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Models become the tool which enables 

people with widely different 

backgrounds to hold a conversation.

Hence the need for models to be 

natural / intuitive across disciplines
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Fit to observations

Sensitivity to model 
parameters

Thought provoking

Proves you wrong if 
you are !
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Shopping list

Rheology

Viscoelasticity

Plasticity (continuum failure model)

Strain history dependence

Compositional boundaries

Thermal diffusion and large-scale mantle buoyancy evolution

Systems evolve over multiple overturn times

Large scale / high resolution — efficient, robust, fast solvers needed

More usually considered in this 
context using Lagrangian solid 

mechanics formulation 
(deforming grid)

These can be dealt with very naturally if we formulate the problem from 
an Eulerian incompressible viscous fluid-dynamics perspective (with 
elasticity as a “correction” ... )

Recipe for crust/mantle deformation 

The land of chocolate ...

Brittle

Viscous

Frictional / Granular



This is a Rayleigh-
Bénard convection 
model which evolves to a 
straightforward balance 
between thermal 
diffusion and thermal 
advection in narrow 
boundary layers.

At modest Rayleigh 
number, the structure 
which develops is steady 
despite strongly 
developed convective 
flow.

This system can be 
solved very efficiently 
on a fixed mesh
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Deformation during fluid-like deformation

Ra = 105 Ra = 107



Strain softening plasticity — an example of history dependence
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Strain softening plasticity — an example of history dependence
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The material weakens locally and carries the history of deformation / softening with it 

through the fluid flow

Generally:

Material interfaces and stresses are carried / rotated by the broad scale flow

 and deformed by the local flow gradients

Material properties are often history dependent — we need to be able to track individual 

parcels of material as they deform.

Structure is emergent and complicated — meshing / remeshing based methods are not ideal 



A solution – keep both views of the problem

In the material point method we can keep a mesh which is computationally efficient for 
diffusion-dominated problems (including Stokes flow) and material points — a.k.a. particles 
— for tracking history variables.

This is the technique implemented in Underworld / Gale and leads to a very natural 
approach to many “difficult” issues in geological thermal / mechanical models 
(www.underworldproject.org)
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Recipe for crust/mantle deformation — part 2

Balance viscous / visco-elastic stresses with buoyancy forces 

Slow flow: Quasi-static approximation — no acceleration terms

Prescribed volume / density changes 
9

The land of chocolate ...

Brittle

Viscous

Frictional / Granular

∇τ −∇p = gρ(C, T, ε, . . .)−∇f∆t

∇ · u = 0



Recipe for crust/mantle deformation — part 2

Thermal evolution

balance heat transport, thermal diffusion, heat production

time dependence of buoyancy in force balance equation
10

The land of chocolate ...

Brittle

Viscous

Frictional / Granular

∂T

∂t
+ u ·∇T = κ∇2T +Q+ . . .



Recipe for crust/mantle deformation — part 2

Constitutive law — viscoelastic / plastic   (fluid dynamics approach)

Time dependence: stress history and strain history

Anisotropic — plasticity (and fabric development)
11
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Example: A “natural” way to deal with stress rate

Two ways to deal with this term

Mathematical expansion followed by complicated numerical implementation

Physically intuitive approach and simple numerical implementation
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!
τ= lim

δt→0

τ t − τ̂ t−δt

δt
τ t

τ̂ t−δt



!
τij=

∂τij
∂t + τ′

ij

τ′
ij = uk

∂τij
∂xk

+ τikWkj −Wikτkj + a(τikDkj + Dikτkj)

Viscoelasticity — stress rate
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Translation of stress
along the flow path

Rotation of the stress
along the flow path

Changes in stress due to 
shearing along flow path 

(a is a constitutive 
parameter)



Jaumann derivative in difference form

Where the difference is now between a stored stress on the particle from a 
previous time with the coordinates appropriately rotated and translated 
(tracked particle motion) to the local current coordinates of the particle
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!
τ= lim

δt→0

τ t − τ̂ t−δt

δt
≈ τ t − ˆτ t−∆t

∆t



Example 1 – shear banding

Examples of strong localization requiring large deformation and high resolution

Shear banding in 2D and 3D as an analogue for localisation in the crust and lithosphere

Poorly understood mapping from mathematical description to numerical outcome (orientations, 

Viscoelastic/plastic material under simple shear velocity boundary conditions

driven by a “fault” in the basement & side boundary conditions

free upper surface

strain-softening plasticity

15
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Analogue Models for comparison
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ing two parallel running basement faults, which 
experience the same sense and the same amount 
of slip during deformation and where the ratio of 
basement fault separation (S) to overburden thick- 
ness (T) is small (here S/T  = 0.25). A small S/T 
ratio leads to interaction of the individual fault 
zones in the upper part of the overburden (e.g. 
Richard et aL 1995). Such an experimental con- 
figuration results in relatively long, overlapping 
Riedel shears (Richard et al. 1995), between which 
the horizontal principal stresses will be rotated con- 
siderably (e.g. Naylor et al. 1986; Mandl 1999), 
and might result in the generation of pop-up struc- 
tures in these overlapping zones. 

The experiment described below has been 
recorded in an X-ray computer tomograph (CT- 
scanner). The advantage of X-ray scanning is that 
it is non-destructive for the model. Therefore, the 
progressive 3D geometrical development of struc- 
tures in the model can be studied in a single experi- 
ment (e.g. Mandl 1988, 1999; Richard et  al. 1990; 
Colletta et al. 1991; Schreurs 1994). When the 
analysis of an experiment is done by wetting the 
sediment package with water or a dilute gelatine 
solution, sequential slicing and photographing, then 
only one stage in the 3D structural evolution of the 
experiment can be investigated. 

Scaling theory and experimental  material  
Analogue or physical experiments are subjected to 
specific scaling rules. The theory of these rules 
applied to geological processes was first introduced 
by Hubbert (1937), and was later also discussed by 
Ramberg (1967), Horsfield (1977), Richard (1991) 
and Davy & Cobbold (1991). According to this 
theory, models should be properly scaled for 
stresses, where stresses scale down as the product 
of gravity, density and length vectors scale down: 

0o~ o _ p'g}'O~' ( i , j  = 1, 2, 3) (1) 
34} p~'g~'OX~' 

where superscript a denotes the analogue model 
and n denotes the natural prototype; o" is the stress 
tensor; p is the density; g is the acceleration due 
to gravity; and x is a length vector. The suffixes 
refer to Cartesian vector and tensor components in 
a fixed spatial frame. 

When the experiment is executed in a normal 
field of gravity, then gravity is the same in both 
the model and in nature. Furthermore, when a mod- 
elling material is used with a density similar to the 
density of rocks in nature, then Equation 1 
reduces to: 

(2) 

From Equation 2 it is concluded that stresses scale 
down as length vectors scale down. In the experi- 
ment, a length factor of 10 -5 has been applied, thus 
1 cm in the experiment simulates 1 km in nature. 
The material used in the experiment was dry fine 
sand (grain size = 0.075-0.125 mm) to simulate 
brittle faulting in upper crustal rocks. Sand is a fric- 
tional plastic material (Mandl 1988) and therefore 
deformation is strain rate independent. Sand has an 
angle of internal friction (4,) which varies from c. 
30 ° (Hubbert 1951; Mandl 1988), c. 41 ° (Schellart 
2000) and c. 30-45 ° (Krantz 1991), which is com- 
parable with values of 4' for rocks. The cohesion 
of sand ranges between zero and a few hundred Pa, 
depending on the normal stress (Schellart 2000). 
According to Horsfield (1977) cohesion has to be 
scaled down in a similar way that stresses scale- 
down. With a length factor of 10 --~, this would lead 
to values for cohesion of natural rocks up to a 
maximum of a few tens of megapascals. Values for 
cohesion of rocks range between 5 MPa for loose 
compacted sediments (Horsfield 1977) and some 
tens of megapascals to a maximum of c. 100 MPa 
for igneous, metamorphic and consolidated sedi- 
mentary rocks (Handin 1969; Jaeger & Cook 
1977). Therefore, it can be concluded that sand is 
properly scaled for both cohesion and angle of 
internal friction. Thus, sand is a good analogue to 
model brittle behaviour of upper crustal rocks. 

Model  set-up 
The experiments were executed in a rectangular 
sandbox with two basement faults (BF), running 
parallel to each other. These BF were created by 
inserting a fixed basement strip between the two 
basement plates of the sandbox (Fig. 1). During 
deformation, the two basement plates moved hori- 
zontally, parallel to the BF, resulting in the same 

35 cm 

Double basement fault 
(spacing = 1 cm) 

Fig. 1. Model configuration of strike-slip faulting above 
a double basement fault. Horizontal dimensions are 70 by 
35 cm, sediment thickness is 4 cm, sediment used is fine 
sand (0.075-0.125 ram), double basement fault spacing 
is 1 cm and sense of shear is sinistral. 
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Fig. 3. Plan views of top surface of experiment. (a) After 0.5 cm of displacement with development of an anticlinal 
bulge above the basement faults. (b) After 1.5 cm of displacement with development of Riedels and low angle shears. 
(e) After 2.0 cm of displacement with development of P-shears between the earlier formed Riedels. (d) After 2.5 cm 
of displacement with development of high angle P-shears. (e) After 3.5 cm of displacement with development of a 
pop-up structure. (t3 After 4.0 cm of displacement with the continuing rise in topography of the pop-up structure. 
Arrows with numbers refer to cross-sections in Figure 4. Interpretation of parts a, b, c, d, e and f are plotted in Figure 
2a, c, d, e, f and g, respectively. 

which strike - 3 5  ° to - 2 0  ° to the BF (we will call 
these shears 'high angle P-shears').  These shears 
start to develop at c. 2.0 cm of  displacement by 
growing from their bounding Riedels from the 
inner sides at the compressive ends of  these Riedels 
towards the inner part of  the central zone. They 
have straight to convex-upward shapes (Fig. 4d) 
with dips down to 60 ° near the top surface and c. 
90 ° near the BF. Furthermore, they display a rela- 
tively large amount  of  reverse dip-slip (up to c. 2.5 
mm). They continue to grow until c. 3.5 cm of  dis- 
placement (Figs 2d - f  & 3c-e). Cross-sections 
through the pop-up structure display palm tree geo- 
metries with convex-upward shaped shears at one 
or at both sides of the structure (Fig. 4c). 

From c. 2.4 to 4.5 cm of displacement,  straight 
to slightly curved antithetic shears develop at c. 50 ° 
to the strike of  the BF. They only occur between 
(sub)parallel synthetic shears, which are spaced 

relatively close to each other (less than c. 2 cm; 
Fig. 2g). With ongoing deformation, these anti- 
thetic shears rotate anticlockwise as in a bookshelf  
mechanism (Mandl 1987) up to a max imum of  c. 
15 °. The new antithetic shears are not visible on 
the tomograph scans, possibly due to their short 
length, small amount  of displacement and their 
relatively high angle to the scan line direction. 

After 4.5 cm of  displacement,  a more or less 
through-going fault zone develops with several 
shear lenses running sub-parallel to the BF. At 6.2 
cm of  displacement,  several new faults develop, 
which are conjugate shears that form at c. 75 ° 
(antithetic shears) and c. 15 ° (synthetic shears) to 
the strike of  the BF and only form in the pop-up 
structure (Fig. 2h). New conjugate shears continue 
to develop until 7.7 cm of  displacement. 
Deformation was stopped after 8.0 cm of  displace- 
ment. 
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Fig. 2. Top view line drawings of development of fault pattern with related stress field during progressive stages of 
deformation, with (a) 0.5 cm, (b) 1.0 cm, (c) 1.5 cm, (d) 2.0 cm, (e) 2.5 cm, (f) 3.5 cm, (g) 4.0 cm and (h) 8.0 cm 
of displacement. During the first stages (a-e) the local maximum principal stress (o-~) rotates clockwise, while in the 
following stages (f-h) o'~ rotates anticlockwise. Parts a, c, d, e, f and g correspond to a, b, c, d, e and f in Figure 3, 
respectively. R = Riedel shear; S = splay fault; LS = low angle shear; P = P-shear; HP = high angle P-shear; A = 
antithetic shear; CS = conjugate shears. 

low angle shears decreases to finally turn into one 
of  the BF. 

After  c. 1.8 cm of  d isplacement ,  synthetic P- 
shears shears start to develop be tween  the Riedels  
and the low angle shears, at angles be tween  - 1 5  ° 
and - 5  ° . The  P-shears normal ly  have straight to 
sl ightly concave-upward  shapes with dips varying 
be tween  75 ° and 90 ° near  the top surface (Fig. 4c). 
One of  the P-shears,  which  connects  two widely  
spaced Riedels  (Figs 2d,e & 3c,d), displays a 

scissor fault geometry ,  that is a mirror  image  of  a 
Riedel  shear geomet ry  (Fig. 5b). 

After  c. 2.0 cm of  d isplacement ,  a faul t -bound 
rhombic  e longated  pop-up  structure starts to 
develop centrally above the BF (Fig. 3c) and 
becomes  more  defined with ongo ing  deformat ion  
(Fig. 3d-f) .  The  longer  sides o f  this structure are 
bounded  by Riedels,  with concave-upward  (near 
the BF) to convex-upward  (near the tips) shapes. 
The  shorter  sides are b o u n d e d  by synthetic shears, 
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ing two parallel running basement faults, which 
experience the same sense and the same amount 
of slip during deformation and where the ratio of 
basement fault separation (S) to overburden thick- 
ness (T) is small (here S/T  = 0.25). A small S/T 
ratio leads to interaction of the individual fault 
zones in the upper part of the overburden (e.g. 
Richard et aL 1995). Such an experimental con- 
figuration results in relatively long, overlapping 
Riedel shears (Richard et al. 1995), between which 
the horizontal principal stresses will be rotated con- 
siderably (e.g. Naylor et al. 1986; Mandl 1999), 
and might result in the generation of pop-up struc- 
tures in these overlapping zones. 

The experiment described below has been 
recorded in an X-ray computer tomograph (CT- 
scanner). The advantage of X-ray scanning is that 
it is non-destructive for the model. Therefore, the 
progressive 3D geometrical development of struc- 
tures in the model can be studied in a single experi- 
ment (e.g. Mandl 1988, 1999; Richard et  al. 1990; 
Colletta et al. 1991; Schreurs 1994). When the 
analysis of an experiment is done by wetting the 
sediment package with water or a dilute gelatine 
solution, sequential slicing and photographing, then 
only one stage in the 3D structural evolution of the 
experiment can be investigated. 

Scaling theory and experimental  material  
Analogue or physical experiments are subjected to 
specific scaling rules. The theory of these rules 
applied to geological processes was first introduced 
by Hubbert (1937), and was later also discussed by 
Ramberg (1967), Horsfield (1977), Richard (1991) 
and Davy & Cobbold (1991). According to this 
theory, models should be properly scaled for 
stresses, where stresses scale down as the product 
of gravity, density and length vectors scale down: 

0o~ o _ p'g}'O~' ( i , j  = 1, 2, 3) (1) 
34} p~'g~'OX~' 

where superscript a denotes the analogue model 
and n denotes the natural prototype; o" is the stress 
tensor; p is the density; g is the acceleration due 
to gravity; and x is a length vector. The suffixes 
refer to Cartesian vector and tensor components in 
a fixed spatial frame. 

When the experiment is executed in a normal 
field of gravity, then gravity is the same in both 
the model and in nature. Furthermore, when a mod- 
elling material is used with a density similar to the 
density of rocks in nature, then Equation 1 
reduces to: 

(2) 

From Equation 2 it is concluded that stresses scale 
down as length vectors scale down. In the experi- 
ment, a length factor of 10 -5 has been applied, thus 
1 cm in the experiment simulates 1 km in nature. 
The material used in the experiment was dry fine 
sand (grain size = 0.075-0.125 mm) to simulate 
brittle faulting in upper crustal rocks. Sand is a fric- 
tional plastic material (Mandl 1988) and therefore 
deformation is strain rate independent. Sand has an 
angle of internal friction (4,) which varies from c. 
30 ° (Hubbert 1951; Mandl 1988), c. 41 ° (Schellart 
2000) and c. 30-45 ° (Krantz 1991), which is com- 
parable with values of 4' for rocks. The cohesion 
of sand ranges between zero and a few hundred Pa, 
depending on the normal stress (Schellart 2000). 
According to Horsfield (1977) cohesion has to be 
scaled down in a similar way that stresses scale- 
down. With a length factor of 10 --~, this would lead 
to values for cohesion of natural rocks up to a 
maximum of a few tens of megapascals. Values for 
cohesion of rocks range between 5 MPa for loose 
compacted sediments (Horsfield 1977) and some 
tens of megapascals to a maximum of c. 100 MPa 
for igneous, metamorphic and consolidated sedi- 
mentary rocks (Handin 1969; Jaeger & Cook 
1977). Therefore, it can be concluded that sand is 
properly scaled for both cohesion and angle of 
internal friction. Thus, sand is a good analogue to 
model brittle behaviour of upper crustal rocks. 

Model  set-up 
The experiments were executed in a rectangular 
sandbox with two basement faults (BF), running 
parallel to each other. These BF were created by 
inserting a fixed basement strip between the two 
basement plates of the sandbox (Fig. 1). During 
deformation, the two basement plates moved hori- 
zontally, parallel to the BF, resulting in the same 

35 cm 

Double basement fault 
(spacing = 1 cm) 

Fig. 1. Model configuration of strike-slip faulting above 
a double basement fault. Horizontal dimensions are 70 by 
35 cm, sediment thickness is 4 cm, sediment used is fine 
sand (0.075-0.125 ram), double basement fault spacing 
is 1 cm and sense of shear is sinistral. 
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Fig. 3. Plan views of top surface of experiment. (a) After 0.5 cm of displacement with development of an anticlinal 
bulge above the basement faults. (b) After 1.5 cm of displacement with development of Riedels and low angle shears. 
(e) After 2.0 cm of displacement with development of P-shears between the earlier formed Riedels. (d) After 2.5 cm 
of displacement with development of high angle P-shears. (e) After 3.5 cm of displacement with development of a 
pop-up structure. (t3 After 4.0 cm of displacement with the continuing rise in topography of the pop-up structure. 
Arrows with numbers refer to cross-sections in Figure 4. Interpretation of parts a, b, c, d, e and f are plotted in Figure 
2a, c, d, e, f and g, respectively. 

which strike - 3 5  ° to - 2 0  ° to the BF (we will call 
these shears 'high angle P-shears').  These shears 
start to develop at c. 2.0 cm of  displacement by 
growing from their bounding Riedels from the 
inner sides at the compressive ends of  these Riedels 
towards the inner part of  the central zone. They 
have straight to convex-upward shapes (Fig. 4d) 
with dips down to 60 ° near the top surface and c. 
90 ° near the BF. Furthermore, they display a rela- 
tively large amount  of  reverse dip-slip (up to c. 2.5 
mm). They continue to grow until c. 3.5 cm of  dis- 
placement (Figs 2d - f  & 3c-e). Cross-sections 
through the pop-up structure display palm tree geo- 
metries with convex-upward shaped shears at one 
or at both sides of the structure (Fig. 4c). 

From c. 2.4 to 4.5 cm of displacement,  straight 
to slightly curved antithetic shears develop at c. 50 ° 
to the strike of  the BF. They only occur between 
(sub)parallel synthetic shears, which are spaced 

relatively close to each other (less than c. 2 cm; 
Fig. 2g). With ongoing deformation, these anti- 
thetic shears rotate anticlockwise as in a bookshelf  
mechanism (Mandl 1987) up to a max imum of  c. 
15 °. The new antithetic shears are not visible on 
the tomograph scans, possibly due to their short 
length, small amount  of displacement and their 
relatively high angle to the scan line direction. 

After 4.5 cm of  displacement,  a more or less 
through-going fault zone develops with several 
shear lenses running sub-parallel to the BF. At 6.2 
cm of  displacement,  several new faults develop, 
which are conjugate shears that form at c. 75 ° 
(antithetic shears) and c. 15 ° (synthetic shears) to 
the strike of  the BF and only form in the pop-up 
structure (Fig. 2h). New conjugate shears continue 
to develop until 7.7 cm of  displacement. 
Deformation was stopped after 8.0 cm of  displace- 
ment. 
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these shears 'high angle P-shears').  These shears 
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growing from their bounding Riedels from the 
inner sides at the compressive ends of  these Riedels 
towards the inner part of  the central zone. They 
have straight to convex-upward shapes (Fig. 4d) 
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Fig. 2. Top view line drawings of development of fault pattern with related stress field during progressive stages of 
deformation, with (a) 0.5 cm, (b) 1.0 cm, (c) 1.5 cm, (d) 2.0 cm, (e) 2.5 cm, (f) 3.5 cm, (g) 4.0 cm and (h) 8.0 cm 
of displacement. During the first stages (a-e) the local maximum principal stress (o-~) rotates clockwise, while in the 
following stages (f-h) o'~ rotates anticlockwise. Parts a, c, d, e, f and g correspond to a, b, c, d, e and f in Figure 3, 
respectively. R = Riedel shear; S = splay fault; LS = low angle shear; P = P-shear; HP = high angle P-shear; A = 
antithetic shear; CS = conjugate shears. 

low angle shears decreases to finally turn into one 
of  the BF. 

After  c. 1.8 cm of  d isplacement ,  synthetic P- 
shears shears start to develop be tween  the Riedels  
and the low angle shears, at angles be tween  - 1 5  ° 
and - 5  ° . The  P-shears normal ly  have straight to 
sl ightly concave-upward  shapes with dips varying 
be tween  75 ° and 90 ° near  the top surface (Fig. 4c). 
One of  the P-shears,  which  connects  two widely  
spaced Riedels  (Figs 2d,e & 3c,d), displays a 

scissor fault geometry ,  that is a mirror  image  of  a 
Riedel  shear geomet ry  (Fig. 5b). 

After  c. 2.0 cm of  d isplacement ,  a faul t -bound 
rhombic  e longated  pop-up  structure starts to 
develop centrally above the BF (Fig. 3c) and 
becomes  more  defined with ongo ing  deformat ion  
(Fig. 3d-f) .  The  longer  sides o f  this structure are 
bounded  by Riedels,  with concave-upward  (near 
the BF) to convex-upward  (near the tips) shapes. 
The  shorter  sides are b o u n d e d  by synthetic shears, 



Shear band angles in shear

17

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

0

5

10

15

20

friction coefficient

O
rie

nt
at

io
n 

to
 s

en
se

 o
f s

he
ar

0.1

0.4

0.7



Shear band angles in shear

17

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

0

5

10

15

20

friction coefficient

O
rie

nt
at

io
n 

to
 s

en
se

 o
f s

he
ar



Numerical models with underlying structure

Similar to analogue models

Can we tell what is happening at depth if we
look at the surface ?

18more



Example 2 – “continent” scale geothermal models

Heat flow models at the 1000km scale

Current Australian deep-temperature assessment based 
on horizontally interpolating 2-layer models from individual sites

Assumes 2 layered crustal structure everywhere in Australia

Extrapolation to depth (poor choice in heavily insulated basins)

Incorporating 3D structure — ingest 3D structural models from geophysical interpretation

Constraints from temperature measurements in drill-holes

Energy-content assessments for geothermal startup companies

Risk analysis for management of basins with competing uses 
(groundwater, geothermal, CO2 storage, petroleum extraction)
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Cooper basin

Temperature in the basin due to the presence of (some) high-heat producing 
granites. Architecture model: Meixner 2009 - https://www.ga.gov.au/products/servlet/controller?
event=GEOCAT_DETAILS&catno=68832 
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FYI: Basin-scale mechanical models

Otway basin

Structural interpretation of 
geophysics:

Yellow - primary

Blue - secondary

Developed with GoCAD

David Willis (Honours thesis, 
Monash University, 2011)
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Otway basin

Structural interpretation of 
geophysics:

Yellow - primary

Blue - secondary

Developed with GoCAD

David Willis (Honours thesis, 
Monash University, 2011)
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Previously the domain of 
analogue models

Mantle flow plus 
viscoelastic-plastic slab

High resolution required in 3D to resolve
rheological layering, failure zones

Large scale models to resolve long-wavelength flow

Fully dynamic calculations:

Topography

Velocity

Anisotropy

Stress in the slab

Coupling of over-riding plate

Interaction with plumes & plateaux

Slab tearing

Mantle geochemistry

Example 3 – subduction models

Capitanio et al, Nature 2011, accepted



Elastic stresses v. Viscous stresses

The normalised deviatoric stress invariant and stress orientation within the core 
showing extension (red) and compression (blue) within the steady state time step for 
a relaxation time of (a) 21 Kyr and (b) 2.1 Myr. The eigenvectors are plotted using 
the same scale for both (a) and (b).
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2.5 Discussion 27

(a)

(b)

Figure 2.15: The deviatoric stress invariant and stress orientation within the core
showing extension (red) and compression (blue) within the steady state time step shown
in Figure 2.9 for a relaxation time of (a) 21 ma and (b) 2,160 ma. The eigenvectors are
plotted using the same scale for both (a) and (b).

(a)

(b)

Figure 2.16: The strain rate invariant and orientation within the hinge as for Figure
2.15 for steady state slabs of (a) 21 ma and (b) 2,160 ma. The eigenvectors are plotted
using scale of x10 for (a) in comparison to (b).

2.3 Introducing elastic stresses into subduction models 19

(a)

(b)

(c)

(d)

(e)

(f)

Figure 2.9: The core Weissenberg number for free slab models at steady state with
increasing elasticity, decreasing µ. Steady state is taken as a constant subducting rate
with the slab fully supported by the lower mantle. (a) Viscous only core �⌘ 2 104,
Viscoelastic core models �⌘ 2 104 with an observation time (�t

e

) of 2 104yrs for
all with
(b) µ 850, µ 4 1011 Pa, ↵ 21 103 yrs
(c) µ 170, µ 8 1010 Pa, ↵ 108 103 yrs
(d) µ 85, µ 4 1010 Pa, ↵ 194 103 yrs
(e) µ 17, µ 8 109 Pa, ↵ 1, 080 103 yrs
(f) µ 8.5, µ 4 109 Pa, ↵ 2, 160 103 yrs.
Contour lines of viscosity are included di↵erentiating between the upper mantle, outer
plastic lithosphere and slab core.
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Weissenberg number

Farrington, PhD Thesis 2011



When plumes and slabs collide

Transfer of a plume from lower to upper plate — slab break-off and re-initiation of 
subduction or local slab window ?
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Figure 2. Schematic tectonic
diagram showing late Meso-
zoic–Tertiary evolution of
southwestern United States
at about 40°N (current lati-
tude) and its proposed rela-
tionship to the Yellowstone
plume. BM is Battle Mountain
region of northern Nevada.
Note that plume is stationary,
and North American plate
(NAP) moves westward. A:
Plume is beneath oceanic
crust and creates seamounts
that subsequently accrete to
continental margin (Duncan,
1982; Johnston et al., 1996).
B: Plume is overridden by the
NAP. C: Assimilation of sub-
ducted portion of Farallon
slab by plume, leading to
generation of voluminous in-
tracrustal melts, brittle defor-
mation in upper crust and
reestablishment of dipping
subduction zone at periphery
of NAP. D: 20–15 Ma break-
through of plume-related bi-
modal magma, and formation
of dike complexes and flood
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Where next ?

There are two distinct aspects to “intuitive” modelling 

Forward modelling capability

Natural mapping of common geological processes into the internal representation of the 
numerical methods

Capacity to ingest potentially complicated structural models 

Capacity to evolve structure through large deformations

Outputs of models match observables

Driven exploration of parameter space 

Including the potential for surprise / horror

Potential for model libraries / data mining

Constraints from both quantitative fit and “experience / gut feeling”
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Conclusion

Always need to use numerical models that
match the problem in hand 

Choose the models to best answer the science question
(not choosing the science which your codes can do)

Good match between physics and numerics

You must know/learn the capabilities and limitations of your code

Simple problems in modelling continental dynamics remain unsolved and are worth 
studying first — this is particularly true in 3D: emergence of patterns and planforms

Application to understanding specific problems is also possible, but should be 
designed carefully and with realistic expectations. 

Ways to explore distinctive behaviours implied by simple models are helpful in 
improving understanding.

26



27



References
Shear Banding

V. Lemiale, H. Mühlhaus, L. Moresi, and J. Stafford. Shear banding analysis of plastic models formulated for incompressible 
viscous flows. Phys. Earth Planet. Inter, 171(1-4):177–186, 2008.

V. Lemiale, H.-B. Mühlhaus, C. Mériaux, L. Moresi, L. Hodkinson. Rate effects in dense granular materials: Linear stability 
analysis and the fall of granular columns. International Journal for Numerical and Analytical Methods in Geomechanics, 35(2):
293–308, 2011.

L. Moresi & V. Lemiale, Shear banding in simple shear models, Philosophical Magazine 2011 (In preparation)

Geothermal modelling

O'Neill, C., Danis, C., Hassan, R., Quennette, S., Moresi, L., The application of geologically-constrained 3D heat 
conduction models to geothermal exploration, ASEG Extended Abstracts 2010(1), 1-3, doi:10.1071/ASEG2010ab032

An assessment of subsurface temperatures and uncertainty in 3D geothermal models of the Sydney-Gunnedah 
basin system. C. Danis, S. Quenette, C. J. O'Neill, J. Mansour, L. Moresi. In prep 2011

Subduction modelling

W. P. Schellart, J. Freeman, D. R. Stegman, L. Moresi, and D. A. May. Evolution and diversity of subduction zones controlled 
by slab width. Nature, 446:308–311, March 2007.

W. P. Schellart, D. R. Stegman, R. J. Farrington, J. Freeman, and L. Moresi. Cenozoic tectonics of western north america 
controlled by evolving width of Farallon slab. Science, 329(5989):316–319, 2010.

Subduction dynamics and the origin of Andean orogeny and Bolivian Orocline. F. A. Capitanio, C. Faccenna, S. Zlotnik and 
D.R. Stegman, Nature, in press 2011

Viscoelastic Stresses in Subduction Models, Rebecca Farrington PhD Thesis, Ch4, Monash University 2011

28



Overview of software packages
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Strain-rate and Plastic strain — initial

31

Elasticity 104; viscosity 102; C1 50, C2 40; t = 0.1; friction 0.6



Strain-rate and Plastic strain — mature
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Elasticity 104; viscosity 102; C1 50, C2 40; t = 0.33; friction 0.6



Influence of strength of lower layer — strength increases with depth
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Influence of strength of lower layer — strength increases with depth
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Development of shear bands — weak substrate / depth
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Slices through the strain-rate invariant at upper depth in the viscoplastic layer 
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Development of shear bands — weak substrate / depth
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Slices through the strain-rate invariant at upper depth in the viscoplastic layer 
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