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Abstract

We review physical and chemical constraints on the mechanisms of melt extraction from the mantle

beneath mid-ocean ridges. Compositional constraints from MORB and abyssal peridotite are

summarized, followed by observations of melt extraction features in the mantle, and constraints from

the physical properties of partially molten peridotite. We address two main issues: (1) To what extent

is melting “near-fractional”, with low porosities in the source and chemical isolation of ascending

melt? To what extent are other processes, loosely termed reactive flow, important in MORB genesis? (2)

Where chemically isolated melt extraction is required, does this occur mainly in melt-filled fractures

(e.g., Maaloe 1981; Nicolas, 1986) or in conduits of focused porous flow (e.g., Kelemen et al. 1995a,b)?

Reactive flow plays an important role, but somewhere in the upwelling mantle melting must be

“near fractional”, with intergranular porosities <1%, and most melt extraction must be in isolated

conduits. Two porosity models provide the best paradigm for this type of process. Field relationships

and geochemical data show that replacive dunites mark conduits for focused, chemically isolated,

porous flow of mid-ocean ridge basalt (MORB) in the upwelling mantle. By contrast, pyroxenite and

gabbro dikes are lithospheric features; they do not represent conduits for melt extraction from the

upwelling mantle. Thus, preserved melt extraction features do not require hydrofracture in the melting

region. However, field evidence does not rule out hydrofracture.

Predicted porous flow velocities satisfy 230Th excess constraints (~1m/yr), provided melt extraction

occurs in porous conduits rather than by diffuse flow, and melt-free, solid viscosity is ≤~1020 Pa s. Melt

velocities of ~50m/yr are inferred from patterns of post-glacial volcanism in Iceland and from 226Ra

excess.  If these inferences are correct, minimum conditions for hydrofracture may be reached in the

shallowest part of melting region beneath ridges. However, necessary high porosities can only be

attained within pre-existing conduits for focused porous flow. Alternatively, the requirement for high

melt velocity could be satisfied in melt-filled tubes formed by dissolution or mechanical instabilities.

Melt-filled fractures or tubes, if they form, are probably closed at the top and bottom, limited in

size by the supply of melt. Therefore, to satisfy the requirements for geochemical isolation from

surrounding peridotite, melt-filled conduits may be surrounded by a dunite zone. Furthermore,

individual melt-filled voids probably contain too little melt to form sufficient dunite by reaction,

suggesting that dunite zones must be present prior to melt extraction in fractures or tubes.
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1. Introduction

(a) Residual peridotites are not in equilibrium with MORB

MORB forms by partial melting of adiabatically decompressing mantle peridotite beneath spreading

ridges (e.g., Allègre et al. 1973; McKenzie & Bickle 1988). Nevertheless, MORB is not in equilibrium

with residual peridotite (harzburgite and lherzolite). For example, MORB is not saturated in

orthopyroxene (Opx) at Moho pressures, whereas Opx is a major constituent of mantle peridotites

dredged and drilled from the mid-ocean ridges (hereafter, “abyssal peridotites”) and mantle

peridotites in ophiolites. Liquids parental to MORB are saturated with Opx at pressures >8 kb (e.g.,

O’Hara 1965; Stolper 1980; Elthon & Scarfe 1980), >15km below the Moho. In addition, most abyssal

peridotites and mantle peridotites in ophiolites are strongly depleted in light rare earth elements

(REE) and other highly incompatible elements, and are therefore far from trace element equilibrium

with MORB (Johnson et al. 1990; Johnson & Dick 1992; Kelemen et al. 1995b; Dick & Natland 1996; Ross

& Elthon 1996). These observations indicate that MORB is a mixture that preserves evidence for

partial melting of mantle peridotite over a range of pressures, much higher than the pressure at the

base of the crust (e.g., Klein & Langmuir 1987; Salters & Hart 1989; Kinzler & Grove 1992).

 (b) MOST melt extraction is in chemically isolated conduits of focused flow

Polybaric, near-fractional melting models closely approximate the composition of MORB and residual

peridotites (e.g., Johnson et al. 1990). To produce large fractionations between light and heavy REE, and

between elements such as Ti/Zr and Lu/Hf in residual peridotites, small melt fractions must be

segregated from their sources and mixed to form MORB. To preserve these fractionations, and to produce

disequilibrium between melt and Opx at low pressure, most melts must be transported to the crust

without re-equilibration with surrounding peridotite. Diffuse porous flow of large amounts of melt

through residual peridotite from the source to the crust would lead to extensive chemical reaction,

decreasing or erasing trace element fractionation (Spiegelman & Kenyon 1992; Hart 1993; Iwamori

1993). Reaction would also bring derivative liquids close to low pressure Opx saturation (e.g., Kelemen

1990); such liquids cannot comprise a significant fraction of MORB. Thus, focused flow of melt in

spatially restricted conduits is required for MORB extraction from the mantle. However, diffuse,

reactive flow of small amounts of melt, at low melt/rock ratios, cannot be ruled out.

 (c) Melt inclusions and magma conduits

Shimizu and co-workers discovered extensive trace element heterogeneity in glass inclusions hosted in

magnesian olivine crystals within MORB. These include "ultra-depleted melts" (UDM), silica-rich,

Opx-saturated liquids that are strongly light REE depleted, and have high Ti/Zr, consistent with

derivation by low pressure partial melting of the most depleted abyssal peridotite (e.g., Sobolev &

Shimizu 1993). This observation substantiates the hypothesis that MORB is a mixture of melts derived

from variably depleted sources at different depths beneath ridges.
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Light REE enriched melts are also found in olivine-hosted glass inclusion suites (e.g., Sobolev &

Shimizu 1994). These were originally believed to represent small degree melts of garnet lherzolite.

Such an interpretation would place strong constraints on the nature of magma conduits beneath ridges.

They would, in some instances, be required to retain unmixed melt fractions derived from the greatest

depths. However, heavy REE ratios in the inclusions are inconsistent with derivation of melts directly

from garnet lherzolite. Instead, Shimizu (1996) proposed that melts of garnet peridotite reacted with

spinel peridotite to produce the observed liquid compositions, and Sobolev (1996) proposed that

observed liquids are mixtures with an unusually large proportion of  garnet lherzolite melts.

Alternatively, light REE enriched melt inclusions at slow spreading ridges can be explained by

melt/rock reaction in the shallow mantle, without any involvement of garnet. Rising magma encounters

the base of the conductive geotherm at about 20km depth (e.g., Sleep 1975). Reaction between primitive

MORB and depleted harzburgite under conditions of decreasing liquid mass can produce light REE

enriched liquids with a flat heavy REE slope, the same as melt inclusions from the Mid-Atlantic Ridge

(Figure 1). This model is not unique, but we present it to emphasize that the presence of light REE

enriched melt inclusions places few constraints on melt extraction beneath ridges.

 (d) “Near-fractional” melting models

As noted in § 1.b, geochemical data on abyssal peridotite have been explained as the result of

fractional melting. However, there are significant discrepancies between clinopyroxene (Cpx)

compositions predicted for pure fractional melting and observed incompatible element ratios in Cpx in

abyssal peridotite (Johnson & Dick, 1992; Sobolev & Shimizu, 1993; Iwamori, 1993). For instance,

La/Sm, Ce/Sm and Zr/Ti ratios are higher, at a given Nd/Sm, than predicted by purely fractional

melting. This discrepancy has been explained by “near-fractional” melting processes characterized by a

constant intergranular porosity in the rock during melting, and/or reactive porous flow during melt

extraction. For example, in “incremental melting”, fixed fractions of melt are periodically extracted

and melt extraction is chemically isolated. Johnson et al. estimated that melt fractions in this model

must be <1%, assuming that the increment is the same throughout the melting region. In “continuous” or

“dynamic melting”, a threshold intergranular porosity must be achieved prior to melt extraction. With

continued melting, this threshold porosity is retained in the rock, and melt extraction is chemically

isolated (Langmuir et al., 1977; Maaloe & Scheie 1982; Johnson & Dick 1992; Sobolev & Shimizu, 1993).

Johnson & Dick found that a retained porosity of 0.1 to 0.5% fits the abyssal peridotite data best,

assuming that the intergranular porosity is the same throughout the melting region. Models in which

melt reacts or mixes with residual peridotite have also been proposed (Elthon 1992; Iwamori 1993) -

again assuming that this amount is constant throughout the melting region. These models provide a

close fit to the data provided that the amount of reaction or mixing is small.
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 (e) Not all melting is necessarily “near-fractional”

To explore the flexibility of constraints  from the abyssal peridotite data on melting and melt

extraction, we investigated two models with non -constant intergranular porosity. In the first, melting

occurs in a closed system (batch melting) until a melt fraction (porosity) of 7 wt% is reached; then the

intergranular porosity drops to zero, and melting is fractional. This is an example of a model  in which

a percolation threshold must be achieved before melt is extracted. The threshold is higher in

pyroxene-rich lherzolite in the initial stages of melting, and drops to zero in depleted harzburgites

near the top of the melting column (e.g., Nicolas 1986). The correspondence of model results to the

abyssal peridotite data is remarkably close (Figure 2).

We were surprised by this result, and so tested an equally extreme model in which melting is

fractional until 7 wt% melt is extracted, after which an additional 13% batch melting occurs . This

model also provides a good fit to the peridotite data. Our point is not that either model is correct, but to

emphasize that if the porosity (or the amount of reactive porous flow) is variable, rather than constant

over the entire melting column, there are a rich variety of melt extraction mechanisms that produce

residues similar to abyssal peridotite. Therefore, the  maximum intergranular porosity and the

integrated amount of reactive flow during partial melting and melt transport is poorly constrained.

However, Cpx compositions in abyssal peridotites require that, at some point in the melting process,

near-fractional melting did occur. As a rule of thumb, the minimum amount of near-fractional melting,

F, must be greater than or equal to the smallest crystal/liquid distribution coefficient for elements

which are fractionated in residual peridotites during the melting process, such as Nd and Sm. Thus,

≥3% near-fractional melting is apparently required to account for the abyssal peridotite data.

 (f) U/Th isotopic disequilibrium and reactive flow at the base of the melting regime

U/Th isotopic disequilibrium in MORB indicates that melt extraction in the presence of garnet involves

porous flow at intergranular porosities less than 0.2% (McKenzie 1985; Williams & Gill 1989; Beattie

1993a,b; Spiegelman & Elliot 1993; Iwamori 1994; Richardson & McKenzie, 1994, Lundstrom et al. 1995).

Since fractionation of highly incompatible elements such as U/Th requires very small intergranular

porosities, melt must leave its source almost as fast as it forms. In near-fractional melting models, this

constraint reduces the solid residence time for radioactive U. Since garnet is apparently required to

hold more U than Th in the source, and virtually all the U is in the liquid after 1 to 2% melting, even in

the presence of garnet, excesses of 230Th are only produced in the initial stages of fractional melting.

U/Th isotopic disequilibrium has also been explained by reactive porous flow over some portion of the

melt extraction region (Spiegelman & Elliott 1993; Lundstrom et al. 1995). Reactive porous flow

incorporates both small intergranular porosities and long ingrowth times in the source region. Reactive

porous flow could produce 230Th excesses anywhere that garnet is present in the melting region.
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Hirth and Kohlstedt (1996) concluded that small amounts of H2O-rich melt begin to form at depths

of 120 to 70km beneath mid-ocean ridges with “normal” mantle potential temperatures (1300°C). This is

in addition to the possible formation of carbonate-rich melt at greater depth (e.g., Plank & Langmuir

1992, and references therein). The proportions of volatile-rich melts will be small, buffered by the

limited available H and CO2. Thus, small amounts of melt will be produced over a large depth

interval, at ~0.1%/kb. This hypothesized deep melting regime must be strikingly different from the

anhdyrous melting regime that produces the bulk of MORB. It is plausible that reactive porous flow in

the deep, volatile-rich melting regime produces the observed excesses of 230Th in MORB.

 (g) Reactive flow also occurs in the shallow mantle

Based on U/Th isotopic disequilibrium, reactive porous flow of melt may be important near the base of

the melting regime (§ 1.f). In a similar way, Th/Ra disequilibrium data suggest that reactive flow may

occur near the top of the melting regime. 226Ra has a half life of about 1600 years. If 226Ra disequilibrium

were produced by melting of garnet lherzolite, rapid ascent of magma would be required, providing a

strong constraint on transport models. However, reactive porous flow could produce 226Ra isotopic

disequilibrium in the absence of garnet, even at shallow depths, provided that Ra is more incompatible

than Th for spinel lherzolite/liquid (Ra partitioning data are not available). Thus, 226Ra excess  excess

may be created in a different part of the melting regime than230Th. This inference is supported by data

that show a negative correlation between 230Th/238U excess and 226Ra/230Th excess in MORB, implying

that two separate geochemical regimes produce the two different excesses (Figure 3).

An unequivocal example of reactive porous flow is the formation of plagioclase lherzolites sampled

by dredging along mid-ocean ridges. Many plagioclase lherzolites cannot be entirely residual in origin,

and can be interpreted as residual peridotites that were refertilized by crystallization of plagioclase,

Cpx, and olivine from melt migrating by porous flow (Dick 1989; Elthon 1992). Similar “impregnated

peridotites” are common near the crust/mantle transition zone in the Oman ophiolite (e.g., Rabinowicz

et al. 1987; Ceuleneer & Rabinowicz 1992; Boudier & Nicolas 1995).

Insight into the scale of reactive flow is provided by geochemical variability in abyssal and

ophiolite peridotites. Average peridotite compositions on the 1000 km2 scale follow predicted melting

trends (Figure 4). However, abyssal and ophiolite peridotites from on the 100 km2 scale show

“decoupled” major and trace elements; locally, there is no correlation between trace element ratios and

Cpx abundance. In general, decoupled major and trace element variation can result from (1)

redistribution of major elements by dissolution and precipitation reactions (e.g., Quick, 1981; Kelemen,

1990; Kelemen et al. 1992), combined with (2) “cryptic” metasomatism in which trace elements are

redistributed by liquid in major element equilibrium with host peridotite (e.g., Menzies et al., 1985;

Bodinier et al., 1990). Both of these processes involve liquid migrating by reactive porous flow.

Additional hypotheses and evidence for reactive porous flow in ophiolite peridotites have been

presented by Gregory (1984), Ozawa (1994), Ozawa & Shimizu (1995) and Quick & Gregory (1995).
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 (h) Geophysical data indicate that average porosity is low

The conclusion that intergranular porosity must be small over an interval of ≥3% melting (§ 1.e) is

supported by geophysical data. There are anomalously slow shear wave velocities, attributable to the

presence of melt, beneath the East Pacific Rise and the Mid-Atlantic Ridge (Forsyth 1992; Forsyth et

al. 1996). However, the intergranular porosity is small, between 3 and 6.5% at 45km if melt is in grain-

boundary tubes, and less than 1% if melt is in grain boundary films. Since a substantial proportion of

melt is present in films rather than tubes (Waff & Faul, 1992; Jin et al. 1994; Hirth & Kohlstedt, 1995a;

Faul, 1996), the interconnected, intergranular porosity is probably <3%. The shear wave data do not

rule out the presence of additional melt in isolated pockets. However, analysis of gravity from the

southern East Pacific Rise indicates that little melt is present in interconnected pores or isolated

pockets (Magde et al., 1995) . Thus, the geophysical data support the inference from geochemical

observations that the average intergranular porosity in the melting column is small, and that melt

extraction by porous flow on some length scale must be chemically isolated.

 (i) Conclusion: Two porosity models are needed

The foregoing sections present evidence for (1) chemically isolated melt transport  by focused flow of

melt in spatially restricted conduits (§ 1.b), and (2) diffuse, reactive porous flow (§ 1.f and 1.g) beneath

spreading ridges. This apparent paradox can be understood in the context of two porosity models (e.g.,

Wang, 1993). In these models, the bulk of the liquid flux is in highly permeable conduits, but a

significant quantity of geologically important trace elements are derived from processes involving a

much smaller flux of liquid moving by diffuse porous flow in the interstices between these conduits.

2. Melt migration features in the mantle section of ophiolites

Localized melt migration is essential in extraction of MORB from the mantle. In this section, we review

data on localized melt migration features at the outcrop scale in ophiolites and their analogues in

abyssal peridotite. We concentrate on data from the Oman ophiolite, because several observations

demonstrate that it formed at an oceanic spreading center. The crustal section includes a continuous

layer of sheeted dikes. The main lava series and the dikes are tholeiitic lavas with REE and trace

element contents similar to MORB (e.g., Alabaster et al. 1982). In detail, REE and other incompatible

trace elements in the Oman lavas are lower, at a given Cr concentration, than in “normal” MORB.

However, the similar compositions of Oman lavas and MORB indicate that the processes that formed

the ophiolite were similar to processes operating at mid-ocean ridges. On the basis of radiometric age

data, the lack of crustal thickness variation, and other geological observations, it is probable that the

ophiolite formed at a fast-spreading ridge (e.g., Tilton et al. 1981; Nicolas 1989).
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 (a) Mantle dunites

 (i) Dunites are conduits for MORB transport in the asthenosphere

Dunites are rocks composed of >90% olivine, with lesser amounts of spinel and, locally, pyroxene.

For brevity, we use only the term dunite to refer to such rocks, and the term peridotite to refer only to

rocks with <90% olivine. “Discordant” dunites are the most common magmatic feature in the mantle

section of ophiolites. We distinguish between “mantle dunites” and dunites in the crust/mantle

transition zone of ophiolites, which may have a different origin. Mantle dunites comprise 5 to 15% of

the exposed mantle section in Oman (Boudier & Coleman 1981; Lippard et al. 1986, Table 3.6). They

preserve sharp, irregular contacts that are locally discordant to banding and crystallographic lineation

in the harzburgite (e.g., Lippard et al. 1986, p. 53). Because harzburgites and most dunites have a

foliation parallel to the paleo-Moho, it is inferred that both were transposed by corner flow beneath a

spreading ridge. Thus, transposed dunites were formed in upwelling mantle beneath a ridge.

Geochemical data suggest that dunites mark conduits for focused flow of MORB through the

adiabatically upwelling mantle. In Oman, a substantial proportion of dunites contain minor Cpx.

Kelemen et al. (1995b) demonstrated that these Cpx have REE in equilibrium with liquids similar to

MORB and to the dikes and lavas that form the upper crust of the ophiolite. In addition, spinel in

dunites has high molar Cr/(Cr+Al), denoted “Cr#” and high Ti, like most  spinels in primitive MORB.

As in Oman, Cpx in medial gabbro selvages within dunites formed in shallow mantle at the East Pacific

Rise (sampled at Hess Deep) are in trace element equilibrium with MORB (Dick & Natland, 1996).

Spinels in these dunites have high Cr# and high Ti, similar to spinel in Oman dunites and in MORB

(Allan & Dick 1996; Arai & Matsukage 1996; Dick & Natland 1996). Our unpublished data show that

high Cr# and high Ti are also typical of abyssal dunite from the Mid-Atlantic and SW Indian Ridges

(Figure 5). Thus, dunites from Oman and mid-ocean ridges have spinel compositions similar to those

found in MORB, supporting the notion that dunites are conduits for MORB transport. An essential

caveat is that some ophiolites are polygenetic, and not all dunites in ophiolites reflect equilibration

with melts similar to MORB (e.g., Kelemen et al. 1992; Takazawa et al. 1992; Ozawa 1994; Ozawa &

Shimizu 1995; Quick & Gregory, 1995; Gruau et al., 1995; Takazawa, 1996).

(ii) Dunite dimensions

The size distribution and proportion of dunites can be used to estimate melt/rock ratios within melt

extraction conduits. The largest mantle dunites in Oman are in the Wadi Tayin massif (Hopson et al.

1981). We find that these are tabular, in two cases >200m thick and up to 10km long. They are locally

massive, but elsewhere are anastamosing, with elongate harzburgite inclusions up to 10m thick and

100m long. Another large dunite, in the Hilti massif (Al Wasit geological map, Oman Ministry of

Petroleum & Minerals 1987) is >100m thick and >10km long, sub-parallel to the Moho.
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The resolution at which smaller dunites in Oman have been mapped varies. In the well-mapped

Wadi Tayin massif (Fanjah, Samad and Quryat geological maps, 1986), there are >35 dunites more

than 1km long in ~800 km2. Most are transposed, sub-parallel to the Moho, indicating that they have

undergone corner flow. Their map widths generally exceed 100m (their true thickness ranges from 20 to

100m). Thus , “large” dunites comprise ~0.5% of the exposed mantle section. Smaller dunites are

ubiquitous.  If the estimate that dunite comprises 5 to 15% of the mantle section in Oman is correct (§

2.a.1), then “small” dunite bodies must be >90% of this total.

Because the proportion of dunite may increase upward and toward the center of the melting region,

transposed dunites in the 10km thick mantle section of the ophiolite, immediately beneath the Moho,

may represent most or all of the dunite formed in the upwelling column.  If so, and if the melting region

was ~100km deep, then dunite comprises 0.5 to 1.5% of the melting region. “Large” dunites comprise

~10% of this total. If most melt flowed through dunite conduits, and the mean extent of melting was

10%, then the average melt/rock ratio in all dunites would be 20:1 to 8:1. If most melt flowed in “large”

dunites, the melt/rock ratio would be 200:1 to 80:1.

 (iii) Most mantle dunites are replacive features

Hypotheses for the origin of mantle dunites are reviewed by Kelemen et al. (1995a,b), who conclude

on the basis of geological and geochemical data that most dunites are replacive features, formed by

dissolution of pyroxene and concomitant precipitation of olivine in magma migrating by porous flow.

Please see Dick (1976, 1977), Quick (1981), Berger & Vannier (1984), Bodinier (1988), Kelemen (1990),

Kelemen et al. (1992), and Quick & Gregory (1995) for important contributions, and Kelemen et al.

(1995a,b) for additional references and discussion.  Here, we add previously unpublished ideas.

In addition to the hypothesis that they are replacive, mantle dunites have been interpreted as

fractures filled with olivine precipitated from migrating melt (i.e., “cumulates”).  However, data on

Mg/(Mg+Fe2+), denoted “Mg#”, suggests that few if any large dunites are cumulates. Compared to

olivine in mantle peridotite, olivine in cumulate dunite should have lower Mg#. In fact, Mg# ‘s are

similar in olivine from dunites and associated mantle peridotites (Kelemen 1990; Kelemen et al. 1995b).

If dunites are cumulate, their limited range of Mg# indicates that they represent a very small fraction

of the parental magma mass. For example, Takahashi (1992) reports <0.5% variation of Mg# in a

tabular dunite ~10m wide and >5km long. This requires that the dunite, if cumulate, represents <2% of

initial liquid mass, provided the initial liquid had <15 wt% MgO. A restricted range of Mg# is the

norm for mantle dunite; it is unlikely that the combination of cooling rate and melt flux would always

produce such small degrees of crystallization. Thus, high and relatively constant Mg#’s in large mantle

dunites indicate that most are not cumulate.  Since melt/rock reaction maintains nearly constant Mg#

(e.g., Kelemen 1986, 1990), a replacive origin can explain the similar olivine Mg#’s in dunites and host

peridotite, as well as their mono-mineralic composition and contact relationships.
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 (iv) How much dunite can be formed by reaction? <5% of the melting region.

The solubility of pyroxene in ascending melt is about 1wt%/kb of decompression (e.g., Figure 3 in

Kelemen et al., 1995a). The maximum amount of dunite that can be formed is 3 wt% of the mantle in the

melting region, assuming the average degree of melting is 10 wt%, the average pressure of melting is 13

kb, the pressure at the base of the crust is 3 kb, and average peridotite has 30 wt% pyroxene. If this

were the case, the average melt/rock ratio in these dunites would be 2:1 and all magmas would be

saturated with Opx. However, primitive MORB is far from Opx saturation, as noted in § 1.a.

Therefore, the melt/rock ratio must be >2:1. If the average melt/rock ratio were >100:1 (i.e., dunite

proportion less than ~0.1%), the resulting magmas would be far from equilibrium with Opx and the

dunite formation process would have little geochemical effect on the composition of MORB. In this

case, the aggregate liquids that comprise MORB could be regarded as a mixture of polybaric partial

melts. If the melt/rock ratio has an intermediate value, ~10 :1 (i.e., 1% dunite), then MORB would be

far from Opx saturation, but dunite formation might have other effects on the composition of MORB.

 (v) Is there a "dunite signature" in MORB? Maybe.

As noted in § 2.a.iv, if the melt/rock ratio in dunite conduits is ~10, then dunite formation should

have a compositional effect on MORB. In fact, MORB has characteristics unlike aggregated, polybaric

partial melts that could be produced by dunite formation. Figure 6 is a plot of Ce/Yb(N) in liquids vs.

Cr# in spinel. MORB, and liquids calculated to be in equilibrium with Oman dunites, have Ce/Yb(N)

near 1, as high as in liquids in equilibrium with the least depleted abyssal peridotites. Spinel in

MORB and in dunites has Cr# of about 0.6, as high as spinel in the most depleted abyssal peridotites.

This reflects the fact that REE ratios in MORB record the average degree of melting of the source,

while Cr# apparently records the highest degree of melting.

The apparent discrepancy in degrees of melting recorded by Cr# versus Ce/Yb(N) can be explained

if liquids involved in dunite formation constitute a moderate proportion of MORB (i.e., dunites comprise

~1% of the rock). The dunite forming reaction, pyroxene + liquid → olivine + spinel + liquid, can

increase the Cr-content of derivative liquids, but has little effect on REE ratios (Figure 6). Pending

improved models for spinel/liquid equilibria, this hypothesis must be regarded as conjectural.

Alternatively, mixing of Ce-rich, Cr-poor liquid produced at small degrees of melting with Cr-rich, Ce-

poor liquid produced by large degrees of melting could produce the observed MORB composition,

assuming that variability of Al and Yb in mantle-derived magmas is negligible. However, what would

become of magmas produced by intermediate degrees of melting? If they were added, the mixture would

be in equilibrium with spinel with intermediate Cr#. Thus, the dunite hypothesis may be preferable.

A signature of dunite formation in MORB has also been suggested based on spinel compositions  (Arai &

Matsukage 1996), and major element trends (Niu & Batiza 1993; Gaetani et al. 1995).



10

(vi) The reactive infiltration instability (RII)

Daines & Kohlstedt (1994) and Kelemen et al. (1995a) proposed that dunites originate as

dissolution channels. Since pyroxene dissolution combined with olivine precipitation increases liquid

mass under conditions of constant temperature or constant enthalpy (Kelemen 1990; Daines & Kohlstedt

1994), it follows that such reactions will increase magma mass - and porosity - under adiabatic

conditions. Dissolution of pyroxene in olivine-saturated magma is analogous to porous flow of fluid

through a partially soluble rock. Theoretical and experimental studies show that diffuse porous flow

in these systems is unstable. Because initial perturbations in permeability lead to enhanced fluid flow,

which in turn leads to more rapid dissolution, diffuse flow breaks down into focused porous flow

through high porosity dissolution channels, elongate in the direction of fluid flow (e.g., Chadam et al.

1986; Hoefner & Fogler 1988; Daccord 1987). This is termed the "reactive infiltration instability" (RII).

The RII was first considered for rigid porous media, with an initial, planar solution front normal to

the direction of fluid flow. With numerical experiments (Kelemen et al. 1995a) and a stability analysis

(Aharonov et al. 1995), we have shown that the RII occurs in a solubility gradient with no initial

solution front, and in viscously compacting porous media. The RII is continuously present in time and

space in a solubility gradient; as long as soluble solids remain in the system, dissolution channels grow

unstably. Because the solubility of peridotite in adiabatically decompressing melts increases with

decreasing pressure, the RII can occur throughout the melting region.

The most obvious manifestation of dissolution reactions in the mantle is the formation of dunite by

dissolution of pyroxene. However, even olivine has a finite solubility in adiabatically ascending melt,

so that the RII could form high porosity channels within dunite. If melt supply is sufficient, this might

ultimately form "open", melt-filled tubes. Ongoing research on the RII includes investigation of

branching and coalescence of channels and partitioning of flow between dissolution channels and the

surrounding matrix. Aharonov et al. (1995) predicted, and preliminary numerical experiments confirm,

that dissolution channels coalesce downstream (upward, in the mantle), provided that solubility

increases downstream (e.g., Figure 7). In these calculations, where the permeability contrast between

channels and matrix exceeds 1000, >95% of the flux is focused in dissolution channels that comprise

<10% of the volume  (Spiegelman et al. 1996).

(vii) Mechanical instabilities

Stevenson (1989) noted that in viscously deforming media, weak regions may have a slightly lower

pressure than surrounding, stronger regions. Therefore, he proposed that melt will tend to flow from

strong regions into weaker regions. Because melt fraction is negatively correlated with the strength of

partially molten peridotite (e.g., Hirth & Kohlstedt 1995a,b), this can unstably form melt-rich shear

zones within a melt-poor matrix (the "Stevenson instability"). Similar hypotheses have been proposed

by Sleep (1988). A role for mechanical focusing of melt flow is demonstrated by dunites in the Josephine
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peridotite that formed syn-kinematically along ductile shear zones in conductively cooled, shallow

mantle at ~1100°C (Kelemen & Dick, 1995). Factors that localized melt flow probably included the

Stevenson instability, anisotropic permeability due to vertical foliation in shear zones, and the RII.

 (b) Dikes: lithospheric features, and - in Oman - generally not formed by MORB

Pyroxenite and gabbroic dikes are observed in the mantle section of many ophiolites. The dikes are

generally discordant to the high temperature foliation in residual peridotites (e.g., Boudier &

Coleman 1981; Lippard et al. 1986; Nicolas 1989). Formation of pyroxene and plagioclase is indicative

of crystallization from evolved, low temperature liquid. Such liquids form by crystal fractionation due

to conductive cooling. We infer that the dikes, as well as tabular dunites with medial pyroxenites (e.g.,

Trinity peridotite, Quick 1981b), formed off-axis, in lithosphere with a conductive geotherm.

In Oman, compositional data demonstrate that many gabbronorite and pyroxenite dikes in the

mantle section were not conduits for MORB extraction. Cpx in 6 of 8 dikes from the Wadi Tayin massif

are strongly light REE depleted (Figure 8), and have high Ti/Zr (Farrier et al. 1996). In these respects

they are identical to Cpx in peridotites from the same massif (Kelemen et al. 1995b) and abyssal

peridotites (Johnson et al. 1990). The dikes represent small amounts of crystallization of melt derived

from a source similar to the Oman harzburgites. These melts had REE contents very different from

MORB. Instead, the melts were similar to “ultra-depleted” melts (UDM, § 1.c) observed in glass

inclusions within some olivine phenocrysts in MORB (Sobolev & Shimizu 1993).

 A "cumulate" origin for Wadi Tayin dikes is indicated by high Mg# in Cpx (83 to 95 mol%) and

high anorthite in plagioclase (85 to 95 mol%), demonstrating that all dikes contained little or no

“trapped liquid” (Farrier et al. 1996). Thus they are not asthenospheric melt pockets that cooled to

form gabbroic rocks in the lithosphere. Most of the dikes are websterites or gabbronorites (Opx-rich).

Thus, the liquids were saturated in Opx, similar to UDM and very different from MORB. We conclude

that melts which formed the Wadi Tayin dikes were derived from a source similar to the surrounding

harzburgite, and that the dikes are shallow, lithospheric features. Further, their similarity to UDM -

the lowest pressure melt in the polybaric mixture comprising MORB - indicates that UDM may be

transported from the shallow mantle in dikes. If UDM have a transport mechanism different from

other melts, this could explain why UDM are occasionally found as glass inclusions within olivine in

MORB (e.g., Sobolev & Shimizu 1993), and why some cumulate gabbros from mid-ocean ridges have

strongly light REE depleted compositions (Ross & Elthon 1993, 1996).

There are mantle dikes that did form in equilibrium with MORB-like liquids. As noted in § 2.a.i,

Cpx in medial gabbro within dunite from the shallow mantle lithosphere at Hess Deep are in trace

element exchange equilibrium with normal MORB (Dick & Natland, 1996). Similarly, gabbroic dikes

and sills that formed in equilibrium with melts similar to MORB are found in the upper 1 to 2km of the

mantle section below the crust in the Maqsad region of the Oman ophiolite (Benoit et al. 1996; Kelemen

et al. 1996). Thus, on the basis of limited data, it seems that most gabbroic dikes more than 2km below
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the base of the crust in the Oman ophiolite formed off-axis, from depleted liquids similar to UDM,

whereas most gabbroic dikes and sills close to the base of the crust form from liquids similar to MORB.

Dikes in peridotite from the Mid-Atlantic Ridge have been recovered by dredging, submersible

sampling and drilling (e.g., Cannat 1996; Cannat & Casey 1995). Most of these are different from

gabbroic dikes of the Oman ophiolite, extending to more evolved compositions with enriched minor and

trace element compositions. Gabbroic dikes from the Mid-Atlantic Ridge formed in equilibrium with

liquids more enriched in incompatible elements than MORB, by a combination of melt/rock reaction and

extensive crystal fractionation within cold, lithospheric mantle peridotite.

(c) Are dunites associated with cracks? Some are. (Most are not?)

Most mantle dunites have a replacive origin. However, there might have been “cryptic fractures” in

the center of most or all dunites during their formation, resulting in a kind of “uncertainty principle” for

geologists seeking to determine whether fractures play an important role in melt extraction from the

asthenosphere. Melts rising adiabatically in a crack will not become saturated in any solid phase. Such

a crack might close, leaving no trace, when liquid is no longer present. In this sense, field observations

do not require asthenospheric melt flow in cracks, but they cannot be used to rule it out.

The tabular nature of many dunites has been used to infer that they are related to fractures. Indeed,

tabular dunites with a medial pyroxenite, common in the Lanzo peridotite (Boudier & Nicolas 1972),

the Horoman peridotite (e.g., Takahashi 1992) and the Trinity peridotite (Quick 1981b), may be porous

reaction zones around melt-filled fractures (Nicolas 1986). Similar features have also been recovered at

Hess Deep, in drill core from the crust/mantle transition zone (Dick & Natland 1996). However, mass

balance constraints (§ 3.f) suggest that it is unlikely that tabular dunites form around individual

fractures. While the tabular geometry of many dunites probably does not arise from reactive porous

flow alone (though Tait et al. 1992 report tabular dissolution channels), tabular dunites could form as a

result of the RII combined with anisotropic permeability in peridotite and/or an anisotropic stress

distribution (see § 2.a.vii and § 4.d). Cracks may form within dunite, due to their high intergranular

porosity and large grain size (§ 3.b and 3.f). This is most likely near the base of the lithosphere.

(d) Chromitites: Focused flow, but not necessarily in asthenospheric fractures

Chromitites are composed of more than 50% massive chromian spinel. In ophiolites, they are

enclosed within dunite, rather than peridotite. Chromitites are indicative of focused melt flow (e.g.,

Leblanc & Ceuleneer 1992). Because the solubility of Cr-spinel is low in silicate melts, chromitites must

have scavenged Cr from 300 to 400 times their mass in liquid. Thus, the integrated melt/rock ratio for

both chromitites and some of the surrounding dunites is >300. The fact that chromite crystallizes in

massive concentrations, despite its low concentration in magmas, reflects sluggish kinetics for chromite

nucleation compared to crystal growth. Basaltic magmas must commonly be supersaturated in chromite,

but still able to transport Cr until they come into contact with chromite that has already nucleated.
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Chromitites have been interpreted to form in melt-filled voids by magmatic sedimentation (e.g.,

Lago et al. 1982; Nicolas 1986, 1990). Alternatively, they may form in porous media. Sedimentation

was suggested by “nodular” chromitites (ellipsoid chromite grains a few cm in diameter), resembling a

grain-supported conglomerate. However in “orbicular” chromitites, also common, chromite ovoids are

not in contact and are "hollow", with olivine cores. Some show alternating rings of chromite and olivine

(Figure 10.12c in Nicolas 1989). These are similar to orbicular structures in granites (e.g., Fig. 1 in Wang

& Merino 1993) and concretions formed during diagenesis in porous rocks (e.g., Wang & Merino 1995).

Lago et al. (1982) and Nicolas (1986) found that flux calculations based on suspension of chromite

crystals by magmatic flow were consistent with the rate of magmatic accretion of the crust, and

suggested that this supported the hypothesis that melt extraction occurs in hydrofractures extending

from near the base of the melting regime to the Moho. However, we show in § 3.a that porous flow can

also supply magma at the rate of magmatic accretion of the crust (7000 m2 per 10 to 100 years). Even

accepting that chromitites are magmatic sediments, it does not follow that they form in fractures in the

asthenosphere. They could form in shallow mantle. Most chromitites are found within a few km of the

Moho. High melt velocities do not require flow in a pipe or a tabular opening with a large vertical

dimension (e.g., Spera 1980; Lago et al. 1982). In addition, even if chromitites form in melt-filled voids

spanning tens of kilometers in the asthenosphere, these voids could be formed by the RII (§ 2.a.vi),

mechanical instabilities (2.a.vii), or a combination of these processes, as well as by fracture.

 (e) Summary

Dunites and chromitites mark conduits for chemically isolated extraction of MORB within the

ascending mantle. Dunites are replacive features formed by dissolution of pyroxene in melt ascending

along conduits of focused porous flow. Fractures within dunites in the asthenosphere are not required,

but cannot be ruled out on the basis of geological data. In contrast, pyroxenite and gabbro dikes are

lithospheric features and do not provide information about melt transport in the asthenosphere.

3. Constraints from physics

(a) Is porous flow fast enough to account for melt velocity estimates? Yes.

Four types of melt velocity estimates are available for oceanic spreading ridges. Two come from U-

series disequilibria, a third is based on geological observations in Iceland, and a fourth is based on

simple mass balance constraints for melt extraction from a one dimensional column.

Excesses of 230Th (half life of ~ 75,000 years) and 226Ra (~ 1600 years) in fresh, zero age MORB

indicate that melt transport from the point where these excesses grew to the surface was rapid

compared to the half life of 230Th and 226Ra. Since garnet is apparently required to hold more U than Th

in a solid phase (e.g., Beattie 1993a,b), excesses of radiogenic 230Th are produced only in the deepest

part of the melting region, below the garnet/spinel peridotite transition, perhaps 75km beneath the

crust (Spiegelman & Elliot 1993; Iwamori 1994; Richardson & McKenzie 1994; Lundstrom et al. 1995). It
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has been proposed that garnet pyroxenite contributes significantly to the composition of MORB (e.g.,

Chabaux & Allègre 1994; Hirschmann & Stolper 1996). Since garnet is stable to lower pressures in

pyroxenite bulk compositions than in peridotites, 230Th excesses could theoretically be produced by

reactive porous flow in garnet pyroxenites at depths less than 75 km. However, pyroxenite bodies in

mantle peridotite samples always form tabular bands. Reactive porous flow is unlikely to be restricted

to garnet pyroxenite bands within spinel peridotite.

Thus, 230Th disequilibrium requires melt transport rates ~ 75 km/75,000 yr, or 1 m/yr. If 226Ra

disequilibrium must form in the presence of garnet, then melt velocities must be ~ 50 m/yr. However, as

noted in § 1.g, 226Ra disequilibrium may be formed in the shallow mantle; in this case it is not a strong

constraint on mantle melt transport velocities. Jull & McKenzie (1996) report an outpouring of basaltic

magma associated with deglaciation in Iceland. They infer that melt was produced by decompression

due to deglaciation, throughout the melting region extending to perhaps 100km depth, and reached the

surface within 2,000 years.  This requires melt velocities ~ 50 m/yr. However, other explanations are

possible for the post-glacial volcanism; e.g., long term storage of magma in a lower crustal reservoir.

In a one dimensional, upwelling column, steady state melt velocity is related to fraction of melting

and solid upwelling by w WF= / φ , where w and W are melt and solid velocities and F and φ  are the

fraction of melting and the porosity (Spiegelman 1993c). If virtually all melt flow is focused in

conduits, this may be modified to w WF= /( )φχ , where χ  is the proportion of conduits. As noted in §

2.a.iv, if melt flow conduits are dunite dissolution channels, then chemical data require that χ  be ≤3%.

Geochemical data (§ 2.a.v) suggest that χ  is ~ 1%. A value of ~1% may also be inferred from the

proportion of dunite in the Oman ophiolite (§ 2.a.ii). However, note that if >90% of the melt is

transported in 10% of dunite conduits, and dunite conduits comprise 1% of the melting region, χ ≈ 0.1%.

Solutions for F=15% (Iceland) and 10% (normal ridges), and χ  = 100, 10, 1 and 0.1 % are plotted as

wide, shaded curves in Figure 9. These can be compared to melt velocities inferred from post-glacial

volcanism in Iceland and from U/Th disequilibrium at normal ridges. If mantle upwelling beneath

Iceland is comparable to the spreading rate and φ >0.1%, then melt velocities of order 50 m/yr are only

achieved for χ  ≤1%. Beneath a normal, slow spreading ridge (upwelling rate of 10 mm/yr, φ >0.1%), χ

must be <100% to reach a melt velocity of 1 m/yr. Thus melt extraction must occur in spatially restricted

channels ( χ  <1) in order for steady state flow velocities to satisfy velocity constraints.

The mass balance constraints on melt velocity can also be compared to porous flow velocities (solid

lines in Figure 9), calculated using Darcy’s law with permeability estimated by Cheadle (1993), as

reported in McKenzie (1989). We use the Cheadle estimates (similar to Von Bargen & Waff 1986)

because of uncertainty in extracting permeability from experiments by Riley & Kohlstedt (e.g., 1991),

Daines & Kohlstedt (1993), and Faul (1996). Permeability varies with grain size as well as porosity.

Olivine and pyroxene grain size in the mantle is generally 3 to 10mm (Mercier 1980). Mantle dunites are

coarser-grained than surrounding peridotites. Dunites commonly have an average grain size ~10 mm. In
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syn- and post-kinematic dunites, olivine has irregular shapes, interfingering with adjacent crystals

(Figure 2.7a in Nicolas 1989; Figure 7B in Kelemen & Dick 1995). The irregular grain shapes preserved

in the dunites are not consistent with static, sub-solidus grain growth. We therefore infer that the grain

size in dunites is larger than that in surrounding peridotites during melt flow in the mantle.

Permeability-based melt velocities beneath Iceland and normal mid-ocean ridges are shown as

black solid lines in Figure 9 for solid upwelling at 10 and 100 mm/yr. Melt viscosity is inversely

proportional to the average pressure of melting (Kushiro 1986). Beneath Iceland, with melt viscosity of

2 Pa s and mantle upwelling similar to the spreading rate, melt velocities of 1 m/yr (fast enough to

preserve 230Th excess) can be attained at φ of 0.2 and <0.1% for grain sizes of 4 and 10 mm. To achieve

melt velocities of 50 m/yr, inferred from Icelandic deglaciation volcanism, φ of 7 and 2% are required

for the same grain sizes. Beneath a normal, slow-spreading ridge, with melt viscosity of 10 Pa s and

passive upwelling, melt velocities of 1 m/yr are attained at φ of 1.5 and 0.2% for 4 and 10 mm grains.

In the previous paragraph we have not incorporated mass balance. Since the total melt flux is

limited by the rate of decompression melting, high liquid flow velocities at high porosity cannot be

sustained at steady state because they require more liquid than is produced. Therefore, assuming both

(1) that the Cheadle (1993) permeability estimates are accurate and (2) that the one-dimensional,

steady state flux calculation is a good approximation, steady-state melt velocities and porosities are

defined by the intersections of the mass balance curves and the permeability-based curves in Figure 9.

These intersections specify melt velocity and porosity given values of grain size, W, F and χ . With

F=10% and χ  = 1%, the requirement that melt moves at >1 m/yr beneath Iceland is easily satisfied; for

example if the grain size is 4mm, φ  must be ~1.7% . However, with F=10% and χ  = 1%, melt velocities

from the deglaciation constraint (≥50 m/yr) can only be satisfied if channels have a grain size >20mm

and φ <~0.2%. These grain sizes are larger than generally observed, even in dunite.  Alternatively, if

χ  = 0.1% (e.g., conduits are 1% of the melting region but a subset of 10% of conduits  carries 90% of the

melt flux) then melt velocities of 50 m/yr require grain size of 10mm and φ  ≈ 2%.

Beneath a normal, slow spreading ridge, with χ  = 1%, the requirement from 230Th excess that melt

moves at >1 m/yr is satisfied, for example, with grain size of 4mm and φ ~3.3%. If χ  = 10%, grain size

must be >~ 4mm and φ <~1%. However, if 226Ra disequilibrium forms in the presence of garnet, required

melt velocities of 50 m/yr beneath a slow spreading ridge with χ  = 1% are only attained at

unreasonably large grain sizes.  For a reasonable grain size of 10mm, χ must be <0.02% and φ  >~6%.

Note that, in all cases discussed in this section, most conduit porosities required to satisfy melt

velocity constraints are higher than source porosities required to produce U-series disequilibrium

(~0.1%), and higher than source porosities required for the interval of "near-fractional" melting

necessary to account for abyssal peridotite REE compositions. However, there is no reason to assume

that conduit porosities and source porosities should be equal.
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(b) Can hydrofracture occur in adiabatically ascending mantle?
Maybe, but if so, then only in pre-existing conduits.

It has been argued that hydrofracture is unlikely in the viscously deforming, partially molten upper

mantle (e.g., Stevenson 1989). The reasoning is that the mantle can deform viscously at differential

stresses considerably lower than the tensile strength of the solid matrix. However, hydrofractures may

also form if the melt pressure exceeds the confining pressure (σ3) by a value equal to the tensile strength,

even when the differential stress is low. The maximum possible ∆P (melt pressure - σ3) due to melt

buoyancy in a viscously compacting solid matrix is of the order ∆ρ δg c , where ∆ρ  is the difference in

density between melt and solid, g  is the gravitational constant, and δc  is the compaction length (e.g.,

McKenzie 1984). The compaction length is defined as

k s lφ ζ µ µ( / )+ 4 3 /

wherein ζ  and µs  are the bulk viscosity (deformation due to ∆P) and shear viscosity (deformation due

to σ1- σ3) of the partially molten matrix, kφ  is the permeability, and µ l  is the melt viscosity. The

values of ζ  and µs  are difficult to determine from experimental deformation data. Note that the

larger of the two will dominate in determining the compaction length. We denote this larger value as
ηsolid w melt/ , assume that experimental constraints on the influence of melt on viscosity determine this

quantity, and rewrite a simplified expression for compaction length as

 k solid w melt lφ η µ( )/ / .

The maximum value of ∆P would be attained in a porous system that suddenly started to compact, or in

a compacting system beneath an overlying obstruction in the permeability. Because the compaction

process acts to minimize pressure differences between solid and liquid, steady state stresses in

continuously compacting systems without an overlying obstruction are smaller than this value (e.g.,

Spiegelman 1993a,b).

Unfortunately, our understanding of processes that control magma fracturing in viscous materials is

limited. However, a combination of constraints derived from the rock mechanics literature and from

deformation experiments on peridotite provides an estimate for the tensile strength of partially molten

mantle rocks. In most experiments, samples are enclosed in metal capsules, which prevents melt from

migrating out of the aggregate. The melt pressure in this case is roughly equal to the confining pressure,

although it may be as high as the mean pressure. Thus, the effective confining pressure is very low,

which enhances the formation of fractures.

Experiments show evidence for melt-enhanced brittle deformation of peridotite at differential

stresses >500 MPa (Bussod and Christie 1991). Together with an assumption that the effective confining

pressure in these experiments was ~0, this result can be used to estimate the uniaxial compressive

strength of partially molten peridotite. For comparison, numerous experiments conducted on similar

compositions at stresses as high as 250 MPa show no evidence for brittle failure (e.g., Beeman &
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Kohlstedt 1993; Hirth & Kohlstedt 1995b). Griffith failure criteria indicate that the tensile strength

of a brittle rock is 1/8 of the uniaxial compressive strength, in general agreement with experimental

observations (e.g., Scholz, 1990), although values between 1/10 and 1/20 are observed (e.g., Paterson

1978). We use a value of 1/10 as a minimum estimate for the tensile strength of partially molten mantle

(i.e., 500/10 = 50 MPa). The value of 1/10 is justified because the fracture energy of viscous materials is

generally high as a result of to crack-tip blunting (i.e., crack-tip stresses are reduced by plastic

deformation). With a minimum strength of 50 MPa, and ∆ρ  of 500 kg/m3, a compaction length greater

than 104m is required for hydrofracture.

Estimates for the compaction length as a function of porosity are shown for different grain sizes and
values of the viscosity ratio ηsolid w melt/ / µ l  in Figure 10. We have included the influence of melt on the

viscosity of the solid using experimental data on partially molten dunites (Hirth & Kohlstedt,

1995a,b). Data on the viscosity of the partially molten aggregate from both the dislocation and

diffusion creep regimes are well fit by the relationship

η η φsolid w melt no melt/ exp( . )= − −45 0 3 ,

where ηno melt is the viscosity of the melt free aggregate, and φ is porosity (Hirth & Kohlstedt, in

prep.). As in § 3.a, permeabilities were calculated using Cheadle (1993). As in Figure 9, we also show

constraints imposed by mass balance for a one-dimensional melting column, which allow us to specify

grain size and porosity for a given proportion of melt flow conduits, denoted χ .

Beneath Iceland, we estimate that the melt-free mantle viscosity is between 6 x 1017 and 6 x 1018 at a

depth of 100km and between 2 x 1018 and 2 x 1019 at 50 km. These values were calculated using

experimental flow laws (Chopra & Paterson 1984; Hirth & Kohlstedt 1996), assuming that the melting

region is H2O-free and that deformation is accommodated by dislocation creep. As in § 3.a, melt

viscosity beneath Iceland is taken to be 2 Pa s. The minimum compaction length for hydrofracture, on

the order of 104 m, is only approached beneath Iceland if the higher mantle viscosity estimate is used,

grain size is on the order of 10 mm, and porosities are >3% (Figure 10). Recall that for Iceland, melt

velocities implied by 230Th excess, 1m/yr, can be attained with F=15%, W=10mm/yr, χ  = 1%, grain size

of 4mm, and φ  =1.7% (§ 3.a). At these conditions compaction lengths will be <104m beneath Iceland,

even in the high viscosity mantle case. This result is fairly general for χ ≥ 1%. However, melt

velocities inferred from post-glacial volcanism, 50m/yr, can be attained with F=15%, W=10mm/yr, χ

= 0.1%, grain size of 10mm, and φ  =2%. In the high viscosity case, these conditions imply a compaction

length close to 104 in the shallow part of the upwelling mantle. Thus, hydrofracture might be possible

in the upper part of the melting regime in Iceland, provided that (1) melting is already focused in high

φ  channels with coarse grains, (2) mantle viscosity is high, and (3) the post-glacial burst of volcanism

was produced by melting due to deglaciation.

Beneath a normal mid-ocean ridge, where the mantle is cooler, the melt-free solid viscosity is

estimated to be between 5 1019 and 5 1020 over the interval from 25 to 50 km. Note that the commonly
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used value of around 1 1019 is estimated for an asthenospheric channel beneath a rigid plate (e.g., Hager

1991) where viscosities may be lower than in the melting region under ridges, due to the presence of

dissolved hydrogen in mantle minerals outside the melting region (Hirth & Kohlstedt 1996). The melt

viscosity beneath a normal ridge will be close to 10 Pa s.

For normal mid-ocean ridges, we show solutions to the mass balance equations, with χ = 100 and 1%,

and mantle upwelling = 10 and 100 mm/yr. Diffuse porous flow ( χ = 100%) is restricted to very low

porosities, permeabilities and compaction lengths, and therefore cannot satisfy melt velocity

constraints or produce hydrofracture. Larger grain size and/or higher porosity can satisfy velocity

constraints, but lead to compaction lengths >104 m with the higher mantle viscosity estimates. For

example, the melt velocity requirement from 230Th excess is satisfied for F=10%, W=10mm/yr, χ  = 1%,

grain size of 4mm, and φ  =3%, corresponding to a compaction length of ~104 m in the high viscosity case.

For melt velocities ~50m/yr, inferred from Th/Ra isotopes if 226Ra excess is produced at the base of the

melting column,  we found that for a grain size of 10mm, χ must be <0.02% and φ  >~6% (§ 3.a). Even for

low estimates of mantle viscosity, these values lead to a compaction length approaching 104m.

In summary, the conditions for hydrofracture may be approached beneath Iceland and normal mid-

ocean ridges, but only if the pressure difference between liquid and solid is close to the maximum

possible value, and if flow is previously focused into high porosity channels composed of coarse-grained

rock. Thus, coarse-grained dunite conduits with high porosities could undergo hydrofracture. However,

recall that (1) 104m is the estimate of the minimum length of a porous column sufficient for

hydrofracture, (2) the maximum possible ∆P in a compacting system is ∆ρ δg c , and (3) the maximum ∆P

will be approached only if compaction starts suddenly in a previously static system or if there is an

overlying drop in permeability. An overlying drop in the permeability is likely only in the shallowest

parts of the melting region beneath mid-ocean ridges, at the spinel/plagioclase peridotite transition

(Asimow et al. 1995) and/or at the base of the conductively cooled lithosphere (Kelemen et al. 1996).

 (c) Would a percolation threshold increase melt pressure? Probably not.

Nicolas (1986, 1990) has proposed that permeability in fertile lherzolite is limited (see Toramaru &

Fujii 1986; Faul 1996), so that a large intergranular porosity is created in ascending mantle until a

“percolation threshold” is suddenly exceeded over a large vertical distance. This scenario would serve

to minimize the effect of compaction, which tends to decrease solid-liquid pressure differences to less

than ∆ρ δg c  over time. It is unclear why a percolation threshold should be attained suddenly over a

large vertical distance. One can imagine an arbitrary initial condition in which an upwelling column

above the solidus is devoid of melt. Over time, decompression melting could produce a large vertical

distance with constant porosity in this column. However, beneath the region of constant porosity and

above the solidus, this process must form a region with non-constant porosity, decreasing gradually

with depth to a porosity of zero at the solidus. After the overlying column with constant porosity

passed through the percolation threshold, the mantle beneath the interconnected column, with
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porosities smaller than the percolation threshold, would still retain melt. This leads to a steady state

in which partially molten peridotite becomes interconnected over a small vertical interval at a fixed

height above the solidus, the point where the melt fraction exceeds the percolation threshold. Thus, it

is unclear how a large column of partially molten peridotite can suddenly become interconnected in an

actively upwelling mantle system. However, as outlined in § 3.b, increasing grain size and melt flux in

porous flow channels as they develop might gradually cause liquid overpressure to approach the

tensile strength of partially molten peridotite. Whereas Nicolas (1986) has proposed that dunites form

around fractures, in the scenario envisioned in § 3.b, fractures would form within porous dunite conduits.

And, although this process does not include any role for a percolation threshold, it could give rise to a

periodic hydrofracture process similar in other respects to that envisioned by Nicolas (1986, 1990).

 (d) Cracks from above?

Fowler & Scott (1996) have proposed that fractures originating in the lithosphere may propagate

downward into the viscous, partially molten mantle, initiating melt-filled cracks. The central point is

that, even when the mantle is “too weak” for hydrofractures to form in situ, brittle fractures nucleated

in the lithosphere may propagate too fast for viscous dissipation to relieve stress concentrations, and

therefore may penetrate to arbitrary depths. It is unclear whether fractures initiated in this way can

tap a large enough area of partially molten peridotite by suction to form melt-filled conduits.

 (e) Closed, melt-filled conduits in porous media are not chemically isolated

The past few sections have concentrated on physical mechanisms for melt extraction in the upwelling

asthenosphere beneath ridges. Hydrofracture seems unlikely to arise if porous melt transport is diffuse,

but hydrofracture may occur under some circumstances within conduits for focused porous flow. In

addition, as noted in § 2.a.vi, the RII may be capable of producing melt-filled conduits without

hydrofracture. Formation of liquid-filled voids as a result of dissolution has been demonstrated for

rigid, soluble porous media in a variety of analog experiments (e.g., Daccord 1987; Daccord &

Lenormand 1987), and is likely to occur in viscous media as well (Kelemen et al. 1995a; Aharonov et al.

1995). Mechanical instabilities (§ 2.a.vii) could also give rise to melt-filled voids.

Regardless of how they form, it is possible to constrain the extent of melt-filled conduits. The

predicted flux in planar or cylindrical conduits is huge compared to melting and crustal production rates

at ridges. Poiseuille flow in a melt-filled channel with a radius or half width of 0.5m will have a

cross-sectional flux of ~106 m2/yr, at least 1000 times greater than cross-sectional rates of oceanic crustal

production (102 to 103m2/yr). Thus, melt-filled conduits must be transient and rare. Furthermore, since

the flux greatly exceeds the melt production rate, and because a conduit cannot instantaneously “suck”

all the melt from the entire melting region, it is unlikely that a melt-filled conduit could extend from

the base of the melting region to the base of the crust. Therefore, transient melt-filled conduits - if they

form - are likely to be closed at both ends. For this reason, melt in such a conduit must flow outward, into
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the surrounding peridotite, at the top and inward, from the peridotite, at the base. Illustrations of this

flow pattern, for static conduits created by dissolution in rigid porous media, are given by Kelemen et

al. (1995a). Similar flow patterns can be inferred from the results of Richardson et al. (1996) for moving,

melt-filled conduits, closed at both ends, in viscous porous media. Thus, because it intrinsically involves

porous flow through surrounding rocks, magma transport in melt-filled conduits probably cannot account

for the requirement of chemical isolation of melt from residual mantle peridotite (§ 1.b).

 (f) Pre-existing dunite zones around melt-filled conduits

If melt-filled conduits pass through dunite channels, magma within them will be isolated from

reaction with residual mantle peridotite (Figure 11). How might this be explained? Small dunite

reaction zones might form around melt-filled conduits as a result of divergent porous flow from the top

of the conduit. The solubility of Opx in adiabatically ascending basaltic liquid is about 1%/kb of

decompression (§ 2.a.iv). Thus a given mass of liquid rising from 90km along an adiabatic PT gradient

can convert an equal mass of peridotite containing 30% pyroxene to dunite before it becomes pyroxene

saturated. To preserve liquid compositions far from Opx saturation, the mass of dunite formed/mass of

liquid in the conduit must be <1. However, Richardson et al. (1996) find that porous flow from a conduit

into a viscous porous wall rock penetrates the wall rock to a radial distance of about one compaction

length. Compaction lengths in mantle peridotite with φ>0.01% may vary from 10 to 104 meters (Figure

10). Thus, liquid within a melt-filled conduit ascending over a depth interval of 50km would undergo

porous flow through a cross-sectional area of 10 to 500 km2 of peridotite host rock. Either (1) conduits

must have cross-sectional areas much larger than this, which is unlikely, or (2) melt-filled conduits,

closed at the top and bottom, must traverse pre-existing dunite channels in order to retain liquids far

from Opx saturation. Perhaps the latter scenario is plausible. In § 3.b, we showed how hydrofractures,

if they arise, would form within pre-existing conduits for focused porous flow of melt (dunites). This is

equally likely for melt-filled tubes arising from the RII and/or mechanical instabilities. Wiggins &

Spiegelman (1995) have shown a tendency for three-dimensional solitary waves in viscous peridotite to

repeatedly follow specific pathways of high permeability. Closed, melt-filled fractures or tubes may

be very similar in their behavior to solitary waves. A third possibility, of course, is that melt-filled

fractures or tubes never form, and all melt is transported by focused porous flow in dunite channels.

4. Plate scale melt transport: How is melt flow focused to the ridge?

A variety of models have been proposed to explain focusing of magmatic accretion to within a few km of

the ridge axis at both fast and slow spreading ridges (e.g., Sleep 1984; Whitehead et al. 1984; Crane,

1985; Rabinowicz et al. 1987; Phipps Morgan 1987; Spiegelman & McKenzie 1987; Scott & Stevenson

1989; Sparks & Parmentier 1991; Scott 1992; Spiegelman 1993c). Some aspects of these models are

relevant to the physical mechanisms of melt transport.
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 (a) Fracture is not an effective mechanism for focusing to the ridge

Sleep (1984) and Phipps Morgan (1987) proposed that fractures parallel to the maximum compressive

stress , in upwelling mantle undergoing corner flow, will not focus melt flow, and instead will be

distributed over a region 40 km wide on either side of the ridge. Nicolas (1990) questioned this, pointing

out that if solid mantle upwelling itself is focused beneath the ridge due to buoyancy driven flow, the

stress field will be different from that in passive flow models. He calculated that the maximum

compressive stress would be sub-horizontal (dip <30°) from 35 to 15km depth, trapping melt in sills.

These sills would steepen to become subvertical dikes at <15 km. Transport of melt in sills rising with

the solid velocity over 20 km would result in net transport times longer than 105 years. This is too slow

to account to preserve 230Th excess in MORB, and therefore seems unlikely. However, if hydrofractures

follow pre-existing conduits for focused porous flow, and the pre-existing conduits coalesce toward the

ridge, this would produce  both flow in fractures and focused crustal accretion.

 (b) Focused solid flow plus channels?

Whitehead et al. (1984) and Crane (1985) proposed that buoyancy due to melt and to chemical

depletion in decompressing mantle would give rise to focused upwelling of peridotite beneath ridges.

This influential idea spawned a series of models for focused, buoyancy driven upwelling (e.g.,

Rabinowicz et al. 1987; Scott & Stevenson 1989; Turcotte & Phipps Morgan 1992; Scott 1992). Diapiric

structures are observed in mantle from beneath a spreading ridge in the Oman ophiolite (e.g., Nicolas

1989; Ceuleneer & Rabinowicz 1992; Nicolas & Boudier 1995). However, some of types of focused solid

flow are not viable in the sense that they produce liquids very different from MORB (Spiegelman

1996). In addition, Hirth & Kohlstedt (1996) suggest that - as a consequence of dehydration due to

partial melting - mantle viscosities may be too high to produce buoyancy driven flow strong enough to

account for focusing of melt to the ridge axis. In any case, melt flow in chemically isolated conduits is

required to preserve disequilibrium between MORB and mantle peridotite (§ 1.b). Focused solid

upwelling, combined with formation of flow channels, might account for melt focusing to ridge axes.

 (c) Coalescing dissolution channels? Maybe.

As noted in § 2.a.vi, dissolution channels formed as a consequence of the RII may coalesce downstream

where solubility of the solid matrix increases downstream. Aharonov et al. (1995) showed that, in the

initial stages of the instability, the preferred wavelength in channel spacing increases with increasing

permeability. Channels on a small scale may be regarded as “pores” on a larger scale. Thus, the larger

scale permeability is higher, and the preferred wavelength for channels may be larger. We inferred

that this leads to coalescence of channels in time and in space. Initial results of numerical modeling of

the RII, illustrated in Figure 7, show coalescence in time and space. In these preliminary results, the

spacing of the largest channels depends mainly on the compaction length (Spiegelman et al. 1996).
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Can coalescence of channels formed by the RII lead to focused melt extraction beneath mid-ocean

ridges? Maybe. At first, it seems unlikely, since the aspect ratio (height/width) for coalescence of

channels in Figure 7 is larger than 1, whereas the aspect ratio of the melting region must be close to 1

(e.g., Plank & Langmuir 1992). However, our preliminary numerical modeling has been in a static solid

reference frame, whereas beneath a mid-ocean ridge, melt generated near the solidus rises into mantle

in which a conduit geometry has already been established. There may be large, pre-existing dissolution

channels near the center of the upwelling system that “suck” melt inward. In addition, numerical

modeling has been for dissolution reactions alone, so that porosities between channels become very

small. With decompression melting as well as dissolution, lateral flow from one conduit into another

may be facilitated by larger inter-channel porosities. For these reasons, lateral pressure gradients due

to dissolution channels beneath mid-ocean ridges might lead to coalescence with smaller aspect ratios

than in Figure 7. Also, as noted in § 4.d, there may be several other causes of lateral pressure gradients

which would enhance coalescence of a dissolution channel network.

Isotopic heterogeneity in MORB within a single ridge segment (e.g., Langmuir et al. 1992) indicates

that a single network of coalescing conduits may not be sufficient to explain melt extraction. Instead,

several networks might converge at the base of a ridge segment, each tapping spatially and chemically

distinct domains within the upwelling mantle. Therefore, the aspect ratio of individual channel

networks need not be (must not be?) as small as the aspect ratio of the entire melting regime, and

additional factors must combine to ensure that all channel networks converge near the ridge axis.

 (d) Other mechanisms for lateral focusing of porous flow

Sparks & Parmentier (1991), and Spiegelman (1993c) proposed that partial crystallization of melt

rising into the conductively cooled lithosphere on either side of a ridge may create a permeability

barrier that impedes vertical melt flow. Because the base of the lithosphere slopes upward toward the

ridge axis, like a tent, ascending melt would migrate toward the ridge below the permeability barrier

in a high porosity band. In its simplest form, this hypothesis is inconsistent with the geochemical

constraints reviewed in  § 1.a and 1.b. All abyssal peridotite and ophiolite mantle must pass through

the roof of  the tent. MORB and mantle peridotite would not preserve evidence for disequilibrium if

solid flow lines all passed through a horizon in which aggregated, ascending melt was transported to

the ridge axis. However, if combined with the presence of channels for chemically isolated melt flow

within the roof, the tent mechanism could play a role in focusing melt to the ridge axis.

Phipps Morgan (1987) and Spiegelman & McKenzie (1987) showed that pressure gradients in

viscously deforming peridotite undergoing corner flow might focus porous flow of melt toward a ridge

axis. Required mantle viscosities, ~1020 Pa s, were higher than contemporary estimates of the viscosity

of the mantle beneath ridge axes. However, a more recent viscosity estimate suggests that this process

may be viable (Hirth & Kohlstedt 1996). Phipps Morgan (1987) also suggested that anisotropy in

permeability might focus melt to the ridge axis. Field data from the Josephine peridotite confirm that
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melt does preferentially flow along the foliation in peridotites with a strong lattice preferred

orientation (Kelemen & Dick 1995). Since diffuse porous flow cannot be the primary mode of MORB

extraction from the mantle, this mechanism must be combined with the formation of chemically

isolated conduits to explain magma transport beneath ridges.

5. Conclusion

For the moment, a clear picture has emerged for many aspects of melt extraction beneath ridges.

Most melt is extracted from the adiabatically upwelling mantle by focused flow in porous dunite

conduits; around these conduits, small amounts of melt migrate by reactive porous. The lowest pressure

melts, "ultra-depleted" liquids from the shallow mantle just beneath the conductive lithosphere, may

be extracted primarily in fractures unrelated to dunite conduits.

Melt velocity constraints from U/Th isotope systematics can be satisfied by porous flow of melt from

the base of the melting regime to the base of the crust. Provided that conduit porosities are larger than

source porosities and melt-free mantle viscosities are <~1020 Pa s, flow in fractures is not required. Melt

velocities of ~50m/yr have been inferred from patterns of post-glacial volcanism and from 226Ra excess.

If these inferences are correct, the minimum conditions for hydrofracture may be reached in the

upwelling mantle beneath ridges, even if mantle viscosities are <~1020 Pa s. Hydrofracture could arise

periodically within coarse, high porosity dunite conduits, especially in the shallowest part of the

melting region near the transition to conductively cooled lithosphere. Melt-filled tubes might also form

in the asthenosphere by dissolution and/or mechanical instabilities within dunite conduits. If they

form, fractures or tubes are probably closed at the top and bottom, and follow pre-existing dunites in

order to maintain observed disequilibrium between MORB and shallow mantle peridotites. On a plate

scale, focusing of melt flow toward ridges is best explained as a combination of porous flow mechanisms

including the coalescence of dissolution channels, "suction" of melt toward the ridge resulting from

corner flow, flow along high permeability planes in foliated peridotite, and, perhaps, flow along a

porous conduit beneath a permeability barrier near the base of the lithosphere.

There are several key areas of uncertainty regarding mechanisms of melt extraction. These include

the relationship between permeability, porosity, and grain size in partially molten mantle peridotite,

the tensile fracture strength of partially molten peridotite, the extent and nature of "near-fractional"

melting processes, the depth of formation of 226Ra isotopic disequilibrium, the proportion of melt

extraction due to hydrofracture in the asthenosphere, and the factors governing the size, shape and

fluid mechanics of melt-filled cracks or tubes in viscous, porous media. In addition, substantial insight

can be expected as the grain scale kinetics of melt/rock interaction are more fully explored.
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