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Permeability of asthenospheric mantle and melt
extraction rates at mid-ocean ridges
James A. D. Connolly1, Max W. Schmidt1, Giulio Solferino1 & Nikolai Bagdassarov2

Magmatic production on Earth is dominated by asthenospheric
melts of basaltic composition that have mostly erupted at mid-
ocean ridges. The timescale for segregation and transport of these
melts, which are ultimately responsible for formation of the
Earth’s crust, is critically dependent on the permeability of the
partly molten asthenospheric mantle, yet this permeability is
known mainly from semi-empirical and analogue models1–6.
Here we use a high-pressure, high-temperature centrifuge, at
accelerations of 400g–700g, to measure the rate of basalt melt flow
in olivine aggregates with porosities of 5–12 per cent. The resulting
permeabilities are consistent with a microscopic model in which
melt is completely connected, and are one to two orders of mag-
nitude larger than predicted by current parameterizations4,7.
Extrapolation of the measurements to conditions characteristic8

of asthenosphere below mid-ocean ridges yields proportionally
higher transport speeds. Application of these results in a model9

of porous-media channelling instabilities10 yields melt transport
times of 1–2.5 kyr across the entire asthenosphere, which is suf-
ficient to preserve the observed 230Th excess of mid-ocean-ridge
basalts and the mantle signatures of even shorter-lived isotopes
such as 226Ra (refs 5,11–14).

The presence of melt in the mantle below mid-ocean ridges (MORs)
has been demonstrated using magnetotelluric and seismic reflection
sensing8, the latter suggesting a minimum of 1–2 vol.% melt. Simple
flow models that account for mantle flow, the extent of the melting
region and the rate of igneous oceanic crust production, place an upper
bound on the average sub-MOR melt fraction of 2–4 vol.% (ref. 15).
This estimate has been corroborated by melt inclusion studies, which
indicate melt fractions of a few per cent in the solid matrix beneath
ocean ridges16,17. Melt fraction and extraction rates directly control the
composition of MOR basalts in terms of strongly incompatible ele-
ments and U-series nuclides7,18. Particularly at MORs, the preservation
of short-lived radiogenic isotopic signatures (of protactinium, radium,
thorium and uranium7) requires melt flow rates of 10–100 m yr21 or
greater if these signatures reflect the onset of melting at depths in excess
of 60 km (ref. 8). Such flow rates are too high to be explained by present
models for compaction-driven melt expulsion7,12,13, a discrepancy that
has motivated increasingly complex models of melt transport9,11,19,20.
In this context, permeability is the most uncertain physical parameter
controlling the velocity of the melt relative to the solid residuum, that
is, the melt segregation velocity and the timescale of melt generation in
the mantle.

In this study, we make direct experimental observations of the rate
of gravitationally induced flow of basaltic melts through an olivine
matrix as a function of matrix porosity. For melts and melt fractions of
interest, rates of self-induced compaction-driven flow are insignifi-
cant under normal gravitational acceleration in experimental systems.
Accordingly, here we use a piston–cylinder device, which permits us to

emulate asthenospheric melting conditions, mounted in a centrifuge21

to enhance melt flow rates.
The experimental charges were mixtures of MOR basalt glass and

San Carlos olivine with an average grain size of ,1.8mm (Methods and
Supplementary Table 1) loaded in cylindrical capsules of 2-mm inner
diameter. Before centrifuging, the samples were annealed and textu-
rally equilibrated for 24 h in a standard piston–cylinder apparatus at
1,270–1,300 uC and 1.0 GPa (Methods). The annealed samples were
loaded into the centrifuging piston–cylinder, whose axis of radial
symmetry (the sample axis) is parallel to the centripetal force of the
centrifuge. Discounting minor effects due to drag along the capsule
walls and the slight shear deformation of the sample on loading, this
geometry ensures one-dimensional compaction-driven melt flow
along the sample axis as a consequence of centrifuging. Operating
conditions for the centrifuge experiments were as follows: g force,
400g–700g; temperature, 1,270–1,300 uC; pressure, 0.9–1.4 GPa; dura-
tion, 4–11 h. Melt distributions in the samples were measured from
electron backscatter microscopy images of polished sections cut along
the sample axis. Each image was divided into five to seven subsections,
orthogonal to the sample axis, within which the proportion of melt was
determined by image analysis (Fig. 1).

Comparison of the melt distribution in an uncentrifuged sample
with the distributions in the centrifuged samples (Fig. 2) demon-
strates that centrifuging significantly enhances melt flow and com-
paction. Neglecting the low solid and melt compressibility, for
one-dimensional flow starting from a uniform porosity distribution,
the volumetric barycentre of a sample (Fig. 1) is the point at which
the porosity is equal to the initial porosity, w0. Assuming Darcyian
flow and a constant pressure gradient at the barycentre, and dis-
counting the effect of grain growth, it follows that the melt velocity
relative to the barycentre, v0, is also constant. Thus

v0~
uz

w0t

ðH
0

(w{w0) dz ð1Þ

where w is the melt-filled porosity, t is the duration of the experiment,
uz is an upward-directed unit vector and H is the z coordinate at the
top of the capsule relative to the sample barycentre (that is, half its
height). To evaluate the integral in equation (1), the measured po-
rosities were fitted as a linear function of z (Fig. 2), yielding the melt
velocities given in Table 1. Upward melt flow is compensated by
downward solid flow, that is, compaction of the olivine matrix.
Although this process is usually considered to be viscous2, the
observed compaction rates are at least four orders of magnitude
greater than those measured experimentally22 (Methods) for similar
materials and physical conditions. These latter rates are consistent
with experimental constraints on olivine shear viscosity; thus, we
conclude that compaction in our samples was accomplished by a
plastic mechanism induced by centrifuging.
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Compaction-driven flow of a low-viscosity melt through a creeping
matrix has two limiting regimes: a hydraulically limited regime (in
which the rate of fluid flow is controlled by the matrix permeability
and other hydraulic properties) and a rheologically limited regime (in
which the rate of melt flow is controlled by the matrix rheology). To
extract the permeability of our samples, we assume melt flow to be
hydraulically limited, in which case the hydraulic gradient for melt
flow is ,2Dra, where Dr is the melt–olivine density difference
(,400 kg m23) and a is the acceleration. According to Darcy’s law
(Methods), the permeability of the olivine matrix is then

k~
mjv0jw0

Drjaj ð2Þ

where m is the melt viscosity (71 Pa s in the experiments23). Applying
equation (2) to the experimental results yields permeabilities in the
range of (2–3) 3 10214 m2 for porosities of 5–12% (Table 1). The
symmetry of the experimental porosity distributions suggests rheolo-
gically rather than hydraulically limited compaction, in which case
equation (2) provides a lower bound for the sample permeabilities.

Models of asthenospheric melt flow generally presume that per-
meability can be expressed as a function of porosity and grain size
within the solid aggregate2:

k~
d2wn

C
ð3Þ

where d is grain size and C and n are parameters that depend on the
geometry of the microscopic hydraulic bonds. A quadratic porosity
dependence in equation (3) (that is, n 5 2) is appropriate when melt
first exceeds the percolation threshold and becomes interconnected
along grain edges3,5. At the higher porosities of our experiments
(Fig. 1), this dependence becomes cubic4–7 (n 5 3) and estimates
for the constant C range from 50 to 1,000 (ref. 2), with more recent
estimates converging towards values of 200–300 (refs 4,5,7). In con-
trast, our observations yield C values in the range of 3–27, suggesting
that for a given porosity, permeabilities are up to two orders of
magnitude greater than previously supposed. Within measurement
error, our values for C are constant, but the error does not account for
the possibility that the hydraulic gradient during rheologically limited
compaction may be much less than Dra.

Reference 22 reports an experimental study of forced compaction-
driven flow of lithium silicate, basaltic and albitic melts through an
olivine matrix. Although we suggest that the experimental results of
ref. 22 do not constrain the matrix permeability with respect to the
basaltic and lithium silicate melts (Supplementary Information), the
experiment on albite places an upper bound on C in the range of
4–17, in agreement with our results.

The experimental results are also confirmed by a microscopic geo-
metric model24,25 that yields C 5 135p2/64 < 20 if it is assumed that
hydraulic conductivity is limited by flow along the faces of cubic solid
grains. The transition between cubic and quadratic porosity dependence
is dependent on the microscopic melt distribution and, therefore, on
chemistry3, but for the anhydrous olivine/basalt system full connectivity
is achieved for porosities of 2–3%. This is reported in ref. 5, which posits
that the variation in the nature of the microscopic hydraulic bonds with
porosity may lead to a large increase in permeability when full connec-
tivity is achieved. The relatively high porosities of our experiments
preclude observation of this transition, but as the grain boundaries in
our experiments are saturated in melt, we conclude that C is unlikely to
be much lower than the value inferred from our experiments.

Taken at face value, our preferred value of C 5 10 results in sub-
MOR melt transport speeds of 2–150 m yr21 for uniform flow,
assuming plausible upper-asthenospheric parameters (d 5 1022 m
(ref. 26), m 5 10 Pa s, Dr 5 500 kg m23) and porosities of 1022 6 0.5,
as indicated by sub-MOR geophysical observations8.
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Figure 1 | Centrifuged high-pressure sample and principle of obtaining
melt velocities. a–c, Electron backscatter image of an experimental run
product: a and b are details of c demonstrating the increase of melt fraction
towards the gravitationally defined ‘top’ of the sample. The grey interstitial
phase is melt and the dark granular phase is olivine. The centrifugal
acceleration acts downwards. d, The average melt content for each slice is

fitted as a linear function of height; the intersection with the average porosity
defines the barycentre of the sample, at which the porosity corresponds to
the average porosity, w0, and remains constant during the experiment. Error
bars, 2s. The blue and orange areas represent the melt volume that has
moved through the barycentre plane, and are used to calculate melt
velocities according to equation (1).
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Figure 2 | Profiles of porosity versus sample height for the basaltic melt
centrifuged from the olivine matrix. a, The three centrifuged experiments:
ZOFB-1 (red), experiment run for 4 h at 700g with w0 5 0.051; ZOFB-3
(green), 4 h at 600g with w0 5 0.097; ZOFB-2 (blue), 10.5 h at 400g with
w0 5 0.121. b, The static experiment (OFB-5), in which the porosity gradient
is not statistically significant. Error bars, 2s. Although the best fit to the
static melt distribution has a slight slope dw/dz, a vertically homogeneous
melt distribution can be fitted within the errors. The integral of equation (1)
is thus formulated with w0 as the reference melt distribution along the
sample axis. We note that the static experiment also had an annealing time
three times longer than in ZOFB-3, the longest-centrifuged experiment,
allowing for much longer thermal melt migration.
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MOR basalt U-series isotopic excesses are an important indirect
source of information about the details of sub-ridge melt flow.
Excesses in the long-lived isotopes 230Th (half-life, tK 5 75,000 yr)
and 231Pa (tK 5 32,800 yr) can be generated by minute degrees of
partial melting (,0.1%) in volatile-rich heterogeneities at the base of
the melting region at depths of 60–120 km (ref. 27). However, three
possibilities are debated for the origin of excesses in more short-lived
isotopes, notably 226Ra (tK 5 1,600 yr). One hypothesis assumes that
the more voluminous melting at depths of ,60 km, which produces
geophysically observable melt fractions of order 1022, do not frac-
tionate U-series elements. Consequently, all excesses have a common
origin in the lower part of the melting column. Transport times from
the bottom of the melting column to the MOR are then constrained
by the 226Ra half-life12–14, the observed magnitude of 226Ra excesses
suggesting transport in less than twice the 226Ra half-life. An alterna-
tive explanation draws on the observation that the sub-MOR melt
flow is strongly channelized10,28 and proposes that MOR basalt 226Ra
excess is generated by admixture of shallow interchannel partial
melts, thereby circumventing the problem of transporting the
226Ra excess from depths of 120 km (refs 29,30). A third hypothesis
explores the generation of excess 226Ra through diffusive exchanges
between melt and minerals in both the asthenospheric melt column
and the lithosphere31. Our measurements have little bearing on the
contribution of these exchange processes to the observed 226Ra
excesses; but because permeability is closely related to transport
speed, our measurements constrain the feasibility of a common deep
origin for MOR basalt U-series isotopic excesses.

There is consensus that some degree of channelization is necessary
to preserve lower-asthenospheric isotopic signatures30. Evidence
from exhumed asthenospheric rocks28,32 suggests that this channeli-
zation occurs as a consequence of porous-media flow instabilities.
Models proposed to explain such instabilities include reactive trans-
port10,19, shear-enhanced segregation20 and rheologically induced
mechanical instability9. We consider the third of these (Methods)
because the instability growth rate can be expressed analytically
and is independent of external forcings. By this mechanism9, a
domain of anomalous melting initiates a channelling instability. To
a first approximation, the growth rate and speed of the instability are
respectively proportional to C0.5 and C21. The onset of melting
would be characterized by low melt viscosities, of 0.1–0.5 Pa s, and
background melt fractions of w0 < 1023. Taking C 5 10, as suggested
by our analysis, an instability with an initial amplitude of 5w0 would
rise through the lower 60 km of the asthenosphere in 400–1,800 yr,
increasing its melt volume about twofold (Fig. 3a). In contrast, for
C 5 250, a value from the previously accepted range for C, melt
volumes increase three- to five-fold but transport times from depths
of 120 to 60 km become 8,000–34,000 yr.

Assuming that such instabilities survive the transition from the
lower to the upper asthenosphere, where melt production is more
homogeneous, the resulting melts are more viscous (m < 10 Pa s) and
background melt fractions are of the order of w0 < 1022 (ref. 8),
transport times are ,700 yr for C 5 10, as opposed to ,10,000 yr
for C 5 250 (Fig. 3b). Our results thus show that porous-media
channelling instabilities are able to transfer melt from the bottom
of the melting column to the MOR in 1,000–2,500 yr, which is fast
enough to allow 226Ra excesses to originate from the bottom of the
melting column. Because the velocity scale for compaction-driven

melt transport is directly proportional to the permeability constant,
C (ref. 2), we expect that our results also imply an order-of-
magnitude decrease in transport timescales inferred for reactive
transport10 and shear-induced melt segregation20.

Table 1 | Experimental conditions, calculated melt segregation velocities and permeabilities

Run T (uC) P (GPa) | a | /g tstatic (min) tcentrif (min) w
0

_ww (s21) | v
0

| (m s21) k (m2) d (mm) C

OFB-5 1,285 1.0 1 4,320 — 0.112(9) — — — 32.9(10) —
ZOFB-1 1,270 1.4 700 1,320 273 0.051(9) 3.9 3 10

25

1.4(6) 3 10
28

2.0(1.1) 3 10
214

22.2(11) 3.2(1.9)
ZOFB-3 1,285 0.9 600 1,440 251 0.097(8) 3.3 3 10

25

1.1(3) 3 10
28

2.9(1.2) 3 10
214

21.0(8) 13.6(5.6)
ZOFB-2 1,300 1.3 400 1,260 627 0.121(7) 9.4 3 10

25

3.3(9) 3 10
29

2.0(0.8) 3 10
214

17.7(8) 27(12)

Here T and P are respectively the experimental pressures and temperatures, | a | /g is the centrifugal acceleration divided by the acceleration due to gravity at the Earth’s surface, tstatic and tcentrif. are
respectively the annealing and centrifuging times, w0 is the average melt fraction or porosity, _ww is the maximum time-averaged compaction rate (Methods; approximated by Dw/tw0), v0 is the melt
velocity (equation (1)), k is the permeability (equation (2)), d is the time-integrated average grain size during centrifugation (assuming that grain growth is proportional to log d/log t; this correction
amounts to ,25% of the measured grain size at the end of the experiments), and C is the constant in the permeability–porosity relationship (equation (3)).
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Figure 3 | Transport times and melt speeds below MORs. a, Time for a melt
channelling instability to traverse the lower MOR asthenosphere (depth,
120–60 km), with background porosity w0 5 1023, as a function of the
permeability constant, C, grain size, d, and melt viscosity, m. The numbers on
individual points give resulting porosities within the instability (in vol.%) at
a depth of 60 km. b, Time for a melt channelling instability to traverse the
upper MOR asthenosphere (depth, 60–0 km) as a function of background
porosity, w0, grain size, d, and the permeability constant, C (labelling the
lines). Our preferred value is C 5 10. The half-lives of 226Ra, 231Pa and 230Th
are tK

Ra, tK
Pa and tK

Th, respectively. In all cases, the instability nucleates
from a perturbation with amplitude 5w0, the solid viscosity is 1019 Pa s, the
difference between the solid and the melt density is 500 kg m23, and the
upper-asthenospheric melt viscosity is 10 Pa s. The calculation of transport
times is discussed in Methods.
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METHODS SUMMARY
Starting materials were a mixture of natural San Carlos olivine and synthetic

MOR basalt glass with a magnesium number (Mg# 5 100Mg/(Mg1Fe)) of 0.80

(Supplementary Table 1). Olivine powder with an average grain size of ,1.8 mm,

measured by laser diffractometry of dispersed solutions, was obtained by crush-

ing and milling. The MOR basalt glass was made from natural and synthetic

oxide powders in a platinum crucible at 1,300 uC with an oxygen fugacity (fO2
)

such that log fO2
5 26.704 (equivalent to quartz–fayalite–magnetite at 1,300 uC

and 1 GPa).

Experiments for annealing were performed in an end-loaded, 14-mm-bore

piston–cylinder, using double platinum–graphite capsules. The bore sizes and

salt/pyrex/graphite/crushable MgO assemblies of the static and centrifuging

piston–cylinder devices were identical21, the graphite furnaces were 6.0 mm in

inner diameter and 36 mm in length, and the platinum capsules were 4 mm in

outer diameter and typically 7 mm in length. The capsules were placed such that

the hot spot was centred on the sample. Temperature was controlled to a pre-

cision of 65 uC and the temperature gradient along the length of the capsule was

,10 uC. The arrangement in the centrifuging piston–cylinder was such that the
assembly axis was radial, with the thermocouple towards the centre, the bottom

of the capsule facing the thermocouple and acceleration directed along the axis of

the capsule towards its lid.

Melt distribution. Polished sections of the run products were imaged using

backscattered electrons and olivines were analysed by wavelength-dispersive

spectrometry using a Jeol JXA-8200 microprobe. Melt pools were too small to

analyse. Melt abundances along the capsule and average grain sizes of olivines

were obtained through digital analysis of backscattered-electron images using

the software IMAGETOOL version 3.0 (The University of Texas Health Science

Center; http://ddsdx.uthscsa.edu/dig/itdesc.html).

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS
Fluid velocity relative to the sample barycentre. Equation (1) is obtained by

integrating the conservation equation for melt mass

Lw

Lt
z+.(wv)~0 ð4Þ

over time and space. Equation (1) is the melt velocity relative to the barycentre

rather than the true Darcyian velocity, v, which is measured relative to the solid
matrix. However, for one-dimensional compaction involving incompressible

phases, conservation of total mass relates the solid and fluid velocities at the

volumetric barycentre as follows:

(1{w0)v0,szv0w0~0 ð5Þ
where v0,s is the barycentric solid velocity. Thus, assuming the maximum pos-

sible hydraulic gradient of 2(1 2 w)Dra for a self-compacting system, Darcy’s

law is

(v0{v0,s)w0~
k

m
(1{w0)Dra ð6Þ

By making use of equation (5) to express the barycentric solid velocity as a

function of v0 and w0, equation (6) can be simplified to equation (2).

Rheologically limited compaction rate. When the matrix has a much greater

viscosity than its interstitial fluid, the viscous compaction rate33,34 is

_ww~
1

w

dw

dt
~{

3

4

pe

g
ð7Þ

where pe is the effective pressure and g is the shear viscosity of the solid grains.

We compute the olivine shear viscosity from the constitutive relation

g~
d3

3A
exp

EzpV

RT

� �
ð8Þ

for diffusion creep in dry olivine as constrained experimentally35, where p is pres-

sure (in pascals), T is temperature (in kelvin), R is the molar gas constant, d is grain

size (in metres), E 5 375 3 103 J mol21, V 5 6 3 1026 m3 and A 5 1.5 3

10215 m3 Pa21 s21. For rheologically limited compaction34, the effective pressure is

pe~{

ð
(1{w)Drjaj dz<{Drjajz

and attains its greatest magnitude at the top and bottom of the sample, z 5 6H.

The observed compaction rates (Table 1) are 105 (ZOFB-3) to 106 (ZOFB-1) times

faster than those predicted from equations (7) and (8). Although dry olivine is not

necessarily an appropriate model for compaction of a melt-saturated matrix; the

compaction rates reported in ref. 22 for olivine plus basalt melt are in good agree-

ment with those computed from equations (7) and (8), with steady-state compac-

tion rates being less than two orders of magnitude greater than predicted. This

suggests that although viscous creep plausibly explains the observations in ref. 22,

compaction must have been accelerated in our experiments by a plastic mechanism

activated by centrifuging.

Mechanical channelling instability. To quantify the properties of buoyancy-
induced channelling instabilities that result from compaction-driven fluid flow

through a viscous matrix that weakens under high fluid pressure, we follow ref. 9

in characterizing the weakening by a reduced viscosity during decompaction. For

this case, numerical modelling9 has demonstrated that in porous media with a

cubic porosity–permeability relationship, a domain of anomalous melting initi-

ates an instability that grows such that the amplitude of the instability measured

relative to the background melt fraction, w0, at time t is

a<a0z
t

k3=8

ffiffiffiffiffiffiffiffiffiffiffiffi
Cm

d2w2
0g

s
ð9Þ

where a is the amplitude of the instability measured relative to the background

melt fraction, w0, at time t, and we set g 5 1019 Pa s and d 5 0.01 m. The para-

meter k characterizes weakening during decompaction. A value of k , 1022–

1023 is necessary to reproduce channelization patterns inferred from natural

systems10,32; accordingly, we take k 5 1023. The speed of the instability is

c~
d2w2

0Drg

Cm

1z(3 ln a{1)a3

1z(a2{3)a=2

The time required for an instability of initial amplitude a0 to propagate a dis-

tance dz is therefore obtained by solving the transcendental equation

dz{
Ð

c dt~0 ð10Þ

This analysis presumes that the porosity distribution generated by anomalous

melting is close to that of the quasi-steady-state solution observed numerically.

When this assumption is invalid, the time required for the porosity distribution

to evolve towards a quasi-steady state is of the order of the compaction timescale.

As the instability grows by draining melt from the background porosity, short-

lived radiogenic isotope excesses (for example for 226Ra) can be generated after

nucleation. The volume of melt transported is approximately linearly propor-

tional to the instability amplitude.
Whether such instabilities would persist in the upper asthenosphere, where

melt production is homogeneous, the melts are more viscous and background

melt fractions are ,1022, remains to be demonstrated. However, assuming that

the instabilities survive the transition, the initial amplitude of the instability in

the upper regime would be

a’0<a
w0

w’0

� �4
m’
m

� �3=2

ð11Þ

where primes denote upper asthenospheric properties.

33. Wilkinson, D. S. & Ashby, M. F. Pressure sintering by power law creep. Acta Metall.
23, 1277–1285 (1975).

34. Connolly, J. A. D. & Podladchikov, Y. Y. Temperature-dependent viscoelastic
compaction and compartmentalization in sedimentary basins. Tectonophysics
324, 137–168 (2000).

35. Hirth, G. & Kohlstedt, D. L. in Inside the Subduction Factory (ed. Eiler, J. M.) 83–106
(Geophys. Monogr. 138, American Geophysical Union, 2003).
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