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ABSTRACT
We show that there is a strong and consistent correlation between geochemical and geophysical estimates of the amount of melt generated in the mantle beneath oceanic ridges.  This correlation holds across all spreading rates and on scales down to the size of individual ridge segments.  There is an abrupt decrease in the amount of melt generated at full spreading rates below ~20 mm/a. Our observations are consistent with the conclusion that <10% of the melt is frozen in the mantle before it reaches the crust and that serpentine probably represents only a small percentage of the material above the Moho.  The melt is well mixed on a ridge segment scale, probably in high level magma chambers, but the melts remain distinct between segments. The rare earth element concentrations of basalts from very slow-spreading ridges are higher than those from normal oceanic ridges, which is directly indicative of reduced mantle melting, and they show characteristic light rare earth element enrichment, interpreted as caused by a deep tail of small percentage wet melting. The decrease in melt production at rates below ~20 mm/a points to the importance of conductive cooling inhibiting melting of the upwelling mantle at very slow-spreading centres.
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1.
INTRODUCTION

At full spreading rates of 20 mm/a and above, the average thickness of oceanic crust varies little from 6.3 ( 0.9 km (e.g. White et al., 1992; Bown & White, 1994).  The only exception is in those regions like Iceland where a mantle plume brings hotter-than-normal mantle beneath the spreading centre at the time of crustal formation (White, 1997), causing enhanced melting and the production of thicker crust.  Elsewhere, the consistency of oceanic crustal thickness over nearly  an order of magnitude range of spreading rates (from 20 mm/a in the North Atlantic to 150 mm/a on the East Pacific Rise) points to a uniform normal mantle potential temperature of about 1300 ( 20°C using batch melt parameterisations for an entropy of melting of 400 J/kg/°C if the seismic crustal thickness is taken as representative of the melt thickness (Bown & White, 1994).


Since no melting occurs on an oceanic ridge where the spreading rate is zero, whereas the percentage of mantle melting is constant at rates of 20 mm/a and above, it is instructive to examine the variation of melt generation with spreading rate over the interval between 0-20 mm/a; this may help constrain the controls on melting at mid-ocean ridges.  In particular it may discriminate between two different models for mantle melting: one model is that the melting is driven by buoyant upwelling, in which case there should be proportionately more melting at shallow depths as the spreading rate decreases; the other is that the extent of melting is controlled primarily by conductive heat loss at very slow spreading rates, in which case there should be a reduced proportion of melting at shallow depths as the spreading rate decreases. 


Here we show determinations of the igneous crustal thickness based on two entirely different techniques: the first is seismic measurement of the Moho depth, and the second uses geochemical data to infer the degree of mantle melting and hence the total production of igneous rock.  We show results from our own surveys on the Southwest Indian Ridge (SWIR), where seismic refraction measurements of the crustal thickness  were purposefully made in the same location as samples were retrieved by dredging for geochemical analysis (Robinson et al., 1996; Muller et al., 1999 and in press).  For other very slow-spreading ridges (including the Cayman Trough, Gakkel, Knipovitch and Mohns Ridges: locations shown on Fig. 1) , we compile geophysical and geochemical results from different studies that provide complementary information from the same geographic regions.


Comparison between geophysical and geochemical estimates of igneous crustal thickness could in principle lead to three different outcomes: the seismically measured  thickness could be less than, the same as, or greater than the geochemically inferred thickness.  Each outcome would give credence to different published models for crustal formation.


If the seismically determined igneous crustal thickness were to be found to be significantly less than the geochemically inferred melt thickness, this would suggest that large quantities of melt were trapped in the upper mantle rather than bleeding upward to solidify in the crust.  This would favour Cannat’s (1996) suggestion that as much as 25% of the melt may be trapped down to depths of 10-20 km in the upper mantle under very slow-spreading ridges.


However, if almost all the melt is extracted efficiently from the mantle under a spreading centre, eventually to freeze to form the crust, then if the seismic thickness is found to be greater than the geochemically inferred thickness it would indicate that a significant part of the seismic crust is not formed of igneous melt.  This would favour Cannat’s (1993) view and the earlier suggestions of Hess (1962) that a considerable proportion of the lower crust may comprise serpentinised mantle rather than gabbro.


Finally, if seismic and geochemical thicknesses are consistently the same, within uncertainties, across all spreading rates, then it would suggest that almost all of the melt is extracted from the mantle, and that it then freezes to form oceanic crust with little ultramafic material above the Moho, or that the proportion of melt frozen in the mantle is fortuitously the same as the proportion of serpentinised mantle in the geophysically defined crust.


Before showing results from available seismic and geochemical data, we discuss in the next section the methodology behind using such data to infer the amount of mantle melting that has occurred.  We use synthetic data to demonstrate the resolution that is achievable, and describe the strengths and weaknesses of the different methods.  Seismic measurements of igneous crustal thickness give a measure of the total amount of mantle melting, provided little melt freezes in the mantle below the crust.  Rare earth element (REE) concentrations and other geochemical measures such as the Na8 concentrations give an estimate of the total amount of melting, but in addition can provide some constraints on the extent of melting in different depth intervals of the mantle (McKenzie & O’Nions, 1991; White et al., 1992).

2.
METHODOLOGY OF SEISMIC MEASUREMENT OF CRUSTAL THICKNESS

2.1
What do Seismic Methods Measure?
Seismic methods measure the thickness of rock down to the Moho, which marks the depth at which a marked increase occurs in the P-wave velocity.  The P-wave velocity beneath the Moho is typically 8.1 ( 0.2 km/s, although by some definitions it may range as low as 7.6 km/s (Steinhart, 1967).  It is widely accepted that the material with P-wave velocity >7.6 km/s beneath the Moho is ultramafic rock, albeit depleted by melt extraction to a greater or lesser degree.  If it contains frozen melt products, such as gabbroic lenses, they must be sufficiently minor components not to lower the overall seismic velocity significantly.


The origin of the material above the Moho, however, is much less well constrained, because the seismic velocity is not an unambiguous indicator of rock type.  In oceanic crust, P-wave velocities above the Moho are rarely in excess of 7.2 km/s (White et al., 1992).  Such velocities are typical of gabbroic rocks, or in other words of frozen melt, which may have undergone some differentiation.  But it is also possible for there to be a considerable quantity of ultramafic rock, present either as lenses in the lower crust, or as serpentinite.  So although from seismic data the material above the oceanic Moho is commonly referred to as the crust, it does not necessarily comprise solely products of partial melting.


The remarkable consistency of seismic velocities in layer 3, the lower oceanic crust, was apparent in early compilations of results from seismic refraction profiles (Raitt, 1963), and remains true even after the addition of many more seismic results, and their modelling by synthetic seismogram methods (White et al., 1992).  This consistency in layer 3 velocities militates against the suggestion by Hess (1962) that layer 3 consists almost entirely of serpentinised mantle because such rocks exhibit a large range in seismic velocities, dependent on the degree of serpentinization.  So if Hess were correct, one would expect to see large variability in layer 3 seismic velocities.  But it is not inconsistent with Cannat’s (1993, 1996) more recent suggestions, based on the recovery from the seafloor of serpentinized peridotites, often intruded by gabbros, that the lower crust may consist of intermixed, partially serpentinized peridotites and gabbros: in Cannat’s models, the Moho still marks the base of the zone in which gabbroic plutons are present, but there may be some ultramafic rock above the Moho. 


It is quite possible that other properties of the rock, such as its S-wave velocity, degree of anisotropy, magnetic susceptibility and density may also be of use in distinguishing between gabbro and serpentinite.  Although the variation between P-wave and S-wave velocity is different for gabbro and serpentinite (Carlson & Miller, 1997), for material with a seismic P-wave velocity of around 7.0 km/sec, which is characteristic of the lower oceanic crust, it transpires that S-wave velocities, even if they are measured accurately in situ, do not discriminate strongly between gabbro and partially serpentinized mantle (Minshull et al., 1998).   The velocity-density systematics of these rock types also overlap significantly (Miller & Christensen, 1997) while, at present, magnetic properties and seismic anisotropy are difficult to measure in situ with sufficient precision to allow the ambiguity to be resolved.  The most that can be concluded is that extensive serpentinization rarely seems to occur deeper than about 5 km into the igneous crust, so in normal 6-7 km thick oceanic crust the Moho is unlikely to be a serpentinization front (Minshull et al., 1998).  In areas of thin and fractured crust, however, where substantial volumes of water may penetrate to great depth, such as in fracture zones, serpentinite may form a significant component of the lithosphere to depths where normal mantle velocities are reached (Calvert and Potts, 1985; White et al., 1984; Detrick et al., 1993; Minshull et al., 1991; Muller et al., 1997).

2.2
Resolution of Seismic Methods
In addition to the problems of interpreting rock types from seismic velocities is the difficulty inherent in the limited resolution of crustal thickness achievable by seismic measurements.  The most fundamental limitation is imposed by the wavelength of the seismic energy: for example, a typical Moho return with a dominant frequency of 7 Hz  has a wavelength of about 1000 m in the lower crust.  This limits both the vertical and the horizontal resolution.  


The resolving power of wide-angle seismic data is generally worse than for normal incidence profiles.  Most wide-angle surveys of oceanic crust have used sparse arrays of ocean bottom seismometers, and in the light of the typical lateral variations in crustal structure, the wide-angle data are almost always spatially undersampled in the receiver domain.  The horizontal resolution that is achievable is roughly the same as the receiver spacing, which in most surveys is still only of the order of kilometres.  In principle this resolution could be improved by deploying more receivers, or by employing two-ship synthetic aperture techniques (e.g. White et al., 1999). The net result is that the typical resolution of the Moho depth in oceanic crust is ( 0.5-1.0 km.

2.3
Modelling of Seismic Data

Assumptions in interpretation method used to model wide-angle seismic data can have a surprisingly large influence on the resulting inferences about crustal thickness.  For example, the assumption that the oceanic crust comprises a layer-cake of two or three uniform velocity layers, rather than the more realistic case of velocities which increase relatively smoothly with depth due to increasing pressure and temperature, leads to an underestimation of the crustal thickness determined from mantle refractions by typically ~20% (White  et al., 1992). Though slope-intercept interpretation methods that assumed uniform velocity layers in the crust were widely used up to the 1960s, only more recent interpretations allowing vertical velocity gradients and lateral variations in structure have been used in our compilation of seismic data.

2.4
Inferring Melt Production from Seismic Thickness
Oceanic crust shows marked segmentation on a variety of scales.  On ridges spreading slower than about 70 mm/a full rate, the segmentation is typically on a length scale of 40-80 km and becomes more pronounced at slower spreading rates.  Ends of segments are often marked by fracture zone offsets, although strong segmentation is also observed where there is little or no offset across the bounding fracture zones.  Detailed seismic experiments show that the crustal thickness is usually greatest near the centre of segments, decreasing toward the segment ends.  Fracture zones generally exhibit the thinnest crust (White et al., 1984; Detrick et al., 1993).  It is likely that melt flows laterally at crustal levels from intrusion centres near the middle of the segments (e.g., White, 1984; Dick et al. 2000).  At sub-crustal levels in the mantle, where the melt is generated, it is possible that the melt is focused by as yet poorly understood mechanisms, so this may account for the focused melt delivery to the crust.


In order to calculate the average crustal thickness using seismics from a given spreading centre, we need to ensure that we average the crustal thickness along an entire segment.  This is an appropriate average to make if we wish to compare seismic measurements of the crustal thickness with the inferred melt production from geochemical measurements.  The best way to make such an average is to use the results of a densely sampled seismic survey that covers at least one complete segment along its entire length.  Recent surveys on the very slow-spreading SWIR (Muller et al., 1999, and in press) satisfy this criterion.

3.
METHODOLOGY OF GEOCHEMICAL MEASUREMENT OF CRUSTAL 
THICKNESS

Methods for determining the percentage of mantle melting from geochemical observations rely primarily on measuring the concentrations of one or more elements in the crustal igneous rocks which are the final product of solidification of the mantle melts.  The concentration of an element in a mantle melt depends initially on three factors: the concentration in the parent mantle source rock; the partition coefficient, which is a measure of the affinity of the element for the solid phase at a given pressure, temperature and composition; and the degree of partial melting.  In principle, the concentrations of an element are dependent only on the degree of melting if the source composition and the partition coefficients do not change.  It is this relationship that is utilised in inferring the degree of melting from geochemical measurements.  In practice, a number of variables complicate this calculation.  Principal amongst these other factors are uncertainty in the source concentrations in the mantle and heterogeneity in the mantle sources; changes in the partition coefficient with the mineralogy and composition of the solid phase, and the pressure and temperature conditions at the time of melting; changes in the elemental concentrations as the melt fractionates within the crust; the extent of mantle-melt chemical exchange as melt flows up through the mantle in the melt region; and the degree to which melts delivered to the crust represent average samples of the melt produced.


There are two main ways of using the elemental concentrations to infer the degree of mantle melting under oceanic ridges.  The first is to make an empirical correlation between the concentration of the chosen element and the crustal thickness determined by some other means, such as seismic refraction or basement depth: this is the approach adopted by Klein & Langmuir (1987) in their widely applied correlation between Na8 concentration and degree of mantle melting.  The second approach is to use a theoretical model of the source composition, partition coefficients, and melting history and to iterate the melting model until it reproduces the observed element concentrations: this is the approach taken by McKenzie & O’Nions (1991) who use REE concentrations in their Invmel method to constrain the melt production in the mantle.  McKenzie & O’Nions’ (1991) approach, modified to calculate polybaric fractional melting (White et al., 1992), has the advantage of using concentration measurements of a range of different elements and inverting these to find a melt distribution that is the statistical best fit to all of the REE concentrations.  REEs are used because they are relatively incompatible, and thus are sensitive to variations in small degrees of melting; are relatively insensitive to fractionation; have sufficient spread of partition coefficients to reflect differences in mantle phase assemblages; and their concentrations may be determined precisely.


In the following sections we examine the resolution and uncertainties in the mantle melting inferred from geochemical observations on oceanic crustal rocks.

3.1
Effect of Conductive Cooling of Mantle
The main effect we expect to see under very slow-spreading ridges is a decrease in melting at shallow depths due to conductive cooling of the mantle as it rises beneath the axis (Bown & White, 1994).  The onset of melting, at the base of the melting column, should remain unchanged regardless of spreading rate, provided the mantle temperature is unchanged from normal.  We show the effect in Fig. 2 of taking the predicted melt distribution in the mantle from normal temperature MORB-source mantle decompressing passively under a spreading axis, and moving the top boundary of the melt column progressively deeper from 6 km below the surface (appropriate for a fast-spreading ridge) to 30 km below the surface (appropriate for a very slow- spreading ridge) below the surface.  Fig. 2 shows the proportion of the mantle that has been melted as a function of depth and (in parentheses) the total thickness of melt generated as the top of the melt column is moved deeper, decreasing the melt thickness from a normal 6 km when the mantle decompresses to within 6 km of the surface, to only ~1 km when the mantle stops melting at 30 km sub-surface.


For dry melting of normal temperature mantle, the base of the melt column lies at about 55 km depth (Fig. 2).  The REE patterns for dry melting using the same melting curves as in Fig. 2, and normalised against the concentrations in the depleted mantle source, are relatively flat (solid lines, Fig. 3).  As the top of the melt column is moved deeper, corresponding to slower spreading rates and reduced overall melting, the overall REE concentrations increase, but the patterns still remain flat.  Moving the upper limit of the melt column down from 6 km to 30 km sub-surface causes the REE concentrations in the melt to approximately double (Fig. 3).  Such a change in concentrations is well within the resolution of measurements of REE concentrations from oceanic basalts, as we show later using observational data.


In practice, the mantle probably contains a small percentage of volatiles, particularly water, producing water concentrations of 0.15-0.35 wt% in the basaltic melts (Dixon et al., 1988; Michael, 1995; Hirth & Kohlstedt, 1996; Robinson, 1998).  The presence of water markedly lowers the solidus temperature, thus causing melting to commence at a greater depth.  We simulate this in our forward models by inserting a tail of low percentage melts extending from the base of the dry melting zone to a depth of about 100 km sub-surface (broken line, Fig. 2).  In terms of the total melt production, this has only a small effect, and in our synthetic melt distribution used here it accounts for only 3% of the total melt volume produced beneath a normal oceanic spreading centre.  But the deep tail of small melt fractions has a marked effect on the REE concentrations, producing enrichment in the light REEs, and a slight depletion in the heavy REEs (broken lines, Fig. 3).  As we show in the remainder of this paper, inversions of data from seafloor basalts usually require a small amount of melting at depth, which could be explained by a small amount of water in the mantle.


However, in terms of the REE concentrations, the overall changes as the top of the melt column moves deeper for the wet melting case are similar to those for the dry melting case: as the top of the melt column is moved down from 6 km to 30 km sub-surface, the REE concentrations approximately double, and the slope of the REE curves for 6 km and 30 km remain similar (broken lines, Fig. 3).


We use the adiabatic melting curve for normal temperature mantle shown in Fig. 2 to calculate the expected variation in several key geochemical indicators as the top of the mantle melting column is depressed to progressively greater depths below the surface (Fig. 4).  As we show later these same effects are found in observational data from oceanic ridges.  As the melting is cut off at increasing depths, so the total amount of melt produced is decreased (Fig. 4a).  This mimics the effect of conductive cooling of slowly upwelling mantle under very slow-spreading ridges (Bown & White, 1994).


The Na8 concentrations from our forward models (Fig. 4b) show a systematic variation with the depth to the top of the melt column, and therefore with the total amount of melt generated.  In our example, as for all the other geochemical measures we show in Fig. 4, we have assumed a depleted mantle source.  Small variations in mantle source element concentrations would introduce a small degree of scatter in the Na8 values, as discussed by Klein & Langmuir (1987).


In Fig. 4c we show the predicted variation of the La/Sm ratio with the depth to the top of the melt column.  As is apparent on Fig. 3, the slope of the LREE pattern varies markedly with the depth of the melt column and Fig. 4c demonstrates this.  An advantage of using the La/Sm ratio is that since La and Sm behave similarly under low pressure fractionation, the original La/Sm ratio is preserved in the basalts we sample at the surface, all of which have undergone some degree of fractionation. The La/Sm ratio is higher in the wet melting case (dotted line, Fig. 2) than in the dry melting case (solid line, Fig. 2), because the LREE are incompatible in garnet.  Furthermore, the La/Sm ratio increases as the depth to the top of the melt column is increased because as the total volume of melt generated decreases, so the proportion of the melt generated in the garnet stability zone increases.

3.2
Resolution of the Amount of Melt Produced
In this paper we examine the effects of melting in normal temperature mantle well away from the influence of mantle plumes.  In the REE inversions we therefore use as a starting model the melt distribution in the mantle that results from passive decompression of normal temperature mantle.  Over the depth range in which mantle melting occurs there are three main changes in the mantle mineralogy: plagioclase is stable shallower than about 30 km below the surface, spinel is stable at greater depths, possibly reaching as much as 85 km, with garnet being stable at the greatest depths.  Of these changes, the spinel-garnet transition has often been held to be important in constraining the depth of MORB generation, because the heavy REEs show marked differences in their partition coefficients between the spinel and garnet stability fields.  Many studies of MORB generation have suggested that a few per cent of the melt has to be generated in the garnet stability field to satisfy the observed trace element concentrations and Sm-Nd, Lu-Hf isotope systematics (Blundy et al., 1998), although the bulk of the melting is shallower than the garnet zone.  However, this simple picture is complicated by results which suggest that the spinel to garnet transition at the dry peridotite solidus occurs at much greater depths and at higher temperatures than are likely to prevail in the genesis of MORB (Robinson & Wood, 1998).  There are several possible solutions to this conundrum.  One is that wet melting depresses the solidus so that the normal temperature mantle we believe to be representative of the bulk of the upper mantle could still undergo a few per cent melting in the garnet field.  Another possibility is that the complex dependence of the partition coefficients on the composition, fugacity and degree of melting of the parent rock means that the first few per cent of melt generated from clinopyroxene in the spinel stability field may generate REE patterns that appear to come from melting in the garnet stability field if simple constant property partition coefficients are used (Blundy et al., 1998).  


It would clearly be best to include in our inversions partition coefficients that are dependent on the pressure, temperature, composition and degree of melting.  However, there is at present sufficient uncertainty in the partition coefficients to make this unrealistic and, indeed, to be a potential source of error.  So we adopt instead the same constant partition coefficients as used by McKenzie & O’Nions (1991), with the spinel-garnet transition occurring over the depth range 60-85 km, as used in previous studies.  We have run extensive tests with different depths and intervals for the spinel-garnet transition, and it makes little difference to the inferred total amount of melt generated because none of the results require more than a few per cent of the melt to be generated in the garnet zone.  Comparisons of the simple constant partition coefficient model we use with experiments using variable partition coefficients (McKenzie & Blundy, 1999) also show little difference between results from the two, again because the bulk of the melting occurs in the plagioclase and spinel stability zones which are shallower than the garnet stability zone.  


In all the REE inversions we provide an identical starting model for the melting curve, based on the adiabatic decompression of normal temperature mantle.  We then allow this melting curve to be iteratively modified until the best fit is achieved to the observed REE concentrations.  In all cases we allow the melting zone to extend to at least 100 km depth, so that there is scope for melt to be generated below the spinal stability field if it improves the REE fit.  In practice all the inversions of real data require only tiny amounts of melt to be generated below 80 km depth.


The REE inversion constrains the total amount of melt generated in the different stability fields, but it cannot define, for example, the precise depth at which melting starts in the garnet stability field.  Thus the total volume of melt generated is a more robust output from the REE inversion than is the precise shape of the melting curve.


In order to test the resolution of the REE inversion method, we created a synthetic geochemical dataset using the melt distribution shown in Fig. 2, truncated at 20 km below the surface so that it generated 3.4 km thickness of melt: this is representative of a very slow-spreading ridge.  We then added (10% noise to the model geochemical concentrations, and inverted the data in exactly the same way as we used on the real data.  We assumed that the depth to the top of the melt zone was unknown, so repeated the inversion for a range of depths from 0 to 50 km.  As the rms misfit curve in Fig. 5 shows, the melt thickness is recovered well, with an estimated uncertainty of (1 km.  Reasonable bounds on the possible range of melt thicknesses can also be produced by allowing the top of the melt zone to vary by  (10 km about the best fitting depth and repeating the inversions for those limits.

3.3
Uncertainties in Original Geochemical Concentrations

Although the concentrations of the REE and other major and trace elements carry information about the mantle melting, by the time the rocks are analysed in the laboratory, they have undergone several processes that lead to a degree of uncertainty in the original concentrations in the primitive melt.  Chief amongst these is fractional crystallisation.  We restrict our REE inversions to samples with more than 6 wt%  MgO, and assume that only olivine has crystallised from the melt: we then make a correction to the REE concentrations based on the iron and magnesium content of the rock samples (McKenzie & O’Nions, 1991). The average MgO concentration of all the samples we have used is 8.0 wt%, so it is a reasonable assumption that olivine is the main fractionating phase.


Since we use the average of many analyses from a given area, each rock sampled has, in general, undergone a different amount of fractionation.  We therefore correct the measured REE concentrations for each sample separately to correct them to the REE concentrations they would have had if they had been fractionated to the average FeO equivalent and MgO (listed in Table 1) concentrations of the samples from that area. The melt versus depth distribution derived from inversion of these REEs enables us to predict the FeO and MgO concentrations of the primitive melt from which they were derived prior to fractionation, and hence to make a correction to the melt thickness calculated from the fractionated basalts to estimate the original thickness of primitive melt.


A further restriction on our estimate of the original melt distribution in the mantle is that the melts recorded by the individual rock samples may have been derived by melting at different depth intervals in the mantle, and then moved to the surface independently.  Individual rock samples may then record different intervals of melting, although the ponding of melts in magma chambers prior to their eruption and their lateral movement at crustal levels probably serves to average individual batches of melt. We attempt to minimize any bias in the overall estimates of melt distribution in the mantle by averaging analyses from as many rock samples as possible from each geographic area, which we assume gives a good representation of the average geochemical composition of melts formed beneath that area.  It would be better to use samples averaged by flow volumes from the area, but that degree of control is not possible for samples dredged or drilled from the ocean floor.


A final restriction on the accuracy to which the geochemical compositions are known is uncertainties in the measurements, which are easily quantified, and systematic bias between measurements in different laboratories, which are harder to define.  As Langmuir et al. (1992) comment when discussing global Na8 variations, inter-laboratory differences can obscure much fine detail by introducing scatter into the datasets.  In some cases a correction can be made for this if the inter-laboratory differences are well characterised, and in some cases where we have used analyses from different laboratories for samples from the same area, we have been able to tighten the scatter in the data by making a correction to standardized values (e.g. see results from the Mohns Ridge, discussed below).  However, in general we have had to accept the analyses as published, since few authors report the results of international standards analysed together with their samples.


We performed a series of tests on melt distributions appropriate for those found under mid-ocean ridges, and conclude that a systematic bias of 10% in the measured REE concentrations would produce an error of about 15% in the melt thickness inferred from REE inversions.  A 20% bias in REE concentrations leads to an error of about 35% in the melt thickness.  Inter-laboratory differences are mostly within bounds of about (10%, so the uncertainty in melt thickness inferred from this source is about (15%, or (0.5 km for the slow-spreading ridges we are considering here.

3.4
Uncertainties Caused by Contamination
There are two main potential sources of contamination of the original trace element contents of primary melts: those collected during passage of the melt to the surface through the lithosphere, and changes caused by weathering or low-grade hydrothermal or metamorphic reactions after the melt has been emplaced and frozen in the crust.


Fortunately for our purposes, most lithospheric contamination is accumulated in old continental lithosphere, and since the mid-ocean ridges are well removed from continental regions, they do not suffer greatly from such contamination, and certainly far less than, for example, flood basalts which have passed through continental lithosphere (White & McKenzie, 1995). The other main cause of contamination is low-temperature weathering or hydrothermal alteration, the latter being particularly prevalent at oceanic spreading centres.  However, REE solubility in hydrous fluids is small and such alteration is usually obvious in the specimens.

3.5
Overall uncertainties in melt thickness inferred from geochemistry
Given a sufficient number of good analyses, the overall uncertainty from all causes in the melt thickness inferred from REE concentrations is typically of the order of (1-1.5 km.  In practice this is similar to, although somewhat worse than, the uncertainty in crustal thickness derived from seismic measurements, making comparisons between the two techniques worthwhile.

4.
RESULTS
Unless otherwise stated, we have calculated seafloor spreading rates from the global model NUVEL-1 (DeMets et al., 1990), as modified by DeMets et al. (1994) for recent revisions to the geomagnetic reversal time scale.  All the rates we quote are full-spreading rates.  We concentrate on results from ridges spreading slower than 20 mm/a, using data from the nine regions shown on Fig. 1.


We show the inferred crustal thickness derived from the best-fit REE inversion, which in all cases, except calculations on samples from the American-Antarctic Ridge near the Bouvet Triple Junction, require the top of the melt column to be fixed at 20 km depth.  The best fit to the American-Antarctic Ridge data requires the top of the melt column to be a little shallower at 15 km, which is consistent with it having the fastest spreading rates (16-17 mm/a) of the nine slow-spreading ridges we consider in this paper and therefore the thinnest conductively-cooled mantle lid.  We also give a measure of the range in inferred crustal thickness by showing (in parentheses after the best-fit value where mentioned in the text, and in a separate column in Table 1) the range of thicknesses calculated with the top of the melt column fixed at 10 km and 30 km depth which provides reasonable upper and lower bounds on the conductively cooled lid thickness.  We calculate the percentage of depleted and primitive mantle in the mantle source from the Nd isotopic content of the basalts: since all our samples are from areas unaffected by mantle plumes the mantle source has dominantly a depleted-MORB source composition, and in practise this correction makes little difference to the inferred melt thickness.


The most comprehensive data is from the Southwest Indian Ridge which extends 7700 km from the Bouvet triple junction in the west to the Rodrigues triple junction in the east (Fisher & Goodwillie, 1997).  It is spreading at rates which vary from 11 to almost 17 mm/a, but its entire length falls into the category of very slow-spreading ridge, so it provides a useful natural laboratory.  The first two sections below describe results from a joint geophysical-geochemical cruise aboard RRS Discovery cruise 208 in 1994, which collected data from two areas of the eastern end of the SWIR at 57°E and 66°E, and the remainder describe results using data published in the literature.

4.1
Southwest Indian Ridge at 66°E (12.1 mm/a)

Wide-angle seismic data, combined with coincident gravity data from a survey at 66°E on the spreading axis provides coverage of the crustal structure of three adjacent segments (Muller et al., 1999).  This is a ‘normal’ section of very slow-spreading ridge, 460 km west of the Rodrigues triple junction and 580 km east of the nearest large-offset fracture zone, the Melville fracture zone, with no mantle plume influence in the vicinity. Spreading rates of 11-12.5 mm/a are measured from magnetic anomaly reversals in the area, with the best fitting model for the eastern SWIR from Chu & Gordon (1999) predicting a rate of 12.1 mm/a.


The spreading axis is segmented on a length-scale of 20-40 km (Mendel et al., 1998).  Wide-angle seismic and gravity interpretations show the same segmentation, with the thickest crust (3.5-6.0 km) lying beneath topographic highs at the centres of segments, and the thinnest crust beneath segment boundaries (Fig. 6).  Crustal thickness variations are accommodated primarily by changes in the thickness of layer 3 (Muller et al., 1999), with a relatively constant thickness layer 2.  The constancy of the high velocity-gradient layer 2 probably reflects the dominant rôle played by downward decreases in porosity and by hydrothermal alteration in controlling the seismic velocity


The crustal thickness from the seismic survey averaged across three adjacent segments is 4.0 km.  Error analysis by perturbation gives a Moho depth uncertainty of ( 0.4 km; if the possible error propagation from uncertain velocities in the crust is also included, a realistic estimate of the maximum Moho depth uncertainty is ( 0.8 km (Muller et al., 1999).  Segment B is both the best constrained and the thinnest, averaging 3.2 ( 0.8 km.  Taking segments A & C together, their average thickness is somewhat greater, at 4.5 ( 0.8 km (Table 1).


REE inversions give similar results, with samples from segment B indicating thinner crust than those from segments A & C.  The REE distributions all show light REE enrichment (Fig. 7), indicative of a small amount of melting at depth, almost certainly due to a small amount of water in the mantle.  Measurements on the basalt samples yield a water content of about 0.35 wt%, which can be modelled by about 300 ppm water in the mantle (Robinson, 1998); this is rather higher than the reported water content of 0.15-0.21 wt% from other MORB samples (Dixon et al., 1988; Michael, 1995), which is consistent with the higher degree of light REE enrichment seen in samples from 66(E compared with other MORB samples.


The REE concentrations from samples in segments A & C (Fig. 7a) are on average about 25% lower than those from segment B (Fig. 7b), although the REE curves exhibit similar shapes.  This is indicative of a higher degree of melting of the mantle to form the crust in segments A & C than in segment B.  The REE inversions reflect this, indicating melt thicknesses of 5.0  (4.5-6.0) km from the combined segment A & C samples, and only 3.5 (2.1-5.1) km from the segment B samples (Fig. 7c and Table 1).


Thus the inferred melt thicknesses from the REE inversions are consistent with the seismically determined crustal thicknesses: both the geochemistry and the seismics indicate that the crust is markedly thinner than normal oceanic crust, and both methods show that the average thickness of segment B is 1-2 km less than the average thickness of segments A & C (Table 1).

4.2
Southwest Indian Ridge at 57(E (13.5-14 mm/a)


The crust around the large (200 km) offset Atlantis II Fracture Zone has been the site of both detailed wide-angle seismic and gravity measurements (Muller et al., 1997 and in press), and of several seafloor sampling campaigns by dredging, ODP drilling, and seabed rock coring (Johnson & Dick, 1992; Robinson et al., 1996; Dick et al., 1999; MacLeod et al., 1998;Dick et al., 2000).  The present-day seafloor spreading rate is 13.6 mm/a (Chu & Gordon, 1999), and has probably not changed significantly since about 20 Ma (Patriat & Segoufin, 1988), although in detail there may have been asymmetric spreading and episodes of transtension across the Atlantis II transform, particularly since 11 Ma (Dick et al., 1991a).


The wide-angle seismic profiles lie over crust of about 11.5 Ma age, mid-way along the Atlantis II Fracture Zone and on its eastern side.  Two orthogonal profiles, one along a flowline and the other along an isochron, intersect near the deeply penetrating ODP hole 735B which was drilled into the Atlantis Bank.  The east-west isochron profile on 11.5 Ma crust crosses a complete 50 km-wide segment, bounded by the Atlantis II Fracture Zone on the west and a non-transform discontinuity on the east.  The segment-averaged seismic crustal thickness is 3.8 ( 1.0 km (Fig. 8).  As at 66(E on the SWIR, the crust in the middle of the segment is thicker (4.5-5.5 km) than that beneath the segment ends marked by the Atlantis II Fracture Zone (2.5 km thick) and a non-transform discontinuity (~3 km thick) (see Fig. 9).  The intersecting north-south orientated seismic profile along a flowline, which runs along the centre of the same segment, confirms the presence of thicker crust near the segment centre (Muller et al., in press): the crustal thickness averages 4.6 km along this profile. 


Although the crustal thickness is well defined in the seismic survey area, there remains the question of whether part of the crust comprises serpentinised mantle material.  Beneath the active Atlantis II transform, it is almost certain that some of the 2.5 km thick crust is serpentinite (Muller et al., in press), and it is likely that there is a small amount of serpentinite present in the crustal segment to the east of the transform (Muller et al., 1997).  The segment-averaged seismic crustal thickness of 3.8 km is therefore likely to represent the maximum igneous thickness of the crust.

Few basalt samples are available from exactly the same location as the seismic data, despite the ODP drilling, because the upper crust has apparently been removed by a low-angle fault from the now shallow (less than 1300 m) Atlantis Bank where the ODP holes were located.  So the ODP drill samples come from deeper into the mid-crust (Dick et al., 1991b, 2000).  However, dredging on the approximately conjugate location to the north of the spreading centre (site 3) has yielded a small amount of basaltic material (Robinson, 1998) which we have used in our analysis.


REE inversions from site 3 (Fig. 10), conjugate to ODP 735B, yield a melt thickness of 4.1 (3.0-5.6) km.  Many more analyses are available from sites 4-9, which lie in the segment immediately adjacent to the Atlantis II Fracture Zone on the current spreading centre: REE inversions for these (Fig. 10) give a melt thickness of 2.8 (1.9-4.3) km.


Extensive dredging on the walls of the Atlantis II Fracture Zone has yielded a large set of both ultramafic (mostly serpentinised) and basalt samples.  Dick et al. (1991a) divided them into two sets, those from the east and those from the west side of the fracture zone.  We have grouped the basalt REE analyses similarly, and inverted them to give the results shown in Fig. 11.  Those from the eastern side yield a melt thickness of 2.6 (1.9-3.9) km, and those from the western side a thickness of 3.5 (2.7-5.6) km.  Dick et al. (1991a) argued from the major element, the Na8 and the Fe8 concentrations of the basalt that there was evidence of a lower degree of mantle melting on the eastern side than on the western side, and report that this is consistent with the degree of depletion of the peridotite samples.  We find a similar result from the basalt REE inversions, with indications of somewhat less melting on the eastern side.  Note that White et al. (1992) reported somewhat lower melt thicknesses (1.2-1.5 km less) from REE inversions on the same data sets, though with the same result that the basalts from the eastern side required less mantle melting than those from the western side of the Atlantis II Fracture Zone.  The reason for the lower inferred melt thickness is that White et al. (1992) forced the melting to terminate 40 km below the surface, whereas in this paper we allow melting to continue to within 20 km of the surface.  This depth is consistent with the other REE inversions from very slow-spreading ridges reported in this paper, and is probably physically more realistic than stopping the melting at 40 km depth.  It also improves the rms fit to the REE data over that achieved by White et al. (1992).


The REE distributions of the basalts dredged from the eastern wall of the Atlantis II fracture zone are not resolvably different from those dredged from the current spreading axis east of the fracture zone (compare Figs. 10b and 11a).  This observation suggests, as has been postulated elsewhere (Dick et al., 2000), that the basalts near the ends of segments, such as those dredged from the walls of the fracture zone, have flowed laterally at crustal levels from the adjacent spreading centre segment and so record a composition typical of that segment, rather than the greatly reduced degree of melting that would be expected if they had been produced directly beneath the fracture zone.


As for the SWIR samples from 66(E, the results from 57(E show a broad correspondence between melt thickness measured seismically from the crustal thickness, and that inferred from the geochemical composition.  Both show that only about half the melt is produced under the slow-spreading SWIR compared to that on normal mid-ocean ridge segments.

4.3 Southwest Indian Ridge near Rodrigues Triple Junction (11.3 mm/a)
This is the slowest-spreading portion of the SWIR, at only 11.3 mm/a (Chu & Gordon, 1999).  Geochemical analyses from five different dredges (Price et al., 1986) show consistent REE patterns with light REE enrichment (Fig. 12), with a mean εNd +8.9 (Michard et al., 1986), indicative of slightly enriched MORB-source mantle.  REE inversions (Fig. 12) suggest a melt thickness of 4.2 (3.7-5.2) km (Table 1).  No seismic measurements of crustal thickness have been reported from this area.

4.4
Bouvet Triple Junction Region (16-17 mm/a)

Two of the ridges that meet at the Bouvet triple junction, namely the SWIR and the American-Antarctic Ridge, are spreading at rates of 16-17 mm/a.  We have used geochemical data from N-type MORB samples dredged from segments of normal spreading axes lying mostly at distances of 400-500 km from the triple junction (Le Roex et al., 1983, 1985).  In the REE inversions we have used a primarily depleted MORB-source mantle, with the percentage of primitive mantle controlled by the average   εNd value of +7.4 on the SWIR and +8.1 on the American-Antarctic Ridge.


The REE inversions yield melt thicknesses of 5.5 (3.6-5.9) km from the SWIR and 4.6 (3.3-5.7) km from the American-Antarctic Ridge (Fig. 13).  No seismic measurements of crustal thickness have been made in these areas.


The REE inversion for data from the American-Antarctic Ridge gave a minimum rms misfit with the top of the mantle melting region at 15 km, whereas all the other inversions from very slow-spreading required the top to be fixed at 20 km.  This is consistent with the higher spreading rates of 16-17 mm/a on this portion of the ridge axis.  Inversions from normal ridges with spreading rates of ~20 mm/a required the top of the melt zone to be at 7-10 km for the best fit, so it is apparent that the American-Antarctic Ridge lies in the region of spreading rates where conductive cooling is just beginning to have an effect on the melt generation.

4.5
Cayman Trough (11 mm/a)
This is a short segment of mid-ocean ridge lying between the Caribbean and North American plates, with a current spreading rate of only 11 mm/a.  The only available seismic determinations of crustal thickness are from 40-year old two-ship refraction profiles (Ewing et al., 1960).  Though these profiles have only been interpreted using straight-line fits to the travel time data, the results of several profiles in the Cayman Trough give similar igneous crustal thicknesses of 4.2-4.6 km and show that the crustal thickness is markedly less than that of normal oceanic crust.  Gravity and seismic reflection data confirm the presence of thin crust (Leroy et al., 1996).


Geochemical data from 22 glass samples (Elthon et al., 1995), after correction for olivine fractionation to the average Mg and Fe content, give a tightly grouped set of normalised REE patterns (Fig. 14a).  There is only one published value of εNd, which has a value of +10.0 (Cohen & O’Nions, 1982), typical of a depleted MORB-source mantle.  REE inversions (Fig. 12b), assuming a depleted mantle, yield a melt thickness of 2.7 (1.9-4.6) km, one of the thinnest we find in this study.  This is consistent with the Cayman Trough spreading centre being one of the slowest rate spreading ridges from which we have data: any conductive cooling effects of very slow spreading that serve to reduce the melt generation may be enhanced in this particular tectonic setting, because the spreading segment is relatively short and is bounded by long-offset fracture zones.  So it is likely that the mantle rising beneath the spreading centre loses heat laterally to the older and therefore colder lithosphere on either side of the spreading segment as well as vertically to the seafloor.

4.6
Mohns Ridge, Norwegian-Greenland Sea (15.5 mm/a)

The Mohns Ridge lies north of Jan Mayen, which is probably a micro-continent (Kodaira et al., 1998), though Schilling et al. (1983) suggest that it was formed by a mantle plume. However, we consider a plume origin to be unlikely, since there is no hot spot track and no isotopic evidence for a plume under Jan Mayen.  A more likely explanation is that the Jan Mayen melting comes from volatile-rich mantle as a result of the influence on the Jan Mayen continental fragment of a nearby fracture zone and a propagating rift (Haase et al., 1996).  We here consider only geochemical samples from areas of the Mohns Ridge more than 270 km from Jan Mayen, which are compositionally distinct from the anomalous igneous rocks erupted on the Jan Mayen platform. Both wide-angle determinations of the crustal structure (Klingelhöfer et al., 2000b) and extensive geochemical analyses from dredges by two different groups (Neumann & Schilling, 1984; Haase et al., 1996) are available for the western Mohns Ridge. The ridge is spreading obliquely at a rate of 15.5 mm/a.


Seismic results are available from eight wide-angle profiles, each with three ocean bottom seismometers which provide some control on the lateral variability (Klingelhöfer et al., 2000b).  The profiles are located along isochrons over crust varying in age from 22 Ma to zero on the present spreading axis.  On all the profiles the crust is markedly thinner than that of normal oceanic crust, varying in thickness from 3 to 6 km in different locations.  In the same way as found on other slow-spreading ridges, there is often considerable variation in thickness along individual spreading segments.  As on the SWIR, the thickness of seismic layer 2 remains approximately constant, while seismic layer 3 accommodates variations in the overall crustal thickness by thickening beneath bathymetric highs and thinning below bathymetric deeps.  In common with other North Atlantic profiles, the upper mantle seismic velocity is generally low, but apart from the ridge-axis profile where the highest velocity reached is only 7.4 km/s, there is no ambiguity about the depth of the Moho. Gravity modelling confirms the crustal structure derived from wide-angle seismics (Klingelhöfer et al., 2000b).  Segment-averaged crustal thicknesses along all the profiles with well-defined upper mantle velocities vary from 3.6-4.6 km (Fig. 15), with an overall average of 4.1 ( 0.5 km (two standard deviations).


A total of 19 REE analyses of dredge samples is available from the same area as the seismic experiment.  However, it is striking that there is a marked difference in the absolute concentrations reported by the two different research groups, with the reported REE concentrations from Neumann & Schilling (1984), who used a neutron activation technique, averaging 30% higher than those determined by Haase et al. (1996), who used inductively coupled plasma-mass spectrometry.  Only about 5% of this difference can be accounted for by the slightly more evolved (lower MgO) nature of the samples dredged by Haase et al. (1996).  The remaining 25% discrepancy is apparently due to differences in the calibrations of the instruments used to measure the geochemical concentrations, since the REE diagrams have the same shape but have concentrations offset by this amount.


Fortunately, both sets of authors also publish the results of analyses of international standards, so it is possible to make corrections to these data.  Unfortunately, the different authors chose different standards so it is not possible to make a direct comparison: instead we have corrected separately to the USGS-recommended values for the standards reported by Neumann & Schilling (1984) and Haase et al. (1996).  We have made the simplest possible correction of applying a constant scaling factor derived from the average of all the elements reported.  All the Neumann & Schilling (1984) REE concentrations have thus been reduced by 8%, and the Haase et al. (1996) REE concentrations increased by 12%.  The final effect of this is to bring the averages of individual elemental concentrations from the two surveys in all cases to agreement within 4% or less.  The REE plots from the datasets published by the two sets of authors are then indistinguishable (Fig. 16).


The discrepancy in REE concentrations from the two groups of authors was noted by Klingelhöfer et al. (2000a): after correction for fractionation effects these authors took the average of all the analyses.  Fortuitously, in practice this gave almost the same result as our averaging after correction to the recognised standards, because there is a similar number of analyses included from each set of authors, and the correction factors to the standards are of similar magnitude but opposite sign.  So the averages of the raw data are almost the same as the averages of the standardisation corrected data.


However, if no standards had been analysed by the authors, and if we only had available the analyses from one set of authors, the inferred melt thickness would have been severely biased: the REE inversions on the data before correction to the standards yielded a melt thickness of 4.5 km from the Neumann & Schilling (1984) data and 6.7 km from the Haase et al. (1996) data, whereas the combined, corrected dataset gives an inferred melt thickness of 6.0 km.


For the REE inversion we assumed a slightly enriched mantle source based on the average 

 εNd of Mohns Ridge basalts of +7.0 (Haase et al., 1996).  The best-fit inversion thickness is 6.0 (4.7-6.7) km, with the top of melting 20 km below the surface.  The average melt thickness inferred from REE inversions is therefore somewhat greater than that inferred from the seismic crustal thickness.


The Mohns Ridge seismic data also recorded good shear wave conversions, which allow the average Poisson’s ratio of seismic layer 3 to be constrained as 0.28.  Although the Poisson’s ratio is not a tight constraint, it does enable us to conclude by comparison with laboratory measurements that layer 3 must consist of gabbro with a maximum of 10-30% serpentinite (Klingelhöfer et al., 2000a).  However, in the case of the Mohns Ridge data the tendency for the geochemical data to indicate a somewhat greater melt thickness than the crustal thickness measured with seismics suggests that little, if any, of the crust is likely to consist of serpentinised mantle and that there may, indeed, be a small amount of melt frozen in the upper mantle: this would not only explain the small difference in the inferred geochemical and seismic crustal thicknesses, but might also be an explanation for the relatively low upper mantle seismic velocities of 7.5-7.7 km/s (Fig. 15).

4.7
Knipovitch Ridge, Norwegian-Greenland Sea (14.2 mm/a)

The Knipovitch Ridge lies to the north of Mohns Ridge and has a slightly lower spreading rate of 14.2 mm/a.  Geochemical data from only Neumann & Schilling (1984) are available.  REE inversions assuming a depleted mantle source and the published geochemical concentration yield a melt thickness of 4.1 (2.77-4.9) km (Fig. 17).  If we apply the same standardisation correction of  8% reduction to the REE concentrations as used for Neumann & Schilling’s (1984) data in the Mohns Ridge inversion, the inferred melt thickness is increased about 15% to 4.8 km.

4.8
Gakkel Ridge, Arctic Ocean (11.5 mm/a)
Gakkel Ridge is one of the slowest spreading ridge axes in the world, lying at the northernmost end of the Mid-Atlantic Ridge.  It exhibits an unusually deep rift valley with depths of 4600-5100 m, consistent with unusually thin crust.  The good seafloor spreading magnetic anomalies, the continuous rift valley, and fault plane solutions from over 200 earthquakes indicative of tectonic rifting and volcanism, shows that there is well developed, organised seafloor spreading, even at the very slow-spreading rate of 11.5 mm/a (Coakley & Cochran, 1998; Müller & Jokat, 2000).


Only three samples with full geochemical analyses are available (Muhe et al., 1993) all from basalts with high MgO contents of 9 wt% (Fig. 18a).  The measured average εNd  value of +10.6 indicates that the basalts were derived from a depleted mantle source and that is what we use in the inversions.  The REE inversions yield a melt thickness of 4.8 (4.6-6.3) km (Fig. 18b).


The crustal thickness has been estimated from gravity measurements, with the profile nearest to the location of the geochemical dredges being profile B of Coakley & Cochran (1998).  This gives an average crustal thickness of 3 km, with a range from 2-4 km giving acceptable fits for reasonable assumed densities in the crust.  There are no seismic measurements of crustal thickness from the spreading centre, though seismic refraction profiles across older crust in the western part of the basin also give consistently thin crust of 2-4 km thickness (Jackson et al., 1982).

5. MELT THICKNESS ON NORMAL MID-OCEAN RIDGES

For comparison with the measurements on slow-spreading ridges we use results from all the remaining ridges spreading at full rates of 20 mm/a or faster, omitting only those regions affected by hot spots.  The hot-spot areas can be identified by their abnormally shallow depths, since the hotter than normal asthenospheric mantle generates thicker than normal crust (e.g. White 1997).


Seismic measurements of crustal thickness, using only those results modelled by synthetic seismograms to avoid bias from the assumption of uniform velocity layers, yield an average thickness of 7.1 ( 0.8 km away from the known anomalous crust of fracture zones (White et al., 1992).  However, this masks a systematic difference in the crustal thickness measured in the central portions of spreading segments away from the fracture zones between the fastest spreading ridges of the Pacific which have an average thickness of 6.5 ( 0.7 km and the slower ridges of the Atlantic which have a higher average thickness of 7.5 ( 0.5 km.  This difference is due to the higher percentage of fracture zone crust in the Atlantic Ocean, since the crust in and adjacent to fracture zones is systematically thinner than elsewhere along the oceanic ridges (White et al., 1984).  Since we wish to use the segment-averaged crustal thickness, we follow Bown & White’s (1995) method of making an estimated correction which includes the thin crust in fracture zones to give an overall segment-averaged crustal thickness for all the oceanic basins of 6.3 ( 0.9 km.


For the REE inversion of normal MORB, we use the average concentrations from Sun & McDonough’s (1989) compilation.  This yields a melt thickness of 7.1 km when the top of the melting zone is taken as 7 km below the surface (Fig. 19).  We have also taken the dataset of all normal mid-ocean ridge geochemical analyses used by White et al. (1992) in their compilation, and have recalculated the melt thicknesses from REE inversions using parameters consistent with those used in this paper.  The melt thickness averaged from these 16 determinations is 7.2 ( 0.8 km, which is indistinguishable from the thickness inferred from Sun & McDonough’s (1989) compilation.  The geochemically and geophysically inferred melt thicknesses from normal MORB are thus in good agreement with the geophysical estimates, and are significantly greater than those found from the very slow-spreading ridges reported above.

6.
DISCUSSION

The melt thicknesses inferred from REE inversions are a robust measure of the degree of melting of the parent mantle, with all the results from very slow-spreading ridges showing smaller degrees of melting than average MORB.  The cause of this result can be seen clearly in the raw REE data, shown in Fig. 20 (light lines) as averages from each of the very slow-spreading study areas, with MORB averages from normal mid-ocean ridges reported by Taylor & McLennan† (in press), Hoffman (1988) and Sun & McDonough (1989) shown for comparison 

†Note that the Yb value of 5.1 ppm listed in Taylor & McLennan (1985) is incorrect due to a typesetting error, and should be 3.7 ppm (Taylor & McLennan, in press).

(heavy lines): all the concentrations have been corrected for olivine fractionation to the average MgO content of 8.0 wt% to remove variations due to different degrees of fractionation of the samples.  As Fig. 20 shows, the three compilations of normal MORB (heavy lines) have the same shape, are much flatter and exhibit lower overall REE concentrations than do the data from very slow-spreading ridges (thin lines).  Not only do the very slow-spreading ridges show higher REE concentrations, indicative of smaller degrees of melting, but they also show consistent light REE enrichment, indicative of a component of melts produced in the garnet stability zone from in the mantle.


The difference between the melt curves in the mantle inferred from very slow-spreading ridges (<20 mm/a), and ‘normal’ ridges is clearly shown in the compilation in Figure 21, where all the best-fitting curves from our REE inversions are stacked.  Melting beneath normal ridges reaches a higher percentage, and extends upward to the base of the crust, whereas the melt curves from very slow-spreading ridges reach smaller degrees of melting in total and terminate deeper beneath the surface.


All the melt curves show a small amount of deep melting, which lies deeper than the spinel-garnet transition (60-85 km) in our inversion modelling.  If this is genuinely in the garnet stability zone, the best explanation is that it is caused by a small degree of wet melting.  However, if as Blundy et al. (1998) suggest, small degrees of clinopyroxene melting in the spinel zone can produce the same REE patterns as melting in the garnet zone, then the apparent deep tail of small degree melts in our inversions could be artefacts of this effect, and instead be caused by small amounts of melting at somewhat shallower depths.


The inferred melt curves, and particularly the cessation of melting at ~20 km below the surface on the very slow-spreading ridges, are consistent with melt generation by passive decompression of mantle with similar potential temperatures under both normal and very slow- spreading ridges.  The depression of the top of the melt zone is in agreement with heat loss by conduction, as shown by the models of Bown & White (1994).  However, good inversion fits could also be made for the very slow-spreading ridges if they were forced to decompress to shallower depths at the base of the crust, as do the ‘normal’ ridges.  Such fits would still generate the same reduced melt thickness, but would force the main onset of large-scale melting (the base of the main melting zone) to also move shallower by ~20 km.  Such a result would require the mantle potential temperature under the slow-spreading ridge, at least in the top 100 km, to be about 50ºC cooler than beneath normal ridges.  The inversion fits cannot distinguish between these scenarios, because the same amount of melt is generated in the spinel stability zone.  However, we think it highly unlikely that the very slow-spreading ridges that have been sampled, which cover a large region of the Earth (Fig. 1) would fortuitously all lie over cold mantle, while all the remaining ‘normal’ ridges lie over normal mantle.  Furthermore, even if the very slow-spreading ridges did all lie over cold mantle forcing the onset of melting to be shallower than in normal temperature mantle , it would still be necessary to explain why they did not lose heat and form a thick conductive lid despite their very slow spreading rates (Bown & White 1994).


In Fig. 22 we show a variety of geochemical measurements as a function of spreading rate which all show an extremely abrupt drop in melt production at full spreading rates lower than 20 mm/a. Variations of Na8 (Fig. 22a) and the CaO/A1203 ratio (Fig. 22b) both show large changes below 20 mm/a spreading rates.  We can also see marked signals in the raw REE data.  Fig. 22c shows the average REE concentrations, normalised by depleted MORB-source mantle.  Again, there is a marked increase in the REE concentrations in melt generated at very slow-spreading ridges, just as expected from our forward models (Fig. 3) when the top of the melt column is depressed deeper.  Fig. 22d also shows raw REE data, this time in the form of the La/Sm ratio, which exhibits a marked increase at spreading rates below 20 mm/a.  Yet again, this is consistent with the forward predictions of the changes in La/Sm ratio that occur as the top of the melt column is depressed (Fig. 4c).


The changes with spreading rate in the raw REE data are plain to see in Figs. 22c,d.  The melt thicknesses inferred from REE inversions, which of course use the same REE data (Fig. 23a), similarly show the same abrupt decrease in melt thickness below 20 mm/a spreading rate.  Seismic thickness results in Fig. 23b show exactly the same behaviour.  The seismic dataset is taken from the compilation by Bown & White (1994), supplemented by several recently reported results (see Fig. 23 caption).  Values from immediately adjacent to rifted continental margins have been omitted on the grounds that the thin crust typically found there is probably caused by transient processes associated with the initiation of seafloor spreading at non-volcanic rifted margins (Minshull et al., in press).


The main features of the melt production observations are that the segment-averaged crustal thickness does not vary significantly with spreading rate for all rates >20 mm/a; that it decreases abruptly below rates of 20 mm/a; and that it is heading toward zero melt production at a full spreading rate of the order of 5-10 mm/a.  These observations all point toward a dominantly thermal control on the melt production in the mantle decompressing beneath the rift axis, with conductive heat loss at very slow-spreading rates causing the decrease in melting.  Cessation of melting as the extension decreases below a finite, albeit small, spreading rate, suggests that in the final phases of a dying rift the extension may be largely amagmatic, as Osler & Louden (1995) have suggested for the extinct Labrador Sea spreading centre.  A limitation of seismic observations at very slow-spreading rates is that the large along-axis variability in crustal thickness within and between segments (Muller et al., 1999) obscures systematic variations due to spreading rate. This means that to obtain a robust measure of the mean crustal thickness at different spreading rates it is necessary to sample several segments from each ridge.


The other result that is clear from Fig. 23 and Table 1 is that the geochemical and geophysical measures of melt thickness are the same within the uncertainties of the techniques.  In detail the average geochemically derived melt thicknesses are typically about 10% higher than the geophysically measured  crustal thicknesses.  Although this is within the uncertainties of the two methods, if it were a real difference it would suggest that a small amount of the primary melt generated in the mantle is not extracted to the crust.  It is to be expected that a small residual melt fraction would not escape from the mantle: over the height of the melt generation zone in the mantle it requires only a ~1% melt fraction to be retained to account for a 10% difference in crustal thickness at the surface.  So the small observed difference in the geochemically and geophysically determined melt thicknesses is consistent with the retention of a very small percentage melt in the mantle.  The small relative difference between the seismically and the geochemically determined melt thicknesses remains the same at all spreading rates, suggesting that there is no tendency to retain more melt in the mantle on the very slow-spreading ridges than on the fast-spreading ridges.


Not only are the average melt thicknesses measured by geochemistry and seismics consistent at all spreading rates, but the two methods also give consistent results for the inferred differences in thickness between adjacent segments, such as are found on the SWIR at 66ºE.  This suggests that, though the melts are well mixed on the length scale of a single segment, presumably in magma chambers at crustal or upper mantle levels, they remain distinct between segments even when the offsets at segment ends are very small. This suggests that the melts in the mantle do not migrate along the strike of the spreading axis, or at least not further than along a single segment, though it is probable that they migrate laterally, perpendicular to the strike of the axis, so that they erupt along a narrow zone at the centre of the spreading axis (Spiegelman & Reynolds, 1999). The consistency between seismic and geochemical determinations of the crustal thickness also suggests that the component of serpentinised mantle in the crust is small, even at very slow-spreading ridges.


These new observations also add important constraints to theoretical models of melt generation as a function of spreading rate.  The theoretical models divide into two main types: those which allow passive upwelling of the mantle as a consequence of plate separation (broken lines, Fig. 24), and those that invoke an element of buoyant upwelling driven by thermal or melt-induced density variations (solid lines, Fig. 24).  We show a selection of theoretical models in Fig. 24 superimposed on the thickness observations, wherever possible using a representative viscosity of 1019 Pa.s to allow intercomparison.


The simplest forms of passive flow, regardless of the mantle viscosity that is assumed, produce unfocused flow which predicts a gradual decline in melt production over a broad range of spreading rates (curve 1, Reid & Jackson, 1981; curves 2, 3, Shen & Forsyth, 1992; curve 4, Cordery & Phipps Morgan, 1993).  The abrupt decrease in melt thickness observed below 20 mm/a spreading rates argues against these simplest passive upwelling models.


One way to increase the vertical flow as the spreading rate drops, and thus to force an abrupt decrease of melt production only at the slowest spreading rates, is by introducing a spreading-rate dependent lithosphere wedge angle into the model (curve 5, Bown & White, 1994).  Such a wedge angle could be produced by marked increases in viscosity as a result either of the temperature decreasing or of the extraction of mantle volatiles in the first-formed melt.  It is clear that the mantle viscosity is a strong function of the temperature and of small amounts of water in the mantle, and that the water and other volatiles are rapidly extracted into the earliest melts (Hirth & Kohlstedt, 1996): this then could generate a focused upwelling zone under the axis.


An alternative method for increasing the melt production at slow rates over the purely passive corner flow model is to allow buoyant upwelling, driven by either the buoyancy of melt trapped in the matrix (curve 6, Su & Buck, 1992; curve 7, Cordery & Phipps Morgan, 1993), by thermal buoyancy, or by a mixture of the two (curve 8, Sotin & Parmentier, 1989; curve 9, Scott, 1982).  These models generally maintain the observed constant melt thickness at rates above ~20 mm/a.  Finally, the accretion of oceanic crust is clearly strongly three dimensional, particularly at the slowest spreading rates where the segments are thickest near their centres and thinnest near their ends (e.g. Figs. 6, 8).  Some models attempt to reproduce this focussing (e.g. Magde & Sparks, 1997; curve 20, Sparks & Parmentier, 1993), though to date they cannot produce the observed length scales of variability for realistic viscosities of the mantle, and the spreading rate dependence, at least of the model we show in Fig. 24, is a poor fit to the data.


We conclude that the form of the spreading rate dependence of melt thickness that we find from our geochemical and geophysical observations, and in particular the abrupt decrease in thickness only at the slowest spreading rates, argues in favour of control by conductive heat loss from the mantle upwelling beneath the spreading centre supplemented by some mechanism for focussing the mantle flow beneath the axis at very slow-spreading rates: such focussing might be induced by marked viscosity changes accompanying the removal of volatiles, and particularly of water, from the mantle by the first formed melts, although compositional and thermal buoyancy may also play a role. On the fast-spreading East Pacific Rise, Spiegelman & Reynolds (1999) show geochemical data and theoretical modelling that supports passive upwelling of the solid mantle, and focusing just of the melt without invoking any buoyancy forces. The REE inversions reported here all point to the presence of a small degree of deep melting, most probably caused by water in the mantle: proportionately this effect is more important in basalts formed on the very slow spreading ridges than in those formed on the faster spreading normal mid-ocean ridges: this is due to the smaller degrees of melting and its restriction to greater depths on the very slow-spreading ridges than on the normal ridges.


Perhaps the most striking result from our analysis is that the geochemical and geophysical measurements of the amount of melt generated give such consistent results. The geochemical techniques use samples only millimetres to centimetres in size, whilst the seismic methods sample across tens of kilometres of rock on length-scales six to seven orders of magnitude larger.  That there should be such consistency between the two methods points both to extremely repeatable melt generation processes and to good mixing of the melt both at mantle and at crustal scales and laterally within segments.
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Figure Captions

Figure 1

Map showing location of very slow-spreading ridges from which data are used in this paper. Projection is Lambert azimuthal.

Figure 2

Forward model showing fraction of the mantle that has melted as a function of depth in normal temperature mantle beneath an oceanic spreading centre.  Numbers in parentheses show total igneous crustal thickness in kilometres generated when melting stops in the mantle at the depth at which the number is annotated.  Solid line is melting of dry mantle, broken line shows tail of deeper melting caused by wet mantle.

Figure 3

REE concentrations from the melt distribution shown in Fig. 2, normalised to the concentration in depleted MORB-source mantle (from McKenzie & O’Nions, 1991).  Curves produced when melting is stopped at depths of 6, 18, or 30 km below the surface are annotated.  Solid curves correspond to dry melting (solid line in Fig. 2), and broken curves to wet melting (broken line  in Fig. 2).

Figure 4

Predictions of the variation of selected geochemical measures with the depth to the top of the melt column, from forward models using the melt versus depth curves shown in Fig. 2 for normal temperature depleted MORB-source mantle (from McKenzie & O’Nions,1991) under an 

oceanic spreading centre.  Solid line is for dry melting and broken line for wet melting, corresponding to the solid and broken lines in Fig. 2. (a) total melt thickness, assuming all the melt is extracted from the mantle; (b) Na8 calculated using Klein & Langmuir (1987) method; (c) average REE concentration, normalised to McKenzie & O’Nions’ (1991) MORB-source mantle; (d) La/Sm ratio.

Figure 5

REE inversion tests on a synthetic geochemical dataset calculated from the mantle melting curve in Fig. 2, with the addition of (10% variation in element concentrations and using a depleted MORB-source mantle (from McKenzie & O’Nions, 1991).  Top of the melt zone in the input model was fixed at 20 km depth, generating 3.4 km of melt.

Figure 6

Crustal model constrained by wide-angle seismic and gravity observations along an east-west isochron profile crossing three segments at 66(E on the Southwest Indian Ridge (from Muller et al., 1999). Segments A, B and C are marked. Contours show P-wave velocities. 

Figure 7

REE concentrations from 66(E on the SWIR (from Robinson, 1998) normalised to the concentration of depleted MORB-source mantle (from McKenzie & O’Nions, 1991).  (a) Samples from segments A & C (see Fig. 6), corrected for olivine fractionation to their average MgO of 7.5 wt%.  (b) Samples from Segment B (see Fig. 6) corrected to their average MgO of 7.7 wt%.  (c) REE inversion fits to the averaged data from segments A & C (broken lines) and segment B (solid lines), with error bars showing one standard deviation of the range in values of the basalt samples and the assumed mantle source. Inferred melt thicknesses are 5.0 ( 1.0 km for segments A & C, and 3.5 ( 1.6 km for segment B.

Figure 8
Crustal velocity model along an east-west isochron profile on the SWIR crossing a complete segment bounded by the Atlantis II Fracture Zone and a non-transform discontinuity (from Muller et al., in press).  P-wave velocity contours every 0.4 km/s.  Location and depth extent of ODP Hole 735B, which lies approximately 2 km north of the line, are projected onto the profile.  Segment-averaged crustal thickness is 3.8 km.

Figure 9

Vertical velocity profiles through igneous crust of age 9-14 Ma on the SWIR at 57ºE. Solid lines show structure at middle of segments, broken lines at segment boundaries (from Muller et al., in press).

Figure 10

Normalised REE concentrations from 57(E on the SWIR (from Robinson, 1998).  (a) Samples from site 3, conjugate to ODP 735B, corrected to their average MgO of 7.5 wt%.  (b) Samples from sites 4-9 on the present spreading axis, corrected to their average MgO of 7.2 wt%.  (c) REE inversion fits to the data from the present spreading axis (solid lines) yields 2.8 km melt and from site 3 (broken lines) yields 4.1 km melt.

Figure 11
Normalised REE concentrations from basalts dredged on the flanks of the Atlantis II FZ, SWIR (from Johnson & Dick, 1992).  (a) Samples from eastern side corrected to their average MgO of 6.7 wt%.  (b) Samples from western side corrected to their average MgO of 7.6 wt%.  (c) REE inversion fits to the data from the eastern side (broken lines) yield 2.6 km melt and from the western side (solid lines) yield 3.5 km melt.

Figure 12

(a)  Normalised REE concentrations from fresh basalts on the SWIR near the Rodrigues triple junction (from Price et al., 1986), after correction to their average MgO of 8.7 wt%.  (b) REE inversion fit using a slightly enriched mantle source with εNd  of +8.9 yields a melt thickness of 4.2 km, with a range of 3.7-5.2 km.

Figure 13

(a)  Normalised REE concentrations from basalt dredges along ridge axes that meet at the Bouvet triple junction (from Le Roex et al., 1983, 1985), all corrected to their average MgO of 8.1 wt%.  Solid lines show samples from the SWIR, broken lines from the American-Antarctic Ridge.  

(b)  REE inversion fits to the data shown in (a) yields a melt thickness of 3.6-5.9 km for the SWIR (filled symbols and solid lines), and 3.3-5.7 km for the American-Antarctic Ridge (open symbols and dashed line).

Figure 14

(a) Normalised REE concentrations from fresh basalt glasses from Cayman Trough (from Elthon et al., 1995), after correction to their average MgO of 7.1 wt%.  (b)  REE inversion fit yields melt thickness of 2.7 km, with a range of 1.9-4.6 km.

Figure 15

Velocity-depth relationships averaged along profiles for gradients and layer thicknesses from six wide-angle seismic profiles along isochrons on the Mohns Ridge varying in age from 1-22 Ma (after Klingelhöfer et al., 2000a).

Figure 16

(a) Normalised REE concentrations from fresh basalts on the Mohns Ridge reported by Neumann & Schilling (1984) (solid lines) and by Haase et al. (1996) (broken lines), after correction to USGS recommended standards and correction to their mean MgO of 8.5 wt%.  

(b)  REE inversion fit to the averaged data of the combined dataset in (a) using a mantle source with εNd  of +7.0 yields a melt thickness of 6.0 km, with a range of 4.9-6.6 km.

Figure 17

(a) Normalised REE concentrations from fresh basalts on Knipovitch Ridge (from Neumann & Schilling, 1984), after correction to their mean MgO of 8.2 wt %.  

(b) REE inversion fit assuming depleted mantle source yields a melt thickness of 4.1 km, with a range of 2.7-4.9 km.

Figure 18
(a) Normalised REE concentrations from Gakkel Ridge samples (from Muhe et al., 1993) after correction to their mean MgO of 9.1 wt%.  (b) REE inversion fit yields melt thickness of 4.8 km, with a range of 4.1-6.3 km.

Figure 19

REE inversion fit to the averaged data for mid-ocean ridge basalts compiled by Sun & McDonough (1989), yielding a melt thickness of 7.1 km.

Figure 20

REE concentrations for each of the very slow-spreading ridges discussed in section 4 (thin lines), together with (heavy lines) MORB averages from Taylor & McLennan (in press), Hoffman (1988) and Sun & McDonough (1989), all corrected for olivine fractionation to their average MgO content and normalised to the concentration of depleted MORB-source mantle (from McKenzie & O’Nions, 1991).

Figure 21

Distribution of proportion of mantle that is melted versus depth below the surface for the best-fitting REE inversions from normal MORB and from the very slow-spreading ridges described in this paper.

Figure 22

Variations of observed geochemical measurements with full spreading rate. Squares show from very slow-spreading ridges discussed in this paper, triangles from data in White et al. (1992), and filled circles from average compilations of MORB, depicted at an average spreading rate of 80 mm/a. (a) Na8 corrected to 8 wt% MgO using Klein & Langmuir’s (1987) method; (b) Ca0/A1203 ratio; (c) Average REE concentration, normalised to a depleted MORB-source mantle; (d) La/Sm ratio.

Figure 23

(a) Igneous crustal thickness versus full spreading rate from segment-averaged geophysical measurements or, where averages are not available, from seismic measurements corrected for the effect of thin crust in fracture zones.  Data are from results presented here (squares) and from Bown & White (1994) (triangles), but omitting measurements from immediately adjacent to rifted continental margins where the special conditions of a long period of continental extension and lateral heat flow may be the cause of abnormally thin crust (Minshull et al., in press), and with the addition of recent results from the SWIR (Minshull & White, 1996),  and segment averages from the North Atlantic (Henstock et al., 1996; Canales et al., 2000; Dean et al., 2000), and the Pacific (Begnaud et al., 1997; Canales et al., 1998; Grevemeyer et al., 1998; Van Avendonk et al., 1998). (b) Melt thickness inferred from REE inversions using results presented here (squares) and from recalculations using consistent parameters of the datasets used by White et al. (1992) (triangles).   We exclude results from fracture zones, marginal basins and locations that have lain over mantle plumes. Spreading rates of young crust have been adjusted to Nuvel-1A (DeMets et al., 1994).

Figure 24

Predictions from selected theoretical models of melt generation as a function of spreading rate.  Passive (solid lines) and buoyant (dashed lines) upwelling models are shown.  Data from geophysical (solid symbols) and geochemical (open symbols) measurements of melt thickness from Fig. 22 are superimposed. Melt generation models are from:  (1) Reid & Jackson (1981), constant viscosity of 1019 Pa.s, 1465°C;  (2) and (3) Shen & Forsyth (1992), constant viscosity of 1019 Pa.s with temperature and pressure dependent viscosity (exponent n~3) respectively;  (4) Cordery & Phipps Morgan (1993), constant viscosity of 1019 Pa.s;  (5) Bown & White (1994), constant viscosity of 1019 Pa.s, Tp=1300°C, with spreading rate dependent lithosphere wedge angle; (6) Su & Buck (1992), constant viscosity of 1019 Pa.s with melt buoyancy; (7) Cordery & Phipps Morgan (1993), constant viscosity of 1018 Pa.s with melt buoyancy; (8) Sotin & Parmentier (1989), compositional and thermal density buoyancy for constant viscosity of 1019 Pa.s ; (9) Scott (1992), temperature and pressure dependent viscosity, medium viscosity model, melt and thermal density buoyancy; (10) Sparks & Parmentier (1993), constant viscosity of 1019 Pa.s with thermal and compositional buoyancy.
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