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Magmatic processes at a slow spreading ridge segment:
26°S Mid-Atlantic Ridge
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Abstract. We present new data on the mineralogy, and major and trace element compositions of
lavas dredged along a segment of the Mid-Atlantic Ridge at ~26°S. This segment is bounded on
the north by the Rio Grande transform and on the south by the Moore discontinuity and has an
along-axis, central high rising to ~2600 m near the middle of the segment. The segment is well-
studied and the dredges are spaced ~7 km apart. The lavas are exclusively normal mid-ocean ridge
basalt (N-MORB), with a limited range of MgO (8.62—6.55 wt %). Petrographically, the lavas are
dominated by low-pressure mineral assemblages, with two distinct crystallization sequences: Type
I basalts have pl — pl + ol — pl + ol + cpx and come mainly from the interior of the segment;
type II basalts, mainly from near the offsets, have ol — ol + pl — ol + pl + cpx. Some of the
lavas contain rare anorthitic megacrysts and one sample contains a small gabbroic inclusion. The
mineralogy and mineral chemistry are typical of N-MORB lavas elsewhere. Type I lavas have
higher CaO and lower FeO, TiO3, and Na;O than type II, but similar Al,O3 contents. Type I
lavas define curvilinear trends on MgO variation diagrams and represent diverse parental melts that
have undergone variable extents of low-pressure fractionation. In contrast, type II lavas exhibit
less fractionation and more diversity of inferred parental melt compositions. Fractionation of all
the lavas appears to have been mainly at low pressure, though we cannot rule out the possibility
of some higher-pressure, polybaric crystallization. Except for lavas near the offsets, there is a
rough correlation of lava chemistry and axial depth, defining along-axis "W" and "M" patterns. We
infer that the center of the segment has higher magma supply than the ends and that magma
chambers in the center are larger and more like those at the East Pacific Rise than those near
offsets. Overall, the segment is fed by diverse magma types with different melting histories that
retain their chemical distinctiveness all the way to the surface. Ni, [La/Sm]p, and other trace ele-
ments also display "W" patterns, as do isotope ratios, but the patterns are noisier than those of the
major elements. We infer that the mantle source of the lavas is heterogenous but its range of
variability in major and trace elements and isotope ratios appears to be small. The rare earth
elements and major elements normalized to 8 wt % MgO exhibit U-shaped along-axis variation
patterns. Calculations show that the along-axis initial depth of melting is constant at ~50 km but
that the final depth of melting varies from ~35 km near offsets to ~28 km in the center. The mean
extent of melting varies from 15% near offsets to 18% in the center and correlates with values of
the mantle Bouguer anomaly, suggesting that the gravity pattern is of shallow feature (< 50 km).
We suggest that the melting patterns and density structure result from the combined effect of
along-axis variation in mantle upwelling and melt production and the cold edges near offsets. The
26°S segment exhibits the local trend of chemical variation. New chemical evidence (Ca, Ti, and
Ni data) strengthens the hypothesis that the local trend at slow spreading ridges is due to the
melting reaction: melt A + pyroxene = melt B + olivine. We suggest that this reaction,
occurring in ascending and melting diapirs, is an important process at slow spreading ridges,
consistent with gravity and modeling studies.

Introduction boundary zone.

For many years, the observed differences in

The oceanic crust is produced by mid-ocean ridges at a wide
range of rates and represents the net product of both magmatic
and tectonic processes operating within and below the plate
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morphology [e.g., Macdonald, 1982] and basalt chemistry
[e.g., Nisbet and Pearce, 1973, Morel and Hékinian, 1980;
Natland, 1980; Flower, 1980] between fast and slow spreading
ridges hinted at fundamental differences in these processes
resulting from differences in spreading rate. Recent gravity
[Lin et al., 1990; Lin and Phipps Morgan, 1992] and modeling
studies [Parmentier and Phipps Morgan, 1990; Turcotte and
Phipps Morgan, 1992; Scott, 1992, and references therein]}
provide additional strong support for this notion and indicate
that differences in spreading rate may control the fundamental
style of mantle upwelling beneath the ridge. Since melting
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results from the passive and/or buoyant upwelling of mantle
material, it is to be expected that differences in mantle
upwelling might lead to differences in melting, melt migration
and segregation, and magma storage [e.g., Sinton and Detrick,
1992] below fast and slow-spreading ridges. Indeed, Niu and
Batiza [1993] show that the chemical systematics of fast and
slow ridges differ markedly and argue that this difference is due
to a basic difference in the geometry of mantle upwelling:
being more two-dimensional (2-D) below fast ridges and more
three-dimensional (3-D) below slow ones.

In this paper, we present new major and trace element data
for a slow spreading ridge segment of the southern Mid-
Atlantic Ridge near 26°S. This study is a companion to the
study of Batiza and Niu [1992] for the fast spreading East
Pacific Rise near 9°30'N. The new data we present provide
additional constraints and insight into the nature of magmatic
processes occurring beneath slow spreading ridges.

Previous Work in the 26°S Area

The ridge axis of the Mid-Atlantic Ridge near 26°S and its
flanks out to 5-7 Ma have been well studied using Sea Beam
[Grindlay et al., 1991, 1992], magnetics [Carboite et al.,
1991; Grindlay et al., 1992] and gravity [Blackman and
Forsyth, 1991]. The ridge segment at ~26°S is about 100 km
long and is bounded by the Rio Grande transform (north) and
the Moore discontinuity (south). It spreads slightly asym-
metrically at rates of ~19.3 mm/yr to the west and ~16.3 mm/yr
to the east [Carbotte et al., 1991]. Like the Mid-Atlantic Ridge
segments between 27°N and 32°N [Lin et al., 1990; Sempéré et
al., 1990] and 31°S-34°S MAR [Carbotte et al., 1991; Grindlay
et al., 1991; Michael et al., 1994), the 26°S segment is charac-
terized by an along-axis topographic high which rises to
~2600 m near the center of the segment. To the north and
south of this high, the axis deepens rapidly to ~4100 m near
the offsets. At both ends, the segment has a well-developed
axial rift valley up to 25 km wide and 1.5 km deep that shal-
lows and eventually vanishes at the latitude of the along-axis
high. Interestingly, the present central topographic high
appears to be related to discrete, off-axis bathymetric highs
forming a north pointing V-shaped pattern, suggesting its
northward migration in the past several million years (see
Blackman and Forsyth [1991] and Grindlay et al. [1992] for
details).

The fine scale morphology of the rift valley floor is
described in detail by Grindlay et al. [1992] and is quite
variable. The magnetically defined axis occurs variably along
linear topographic highs, linear topographic lows and small
seamounts of the type described by Smith and Cann [1990].
The tectonic history of the segment has been fairly complex,
especially at the southern end where the character and offset
distance of the Moore discontinuity has varied greatly in the
past [Carbotte et al., 1991; Grindlay et al., 1991, 1992].
Another complication is the presence of a small, probably
inactive discontinuity, called the Midway discontinuity, at
26°12'S [Grindlay et al., 1992]. While this feature has little
topographic expression in the present rift valley floor and no
petrologic expression, it does show up as a feature in the mag-
netization maps and may have been important in the past
[Grindlay et al., 1992].

Previous regional studies of the southern Mid-Atlantic Ridge
(MAR) [Humphris et al., 1985; Schilling et al., 1985; Hanan et
al., 1986] indicate that the ridge at 26°S is unaffected by mantle

NIU AND BATIZA: PETROGENESIS AT 26°S MID-ATLANTIC RIDGE

plume activity and is thus a "normal" ridge segment.
Preliminary petrologic data from the 26°S axis segment and
nearby seamounts were reported by Batiza et al. [1988, 1989,
1990] and Castillo and Batiza [1989]. These preliminary
studies showed the presence of regular along-axis variations in
chemistry (with relatively simple "W" and "M" shapes) as well
as chemical systematics that have come to be known as the
local trend [Klein and Langmuir, 1989]. The new data we
present here extend these preliminary findings and allow
additional interpretations.

Results and Interpretations
Dredges

Figure 1 shows the dredge locations, with an average
spacing of ~7 km. Table 1 details the dredge information,
including whether the dredge is located on or off axis, as
defined magnetically by Grindlay et al. [1992]. While the
location of the neovolcanic axis is not known precisely (e.g.,
from detailed bottom studies) the magnetic axis probably gives
the best estimate of its location. All the dredges were
navigated using Sea Beam and are within 1-2 km of the
magnetic axis. The amount of rock recovered in each dredge is
quite variable but all the dredges recovered very fresh glass,
with little (< 2 mm) or no manganese coating. Most of the
dredged samples are fragments of pillow lavas, although rare
sheet flows also occur. Two samples from dredge 12 (D12-2,
3) are hyaloclastites, consisting of 1 — 4 mm glass shards
cemented in altered, greenish, clay-rich matrix.

Petrography

In thin section, the samples vary from aphyric to sparsely
phyric to moderately phyric, without geographic order.
Phenocryst assemblages are variable, including olivine only,
olivine + plagioclase, and olivine + plagioclase + clinopy-
roxene, with or without spinel. Groundmass materials include
glass, glassy spherulites, glassy mesostasis, and microlitic
plagiocalse, olivine, clinopyroxene. On the basis of textural
relationships, we find two distinct crystallization sequences
among the samples. Some rocks (type I) crystallize
plagioclase first, followed by olivine and then clinopyroxene;
these are confined to dredges 14-19, 21, and 22, mostly from
the interior of the segment (Figure 1). Other rocks (type II)
have olivine first, followed by plagioclase and then
clinopyroxene; these occur in dredges 12, 13, 20, and 23-27,
mostly but not exclusively from near the offsets (Figure 1).
Later, we show that these two groups also correspond to
chemical groupings, which probably accounts for the
difference in the order of appearance of olivine and plagioclase.

Olivine phenocrysts vary in size from 200 pm to 800 pum,
and are euhedral, subhedral, anhedral, and skeletal. They show
a limited compositional range (Fogg to Fog;) and most crystals
are relatively homogeneous. Olivines within single samples
have limited compositional variation as shown in Figure 2
(also see Table 2), suggesting that they are in equilibrium with
the host melt. In one sample (D12-29), however, two types of
olivine crystals are observed, one euhedral, the other with
embayed form characteristic of resorption. The latter show
slight reverse zoning (Fo ~ 82 in the core and Fo ~ 85 at the
rim) that may indicate mixing or assimilation.

Plagioclase phenocrysts vary in length from <200 pm to ~ 1
mm and are euhedral, subhedral, and skeletal. The composition
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Figure 1. Simplified bathymetry of the Mid-Atlantic Ridge
(MAR) axis at 26°S adapted from Grindlay et al. [1992].
Thickest contours are 500m, with sélected 100m and 25m
contours shown unlabeled; see Figure 2 of Grindlay et al.
[1992] for details. The Rio Grande transform is shown
schematically. Dredge locations (Table 1) are shown as short,
thick line segments with dredge numbers. Inset shows the
general location of the segment at the Mid-Atlantic Ridge.
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Table 1. Dredge Information
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3
4
10
13
22
15
0.2
10
20
2
10

3470-3460
2680-2670
2510
2520
2580-2830
3390-3370
3800-3770
3700-3710
3480
3770-3750
3770-3780

on axis
cone 1 km east of axis
on axis
1.5 km west of axis
cone 1.5 km west of axis
cone 1.0 km east of axis
cone 2.0 km west of axis
cone 2.0 km west of axis
cone 1.7 km east of axis
cone 2.0 east of axis
cone 1.8 km east of axis

13°55.40
13°54.22
13°52.30
13°50.62
13°52.03
13°51.80
13°48.77
13°47.70
13°45.65

cone on axis
cone 2.2 km east of axis

W
W
W
W
W
W
W
A\
W
W
W

13°46.02
13°44.80
13°45.30

*Axial location taken from Grindlay et al. [1992]. See text for discussions.

0.2

3700

cone 1.6 east of axis

of plagioclase phenocrysts (Figure 3 and Table 3) varies
greatly within single samples. As expected, chemical zonation
is a common feature, but Figure 3 and Table 3 show that zoning
can either be normal or reverse. More commonly the zoning
patterns are highly variable, a ubiquitous petrographic feature
of MORB [e.g., Bryan et al., 1981; Bryan, 1983; Davis and
Clague, 1987, Batiza and Niu, 1992].

Some samples (15-4, 16-2, 17-5, 18-5, and 20-4) contain
individual plagioclase grains and/or aggregates that do not
appear to be normal phenocrysts. These are characterized by
large size (up to 3 mm), rounded or irregular outlines, variably
developed sieve texture, and high An contents (up to Angj, see
Figure 3 and Table 3). These crystals are similar to those
previously described by Rhodes et al. [1979] and Bryan et al.
[1981] from other segments of the Mid-Atlantic Ridge and by
Davis and Clague [1987] from the Gorda ridge. Such crystals
are obviously not in equilibrium with their present host melts
and have previously been interpreted to be either the product of
early crystallization from more primitive magmas [Fisk et al.,
1982] or crystallization at higher pressure [Bender et al.,
1984]. We tend to favor the interpretation of Fisk et al. [1982]
because high-pressure crystallization produces Ab-rich, not
An-rich plagioclase [Fram and Longhi, 1992]. On the other
hand, it is possible that initially albitic, high-pressure
plagioclase could become An-rich as a result of decompression
during melt transport to produce the observed megacrysts (R.
Neilsen, personal communication, 1993).

Phenocrysts of clinopyroxenes are rare in the 26°S lavas,
but quench crystals are very common away from glassy margins
and in pillow interiors, especially in samples with MgO < 7.5
wt %. These observations suggest that the melts became
saturated with clinopyroxene at low pressure. The quench
crystals have variable prismatic forms, ~100 pm to ~600 Hm
long and usually less than 20 um wide. Table 4 shows that

Kd=0.30 0.25

67
651
6371
617

80 82 84 86 88 80

Fo % in Olivine

Fi%ure 2. Olivine analyses plotted against the Mg/(Mg +
Fe?*) of host glass (Fe?*/[Fe2*+Fe3*] = 0.9 is assumed). For
reference, we show the calculated Kd (Fe-Mg°!-li9) values of
0.25 and 0.30. The open circles are mean compositions, and
the line segments represent the observed variation range in the
individual samples. The large open circle is the mean
composition of the euhedral type in D12-29. The solid square,
solid triangle, and the lines represent the mean compositions
and the ranges of the rims and cores of anhedral type in D12-
29. The solid diamond and the line represent the mean
composition and the range of the crystal clot in D18-4. Note
that most olivines are in equilibrium with their host melt with a
mean Ky value ~0.27 [Roeder and Emslie, 1970] (see text for
discussion).
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Table 4. Representative Probe Microanalyses of Quench Clinopyroxene
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e ——————————
Sample D14-1 D14-1 D14-1 D14-1 DI14-1 DI15-2 D15-2 D15-2 DI15-2 D15-2 D15-2 D15-2 D15-2 D15-2
Grain 1 2 3 4 5 1 2 3 4 5 6 7 8 9
Point 3 5 5 3 6 5 2 3 4 2 1 11 10 5
SiO, 52.61 52.46 53.47 52.65 52.48 52.1 52.92 53.14 53.41 52.25 52.71 52.75 51.66 51.86
TiO, 0.48 057 041 049 053 058 051 0.65 036 065 045 0.52 0.78 0.70
Al,O3 3.09 349 241 3.05 3.22 3.62 3.10 3.14 2.19 3.56 231 298 4.24 4.16
CryO4 0.41 035 036 0.28 050 053 057 044 052 076 045 0.00 0.00 0.00
FeOt 595 6.08 6.21 6.12 608 5.78 584 6.61 541 551 566 6.01 5.74 6.02
MnO 0.10 0.14 0.14 0.06 0.12 0.12 0.07 0.09 0.12 0.10 0.21 0.20 0.19 0.16
MgO 18.35 18.62 19.72 18.51 19.36 18.21 18.53 19.75 19.53 18.18 18.55 18.57 17.27 17.34
Ca0 18.92 18.45 17.61 18.69 17.73 19.11 19.05 17.52 18.83 19.75 19.36 18.58 19.66 19.04
Na)O 0.26 0.26 0.19 0.26 0.22 0.25 0.22 0.22 0.23 030 0.27 0.23 0.28 0.28
Total 100.16 100.43 100.51 100.11 100.24 100.3 100.8 101.56 100.6 101.05 99.96 99.84 99.85 99.58
Si 1.915 1.904 1.933 1.917 1.905 1.896 1914 1.905 1.931 1.890 1.926 1.924 1.890 1.900
Ti 0.013 0.016 0.011 0.013 0.014 0.016 0.014 0.018 0.01 0.018 0.012 0.014 0.021 0.019
Al 0.133 0.149 0.103 0.131 0.138 0.155 0.132 0.133 0.093 0.152 0.099 0.128 0.183 0.180
Cr 0.012 0.010 0.010 0.008 0.014 0.015 0.016 0.013 0.015 0.022 0.013 - - -
Fe2* 0.181 0.184 0.187 0.186 0.184 0.176 0.176 0.198 0.163 0.166 0.173 0.183 0.175 0.184
Mn 0.003 0.004 0.004 0.002 0.004 0.004 0.002 0.003 0.004 0.003 0.006 0.006 0.006 0.005
Mg 0.995 1.007 1.062 1.004 1.047 0.987 0.998 1.053 1.052 0.980 1.009 1.009 0.941 0.946
Ca 0.738 0.717 0.682 0.729 0.689 0.745 0.738 0.674 0.730 0.765 0.757 0.726 0.770 0.747
Na 0.018 0.019 0.013 0.018 0.015 0.017 0.015 0.016 0.016 0.021 0.019 0.016 0.020 0.020
YCations 4.008 4.010 4.006 4.009 4.012 4.011 4.006 4.012 4.013 4.016 4.015 4.006 4.008 4.001
En 0.519 0.526 0.548 0.523 0.544 0.516 0.521 0.546 0.54 0.512 0.519 0.524 0.497 0.502
Wo 0.385 0.375 0.353 0.379 0.359 0.39 0.385 0.351 0.375 0.4 0.389 0.378 0.407 0.397
Fs 0.096 0.099 0.099 0.098 0.098 0.094 0.093 0.104 0.086 0.089 0.092 0.098 0.096 0.101
Sample D15-4 D15-4 D15-4 D15-4 D15-4 D15-4 D16-2 D16-2 D22-2 D22-4 D22-4 D22-4 D22-4
Grain 1 2 3 4 5 6 6 7 1 1 2 3 4
Point 4 4 3 2 2 5 7 5 3 4 2 5 7
SiO; 52.52 53.43 52.24 53.03 53.26 51.99 50.99 51.41 52.83 52.42 52.17 52.14 52.32
TiO, 0.52 0.40 051 0.40 045 0.62 0.84 0.79 055 0.59 0.61 0.70 0.62
AlO4 3.27 2.21 3.19 253 2.64 385 450 4.44 3.30 3.66 396 3.90 3.57
Cry0O4 0.59 047 0.53 053 049 048 000 0.00 0.24 0.483 0.72 0.30 0.47
FeOt 562 6.10 5.77 590 587 563 545 544 691 6.01 5.88 6.47 6.02
MnO 0.10 o0.11 0.10 0.21 0.16 0.11 0.16 0.15 0.16 0.13 0.14 0.14 0.15
MgO 18.78 20.05 18.49 19.28 19.71 18.8 17.21 17.56 16.87 17.87 18.11 16.85 18.19
Ca0 18.72 17.48 18.87 18.32 17.86 18.66 19.76 19.46 19.13 19.37 18.86 19.65 19.08
NaO 0.19 0.17 0.19 0.24 0.19 0.24 0.28 0.29 0.25 0.27 0.28 0.28 0.25
Total 100.31 100.42 99.89 100.44 100.63 100.38 99.22 99.55 100.23 100.8 100.75 100.43 100.67
Si 1.906 1.933 1.907 1.923 1.923 1.887 1.877 1.883 1.928 1.900 1.890 1.902 1.898
Ti 0.014 0.011 0.014 0.011 0.012 0.017 0.023 0.022 0.015 0.016 0.017 0.019 0.017
Al 0.140 0.095 0.137 0.108 0.113 0.165 0.195 0.192 0.142 0.156 0.169 0.167 0.153
Cr 0.017 0.013 0.015 0.015 0.014 0.014 - - 0.007 0.014 0.021 0.009 0.014
Fe2* 0.170 0.184 0.176 0.179 0.177 0.171 0.168 0.166 0.211 0.182 0.178 0.197 0.182
Mn 0.003 0.003 0.003 0.006 0.005 0.003 0.005 0.005 0.005 0.004 0.004 0.004 0.004
Mg 1.015 1.079 1.005 1.042 1.060 1.016 0.944 0.958 0.917 0.965 0.977 0.915 0.983
Ca 0.728 0.678 0.738 0.712 0.691 0.726 0.779 0.763 0.748 0.752 0.732 0.768 0.742
Na 0.014 0.012 0.013 0.017 0.013 0.017 0.020 0.021 0.017 0.019 0.020 0.020 0.018
YCations 4.008 4.008 4.009 4.013 4.008 4.015 4.013 4.010 3.991 4.008 4.008 4.001 4.011
En 0.529 0.555 0.523 0.537 0.548 0.530 0.498 0.506 0.488 0.507 0.517 0.486 0.514
Wo 0.380 0.349 0.384 0.368 0.358 0.379 0.411 0.403 0.398 0.395 0.387 0.408 0.388
Fs 0.090 0.096 0.093 0.095 0.094 0.091 0.091 0.090 0.115 0.098 0.096 0.107 0.098

Analyses were done at the University of Hawaii, Honolulu.

cating that fractionation occurred in a mush-rich chamber of the

sort discussed by Sinton and Detrick [1992].

Basalt Chemistry

Basalt glasses were analyzed using the electron microprobe
at the Smithsonian Institution, Washington, D. C.

(T.

O'Hearn, analyst) for major elements and representative

analyses are given in Table 5. Additional representative whole
rock major element analyses were done by XRF at the
University of Hawaii, Honolulu (Table 6), with trace elements

by XRF (University of Hawaii), Instrumental Neutron
Activation Analysis (INAA, at Washington University, St.
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DI Hd

En Fs

Figure 4. Quench clinopyroxene analyses plotted in the
pyroxene quadrilateral. The very tight trend subparallel to the
Di-En join indicates that all these clinopyroxene crystals have
very similar Mg®*, but variable amount of CaQ or Wo
component. They show little correlation with the chemistry of
their host melt, implying that cooling rate may have been an
important factor controlling their chemistry [Grove and Bryan,
1983].

Louis), and DCP (plasma atomic emission spectroscopy) at
Northwestern University, Evanston. In Table 6, for trace
elements, we show only the INAA data and a few XRF analyses
for representative samples; however, all the additional trace
element analyses and XRF major element analyses are available
from the authors or as electronic supplement.1 A detailed
comparison of the XRF major element whole rock and probe
analyses of glass indicates that the two techniques yield very
similar results for aphyric samples. As expected, whole rock
analyses of phyric samples differ to various extents from probe
analyses of glass, reflecting the effects of the added solid
phases. For this reason, we restrict ourselves to glass analyses
in our discussion of the major elements.

Major elements. The samples from 26°S MAR are exclu-
sively normal, depleted mid-ocean ridge basalts (N-MORB) (see
Tables 5 and 6). The glasses range in composition from
relatively primitive (MgO = 8.62 wt %) to moderately evolved
(MgO = 6.55 wt %), and show considerable scatter on MgO
variation diagrams (Figure 5). Type I samples (plagioclase
first) tend to have similar Al;O3, higher CaO, and lower FeO,
TiO,, and Na,O at the same MgO content, than type II (olivine
first) samples (Figure 5). Type I samples also define fairly
simple curvilinear trends on MgO variation diagrams and
include the most evolved samples from the segment. In
contrast, type II samples show much more chemical variability
and scatter on MgO variation diagrams (Figure 5).

Figure 6 shows the along-axis variation of MgO and Al;,O3,
which along with the other major elements, define rough W- or
M-shaped patterns. Lavas with relatively high eruption
temperatures (Figure 6) are found at the ends of the segment
near the offsets (type II) and also near the top of the central
high (types I and II). Interestingly, however, the lavas with
the highest eruption temperatures are found not at the top of the

An electronic supplement of this material may be obtained on a
diskette or Anonymous FTP from KOSMOS.AGU.ORG. (LOGIN to
AGU's FTP account using ANONYMOUS as the username and
GUEST as the password. Go to the right directory by typing CD
APEND. Type LS to see what files are available. Type GET and the
name of the file to get it. Finally, type EXIT to leave the system.)
(Paper 94JB01663, Magmatic processes at a slow spreading ridge
segment: 26°S Mid-Atlantic Ridge, by Y. Niu and R. Batiza). Diskette
may be ordered from American Geophysical Union, 2000 Florida
Avenue, N.W., Washington, DC 20009; $15.00. Payment must
accompany order.
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central high but rather about halfway down its southern slope
in a dredge haul (D 21) also containing moderately evolved
basalts. Figure 6 thus shows that the correspondence among
basalt types (types I and II), basalt chemistry, and tectonic
occurrence (central high, near offsets and in-between) is
imperfect. Nevertheless, it is true that closest to the offsets,
our sampling recovered only relatively primitive, type II
basalts. Further, MgO generally decreases away from the
offsets and rises again (with scatter) in the central part of the
segment.

As shown in Figure 7, the type I basalts occurring away from
offsets appear to comprise a coherent fractionation sequence on
the basis of both least squares mixing calculations [Bryan,
1986] and the liquid-line-of-descent model of Weaver and
Langmuir [1990]. Despite the apparent success of this model,
we interpret these results with caution for several reasons.
First, the samples considered are dispersed along more than 75
km of ridge axis, so it is unlikely that the samples comprise,
literally, a fractionation series. More importantly, the
available trace element data do not favor the hypothesis that all
type I samples are related by simple fractional crystallization.
Furthermore, as we show below, the major oxides corrected for
fractionation to 8 wt % MgO indicate that melts throughout the
segment are derived by melting under individually distinct
conditions. Thus, while it is clear that many of the melts,
particularly those of type I, have undergone fractionation of
low-pressure phase assemblages, their parental melts are not
identical. Taken together, type I and type II melts represent a
wide range of parental melts produced by melting under diverse
conditions.

Evidence for differences in parental melt compositions
throughout the segment may be seen in Figure 8, showing
several oxides and oxide ratios normalized to MgO values of 8
wt % [Klein and Langmuir, 1987]. The correction method we
used [from Niu, 1992] is described in Table 7. Except for Aljg
and Napg), whose variations are below the level of analytical
uncertainty, the normalized oxides show smoothed along-axis
variation patterns that are either symmetrical or slightly
skewed. Following the interpretations of Niu and Batiza
[19913], the patterns of Tl[s], Cam, and Ca[S]/AI[s] indicate
lower extents of melting near the offsets with increased extents
of melting toward the center of the segment. Similarly, Sifg,
Ferg), and Sig)/Feg; are indicative of deeper melting near the
offsets, with shallower melting toward the center of the
segment.

In order to quantify these estimates of the extent and depth of
melting, we use equations (8)—(10) of Niu and Batiza [1991a].
For this application, we have modified the equations slightly
to exclude NayO and Al,O3 from calculations of the extent of
melting (F) because as we show later, there is reason to believe
that the levels of these elements in the mantle source of the
26°S lavas is anomalous relative to the abundances of TiO,,
Ca0, FeO, and the other major oxides. The results shown in
Figure 9 indicate that the extent of melting varies from about
15% to 18%. Our computed depths of initial melting (P,) are
essentially constant at ~16 kbar, indicating that the observed
differences in Sifg)/Fe[g) are most likely due to the effects of F
on this ratio [Niu and Batiza, 1991a]. Even though P, is
constant, the computed depth of final melting ( Pg) varies from
~12 kbar near the offsets to ~10 kbar in the middle of the
segment. This is because of the calculated variations in F and
the way in which Pg is defined by Niu and Batiza [1991a].
Interestingly, the pattern we calculate for variations in F shows
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a maximum located slightly north of the middle of the segment,
like the pattern of along-axis topography (Figure 6), although
it is not clear whether this is significantly different from the
symmetrical line drawn through the data in Figure 9.

Trace elements. Trace element data are given in Table 6.
On MgO variation diagrams (not shown) the compatible trace
elements (e.g., Ni and Cr) show scattered but reasonably
positive correlation with MgO. In contrast, the strongly and
moderately incompatible elements show more scatter and much

Table 5. Probe Microanalyses of MAR Basaltic Glasses
D12-2A D12-2B D12-2sh D12-3sh D12-4 D12-6
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poorer correlations, even for type I samples alone. The trace
element data thus do not support the simple fractional
crystallization hypothesis for type I basalts discussed
previously. The observed noisy trace element patterns are
probably at least partly the result of mantle heterogeneity;
however, the absolute level of this heterogeneity is small, as
shown by the narrow ranges of [La/Sm]y (0.468 to 0.596),
[Ce/Ybly (0.741 to 0.896), and other trace element ratios.

It is interesting that despite the small variations in these

D12-7 D12-10 D12-19 D12-20 D12-21 D12-23 D12-24

Si0, 50.84 50.59 50.82 51.61 50.42 50.88 50.64 50.42 50.30 51.01 50.66 50.82 5082
TiO, 1.65 160 1.61 1.67 170 1.70 1.62 1.71 1.66 1.70 1.69 1.65 1.68
ALO;  15.43 1530 1530 15.36 1526 15.19 15.42 15.46 15.18 15.45 15.30 15.38 15.32
FeOt 992 992 9.8 9.75 9.96 9.87 996 1002 998 950 998 9.75 9.40
MgO 8.01 809 796 7.78 808 7.66 8.05 7.51 8.16 7.80 7.97 8.02 7.61
Ca0 11.04 11.09 11.27 11.41 11.04 11.41 11.16 11.65 11.04 11.42 11.18 11.34 11.37
Na,0 273 265 270 230 275 2.72 270 260 272 272 271 2.72 2.63
K0 0.09 0.10 0.09 0.09 0.11 0.08 0.09 008 0.10 0.09 0.08 0.10 0.10
P,0;s 0.18 0.16 0.16 0.17 0.14 0.16 0.14 0.14 0.16 0.17 0.16 0.18 0.12
Total 99.89 99.50 99.77 100.14 99.46 99.67 99.78 99.59 99.30 99.86 99.73 99.96 99.05
Mg# 61.53 61.76 61.52 61.25 61.64 60.59 61.55 59.75 61.82 61.92 61.27 61.97 61.59

D12-26 D12-20 D12-30 D12-30 D12-32 D12-33 D12-36 D12-37 DI13-1_Di3.2 DI3.3 D134 D135
Si0, 50.83 50.37 50.27 50.35 50.39 5022 51.03 50.68 50.56 50.72 5063 51.29 51.45
TiO, 1.59 1.60 1.58 1.63 162 1.64 171 1.60 1.53 1.55 1.57 1.59 1.58
ALO;  15.43 1535 1532 15.14 15.22 15.29 15.07 15.30 15.20 15.31 14.97 15.59 15.42
FeOt 9.55 9.72 9.82 10.08 9.95 10.10 1003 9.70 991 9.64 9.62 9.75 9.57
MgO 7.85 822 807 804 825 8.04 7.57 806 7.8 7.89 770 7.91 171.78
CaO 11.34 11.24 11.10 11.02 11.10 10.97 11.37 11.34 11.46 11.52 11.62 11.39 11.47
Na,0O 2.69 272 263 276 274 269 2.71 2.75 2.67 2.64 267 2.68 2.60
K0 0.08 0.10 009 008 0.10 0.08 0.09 008 0.08 0.08 010 0.09 0.09
P,0s 0.16 0.12 0.15 0.17 0.14 0.13 0.17 0.16 0.14 0.15 0.13 0.15 0.16
Total 99.52 99.44 99.03 99.27 99.51 99.16 99.75 99.67 99.43 99.50 99.01 100.44 100.12
Mgt 61.95 62.62 61.94 61.24 62.15 61.19 59.92 62.20 61.16 61.85 61.32 61.64 61.69

D13-6 DI3-7 DI3.8_DI39 DI13-10 D13-11_ DI4-1 D142 DI5-1_ DIi5.2 Di53 D154 D155
Si0, 51.00 50.61 51.20 50.93 50.78 51.03 51.36 51.22 51.02 51.63 51.25 51.68 51.41
TiO, 1.61 1.58 1.61 1.59 1.59 1.62 1.57 1.56 1.53 1.51 1.53 1.54 1.54
ALO;  15.41 15.49 15.60 15.47 15.59 15.42 14.76 14.68 14.67 14.61 14.75 14.60 14.65
FeOt 979 9.86 9.62 9.70 9.68 9.71 9.77 10.06 10.29 10.29 10.35 10.13 10.20
MgO 7.63 176 7.70 1.66 71.64 7.67 7.05 17.14 7.14 7.14 71.07 6.88 7.04
CaO 11.42 11.33 1146 11.29 11.40 11.51 11.76 11.74 11.80 11.88 11.86 11.95 11.70
Na,0 2.65 2.58 267 2.63 2.63 2.68 294 282 2385 276 2.82 2.85 2.85
K0 0.10 0.08 009 0.08 0.07 0.09 0.06 008 0.07 0.07 005 0.07 0.06
P,05 0.14 0.14 0.13 0.11 0.16 0.12 0.12 0.15 0.14 0.17 0.17 0.17 0.15
Total 99.75 99.43 100.08 99.46 99.54 99.85 99.39 99.45 99.51 100.06 99.85 99.87 99.60
Mg# 60.69 60.92 61.32 61.00 60.99 61.01 58.83 58.43 57.88 57.88 57.50 57.36 57.75

D156 DI16-1_DI6-2 DI17-1 D173 D17-4 D175 D17-6 DI17-7 DI8-1 DI8-2 DI8-3 DIs-4
Si0, 51.12 51.70 51.26 51.10 51.18 50.76 50.95 51.24 5096 50.90 50.82 51.25 50.84
TiO, 1.50 1.35 1.38 1.41 1.37 139 138 1.41 1.38 1.31 1.33 1.34 1.35
ALO;  14.50 15.05 15.00 15.24 15.31 14.95 15.12 14.94 15.12 15.42 15.53 15.36 15.54
FeOt 1034 977 948 932 934 9.82 9.46 974 974 9.08 9.01 9.04 8.92
MgO 7.13 758 739 7.15 7.13 7.45 7.48 7.42 7.40 171.78 1.76 71.81 1.71
Ca0 11.68 12.16 12.24 11.99 12.01 12.08 12.02 12.06 12.07 1232 12.20 12.32 12.18
Na,O 2.84 2.60 2.64 2.84 283 278 2.8 277 276 2.87 275 2.78 2.18
K,0 0.06 0.04 0.04 0.07 008 0.07 0.09 0.08 0.07 0.08 0.06 0.08 0.08
P,0s 0.13 0.15 0.13 0.13 0.19 0.11 0.12 0.11 0.11 0.12 0.12 0.12 0.11
Total 99.30 100.40 99.56 99.25 99.44 99.41 99.47 99.77 99.61 99.88 99.58 100.10 99.51
Mg* 57.73 60.58 60.69 60.31 60.19 60.04 61.03 60.14 60.08 62.92 63.04 63.12 63.13
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Table 5. (continued)
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D18-5 D19-1 DI19-2 D19-3 D194 D19-5 DI19-6 DI19-7 DI19-8 D199 D20-1 D20-2 D20-3
SiO, 50.92 51.18 50.38 50.60 51.26 5078 51.31 51.22 51.13 51.21 51.12 50.73 51.24
TiO, 1.30 1.18 1.23 1.16 1.21 1.17 1.18 1.19 1.14 1.21 1.38 1.40 1.41
Al,O3 15.41 15.52 1532 15.42 1538 15.52 15.51 15.52 15.67 15.41 16.16 16.03 16.06
FeOt 9.14 8.80 8.82 8.92 8.87 8.81 9.02 8.73 8.71 8.78 9.12 9.26 9.07
MgO 7.71 8.16 8.08 8.10 8.02 8.15 8.12 8.18 8.07 8.13 8.06 8.01 8.02
CaO 12.25 12.25 12.25 12.18 12.20 12.24 12.23 12.24 12.24 1230 11.63 11.54 11.48
Na,O 2.82 2.63 2.56 2.56 2.55 2.58 2.44 2.64 2.61 2.57 2.70 2.69 273
K,O 0.08 0.08 0.06 0.07 0.06 0.07 0.07 0.07 0.08 0.06 0.08 0.07 0.08
P05 0.12 0.11 0.14 0.12 0.14 0.14 0.13 0.12 0.10 0.13 0.14 0.15 0.12
Total 99.75 99.91 98.84 99.13 99.69 99.46 100.01 99.91 99.75 99.80 100.39 99.88 100.21
Mg 62.56 64.75 64.47 64.27 64.17 64.69 64.07 6498 64.73 64.71 63.64 63.14 63.65
D20-4 D21-1 D21-2 D21-3 D21-4 D21-5 D21-6 D21-8 D219 D22-1 D22-2 D22-3 D22-5
SiO, 50.88 51.40 5093 51.31 50.61 51.63 51.61 50.68 51.43 51.66 51.42 51.50 51.62
TiO, 1.38 1.53 1.14 1.12 1.09 1.27 1.50 1.10 1.31 1.45 1.73 1.46 1.80
Al,O3 16.02 14.77 16.00 15.84 16.16 15.14 14.97 16.23 15.01 14.52 14.21 14.50 14.30
FeOt 8.98 9.70 8.66 8.75 8.64 9.24 9.58 8.54 9.08 9.83 10.93 9.92 11.06
MgO 8.09 7.50 8.49 8.55 8.62 7.62 7.61 8.40 7.39 7.00 6.69 7.01 6.62
CaO 11.58 12.16 12.44 1233 12.25 1232 12.13 12.34 12.27 11.75 11.07 11.78 11.13
NayO 2.75 2.63 2.41 2.44 2.42 2.79 2.60 2.39 2.73 2.85 3.00 295 3.02
K0 0.08 0.08 0.05 0.04 0.05 0.08 0.07 0.06 0.06 0.08 0.07 0.09 0.08
P,05 0.14 0.16 0.12 0.10 0.10 0.14 0.16 0.11 0.12 0.14 0.13 0.17 0.16
Total 99.90 99.93 100.24 100.48 99.94 100.23 100.23 99.85 99.40 99.28 99.25 99.38 99.79
Mg# 64.09 60.50 66.01 6593 66.40 62.03 61.14 66.08 61.72 58.51 54.80 58.33 54.24
D22-6 D22-7 D22-8 D22-9 D22-10 D23-1 D23-2 D23-3 D234 D23-5 D23-6 D23-7 D23-8
SiO, 51.75 5195 51.51 51.42 5142 50.62 5076 S51.01 50.63 50.74 5059 50.65 50.59
TiO, 1.26 1.78 1.74 1.75 1.73 1.72 1.70 1.73 1.70 1.71 1.74 1.66 1.68
AL O, 14.97 1432 14.24 1420 14.26 1543 15.18 15.29 15.26 15.16 1530 15.24 15.26
FeOt 9.21 10.76 10.69 10.88 11.02 9.85 9.80 9.73 9.91 9.89 10.17 9.80 9.88
MgO 7.52 6.67 6.68 6.58 6.55 7.37 7.29 7.38 7.54 7.54 7.62 7.56 17.53
Ca0 12.44 11.21 11.26 11.14 11.16 11.42 11.43 1134 11.46 11.30 11.38 11.46 11.48
Na,O 2.58 2.93 2.89 2.96 2.96 2.78 2.7 2.71 2.71 2,78 2.75 2,72  2.69
KyO 0.07 0.07 0.10 0.09 0.07 0.10 0.08 0.08 0.09 0.08 0.09 0.09 0.08
P05 0.11 0.16 0.16 0.18 0.15 0.17 0.19 0.20 0.16 0.18 0.22 0.18 0.15
Total 99.91 99.85 99.27 99.20 99.32 99.46 99.14 99.47 99.46 99.38 99.86 99.36 99.34
Mg 61.79 55.11 5531 54.50 54.07 59.71 59.57 60.04 60.11 60.16 59.74 60.44 60.15
D24-1 D24-2 D25-1 D26-1 D27-1 D27-2 D27-3 D27-4 D27-5 D27-6
SiO, 50.86 51.10 50.06 5070 5094 50.70 50.76 5097 50.93 50.78
TiO, 1.54 1.54 1.41 1.43 1.41 1.43 1.38 1.41 1.43 1.41
AL O, 15.49 15.58 15.74 15.39 15.85 1557 15.49 1543 15.57 15.74
FeOt 9.54 9.02 9.48 9.10 9.14 9.07 9.39 9.25 9.24 9.26
MgO 8.00 7.81 8.08 7.61 8.08 8.23 8.23 8.16 8.12 8.20
Cal 11.51 11.69 11.68 11.94 11.79 11.79 11.72 11.78 11.75 11.78
Na)O 2.81 2.72 2.70 2.63 2.40 2.42 2.43 2.41 2.48 2.44
K;,0 0.07 0.06 0.06 0.06 0.07 0.07 0.07 0.08 0.07 0.08
P05 0.16 0.17 0.17 0.10 0.12 0.12 0.11 0.10 0.11 0.14
Total 99.98 99.69 99.33 9896 99.80 99.40 99.58 99.59 99.70 99.83

Mg# 62.42 63.17 62.80 62.35 63.65 64.25 63.45 63.60 63.51 63.69

Analyses were done at the Smithsonian Institution. FeOt, total iron is expressed as FeO. Mg! = Mg/(Mg + Fe?*), with
Fe?t/(Fe2* + Fe3*) = 0.9 assumed.

ratios, along-axis variation in these ratios shows a rough "W"
pattern like the major elements (Figure 10). Ni also shows a
crude "W" pattern, but the central peak is muted, and there is
some scatter (Figure 10). Abundances of the rare earths (Figure
10) show crude U-shaped patterns, even for abundances
normalized to 8 wt % MgO (Figure 11), in qualitative agreement

with the expectations for melting of a homogeneous source to
the extent inferred from the major elements (Figure 9) (i.e., less
melting at the offsets, more melting in the middle of the
segment). Quantitatively, however, this hypothesis fails, as
the trace element abundances vary by 25% to 50% (Figures 10
and 11), whereas the inferred differences in the extent of
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Table 6. Whole Rock Major and Trace Element Chemistry of Representative Samples

D12-4 D12-23 D13-1 D13-6 D13-7 D14-2T  Di15-1 DI16-1" D17-37  D18-5 D19-1
SiOy 50.20 50.09 50.60 50.47 51.13 50.80 50.69 50.70 50.49 50.90 50.64
TiO, 1.66 1.60 1.59 1.59 1.59 1.38 1.39 1.28 1.36 1.30 1.21
AlLO; 14.92 14.95 15.03 15.02 15.25 14.89 14.68 15.04 17.16 15.34 15.27
FeOt 9.59 9.69 9.72 9.76 9.83 9.26 9.48 8.94 9.04 8.95 8.71
MnO 0.17 0.17 0.17 0.17 0.17 0.16 0.17 0.16 0.16 0.16 0.15
MgO 8.13 8.23 8.29 8.23 8.35 7.55 7.51 7.85 7.46 7.85 8.00
CaO 10.75 10.90 11.20 11.23 11.30 11.69 11.73 11.98 11.86 11.90 12.02
Na,O 2.65 2.62 2.40 2.34 2.61 2.65 2.69 2.57 2.69 2.72 2.53
KO 0.10 0.10 0.08 0.07 0.07 0.04 0.06 0.03 0.12 0.06 0.05
P,04 0.16 0.15 0.14 0.14 0.14 0.11 0.11 0.10 0.11 0.11 0.10
Total 98.85 99.02 99.70 99.47 100.97 99.07 99.06 77.17 100.98 99.84 99.18

Mg 62.69 62.74 62.82 62.56 62.73 61.78 61.10 63.49 62.03 63.47 64.53

La 3.52 3.40 3.06 3.16 3.18 2.31 2.58 2.23
Ce 11.10 11.10 11.60 11.40 11.70 8.30 8.80 7.70
Sm 3.82 3.69 3.65 3.70 3.69 3.19 2.99 2.69
En 1.39 1.30 1.34 1.34 1.34 1.19 1.13 1.03
Tb 0.95 0.89 0.93 0.93 0.95 0.83 0.71 0.69
Yb 3.68 3.44 3.53 3.55 3.56 3.11 2.82 2.71
Lu 0.56 0.49 0.54 0.54 0.49 0.46 0.38 0.39
Sc 37.9 37.2 38.0 38.1 38.0 48.0 41.1 44.4 46.8 39.4 39.3
Cr 311 322 352 349 350 227 197 384 362 347 385

Ni 130 150 120 120 130 77 70 76 67 70 71

Cu 72.4 82.9 83.3

Zn 77.1 72.3 74.7

Sr 55 130 110 170 130 112 80 103 119 100 110

Y 33.5 30.7 31.6

Zr 120 160 130 170 91 110 79 91 140 110

Hf 3.01 2.84 2.89 2.93 2.82 2.33 2.21 2.00
Th 0.150 0.090 0.090 0.110
[La/Sm]y 0.596 0.595 0.542 0.552 0.557 0.468 0.558 0.536
[Ce/Yb]y 0.838 0.896 0.913 0.892 0.913 0.741 0.867 0.789
[La/Luly 0.677 0.747 0.610 0.630 0.699 0.541 0.731 0.611

D19-2 D19-8 D21-5 D22-4 D23-4  D23-7 D23-8  D24-1 D25-1T  D27-1 D27-3 D27-5
50.63 50.61 51.13 51.54 50.64 50.61 50.56 50.63 50.50 50.39 50.68 50.34

1.20 1.19 1.27 1.46 1.69 1.67 1.67 1.54 1.41 1.43 1.43 1.40
15.34 15.31 15.19 14.94 15.31 15.29 15.30 15.63 16.02 15.24 15.39 15.25
8.64 8.65 8.96 9.66 9.86 9.86 9.86 9.31 9.10 9.35 9.45 9.34
0.15 0.16 0.16 0.17 0.17 0.17 0.17 0.16 0.16 0.17 0.16 0.16
8.04 8.10 7.83 7.60 7.56 7.53 7.55 7.85 8.10 8.84 8.92 8.89
12.01 12.02 11.97 11.78 11.32 11.32 11.31 11.41 11.54 11.42 11.40 11.34
2.44 2.49 2.64 2.65 2.53 2.62 2.60 2.55 2.47 2.43 2.34 2.33
0.08 0.06 0.05 0.08 0.12 0.11 0.10 0.07 0.07 0.06 0.07 0.07
0.11 0.10 0.10 0.11 0.15 0.14 0.14 0.13 0.13 0.12 0.12 0.12

99.11 99.17 99.82 100.50 99.85 99.84 99.77 99.77 99.97 99.91 100.40 99.68
64.83 64.98 63.39 60.90 60.29 60.19 60.25 62.54 63.80 65.19 65.15 65.34

2.20 2.09 2.40 2.27 3.31 3.22 3.21 2.92 2.81 2.83 2.78
7.90 7.20 8.60 8.00 11.70 11.10 11.10 10.70 10.00 9.50 9.70
2.67 2.64 2.85 2.95 3.86 3.87 3.85 3.52 3.19 3.28 3.23
1.04 1.03 1.13 1.08 1.41 1.38 1.39 1.28 1.14 1.16 1.19
0.66 0.71 0.72 0.78 0.97 0.95 0.94 0.87 0.78 0.84 0.76
2.65 2.67 2.80 2.85 3.84 3.73 3.73 3.31 3.19 3.18 3.16
0.38 0.35 0.38 0.43 0.53 0.55 0.57 0.47 0.46 0.45 0.46
38.4 38.5 39.5 34.8 39.4 39.0 38.8 36.8 43.3 36.6 36.9 37.1
378 381 283 329 294 294 290 353 370 462 473 479
100 51 140 140 110 100 110 120 145 180 200 210

76.5

81.0
110 150 120 130 60 120 110 130 114 120 90 130

33.3

100 90 150 170 160 150 98 70 120 90
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Table 6. (continued)
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D19-2  D19-8 D21-5 D22-4 D23-4  D23-7 D23-8 D24-1 D25-1T  D27-1 D27-3 D27-5

1.98 2.01 2.17 2.24 2.99 3.16 2.97 2.78 2.41 2.53 2.58
0.090 0.073

0.533 0.512 0.544 0.497 0.554 0.538 0.539  0.536 0.569 0.558 0.556

0.828 0.749 0.853 0.780 0.846 0.827 0.827 0.898 0.871 0.830 0.853

0.624 0.643 0.680 0.570 0.670 0.627 0.607 0.669 0.659 0.677 0.648

Major element (wt %) analyses were done by XRF at the University of Hawaii. Total Fe is expressed as FeOt. Mgt =
Mg/(Mg + Fe2+), with Fe?*/(Fe2* + Fe3*) = 0.9 assumed. Trace elements (in ppm) were analyzed by INA analysis at
Washington University, St. Louis, Missouri [Lindstrom and Korotev, 1982]. Analytical precision is computed for each
sample, and these vary slightly. Typical uncertainties (20) are La and Sm, 4%; Eu and Lu, 6%; Ce, 7%; Hf, 9%; Sc, 1.2 ppm;
Cr, 10 ppm; Ni, 30 ppm; Zr, 50 ppm; Th, 0.04 ppm. The subscript N refers to ratios of those elements normalized to the

primitive mantle of Sun and McDonough {1989].

TTrace elements analyses were done by XRF at the University of Hawaii [see Mahoney et al., 1994].
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Figure 5. TiO,, FeO, and CaO plotted against MgO of glass
analyses, showing that the lavas from the entire ridge segment
cannot be related by a common liquid line of descent, in
contrast to N-MORB commonly observed for ridge segments at
the EPR. We have divided the samples by petrographic type
into type I and type Il (see text for discussion of the
differences). Type I lavas are shown by solid dots and may be
related by a common liquid line of descent. Samples of this
group are mostly from the interior of the segment. Type II
lavas (open circles), mostly from near offsets, show much
smaller MgO variation but large variations in TiO,, FeO, and
CaO.

melting are only on the order of 15% (Figure 9). Together,
these somewhat contradictory observations lead us to conclude
that the mantle source below the 26°S segment may be
heterogeneous, leading to poor fits of the data to simple
melting and fractionation hypotheses. However, the
magnitude of the heterogeneity is probably small and may be
linked to the major element composition of the source, as
shown by the small observed variation in trace element ratios
and their crude W-shaped along-axis variation patterns.

Isotopes. Isotopic data for Sr, Nd, Pb, and He (P. R.
Castillo and D. W. Graham, manuscript in preparation, 1994)
are in the range of normal MORB unaffected by plume
components. However, small but significant variations do
exist for both ¥7Sr/86Sr (0.702505 - 0.702589) and
143Nd/144Nd  (0.513076 - 0.513140), and along-axis
variations display rough W- and M-shaped patterns,
respectively, like those for [La/Sm]y and [Ce/Yb]y. The ratio
3He/4He also displays small but significant variation
(R/Rx=7.32 — 7.73), and correlates well with 87Sr/86Sr (12 =
0.99) (D. W. Graham, personal communication, 1993). Instead
of a "W" pattern, >He/*He variations describe a U-shaped
pattern like those of the REE abundances. A full discussion of
the isotopic results is beyond the scope of this study, however
the data do indicate that the mantle source below the 26°S
segment is somewhat heterogeneous isotopically. In addition,
the isotope data confirm the conclusion based on major and
trace elements that the 26°S segment is fed by discrete melt
batches with distinct petrogenetic histories.

Discussion
Cooling and Crystallization

It is well established that low-pressure cooling and
fractionation are important processes affecting the chemistry
of virtually all MORB lavas [e.g., Walker et al., 1979]. Strong
arguments have also been made for the importance of
fractionation at higher pressure [e.g., O'Hara, 1965; Elthon et
al., 1982; Elthon, 1987; Tormey et al., 1987; Kinzler and
Grove, 1992; Grove et al., 1992]. In this section, we consider
the evidence in the 26°S lavas for fractionation at various pres-
sures, the potential sites of cooling and fractionation and
implications for along-axis chemical variations and magma
supply geometry.

The petrographic evidence and modeling presented before
provides strong indication that the 26°S lavas, particularly
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Figure 6. MgO, Al,O3, T(°C), and topography against

latitude. The topography in the bottom panel uses dredge

depth, and the triangles represent dredge locations projected
onto the axis. Note the well-defined W-shaped along-axis
patterns. Note also that except for the lavas near the offsets,
there is a rough correlation between lava chemistry and axial
depth, with high MgO lavas erupting at shallow depths. This
is similar to what is normally found at the fast spreading East
Pacific Rise [e.g., Batiza and Niu, 1992; Scheirer and
Macdonald, 1993).

those of type I, have lost olivine, plagioclase and
clinopyroxene at low pressure. However, several of the type I
lavas also contain anorthitic megacrysts that may indicate
fractionation at higher pressure as well. The lower CaO con-
tents of Type II lavas are perhaps consistent with the loss of
clinopyroxene expected to be important for polybaric
fractionation at the pressure of the uppermost mantle [Tormey
et al., 1987; Kinzler and Grove, 1992; Grove et al., 1992], but
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this would also result in lower TiO;, not higher, as observed
(Figure 5). Alternatively, high-pressure separation of
plagioclase [Bender et al., 1984; Bryan et al., 1981; Bryan,
1983; Tormey et al., 1987] is consistent with the higher TiO,
but would deplete Al;O4 as well as CaO, which is not observed.
While we cannot rule out the possibility of high pressure
polybaric fractionation for either type I or type II lavas, we
also do not find strong evidence for it in the petrography or
chemistry of the lavas.

As the 26°S lavas are dominated by low-pressure phase
assemblages, and given the important role of crustal magma
chambers in the generation of ocean crust, even at slow
spreading rates [e.g., Sinton and Detrick, 1992], it is
reasonable to expect that the 26°S segment may possess such
chambers. However, in view of the strong topographic and
gravity evidence for higher magma supply in the middle of the
26°S segment [Blackman and Forsyth, 1991], it is likely that
the style of magma storage varies along strike within the
segment. Whether the existence of chambers is ultimately
controlled by thermal structure [Phipps Morgan and Chen,
1993; Hooft and Detrick, 1993], melt buoyancy [Ryan, 1994],
rheological properties of the country rocks, or some
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Percent of Crystallization

54 56 58 60 62

Mg# of Glass

Figure 7. Fractionation model results, showing that type I
lavas may be related by simple low pressure crystal
fractionation. (a) Least squares mixing calculations as done by
Batiza and Niu [1992] for all the type I samples (each point
represents a sample) using the technique of Bryan [1986].
Mineral phase compositions used are from Tables 2, 3, and 4.
(b) Liquid line of descent model calculations using the
algorithm of Weaver and Langmuir [1990]. In both Figures 7a
and 7b, the most primitive sample D21-4 was used as the
"parent". Comparison between Figures 7a and 7b shows that
the major element chemistry of type I lavas can be explained
by low pressure fractional crystallization along a single liquid
line of descent (LLD). Trace elements, however, are incon-
sistent with this idea, indicating that type I lavas (like type II)
are derived from distinct, though similar, parental liquids.

64 66 68
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Figure 8. The oxides at MgO = 8.0 wt % plotted against latitude. The correction to MgO = 8.0 wt % was done
using the algorithms of Niu [1992] (Table 7). The points plotted are the averages obtained with a moving
boxcar filter [Niu and Batiza, 1991a] to enhance the first-order systematics. These plots show that most of the
oxides display well defined trends, either concave downward (Sig;, Cag), Sifgy/Fepg}, and Capg)/Aljg)), or concave
upward (Tifg) and Feg)). Alfg) and Napg; show no variations larger than analytical uncertainty. These patterns
are interpreted qualitatively to indicate high extent of melting and low pressure of melting in the segment
center and low extent of melting and high pressure of melting near offsets following Niu and Batiza [1991a,

1993].

Table 7. Fractionation Correction Coefficients

Si0, TiO, AlLO, FeO CaO Na,0 K,0 P,0s Ni
m; -1.295  -1.9180 1.053  -8.0420 8.1173 0.5296 0.052 -0.175 80.72
mjy 0.061 0.1051 -0.010 0.4519 -0.5000 -0.0530 -0.004 0.010 -18.09
mj 1.39

Oxides at MgO = 8.0 wt % were calculated following Niu [1992], which uses the general equation: Ox
OX[obs) + Xm (8" - MgO"), where Oxlobs] and Ox[s] are observed value of a non-MgO oxide and that o{
corrected at MgO = 8.0 wt %, respectively. n is the order of regression, and my is the corresponding
regression coefficients. The validity of the coefficients so determined is tested by showing (1) ZOx[s] +80=
100 + 1%; and (2) Ox[g] is independent of MgO.

‘e
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Figure 9. rs against latitude,
showing a maximum in the extent of melting on the north side
of the segment center. The broad feature in F corresponds to a
minimum in the final depth of melting (Py). Note that the
initial melting depth (P,) is constant along axis, but the final
depth of melting varies from ~12 kbar near offsets to ~10 kbar
in the center of the segment. See text for discussion.

combination, it is to be expected that magma supply rate will
exert a strong controlling influence. In this sense, along axis
gradients in melt supply at 26°S may be analogous to those
associated with propagating rift tips [e.g., Sinton et al., 1983]
or to the characteristic differences between slow and fast
spreading centers [Sinton and Detrick, 1992].

Indeed, except for near the offsets, there is a reasonable
correlation at 26°S between axial depth and MgO content, as
observed along the East Pacific Rise [Langmuir et al., 1986;
Batiza and Niu, 1992; Scheirer and Macdonald, 1993]. The
correlation is not perfect, as the highest MgO values occur not
at the summit of the along-axis high, but on its southern slope.
However, in general, high MgO lavas occur at shallow depths
and vice-versa (Figure 6). In addition, the mean MgO content
of lavas in the 26°S segment is lower than the high values
characteristic of slow versus fast spreading ridges. These
features at 26°S are unlike those observed farther south along
the Mid-Atlantic Ridge by Michael et al., [1994] and suggest
that the shallow fractionation processes in the interior
portions of the 26°S segment may be somewhat similar to
those occurring below the East Pacific Rise. On the other hand,
the evidence for multiple parental magma batches with distinct
melting histories at 26°S is very different from the generally
more homogenous parental melts found over equivalent lengths
of the East Pacific Rise [Langmuir et al., 1986; Thompson et
al., 1989; Batiza and Niu, 1992].

From the foregoing, it seems likely that magma chambers
have played an important role in the interior portions of the
26°S segment. In the vicinity of the offsets, however, the
evidence for such chambers is much weaker. The correlation
between MgO and axial depth breaks down near both offsets,
and the lavas tend to be generally more primitive. Thus if
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chambers exist in the vicinity of the offsets, they are probably
smaller and have shorter magma residence times [Sinton and
Detrick, 1992] than those in the interior of the segment,
consistent with the inferred lower rates of magma supply near
the offsets.

In summary, the 26°S lavas show mainly the petrographic
and chemical effects of low-pressure fractionation, although
higher-pressure polybaric fractionation cannot be precluded.
In the interior of the segment, where there is evidence for
higher magma supply rates, low-pressure fractionation may
have occurred in chambers whose petrologic effects are not
unlike those at the East Pacific Rise. However, near the
offsets, with lower magma supply, chambers (if present) are
probably much smaller and more typical of slow spreading
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Figure 10. Representative trace element analyses plotted

against latitude. The patterns for Ni, [La/Sm]y, and[Ce/Yb]y
show weaker and noisier W-shaped patterns than the major
elements. In contract, rare earth element concentrations show
U-shaped patterns like those of the normalized major elements
(Figure 8) (additional XRF and DCP analyses for Ni are
available from the authors or AGU as electronic supplement).
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ridges. In general, the segment appears to be supplied by
multiple parental melt batches with distinct melting histories,
which seemingly precludes extensive mixing in chambers and
along-axis lateral transport. The magma supply architecture at
26°S thus seems to be significantly different from that
proposed for the fast spreading East Pacific Rise [Langmuir et
al., 1986; Macdonald et al., 1987, 1988; Sinton et al., 1991;
Batiza and Niu, 1992].

Mantle Heterogeneity

The 26°S segment is not affected by the influence of mantle
plumes and lacks enriched basalts, unlike other ridge segments
farther south along the Mid-Atlantic Ridge [Michael et al.,
1994]. Thus the mantle source of the 26°S melts lacks gross,
first-order heterogeneity. Nevertheless, there is convincing
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evidence that it is not entirely homogeneous either. For
example, the variations in isotopic values along the segment,
while not large, are significant and show along-axis "W" and
"M" patterns. The rough correlation among isotope ratios and
trace element ratios (P. R. Castillo and D. W. Graham, in
preparation, 1994) may indicate that isotopic and trace element
heterogeneities are correlated. On the other hand, we cannot
rule out the possibility that the abundances of the incompatible
elements are due to complex melting phenomena, because of
the observation that the abundances of some of the trace
elements (e.g., the REE) and some of the key normalized major
elements show U-shaped along-axis variation patterns (Figures
8 and 11). The unusual lack of correlation between Ti[s], Na[8]'
and Alpg) (Figure 8) in the 26°S lavas may be an indication of
heterogeneity in the major element composition or modal
mineralogy of the mantle source. This, however, is difficult to
prove, as complex melting processes could conceivably
produce similar results. Overall, there is good evidence that the
mantle below the 26°S segment is heterogeneous, though the
magnitude of chemical, modal, and isotopic variability is
probably relatively small. Among other reasons, this
heterogeneity is of interest because of its potentially
important effects on melting and the possible complications to
existing melting models [e.g., Klein and Langmuir, 1987,
Natland, 1989; Albarede, 1992; Y. Shen and D. W. Forsyth,
Geochemical constraints on initial and final depth of melting
beneath mid-ocean ridges, submitted to Journal of Geophysical
Research, 1994; hereinafter referred to as Y. Shen and D. W,
Forsyth, submitted manuscript, 1994].
Extent of Melting, Melt Production and Crustal
Thickness

Petrologic data can be used to estimate the extent of
melting, in turn constraining models that relate mantle flow,
melting and melt migration below ridges to the thickness of
crust produced by these processes [e.g., Forsyth, 1992;
Turcotte and Phipps Morgan, 1992; Scott, 1992; Langmuir et
al., 1992; Forsyth, 1993; Y. Shen and D. W. Forsyth,
submitted manuscript, 1994]. Figure 9 shows the extent of
melting (F) and the melting interval AP (P, - Pg) we calculate for
the 26°S lavas using the method of Niu and Batiza [1991a)]. We
calculate extents of melting that vary from ~15% near the
offsets to ~18% in the middle of the segment, in qualitative
agreement with estimates of thicker crust in the center of the
segment [Blackman and Forsyth, 1991].

However, Kinzler and Grove [1993] show that Niu and Batiza
[1991a] produce systematically higher F values than the
models of Langmuir et al. [1987] and Kinzler and Grove [1992].
Langmuir et al. [1992] and Forsyth [1993] consider the F
values of Niu and Batiza [1991a] to be the maximum extents of
melting (Fy,,x) experienced by any parcel of upwelling mantle.
Their values for the mean extent of melting at 26°S would be
7.5-9% and 5-6%, respectively, much lower than our computed
values of 15-18%. In order to determine which set of estimates
is most likely to be correct, we consider a plot of Tifg)/Nag)
versus Tipg) (Figure 12a). Since the ratio Tijg)/Nafg) decreases
with decreasing Tifg) (increasing extent of melting), it is clear
that TiO, is behaving more incompatibly than Na;O, contrary
to widely accepted belief [see Langmuir et al., 1992]. However
bulk partition coefficients for TiO, and NayO from Niu and
Batiza [19914] and Baker and Stolper [1994] (Figure 12b) show
that for this to be true, the mean extent of melting must be
greater than ~15%. At F values below ~15%, Na,O behaves
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Figure 12. (a) Tiggj/Nag) against Tig) for the 26°S lavas
showing that Ti is more incompatible than Na, as Ti changes
faster with melting (decreasing Ti[g;) than Na. (b) Bulk D for
both NayO and TiO; plotted as a function of mean extent of
melting (or mean extent of depletion in mantle residue) during
peridotite melting. The D values are from Niu and Batiza
[1991a] and Baker and Stolper [1994]. 1t is obvious that both
TiO; and NayO are incompatible during mantle melting, but
Nay0 is more incompatible than TiO, at low extent of melting
(Frnean < 15%). However, at extents of melting > 15%, the
opposite is true. This suggests strongly that the lavas from
26°S, in which Ti is more incompatible than Na, represent
mean extent of melting greater than 15%.

more incompatibly than TiO,, the opposite of what we see at
26°S. This argues that our computed values of F are quite
reasonable.

The models of Forsyth [1993] and Langmuir et al. [1992]
give lower mean extents of melting because they explicitly
consider shapes and flow regimes in the subaxial mantle region
undergoing melting. This allows them to relate extent of
melting to the crustal thickness. The model of Niu and Batiza
[1991a] is much simpler and cannot be used to calculate crustal
thickness because they consider only a simple column
geometry and define F as the mass of melt / mass of mantle
prior to melting. The fact that the estimates of F by this
simple model appear to be more petrologically reasonable for
26°S may indicate that the scenarios considered by Langmuir et
al. [1992] and Forsyth [1993] are inappropriate for the 26°S
segment. One possibility is that the shape of the region
undergoing melting is different from the triangular shape they
consider. Another possibility is that the mantle does not
simply flow upward passively, i.e., there is a component of
buoyant upwelling as well [e.g., Turcotte and Phipps Morgan,
1992}. Niu and Batiza [1993] proposed 3-D, diapiric mantle
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upwelling to explain the chemical systematics of slow
spreading ridges, like the 26°S segment. If this model is
correct, as we argue below, it may partly explain why the Niu
and Batiza [1991a] estimates of F appear to be correct.

Figure 9 also shows a rather narrow melting interval (P,—P¢)
of 5 to 6.5 kbar for the 26°S segment. This is because in
contrast with other models, the model of Niu and Batiza
[1991a] does not continue melting to the base of the crust or
lithosphere. Instead, they estimate P, and F independently and
stop melting at Pg after the requisite amount of melt has been
produced. As a consequence, the amount of melting that occurs
as a result of adiabatic decompression (average of ~2—
2.5%/kbar) is higher than other estimates [e.g., Ahearn and
Turcotte, 1979; Langmuir et al, 1992] of a constant value of 1-
1.2% / kb. These low values of melt production are required to
match observed values of crustal thickness on the assumption
of low melt retention in the mantle (i.e., all of the melt
produced in the mantle contributes to crust production).
However, the thermodynamic data needed to constraint these
values are highly uncertain [e.g., Yoder, 1976] (also see Hess
[1992] for discussion). Further, these values are almost
certainly not constant, as progressive melting causes the
mantle to become progressively more depleted and refractory.
At some point the increasingly large heat of fusion will be
higher than the energy provided by decompression and melting
will stop. If conductive cooling is important [Cordery and
Phipps Morgan, 1992; Y. Shen and D. W. Forsyth, submitted
manuscript, 1994], and decompression is not perfectly
adiabatic, then melting will also stop sooner.

Better estimates of the amount of melt produced by
decompression melting will require much more complete
information on the thermodynamic properties of minerals,
rocks and melts under conditions of variable temperature,
pressure and composition. However, we note that it is likely
that melting stops well below the Moho, due to the combined
effects of progressive depletion and conductive cooling. If so,
then present estimates of melting of 1-1.2%/kbar are almost
certainly too low. Given our present level of uncertainty, the
values we estimate, while seemingly quite high, may actually
be very reasonable.

The petrologic results of Figure 9 indicate lower extents of
melting and a shorter melting column near offsets with higher
extents of melting and taller melting columns below the center
of the segment. The initial depth of melting is apparently
constant (~16 kbar) and well within the spinel stability field,
in agreement with observed REE abundances and ratios for
reasonable melting scenarios (Figures 10 and 11). These
results are thus consistent with gravity data [Blackman and
Forsyth, 1991] and may be explained by weaker upwelling
below offsets, together with a cold-edge effect [Phipps Morgan
and Forsyth, 1988; Y. Shen and D. W. Forsyth, submitted
manuscript, 1994]. The steeper gradient in F on the north side
of the segment (Figure 9) is consistent with a cold edge because
greater cooling would be expected across the Rio Grande
transform (2.4 Ma offset) than across the Moore discontinuity
(0.5 Ma offset).

Origin of the Local Trend

Batiza et al. [1988] and Niu and Batiza [1993] showed that
the 26°S segment exhibits the chemical systematics called the
local trend [Klein and Langmuir, 1989], as is characteristic for
ridges spreading at rates < 50 mm/yr [Niu and Batiza, 1993].
Several explanations have been proposed for the trend [e.g.,
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Langmuir et al., 1992; Kinzler and Grove, 1992], including
that of Niu and Batiza [1993], who propose that it is due to
melting in diapiric bodies of mantle via the reaction: melt A +
pyroxene => melt B + olivine. This reaction [Kelemen, 1990]
is a net melting reaction in which pyroxene enters the melt
while olivine precipitates. Niu and Batiza [1993] propose that
such a reaction may be enhanced by the smaller differential
velocity between melt and solid residue accompanying buoyant
diapiric upwelling and such 3-D upwelling below slow
spreading ridges is supported by gravity and modeling studies
[e.g., Lin and Phipps Morgan, 1992; Parmentier and Phipps
Morgan, 1990].

Chemical data for the 26°S lavas provide additional evidence
in favor of this idea. For example, Figure 13 shows that with
progressive decompression (increasing Sifg)/Fe[g)) and melting,
Ti[g; and Capg) behave in a complementary manner: CaO
abundance increases as the abundance of TiO, decreases. The
complementarity of this relationship strongly suggests
control by clinopyroxene which is the most important source
for both TiOy and CaO in the melt. Even more important is the
evidence from Ni abundances (Figure 14) suggesting the
contemporaneous precipitation of olivine.

Figure 14 shows that Nijg) decreases with decompression
(increasing Sigg}/Fe[g)) and continuous melting (increasing Cag)
and decreasing Tifg)), suggesting that olivine, the primary host
of Ni in the mantle, precipitates while pyroxene enters the
melt. Assuming that fertile MORB mantle has Ni content 2200
ppm [e.g., Hart and Zindler, 1989], and a bulk distribution
coefficient D = 3 during peridotite melting [e.g., Lindstrom and
Weill, 1978], then the primary melts [see Niu and Batiza,
1991a, Table 6 and Figure 10] corresponding to the melting
conditions of Figure 9 will have Ni contents of 760 + 10 ppm.
Taking a value of 10 for Kz & [Hart and Davis, 1978], the melts
would have Ni contents of 300 + 10 ppm after crystallizing
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Figure 13. Tifg) and Cag) versus Sijg)/Fe(g) for the 26°S data.
As clinopyroxene is the only mineral phase that buffers both
Ti and Ca in the melting environment, the striking
complementarity of the two curves indicates that
clinopyroxene (also orthopyroxene) is being dissolved into
the melt with decompression (increasing Sifg;/Feg)).
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Figure 14. Sig)/Ferg, Carg), and Tifg; versus Nifg) of averaged
data with a moving boxcar filter (as for Figure 8). Each data
point represents one dredge location (note that no trace
element data available for dredge 26; very little sample). These
correlations, statistically significant at 2 95% confidence
level, suggest Nijg; decreases with increasing melting
(increasing Capqy and decreasing Tifg)) and decompression
(increasing Sifg)/Fe[g)), which confirms that the reaction, melt
A + pyroxene = melt B + olivine, is an important process in
mantle melting dynamics at the slow spreading ridges [Niu and
Batiza, 1993].

140 160

olivine to MgO = 8.0 wt %. The deviation from 300 ppm of the
mean Nifg values in Figure 14 would then be due to olivine
precipitation during melting. Figure 15 shows the results and
indicates that 9% to 15% olivine precipitation is required to
explain the Ni data. These values are slightly lower than the
value (~ 20%) calculated using major elements [Niu and Batiza,
1993]; however, considering the uncertainties involved in all
these calculations, this agreement is actually quite good. The
new data from 26°S thus provide strong additional support for
the melting reaction and model of Niu and Batiza [1993].

Petrogenetic Model for the 26°S Segment

The foregoing data and interpretations suggest that mantle
upwelling and melting are more vigorous beneath the center of
the 26°S segment and less vigorous below the offsets.
Interestingly, there is a correlation between the melting
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parameters (F and P;) of Figure 9 and values of the mantle
Bouguer anomaly from Grindlay et al. [1992] (Figure 16),
verifying the expected link between melting processes and
crustal and upper mantle density structure [e.g., Forsyth,
1992].
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Figure 16. Extent of melting, and melting depths against
mantle Bouguer anomaly (MBA) adapted from Grindlay et al.
[1992]. It is clear that the observed mantle Bouguer anomaly
(MBA) is related to melting process and melt production in the
subaxial mantle. Although scattered, the inverse correlation
between F(%) and MBA is significant. Note that MBA is
essentially independent of initial depth of melting (P,) but is
correlated with final depth of melting, suggesting that the
MBA is probably due to a shallow feature (< 50 km).
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Figure 17 is a cartoon of the sort of model we favor for
mantle flow, buoyant upwelling and melting, and melt tapping
below the 26°S segment. We envision instabilities, perhaps of
the Rayleigh-Taylor variety [Ribe, 1983; Whitehead et al.,
1984; Schouten et al., 1985], developing at a common depth of
~50 km or deeper. These diapirs ascend because of buoyancy
[e.g., Oxburgh and Parmentier, 1977; Crane, 1985; Buck and
Su, 1989; Scott and Stevenson, 1989; Niu and Batiza, 1991b]
and melt with decompression. The individual diapirs grow with
ascent because of continuous melting and the possible
entrainment of surrounding material [Cawthorn, 1975]. If
these diapirs are tapped at different depths, then the erupted
melts will have different chemical characteristics. For
example, diapirs tapped at deep levels will have melts with
low-F and high-P signatures, whereas diapirs tapped at shallow
depth will have melts with high-F and low-P fingerprints, i.e.,
the local trend. The cold edge at 26°S may allow diking to
deeper levels near the offsets, explaining the apparent deeper
tapping of diapirs at the margins of the segment. Note that
melting within individual diapirs is not perfect fractional
melting but rather is between fractional and equilibrium
melting as required by the solid-liquid reaction we propose.
Significant melt retention is necessary for the solid-liquid
reaction to occur during the ascent and melting of the diapirs.

Several aspects of the model are worth further discussion.
First, this model invokes a constant depth of initial melting
and is thus different from the models proposed by Lin et al.
[1990], Lin and Phipps Morgan [1992] and previously by
ourselves [Niu and Batiza, 1991a, 1993]. Lin and Phipps
Morgan [1992] proposed a more 3-D focused upwelling
(implying convex upward isotherms or concave upward mantle
solidus) beneath slow-spreading ridge segments, however, the
depressed solidus is not required by the petrological data from
26°S. This implies that mantle at depth may not necessarily be
hotter in the center than near offsets, although the upwelling
rate may be greater in the center than near offsets as suggested
by Phipps Morgan and Forsyth [1988]. If P, is really constant
along axis, then the mantle Bouguer anomaly would be a
relatively shallow feature (£ 50 km) at 26°S. The greater F and
greater overall melt production in the center of the segment
would result in greater density reduction of the mantle material
and a greater volume of density-reduced mantle in the center of
the segment than near offsets. Differential along-axis mantle
upwelling and the cold edge effect both work in the same
direction to produce the inferred density structure. We note that
the 26°S segment may represent a special case and this model
(Figure 17) may thus not apply to other slow spreading ridge
segments in the Atlantic such as those at 27°-31°N [Lin et al.,
1990] and ~33°S [Michael et al., 1994], where mantle
upwelling may be focused and the solidus may be depressed in
the segment center. This idea can be tested by further work at
additional slow spreading segments.

We prefer multiple diapirs over focused upwelling and
melting because the chemical data show that lavas from the
26°S segment display great petrogenetic diversity favoring
many individual melt batches. In addition, diapirs of ~10 km
in size are very common in mantle ophiolite terrains [Nicolas,
1989]. Finally, assuming that the crust is about twice as thick
in the center as near the offsets at 26°S [Blackman and Forsyth,
1991}, much greater melt production is required in the center of
the segment than near the offsets is. This could be
accomplished either with a greater upwelling rate or a wider
upwelling zone in the segment center, or both.
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DIAPIR MODEL FOR SLOW - SPREADING
RIDGE SEGMENT BENEATH 26°S MAR

2N

Diapirs near offsets are
tapped at deep levels
before achieving

large size

Diapirs in the center of the
segment rise to shallow
levels before being tapped

Figure 17. A cartoon showing an idealized along-axis cross section beneath the 26°S segment, with two
bounding offsets and a central topographic high. In this model, the upwelling mantle begins to melt at a
constant depth along the ridge axis. The solid areas in diapirs are melt which forms during ascent and the tiny
dots show diapir trails. We invoke a lateral temperature gradient due to cold edges at the offsets, so dikes may
penetrate to greater depths near offsets. Diapirs near offsets are tapped at deep levels before achieving large
size and their melts are characterized by low extent of melting and high melting pressure. In contrast, diapirs
in the center of the segment rise to shallow levels before being tapped, so their melts have the characteristics
of large extents of melting and shallow melting pressure. See text for additional discussion.

Summary and Conclusions

The major conclusions of this study are as follows:

1. The segment at 26°S contains only depleted N-MORB
lavas with typical petrographic characteristics and mineral
chemistry. Type I lavas, mostly from the interior of the
segment, crystallized plagioclase first, whereas type II basalts
mostly from near the offsets, crystallized olivine first. Type I
lavas achieve greater extents of fractionation, but both types
are derived from petrogenetically diverse parental magmas.

2. The lavas are all dominated by low-pressure
fractionation, though higher pressure, polybaric fractionation
cannot be ruled out.

3. Except for lavas near the offsets, there is a rough
correlation between lava chemistry and axial depth, similar to
the relationship seen along the East Pacific Rise. Along-axis
chemical variation for the segment as a whole shows "W" and
"M" patterns, which we partly ascribe to greater melt supply in
the center of the segment. Magma chambers in the center of
the segment appear to be somewhat similar to those at fast
spreading ridges, whereas those near offsets are more typical of
slow spreading ones.

4. Some trace elements and isotope ratios also display W-
shaped patterns of along-axis variation, but the REE and major
elements normalized to 8 wt % show U-shaped patterns. The
mantle source of the lavas is probably heterogeneous in major
elements, trace elements, and isotopically; however, the extent
of this variability is relatively small.

5. Melting calculations indicate that the extent of melting
varies from ~15% near the offsets to ~18% in the middle of the
segment. The depth of initial melting is roughly constant at
~50 km, but the depth of final melting is deeper under the
offsets. Our inferred values of F are independently confirmed
by variation of TiO, and NayO in the lavas and correlation
between F and values of the mantle Bouguer anomaly.

6. Our interpretations are consistent with more vigorous
upwelling and/or a wider zone of upwelling in the center of the
segment. A cold edge effect at the offsets is also consistent
with the petrologic results.

7. The 26°S segment, like other slow spreading ridges,
exhibits the local trend of chemical variation. New data for Ni,
Ca0, TiO3, and other elements strengthen the interpretation
that the local trend is due to a melting reaction involving the
melting of pyroxene and the coprecipitation of olivine.

8. The petrologic results at 26°S favor upwelling in
buoyant diapirs, where melt and solid residue can interact.
Melting and melt retention contribute to the buoyancy of the
diapirs. Tapping of the diapirs is deeper near offsets than in
the center of the segment, resulting in the chemical
systematics of the local trend.
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