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In a global examination of mid-ocean ridge basalt ( MORB) glass
compositions, we find that Nag—Feg—depth variations do not support
modeling of MORBs as aggregates of melt compositions generated
over a large range of temperature and pressure. However, the
Nag—Feg variations are consistent with the compositional systematics
of solidus melts in the plagioclase—spinel lherzolite transition in the
Ca0-MgO-A1,0 5-5105-NayO—FeO (CMASNF) system. For
natural compostitions, the P—T range for melt extraction is estimated
to be ~1-2—1-5 GPa and ~1250—1280°C. This P—Trange is a close
match with the maximum P—1 conditions for explosive pressure-
release vaporization of carbonate-bearing melts. 1t is proposed that
Jracturing of the lithosphere induces explosive formation and escape
of CO 5 vapor. This provides the vehicle for extraction of MORBs at
a relatively uniform'Tand P. The upper portion of the COo-bearing
and slightly melted seismic low-velocity zone flows toward the ridge,
rises at the ridge axis to lower-lithosphere depths, melts much more
extensively during this rise, and releases MORB melts to the surface
driven by explosively escaping CO 5 vapor. The residue and overlying
crust produced by this melting then migrate away from the ridge axis
as new oceanic lithosphere. The entire process of oceanic lithosphere
creation involves only the upper ~140 km. When lithospheric stresses
shift fracture formation to other localities, escape of CO, ceases, the
vehicle for transporting melt to the surface disappears, and ridges die.
Inverse correlations of Nag vs Feg for MORB glasses are explained
by mantle heterogeneity, and positive variations superimposed on the
wnverse variations are consistent with progressive extraction of melts
Jrom short, ascending melting columns. The uniformly low tempera-
tures of MORB extraction are not consistent with the existence of hot
Pplumes on or close to ocean ridges. In this modeling, the southern
Atlantic mantle from Bouvet lo about 26°N s relatively homoge-
neous, whereas the Atlantic mantle north of about 26° N shows sig-
nificant long-range heterogeneity. The mantle between the Charlie
Gibbs and Jan Mayen fracture zones 1is strongly enriched
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in FeO/MgO, perhaps by a trapped fragment of basallic crust.
Iceland is explained as the product of this enrichment, not a hot
plume. The East Pacific Rise, Galapagos Ridge, Gorda Ridge, and
Juan de Fuca Ridge sample mantle that is heterogeneous over short
distances. The mantle beneath the Red Sea is enriched in FeO/MgO
relative to the mantle beneath the northern Indian Ocean.

INTRODUCTION

A major development in the characterization of mid-ocean
ridge basalt (MORB) glass compositions was the discovery
that Nag and Feg (NayO and FeO normalized to a constant
MgO value of 8%) show systematic variations when
plotted against each other and against axial ridge depth
(Klein & Langmuir, 1987, 1989; Langmuir e/ al., 1992).
The model developed in these papers to explain the Nag-
Feg-depth systematics involves melting columns that start
at varying depths, require large variations in potential
temperature, and extend to low pressures near the base of
the crust. According to this modeling, longer columns pro-
duce more melt, a thicker crust (considered to be indicated
by shallower axial ridge depths), lower Nag, higher Feg,
and higher potential temperatures. These correlations,
called the global systematics, were attributed to melting
columns with a wide range of initial pressures ranging
from about 12 to 4 GPa and a potential temperature varia-
tion of ~1260 — 1590°C. For their global plots of chemistry
vs axial ridge depth, each data point was an average of
chemistry and depth over ~100 km of ridge length, and
the trends were considered to be applicable to ridge lengths
of hundreds to thousands of kilometers (Langmuir et al.,
1992, p. 204). Also,‘local’ trends, applicable to ridge lengths
less than ~100km, were reported that have positive
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correlations of Nag vs Feg cutting across the inverse global
trends of Nag vs Feg. For plots of local trends, Nag and Feg
values were calculated for single analyses. Langmuir et al.
(1992, p. 249) were unable to find a satisfactory explanation
for the local trends.

Klein & Langmuir (1987) and Langmuir et al. (1992)
noted that the Azores region on the Mid-Atlantic Ridge,
considered by some to be a major plume, does not conform
to their ‘normal’ systematics. Also, the Galapagos Ridge
passes close to the Galapagos Islands, another plume can-
didate. This ridge shows an increase of Nag and decrease of
Feg with decreasing axial depth (Langmuir et al., 1992;
Detrick et al., 2002), the opposite of the trend predicted by
the Klein & Langmuir (1987, 1989) and Langmuir e/ al.
(1992) modeling. Because of these issues, the global correla-
tions were applied only to ridges ‘not . . . substantially influ-
enced by hot spots’ (Langmuir et al., 1992, p. 200). Despite
this, Iceland, commonly considered to be the strongest
plume candidate anywhere along the oceanic ridge
system, was noted as being consistent with the global sys-
tematics (Langmuir et al., 1992, fig. 15 caption). In view of
the growing controversy over the existence of mantle
plumes (e.g. Foulger et al., 20055), the Nag—Feg—depth sys-
tematics are re-examined here at all scales from global to
local. To develop a general model that explains the chemis-
try of basalts along all ridge segments, samples considered
by some to be at or close to plumes are not excluded.
The solidus phase relations of model lherzolite in the
system CaO—-MgO—-Al,03-S109-Nay,O-FeO (CMASNYT)
are integrated with the strong effect of CO5 on solidus rela-
tionships to extend the model of Presnall et al. (2002) for
the generation of MORBs. We then combine this chemical
modeling with the physical context of mid-ocean ridge
development that begins with initial fracture formation in
the oceanic lithosphere, evolves to full maturity of
an active ridge, and ends with decline and termination in
favor of other new ridges.

DATA

The global database of MORB glass analyses assembled
by the Smithsonian Institution, http://www.minerals.si.
edu/research/glass/vgdf.htm (Magma Batch Iile, version
100199), provides an opportunity to examine the Nag—TFeg—
depth systematics using data from a single microprobe
facility free of inter-laboratory analytical differences. By
using only this source of data, more comprehensive cover-
age is sacrificed, but a high level of internal consistency is
gained. The data were filtered to delete samples with no
age or depth information and samples from seamounts,
trenches, and back-arc basins. Data from seamounts were
excluded because many of the plots show composition vs
sampling depth, which is used as an approximation of
axial ridge depth. Samples from seamounts would skew
the results for these plots toward incorrectly shallow ridge

depths. Analyses of samples <1 Ma in age were retained.
This left a database overwhelmingly dominated by tholeii-
tic compositions but with 11 alkalic samples, four from the
Atlantic Ocean, one from the Indian Ocean, and six from
the Pacific Ocean. We followed the Klein & Langmuir
(1987,1989) and Langmuir et al. (1992) procedure of retain-
ing only analyses with MgO between 5% and 8-5%. This
eliminated two alkalic samples from the Pacific, leaving
four from the Atlantic Ocean, four from the Pacific
Ocean, and one from the Indian Ocean. Of the two that
were eliminated on the basis of MgO content, one has a
total lower than 98-:5%. All the others have totals between
98-5 and 1015%. This means that subsequent filtering on
the basis of totals <98-5 to >1015% had no effect on the
number of alkalic samples, because the only one with a
low total also has MgO <5%. Deletion of samples with
totals <98-:5% removed 21 samples: nine from the Atlantic
Ocean, four from the Indian Ocean, six from the Pacific
Ocean, and three from the Caribbean Sea. These samples
may have contained high amounts of HyoO, but their omis-
sion would not significantly alter the trends we show
because of the small number of samples and their fairly
even distribution over the oceans. The final dataset has
1700 samples. Following the procedure of Langmuir et al.
(1992, pp. 199-200 and fig. 14 caption), the Feg and Nag
values have been adjusted upward by 5% and 7-5% of the
amount present, respectively. Use of these adjustments does
not imply that the Smithsonian data are considered to be
in error. Our intent is merely to allow direct comparison of
the plots presented here with those of Langmuir et al.
(1992). Values for Nag and Feg have been calculated for
each analysis using the equations of Klein & Langmuir
(1987, p. 8092).

Instead of plotting axial ridge depth and MORB glass
chemistry averaged over about 100 km of ridge length, as
done by Klein & Langmuir (1987, 1989) and Langmuir
et al. (1992) for their global plots, the procedure of
Brodholt & Batiza (1989) and Niu & Batiza (1991), who
plotted sampling depth and chemical data for single sam-
ples or averages of several samples considered to be taken
from the same lava flow, has been followed. Although plots
of unaveraged data produce enhanced scatter, Brodholt &
Batiza (1989) found that such plots show the same Nag—Feg
systematics as the plots of Klein & Langmuir (1987)
based on averaged data. Klein & Langmuir (1989,
pp. 4241-4242) pointed out that such plots are dominated
by more thoroughly sampled ridges and are therefore
biased. However, plots of averaged data also have a statis-
tical problem because each point is an average of a differ-
ent number of samples and therefore has a different
statistical weight. We prefer plots of unaveraged data
because they give a better visual understanding of the den-
sity and distribution of the data, especially on plots of Nag
and Feg vs distance along a ridge. Linear least-squares
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Fig. 1. Molar CIPW normative projection of the solidus surface
(ol +opx +cpx +pl+sp+1liq) of model lherzolite in the system
CaO-MgO-AlyO35-510y-Na,O-FeO (CMASNF) onto the plagio-
clase (Pl) — olivine (Ol) — quartz (Q) base of the tholeiitic basalt tet-
rahedron PI-Ol-Di-Q at 0-93-15 GPa, modified after Presnall et al.
(2002). The algorithm for plotting points in this diagram is given in
Presnall et al., (2002, Fig. caption 6). Data for the FeO-free boundary
are from Walter and Presnall (1994). Data for the NayO—free bound-
ary are from Gudfinnsson and Presnall (2000). Approximate contours
of 2% NayO and 10% FeO are drawn parallel to the NayO—free and
FeO—free boundaries, respectively. The corner of the surface labeled 0
(for 0% FeO and 0% NayO) is the 0-93 GPa invariant point liquid for
the assemblage ol 4 opx 4cpx +pl+sp+liq in the system, CaO—
MgO-Al,O5-SiOy (Presnall et al., 1979; Walter and Presnall, 1994).
This marks the transition along the 4-component solidus between pla-
gioclase lherzolite and spinel lherzolite. The two lines extending from
this point show the composition ranges of liquids along the 5-space
plagioclase-spinel lherzolite transition interval for the systems CaO—
MgO-Al,05-Si0y-FeO and CaO-MgO-AlyO3-SiOyNayO. This
shows how solidus liquid compositions for the plagioclase-spinel lher-
zolite transition, when projected into CIPW molar normative space,
change from a point in 4-space to a line in 5-space, and finally to a
surface in 6-space. The 13 GPa and 11% MgO contours are nearly
identical and are shown as a single line. The red curve shows an
inverse correlation of NayO and FeO (the ‘global’ trend), and is
drawn on top of the 11% MgO contour. Blue lines show positive cor-
relations of NaoO and FeO (the ‘local’ trend), which all converge at
the 0% FeO, 0% NayO corner of the yellow solidus surface.

lines are fitted to many of the plots, but because the data
are widely scattered, the equations for these lines are
not given. Our analysis is limited to a rough determination
of whether a trend is positive, inverse, or neutral.

PHASE RELATIONS

In Fig. 1, the yellow region shows approximate six-space
compositions of solidus melts in equilibrium with olivine,
enstatite, diopside, spinel, and plagioclase (the plagio-
clase—spinel lherzolite transition) as they appear when
projected into the CIPW molar normative tetrahedron,
Ol-Di—En—Q, and then onto the Ol-Di—Q) base of this tet-
rahedron. The algorithm used for this projection is given
in Presnall et al. (2002, fig. 6 caption). In this diagram, con-
tours of pressure are nearly parallel to contours of constant
MgO of the solidus melt. Approximate contours of 1-1
and 13 GPa are indicated, and the contour of 11% MgO
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on the solidus is almost coincident with the 1.3 GPa contour.
For purposes of this discussion, the two contours are shown
as a single line. When melts are generated at constant pres-
sure, the amount of MgO for the extracted melt is nearly
constant and NayO is inversely correlated with FeO. Also,
at constant pressure, CaO/AlyO5 decreases with increasing
NayO and decreasing FeO (not shown in Fig. 1, but see
Presnall et al., 2002, fig. 13). Thus, as noted by Presnall
et al. (2002), the ‘global’ systematics of NayO, FeO, and
CaO/AlyO3 at an MgO value of 8% have the same form
as the systematics of solidus melts generated at constant
pressure in the plagioclase—spinel lherzolite transition of
the CMASNTF system.

Langmuir et al. (1992, p. 243) concluded, on the basis of a
generalized argument, that the Nag—Feg inverse correlation
cannot be produced by mantle heterogeneity. However, the
phase relations in the CMASNF system (Fig. 1) show that if
initial melts are generated in the plagioclase—spinel lherzo-
lite transition region at an approximately constant pres-
sure, an inverse correlation of Nao,O vs FeO does not
merely permit heterogeneity of the source composition, it
is required. However, these phase relations were not avail-
able in 1992. Because natural compositions deviate very
little from this system, we believe this is also a very strong
constraint for melting processes at mid-ocean ridges.

The short blue lines on the solidus that cut across the red
line in Fig. 1 are schematic curves that trace the changing
compositions of melts produced during polybaric frac-
tional melting of different source compositions. These
curves, if extended, would all converge at 0% FeO and
0% NayO, which is the invariant point marking the plagi-
oclase—spinel lherzolite transition in the CMAS system.
They describe the polybaric composition paths of melts
extracted from source regions that become progressively
more depleted as pressure decreases a small amount along
short melting columns. For each column, a series of melts
would be produced with a positive variation of Nag with
Feg [the ‘local’ Nag vs Feg correlation of Klein &
Langmuir (1989) and Langmuir et al. (1992)]. Each path
would produce a different range of Feg and Nag values
depending on the initial composition of the source.
Progressive melt extraction from a rising melting column
would steadily increase its MgO/FeO ratio, so that the
melts highest in MgO/FeO would be expected from the
shallowest part of the column. This result is the opposite
of the assumption sometimes made that melts high in
MgO/FeO are an indication of melting at great depths.
For a heterogencous mantle, an increase in the MgO/FeO
ratio of melts would also occur along the red line as the
normative proportion of quartz decreases. Thus, magne-
sian olivine could also crystallize from an early melt low
in normative quartz.

These phase relations show that positive correlations
of Nag with Feg are produced by melt extraction over
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a small pressure range from rising melting columns,
whereas inverse correlations are produced by melt extrac-
tion at roughly constant pressure from a heterogeneous
mantle. Because MgO of the liquid remains essentially con-
stant along an isobar on the solidus as FeO of the liquid
increases, melts that have progressively higher Feg are pro-
duced from increasingly fertile sources that are progres-
sively higher in FeO/MgO. The low Nag values of these
melts are imposed by the phase relations. Note also that
only the form of the systematics on the solidus is the same as
the systematics observed in MORB glasses, not the absolute
values of NayO, FeO, and MgO. This is consistent with
the design of the normalization procedure invented by
Klein & Langmuir (1987). By locating their normalization
at an intermediate stage of fractional crystallization, they
intended to reveal only a projected image of the composi-
tional systematics at the source. Thus, the values of FeO and
NayO at MgO = 8% will be higher than the values of FeO
and Na,O produced at the source. For the same reason,
the MgO value at the source will be higher than 8%.
These differences are consistent with the values shown
in Fig. 1. The remarkable consistency of the systematics
shown by the phase relations at the solidus (Fig. 1) with the
systematics observed in MORB glasses strongly supports
the validity of their normalization procedure as a scheme
that screens out the compositional variations caused by
low-pressure fractional crystallization and reveals the sys-
tematics of melting at the source.

The phase relations shown in Fig. 1 have some uncertain-
ties. The contours of melt composition across the surface
are, at present, constrained only by the bounding lines for
the systems CaO-MgO—-AlyO3-Si0O9-NayO (Walter &
Presnall, 1994) and CaO-MgO-Al,O5-Si0y-FeO
(Gudfinnsson & Presnall, 2000). As these lines in the nor-
mative plot have little curvature, the surface they bound is
also expected to have little curvature. The contours of
FeO and Nay,O across the surface are approximate, but
their general form must be as shown. Addition of CryOs
to the system would extend the stability field of
ol 4+ opx 4+ cpx + plag + sp +1iq to latm (Libourel, 1991), a
change expected to apply also to fully complex natural
peridotite compositions. The effects of TiOy, PyO5, and
KyO are unknown. Despite these various issues, the
CMASNEF system contains all of the major phases in the
source (olivine, enstatite, diopside, plagioclase, spinel),
and about 99% of the composition of both basalts and
lherzolites. Therefore, the phase relations in this system,
when considered from the viewpoint of either the bulk
composition or the mineralogy, are a robust constraint on
the melting behavior of the mantle in this pressure range.

The most important sources of major-element heteroge-
neity in the upper mantle are probably subducted basaltic
crust and depleted mantle material that lies directly
beneath this crust. For model basaltic compositions in the

CMAS basalt tetrahedron, Liu & Presnall (2000) found
that garnet first appears at the solidus of basaltic composi-
tions at a pressure of about 1-8-19 GPa. In results consis-
tent with this, Pertermann & Hirschmann (20034, 20035)
found garnet in equilibrium with melt for a basaltic com-
position at 2 GPa. Therefore, at P < ~1-8 GPa, a region of
basaltic bulk composition in this pressure range would
the assemblage as lherzolite,
ol 4+ opx +cpx +sp + plag, but the proportions and com-
positions of these minerals would be different. Therefore,
at pressures of about 0-9—15 GPa in six-space, the solidus
surface shown in Fig. 1 would govern the melting relations

have same mineral

of a mantle with the bulk composition of a basalt, a
depleted lherzolite, an enriched lherzolite, any mixture of
these, and even any positive proportion of the five crystal-
line phases. An important aspect of the phase equilibrium
controls in the pressure range of the plagioclase—spinel
lherzolite transition is that basaltic melts of closely similar
bulk composition would be produced even though signifi-
cant mantle heterogeneity may exist. These controls would
prevail as long as all five crystalline phases are present in
the source. The geometrical relationships that lead to this
conclusion have been discussed by Presnall (1969). Thus,
for a fragment of basalt subducted into the mantle and
partially melted along with some adjacent lherzolite and/
or harzburgite at pressures less than ~15 GPa, the melt
produced would be basaltic and would differ in only
minor ways from the composition of a typical MORB.
Depending on the amount of thermal energy available
and the proportion of lherzolite to basalt in the source,
the amount of melt erupted could be a very large propor-
tion of the source. This feature of the melting behavior will
be discussed below in relation to the production of basalts
at Iceland.

NA3g-FEg-DEPTH VARIATIONS
Atlantic ridge system

Variations of Nag with Feg for the entire Atlantic ridge
system are shown in Fig. 2. These appear as a set of rough
positive Nag—Feg trends that are stacked along an overall
inverse Nag—Feg trend. This is consistent with the plots of
Klein & Langmuir (1989) and Langmuir et al. (1992). 1o
examine the Atlantic ridge system in more detail, we have
broken it into segments of varying lengths based on the
locations of tectonic features along the ridge system. From
south to north, these segments are: (1) the southern part of
the Mid-Atlantic Ridge, extending from the Bouvet triple
junction at about 55°S to the southern limit of the Azores
swell at about 26°N; (2) the Azores region of the North
Atlantic; (3) the Reykjanes Ridge just south of Iceland,
the Kolbeinsey Ridge just north of Iceland, and a few
submarine samples from the Iceland platform; (4) the
Mohns Ridge. The Azores region is separated from the
Reykjanes Ridge by the large offset of the Charlie Gibbs
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Mid-Atlantic, Reykjanes, Kolbeinsey, and
Mohns Ridges, and Iceland, 55.32°S - 73.01°N

Fe8

Fig. 2. Nag versus Feg for the Atlantic ridge system from the Bouvet
triple junction to the Mohns Ridge.

Fracture Zone. The Kolbeinsey Ridge is separated at its
northern limit from the Mohns Ridge by the Jan Mayen
Fracture Zone, which also has a large offset.

For the 9100 km segment of the southern Mid-Atlantic
Ridge from Bouvet to 27°N, the correlation of Nag with
Feg is positive (Fig. 3a) and the overall trend lies near the
high Nag and low Feg end of the inverse Atlantic array. The
Azores region also shows a correlation that is generally
positive but somewhat diffuse (Fig. 3b), in this case for a
ridge segment of about 2800 km; and the overall trend is
offset to lower Nag and slightly higher Feg values. Most of
the Azores data appear to be lower in Nag and higher in
Feg than data from the South Atlantic. Data from the
2000 km Reykjanes—Iceland—Kolbeinsey ridge segment
(Fig. 3c) show no correlation at all between Nag and Feg,
and the overall average for this region is significantly
lower in Nag and higher in Feg. The most northerly
ridge segment, the Mohns Ridge just north of the
Jan Mayen Iracture Zone, shows a reversal back to higher
Nag and lower Feg values (Fig. 3d), but the data are too
sparse to determine if any trend between Nag and Feg
exists.

Figure 3e shows variations of Nag vs Ieg for three short
ridge segments, all less than 60 km long. One lies south of
the Azores swell at about 24°N, one is just south of the
Azores, and a third is just off the southern shore of
Iceland on the submarine portion of the Iceland platform.
Figure 3a—e shows that a positive Nag—Feg correlation can
be very distinct for ridge segments less than 60 km. As the
ridge segments increase in length, the offset positive corre-
lations merge into an overall inverse Nag—Feg correlation
for the entire ridge (Fig. 2) that is made more diffuse by
the positive local trends. This continuous gradation

ORIGIN OF THE OCEANIC LITHOSPHERE

between local and global trends reconciles the original
description of these trends as ‘local’ (Klein & Langmuir,
1989) with the result of Niu & Batiza (1993) that positive
Nag—Feg trends can occur for ridge lengths that are both
local and global.

South of the Charlie Gibbs Fracture Zone, we have not
found any inverse Nag—Feg correlations for short ridge seg-
ments. An inverse correlation becomes evident only when
data for the entire Atlantic ridge system are plotted
together. We interpret these systematics to indicate that
major-element mantle heterogeneity is minimal over
small ridge lengths and becomes more evident as ridge
lengths increase. The positive Nag—Feg trends are modeled
as the result of short diapirs that become progressively
more depleted as they ascend and produce melts with posi-
tive Nag—Feg correlations and progressively lower Na,O
and FeO (blue arrows in Fig. 1). The progressive depletion
of such diapirs would decrease their density (Presnall &
Helsley, 1982) relative to older and cooler mantle on the
flanks of the ridge, which would induce further ascent and
melting.

Figure 3c shows that basalts from the region between the
Charlie Gibbs and Jan Mayen fracture zones have com-
bined Nag and Feg values that produce a clean separation
from almost all other basalts in the Atlantic. On the basis
of the phase relations in Fig. 1, this indicates a source that is
strongly enriched in FeO and unusually low in MgO/FeO.
This is consistent with the proposal of Foulger et al. (2005a)
that basaltic crust was trapped in the Caledonian suture
beneath the ridge in this region and became part of the
source for the enhanced melt productivity at Iceland.
Melts from such a source would be strongly enriched in
Feg and phase relations at the solidus (Fig. 1) would
impose the production of melts depleted in Nag. In the
pressure range of the plagioclase—spinel lherzolite transi-
tion, the mineralogy of a combined lherzolite—basalt
source would be the same as that of a lherzolite, but with
different proportions and compositions of the phases. Thus,
basalt compositions broadly similar to normal MORB
compositions would be produced, but the volume of these
melts at comparable temperatures of melt extraction would
be significantly increased (Presnall, 1969). Seismic data
(Ritsema & Allen, 2003) consistent with this interpretation
show an anomalous upper mantle that extends both north
and south well beyond the Icelandic platform.

For the same sequence of ridge segments from south to
north discussed above, Fig. 4 shows the variations of Nag
and Feg with sampling depth. The southern Atlantic
extending to 26°N shows no correlation of either Nag or
Feg with depth (Fig. 4a). For the Azores region, Nag and
Feg both increase with depth (Fig. 4b). These trends are
contrary to the modeling of Klein & Langmuir (1987,
1989) and Langmuir e al. (1992). For the Reykjanes—
Iceland—Kolbeinsey segment, Nag increases slightly and
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(a) Mid-Atlantic Ridge, 55.32°S - 26.2°N (b)  Azores region of Mid-Atlantic Ridge, 27.77-52.01°N
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Fig. 3. Nag versus Feg for different segments of Atlantic ridges against a background of the total remaining Atlantic ridge samples from the
Bouvet triple junction to the Mohns Ridge (gray circles).
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(b) Azores region of Mid-Atlantic Ridge, 27.77-52.01°N
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Fig. 4. Nag and Feg versus sampling depth for different segments of Atlantic ridges (crosses, Nag; circles, Feg).

Feg shows essentially no variation (Fig. 4c¢), again in dis-
agreement with the systematics of Klein & Langmuir
(1987, 1989) and Langmuir et al. (1992). Data for the
Mohns Ridge are more sparse and uncertain (Fig. 4d).
However, data south of the Charlie Gibbs Fracture Zone
(Fig. 4a and b) are sufficiently abundant to show that the
entire 11900 km Mid-Atlantic Ridge is anomalous in the
Klein & Langmuir (1987, 1989) and Langmuir et al. (1992)
model, not just the Azores.

Nag and Feg values for the Atlantic ridge system as a
function of latitude (Fig. 5) illustrate the features already
discussed from a slightly different perspective. For the two
ridge segments of ‘global’ length scale, the Azores region
and the Mid-Atlantic Ridge south of the Azores, the
increases and decreases of Nag and Feg with latitude are
roughly parallel. This parallel tracking of Nag and Feg
with latitude mirrors the parallel tracking with sampling
depth (Fig. 4a and b). Although the Mid-Atlantic Ridge
south of 27°N has large sampling gaps, the Feg data in
Fig. 5 suggest that the mantle changes little in MgO/FeO.

Between 27°N and the Charlie Gibbs Fracture Zone,
the MgO/TeO the
approached from both the north and south (Fig. 5), a
result consistent with the observation of Dick et al. (1984)
that abyssal peridotites along the ridge close to the Azores
at 43°N are more depleted than those farther away at 23°N.

At the Charlie Gibbs Fracture Zone, Feg and Nag both
change abruptly and in opposite directions. Then, at the
Jan Mayen Fracture Zone, these change are reversed
(Fig. 5). The direction of both of these changes is consistent
with the Klein & Langmuir (1987, 1989) and Langmuir
et al. (1992) global systematics but represents an abrupt
and unexplained departure from the inability of their mod-
eling to explain the entire 11900 km Mid-Atlantic ridge
south of the Charlie Gibbs Fracture Zone. However, it is a
straightforward continuation of our modeling to attribute
the abrupt inverse changes in Nag and Feg at these trans-
forms to mantle heterogeneity simultaneously with produc-

ratio increases as Azores are

tion of positive Nag—Feg correlations to the south by
extraction of melts from short melting columns (Fig. I).
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Mid-Atlantic, Reykjanes, Kolbeinsey,
and Mohns Ridges, Iceland, 55.32°S - 73.01°N
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Fig. 5. Nag and Feg versus latitude for Atlantic ridges. B, Bouvet;
T, Tristan da Cunha; SH, St. Helena; A, Azores; CG, Charlie Gibbs
Fracture Zone; Ice, Iceland platform to 500 m contour below sea
level; JM, Jan Mayen Fracture Zone.

A similar discontinuity of Nag and Feg across a transform
fault with a large offset on the Southwest Indian Ridge has
also been attributed to an abrupt change in the mantle
composition (Mayzen et al., 2003).

South American—Antarctic and Southwest
Indian Ridges

In combination with the southern Mid-Atlantic Ridge,
basalt glasses from the South American—Antarctic and
Southwest Indian Ridges sample the mantle on three sides
of the Bouvet triple junction. The compositions overlap the
high Nag and low Feg extreme of the Atlantic array and
extend it slightly to even higher Nag values (Fig. 6a). As
was found for the southern part of the Atlantic Ridge, Feg
and Nag track parallel to each other when plotted against
depth (Fig. 6b), which continues the lack of support for the
Klein & Langmuir (1987, 1989) and Langmuir e al. (1992)
modeling along the Atlantic ridge system. For these com-
bined ridges, there is a small decrease of Nag eastward,
but no change in Feg (Fig. 6a and c).

East Pacific Rise

An inverse correlation of Nag vs Feg occurs for the East
Pacific Rise as a whole (Fig. 7a), but the slight decrease
of Nag and slight increase of Feg with depth (Fig. 7b) are
the opposite of the Klein & Langmuir (1987, 1989) and
Langmuir et al. (1992) modeling. Although the depth
trends are weak and dominated by data in the narrow
range of about 2500-3000 m, they are supported by other
Pacific data at depths of 3500-5600 m (Batiza et al., 1995).
These trends continue the result for the Atlantic ridges in
showing no support for the Klein & Langmuir (1987, 1989)
and Langmuir ef al. (1992) modeling. No systematic varia-
tions of either Nag or Feg with latitude are evident (Fig. 7c).
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Fig. 6. South American-Antarctic and Southwest Indian Ridges.

(a) Nag versus Feg. Gray circles are data for all Atlantic ridges. (b)
Nag and Feg versus sampling depth. (c) Nag and Feg versus longitude.

Two small and adjacent areas where data are especially
dense provide an interesting contrast. For the ridge seg-
ment from 10-74 to 11-64°N, the plot of Nag vs Feg forms
a small cluster with no trend (Fig. 7d), and there is no

622



(a)

PRESNALL AND GUDFINNSSON

East Pacific Rise, 35.93°S - 22.95°N

4
3 1
e}
©
Z B
2 ]
1 T T T
3 6 9 12 15
Feg
(c) East Pacific Rise
12 .
s H o . °
10 4 - : 3 Y . . p Y ’
& NEE] . ¢ D CEEE O
> : . 3
8 - : +
6 - : L4
X § 3
§g % ; X % X ¥
* g xx R X L2 =
T T T T : : 1
-40 -30 -20 -10 0 10 20 30
Latitude
(e)14 East Pacific Rise, 10.74-11.64°N
12
S0l .
L 1 &_& PRELTY 2 °
8 | . .o:o ° R .
"3
6 - -4
X X X -3
2
T T T 1
2200 2400 2600 2800 3000
Depth (m)

(d)

Fe8

ORIGIN OF THE OCEANIC LITHOSPHERE

East Pacific Rise, 35.93°S - 22.95°N

-4
3
2
-2
T T T T T 1
2000 2500 3000 3500 4000 4500 5000
Depth (m)
East Pacific Rise, 10.74-11.92°N
4 4 -10.74-11.64°N
x-11.7-11.92°N
3 A
2 |
1 — T — T T
3 6 9 12 15
Feg
East Pacific Rise, 11.7 -11.92°N
12 A
10 A
8
6 4 -4
X -3
X, X s )2& X N % Z(%o
X X% Lo
T T T T 1
2500 2600 2700 2800 2900 3000
Depth (m)

Fig. 7. East Pacific Rise. (a) Nag versus Feg for 35-93°S to 22-95°N. (b) Nag and Feg versus sampling depth for 39-53°S to 22-95°N. (c) Nag and
Feg versus latitude. (d) Nag versus Feg for 10-74 to 1192°N. The trend line is fitted to the data for 117 to 1192°N. (e) Nag and Feg versus sampling
depth for 10-74 to 1164°N. (f) Nag and Feg versus sampling depth for 117 to 1192°N.

systematic variation of either Nag or Feg with depth
(Fig. 7e). Immediately to the north at 117-1192°N; a ridge
segment only 24 km long, Nag and Feg show a clear inverse
relationship (Fig. 7d), an increase of Feg with depth, and a
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decrease of Nag with depth (Fig. 7f). The obvious high
quality of the depth correlations for this segment appears
to be a result of precise depth information obtained by the
Alvin submersible, and the variation of both Nag and Feg
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with depth is the opposite of the Klein & Langmuir (1987,
1989) and Langmuir et al. (1992) modeling. However, the
precise depth measurements may simply be the result of
sampling a stratigraphic sequence of lavas exposed by a
fault scarp, and therefore may have little relationship to
axial depth. This possibility emphasizes the large uncer-
tainties in the interpretation of samples from structurally
complex ridges in which the spatial relationships of the
lava flows cannot be mapped as they would be on land.
In our modeling, the excellent inverse correlation of Nag
vs Feg (Fig. 7d and f) for a ridge segment only 24 km long
indicates significant mantle heterogeneity at a very small
scale. We have not found this feature in the Atlantic despite
a search of short ridge segments with large amounts of
data, some with similarly precise depth information
obtained by the Alvin submersible.

Galapagos Ridge

The minimum depth along the east—west-trending
Galapagos Ridge occurs at about 913-92°W (Detrick
et al., 2002). In the Smithsonian file, almost all the analyses
of Galapagos Ridge basalts are concentrated at 93-6-96°W
and 85.1-87-2°W (Fig. 8b), two restricted regions that lie
on opposite sides of the minimum depth. The Smithsonian
data show no significant variation of Nag and Feg with
depth (Fig. 8a), but the geographical distribution of the
samples is poor for determining such trends. Therefore,
we rely on the diagrams of Langmuir et al. (1992, fig. 19)
and Detrick et al. (2002, fig. 3), both of which indicate
that the chemistry vs depth systematics are the opposite of
the Klein & Langmuir (1987, 1989) and Langmuir et al.
(1992) modeling. For a very small segment of the ridge
(about 50 km), the Smithsonian data show a clear inverse
trend of Nag vs Feg (Fig. 8¢) similar to the inverse trend for
a short segment of the East Pacific Rise (Fig. 7d).
Furthermore, the spread of Nag and Feg values covers
most of the full global extent of the inverse Nag—Feg varia-
tion. This is inconsistent with the Klein & Langmuir (1987,
1989) and Langmuir et al. (1992) model because it implies
the existence of most of the full range of their proposed
oceanic potential temperatures within a ridge distance of
only about 50km. However, in our interpretation, it
simply indicates strong short-range mantle heterogeneity
at this locality.

Juan de Fuca and Gorda Ridges

The Nag—Feg plot for the combined Juan de Fuca and
Gorda ridges (Fig. 9a) shows no clear trend, either positive
or inverse. Even for samples from a very short ridge seg-
ment (Fig. 9b), the amount of scatter is essentially the
same. These features indicate a mantle source that is het-
erogeneous at short distances, a result shared by the East
Pacific Rise and Galapagos Ridge. The lack of any clear
variation of Feg and Nag with depth (Fig. 9c) is similar to
plots for the South Atlantic data, and provides no support
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Fig. 8. Galapagos Ridge. (a) Nag and Feg versus sampling depth; all
data. (b) Nag and Feg versus longitude; all data. (c) Nag versus Feg;
crosses are samples from 85-12 to 85-58°W; gray circles are all other
Galapagos samples.

for the Klein & Langmuir (1987, 1989) and Langmuir et al.
(1992) modeling. The only variation is a slight northward
decrease of Feg, but there is no corresponding change in
Nag (Fig. 9d).
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Juan de Fuca and Gorda Ridges, 41.53-52.3°N

4

3 T o : » » %e .

© . ® g °°
o S LIS
Z . "? , . ’0 .
SiaXat.
2 4 o.% e '3
1 T T T
3 6 9 12 15
Feg

(b) Juan de Fuca and Gorda Ridges, 44.17-44.42°N

4 4

3 X X
& % X §X o
=z FXX X >§§

RN
2 X x)& X
x
X
1 . T .
3 6 9 12 15

Feg

ORIGIN OF THE OCEANIC LITHOSPHERE

(C)14 Juan de Fuca and Gorda Ridges, 41.53-52.3°N
° L]
q§°12 4 ° o * . ]
g
10 -
8
-3
o]
L2 g
. T T T T 1
0 1000 2000 3000 4000 5000
Depth (m)
(d)1 Juan de Fuca and Gorda Ridges
12
©
L
10 A
8 4
-3
oo}
L o g
T T T T T T 1
40 42 44 46 48 50 52
Latitude

Fig. 9. Juan de Fuca and Gorda Ridges. (a) Nag versus Feg; all data. (b) Nag versus Feg; crosses are data from 44-17 to 44-42°N. Gray circles are
all other Juan de Fuca and Gorda Ridge data. (c) Nag and Feg versus axial depth. (d) Nag and Feg versus latitude.

Carlsberg Ridge and Red Sea Rift

Data for Nag and Feg for the Carlsberg Ridge and Red Sea
Rift show two distinct clusters (Fig. 10a), neither of which
shows any trend with depth (Fig. 10b). For the Carlsberg
Ridge, there is also no significant variation of Nag or Feg
with latitude (Fig. 10c). The combined plot of Nag vs Feg
(Fig. 10a) for these two areas has the same form as the
rough inverse correlations for the Atlantic (Fig. 2) and
East Pacific Rise (Fig. 7a). We interpret the two distinct
clusters as an indication of a difference in the composition
of the mantle between the Red Sea and the northern
Indian Ocean. The northern Indian Ocean
fairly typical of oceanic areas generally (compare Figs 10b
and lla). Also, the higher Teg (lower MgO/FeO) values for
the Red Sea basalts are consistent with the occurrence of
peridotite samples from off-craton localities that extend to

is also

lower Mg numbers than abyssal peridotites from the ocean
basins (Walter, 2004). This general consistency between Feg
values for basalts and MgO/FeO ratios of peridotites from

the same areas is a strong argument in support of mantle
heterogeneity as the explanation for the Nag—Feg variations
of MORB:s.

Global

The global plot of Nag vs Feg shows an overall inverse trend
that is made more diffuse by the positive trends (Fig. 1la).
The slight dominance of the inverse trend over the positive
trends is driven by the extreme values for the Cayman and
of the
model proposed here, this appears to indicate that mantle

Reykjanes—Iceland—Kolbeinsey data. In terms
heterogeneity has a slightly stronger influence on MORB
chemistry than progressive separation of melts from short
rising diapirs.

As discussed above, the Smithsonian database shows no
ridge of any length for which the correlations of both Nag
and Feg with depth are fully consistent with the Klein &
Langmuir (1987,1989) and Langmuir et al. (1992) modeling.
However, when the global data are all plotted together
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Fig. 10. Carlsberg Ridge and Red Sea Rift. (a) Nag versus Feg.
(b) Nag and Feg versus sampling depth. (c) Nag and Feg versus
latitude.

(Fig. 11b), there appears to be a rough Nag increase and Feg
decrease with depth, as Klein & Langmuir (1987) origin-
ally showed. This seems to be an inconsistency. Data in
the central part of the plot (blue and red dots) constitute
almost all of the global data, the combined results of
Figs 4a, 6b, 7b, 8a, 9¢ and 10b. These widely scattered
data, taken together, show a weak increase of Nag with

(@) Global
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Depth (m)
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6000

Fig. 11. Global data for all ridges. (a) Nag versus Feg. Yellow squares
are data from the Mid-Cayman Rise. Blue triangles are data from the
Reykjanes Ridge, Iceland, and the Kolbeinsey Ridge, repeated from
Fig. 4c. Red circles are all other data. (b) Nag and Feg versus sampling
depth. Circles are data from Figs. 4a, 4b, 4d, 6b, 8b, 9b, 10c, and 11h.
Triangles are data from the Reykjanes Ridge, Iceland, and the
Kolbeinsey Ridge, repeated from Fig. 4c. Squares are data from the
Mid-Cayman Rise.

depth and a very weak or possibly nonexistent decrease of
Feg with depth, a result consistent with the plots of ridge
segments of ‘global’ length that show no consistent depth
correlation. The two extreme data sets, Cayman and
Reykjanes—Iceland—Kolbeinsey, which drive the appear-
ance of an overall global correlation of increasing Nag
and decreasing Feg with depth, are clearly offset from the
crude trends of the main group of points in the central part
of the diagram. These offsets are an expected result of
source heterogeneity, but not of a smoothly continuous
variation of potential temperature.

Given an adequate source of energy combined with an
upper temperature limit, as proposed here, an enriched
mantle source high in Fe would be capable of producing
a greater volume of melt (thicker crust, which would
contribute to a smaller axial depth) at relatively uniform
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temperature than a source low in Fe (thinner crust, which
would contribute to a greater axial depth). This is consis-
tent with shallow to intermediate axial depths for the
Reykjanes—Iceland—Kolbeinsey data
depths for the Cayman data. However, as axial depth is a
complex function of both crustal and upper mantle density,
the correlation of chemistry with depth is expected to be
very rough and to contain reversals and offsets, as is
observed.

and deep axial

PRESSURE-TEMPERATURE

RANGE OF MELT EXTRACTION

We treat the extraction of MORB melts and their forma-
tion in the mantle as separate issues. The pressure range
of extraction is indicated by the compositions of melts
delivered to the surface. The maximum global range of
Feg values at a constant value of Nag is about 6-3 and
occurs at a Nag value of about 2-5 (Fig. 1la, two outliers
excluded). Figure 1 shows that if melts are generated in
the pressure range of the plagioclase—spinel lherzolite soli-
dus, this range of Feg values permits a pressure range of
only about £0-15 GPa. This corresponds to a very narrow
temperature range of about £15°C. The reason for the
narrow temperature range is the low d7/dP slope of the
solidus in this pressure range.

Experimental studies of natural compositions have not
reported the existence of the Nag—Tes systematics at the
solidus of lherzolite, which confines the P-7 range of
observed magmas so tightly. There are two reasons for
this. First, it is difficult even to approach the solidus in a
study of a natural composition because the melt pockets
become too small for analysis. Second, even if the solidus
or near-solidus phase relations could be determined, the
inverse Nag—Feg variation at nearly constant pressure
would be detected only after a number of natural composi-
tions were studied. In the absence of some hint that these
relationships exist at the solidus in a narrow pressure
range, it is understandable that a search to find them has
never been mounted.

MAXIMUM PRESSURE OF MORB

EXTRACTION

The projected six-space solidus surface in the CIPW
normative basalt tetrahedron (Fig. 1) is the low-pressure
boundary of a projected six-space solidus volume in the
basalt tetrahedron that extends toward more olivine-rich
compositions. This solidus volume for the spinel lherzolite
assemblage, ol 4 opx +cpx +sp +1iq, is limited at higher
pressures by another bounding solidus surface that has the
garnet—spinel lherzolite assemblage, ol +opx +cpx +sp +
gt+1liq. There would be projected isobaric surfaces at
approximately constant MgO that would extend from the

ORIGIN OF THE OCEANIC LITHOSPHERE

projected isobaric lines at 1-1 and 13 GPa shown in Fig. 1
into the interior of the spinel lherzolite projected solidus
volume. Although these phase relations are not yet deter-
mined, their necessary general form indicates that the
inverse and positive Nag—Teg variations would also occur
at the solidus for pressures greater than those of the plagi-
oclase—spinel lherzolite transition. The same kind of rea-
soning would apply at pressures below those of the
plagioclase—spinel lherzolite transition. Thus, the solidus
phase relations combined with the Nag—Feg systematics
shown in Fig. I provide a tight limit only on the pressure
range of melt extraction. They do not constrain the loca-
tion of this pressure range.

The location of the pressure range requires a different
approach. The CaO-MgO—-Al,O3-510, CaO-MgO—
AlyO3-Si0y—NayO, and CaO-MgO-Al,05-SiOy—TFeO
versions of the tholeiitic basalt tetrahedron (Presnall et al.,
1979; Walter & Presnall, 1994; Gudfinnsson & Presnall,
2000) all show that as pressure increases, the higher pres-
sure melts from spinel lherzolite and garnet lherzolite
progressively migrate toward more magnesian and oli-
vine-rich compositions as pressure increases. For these
melts to reach the composition field of MORBs, crystalli-
zation of olivine at low pressures is required (see also
Green & Falloon, 2005). However, no indication of a sig-
nificant olivine-controlled crystallization path based on
MORB glass analyses has ever been reported (Presnall,
1999, fig. 9; Presnall et al., 2002, figs 6 and 7), a result that
applies to glass analyses from Iceland, the Siquieros data
of Perfit et al. (1996), and the Macquarie Island data of
Kamenetsky et al. (2000). We exclude data from glass inclu-
sions because of complications caused by post-entrapment
diffusion (Gaetani & Watson, 2000). In contrast, glass
compositions from the Puna Ridge of Kilauea Volcano in
Hawaii show a clearly defined trend of low-pressure
olivine-controlled crystallization (Clague et al., 1995). Tor
melts extracted from a lherzolite mineralogy, the only
way to avoid olivine-controlled crystallization when these
melts cool at low pressures is to extract them at pressures
below those of the spinel lherzolite stability field. At these
low pressures, melts crystallize olivine when they cool, but
they also crystallize plagioclase £ spinel very soon after
the appearance of olivine (Presnall et al., 2002, and refer-
ences therein). Thus, to avoid all but a very small amount
of olivine-controlled crystallization at low pressures, melts
must be extracted from their source at pressures less than
~15 GPa (Presnall et al., 2002, figs 6,9 and 12). This would
correspond to temperatures of ~1250-1280°C.

As the Nag—Teg systematics require a narrow pressure
range of MORB extraction, it follows that melts must
be extracted at either uniformly high or uniformly low
pressures. If the pressure range is uniformly high, then sig-
nificant olivine-controlled crystallization would always
occur when the melts ascend and cool at lower pressures.
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Fig. 12. Pressure-temperature diagram showing solidus curves for
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Presnall and Gudfinnsson (2005); based on the data of Hirschmann
(2000), Dalton and Presnall (1998), Gudfinnsson and Presnall (2005)
and Falloon and Green (1989).

This makes the absence of olivine-controlled fractionation
trends at ridges (Presnall et al., 2002, figs 6 and 12) an even
stronger observation.

Melt extraction from a heterogeous mantle at uniform
temperatures of ~1250-1280°C and pressures of ~12-15
GPa appears robust in its ability to explain the Nag—Teg
systematics of MORBs on all parts of the oceanic ridge
system, regardless of the proximity to presumed hot
plumes such as Iceland, Azores, St. Helena, Tristan,
Galapagos, Easter, and Afar. Because of the complete
absence of any MORB glasses with a high-pressure, high-
temperature compositional signature (high normative oli-
vine) anywhere along the oceanic ridge system (Presnall
et al., 2002, figs 6 and 12), we conclude that these areas are
not anomalously hot.

MORB FORMATION, RIDGE
DEVELOPMENT, AND RIDGE

DEATH

Melbourne & Helmberger (2002) found that the 405 and
660 km discontinuities between 40°N and 35°S beneath
the East Pacific Rise show no observable temperature var-
iation, and that no part of the ridge in this region could be
supplied by material from the local lower mantle, even
from a region as small as a single plume. This region
includes the presumed Easter plume. As part of a detailed
study of the upper mantle beneath the East Pacific Rise
(MELT Seismic Team, 1998), Conder et al. (2002) found a
distinctly asymmetrical distribution of S-wave velocities
on the East Pacific Rise near 17°S, with velocities west of

the ridge centered at ~70km depth in the upper part of
the low-velocity zone being lower than those cast of the
ridge. This asymmetry was explained by a melt source to
the west of the ridge and eastward flow of this melt
toward the ridge axis. Although the results from both of
these studies appear to be robust, their application to
ridges globally is untested. Nevertheless, these results and
the many common features of all ridges suggest that ridge
formation globally is an upper-mantle process confined
roughly to the seismic lithosphere and the upper part of
the low-velocity zone.

The normally assumed energy source for melting is adia-
batic decompression. However, the unusually low d7]/dP
slope of the solidus in the plagioclase—spinel lherzolite
transition (Presnall et al., 2002, fig. 14) combined with the
very narrow range of pressure indicated by the Nag—Feg
systematics at the solidus would appear to allow an insuffi-
cient amount of decompression energy for magma genera-
tion in this pressure range. This apparent inconsistency
assumes that if the compositions of melts produced at the
surface indicate a fairly uniform 7and P of separation from
the source region, the amount of decompression that
caused these melts in the mantle must be similarly small.
We argue instead that magma formation is decoupled
from magma extraction and that the pressure ranges for
these processes are different. We propose a critical role for
COy and assume that the main effects of COy are not sig-
nificantly affected by small amounts of HoO in the melts
(Presnall & Gudfinnsson, 2005). Also, we assume that the
oceanic lithosphere is subject to fractures that extend
entirely through its thickness (Stuart et al., 2007). Our pet-
rological modeling that follows is inspired by and broadly
consistent with the seismic modeling of Conder et al. (2002)
and Dunn & Forsyth (2003).

The carbonated lherzolite solidus (Fig. 12) at pressures
< ~18 GPa conforms closely to the volatile-free solidus.
No crystalline carbonate phase is stable at these high tem-
peratures. At about 1-8-19 GPa, the solidus of natural car-
bonated lherzolite abruptly drops in temperature by
~280°C (Falloon & Green, 1989) and then turns sharply
back to a positive slope at greater pressures just as it meets
the subsolidus stability curve for carbonate (not shown).
Further discussion of these phase relations, first discovered
by Wyllie & Huang (1975) and Eggler (1976), can be found
in Eggler (1978) and Presnall & Gudfinnsson (2005). The
steep portion of the solidus curve at ~1-8-19 GPa would
shift a small amount in pressure depending on mantle
composition but the solidus would retain its general form.
The geotherm is for a mature oceanic area, which assumes
a thermal boundary layer that extends to a depth of
140 km and a mantle adiabat with a potential temperature
of 1400°C. The low-pressure part of the geotherm is consis-
tent with heat flow model GDH2 of DeLaughter et al.
(1999). The average depth to the base of the seismic
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Fig. 13. Schematic diagram to illustrate lithosphere formation for the
simplified case of a mid-ocean ridge that does not migrate. Varying
rates of ridge migration would cause varying amounts of asymmetry,
as modeled by Conder et al. (2002) for the East Pacific Rise. Arrows
indicate directions of mantle flow. Black regions indicate melt extrac-
tion from the mantle, melt accumulation in a lower crustal magma
chamber, and eruption of MORB magma and CO, vapor to the sur-
face. The diagram does not address embedded mantle heterogeneities
or the source of the asthenosphere.

lithosphere (G discontinuity) vs age in the Pacific Basin is
fairly constant at about 68 km (Gaherty et al., 1999), which
1s consistent with the thickness of young Pacific lithosphere
determined by Weeraratne et al. (2007). This is the depth
shown in Figs 12 and 13, and corresponds closely to the
depth of the nearly vertical part of the solidus curve.
Geotherms with steeper conductive gradients appropriate
for younger lithosphere would intersect the solidus at
nearly the same depth. This strongly suggests that the
onset of low-temperature melting at essentially this depth
for a mantle containing a small amount of carbonate is
the cause of the G discontinuity.

We consider now the process of formation of a new ridge
or extension of an existing ridge at a propagating rift tip
such as the southward-propagating Eastern Volcanic Zone
in southern Iceland. For a momentary opening of a frac-
ture through the lithosphere at the leading tip of a propa-
gating rift, the pressure drop at the intersection of the
geotherm with the solidus curve would be about 19 GPa
(Fig. 12, point a) just at the top of the partly melted low-
velocity zone. Thus, venting of COy to the surface would
be explosive, even though the amount of COy vented
would be very small. Because of the nearly isobaric solidus
slope at ~65 km, the escaping vapor produced by decom-
pression across the solidus would initially have essentially
the same temperature as its parent carbonate-rich melt in
the low-velocity zone, but would cool along a vapor adia-
bat (not shown) on ascent to the surface. Although the
proportion of carbonate-rich melt in the low-velocity zone
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would be very small, perhaps in the range of 0-05-0-2%
(Presnall & Gudfinnsson, 2005, fig. 2), such melts are very
fluid and would migrate at melt fractions as low as
0-05-0-1% (Minarik & Watson, 1995; Faul, 2001). However,
for a momentary pressure difference of 19 GPa during the
opening of a fracture and explosive flashing of COy-rich
melt to yield COy vapor, migration of fluids through a
porous host-rock is almost certainly irrelevant. Instead,
the rock would probably fracture with sudden escape of
the liquid—vapor mixture. The COg-rich melts, as they
exist in the mantle, would be carbonatitic (Gudfinnssoon
& Presnall, 2005) but the detailed chemistry of the abrupt
transformation to melt and vapor phases produced on
sudden decompression is unknown. Even given this uncer-
tainty, carbonate-rich deposits of some type would be
expected at the surface. With successive explosive ventings
of this type, the temperature where the geotherm crosses
the nearly vertical solidus would eventually rise. Melts car-
ried to the surface along with the COy vapor would change
(Fig. 12) to more voluminous alkalic basalts, and finally to
tholeiitic MORBs (Gudfinnsson & Presnall, 2005). Because
of the sharp bend of the solidus back to a positive d7/dP
slope nearly coincident with the volatile-free solidus at
about 12-17 GPa, the escape temperature of the vapor
would not exceed ~1260-1280°C at ~1-4-15 GPa, which
is within the estimated temperature—pressure range of the
plagioclase—spinel lherzolite solidus for natural composi-
tions. On the assumption of a solid adiabat gradient of
15°C/GPa, this is identical to our earlier potential tempera-
ture estimate of ~1240-1260°C (Presnall et al., 2002) for
MORB generation.

The expected sequence of magma types produced on
progressive increase of temperature and maturity of a
ridge is shown in part by the Eastern Volcanic Zone of
Iceland (Saemundsson, 1979) and is consistent with experi-
mental data (Gudfinnsson & Presnall, 2005). 1o the north
where extension is occurring, the lavas are tholeiitic, but
they become transitional to the south. Then, near the
farthest visible limit of volcanism above sea level in the
Westman Islands, the lavas become alkalic (Jakobsson,
1972). There is no indication of a further transition to car-
bonatites or carbonate-rich fluids, as expected from the
experimental data of Gudfinnsson & Presnall (2005), but
this would be likely to occur farther south on the ocean
floor at the leading tip of the propagating ridge. Also, this
would be expected at off-axis localities near mature
spreading ridges where mantle temperatures are somewhat
lower. Only one occurrence of venting of carbonate-rich
fluids on the ocean floor is known (Kelley et al., 2005), an
off-axis locality near the Mid-Atlantic Ridge at about
30°N. The rarity of this occurrence may be due simply to
the rarity of off-axis exploration with the A/vin submersible.

Along with periodic venting of COy and a progressive
rise in temperature, mass movement of the partly melted

629



JOURNAL OF PETROLOGY VOLUME 49 NUMBER 4 APRIL 2008

rock in the low-velocity zone into the widening fracture
would be expected, and melt compositions would change
progressively from carbonate-rich to alkalic to tholeiitic.
The steady-state condition of a mature spreading ridge
would involve mass flow toward the ridge axis dominantly
in the upper 70 km of the low-velocity zone, vertical ascent,
melting, explosive escape of melt and COy vapor at the
ridge, and migration of the newly formed crust and
depleted lithosphere away from the ridge axis (Fig. 13).

The new lithosphere, about 70 km in thickness, would
require flow of a comparable amount of material from the
upper part of the low-velocity zone into the region of melt
formation directly beneath the ridge. Control by the phase
relations on the maximum temperature for venting of CO,
vapor would fix the steady-state temperature and pressure
of magma extraction from the source at a relatively con-
stant value of ~12-15 GPa, and eruption of melt and
vapor would occur at the same time. Melt formation
would extend to much higher pressures of ~4 GPa
(Figs 12 and 13). Eruptions would occur only when driven
by momentary opening of a fracture and explosive separa-
tion of COy from the melt. This scenario is supported by
the observation of H. J. B. Dick (personal communication,
2003) that vesicles are always present in MORB basalts at
the scale of a single dredge haul. Also, Clague (2007) found
that eruptions along the Juan de Fuca and Gorda Ridges
show both strombolian and effusive deposits at every
location examined. From fragments of curved glass films,
he estimated the existence of gas bubbles up to 8cm in
diameter. In one locality, he found that a single explosive
submarine eruption had distributed pyroclasts up to 3 km
in all directions. This supports the view that explosive CO,
escape is the vehicle that transports MORB melts to the
surface. However, the abundant evidence for extensive
low-pressure fractionation of MORB magmas (e.g. Walker
et al., 1979; Grove & Bryan, 1983; Grove et al., 1992)
indicates that vapor-assisted transport of melts from
the source to the surface commonly does not occur as
a single step.

Fracturing would gradually cease when lithospheric
stresses shift to produce fracturing at a different locality.
This would end the escape of CO,, and the vehicle for
bringing melt to the surface would disappear. The ridge
would then die in favor of a new ridge at the new locality.

SUMMARY
The normalization procedure of Klein & Langmuir (1987)
effectively removes the compositional variations of

MORBEs caused by low-pressure fractional crystallization.
It yields Nag—Feg systematics in excellent agreement with
the NayO—-FeO systematics of solidus melts in the plagio-
clase—spinel lherzolite transition of the system CaO-
MgO—-AlyO5-S109-NayO-TFeO. An inverse correlation of
Nag vs Feg is interpreted as an indication of mantle source

heterogeneity, whereas a positive correlation is explained
by progressive extraction of melts from short, progressively
depleted melting columns. These systematics indicate
that the mantle source for mid-ocean ridges shows signifi-
cant major-element heterogeneity over short distances in
the eastern Pacific Ocean and over long distances in the
Atlantic Ocean from 26°N to the Jan Mayen Fracture
Zone. The Atlantic mantle from Bouvet to 26°N is fairly
homogeneous. The Red Sea mantle is enriched in FeO/
MgO relative to the northern Indian Ocean mantle.

A'model is developed in which melting occurs over a large
depth range extending into the upper part of the low-velocity
zone, but melt extraction occurs only over a narrow pres-
sure—temperature range centered at ~12-15 GPa and
~1250-1280°C. This narrow range is indicated by a combi-
nation of observed Nag-Teg systematics of MORBs and
phase equilibrium constraints in the CaO-MgO-Al,O5—
Si09-NayO-FeO system. The critical role of CO, vaporiza-
tion and the unusual form of the lherzolite-COy solidus
curve in maintaining a uniformly low temperature and pres-
sure of magma extraction for MORBs is supported by the
recent observation (Clague et al., 2003; Clague, 2007) that
strombolian and effusive eruptions at ridges always occur
together. These constraints on MORB generation are not
consistent with the existence of hot plumes on or close to
ridges. This includes Iceland, Azores, St. Helena, Tristan,
Bouvet, Easter, Galapagos, and Afar.

Oceanic ridge formation is modeled as a process con-
fined entirely to the seismic lithosphere and the low-
velocity zone. In this modeling, ridge development starts
by formation of a fracture through the oceanic lithosphere,
which allows explosive venting of CO, vapor from the
upper part of the low-velocity zone. This periodic venting
progressively heats the lower lithosphere to produce initial
carbonate-rich eruptions followed by alkalic basalts, and
finally, for a mature and active ridge, tholeiitic MORB:s.
The slightly melted upper part of the seismic low-velocity
zone flows toward the ridge, rises at the ridge axis, and
melts further to produce MORB magmas. The depleted
residue and new oceanic crust then migrate away from
the ridge axis as new oceanic lithosphere. Ridges die in
response to plate stresses that shift the formation of litho-
sphere fracturing to other locations. This shuts down the
venting of COy vapor and removes the vehicle for trans-
porting melt to the surface.
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