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Beyond Elmer/Ice
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Groundwater/permafrost model
Visco-elastic earth model

Ice-ocean coupler (FISOC)
Coupler to DEM 
(HiDEM)
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Viscoelastic earth model
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• Lithosphere:

o Earth’s crust only in average 20 km thick (~ brittle, elastic plate)

o Minerals; 𝜌 ≈ 2900 kg m−1

o Asthenosphere (mineral upper part of mantle):

o 𝑐; 𝜂 ≈ 1019… 1021Pa s

• Mantle:

o All in all 2900 km thick; mineral

o At bottom 𝜌 ≈ 5700 kg m−1

• Core (metallic):

o 𝜌 ≈ 9400 ⟼ 13500 kg m−1

o Outer, 3200 km thick liquid core

o Inner, 1200 km thick solid core

Structure of Earth

Picture taken from 
http://www.sfu.ca/geog/geog351fall06/group06/Image/Earthquake/EQ%20Picture
s/earth_structure.jpg
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• Earth has a layer type of 

structure

• Determined by seismic 

measurements

• PREM (Preliminary 

Reference Earth Model)  

Structure of Earth
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Layer
Layer top 

(radius, km)

Layer base 

(radius, km)

Thickness 

(km)
Viscosity Density

Young's 

Modulus

Poisson's 

Ratio

Gravitational 

Acceleration

Lithosphere 6371 6336 35 1x10^44 3196 1.8148E+11 0.4 9.7852

Lithosphere 6336 6301 35 1x10^44 3196 1.8148E+11 0.4 9.7852

Lithosphere 6301 6251 50 1x10^44 3196 1.8148E+11 0.4 9.7852

Upper Mantle 6251 6201 50 1x10^18 3439 2.1901E+11 0.4 9.8367

Upper Mantle 6201 6141 60 1x10^18 3439 2.1901E+11 0.4 9.8367

Upper Mantle 6141 5971 170 1x10^18 3439 2.1901E+11 0.4 9.8367

Upper Mantle 5971 5835 136 1x10^18 3882 3.2393E+11 0.4 9.9349

Upper Mantle 5835 5701 134 1x10^18 3882 3.2393E+11 0.4 9.9349

Lower Mantle 5701 5450 251 1x10^22 4527 5.3663E+11 0.4 9.9799

Lower Mantle 5450 4770 680 1x10^22 4527 5.3663E+11 0.4 9.9799

Lower Mantle 4770 4340 430 1x10^22 5074 7.2010E+11 0.4 9.9108

Lower Mantle 4340 3910 430 1x10^22 5074 7.2010E+11 0.4 9.9108

Lower Mantle 3910 3480 430 1x10^22 5074 7.2010E+11 0.4 9.9108

Structure of Earth

Non-self gravitating Flat-earth model
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Implementation in 

• Standard FE linear elasticity:

• 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 By Pekaje at English Wikipedia - Transferred from en.wikipedia to 
Commons., Public Domain
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Implementation in 

• Introduction of visco-elastic stress (Wu 2004)

oAt the same time we introduce  pressure Π to enable incompressibility 

• Additional term accounting for restoring force by specific weight gradient (aka. 

pre-stress advection)

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

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

𝜕𝝉

𝜕𝑡
=

𝜕𝝉0

𝜕𝑡
+

𝜇

𝜂
(𝝉 − Π𝟏)

(Maxwell time)-1
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• Total width 4000km (2000km 

each side of the ice load 

centre)

• Depth – surface to core (6371 

– 3480km)

• Load: 

oDisc radius: 50km (diametre
100km)

oDisc thickness: 100m

oIce density: 917 kg/m3

oLoading 100 years, unloading 100 
years

GIA benchmark model
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Zwinger, T., Nield, G. A., Ruokolainen, J., and King, M. A., 

2020. A new open-source viscoelastic solid earth

deformation module implemented in Elmer (v8.4), Geosci. 

Model Dev., 14, 1155–1164, doi:10.5194/gmd-13-1155-2020

https://doi.org/10.5194/gmd-13-1155-2020


GIA benchmark model
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• ABAQUS: FEM model run at 

constant 25 km horizontal 

resolution

• TABOO: post-glacial rebound 

calculator (Spada et al., 2003) 

using classical visco-elastic 

normal mode method. 

oIncompressible, non-rotating, 
self-gravitational

oSpherical harmonics degree 2048 
(equivalent to approximately 
10km)

GIA benchmark model – comparison to ABAQUS and TABOO
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GIA benchmark model – accuracy and performance

name elements min hor. res.

mesh 1 80k ~10 km

mesh 2 (half) 40k ~25 km

mesh 3 (double) 150k ~5 km 

name partitions time [s]

mesh 1 16 21 200

mesh 1 (strong ) 32 9600 (2.2 speedup)

mesh 3 (weak) 64 15800 (0.61 scaled 
speedup)

Elmer Webinar, Dec. 202114

Simple 2D/2layer testcase in source code: 
elmerfem/fem/tests/elmer_earth_2d_2layer/



• Imposing ice sheet with a Bueler

profile 

• 5 kyr advance from 0-300km (1500 m 

thickness)

• 5 kyr retreat

• 2 layer model (crust 12 km + mantle 

600 km)

Coupled to ice sheet
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𝜂𝑙 = 1044 𝑃𝑎 𝑠, 𝐸𝑙 = 1.84 × 1011 𝑃𝑎, 𝜌𝑙 = 3234 𝑘𝑔 𝑚−3

𝜂𝑎 = 1019 𝑃𝑎 𝑠, 𝐸𝑎 = 1.99 × 1011 𝑃𝑎, 𝜌𝑎 = 3367 𝑘𝑔 𝑚−3

g𝑎 = 9.94 𝑚 𝑠−2

g𝑙 = 9.99 𝑚 𝑠−2g𝑖 = 9.81 𝑚 𝑠−2



Coupled to ice sheet

𝜕𝝉

𝜕𝑡
=

𝜕𝝉0

𝜕𝑡
+

𝜇

𝜂
(𝝉 − Π𝟏)

−𝜌𝑔∇(𝑒𝑧 ⋅ 𝒅)
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Coupled to ice sheet

• Add-on functionality to existing linear 

elasticity solver (StressSolve)

• Incompressibility expects deformations + 

pressure DOF

• Best strategy for stabilization: p:2 (p:1)

Elmer Webinar, Dec. 202117



Coupled to ice sheet
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Coupled to ice sheet

Elmer Webinar, Dec. 202119

From Thoma
and Wolf, 1999

Remaining deformation after deglaciation



Coupled to ice sheet
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Coupled to ice sheet
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Far-field 
condition too 
close



Coupled to ice sheet
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Far-field 
condition too 
close



Testcase to be found under GitHub: tzwinger/GIA-2Dtest
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Groundwater-permafrost model
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Groundwater-permafrost model

• This is still under 

heavy 

development

• Currently, special 

branch 

permafrost-

devel in the 

GitHub repository 

is assigned to it

Elmer Webinar, Dec. 202125



Permafrost model

• Implemented in the open-source software Elmer

o Finite Element Method (standard Galerkin, plan for mixed elem.)

o Easily coupled with Elmer/Ice ice-sheet simulation

o Extra module with about 7000 lines of code

o Main motivation: MPI/OpenMP parallelism (up to 1000's of cores)

• Each physical problem implemented in separate module

o Fixed-point iterations on all other variables

o Assumption of saturated aquifer

• Residual free bubbles for stabilization in case of advection

o Potential to vectorise algorithm 

• Dependent material parameters evaluated at IP's

o Needed for accuracy

• p-elements of different orders

Heat transfer

Groundwater 
transport

Solute 
transport

Bedrock 
deformation

Elmer Webinar, Dec. 202126



Permafrost model

Heat transfer

Groundwater 
transport Salinity transport

Bedrock deformation

Advection velocity, 
Melting point

Brine water 
density

Melting 
point

solubility

Temperature,
phase

Pore 
pressure

Porosity, 
deformati
on

Porosity, 
deformation

Ice-
sheet 
model

Effective 
pressure

Water 
source

Ice load

Heat 
flux

ELMER
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Permafrost model

• Advection/Diffusion(/Reaction) type of equation

• High level of mutual dependencies (direct/indirect)

Heat transfer
Groundwater 

transport
Solute 

transport

Bedrock 
deformation

Diffusion

Advection Diffusion

Elmer Webinar, Dec. 202128



Validation of single components

Coupled  groundwater flow (after McKenzie at al., 2007)

Heat transfer

Groundwater 
transport

Elmer Webinar, Dec. 202129

Simplified version of this experiment in source code: elmerfem/elmerice/Tests/Permafrost_Frozenwall



Validation of single components

Groundwater 
transport

Salinity 
transport

Elder Problem (Voss and Souza, 1987): salinity transport in porous medium

Elmer Webinar, Dec. 202130



• Rhine Glacier simulation

• Flow-line along main branch

• Highly complex geology

Nuclear waste repository safety assessment: Rhine Glacier

Elmer Webinar, Dec. 202131



Nuclear waste repository safety assessment: Rhine Glacier
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surface        production

• Coupling of solver "of 

same kind" (e.g. Stokes 

and lin. Elasticity; HTEQ in 

ice and permafrost)

• Either Dirichlet-Neumann 

or Robin-Neumann

• Elegantly using residual as 

load

• Can also include surface 

production term

Coupling of ice-sheet to permafrost

Elmer Webinar, Dec. 2021

𝑇𝑙 = 𝑇𝑢
or 𝑞⊥ =
𝛼(𝑇𝑙 - 𝑇𝑢)

Load𝑢
= 𝑅𝑙

lower: 𝑇𝑙

upper: 𝑇𝑢

𝑅stokes ⋅ 𝑢ice

33



Coupling of ice-sheet to permafrost
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• Need to know future possible 

permafrost situation

• Development of high-fidelity 

groundwater/permafrost model

• 10x10x10 km3 geological model 

around Olkiluoto – 30 m3 

resolution

• Outlook: include effects of 

approaching ice-sheet margin

Nuclear waste repository safety assessment: Olkiluoto

Elmer Webinar, Dec. 202135



Nuclear waste repository safety assessment: Olkiluoto
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Source: Posiva.

• Need to know future possible 

permafrost situation

• Development of high-fidelity 

groundwater/permafrost model

• 10x10x10 km3 geological model 

around Olkiluoto – 30 m3 

resolution

• Outlook: include effects of 

approaching ice-sheet margin



Nuclear waste repository safety assessment: Olkiluoto
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Nuclear waste repository safety assessment: Olkiluoto
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Nuclear waste repository safety assessment: Olkiluoto
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Nuclear waste repository safety assessment: Olkiluoto
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Nuclear waste repository safety assessment: Olkiluoto
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Richards equation for partly saturated aquifer (van Genuchten)
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See Model 69 in Elmer 
Models Manual
https://www.nic.funet.fi/p
ub/sci/physics/elmer/doc/
ElmerModelsManual.pdf



facebook.com/CSCfi

twitter.com/CSCfi

youtube.com/CSCfi

linkedin.com/company/csc---it-center-for-science

Kuvat CSC:n arkisto, Adobe Stock ja Thinkstock

github.com/CSCfi



Additional material



Permafrost model

• Heat Transfer:

• Groundwater flow:

• Solute transport:
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Permafrost model

• Heat flux:

• Groundwater flux:

• Solute flux:

• Elasticity tensor:
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Permafrost model

• Phase change: Frozen water content [0,1] 



Validation of single components

Stefan Problem: freezing/thawing front in water column

Heat 
transfer


