
Modeling of Fluid Flow in Porous Media

Marius J. Walter

GFZ Potsdam

March 8, 2016

Marius J. Walter (GFZ Potsdam) March 8, 2016 1 / 27



Why is porous flow important for geodynamic problems?

Affecting melt temperatures

Slab dehydration and intermediate seismic activity

Mechanical weakening along tectonic interfaces

...
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My research question

What controls the migration of the magmatic arc at subduction zones?

some characteristics, such as the uplift of basement
blocks hundreds of kilometres from the trench,
emerging as independent mountain systems from the
Andean axial zone, and the expansion of arc-related
volcanics to the foreland area, producing arc gaps at
the hinterland zone (Fig. 2A). These indicators are
tracked through the subduction margin, identifying
suspected fossil shallow subduction settings (Fig. 1B).
Therefore, on this basis, a late Eocene to early Oli-
gocene shallow subduction setting is proposed to have
developed beneath the southern Peru and Bolivian
regions, whereas, to the south an early Miocene
shallow subduction setting would have affected the
Puna area (James & Sacks, 1999; Kay & Coira, 2009).
Another shallow subduction zone was proposed south
of the Pampean flat subduction zone, where arc-
related rocks expanded to the east over the foreland
area more than 550 km (Fig. 2B) (Kay et al., 2006;
Litvak, Forguera & Ramos, 2008). These phenomena
have been inferred to have contributed to the con-

struction of broad mountain segments in relatively
short periods of 20–30 Myr. These were followed by
emplacement of voluminous within-plate volcanic
rocks in the foreland area, retreat of arc activity and
partial collapse of the emerged mountain structure,
leading to basin formation over the fold and thrust
belt. The southern Central Andes and Patagonian
regions have been the exception in these analyses
(Fig. 1B). Their evolution, with the remarkable excep-
tion of three proposals explored and discussed in a
regional context in this article (Rapela et al., 1988;
Suárez and De La Cruz, 2001; Espinoza, Morata &
Lagabrielle, 2007), has not been clearly integrated
into this general model.

The southern Andes are produced in a deforma-
tional belt trapped among four plates (Fig. 3): the
South American, Nazca, Antarctica and Scotia plates.
The Nazca and Antarctic plates are separated by the
Chilean ridge, a mid-ocean ridge that is being sub-
ducted at 46°30′S, and that at 14 Ma was subducted

Figure 2. A, Cycle of slab shallowing associated with foreland arc migration/expansion and mountain-building/crustal
thickening processes. B, Slab steepening triggers arc retraction, asthenospheric injection and upper plate extension/
crustal attenuation associated with within-plate volcanism.

254 A. FOLGUERA ET AL.

© 2011 The Linnean Society of London, Biological Journal of the Linnean Society, 2011, 103, 250–268

Figure: Folguera et al., 2011

Learn more about that on Friday ...
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My research question

avi
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2 phase flow

Assumption I

Melt is distributed in a connected network of pores between a solid matrix.

Figure: Zhu et al., 2011

Marius J. Walter (GFZ Potsdam) March 8, 2016 5 / 27



2 phase flow

Assumption II

The viscosity of the solid matrix and fluid are orders of magnitude
different. For example: ηs = 1e20Pa · s and ηf = 10Pa · s

Figure: Zhu et al., 2011
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2 phase flow

Assumption III

Solid and fluid phases are considered to be intrinsically incompressible
materials. All compressibility in the model is accounted for by changes in
melt fraction, due to compression or dilation.

6

Figure 2: Schematic representation of a representative volume element with magma Q = 1 and
matrix Q = 0 represented by black and white sub-volumes, respectively. Figure from Bercovici et al.
[2001a].

This allows us to rigorously define the porosity � as the volume fraction of the liquid phase
within the RVE:

� =
1

V

Z

RVE

Q(x) dV. (6)

This means that 1� � is the fraction of the solid phase within the RVE. The two must sum to
unity.

2.2 Conservation of mass

Let’s label the density of the liquid phase ⇢f (subscript f for fluid) and the density of the
solid phase ⇢m (subscript m for matrix), and assume that these quantities may be considered
constant over the RVE. This means that we can write the liquid mass as ⇢f�, and that the
conservation equation for liquid mass is then written as

d

dt

Z

RVE

⇢f� dV = �
Z

@RVE

⇢f�vf · dS +

Z

RVE

�dV, (7)

where � is the melting rate, with units of mass/volume/time. Rearranging and using Gauss’
theorem, we can write

Z

RVE

✓
@(⇢f�)

@t
+ r· ⇢f�vf

◆
dV =

Z

RVE

�dV,

and since the volume of the RVE is arbitrary (once we have made the appropriate continuum
assumptions), we can discard the integrals and take the relationship to hold at any point in the
continuum,

@⇢f�

@t
+ r· ⇢f�vf = �. (8)

This equation states that changes in the fluid mass at a point are caused by the divergence of
the fluid flux and the melting rate, at that point. Following an identical logic, the conservation
of mass can be written

@⇢m(1� �)

@t
+ r· ⇢m(1� �)vm = ��. (9)

Note that the RHS of the solid mass conservation di↵ers from the fluid mass conservation
by only a negative sign. Mass is transferred from the solid phase to the fluid phase during

Figure: Katz et al., 2014

Marius J. Walter (GFZ Potsdam) March 8, 2016 7 / 27



Derivaton

Stokes Flow

ηs

(
∇vs + (∇vs)T

)
−∇P = ρg

∇ · vs = − P
ξ∗eff

+

Darcy Flow

q = −φ4v = −KD (∇Pf + ρf g)

+

a little bit of math...
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2 phase flow: equations

∇ · τ̄ −∇Pf −∇Pc = ρg

∇ · vs −∇ · KD∇Pf = ∇ · KDρf g

∇ · vs = − Pc

ξ∗eff

Dφ

Dt
= (1− φ)∇ · vs
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SLIM 3D + 2 phases: equations

2 phase flow

∇ · τ̄ −∇Pf −∇Pc = ρg

∇ · vs −∇ · KD∇Pf = ∇ · KDρf g

∇ · vs = − Pc

ξ∗eff

1 phase flow

Porosity = 0%

∇ · τ̄ −∇Pf = ρg

∇ · vs = 0

Porosity = 100%

−∇ · KD∇Pf = ∇ · KDρf g
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Melt-dependence of rheology: non-linear!

Permeability

Kφ = K0φ
3

Kφ ... Permeability, K0 ... Reference Permeability, φ ... Porosity

Solid Viscosity

η = η0exp(−αφφ)

η ... Solid Viscosity, η0 ... Background Viscosity, αφ ... fluid weaking factor

Bulk Viscosity

ε = η0φ
−n ε ... Bulk Viscosity
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Solitary Wave Benchmark

What’s a Benchmark?

Comparison of the numerical results obtained solving the system of linear
equations with ...

analytical solutions

results of physical (analogue) experiments

numerical results from other(well-established) codes

general physical considerations
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Solitary Wave Benchmark

Why should you benchmark your numerical model?
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Solitary Wave Benchmark

Idea

Two-phase flow produces melt fraction instabilities: solitary waves.

Solitary waves propagate with constant speed and without changing
shape.

Implementation

A initial solitary wave (for porosity) is imported into a (pseudo) 1D
profile and propagates upward.

Numerical errors are the deviation from the analytical derived speed
and the initial shape of the solitary wave

Marius J. Walter (GFZ Potsdam) March 8, 2016 14 / 27



Solitary Wave Benchmark

Idea

Two-phase flow produces melt fraction instabilities: solitary waves.

Solitary waves propagate with constant speed and without changing
shape.

Implementation

A initial solitary wave (for porosity) is imported into a (pseudo) 1D
profile and propagates upward.

Numerical errors are the deviation from the analytical derived speed
and the initial shape of the solitary wave

Marius J. Walter (GFZ Potsdam) March 8, 2016 14 / 27



Solitary Wave Benchmark
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Compaction of the matrix - updating the porosity

REMEMBER:
Dφ

Dt
= (1− φ)∇ · vs

where
Dφ

Dt
=
δφ

δt
+ vs∇φ

Backward Euler Method

φt+1 = φt + (1− φt)∇ · vst

Crank Nicolson Method

φi+1
t+1 = φt +

1

2

(
(1− φt)∇ · vst + (1− φi

t)∇ · v i
st

)

Which method should produce the better results?
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Compaction of the matrix - updating the porosity

Backward Euler Method Crank Nicolson Method
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Solitary Wave Benchmark
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Solitary Wave Benchmark

Describe the results! Which method would you use (for what?) ?
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Example I - Melt migration in rift settings

avi

Marius J. Walter (GFZ Potsdam) March 8, 2016 20 / 27



Example I - Melt migration in rift settings

What will happen if we increase the viscosity of solid matrix or the tensile
strength?
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Example I - Melt migration in rift settings

Figure: Keller et al., 2013
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Example II - Modeling fluid flow in subduction zones
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Example II - Modeling fluid flow in subduction zones
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Example II - Modeling fluid flow in subduction zones
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MATLAB Exercise

Get familiar with the code! What kind of numerical techniques does
the code use?

What are the boundary conditions for velocity? Try to study the code
to learn about that them! What impact do they have?

Set the following parameter: K0 = 5 · 10−15km2, ρs = 3 g
cm3 , ηs =

1e20Pa · s, xsize = 20km, ynum = 80, ρf = 2.5 g
cm3 . Check the units!

Run the code! What do you observe? How do permeability (change
to 5e-11 m2) or fluid density (change to 2900 kg

m3 ) influence the
results? How does changing the resolutions change the results?
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MATLAB Exercise
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