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The geoid: the global
horizontal surface
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Earth’s geoid & gravity intensity

Large contributions from
v  the shallower layers

Global quadrupolar
structure of the mantle

At the Earth’s surface, after subtracting a reference ellipsoidal field



GPS - satellites

Gravity mapping from
satellites

GPS - satellites

CHAMP (2000-2010) GRACE (2002- ...)
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\\\\\ - GPS - satellites

* Lower and lower orbits
GOCE: ~250 - 225 km altitude

* Differentiating more and more e
Amplify details



GRACE

Gravity Recovery And Climate Experiment
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GRACE

Gravity Recovery ~And Climate Fxperiment
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GRACE

Gravity Recovery ~And Climate Fxperiment
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GRACE

Gravity Recovery /nd Climate Fxperiment
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A dominant contribution from the
global water cycle within Earth’s fluid envelope
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Aquifer depletion, 2002-2008 e ————— el CrTVyr
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Polar ice caps evolution
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Satellite gravity missions

CHAMP g <
GRACE ¢g(t)

Original objective: high resolution geoid from gravity
gradients and a low orbit.




[ GOCE J Precise orbit

GPS O Gravity field

—

Laser ra nging (wavelengths above 1000 km)

iradiometer Gravity gradients
| ~ 1500 — 80 km waveband
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v Drag compensation
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A rigid
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GOCE gradiometer

3 pairs of highly precise accelerometers

Precision: 1012 m?2s2
Bandwidth: 1500-80 km

Application of electrostatic forces to
keep a proof mass at rest in the
instrument frame (ONERA).

Differences of acceleration between
pairs of accelerometers

l correct for inertial forces

Gravity gradients



Geoid &
dynamic
topography of
the oceans

Binghamyet al. (2011) : dyn. topo. (m) Geostrophic currents (cm/s)

b {e:| : : : WiV

70 - - 12 70 - :
= =] 6
s0 B 15 S _ g o K i
TR T s ‘
R [N A S AT o N
_ v Js N = > /fN - 04
s e St | | o2Z "°
0 L L) ar
g ﬁg’»;-,;—‘» Z——, 00 § - 25
%40 - = Joa . \ - <02 a0 20
b ; 3 2 - =
~ ; ;'//’-J kﬂl’\‘ [ =04
s ) - =06
30 = {1 ; 30
1% \ S) é’:‘ -0.8
5 1 ? - -1.0
20 } C =12 20 e ~
-80 =70 -60 -50 -40 =30 -20 =10 -80 =70 -60 -50 -40 =30 -20 -

Longiluda [E) Longituda [E)



Below the fluid envelope

e 3D mass structure

Intermediate mantle scales?

e Mass displacements

Figure: modified from O. de Viron

Response to stress variations and viscosity

Deformations and dynamic processes not only close to
the surface, but also at depth
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Uncover
Earth dynamics signals,
including deep ones?

A superimposition of patterns at different
scales, locations, and with different shapes

e High accuracy data to detect small signals ’;.;

e Geometric sensitivity over the whole
spectrum to identify sources using shape

e Specific time dependency



Mass variations related to earthquakes

» Displacements of density interfaces
 Variations of density in the volume

@oJpafolgxJ[ely, in the crust

Mantle rocks compression

Gravity
increase

Slip along a fault plane

decrease



2004 Sumatra-Andaman earthquake

Earthquake signal extracted from geoid time series

2004 - 2003

A strong gravity low in the Andaman Sea, probably indicating
a highly deformable lithosphere

Panet et al. (2007)



Large-scale gravity increase after the

earthuae From June 2005 to:
March 2006
September
2007
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GRACE senses the visco-elastic relaxation of the upper mantle

Panet et al. (2010)



Mantle viscosity

Starting from a GPS -
based visco-elastic
relaxation model

M., ~ 10° Pa.s

A lower viscosity is
needed to also

explain the GRACE
signal

Transient viscosity Steady-state viscosity n,

Lithosphere
)
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~ A
e 3D mass structure

Intermediate mantle scales? ,
\_ y,

Figure: oified from O. de Viron

Density: a key parameter to model mantle flows

Can we resolve sources while probing at depth?
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Mass excess: locally, the gravitational attraction increases
and its direction deviates towards the mass anomaly



Gradients tensor
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Geometry of masses
High resolution

Gravity
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Thin and deep or Wide and shallow?

the potential via its curvature



! Gradient anomalies
at GOCE altitude

e Hydrostatic self-gravitating
equilibrium of a rotating o~
spheroid LN
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Geometry and velocity of plates:
reconstruction over 200 Myr
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v=40.10""PFa.s Earth model with 4
v/4
layers
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+ Deep convective instabilities: spherical caps where + 80 kg.m'3

slow seismic velocities (SW24B16, Mégnin &
Romanowicz, 2000) are found - CMB to 2000 km depth.
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What layers are probed and how?

— Sensitivity analysis,
example of slab elements

Density contrast:
+80 kg.m™




viscosity (Pa.s

Slab elements! |
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Ogservea Modelled

Paths of
. subducted slabs
& obliquity

7 ® Sinking in the upper
part of the lower
mantle

- ® Stalling at the base
| of the upper mantle

¥ ® Accumulating
deeper in the lower
mantle
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Seismic velocities
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High resolution from gravity

Complements the structure given by seismology

Seismic velocities
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Why do we detect so clearly the lower
mantle contribution?

Strong sensitivity in the upper part of the lower mantle

Stability of almost North-South
subductions around the Pacific over 250
M yr — the downwellings directionality
coincides with that of the grad/ents
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al. (2003) e \\“WHWM
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Lithosphere signal A lot of mass, not too much
reduced: strong sensitivity attenuation at satellite altitude

to isostasy



Outlooks

e Description of mass (re-)distribution(s) within a planet.

e High accuracy satellite data and pattern recognition-
type of techniques allow to probe mass variations not
only close to the surface, but also much deeper.

e At faster time scales, there is not only water!
Rheology of the upper mantle
Stress accumulation and release at plate boundaries
New possibilities to study core dynamics



Outlooks

e At geological time scales: beyond the contribution of
the lithosphere, new insights on the deeper mantle mass
structure due to subduction.

¢ A new tool to decipher Earth’s thermal and chemical
structure and evolution

¢+ Combination with other observables possible due to
their geometric consistency

e Use vectorial gravity to describe other convective
instabilities (upwellings), at geological time scales... and why
not also consider faster time scales!



