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Thermal structure of the mantle beneath the equatorial
Mid-Atlantic Ridge: Inferences from the spatial variation
of dredged basalt glass compositions

J.-G. Schilling,! C. Ruppel,? A. N. Davis,3 B. McCully,! S. A. Tighe,!
R. H. Kingsley,! and J. Lin4

Abstract. We report on the major element composition of basaltic glasses from the Mid-
Atlantic Ridge transecting the equatorial mega-fracture zones from 7°S to 5°N (65 stations, 10-
20 km sampling intervals, 3.5 - 5 km water depth range). Many of the basaltic glasses are Na,O,
Si0,, and MgO rich, similar to other basalt glasses erupted along the deepest regions of the mid-
ocean ridge system, suggesting melt generation by relatively low degrees of partial melting at
rather shallow depth in the upper mantle. Along the ridge axis, the compositional variations
show regular and systematic long-wavelength trends with a major discontinuity at the complex
St. Paul transform fault, just south of St. Peter and Paul islets. A corresponding long-
wavelength trend in upper mantle potential temperature, mean pressure, and degree of melting
and crustal thickness variation is inferred using parameterized petrologic decompression melting
models. A 600-km-long, nearly linear negative gradient in these parameters is apparent from the
Charcot fracture zone (FZ) to the St. Paul FZ. Over the length of this gradient, the upper mantle
potential temperature drops by about 70°C, the mean degree of partial melting changes from 7%
to 10%, and the inferred crustal thickness varies between 3 and 6 km. The gradient along the
ridge axis is unaffected by the mega-transform fault offsets, implying that a broad
-(approximately 2000 km wide across-axis and 600 km long along-axis) cold zone is present in
the upper mantle just south of the equator. At the discontinuity across the complex St. Paul
transform fault, the gradients in inferred potential temperature, mean degree of partial melting,
and crustal thickness abruptly change sign, respectively increasing by 80°C, rising from 7% to
10%, and changing from 3 to 6 km. The discontinuity is clearly related to the Sierra Leone
plume affecting the Mid-Atlantic Ridge around 1.7°N, as also evident from Pb, Nd, and Sr
isotopic variations previously reported on the same glasses (Schilling et al., 1994) and the K;O
variation reported here. The cause of the petrologically inferred cold zone and large gradient in
the upper mantle south of St. Peter and Paul islets remains more speculative. On the basis of a
passive mantle upwelling flow model (Phipps Morgan and Forsyth, 1988) applied to the specific
geometry of the equatorial Atlantic, we reject the simplest hypothesis that the cold zone is
produced by the compounding cooling effect caused by the very long and densely distributed
transform fault offsets in the equatorial Atlantic. The result of this test remains paradoxical in
view that good correlations exist between segment length, maximum along-ridge axis relief per
segment, mean segment depth, and per segment average bulk compositions of the erupted
basalts, and corresponding mean degrees of melting. Other possible causes for the gradational
cold zone are briefly explored. These include the evolutionary history of the region with respect
to adjacent continental mantle, lithosphere age, thickness, and temperature, and tectonic mode of
opening of the Atlantic, as well as large-scale convective motion associated with continental
dispersion. No definite conclusions can be reached. However, we emphasize that the
petrologically inferred upper mantle thermal structure in the equatorial Atlantic is quite robust
and independent of the petrologic decompression melting models considered and their
underlying detailed assumptions. Large seismic S wave velocity variations are predicted over
the 0-150 km depth range of the upper mantle, based on the reported correlation of Nag with S
wave velocity reported by Yan et al. (1989). Thus detailed seismic tomographic mapping could
be used to test further the cold upper mantle zone hypothesis for the equatorial Atlantic.
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[Forsyth and Wilson, 1984; Parmentier and Forsyth, 1985},
curving of the ridge axis [Phipps Morgan and Forsyth, 1988],
and thinning of the oceanic crust [White et al., 1984]. In a more
complex way, TFE are also apparent in the gravity field as well
[Kuo and Forsyth, 1988; Prince and Forsyth, 1988; Lin et al.,
1990]. TFE are also evident in along-axis changes in the
composition of erupted basaltic melts and phenocrysts they
contain. For example, lower derived melt temperatures [Schilling
and Sigurdsson, 1979] and more evolved Fe-Ti rich basalts,
which are often observed near RTIs, have been attributed to
enhanced fractional crystallization at shallow depth [Melson et
al., 1967b; Honnorez and Bonatti, 1970; Thompson and Melson,
1972] and/or to a reduction in the extent of partial melting of the
upwelling mantle resulting from these cold lithosphere edge
effects [Bender et al., 1984]. Occasional enhancement of
incompatible trace element and isotope ratios in mid-ocean ridge
basalts (MORB) erupted near RTIs, where low degrees of
melting may prevail, have also been attributed to preferential
melting of small ubiquitous mantle heterogeneity domains rich in
volatiles, incompatible elements, and radiogenic Sr and Pb
isotopes [Langmuir and Bender, 1984].

Although cold-edge effects near RTIs are now fairly well
documented, their exact cause and controlling factors are not yet
fully understood. These problems can profitably be further
studied in the equatorial Atlantic where the Mid-Atlantic Ridge
(MAR) is highly segmented and displaced en echelon left
laterally by mega-transform faults (Figure 1). Age
discontinuities across these transform faults range from a few
million years up to 40-50 m.y. for the Romanche fracture zone
(FZ) (Table 1), thus providing a means of evaluating the potential

SCHILLING ET AL.: EQUATORIAL MANTLE COLDSPOT

thermal effects of a wide range of transform fault lengths within a
single spatially limited region. The bathymetry of this part of the
mid-ocean ridge system may represent one manifestation of the
thermal effects associated with the mega-transform offsets in the
equatorial Atlantic. Most notably, the MAR axis reaches a
maximum depth of 4-5 km at the equator where it is also most
intensely segmented. Thus a legitimate question is whether the
unusual depth of equatorial MAR reflects a mantle cold spot
caused by the compounding of transform fault effects or is it due
to some other causes. Also, the 3-5 km depth range of the
equatorial MAR axis provides a critical window to test further the
global correlation between ridge elevation and basalt chemistry
pointed out by Klein and Langmuir [1987] and to evaluate further
the implications of these correlations for the thermal and melting
regime in the underlying mantle. Finally, the exposure of highly
metasomatized, volatile, Sr and Pb radiogenic rich ultramafic
mantle rocks on St. Peter and Paul's islets directly testifies to the
presence of mantle heterogeneities [Melson et al., 1967a; Frey,
1970; Melson et al., 1972; Melson and Thompson, 1973; Sinton,
1979; Roden et al., 1984]). The presence of the aseismic Ceara
and Sierra Leone ridges, symmetrically distributed about the
ridge axis just north of the equator (Figure 1), also suggests that a
mantle plume might influence the MAR. The presence of such
mantle heterogeneities and the numerous transform faults
provides a means of testing further the model of preferential
melting of ubiquitous mantle heterogeneities previously proposed
by Langmuir and Bender [1984] and Sleep [1984].

For these reasons we undertook a systematic dredge sampling
of glassy basalts along the axis of the MAR from 3°S to 5°N
(Figure 1). The cruise took place in June-July 1987 aboard the
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Figure 1. (Bottom) Simplified morphotectonic map of the equatorial Atlantic region showing sample locations
along the Mid-Atlantic Ridge axis (open circles). Note position of conjugate aseismic Ceara Rise and Sierra
Leone Rise. Solid circles represent seamount locations from Epp and Smoot [1989]. (Top) Simplified
geological map at O and 100 Ma showing position of cold and deep-rooted cratonic lithosphere of Precambrian
age (with nuclei reaching Archean age) relative to the Mid-Atlantic Ridge and the equatorial fracture zones.
Hotspots: CV, Cape Verde; SL, Sierra Leone; F, Fernando de Noronha; Asc, Ascension; and SH, St. Helena. St.
P.&P., St. Peter and Paul's islets. Cretaceous rift east of the West African Precambrian cratons is taken from
Fairhead and Green [1989). Adapted from Schilling et al. [1994].
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research vessel R/V Conrad. In a previous paper we have
reported on the Nd, Sr, and Pb isotope and La/Sm variations

o < oo oA . .
*‘o‘ g % h-gN PROT ® along the MAR provided by these basalt glasses and discussed
g the implications of these results for the nature and length scale of
— 29 zgQZFene 2339 g mantle heterogeneities and the dynamics of plume dispersion in
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E S22 S8 & 2 T the region [Schilling et al., 1994). Here we report on the major
e e = Z é element composition of these basalt glasses and focus on the
- g implications petrologic variations have on the thermal structure
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element (REE) depleted [Schilling et al., 1994]. In this case the
length scale of the variation observed is of the order of 10 km.
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On the basis of the CIPW norm classification [Yoder and
Tilley, 1962], 109 of the 140 basalt glasses studied are olivine
normative tholeiites (46 stations), 22 are quartz normative
tholeiites (11 stations), and 9 are mildly nepheline normative
basalts (4 stations). The olivine and quartz normative tholeiites
are randomly distributed along the ridge, without showing any
particular correlation with tectonic segmentation. This may not
be the case for the nepheline normative basalts. Three of the four
occurrences observed are located at or near a RTI (Figure 1).
The exception is 4D. Station 6D at the Chain east-RTI contains
both olivine and nepheline normative basalts. The olivine
normative basalt occurs as glassy pillow basalis, while the
nepheline normative basalts are represented by highly vesicular,
subangular fragments of subaerial morphologic appearance
devoid of glass, despite being dredged at 4000-4350 m below sea
level. These rocks may represent ejecta from an uncharted
shallow seamount or a sunken island. Bonatti and Honnorez
[1971], Bonatti [1973, 19781, and Bonatti et al. [1979] have
reported evidence suggesting that large-scale subsidence and
uplift occurred along the equatorial Atlantic mega-fracture zones
and have repeatedly emphasized the unusual nature of opening in
this part of the Atlantic. The subaerial morphologic appearance
of some of the volcanic rocks dredged at station 6D may be
further proof of such unusually intense subsidence. The
nepheline normative basalts from station 7D occur near the
Romanche east-RTI along a short ridge segment (Figure 1).
Finally, the nepheline normative basalts from station 34D were
erupted in the short and profoundly deep pull-apart segment 4
located within the St. Paul FZ, just southeast of St. Peter and Paul
islets (Figure 1). These nepheline normative basalts are all light-
REE enriched and radiogenic Pb and Sr isotope rich but were
apparently derived from two distinct enriched mantle domains
[Schilling et al., 1994]. As we will see later, they were also
generated under conditions of unusually small degrees of partial
melting for MORB.

In the triangular Fe-Mg-Na diagram (Figure 2), our dredged
basalts indeed confirm the Na-rich character of MORBs in the
equatorial Atlantic previously suggested on the basis of meager

FeQ*

S

o ,0

FeO*

lceland

® ¥ (
NaxO ™ 4 30 20 10 o MgO

Figure 2. FeO-MgO-Na,0 triangular diagram of MORB glasses
from the equatorial MAR. The fields occupied by MORB glasses
from the MAR [Sigurdsson, 1981] over the Iceland province
(solid line) and Azores province (dashed line) are shown for
comparison.
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sampling [Dmitriev et al., 1979; Melson and O’Hearn, 1979].
The equatorial MORB fractionation trend shows limited Fe/Mg
enrichment relative to that found along the MAR transect over
the Iceland and Azores platforms. The trend of Na enrichment
overlaps that of the Azores province, but the similarity ends
there. In comparison to MORBs from the Azores province,
MORBSs from the equatorial Atlantic are generally much richer in
Si0, (mostly 50 - 52.5%, mean 51.24% * 0.73, 1 standard
deviation) [Schilling et al., 1983]. The equatorial MORBs are
similar to those found on the highly fragmented Southwest Indian
ridge (SWIR) [Le Roex et al., 1989], in the Australian-Antarctic
discordance (AAD) [Klein et al., 1991] and at the Cayman
Trough [Thompson et al., 1980]. All of these ridge segments are
unusually deep. Their MORB compositions lie at the high end of
the global correlation of Na, Fe, and Si with ridge elevation
revealed by Klein and Langmuir [1987] (subsequently referred to
as K&L'87). The compositional similarity of the equatorial
Atlantic MORB glasses to those from these deep segments is also
evident in the covariation of CaO/Ca0+Na,O with Mg number
(Mg #) (Figure 3). Compared to these other deep mid-ocean
ridge (MOR) segments, the large variation in CaO/CaO+Na,O
for the equatorial MAR basalt glasses occurs over a narrow range
of fairly high Mg # (Figure 3). The range overlaps the
compositional field occupied by MORB from the SWIR.
Schouten et al. [1987] have suggested that in such cases the
Ca0/Ca0+Na,0 ratio is a good proxy for estimating the mean
degrees of partial melting beneath the MOR system, since such
lavas are not likely to have suffered extensive fractional
crystallization, at least not at shallow depth. Thus to a first-order
approximation, the bulk compositions of the equatorial MORBs
suggest that they were generated by relatively small mean
degrees of partial melting at shallow mantle depth (Jow mean
pressure). These results fully confirm Dmitriev et al.’s {1979}
original observations on the petrogenesis of equatorial MORBs
based on a more limited sampling.

Along-Ridge Spatial Variations

Surprisingly, the equatorial Atlantic MORB glasses display
very systematic long-wavelength spatial trends in some of ‘the
major elements when plotted as a function of cumulative distance
along the MAR axis from 5°N (Figure 4). These two-
dimensional profiles ignore the major transform fault offsets
which divide the MAR axis into 10 first-order segments
(Figure 1). Despite this intense segmentation, the long-
wavelength major element profiles are remarkably simple. For
example, the Na,O profile is characterized by a relatively
constant level over segments 1 to 3, a major discontinuity at the
St. Paul FZ, and a 600-km-long negative gradient over segments
4 to 10. Overall, the Na,O content ranges from a high of 4% over
the very short and deepest segments 4 to 6 close to St. Peter and
Paul's Rocks, to about 2.4% along segment 10. The long Na,O
gradient is continuous and cuts across the major transform fault
offsets without any apparent inflection or change of slope. This
observation is even more surprising given the length of the
transform faults between segment 4 t0 10 (approximately 300 km
for both the Chain and the St. Paul FZ and 900 km for the
Romanche FZ). The concentration profiles for MgO, Ca0O, Mg #,
Ca0O/Ca0+Na,0, Cr/Cr+Al are also very regular and show a
pattern which mirrors that of the Na,O profile. On the other
hand, the pattern of spatial variation for FeO and Al,O; is more
diffuse, while that of SiO, and TiO, is essentially random or
nonexistent. Along-ridge major element patterns are best
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Figure 3. CaO/(CaO + Na,0) wt % ratio versus Mg number in equatorial MORB glasses, averaged per ridge
segments 1 to 10 (see Figure 1 for segment locations). Error bars represent 1 standard deviation from the mean.
For comparison, mean trends observed in MORBs from the American-Antarctic Ridge (A-A), Southwest Indian
Ridge (SWI) and Bouvet (1°-5°E) region and overlapping Southern Mid-Atlantic Ridge (51-55°S) (B) are shown
as dashed lines. Adapted from Schouten et al. [1987] An atomic Fe3*/Fe?* + Fe3*= (.14 was assumed for

calculating the Mg numbers.

revealed by averaging the values on a segment by segment basis
(Figure 4). ’

Taking CaO/CaO+Na,0 as a first-order proxy for the mean
degree of partial melting, the along-ridge profile of this ratio
suggests a relative pattern of variation in the degree of melting.
Using this interpretation, the data suggest a gradual decrease in
the mean degree of partial melting from segment 9 to a minimum
over the short pull-apart ridge segments 4 to 6 located within the
St. Paul FZ. A major discontinuity occurs at the northern
boundary of this diffuse fracture zone. This first-order
interpretation, of course, does not take into account secondary,
more local, effects caused by the varying degree of fractional
crystallization, which undeniably must have taken place along the
entire profile. More quantitative and elaborate parameterizations
of along-ridge changes in melting conditions are presented
below.

The along-ridge profile for K,O is quite distinct and in marked
conirast to that of the major elements (Figure 4). The K,O
profile is essentially identical to that of La/Sm. These two
geochemical parameters are indicative of the current nature of
mantle heterogeneity in incompatible elements present beneath
the equatorial Atlantic (Figure 4). A full account of the cause of
these heterogeneities and their longer-term origin based on Nd-

Sr-Pb isotopic composition of these basalts is given by Schilling
et al. [1994].

Finally, a few unusual basalt samples are judged to be outliers
based on major element covariation diagrams and the along-ridge

. petrologic profiles. These outliers include basalts from station

7D, 16D, and 18D, all recovered near the tectonically complex
Romanche east-RTI. As noted earlier, basalts from stations 4D
and 7D are also nepheline normative. These outliers were also
identified in multivariate statistical analysis in major element
space based on large Mahalanobis distances [Mahalanobis,
1936]. They reflect unusually low mantle temperature and partial
melting conditions occasionally associated with RTIs due to cold
edge effects and have been discussed at greater length by
Schilling et al. [1994].

Relations to Morphotectonic Ridge Segmentation
Morphotectonic Parameters

Lin et al. [1990] have demonstrated that ridge segment length
and axial depth relief are positively correlated between 28°N and
31°N along the MAR. In the same area they note a negative
correlation between the intensity of the mantle Bouguer
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Figure 4. Selected major element contents or ratios in equatorial MORB glasses as a function of cumnlative
distance along MAR axis from 5°N by adding each segment length one after the other from segment 1 to 10 (see
top scale) and excluding transform fault lengths. The chromium number (Cr #) is also for glasses. The data are
averaged for each ridge segment (circles) (see Figure 1 for locations). Error bars represent 1 standard deviation
from the mean. Entire data set is given in Table 1 and shown only for K,0 and Na,O (small crosses). The depth
profile along the MAR axis (top) is based on Sea Beam data obtained during R/V Conrad cruise RC 2806. Note
that the depth profile is discontinuous at every fracture zone, whose positions are shown on the top scale.

anomalies and ridge segment length. They have interpreted these
observations in terms of mantle upwelling, mode of crustal
accretion, and magma budgets as revealed by crustal thickness.
Independently, we have investigated some of these relationships
in the equatorial Atlantic, in particular, those between transform
fault length, mean segment depth, maximum relief per segment,
and ridge segment length. The survey is limited to the nine
segments between the Charcot FZ and 5°N FZ, which we
partially mapped with the Sea Beam system during our sampling
cruise aboard the R/V Conrad. Our bathymetric data and
sampling between the Charcot and Ascension FZ are insufficient
to include segment 10 in this exercise,

Some of the empirical relationships among morphotectonic
parameters are illustrated in Figure 5. First, we note that there is
a fair (#2=0.67) positive correlation between maximum axial

depth relief and segment length (Figure 5a). The slope is 0.0037,
compared to 0.02 for the 28°-31°N MAR segment reported by
Lin et al. {1990] (or 0.016 when additional MAR data between
the Hayes to the Oceanographer FZ are included [Detrick and
Needham, 1992}). The difference between our results and those
obtained further north on the MAR may not be significant
considering the large uncertainties and preliminary nature of the
equatorial data. A higher degree of‘negative correlation (r2=0.82)
is observed between maximum axial relief and mean segment
depth based on the dredge stations (Figure 5b). Notably, the
shallowest segment 3 also has the second highest relief in the
region. This segment is characterized by a major Pb-Nd-Sr
isotope and geochemical anomaly, which has been attributed to
the influence of the Sierra Leone plume on the MAR [Schilling et
al., 1994]. The anomaly is also apparent in the K,O profile,
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Figure 5. Plot of maximum bathymetric relief along the ridge
axis within segments 1 to 10 (Figure 1) against corresponding
(top) segment length and (bottom) mean depth of eruption per
segment (mean depth of dredge stations per segment). Linear
best fit parameters and correlation coefficient are given directly
on the two figures.

which mimics that of La/Sm and is quite distinct from that of Na
and other major elements (Figure 4). The lowest relief is found
in the shortest and deepest segments (pull-aparts) 4 to 6 within
the St. Paul FZ. We do not know whether the correlation
between these morphotectonic parameters indicates a dichotomy
which characterizes only the equatorial Atlantic or reflects an
empirical correlation of more general significance for the mid-
ocean ridge system. More importantly, none of these
morphotectonic parameters correlate with transform fault length
in the equatorial Atlantic.

Relationships With Mean Composition per Segment

There is also good and systematic correlation between the
major element compositions averaged per segment and the
morphotectonic parameters just discussed. For example, a
positive correlation between the mean CaO/CaO+Na,O ratio and
segment length (or maximum axial depth relief) is illustrated in
Figure 6. The CaO content, Mg #, Cr/Cr+Al, and Ca/Al ratios
show the same positive correlation. On the other hand, Na,0, as
well as Nag, show a negative correlation with segment length
(Figure 6). Since ridge length anticorrelates with mean depth per
segment, Na, positively correlates with average segment depth
(Figure 6). Since these parameters are all reasonable proxies for
mean degree of melting, <F>, it is not surprising to find that the
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parameter <F> calculated in the next section also correlates
positively with ridge length and maximum axial depth relief and
anticorrelates with average segment depth (Figure 7). Again,
there is no correlation between transform fault length and the
major element parameters or corresponding mean <F>.

On the basis of the above correlations one would predict that
the mantle Bouguer anomaly in the equatorial Atlantic is likely to
show an inverse correlation with calculated <F>, crustal
thickness, ridge length, and maximum axial depth per segment,
and anticorrelate with mean depth per segment, as also observed
on the MAR between 25°N and 31°N by Lin et al. {1990]. One
would also predict that the long-wavelength equatorial Atlantic
profile for the mantle Bouguer anomaly be essentially the mirror
image of the calculated <F> profile averaged over segment
length as shown in Figure 7. A test of these predictions with
actual gravity measurements along the profile will be presented
elsewhere.

Test of K&L'87 World-Wide Correlation Model

Klein and Langmuir [1987, 1989] have demonstrated that,
after correcting for shallow depth fractional crystallization and
averaging over a few hundred kilometers of ridge length, mean
Na and Si correlate positively and Fe negatively with mean axial
ridge depths. These empirical correlations are dominated by data
from ridges shallower than 4 km, since ridge axes deeper than
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Figure 6. Plots of major and trace element parameters (Cr #) in
equatorial MORB glasses averaged per segment against
corresponding segment length. See Figure 1 for location of
segments 1 to 9. Insufficient sampling prevents reporting a
meaningful average for segment 10. Linear best fit parameters
and correlation coefficient r? are given directly on the plots.
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Figure 7. Plots of mean degree of melting ,< F>, per ridge
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stations) per segment. See Figure 1 for location of segments 1 to
9. Insufficient sampling prevents reporting a meaningful average
for segment 10. Linear best fit parameters and correlation
coefficient 7 are given directly on the plots. The parameter <F>
is based on the Na,O content of the MORB glasses and the
decompression melting model and methodology of K&L'87. See
text and Figure 10 caption for further details on the K&L'87
decompression melting model.

this are rare. However, most of the MORBs dredged along the
equatorial MAR are from the 3.5 to 5 km depth range (Figure 4).
Therefore our data set provides a good opportunity to test the
validity of the K&L'87 empirical relation at these very deep sites
within the mid-ocean ridge system.

Following the method of K&L'87, the effect of fractional
crystatlization at shallow depth was corrected to MgO =8%,
using the actual slopes observed for Na,O, FeO, and SiO,
variation relative to MgO in each segment. For the three short
pull-apart segments 4 to 6, only one or two samples are available
from each segment. We therefore used the best fit slope for the
entire MORB population from 3°S to 5°N. A comparison of the
best fit slopes calculated for each segment in the equatorial
Atlantic and for the global ridge system is shown in Figure 8.
Table 2 gives the slope of the best fitting lines and notes which
outliers were excluded from the fits. The observed fractionation
slope for the overall equatorial Atlantic database is essentially
identical to the global one for Na,O, similar for SiO,, but
significantly different for FeO. As Figure 9a shows, the
correlation of Nag with depth for the equatorial MORB
population is poor but not inconsistent with that of the global
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MORB population reported by K&L'87. However, in contrast to
the global MORB population, there is no apparent correlation of
Feg with depth for the equatorial MAR basait population (Figure
9b). These results indicate that the negative correlation between
Nagand Feg, which has been noted on a global scale, does not
hold up within the equatorial MAR region (Figure 9c).

It has been pointed out that Nag and Feg can occasionally be
positively correlated at the local scale [Brodholt and Batiza,
1989; Klein and Langmuir, 1989]. Again, we find no evidence
for such a positive correlation between Nag and Feg within any of
the nine equatorial MAR segments investigated. Thus in the
equatorial region there is no justification for projecting each Nag
or Feg data point onto the global trend, thereby deriving the FeGg
and SiGg parameters of Klein and Langmuir [1989]. Such a
calculation has been done for equatorial MORBs by Bonatti et al.
[1993], but we contend that the application of this technique to
data in which a positive correlation between Nag and Feg is absent
in the first place will only force a fictitious correlation.

Niu and Batiza [1993] have recently shown that the so-called
local Nag versus Feg positive trends are characteristic of slow
spreading ridges, whereas the negative global Nag versus Feg

W W
o w

2.5

FeO (wt%)

SiO, (wt%)

MgO (Wt%)

Figure 8. Comparison of the slopes of the best fit lines obtained
from scatter diagrams of Na,0, FeO, and SiO, content against
MgO content of MORB glasses within ridge segments 1 to 9
(Figure 1), and the entire equatorial Atlantic MORB glass data
set from 5°N to 7°S (EA, heavy line). Dashed labeled line
(K&L) is the slope used by K&L'87 for filtering low-pressure
fractional crystallization and calculating Nag. Note the good
correspondence of EA and K&L slopes for Na,O and SiO, and
large discrepancy for FeO. The correlation coefficient r? are for
the EA lines. Best fit slopes for the ridge segment 1 to 9 are
given in Table 2.
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Table 2. Slopes and Intercepts for Best Fit Lines Shown in Figure 8

9 and 10
slope and

4,5,6*

Segment
Oxide vs. MgO

slope and

slope and slope and

slope and slope and

slope and

intercept

-0.397x + 6.00
6D-6, 6D-7, 4D, (61)5D

intercept
-0.261x + 5.05

intercept

-0.345x + 5.60
6D-6, 6D-7, 4D, (61)SD

intercept
-0.127x + 3.60

intercept

-0.173x + 3.95

intercept
-0.218x + 4.53

intercept
-0.286x + 5.31

§

outliers

NayO
FeOT

-0.693x + 15.04
6D-6, 6D-7, 4D, (61)5D

-0.874x + 16.51

-0.691x + 14.84

-0.553x + 13.87
7D, 16D, 18D, 6D-6, 6D-7, 4D, (61)5D

-0.225x + 11.08

-0.863x + 16.46

-0.411x + 12.89

7D, 16D, 18D

outliers

Si0;
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Figure 9. Na; versus Fegand Nag, Feq, and mean degree of
melting, <F>, plotted against water depth of equatorial MORB
glasses. The Na,O and FeO content at 8% MgO (i.e., Nag and
Fey), used as a filter of low pressure fractional crystallization,
were calculated using separate regression lines through segment
populations 1 to 9 (Figure 1 and Table 1). The slopes of these
lines are given in Table 2. The mean degree of melting is based
on Na,O and K&L'87 petrologic decompression melting model
(see caption of Figure 10). Line labeled K&L'87 is the global
MORB correlation line of K&L'87. The EA linear best fit line is
for the entire equatorial MORB data set from 5°N to 3°S. Note
the good correspondence of EA with K&L'87 for Nag versus
depth, and the lack of correlation for Nag versus Fegy and Feg
versus depth for the EA MORB population.

-0.163x + 52.88

0.672x + 9.66
0.404x + 8.07

0.388x + 12.05
6D-6, 6D-7, 4D, (61)5D

0.490x + 7.37
6D-6, 6D-7, 4D, (61)5D, (61)6D

-0.404x + 54.43
6D-6, 6D-7, 4D, 51D, (61)SD

trend is characteristic of fast spreading ridges. The transition
between a negative and positive correlation appears to occur at
36-60 mm/yr full spreading rate. Full spreading rate at the
equatorial MAR is approximately 35 mm/yr. Interpreted in light
of Niu and Batiza's results, the fact that variations in Nay are
essentially independent of those in Feg at the equatorial MAR is
perhaps not very surprising. Within the 10 individual equatorial
MAR segments, we uncovered no local trends in Nag versus Feg.
The only possible exception were basalts recovered at station
16D, where the range of bulk compositions is unusually large
(Figure 9c).

-0.718x + 56.76
0.576x + 10.49
0.560x + 7.14

-0.284x + 53.59
51D
1.054x + 6.36
0.229x + 9.75

Mantle Temperatures and Melting Conditions

There have been several recent attempts to parameterize the
major element compositions of MOR basalts in terms of mean
properties of melt production. The details of various models
differ significantly depending on the assumed melting function,
the mode of melt segregation, the assumed flow field, and melt
zone geometry. In general, these models yield relationships
among melt production parameters such as mantle potential’
temperature T, and depth Z, at which the mantle reaches its
melting point during upwelling and decompression, as well as
mean pressure of melting <P>, and mean degree of melting <F>
[Klein and Langmuir, 1987, McKenzie and Bickle, 1988; Niu and
Batiza, 1991; Albarede, 1992; Kinzler and Grove, 1992a, b;
Langmuir et al., 1992; Plank and Langmuir, 1992; Kinzler and

0.223x + 13.17
0.771x + 5.07

-0.496x + 54.96
gional parameters (data of segments 1-9 combined) were used for segments 4, 5, and 6.

Outliers not used in regression. Sample number listed are all from cruise RC2806 unless preceded by (61) from cruise EN61.

outliers

AlO3
outliers
outliers
* Re
§

CaO
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Grove, 1993]. These models link major element composition to
melt formation parameters on the basis of empirical observations,
experimental petrologic data, and various methods of filtering
and/or normalizing compositional effects due to fractional
crystallization during magma ascent. Although none of the
model parameterizations are fully satisfactory and results
obtained with each formulation are model dependent, the
parameterizations do provide crude but useful constraints on the
along-axis, spatial variation in melt production parameters, at
least on a relative, if not on an absolute basis.

For simplicity, we apply the model of K&L'87 and Plank and
Langmuir [1992], which casts variations in melt parameters in
terms of variations in Nag. Figure 10 shows the spatial variation
in the mean degree of melting <F>, the crustal thickness D_, the
mantle potential temperature T, and depth of incipient melting
Z,, calculated on the basis of along-axis changes in Nag and
assuming a corner flow model. Specifics of the calculation are
given in the caption of Figure 10. We note that, over the range of
mean degree of partial melting defined by K&L'87's model, these
melt production parameters are linearly related within a few
percent uncertainty. Thus on a relative basis, Figure 10 shows
that the spatial variation in the melt production parameters
collapses onto a single profile which mirrors the distribution of
Na,O (Figure 4). Specifically, the curve is characterized by (1) a
major negative gradient from the Charcot to the St. Paul FZ, with
no apparent inflection or discontinuity at the locations of the
major equatorial mega-transform zones, (2) a major discontinuity
at the northern boundary of the St. Paul FZ between segments 3
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and 4, and (3) further north, a domelike high in initial mantle
melting temperature, mean percent melting, crustal thickness, and
other melt production parameters. For example, from south to
north across the St. Peter and Paul FZ, the potential mantle
temperature jumps by about 100°C, the corresponding depth of
incipient melting increases by 16 km (45 to 61 km), the mean
degree of partial melting rises from 7% to more than 10%, and
the crustal thickness nearly doubles (3 to 6 km). The large-scale
potential temperature gradient south of this discontinuity is of the
order of 0.7°C/km. North of this large discontinuity, the extent
of partial melting goes through a broad maximum between 1°-
4°N (Figure 10). The high mean percent melting in this vicinity
is independently corroborated by the depleted nature of
peridotites dredged on the rift mountains in the same equatorial
region [Bonatti et al., 1992]. This thermal maximuim corresponds
also to a major anomaly in Pb isotope ratios, La/Sm, and K,0
variation (Figure 3), which has been attributed to the effect of the
Sierra Leone plume on the ridge {Schilling et al., 1994]. The lack
of discontinuities in inferred mantle temperature across the mega-
transform faults south of the St. Paul FZ suggests that the mantle
temperature gradient applies to a broad zone measuring at least
2000 km from east to west in the equatorial Atlantic. This region
may correspond to a broad cold zone in the mantle. Also, the
deeper and the shorter the ridge segments are, the lower the
mantle temperature, mean percent melting and crustal thickness
(Figure 7).

The minima in T,, Z,, <F> and D, depicted in Figure 10,
occur over the small relay zones within the St. Paul FZ, which
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Figure 10. Corresponding mean percent melting, <F>, derived from K&L'87 petrologic decompression melting
model, using the Na,O content at MgO = 8% (Nay) as a filter of low pressure fractional crystallization. The mean
degree of melting <F> was obtained by integrating equation (9) in K&L'87 for a corner flow and triangular
melting zone model, and by assuming that the accumulated melt concentration <C,> (F) is given by equation
(14) of Shaw [1970] for continuous fractional melting, thus giving: <C;> = (2 C/F){F,+«(D /D +1) ((0-F,)
(D+DD _1)}, where <C;> = mean concentration in the accumulated melt (= Nag in glass), C, = Na,O concentration
in the mantle source, assumed equal to 0.3 wt %, D, = the bulk initial crystal/melt partition coefficient for Na,O,
assumed equal to 0.03. The maximum melt fraction (F,) in a unit column at the ridge axis was obtained by
iteration for each MORB glass listed in Table 1. The mean degree of melting in this model is given by <F> =
F_/2. The same model was developed by Plank and Langmuir [1992) and Holness and Richter {1989]. The
corresponding initial depth Z, and temperature 7, at which decompression melting begins is also shown, with
resulting crustal thickness (D.) (K&L'87). The relationships are <F> = 0.006 (P, - Py); P, = <F>%0.006; P, =
(<F>10.006) + P;= (<F> + <F>%/0.006; T,= 1150 + 12 P,; D,=0.006(P, - P2 (10.2/p,) = 648.56 <F>2 P 0%
(see Appendix in K&L'87) with P in kilobars, T in degrees Celsius and F as a fraction, and p, is the density of the
crust assumed to be 2.62 g/cm>. P;= final pressure at which decompression melting stops at the base of the crust.
P, = the initial depth of melting. A mantle density of 3.3 g/cm® was assumed to convert P, into Z,. Position of
fracture zones and segment numbers used are also shown on top (see Figure 1 as well).
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represent some of the deepest parts of the MAR axis over the
entire Atlantic. Such great depths are matched only in the Arctic
around 80°N and near the Bouvet triple junction around 55°S.
The suggested minimum in crustal production at the ridge axis
close to the St. Peter and Paul islets may thus partly explain the
unusual exposure of mantle rocks on these islets. Exceptionally
low mantle temperatures, initial pressures, and degrees of partial
melting also occur at the east intersection of the Romanche
transform with the ridge axis (east-RTI), which is highly
fragmented in this region (Figure 1).

The relative patterns in T,, and <F> are extremely robust, but
large uncertainties exist in the absolute values. Other
parameterized melting models based on different major elements
and assumptions give essentially the same spatial pattern of
relative variation. For example, the model of Niu and Batiza
[1991] based on a parameterization of Nag, Cag/Alg, and Fey/Sig,
an idealized flow model involving a finite melting column
[McKenzie and Bickle, 1988], and a rather robust melting
function, results in a potential mantle temperature profile
essentially identical to that of the K&L'87 algorithm (Figure
11a). The parameterization of Albarede [1992], which is based
on MgO and SiO,, also produces a temperature profile similar to
that calculated from the K&L'87 algorithm, although T, is
systematically lower by 100°-125°C (Figure 11b). In an attempt
to define potential mantle temperature, degree of melting, and
other melt production parameters in as general a way as possible,
we have also considered other melting models [e.g., Langmuir et
al., 1992; Kinzler and Grove, 1993]. In absolute terms, a factor
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of 2 discrepancy in <F> and a direct shift of 125°C are apparent
between these end-member melting models. It is not our purpose
to evaluate the advantages, disadvantages, and uncertainties
associated with each of these different melt production
parameterizations. Rather, we emphasize that the application of
each of these parameterized models to our petrologic data
provides essentially the same relative along-ridge pattern of
variations in melt production parameters. Finally, we note that
the relative pattern of along-axis variations in mantle potential
temperature and degree of melting derived from the analysis of
MORB glasses is independently and qualitatively corroborated
by variations in the mineral compositions of peridotites recovered
in the study area [Bonatti et al., 1992, 1993]. On this basis,
Bonatti and colleagues suggested that the mantle beneath the
equatorial Atlantic may be 150°C cooler than elsewhere along the
MAR.

Passive Mantle Upwelling Model

The simplest hypothesis for the existence of the long-
wavelength gradients in mantle melting parameters shown in
Figure 10 is that the very long and densely distributed offset
transforms at the equatorial MAR result in cooling of a large part
of the upper mantle. To test this hypothesis, we applied the
simple steady-state passive mantle upwelling model of Phipps
Morgan and Forsyth [1988] to the specific geometry at the
equatorial MAR. For the equatorial MAR the principal
modification introduced to the standard model is an expansion of
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Figure 11. Variation of initial temperature of melting (7,) in the mantle with cumulative distance along the
MAR axis from 5°N. T, is based on the equatorial MORB data of Table 1 averaged per station and the
petrological decompression melting models of Klein and Langmuir [1987] (K&L'87), Niu and Batiza [1991]
(N&B'91) and Albarede [1992] (Alb'92). Despite the fact that these models are based on different major
elements and sets of assumptions, the relative patterns are very similar (though the absolute values may
systematically differ by as much as 125°C, e.g., A1b'92 versus N&B's 91). The K&L'87 trend lies in between that
of N&B'91 and Alb'92 trends. Note that a different scale is used for K&L'S7.
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the size of the solution grid. We assume an isoviscous mantle
and wholly plate-driven (passive) flow and use a Fourier
decomposition technique to determine mantle velocities
throughout the lithosphere. The steady-state thermal structure of
the lithosphere is calculated using an upwind finite differencing
technique with constant temperature boundary conditions of 0°C
and 1450°C at the surface and 100 km depth, respectively, and
zero flux conditions from the sides of the box. Because our
"plate” model assumes constant temperatures at a depth of 100
km, the cooling lithosphere can grow no thicker than 100 km. An
alternative "half-space" cooling model would imply thicker
cooling lithosphere everywhere and thus predict greater reduction
on melting near transforms than our "plate” model. Note that we
implicitly assume that passive upwelling driven by plate motions
dominates mantle flow patterns near the ridge axis and that the
present-day thermal regime can be approximated by a steady-
state temperature solution.

The weakest assumption in our mantle flow model is that of a
uniform thickness lithosphere. In the equatorial Atlantic the
transform offsets are so large that the thin, hot lithosphere of the
mid-ocean ridge system is sometimes juxtaposed against cool,
thick lithosphere formed at 50 Ma (e.g., across the Romanche
transform). The effects of changes in lithospheric thickness on
mantle flow regimes and thermal structure have been explored in
detail by Lin and Parmentier [1989] and Blackman and Forsyth
[1992]. In these studies, the steady-state thermal regime
calculated for the case of lithospheric thickening is generally
similar to that determined for the constant lithospheric thickness
case. The most important difference between the variable and
constant lithospheric thickness models occurs near the ends of
ridge segments adjacent to transform zones. At these sites, the
along-axis temperature gradients are expected to be steeper and
the zones of reduced melting narrower in thickening lithosphere
models than in the constant lithospheric thickness models used
here. It should be noted that, in the constant lithospheric
thickness model, the horizontal conductive cooling of the
lithosphere from a transform offset proceeds at about the same
rate as cooling downward. Thus only ridge segments with
lengths more than twice the lithospheric thickness will have a
central area unaffected by the bounding transform offsets.

The steady-state temperature regime (see Figure 12¢)
determined from the passive flow model was used to calculate the
depth to the base (initial melting) and top of the partial melting
zone. For these calculations, we define the solidus function Ty =
1150°C+3.64z, where z denotes depth in kilometers. As shown
by the solid lines in Figure 12b, the top of partial melting zone
lies at a depth of about 10 km in the center of each ridge segment
and at greater depths at the ends of segments. The depth of initial
melting (bottom of the melt zone) shows relatively liitle variation
along the ridge axis, probably due to the constant temperature
condition assumed at 100 km depth. The calculations reveal that
little melt should be present near the ends of ridge segments
adjacent to the large-offset St. Peter and Paul FZ and Romanche
FZ. The region of reduced melt is asymmetric about the St. Peter
and Paul FZ because relatively little melt is present beneath the
intratransform spreading centers.

The average degree of fusion F curve (dotted line) in
Figure 12b was calculated using the empirical liquidus relation of
McKenzie and Bickle [1988] and the solidus function T, just
stated. The melt fraction at any depth is given by[T{(z)-T} / [T} -
Ts], and the average degree of melting was determined by
integrating the melt fraction over depth within a zone up to 24 km
wide centered on the ridge axis. Melt fractions within this zone
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were only included in the averaging when the melt generation
rate (given by the dot product of the flow velocity and the
gradient of the melt fraction <F>) was positive. The partial
melting function used is very similar to that of Phipps Morgan
and Forsyth [1988], except that (T, - T,) increases slightly with
decreasing z in our model, instead of remaining constant at about
600°C. Assuming that 3% of melt is retained in the matrix, the
passive flow model predicts average melt percent of 14.5% in the
center of segments. The predicted average degree of melting
decreases slightly near the ends of most segments and falls to 0%
at the ends of ridge segments adjacent to the St. Peter and Paul
FZ and the Romanche FZ.

Figure 12c shows the steady-state temperature structure at 13
km depth calculated using the passive flow model. Note
particularly the low temperatures at the Romanche FZ and within
the intratransform spreading centers in the St. Peter and Paul FZ.
Although the variation in the melt production parameters along
the transform zones is not seen in the along-axis profile in
Figures 12a and 12b, the relatively cold temperatures within the
St. Peter and Paul FZ and the Romanche FZ significantly affect
melting and mantle conditions into adjacent ridge segments.

A comparison of the model results shown in Figure 12b to
calculations of the same three parameters (initial and final depth
of melting and average percent of melting) based on the
petrologic decompression melting model of Niu and Batiza
[1991] (Figure 12a) indicates that the cooling effect of the long
transform offsets at the equatorial MAR is not adequate to
produce the petrologically inferred long-wavelength mean degree

_of fusion gradient south of the St. Peter and Paul FZ. The

apparent discontinuity in melt production parameters at the St.
Peter and Paul FZ also cannot be matched using this simple
passive flow model, which incorporates realistic ridge segment
geometry and average spreading rate.

As noted above, thickening lithosphere would cause the
average percent melting to remain at the midsegment value to
nearly the ends of the segments, producing narrower zones of
reduced melting near the ends of segments. Within the study
area, the only two instances where such cold edge effects are
petrologically apparent is at the Romanche east-RTI and to a
lesser extent the Chain east-RTI. In both cases the cold edge
effects are not apparent on the west-RTIs and therefore do not
display the symmetrical pattern predicted by the passive flow
model.

For the lithospheric thickening model, the maximum change in
along-axis melting depth across the entire profile is expected to
be the same or slightly larger than calculated for the constant
lithospheric thickness passive flow model. It is therefore clear
that, regardless of the specific passive flow model chosen, the
observed long-wavelength gradient in melt production parameters
cannot be explained merely by thermal effects related to large-
offset fracture zones at the equatorial MAR. It should be
emphasized that the goal of the thermal modeling calculations is
not to match the petrologic data but rather to provide additional
insights into the possible causes of the long-wavelength mantle
temperature gradient inferred petrologically.

Discussion

There is little doubt that the discontinuity across the
northernmost St. Paul transform fault and the peak in mantle
temperature, degree of fusion, and crustal thickness inferred at
2°N is most likely caused by the Sierra Leone near-ridge plume.
Schilling et al. [1994] have previously shown that this region is
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Figure 12. (a) Variation of initial and final depths of melting and corresponding mean degree of melting along
the equatorial MAR axis (cumulative distance from 5°N), calculated using the MORB glass data of Table 1 and
the Niu and Batiza [1991] petrologic decompression melting model. The Niu and Batiza model was chosen for
comparison with the passive upwelling calculations since it provides initial and final depth of melting
independently using SiO,/FeQ(g, and Na,O g, combined with CaO g/Al)O54, respectively. A moving average
with a 150-km-wide window was used to smooth the curves. (b) Results of the passive mantle upwelling model
calculations. The solid lines show the depth of initial melting (~82 km within ridge segments) and final melting
(~10 km within ridge segments) beneath the axis of the equatorial MAR (cumulative distance from 5°N). The
dotted line marks the average degree of partial melting within a zone up to 24 km wide centered on the ridge axis.
The method for calculating the degree of partial melting is discussed in the text. Note that no melt is predicted
near the St. Peter and Paul and Romanche FZ. (c¢) Contour map (200° C contour interval) of the temperature
distribution near the top of the zone of melting, at a depth of 13 km. These temperatures were determined using
the passive mantle upwelling model of Phipps Morgan and Forsyth [1988]. The area filled with white has
temperatures between 200°C and 400°C, and the ridge segments (black filled contour) have temperatures greater
than 1200°C. Values indicated on the inset shading scale are in degrees Celcius.

underlain by a major radiogenic Nd, Sr, and Pb isotope and
incompatible element rich anomaly. On the other hand,
application of a steady-state passive flow model for determining
the mantle thermal structure in the region shows that the
compounding of cooling effects of the long transform offsets
cannot be the sole cause of the large-scale gradient in mantle
temperatures, crustal thickness, and mean degree of fusion
inferred from the MORB glasses. This is paradoxical in light of
the good correlations that exist among segment length, maximum
along-ridge axis relief per segment, mean segment depth, and per
segment average bulk composition of the erupted basalts and
corresponding mean degrees of fusion (Figures 5-7). Either the

passive model considered is too simple or some other additional
explanation for the petrologically inferred temperature gradient is
required. We now briefly explore some alternative explanations.
1. The first possibility is that the major element and inferred
upper mantle temperature gradient along the axis of the
equatorial MAR may be caused by along-ridge subaxial pipe
flow of the magma [e.g., Vogt, 1976]. It could conceivably be
argued that the sign of the gradient in Mg #, Ca0/Ca0+Na,0,
Na,O and Cr/Cr+Al and along-axis depth (Figure 4) might reflect
such a northward flow of melt which would be accompanied by
cooling and increasing fractional crystallization from the Charcot
to the St. Panl FZ. We rule out this hypothesis on several
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grounds. First, in planform, the gradient shown in Figure 4 is not
continuous, but rather disconnected by transform offsets reaching
up to 900 km. The cold lithosphere juxtaposed against the ridge
segments across such large offsets would clearly act as a barrier
to flow. Furthermore, northward flow of melt would imply a
flow direction toward, instead of away from, the zone influenced
by the Sierra Leone plume. Such flow is inconsistent with the
sign of the Pb-Sr-Nd isotope gradient observed near the Sierra
Leone plume [see Schilling et al., 1994].

2. A second hypothesis is that the cold area in the equatorial
Atlantic might be related to either global or local patterns of
mantle downwelling. For example, Bonatti et al. [1993] have
suggested that the low in mantle temperature and percent fusion
apparently present beneath the equatorial MAR may also be
present beneath the equatorial regions of the Pacific and Indian
oceans. In support of this contention, these workers invoke the
apparent mid-ocean ridge axis depth minima present at the
equator and previously documented by Menard and Dorman
[1977]. On this basis, Bonatti et al. [1993] speculate that the
inferred equatorial distribution of cold, dense upper mantle and
DUPAL [named after Dupré and Allégre, 1983 by Hart, 1984]
versus non-DUPAL isotopic mantle source domains may reflect
widespread mantle downwelling beneath equatorial ocean basins.
Such a pattern of downwelling concentrated at the equator is
partially supported by mantle dynamics studies that predict a
readjustment of Earth's rotation axis (true polar wander), and
therefore its equator, in response to the downward movement of
cold, high-density material through a mantle whose viscosity
increases with depth [Ricard et al., 1993]. True polar wander
induced by the internal redistribution of mass results in changes
in the nonhydrostatic component of degree 2 harmonic [Spada et
al., 1994). Without additional constraints on long-wavelength
variations in mantle thermal structure (e.g., from
petrological/geochemical, tomographic, or other geophysical
data), it would be premature to conclude that the cold areas in the
equatorial MAR are part of a larger pattern of mantle
downwelling concentrated near Earth's equator.

The question of distribution of mass and pattern of convection
in the Earth is a complex issue [e.g., Anderson, 1989], which
needs to be addressed more rigorously. In passing, we note that,
in contrast to the Australian-Antarctic discordance (AAD), a
locus of possible downwelling characterized by a major along-
ridge isotopic discontinuity between so-called DUPAL type and
Pacific-Atlantic type mantle source domains [Klein et al., 1988;
Pyle et al., 1992], the equatorial Atlantic has no comparable
isotopic discontinuity. Based on the MAR isotopic mapping of
Hanan et al. [1986] and Schilling et al. [1994], such a large
discontinuity, if it occurs at all in the Atlantic, would likely be
located some 3000 km south of the study area, at about 24°S.
Furthermore, we have previously interpreted the isotopic
boundary in the south Atlantic not as a discontinuity separating
DUPAL and Pacific-Atlantic mantle, but rather as a boundary
between two distinct plume families and their influence in the
asthenosphere: St. Helena type (non-DUPAL) and Tristan type
(DUPAL) [Hanan et al., 1986].

Localized downwelling might offer another explanation for the
observed cold mantle region at the equatorial MAR. However, as
pointed out to us by N. Sleep, downwelling along a normal
adiabat does not change potential mantle temperatures. The
petrologic data from the equatorial MAR clearly indicate that the
mantle beneath this region must be colder than normal mantle.
Thus even if local downwelling does occur in this area, some
‘other process must be invoked to reduce mantle temperatures.

10,073

3. At this point we must consider a more local and immediate
cause for the petrologically inferred cold spot and large-scale
mantle temperature gradient present in the equatorial Atlantic
south of the St. Peter and Paul FZ. Processes related to the nature
and timing of opening of the equatorial Atlantic relative to the
adjacent Atlantic basins may be one factor controlling the
present-day mantle temperatures in this region. Differential
opening in the Central Atlantic (~190 Ma) and South Atlantic
(~130 Ma) was first accommodated along preexisting sutures and
mobile belts on the eastern margin of the old (Archean-
Proterozoic), cold, deep-rooted and rigid West African cratonic
lithosphere [Hurley and Rand, 1969; Burke and Dewey, 1974;
Briden et al., 1981; Fairhead, 1988; Lesquer and Vasseur, 1992,
Nyblade and Pollack, 1993b] (Figure 1). Between 110 Ma and
60 Ma, the initial phase of rifting and opening in the equatorial
Atlantic occurred mostly in a strike-slip fashion [Klitgord and
Schouten, 1986] along a probable leaky transform system
between West African and South American continental
lithosphere, both of which were probably unusually cold and
thick (200-400km [e.g., Briden et al., 1981; Jordan, 1988; Yan et
al., 1989]). Asthenospheric material, which passively upwelled
between these two unusually deep and cold (cratonic)
tectonospheric keels as they were displaced during rifting, is
likely to have been cooled and subjected to small-scale
convective overturn [Yuen and Fleitout, 1985; Buck, 1986; Keen,
19874, b; Nyblade and Pollack, 1993a]. The small-scale nature
of mantle heterogeneities in Pb-Nd-Sr isotopes observed south of
the St. Paul FZ is suggestive of unusually intense convective and
dispersal action [Schilling et al., 1994]. The thin crust and highly
sheared nature of the lithosphere may also have enhanced
hydrothermal circulation, hydration, and, to some limited extent,
the cooling of the asthenosphere from above. The possible
occurrence of such processes is supported by the presence in the
region of abundant outcrops of transverse serpentinized ridges,
which are apparently older than the adjacent seafloor [Bonarti
and Honnorez, 1971; Bonatti, 1973, 1978; Bonatti et al., 1979).
Bonatti and his coworkers have emphasized the unusual character
of opening and formation of seafloor in the equatorial Atlantic,
including oscillatory spreading, rift propagation, shifts of
transform faults, and compression and uplifts of so-called
nonspreading, semistagnant, peridotitic blocks. Although some
of these processes may represent normal responses to
transtension accompanying plate boundary reorganization, there
is evidence that unusuval tectonic activity reaches as far as to the
continental shelves of northemn Brazil and the Ivory Coast [Hayes
and Ewing, 1970, Le Pichon and Hayes, 1971; Gorini and Bryan,
1976].

4. The apparently cold nature of the upper mantle underlying
the equatorial Atlantic might also be a reflection of longer-term
and broader-scale convective phenomenon related to the
aggregation and dispersal of supercontinents. In his time-
dependent numerical simulation study, Gurnis [1988] has shown
that, after a first dispersal, continents tend to aggregate over cold
mantle downwelling regions. In this respect, it is interesting to
note that the present equatorial region lies on the western fringe
of the Atlantic—African residual geoid high and associated
hotspot cluster discussed by Anderson [1982]. In the Jurassic
configuration of continents, based on Morgan's hotspot based
reconstruction, this mantle region would have been overlain by
the western boundary of Pangea [Anderson, 1982]. The west-
northwest strike of the 600-km-long upper mantle temperature
gradient along the equatorial MAR axis (Figures 1 and 10) has
the proper direction and sign expected for upper mantle
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underlying such a continent/ocean transition zone some 200 m.y.
ago. Thus the petrologically inferred upper mantle thermal
anomaly beneath the equatorial Atlantic may well reflect such a
onger term broad-scale mantle convective phenomenon.

This hypothesis, like hypothesis 3, implies that the cold mantle
beneath the equatorial MAR cannot represent merely a localized
cold spot. Since small cold spots will be thermally re-
equilibrated on short timescales by conductive heating, long-lived
thermal anomalies can only be explained by processes which
affect a broader region. We envision such a region as having a
scale intermediate between the long-wavelength downwellings
favored by some mantle dynamics studies and the 2000-km-wide
cold area inferred on the basis of petrologic data. It should also
be noted that cold mantle material has negative buoyancy and
normally sinks faster than it can be incorporated into patterns of
passive upwelling beneath a mid-ocean ridge. Thus a relatively
broad cold spot is required if some of this material is to have an
opportunity to be entrained in the upward flow of mantle beneath
the ridge axis, instead of merely sinking in the mantle. We
caution that the use of the term "coldspot” does not imply that a
cold region in the mantle can be replenished by the sort of
upwelling processes similar to those that operate in hotspots.

Conclusions

In closing, we emphasize the following points:

1. To our knowledge, the regular, 600-km-long gradients in
major elements from the equatorial Atlantic MORB glasses have
so far not been observed at a similar large scale length at any
other site along the global mid-ocean ridge system. The
inference that such chemical gradients in the oceanic crust may
reflect a similar gradient in the upper mantle temperature and
melting conditions is quite robust and independent of the
petrological models considered. Such gradients are particularly
significant considering that the MAR in the equatorial Atlantic is
highly segmented by very large transform fault offsets reaching
up to 900 km (Romanche FZ). Although the cause of the
petrologically inferred upper mantle cold zone remains uncertain
and speculative, passive flow calculations show that it cannot be
fully explained by the compounded cooling effects associated
with these very long and densely distributed equatorial Atlantic
transform offsets. Some other explanation needs to be sought in
the past evolution of mantle in the region. We have briefly
explored two such possibilities within the last 200 Ma history of
the region, but these are poorly constrained and speculative.

2. Strong correlations exist between segment length and (1)
maximum axial depth relief, (2) mean composition of equatorial
MORBs, and (3) inferred magma budget (i.e., mean degree of
melting, crustal thickness, etc.). We do not yet know whether the
correlation among these morphotectonic, petrologic, and magma
budget parameters indicate a dichotomy unique to the equatorial
Atlantic or reflect an empirical correlation of greater significance
to the global mid-ocean ridge system. Further examination of
this question will require an integrated interpretation of Sea
Beam bathymetry and gravity data and the petrologic results
presented here.

3. Equatorial MORB glasses follow the K&IL'87 global
correlation of Nag with ridge elevation fairly well. However, Feq
does not conform to the K&L'87 global correlation and instead
varies independently of Na,;. The observation is consistent with
Niu and Batiza's [1993] conclusion that the sign of the Nag versus
Feg MORB correlation depends on spreading rate.
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4. Extrapolation of the results of Humler et al. [1993], who
noted a global correlation of Nag in MORBSs to seismic S wave
velocity tomographic imaging at 100 km depth, to the high Nag
values found in the equatorial Atlantic would predict a 600-km-
long gradient ranging from as high as +1% to -1% velocity
variation from the Charcot FZ to the St. Paul FZ. A zone of high
velocity in the upper mantle is also apparent over the equatorial
Atlantic in the S wave tomographic results of Woodhouse and
Dziewonski [1984] and Zhang and Tanimoto [1992].
Unfortunately, the resolution in these seismic tomography maps
is insufficient to provide a reliable test of the petrologically
inferred equatorial Atlantic coldspot hypothesis. However, based
on such a correlation, the equatorial Atlantic mantle coldspot just
south of St. Paul FZ is likely to be colder and seismically faster
than mantle beneath the AAD, the Bouvet triple junction or the
Cayman Trough, the deepest regions so far observed along the
mid-ocean ridge system. Future detailed tomographic study of
the equatorial Atlantic region is thus warranted.

5. The petrologic discontinuity across the complex St. Paul
transform and the maxima in mantle temperature, degree of
melting, crustal thickness, and associated high in Pb-Nd-Sr
isotope found around 1.7°N most likely reflect the influence of
the nearby Sierra Leone plume, which is located just east of the
MAR [Schilling et al., 1994].

6. In view of the petrologically inferred very low mantle
temperature, thin crust, and highly fragmented nature of the ridge
axis just south of the St. Paul FZ, it is perhaps not surprising that
mantle rocks are exposed on St. Peter and St. Paul's islets. The
extra buoyancy associated with the Sierra Leone plume is also
likely to be an additional factor [Schilling et al., 1994]
contributing to the unroofing of these mantle rocks.
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