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Orientation |: the radial structure of the solid Earth

crust
(you are here)

mantle

fluid outer core

Solid mantle ows over

geologic time by viscous creep.

Convection driven by heat of

core, radioactive decay.

Convection results in plate

tectonics.

Mantle partially melts in
restricted areas (e.g. tectonic

boundaries, beneath volcanos).



Orientation Il; plate tectonics



Orientation llI: plate boundaries and partial melting

Partial melting occurs at plate boundaries.
Divergent boundaries: mid-ocean ridges.
Convergent boundaries: subduction zones.

Melting occurs at depth in the mantle, melt is transported to magma

chambers beneath volcanoes.

What are the characteristics of melting and melt transport in these

settings??



Partially molten regions are inaccessible to observation

Reliance on proxy data, theory, and simulations



Magma dynamics theory: key components

Creeping Porous
Solid Flow
Flow of Fluids

2-Phase

Mantle
Dynamics

Interphase
Mass
Transfer

4-7 primary variables



Magma Dynamics Equations, McKenzie '84
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. Conservation of mass: pore

uid

. Conservation of mass: matrix

solid

. Conservation of momentum:;

pore uid (Darcy's law)

. Conservation of momentum:;

matrix solid (Stokes eqgn)

with permeability Kk / ", shearviscosity = and bulk viscosity



PETSc: Portable, Extensible Toolkit for Scienti ¢

Computation

Libraries for the numerical solution of PDEs on parallel
computers. Same code runs on laptop and supercom-

puter.

Department of Mathematics and Computer Science,

Developed and supported by a crack team of software en-

gineers, numerical analysts and applied mathematicians.



Al.

A2.

The chapters of my thesis

. Introduction

The Dynamics of Melt and Shear Localization in Partially Molten Ag-

gregates (manuscript in prep)

Mantle Flow and Thermal Structure in a Kinematic Subduction Zone

Model (partially published, second author)

. A New Parameterization of Hydrous Mantle Melting (published)

Reactive Hydrous Melting and Channelized Melt Transport in Arcs

. Discussion

Ridge Migration, Asthenospheric Flow and the Origin of Magmatic
Segmentation in the Global Mid-Ocean Ridge System (published)

A Semi-Lagrangian Crank-Nicolson Algorithm for the Numerical So-
lution of Advection-Diffusion Problems (accepted for publication, sec-

ond author)



Evidence for localization |
observations by Kelemen et al.



Evidence for localization Il
experiments and artwork by Holtzman et al.



Evidence for localization Il
experiments and artwork by Holtzman et al.
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Models of localization

Chemical Instability

Mechanical Instability

Reactive melting Porosity
G f
Fllux Permeability
fw FT K

Matrix dilation Porosity
C f

Preslsure Viscosity
P T h




The Dynamics of Melt and Shear
Localization in Partially Molten
Aggregates

Thesis chapter 2



Experiments by Holtzman et al.
Grain O(10 m) < Band O(100 m) < System O(1000 m)

Olivine + chromite (4:1) + 4 vol% I\/IgRB, const. strain rate, g= 3.4

\
lenses network

(melt-depleted) (melt-rich)



Maximum Instantaneous extension oriented at 45
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Expect bands at 45 !



Bands rotate to higher angle with strain

Shear strain, g

45 90 135
Angle, degrees

Expect bands at 45 or greater!



In experiments: bands emerge and persist at low angle to

the shear plane

Band Angle Histogram
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Summary of the problem

Experiments show emergence of bands of high porosity

and enhanced shear.

These bands are oriented at a mean angle of 20 . An-

gle Is constant up to very large strains.

Orientation of maximum instantaneous extension in Sim-

ple shear ow predict bands to emerge at 45 .

Bands oriented at high angle rotate rapidly to greater an-

gles with strain.

How can we explain emergence and persistence of low-

angle bands?!?!



Spiegelman '03: Porosity dependent viscosity

— Oe
Mechanical Instability
Matrix dilation Porosity
FH

Preslsure Viscosity
= H
ds .
a/ sin(2 )
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Growth rate of porosity, ds/dt
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Bands emerge at 45 !



NEW: Porosity & strain rate dependent viscosity
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Growth rate of porosity, ds/dt
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Bands emerge at low angle, controlled by (1  n)=ni



Maximum partitioning of shear onto 0 and 90 bands

15e 30e 45¢\\ 60¢\/5°

~

Weakens bands at0 and 90 !



Bande parallel velocity

Porosity band emergence at low angle
Understanding the physics
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Porosity perturbation amplitude at strain =1

f (g =1, gyhormalized
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Numerical simulations

Solve Equatiors with PETSc



Example output for N =6
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Band angle evolution and comparison with data
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Summary, chapter 2

Porosity-weakening viscosity suf cient for porosity band
formation (Stevenson 1989). Alone it yields bands at

>45 .

Adding a power-law stress dependence to viscosity re-

duces the angle at which bands emerge.

(1 n)=n controls the balance between porosity and

strain rate-weakening and hence the angle of bands.

Fully non-linear solutions are consistent with linear anal-

ysis to large strains. Data best twith n 4 6.



Reactive Hydrous Melting and
Channelized Melt Transport In
Arcs

Thesis chapter 5



- Pressure

Reactive open-system melting beneath a ridge
Aharonov et al. 1995, Spiegelman et al. 2001

Silica content ®

a —
' reaction,
fluid
advection
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Chemical Instability
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An OPEN qguestion

Ringwood'74
Porous flow of aquous fluid Diapiric solid upwelling



Reactive hydrous melting in subduction zones?
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boundary layers

Computational
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More equations needed

Dt ~  Pec

I’2Cf + Cy G

1 )%= (G C)

Dt

= RA( , C s) Cf;eq Cf

@t _
@t+VT r 1T =

>+ r’T+(1  )S(T;x)

. Conservation of composition:

changes in concentration are
due to reaction and, in the liquid,

diffusion.

. Parameterization: linear melt-

Ing Kinetics.

. Conservation of Energy:

changes Iin temperature are
due to advection, diffusion and

melting.



Estimating rock—water equilibrium

1300 ! !
— 1 GPa f |
2 GPa| -
— 3 GPa ;
1200 ' ; %~

Parameterization of the

solubility of “rock” into ¢y 1100

“water” as a function of —

pressure and temperature, 1000

assuming supercriticality.




Results |: Above the slab
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Pressure

Pressure

Results II: Slab to lithosphere
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Summary, chapter 5

Channelization is a natural consegquence of porous reactive ow up

a solublility gradient.

Porous ow of a hydrous uid from the slab into the wedge may

cause reactive melting and channelization.

Differences between channelized ow and diffuse ow:

— 10x difference in porosity.

— 2x difference in water content of melt.

— 10x difference in uid velocity. tsjap moho = O(l()3 yrs)

— 50 C temperature difference.

Flow across the lithosphere leads to channel coalescence. Spacing

of arc volcanos?



Conclusions

Melt localization results from mechanical and reactive In-

stabilities in the magma/mantle system.

These localizations depend on the details of mantle rhe-

ology and solubility.

They are expected to be active beneath plate boundary

volcanoes.

reaction-driven

i

stress-driven

asthenosphere :®

lithosphere

#3%

BKEHe !"

low strain rate
high strain rate



Questions and challenges

Mechanical /\ Chemical N

Matrix dilation Porosity Reactive melting Porosity
C f G f ~100 d

Preslsure Viscosity - F|;JX Permeability
P i h fw i Kk

~10d

v

Consequences of uid localization for magma genesis

and transport at plate tectonic boundaries?



Additional slides



P & T (below crit end point) &,

Supercriticality assumption revisited

Ab +V

H 20 (Wt%)

P & T (above crit end point) )
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+albite

supercritical

/

subcritical

dissolved silicate

Figure courtesy of Craig Manning, UCLA.




Imagination: channel coalescence



