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Structure of Earth

* Simple models use constant
parameters

= They assume an isotropic spatial
distribution of those parameters

» Reality: strong spatial (and also partly
temporal) variations
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Seismic shear wave velocity perturbations Antarctica

Whitehouse, P., N.Gomez, M.A. King, D. A. Wiens, Solid Earth change and the
evolution of the Antarctic Ice Sheet, Nature Communications, 503, 10,2019
https://doi.org/10.1038/541467-018-08068-y




Structure of Earth

¢ Lithosphere:
oEarth’s crust only in average 20 km thick (~ brittle, elastic plate)
oMinerals; p = 2900 kg m~1
oAsthenosphere (mineral upper part of mantle):
oc;np ~10%'Pas
* Mantle:
oAllin all 2900 km thick; mineral

oAt bottom p = 5700 kg m~1L

* Core (metallic): 6,378 km

~ -1
op = 9400 — 13500 kgm Earth Structure
oOQuter, 3200 km thick liquid core (Mot to Scale)
olnner, 1200 km thick solid core




Structure of Earth
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= Earth has a layer type of structure “ g
* Determined by seismic i i
measurements 3 -
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Fig 7. Upper mantle velocities, density and anisotropic parametes § in PREM. The dashed lines are the horizontal components of
wvelocity, The solid curves are n, o and the vertical, or radial, components of velocity.



Structure of Earth
Layer Layer top Layerbase |Thickness Viscosity Density Young's Poisson's  |Gravitational
(radius, km) (radius, km) |(km) Modulus Ratio Acceleration
Lithosphere 6371 6336 35|1x10M44 3196( 1.8148E+1l 0.4 9.7852
% 6300 35 xI0MES 3
6251 50| 1x10%44
6201 5011x10~18
6141 60] Ix10M18
5871 170|1x 10718
5835 136(1x10%18
5701 134|1x10718
5450 251|1x10°22
4770 BB0|1x10°22
4340 430|1x10°22
3510 430{1x 1022
3480 430{1x10°22

Non-self gravitating

Flat-earth model
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Implementationin &2 Ehne]i‘

« Standard FE linear elasticity: V.1 =0
* Elastic rheology: stress as a function of reversible deformation
« Visco-elastic — Maxwell rheology :

(partly non-reversible) deformation as a function of

viscous and elastic contribution
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Implementation in @ Elmer
« Introduction of visco-elastic stress (Wu z004) or  arg
ot ot e 7 ( )
Ty =111+ 2pe

oAt the same time we introduce pressure I1 to enable incompressibility
« Additional term accounting for restoring force by specific weight gradient (aka. pre-stress advection)
Ver—pgVie.-d)=0

* This is not standard in commercial FE packages, hence needs to be "cheated” around by putting jump-
conditions on inter-layer boundaries (Winkler foundations)

* In Elmer we can include this, which introduces the right boundary condition naturally from the third
term of the weak formulation

f-r{u) e(v)dV —f{ )-vdA— [pg?(e:-u)wd‘."=0.
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GIA benchmark model

« Total width 4oookm
(2000km each side of the
ice load centre)

= Depth —surface to core
(6371 - 3480km)

* Load:
oDisc radius: 5okm (diametre
100km)
oDisc thickness: 100m
olce density: 917 kg/m3
oLoading1oo years,
unloading 100 years

Time: 09 () e—— —



GIA benchmark model




GIA benchmark model —comparison to ABAQUS and TABOO

0 « ABAQUS: FEM model run at
08 constant 25 km horizontal
= resolution
0.2
E 2 « TABOO: post-glacial
§ 04 rebound calculator (Spada et
= al,, 2003) using classical
% 95 Irﬁle!}miﬁouﬁm visco-elastic normal mode
5 08 A% r200km —— method. - .
— olncompressible, non-rotating,
o R AB‘%&%%O“OI;E" 5 self-gravitational
| ’ | | _. . :EAng %mﬁm — oSphericalharmonics degree
12070 w0 6 w0 T 100 120 140 160 180 200 2048 (equivalent to

approximately 10km)



GIA benchmark model — accuracy and performance

m
Elmer/Earth at different spatial and temporal resolutions

mesh 1 8ok ~10 km T T T
o
mesh 2 (half) 40k ~25 km w02}
E
mesh 3 (double) 150k ~5km ?3‘
E
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mesh 1 16 21200 §
relerence run meshl Okm —e—
| / half time-ste Ej’ UE
mesi1 srong) 32 9600 (22 speedcp) 14l o napendt RIS
0 50 100 150 200
mesh 3 (weak) 64 15800 (0.61 scaled time [years]

speedup)




Conclusions

« Developed possibility to account for visco-elastic deformation in linear elasticity
solver of Elmer

* Developed layered flat-earth model based on PREM
* Benchmarked against TABOO and ABAQUS
« No restrictions to resolutions; Mesh refinements

* No restrictions to variability of material parameters (can be declared element-wise)

Outlook

« Elmer/Earth, like EImer/ice shares the code-basis of Elmer, hence can easily be
coupled using residuals of Stoke-solutions (= nodal forces) as load input

« Real world applications will follow (also perhaps visco-elasticity of ice itself)



