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Loading Subsidence image by Dr. Volker Klemann,
GFZ
GIA 1s the
response of the Elastic/flexure Lithosphere
Earth to changes Viscous
. : Mantle
in loadlng, / « . flow
during a glacial Rebound
cycle.
Lithosphere
/ T 0 \ Mantle
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GIA modelling: Why?

C : Study the effect of the
onstrain GIA-Induced stress on:
mantle e seismicity,
VISCOSITY e magma production,

To remove the GIA °
signal from

deformation signals

due to other causes.

magma reservoir
instability

magma propagation
sea level changes

..and more
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Earth model

\ GIA model Ice history

Observational data
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Elastic behaviour:

instantaneous
response

mechanical
analogue:
spring

Glacial Isostatic Adjustment

Rheology

flow

the study of

Viscous
behaviour:
delayed response

mechanical
analogue:
damper

Viscosity

U,




Lower mantle Mesosphere

Gutenberg
discontinuity

Compositional Rheological
layers layers

Glacial Isostatic Adjustment



NIVERSITY

;ﬁj\ F ICELAND

X
N

ocC

The rheology
Elastic Viscoelastic (Maxwellian)
1 . O o
€ij = 77103 (1 +v) — v0ijo5 é =
n L
e = strain o = stress
e = strain rate E = Young’s modulus

v = Poisson’s ratio 1 = viscosity _IVVV\,
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Greenland

Kolbeinsey

An interesting il 3 L~ [
rheological setting " ST

lg,éléqd Pla '_;au

Q Islands

e Mantle viscosity < 10" Pa s,

(Sigmundsson et al 1991)
Reykjanes

e Thin lithosphere ftaes

(10-40 km)

® Ong01n g de g-l a C]. atlon """" Andrew Ruth & Gudmundsson, Agust. (2008). Famy

=== Mid Ocean Rift axis Mantle Plume position N
Neovolcanic Zone Land masses ]E
0

*

Fault zones
| 500km |
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Greenland
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e Mantle viscosity < 10'° Pa s, 7 -

(Sigmundsson et al 1991)

Reykjélfnes
{,Ridge

e Thin lithosphere
(10-40 km)

British Isles
R "'Andrew, Ruth & Gudmundsson, Agust. (2008).

=== Mid Ocean Rift axis *  Mantle Plume position N
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An interesting ~
rheological setting

Vatnajokull is

e Ongoing deglaciation | thelargest
glacier in
Europe
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= 4 Drangajskull; glaciers of
Iceland
o Bl Prandarjokull
Snafellsjokull T #\"
! : Vatnajijkull Hofsjokull Eystri
z % "ﬁ? raefa;okul
< y _
& indfjallajokul m E3 Modified
from:
o 100km B L Myrdalsjokull Belart et al
Eyjafjallajokull‘" (2020).
24°W T 20°W 16°W i3
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A GIA FE model for Iceland  continuationof ~ muLTIPRYE CE-
the model by

Schmidt 2012
The Earth model (Abaqus)
e Flat Earth approximation ]
e One dimensional The ice
e Elastic + viscoelastic D ‘
e Linear rheology (Maxwellian) g MAE
. e e % Drangajokull *
e Material compressibility v -
e Spring foundations
e 600x400 km + expansion area
: / Base of the lithosphere: Snefellsjgkul
Elastic layers between 10 and 45 km
Parameters | [
1 viscoelastic T we vary in
halfspace = the model 0 100 km = My’lrdalsjékull
Viscosity: Eyjafiallajokull ~coaB®
1-10x10® Pa s 24°W T20°W 16°W
o Belart, Joaquin M.C. & Magnusson, Eyjolfur & Berthier, Etienne & Gunnlaugsson, Agﬁst & Palsson, Finnur &
400 Adalgeirsdottir, Gudfinna & Jéhannesson, Témas & Thorsteinsson, Thorsteinn & Bjérnsson, Helgi. (2020). Mass
o 55 Balance of 14 Icelandic Glaciers, 1945-2017: Spatial Variations and Links With Climate. Frontiers in Earth Science. 8.
10.3389/feart.2020.00163. 14
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Annual mass change |Gt]

Ice Load History

G. Adalgeirsdottir et al 2020, expanded by E. Magnusson

5.0 0
25 -75
0.0 -150
-25 -225
-5.0 -300
=75 | — All glaciers - -375
Vatnajokull
-10.0 { === Langjokull - —450
— Hofsjokull

125 o Myrdalsjokull I -525

Eyjafjallajokull
-15.0 T r T T r r -600

1890 1910 1930 1950 1970 1990 2010 2023
yr

The ice-load history of Vatnajokull from 2010 to 2023 features
spatial resolution.

total mass change [Gt]
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66.58

35
Model output _ ,
Chi-square statistics and data %
65.69 =
= 252
7 comparison =
x2=_1 5 model —observable P 025 20%
fi—in uncertainty 159
Combined dataset S S
195
0
-8.7
m
& 7.9 5
0
T 71 66.14
= o 4t
X 635 Best-fit 0509 £
2 g . E
g 552  model: £65.25 35
o ©  Elastic 8 64.80 8
> 47 thickness: = >
9 S 64.36 28
= 3.9 30 km - &
© . . - E
s - Viscosity: 63.91 ; ¥
B v 18 - ”
4x10™ Pas 63.47 : 8 N
1 T T T T T —2.3 o N
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Annual mass change [Gt]
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Magma volumes of past eruptions

(J. Belart, personal communication) Barsotti et al (2020) bordarson et al (1992)

: : Holuhraun ' '
Svartsengi eruptions, Laki eruption,

e Reykjanes Peninsula (ol ey Grimsvotn
Bardarbunga
When: (Decembgggg)B - April (2014-2015) (1783 -1784)
Lava volume (Bulk): ~0.21 km? ~1.44 km? ~15 km3

é Magma generated h

melting (1890-2023):

?
. e | Magma erupt:

through decompression When and Where Wll]_ thls
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64.8 |

Future work

64.6 |

64.4

64.2

64 | - )
//l Vegagerdin

-18 -17.5 -17 -165 -16 -15.5 -18 -17.5 -17 -16.5 -16 -15.5
From Schmidt et al., 2020. Vatnajokull's =
outlines for climate scenarios RCP 4.5 (a) and pan DR
RCP 8.5 (b). Es
For RCP 4.5: — -
Volume decrease by 2300: 31-64% .
Area loss by 2300: 13-37% N W
For RCP 8-5: Olafsiik Wj::wwmm'E‘ (& R|negcRe°22 Ic
Volume decrease by 2300: 51-94% Area @ foe >

decrease by 2300: 24-80%

Jokulsarlén

Reykjanes 99 -
Power Plant e

Svartsengi
Power Plant
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9 The rheology of the Earth: timescale

\

LW
Yvisy ©

Instantaneous Short-term LLong-term
~ 10 ka > 1 Ma
From:
Isostasy N/
and flexure . : .
of the e.g. P & S waves e.g. glacial rebound e.g. volcanic loading
lithosphere,
Watts, 2001

Viscous Weak Fluid
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The equation of motion for a self-gravitating sphere

V.o — V(’U, ' pOgOér) _ plgOér — va(I)l =0

o = deviatoric stress g = gravitational acceleration
u = displacement vector po = unperturbed density
®, = perturbation in the p1 = density perturbation
gravitational potential €, = radial direction unit vector
Backus (1967), [N/m?]
Cathles (1975)

26

Glacial Isostatic Adjustment A model for Iceland Results Future work



The equation of motion for a self-gravitating sphere

V.o — V(u ' Pogoér) — p19o€r — poVP; =0

\

Divergence of stress

X3

<«
[¢3] O3 e
s || s [ Gij ] = Gii O O3
/ 021 022 023
7 63 on  On
o2

X2 27
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The equation of motion for a self-gravitating sphere

V-o—V(u-pgo€,) — p1go€r — poVP; =0

\ Pre-stress advection

Divergence of stress

X3

<«
o3 |[o1s -
|| [ Gij ] = Gii O O3
/ 021 022 023
4 G631 O  Oxn
on

X2 28
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The equation of motion for a self-gravitating sphere

V-o—V(u-pgo€,) — p1go€r — poVe; =0

'

Pre-stress advection

Divergence of stress Internal buoyancy
X3
|” Conservation of mass:
AN
e S . _ ([ 9po
6:‘/‘ LU [Gi,i] : [11 G2 GI} pl o _,OOV ) u - u . a,r eT
/ G2 622 023
6{ ‘‘‘‘‘
o 29
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The equation of motion for a self-gravitating sphere

V.o — V(u ' Pogoér) — p19o€r — poVP; =0

| \

Pre-stress advection Self-gravitation

Divergence of stress Internal buoyancy

X3
Poisson’s equation
| Conservation of mass:

2H —
apo)e Ve® = 47Gp,

“_ [a] = [ J py=—poV B—T: (W

X2 30
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The equation of motion in this model

v'a_v(u'pogOé\r)_Wr_Wi:O

Neglect
self-gravitation:
FLAT EARTH
Incompressible
Earth (material
compressible)

31
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The equation of motion in this model

V-G—V(u-pogoér)—p)g@r—pyvfﬁii@
/ Neglect

New stress to solve the self-gravitation:
equationin a FLAT EARTH
commercial software Incompressible
Earth (material
S =g — Po gowlI compressible)
w = vertical displacement
component
Wu, 2004

32
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L VAR
Boundary conditions
Before Wu's substitution After Wu's substitution
h face: - -
at the surtace an_rl go 533+/00 go UB_FI go
at internal TE— "
[O'rr__ =0 [833]"+(0.—0.) gouz=0

buoyancy contrasts:

[u] =0 [ul’=

"‘_0 T
at all boundaries: [ O, 9]— = ] ;17 ]
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at the surface:

at internal

buoyancy contrasts:

at all boundaries:

Boundary conditions

After Wu's substitution

[O'ij;i;&j]j

=0

SPRING

FOUNDATIONS

[ ]

Layer 1

Layer 2

llceload

Elastic
Foundations

Elastic
Foundations

Schematics from Reusen et

al, 2023
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My PhD project

e Implementation of a GIA model for Iceland to obtain horizontal deformation and
stresses.

e Time dependency of the GIA response, with deformation data and ice models
prior satellite measurements.

e GIA at Grimsvotn: Are GIA effects on stress driving towards a new Laki eruption?
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Data comparison: Arnadottir et al 2009 OF ICELAND

66° - |
65° - |
® ISNET 1993 & 2004
W CGPS stations
64° |

=K -22' -20' -18’ -16° -14° -12'

Isnet GNSS campaign location
and vertical velocities 63"
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Magma production through decompression melting

heat ca&ityc
Melt productivity A (3T) i d, P ( %  a )X a = heat expansion
X

equation dx  T\ap 2 S co_efﬁme.n’_ts
: s f s p = densities
(Eq. D7, McKenzie 1984) : = f = fusion
dp C.{8T .
ASa Bl s = solid

X = melt / T 6 X P

fraction by

weight Entropy of

fusion

37
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Magma production through decompression melting
heat capacity
Melt productivity KCP d, d a, a = heat expansion
: —_ 4+ — + — X coefficients
equation dX T Ps Pr P p = densities
(Eq. D7, McKenzie 1984) A — f = fusi
dP C = fusion
A s = solid
X = melt
fraction by
weight Entropy of
fusion
Melt
parametrization:
T =T(X,P)
38
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Magma production through decompression melting
heat capacity
Melt productivity KC,{, a |[d d a = heat expansion
. e + + = X coefficients
equation dX /4 Ps Pr Ps p = densities
(Eq. D7, McKenzie 1984) : = f = fusion
dp AS + ¢ s = solid
X = melt
fraction by
weight Entropy of
fusion
Melt -~ Hydrous melting
parametrization: _ of a depleted
o T = T(X,P)
Katz et al 2003, d d ) . .
Sc?hineid?'s thesis e perldotlte
39
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Magma production through decompression melting
o o) = [ Zav
ap o Di
Transform the melt

Melt fraction production by weight Melt

by weight in melt production by production

depending volume rate

on the

Pressure
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Magma production through decompression melting
dX DX
- O(t) = | —dV
ap o Di
_ Transform the melt
Melt fraction production by weight Melt
by weight in melt production by production
depending volume rate
on the
Pressure GIA mantle
upwelling
@(t): O‘D—"de:‘f pspm aX @'{'V'Vp)dv
Q Dt | Ot ,

? ljIOm-*-)((ps_IOm}_i|2 0P /S
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Spherical GIA model based on the normal model
method
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dT
dP

Melt parametrization: Katz et al
2003, Schmidt’s thesis derivation
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