not exhibit any trackiness (13).
Finally, the good consistency between the gradient anomalies we built, and the predictions
from the mantle model, as well as the absence of any significant systematic pattern in our
maps, rather indicates that the possible striping artefacts remain small as compared to the
discussed physical signals.

2. The lithospheric contribution
We computed the gravitational gradients of a simple lithosphere model at hydrostatic
equilibrium, in order to assess its contribution at large scale to the observed gravitational
gradients. For that, we supposed a local compensation of the topographic load by the Airy
model, and we estimated the depth of the Moho hc by solving the following equation:

(ρ m − ρ i )hi + (ρ m − ρ w )hw + (ρ m − ρ s )hs + (ρ m − ρ c )hc + (ρ m − ρ l )hl − ρ m ht

=K

where K is a constant, ρm, ρl, ρc, ρs, ρw and ρi are the densities of the asthenospheric and
lithospheric mantle, oceanic or continental crust, sediments, water and ice, taken to ρm =
3300 kgm-2, ρl = 3330 kgm-2, ρc = 2800 kgm-2, ρw = 1020 kgm-2 and ρi = 917 kgm-2, and hl,
ht, hc, hs, hw, hi are the thicknesses of the lithosphere, the topography above the geoid, the
thicknesses of the crust, sediment layers, sea water and ice. For sediments, ρs and hs are
given by the Global Digital Map of Sediment Thickness (8). Values of ht, hw, hi are given
by the ETOPO1 grid (9), and the lithospheric thickness hl is given by (10). The above
equation cannot be solved uniquely due to the constant K indetermination. In order to solve
the constant and the equation, we added a constraint on the mean oceanic crust thickness,
which is well known to be about 6-7 km (11). In practice here, the equation was solved
iteratively, aiming at a typical value of 7 km for the mean oceanic crust thickness. We then
computed the gravitational potential of the obtained lithosphere model in spherical
geometry by summing the contributions of superimposed 1 km thick radial layers, under
the hypothesis of thin layers. This assumption is valid at the GOCE spatial resolution, and
allows to link the spherical harmonics expansion of the layer mass load, expressed as a
surface load at the center of the layer, to the spherical harmonics expansion of the
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Fig. S2: Maps of the large-scale spatial variations of the second-order derivatives in the X/North (top), Y/West
(middle) and Z/radial Up (bottom) directions of the gravity potential associated to the isostatic lithosphere
model, along GOCE orbit, in milliEötvös.

associated Newtonian potential. We finally derived the gravitational gradients by
multiplying the obtained spherical harmonics coefficients with the second-order derivatives
of the spherical harmonics along the satellite orbits, as explained above. Their large-scale
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component, at the resolution of the investigated mantle dynamics model (spherical
harmonics degree 12), is shown on Figure S2. At large spatial scales, we thus confirm that
only little signal is found in the XX/YY components as compared to what we obtained in the
satellites gradients maps and in the mantle model, and that the geographical variations of
the lithospheric gradients are dominated by the ocean/continent dichotomy, mostly visible
in the ZZ component.

3. Sensitivity to mass anomalies in the mantle
Here, we describe the computation of the gravitational gradients along the GOCE orbit due
to thin slab-shaped and flat spherical caps mass anomalies, both with 80 kgm-3 density
contrast to PREM. While such dynamic response functions are usually computed, on the
geoid, for individual spherical harmonics (12), here we consider regional distributions of
masses. The slab elements are 4500 km long and 100/400 km wide, parallel to the presentday North-America subduction. The caps diameters are equal to 4000 km and 6000 km.
The slabs and caps thickness is set to 200 km. We first computed the spherical harmonics
expansion of the geoid effect of the mass anomaly. For that, we used the spherical
harmonics expansions of the cap/slab mass anomalies at each radius, and from that we
derived and summed the spherical harmonics expansion of the direct Newtonian attraction
potential and of the Earth’s visco-elastic deformation potential, up to spherical harmonics
degree/order 75. Then, we obtained the gravitational gradients along the orbit by
differentiation of the spherical harmonics.
Fig. S3 shows the variations of the thin slabs gradients anomalies amplitude at the center of
the slab, as a function of the slab depth. Masses in the upper part of the lower mantle lead
to large central positive (resp. negative) ZZ (resp. XX, YY) anomalies, always above the
noise level - not larger than a few milliEötvös at 1° resolution - with a maximum sensitivity
above 1600 km depth. Gradients oscillations change sign when the slab reaches the upper
mantle, and their tripole shape delineates more and more closely the slab borders as depth
decreases. Fig. S4 shows the variations of the spherical cap gradients anomalies amplitude
at the center of the cap, as a function of the cap depth. Above 1700 km depth, the cap
geometry is resolved and large oscillations appear at its edges and dominate the gradient
signal. If the cap is not too wide, these oscillations constructively interfere at its center.
Below this depth, the pattern of anomaly is made of one smooth lobe, clearly detectable at
the level of precision of the observed gravity gradients. This is the reason why, contrary to
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the geoid, wide, smooth gradient variations can only be attributed to deep sources. In our
tests, 4000 km wide caps are detected up to at least 2500 km depth. Note that the nonspherical geometry of orbits leads to an asymmetry in the gradients patterns.

Fig. S3: Gradients sensitivity to subducted slab elements. Graphs of the amplitude, at the GOCE altitude, of
the XX, YY and ZZ gravity gradients of 4500 km long and 200 km thick parallelepiped slabs elements parallel
to the present-day North American subduction, calculated up to the spherical harmonics degree/order 75 at the
point of coordinates (40°N, 235°W) above the center of the slab, as a function of the depth of the slab element
center below Earth’s surface. The slab elements are shown on the lower left map. Solid curves: case of a 100km wide slab, with amplitudes given by the black abscissa line; dashed curves: case of a 400-km wide slab,
with amplitudes given by the grey abscissa line. The transition zone between the upper and lower mantle is
delimited by the light gray area. The spatial shape of the associated gradients is represented by maps on the
right side, for 100-km wide slab elements at 400, 800 and 2500 km depths. Spatial shapes for the 400-km
wide slabs are very similar and thus not shown here.
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Fig. S4: Graphs of the amplitude at the
GOCE altitude of the XX, YY and ZZ gravity
gradients of 200-km thick spherical cap
mass anomalies, centered at the point of
coordinates (45°N, 95°W), calculated up to
the spherical harmonics degree/order 75
above the center of the cap, as a function of
the depth of the spherical cap element center
below Earth’s surface. Solid curves: case of
a 6000 km diameter cap; dashed curves:
case of a 4000 km diameter cap. Note that
the values obtained for the XX and YY
profiles are identical. The transition zone
between the upper and lower mantle is
delimited by a light gray area. The spatial
shape of the associated gradients is
represented by maps on the right side, at
2000 and 500 km depths.
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