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Questions on the existence, persistence, and mechanical
effects of a very small melt fraction in the asthenosphere
Benjamin K. Holtzman?

'Lamont Doherty Earth Observatory, Columbia University, Palisades, New York, USA

Abstract This paper integrates current questions in rock physics on the effects and behavior of very
small melt fractions (< 1%) in the asthenosphere. In experiment and theory, it has been shown that a very
small melt fraction forming a connected network has a large effect on the diffusion creep shear viscosity, as
well as in the anelastic behavior. Because small concentrations of volatiles, particularly H,O and CO,, signifi-
cantly lower the peridotite solidus, a small melt fraction is expected in the asthenosphere. Even with con-
nected networks, permeability will be low and surface tension will generate a strong force resisting
complete draining of small melt fractions. The anelastic reduction of shear velocity due to melt could cause
a > 5% shear velocity contrast across the solidus, consistent with the contrast measured on features in the
shallow suboceanic upper mantle that are often interpreted as the lithosphere-asthenosphere boundary.

1. Introduction

The shallow upper mantle may be characterized by regions of relatively high and low strain rates and melt
productivity. Plumes, mid-ocean ridges, subduction zones, and small-scale convection constitute the former,
while relatively stationary regions of suboceanic mantle constitute the latter, as illustrated in Figure 1a. This
paper emphasizes the latter regions of the upper mantle, in which there may be small volumes of melt pres-
ent that are thermodynamically and mechanically stable, and significantly affect mechanical properties. To
first order, the thermal structure of the upper mantle determines the mechanical structure of the plates.
However, it not well understood yet to what extent the suboceanic low-velocity zone (LVZ) is determined
by temperature, melt and/or volatile content, and to what extent the low velocity corresponds to low vis-
cosity. Similarly, how strong and spatially varying is the contrast in mechanical properties across the
lithosphere-asthenosphere boundary (LAB)? What thermal and compositional gradients determine the
properties of this interface?

The idea that partial melt explained the seismic low-velocity zone beneath oceanic lithosphere took hold in
the 1970s [e.g., Anderson and Sammis, 1970], along with experimental studies showing that volatiles (espe-
cially H,O and CO,) enable the asthenosphere to be partially molten [e.g., Green and Liebermann, 1976;
Eggler, 1976]. Subsequently, upon recognizing the profound effects of dissolved water in the olivine lattice
on its mechanical properties, people have considered the idea of a subsolidus asthenosphere [e.g., Hirth
and Kohlstedt, 1996; Karato and Jung, 1998; Karato, 2012]. In this scenario, the oceanic plates form at depths
below the mid-ocean ridge where the dry solidus is crossed and large-volume silicate melting leaves olivine
dry and stronger. This process and effect may well occur and influence the strength of plates by dehydra-
tion at the mid-ocean ridge [e.g., Hirth and Kohlstedt, 1996; Phipps Morgan, 1997; Braun et al., 2000; Karato,
2012].

However, in the last decade, ideas have emerged that complicate the extrapolation and interpretation of the
role of water in the upper mantle. Improvements in experimental methods and understanding have further
demonstrated that the upper mantle can be effectively fluxed by small concentrations of volatiles, primarily
H,O and CO, [e.g., Dasgupta et al., 2007; Hirschmann, 2010]. Thus, where there are volatiles in the mantle
above the water-depressed solidus, there is likely to be melting (and melt). Because CO, does not partition
into the solid and is also effective at lowering the solidus, melt present in the asthenosphere may grade from
basaltic to carbonatitic in composition [e.g., Dasgupta et al., 2007; Hirschmann, 2010]. In parallel, new measure-
ments of the electrical conductivity of the suboceanic upper mantle suggested the presence of CO,-rich melts
[e.g., Gaillard et al., 2008]. These conductivity measurements and experimental observations support the idea
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Figure 1. What is a very small melt fraction? (a) Upper mantle dynamics, roughly to scale. Yellow indicates possible partially molten regions. Red dashed squares indicate high strain

rate, high productivity regions. Solid square indicates potentially low productivity and lower strain rate regions that may contain very small melt fractions. (b) Illustration of the contiguity
model for grain boundary diffusion creep. At very small ¢, connected networks can form and drastically reduce diffusion distances across grain faces, causing significant weakening sim-
ply by a 3-D geometric effect. ¢, is the critical melt fraction above which the matter flux through the melt network no longer limits creep rate—only the diffusion through grain bounda-
ries does. (c) Melt tubule length scale, d.pure as a function of melt fraction for different grain sizes, and two experimental data points, discussed in the text. Estimates of ¢, and
corresponding by Values are shown for experimental and natural grain sizes, calculated in section 2.5. (d) A typical triple junction melt tubule, much thicker than the grain boundary.

(e) For ¢ < ¢, the tubule dimension can approach the grain boundary thickness (by a factor of about 10 here, for illustration).

that there are small degrees of melt produced everywhere in the shallow upper mantle, at temperatures
above the volatile-fluxed solidus. Thus, debate continues on the thermodynamic origin of the asthenosphere

and the relative contributions of H,0, CO,, and melt.
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In the following, | synthesize results from experiments and theory demonstrating that very small, connected
melt fractions have a significant effect on the mechanical properties of rocks at high temperature (section 2).
I will then argue the asthenosphere always maintains (at least) a very small amount of melt, rendered unex-
tractable by surface tension (section 3), which significantly affects the mechanical properties and thus our
interpretation of seismic velocity measurements (section 4).

2. What is the Effect of Melt on Viscosity?

In 2009, Takei and Holtzman developed a new constitutive model for grain boundary diffusion (Coble) creep
of partially molten rocks [Takei and Holtzman, 2009a, 2009b, 2009¢, hereinafter TH1,2,3]. One of the principal
findings of this model, elucidated in TH1 and TH2, was the rapid enhancement of strain rate from zero to
very small melt fractions upon the development of a connected network of melt tubules, which implies that
the onset of melting brings significant effects on shear and bulk viscosity. This prediction is consistent with
experimental measurements of shear viscosity (the focus of this paper) in partially molten rock analog
[McCarthy and Takei, 2011], synthetic olivine [Faul and Jackson, 2007], and San Carlos olivine [e.g., Hirth and
Kohlstedt, 1995a; Mei et al., 2002], discussed further below.

2.1. What is a “Very Small” Melt Fraction?

The cause of this increase in strain rate is the sharp reduction of diffusion distance upon formation of a con-
nected melt network, even with a very small melt volume fraction, ¢. Network formation is expected for
melt-rock systems with a dihedral angle of 0 < 60" [Wark and Watson, 2000], such as basalt-peridotite
(10" < 0 < 35°) [e.g., von Bargen and Waff, 1986; Cooper and Kohlstedt, 1986; Garapi¢ et al., 2013], and
carbonatite-peridotite (0 < 30°) [e.g., Minarik and Watson, 1995], as illustrated in Figure 1b. Minarik and
Watson [1995] demonstrate that carbonatite melt connectivity exists down to ¢ ~ 0.0001 in experiments,
and to much smaller melt fractions for mantle grain sizes. Faul et al. [2004] and Garapic et al. [2013] observe
triple junction tubules with diameters on the order of tens of nanometers, corresponding to a melt fraction
of ¢=0.0001 at a mean grain size d=6.5 um, plotted in Figure 1c. An approximation of the length scale of a
triple junction tubule wall, ;e as a function of melt fraction is derived in Appendix A and is consistent
with these measurements. As illustrated in Figures 1d and 1e, ;e Values for very small melt fractions are
still significantly larger than the thickness of a typical grain boundary d,., of 1 nm [e.g., Hiraga et al., 2007].
However, these tubules are well below the resolution of current X-ray tomography of ~ 0.7 um, as utilized
to image connectivity in experimental samples as in Zhu et al. [2011] and Miller et al. [2014]. As shown in
Figure 1c, even very small melt fractions (¢ < 0.01) provide enough melt mass for surface tension to organ-
ize melt into connected networks of triple junction tubules. It is the existence, effects and persistence of
these networks of very small tubules that is of interest here.

2.2. Synthesis of Experimental and Theoretical Results

It has recently become possible to measure effects of such small melt fractions on the shear viscosity, by fabri-
cating very pure materials and then doping them with melt compositions, as in Faul and Jackson [2007] for oli-
vine and McCarthy and Takei [2011] for analog materials. Faul and Jackson [2007] found a reduction by a
factor of about 20 (defined as x,_ below), with ¢ ~ 0.0002 in sol-gel + basalt samples, as illustrated in Figure
2. In experiments on the silicate rock analog borneol, McCarthy and Takei [2011] could isolate a chemical effect
by comparing pure borneol to a binary eutectic mixture of borneol-diphenylamine. They measured viscosity
and attenuation above and below the solidus. For the effect of melt on viscosity, they measured a total
X =40. The interpretation of the origin of this weakening effect is discussed below in section 2.4.

How can one predict the mechanical effects of such small melt fractions? “Contiguity” is a state variable
well-suited to describing the effects of melt on mechanical properties, defined as the ratio of grain surface
area in contact with neighboring grains to the total grain surface area [Takei, 1998]. The “contiguity model”
as written in TH1,2,3 describes a situation in which chemical disequilibrium between melt and solid exists
due to an applied stress (i.e., the local chemical potential, i; < 7,Q;, where a,, is the normal stress and Q is
the partial molar volume of component i). The gradient in normal stress (or local traction) around a grain
drives diffusion of matter from grain faces under relative compression to those under relative tension, and
the rate of change (and thus the macroscopic viscosity) depends on the kinetics of matter transport [Lehner,
1995; Takei and Holtzman, 2009al. As illustrated in Figure 1b (and in Figure 5 of TH1), a connected melt
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Figure 2. (a) Four curves of the parameterization, for values ¢, =0.0005 and ¢.=0.001, x4 =5, 20, 120. The red dashed line shows a full calculation from TH2. (b) A zoom in on low melt
fraction. Green dots are data from Hirth and Kohlstedt [1995a, 1995b]; blue dots indicate Faul and Jackson [2007] data, discussed in sections 2.2, 2.4, and Appendix C.

network dramatically reduces the effective diffusion distance between those faces. In the 3-D version of the
model, TH1 assumed infinitely fast diffusivity in the melt, which lead to a step function reduction in viscosity
at zero melt fraction, with a reduction factor of x4_=5, using a 14-face (tetrakaidekahedral) geometry of con-
tact patches. In TH2, the singularity is removed by analyzing the diffusive fluxes at small melt fractions with
finite melt diffusivity; the definition of a critical melt fraction, ¢, is associated with the completion of this
rapid reduction in viscosity, as illustrated in Figures 1 and 2. For 0 < ¢ < ¢,, viscosity is strongly sensitive to
melt fraction; for ¢. < ¢ < Qgiqqe., the sensitivity is more moderate, discussed below, where ¢ o0, is
the melt fraction (range) at which the solid disaggregates [e.g., Scott and Kohlstedt, 2006; Renner et al.,
2000]. As developed below in section 2.5, ¢, should be on the order of 1073 for experimental grain sizes
and 107°—107° for natural grain sizes.

2.3. A New Parameterization for the Melt Effect on Viscosity
| provide a new parameterization of the effect of melt on shear viscosity that incorporates the effect of very
small melt fractions. This function may be of value to experimentalists in analysis of data and others in
exploring potential geodynamical consequences of this rheological behavior. It captures the behavior of
the contiguity model, with two parameters to describe the effects of ¢ < ¢:

é,rp — g_¢ :e(zxd)+c1erf(cyj)))7 )

&0

where « is the well-known empirically determined constant, ~26 for diffusion creep in olivine-basalt sys-
tems [Mei et al., 2002]. ¢, is a factor describing the magnitude of the increase in strain rate at ¢, as
c1=In(xy,), where x,_is the strain rate amplification factor (or viscosity reduction factor) at ¢ . The second
factor, c,, describes the rate of reduction with melt fraction, and is related to ¢, as ¢; ~ 1/¢,, such that the
error function term can be written as cierf(¢/¢,.). Alternatively, one can use this function directly on the
viscosity, as n’¢::17—“; =e~(xp+aef(®/¢2) |n Figures 2a and 2b, examples of the parameterization are shown,
fitting experimental data discussed below. For ¢=0—0.04, the parameterization closely fits the results of
the full calculation from TH2, shown by the red dashed line. Above about ¢=0.10—0.15 (not shown in Fig-
ure 2), the parameterization diverges from the model [Takei and Holtzman, 2009a, Figure 11b]. In the follow-
ing, | discuss current questions on the physics affecting the values of the fitting parameters.

2.4. What Is the Magnitude of Strain Rate Enhancement?
In experimental studies, it is difficult but possible to separate the “geometric” effects described by the contigu-
ity model (x4 =5) from additional “chemical” effects on the diffusion kinetics in the melt, lattice, and grain

HOLTZMAN

VERY SMALL MELT FRACTIONS 473



@AG U Geochemistry, Geophysics, Geosystems 10.1002/2015GC006102

boundaries. McCarthy and Takei [2011] propose that the geometric and chemical effects are multiplicative, i.e.,
Xp, =xgcx§)(. Impurities and defects affect the relative diffusivities in the melt, lattice, and grain boundaries. It is
known that grain boundaries incorporate a higher concentration of trace and incompatible elements than do
lattices [e.g., Hiraga and Kohlstedt, 2007; Hiraga et al., 2007], increasing the grain boundary diffusivity with
increasing impurity content. Dissociated water (i.e, H" +OH™) may also concentrate along the grain boundary
[Hiraga et al., 2007]. The relative degrees of water and other defect-induced enhancement of diffusion in the
melt, grain boundary, and lattice will determine the chemical effects (x;c), but are incompletely understood.

As observed in Faul and Jackson [2007], a viscosity reduction of about a factor of x4 ~ 20 occurs with
¢ ~ 0.0002. The addition of basalt powder introduces chemical components that are not present in the
truly melt-free sol-gel material. Thus, as the basalt equilibrates with the sol-gel matrix, the chemical effects
(including enhancement of lattice and grain boundary diffusivities) would contribute approximately a factor
of 4, if the geometric effect contributes a factor of 5 as predicted. In samples with ¢=0.04, the samples are
significantly weaker than x,, =20, suggesting that chemical effects continue to be enhanced on the sol-gel
samples. McCarthy and Takei [2011] could isolate a chemical effect by comparing pure borneol to a binary
mixture of borneol-diphenylamine, which produces a eutectic melt, analogous to the Faul and Jackson
[2007] experiments. For the effect of melt on viscosity, they measured a total x4 =40. The subsolidus effect
of the added components on shear viscosity was measured by comparing the data from pure borneol to
that of the eutectic mixture, which yielded a weakening factor of 8. This factor was interpreted as an esti-
mate of the chemical effect, x¢ , leading to a constraint on the geometric effect: xg =40/8=5, consistent
with the model prediction. The systematic dependences of the geometric and chemical effects on T, P,
major and trace element compositions constitute open questions.

Experiments on samples derived from San Carlos (or other) mantle xenoliths [e.g., Hirth and Kohlstedt, 1995a,
1995b, 2003; Mei et al., 2002; Zimmerman and Kohlstedt, 2004; Hansen et al., 2011] do not show the sudden weaken-
ing above ¢=0, but are far weaker than the sol-gel samples (except for the ¢=0.04 sample). As illustrated in Fig-
ure 2, the data from both sources are compared by selecting low stress-, high T samples from the diffusion creep
field from Hirth and Kohlstedt [1995a] and then scaling strain rates by grain size, temperature, and stress, described
in Appendix C1; x4, ~ 120 relative to the sol-gel samples. The San Carlos and other naturally derived samples are
prepared by pulverizing and density-separating the powders to remove other phases, but the process is imperfect,
so these experiments are referred to in the literature as “nominally melt-free.” One way to explain the lack of rapid
weakening at small melt fractions is that samples of reconstituted natural materials always contain small amounts
of phases that melt at the conditions of creep experiments. If this nominal melt fraction is at or above the critical
melt fraction (as it appears to be in Figure 1c), the difference between sol-gel and naturally-derived samples could
be reduced by at least qubc' If so, these natural material-based flow laws [e.g., Hirth and Kohlstedt, 2003; Mei et al.,
2002; Zimmerman and Kohlstedt, 2004; Hansen et al., 2011] are applicable directly to regions of the mantle above a
solidus, but diffusion creep viscosity estimates for sub-solidus regions must be increased by xg(. (Other deforma-
tion mechanisms are affected differently by melt, discussed further in Section 4.1 and Appendix C1.). The differen-
ces between sol-gel and naturally derived olivine samples need to be better understood through experiments and
theory.

2.5. How Does ¢, Depend on Grain Size?

TH2 demonstrated that ¢, should depend on grain size, d. The onset of the weakening effect of melt
depends on the resistance to flux through the network of tubules, which depends on the diffusivity of mat-
ter into and through the network. Because the melt geometry is self-similar with respect to grain size, in a
representative volume, there will simply be more length of tubules of the critical cross-sectional area in a
fine-grained rock than in a coarse-grained one, such that ¢, increases with decreasing grain size, as dis-
cussed further in Appendix A. More quantitatively, TH2 defined three dimensionless scaling parameters, o,
f, and y, that characterize the various contributions to the total diffusive flux through melt during deforma-
tion, cast in terms of resistance to diffusion. y describes the resistance to matter diffusion through the melt
network, relative to the resistance to diffusion through the grain boundaries, in their equation (37), as

-, )

do
where C is the concentration of the creep rate-limiting component in the melt (i.e., a pure solid of compo-
nent A and a binary liquid of components A and B), and a is the activity of that creep-rate-limiting

3nda
4 dC

)

HOLTZMAN

VERY SMALL MELT FRACTIONS 474



@AG U Geochemistry, Geophysics, Geosystems 10.1002/2015GC006102

G

I T I T I T I T
12k
214 d
= - S .
< | > |
g 16 I (()&(\& |
= st < -
3 z
& T $ ]
< 20r i
22+ g
=i - ]
24 -
i 1 | 1 | 1 | 1 | 1 ]
0 1 2 3 -7 -6 -5 -4 -3 -2
logio d, grain size [pum)] log1g ¢, melt fraction
idealized melt distribution due to: d
( ) surface energy gravitational ( )1 40 i 7 :i ]
minimization energy release 0 L 10° es?}ﬁnjbte i
—] 120 e -
__ 100
< E 80
z — >
< S 60
3

40
20

log1y ¢, melt fraction

Figure 3. (a) Critical melt fraction as a function of grain size, for three values 01‘%6[i (1.0, 0.1, 0.033). Blue dots indicate the solutions in TH2. Orange and green boxes indicate estimates for
experimental and asthenospheric grain sizes. (b) Permeability as a function of melt fraction, for d = 1, 5, 10 mm. (c) Cartoon illustrating the competition between interfacial and gravita-
tional potential energy. (d) Le,., the length scale at which these energies are equivalent, as a function of ¢, parameterized by 0. The rapid increase with decreasing ¢ indicated that it
becomes increasingly difficult for gravity to drain a region as melt fraction decreases.

component A. S° and §" are the cross-sectional areas through which the flux occurs from grain boundaries
and melt phase, respectively (see Figure 3 of TH2), D¢ and D" are the diffusivities of component A in the
grain boundary and melt. This equation can be simplified as follows, as discussed in paragraph 35 of TH2:

(1) assuming near ideality, the term Z—g G % ~ 1 and (2) the ratio simplifies to [%] = %% where ¢ is the

thickness of the grain boundary and R is the grain radius. Furthermore, they chose a critical value of
7 (y.=0.02) that corresponds to the onset of the rapid decrease in grain boundary flux as contiguity ¢ — 1,
as a way to identify ¢..

Here | further simplify equation (2), using 7.=0.02 in equation (2) and rearranging for ¢,

B D% S
¢c(d)—y—cﬁa7 3)
where B=3.75n and the grain size d=2R. This equation illustrates important aspects of the proposed
physics: (1) ¢, o d~' and (2) ¢, is sensitive to ratio of D°® and D", as shown in Figure 1d, both of which are
not well known (TH2), discussed in section 2.2. Estimates of the ratio D% /D' come from Appendix B1 of
TH2, using equations (36) (2-D) and 44 (3-D) of TH1. However, an omission was made in TH2, of the factor
1/16 (2-D) and 1/30 (3-D) in calculating D® (Y. Takei, personal communication, 2015). As a result, D¢ /D
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was overestimated in TH2. In Figure 3a, | plot original and corrected solutions for DD—iB =1,1/10,1/30. The
blue dots show the solutions shown in TH2. The corrected solutions show that ¢.=5X10"4—5x10"2 for
experimental grain sizes (d=5—15 um) and ¢, =5X10"7—1X10"" for natural grain sizes (d=1—10 mm), for
D% _

=-=16—30.

Dt

Deviations from the prediction may be caused by a grain size distribution and second phases in a rock that
can significantly change the degree of connectivity of regions with smaller melt fraction (i.e., there is a mul-
tiscale homogenization problem). Also, as discussed above, open questions exist on the effects of composi-
tion on grain boundary, lattice, and melt diffusivities.

3. Is There an Unextractable Melt Fraction?

When rocks are at temperatures and pressures at and above their solidi, do they always maintain a very
small amount of melt, close to the critical melt fraction? Here | present a two-part argument for the exis-
tence of an unextractable, but connected melt distribution: (1) even if the melt fraction remains as a fully
connected network, permeability will remain very low; (2) more importantly, surface tension will not allow
that small melt fraction to be extracted.

1. At such small but connected melt fractions on the order of ¢, isotropic permeability is very low. Using
recent results of Miller et al. [2014], | calculate k as a function of melt fraction, using the standard expres-
sion k= 92%)" and their values for n = 2.6 and C = 60. The values are quite small: k =~ 1072°—107"?, for ¢,
=5X10"7—1X107> at d=1—10mm, as illustrated in Figure 3b. Thus, though the critical melt fraction is
by definition already forming a connected network, migration through that network will be slow.

2. Even if the melt is mobile, surface tension at the triple junction scale will resist gravitational forces that
try to completely drain a very small melt fraction. At high temperature, surface tension forces have a
strong influence on the melt distribution and, because they are proportional to the curvature of the
melt-solid interface, they increase as the melt fraction decreases. von Bargen and Waff [1986] compared
these potential energies (gravitational and interfacial), detailed in Appendix B and illustrated in Figures
3b and 3c. They, a length scale over which the two energy changes are balanced, here called L4 (for
“equivalent”). This length scale is interpreted as the vertical height of connected melt required for gravi-
tational forces to overcome surface tension at the grain scale. Alternatively, L¢,. is the length scale below
which surface tension can homogenize the melt distribution, overcoming gravitational forces. As illus-
trated in Figure 3d, at ¢.=10"%, L., =30,40,50 with 5 mm grain size, for =10, 20, 30". As ¢ decreases
toward 1e—7, Leq. increases quickly up to 100 km or more, on the order of the thickness of the LVZ. As
discussed above (due to the same surface tension causing the melt to form connected networks), this
melt fraction is likely to be connected and mobile but also, as melt fraction decreases it becomes increas-
ingly unextractable. Thus, surface tension may provide an effective lower threshold for extractable melt.
Stevenson [1986] and Hier-Majumder et al. [2006] made similar arguments.

The idea of an unextractable melt fraction is related to and consistent with the notion that the bulk viscosity
approaches infinity as the melt fraction decreases, often assumed to have a form ¢ i In TH2, the bulk vis-
cosity as a function of melt fraction was found to have a different behavior, but does become much higher
as ¢ < q&f, rendering difficult the extraction of small melt fractions, in addition to the surface tension
effects. Thus, kinetics (permeability), rheology (bulk viscosity), and energetics (L.q.) all contribute to ensuring
that a very small melt fraction is retained in the asthenosphere where thermodynamically possible.

4. Is This Unextractable Melt Fraction Detectable?

The significant effects of a very small melt fraction on the diffusion creep shear viscosity have implications
for the detectability of an unextractable melt fraction using measurements of the seismic wavefield. Relat-
ing the long-term steady state viscosity to the short term effects of anelasticity on the propagation of a seis-
mic wave is a large conceptual leap but has a good physical justification. The concept of a “high
temperature background” (HTB) anelasticity implicates a single process that operates from the Maxwell fre-
quency almost all the way to the purely elastic behavior. At present, a good candidate for such a process is
transient grain boundary diffusion creep [e.g., Raj, 1975; Cooper, 2002a; McCarthy et al., 2011; Jackson and
Faul, 2010]. Even if other processes occur in a frequency band of interest, the HTB provides reference
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mechanical properties at a given thermodynamic state. For example, dislocation creep likely contributes to
the total creep rate, and melt squirt or dislocation jiggling may contribute to the anelasticity at seismic fre-
quencies, but the diffusion creep provides the reference state on which these other processes may be
superimposed. A convenient term for this general idea is “Very Broadband Rheology” (VBR).

While many questions remain in constructing a robust anelastic model for the upper mantle, there is
enough understanding to start constructing methods for systematic calculation and prediction of material
properties (and uncertainties) across the spectrum of forcing frequencies in the Earth. From an input model
of thermodynamic state, we calculate resulting elastic, viscous, and anelastic properties: unrelaxed moduli
M,, shear viscosity 5, storage and loss moduli (M, and M,, relaxed elastic moduli M,, attenuation (Q~ "), and
the isotropic shear velocity, V;). Below and in Appendix C, | describe in more detail the calculation methods
incorporating the effects of melt on each property.

4.1. Viscosity and Elasticity

Rocks at high temperature and low stress are deforming by some combination of dislocation creep, diffu-
sion creep, and dislocation-accommodated grain boundary sliding (GBS) creep, described in more detail in
Appendix C1. The temperature-melt trade-off for steady state viscosity is shown in Figure 4a. The rapid
drop in viscosity with increasing melt fraction near zero at these conditions indicates that diffusion creep is
contributing significantly at these conditions (with the assumptions discussed in Appendix C1). Except for
¢ < ¢, n is much more sensitive to T than to ¢. In elasticity, the trade-offs between the anharmonic tem-
perature effects and the poroelastic effects on Vs are shown in Figure 4b. The sensitivity is fairly linear; the
reduction in Vs of d¢ ~ 1% is equivalent to dT ~ 150,

4.2. Anelasticity

While there is consensus on transient diffusion creep being the measured HTB process in experimental sam-
ples [e.g., Raj, 1975; Cooper, 2002b; Jackson and Faul, 2010; McCarthy et al., 2011], it is possible that other dis-
sipative processes are important in the mantle. Another possibility for the HTB mechanism is transient
diffusion creep on the dislocation subgrain structure [e.g., Gribb and Cooper, 1998]; this hypothesis is more
difficult to study in mantle silicates at the fine grain sizes necessary for experimental conditions. However,
there is certainly a basis at present for proceeding with constructing estimations of the effects of melt on
the anelastic properties. McCarthy and Takei [2011] demonstrated that the effect of very small melt fractions
on viscosity also appears in the attenuation response of partially molten borneol + diphenylamine. Gribb
and Cooper [2000] showed a modest increase (factor of 6) in attenuation values when comparing a nomi-
nally melt-free sample with one with ¢=0.05, consistent with the exponential enhancement exp (a.¢). Simi-
lar to the creep experiments discussed above, it is possible that the nominally melt-free sample contains
¢ =~ ¢.. This speculation is based on their reporting of nonnegligible accessory phases and components. In
contrast, Jackson et al. [2006] found a very significant effect of a small melt fraction on the measured attenu-
ation, similar to their subsequent creep study [Faul and Jackson, 2007]. Thus, considering the similitude
demonstrated between partially molten borneol and olivine anelasticity [McCarthy et al., 2011], a reasonable
approach to incorporating the effect of melt into the scaling is to apply equation (1) directly to the pseudo-
period scaling in Jackson and Faul [2010], in the form described in Bellis and Holtzman [2014]. The anelastic
storage and loss compliances, J; and J,, are calculated for the high-temperature background attenuation
(HTB) using the Andrade model with pseudoperiod scaling [Gribb and Cooper, 1998; Jackson and Faul, 2010;
Sundberg and Cooper, 2010; Bellis and Holtzman, 2014], from which we calculate shear attenuation Q, and
the relaxed moduli M,. Many open questions in this scaling problem remain [e.g., Takei et al., 2014]. Second-
ary dissipative mechanisms such as melt squirt [Hammond and Humphreys, 2000], elastically accommodated
grain boundary sliding [e.g., Morris and Jackson, 2009; Karato, 2012], dislocation jiggling [Farla et al., 2012],
and effects of secondary phases [e.g., Sundberg and Cooper, 2010] will also be explored.

When effects of melt and T are plotted together, the effect of ¢, appears as a rapid drop in the T—¢ trade-off
on a chosen V; contour, as illustrated in Figure 4c. We calculate the difference between the unrelaxed and
relaxed V;, and plot contours of % difference in Figure 4d. The anelastic effect on V; is increasingly significant
above about 1250°C. As an example, assuming that the LAB corresponds to the solidus and the LAB tempera-
ture (equal across the LAB) of 1350°C, one could interpret the velocity contrast as measured from receiver
functions or other converted phases at about 5% [e.g., Rychert et al., 2012; Schmerr, 2012], as a transition from
truly melt-free to ¢ ~ 0.01, from Figure 4c. (Note that this plot shows velocities at frequency f= 0.01 Hz, for
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P =3 GPa,o=0.1 MPa, d=5 mm, f=0.01 Hz

log10 shear viscosity,m [Pa.s] Vs Unrelaxed
1500 1500
1400 1400

)
B 1300 1300
1200 1200
0 0.005 0.01 0.015 0.02 0 0.005 0.01 0.015 0.02
¢, melt fraction ¢, melt fraction

42 425 43 435 44

(Vs =Vs )/Vs x 100
T u u

Vs Relaxed

T [C]

0 0.005 0.01 0.015 0.02 0 0.005 0.01 0.015 0.02
¢, melt fraction ¢, melt fraction

4 41 42 43 44 5 -4 3 -2 -

Figure 4. Trade-offs between T and ¢ on the viscous, elastic, and anelastic properties (as expressed in shear wave velocity). (a) Shear vis-
cosity as a function of ¢ and T. (b) Unrelaxed elastic Vs: anharmonic thermal versus poroelastic effects on velocity. (c) Anelastic effects of
T and ¢. The arrow indicates how one could interpret the velocity contrast across an LAB at approximate thermal equilibrium. (d) The
difference between relaxed and unrelaxed Vs, in %. The effect of small melt fraction is clear, and also the anelastic effects become
increasingly significant at asthenospheric temperatures.

surface waves sensitive to the LVZ; at higher frequency, the velocities will increase slightly.) This drop in veloc-
ity across the LAB would be consistent with a decrease in shear viscosity by about a factor of 3.

4.3. Electrical Conductivity

This idea that a very small melt fraction is retained in the asthenosphere is relevant to the interpretation of
electrical conductivity measurements in the Earth. Conductivity is determined by the same compositional
and microstructural properties as rheological properties but with potentially very different sensitivities [e.g.,
Tyburczy and du Frane, 2015]. For example, current controversy exists on the effects of water (hydrogen) on
(anisotropic) conductivity in olivine [e.g., Wang et al., 2006; Yoshino et al., 2009; Yoshino and Katsura, 2013;
Karato, 2013; Gardés et al., 2014], with significant differences in extrapolations to mantle conditions. Simi-
larly, the effect of melt is strongly dependent on its composition [e.g., Roberts and Tyburczy, 1999; Gaillard
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et al,, 2008; Tyburczy and du Frane, 2015] and melt geometry [e.g., Caricchi et al., 2011; Sifré et al., 2014; Pom-
mier et al., 2015; Miller et al., 2015]. It is possible that measurement of electrical conductivity may be an
effective means of identifying ¢, and the onset of a connected melt fraction in experiments [e.g., Tyburczy
and du Frane, 2015] and its existence in the asthenosphere.

5. Discussion and Open Questions

5.1. Are the Unextractable and Critical Melt Fractions the Same?

An obvious question is how these small melt fractions are related: Is the (mechanical) critical melt fraction
physically related to the unextractable melt fraction? It is established that ¢, is greater than the minimum
melt fraction at which melt tubules become connected (TH1,2). At ¢ < ¢, a connected network exists that
significantly weakens the long-term viscosity and increases the attenuation, affects the electrical conductiv-
ity, is a reservoir of incompatible elements, and cannot be extracted at temperatures at or above the soli-
dus. Other microscopic thermodynamic and kinetic considerations are beyond the scope of this paper, such
as the ability of surface tension to provoke dissolution [Takei and Hier-Majumder, 2009] and/or melting as
long as there is a source of meltable components (i.e., clinopyroxene) in the vicinity (diffusion distance) of a
grain edge tubule [Hiraga and Kohlstedt, 2009]. Surface tension will act to restore a connected melt fraction,
either by driving melt advection or by driving dissolution or melting [Takei and Hier-Majumder, 2009]. If melt
fraction rises well above ¢, then it will begin to drain more quickly. If melt is locally drained to fall below
the connected melt fraction, melt productivity would be “batch melting,” quickly bringing ¢ back up to ¢
~ ¢, or greater. Thus, the local average melt fraction may oscillate around ¢, as long as the thermody-
namic conditions for melting are met.

5.2. Melt Distribution in the Asthenosphere

How do buoyancy-driven migration and surface tension-driven retention interact in a naturally heterogene-
ous, open system? Spatial heterogeneity in major and trace elements may be a ubiquitous property of the
convecting mantle, produced by mechanical mixing of subducted plates forming fertile pyroxenites,
delaminated lithosphere or other sources. Heterogeneity in major element composition (i.e., pyroxene dis-
tribution) and volatile content may exist due to a variety of reasons, and fluxes of CO, from deeper mantle
sources may occur at time scales much shorter than the convective time scales [e.g., Hirschmann, 2010].
Also, the melt migration/compaction process can generate porosity waves, potentially even in regions with
low background melt fractions [Rabinowicz et al., 2002]. These sources of complexity suggest that melt pro-
duction and migration may be heterogeneous and transient in time and space, even in regions of low
productivity.

When the asthenosphere is sampled by seismic waves, patchy low porosity may cause scattering or simply
appear as a homogeneous volume depending on the length scale of variability and the seismic wavelength.
As shown in Figure 4c, for example, if the middepth core of the oceanic low-velocity zone is at 4.1-4.2 km/s,
the trade-off between temperature and melt fraction can be read by following that velocity contour. Karato
[2012] dismissed the effect of melt on reducing V, because he assumed that melt had to wet the grain boun-
daries in order to have significant effects and that a melt fraction sufficient to do so would not be present.
While the latter point is probably true, the former is neglecting all the research that is the basis for this let-
ter: a significant effect of melt on seismic velocity can occur due to a connected network of triple junctions
at very small melt volume, without melt films on fully wetted grain boundaries.

As discussed in section 4.3, magnetotelluric measurements also provide independent and complementary
nonmechanical constraints on volatiles and melt content, geometry, and composition. While the conductiv-
ity of the asthenosphere in the MELT region called for a significant melt fraction of ¢ ~ 0.01—0.02 [Evans
et al.,, 1999], the recent measurement in the NOMELT region by Sarafian et al. [2015] are consistent with dis-
solved water alone, or a very small melt fraction of ¢ =~ 0.0001, also consistent with the findings of Sifré
et al. [2014]. Furthermore, the observation that the electrical conductivity appears to be isotropic beneath
the NoMELT region may also be consistent with the presence of a very small melt fraction. Although stress
can align melt at the grain scale during deformation, it is unlikely that very small melt fractions would be
aligned, as deviatoric stress would compete with surface tension. Because melt is much more conductive
than the crystalline matrix, and a network of very small melt fraction is likely to be isotropic, the isotropy in
conductivity may indicate that the melt conductivity is overwhelming that of an anisotropic solid matrix.
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5.3. Melt Distribution at the LAB

This discussion of very small melt fractions is focused on regions of the asthenosphere where melt produc-
tivity is low (Figure 1a). If the large mechanical effects discussed here occur, it seems difficult to avoid that
the LAB beneath the oceanic lithosphere coincides with a (volatile-fluxed) solidus. Melt that does migrate
through the asthenosphere up to the LAB can have several fates. As for the depth of the LAB, the thermal
structure evolution is not fully understood [e.g., Grose, 2012], nor is the leakiness of the LAB to melts [Havlin
et al.,, 2013], nor is the volatile content of the asthenosphere, all of which will affect the thermal structure
and the melt distribution at and below the LAB. In regions of high productivity (and high strain rate), it is of
course possible to have significantly higher melt fractions locally or pervasively. Shear along the interface
can organize and help focus melt along an LAB [e.g., Holtzman and Kendall, 2010], with significant velocity
contrast and additional viscosity reduction [Holtzman et al., 2012].

This range of processes can explain the heterogeneity in sharpness and reflectivity of the LAB of 3-10% over
<20 km [e.g., Bagley and Revenaugh, 2008; Kawakatsu et al., 2009; Schmerr, 2012]. For example, velocity con-
trasts of 5% can reflect the onset of a small melt fraction across a solidus, as discussed above and illustrated in
Figure 4c; larger contrasts can reflect concentrated melt and/or organized melt structures [Takei and Holtz-
man, 2009a; Kawakatsu et al.,, 2009; Holtzman and Kendall, 2010], beyond those shown in Figures 4a and 4c.

6. Conclusions

| summarize results from TH1,2 on the effect of a very small melt fraction on the diffusion creep viscosity. A
simple parameterization can describe these effects that can be used to analyze experimental data and also
to explore potential expressions in seismic properties and geodynamic-scale models. The magnitude of
these weakening effects will depend on the rock/melt composition as manifested in the relative diffusivities
of melt and grain boundaries. It is unlikely that such small melt fractions could be removed from the
asthenosphere; surface tension on very small melt tubules will dominate over buoyancy forces in maintain-
ing the connected network. Even if diffusion creep is not the dominant deformation mechanism in long
term creep, the effect of melt can strongly enhance the influence of transient diffusion creep in the high-
temperature background anelastic properties, expressed as attenuation and relaxed velocities. Thus, it is
likely that a small melt fraction will have clear seismic, and potentially magnetotelluric, signatures that could
give rise to the seismically observed and geodynamically necessary asthenosphere.

Appendix A: Estimation of Tubule Size for a Given Melt Fraction

The volume of melt in a representative elementary volume defined by one grain and its melt is most simply
approximated by a sphere with thin toruses fitting tightly along great circles (hoops) representing melt
tubules. The melt volume can be approximately described by N, hoops with cross-sectional area (that can
be thought of as the equivalent circular area of a grain-edge triple junction cross section) of aeq:nrgq and

volume N,deqmd. The melt fraction is the ratio of total hoop volume to total volume, or ¢ ~ W)’V(;fe%
rdeq

~ (';'['/“T";’; for small ¢. Assuming the length scale of one side of a melt tubule is approximately the diameter

2d*¢

1/2
TM) . N, =4 can be arranged such

of the equivalent circle area, duypute = 2req, We rearrange for 5wbu,e:<

that the surface of the sphere can be subdivided into 14 faces (determined using rubber bands and a ball),
approximating the tetrakaidecahedral geometry of TH1. Much more sophisticated approaches exist [e.g.,
von Bargen and Waff, 1986]. In Figure 1c, the approximate tube wall width, ..y, is plotted as a function of
melt fraction, parameterized by grain size, compared to experimental data. For a given melt fraction, a
larger grain has a larger 0.y because the sphere volume rises more quickly than the tubule volume, so
that must be made up by increasing the tube thickness, by volume conservation. However, in high-
temperature conditions, there are other physics at play than just mass conservation; surface tension ener-
getics promote constant mean interfacial curvature in a system and thus the form and cross-sectional area
of melt tubules will be the same across a sample at textural equilibrium, regardless of grain size [e.g., Wark
and Watson, 2000]. Thus, fine-grained rocks can contain higher melt fractions than coarse-grained rocks at
textural equilibrium because they simply have more tubules of the same cross-sectional area than do
coarse-grained rocks. Mass balance and surface tension can compete during grain growth, and affect local
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melt pressure and distribution, causing a coexistence of small-scale tubules and grain boundary films, as
observed by e.g., Garapic et al. [2013].

Appendix B: How Surface Tension Resists Buoyancy-Driven Melt Flow

Several workers have studied how the force of melt buoyancy is balanced by or competes with surface ten-
sion [Waff, 1980; Stevenson, 1986; von Bargen and Waff, 1986; Hier-Majumder et al., 2006]. von Bargen and
Waff [1986] and Waff [1980] cast the competition between buoyancy and surface tension in terms of ener-
getics. Here | employ the approach of von Bargen and Waff [1986], as it contains the most detail in the
grain-scale geometry of melt. They calculate the gravitational energy change (final-initial) due to buoyant
upwelling and draining of melt from a volume, AU, as

_Agh®

AUy="=

where A is the horizontal area and h is the height of the column, and Ap is the density difference between
melt and solid (Ap ~ 200 kg/m? at asthenospheric pressures). Competing with the buoyancy, the internal
change of surface energy due to the removal of a wetting melt from that same volume, AU; is derived as

Ahy
AU,=—AE" % +Ayg, (82)

where AEY is the normalized surface energy change associated with the removal of melt, AE"% =bg¢P, and A is
the cross-sectional area of the partially molten column. The constants in the RHS are fit to calculations, as b=b,
0%>+b,0+by and p=p,0°+p,0+p,, where 0 is the wetting angle between solid and melt, with 0 ~ 10—35
[e.g., Garapic et al, 2013], and by=—2.4297,b;=5.99e—3, b,=4.873e—4 and py=0.47865, p;=—1.2971e—4,
p>=2.745e—5 [von Bargen and Waff, 1986, Table 2]. This fitting function could be replaced by a function of con-
tiguity that would be more consistent with the analysis of TH1,2, but that is beyond the scope of this paper. Set-
ting these two energy changes equal allows them to define a critical height at which the two are equal.

_ 2AEV“/SI_ \/4(AEVVSI)2_8¢(¢_1 )gAdeVsl
" 20(6—1)9hpd |

In Figure 3¢, | plot this equation with ¢ as an independent variable, and 0 as a parameter, at fixed grain size
(5 mm).

(B3)

Appendix C: Mechanical Properties Calculations

C1. Viscosity

Here | use the flow laws from Hansen et al [2011], of the form &=)",_,;& where &=
Aia"d~Pif,(¢)exp (—Q;/RT), i represents the three creep mechanisms acting in series and their respective
constants, and f;(¢) is that discussed in sections 2.3 and 2.4. For diffusion creep, | use x4 =5, assuming that
only the geometric effect is at play when a rock crosses its solidus but does not change bulk composition. For
dislocation- and GBS-creep, | assume that x4_=1 (c;=0), though this needs further study. In this paper | set
these to 1 to simplify the calculations for low melt fraction and focus on the effects on diffusion creep. To
make Figure 2, | selected data from Faul and Jackson [2007, hereinafter FJO7] and Hirth and Kohlstedt [1995a,
hereinafter HK95] experiments that were well into the diffusion creep regime, at low stresses far from the tran-
sition, and scaled (s) the measured data (m) as follows:

. (d\ P\ —-E E
wein(gy) (o) (e () <

For HK95 data, | used n = 1, p = 3.2, and E = 575 kJ/mol; for FJ07 data, | used n = 1.4, p = 3, and E = 484 kJ/mol,
and normalized all points by the highest viscosity value from FJ07.

C2. Elasticity
For the unrelaxed elastic properties, the anharmonic effects of temperature and pressure are calculated
using the partial derivatives OM,/0T=—13.6 [MPa/K] and OM,/0P=1.8 [Pa/Pa], and a reference value

HOLTZMAN

VERY SMALL MELT FRACTIONS 481



@AG U Geochemistry, Geophysics, Geosystems

10.1002/2015GC006102

Acknowledgments

I would like to thank Takehiko Hiraga,
David Kohlstedt, Christine McCarthy,
Christopher Havlin, Andrea Tommasi,
Leila Hashim, and especially Yasuko
Takei, who generously and critically
scrutinized this paper. As | hope is
clear, the core of the paper (section 2)
is based on ideas developed in Takei
and Holtzman [2009b]. This work was
funded by NSF EarthScope grant EAR-
0952202 and NSF Geophysics CAREER
grant EAR-1056332. LDEO contribution
7964.

M°=65.0 GPa, as in Jackson and Faul [2010] and Isaak [1992]. The effect of melt on the purely elastic
properties is caused by low-modulus inclusions embedded in a matrix, referred to as the “poroelastic”
effect [e.g., O’Connell and Budiansky, 1977, Hammond and Humphreys, 2000]. The poroelastic effect is
calculated using the contiguity model, with the method in Takei [2002, Appendix Al, a parameterization
of the isotropic solutions of Takei [1998]. Comparison of predictions from other approaches [e.g., Hier-
Majumder and Abbott, 2010] will be included in future work.
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Erratum

In the originally published version of this article, a figure caption and equation were incorrect. The following have since been corrected
and this version may be considered the authoritative version of record.

In Figure 1d caption, grain size was changed to grain boundary.

Figure 2 caption was changed from (a) Four curves of the parameterization, for values ¢.=0.0005, ¢.=0.001, x,},{ =5, xj)( =20, xfﬁ( =120
to (a) Four curves of the parameterization, for values ¢.=0.0005 and ¢.=0.001, x4 =5, 20, 120.

In section 3, the sentence, "When rocks are at temperatures and pressures above their solidi, do they always maintain a very small amount
of melt, close to the critical melt fraction?" was changed to "When rocks are at temperatures and pressures at and above their solidi, do
they always maintain a very small amount of melt, close to the critical melt fraction?"

In section 4.1, the sentence, “Rocks at high temperature and low stress are deforming by some combination of dislocation creep and diffu-
sion and dislocation-accommodated grain boundary sliding (GBS) creep” was changed to “Rocks at high temperature and low stress are
deforming by some combination of dislocation creep, diffusion creep and dislocation-accommodated grain boundary sliding (GBS) creep”.

. N 2 o 2
In Appendix A, dtypue = g‘:{N‘t’ was changed to dupyle = (g‘;—ﬁf
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