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Ponded melt at the boundary between the
lithosphere and asthenosphere
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Yoshinori Katayama4, Ken-ichi Funakoshi5, Yanbin Wang6, John W. Hernlund7†

and Maxim D. Ballmer8

The boundary between Earth’s rigid lithosphere and the
underlying, ductile asthenosphere is marked by a distinct
seismic discontinuity1. A decrease in seismic-wave velocity and
increase in attenuation at this boundary is thought to be caused
by partial melt2. The density and viscosity of basaltic magma,
linked to the atomic structure3,4, control the process of melt
separation from the surrounding mantle rocks5–9. Here we use
high-pressure and high-temperature experiments and in situ
X-ray analysis to assess the properties of basaltic magmas
under pressures of up to 5.5 GPa. We find that the magmas
rapidly become denser with increasing pressure and show
a viscosity minimum near 4 GPa. Magma mobility—the ratio
of the melt–solid density contrast to the magma viscosity—
exhibits a peak at pressures corresponding to depths of 120–
150 km, within the asthenosphere, up to an order of magnitude
greater than pressures corresponding to the deeper mantle and
shallower lithosphere. Melts are therefore expected to rapidly
migrate out of the asthenosphere. The diminishing mobility of
magma in Earth’s asthenosphere as the melts ascend could
lead to excessive melt accumulation at depths of 80–100 km,
at the lithosphere–asthenosphere boundary. We conclude
that the observed seismic discontinuity at the lithosphere–
asthenosphere boundary records this accumulation of melt.

Along the axial zone of mid-ocean ridges (MORs), astheno-
spheric mantle rises in response to the diverging motion of oceanic
lithosphere and experiences decompression melting. Depending
on the volatile content and temperature of the upper mantle,
peridotite partial melting initiates at depths of about 80–130 km
(ref. 10). The resulting basaltic magmas are buoyant and mobile,
percolating upward to form the crust, and leaving a refractory
residuum that forms the oceanic lithosphere. Along the more than
50,000-km-long globalMOR system, roughly 60,000 tons ofmagma
are processed per minute11, replenishing the entire ocean floor
in ∼100Myr. This process is the primary engine for present-day
geochemical fractionation of our planet.

Structural changes in basaltic magmas with pressure (or depth)
play a central role in controlling magma mobility and melting.
Pressure-dependent structural changes in silicate melts associated
with transformations in the coordination of aluminium ions have
been suggested from nuclear magnetic resonance spectroscopic
studies of quenched glasses3. Such structural changes usually
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influence physical properties such as density and viscosity of
magmas. Density measurements of basaltic magmas have thus
far been carried out using the sink–float method5,6, which is
subject to large uncertainties. Here, we use X-ray absorption12,13,
an alternative method that enables determination of liquid den-
sity in situ (that is, under ambient pressure and temperature
conditions). Furthermore, we apply in situ falling-sphere vis-
cometry and in situ X-ray diffraction to measure magma vis-
cosity and magma structure, respectively. The resulting complete
and detailed data set allows us to examine pressure-dependent
changes of magma density, viscosity and structure in unprece-
dented detail.

X-ray absorption measurements were performed up to 4.5GPa
and 2,000K (Fig. 1a). The composition of the starting materials
is shown in Supplementary Table 1 and the experimental results
on density are summarized in Fig. 1a and Supplementary Table 2.
In Fig. 1b, we compile available data from refs. 5,6,14 to compare
with our results at 2,000K. We find that density of basaltic magmas
increases rapidly at pressures of ∼4GPa. Such rapid densification
is consistent with previous studies on quenched alumino-silicate
melts, which showed that Al coordination number increases rapidly
between 3 and 5GPa (ref. 3).

We further conducted in situ viscosity measurements using
the falling-sphere method with X-ray radiography7 (Fig. 1c and
Supplementary Table 3). Figure 1c summarizes our results and
gives the viscosities of abyssal tholeiite magma at 0.8 and
1.2GPa (ref. 9) for reference. For basaltic magma, the isothermal
viscosity first decreases and then increases with pressure. Viscosity
minima are clearly discernible, both along the 1,900 and 2,000K
isotherms (Fig. 1c). The pressure of the viscosity minimum further
coincides with that of rapid densification, suggesting that both
are related to the same pressure-induced structural changes in
the basaltic magma.

To clarify the nature of the structural changes we performed
X-ray diffraction experiments from 1.9 to 5.5GPa at 1,800–2,000K.
The experimental conditions and results are reported in the
Supplementary Methods and Table 44,15,16. The X-ray diffraction
interference functions,Qi(Q)s, as calculated for the basalticmagma,
are shown in Supplementary Fig. 3a, and its Fourier transformG(r),
that is, the radial distribution function, in Supplementary Fig. 3b.
The first peak at r=1.6–1.7Å corresponds to the average T–Obond
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Figure 1 | Results of the experimental study. a, Density of basaltic magma as a function of pressure and temperature. b, Density of basaltic magma as a
function of pressure at 2,000 K. Anomalous densification occurs between 4 and 6 GPa. c, Viscosity of basaltic magma at high pressure and temperature.
Error bars are smaller than symbols. d, Pressure dependence of the T–O bond length of basaltic magma from this study, and other silicate melts from
previous studies. Al–O bond length of corundum is shown for comparison30.

length, that is, the length between tetrahedrally coordinated cations
(T= Si4+, Al3+) and oxygen.

The T–O bond length is a characteristic parameter of the
network structure of magmas. Figure 1d compares the T–O length
of basaltic magma as a function of pressure with those of MgSiO3
and CaSiO3 melts, and corundum. No experimental data for the
structure of basaltic magma at ambient pressure are available for
benchmark. For reference, we use the T–O length of anorthite
melt at zero pressure16. The T–O bond length in basaltic magma
at ambient pressure may be shorter than that of anorthite melt
owing to less Al2O3 component. We find that, for basaltic melt, the
T–O length decreases between 1.9 and 4.3GPa, and then increases
between 4.3 and 5.5GPa. Only the initial decrease is consistent with
simple compression of the magma. As the T–O lengths in TO6
octahedra are generally longer than those of TO4 tetrahedra17, the
extension of the T–O length at high pressures is consistent with an
increase in cation coordination. Between 4 and 6GPa, the increase
of Al3+ coordination is generally more extensive than that of Si4+
(ref. 3). Therefore, the rapid density increase of basaltic magma at
these pressures is attributed to an increase in Al3+ coordination.
This behaviour is singular compared with other silicic melts: T–O
lengths have been reported to only modestly increase with pressure
for MgSiO3 and CaSiO3 melts4,15 (Fig. 1d).

Basalticmagmas formed by deep small-extentmelting (>120 km
depth) may be stabilized by volatiles such as CO10

2 . Although the

effect of CO2 onmelt viscosity above 2.5GPa is unknown at present,
according to ref. 18, for NaCaAlSi2O7 and albitemelts, CO2 reduces
the viscosity slightly, but the pressure of the viscosity minimum
remains unchanged; that is, the viscosity minimum for basaltic
magmas should persist at ∼120 km. The effect of CO2 on magma
density is also insignificant, that is, less than 1% when 1wt% CO2
dissolves in the melt13. The water concentration of normal MOR
basalts is 0.07–0.19wt% and their source mantle contains 330 ppm
H2O (refs 19,20). Although H2O affects the viscosity and density
of the magmas21, we can ignore the effect of H2O in magmas
containing this small amount of H2O.

Gravity-driven separation of buoyant magma from partially
molten rock is proportional to the hydrostatic magma mobility
(defined as 1ρ/η) in addition to the permeability22. Here, η is
melt viscosity, and1ρ is the density difference between the magma
and the surrounding solid rock (for which we take olivine Fo90
(ref. 23) as representative). Figure 2a shows that, for any plausible
choice of geotherm (see Supplementary Information),1ρ decreases
rapidly from 100 to 180 km depth (that is, ∼3.5 to ∼6GPa). This
transition is caused by a coordination change of Al in the melt with
an unusually large compressibility almost five times higher than
usual above and below this depth range. In addition, 1ρ slightly
decreases from ∼100 km depth to the surface (Fig. 2a). This slight
decrease of1ρ is a conservative estimate as we do not consider the
effects of successive removal of garnet and clinopyroxene, as well
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Figure 2 | Magma properties and mobility as a function of depth. a, Density difference between basaltic magma and olivine (1ρ) as a function of depth
(and pressure). The red and blue lines are based on an adiabatic temperature gradient, and a realistic error-function temperature profile for mature oceanic
lithosphere, respectively. The potential temperature is 1,623 K. Yellow shading highlights the depth range with anomalous physical properties of basaltic
melts due to the structural transition in Al coordination. b, Viscosity (η) of basaltic magma along the same two profiles. Hypothetical subsolidus density
and viscosity profiles are dashed. c, Mobility1ρ/η of basaltic magma along the same two profiles, respectively.
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Figure 3 | Schematic illustration of the lithosphere and asthenosphere
boundary. Magma mobility is faster between 120 and 150 km, causing
relative magma depletion. The lithosphere–asthenosphere boundary
(LAB), at around 80 km depth, can be a zone of excessive melt
accumulation, because melt can be fluxed at higher rates from below where
mobility is higher, but is removed at much slower rates above where
mobility is lower.

as of an increase in Mg number (in olivine) in the residual MOR
melting column (that is, the oceanic lithosphere). The resulting
maximum in 1ρ at 3–4GPa, in combination with a minimum
in η at 4–5GPa (Fig. 2b), results in a peak in magma mobility at
∼120–150 km depth in the Earth’s mantle (Fig. 2c).

The peak in melt mobility at ∼120–150 km depth carries
important implications for the nature of Earth’s shallow mantle.
The decreased mobility of melt as magma ascends from a partially
molten asthenosphere gives rise to a tendency for excess melt
accumulation at 80–100 km depth (Fig. 3). Unless vertical dykes or
channels form in the lithosphere that would otherwise allow the
melts to escape24, magma generated at depth would accumulate
atop the asthenosphere. Indeed, a recent magnetotelluric study
suggests such a scenario beneath the edge of the Cocos Plate25.
Excessive melt accumulation at these depths may also lead to

rheological weakening, enhanced shear deformation, and formation
of sub-horizontal melt bands that would further decrease vertical
melt mobility26–28. However, this excess magma may also be cooled
by heat conduction to the overlying lithosphere, which would cause
it to freeze, further restricting permeability and possibly giving rise
to the formation of an extensive network of basaltic sills at the base
of the lithosphere. Excess melt accumulation at 80–100 km depth
may help explain the origin of the seismically observed Gutenberg
discontinuity1, as well as its geographical correlation with features
suggestive of recent partial melting of themantle2.

Whereas seismically observed low velocities in Earth’s astheno-
sphere have usually been considered as evidence for the presence
of retained melt, our results imply that melt mobility is strongly
enhanced, which would encourage melt to migrate out of the
asthenosphere. Thus, our results might be considered paradoxical
unless another mechanism besides partial melt could explain the
seismic characteristics of the asthenosphere. One possible resolu-
tion is a recent model proposed by in ref. 29, in which the unique
seismic properties of the asthenosphere might be accounted for by
anelasticity due to grain-boundary sliding, and thus do not require
the presence of partial melt. However, this mechanism remains to
be tested, and it is unknown whether it can overcome the effects of
melt depletion that would be caused by enhancedmeltmobility.

Methods
Density of basaltic magmas was measured using the X-ray absorption technique
in a DIA-type cubic press at BL22XU of SPring-8. The basaltic sample was
compressed at room temperature to the desired pressure, and then melted by
resistive heating with a graphite heater. Intensities of the incident and transmitted
X-rays (monochromatized at 23 keV) were measured using two ion chambers,
located in front and behind the press, respectively, traversing the sample diameter
horizontally. Density was calculated according to the Lambert–Beer law. In situ
X-ray falling-sphere viscometry and structural measurement of basaltic magma
were carried out using a Kawai-type multi-anvil apparatus at the BL04B1 of
SPring-8. X-ray shadow images of the probing sphere were continuously recorded
using a CCD (charge-coupled device) camera with a YAG:Ce fluorescence screen.
Magma viscosity was determined on the basis of the terminal velocity of the falling
sphere in the molten sample, by analysing recorded image videos. Viscosity of the
melt was calculated using the Stokes equation with the Faxén correction for wall
effects. Structure of the melt was measured by the multi-angle energy-dispersive
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X-ray diffraction method, using a pure Ge solid-state detector. Diffraction patterns
were collected at 8 fixed diffraction angles (2θ = 4◦, 5◦, 7◦, 9◦, 11◦, 15◦, 18◦,
22◦) to cover a wide range of scattering vectors (Q). Interference functions
and structure factors were calculated using the scattering intensity and atomic
scattering factors. Radial distribution functions were obtained by taking Fourier
transforms of the interference functions. The peak position was obtained by
Gaussian fitting of the peaks.
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