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smic tomography of plate boundaries

L
-104° 30 -104° 00" -104° 30’ -104° 00’

| m— | m—
7.2 7.6 8.0 8.4

2,500 3,000 3,500
Depth (m) P-wave velocity (km s)
at 9 km depth




smic tomography of plate boundaries

Hokkaido P-wave tomography
— s — ; Wang & Zhao, Tectonophys 2009
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Bathymetrlc asymmetry at mid-ocean ridges

Carbotte, Small & Donnelly, Nature 2004
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Bathymetric asymmetry at mid-ocean ridges

e e Carbotte, Small & Donnelly, Nature 2004
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Bathymetrlc asymmetry at mid-ocean ridges

Carbotte, Small & Donnelly, Nature 2004
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Distribution of volcanoes in subduction zones

England, Engdahl & Thatcher, GJI 2004
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concentration/C1 chondrite

MORB geochemistry: trace elements

Melt inclusions Whole rocks
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MORB geochemistry: trace elements
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MORB geochemistry: isotopes
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Geology of ophiolites

Harzburgite (OPX + Olivine)
Dunite (Olivine)

Oman ophiolite
Braun & Kelemen, G-cubed 2002

50 meters



A continuum approach to magma dynamics

Mantle convection
[Stokes eqn]

Phase transitions

[Multi-component

Magmatic flow thermodynamics]
[Darcy’s law]



A continuum approach to magma dynamics

Mantle convection
[Stokes eqn]

1 3 Phase transitions
[Multi-component
Magmatic flow 7  thermodynamics]

[Darcy’s law]



An introduction to magma dynamics

|. Mechanics
|.1. Conservation equations
|.2. Solitary waves & the compaction length
|.3. Shear-band instabilities

2. Thermochemistry
2.1. Conservation equations
2.2. | D, one-component upwelling columns
2.3. Reactive infiltration instability

3. Putting it together: tectonic-scale models
3.1. Problems and solutions
3.2. Melt focusing at mid-ocean ridges
3.3. Active convection at mid-ocean ridges



Mechanics: conservation equations

e D.P. McKenzie, |. Petrology 1984
* A. Fowler, Geophys. Astrophys. Fluid Dyn. 1985
* D.R. Scott & D.]. Stevenson, GRL 1986

* D. Bercovici,Y. Ricard & G. Schubert, JGR 2001
* etc
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L1 Mechanics: conservation equations
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McKenzie 84, Bercovici & Ricard GJI '03, sec 4.1
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L1 Mechanics: conservation equations

Conservation
% -V ovy = - of mass
o
1 — I

Conservation

§b(Vf — Vm) — —CI;B[VPf — p of momentum

VP; =V - (Vv + Vv, )]+ V(C—21/3)V- v, + g

McKenzie 84, Bercovici & Ricard GJI '03, sec 4.1



L1 Mechanics: conservation equations
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L1 Mechanics: conservation equations
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Mechanics: compaction & viscosity

Matrix stress (McKenzie '84):
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Matrix dynamic pressure:
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P, =——Tr(c") = Py — i
m 3 ( zg) f Cail?k
Rearrange to give:
[Pf_Pm:CV'Vm] see also:
Bercovici & Ricard GJI ’03




Mechanics: compaction & viscosity

Matrix stress (McKenzie '84):
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Matrix dynamic pressure:
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P, =——Tr(c") = Py — i
m 3 ( zg) f Cail?k
Rearrange to give:
[Pf_Pm:CV'Vm] see also:
Bercovici & Ricard GJI ’03
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= (—ag) (e.g. Karato & Wu ‘93)
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Solitary waves

K = Kyo" (permeability law)

non-dimensional, | D, no melting, ¢¢ is background
porosity

g—gtb = %(1 — Gop)W (mass)

W W 11— oo
822 gbn 1 — ¢Q

=0 (momentum)

or,assuming: o9 < 1, n =3

(non-linear wave

Pr = [gbg(gbzt _ 1)]2’ equation)

e.g. Barcilon & Richter, JFM 1986
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Solitary waves in 3D

Porosity
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The compaction length

Natural length-scale:
Compaction length
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1.3 Shear/porosity bands

Laboratory experiment by Holtzman et. al., G-cubed 2003
Olivine + chromite (4:1) + 4 vol% MQRB, const. strain rate, y = 3.4
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1.3 Shear/porosity bands

Stevenson, GRL ’89; Spiegelman, G"3 ’'03;
Katz et al, Nature 07 [& others]

Linear stability analysis
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1.3 Shear/porosity bands

Stevenson, GRL ’89; Spiegelman, G"3 ’'03;
Katz et al, Nature 07 [& others]

Linear stability analysis
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1.3

Shear/porosity bands

Full numerical solution n=6, y=2.8
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1.3 Shear/porosity bands
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1.5 Shear/porosity bands with buoyancy

power spectra n==6

B _ gApo
Y (G +4/3m0)
Buoyancy

~ Shear stress

S.L. Butler, PEPI 2009
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1.3

Shear/porosity bands

Melt-pocket alighment & anisotropic viscosity:
* Takei & Holtzman |, II, & llI, JGR '09 (in press)
* Hier-Majumder, JGR 09 (in review)

macroscopic

. constitutive

Ojn < relations

| — e
Pni < 22 or 23 i
(30)*
macroscopic stresses

p X°20_ x°=1

= A

18 C C’ l
(29 | ! N7
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(P+p)ni(rR)  fomy(rR)
< governing equations for
‘ ‘ a grain deformation
< B
8&13&14
NN g
. : 26 & 27 & 28)*
microscopic stress ( )
in a grain

macroscopic strain rate
of solid framework

A

A’A21

microscopic deformation
of a grain

+ Homogenization

for viscosity
tensor based on
grain contiguity
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Shear/porosity bands

Melt-pocket alighment & anisotropic viscosity:
* Takei & Holtzman |, II, & llI, JGR '09 (in press)
* Hier-Majumder, JGR 09 (in review)
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Mechanics - Summary

Solitary waves serve as a benchmark for
numerical codes.

Role of solitary waves in the mantle?

Shear/porosity banding in lab experiments =
direct observations of magma dynamics.

Role of shear/porosity banding in the mantle!?



Mechanics - Summary

Solitary waves serve as a benchmark for
numerical codes.

Role of solitary waves in the mantle?

Shear/porosity banding in lab experiments =
direct observations of magma dynamics.

Role of shear/porosity banding in the mantle!?

To model melting and solidification we need
to consider the thermodynamics of the
magma/mantle system!



21 Thermochemistry: conservation eqgns

(e.g. McKenzie ’84, Sramek et al 07, Hewitt & Fowler '08) COnse rvation
5 of energy
Vim Vi
[(1 _ ¢)pm€m] | [¢10f€f] = V- EVI+ WV
Dt Dt viscous
internal energy diffusion dissinati
issipation




21 Thermochemistry: conservation eqgns

(e.g. McKenzie ’84, Sramek et al *07, Hewitt & Fowler ’08)

D~
Dt

internal energy

Dy
(1 —&)pmen]| D?f [¢10f€f] = V- EVI +V

Conservation
of energy

VISCOUS

diffusion o
dissipation

(e.g. McKenzie '84, Spiegelman '01)

Dy, c™ cft—¢e5 T
Dt B 1 — ¢ Pm
t .
Con;fzggen . reaction diffusion
Dycl _ T ¢/ T pu2ef

Dt ¢ Py

Conservation of species
mass (2 component)

(solid phase)

(fluid phase)




>2 One-component upwelling columns

*Fixed mantle upwelling rate into melting zone.
*Only vertical segregation of melt.
*Conservation of mass, momentum, energy.

0. 1.5 2.0

5 lk)
ol ¢/ bo
1300 1400 1500

T'K) Hewitt & Fowler ’08, (see also: Sramek et al *07)




>2 One-component upwelling columns

*Fixed mantle upwelling rate into melting zone.
*Only vertical segregation of melt.
*Conservation of mass, momentum, energy.

“Viscogravitational regime” - freezing with no
segregation

“Darcy regime” - buoyancy balances viscous drag

1.5 2.0

— “Viscogravitational regime” - melting but no segregation
—60

1.0
| b/
1300 1400 1500

T'K) Hewitt & Fowler ’08, (see also: Sramek et al *07)




23 Reactive magmatic flow

Melting reaction:
Melt + Pyroxene +
Spinel » Olivine + Melt

@ Olivine: (Mg,Fe)SiO>
€ Pyroxene: (Mg,Fe)Si»O¢
' Mantle flow

4} Magmatic flow Aharonov et al, GRL 1995; Spiegelman, JGR 01



2.3 Reactive magmatic flow

Silica content —

@ Olivine: (Mg,Fe)SiO>
€ Pyroxene: (Mg,Fe)Si»O¢

' Mantle flow
G Magmatic flow

Melting reaction: =

S
Melt + Pyroxene + -2
Spinel » Olivine + Melt -

<— Pressure

Equilibrium melt

—————— composition

Aharonov et al, GRL 1995; Spiegelman, JGR ‘O

Py 4




Reactive magmatic flow

* |[gnore energy conservation.
* |gnhore large-scale matrix shear.
* Disequilibrium melting

* Explicit melting rate (linear
kinetics):

['= RA(¢,c) [cl, — ]

€q

Aharonov et al, GRL 1995; Spiegelman, JGR ‘O



Reactive magmatic flow

* |[gnore energy conservation.

* |gnhore large-scale matrix shear.

* Disequilibrium melting

* Explicit melting rate (linear
kinetics):

['= RA(¢,c®) [l — ¢!

€q

Aharonov et al, GRL 1995; Spiegelman, JGR ‘O

|

melt outflow

periodic (wr[a\p around)

- Reactive Zone -
-y ©=0.40+¢

Unreactive Zone

O=0¢, W=W,
melt inflow



Reactive infiltration instability

porosity (vol. frac.)




Reactive infiltration instability

solid conc. (wt. frac.)




2.3 Reactive infiltration instability
Aharonov et al, GRL 1995; Spiegelman, JGR ‘O

Linear Analysis Numerical Simulation
— DaPe=100 | : |
| == DaPe=200
_ 0,035 — bebeseo
003 DaPe=800
Q - = DaPe=1600
nfd - DaPe=3200
@ 0.025; DaPec5400
- DaPe=12800
< 0.02) _ D:P:=25600
= 0.015
p S
S 0.01
0.005
0 ‘ : 0
10° 10 10°  10°

Wavenumber k Wavenumber k



2:3 Chemical consequences

Flux and concentration at t=50.00

30 , 1 ,
— c/cg D=0.0001
? — ctlcs D=0.1
o @ — Melt flux |
20
15} ﬁ .
5 }_ ’ \ \

0.05 0.1 0.15 0.2
0O 01 0.2 Distance x/h

'CU/5 Spiegelman & Kelemen, G-cubed ‘03



2:3 Chemical consequences
Spidergrams/flux weighted z=1 and t=50.0007, all x
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-6 —— - -- 14.38% Batch melt |
0 04 0.2 10~ 10~ 10~ 10~ 10° 10'
' 5 ' Bulk partition coefficient D
ZIZ/ Spiegelman & Kelemen, G-cubed ‘03



2.3 Hydrous reactive melting

* Reactive melting in a subduction zone above the slab!?
* T-dependent rock solubility.
* Solve conservation of energy for T.

Temperature / °C

0.15
@ Manning (1994)
1'900 — I 1.5GPa O Nakamura (1974) [Fluid]
® Nakamura (1974) [Quartz+Fluid]
1'700 —
1'500 — 10.1
1'300 —
1'100 —
| = +0.05
900 —
Quartz + Fluid
7007
Hack et al, A/S 2007
WO —T—T— T T T T T T 1 0
0O 10 20 30 40 50 60 70 80 90 100 0 0.5 1 15 2 25 3
wt% (SiO,) T / )

Katz et al, in prep. 2009



Thermochemistry - Summary

Reactive flow produces channelized melt flux
via the Reactive Infiltration Instability.

Predictions for trace elements & U-series in
MORB.

Consequences of channelized flow in arcs?

Embedded in large-scale mantle flow.
Interaction with shear instability? [SWV]



Thermochemistry - Summary

Reactive flow produces channelized melt flux
via the Reactive Infiltration Instability.

Predictions for trace elements & U-series in
MORB.

Consequences of channelized flow in arcs?

Embedded in large-scale mantle flow.
Interaction with shear instability? [SWV]

How to couple melting and magmatic flow
with tectonic-scale mantle dynamics!?



51 Putting it together: tectonic scale

g////////////////////////////////////////////////////////

7, Cold plate ///// //////////////

Melt focusing by
sublithospheric
flow



51 Putting it together: tectonic scale

Sparks & Parmen

WWW/WW
._'f'gmat, 3% ccct 7, Cold plate 277727,/

24 /////////////////

Melt focusing by Buck & Su.GRL 1989 Ridee axs
.ithosphere - ———
sublithospheric ~
flow

DEPTH (km)

Porosity-driven
mantle convection

100. , .
100. 0.

WIDTH (km)




3.1 Putting it together: problems & solns

® Expect zero porosity within the domain. Bulk
viscosity is singular.
Use pressure decomposition to reformulate.

® Expect melting and freezing. Treat these in a
thermodynamically consistent way.
Use Enthalpy Method to model thermochem.

® Melting is usually hydrous.
Extend Enthalpy Method to 3-component
system!?



Putting it together: zero porosity

compaction viscosity: & = ( — 2n/3
1

compaction viscosity for small porosity: & X — singularity!

¢

Pressure decomposition: P = pgz +P + P
/

Fluid pressure / T “Dynamic”
Lithostatic = Compaction

Katz et al. PEPI 2007
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1

compaction viscosity for small porosity: & X g_b singularity!
Pressure decomposition: Pf = pgz + P+ P
Fluid pr@e / T “Dynamic”
Lithostatic = Compaction

VP =V-[n(Vvy,+Vv.)]+oApg

K P K A
V. SVP+ L =V .2 [VP+ Apg +TF

T 3 T p

Katz et al. PEPI 2007
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1

compaction viscosity for small porosity: & X — singularity!

¢

Pressure decomposition: P = pgz +P + P
/

Fluid pressure / T “Dynamic”
Lithostatic = Compaction

Vv <P

VP =V-[n(Vvy,+Vv.)]+oApg

K K A
V. VP @: V- [VP o Apg]+ F7p
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3.1 Putting it together: zero porosity

compaction viscosity: & = ( — 2n/3

1
compaction viscosity for small porosity: & X g_b singularity!
Pressure decomposition: Pf = pgz + P+ P
Fluid prde / T “Dynamic”
Lithostatic = Compaction
T
VP=V-n(Vv,+ Vv, )| +@Apg
K P K

Katz et al. PEPI 2007



31 Putting it together: Enthalpy method
Assume: dH = cpdT + p~ (1 — aT)dP thermodynamic eq

Define;

T = Teos2/cr

two components

potential temperature

OH

(

v

ot

advection of sensible heat

bulk enthalpy

agz

|

v

advection of latent heat

l

- pcpe < V-VT = pLV - (1 — ¢)v,, + ke <p V1

Cons. of energy

diffusion

agz

Katz, JPet 2008



31 Putting it together: Enthalpy method
Assume: dH = cpdT + p~ (1 — aT)dP thermodynamic eq

Define: T — T e®9%/cp

two components

potential temperature

advection of sensible heat

Cons. of energy

ot

bulk enthalpy | advection of latent heat diffusion
871{ agz ¢ L l agz 9,
5 - pcpe P V-VT = pLV- (1 —¢)v,, + ke r V]
Cons. of species mass
bulk composition advection diffusion
e — l
oC

V- vCp + V- (1 = @) C = DV - 6V

Katz, JPet 2008



3.1 Putting it together: Enthalpy method
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52 Melt focusing at mid-ocean ridges
A

E*
1 = 1o €xXp (RT) exp(—ag)

E*
¢ = Co exp (RT) ¢!

Vi (z,2 =0) = (U, 0)

Ridge axis boundary:

reflection™ vol.frac.

B

L {2

Bottom/right boundary:
inflow/outflow

- 1-2.2

Melt outflow:
dike under axis to base
of the lithosphere.

0 50 100
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Melt focusing at mid-ocean ridges
Uy =4 cm/yr, Ko = 107" m?, ny = 1el9, (o = 5e19 Pa-s, etc

Log, Porosity
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52 Melt focusing at mid-ocean ridges

8

Crustal thickness, km

2

Katz, JPet 2008



52 Melt focusing at mid-ocean ridges

Fraction of melt extracted

107° 107° 1077 107°
Ko/1t, m?/Pa/sec

Cr = Co/Mo Katz, [Pet 2008



3.2

Melt focusing at mid-ocean ridges

400

100

Tracer time from 54 km depth to ridge
‘ / ——Line of best fit (0.03x% + 0.39x + 79.81)
_K0=10‘/9 ~ — —Streamline transit time from 54 km
-~ depth to ridge
/|
! -
0 10 20 30 40 50 60 70

Lateral distance from ridge axis

Katz, JPet 2008



3.2

Local convection due to porosity
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52 Local convection due to porosity

Downwellings: Lower Melting Rate, Higher Density

Partially
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Layer
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Upwellings: Higher Melting Rate, Lower Density

Hernlund et al, JGR 2008



Putting it together - summary

Tectonic scale models generate insight into
coupled magma/mantle processes.

Investigate large-scale processes such as local
convection and magmatic focusing.

Need to incorporate more physics (e.g. reactive
channelization) and chemistry (e.g. trace
elements, U-series).

Mantle heterogeneity, hydrous melting,
subduction, plumes, 3D...



Talk summary

Early (exciting) days for magma dynamics.

Interesting problems in fundamental fluid
mechanics, geodynamics, thermodynamics.

Haven’t addressed: anisotropy, capillarity, melting
with volatile elements, etc.

Model testing via geochemistry & seismology.

Challenging computations, much room for
Improvement.
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Supplementary slides



1.2 Solitary waves

Connolly & Podlachikov, JGR 2007



Movie of shear band formation
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