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Abstract

Systematic compositional variations among N11,000 mid-ocean ridge basalts (MORB) from the global mid-ocean ridge
spreading system demonstrate how the ocean crust regulates erupted lava compositions. MORB chemical differences reflect
complex relationships among crustal thermal structure, magma temperatures, degree of magma differentiation, degree of magma
homogenization, depth of seismically imaged crustal magma bodies and the ability of MOR volcanism to accurately map parent
melt variations as functions of spreading rate and magma supply. High melt supply at the fastest spreading ridges produces
relatively more differentiated magmas from shallow magma chambers and with a much greater variation in chemical signatures
imparted by differentiation in the crust; however, such magmas also display narrow ranges in chemical attributes related to mantle
source and melting style. In contrast, low melt supply promotes the eruption of less differentiated magma from deeper magma
chambers of more uniform differentiation degree but more variable mantle parentage. Collectively, these observations indicate that
in the oceanic crust the depth, style and rate of magma accumulation and the minimum pressure of differentiation reflect the
thermal state of the upper crust, which is largely governed by the magnitude and continuity of regional melt supply. We propose a
composite MOR magma chamber in which the number and size of melt segregations scale with spreading rate and magma supply,
resulting in greater steady-state proportions of melt in the crust as supply increases. At high melt supply, shallow, large reservoirs
are highly sensitive to temporal variations in cooling rate and produce magmas of greater and more variable degrees of
fractionation. High melt supply promotes homogenization of parental magma compositions with increased degree of
differentiation. At lower melt supplies, magma accumulates more episodically and resides in poorly connected, hotter, and
more thermally insulated reservoirs deeper in the crust; eruptions at such settings produce lavas that are uniformly less
differentiated but more likely to retain variations inherited from the underlying mantle.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Decompressional mantle melting and magma differ-
entiation forms mid-ocean-ridge basalt (MORB), one of
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Earth's most common and intensely studied rock types.
Mid-ocean ridge (MOR) volcanism produces the
igneous crust at 2/3 of Earth's surface, drives hydro-
thermal exchanges of heat and composition in the
ocean-crust system, supports a unique chemosynthetic
biosphere, and records compositional variations within
the underlying mantle. The interplays among magma
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accumulation, differentiation, heat loss, and eruption as
functions of space and time are key factors for
understanding the creation of the upper oceanic crust.

Four decades of study have refined understanding of
these MOR phenomena and how local tectonic condi-
tions at divergent plate boundaries affect magmatic
histories of MOR volcanoes. Physical ridge segmenta-
tion at 10 to 100 km length scales commonly reflects
mantle compositional or melt supply differences (e.g.,
Langmuir et al., 1986; Sinton et al., 1991), while
magmatic differentiation variations at smaller spatial
scales reflect crustal (e.g., Sinton et al., 1983; Thompson
et al., 1985; Langmuir et al., 1986; Sinton et al., 1991)
and uppermost mantle (e.g., Grove et al., 1992;
Herzberg, 2004) thermal conditions (e.g., at magmati-
cally robust segment centers and near ridge disconti-
nuities). At even finer scales, closely spaced samples
over multiple km of ridge crest display varying magma
compositions akin to terrestrial volcanoes (e.g., Rey-
nolds et al., 1992; Perfit et al., 1994; Smith et al., 1994),
and spatial geochemical patterns within individual
eruptions record important variations in sub-axial
magma reservoirs that reflect variable melt delivery
and along-axis mixing as functions of crustal temper-
ature and magma supply (e.g., Perfit and Chadwick,
1998; Rubin et al., 2001; Sinton et al., 2002, 2005;
Bergmanis et al., 2007).

Systematic global variations in lava chemistry as
functions of geography, spreading rate and crustal
structure (e.g., Klein and Langmuir, 1987; Niu and
Batiza, 1991; Langmuir et al., 1992; Niu and Hekinian,
1997) constrain how MOR volcanism samples the
mantle (e.g., melting style, extent and supply to the
crust). Differing mantle compositions also produce
large-scale spatial patterns in MORB chemistry, espe-
cially incompatible trace element and radiogenic isotope
ratios under the influence of hot spots (e.g., Schilling,
1991), regionally different mantle compositions (e.g.,
Dupre and Allègre, 1980; Hamelin and Allègre, 1985;
Mahoney et al., 1989), or as a function of spreading rate
(e.g., Allègre et al., 1984; Batiza, 1984; Langmuir et al.,
1992).

It is commonly accepted that erupted MORB
compositions reflect a variable overprint of low-pressure
differentiation (e.g., Grove et al., 1992) on more mafic,
mantle-derived primary liquids (e.g., Elthon, 1979;
Stolper, 1980), yet the global and regional systematics
of how magmas behave in the crust have received
comparatively less attention. Prior studies established
that high magma supply ridges tend on average to erupt
lower MgO lavas than those with lower magma supply
(e.g., Atlantic vs. Pacific MORB (Natland, 1980;
Flower, 1980; Morel and Hekinian, 1980; Sinton and
Detrick, 1992; Langmuir et al., 1992). Sinton and
Detrick (1992) argued that differentiation in mostly
molten magma lenses found at intermediate to high
spreading rates would produce lower MgO and less
crystalline magmas than those from slower spreading
ridges that lack such lenses.

Despite these advances, many questions remain
about processes and conditions leading to global erupted
MORB compositions. Here we use major element, trace
element, and radiogenic isotopic variations in a large
MORB sample population to quantify systematic
compositional differences as functions of spreading
rate, magma supply and ridge depth, with implications
for magma accumulation and differentiation conditions
within the oceanic crust. We demonstrate that global
geographic patterns in MORB compositions arise
largely from variable crustal over printing on mantle
melts and illuminate general relationships among crustal
structure and magmatism throughout the MOR system.

2. Methods

2.1. The global MORB compilation

Major element compositions of N11,000 MORB
glasses and 2100 glass and whole rock samples that
include trace element and radiogenic isotope data were
compiled and evaluated. Data compilation (mostly from
PetDB, Lehnert et al., 2000) and data handing are
discussed in the supplementary text. Only “fresh”
samples were included (i.e., samples identified as
altered or slightly altered were eliminated). As many
available data were used as possible, collectively
representing N1000 publications produced over multiple
decades, but we rejected small fractions based on data
quality/error filters (1.6%, n=168) and location con-
straints (mainly off-axis, 4%, n=619). Removal of
duplicate data from PetDB further reduced the total
sample numbers by ∼3%. Samples were geographically
divided into 37 ridge “sections”, each including multiple
ridge “segments” (as defined in Macdonald, 1982),
using primary tectonic features (e.g., spreading center,
transform fault boundaries) and amount of available
data (Supplementary Table 1).

Our principal focus is on “normal” MOR magma-
tism. We thus excluded small numbers of samples from
hot spot-dominated regions because the increased melt
supply and atypical mantle composition associated with
hotspots can greatly affect erupted MORB composi-
tions. These include 45 samples from the Bouvet triple
junction and adjoining southern mid Atlantic ridge



259K.H. Rubin, J.M. Sinton / Earth and Planetary Science Letters 260 (2007) 257–276
(MAR) and western Southwest Indian ridge (SWIR),
and 42 glasses from the sparsely sampled S-MAR Shona
hotspot segment. We excluded samples from the most
strongly plume-influenced ridge segment from the S-
MAR ridge section near the Discovery hot spot in our
figures, although we present oxide means in Supple-
mentary Table 2 for this region both with and without
samples from this segment to illustrate the level of effect
in a slightly more densely sampled region. The most
plume-influenced segments of the Galapagos Spreading
Center (GSC) between 90.8° and 89°W (Detrick et al.,
2002; Christie et al., 2005) appear in Supplementary
Fig. 1. Mg variations for N11,000 basalt glasses from different geographic reg
in the texts and Supplementary Table 1). (a) Mg# versus mean eruption d
compared to that of the other ocean basins and the limited Mg# range at ap
central portion of the Galapagos Spreading Center (“GSC-mid”) plots just off s
relationships with spreading rate Gakkel datum in panel b estimated from M
N11,000 sample suite (solid symbols) and the 2100 sample glass/whole ro
symbols). The same inverse correlation is observed in both. In a number of in
and for one geographic area there is no trace element data in PetDb. (c) Glo
Langmuir et al. (1992). Data trend calculations are explained in the text. Ove
also right column of Fig. 2) despite showing a lower range of segment means (
because the center of a data distribution (median) is sensitive only to the num
and their values. MgO is expressed as wt.% and Mg# is the mole fraction M
Grey bars in panel d are 1σ deviations for each mean in this and subsequent fi
are derived from the Nuvel-1a model (DeMets et al., 1994), using the mean s
after Sinton and Detrick (1992) and references therein. Data symbols and f
edges); MAR (dark grey field with dashed edge and black symbols with white
with black edges), other Pacific Ocean spreading centers (no field, various s
Table 2 and some figures as “GSC-mid”, but are not
used in regressions discussed below. Other plume-
influenced ridge segments (e.g., MAR near 38°N, the
Easter Microplate along the S-EPR, and Axial seamount
on the Juan de Fuca ridge, JdFR) are included because
regional means with and without them are indistin-
guishable. This result illustrates the benefit of basing
regional means on relatively large ridge sections, despite
the potential for loss of information on fine-scale or
local variations.

Our data set is much larger than previous global
MORB studies (e.g., 5× the observations of Sinton and
ions of the global mid-ocean ridge system (data compilation discussed
epth. Note the generally lower Mg content of Pacific Ocean MORB
preciable depth range in non-Pacific MORB. The hot-spot influenced
cale at 1.8 km average depth. (b, d) MgO andMg# display strong linear
ichael et al., 2003. Panel d also shows mean MgO for both the entire
ck subset for which trace element and isotopic data also exist (open
stances open symbols lay directly under the corresponding closed one,
bal MORB variations versus MgO, with spreading rate binning after
rall, compositions are more variable at faster spreading rate ridges (see
Langmuir et al., 1992). The difference in the two range measures arises
ber of extreme data whereas the mean depends on numbers of extremes
g2+/(Mg2++Fe2+). Mg# calculation assumes Fe+2 to be 90% of FeOT.
gures. Regressions include all of the data in each panel. Spreading rates
ample position on the plate boundary. Estimated liquidus temperatures
ields: EPR (white field with black edge and grey symbols with black
edges), Indian Ocean spreading centers (grey field and white symbols
hades of grey with black edges, as annotated on the figure).
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Detrick, 1992), although it still is unavoidably non-ideal
due to unequal global sampling density. We partially
offset sampling density differences by modulating
geographic ridge section sizes to narrower and broader
regions where more and fewer data are available,
respectively. Of our 37 ridge segments, 22 comprise
100–1600 samples, 9 contain 80–99 samples, and 6
contain 33–59 samples. We tested for data binning
biases by inserting various “boundaries” into high data
regions (N-EPR, S-MAR, SEIR) and observed no
significant data shifts. A second sampling density
issue involves the greater attention often paid to
“anomalous” regions compared to surrounding “nor-
mal” ones. In most cases it is not possible to objectively
filter the data for such biases so we have not attempted
to do so. One ridge section excluded because of hot-spot
influence (the GSC east of 88°W) also has extreme
sample location biasing (46% of the 251 axial glass
samples are associated with the 85.5°W propagating rift
or the 87°W overlapping spreading center).

2.2. Spreading rates

Regional spreading rates were calculated using
Nuvel-1a rotational parameters (DeMets et al., 1994)
to produce a weighted velocity for the mean latitude and
longitude of all samples within each ridge section;
weighting errors were less than one half of the full range
of rates through each ridge section. Half-ranges were
b2.5 mm/yr in all but 2 ridge sections (i.e., just 1.5% of
the total ∼150 mm/yr variation between sections). Two
long ridge sections have larger spreading rate half-ranges
(5 mm/yr for the Pacific–Antarctic Ridge and western
GSC), but such uncertainties do not significantly alter our
results. Although spreading rate is a primary parameter for
comparing ridge sections, we chose not to bin all global
data of a particular rate (e.g., Niu and Hekinian, 1997) to
preserve geographical variations and to compare different
ridge segments at the same rate.

3. Results

Ridge section major element means and standard
deviations are in Supplementary Table 2. Strong linear
correlations of numerous chemical parameters with
spreading rate are a striking feature of the data set
(Figs. 1 and 2). Pacific MORB have lower average Mg#
than Indian and Atlantic Ocean counterparts and occur
in a narrower depth band at the shallow end of the global
range (Fig. 1). Average Mg content varies inversely with
spreading rate in our compilation, forming a global
pattern of progressively lower mean erupted liquidus
temperature at higher spreading rates (Fig. 1). Smooth,
linear trends throughout the entire spreading rate range
and similarity in Mg# of ridge segments in different
ocean basins at the same spreading rate have not
previously been noted.

FeOT, FeOT/MgO and TiO2, correlate positively, and
Al2O3, Ni and Ni/V negatively with spreading rate
(Fig 2). Ni/Vis a highly tomoderately compatible element
ratio in MORB because low fO2

precludes significant V
redox variation. All of these trends are consistent with
low-pressure differentiation of olivine+plagioclase±
clinopyroxene mineral assemblages as the dominant
control on erupted compositions, with fractionation extent
and spreading rate increasing together.

A less anticipated observation is that variances of
FeOT, FeOT/MgO and TiO2 within individual ridge
sections (expressed as standard deviations) also corre-
late with spreading rate, although none of these cor-
relations are very strong. Nevertheless the data trends
are clearly positive, indicating more variable lava com-
positions at higher spreading rates. In contrast, lavas
from slower spreading ridges tend to be more uniform
and less differentiated.

Variability within a sample population can be as-
sessed in a number of different ways. It has previously
been argued that MORB from faster spreading ridges is
least variable based on the range between the highest and
lowest mean MgO for ridge segments separated into
slow, medium and fast spreading categories (Fig. 73 of
Langmuir et al., 1992). This pattern is repeated in the
present data set. However, variance indices using stan-
dard deviation of ridge section means, standard devia-
tions of samples from entire ridges (EPR, MAR, etc.),
and ranges of median values of ridge sections (Fig. 1c)
all indicate that variance correlates positively with
spreading rate. The apparently contradictory behavior
of these indices reflects the difference between maxi-
mum range (absolute difference between extremes in a
data group) and maximum variance (the distribution of
data within a group). The two standard deviation
measures show greater data spread at faster spreading
rate, as does the range of medians result, which
demonstrates that the data are more widely distributed
between extremes at those ridges. The opposite trend for
the range of segment means (Fig. 1c and Langmuir et al.,
1992) is particularly interesting, because it indicates a
general uniformity to the maximum data spread among
faster spreading ridges.

Selected other chemical parameters show a narrowing
compositional variance with increased spreading rate
rather than a linear trend (Figs. 2 and 3). These elements
and ratios (e.g., CaO, Na2O, K/Ti and La/Sm) are



Fig. 2. Selected compositional attributes of the global MORB data set that display linear (panels a–i) or narrowing (panels j–l) relationships with
spreading rate (same data as Fig. 1; oxides are expressed as wt.%). (a–i) Strong linear variation with MgO suggests control by low-pressure
fractionation. The right-hand column shows standard deviations for the four oxide parameters in the center column, all but one of which increase with
spreading rate (see text). Linear regressions include all data in each panel. On average, faster spreading ridges erupt more differentiated lavas than
slow spreading ones; there is a weakly discernible tendency for faster spreading ridges to erupt a wider range of magma compositions than slower
spreading ones. j–k elements that track compositional attributes inherited from the mantle display narrowing variance (diminished spread) with
increased spreading rate. Note the lack of significant correlation with spreading rate for these data.
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unlikely to be affected strongly by small to moderate
extents of differentiation, and therefore largely reflect
mantle source composition and/or melting conditions.
All of these variations are well resolved relative to typical
analytical precision limits. Variance of Na2O, K/Ti and
La/Sm within individual ridge segments (standard



Fig. 3. Some compositional attributes likely inherited from the mantle display narrowing variance with increased spreading. K/Ti data are from the same
samples as Fig. 1. Data in the other panels are from the trace element and isotope ratio sample subset discussed in the text; see also Fig. 1d. Incompatible
elements are expressed as weight concentration ratios. Conditions for linear regressions are the same as Fig. 2, and likewise demonstrate the lack of
significant correlation in these parameterswith spreading rate. Rather, each data array shows diminishing range of variationwith increased spreading rate.
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deviation panels in Figs. 2 and 3) also displays narrowing
values as spreading rate increases, indicating more
homogenous erupted compositions at the sample-to-
sample length scale. Other attributes inherited from the
mantle source (87Sr/86Sr, 143Nd/144Nd and 206Pb/204Pb)
also display narrowing compositions and compositional
variances with increased spreading rate, both between
and within individual ridge segments (Fig. 3). Previous
authors observed a similar pattern with significantly
smaller data sets and attributed reduced isotopic variance
with spreading rate to differing mantle heterogeneity
length scales and/or melt zone-processing rates, promot-
ing isotopic homogenization in Pacific MORB relative to
slower spreading Atlantic MORB (Allègre et al., 1984;
Batiza, 1984; Langmuir et al., 1992). Homogenization
during melt extraction has subsequently been demon-
strated to be unlikely for heterogeneities larger than a few
meters (Kenyon and Turcotte, 1987). Homogenization
probably occurs within the crust rather than in themantle,
as discussed below.

4. Discussion

4.1. Conditions of differentiation

Global variations in MORB chemistry should reflect
a profound imprint from differentiation conditions
superimposed on melting and melt transport because
unmodified mantle-derived magma is rarely erupted
(e.g., Elthon, 1979; Stolper, 1980). To evaluate
systematics of this crustal overprint we examine raw
MORB compositions, rather than fractionation-cor-
rected data commonly used to study mantle-related
variations (e.g., Klein and Langmuir, 1987; Niu and
Batiza, 1991; Langmuir et al., 1992).

Much of the major element covariation of the global
data (Fig. 4 and Supplementary Fig. 1) is consistent with
low-pressure crystal fractionation, particularly for trends
in Mg, Fe, Al, Ti, and P. Example fractionation
trajectories or liquid lines of descent (LLD) calculated
using MELTS (Ghiorso and Sack, 1995) for 2 different,
well-studied MOR lava flows are shown (see Rubin
et al., 2001). We used the most mafic sample from each
flow unit as the LLD starting points or parental magma
compositions; the LLD slopes reflect the phase assem-
blage and fractionation conditions. The point of using
these two examples is not to match the global data trend,
but to demonstrate the general slope of those variations.

Fe, Al, Ti and P variations versus Mg plus Al and Ti
versus Fe are all well correlated (R2 0.6 to N0.9) with
linear slopes tracking LLD predictions. The general
coherence to these trends indicates similarity of parental
melt compositions and low-pressure fractionation con-
ditions for most MORB (especially, very strongly
correlated Al/Ti and Ca/Ti versus Ti and Fe/Mg versus
Mg, R2 =0.9 to 1.0, where slight predicted curvatures
are visually discernable).

Mean Si, Ca and Na are more scattered versus MgO
and FeO, although Ca and Na covary at the predicted
low-pressure slope of 0.5 (R2 =0.7; figure not shown).
These more scattered variations reflect the sensitivity of
these elements to depth and extent (F) of melting (Klein
and Langmuir, 1987). The near horizontal SiO2 LLDs
versus MgO or FeO does not produce the observed data
dispersion, which instead must be parental. The highest
SiO2 ridge segments (averages N51 wt.%) are the most
anomalous and as a group also have the lowest FeO,
most likely reflecting shallower initial depths (Po) of
melting (Klein and Langmuir, 1987). The high-Si ridge
segments occur at four N-MAR sections between the
equator and 53°N, two SEIR sections between 23°S and
47°S, and along the CEIR (treated here as one ridge
section). However, neither CaO nor Na2O (also sensitive
to F and Po in pooled melts) correlates well with MgO
or FeO due to low-pressure differentiation effects. The
CaO–MgO LLD (Fig. 4) slope inflection as cpx joins
the liquidus explains some CaO data scatter but the cpx
inflection is subtler for Na2O and should not induce
considerable scatter. Because Ca/Ti behaves in the
manner predicted for low-pressure fractionation but the
curvature of Na/Ti data versus Ti is opposite that of the
synthetic LLD, significant Na/Ti variation of parental
MORB is indicated (e.g., note the relative Na deficit in
the lowest Ti data groups). Conditions within the ocean
crust under which Ti become compatible (i.e., when Fe-
oxides join the liquidus at ∼4 wt.% MgO) are
sufficiently rare to not influence mean Ti contents.

4.2. Mantle signatures

Variations in source compositional parameters like
K/Ti, La/Sm, 87Sr/86Sr, 143Nd/144Nd and 206Pb/204Pb
trend toward dramatically reduced variance (i.e., more
similar ridge section means and reduced standard
deviation within ridge sections) with lower Mg#
(Fig. 5), as a result of differentiation-coupled magmatic
homogenization. Individual ridge sections with highMg#
range from high to low La/Sm and La/Sm variance,
becoming more uniform as Mg# decreases. Although
there are fewer low Mg# data, T-factor analysis indicates
that b5% of the reduction in variance can be explained by
the sample number difference at the 95%confidence limit.

One observes similar patterns in individual sample
data along the fast-spreading EPR and intermediate-
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spreading SEIR, as illustrated by 87Sr/86Sr vs. Mg#
variations (Fig. 6). The slow-spreading MAR (away
from hotspots) shows no such pattern.
Differences in volcanic emplacement as a function of
spreading rate might affect MORB compositional
diversity on the seafloor because sample sets at similar
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spatial resolution will reflect shorter temporal scales at
faster spreading. Also, the products of small eruptions,
which may be more common at faster spreading rates,
e.g., (Perfit and Chadwick, 1998), can be more easily
buried by subsequent ones. Both of these effects should
reduce mantle-derived variability at all locations, more
so at the fastest spreading rates. However, these
processes do not explain why variability might correlate
with MgO. High-MgO lavas from the fast-spreading
EPR encompass the same relative 87Sr/86Sr range as at
slower spreading rates (Fig. 6), and off-axis lavas at
10.5°N EPR, which reflect temporal scales more
commonly sampled closer to the ridge axis at slower
spreading rates, show a limited 87Sr/86Sr range
(Regelous et al., 1999). These latter observations cannot
be explained by volcanic emplacement differences.

The correlation between reduced variability and
differentiation extent (Figs. 5 and 6) is strong evidence
for increased homogenization of mantle-derived signa-
tures in lower temperature, more differentiated MORB
magmas. On average, such homogenization appears to
occur more readily at intermediate to fast spreading
ridges, where magma supply is highest. These results
are consistent with model predictions for large,
convective, crystal-rich magma chambers overlain by
smaller, differentiated liquid-filled magma segregations
(e.g., see Fig. 9 of Wilson et al., 1988), despite the
inhibition of convection in crystal-rich magma bodies
governed by crystal mush rheologies (Sinton and
Detrick, 1992). Nevertheless, a causative link between
magma differentiation and homogenization of mantle-
derived compositions is implied by the data patterns,
and the link between Mg content and spreading rate
indicates that this homogenization is most effective at
faster spreading ridges commonly underlain by seismi-
cally detectable liquid melt segregations.
Fig. 4. Major element variations versus MgO and TiO2 (wt.% oxide) for same
plag±cpx) (Rubin et al., 2001) are superimposed on each panel (LLDs were co
vs. MgO panel). Solid black lines are regressions to the data. Note the str
indicating limited variation in the relative abundances of these elements in a
are well correlated, as discussed in the text. Data trends are well fit by linear
Na/Ti, respectively), however, all 3 are better fit by second order polynomials
the slopes of synthetic low-pressure fractionation trajectories for Ca/Ti and A
magmatic differentiation is the dominant control on Ti–Al–Ca distributions
Many parameters show linear relationships with MgO dominated by low
compositions, although the quality of the linear fit generally decreases from
all of the data in each panel). The Fe/Mg variation is well fit by both 2nd-orde
the polynomial fit displayed). There is somewhat more Fe and Ti variation at
trends. Na and Ca variations are more complex, consistent with inflected lo
lack of Mg–Si correlation is predicted from the near-horizontal low-press
(N51%, circled) are among the lowest Fe samples (Supplementary Fig. 2) w
controls on parental magma compositions.
The degree of change of mantle-derived composi-
tional variance with Mg# can be determined by binning
ridge section means and standard deviations over small,
non-overlapping Mg# ranges. There is a smooth
transition from greater to lower La/Sm range at high
to low Mg# ridge sections (Fig. 7a). The smoothness of
this transition suggests an underlying cause that spans a
continuum of conditions, rather than a spreading-rate
dependent threshold, as previously predicted for the
development and maintenance of MOR melt lenses
(Sinton and Detrick, 1992).

It is unlikely that mean La/Sm or 87Sr/86Sr variances
reflect primary melt variations as a function of spreading
rate because both highly variable and highly homoge-
neous La/Sm ridge sections occur at slow spreading
rates (Fig. 3); what do not occur are high-variance ridge
sections at higher spreading rates. Furthermore, relative
La/Sm range [(maximum−minimum) /mean] varies
little throughout the global MOR spectrum (Fig. 7b),
such that the full compositional range is erupted even at
the lowest mean Mg# ridges and only mean La/Sm is
less variable there. Thus the underlying mantle appears
to be capable of supplying melts with essentially the
same compositional range throughout the “non-hot-spot
influenced” MOR system, but differences in how
magmas are homogenized after melts leave the mantle
result in geographical differences in mean composition-
al variance.

The view that spreading rate variations in radiogenic
isotope variability reflect spreading rate-dependent
mantle sampling scales is common in the literature
(e.g., Allègre et al., 1984; Batiza, 1984; Langmuir et al.,
1992), but our analysis does not bear this out. Rather, the
near equivalence of MORB isotopic data ranges at
different spreading rates, the occurrence of low variance
ridge sections at low spreading rate (Figs. 3 and 5), and
data of Fig. 1. Example low-pressure fractionation trajectories (olivine+
mputed at 0.5 or 1.5 kb, 0.05 or 0.3%H2O; see line style legend in TiO2

ong coherence to a single data trend for Ca, Al and Ti (top panels),
verage parental magmas. Na/Ti is more variable, although Na and Ca
regressions (not shown; R2=0.98, 0.94 and 0.65 for Al/Ti, Ca/Ti and
(black solid lines in the lower panels). The 2nd order curve fits follow
l/Ti, but display opposite curvature in the Na/Ti panel. Low-pressure
but additional processes are required to explain Na/Ti. MgO panels:
-pressure differentiation effects on a limited range of parent melt
the topmost panels though the bottommost (linear regressions include
r polynomial and linear regression (R2=0.9 and 0.8, respectively; with
a givenMgO in these magmas, although data adhere to clearly defined
w-pressure fractionation trajectories plus parent melt variability. The
ure fractionation trajectories. Those sample groups with highest Si
ith little variation in Mg between them, suggesting melting condition



Fig. 5. Elemental and isotopic variations versus Mg# for same data used in Fig. 3 except the K/Ti and K/Ti SD panels, which use the entire dataset of
Fig. 1. Note the diminishing variation between and within individual ridge segments with decreasing Mg#.
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Fig. 6. 87Sr/86Sr versusMg# in individual samples along the EPR, SEIR
and MAR. Symbols represent different ridge sections (see Supplemen-
tary Table 1). Note the diminishing variation with decreasing Mg# for
the EPR and SEIR. The relative y-axis scale is the same in each of the 3
panels although the absolute values are partially offset between them.

Fig. 7. La/Sm variations versus Mg# in the same MORB groups as
previous figures. The upper panel shows variations in standard
deviation of La/Sm between ridge sections with similar Mg# (same
data as La/Sm panel of Fig. 5). Mean erupted MORB compositions
become less variable with increased differentiation (lower Mg#) in a
smooth, continuous fashion. The arrow denotes the approximate Mg#
that corresponds to 75 mm/yr spreading rate in Fig. 1, as discussed in
the text. The lower panel is the relative range of La/Sm, defined as (La/
Smmax−La/Smmin) /mean, versus mean Mg# of a ridge section. The
maximum range of values is effectively constant throughout the ridge
system, indicating that it is possible to preserve the full range of
underlying mantle compositions in erupted MORB lavas at all
spreading rates. The upper panel regression is an exponential data
fit. Horizontal bars depict the Mg# values (ridge section means)
covered by that datum. Italicized numbers represent the number of
ridge segments in that group. The lower panel regression is a linear fit
with slope of 0.00.
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the strong geographical gradients in isotopic and trace
element compositions observed in MORB near hot spots
and other melting anomalies at all spreading rates (e.g.,
Schilling, 1991) all suggest that little of the spreading
rate variability arises in how the sub-ridge mantle is
processed during melting. Rather, although a range of
mantle-derived compositions may enter the crust in any
given area, melt supply-dependent magma homogeni-
zation during low-pressure differentiation determines
what is ultimately erupted on the seafloor.

Finally, we note strong isotopic and trace element
compositional covariations in the 37 different ridge
sections (e.g., 87Sr/86Sr vs. 143Nd/144Nd and La/Sm vs.
K/Ti, Supplementary Fig 2,R2=0.8 and 0.6, respectively)
aswell as positive covariations in their respective standard
deviations (R2=0.6 for both). Together these indicate a
strong inter-relationship of these parameters that track
mantle source compositions and their rate of variability
along the global MOR system. Interestingly, although
variance increases with the degree of local MORB source
enrichment (e.g., La/Sm and 87Sr/86Sr, Supplementary
Fig. 2), there is still considerable scatter at the most
depleted range of these parameters, suggesting that
heterogeneities exist on multiple length scales and that
even the depleted mantle is not solitary in composition.

4.3. Magma chamber depth

A general relationship between petrologic indica-
tors of fractionation depth and spreading rate has been
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noted from MORB major element compositions, with
evidence for generally higher magma crystallization
pressures being more common at slow spreading
ridges and close to fracture zones at all spreading
rates (Michael and Cornell, 1998; Herzberg, 2004;
Eason and Sinton, 2006). In some areas, this rela-
tionship can be investigated directly where the top of
the axial magma chamber (AMC) has been imaged
seismically.

High-resolution seismic reflection data are available
for a small subset of our ridge sections (9°–10°, 10°–
11° and 11°–12° N EPR, (Detrick et al., 1987), 12°–23°
S EPR, (Detrick et al., 1993), GSC-West, (Detrick et al.,
2002) the entire JdFR, (Carbotte et al., 2006), and the
Lucky Strike segment of the MAR, 37° 17′ to 19′ N
(Singh et al., 2006). Within these regions, shallower
magma chambers at the highest spreading rates on
average erupt more differentiated lavas than deeper
chambers at slower spreading ridges (Fig. 8). The
inverse relationship between AMC depth and extent of
differentiation is particularly well illustrated for the five
segments of the JdFR, which from south to north are
Cleft, Vance, CoAxial, Northern Symmetric = Cobb,
and Endeavor (Carbotte et al., 2006). At constant crustal
thickness, spreading rate and magma supply to the crust
covary positively, so Fig. 8 indicates that magma
chamber depth is inversely proportional to magma
flux from mantle to crust at normal ridges, as predicted
by Phipps Morgan and Chen (1993). The central GSC
datum illustrates the further shallowing of the AMC and
increased differentiation where melt supply is enhanced
by a nearby hot spot.

The thermal gradient in upper MOR crust (e.g.,
Sinton and Detrick, 1992) largely reflects a balance
between hydrothermal cooling aided by upper crustal
faults, and rate and extent of magma supply from below
(e.g., Macdonald, 1998). One might anticipate the
presence of shallower melt lenses with more differen-
tiated magmas at higher melt supply ridges because
shallow lenses should be increasingly subject to
significant cooling while requiring greater replenish-
ment or melt fluxes to avoid freezing entirely. Such
lenses also should be subject to greater spatial and
temporal thermal instability, leading to greater variance
in those chemical properties that are most sensitive to
low-pressure differentiation (Fig. 2). Generally higher
Cl/K and its inverse correlation with MgO at faster
spreading ridges also imply shallower crystallization
nearer to the active hydrothermal circulation zone at
faster spreading ridges (Michael and Cornell, 1998). He,
Ar and CO2 abundances in MORB from a few localities
around the globe are also consistent with a shallowing of
magma degassing depth at increasing spreading rate
(Paonita and Martelli, 2007).

MOR structural models predict thin, brittle crustal
lids over axial melt lenses at high spreading rates and
melt supplies, whereas intermittent magma lenses at
slower spreading ridges form beneath thicker and
stronger lids (Sinton and Detrick, 1992; Buck et al.,
1997), consistent with the relations shown in Fig. 8.
Since eruptive dikes form from failure in response to
accumulating magma pressure, it stands to reason that a
greater volume of magma might be required to initiate
eruptive dikes through thicker/stronger overlying crust
(e.g., Buck et al., 1997; Sinton et al., 2002), consistent
with the inverse relation between median erupted
volume and spreading rate observed for the meager
data set of known mapped MOR lava flows: (e.g., Perfit
and Chadwick, 1998; Sinton et al., 2002). Once
initiated, larger volume, more mafic and crystal-rich
proportions of underlying magma chambers arising
from the hotter and deeper crustal levels should
generally be erupted at slower spreading rates.

4.4. Systematics of magma evolution beneath mid-ocean
ridges

4.4.1. Magma in the MOR crust
In 1992, a comprehensive interpretation of available

geophysical, petrological and structural data attempted
to reconcile the counter-intuitive relationship between
increased magma supply and increased differentiation
with a new model of MOR magma chambers (hereafter
the SD model (Sinton and Detrick, 1992) that differed
significantly from previous models invoking large,
mostly molten magma bodies (e.g., Cann, 1974; Casey
and Karson, 1981; Pallister and Hopson, 1981; Nicolas
et al., 1988). The SD model proposed a composite
magma chamber floored by a thick, gabbroic crystal
mush that is only locally topped by much smaller,
mostly liquid melt segregations or melt lenses. The
liquid melt segregations have only been seismically
detected beneath ridges with moderate to high melt
supply. Two important features of the SD model are that
everywhere along the MOR a considerable proportion of
crustal magmatic evolution occurs at conditions of
relatively high crystallinity, where the mineralogy of the
solid phases is significantly more mafic than erupted
lavas (e.g., Langmuir, 1989; Sinton and Detrick, 1992;
Ridley et al., 2006), and that liquid-dominated melt
lenses and the fractionation that occurs in them can only
be sustained in regions that are replenished frequently
enough to counteract the effects of cooling in the shallow
crust.



Fig. 8. Spreading rate dependence of the depth below the seafloor of the seismically imaged axial magma chamber (AMC) at various ridge sections
plus chemical indicators of low-pressure differentiation versus AMC depth. In general magmas erupted from deeper magma chambers are less
differentiated. Magma chambers are generally shallower at higher spreading rates and deeper at slower spreading rates, where overall melt supply is
high and low, respectively. The central GSC is plotted (asterisk) as an example of a hot-spot influenced ridge where active upwelling may be
providing excess melt supply (e.g., Cushman et al., 2004). Linear regressions include filled symbols, which are for the same MORB groups of
previous figures except the datum for the Lucky Strike segment of the MAR (light gray triangle), which is based on MORB from 37° 17′ to 19′N and
32° 16′ to 19′W). Open diamonds in each panel are individual segments of the Juan de Fuca Ridge (Carbotte et al., 2006); AMC depth data from 9°–
10°, 10°–11° and 11°–12° N EPR, (Detrick et al., 1987), 12°–23° S EPR, (Detrick et al., 1993), GSC-West, (Detrick et al., 2002) Juan de Fuca Ridge,
(Carbotte et al., 2006) Lucky Strike, MAR (Singh et al., 2006).
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More recent observations including those in this
paper allow us to update the SD model, as summarized
in Fig. 9. Our important observations include (1)
spreading-rate dependent controls on MORB composi-
tions, including the tendency for lower spreading rate
lavas to be more mafic, less variable in compositional
characteristics that are sensitive to low-pressure frac-
tionation, and more variable in elements and ratios that
track melting processes or mantle compositions than
their higher spreading rate counterparts, (2) a continuous
rather than step-like transition between states character-
izing “fast and intermediate” versus “slow” spreading
rates, and (3) correlated variations in magma chemistry,
spreading rate, and melt lens depth beneath the seafloor.

The two crustal fractionation regimes in the SD model
promote chemical signatures seen in the global data set.



Fig. 9. Cartoon summarizing various chemical and physical trends
throughout the global MOR, including the relationships between
magma supply, AMC depth, magma lens number and size, magma lens
thermal stability (ΔT / time), eruption frequency and chemical
attributes of the lavas they erupt. As magma supply increases it
becomes more continuous and pushes the shallowest melt reservoirs
(lenses) to shallower, more thermally unstable regions of the crust,
resulting in more differentiated lavas (e.g., lower Mg#) with much
greater variation in chemical signatures imparted by differentiation in
the crust (e.g., σMg#) and greater homogenization of chemical
attributes from the mantle (e.g., σ87Sr/86Sr and La/Sm). In contrast,
low and more intermittent melt supply promotes less frequent eruption
of less differentiated magma from deeper magma chambers of more
uniform differentiation degree but more variable mantle parentage.
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At steady state, mush zone fractionation buffers most
resident melts to fairly mafic mean compositions with
limited effect on elements like Mg, Al, Fe, Ti, and Ca.
Although limited open-system crystallization or melt–
rock reactions in this zone can increase highly incompat-
ible element concentrations, nearly the full range of
parentalmelt ratios for elements of similar incompatibility
and radiogenic isotopes should remain in melts traversing
this regime because high crystallinity and low overall melt
porosity limit mixing during melt transport. Our obser-
vation of high variance of such chemical parameters in
highMgO lavas at all spreading rates (Fig. 5) supports the
ubiquity of this regime in the MOR crust.

Differentiation proceeds readily in the largely molten
melt lens regime at higher spreading rates (Sinton and
Detrick, 1992), producing large variations in Mg, Al, Fe,
Ti and Ca contents. As melt supply wanes, magmas
can locally differentiate to ferrobasaltic or even silicic
compositions producing increased Fe/Mg and Ti
variance (e.g., Fig. 2). The stability of melt lenses in
the crust must reflect a balance between the rates of
recharge and hydrothermal cooling. That a significant
part of the major element variations with spreading
rate occurs in melt lenses that become shallower as
spreading rate increases (Fig. 8) implies that higher melt
supply can allow magmas to reside and differentiate
shallower in the more efficiently cooled upper crust
prior to eruption. Lower melt supply at slower spreading
rates may also produce magmas that evolve to more
differentiated compositions, yet since they are not
commonly observed, they must be less likely to erupt,
and more likely to freeze as intrusions. Although melt
lenses have been seismically detected along ∼70% of
the very fast-spreading S. EPR (Detrick et al., 1993),
they are discontinuous small (∼0.1–0.2 km3) pods of
low crystallinity (5–10%) melt separated along axis by
15–20 km long domains with up to 40–60% crystalline
mush (Singh et al., 1998). Some mush zone melts must
therefore periodically bypass these melt lenses to erupt
at the surface, explaining the eruption of very mafic
magmas at the highest spreading rates (e.g., Perfit et al.,
1994; Sinton et al., 2002) and the similarity of mush
zone crystals in lavas of both magmatically weaker and
more robust neighboring segments of the N-EPR (Pan
and Batiza, 2002, 2003).

4.4.2. Magma homogenization
The observation of reduced variance of incompatible

element and radiogenic isotope ratios with declining
Mg# suggests that much of the mixing occurs in melt-
dominated regions of the crust. Although some models
of steady state, chemically well-connected, liquid-filled
magma chambers can reproduce this effect (e.g.,
Kenyon and Turcotte, 1987; Wilson et al., 1988),
those models require magma bodies 1–2 km in
diameter, up to 100 km in along-axis length, which are
unlikely to exist anywhere along the MOR. The fact that
small, discontinuous liquid-filled melt lenses are likely
to be absent or highly ephemeral at slow spreading rates
(e.g., Sinton and Detrick, 1992) is consistent with our
observations, but there are considerable uncertainties
about the efficacy of mixing in melt lenses even at the
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fastest spreading rates. Modeling suggests that such melt
segregations cannot fully homogenize magma composi-
tions by simple convection beneath the liquidus
temperature (e.g., Jaupart and Brandeis, 1986; Marsh,
1989), implying that the observed mixing occurs by a
different mechanism. For example, the length over
which mixing can occur in high aspect ratio melt lenses
is unlikely to be greater than the b100 m thickness of
them (Sinton and Detrick, 1992).

Thus, it can be argued that neither crystal-rich mush
zones nor melt-rich segregations with high aspect ratios
are fully efficient homogenizers of incompatible and
radiogenic isotope ratios. Since mixing and resultant
homogenization are promoted by high melt–solid ratios,
it is not surprising that the ridges with the highest
magma supply show the least variance because it is
highly likely that more melt resides at all levels within
their crust averaged over significant time intervals. Yet
this alone does not indicate where most of the mixing
occurs. The lower oceanic crust of some ophiolites is
riddled with small sills (e.g., Kelemen et al., 1997)
which may be a locus for magma mixing. But the
process that homogenizes mantle signatures must be
progressively more efficient as magmas evolve to Mg#
b60–65, suggesting that the most extreme homogeni-
zation and differentiation occurs at upper crustal levels,
consistent as well with rare gas abundance systematics
in lower Mg# MORB (Fisher and Perfit, 1990). Because
variance and Mg# are correlated and because Mg# is
most strongly affected by processes occurring in melt-
rich regions, it can be concluded that variance is most
strongly reduced where melt lenses are present.

Yet mantle-derived variance occurs in MORB from
throughout the spreading rate spectrum and this variance
is only reduced, not eliminated, at ridges with the
highest magma supply. Significant heterogeneity occurs
even at the fastest spreading rates, particularly in higher
MgO lavas. Moreover, recent observations indicate that
chemical and isotopic heterogeneity can characterize
rapidly emplaced products of single volcanic eruptions
on the S-EPR, apparently requiring tapping of a melt
lens that is not well mixed over scales of 10's of km
(Bergmanis et al., 2007).

4.4.3. Melt lens distribution
An interesting result of our analysis is the smooth

variation in many MORB chemical attributes with
spreading rate. This result is surprising because it is well
known that many aspects of mid-ocean ridge morphology
and structure, including seafloor roughness, development
of axial morphology and the amplitude of axial relief,
faulting patterns and other features change dramatically at
a threshold value in spreading rate of approximately
70 mm/yr (Small, 1998). These morphological shifts are
generally consistent with cooler overall crust at declining
spreading rates due to more effective conductive cooling
of the lithosphere and uppermost mantle (e.g., Bown and
White, 1994; Shen and Forsyth, 1995). Sinton andDetrick
(1992) also noted that aphyric lavas are more common at
spreading rates above 70 mm/yr, and argued that this
represents a threshold at whichmagma supply is sufficient
for the development and sustenance of shallow melt
lenses topping composite magma chambers at non-hot-
spot influenced ridges.

However, our geochemical observations do not
indicate a distinct shift in magmatic conditions at a
particular spreading rate. This suggests a disconnect
between how melt supply affects the temperature
structure of the uppermost crust where magmas reach
final thermal equilibrium and of the fuller crustal section
that determines ridge crest and flank morphology.

Furthermore, those MORB compositional attributes
that vary linearly across this spreading rate threshold for
MOR morphology do so without apparent kink or
discontinuity (Figs. 1 and 2). Range and variance of
mantle-derived attributes with narrowing data disper-
sions vs. spreading rate increase somewhere below
70 mm/yr, although also not at a specific spreading rate.
Instead this variance increase is exponential across the
Mg# that corresponds to this spreading rate (see the La/
Sm case, Fig. 7a).

Collectively these observations argue for a continu-
ous variation in melt lens conditions with spreading rate
rather than a change at a particular threshold value, such
that the presence or absence of molten magma
segregations in the crust is not binary. Rather, melt
lens occurrence is best described by a probability
function that varies more smoothly in space and time
with crustal heat balance. In such a model melt lenses
are likely shallower, more closely spaced and more
frequently present as a composite chamber at the fastest
spreading rates, and increasingly intermittent, deeper
and widely separated at slower spreading rates. Many of
these melt lenses may be too small to be resolved by
current seismic methods, consistent with the occasional
eruption of aphyric lavas even where seismologists
predict uneruptible, crystal rich magmas.

4.4.4. Spatial–temporal variations
Greater variance in low-pressure sensitive elements

and eruption of both very mafic and very evolved
magmas over short spatial and temporal scales in faster
spreading rate MORB is further evidence for scaling of
the size, number and depth of liquid-filled chambers
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proportional to spreading rate (Fig. 9). Small, shallow,
liquid-filled melt bodies at upper crustal levels of faster
spreading ridges will be sensitive to frequent small
changes in thermal conditions because of the more
tenuous balance between melt supply and hydrothermal
cooling in that region. The contrast between MORB
erupted at neighboring robust and rifted ridge segments
on the S. EPR indicates that such changes can occur
over a few kyr even at superfast spreading rates (Sinton
et al., 2002).

The freezing times for large, liquid-filled magma
bodies in MOR crust that are not replenished are much
less than 1000 yr, particularly at slower spreading rates
(e.g., Sleep, 1975; Usselman and Hodge, 1978; Ahern
and Turcotte, 1979), and diminish rapidly for smaller,
more realistic reservoirs. The only requirement of our
observed signal of coupled magmatic homogenization
and shallow differentiation with increasing spreading
rate is that the longevity of chambers at higher spreading
rates is great enough to span at least several different
primary magma injections between eruptions. Higher
magma supply should stabilize melt lenses, particularly
if the supply is close to steady. On the other hand, liquid
segregations arising from magmas fed to cooler, slower
spreading crust should persist for a limited time and
must either erupt soon after arrival or freeze as an
intrusion. Only the largest, most over-pressured magma
injections will likely erupt under such conditions,
promoting maximum carry-through of chemical attri-
butes from the parental magmas and minimum modifi-
cation by differentiation.

A consequence of the poorly constrained erupted
volume-spreading rate relationship of individual MOR
lava flows (Perfit and Chadwick, 1998; Sinton et al.,
2002) is that eruption frequency probably also increases
with spreading rate. Estimated eruption repose periods
using median erupted volumes along the SEPR, JdFR
and MAR and assumptions about the thickness of the
extrusive layer are 6.5, 13.4 and 590 years, respectively
(Sinton et al., 2002). The faster of these rates is
consistent with short-lived 210Pb–226Ra radioactive
disequilibria (22 yr half-life) in zero-age MORB from
intermediate to fast spreading ridges, where disequili-
bria size (as 210Pb deficits) and fractionation indices are
inversely correlated (Rubin et al., 2005). It is believed
that this relationship records differentiation time since
the last stage of mantle melting, thereby requiring short
average magma chamber times on the order of decades
for MORB that have the disequilibria. Modern eruptions
have yet to be detected and sampled on slower spreading
crust to validate the MAR repose estimate (Sinton et al.,
2002) with the U-series.
Although magma recharge timescales may be short,
the occurrence of different lava flows of generally
similar chemical composition likely spanning 1000 yr
along the S-EPR (Sinton et al., 2002), suggests that
composite magma chambers at the fastest spreading
rates are also capable of maintaining fairly constant
differentiation conditions over long time periods. Such
timeframes exceed the lifetime of individual shallow
liquid melt segregations that are not being replenished,
so these results strongly support the concept of nearly
continuous recharge at the highest spreading rates. In
contrast, the eruption of more mafic lavas at slow
spreading rates provides a likely restriction on allowable
melt supply rates from the underlying mantle. Unusually
high recharge rates would be required to minimize
differentiation in the cooler, slower spreading crust,
which seems unlikely given the first-order similarity of
crustal thicknesses at all but the slowest spreading rates
and limited ranges in assumed potential temperatures in
the mantle. It is difficult to imagine how eruptions of
very mafic magma could occur at the slowest spreading
rates if magmas were supplied at a steady, spreading-rate
proportional rate. Rather, supply to slow spreading
ridges is more likely to be highly episodic with eruptions
closely tied to intermittent recharge events (Sinton and
Detrick, 1992).

4.5. Consequences for inferring conditions of melting

Aspects of our data analysis bear on inferences about
large-scale spatial differences in melting conditions
inverted from erupted MORB compositions (Klein and
Langmuir, 1987; Niu and Batiza, 1991; Langmuir et al.,
1992; Forsyth, 1992; Niu and Batiza, 1993; Bown and
White, 1994; Shen and Forsyth, 1995; Parmentier and
Sinton, 1996). True parent melt compositions are almost
never known with certainty so compositions are
typically corrected to a globally constant reference
value (e.g., 8 to 8.5 wt.% MgO; Klein and Langmuir,
1987; Niu and Batiza, 1991; Langmuir et al., 1992).
Two general aspects of the crustal magmatic overprints
we have discussed bear on this commonly utilized
methodology. Increased mean differentiation at faster
spreading rates means that corrections for low-pressure
evolution will necessarily be greatest for those MORB,
thereby magnifying errors for only a portion of the
global data. Furthermore, the increased homogenization
at higher spreading rates makes it increasingly difficult
to recover unmixed parental magma compositions for
those samples. Taken together, it is apparent that mean
MORB compositions at faster spreading ridges provide
a lower fidelity record of the mantle than their slower
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spreading counterparts. Restricting the sample set to
only the more mafic samples (NMg# 62–65) may
reduce errors associated with the corrections but
introduces additional uncertainties by dramatically
reducing the data sample to those least representative
outliers.

Multiple authors have discussed how variations in
fractionation-corrected Na and Fe in MORB reflect
mantle melting conditions. Na and Fe relationships to
ridge depth are quite weak for our normal-MORB data
set (Supplementary Fig. 13). The Na correlation
improves (from R2 =0.2 to 0.4) by backing out
fractionation to 8 wt.% MgO (see the supplementary
text), largely due to the low MgO of EPR ridge sections.
Yet the Fe correlation worsens by LLD correction (from
R2 =0.3 to 0.1). Clearly the robustness of the LLD
correction plays a major role on data dispersion on these
plots, and since there is no obvious way to remove the
greater amount of low-pressure fractionation variability
that occurs at fast spreading ridges or the greater amount
of Na variability that occurs at slow spreading ridges,
Fig. 10. Relationships between CaO/Al2O3 and ridge axis depth, spreading r
MgO). CaO/Al2O3 variations primarily reflect a combination of melting degre
and Hekinian, 1997) and differentiation pressure (removal of relatively less
melt CaO/Al2O3, e.g., Langmuir et al., 1992). Regressions include all of the d
axis quantity in all panels, although the best correlation is with axial depth. A s
not observed here; neither is the exponential correlation of non-hot-spot influ
ridge segments are identified as a guide to the reader. Data symbols are EPR
Rise (open up triangle), MAR (open circles), NE Pacific ridges (gray down-fil
relationships of Na and Fe to axial depth should
probably be considered schematic.

On the other hand, ridge axis depth and CaO/Al2O3

are relatively well correlated in this MORB compilation
(R2 =0.6 for both raw and LLD corrected data; Fig. 10).
CaO/Al2O3 can be affected by source composition,
melting degree and differentiation pressure but the
reasonably strong relationship between fractionation-
corrected CaO/Al2O3 and Na2O (Fig. 10) supports a
greater role for clinopyroxene due to greater lithospheric
thickness beneath deeper spreading centers (Langmuir
et al., 1992). Correlations with spreading rate are weaker
(R2 =0.3 and 0.5 for raw and LLD corrected data),
suggesting a more complicated global melting pattern
than originally proposed (Niu and Hekinian, 1997).
Although low CaO/Al2O3 is generally associated with
slow spreading ridges (Bown and White, 1994;
Parmentier and Sinton, 1996; Niu and Hekinian,
1997), other slow spreading ridge sections show values
as high as those at the fastest spreading rates
(particularly on the MAR; Fig. 10), leading to the
ate and Na2O content (raw and fractionation-corrected data to 8 wt.%
e (more melting lowers this ratio as Al is mildly incompatible; e.g., Niu
plagioclase and more clinopyroxene at higher pressure leads to higher
ata in each panel. CaO/Al2O3 is moderately well correlated with the x-
trong linear correlation with spreading rate (Niu and Hekinian, 1997) is
ences ridges of Parmentier and Sinton (1996). Some high CaO/Al2O3

(solid up triangles), Pacific–Antarctic Ridge (gray up triangles), Chile
led triangles), GSC (open down triangle), Indian Ocean (solid squares).
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conclusion that CaO/Al2O3 is more variable (rather than
lower) at slower spreading.

5. Conclusions

Systematic compositional variations in a N11000
sample global MORB dataset demonstrate a strong,
regionally variable crustal control on erupted lava
compositions. Magma reservoir depth is dynamically
controlled by the long-term melt flux to the crust such
that shallower and thermally more variable conditions of
magmatic fractionation occur at ridges with the highest
melt supplies. The geochemical observations are con-
sistent with seismically determined shallow magma
reservoir depths, but require a spatial disconnect bet-
ween the thermal structure of the upper crust where
magmas reach final thermal equilibrium and the fuller
crustal section that determines overall ridge crest and
flank morphology.

Increased magma differentiation at the highest
spreading rates is accompanied by a dramatic reduction
in chemical variance for parameters related to parental
melt compositions when compared to magmas erupted
along slower spreading ridges. Although chemical
homogenization in small magma bodies is unlikely to
be highly efficient, the reduction in variance with in-
creased differentiation and spreading rate must be related
to higher average melt proportions in the crust where
magma supply is highest, particularly at higher levels in
the crust. We propose a compositeMORmagma chamber
in which the number, size and depth of shallowest melt
segregations scale with spreading rate and magma supply
as most consistent with observed and predicted composi-
tions, frequencies and sizes of MORB eruptions.
Enhanced magma homogenization and differentiation at
the fastest spreading rates complicate MORB parental
melt estimates and reduce the fidelity of global parent
melt variations discussed by prior authors.
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