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Modeling magma and volcano dynamics: the challenges

« Complex domain
« multi-component materials
« Non-linear dynamics

« Wide spatial scales

« Wide relevant temporal scales
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- A substantial portion of a volecanic
system 1s NO'T accessible to direct
observation
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« Computation of magma dynamics + rock dynamics + their mutual interaction

« Obtainment of synthetic signals and their comparison with monitoring data




We have been continuously developing a C++ finite element code
GALES.

GALES can compute

- Compressible/incompressible flow for single/multi-component
fluids

- F'low over deforming domains and with free surfaces

- Solid deformation for elastic, hyperelastic and visco-elastic
materials

- Fluid-solid interaction




Fundamental transport equations for fluid flow

Eulerian formulation, best suited for fluid systems
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mass change effect of mass diffusion
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momentum change stress and body forces,

Energy v +V . (pEv)=V - (a'v —q— (th)’) + p(g - v),

Energy change work against forces + heat exchange
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- Constitutive equations for stress, heat flux and mass diffusion flux




Numerical method

- The equations are solved with GAlerkin [LEast Squares time-discontinuous
space-time stabilized FEM.

Compact form of eqns. U ; + F}, = Ff% + F

/ W' (U (V") + Fi(Y") - FL(Y") - SY")dq,
- Weak form | |

+ Wh(t) . (U(Yh(t;f)) _ U(Yh(t;)))dﬂ + Stabilization = 0
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« Non-linear system of equations are solved by an implicit predictor-corrector
method.

« The eqgs. are solved for p, v, T, Y [Longo et al. 2012, Garg et al. 2018 (a,b)].

« The numerical approach is applicable to both compressible and incompressible
flows.




Pipe flow

Pipe diameter =1 m
10 m




Flow over a flat plate

p=1 vi=1 vy=0, T=2769.e—4

+« Mach 3 flow
« Shock
« boundary layer
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Sroken dam
Air
p=10kg/m*
1 =10"° Pa s
H20

p = 1000 kg/m?
i =0.001 Pa s

g=9.81m/s
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Volcano dynamics

- Melt phase with 10 major oxides, and a given amount of volatiles (H20 + CO2)
- P-T-X dependent melt density, volatile distribution and rheology

- Crystals + gas bubbles accounted for (1 velocity field)

- All properties and thermodynamics are locally (space-time) computed

Shallow and deep
chambers connected by a dike

A shallow magma chamber —

Dacite at T = 876 °C
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Magma mixing in shallow chamber

« Varying viscosity and volatile contents Dacite at T = 876 °C
« H20 = 2-6 wt%, COZ = 0.1-3 wt% .

- Viscosities (up to 10-fold increase) .

» Natural convection 4200} gidesite 2t T oSt

400

Increasing viscosity

#1

Phase 1:
Interface
destabilization

Phase 2:
efficient mixing

t=1000 s ¢

i e —— i = g e T e -'-'___:: = ~ - Phase 3:
t=4440 s G i — ) (s . = 92 Stable dynamical
b—— - C LU (DY T o state




- In phase 3 no significant compositional evolution is further observed (a
stable dynamic equilibrium state)

- Local stretching i1s quickly hindered everywhere

v = The initial rapid decay represents efficient —-#1
0.30 | mixing dynamics during phase 2. (a) —-#2

i1 - #3
W ~#4

dz(t + T)

The onset of phase 3 corresponds to flattening T .
the trend of sigma, which is delayed and much dz (t)
less abrupt for the low volatiles, high viscosity
cases #3 and #4.
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Some 1nsights

- Compositionally different magmas can coexist for long time in a shallow
chamber

- Magma mixing over short time scales can be a consequence, and not necessarily
a trigger, of a volcanic eruption




Magma mixing in extended system
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'GRAVITY CHANGE

Source from inversion
of gravity change
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« Inversion of ground displacement and micro-gravity changes can provide a
more complete picture of the magmatic system complexities




Pressure signals Ground deformation

Detrended & Flitered: 0.01 -4 Hz

4000 m off chamber axis
X102 HP 500 s
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Ground shaking energy concentrates in periods
of 100 to 1000 s : ULP ground oscillations

Volcanic tremor

o
n
:

)
T

LP

n
Lig]

ULP L5

—a
n

Inflation/deflation

FFT of filtered z—disp.

-
T

Phenomena of interest

L | 1 | |

-3 -2 10-8 10-6 104 102 100 102
Frequency (Hz)

log [frequency
(Hz)1




Fourier
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Time series
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« ULP signals like those predicted from modeling are revealed in strainmeter
records at Campi Flegrei




Fluid flow with deforming domains and free surface

- Eulerian -» Arbitrary Lagrangian Eulerian (ALE)

» Automatic mesh deformation method (elastostatic equations)

V:-o=0 onf} Weak formulation for FEM
o= A tr(e)l + 2ue

e=(Vu+ Vu")/2 fp e(w):o(u) dQ = [ w-hdl
u 1s mesh deformation

Algorithm: _
Solve Update fluid Solve

elastostatic mesh » fluid




Solitary wave propagation
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An application with moving meshes: Earthquake - Magma interacti
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Solid deformation

Elastodynamic equations in Lagrangian frame

a — acceleration
- v.p po — density
Pod@ = Pof + ) P — stress tensor

FEM formulation: : 2" ‘ ' "
rmulation w'n 2 ot [ Vw': Prao— [ whftio- [ w'PN D=0
0g Q3 v 8§25 #lg

Uniaxial bar Parameters:

Young's modulus £ = 1.0

Density p = 1.0 Analytic

Numerical

Area A=1.0

Length L = 1.0

Peak load f; = 1.0
Triangular Pulse:

to =0, = 0.875,t, = 1.75

Time: 0.00 s
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FSI - Fluid-solid (magma-rock) interaction

Algorithm:

{,
&% ,.) Solve solid «= BC: solid displacement

S

/ BC: solid velocity ‘

Solfe fluid Solve for mesh

deformation

Update mesh =

« Fluid forces cause solid deformation.
« Solid deformation cause fluid domain deformation + change in flow field

« T'wo-way coupling




Flow past a flexible beam

Cantilever
ps = 100kg/m?

— 25
1 cm x 1 cm fixed block Ve = 0.35

— 9 5 P,
4 cm x 0.06 cm elastic beam E — .‘3.[) X lU Pc'l

vl =51.3cm/s L Fluid & Flow

v2=0 pr = 1.18 kg/m?

v =1.54 x 107" m? /s
v =0.513m/s

Re = 333

« Incompressible fluid
« Hyperelastic solid

Time: 0.0 « Automatic mesh deformation
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Blast wave interacting with flexible beam

400 mm

p = 156180 Pa p = 100000 Pa
T=328.85K T=290.36 K
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Material: air
EOS: ideal gas

Elastic panel:
p = 7600 kg/m>
E = 220G Pa
v=20.3

Compressible air + shock
Hyperelastic solid
Automatic mesh deformation

Present work

Giordano et al. [19] experiment
Giordano et al. [19] simulation
Deiterding et al. [13]
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Ongoing and future developments

- Two-way coupled magma-rock interaction
- Comparison of synthetic signals with monitoring data
« Early warning system for volcanic eruptions

- Multiphase (separated flow)
- Variational multi-scale modeling
- Crack propagation

« Code optimization
« GALES open source (github)







