
Some questions on the interactions of  deformation 
and melting in the rifting of  a continent

Ben Holtzman, 
LDEO, Columbia University, NY



1. Intro: who does all the work around here ? 

2. Interactions of deformation and melt migration in experiment.

3. Speculation on the Main Ethiopian Rift from below.. 



a holy grail of mineral/rock physics: 
to interpret seismic velocity and attenuation structure in terms of  
temperature, stress, composition (including melt/water content), 
structural properties (melt distribution, grain size, etc...). 
 
in this case, we can eventually constrain the degree of thermal/chemical 
disequilibrium across the LAB... but why? 

Geophysicists consider the dynamic uplift (mechanical work) of the African 
lithosphere due to mantle upwelling... 

But, at the rift scale, what about the thermal and chemical energy ? 



LeRoux et al., EPSL, 2007, 2008

Van der Wal & Bodinier, CMP, 1996

Harzburgite (Depl. Lithosphere)

Lherzolite (Refertilized Ex-lith.)

Reaction/Rxl. front

Geologic examples of  refertilization fronts:

Ronda Massif, S. Spain

Lherz Massif, Pyrenees

Lenoir et al., JPet. 2001
Soustelle et al., J.Pet., 2009

reaction propagation
 direction

Foliation in Hbz is overprinted by foliation in 
Lhz, in the reaction front: 
coupling between melt flux, reaction & 
deformation

5 km

~5 m

Garrido & Bodinier, JPet, 1999

+ Kelemen, Hart & Bernstein, 1998
+ Jagoutz (Beni Boussera)
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Mechanical feedbacks Thermal/chemical feedbacks
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Dissolution==>Reaction Infiltration Instability 
(e.g. Kelemen et al., 1995, Aharonov, Daines, 
others.. ), 
Crystallizing in TBL: Kelemen et al., 1995

permeability

melt 
migrationd(microstructure)

reaction

The rates of these processes depend on the degree of thermal/
chemical disequilibrium across the LAB... 



1. Intro: who does all the work around here ? 

2. Interactions of deformation and melt migration in experiment.

3. Speculation on the Main Ethiopian Rift from below.. 



Torsion experiments on olivine +/-chromite + MORB, at 300 MPa, 1200 C,  at UMN. 
from Dan King’s thesis (2010), e.g. King, Zimmerman & Kohlstedt, JPet 2010
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{Melt but no bands

All others form bands, 
and are weaker by a factors of  up to 6. 



calculated from the combined flow laws (Eqn. 1). This empirical expression is a good approximation161

for melt fractions of φc < φ < φhi, where φc is the critical minimum melt fraction for connectivity162

(addressed further in Section 4.3) and φhi is the melt fraction at which the composite viscosity163

rapidly drops towards that of the melt, where φhi ≈ 0.26 (e.g. Scott and Kohlstedt, 2006). Then,164

assuming that the grain size is constant between the regions, we can normalize by the melt-free165

viscosity and calculate a perturbation viscosity, η�S .166

The model perturbation viscosity η�S is plotted along with measured values of viscosity pertur-167

bations from the data (η�S.obs = 1/ε̇�S.obs) in Fig. 4a. The predicted and observed viscosity factors168

are compared, in Fig. 4b. The upper Voigt bound is shown for reference, and greatly misses the169

data. In general, the lower bound model under-predicts the weakening (or over-predicts the vis-170

cosity) due to melt segregation, though the discrepancy is worse for weaker samples (i.e. 268, 297,171

308). In Section 4.1, we discuss some possible causes of the discrepancies.172

3.1 Phenomenological model for evolution of segregation173

The following phenomenological model for the evolution of S can be incorporated into a continuum174

model, solved within each element as a closed system of ordinary differential equations. We define175

an evolution equation for the state variable S that (a) integrates smoothly from 0 to 1 or to Smax,176

(b) has a rate that can depend on S and on other state variables, such as stress, strain rate, and177

temperature and (c) is not explicitly a function of strain:178






Ṡ = A(Smax − S)

A(ε̇p) = C(ε̇p − ε̇c)
(10)

where ε̇p is the viscous or plastic strain rate. The slope C may be of O(0− 2). The model can also179

incorporate a threshold, ε̇c, which is a critical strain rate that must exist for segregation to occur180

(if, for example, there is not enough of a driving force in the melt to overcome the surface tension).181

If ε̇p < ε̇c, then Ṡ < 0, and melt will de-segregate or homogenize. As an illustration, in Fig. 5,182

the segregation model is incorporated into a Maxwell viscoelastic model with a constant load point183

velocity (ε̇l), closely following the approach of Montési (2007), by integrating184

σ̇ = E(ε̇l − ε̇p), (11)

where the plastic strain rate ε̇p =
σ
ηS
. The system of equations is solved with MATLAB ODE185

solver ode23s. (In a purely viscous, constant strain rate model, there is no equation for σ̇ because186
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If the process is el-GBS, then

τpk = τgbs =
ηgbd

δMU
(11)

where ηgb is the viscosity of the grain boundary, d is the grain size and δ is the thickness of the grain boundary.
When transformed to frequency domain, we get

J1(pk)(ω) = JU +
JR − JU

1 + ω2T 2
gbs

J2(pk)(ω) = (JR − JU )

�
ωTe

1 + ω2T 2
gbs

�

Because we do not know or measure or want to fit the relaxed compliance, JR, which is J(ω = 0), they have
defined “relaxation strength”, which is simply

∆ =
MU −MR

MR
=

JR − JU

JU
. (12)

When we substitute ∆ in to the previous equations, we get

J1(pk)(ω) = JU

�
1 +

∆
1 + ω2T 2

gbs

�

J2(pk)(ω) = JU∆

�
ωTe

1 + ω2T 2
gbs

�
.

∆ becomes a free parameter determined by fits to data. And because we are presuming (safely) that we are
in a linear viscoelastic regime, we can add the Js:

J1 = J1(bg) + J1(pk)

J2 = J2(bg) + J2(pk)

η(S)
k(s)
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from Holtzman & Kohlstedt, J. Pet.2007

histograms in the high-end tails of the distribution, but do
not appear in the mean values, as shown in Fig. 9a.
A correlation was found between the band angle and

band thickness, as shown in Fig. 8. The correlation coeffi-
cients (R2), shown in Fig. 8, decrease slightly with increas-
ing strain. In the samples deformed to higher strain (g¼2^
3"5), the trends appear to reach a cap at an angle of# 308,
but the thicknesses simply increase with increasing strain
whereas the bands appear unable to rotate past this angle.
This correlation is the statistical expression of an anasto-
mosing network of bands, as observed in the
photomicrographs.
The spacings between the largest bands, dsp, were mea-

sured with both LIM and the autocorrelation function
(ACF) for all samples. The results of both methods are
plotted as a function of g in Fig. 9. The data show essen-
tially that the band spacings increase only slightly with
increasing strain for both series of initial melt fractions,
although uncertainties are larger than observed variations.

For the high-strain samples, the measurements of dsp data
from LIM and ACF methods are consistent. In general,
the average value of dsp increases with increasing strain
(except for the drop in dsp in the high-strain sample in the
ft¼ 0"02 set, as shown in Fig. 9). To what extent the aver-
age spacing in band networks will reach a steady state with
increasing time or strain cannot be determined from this
set of experiments, but broadly speaking, the melt distribu-
tion does not evolve dramatically after g¼1.

Summary

(1) The band angles have normal distributions with a
mean of #208. The mean values of both sets appear
to be independent of strain (Fig. 6).

(2) Band thicknesses do not have normal distributions;
they appear to have a power-law distribution, but the
data are limited to less than one order of magnitude of
length scale. The thickness of the thickest bands, but

Fig. 5. Images of a sample (PI-902) with f¼ 0"06 MORB, deformed to a shear strain of g¼ 3"5 using groove-free pistons made of olivine single
crystals. (a) Reflected-light optical micrograph of whole sample. Unlike the samples deformed using tungsten pistons, the sample did not crack
during the quench. The Ni strain marker is the white band extending NE^SW. (b) Reflected light optical micrograph of the right side of the
sample. The melt-rich bands appear as dark grey streaks trending NW^SE. (c) SEM-BSE image of two parallel bands oriented# 208 to the
shear plane, outlined with dashes. It should be noted that a third narrower band exists at a lower angle in the bottom right corner.The implica-
tions of this often-observed geometry of high- and low-angle bands are discussed in the text. (d) SEM-BSE image of one band. The general
alignment of melt-rich pockets at a low angle (#108) to the wall of the bands, the local shear plane, should be noted. (e) SEM-BSE image of
the edge of a band shown in (d). In the upper right, the corroded grain boundaries and very small euhedral grains (51 mm), marked by an
arrow, should be noted. These grains may be produced by crystallization and/or by melt corroding subgrain walls in larger crystals. In the
lower right, the lighter grey solid between the darker olivine grains should be noted. This phase may be clinopyroxene or Ca-rich olivine pre-
cipitated rapidly. Olivine crystals in the bands appear to be both dissolving and growing by precipitation in close proximity, as suggested by the
presence of very small grains, incised or corrugated grain boundaries of the large grain and the euhedral overgrowths of olivine grains,
respectively.
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A simple parameterization of  
stress-driven segregation: 
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= state variable describing
the degree of  segregation

Evolution equation for S

Constitutive model: 

Mechanical model: 

Permeability: 

based on Montesi, 2007



colloidal silica (30 nm). The geometries of the sec-
tions that were polished for observation are shown in
Figure 4. To make the melt more visible, samples
were then etched with a 50:50 mix of HF and HCl
diluted 20:1 with water for 20‐30 s, which prefer-
entially etches the quenched melt phase as well as
grain and phase boundaries.

3. Results

3.1. Static AnnealWith Opx‐Undersaturated
Source Ring
[13] Static annealing of an opx‐undersaturated
source coupled with a melt‐free sink produced a flat
reaction front with no perturbations larger than the
grain scale. One sample with an opx‐undersaturated
melt source as the outer ring was annealed for 10 h at
1200°C. The axial section is pictured in Figure 5e.
After the anneal, the source‐sink interface remained
sharp in the 2‐D cross section of the axial section
with only minor irregularities and no significant
gradient in melt fraction at length scales greater
than the grain size, as shown in the reflected light
micrograph of Figure 6a. Half of the sample was
then rejacketed and annealed for an additional 9 h at

Figure 3. Sketch depicting the propagation directions for reaction enhanced flow and mechanical melt segregation
processes in samples with the opx‐undersaturated source (a) as an outer ring and (b) as the core of the sample.

Figure 4. (a) Sketch of a cylindrical torsion sample with
dashed lines indicating the location of the cuts made to
polish faces for analysis. (b) The axial section (half of this
section is referred to as the radial section). (c) The tangen-
tial section. (d) The transverse section.

Figure 5. Portions of the radial section (center of
sample to the right, outer radius to the left) of samples.
Samples with the melt source as an outer ring are shown
(a) for opx‐saturated and (b) opx‐undersaturated sources,
respectively. Sampleswith themelt source as a central core
are shown (c) opx‐saturated and (d) opx‐undersaturated
sources, respectively. (e) A portion of the statically annealed
sample is displayed.
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each. Samples were prepared with the melt source
either as the core of the sample or as the outer ring.
Cores were taken out of each cylinder with the inner
diameter of the outer ring and outer diameter of the
inner core of 6.2 mm, as depicted in Figure 2. The
nesting surfaces were smoothed with a diamond file
for a snug fit. Pistons of porous alumina with a
porosity of ∼0.20 were placed adjacent to the sam-
ples. The porous alumina prevented the develop-
ment of a melt layer along the sample‐piston
interface, leading to reliable mechanical coupling at
that interface. As a melt sink, the porous alumina
also drew some melt out of the source and reduced
the overall melt fraction of the sample, both in
samples with opx‐saturated and in those with
opx‐undersaturated sources.

2.2. Procedure
[10] Samples were deformed in a gas‐medium
apparatus equipped with a torsion actuator [Paterson

and Olgaard, 2000]. The experiments were per-
formed at a constant rate of angular displacement
as measured by a rotational variable displacement
transducer (RVDT) outside the pressure vessel.
Torque was measured by a torque cell housed inside
the pressure vessel. Temperature was monitored
within 3 mm of the sample using a Pt‐Pt/Rh ther-
mocouple. Furnace calibrations confirm variation
of <1°C along the length of the sample. Methods for
determining shear stress and shear strain rate from
torque and angular displacement as a function of
time are described by Paterson and Olgaard [2000].

[11] To compare the effects resulting from melt‐
rock reaction with those due to deformation, some
samples were statically annealed while others
were deformed (see Table 1). One sample was
statically annealed for a total of 19 h with an opx‐
undersaturated melt source as the outer ring. Four
samples were deformed to a shear strain of gR ≈ 2.5
(where gR is the shear strain at the outer radius of
the sample) at a constant twist rate corresponding
to a strain rate at the outer radius of the sample of
∼1 × 10−4 s−1. Two samples were prepared with the
melt source (opx‐saturated and opx‐undersaturated)
as the outer ring and two with the melt source as the
inner core. The motivation for the two geometries
was to explore the scenarios in which the propa-
gation direction of stress‐driven melt segregation is
the same as or opposite to the direction of reaction
enhancement. Because of the strain gradient in
torsion samples from the center to the outer radius
of the samples, melt‐rich bands initially form by
stress‐driven melt segregation at the outer radius of
the sample and propagate inward with increasing
strain. Surface tension driven flow and reaction
enhanced flow will propagate from the source to the
sink in either geometry. Figure 3 summarizes the
propagation directions of reaction enhanced flow
and mechanical melt segregation in the two geom-
etries with an opx‐undersaturated melt source.

[12] After deformation, samples were polished on
an axial section, a longitudinal tangential section,
and a transverse section (perpendicular to the axial
and tangential sections) using diamond lapping film
to 0.5 mm followed by 10 min of polishing with

Figure 2. Sketch of sample assemblies.

Table 1. Experiment Details

Sample Source Annealing Time (h) Deformation Time (h) gR _!R

PT0462 US (ring) 10 (19) 0 0 0
PT0472 US (ring) 0 7 2.2 1 × 10−4

PT0491 SAT (core) 0 7 2.5 1 × 10−4

PT0492 SAT (ring) 0 7 2.5 1 × 10−4

PT0500 US (core) 0 7 2.5 1 × 10−4
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colloidal silica (30 nm). The geometries of the sec-
tions that were polished for observation are shown in
Figure 4. To make the melt more visible, samples
were then etched with a 50:50 mix of HF and HCl
diluted 20:1 with water for 20‐30 s, which prefer-
entially etches the quenched melt phase as well as
grain and phase boundaries.

3. Results

3.1. Static AnnealWith Opx‐Undersaturated
Source Ring
[13] Static annealing of an opx‐undersaturated
source coupled with a melt‐free sink produced a flat
reaction front with no perturbations larger than the
grain scale. One sample with an opx‐undersaturated
melt source as the outer ring was annealed for 10 h at
1200°C. The axial section is pictured in Figure 5e.
After the anneal, the source‐sink interface remained
sharp in the 2‐D cross section of the axial section
with only minor irregularities and no significant
gradient in melt fraction at length scales greater
than the grain size, as shown in the reflected light
micrograph of Figure 6a. Half of the sample was
then rejacketed and annealed for an additional 9 h at

Figure 3. Sketch depicting the propagation directions for reaction enhanced flow and mechanical melt segregation
processes in samples with the opx‐undersaturated source (a) as an outer ring and (b) as the core of the sample.

Figure 4. (a) Sketch of a cylindrical torsion sample with
dashed lines indicating the location of the cuts made to
polish faces for analysis. (b) The axial section (half of this
section is referred to as the radial section). (c) The tangen-
tial section. (d) The transverse section.

Figure 5. Portions of the radial section (center of
sample to the right, outer radius to the left) of samples.
Samples with the melt source as an outer ring are shown
(a) for opx‐saturated and (b) opx‐undersaturated sources,
respectively. Sampleswith themelt source as a central core
are shown (c) opx‐saturated and (d) opx‐undersaturated
sources, respectively. (e) A portion of the statically annealed
sample is displayed.
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melt/sink in equilibrium

melt/sink in disequilibrium

control: disequilibrium with no deformation: 
source sink boundary barely moves, so the 
difference is related to the coupling of 
chemical and mechanical processes
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1. Intro: who does all the work around here ? 

2. Interactions of deformation and melt migration in experiment.

3. Speculation on the Main Ethiopian Rift from below.. 



range of (increasing) spreading rates: (1) a conti-
nental rift (Main Ethiopian Rift), (2) a slow
spreading ridge (Reykjanes Ridge), and (3) a fast
spreading ridge (the MELT experiment site on the
East Pacific Rise).

3.1. East African Rift in Ethiopia
[17] The northern Main Ethiopian Rift (MER) is
transitional between continental and incipient oce-
anic rifting, providing an opportunity to observe rift
processes just prior to breakup [Ebinger and Casey,
2001]. The recent EAGLE experiment [Maguire
et al., 2003; Bastow et al., 2010a] in this area has
provided evidence for crustal and upper mantle melt
in a number of ways (Figure 3). Controlled source,
wide‐angle profiles show evidence for crustal
underplating and crustal melt bodies beneath
axial magmatic segments [Mackenzie et al., 2005;
Keranen et al., 2004]. P and S wave teleseismic
traveltime tomography [e.g., Bastow et al., 2005,
2008], as well as joint inversions of surface wave
and receiver functions [Keranen et al., 2009], have
revealed both remarkably slow absolute velocities
and Vp/Vs ratios that strongly suggest the presence
of melt in the lower crust and upper mantle. The
tomographic images show an abrupt boundary
between the pan‐African lithosphere and upwelling
asthenosphere (Figure 3b). These images also reveal
very low velocities and complex heterogeneity
beneath the Ethiopian plateau, to the northwest of
the MER, indicative of a smaller but significant
fraction of melt present beneath much of the plateau
[e.g., Bastow et al., 2005; Keranen et al., 2009].
However, a relatively fast region, perhaps a remnant
wedge‐like core of lithospheric material, extends
down to about 100 km beneath the plateau, on the
northwestern flank of the rift, separating the slow
areas beneath the rift from the slow areas beneath the
eastern plateau. Surface magmatism surrounds this
relatively fast core on all sides, erupting over the last
30 million years [Bastow et al., 2008]. However,
only in the rift is this magmatism accompanied by
significant surface deformation. These observations
suggest that melt distribution and transport pro-
cesses beneath the rift and eastern plateau may be
quite different.

[18] For interpretations of melt distribution, a key
observation from Ethiopia is the variation in the
magnitude of splitting across the rift. Studies of
shear wave splitting at Ethiopian seismic stations
from both teleseismic core phases and local phases
show consistent rift‐parallel fast shear wave orienta-
tions [e.g., Ayele et al., 2004; Kendall et al., 2005;
Keir et al., 2005; Gashawbeza et al., 2004]. The
magnitude and the orientation of the shear wave
splitting beneath the rift (Figure 3a) suggests that
the anisotropy is due to melt: the fast shear wave
polarizations parallel the axial magmatic segments
and the magnitude of splitting increases beneath
areas of elevated melt extraction. Analysis of sur-

Figure 3. Synthesis of seismic studies of upper mantle
structure beneath the Main Ethiopian Rift [after
Hammond et al., 2010; Bastow et al., 2008; Kendall
et al., 2005]. (a) Map view of surface features and
P wave velocity anomalies at 75 km depth. The white
sticks show the polarization direction of the fast shear
wave and the magnitude of the splitting [Kendall et al.,
2005]. Black lines are major border faults, and mag-
matic segments are red. Note the general parallelism
between fast directions and volcanic centers. The tomog-
raphy shows slow regions everywhere with the slowest
velocity anomalies beneath the rift and a few relatively
fast regions beneath the Ethiopian and Somalian plateaux.
(b) Cross section through A–A′, showing that the slowest
region beneath the rift extends to about 200 km and the
fast regions beneath the plateau extend to about 100 km.
The values in percent and degrees indicate the best fit
models for degree and orientation of Vs anisotropy from
Hammond et al. [2010]. The dashed line separating 7%
and 9% anisotropy appears in both Figures 3a and 3b.
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raphy shows slow regions everywhere with the slowest
velocity anomalies beneath the rift and a few relatively
fast regions beneath the Ethiopian and Somalian plateaux.
(b) Cross section through A–A′, showing that the slowest
region beneath the rift extends to about 200 km and the
fast regions beneath the plateau extend to about 100 km.
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after Bastow et al. 2008; Hammond et al, 2010 
in Holtzman & Kendall, G3 2010 

Main Ethiopian Rift:   
a) 30 Ma of  wide surface volcanism, 20 Ma of  surface deformation, now focused in rift.
b) Low velocities to shallow depth below the plate. Very low beneath rift. Anisotropy 
strong beneath rift, peaking at flanks. 

the vertical anisotropy and thus the orthorhombic
character of the anisotropy beneath the rift.

6. Discussion

[43] We have presented a method for characterizing
the seismic signature of organized melt along a
lithosphere‐asthenosphere boundary. We have also
shown evidence for the existence of these sig-
natures at two divergent margins (the MER and the
Reykjanes Ridge) and consistency with observa-
tions at a third (in the predicted absence of the
signature in the available measurements at the
EPR). There are undoubtedly questions raised in

each case study and also many aspects of our
model and applications to data that need further
development. Here, however, we focus on more
general questions raised by the hypothesis that
organized melt can lubricate the marginal LAB,
concerning the physical nature of the LAB and the
processes that determine its location, structure and
dynamics. Here we frame these questions relative
to other processes that may influence the location
of the marginal LAB, including melting, conduc-
tive cooling, dehydration and melt rock reaction.
We discuss interactions of these processes in two
contexts, first at mid‐ocean ridges and second,
plume‐plate interactions based on the observations
from the MER.

6.1. Interactions of Cooling, Dehydration,
and Melting at Spreading Centers
[44] Understanding mantle flow and melt extraction
at mid ocean ridges is a classic problem in geo-
physics that we do not intend to review here. We
wish to emphasize that this problem is coupled to
understanding the location and nature of the mar-
ginal LAB. A common view is that the LAB is a
rheological interface that coincides spatially with
the location of the solidus or thermal boundary
layer (TBL) (left side of Figure 15). An alternate
view is that dehydration and Fe depletion during
melting increases the viscosity of the olivine‐rich
residual mantle that forms the plate near the
spreading center (right side of Figure 15). SDS has
implications for both of these scenarios.

6.1.1. Does the Marginal LAB Correspond to
the Solidus?

[45] In a passive spreading system, the dip of the
isotherms away from the ridge axis depends on the
spreading rate and the solidus dips somewhat more
steeply due to its pressure dependence. The expo-
nential dependence of viscosity on melt fraction
predicts a minimal viscosity contrast the solidus,
discussed further below. The idea that melt migrates
up to the dipping solidus and then migrates along
it toward the ridge axis is very plausible [Sparks and
Parmentier, 1991; Spiegelman, 1993; Ghods and
Arkani‐Hamed, 2000; Katz, 2008) and defines an
important end‐member model. However, it does
not consider any effects of deformation on the
melt distribution or viscosity structure, nor cou-
pling between the solid and melt flow, other than
compaction.

Figure 14. Application to SKS splitting data from the
MER. (a) Projection onto 1‐D cross section (A–A′ in
Figure 3a) and running average of Vs splitting delay
times across the MER, from Kendall et al. [2005] and
Hammond et al. [2010]. Note how the peaks in anisot-
ropy correspond to the rift flanks, shown in Figure 3a.
The solid line shows an interpolated fit to the data using
a cubic B spline interpolation with a knot spacing of
30 km. The error bars show the RMS misfit of the data
from the curve over a 30 km sliding window. Note how
the peaks in magnitude align with the rift flanks (red
vertical bars). (b) Mapping of dt to S, using equation (9).
Each line corresponds to a solution for a different value
of Alpo, increasing from top to bottom, bounded by the
requirement that 0 < S < 1. Constraints on this tradeoff
between anisotropy due to melt and LPO may come from
future studies incorporating absolute velocities and
attenuation.
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face waves propagating across the rift valley con-
firms that the anisotropy is most likely due to ver-
tically orientated melt‐rich planar structures that
persist to depths of at least 75 km [Bastow et al.,
2010b]. Furthermore, the highest amounts of SKS
splitting are observed at the rift flanks [Kendall
et al., 2005; Hammond et al., 2010]. Forward
modeling of SKS phases shows that the strength of
the anisotropy and thus alignment is greater on the
western rift flank than the eastern flank [Hammond
et al., 2010] (Figure 3b). Conversely, splitting in
shallow local events show greatest splitting beneath
the magmatic segments [Keir et al., 2005]. These
observations indicate that, from the mantle to the
crust, the location of the strongest anisotropy
changes from the marginal LAB in the mantle to the
rift center in the crust, indicating a change in the
melt migration pathway (Figure 4). Based on anal-
ysis of anisotropy from SKS splitting and local
surface waves, it has been estimated that the
anisotropic layer in the Ethiopian rift can be no
thicker than 100 km [Kendall et al., 2006;
Hammond et al., 2010; Bastow et al., 2010b].

Geochemical analyses of xenoliths from the rift
suggest that melting starts shallower than 90 km
[Rooney et al., 2005].

[19] These numerous observations indicate that melt
is broadly distributed beneath the rift and plateau,
but the geometry may be quite different between the
two mantle regions separated by the seismically fast
core. To seismic waves, the upper 100 km beneath
both regions “look” like asthenosphere. However,
the lack of surface deformation on the plateau and
the low crustal stretching factors across the rift
[Maguire et al., 2006] indicate that the shallow
presence of asthenosphere could not be caused by
mechanical advection of solid mantle alone. In
Figure 4, we suggest that the slow velocities may
be due to some combination of two processes:
(1) accumulated injection of gabbroic dikes into old,
cold lithosphere, referred to as “pulverization,” and
(2) thermal/chemical erosion of cold lithosphere by
plume‐derived melts, referred to as “refertilization.”
In section 6.2, we speculate that stress‐driven segre-
gation can enhance the kinetics of the refertilization

Figure 4. Schematic lithosphere/asthenosphere structure beneath the MER. The motivation for this interpretation is
the observation that the region of surface deformation, i.e., the rift valley, is very narrow and the degrees of stretching
are small, but the slow upper mantle velocities extend over a wide area, to the west of the plateau. These slow veloc-
ities cannot be interpreted as “advected” asthenosphere because the surface deformation/stretching is so small. There-
fore, they are interpreted as lithosphere modified by heat and melt from the plume. This modification process may
proceed as melt intrudes the lithosphere by dikes followed by porous flow, warming and chemically refertilizing
the plate. The rift may indicate the region where this process is most advanced, as articulated further in section 6.
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spreading ridge (the MELT experiment site on the
East Pacific Rise).
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2008], as well as joint inversions of surface wave
and receiver functions [Keranen et al., 2009], have
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and Vp/Vs ratios that strongly suggest the presence
of melt in the lower crust and upper mantle. The
tomographic images show an abrupt boundary
between the pan‐African lithosphere and upwelling
asthenosphere (Figure 3b). These images also reveal
very low velocities and complex heterogeneity
beneath the Ethiopian plateau, to the northwest of
the MER, indicative of a smaller but significant
fraction of melt present beneath much of the plateau
[e.g., Bastow et al., 2005; Keranen et al., 2009].
However, a relatively fast region, perhaps a remnant
wedge‐like core of lithospheric material, extends
down to about 100 km beneath the plateau, on the
northwestern flank of the rift, separating the slow
areas beneath the rift from the slow areas beneath the
eastern plateau. Surface magmatism surrounds this
relatively fast core on all sides, erupting over the last
30 million years [Bastow et al., 2008]. However,
only in the rift is this magmatism accompanied by
significant surface deformation. These observations
suggest that melt distribution and transport pro-
cesses beneath the rift and eastern plateau may be
quite different.

[18] For interpretations of melt distribution, a key
observation from Ethiopia is the variation in the
magnitude of splitting across the rift. Studies of
shear wave splitting at Ethiopian seismic stations
from both teleseismic core phases and local phases
show consistent rift‐parallel fast shear wave orienta-
tions [e.g., Ayele et al., 2004; Kendall et al., 2005;
Keir et al., 2005; Gashawbeza et al., 2004]. The
magnitude and the orientation of the shear wave
splitting beneath the rift (Figure 3a) suggests that
the anisotropy is due to melt: the fast shear wave
polarizations parallel the axial magmatic segments
and the magnitude of splitting increases beneath
areas of elevated melt extraction. Analysis of sur-

Figure 3. Synthesis of seismic studies of upper mantle
structure beneath the Main Ethiopian Rift [after
Hammond et al., 2010; Bastow et al., 2008; Kendall
et al., 2005]. (a) Map view of surface features and
P wave velocity anomalies at 75 km depth. The white
sticks show the polarization direction of the fast shear
wave and the magnitude of the splitting [Kendall et al.,
2005]. Black lines are major border faults, and mag-
matic segments are red. Note the general parallelism
between fast directions and volcanic centers. The tomog-
raphy shows slow regions everywhere with the slowest
velocity anomalies beneath the rift and a few relatively
fast regions beneath the Ethiopian and Somalian plateaux.
(b) Cross section through A–A′, showing that the slowest
region beneath the rift extends to about 200 km and the
fast regions beneath the plateau extend to about 100 km.
The values in percent and degrees indicate the best fit
models for degree and orientation of Vs anisotropy from
Hammond et al. [2010]. The dashed line separating 7%
and 9% anisotropy appears in both Figures 3a and 3b.
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marily to prior LPO and dikes in the lithosphere.
Thus, the plume provides both the large‐scale
buoyancy that increases the tensional stresses in the
plate and also the thermal and chemical driving
forces for corrosion [e.g., Sleep, 1994]. Further
understanding is needed in the kinetics of all of these
processes, as well as characterizing the difference in
seismic velocity between pulverized lithosphere and
(plume‐fed and refertilized) asthenosphere.

6.3. Applications to Other Settings
[52] Here we have focused on divergent margins for
their relative simplicity. However, lubrication by
melt organization may be relevant to other partially
molten upper mantle settings such as convergent
margins, plumes and some transform plate boundaries.
For example, the mantle wedges of subduction zones
contain complex interactions of three‐dimensional
deformation, slab‐derived aqueous fluids, peridotite
melting fluxed by aqueous fluids, with sharp tem-

perature and viscosity gradients [e.g., Hirth and
Kohlstedt, 2003; Nakajima et al., 2005; Gerya
et al., 2008]. In many, if not most, subduction zones
around the world, the seismic fast directions appear
to rotate over relatively short distance from trench‐
normal to trench‐parallel approaching the trench,
on the overriding plate [e.g., Fischer et al., 1998].
People have explored hypotheses for the anisotropy
rotation due to 3‐D flow [e.g., Hall et al., 2000;
Lowman et al., 2007; Kneller and van Keken,
2007] within the wedge, small‐scale convection
beneath the arc [e.g., Mehl et al., 2003], effects of
dissolved water and high stress on LPO [e.g., Jung
et al., 2006] and arc‐ or trench‐parallel aligned
melt [e.g., Greve et al., 2008]. Networks of melt‐
rich shear zones could contribute to trench‐par-
allel fast directions if they are oriented sub-
vertically beneath the arc. In Japan in particular,
the anisotropy appears to rotate sharply at the
volcanic arc [e.g., Nakajima and Hasegawa,

Figure 16. An illustration of consequences of thermal/chemical disequilibrium from a plume and interactions with
stress‐driven melt segregation, leading to rifting (e.g., Ethiopia). In step 1, the plume arrives (≥30 Ma in E. Africa). In
step 2, reactive transport and diking begin, corroding the lithosphere with heat and “refertilizing” reactions. In step 3,
plate thins and in‐plate stresses amplify: necking and thus stress‐driven segregation nucleate, leading to an amplifi-
cation of the corrosion rates with higher melt transport rates and enhanced deformation. In step 4, vertical advection of
asthenosphere and thus local decompression melting begin, enabling another feedback, leading to rifting and eventu-
ally oceanic crust formation.
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face waves propagating across the rift valley con-
firms that the anisotropy is most likely due to ver-
tically orientated melt‐rich planar structures that
persist to depths of at least 75 km [Bastow et al.,
2010b]. Furthermore, the highest amounts of SKS
splitting are observed at the rift flanks [Kendall
et al., 2005; Hammond et al., 2010]. Forward
modeling of SKS phases shows that the strength of
the anisotropy and thus alignment is greater on the
western rift flank than the eastern flank [Hammond
et al., 2010] (Figure 3b). Conversely, splitting in
shallow local events show greatest splitting beneath
the magmatic segments [Keir et al., 2005]. These
observations indicate that, from the mantle to the
crust, the location of the strongest anisotropy
changes from the marginal LAB in the mantle to the
rift center in the crust, indicating a change in the
melt migration pathway (Figure 4). Based on anal-
ysis of anisotropy from SKS splitting and local
surface waves, it has been estimated that the
anisotropic layer in the Ethiopian rift can be no
thicker than 100 km [Kendall et al., 2006;
Hammond et al., 2010; Bastow et al., 2010b].

Geochemical analyses of xenoliths from the rift
suggest that melting starts shallower than 90 km
[Rooney et al., 2005].

[19] These numerous observations indicate that melt
is broadly distributed beneath the rift and plateau,
but the geometry may be quite different between the
two mantle regions separated by the seismically fast
core. To seismic waves, the upper 100 km beneath
both regions “look” like asthenosphere. However,
the lack of surface deformation on the plateau and
the low crustal stretching factors across the rift
[Maguire et al., 2006] indicate that the shallow
presence of asthenosphere could not be caused by
mechanical advection of solid mantle alone. In
Figure 4, we suggest that the slow velocities may
be due to some combination of two processes:
(1) accumulated injection of gabbroic dikes into old,
cold lithosphere, referred to as “pulverization,” and
(2) thermal/chemical erosion of cold lithosphere by
plume‐derived melts, referred to as “refertilization.”
In section 6.2, we speculate that stress‐driven segre-
gation can enhance the kinetics of the refertilization

Figure 4. Schematic lithosphere/asthenosphere structure beneath the MER. The motivation for this interpretation is
the observation that the region of surface deformation, i.e., the rift valley, is very narrow and the degrees of stretching
are small, but the slow upper mantle velocities extend over a wide area, to the west of the plateau. These slow veloc-
ities cannot be interpreted as “advected” asthenosphere because the surface deformation/stretching is so small. There-
fore, they are interpreted as lithosphere modified by heat and melt from the plume. This modification process may
proceed as melt intrudes the lithosphere by dikes followed by porous flow, warming and chemically refertilizing
the plate. The rift may indicate the region where this process is most advanced, as articulated further in section 6.
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marily to prior LPO and dikes in the lithosphere.
Thus, the plume provides both the large‐scale
buoyancy that increases the tensional stresses in the
plate and also the thermal and chemical driving
forces for corrosion [e.g., Sleep, 1994]. Further
understanding is needed in the kinetics of all of these
processes, as well as characterizing the difference in
seismic velocity between pulverized lithosphere and
(plume‐fed and refertilized) asthenosphere.

6.3. Applications to Other Settings
[52] Here we have focused on divergent margins for
their relative simplicity. However, lubrication by
melt organization may be relevant to other partially
molten upper mantle settings such as convergent
margins, plumes and some transform plate boundaries.
For example, the mantle wedges of subduction zones
contain complex interactions of three‐dimensional
deformation, slab‐derived aqueous fluids, peridotite
melting fluxed by aqueous fluids, with sharp tem-

perature and viscosity gradients [e.g., Hirth and
Kohlstedt, 2003; Nakajima et al., 2005; Gerya
et al., 2008]. In many, if not most, subduction zones
around the world, the seismic fast directions appear
to rotate over relatively short distance from trench‐
normal to trench‐parallel approaching the trench,
on the overriding plate [e.g., Fischer et al., 1998].
People have explored hypotheses for the anisotropy
rotation due to 3‐D flow [e.g., Hall et al., 2000;
Lowman et al., 2007; Kneller and van Keken,
2007] within the wedge, small‐scale convection
beneath the arc [e.g., Mehl et al., 2003], effects of
dissolved water and high stress on LPO [e.g., Jung
et al., 2006] and arc‐ or trench‐parallel aligned
melt [e.g., Greve et al., 2008]. Networks of melt‐
rich shear zones could contribute to trench‐par-
allel fast directions if they are oriented sub-
vertically beneath the arc. In Japan in particular,
the anisotropy appears to rotate sharply at the
volcanic arc [e.g., Nakajima and Hasegawa,

Figure 16. An illustration of consequences of thermal/chemical disequilibrium from a plume and interactions with
stress‐driven melt segregation, leading to rifting (e.g., Ethiopia). In step 1, the plume arrives (≥30 Ma in E. Africa). In
step 2, reactive transport and diking begin, corroding the lithosphere with heat and “refertilizing” reactions. In step 3,
plate thins and in‐plate stresses amplify: necking and thus stress‐driven segregation nucleate, leading to an amplifi-
cation of the corrosion rates with higher melt transport rates and enhanced deformation. In step 4, vertical advection of
asthenosphere and thus local decompression melting begin, enabling another feedback, leading to rifting and eventu-
ally oceanic crust formation.
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In the MER, does the transition from magmatism at rift edge to rift center correspond to 
the increase melt production due to the onset of significant decompression melting and 
thus greater weakening of asthenosphere? 



Conclusions and further questions:

1. Stress-driven segregation and thermal-chemical corrosion of lithosphere are 
observed in the geologic record. 

2. Mechanical and chemical-mechanical feedbacks in melt segregation and migration 
are observed in experiments. Parameterizations of the mechanical aspects of melt 
segregation can now be incorporated into geodynamic-scale models.

3. Constraining the degree of disequilibrium between plume and plate can help us 
understand the potential for corrosion. 

4. In the EAR, does corrosion help explain the degree of plate weakening/velocity 
reduction while the rift has undergone only a small degree of extension ?   



BASTA



strength of the melt-free model. After complete
rifting melting occurs at shallow depths reducing
the intrusional weakening effect as the intruded
heat is lost more effectively by cooling at the sur-
face. Approaching complete continental breakup
around 3 Ma, the total strength has dropped to
almost zero and the relative strengths shown in
Figure 11b are no longer reliable.

[42] The emplacement depth has a strong effect on
the intrusional weakening: If during the interme-
diate to late rifting stage the melts are emplaced in

the shallow, very strong parts of the lithosphere (0–
20 km depth), intrusional heating is more effective
than when it is emplaced down to greater depth,
where the lithosphere is already warmer and
weaker, and where the total amount of released heat
is smaller due to higher ambient temperature (c.f.
equation (1)) (Figure 11b).

[43] Figure 11c shows that the weakening effect also
has a strong feedback effect on the melt generation
itself. As rifting is more effective due to weakening,
a stronger upwelling velocity is induced within the

Figure 10. (left) Evolution of the temperature difference between the rifting model with melting and instrusional
heating and the melt free model. (right) Evolution of the difference of the logarithmic viscosity.
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[41] Figure 11 shows the vertically integrated hori-
zontal deviatoric stress (i.e., deviatoric strength) of
the lithosphere at the rift axis as a function of time.
First slowly (around 1.5 Ma), then more strongly,
the lithospheric strength decreases compared to the

melt-free model. This is more clearly depicted in
Figure 11b, where the strength ratio of the melt
induced weakened lithosphere to the melt-free
lithosphere is shown. During the mature stage of
rifting the strength has dropped to almost half of the

Figure 9. (left) Evolution of temperature of a 2-D thermomechanical lithospheric rifting model. Only the right half of
the central part of the symmetric model is shown. The elliptical thermal perturbation is visible at time 0.03 Ma. The
right boundary moves to the right with a rifting velocity of 2 cm/a (one-sided) down to a depth of 100 km which
linearly decreases to 0 at 200 km depth. (right) Evolution of the logarithmic effective viscosity of the same model.
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Figure 1 | Present-day and 30-Myr-before-present mantle temperature structure, calculated flow and African dynamic topography. a, Present-day

thermal structure derived from the TX2008 joint seismic–geodynamic density model
14
with mantle flow calculated for the V2 viscosity model (see

Supplementary Information) for two cross-sections through the EAR system (AA
�
) and the Congo basin (BB

�
). ‘Litho’ is the seismically determined

thickness of the lithosphere
26
. b, Corresponding backwards advected mantle temperatures and mantle flow at 30Myr. Inset maps show the cross-section

locations for the present day (top) and at 30Myr (middle), where the continent and cross-section positions are superimposed on the present-day location

of continents and plate boundaries. c, Predicted present-day dynamic topography with plate boundaries, Congo River and catchment basin. d, Retrodicted

dynamic topography at 30Myr in an Africa-fixed reference frame.

progresses southward, first raising the Ethiopian plateau, followed

by the East African plateau. The progression of this topographic

swell is due to the combination of changes in mantle flow

driven by the deep-seated African superplume and the relative

northward motion of the African plate over it (Fig. 1). Thus the

present-day dynamic topography high associated with the EAR has

developed over the past 30Myr and is consistent with a number of

palaeoaltimetry inferences
19,20

. For example, the palaeo-slope of the

East African plateau must have existed before 15Myr to facilitate

the 13.5Myr Yatta lava flow in Kenya
20
. Our model suggests that

by 15Myr, the maximum uplift of the East African plateau reached

∼500m and by 10Myr this increased to ∼1,000m. Moreover, the

708 NATURE GEOSCIENCE | VOL 4 | OCTOBER 2011 | www.nature.com/naturegeoscience

Moucha & Forte, 
Nature Geosciences, 2011
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understanding the variety of responses to experimentally imposed boundary conditions discussed
below. A number of the experimental geometries utilized to investigate deformation of partially
molten natural and analog materials are summarized in Figure 3 and discussed in more detail
below.
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(d)

Torsion experiments on 
olivine +/-chromite + MORB, 

at 300 MPa, 1200 C,  
in the Paterson Apparatus at UMN. 
from Dan King’s thesis (2010), e.g. 
King, Zimmerman & Kohlstedt, JPet 2010

from Holtzman & Kohlstedt, J. Pet.2007

histograms in the high-end tails of the distribution, but do
not appear in the mean values, as shown in Fig. 9a.
A correlation was found between the band angle and

band thickness, as shown in Fig. 8. The correlation coeffi-
cients (R2), shown in Fig. 8, decrease slightly with increas-
ing strain. In the samples deformed to higher strain (g¼2^
3"5), the trends appear to reach a cap at an angle of# 308,
but the thicknesses simply increase with increasing strain
whereas the bands appear unable to rotate past this angle.
This correlation is the statistical expression of an anasto-
mosing network of bands, as observed in the
photomicrographs.
The spacings between the largest bands, dsp, were mea-

sured with both LIM and the autocorrelation function
(ACF) for all samples. The results of both methods are
plotted as a function of g in Fig. 9. The data show essen-
tially that the band spacings increase only slightly with
increasing strain for both series of initial melt fractions,
although uncertainties are larger than observed variations.

For the high-strain samples, the measurements of dsp data
from LIM and ACF methods are consistent. In general,
the average value of dsp increases with increasing strain
(except for the drop in dsp in the high-strain sample in the
ft¼ 0"02 set, as shown in Fig. 9). To what extent the aver-
age spacing in band networks will reach a steady state with
increasing time or strain cannot be determined from this
set of experiments, but broadly speaking, the melt distribu-
tion does not evolve dramatically after g¼1.

Summary

(1) The band angles have normal distributions with a
mean of #208. The mean values of both sets appear
to be independent of strain (Fig. 6).

(2) Band thicknesses do not have normal distributions;
they appear to have a power-law distribution, but the
data are limited to less than one order of magnitude of
length scale. The thickness of the thickest bands, but

Fig. 5. Images of a sample (PI-902) with f¼ 0"06 MORB, deformed to a shear strain of g¼ 3"5 using groove-free pistons made of olivine single
crystals. (a) Reflected-light optical micrograph of whole sample. Unlike the samples deformed using tungsten pistons, the sample did not crack
during the quench. The Ni strain marker is the white band extending NE^SW. (b) Reflected light optical micrograph of the right side of the
sample. The melt-rich bands appear as dark grey streaks trending NW^SE. (c) SEM-BSE image of two parallel bands oriented# 208 to the
shear plane, outlined with dashes. It should be noted that a third narrower band exists at a lower angle in the bottom right corner.The implica-
tions of this often-observed geometry of high- and low-angle bands are discussed in the text. (d) SEM-BSE image of one band. The general
alignment of melt-rich pockets at a low angle (#108) to the wall of the bands, the local shear plane, should be noted. (e) SEM-BSE image of
the edge of a band shown in (d). In the upper right, the corroded grain boundaries and very small euhedral grains (51 mm), marked by an
arrow, should be noted. These grains may be produced by crystallization and/or by melt corroding subgrain walls in larger crystals. In the
lower right, the lighter grey solid between the darker olivine grains should be noted. This phase may be clinopyroxene or Ca-rich olivine pre-
cipitated rapidly. Olivine crystals in the bands appear to be both dissolving and growing by precipitation in close proximity, as suggested by the
presence of very small grains, incised or corrugated grain boundaries of the large grain and the euhedral overgrowths of olivine grains,
respectively.
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Paterson and Olgaard (2000), the outer 50% of the sample (by volume) supports about 90% of the58

torque, depending on the stress exponent, in a homogeneous material. However, in our samples, the59

microstructure of melt segregation is evolving spatially and temporally. Therefore, in the following60

analysis, we cannot uniquely identify the interactions between mechanisms in homogeneous regions61

of the sample vs. spatial variations in those interactions across the sample. Thus, in this paper, our62

aim to simply identify relative differences in the samples, without quantifying the magnitude of the63

simplifying (and common) approximations. We calculate a shear stress at the outer radius from64

the measured torque value, using Eqn. 10 of Paterson and Olgaard (2000), using a value of n = 1.6,65

a common value for the experiments in which stress steps were performed (Table 1). Second, from66

the shear stress and shear strain rate, we can calculate equivalent stress and equivalent strain rate67

(Eqn. 39-40 of Paterson and Olgaard (2000)), allowing the direct comparison of rheological data68

from uniaxial compression tests and torsion tests. The rheological data (equivalent stress and strain69

rate) samples deformed in torsion can be fit by the combined flow law for diffusion-, dislocation-70

and dislocation-accommodated grain boundary sliding (GBS) creep mechanisms (e.g. Hirth and71

Kohlstedt, 2003; Hansen et al., 2011).72

ε̇i(σ, d,φt, T, P ) = Aiσ
nid−pi exp((Ei + PVi)/RT ) exp(αiφt) (1)

where σ is the differential stress, d is the mean grain size, φt is the total melt fraction, T is73

temperature, P is the pressure. The index i refers to the deformation mechanism (diffusion creep,74

dislocation creep, or GBS), with the parameters given in Table A. To fit the combined flow law,75

which was developed from creep results obtained in uniaxial compression, to the nominally melt-76

free sample (427), a correction of 0.72 to lower strain rate is necessary. This discrepancy could77

be related to the load distribution within the torsion sample, indicating support of the torque78

by stronger interior parts of the sample (due to non-Newtonian behavior or spatial variations in79

grain size). We apply this correction to all samples. The increase in strain rate values for samples80

with φ = 0.02 and φ = 0.04 are well-fit by the common empirical model, ε̇φ = ε̇0 exp (αφ), with81

α = 25− 35, shown in Table 2 (Hirth and Kohlstedt, 2003).82

Plotting the data in stress-strain rate space, we demonstrate that samples undergoing stress-83

driven segregation (labelled in dark red symbols in Fig. 2a) are significantly weaker than nominally84

melt-free and melt bearing samples with homogeneously distributed melt. From the steady state85

4

creep data, plotted in stress-strain rate space, we calculate a strain rate enhancement pre-factor86

in samples with SDS, ε̇�S , describing the enhancement of strain rate due to strain localization in87

melt-rich networks of shear zones relative to the samples with a homogeneously distributed melt88

fraction, using flow laws with measured grain size and melt fraction values at known pressure and89

temperature:90

ε̇ = ε̇�S

�
�

i

ε̇i

�
(2)

To extract the range of values of the strain rate enhancement factor associated with melt segrega-91

tion, ε̇�S , from the rheological data, we find the best fitting value to Eq. 2 for the data from each92

experiment, illustrated in Fig. 2a. We find that values of ε̇�S range from slightly greater than 1 up93

to 6 (Fig. 2b, Table 1). The olivine+MORB sample that produced bands (219) was weaker than94

a similar sample without significant melt segregation, by a factor of ε̇�S = 1.1. Viscosity reduction95

generally increases with increasing degrees of melt segregation, defined below, in the set of samples96

with increasing chromite fraction, shown in blue symbols. The highest values occur in samples with97

Xchr = 0.20. The large variability is due to effects of total strain, strain rate and other unknown98

sources. It is interesting to note that the samples subjected to constant torque conditions tend to99

be stronger than samples subjected to constant twist rate, even when the degree of melt segregation100

is large (especially sample 319).101

2.2 Melt distribution102

In previous studies of SDS, we have defined a single parameter (a structural or internal state103

variable) to describe the degree of melt segregation, S. As an average property containing no104

information on the spacing or width of bands, S is defined by local mass balance. (Holtzman et al.,105

2005; Holtzman and Kohlstedt, 2007). In detail, S = abφ�
b (the product of the volume fraction106

occupied by bands (ab) and the melt fraction in the bands normalized by the total melt fraction in107

the volume, φ�
b = φb/φt). When S = 0, the melt is homogeneously distributed (ab = 0 and φ�

b = 1);108

when S = 1 the melt is completely segregated into melt-rich networks. The methods for measuring109

S were developed in Holtzman and Kohlstedt (2007) and King et al. (2010), and summarized below110

and in Fig. 1.111

The distribution of melt during segregation between bands and non-band regions (lenses) is112

φt = abφb + (1− ab)φn (3)

5

with 20 vol% chromite, S does not tend to saturate at 1, but reaches values of ∼0.7. We refer to136

this sub-saturation peak value as Smax. The correlation of S to viscosity reduction is developed137

below, shown in Fig. 4a.138

3 Constitutive model139

Viscosity, elasticity and permeability and electrical conductivity, which are anisotropic and tenso-140

rial in nature, will be affected by melt segregation. However they are all frequently approximated141

as scalars describing isotropic properties. In deformation experiments in our gas-medium deforma-142

tion apparatus, we directly measure only one component of the mechanical properties at a time.143

Therefore, here, we derive a scalar description of a system undergoing strain partitioning.144

The simplest viscous constitutive model for a material undergoing strain partitioning internal to145

the representative elementary volume (REV) can be derived from the definition of viscous energy146

dissipation per unit volume, D = σε̇. Within the REV, the model assumes that the dissipated147

energy rate is partitioned by volume between the band networks and the non-band regions of the148

sample, such that the contribution to the total of each fraction i is weighted by the volume fraction149

of that sub-volume, ai, as150

D =

�

i

aiDi = abDb + (1− ab)Dn = abσε̇b + (1− ab)σε̇n. (8)

Two bounds can be defined for this equation: the lower (Reuss) bound assumes a constant stress151

throughout all sub-regions of the sample; the upper (Voigt) bound assumes a constant strain152

throughout the sample (e.g., Ji et al., 2004). For the lower bound, substituting ε̇i = σ/ηi into153

Eqn. 8, the model predicts an effective viscosity perturbation, ηS that is the harmonic mean of the154

viscosities in the bands and non-band regions,155

ηS =

�
ab
ηb

+
(1− ab)

ηn

�−1

. (9)

This expression is also equivalent to the Backus average for elastic properties and the Honda (1986)156

and Christensen (1987) expressions for the effective viscosity in the shear direction. Similarly for157

the upper bound, substituting σi = ε̇ηi into Eqn. 8 and canceling ε̇ yields the geometric mean,158

ηS = abηb + (1− ab)ηn. We then substitute for ηb and ηn the expressions containing the effects of159

melt. For homogeneous samples, the empirical model, η(φi) = η0 exp (−αφi), is used, where η0 is160
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calculated from the combined flow laws (Eqn. 1). This empirical expression is a good approximation161

for melt fractions of φc < φ < φhi, where φc is the critical minimum melt fraction for connectivity162

(addressed further in Section 4.3) and φhi is the melt fraction at which the composite viscosity163

rapidly drops towards that of the melt, where φhi ≈ 0.26 (e.g. Scott and Kohlstedt, 2006). Then,164

assuming that the grain size is constant between the regions, we can normalize by the melt-free165

viscosity and calculate a perturbation viscosity, η�S .166

The model perturbation viscosity η�S is plotted along with measured values of viscosity pertur-167

bations from the data (η�S.obs = 1/ε̇�S.obs) in Fig. 4a. The predicted and observed viscosity factors168

are compared, in Fig. 4b. The upper Voigt bound is shown for reference, and greatly misses the169

data. In general, the lower bound model under-predicts the weakening (or over-predicts the vis-170

cosity) due to melt segregation, though the discrepancy is worse for weaker samples (i.e. 268, 297,171

308). In Section 4.1, we discuss some possible causes of the discrepancies.172

3.1 Phenomenological model for evolution of segregation173

The following phenomenological model for the evolution of S can be incorporated into a continuum174

model, solved within each element as a closed system of ordinary differential equations. We define175

an evolution equation for the state variable S that (a) integrates smoothly from 0 to 1 or to Smax,176

(b) has a rate that can depend on S and on other state variables, such as stress, strain rate, and177

temperature and (c) is not explicitly a function of strain:178






Ṡ = A(Smax − S)

A(ε̇p) = C(ε̇p − ε̇c)
(10)

where ε̇p is the viscous or plastic strain rate. The slope C may be of O(0− 2). The model can also179

incorporate a threshold, ε̇c, which is a critical strain rate that must exist for segregation to occur180

(if, for example, there is not enough of a driving force in the melt to overcome the surface tension).181

If ε̇p < ε̇c, then Ṡ < 0, and melt will de-segregate or homogenize. As an illustration, in Fig. 5,182

the segregation model is incorporated into a Maxwell viscoelastic model with a constant load point183

velocity (ε̇l), closely following the approach of Montési (2007), by integrating184

σ̇ = E(ε̇l − ε̇p), (11)

where the plastic strain rate ε̇p =
σ
ηS
. The system of equations is solved with MATLAB ODE185

solver ode23s. (In a purely viscous, constant strain rate model, there is no equation for σ̇ because186
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If ε̇p < ε̇c, then Ṡ < 0, and melt will de-segregate or homogenize. As an illustration, in Fig. 5,182

the segregation model is incorporated into a Maxwell viscoelastic model with a constant load point183

velocity (ε̇l), closely following the approach of Montési (2007), by integrating184

σ̇ = E(ε̇l − ε̇p), (11)

where the plastic strain rate ε̇p =
σ
ηS
. The system of equations is solved with MATLAB ODE185

solver ode23s. (In a purely viscous, constant strain rate model, there is no equation for σ̇ because186

8

or, normalized by the total melt fraction, becomes:113

S + (1− ab)φ
�
n = 1, (4)

where φ�
n = φn/φt and φn is the melt fraction in the non-band (lens) regions. Thus, when S is used114

as the internal state variable describing the melt distribution within the representative elementary115

volume (REV), then116

φn = φt(1− S)/(1− ab) (5)

φb = φt(1 + (φ∗
b − 1)(S)c). (6)

where φ∗
b = 1/a∗b and c are constants that were determined by fitting experimental data (Holtzman117

and Kohlstedt, 2007). In this paper, we assume that c = 1 and determine a∗b = 1/φ∗
b from118

experimental measurements by solving for the real, positive root of the equation119

tan θ(a∗b)
2 + ab − 1 = 0, (7)

where θ = φ�
b/ab, evident in Fig. 3a. Note that in an anisotropic model, Ŝ is a vector normal to120

the plane of maximum segregation (i.e., layering), with a magnitude proportional to S.121

To explore how the melt distribution evolves with increasing segregation, in Fig. 3 we plot two122

representations of the measured melt distribution parameters. First, we plot contours of constant123

S onto the space defined by the normalized melt fraction in the bands, φ�
b, and the area fraction of124

bands, ab. The measurements from experiments are then mapped into this space. Linear extrap-125

olations from S = 0 are plotted to illustrate the simplest trajectories that the melt distribution126

in a sample may take (Eqn. 5). This linear path is consistent with experimental observations in127

Holtzman and Kohlstedt, 2007. Second, in Fig. 3b, we plot the parameters describing the melt128

distribution, ab, φb and φn, as they evolve with increasing S.129

One experiment of olivine+MORB (219) produced observable, measurable melt bands, with a130

relatively low value of S = 0.55. Several experiments were performed with chromite fractions lower131

than 0.20 (Xchr = 0.02, 0.06, 0.10) in order to systematically vary the permeability and thus the132

compaction length. The samples with Xchr = 0.02, 0.06 showed lower values of S than samples133

with Xchr = 0.10, 0.20. The melt distribution and S value for the sample with Xchr = 0.10 was134

indistinguishable from samples with Xchr = 0.20. While there is much scatter even among samples135
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fractions (f < 0.01) [e.g., McKenzie, 2000, Iwamori, 1994].
Therefore, it must be relatively easy to extract small melt
fractions f < 0.01. Mechanical and/or dynamical studies are
needed to explain these chemical constraints.
[55] The behavior of bulk and shear viscosities in the

contiguity model has significant implications for under-
standing melt extraction processes at small melt fractions.
Melt extraction, whether driven by buoyancy force or stress,
is controlled by bulk viscosity x and permeability, where
effect of x dominates effects of permeability at length scales
shorter than the compaction length. In many theoretical
studies, bulk viscosity x is estimated with the simple
relationship x = h/f (or x = hcc/f) [e.g., Richardson,
1998; Connolly and Podladchikov, 1998]. The critical melt
fractions are semiquantitatively estimated for 2R = 3 mm as
fc
h = 10!4 and fc

x < 6 " 10!8 (TH2). For f = 0.001 (#fc
x),

x estimated from the contiguity model is more than 3 orders
of magnitude smaller than that estimated from the simple
relationship mentioned above, meaning that compaction
length is more than 30 times larger and extracting small f
over distances smaller than the compaction length is much
easier than previously considered. However, the rapid
increase of x below the critical melt fraction also predicts
the difficulty of extracting very small melt fractions. Rheo-
logical models in which the solid phase is treated as an ideal
Newtonian liquid give results close to the simple relationship
x = hcc/f [Sumita et al., 1996; Takei, 1998]. The present
result demonstrates that taking into account the detailed
grain-scale processes is important for developing a quantita-
tive rheological model.
[56] In order to maintain radioactive disequilibrium pro-

duced at the grain scale, melt must be transported rapidly

through high-porosity, chemically isolated channels devel-
oped at scales much longer than the grain scale (macroscale
or mesoscales). Several mechanisms for channel formation
have been proposed including the reaction infiltration insta-
bility [e.g., Spiegelman et al., 2001] and shear-induced melt
segregation [e.g., Stevenson, 1989; Spiegelman, 2003; Katz
et al., 2006]. In previous studies, formation of melt
channels has been studied for isotropic viscosity. However,
stress-induced alignment of melt at the grain scale has been
shown to produce large viscous anisotropy (Figure 10). The
implication that this viscous anisotropy can cause the forma-
tion of macroscale or mesoscale channels is demonstrated
using a ‘‘forward’’ or ab initio approach of TH3, combining
the viscous constitutive relations obtained in this paper with
mass and momentum conservation equations of solid-liquid
two-phase dynamics.

6.3. Implications for Upper Mantle Rheology
Structure: Inverse Approach

[57] While ‘‘forward’’ modeling of the consequences of
the new constitutive relation is developed by TH3, here we
demonstrate an ‘‘inverse’’ approach, toward a methodology
for mapping from seismic velocity structure to an image of
instantaneous rheological structure. A complete approach in
terms of absolute values requires that all properties be
estimated for the relevant thermodynamic state variables,
composition, grain size and melt distribution. This approach
is applicable to any geologic context, but here we illustrate
it with a simple view of oceanic upper mantle, and focus
only on perturbations due to the presence of melt at the
grain scale. For a generic mid-ocean ridge, shown schemat-
ically in Figure 12a, melt will exist at depths greater than
the isotherm at which it freezes, and at depths shallower
than a solidus. For any melt fraction/contiguity structure,
viscous constitutive relations are solved using equation (42)
and elastic constitutive relations are solved using the method
developed by Takei [1998]. In Figure 13, normalized values
of viscous and elastic properties are presented as functions
of normalized depth for homogeneous distributions of melt
in isotropic and anisotropic configurations (Figures 13a–
13c and 13d–13f, respectively).
6.3.1. Seismological Detectability of Small Melt
Fractions
[58] Seismological detection of the depth to the solidus,

ranging from 300 to 60 km, is important to constrain H2O
and CO2 abundances and transport of incompatible trace
elements [e.g., Dasgupta and Hirschmann, 2006]. Carbo-
natite melt, which can exist at depths greater than that of the
dry solidus, can form a connected network at f = 0.0003–
0.003 [e.g., Dasgupta and Hirschmann, 2006]. Because of
the potential rheological consequences of such small melt
fractions, it is important to assess their seismological detect-
ability. For homogeneous distributions of f = 0.001 melt, the
reduction of shear wave velocity is 0.22% (Figure 13b),
which is difficult to detect. With the experimentally derived
relationship, h / exp(!lf) with l = 25, the reduction of
viscosity at f = 0.001 is negligible as well, but with the
contiguity model, viscosity is considerably reduced by a
factor of 5 (Figure 13c). Elastic and viscous properties
represent end-member processes bridged by anelastic or
transient, frequency-dependent behavior. The anelasticity
must show some form of continuous behavior between these

Figure 12. Schematic illustration of (a) generic mid-ocean
ridge, with (b) hypothetical melt distributions at the top of
a partially molten layer beneath the plate, homogeneous
(isotropic and anisotropic), migrated, segregated, and the
superposition of migrated and segregated. Brighter regions
contain larger melt fractions.
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end-members, but the wide range of processes that contribute
to anelasticity are poorly understood. Although f = 0.001
cannot be detected through the seismic measurement of
purely elastic properties, if its effect on anelasticity is non-
negligible, it may be detectable as a zone of high attenuation
and/or low velocity. To assess the seismological detectability
of a small amount of melt below the dry solidus, under-
standing and incorporation of the effect of melt on anelas-
ticity is essential.
6.3.2. Quantitative Comparison Between Seismic
and Rheological Anisotropies
[59] To the curve for a homogeneous melt distribution

with f = 0.01, we add anisotropy by reducing the radius of
contact patches whose normals are subparallel to the maxi-
mum tension direction, as shown in the inset of Figure 13d,
with the shear plane parallel to the base of the plate. With a
patch reduction of a/a0 = 0.4, the shear waves propagating
ridge-parallel show the polarization anisotropy of about 4%
(Figure 13e). To show the effect of this anisotropy on

viscosity, we plot g, the degree of coupling between shear
and isotropic components of the stress tensor resulting from
the anisotropic constitutive relation (TH3). For a/a0 = 0.4,
g almost saturates at 1 (TH3, Figure 4, for the 2-D solution).
Therefore, even when the seismologically observed anisot-
ropy is only 4%, viscous anisotropy is much larger in
amplitude (Figure 13f).
6.3.3. Importance of Multiscale Structure
[60] In TH3, viscous anisotropy, or resultant coupling

between shear and isotropic components of the stress tensor,
produced by grain scale contact anisotropy (Figure 13f) is
shown to drive melt redistribution over distances greater
than the grain scale, resulting in both segregation into melt-
rich shear zones and melt migration up stress gradients in
the solid. The former heterogeneity develops at smaller
scales than the compaction length, and the latter hetero-
geneity can develop at larger scales than the compaction
length. Complex ‘‘multiscale’’ or ‘‘mesoscale’’ structures
expected as a result of such stress-driven melt segregation

Figure 13. (top) Homogeneous isotropic melt distributions (with one profile of migrated melt, with
f = 0.01), with plots of (a) melt fraction, (b) shear wave velocity, and (c) shear viscosity normalized to those
without melt. (bottom) Anisotropic perturbations to the homogeneous melt distribution of f = 0.01 in top
row, with plots of (d) grain-scale contact anisotropy, (e) shear wave anisotropy, and (f) viscous anisotropy in
terms of coupling factor g (TH3). Inset of Figure 13d shows four contact patches with reduced radii (darkest
shading), and inset of Figure 13e shows the propagation and polarization directions of shear waves,
relative to the direction of matrix deformation, with shear plane and sense of shear indicated by wide
arrows.
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Figure 5. Schematic illustration showing the significant difference in the diffusion paths between
(a) CKmodel and (b) contiguity model, under shear deformation shown by 3-D arrows. Thick arrows show
the quasi-2-D approximation of the 3-D diffusion paths.

Figure 6. One quarter of a circular grain domain with four pores in the directions of (a) q = p/4, 3p/4,
5p/4, and 7p/4, and (b) q = 0, p/2, p, 3p/2. Tractions under a given shear strain rate ( _exxf = ! _eyyf = _e(>0))
calculated from the contiguity model (thick line), from the CK model (thin line), and from Coble creep
(dashed line) are shown as functions of position q (0 "q " p/2) on the grain surface. The traction and
shear viscosity calculated from the contiguity model are significantly different between Figures 6a and 6b.
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fraction fc, below which the GB diffusion control model
breaks down and h and x rapidly increase to approach hcc
and 1, respectively, due to the effects of finite liquid
diffusivity and finite reaction rate. For a grain size of 2R =

3 mm, an average value for asthenosphere, the critical
melt fraction is semiquantitatively estimated as fc

h = 10!4

for h and fc
x < 6 " 10!8 for x (TH2). Therefore, the results

of the GB diffusion control model obtained in this paper are
applicable even at very small melt fractions. The discon-
tinuous reduction occurs because connected melt tubules
work as sources or sinks of matter in GB diffusion, signifi-
cantly decreasing the diffusion path length (Figures 4 and 5),
as soon as anymelt exists. Although a discontinuous decrease
in h was previously expected only for systems with a
dihedral angle of nearly zero, the contiguity model predicts
that such a singularity does occur for partially molten rocks
with moderate values of dihedral angle.
[52] Recently, Faul and Jackson [2007] compared the

shear viscosity data of nominally melt-free aggregates to
those of genuinely melt-free dry samples in the GB diffu-
sion creep regime, and reported that a small amount of melt
(f # 0.01) enhances the shear creep by a factor of 20. Our
result (Figure 11b) explains the enhancement by a factor of
5 (f # 0.01) but cannot fully explain the factor of 20. An
additional contribution to the discrepancy between truly
melt free and nominally melt free samples could be due to
an increasing grain boundary diffusivity with the addition of
melt; as infinitesimally small amounts of melt are added to
pure olivine aggregates, they are incorporated as grain
boundary impurities, which increase the diffusivity [e.g.,
Hiraga et al., 2004]. Although the enhancement factor of 5
is insensitive to variations in grain models (section 5.1.2),
effect of other factors such as grain size distribution and/or
nonperiodicity cannot be assessed by the present model.
Therefore, further experimental data on the effects of small
amounts of melt are needed to check the robustness of our
result.
6.1.3. Stress-Induced Microstructural Anisotropy
[53] Anisotropy in contact geometry has been reported in

the deformed partially molten rocks and rock analogues,
where the plane of reduced contiguity is normal or sub-
normal to s3 [Daines and Kohlstedt, 1997; Zimmerman et
al., 1999; Takei, 2005]. This orientation of anisotropy corre-
sponds to the geometry in Figure 10a, if the s3 direction is
assumed to be parallel or subparallel to the x direction.
Variations in contact anisotropy are discussed in more detail
by TH3. The contiguity model suggests that such melt
distribution causes a strong viscous anisotropy and a
moderate elastic anisotropy. Elastic anisotropy can be mea-
sured by the polarization anisotropy of ultrasonic shear
waves [Takei, 2005]. Viscous anisotropy is generally
difficult to measure in common constant volume deforma-
tion apparatus because only one effective viscosity can be
sampled. However, in the work by TH3, the anisotropic
viscosity is shown to cause a direct coupling between shear
and isotropic components of stress. This strong coupling was
observed by Takei [2005], supporting the validity of the
model.

6.2. Implications for Melt Extraction: Forward
Approach

[54] Recently, there has been an increasing recognition of
the importance of melt segregation dynamics at very small
melt fractions. Geochemical observations showing radioac-
tive disequilibrium in young basalts indicate that melt is
removed from the residual matrix at very small melt

Figure 11. (a) Contiguity 8 versus melt fraction f for
equilibrium microstructures with dihedral angles of qd =
30! and 20!. Thin lines show theoretical results from the
tetrakaidekahedral (denoted 14) and rhombic dodecahedral
(12) grain models. Thick lines show semiempirical relation-
ship, 8 = 1 ! Af

1
2, with A = 2 and A = 2.3. (b) Normalized

shear viscosity versus melt fraction, calculated by using the
8 ! f relationships in Figure 11a (thin and thick solid
lines). Dotted lines for A = 2 and A = 2.3 show the effects of
finite liquid diffusivity for grain radius R = 7.5 mm by using
the result of TH2. Long dashed line shows the experimen-
tally derived relationship, h / exp(!lf) with l = 25, where
the line segment in the middle shows the same slope.
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What is the critical melt fraction,      ?  

Notes on model for velocity of the LAB

Ben

September 18, 2011

1 Model Setup

1-D model of a gradient across the LAB. Constant stress along the length of the column. Constant

flux at the bottom and a step function in melt fraction half way up the line. There will also be

a step function in temperature. The basic parameter space that will be explored will be the LAB

velocity as a function of the size of the step in melt fraction and the size of the step in temperature.

Then chemical disequilibrium will be considered (in future work).

1.1 Melt transport and deformation, isothermal

Before incorporating heat flow, production and consumption of any kind, I begin with just the

mechanical aspects of melt migration. First, the basic case is migration up to the step

1.1.1 Without Segregation

The system of equations, integrated over Z and time, currently with a FTCS (forward time center

space) algorithm.

�
ε̇ = ε̇(σ, d, T,φ, S)

φ̇ = ∇(φvφ) =
d
dz (φvφ)

(1)

ε̇(σ, d, T,φ, S) = ε̇disl(σ,φ, T ) + ε̇diff (d, φ, T ) + ε̇gbs(σ, d,φ, T ) (2)

And in diffusion creep, we have two models available: first is the empirical exponential rule

from the Kohlstedt Lab:

η(φ) = η0 exp(−αφ) (3)

or the model developed by Takei & Holtzman (2009a,b,c), which is most simply represented by:

η(φ) = η0 exp(−αφ) (4)

where φc is the critical melt fraction.

1

Viscous constitutive relations of solid-liquid composites

in terms of grain boundary contiguity:

1. Grain boundary diffusion control model
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[1] Viscous constitutive relations of partially molten rocks deforming in the regime
of grain boundary (GB) diffusion creep are derived theoretically on the basis of
microstructural processes at the grain scale. The viscous constitutive relation developed in
this study is based on contiguity as an internal state variable, which enables us to take
into account the detailed effects of grain-scale melt distribution observed in experiments.
Compared to the elasticities derived previously for the same microstructural model,
the viscosities are much more sensitive to the presence of melt and variations in contiguity.
As explored in this series of three companion papers, this ‘‘contiguity’’ model predicts
that a very small amount of melt (f < 0.01) significantly reduces the bulk and shear
viscosities. Furthermore, a large anisotropy in viscosity is produced by anisotropy in
contiguity, which occurs in deforming partially molten rocks. These results have important
implications for deformation and melt extraction at small melt fractions, as well as for
shear-induced melt segregation. The viscous and elastic constitutive relations derived in
terms of contiguity bridge microscopic grain-scale and macroscopic continuum properties.
These constitutive relations are essential for investigating melt migration dynamics in a
forward sense on the basis of the basic equations of two-phase dynamics and in an inverse
sense on the basis of seismological observations.

Citation: Takei, Y., and B. K. Holtzman (2009), Viscous constitutive relations of solid-liquid composites in terms of grain boundary
contiguity: 1. Grain boundary diffusion control model, J. Geophys. Res., 114, B06205, doi:10.1029/2008JB005850.

1. Introduction

[2] Deformation and melt segregation dynamics of par-
tially molten regions in the Earth are controlled by viscous
properties and permeability of partially molten rocks. Inten-
sive experimental studies have been performed to measure
shear viscosity as a function of melt fraction, shear stress
amplitude, and grain size. Significant enhancement of shear
strain rate by increasing melt fraction f, described by _e /
exp(lf) with l ! 20–30, has been reported in both grain
boundary diffusion creep and dislocation creep regimes,
which are considered to be the two dominant processes
controlling upper mantle viscosity [Mei et al., 2002; Hirth
and Kohlstedt, 2003; Zimmerman and Kohlstedt, 2004].
Also, microstructural changes due to stress have been
observed, demonstrating that under nonhydrostatic stresses
microstructures can be different from the ‘‘equilibrium’’
geometry at which interfacial energy is at a minimum. These
observations include both grain-scale melt alignment in
compression [Daines and Kohlstedt, 1997], pure shear
[Takei, 2005] and simple shear [Zimmerman et al., 1999],
and also melt redistribution over distances greater than the

grain scale into networks of melt-rich shear zones [Holtzman
et al., 2003a, 2003b; Holtzman and Kohlstedt, 2007].
[3] Stress-induced melt redistribution can have significant

consequences if it occurs in the Earth, because viscosities
and permeability of solid-liquid composite system are
strongly influenced by the geometry of the liquid phase.
In order to bridge microstructural processes and macroscopic
dynamics in the Earth, we develop a viscous constitutive
relation of partially molten rocks, with which the micro-
structural effects on viscosities can be assessed quantita-
tively. The viscous constitutive relation developed in this
study is based on contiguity as an internal state variable,
which enables us to take into account the detailed effects of
grain-scale melt distribution observed in the experiments.
Melt fraction is a scalar value that can be related to contiguity,
but alone does not sufficiently describe the melt distribution
for calculating mechanical properties. By solving this con-
stitutive relation together with the mass and momentum
conservation equations of a solid-liquid system, we demon-
strate the significant and intriguing consequences of micro-
structural processes on large-scale deformation and melt
migration dynamics in the Earth.
[4] This paper (TH1) is the first of three companion

papers. Here, a granular model developed by Takei [1998]
to derive the elastic constitutive relation of solid-liquid
composite system is modified to describe solid grains
deforming by grain boundary (GB) diffusion creep. A
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Viscous constitutive relations of solid-liquid composites

in terms of grain boundary contiguity:
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[1] We develop a compositional model for the grain boundary (GB) diffusion creep of
melt-bearing polycrystalline aggregates. This model is an extension of the GB diffusion
control model by taking into account the effects of finite liquid diffusivity and finite
reaction rates, which are important at small melt fractions (f). For shear viscosity h, there
exists a critical melt fraction fc

h below which the rate-limiting process changes from
diffusion through GB to diffusion through the liquid, and for bulk viscosity x, there exists
a critical melt fraction fc

x below which the rate-limiting process changes from diffusion
through GB to reaction at the pore surface. The implication of the model results is that
different processes may limit the kinetics of bulk and shear viscosities at small f. The
model also predicts that stress can cause compositional and hence volumetric asymmetry
in pores. As melt fraction increases from zero to the critical melt fractions, rapid decreases
occur in h, from hcc to 0.2hcc, and in x, from 1 to 0.4hcc, where hcc represents h for Coble
creep. In the GB diffusion control model, these decreases occur discontinuously at zero
melt fraction, but this singularity is removed in the compositional model. For a typical
grain size in the mantle (3 mm), the critical melt fractions are estimated semiquantitatively
as fc

h = 10!4 and fc
x < 6 " 10!8, demonstrating the significant effect of very small amount

of melt on the viscosities in the mantle.

Citation: Takei, Y., and B. K. Holtzman (2009), Viscous constitutive relations of solid-liquid composites in terms of grain boundary
contiguity: 2. Compositional model for small melt fractions, J. Geophys. Res., 114, B06206, doi:10.1029/2008JB005851.

1. Introduction

[2] There has been an increasing recognition of the
geological importance of partially molten rocks containing
very small amounts of melt. Recent geochemical studies on
radioactive elements in young basalts indicate that the melt
phase is removed from the residual matrix at very small
melt fractions (f < 0.01) [e.g., McKenzie, 2000, Iwamori,
1994]. The depth at which small melt fractions form may be
highly variable, sensitive to composition [e.g., Dasgupta
and Hirschmann, 2006]. In order to understand how these
melts can be extracted, how they affect the viscosities, and
how they can be detected seismologically, it is important to
quantify the mechanical and transport properties of partially
molten rocks containing very small amounts of melt.
[3] In the companion paper [Takei and Holtzman, 2009a]

(hereinafter referred to as TH1), we develop a viscous
constitutive relation of partially molten rocks deforming in
the regime of grain boundary (GB) diffusion creep. Al-
though both GB diffusion creep and dislocation creep are
considered to be active in the upper mantle, we leave

dislocation creep for future studies. Our model is an
extension of Cooper and Kohlstedt’s [1984] (CK) model
by exactly solving the mass conservations, mechanical
balances, and reaction and diffusion kinetics required at
each solid grain. Also, it is an extension of Takei’s [1998]
formulation for elasticity to that for viscosity. A simplified
version of this model, in which only the resistance for
matter diffusion through GB is taken into account (GB
diffusion control model), predicts that the shear and bulk
viscosities decrease discontinuously from those without
melt (h = hcc and x = 1) to those with an infinitesimally
small f (h = 0.2hcc and x = 0.4hcc), where hcc represents the
viscosity of the Coble creep model. These discontinuities
have important implications for quantifying the effect of
melt on viscosities, but their existence also indicates a
breakdown of the GB diffusion control model at small f.
The purpose of this paper is to remove the discontinuities by
developing a more complete ‘‘compositional’’ model that
incorporates thermodynamic/kinetic processes at small f.
We account for the resistances to matter diffusion through
liquid and for finite reaction rates between solid and melt,
and estimate quantitatively the actual amounts of melt at
which the reduced viscosities (h = 0.2hcc and x = 0.4hcc) are
practically applicable. The compositional model can also
predict the occurrence of stress-induced anisotropy in pore
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melt on viscosities, but their existence also indicates a
breakdown of the GB diffusion control model at small f.
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incorporates thermodynamic/kinetic processes at small f.
We account for the resistances to matter diffusion through
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for natural grain sizes, 
the critical melt fraction is <<0.1%

[53] The fitted peak width (s) for the individual speci-
mens given by Jackson et al. [2004, Table 1] shows that
AT6384 has the narrowest (s = 2.4) and AT6335 and
AT6380 the broadest peaks (s = 3.2–3.3). Correspondingly
AT6384 has the narrowest and AT6335 and AT6380 the
broadest normalized grain size distributions (Figure 4 and
Jackson et al. [2002]). This relationship between peak width
and grain size distribution is consistent with the notion that
the experimentally observed peak is broadened relative to
the Debye peak for a unique grain size due to a distribution
of timescales (equation (1)) corresponding to the range of
grain sizes in the specimens.
[54] Finally, as described in more detail below, the

variation of dissipation peak height with melt fraction for
this suite of specimens is plausibly related to the variation in
radius of curvature at olivine grain-edge triple junctions.

5.3. Grain Boundary Sliding in Melt-Free Aggregates

5.3.1. Variation in Grain Boundary Viscosity
[55] Despite intensive sampling of the transition from

elastic through dominantly anelastic into largely viscous
behavior we do not see for genuinely melt-free olivine
polycrystals any indication of a dissipation peak of signif-
icant height (B > 0.01) that could plausibly be attributed to
elastically accommodated grain-boundary sliding [Jackson
et al., 2002; Jackson et al., 2004]. In principle, it is possible
that the relaxation time te (equation (1)) for the melt-free
materials at 1000–1300!C could be less than the periods
typical of mechanical spectroscopy measurements (10!1–
103 s), meaning that the dissipation peak predicted for
elastically accommodated grain-boundary sliding may have
been overlooked. In this scenario, the variation of te with

temperature through the grain boundary viscosity hb (equa-
tion (1)) is such that the peak would occur for the same
oscillation periods at a lower temperature. Given our
intensive sampling of frequency-temperature space, there
is simply no possibility that a peak of height "0.1 could
have been overlooked (e.g., Tan et al. [2001], Figure 9).
[56] Systematically lower grain-boundary viscosities in

melt-bearing materials provide a potentially more viable
explanation. With grain-boundary viscosities too high for
elastically accommodated grain-boundary sliding in the
melt-free materials under the accessible experimental con-
ditions, the observed absorption-band behavior could be
attributed to diffusionally accommodated grain-boundary
sliding. However, the presence/absence of a dissipation
peak and its height are not clearly correlated with grain
boundary chemistry. Melt-free sol-gel olivine samples show
no resolvable peak, almost no Ca or other trace elements in
the grain interiors and no detectable Ca in the grain
boundaries. San Carlos olivine samples to which no melt
has been added contain Ca and other trace elements in both
the grain interiors and grain-boundaries, but their peak
height correlates with melt content rather than grain bound-
ary chemistry. High magnification TEM images of grain
boundaries away from triple junctions for melt-free and
melt-bearing samples are indistinguishable; all show the
#1 nm wide region lacking olivine structure.
5.3.2. Rounding of Grain Edges
[57] A consistent microstructural difference between

melt-free and melt-bearing aggregates with potential impli-
cations for the mechanical behavior is shown in Figure 11.
Figure 11a shows a TEM image of a typical triple junction
in the melt-free sol-gel material, Figure 11b an image of a

Figure 11. TEM images of three-grain edge intersections in (a) a melt-free sample [Jackson et al., 2002]
and (b, c) melt-bearing samples. (a) The triple junction area is only about 2 nm in diameter in the melt-
free sample AT6381. (b) Typical triple junction in AT6380 with an estimated melt content of 0.01%.
Examination of 40 three-grain edge intersections show that 39 are occupied by silicate glass with a
relatively uniform diameter of about 40 nm. No larger, more irregular melt geometries have been found.
(c) Triple junction tubule filled with melt (now glass) in AT6366. Forty three-grain edge intersections
were investigated by TEM, all contained a silicate glass. There is a large range in triple junction tubule
size in this sample (see Figure 1d).
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of timescales (equation (1)) corresponding to the range of
grain sizes in the specimens.
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is simply no possibility that a peak of height "0.1 could
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ditions, the observed absorption-band behavior could be
attributed to diffusionally accommodated grain-boundary
sliding. However, the presence/absence of a dissipation
peak and its height are not clearly correlated with grain
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the grain interiors and no detectable Ca in the grain
boundaries. San Carlos olivine samples to which no melt
has been added contain Ca and other trace elements in both
the grain interiors and grain-boundaries, but their peak
height correlates with melt content rather than grain bound-
ary chemistry. High magnification TEM images of grain
boundaries away from triple junctions for melt-free and
melt-bearing samples are indistinguishable; all show the
#1 nm wide region lacking olivine structure.
5.3.2. Rounding of Grain Edges
[57] A consistent microstructural difference between
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cations for the mechanical behavior is shown in Figure 11.
Figure 11a shows a TEM image of a typical triple junction
in the melt-free sol-gel material, Figure 11b an image of a

Figure 11. TEM images of three-grain edge intersections in (a) a melt-free sample [Jackson et al., 2002]
and (b, c) melt-bearing samples. (a) The triple junction area is only about 2 nm in diameter in the melt-
free sample AT6381. (b) Typical triple junction in AT6380 with an estimated melt content of 0.01%.
Examination of 40 three-grain edge intersections show that 39 are occupied by silicate glass with a
relatively uniform diameter of about 40 nm. No larger, more irregular melt geometries have been found.
(c) Triple junction tubule filled with melt (now glass) in AT6366. Forty three-grain edge intersections
were investigated by TEM, all contained a silicate glass. There is a large range in triple junction tubule
size in this sample (see Figure 1d).
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Shear wave attenuation and dispersion in melt-bearing olivine
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2. Microstructural interpretation and seismological implications
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[1] The torsional forced oscillation tests of melt-bearing olivine aggregates reported by
Jackson et al. [2004] consistently show a peak in attenuation that is absent from melt-free
aggregates tested under similar conditions and grain sizes. Characterization by SEM
shows that the melt resides in triple junction tubules and larger pockets as previously
described. TEM imaging and EDS analysis reveals that olivine-olivine grain boundaries
are characterized by a region !1 nm wide which is structurally and chemically distinct
from olivine grain interiors. From the possible mechanisms that can produce an anelastic
attenuation peak, melt squirt can be eliminated for our samples and experimental
conditions. We attribute the observed attenuation peak to elastically accommodated
grain boundary sliding, requiring that the grain boundaries are weak relative to olivine
grain interiors but have a significantly higher viscosity than bulk melt. While the
nanometer scale grain boundary structure in the melt-bearing aggregates is essentially
the same as for melt-free aggregates studied previously, elastically accommodated
sliding in the latter is apparently inhibited by tight three-grain edge intersections.
The exponentially increasing high temperature background attenuation in both types of
aggregate is attributed to diffusionally accommodated grain boundary sliding.
Extrapolation to mantle grain sizes shows that the broad peak may be responsible for
nearly frequency independent attenuation in partially molten regions of the upper
mantle. INDEX TERMS: 5102 Physical Properties of Rocks: Acoustic properties; 5112 Physical
Properties of Rocks: Microstructure; 5144 Physical Properties of Rocks: Wave attenuation; 3909 Mineral
Physics: Elasticity and anelasticity; KEYWORDS: seismic wave attenuation, olivine, partial melting, grain
boundary sliding, grain boundary structure, attenuation peak

Citation: Faul, U. H., J. D. Fitz Gerald, and I. Jackson (2004), Shear wave attenuation and dispersion in melt-bearing olivine
polycrystals: 2. Microstructural interpretation and seismological implications, J. Geophys. Res., 109, B06202,
doi:10.1029/2003JB002407.

1. Introduction

[2] In order to investigate the effect of the presence of
melt on shear modulus and attenuation in rocks represen-
tative of the upper mantle, we conducted torsional forced
oscillation and microcreep experiments on melt-bearing
olivine polycrystals as described in detail by Jackson et
al. [2004]. All six specimens show a broad peak in
attenuation, superimposed on a dissipation background
enhanced relative to that for melt-free aggregates [Jackson
et al., 2004]. For each specimen the peak is of fixed height
and shape, while the dissipation background increases
monotonically with increasing oscillation period and tem-
perature. Amongst the specimens a positive correlation is
apparent both for peak height with melt fraction [Jackson
et al., 2004, Figure 10] and peak width with the width of
the grain-size distribution. In plots of dissipation vs. period
the peak moves in a relatively narrow temperature interval

(1000!C to 1300!C) across the observational window (1 to
1000 s), reflecting a very high activation energy EP. As for
the melt-free samples, the background dissipation of the
melt-bearing samples decreases with increasing grain size
and increases with increasing period. At 1000!C the melt-
bearing samples have essentially the same background
dissipation levels as the melt-free samples, but the dissi-
pation levels diverge increasingly with increasing temper-
ature, requiring a higher background activation energy EB

for the melt-bearing samples. In the following, sample
chemistry and melt distribution are discussed first, then
models are examined which could explain the observa-
tions. Finally the experimental results are extrapolated to
mantle conditions.

2. Sample Characterization
2.1. Overview

[3] Sample characterization after mechanical testing
included light microscopy, SEM imaging, EDS and
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origin.Forolivinefrommelt-freesol-gelsamplesthetrace
elementcontentisatorbelowthedetectionlimitfor
microprobeWDSanalysis,whileolivinefromthemelt-free
SanCarlossamplescontainstheexpectedtraceelement
inventory.Incontrast,olivineinthemelt-addedsamples
containsessentiallythesameamountofCaregardlessofits
origin(exceptforAT6366withverylittleCainthemelt).
SomeTiwasalsoincorporatedintoolivine,whereasMn
andNi,absentfromtheaddedmelt,arefoundonlyinSan
Carlosoriginolivine.NilossfromSanCarlosolivine,
typicallyobservedwithpureFejackets,wassuppressed
bytheuseofFe30Ni70linerssurroundingsamples(other
than6335)duringhotpressingandtesting.

3.GrainBoundaryStructureandChemistry
3.1.GeneralFeatures

[20]Olivinegrainboundaries(GBs)ofsamplesAT6366,
AT6384,andtoalesserextentAT6335andthesliceof
AT6384reequilibratedat1300!C,wereexaminedbyTEM.
ManyofthenanoscalefeaturesoftheGBsareverylike
thosewehavepreviouslydescribed[Cmı́raletal.,1998;
Tanetal.,2001;Jacksonetal.,2002].Dihedralangles,
wheretwocurvedGBsmeet,arealwayssmall,around10!.
Noparallel-sidedmeltlayersatthesubmicronscalehave
beenidentified.Asforthemelt-freeaggregatesdescribed
previously[Jacksonetal.,2002]dislocationdensitiesare
verylow,withthemajorityofthegrainsfreeofdislocations.
Graingrowth(Table1)duringhotpressingandthermal
cyclingpriortothefinalmechanicaltesting[seeJacksonet
al.,2004]eliminateddislocationsfromtheSanCarlos
olivinestartingmaterial.

[21]Inmanylocations,imagecontrastintheolivine
adjacenttoGBsoscillateddistinctlyatascaleoftensof
nanometersalongtheGB,anunexplainedeffectpresumed
duetolocalstressconcentrations[seealsoHiragaetal.,
2002,Figure5].InthecoarsergrainedAT6366,grain
boundarieswerecrackedopeninsomecasesandfaces
separatedbyabout10nm.

3.2.ImagingandAnalysis

[22]ForGBsalignedparalleltotheTEMbeam,the
minimumimagewidthisnormallycloseto1nm.Areversed
doublefringeeffectaccompanieschangefromunderfocusto
overfocus,indicatinganarrowregionwhichdoesnothave
olivinestructure.However,despiteintensiveeffort,direct
highmagnificationimagingofGBscarefullyalignedparallel
totheviewingbeamdidnotprovetheexistenceofa
continuousGBfilm.ImageslikeFigure6suggesthowever
thatanarrow,disorderedregionbetweenadjacentolivine
grainsischaracteristicofolivine-olivinegrainboundaries.

[23]ThechemistryoftheGBregionwasinvestigatedby
TEMusingtheelongate‘broad’beammethod[Druryand
FitzGerald,1996].Briefly,abeamofabout25!250nmin
sizeisheldontheGBforca.300livesecondswhilean
EDSX-rayanalysisismade.Thebeamisthenmoved50–
100nmawayfromtheGBforasimilaranalysisinthe
marginofoneoftheadjacentolivinecrystals.Verysmall
peaksofCa,Al,andTiarealmostalwayspresentinspectra
fromthevolumecenteredontheGB,butarealwaysabsent
fromthespectrafromtheadjacentgrains.Thepeakto
background(P/B)ratioofthetraceelementsiswellbelow

thatneededforquantitativeanalysis,soresultsareshown
onP/BplotssuchasFigure7.Non-GBanalysesfrom
olivinemarginsdefinefieldsthataredistinctlydifferent
fromthoseofGBanalyses.Theinterpretationisthatthe
non-GBfieldsindicatethesensitivitylimitofthemethod,
andthattheGBregionisenrichedinCa,AlandTi.Itis
notableinFigure7thattheGBenhancementinAT6384is
distinctlyhigherthaninAT6366,whichisconsistentwith
thedifferenceinolivineminorandtraceelementcontent
detectedbyMicroprobeWDSanalysis(Table4)andthe
differenceinmeltcomposition.

3.3.Nanolenses

[24]Mostgrainboundariesincoarse-grainedspecimens
AT6384andAT6366containnanolensesofamorphous
silicate(Figure8).Whiledifficulttoprove,lenseslying
oninclinedboundariessuggestcircularshapesintheplane
ofthelens.Nanolensesaveragearound200nmindiameter
and20nminmaximumthickness.Whileupto25%ofGB
lengthisoccupiedbylensesinsomeplacesandotherGBs
arelens-free,onaverage,lensesareestimatedtooccupy
around5%ofthetotalGBarea.Veryfewlensescontainany
crystallinephases.Presumablythenanolensesformedvery
earlyintheaggregatesynthesiswhensmallmeltvolumes
weretrappedonmobileGBsoftherapidlycoarsening
aggregates.Similarfeatures,upto2mmindiameter,were
describedfromGBsintheverycoarse-grainedspecimen
AT6328[Tanetal.,2001],preparedfromSanCarlosolivine

Figure6.Ahigh-magnificationTEMimagefromagrain
boundaryinthesliceofAT6384re-equilibratedat1300!C
for6h.GreatcarewastakentoalignthisGBprecisely
paralleltotheelectronbeam.Stronglatticefringesare
imagedintheleftsidegrain.Therightsidegrainwasnot
orientedtoproduceanyfringepatterns.Notetheregionca.
1nmacrossatthecenteroftheGBthatshowsdifferent
contrastfromthatofeithergrain.Imageslikethis,orsimilar
micrographswithnolatticefringes,wereroutinelyrecorded
frommanyoftheGBsexaminedinallthesamplesinthis
study.

B06202FAULETAL.:ATTENUATIONINMELT-BEARINGOLIVINE2

8of20

B06202

5 nm



i.e. the “nominally melt free” San Carlos olivine actually, always contains a very small amount of  melt...     what is 
that very small amount, and how does it cause so much weakening?  

“chemical effects” (i.e. elevated defect concentrations) and “melt effects” 

[53] The fitted peak width (s) for the individual speci-
mens given by Jackson et al. [2004, Table 1] shows that
AT6384 has the narrowest (s = 2.4) and AT6335 and
AT6380 the broadest peaks (s = 3.2–3.3). Correspondingly
AT6384 has the narrowest and AT6335 and AT6380 the
broadest normalized grain size distributions (Figure 4 and
Jackson et al. [2002]). This relationship between peak width
and grain size distribution is consistent with the notion that
the experimentally observed peak is broadened relative to
the Debye peak for a unique grain size due to a distribution
of timescales (equation (1)) corresponding to the range of
grain sizes in the specimens.
[54] Finally, as described in more detail below, the

variation of dissipation peak height with melt fraction for
this suite of specimens is plausibly related to the variation in
radius of curvature at olivine grain-edge triple junctions.

5.3. Grain Boundary Sliding in Melt-Free Aggregates

5.3.1. Variation in Grain Boundary Viscosity
[55] Despite intensive sampling of the transition from

elastic through dominantly anelastic into largely viscous
behavior we do not see for genuinely melt-free olivine
polycrystals any indication of a dissipation peak of signif-
icant height (B > 0.01) that could plausibly be attributed to
elastically accommodated grain-boundary sliding [Jackson
et al., 2002; Jackson et al., 2004]. In principle, it is possible
that the relaxation time te (equation (1)) for the melt-free
materials at 1000–1300!C could be less than the periods
typical of mechanical spectroscopy measurements (10!1–
103 s), meaning that the dissipation peak predicted for
elastically accommodated grain-boundary sliding may have
been overlooked. In this scenario, the variation of te with

temperature through the grain boundary viscosity hb (equa-
tion (1)) is such that the peak would occur for the same
oscillation periods at a lower temperature. Given our
intensive sampling of frequency-temperature space, there
is simply no possibility that a peak of height "0.1 could
have been overlooked (e.g., Tan et al. [2001], Figure 9).
[56] Systematically lower grain-boundary viscosities in

melt-bearing materials provide a potentially more viable
explanation. With grain-boundary viscosities too high for
elastically accommodated grain-boundary sliding in the
melt-free materials under the accessible experimental con-
ditions, the observed absorption-band behavior could be
attributed to diffusionally accommodated grain-boundary
sliding. However, the presence/absence of a dissipation
peak and its height are not clearly correlated with grain
boundary chemistry. Melt-free sol-gel olivine samples show
no resolvable peak, almost no Ca or other trace elements in
the grain interiors and no detectable Ca in the grain
boundaries. San Carlos olivine samples to which no melt
has been added contain Ca and other trace elements in both
the grain interiors and grain-boundaries, but their peak
height correlates with melt content rather than grain bound-
ary chemistry. High magnification TEM images of grain
boundaries away from triple junctions for melt-free and
melt-bearing samples are indistinguishable; all show the
#1 nm wide region lacking olivine structure.
5.3.2. Rounding of Grain Edges
[57] A consistent microstructural difference between

melt-free and melt-bearing aggregates with potential impli-
cations for the mechanical behavior is shown in Figure 11.
Figure 11a shows a TEM image of a typical triple junction
in the melt-free sol-gel material, Figure 11b an image of a

Figure 11. TEM images of three-grain edge intersections in (a) a melt-free sample [Jackson et al., 2002]
and (b, c) melt-bearing samples. (a) The triple junction area is only about 2 nm in diameter in the melt-
free sample AT6381. (b) Typical triple junction in AT6380 with an estimated melt content of 0.01%.
Examination of 40 three-grain edge intersections show that 39 are occupied by silicate glass with a
relatively uniform diameter of about 40 nm. No larger, more irregular melt geometries have been found.
(c) Triple junction tubule filled with melt (now glass) in AT6366. Forty three-grain edge intersections
were investigated by TEM, all contained a silicate glass. There is a large range in triple junction tubule
size in this sample (see Figure 1d).
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1 Model Setup

1-D model of a gradient across the LAB. Constant stress along the length of the column. Constant

flux at the bottom and a step function in melt fraction half way up the line. There will also be

a step function in temperature. The basic parameter space that will be explored will be the LAB

velocity as a function of the size of the step in melt fraction and the size of the step in temperature.

Then chemical disequilibrium will be considered (in future work).
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1.1 Melt transport and deformation, isothermal

Before incorporating heat flow, production and consumption of any kind, I begin with just the

mechanical aspects of melt migration. First, the basic case is migration up to the step

1

nature of the melt-rich networks. As indicated in the sche-
matic drawing of 3D networks from Holtzman et al.
(2003b), the average length of lenses is greater in the
plane normal to the shear direction than it is in the flow
plane (the usual view). Also, some sample material has
been extruded laterally (in the shear plane, normal to the
shear direction) beyond the edges of the piston. It also
appears that the melt fraction is higher in and near this
extruded material, indicating that there may be some flux
of melt from the middle of the sample towards the edges.
The visual and statistical signature of the anastomosing

networks is a bimodal distribution of band angles, as illus-
trated in Fig. 13. In this image, and in all of the samples,
there are indications of some scale-invariant properties of

the distribution of melt. The first-order structure is the
largest bands, which are oriented at a !15^258 to the
sample shear plane (that is, the grooved piston surface) in
Fig. 13c.The population of smaller bands, the second-order
structures, is oriented at a! 5^158 to the sample shear
plane. However, if one views these structures in a local
reference frame of the lenses, such that the shear plane in
the lenses is back-rotated by!108 to the sample shear
plane (the piston surface), then the secondary bands are
oriented at a!15^258 with respect to this secondary shear
plane, illustrated in Fig. 13c. In other words, the secondary
narrow bands that cut across lenses are controlled by the
local stress field in the lenses. This local rotation of the
stress field in the lenses is suggested by the back-rotation
of olivine b-planes (Holtzman et al., 2003b) and by the ana-
lysis of strain partitioning (Holtzman et al., 2005).
Extending this point of view one order downward in
scale, the melt pockets most visible in the large bands are
also oriented! 208 to the wall of the band, the third-order
shear plane defined by the surfaces of the melt bands.Thus,
from the sample scale to the grain scale, there are three
levels of scale-invariance to the orientation of melt align-
ment relative to the local and applied stress tensors.
Istherea lower limit tothemelt fractionrequired for segre-

gation to occur? The sample with f¼ 0#005 was deformed
at moderate stresses (tf¼ 122MPa). Well-defined bands
formed, as shown in detail in Fig. 14.The bands are narrow
and the lenses between them have almost no visible melt.
Furthermore, the chromite grains in the lenses appear to be
stretched and aligned, forming an apparent foliation.
However, where a band is present, the chromite grains are
larger, fewer and less elongated, as shown in Fig.14.This pat-
tern suggests that chromite grain growth (anOstwald ripen-
ing process) is much more efficient in the presence of melt
than in its absence.These variations inchromitemorphology
are not present (or nearly as clearly) in samples with more
melt, suggesting that the presence of melt significantly
enhances chromite grain growth.

Fig. 10. Reflected light images samples (a) PI-1027, (b) PI-1025,
and (b) PI-1020, in the stress series, sheared at constant load, top-
to-the-right, decreasing in applied load from (a) to (c). As with the
previous strain series, the vertical black cracks are caused by quench-
ing the sample at the end of an experimental run and should be
ignored. The groove spacing is 250 mm and the melt-rich bands are
the darker grey channels aligned at about 158 to the shear plane.

Fig. 11. Reflected light images of samples sheared under constant displacement rate conditions (that approximate constant strain rate) of
(a) 3$10^4 s^1 and (b) 1$10^3 s^1.
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1.1.1 Without Segregation

The system of equations, integrated over Z and time, currently with a FTCS (forward time center

space) algorithm.
�

ε̇ = ε̇(σ, d, T,φ, S)

φ̇ = ∇(φvφ) = d
dz (φvφ)

(3)

1

permeability

compaction 
viscosity

melt viscosity

The ratio of the two driving forces, viscous stress over
surface tension stress, is related to the Capillary Number
(C) (e.g. Stone, 2004), so we call it C!, where

C! ¼
! @ _"=@y
! "
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We discretize the spatial gradients as
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1=2
1 ' 1=d2f

1=2
2

h i : ð16Þ

The ratio C! in equation (16) is plotted vs strain rate in
Fig. 24.We keep grain size constant (i.e. it is an additional
parameter, but does not vary within a sample), but vary
df spatially. The results indicate that in the laboratory, at
low strain rates or stresses, stress dominates over surface
tension; if the stress were removed, surface tension would
be a significant driving force that would work against
melt segregation. Thus, in the experiments, the stress-
driven segregation requires non-negligible energy to work
against surface tension (e.g. Parsons et al., 2007). However,
in the Earth, because of the much larger grain size, the
surface tension force is much less significant, even relative
to the much lower stresses. Thus, if surface tension causes a
yield stress barrier for the process to occur in the Earth,
the barrier is probably easily overcome in much of the
asthenosphere. A value of C!41means that, as melt segre-
gates significantly, stress gradients in the sample are still
large enough to keep melt segregated. This relationship
may affect the compaction length scaling coefficient, but
probably not the validity of the idea.

Geological evidence for stress-driven melt segregation
The other approach to testing the applicability of the pro-
cesses occurring in these experiments to the Earth is to
look for evidence directly (e.g. Holtzman et al., 2003b). In
general, geological evidence for stress-driven melt segrega-
tion is abundant in exposures of formerly ductile, partially
molten lower crust in oceanic and continental settings,
although proving the existence of a dynamic process is dif-
ficult. Many structures in migmatites that show hyper-
solidus deformation may well be evidence of stress-driven
melt segregation (e.g. Tommasi et al., 1994; Neves et al.,
1996; Brown & Solar, 1998). Such preservation is more
likely in the crust than in the asthenospheric and litho-
spheric mantle because, in the crust, melt viscosities are
higher and temperature gradients are steeper. Evidence is
more difficult to find in the mantle because melt extraction
is generally more complete [for exceptions see Cannat et al.
(1990) and references given by Holtzman et al. (2003a)].
Planar concentrations of plagioclase and/or clinopyroxene
in dunite and harzburgite are suggestive of segregated,
channelized melt (e.g. Boudier & Nicolas, 1995; Kelemen
et al, 1997; Holtzman et al., 2003a). A comprehensive
review of length scales of melt segregation features in the
lower crust and upper mantle, looking for correlations
with stress estimates, is necessary for developing these
ideas further.
Braun & Kelemen (2002) have shown that dunites deep

in the mantle section in the Oman ophiolite form by melt
migrating from below into shallow mantle rocks with

Fig. 25. An aerial IR photograph of part of the Oman ophiolite near
Muscat, adapted from Braun & Kelemen (2002). Here we show only
the trace of the dunites (light grey) surrounded by harzburgite (dark
grey).The morphological similarities to our experiments (namely that
smaller bands tend to join with larger bands at different angles)
should be noted.

Fig. 24. Ratio of stress to surface tension forces (C!) vs strain rates,
grain sizes, and melt fraction differentials appropriate to the mantle
and the laboratory. The group of continuous lines represents condi-
tions for the laboratory strain rates, parameterized by df, increasing
from bottom up, as labelled for the set of dashed lines scaled to the
Earth. Grain size is taken to be internally constant, but for the
Earth, d¼1000 mm and for laboratory conditions, d¼10 mm. At low
strain rates, in the laboratory, surface tension resists melt segregation;
in the Earth, surface tension is minuscule.
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viscosity

melt viscosity

What happens at longer length scales ?


