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Mantle convection

Hot fluid mantle is heated from below, cooled at the top
Convection drives cold stiff plates → Coupled system

[ U. Alberta ]



Ridges and subduction zones

Plates created at mid-oceanic ridges, move towards trenches,
recycled in subduction zones

Mantle properties determine plate motionlater, subduction through a solid one? Was the deep
water cycle established together with plate tecton-
ics, or did one come first, perhaps enabling the
other? 

Earth formed from a sequence of violent accre-
tionary collisions with objects ranging in size from
dust particles to modest planetesimals to the Mars-
sized planetary embryo thought to be responsible
for the origin of the Moon. (See the article by Robin
Canup in PHYSICS TODAY, April 2004, page 56.) Iso-
topic similarities between meteorites and terrestrial
water—in the abundance ratios of nitrogen-15/
nitrogen-14 and deuterium/hydrogen, for in-
stance—support the idea that Earth’s water comes
primarily from rocky planetesimals or embryos,
 although small contributions from comets or the
early solar nebula cannot be discounted. But the ac-
cumulation of water through collisions was likely
complex: The heat from most impacts would have
produced an early steam atmosphere, and the
largest impacts would have ablated that atmos-
phere. Indeed, the giant Moon-forming impact may
have blown off much of Earth’s primordial water,
 effectively desiccating the planet. 

The extent of the loss of water and other
volatiles to space during giant impacts may have de-
pended on whether liquid oceans existed. The ex-
pansion of liquid to steam would have greatly in-
creased upward accelerations generated by the
impact and thereby enhanced atmospheric loss.
Without liquid oceans, much of the protoatmos-
phere on the far side of the planet would have been
retained during a giant impact.5 If Earth was desic-
cated by the giant impact, it must have regained
water and other volatiles through the accretion of a
late “veneer”—the last few percent of Earth’s mass
that was added by the arrival of planetesimals after
the Moon-forming impact. 

The thick steam atmosphere created by count-
less impacts contained much of Earth’s early water
budget. In modern Earth, much of that inventory is
stored in the interior. In Earth’s earliest history,
though, the heat of impacts was sufficient to melt all
or much of the planet, perhaps repeatedly. A fair
portion of the steam probably dissolved into the
mantle when it was nearly entirely molten. Some of
that dissolved water was outgassed when the man-
tle solidified, because water’s solubility in magma is
significantly greater than in NAMs. 

Yet some water was undoubtedly trapped in
the crystallizing silicates. The steam atmosphere
soon condensed to form the early oceans, which are
known from the most ancient mineral samples (zir-
cons from the Jack Hills in Western Australia) to
have existed at least as far back as 4.45 billion
years—within 100 million years of Earth’s forma-
tion.6 The resulting apportionment of water be-
tween the interior and the surface is uncertain, but
it may have been critical to the subsequent develop-
ment of the modern deep water cycle.

Reservoirs and fluxes
In the modern deep water cycle, partial melting of
the mantle extracts water from it. As buoyant
magma rises, the water outgasses into oceans and

other surface reservoirs through volcanoes. The
water is returned to the mantle by subduction, as
pictured in figure 1. The fluxes of outgassing and in-
gassing water are governed by plate tectonics and
simultaneously greatly influence the vigor of the
tectonic processes through an incompletely under-
stood feedback mechanism.7 What’s more, the same
cycling occurs for several other volatile compounds
on Earth, as outlined in the box on page 42.

That the volume of surface water closely
matches the volume of the ocean basins and that,
with comparatively minor fluctuations, it has done
so for at least the last half of Earth history8 are due
to a balance between storage of water in the oceans
and in the interior and a balance between out-
gassing and ingassing fluxes. But how much water
is in the mantle? And what are the magnitudes 
of those fluxes between the deep and surface
 reservoirs?

Geochemical analyses of pristine volcanic
glasses demonstrate that water is a universal minor
component of the magmas that come from Earth’s
mantle. The driest volcanic rocks on Earth are the
basalts that erupt along mid-ocean ridges; the man-
tle that melts and eventually emerges as basalt con-
tains between 50 and 200 ppm water by weight. If
such concentrations prevail throughout Earth’s
mantle, the interior contains at least 1020 kg of
water—roughly 10–50% of the water on Earth’s
 surface.1

However, judging from volcanic rocks from
other localities, such as Hawaii and other oceanic is-
lands, some mantle regions are more enriched, con-
taining between 300 and 1000 ppm water. The pro-
portion of Earth’s mantle represented by such
sources is debatable, but if they are volumetrically
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Figure 1. The modern deep-Earth water cycle is strongly coupled
to plate tectonics. The flux of water from Earth’s mantle to its sur-
face is governed by partial melting, which occurs mainly beneath
mid-ocean ridges but also beneath “hot-spot” oceanic islands such
as Hawaii.  Mid-ocean ridges tap the upper mantle, which contains
about 50–200 ppm water by weight, whereas hot-spot volcanoes
tap deeper, more enriched portions of the mantle. Sediments and
basalts on the ocean floor become hydrated from interactions with
the oceans and return to the deep mantle by subduction—the
sinking of old oceanic lithosphere into the interior. Some of that
subducted water, however, is released from rock when it partially
melts and returns to the surface via arc volcanoes, such as those of
Japan and the Aleutian Islands. (Adapted from R. M. Hazen, R. J.
Hemley, A. J. Mangum, Eos Trans. Am. Geophys. Union 93, 17, 2012.)

[ Hirschmann & Kohlstedt, 2012 ]

Mantle-magma interaction important in subduction zones: melting
in mantle wedge, formation of island arcs



Zooming in: convection and compaction

which should occur at shear stresses higher
than 0.1 MPa (14), olivine CPOs in the man-
tle will be affected by the presence of melt.

Second, we argue that the transition in
CPOs in going from samples of olivine and
MORB (Fig. 2A) to samples with melt seg-
regated into networks of bands (Fig. 2B) is
due to changes in the flow pattern rather than
a change in the deformation mechanism. The
latter CPO is similar to type-B CPO defined
in (5), which the authors of that paper at-
tribute to a change in the behavior of dislo-
cations at high water fugacity and high stress
conditions. However, neither of these con-
ditions applies to our experiments. Several
lines of evidence disfavor a change in dis-
location dynamics (e.g., a change from
dominant a slip to c slip on b planes) as an
explanation for the CPO observed in our
experiments, discussed in (15). We propose
a kinematic explanation for the a-c switch,
on the basis of three points, as follows:

1) The total strain in the sample partitions
between the melt-rich bands and melt-
depleted lenses. Although the bands comprise
only !20% of the total sample volume, the
strain rate, and thus the strain, is higher in the
weaker bands than in the stronger lenses. In
the bands, shear strain is oriented at !20° to
the sample shear plane and, therefore, in the
lenses the shear plane must be back-rotated
relative to the sample shear plane (Fig. 3C).
This back-rotation is observed in the orienta-
tion of b axes in the CPO.

2) The observed CPO predominantly re-
flects deformation in the melt-depleted lens-
es, implying that the deformation in the bands
is not contributing to or strongly modifying
the CPO (16). Observations that the CPO is
barely modified in the vicinity of a band
(SOM Text, section 3) support this point.

3) The deformation that produces the CPO

in the melt-depleted lenses is not simple
shear, but it involves substantial components
of strain normal to the shear direction. Align-
ment of a axes normal to the shear direction
suggests that a slip on the b plane occurs
normal to the shear direction (17). Because
much of the shear strain is accommodated in
the bands, the components of strain normal to
the shear direction in the lenses have much
greater expression in the CPO than they
would if the bands were absent. This expres-
sion may be enhanced further by the MPO-
CPO effect. Thus, the “mechanism” for a-ax-
is orientation is the kinematic effect of strain
partitioning, not a change in the dominant
slip system.

The influence of melt segregation and
strain partitioning on CPO development will
be even more effective in partially molten
regions of Earth where deformation is more
three-dimensional than in our experiments.
The olivine a axes will rotate if the geometry
of the overall flow in the region permits or
requires an elongation of the melt-depleted
lenses normal to the shear direction. An
anisotropic network of melt-rich layers will
affect the seismic properties of regions large
in comparison to a seismic wavelength (") if
the separation between layers (#S) is much
less than a seismic wavelength (i.e., #S $
100-3 m %% " $ 104 m). The configuration
(comprising average thickness, spacing, an-
gle, and topology) of the network depends on
the physical properties of the solid and fluid,
the kinetics of the processes governing their
interactions and transport, and the geometric
(kinematic) boundary conditions of regional
flow. Some of these properties are encom-
passed in the first-order compaction length
scaling argument discussed in (7) (SOM
Text, section 2). Others remain to be studied
experimentally and theoretically.

A literal extrapolation of the process dis-
cussed here may help to explain the complex
seismic anisotropy observed in many partial-
ly molten regions of the upper mantle (18).
Several potential examples include (i) ver-
tical fast-direction measurements beneath
the Reykjanes Ridge south of Iceland (19),
(ii) trench parallel fast axes measured in the
mantle wedge above subduction zones (20),
or (iii) tangential patterns of anisotropy
around plume heads, e.g., Iceland (21).
Each of these observations has produced a
range of hypotheses, a discussion of which
is beyond the scope of this paper (22).
However, the processes discussed here sug-
gest detailed field-based (23) and seismo-
logical predictions and tests, which may
influence our interpretations of the dynam-
ics of partially molten regions of Earth.
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Fig. 3. Representation of ob-
served melt distribution and in-
ternal strain partitioning in ex-
perimentally deformed samples.
(A) Synthesis of the configura-
tion of melt bands. Bands form
anastomising networks with
larger bands at higher angles rel-
ative to the shear plane (flat red
arrow) connected by smaller
bands at lower angles. Smaller
arrows indicate that the samples
flatten and widen with shear. In
three dimensions, the melt-rich
layers connect and surround
melt-depleted lenses. (B) Strain
partitioning between bands
(anastomosing layers) and
lenses. The flat arrows indicate
the total shear and the compo-
nent concentrated in the
bands. The narrow arrows indi-
cate alignment of olivine a axes normal to the shear direction in the lenses. The black lines
mark the orientation of the shear plane in the lenses, “back-rotated” relative to the sample
shear plane due to strain partitioning.
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[ Holtzman et al, 2003 ]

Deformation processes on
mm scale influence
large-scale features

Mantle is partially molten
→ flow of magma through
compacting and convecting
porous matrix

Shear causes melt to
segregate → shear bands
→ mechanism for
larger-scale melt transport



Zooming in: convection and compaction

Compare numerical models with shear banding in laboratory
experiments → material properties?

© 2006 Nature Publishing Group 

 

The dynamics of melt and shear localization in
partially molten aggregates
Richard F. Katz1, Marc Spiegelman1,2 & Benjamin Holtzman1

The volcanoes that lie along the Earth’s tectonic boundaries are fed
by melt generated in the mantle. How this melt is extracted and
focused to the volcanoes, however, remains an unresolved ques-
tion. Here we present new theoretical results with implications for
melt focusing beneath mid-ocean ridges. By modelling laboratory
experiments1,2, we test a formulation for magma dynamics and
provide an explanation for localized bands of high-porosity and
concentrated shear deformation observed in experiments. These
bands emerge and persist at 158–258 to the plane of shear. Past
theoretical work on this system predicted the emergence of melt
bands3,4 but at an angle inconsistent with experiments. Our results
suggest that the observed band angle results from a balance of
porosity-weakening and strain-rate-weakening deformation
mechanisms. Lower band angles are predicted for greater strain-
rate weakening. From these lower band angles, we estimate the
orientation ofmelt bands beneathmid-ocean ridges and show that
they may enhance magma focusing toward the ridge axis.
Recent experiments1,2 demonstrate that partially molten aggre-

gates deformed in simple shear develop localized melt bands of high
porosity and enhanced strain (Fig. 1a). These bands emerge at low
angles (,208) to the plane of shear for a range of strain rates and
stresses, and persist at low angles even after large shear strains. This
pattern-forming instability presents a rare opportunity to test
theories of magma transport in the Earth’s mantle5–8. Magma
dynamics theories use continuum equations for conservation of
mass, momentum and energy to describe a two-phase system of
low-viscosity magma in a deformable, permeable solid matrix and
should be applicable to the experiments. Past theoretical work3

showed that a porosity-weakening viscous material9 undergoing
extension is unstable: tension across a weak, high-porosity region
leads to low pressure that, in turn, causes convergence of melt flow
into that region, raising its porosity and further weakening it. This
instability has been predicted to occur at scales smaller than the
compaction length3,4,10,11, which is the intrinsic length-scale in
magma dynamics theory5.
Past theoretical work predicts that melt bands emerge perpen-

dicular to the direction of the maximum rate of extensional strain.
This prediction results from assuming that the matrix viscosity
depends only on porosity and weakens with increasing melt frac-
tion. For simple shear geometry, Spiegelman4 showed that bands
oriented at 458 to the shear plane will grow fastest, whereas melt
bands with angles greater than 908 will decay (Supplementary Fig.
S1). Here we demonstrate that a viscosity that includes both porosity
and strain-rate-weakening mechanisms can reproduce the emer-
gence and persistence of melt bands at about 208 to the direction
of maximum shear (a difference of 258 from past predictions), as
observed in experiments.
A power-law form for strain-rate weakening is a commonly

LETTERS

Figure 1 | A comparison of experimental and numerical results. a, An
example cross-section of an experiment (PI-1096) on a partially molten
olivine–basalt–chromite aggregate deformed in simple shear to a strain
of 3.4. (Adapted from Fig. 1a of ref. 18; experimental details in ref. 2.)
The melt-rich bands are sloping, darker-grey regions at an angle v to the
shear plane. Sub-vertical black features are decompression cracks, an
experimental artefact. b, c, The porosity (b) and perturbation vorticity (c)
from a numerical simulation with n ¼ 6 and a ¼ 227 at a shear strain g of
2.79. The domain is five by one compaction lengths, approximately equal to
the estimated size of an experimental charge. The perturbation vorticity,
7£ ½V2 _gyi#= _g; is the total vorticity minus the constant vorticity _g due to
simple shear (here normalized by _g). Black lines in b and c show the position
of passive tracer particles that were arrayed in vertical lines at g ¼ 0; white
dotted lines show the expected position of the tracers due only to simple
shear. The linear, low-angle red bands in c are weak regions associated with
high porosity and enhanced shear, while the linear, sub-vertical blue regions
are regions of reversed shear. d, Histograms comparing band-angle
distributions in experiments and the numerical solution from b.

1Lamont-Doherty Earth Observatory of Columbia University, Palisades, New York 10964, USA. 2Department of Applied Physics and Applied Mathematics, Columbia University,
New York, New York 10027, USA.

Vol 442|10 August 2006|doi:10.1038/nature05039
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[ Katz et al, 2006 ]



Inclusion in porous medium under simple shear

Melt mapping in laboratory experiment: olivine + 10% MORB

γ = 1.0 γ = 2.0

[ Chao Qi & David Kohlstedt ]



Inclusion in porous medium under simple shear

Is formation of shear bands dominant over compaction around
the inclusion?

What determines this balance?

Is there asymmetry between melt enrichment and depletion?

What affects this asymmetry?

→ nonlinearity, viscosity ratios, total strain



Equations: Compaction and advection

Conservation of mass for the solid phase:

∂φ

∂t
+ vs · ∇φ = (1− φ)∇ · vs +

Γ

ρs
(1)

Conservation of mass for the two-phase mixture:

∇ · v + Γ∆

(
1

ρ

)
= 0 (2)

Conservation of momentum for the fluid:

∇ · (φσf ) + φρfg − F = 0 (3)

Conservation of momentum for the solid:

∇ · ((1− φ)σs) + (1− φ)ρsg + F = 0 (4)



Equations

Compaction and advection simplified:

∂φ

∂t
+ vs · ∇φ− (1− φ)∇ · vs = 0 (5)

∇ ·
(
−
Kφ

µf
∇P + vs

)
= 0 (6)

∇P = ∇ ·
(
ηφ(∇vs +∇vs

T )
)

+∇ ·
(

(ζφ −
2

3
ηφ)∇ · vs

)
(7)

[ after McKenzie, 1984 ]



Porosity-dependent rheology

Permeability

Kφ = φ2 (8)

Bulk viscosity

ζφ =
1

φ
(9)

Shear viscosity

ηφ = η0 e
−α(φ−φ0) (10)

Compaction length

δc =

√
K0

µf

(
ζ0 +

4

3
η0

)
(11)



Benchmark 1: Compaction around sphere

Analytical solution

vs =

(
−4D

r4
+

2FK2(r)

r2

)
E · x

+

(
−2C

r4
+

8D

r6
− FK3(r)

r3

)
(x ·E · x)x

(12)

C = − a4K ′2(a)

4ξK1(a)− a2K ′2(a)
, (13)

D =
a4

4
+

4a3ξK2(a)

4ξK1(a)− a2K ′2(a)
, (14)

F =
8aξ

4ξK1(a)− a2K ′2(a)
, (15)



Benchmark 1: Compaction around sphere



Benchmark 2: Plane wave

Initial condition

φi(xi, yi) = 1.0 +A cos (k0xi sin(θ0) + k0yi cos(θ0)) (16)

Analytical growth rate of planar shear bands

ṡa = −2αξ
(1− φ0)
φ0

kxky
k2 + 1

(17)

Numerical growth rate

ṡn =
(1− φ0)
φ0A

∇ · vs (18)

[ Spiegelman, 2003 ]



Benchmark 2: Plane wave

Porosity and velocity perturbation at γ = 0



Benchmark 2: Plane wave

Porosity and velocity perturbation at γ = 1.5



Benchmark 2: Plane wave

Porosity and velocity perturbation at γ = 3.0



Benchmark 2: Initial angle

Plane wave shear band growth rate benchmark
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Summary::
* The dependence of growth rate on initial angle is well reproduced
* The error varies for different initial angle, and is largest for shallow angles.

Initial shear band angle

Growth rate depends on initial shear band angle

Fit analytical rates well



Benchmark 2: Perturbation amplitude

Plane wave shear band growth rate benchmark
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* The error increases dramatically if the amplitudes are large (i.e. larger than 1e-2)

Porosity perturbation amplitude

Error increases for increasing perturbation amplitude

Small perturbation assumption breaks down & 10−2



Pressure shadows and shear bands

Initial porosity perturbation amplitude 10−3



Pressure shadows and shear bands

Initial porosity perturbation amplitude 10−2



Pressure shadows and shear bands

What affects relative importance?

Nonlinearity of porosity dependence α

Ratio of bulk to shear viscosity ζ0/η0
Amplitude of initial perturbation A


