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A plethora of observations have been made at mid-ocean ridges and mantle sections of ophiolites: 
presence of tabular replacive dunites, highly depleted LREE in residual abyssal peridotites, U-series 
disequilibria in fresh basalts, crustal thickness, and highly attenuated seismic and magnetotelluric 
structures beneath spreading centers. These independent observations can become more powerful if 
they are jointly analyzed in a self-consistent model. The difficulty for such a model is to resolve 
and evaluate the effect of fine scale petrologic feature such as dunite channels in a tectonic scale 
geodynamic model. Here we present a two-dimensional double-porosity ridge model that consists of low-
porosity residual lherzolite and harzburgite matrix and high-porosity interconnected channel network. 
The geodynamic simulation features a spatially distributed channel network and anisotropic permeability 
that gradually develops as the upwelling mantle is deformed. We compute the porosity, melt and solid 
flow fields for several choices of channel distribution and permeability model. We use the calculated 
porosity distribution and velocity fields to model the variations of REE in residual mantle and U-series 
disequilibria in melts.
The present study underscores the importance of deep channel networks and permeability model to 
the interpretation of first order geophysical and geochemical observations at mid-ocean ridge spreading 
centers. The anisotropic permeability of channels can enhance melt focusing by 60%, resulting in thicker 
crust. The attenuated seismic and magnetotelluric structures require a channel network starting from 
60 km depth beneath the ridge axis. The depleted REE patterns in clinopyroxenes in residual abyssal 
peridotites are also consistent with melt extraction into channels starting from 60 km depth. Although 
deep channels are conducive to producing U-series disequilibria in eruptible melts, the present model still 
cannot explain the full ranges of the observed U series disequilibria data in MORB samples. Additional 
factors, processes, and models are discussed. And finally, we found that, within the uncertainty of the 
permeability, the porosity varies by three folds and the excess of 230Th varies by up to two folds.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

The distribution of melt in the melting region is important to 
the interpretation of seismic and magnetotelluric structures be-
neath mid-ocean ridges (e.g. Forsyth et al., 1998; Key et al., 2013). 
The distribution and transport of melt depend on permeability 
of the partially molten region and style of melt migration (dif-
fuse porous flow vs. channelized melt migration). Channelized melt 
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migration is needed to preserve U-series disequilibria observed 
in fresh MORB samples and to account for the highly depleted 
LREE patterns in residual clinopyroxene (cpx) in abyssal peri-
dotites (e.g. McKenzie, 1985; Johnson et al., 1990; Iwamori, 1993;
Spiegelman and Elliott, 1993; Kelemen et al., 1997; Lundstrom, 
2000). High porosity channels can be formed by reactive dissolu-
tion when melt produced in the deeper part of the melting region 
percolates through the mantle column (e.g. Aharonov et al., 1995;
Kelemen et al., 1997). Tabular replacive dunites which are widely 
observed in the mantle sections of ophiolites may represent reac-
tive dissolution channels (e.g. Kelemen et al., 1997, 2000). High-
porosity channels can also be formed by shear-induced melt lo-
calization (e.g. Kohlstedt and Holtzman, 2009) and decompaction 
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at the lithosphere-asthenosphere boundary (LAB) (Sparks and Par-
mentier, 1991; Spiegelman, 1993; Hebert and Montési, 2010). 
These different melt localization mechanisms may operate in dif-
ferent parts of the melting region and may feed into each other 
to produce complex porosity and permeability structures beneath 
mid-ocean ridges (e.g. Kohlstedt and Holtzman, 2009).

A self-consistent model for melt generation, distribution, and 
extraction beneath mid-ocean ridges should be capable of explain-
ing the following first-order geophysical and geochemical observa-
tions: crustal thickness, inferred melt distribution from seismic and 
magnetotelluric imaging, incompatible trace element abundances 
and U-series disequilibria in MORB, and highly depleted LREE 
in residual cpx in abyssal peridotites (e.g. Johnson et al., 1990;
White et al., 1992; Lundstrom et al., 1995; Sims et al., 1995;
Forsyth et al., 1998; Kelemen et al., 2000; Kohlstedt and Holtzman, 
2009; Key et al., 2013; Elliott and Spiegelman, 2014; Elkins et al., 
2019). Previous geodynamic or geochemical models for mid-ocean 
ridges use part of the aforementioned observations as constraints 
in individual studies. For example, most geochemical models for U-
series disequilibria and REE depletion are 1D (e.g., McKenzie, 1985;
Spiegelman and Elliott, 1993; Iwamori, 1993; Lundstrom, 2000;
Jull et al., 2002). Where 2D geochemical models are used, the 
physical aspect of the model is highly simplified (e.g., constant 
porosity or diffuse porous flow, Richardson and McKenzie, 1994;
Spiegelman, 1996; Behn and Grove, 2015). Most 2D geodynamic 
models for mid-ocean ridges focus on porosity distribution, solid 
and melt flow (e.g. Phipps Morgan, 1987; Spiegelman and McKen-
zie, 1987; Keller et al., 2017). It is not clear if these 2D geodynamic 
models can explain the first order geochemical observations at the 
mid-ocean ridges.

The key to connect geophysical and geochemical observations 
of mid-ocean ridges is the high-porosity channels. Keller et al.
(2017) demonstrated the importance of reactive melt migration 
in a 2D ridge setting through numerical simulations. Although 
promising, direct numerical simulations of high-porosity channel 
formation over tectonic scale (100 km) face considerable chal-
lenges. The width of tabular replacive dunites observed in the 
field (10 cm to 200 m, Kelemen et al., 2000) is barely resolv-
able by typical numerical grid size. Consequently, the channels 
and their associated fine scale structures as documented in the 
field (Kelemen et al., 2000) and in outcrop-scale reactive disso-
lution simulations (e.g., Liang et al., 2010, 2011; Schiemenz et al., 
2011) are under-resolved in the tectonic scale numerical simula-
tions. The thermochemical models used in the reactive infiltration 
instability modeling are highly simplified that it is still not possible 
to make quantitative inference on the spatial distribution of high-
porosity channels beneath mid-ocean ridges (e.g. Spiegelman et al., 
2001; Liang et al., 2010, 2011). In this study we provide an interim 
solution to this difficult geodynamic-geochemical problem. We ex-
pand the 1D double-porosity model used in geochemical studies 
to 2D (e.g. Iwamori, 1993; Lundstrom, 2000; Jull et al., 2002;
Liang and Parmentier, 2010). We will not explicitly model the 
formation of high-porosity channels. Instead, we prescribe a dis-
tribution of channels in the 2D domain, building on the current 
understanding of high-porosity channel formation in the mantle 
(Kohlstedt and Holtzman, 2009). Our main task is to examine the 
geodynamic and geochemical consequences of channelized melt 
migration beneath mid-ocean ridges. We use first-order geophysi-
cal and geochemical observations to constrain channel distribution 
in a trial of tests.

In a 2D distribution of channels, different regions of the chan-
nel network could have been formed by different mechanisms 
(Fig. 1a). The replacive channels formed by reactive infiltration in-
stability is probably distributed in the upper part of the melting 
region. The depth has to be at least 30 km as MORB is under-
saturated with orthopyroxene at low pressure (e.g. Kelemen et 
al., 1997). Deeper replacive channels (>60 km) can be formed if 
there is enough melt flux coming from below (e.g. Schiemenz et 
al., 2011; Keller et al., 2017). The shear-induced melt localization 
band probably exists in regions of high shear strain near the base 
of the lithosphere (Kohlstedt and Holtzman, 2009, shaded green 
regions in Fig. 1a). The permeability along the melt localization 
band should be greater than that along the direction perpendicular 
to the band. The third type of channel is decompaction channels 
formed along LAB (Sparks and Parmentier, 1991). The distribution 
of decompaction channels, the extent of permeability enhancement 
and anisotropy in regions of high shear strain, and the depth of re-
placive channels will be tested in this study.

The remaining part of this paper is organized as follows. In 
Section 2 and Appendix A, we introduce the 2D double-porosity 
ridge model that features spatially distributed high-porosity chan-
nels and permeability anisotropy. In Section 3, we examine the 
effect of channel distribution on crustal thickness, distributions of 
porosity, and melt and solid flow fields in the melting region. The 
effect of anisotropic permeability on melt focusing in association 
with variable mantle viscosity and spreading rate is also discussed. 
In Sections 4 and 5, we use observed REE patterns in residual 
abyssal peridotites and U-series disequilibria in MORB to further 
test the distribution of channels. We show that porosity distri-
bution in the melting region, LREE depletion in residual cpx, and 
U-series disequilibria in eruptible melts are sensitive to the depth 
and permeability of channels. Based on the observed geophysi-
cal and geochemical constraints, we conclude that interconnected 
channel network starting from 60 km depth beneath the ridge axis 
is highly probable.

2. The double-porosity ridge model

The melting region beneath the mid-ocean ridge is treated 
as two overlapping continua (Iwamori, 1993; Lundstrom, 2000;
Jull et al., 2002; Liang and Parmentier, 2010). The matrix contin-
uum represents the melt-bearing residual lherzolite and harzbur-
gite. The channel continuum represents the interconnected high-
porosity channel network. The physical and chemical properties of 
the matrix and channel continua at a given point are defined in 
a local representative elementary volume that is larger than the 
channel width. Because the width of most dunite channels ob-
served in the field is less than 100 m (e.g. Kelemen et al., 2000), 
the continuum representation of the channel network is valid as 
long as the size of the computation cell is much greater than 100 
m (500 m in this study).

The model domain is illustrated in Fig. 1a. We assume a con-
stant slope for LAB, which simplifies the solution for mantle flow 
(Spiegelman and McKenzie, 1987). The channel and matrix melts 
are collected into the decompaction channel at LAB. Base on 
Hebert and Montési (2010), we assume that the horizontally pro-
jected length of the decompaction channels (Ldc , referred as cover-
age length hereafter, Fig. 1a) is 100 km for a half-spreading rate of 
50 mm/yr and 40 km for a half-spreading rate of 100 mm/yr. The 
shorter coverage length for fast spreading ridges is due to the large 
amount of crystallization of clinopyroxene and plagioclase over a 
short pressure interval under the thinner conduction lid of fast-
spreading ridges (Hebert and Montési, 2010). Melts that encounter 
the base of the lithosphere outside of the coverage length of de-
compaction channels freeze at LAB. Following previous applications 
of double-porosity models for melt migration (Iwamori, 1993;
Lundstrom, 2000; Jull et al., 2002; Liang and Parmentier, 2010), 
we will not solve for the distribution of channels, which requires 
knowledge of the poorly constrained matrix-channel transforma-
tion rate. Instead, we assume a distribution of channels in the 
model domain and use the model outcome to test the a priori as-
sumption. This forward modeling allows us to explore the role of 
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Fig. 1. Distribution of three types of channels beneath mid-ocean ridges (a) and calculated porosity distribution and streamlines of the solid and the melt using different 
combinations of channels and permeability models (Wark and Watson, 1998; Miller et al., 2014) (b-f). The bulk porosity shown in the color map combines the matrix and 
the channel continua. See Figs. S1 and S2 for melt flow field and porosity distribution in each continuum. Gray wedges are lithospheric mantle. Black dashed lines and 
thin red lines are streamlines of the solid mantle and the bulk melt combining the matrix melt and channel melt. The lateral bounds of the highlighted region beneath the 
decompaction channels are streamlines of matrix melt and channel melt wherever channel exists. Thick red lines represent the decompaction channels at LAB. The crust of 
∼6 km thick is neglected in these figures. In panel (a), strain markers are placed at 100 km depth and deformed along the flow of the mantle. In the green shade regions, 
the shear strain corresponding to the simple shear component is greater than one. Magenta bars mark the orientation of shear-induced melt localization bands. The case in 
(b) has no replacive nor shear-induced channels. The white dashed circle outlines the approximate location of geophysically inferred high-porosity region (Yang et al., 2007;
Key et al., 2013; Bell et al., 2016). Other cases have shear-induced channels in the region of high-shear strain and replacive channels starting from 30 km or 60 km depth. 
The volume proportion of channels ψ is either 5% or 10%. The porosity result of (d) and (f) are provided in the supplementary data file. (For interpretation of the colors in 
the figure(s), the reader is referred to the web version of this article.)
channel distribution on the first-order geophysical and geochemi-
cal observations of the mid-ocean ridge.

The governing equations, which are presented in Appendix A, 
include conservations of mass for the melt and solid in the ma-
trix and channel continua, a momentum equation for the matrix 
and channel solid, and Darcy’s law (Iwamori, 1993; Spiegelman 
and Elliott, 1993; Lundstrom, 2000; Liang and Parmentier, 2010). 
The matrix melting rate, which varies spatially in the 2D region, 
is calculated as the product of the upwelling rate and the melt 
productivity from pMELTS (Ghiorso et al., 2002). In the double-
porosity model, part of the melt generated in the lherzolite and 
harzburgite matrix is sucked or extracted into nearby channels 
and this effect is quantified by the relative melt suction rate 
(Eq. (A.5)).

The distribution and transport of partial melt depend strongly 
on the permeability structure of the melting region. In the double-
porosity ridge model, we assume that the permeability of the 
matrix continuum is isotropic whereas the permeability of the 
channel continuum is anisotropic. The isotropic part of permeabil-
ity depends on grain size and porosity. In this study, we consider 
the permeability models of Wark and Watson (1998) and Miller 
et al. (2014) for the matrix continuum. For the range of porosity 
relevant to mantle melting (0.1∼1%), permeabilities based on the 
model of Miller et al. (2014) are 20-50 times those of Wark and 
Watson (1998).
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The anisotropic part of permeability depends on channel orien-
tation. In this study, we use a permeability tensor for the channel 
continuum, which has three degrees of freedom: the magnitudes 
at two principal axes and the orientation of the principal axes. In 
matrix notation, we have (Phillips, 1991):

kch
φ = �T

[
kiso
φ + kadd

φ 0
0 kiso

φ

]
�, (1)

� =
[

cos(θ) sin(θ)

− sin(θ) cos(θ)

]
, (2)

kadd
φ = βkiso

φ , (3)

where kiso
φ is the permeability of the channel in accordance to 

the porosity and grain size; kadd
φ is the magnitude of the addi-

tional permeability along the channel; � is the rotation tensor; 
θ is the dip of the easy-flow direction; and β , the permeability 
anisotropy, is an input parameter, accounting for the relative dif-
ference in permeability along the two principal axes. Eqs. (2) and 
(3) are standard expressions for rotational transformation of sec-
ond order tensor (Nye, 1985).

The channel permeability anisotropy arises from the orientation 
of replacive channels and shear-induced channels. The orientation 
of replacive channels is mostly vertical as the melt is largely driven 
by buoyancy except near ridge axis at shallow depth. The ori-
entation of shear-induced channels is determined by rotating the 
local shear plane 20◦ in the direction counter to the vorticity (e.g. 
Kohlstedt and Holtzman, 2009). The accumulated strain is an in-
tegral of the strain-rate along the streamline of the mantle. The 
anisotropic permeability (β > 0) only applies to regions where the 
shear strain is greater than one (green shaded regions in Fig. 1a). 
For convenience of numerical calculations, we use an error func-
tion to make a 5 km-wide smooth transition of β from zero to the 
assigned values at the boundary where the shear strain is one.

We use uniform grain size within each continuum as the ki-
netics of grain growth under deformation and in the presence of 
melt are not well constrained (e.g. Turner et al., 2015a). A range of 
grain size will be tested. In all cases, the channel has larger grain 
size, based on peridotite dissolution experiments (e.g. Morgan and 
Liang, 2005) and field observations of dunites in the mantle sec-
tion of Oman ophiolite (e.g. Kelemen et al., 1997, 2000).

3. Melt distribution

The geophysically inferred porosity maximum is 50–70 km be-
neath the ridge axis (e.g. Forsyth et al., 1998; Yang et al., 2007;
Key et al., 2013). The increase of porosity beneath the maxi-
mum has been attributed to upward increase in melt flux that 
results from small-degree hydrous melting below 60 km depth. 
However, the decrease of porosity above the maximum is still 
not well understood. Decompaction in response to the perme-
ability barrier at LAB should occur within one compaction length 
which is on the order of 1 km (Sparks and Parmentier, 1991;
Spiegelman, 1993). Therefore, the gradual porosity reduction over 
50 km or more cannot be induced by the boundary condition at 
LAB. Here we show that the channel network inside the melting 
region controls the melt distribution.

To facilitate discussion, we first consider a reference case in 
which channels are absent in the melting region. The result is 
shown in Fig. 1b. The buoyancy dominates the pressure gradient 
generated by the flow of the mantle when the mantle viscosity 
is 1019 Pa·s (Phipps Morgan, 1987). Consequently, the flow of the 
melt relative to the solid is nearly vertical (thin solid red lines in 
Fig. 1b). An effective focusing mechanism could be the up-slope 
melt migration in the decompaction channels (Sparks and Parmen-
tier, 1991; Spiegelman, 1993). Below the decompaction channels, 
Fig. 2. Effect of channel permeability anisotropy on the crustal thickness. The gray 
shade is the range of observed crustal thickness (excluding Iceland) with half-
spreading rate faster than 10 mm/yr (White et al., 1992). The wider coverage 
length of decompaction channels (Ldc = 100 km) are associated with the slower 
half-spreading rate (V sp = 50 mm/yr). In these simulations, we assumed uniform 
channel proportion of 5% or 10% in the melting region. The relative melt suction 
rate ranges from 0.9 to 0.95. The mantle viscosity is 1019 Pa·s for all simulations.

the melt slightly diverges away from the vertical as it ascents 
through the porous matrix continuum in the melting region. The 
matrix porosity increases upward until the melt encounters the 
decompaction boundary layer at LAB. Melts generated outside the 
melt pooling area freeze at the LAB and are carried away by the 
lithosphere plate. The region of high porosity (>1.5%) is within 35 
km of the ridge axis and centered at 20 km depth (Fig. 1b). The 
depth of the high-porosity center is above that of the observed 
geophysical anomalies (Fig. 1b).

The presence of high-porosity channels in the melting region 
reduces the porosity in the matrix and the bulk mantle (Figs. 1c-1f
and supplementary Figs. S1 and S2). The bulk porosity is defined 
as:

φbulk = (1 − ψ)φm + ψφch, (4)

where φ is the porosity; ψ is the volume proportion of chan-
nel continuum; subscript m and ch represent the matrix and the 
channel, respectively. The bulk porosity is mainly controlled by the 
matrix porosity (cf. Fig. 1 vs. Figs. S1 and S2). The porosity in the 
channel contributes little to the bulk porosity (cf. Figs. S1a and 
S1b) due to the small volume fraction of the channel continuum 
(5-10%). The area of high porosity (>1.5%) is 70 km wide in the 
reference case of no channel continuum (Figs. 1b), whereas the 
area of high porosity is 30 km wide in the case with shear-induced 
channels and shallow (<30 km) replacive channels (Fig. 1c). Due to 
the smaller porosity and permeability in the matrix in regions with 
shear-induced channels, the flow of the matrix melt follows more 
closely to the streamlines of the mantle (cf. Figs. S1 and S2).

The melt extracted from the matrix to the channel can be effec-
tively focused to the ridge axis because the shear-induced channels 
are orientated toward the ridge axis (Fig. 1a). As β , the perme-
ability anisotropy, increases, the melt pooling region expands (Fig. 
S3). Consequently, more melt is focused to the axis. For 40-km 
wide coverage length of decompaction channels, the expanded 
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Fig. 3. Comparison of REE abundances in calculated pooled melt and residual clinopyroxene (cpx) with those from geochemical observations (Johnson et al., 1990; Johnson 
and Dick, 1992; Snow, 1993; Dick and Natland, 1996; Ross and Elthon, 1997; Seyler and Bonatti, 1997; Hellebrand et al., 2002, 2005; Salters and Dick, 2002; Brunelli et 
al., 2003, 2006; Warren, 2007; Brunelli and Seyler, 2010; Warren and Shimizu, 2010; Seyler et al., 2011; Lassiter et al., 2014; Mallick et al., 2014; D’Errico et al., 2016). The 
three panels correspond to cases shown in Figs. 1b, 1c, and 1d. REE abundances in residual cpx in abyssal peridotites are from the global compilation of Warren (2016). The 
green shade is the range of REE abundances in residual cpx calculated in the three cases. The blue outline marks the range of REE abundances calculated using an effective 
partition coefficient considering disequilibrium melting with a disequilibrium parameter for La of 0.01 (Liang and Liu, 2016). Circles are REE abundances in the bulk oceanic 
crust (White and Klein, 2014). The solid and dashed red lines are the calculated REE patterns in the pooled melt with the coverage length of decompaction channels of 
100 km and 40 km, respectively. We use the starting mineral modes of Workman and Hart for DMM (2005), individual mineral/melt partition coefficient, and a linearized 
melting reaction (Baker and Stolper, 1994) to calculate the bulk partition coefficient of spinel lherzolite/harzburgite. For melting in the garnet stability field, we use pMELTS 
and DMM composition to derive garnet mode.
melt pooling region due to increasing β could include signifi-
cant proportion of melt production region, resulting in 60% more 
melt focusing and up to 2.7 km thicker crust (Fig. 2). The wider 
(100 km) coverage length of decompaction channels has already 
covered most melt production region (Fig. S3). Therefore, increas-
ing β results in only 11% more melt focusing (Fig. 2). In Fig. 2, 
we further demonstrate that the crustal thickness is not sensi-
tive to channel volume fraction and matrix-to-channel melt suction 
rate.

While the melt extraction in regions of high shear strain con-
trols the width of the high-porosity center in the melting region, 
the depth of replacive channels controls the depth of the high-
porosity center. In a case with replacive channels extended to 60 
km depth (Figs. 1d, 1e, and 1f), the maximum porosity in the 
matrix is at 57 km. Above the channel initiation depth, melt in 
the matrix can be continuously extracted to the channel at a rate 
higher than the matrix melting rate. Therefore, the porosity in the 
matrix decreases above the depth of channel initiation. When the 
channel forms at a greater depth, the porosity maximum in the 
matrix is smaller due to additional melt extraction. It is impor-
tant to note that the location of maximum melting rate is not 
the same as the location of maximum porosity, as the latter also 
depends on the rate of melt extraction. The porosity should in-
crease even if the melting rate decreases. It is the depth of zero 
net porosity increase due to the combined effect of melt produc-
tion and melt extraction that controls the depth of the porosity 
maximum.

For the same grain size and channel distribution, the magni-
tude of porosity depends on the choice of permeability model. In 
general, the higher the permeability, the faster the melt flow and 
the lower porosity there will be in the melting region. In Figs. 1d 
and 1f we compare porosities derived from two widely used per-
meability models. The permeability model of Miller et al. (2014)
is known to produce higher permeability than the model of Wark 
and Watson (1998). Figs. 1d and 1f show that the matrix and chan-
nel porosities calculated using the model of Miller et al. (2014)
are 60% smaller than those derived from the model of Wark and 
Watson (1998). Figs. 1d and 1e show that reducing the volume 
proportion of channel continuum from 10% to 5% has little effect 
on the absolute magnitude of porosity. Therefore, the permeabil-
ity model is essential for determining the absolute value of melt 
fraction in the melting region.

4. Rare earth elements

The spatial distribution of channels affects compositions of the 
pooled melt and residual solid. In this section we examine the 
role of channel distribution on REE abundances in the pooled melt 
and residual clinopyroxene (cpx). LREE are highly incompatible 
and hence very sensitive to the style of melting and melt extrac-
tion (e.g., Johnson et al., 1990; Kelemen et al., 1997). Given the 
melt distributions in Section 3 and the starting mantle compo-
sition (DMM from Workman and Hart, 2005), we consider three 
cases in this section: (1) decompaction channels only (Fig. 1b), 
(2) decompaction channels, shear-induced channels, and replacive 
channels above 30 km depth (Fig. 1c), and (3) decompaction chan-
nels, shear-induced channels, and replacive channels above 60 km 
depth (Fig. 1d). We show that only the case with deep replacive 
channels can reproduce the REE patterns observed in residual cpx 
from abyssal peridotites (Fig. 3). According to pMELTS, garnet is 
stable at depth greater than 80 km and its effect on trace element 
partitioning is considered in the trace element modeling discussed 
below.

4.1. REE in residual clinopyroxene

The salient feature of REE patterns in residual cpx in abyssal 
peridotites is the more than two-orders of magnitude depletion of 
La and Ce relative to HREE (Johnson et al., 1990; Johnson and Dick, 
1992; Snow, 1993; Dick and Natland, 1996; Ross and Elthon, 1997;
Seyler and Bonatti, 1997; Hellebrand et al., 2002, 2005; Salters 
and Dick, 2002; Brunelli et al., 2003, 2006; Warren, 2007; Brunelli 
and Seyler, 2010; Warren and Shimizu, 2010; Seyler et al., 2011;
Lassiter et al., 2014; Mallick et al., 2014; D’Errico et al., 2016;
Warren, 2016). Although melt-rock interaction in the lithosphere 
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can explain some refertilized abyssal peridotites (30% of all sam-
ples, Warren, 2016), the LREE depletion in residual abyssal peri-
dotites that show no obvious signs of refertilization (70% of all 
samples, Warren, 2016) is likely caused by fractional melting 
(Johnson et al., 1990). Fractional melting can be realized when the 
melt is not able to re-equilibrate with the minerals in the over-
lying melting column. Channelized melt migration is one physical 
mechanism to isolate newly formed matrix melt from its residual 
solid (Iwamori, 1993; Lundstrom, 2000). Following the streamline 
of the solid, the upwelling mantle undergoes batch melting be-
fore the initiation of the channels in the lower part of the melting 
region and fractional melting in the upper part of the melting re-
gion (Liang and Peng, 2010). In the case of decompaction channels 
alone (Fig. 1b) or the case with additional shallow (30 km) re-
placive channels and shear-induced channels (Fig. 1c), the extent 
of fractional melting experienced by residual matrix beneath the 
ridge axis is small (≤2.5%). These two cases cannot efficiently de-
plete LREE in residual cpx (Figs. 3a and 3b). This is consistent with 
the conclusion of Kelemen et al. (1997) who pointed out that at 
least 7% fractional melting is needed to reproduce the depleted 
LREE patterns in residual cpx in abyssal peridotites. In the case 
of deep (60 km) replacive channels (Figs. 1d), batch melting ac-
counts for the first 2% of melting. Continuous melt extraction from 
60 km depth to near the ridge axis results in a prolonged interval 
of fractional melting. Consequently, the case with deep replacive 
channels produces the range of LREE depletion as observed in nat-
ural samples (Fig. 3). The predicted pattern that fits the lower end 
of Nd to Yb has too low abundances of La and Ce (green shade 
at the bottom of Fig. 3c). The fit can be improved by introducing a 
small extent chemical disequilibrium between cpx and matrix melt 
which elevates the apparent bulk partition coefficients of La and Ce 
(Liang and Liu, 2016).

4.2. REE in pooled melt

REE abundances in well-mixed pooled melt are not very sen-
sitive to channel distribution but depend moderately on the cov-
erage length of decompaction channel (Fig. 3). All three cases can 
reproduce the REE abundances in the bulk oceanic crust (Workman 
and Hart, 2005; White and Klein, 2014). The case with 100 km 
coverage length produces higher REE abundances than the case 
with 40 km coverage length because more low-degree melts from 
shorter melting columns away from the ridge are focused to the 
ridge axis in the former case. This is essentially the shape ef-
fect of O’Hara (1985). In the case with deep replacive channels, 
the average degree of melting as defined by Forsyth (1993) with 
100 km and 40 km coverage lengths are 7.0% and 11.9%, respec-
tively. However, the difference in REE pattern between the two 
cases is comparable to the uncertainty in the input mantle compo-
sition (Workman and Hart, 2005). The crustal thickness produced 
in these two cases (6.17 to 6.89 km) are also within the normal 
range of observed oceanic crust (White et al., 1992). Therefore, the 
precise coverage length of decompaction channels cannot be con-
strained by the average melt composition. The coverage length of 
decompaction channels could also affect major element composi-
tions of the pooled melt (Behn and Grove, 2015). Future models 
with joint constraints of major element and trace element compo-
sitions may shed new light to this problem.

5. U-series disequilibria

In this section, we further examine our 2D double-porosity 
ridge model through simulations of U-series disequilibria. We fo-
cus on 238U series because there are constraints from two activity 
ratios and a range of half-lives of related nuclides. A noted differ-
ence between the present model and the previous models (Elliott 
Table 1
Partition coefficients for U and Th used in the 2D ridge model.

Clinopyroxene Orthopyroxene Garnet

U 0.0103a, P < 1.5 GPa 0.0017b 0.038c, 0.0045d

0.023b, P > 1.9 GPa
0.0041d, P = 3 GPa

Th 0.012a, P < 1.5 GPa 0.0008b 0.017c, 0.0008d

0.019b, P > 1.9 GPa
0.0032d, P = 3 GPa

a From Hauri et al. (1994).
b From Wood et al. (1999).
c From Salters et al. (2002).
d From Pertermann et al. (2004).

Fig. 4. Mineral modes (a) and partition coefficients (b) as a function of depth. For 
clarity, spinel and olivine are not shown. Mineral modes in the residue of DMM 
(Workman and Hart, 2005) are calculated using pMELTS (Ghiorso et al., 2002). Par-
tition coefficients of U and Th are from Hauri et al. (1994), Wood et al. (1999), 
Salters et al. (2002), and Pertermann et al. (2004). Most simulations use partition 
coefficients in garnet (grt) from Salters et al. (2002) unless explicitly stated. The 
partition coefficient of Ra (not shown) is 1 × 10−4 (Wood and Blundy, 2014).

and Spiegelman, 2014 and references therein) is the spatially dis-
tributed melt channels which control the porosity and the rate 
of melt extraction in the 2D melting region (Fig. 1). For a “dy-
namic melting model” with a porosity threshold above which the 
melt is extracted instantaneously, the following approximations for 
the activities in the matrix melt hold if the melting rate is slow 
(McKenzie, 1985):(230Th/238U

) = φm + kU

φm + kTh
, (5)

(226Ra/230Th
) = φm + kTh

φm + kRa
, (6)

where kU, kTh, kRa are bulk partition coefficients for U, Th, and Ra, 
respectively (Table 1 and Fig. 4). Eqs. (5) and (6) suggest that ex-
cess of 230Th or 226Ra in the matrix melt arises when the quotient 
in the right hand side is larger than one. Although Eqs. (5) and (6)
are derived for the dynamic melting model with constant porosity, 
they are useful in understanding the roles of porosity and partition 
coefficient on the generation of these activity ratios in the present 
study.

5.1. U-series disequilibria in the matrix melt

Large (230Th/238U) up to 1.40 exists near the bottom of the 
melting region (Figs. 5a, 5b, 5c, and Fig. S4a) where the poros-
ity is small (Fig. 1) and Th is more incompatible than U due to 
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Fig. 5. Distribution of (230Th/238U) and (226Ra/230Th) in the matrix melt. The case in each column corresponds to the case shown in Figs. 1c, 1d, and 1f, respectively. Channel 
type, channels, matrix grain size, and permeability model (Wark and Watson, 1998; Miller et al., 2014) are labeled in the first row. White dashed lines in (e) and (f) mark 
the contour of 0.1% porosity, comparable to the partition coefficient of Th. For the case of the first column, smaller than 0.1% porosity only exists at LAB or at the bottom. 
The two cases with deep replacive channels produce thicker layer of high (230Th/238U) and (226Ra/230Th) at the bottom. The high-(226Ra/230Th) above 20 km depth and 
below LAB in the two cases with deep replacive channels is due to small matrix porosity.
the presence of garnet and high-pressure cpx (Fig. 4b). Garnet dis-
appears above 80 km depth (Fig. 4a). The partitioning of Th and 
U in cpx could be reversed above 45 km depth (Fig. 4b, Hauri 
et al., 1994; Wood et al., 1999; Landwehr et al., 2001). There-
fore, no (230Th/238U) greater than 1.2 exists above 45 km depth in 
our model predictions. The matrix melt with (230Th/238U) smaller 
than 1 in the case with deeper replacive channels (Figs. 4b and 4c)
is due to the small matrix porosity and stronger incompatibil-
ity of U than Th at lower pressure. If Th is more incompatible 
than U throughout the depth interval from 100 km to the seafloor 
(Elliott and Spiegelman, 2014; Elkins et al., 2019), (230Th/238U)

would be always greater than one. To provide a lower bound for 
(230Th/238U) in eruptible melts, we take a conservative approach 
by reversing the relative incompatibility of U and Th at pressure 
lower than 1.5 GPa (Fig. 4b). To the first order, the distribution 
of (230Th/238U) in the matrix melt calculated using the double-
porosity ridge model is similar to that calculated using Eq. (4) (cf.
Fig. 5 and Fig. S5). This similarity underscores the importance of 
matrix porosity in controlling (230Th/238U).

According to Eq. (6), the distribution of (226Ra/230Th) in the 
matrix melt reflects the distribution of matrix porosity normal-
ized by the bulk partition coefficient of Th as Ra is highly incom-
patible (kTh ∼ 1 × 10−3, kRa = 1 × 10−4). There are three regions 
where the matrix porosity could be smaller than 0.1% (compa-
rable to kTh): the bottom, near LAB, and where there is strong 
melt extraction (Fig. 1). For the reference case with decompaction 
channels only (Fig. 1b) and the case with shallow replacive chan-
nels (Fig. 1c), noticeable region with matrix porosity smaller than 
0.1% only exists near the bottom of the melting region. There-
fore, (226Ra/230Th) greater than 2.5 only exists within 10 km at 
the bottom of the melting region for these two cases (Fig. 5d 
and Fig. S4d). If replacive channels starts from 60 km depth, 
more melt extraction occurs at depth and there are additional low 
porosity regions beneath the ridge axis: below LAB and laterally 
away from the center porosity maximum (Figs. 1d, 1e, and 1f). 
Consequently, deep replacive channels produce larger region with 
(226Ra/230Th) greater than 2.5 in the matrix melt (Fig. 5e and Fig. 
S5e). The approximation of McKenzie (1985) works almost per-
fectly for (226Ra/230Th) (cf. Fig. 5 and Fig. S5), further confirming 
the strong control of matrix porosity on (226Ra/230Th) in the ma-
trix melt.

The matrix porosity used in the preceding discussion is based 
on the permeability model of Wark and Watson (1998). For the 
same grain size, the matrix porosity based on the permeability 
model of Miller et al. (2014) is 60% smaller (cf. Figs. 1d and 1f), 
resulting in an expansion of high-(230Th/238U) and (226Ra/230Th)

in the 2D region. This is illustrated in Figs. 5c and 5f (also see Figs. 
S5c and S5f). For the same permeability model, the matrix poros-
ity can be reduced by increasing grain size, which also results in 
an increase in (230Th/238U) and (226Ra/230Th) in the matrix melt 
(Fig. S6).
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Fig. 6. The transport time in channels from the location of melt extraction to LAB. These two cases correspond to the case of Figs. 1c and 1d, respectively. Contours of the 
half-life of 230Th and 22Ra are shown as thick white and black lines. Thin lines are streamlines of the channel melt. The volume proportion of channels ψ is 10%. The channel 
grain size is 3 mm. The permeability model is from Wark and Watson (1998). The permeability anisotropy factor β is 5. Data for the transport time in the case of deep 
replacive channels (panel b) are provided in the supplementary data file.

Fig. 7. Effects of channel volume proportion, channel grain size, and permeability model on the transport time in channels. The contours of the half-life of 230Th and 22Ra 
are shown as thick white and black lines. Thin lines are streamlines of the channel melt. The first and the second rows are comparable to Figs. 5a and 5b, respectively. The 
channel volume proportion ψ , channel grain size d_ch, and the permeability model of Wark and Watson (1998) or Miller et al. (2014) are labeled in each panel. Data for the 
transport time in the case of deep replacive channels with the permeability model of Miller et al. (2014) (panel f) are provided in the supplementary data file.
5.2. Transport time in channels

In the case with deep channel networks, compositions of ma-
trix melts extracted at different locations define the largest pos-
sible range in which the aggregated channel melt could vary. 
(230Th/238U) and (226Ra/230Th) in the matrix melt will recover to 
unity at the time scale of the half-lives of 230Th and 22Ra, respec-
tively, once the matrix melt is extracted to the channel. Therefore, 
it is important to keep track of every pocket of matrix melt from 
being extracted to the channel to being funneled into the decom-
paction channel and finally being transported to the ridge axis. 
The transport time of the extracted matrix melt in the channel 
continuum (called “transport time” hereafter) depends on the melt 
velocity as well as the location where the melt extraction occurs 
(Fig. 6). Matrix melts extracted in the region with transport time 
smaller than the half-lives of 226Ra and 230Th are likely to preserve 
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Fig. 8. Covariation of (238U/232Th) vs. (230Th/232Th) (first row) and (230Th/238U) vs. (226Ra/230Th) (second row) in eruptible melts after transport in channels. The grain size 
in the matrix and channel are 1 mm and 3 mm, respectively. The outline is the range of all eruptible melts. The pentagram is the composition of the pooled melt, averaged 
over all eruptible melts. The on-axis MORB data including Mid-Atlantic Ridge, East Pacific Rise, Southeast and Southwest Indian Ridges, Gakkel Ridge, and Australian-Antarctic 
Discordance are from the compilation by Elkins et al. (2019) and references therein cited in the text. Samples with age constraints are marked with black stroke. Four 
combinations of channel proportion, permeability model (Wark and Watson, 1998; Miller et al., 2014), and partition coefficients (Fig. 4) are listed in the legend. The fourth 
scenario uses the partition coefficients at high pressure from Pertermann et al. (2004).
most of their large (226Ra/230Th) and (230Th/238U), respectively. 
Therefore, it is informative to compare the map of transport time 
with the distribution of (226Ra/230Th) and (230Th/238U) in the ma-
trix melt.

Matrix melts with (230Th/238U) > 1.25 are below 80 km depth 
(Fig. 5), which could hardly endure the transit through the chan-
nel network because the transport time is longer than the half-life 
of 230Th if the grain size in the channel is 3 mm and the perme-
ability model is from Wark and Watson (1998) (Fig. 6). The large 
(226Ra/230Th) of the matrix melt below 80 km depth will recover 
to unity as the transport time in channels is too long compared to 
the half-life of 226Ra (Fig. 6). Only the high-(226Ra/230Th) matrix 
melt above 20 km depth in cases with deep replacive channels can 
escape the secular equilibrium during melt transport in the chan-
nel. The deep replacive channels beneath the ridge axis produces 
higher channel melt flux at shallow depth, which accelerates the 
channel melt and shortens the transport time from 20 km depth 
to the surface (cf. Figs. 6a and 6b). Therefore, deep replacive chan-
nels are important for preserving large (226Ra/230Th) in the pooled 
melt.

The transport time in the channels can be shortened if the 
volume proportion of channel continuum ψ is smaller (Fig. 6 vs. 
Figs. 7a and 7d). The porosity and the melt velocity in the channel 
increase as the flux of extracted melt is concentrated into smaller 
volume proportion of channels. However, due to the power law 
permeability, the change of channel melt velocity in response to 
50% reduction in the channel volume fraction is small. Alterna-
tively, melt velocity in the channel can be faster if the grain size 
in the channel is larger (Fig. 6 vs. Figs. 7d and 7e) or the per-
meability model changes from Wark and Watson (1998) to Miller 
et al. (2014) (Fig. 6 vs. Figs. 7c and 7f). The faster channel melt 
velocity extends the region with transport time smaller than the 
half-life of 230Th to deeper than 80 km. Therefore, large excess of 
230Th can be better preserved with smaller channel volume frac-
tion or larger permeability in channels or a combination of the 
two.
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5.3. Covariations of activity ratios

This section examines covariations of activity ratios in eruptible 
melts and pooled melt. The eruptible melts are unmixed matrix 
melts extracted into the channel at different locations in the melt-
ing region. The eruptible melts have considered the decay of U se-
ries during melt transport in channels. The pooled melt is the aver-
age of all eruptible melts weighted by the melt flux. The eruptible 
melts and the pooled melt represent two endmember scenarios 
in which every possible melt composition either remains unmixed 
during transport or these melts are efficiently mixed during their 
transport in channels and residence in the crustal magma chamber. 
The pooled melt and most eruptible melts are plotted above the 
equiline in the diagram of (238U/232Th) vs. (230Th/232Th) (Figs. 8a 
and 8b, see also Fig. S7). The melt extracted deep has (230Th/238U)

up to 1.50 and (226Ra/230Th) close to one while the melt extracted 
shallow has (230Th/238U) close to one and (226Ra/230Th) much 
greater than one (Figs. 8c and 8d). Because of the strong incom-
patibility of U, Th, and Ra, the melt extracted shallow has little 
abundance of these elements. The pooled melt as a mixture of 
all eruptible melts has (230Th/238U) slightly larger than one and 
(226Ra/230Th) much closer to one compared to the range of all 
eruptible melts (Fig. 8).

Matrix melt with large (230Th/238U) at 80 km depth can 
preserve (230Th/238U) up to 1.33 after melt transport (Fig. 8d). 
(230Th/238U) is slightly greater than one or even slightly smaller 
than one in matrix melts above 60 km depth. Because of the 
short half-life of 226Ra, only the melt extracted shallow can have 
(226Ra/230Th) noticeably greater than one. Therefore, (226Ra/230Th)

in all eruptible melts decreases with the depth of melt extraction. 
Due to more melt extraction in the case with deeper replacive 
channels, (226Ra/230Th) in the shallow matrix melt is higher, re-
sulting in higher (226Ra/230Th) of up to 3.5 in the eruptible melts 
(Fig. 8d). The model of Jull et al. (2002) also found that large 
(226Ra/230Th) exists in shallow low-porosity matrix melt.

Increasing the partition coefficient of U relative to that of Th in 
garnet can result in smaller U/Th in the eruptible melts and pooled 
melt (Figs. 8a and 8b). Additional melt extraction in the case of 
deeper replacive channels could fractionate U/Th to higher values 
in the eruptible melts. The range of (230Th/238U) in the eruptible 
melts could increase by 10%. However, (230Th/238U) in the matrix 
melt above 80 km depth tends to be reset by the partitioning of 
U and Th in cpx. The (230Th/238U) in the eruptible melts extracted 
above 80 km is modestly affected by the change of the partition 
coefficients of U and Th in garnet.

The choice of the permeability model has a strong effect on 
(230Th/238U) and (226Ra/230Th) in eruptible melts (Fig. 8). The per-
meability model of Miller et al. (2014) produces smaller matrix 
porosity and consequently, larger (230Th/238U) and (226Ra/230Th)

in the matrix melt than the permeability model of Wark and Wat-
son (1998). Further, the permeability model of Miller et al. (2014)
promotes faster channel melt velocity compared to the permeabil-
ity model of Wark and Watson (1998).

5.4. Comparison with MORB data

Some inferences can be made by comparing the variations of 
activity ratios observed in MORB with those predicted by the 2D 
ridge model. The present result cannot reproduce some MORB with 
(238U/232Th) greater than 1.3. If a mantle source with higher U/Th 
ratio is used (e.g., U/Th = 2.9, Stracke and Salters (2004) vs. 2.5 
from Workman and Hart (2005), the latter is used in the present 
study), the predicted (238U/232Th) will be 16% higher. The increase
of U/Th would not change (230Th/238U) and (226Ra/230Th) because 
the initial condition for nuclides in 238U series is secular equi-
librium, which is independent of U/Th ratio in the homogeneous 
mantle source. Therefore, predicted melt compositions would shift 
to the northeast by up to 0.23 unit in response to the increase of 
U/Th in the source in Figs. 8a and 8b. A comparison between cases 
with different depths of replacive channels (cf. Figs. 8a and 8b) 
suggests that channels deeper than 60 km beneath the ridge axis 
could be important for the MORB data below the equiline (Fig. 8b).

The values of (230Th/238U) and (226Ra/230Th) in MORB ex-
tend to 1.38 and 3.7, respectively (Rubin and Macdougall, 1988; 
Goldstein et al., 1989, 1992, 1993; Bourdon et al., 1996, 2000,
2005; Lundstrom et al., 1998, 1999; Sturm et al., 2000; Peate et al., 
2001; Cooper et al., 2003; Rubin et al., 2005; Russo et al., 2009;
Dreyer et al., 2013; Waters et al., 2013; Turner et al., 2015b; 
Elkins et al., 2011, 2014, 2016a, 2016b; Scott et al., 2018). Larger 
(230Th/238U) than present results can be produced by further in-
creasing the ratio of the partition coefficient of U relative to that of 
Th in the minerals (e.g. cpx at low pressure and garnet) or by in-
creasing the proportion of clinopyroxene and garnet in the mantle 
source through lithological heterogeneity (Elkins et al., 2019). In-
crease of channel permeability and depth may also produce larger 
(230Th/238U). Larger channel permeability could result from larger 
grain size (Fig. S7) or greater permeability anisotropy than what 
have been used in current simulations.

Although current model produces (226Ra/230Th) up to 3.5 in 
the eruptible melts, the abundances of Ra and Th in these melts 
would be too low compared to MORB. The predicted pooled melt 
has (226Ra/230Th) no greater than 1.1 which is much smaller than 
many of the MORB samples (Fig. 8c and 8d). Large (226Ra/230Th)

in the pooled melts would require less than 1.6 kyr melt trans-
port time from deeper part of the melting region where the matrix 
porosity has to be small and the concentration of Ra and Th in the 
low-degree matrix melt are relatively high. These two conditions 
are not met in results presented so far (Figs. 1 and 7).

One possible mechanism to produce large (226Ra/230Th) in 
the melt while maintaining high (230Th/238U) is through shal-
low level melt-cumulate interaction (Saal and Van Orman, 2004). 
This process can increase (226Ra/230Th) in the pooled melt by 2 
(Saal and Van Orman, 2004) while having little modification of 
(230Th/238U). Interestingly, samples from Gakkel Ridge (Elkins et 
al., 2014) where there could be a thick lithosphere have some of 
the highest (226Ra/230Th) observed.

Another mechanism that may increase (226Ra/230Th) in the 
melt is by increasing the effective partition coefficient of Th 
through disequilibrium melting (Qin, 1992; van Orman et al., 1998; 
Liang and Liu, 2016). This condition can be realized when diffusion 
of the divalent Ra in cpx is faster than that of Th. The diffusivity of 
Th in cpx is similar to those of U and La in cpx (van Orman et al., 
1998, 2001). Inversion of REE patterns in cpx in residual abyssal 
peridotites has revealed the presence of a small extent of chemical 
disequilibrium for La in cpx during near fractional melting (Liang 
and Liu, 2016; Liu and Liang, 2017). Hence the effect of chem-
ical disequilibrium helps in producing large (226Ra/230Th). Most 
EPR samples with age constraints have 1.10-1.18 (230Th/238U) and 
1.5-3.0 (226Ra/230Th) (Goldstein et al., 1989, 1992, 1993; Sims et 
al., 1995; Sims et al., 2002; Dreyer et al., 2013; Scott et al., 2018). 
The pooled melt produced in the current model with the perme-
ability model of Miller et al. (2014) has similar (230Th/238U) of 
1.10-1.12 but (226Ra/230Th) close to one (Figs. 8c and 8d). There-
fore, a combination of melt-cumulate interaction in the crust and 
disequilibrium melting in the mantle can produce the trend of 
increasing (226Ra/230Th) at relatively constant (230Th/238U) as ob-
served in EPR.

Melts generated 80 km away from the axis at 60 km depth 
could have (226Ra/230Th) of 3.5 and (230Th/238U) of 1.2 in the 
case with deep replacive channels (Figs. 5c and 5f). These melts 
are outside the region that can be sampled by the decompaction 
channels (side regions not highlighted in Figs. 1b-1f). However, if 
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the coverage length increases or there are additional melt extrac-
tion mechanisms that can sample the outside regions beyond the 
coverage of decompaction channels, the eruptible melts could have 
higher (226Ra/230Th) and (230Th/238U). In an endmember scenario 
in which melt transport is effectively instantaneous and melts in 
the entire model domain are focused to the axis, the eruptible 
melts would be represented by all matrix melts in the melting 
region (Fig. 5) and the highest (226Ra/230Th) and (230Th/238U) ob-
served in MORB would be reproduced (Fig. S8). The crustal thick-
ness is insensitive to the increased coverage length because regions 
of high melting rate are within the 100 km coverage length (Fig. 
S3). Therefore, increasing the coverage length or letting part of the 
melt generated outside of the coverage length at LAB to be trans-
ported to the ridge axis is capable of reproducing the range of U 
series disequilibria observed in MORB.

6. Summary and further discussion

We have simulated melting and melt migration beneath mid-
ocean ridges using the double-porosity ridge model that fea-
tures spatially distributed high-porosity channels and permeability 
anisotropy. Three types of channels are considered: decompaction 
channels at LAB, replacive channels in the melting region, and 
shear-induced channels. We have demonstrated that the inferred 
melt distribution from seismic and magnetotelluric imaging be-
neath mid-ocean ridges, the highly depleted LREE in residual cpx 
in abyssal peridotites, and the range of (230Th/238U) in MORB can 
be explained if there exists a deep channel network in the melt-
ing region. The crustal thickness and the average REE in the crust 
are not particularly sensitive to channel distribution. The range 
of (226Ra/230Th) in the eruptible melts generated by the present 
model is consistent with the range of (226Ra/230Th) in MORB. 
However, the pooled melt that mixes all eruptible melts has too 
small (226Ra/230Th) compared to MORB data. Other processes such 
as cumulate-melt interaction in the crust, disequilibrium melting, 
or sampling small-degree melts from regions beyond the coverage 
of decompaction channels in the mantle may be needed to account 
for the observed large (226Ra/230Th) in MORB.

The depth of replacive channels is controlled by the reactivity 
or solubility of mantle pyroxene with respective to melts gener-
ated in the underlying mantle, the amount of pyroxene present 
in the matrix continuum, and the magnitude of matrix melt flux 
(Schiemenz et al., 2011). Higher reactivity, lesser mantle pyrox-
ene, and larger melt flux favor deeper replacive channels. Such 
a condition may be realized when the upwelling mantle is het-
erogeneous consisting of fertile (more fusible) and refractory (less 
pyroxene) domains of variable size and distribution. The existence 
of enriched blobs is generally consistent with the interpretation of 
radiogenic isotopic ratios in MORB and abyssal peridotites (Liu and 
Liang, 2017; Sanfilippo et al., 2019). The stronger partitioning of 
U over Th in enriched lithologies could also increase 230Th excess 
(Elkins et al., 2019). Therefore, mantle heterogeneity is important 
for understanding both geochemical observations and melt migra-
tion processes.

The present study underscores the importance of permeability 
model to the first order geophysical and geochemical observations 
of mid-ocean ridges. The matrix porosity and the channel melt 
velocity are sensitive to the permeability in the matrix and the 
channel continua. Changing the permeability model from Wark and 
Watson (1998) to Miller et al. (2014) results in 60% less poros-
ity in the matrix and an increase of (230Th/238U) in the eruptible 
melts from 1.09 to 1.23. Nonetheless, both permeability models are 
calibrated for mono-mineralic aggregates. Presence of pyroxene is 
likely to reduce the matrix permeability (Zhu and Hirth, 2003), in-
creasing the porosity in the melting region. Therefore, more work 
on permeability model, especially for olivine + pyroxene + melt 
aggregate with anisotropic fabric, is needed to reconcile geophysi-
cal observations and U-series disequilibria. Because the permeabil-
ity depends on grain size squared, the grain sizes of the matrix 
and channel are also important.

As a first 2D double-porosity model for mid-ocean ridges, we 
have made a number of assumptions and simplifications in this 
study: (1) the solid viscosity is constant and uniform; (2) the flow 
fields of the matrix and channel are symmetric about the ridge 
axis and independent of time; (3) the coverage length of decom-
pression channel, the permeability anisotropy factor β , and the 
melt suction rate are prescribed; and (4) the channel formation 
processes are not modeled. In reality, the mantle flow could be 
asymmetric about the ridge axis (e.g. Forsyth et al., 1998) and the 
mantle viscosity could vary in response to changes in melt fraction, 
strain, and composition. As the mantle flow affects the formation 
of shear-induced channels, the permeability tensor has yet to be 
quantified and tested against laboratory deformation experiments. 
In regions with high shear strain at shallow depth where both 
shear and reaction induced melt localization may operate concur-
rently, the distribution of channels may be more complicated than 
that considered in the current model (Kohlstedt and Holtzman, 
2009). Finally, there are other mechanisms for channelized melt 
migration that are not considered in the present study but may 
help to explain U-series equilibria in MORB. These include hydro-
fractures, vug waves, solitary waves, and compaction-dissolution 
waves (e.g. Kelemen et al., 1997; Hesse et al. 2011; Phipps Mor-
gan and Holtzman, 2005). More studies are needed to test if deep 
replacive channels can form or other transport mechanisms are re-
sponsible for the delivery of the melt from below 60 km depth 
beneath the ridge axis.
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Appendix A

We consider concurrent melting and melt migration in a 
double-porosity mantle in which the volume fraction of intercon-
nected high-porosity channels is ψ . For simplicity, we assume that 
the solid in the channel is moving with the solid in the matrix 
(i.e., Vch

s = Vm
s ). We use the following steady-state mass conserva-

tion equations to keep track melting and melt extraction in matrix 
solid, matrix melt, and channel melt (Liang and Parmentier, 2010):

∇ · [(1 − ψ)ρ f φmVm
f

] = (1 − ψ)Γm − (1 − ψ)(Γm S + X), (A.1)

∇ · [(1 − ψ)ρs(1 − φm)Vm
s

] = −(1 − ψ)Γm, (A.2)

∇ · (ψρ f φchVch
f

) = (1 − ψ)(Γm S + X), (A.3)

where ρ is the density; φ is the porosity; V is the velocity; S
is the relative melt suction rate; ψ is the volume proportion of 
channel continuum; X accounts for the melt suction rate when 
there is no melting; subscript/superscript m, ch, s, f represent the 
matrix, channel, solid, and melt, respectively. (Key symbols are 
listed in Table A1.) The matrix melting rate (Γm) is calculated from 
pMELTS-derived melt productivity and solid upwelling rate using 
the expression:

Γm = ρs
dF (1 − φm)Vm

s · nz
, (A.4)
dz 1 − F
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Table A1
Key symbols.

Variable Meaning Value

dm,dch Grain size of the matrix or channel 0.4–10 mm
F Degree of melting experienced by the bulk solid <0.25
kiso
φ Isotropic permeability

kadd
φ Additional anisotropic permeability on the easy-flow direction

kch
f Permeability tensor for the channel

Ldc Width of decompaction channels 40–100 km
P pz Piezometric pressure
S Relative melt suction rate
Vm

s ,Vm
f Velocity of the solid and melt in the matrix

Vch
s ,Vch

f Velocity of the solid and melt in the channel
β Factor of permeability anisotropy for the shear-induced channels 0–15
φm, φch Porosity in the matrix or the channel
Γm Melting rate of the matrix
η f Shear viscosity of the melt 10 Pa·s
ηs Shear viscosity of the mantle 1019–1021 Pa·s
ρ f ,ρs Density of the melt and the solid 2700 and 3300 kg/m3


ρ Density difference of the melt and the solid 600 kg/m3

θ Local orientation of the channel
� Rotation tensor
ψ Volume proportion of channel <0.10
ζs Bulk viscosity of the mantle Same as ηs
where nz is the unit vertical vector, positive upward. Exam-
ples of calculated melting rate are shown in Fig. S3. Following 
previous applications of double-porosity models (Iwamori, 1993;
Lundstrom, 2000; Jull et al., 2002; Liang and Parmentier, 2010), we 
assume that the melt suction rate is proportional to matrix melt-
ing rate. Given the matrix melting rate (Eq. (A.4)), the relative melt 
suction rate is independent of horizontal coordinate and takes on 
the general expression: We set the relative melt suction rate to 
be a constant so to satisfy the boundary condition of zero matrix 
porosity at LAB.

S =
∫ zLAB

0 dz(1 − ψ)Γm − ∫ zLAB
zch

dz(1 − ψ)X∫ zLAB
zch

dz(1 − ψ)Γm
, (A.5)

where zLAB = 100 km is the height of LAB; zch is the height of re-
placive channels. If there is no melt suction rate when there is 
no melting (X = 0), the relative melt suction rate, for the case 
with shallow replacive channels would be 6, which is too high. 
Therefore, we set X for this case and use Eq. (A.5) to calculate 
the constant melting-independent melt suction rate. For the case 
with deep replacive channels, the relative melt suction rate is 1.16. 
The distribution of channels depends on the location of channels 
formed by different mechanisms. In this study, we examine three 
cases of channel distribution (Figs. 1b, 1c, and 1d).

The melt flow fields in the matrix and channel continua are 
governed by the generalized Darcy’s law (McKenzie, 1984):

φm
(
Vm

f − Vm
s

) = − 1

η f
km
φ · ∇ P pz, (A.6)

φch
(
Vch

f − Vch
s

) = − 1

η f
kch

φ · ∇ P pz, (A.7)

∇ P pz = ηs∇2Vm
s +

(
ζs + 1

3
ηs

)
∇(∇ · Vm

s

) + 
ρg, (A.8)

where kch
φ is the permeability tensor for the channel continuum; 

P pz is the piezometric pressure or the “pressure in excess of hy-
drostatic pressure” (Spiegelman and McKenzie, 1987); ζs and ηs

are the bulk and shear viscosities of the solid; respectively; η f
is the shear viscosity of the melt; g is the gravitational acceler-
ation vector; 
ρ is the density difference between the solid and 
the melt. Eq. (A.8) states that the gradient of piezometric pres-
sure arises from shear deformation in the solid, compaction in the 
solid, and buoyancy of the melt. A constant solid viscosity of 1019

Pa·s is used for most calculations. The effect of a higher viscosity 
is shown in Fig. S3.

The steady-state mass conservation equation for a trace ele-
ment or radiogenic nuclide takes on the general expression (e.g. 
McKenzie, 1984; Jull et al., 2002; Liang and Parmentier, 2010):

∇ · ((1 − ψ)ρ f φmVm
f Cm,i

f

) + ∇ · (ρs(1 − ψ)(1 − φm)Vm
s Cm,i

s

)
= −(1 − ψ)ΓmSCm,i

f − (1 − ψ)ρ f φm
(
λiC

m,i
f − λi−1Cm,i−1

f

)
− ρs(1 − ψ)(1 − φm)

(
λi C

m,i
s − λi−1Cm,i−1

s

)
, (A.9)

Cm,i
s = ki C

m,i
f , (A.10)

where nuclide i − 1 is the parent of i; λ is the decay constant 
which is set to zero for REE; k is the bulk partition coefficient. The 
trace elements in the present model include La, Ce, Nd, Sm, Eu, 
Gd, Dy, Y, and Yb. We also use Eqs. (A.9) and (A.10) to solve for 
concentrations of 234U, 230Th, and 226Ra. The definition of the ac-
tivity of radiogenic nuclide follows usual conventions (Elliott and 
Spiegelman, 2014). 238U concentration will be calculated using 
(238U/234U) = 1 observed in all MORB samples (Elliott and Spiegel-
man, 2014). We use the starting mineral modes of Workman and 
Hart for DMM (2005), individual mineral/melt partition coefficient, 
and a linearized melting reaction to calculate the bulk partition co-
efficient of spinel lherzolite/harzburgite. For melting in the garnet 
stability field, we use pMELTS and DMM composition to derive gar-
net mode. Melting reaction and mineral-melt partition coefficients 
are from the literature (Baker and Stolper, 1994; Hauri et al., 1994;
Wood et al., 1999; Salters et al., 2002; Kelemen et al., 2003;
Sun and Liang, 2012; Yao et al., 2012; Wood and Blundy, 2014).

Next, we consider a matrix melt pocket that is extracted to the 
channel at location (x, y). Bulk partition coefficients for U, Th, and 
Ra in dunite are negligibly small. Therefore, reequilibration during 
transport in channels is governed by the time-dependent ordinary 
differential equations (Elliott and Spiegelman, 2014):

d234U

dt
= 0, (A.11)

d230Th

dt
= −λ230Th · 230Th + λ234U · 234U, (A.12)

d226Ra = −λ226Ra · 226Ra + λ230Th · 230Th, (A.13)

dt
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where the loss of 234U is buffered by the decay of 238U. Solutions 
of Eqs. (A.5)-(A.7) are given by Elliott and Spiegelman (2014) and 
can be integrated along streamlines of the channel melt (or in the 
melt focusing area) to obtain the concentration of 234U, 230Th, and 
226Ra in the channel melt at LAB (or the pooled channel melt). The 
concentration in the pooled melt is given by:

Cch,1
f

∫
ch

dxdy · (1 − ψ)(Γm S + X)

=
∫

ch

dxdy · Cm,1
f · (1 − ψ)(Γm S + X), (A.14)

Cch,2
f

∫
ch

dxdy · (1 − ψ)(Γm S + X)

=
∫

ch

dxdy ·
[

e−λ2τ (x,y)Cm,2
f + 1 − e−λ2τ (x,y)

λ2
λ1Cm,1

f

]

· (1 − ψ)(Γm S + X), (A.15)

Cch,3
f

∫
ch

dxdy · (1 − ψ)(Γm S + X)

=
∫

ch

dxdy ·
[

e−λ3τ (x,y)Cm,3
f + e−λ2τ (x,y)−e−λ3τ (x,y)

λ3−λ2
λ2Cm,2

f

+( 1−e−λ3τ (x,y)

λ3
− e−λ2τ (x,y)−e−λ3τ (x,y)

λ3−λ2
)λ1Cm,1

f

]

· (1 − ψ)(Γm S + X), (A.16)

where subscripts or superscripts 1, 2, and 3 are shorthand notation 
for 234U, 230Th, and 226Ra; Cch

f is the concentration of the pooled 
channel melt; ch is the melt pooling area of channels (e.g. Figs. 
S1 and S2); τ (x, y) is the melt transport time through the channel 
networks from a point (x, y) in the melting region to the decom-
paction channel at LAB. For simplicity, we neglect the transport 
time in the decompaction channel in this study as the melt flux is 
considerably higher there.

Finally, the concentration of the pooled melt, including contri-
butions from both the channel and the matrix, can be calculated 
using the expression:

CPooled =
∫

DC dL · [(1 − ψ)φm V m
f · Cm

f ] + Cch
f · ∫

ch
dxdy · (1 − ψ)(Γm S + X)∫

DC dL · [(1 − ψ)φm V m
f ] + ∫

ch
dxdy · (1 − ψ)(Γm S + X)

,

(A.17)

where DC is the domain boundary consisting of decompaction 
channels.

We use an iterative finite difference method to solve the porosi-
ties and velocities of the matrix and channel continua targeting a 
relative error of 1%. We then construct and solve the set of equa-
tions for the transport and fractionation of REE and radiogenic 
nuclides U, Th, and Ra. The numerical method is detailed in Liu
(2018).

Appendix B. Supplementary material

Supplementary material related to this article can be found on-
line at https://doi .org /10 .1016 /j .epsl .2019 .115788.
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