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Beyond Elmer/ice

Coupler to DEM
(HiDEM)

Ice thickness, m
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Structure of Earth

* Lithosphere:
o Earth’s crust only in average 20 km thick (~ brittle, elastic plate)
o Minerals; p = 2900 kg m~1
o Asthenosphere (mineral upper part of mantle):
o ¢;n =~ 109 ... 10?'Pas

* Mantle:
o Allin all 2900 km thick; mineral

o At bottom p = 5700 kg m~1

* Core (metallic): 6,378 km

o p ~ 9400 — 13500 kgm~1 Earth Structure
o Outer, 3200 km thick liquid core (Not to Scale)

o Inner, 1200 km thick solid core
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Structure of Earth
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Fig. 7. Upper mantle velocities, density and anisotropic parameter 1 in PREM. The dashed lines are the horizontal components of
velocity. The solid curves are 3, p and the vertical, or radial, components of velocity.
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Structure of Earth

Layer Layer top Layer base |Thickness Viscosity Density Young's Poisson's  |Gravitational
(radius, km) (radius, km) |(km) Modulus Ratio Acceleration
Lithosphere 6371 6336 35|1x10744 3196 1.8148E+11 0.4 9.7852
Lithosphere 6336 6301 35(1x10744 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(1x10718 3439( 2.1901E+11 0.4 9.8367
Upper Mantle 6201 6141 60(1x10718 3439( 2.1901E+11 0.4 9.8367
Upper Mantle 6141 5971 170|1x10718 3439( 2.1901E+11 0.4 9.8367
Upper Mantle 5971 5835 136/1x10718 3882( 3.2393E+11 0.4 9.9349
Upper Mantle 5835 5701 134|1x10718 3882 3.2393E+11 0.4 9.9349
Lower Mantle 5701 5450 251|1x10722 4527| 5.3663E+11 0.4 9.9799
Lower Mantle 5450 4770 680(1x10122 4527| 5.3663E+11 0.4 9.9799
Lower Mantle 4770 4340 430(1x10722 5074 7.2010E+11 0.4 9.9108
Lower Mantle 4340 3910 430|1x10722 5074 7.2010E+11 0.4 9.9108
Lower Mantle 3910 3480 430[1x10722 5074 7.2010E+11 0.4 9.9108

Non-self gravitating Flat-earth model

Elmer Webinar, Dec. 2021




Implementationin €3 Elmer

* Standard FE linear elasticity: v.r =0

* Elastic rheology: stress as a function of
reversible deformation

* Visco-elastic — Maxwell rheology :

(partly non-reversible) deformation as a
function of n E

——

O /585000 \—0O

viscous and elastic

contribution
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Implementationin €3 Elmer

ot _ 01 l',u\
* Introduction of visco-elastic stress (Wu 2004) at ot -H‘;,(T — 1)
<~/
7o =111+ 2pe

oAt the same time we introduce pressure II to enable incompressibility (I\/\axwell time)‘1

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

pre-stress advection)
V-1t —pgVie.-d)=0

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

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

ﬂ/ r(u) - e(v)dv —i{ﬂu) n)-vdA— Q] pg¥ (e -u) - wdV =0,
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GIA benchmark model

 Total width 4000km (2000km
each side of the ice load
centre) sowon

Y Axis O

» Depth —surface to core (6371 ==

1.56+6

—3480km)
* Load: s ’ ‘ Time: 99 (q) e o
oDisc radius: sokm (diametre
100km)
oDisc thickness: 100m 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.
oLoading 100 years, unloading 100 Model Dev., 14, 1155-1164, doi:10.5194/gmd-13-1155-2020
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olce density: 917 kg/m3



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

GIA benchmark model

12

Time:

1 years
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GIA benchmark model — comparison to ABAQUS and TABOO

b2 ' T T T ' * 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.

vertical displacment [m)]

0 20 40 60 8 100 120 140 160 180 200 olncompressible, non-rotating,
time [years] . .
self-gravitational

oSpherical harmonics degree 2048
(equivalent to approximately
10km)
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GIA benchmark model - accuracy and performance

mesh 1 8ok ~10 km
mesh 2 (half) 40k ~25km
mesh 3 (double) 150k ~5 km
mesh1 16 21200

mesh 1 (strong) 32 9600 (2.2 speedup)

mesh 3 (weak) 64 15800 (0.61 scaled

speedup)
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vertical displacement [m)]

Elmer/Earth at different spatial and temporal resolutions
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Simple 2D/2layer testcase in source code:

150

elmerfem/fem/tests/elmer earth 2d 2layer/

200




Coupled to ice sheet

* Imposing ice sheet with a Bueler

profile :
* 5 kyr advance from o-300km (1500 m
thickness) m = 10* Pas, E; = 1.84 x 10'* Pa, p; = 3234 kg m~3

Ne = 10*° Pa s, E, = 1.99 x 10! Pa, p, = 3367 kgm™3

* 5 kyr retreat 6. =994m s

* 2 layer model (crust 12 km + mantle
600 km)
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Coupled to ice sheet

Material 1
Body Force 1

Name =

HName =

Density = Real
End = - Flow BodyForce 1

Flow BodyForce 2

Material 2 End

Density = o= ( . )
Damping = Real 0. Body Force 2 _%)'g)v eZ d

Youngs Modulus Stress BodyForce 1
Stress BodyForce 2
Gravitational Prestress Adyéction Logical True
GFA Coeff = Real

End

Viscosity =
Poisson Ratio =
End

Material 3 Body Force 3
Density = Stress BodyForce 1
Damping = Real 0.( S5tress BodyForce 2
Youngs Modulus Gravitational Prestress
Viscosity = GFA Coeff = Real
Poisson Ratioc = Real 0.49 End

End
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T+

CcscC

Coupled to ice sheet

* Add-on functionality to existing linear
elasticity solver (StressSolve)

* Incompressibility expects deformations +
pressure DOF

* Best strateqgy for stabilization: p:2 (p:1)
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Coupled to ice sheet
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Coupled to ice sheet

19

-1.4e+00 -1
[ [

Remaining deformation after deglaciation
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Coupled to ice sheet
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Coupled to ice sheet

Far-field
condition too
ve_stress 4 CIOSe

-1.5e+07 -le+7 -be+b 8.5e+06

| | | | _I
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Coupled to ice sheet

Far-field
condition too
close

ve_siress 2
-4.7e+06 0 S5e+é

' | —
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Testcase to be found under GitHub: tzwinger/GIA-2Dtest

O Search or jump to. Pull requests Issues Marketplace Explore

Unwatch 1 ~

Go to file Add file ~ Code ~ About

Simple test
O3 earth model with img

Releases
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Groundwater-permafrost model




Groundwater-permafrost model

O Search or jump to... / Pull requests Issues Marketplace Explore

* This is still under

h e a Vy <> Code Issues ' 26 Pull requests ' 5 Discussions Actions Projects ' 4

development

permafrost-dev... ~ o Go to file

* Currently, special i branch 29 comis s 232 s b devel
branch I —
permafrost- HdGU‘
devel in the o
GitHub repository N

is assigned to it ReeaseNotes

ci

ElmerGUItester

cmake

contrih
b
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Add file ~

Unwatch 96

Code ~

- Fork 210 % Starred 620

Security Insights Settings

About

Official git repository of Elmer FEM
software
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Permafrost model

Implemented in the open-source software Elmer
o Finite Element Method (standard Galerkin, plan for mixed elem.)
o Easily coupled with EImer/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
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transport

Bedrock
deformation




Permafrost model

I leEIsil Bedrock deformation
m Heat transfer
Temperature,
hase
Heat " solubilit
flux Pore y
ﬁ pressure Melting
point
\s/\c/)atri; Advection velocity,
u . .
Groundwater elting point
ﬁ transport
Effective
ress i
p ure 2% Brlng water
W2 ELMER density
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Permafrost model

 Advection/Diffusion(/Reaction) type of equation

Heat transfer

Advection Diffusion

Groundwater
0 . ar
transport Ci% (% + v, 'gradp) +div (ngng) + Cg&; (E +v,-gradT | +
+Chr (% + v, -g,'radyc)ir div [n (0c — ow) J{]fcg‘{; (% + v, - grad 11) = Sew.

Bedrock

DiffusionJdg, = — (K% - grad p — Kew - 0gwg + Kby, - grad T) . :
deformation

* High level of mutual dependencies (direct/indirect)

Balance of energy (3.1)

1 T-T) 1
Ow = Ow0 €Xp {’QWD(}) —po) — owo(T — To) (aaw,o + Sawl == + g% (

P (T2 Lo (T s (T2 1))+
%3 T 5 Fawd T g lawd Ty

+Gwd (Xw — Xw0) (bgw,o + %bgw,l (3w — Xwﬂ))] . (A5

T—Tp\?
Ty

CH (3.13)
BT (3.14)
Che (3.15)

Mass balance of
sroundwater (3.11)

Mass balance of
solutes (3.20)

JE (3.21)
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Validation of single components

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

Initial T everywhere = 5 °C

Groundwater
transport

3

|\|ll|}|\!| |1|H|‘-xh|1| | 150 I
e — Heat transfer

268 |e+02 271 273 276 2.782e4+02

Simplified version of this experiment in source code: elmerfem/elmerice/Tests/Permafrost Frozenwall
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Validation of single components

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

_ Groundwater
relacl I‘||1’y
: . 0100 transport
I::[: : 0.74778 ‘
1: JI:: ft].}’ﬂ‘)‘)‘} e e
: Salinity
=(0XX0 100
transport

Time: 0.1 years
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Nuclear waste repository safety assessment: Rhine Glacier

* Rhine Glacier simulation

Time: 0,000000 years

* Flow-line along main branch

* Highly complex geology

nagra,
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Ice speed (ma~1)

Q 100 200 300 400 500
—— ' mmesmmms Nagra
_ ®
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Coupling of ice-sheet to permafrost

upper: Ty,

* Coupling of solver "of
same kind" (e.g. Stokes WW
and lin. Elasticity; HTEQ in /W\/\O T, =T,
ice and permafrost) Load,, S“ga“*'f’[jd”‘“"” or q, =
SLO G SR RS

 Either Dirichlet-Neumann 0\/“\/\/“\/0
or Robin-Neumann /\/\/\/\

lower: T

* Elegantly using residual as
load

* Can also include surface
production term
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Coupling of ice-sheet to permafrost
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CcscC

Nuclear waste repository safety assessment: Olkiluoto

* Need to know future possible

Flux Magnitude . < permafrost situation

* Development of high-fidelity
groundwater/permafrost model

o1
) I Tor 4

1o 14
3 70-18

* 10x10x10 km3 geological model
around Olkiluoto — 30 m3
resolution

e Qutlook: include effects of

POS!\IU {3 Elmer approachingice-sheet margin
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l Glabal leader
infina’ disposal

CcscC

Nuclear waste repository safety assessment: Olkiluoto

* Need to know future possible
permafrost situation

* Development of high-fidelity
groundwater/permafrost model

* 10x10x10 km3 geological model
around Olkiluoto — 30 m3
resolution

Source: Posiva.

* Outlook: include effects of
approaching ice-sheet margin
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Posiva ——

Nuclear waste repository safety assessment: Olkiluoto fi,

o
z(m)

Figure 3: North-western corner of finite e lement m esh s howing regular 30 m x 30 m x
30 m discretization in the crystalline bedrock down to z = —2010 m, coarser

discretization below (bottom right corner of figure), d iscretization i n t he soil layers.
Horizontal discretization is uniform at. 30 m x 30 m.

Figure 2: Three-dimensional model domain showing finite element mesh discretization.
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Posiva

Global leader

Nuclear waste repository safety assessment: Olkiluoto J
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Figure 10: Time series of monthly averaged and mean annual (MAAT) 2-meter air temper-

ature for RCP4.5 Minimum Sea Level Scenario. Also indicated are the two cold phases,
Cold Phase 1 and Cold Phase 2, identified by a MAAT less than zero degree Celsius.
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Posiva

Global leader

Nuclear waste repository safety assessment: Olkiluoto
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Figure 20: Evolution of (top) temperature and (bottom) unfrozen water content (x) at site 10 0 10 20 30
1 (see Figure 19), EPSG:2391 coordinate 1,526,385 m, 6,792,340 m. Temperature (°C)
Figure 25: Vertical temperature profile for site 3 down to a depth of 1500 m at various

times during the simulation.
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Posiva ——

Nuclear waste repository safety assessment: Olkiluoto e

Figure 45: Three dimensional block view at AD 45,021 before permafrost development of
isosurface y. = 2.0 g L' showing groundwater flow vectors along (a) isosurface and (b)
three vertical cross sections. Isosurface is colored according to vertical groundwater

Sflux.
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Posiva ——

Glabal leader
infina’ disposal

Nuclear waste repository safety assessment: Olkiluoto

c O & posivafi L (3
Zy Zimbra Web Client. newsORF.at ST derStandard.at Garmin Connect @ Wilma - Espoon ka. Weather Forecast Ki. 3 Helsinki Testbed @ limatieteen laitos SpotifyWeb [ CSC @B Eimer W UoH
Company v  Final disposal v  Responsibility v  Career v News Media v  Partners v ( Posiva Solutions

Rep e Publishing date
& v
Show 24 ¥  Name Fie size Fi P IF e
Posiva
Working Report 2021-14
e Modeling Permafrost ion at Olki for the Next 120 000 Years
Open
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CcscC

Richards equation for partly saturated aquifer (van Genuchten)

richards flux Magnitude
10e02 0090.102 05 1 2 5 1020 50100 4.0e+02
| (ARt UL |

See Model 69 in Elmer
Models Manual
https://www.nic.funet.fi/p
ub/sci/physics/elmer/doc/
ElmerModelsManual.pdf
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CScC

facebook.com/CSCfi
twitter.com/CSCfi
youtube.com/CSCfi

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

OB 00D

github.com/CSCfi

Kuvat CSC:n arkisto, Adobe Stock ja Thinkstock



Additional material




Permafrost model (T,p. Ye:m)
° Heat Tra nSfe I: CgT (%_i; + o, gde) 4 C;;?gradT . J?W +ding+
+Cg” (% + v, -gradp) + C'gy‘ (%—f + v, -gradyc) = Sg

ng (% + v, -gradp) +div (gnggDW) +C§3: (% + v, -g,TadT) +

. [ O, . o1
+ Cg‘ (é_tc + v, -gTadyc) + div [n(gc — Ow) Jg] - Cg;’vl (El + U, grad[l) = Sew.

* Groundwater flow:

v (0 /\
e (i + v. -gTadyC) +div ('};CQCJEW) +div (ngch) +

¢ ot
+ C;FT (%—T + v, - grad T) + 2P (% + v, -gradp) =5
* Solute transport: ~aiv (0~ p1) = ag.

ot = Cg:e—Pg(T—Th)
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Permafrost model

* Heat flux: I = -K&" - gradT
ng = — (Kgﬁ. -gradp — Kew - 0owg + Kg?; : gradT) .

* Groundwater flux:
J(lj = - (K.é’c.)’c : gradyc - KC ' fc .Yc)

¢ SOlUte ﬂUXZ 1-ve g va 0 0 0
ve l-wva vg 0 0 0
. . ww Eqg Vg VG 1—vg 0 0 0
* Elasticity tensor: K = s | 0 o0 o 2w o o
0 0 0 0o oo
1-2ug
0 0 0 0 0 2”
Eso
Bg = (1-n)7——+n(l - x)E.
]
vg = (1 —nmvso +n(1 — x)u.
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Permafrost model

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

X = xX(T.p.ve.m)

Ue=x Xe.

- X (m3/1113)




Validation of single components

i Temperature distribution over helgh
Time: 0.300000 hours P 2

Heat

transfer

0 01 02 03 04 05 06 07 08 09 1 m
Helght (m)

Stefan Problem: freezing/thawing front in water column




