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Abstract. We present new major and trace element and Nd-Pb-Sr isotopic data on samples from
the Bast Pacific Rise (EPR) axis and nearby seamounts in the Hump area, 18°-19°S. Most

samples studied are normal mid-ocean ridge basalt (N-MORB); four samples from the southern
seamounts are enriched MORB (E-MORB). Dredge 52 samples from a southern seamount are
depleted in incompatible elements yet possess "enriched" isotopic signatures. Except for the dredge
52 samples, all the samples show significant correlations between isotopic ratios and ratios of
incompatible elements; that is, incompatible elements and isotopes are coupled. Sr and Nd

isotopic ratios correlate significantly better with ratios of moderately incompatible elements than
with ratios involving highly incompatible ones (e.g., Rb, Nb, and K) which appear to be
"overenriched”. Both isotopic and incompatible element ratios also correlate with the extent of
melting calculated from major elements. We interpret these correlations as mixing trends resulting
from melting of a heterogeneous source containing enriched ("plume-like") domains of variable
sizes. Overenrichment of highly incompatible elements in E-MORB appears to be recent and is
best explained by low-degree-melt infiltration in the source region prior to major melting events.
The low-degree melts are primarily derived from isotopically N-MORB mantle. This low-degree
melt process also explains the incompatible element-isotope decoupling throughout the EPR
between 13° and 23°S. The dredge 52 samples too are consistent with such a process, but their

immediate source is a site of low-degree melt generation.

Introduction

It is well known that mid-ocean ridge basalt (MORB) is
dominated by incompatible-element-depleted normal tholeiite
(N-MORB) [e.g., Melson et al., 1976; Basaltic Volcanism
Study Project (BVSP), 1981]. However, less depleted and even
incompatible-element-enriched basalts (E-MORB) resembling
those from ocean islands are common. These observations
suggest that the upper mantle beneath ocean ridges is
heterogeneous. However, the origin, size, and history of the
enriched heterogeneities in the dominantly N-MORB mantle
Temain enigmatic. Whereas E-MORB along the northern Mid-
Atlantic Ridge can be ascribed to mantle plume influence [e.g.,
Sun et al., 1975; Schilling et al., 1983; Bougault et al., 1988],
the origin of common E-MORB along apparently plume-absent
tegions of the East Pacific Rise (EPR) [e.g., Batiza et al., 1977;
Langmuir et al., 1986; Hékinian et al., 1989; Sinton et al.,
1991; Batiza and Niu, 1992; Mahoney et al., 1994; Perfit et al.,
1994; Niu et al., 1994] and nearby seamounts [Batiza and
Vanko, 1984; Zindler et al., 1984; Graham et al., 1988; Batiza
etal, 1989, 1990] is unexplained.

Large isotopic ranges in seamount rocks near the northem
EPR axis [e.g., Batiza and Vanko, 1984; Zindler et al., 1984]
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suggest that the size of heterogeneous mantle "domains" may
be as small as a few kilometers. The correlations of radiogenic
isotopes with ratios of incompatible elements [e.g., Graham et
al., 1988; Niu et al., 1994] in lavas from the northern EPR axis
and nearby seamounts indicate that the heterogeneities are
ancient and may occur as "blobs" or "streaks" [e.g., Hanson,
1977, Allégre et al., 1984; Fitton and James, 1986; Saunders et
al., 1988; Mahoney et al., 1989; Weaver, 1991] that have
survived in the convecting mantle for up to ~ 2 Gyr. In some
places along the EPR axis, good correlations exist between
isotopes and major element chemistry [e.g., Castillo et al.,
1991; Niu et al., 1994], in other places, no obvious correlation
is found [Macdougall and Lugmair, 1985, 1986; Prinzhofer et
al., 1989; Mahoney et al., 1994], and in some places, isotopes
and incompatible elements are decoupled as a result of recent
mantle enrichment [Mahoney et al., 1994].

In this paper, we present new major and trace element data
and Nd-Pb-Sr isotopic results on lavas from the axis and nearby
seamounts in the Hump area [Cormier and Macdonald, 1994],
18° to 19°S, on the EPR. These data provide insights into the
nature of mantle source heterogeneity and melting processes.

Previous Work and Regional Geology
in the Hump Area

The EPR of the study area spreads asymmetrically at rates of
~45 mm/yr to the east and ~101 mm/yr to the west [Cormier and
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Macdonald, 1994). The approximately 1400 km? Hump area
(Figure 1) is centered on the EPR at 18° - 19°S and is one of the
best-known parts of the EPR. The rise axis and nearby flanks
have been well studied by SeaMARC II and Sea Beam mapping
[Sempéré et al., 1987, Lonsdale, 1989; Cormier and
Macdonald, 1994; Shen et al., 1993], submersible
observations [Renard et al., 198S; Bécker et al., 1985; Auzende
et al., 1994}, magnetics [Perram et al., 1993; Cormier and
Macdonald, 1994), seismic experiments [Derrick et al., 1993],
and petrological sampling and geochemical investigations
[Bécker et al., 1985; Renard et al., 1985; Sinton et al., 1991,
Mahoney et al., 1994; Bach et al., 1994]. The rise axis in the
Hump area consists of three segments (i.e., H, I, and J of Sinton
et al. [1991]) offset 1-3 km by two left-stepping
discontinuities at 18°22'S and 18°36'S [Lonsdale, 1989; Sinton
et al., 1991], respectively, which also coincide with magmatic
segment boundaries [Sinton et al., 1991]. The central and
northern segments have an axial summit graben (600-800 m
wide and 100 m deep), with the eastern shoulder marking the
shallowest part of the southern EPR axis in the vicinity. The
southern segment lacks an axial summit graben and has a broad
across-axis area reflecting a more robust magma supply [e.g.,
Scheirer and Macdonald, 1993]. Near-ridge seamounts on the
Pacific Plate are part of a large complex of near-ridge seamount
chains occurring between 15° and 19 °S [Shen et al., 1993,
1995; Sinton et al., 1994].

The EPR axial lavas between 13° and 23°S are dominated by
N-MORB which exhibits a northward increase in incompatible
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element ratios (Figure 2) [Sinton et al., 1991; Mahoney et g
1994]. However, E-MORB also occurs throughout the regioi
and shows no correlations with any geological or geophysical
parameters. Nd, Sr, and Pb radiogenic isotopes define 3 broad
dome at 15.8° to 20.7°S, which correlates neither with the
latitudinal trend in N-MORB incompatible element ratios noc
with the occurrence of E-MORB (Figure 2). Thus incompatibie
elements and isotopes are decoupled along the southem EPR
axis [Mahoney et al., 1994]. If off-axis seamount lavas are
included, the Hump area exhibits the largest chemical Variatiog
at a given latitude in the 13°-23°S region, with the most
depleted and enriched lavas occurring at seamounts.

Samples, Methods, Data and Model
Interpretations

The samples were dredged during cruise MW8712 of the RV
Moana Wave. All the samples (fresh glasses and fresh near-
glass-rind portions of crystalline rocks) studied are aphyric to
slightly plagioclase- and plagioclase-olivine-phyric basalts
from the axis and nearby seamounts (Figure 1). Major elements
and non-rare-earth trace elements were analyzed by X ray
fluorescence at the University of Hawaii [see Mahoney et al,
1994]. Rare earth elements were analyzed by X ray fluorescence
after ion-exchange pre-concentration at the University of
Tasmania [see Robinson et al., 1986], and Nd-Pb-Sr isotopic
ratios were analyzed at the University of Hawaii [see Mahoney
et al., 1994],
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Figure 1. (left) Regional tectonic elements of the southern EPR [after Cormier and Macdonald, 1994}, in
which the Hump area is highlighted. (right) Bathymetric details of the Hump area [after Sinton et al., 1991].
The stippled regions at depths less than 2800 m effectively show the rise axis and near-ridge seamounts.
Numbered thick lines (51-65) are dredge tracks of Expedition MW8712 [see Sinton et al., 1991]. BC-11 is the
off-bottom location of bottom camera run 11 conducted during the MW8712 expedition.
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Figure 2. Previous regional studies along the southern EPR from 13° to 23°S [Sinton et al., 1991; Mahoney
et al., 1994] showed a monotonic increase in K/Ti and Nb/Y from south to north for N-MORB samples (solid
circles), with E-MORB (open circles) occurring randomly and lacking systematics. Sr isotopic ratios exhibit a
broad dome between 15.8° and 20.7°S as highlighted. Open squares in the 87Sr/36Sr panel are for seamount
samples of Macdougall and Lugmair [1985]. Note that no obvious correlations exist between isotopic ratios
and ratios of incompatible elements. The darker-shaded area (18°S - 19°S) is the Hump area, with open triangles

being seamount samples.

Most samples are N-MORB, except for dredges 54 and 56
samples from the southern seamount group, which are typical
E-MORB (Tables 1 and 2). The samples range in MgO from
9.8 0 6.66 Wt % and, in terms of mass balance, could have
f(?nned by up to 50% low-pressure fractional crystallization.
Figure 3 shows that although variable fractional crystallization

is important, much of the scatter at a given MgO content can
only be explained by differences in parental magma
compositions as the result of (1) differences in extent and depth
of melting or (2) compositional variation in the source region
or both. In the following sections we evaluate the relative
importance of these processes.
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Table 1a. Sample Locations of the Hump Area Lavas

Sample  Locations Latitude, Longitude, Depth,
S W m
58-1 H 18.72 113.42 2745
58-4 H 18.72 113.42 2745
58-5 H 18.72 113.42 2745
57-4 H 18.88 113.45 2750
57-8 H 18.88 113.45 2750
51-4 H 19.00 113.47 2750
51-5 H 19.00 113.47 2750
60-10 I 18.43 113.40 2650
61-5 1 18.60 113.42 2700
61-1 I 18.60 113.42 2700
61-3 I 18.60 113.42 2700
61-4 I 18.60 113.42 2700
65-3 J 17.94 113.26 2665
65-8 J 17.95 113.26 2665
64-2 J 18.18 11335 2665
64-5 J 18.18 113.35 2665
64-6 J 18.18 113.35 2665
BCl11-1 J 18.19 113.33 2650
62-1 J 18.35 113.38 2670
62-5 I 18.35 113.38 2670
63-2 N 18.22 113.57 3060
59-5 N 18.32 11345 2885
59-8 N 18.32 113.45 2885
54-1 SE 18.67 113.81 2790
54-2 SE 18.67 113.81 2790
56-2 SE 18.78 113.80 3095
56-4 SE 18.78 113.80 3005
55-3 SN 18.50 113.87 3030
55-1 SN 18.80 113.87 3030
55-6 SN 18.80 113.87 3030
55-8 SN 18.80 113.87 3030
55-11 SN 18.80 113.87 3030
55-12 SN 18.80 113.87 3030
52-4 SN 18.88 113.62 3130
52-5 SN 18.88 113.62 3130

H, I, and J refer to southern, central, and northern segments
following Sinton et al. [1991]. N refers to samples from northem
seamounts. SE and SN refer to enriched and depleted samples from
southern seamount (see Figure 1 and text for details).

Calculating the Melting Parameters From
Major Element Data

Method. We used a modified version of the method of Niu
and Batiza [1991a] (NB91 hereafter) to estimate the extent and
pressure of melting. Application of NB91 requires that the
observed MORB chemical analyses be normalized to a common
MgO value of 8.0 wt % to correct for crustal-level fractionation
effects [e.g., Klein and Langmuir, 1987]. We did so using the
algorithm of Niu [1992]. The correction coefficients and the
algorithm [e.g., Niu, 1992] are given in Table 3. NB91 uses
Nag (i.e., Na,O wt % corrected to 8.0 wt % MgO) and Cag/Alg to
compute the extent of partial melting () and Sig/Feg to obtain
the melting depth. We modified NB91 by incorporating more
recent experimental data of Hirose and Kushiro [1993] and
Baker and Stolper [1994] and by using Cag/Alg alone for
calculating the extent of melting. Nag was excluded because (1)
Na in’the oceanic mantle may be heterogeneous [e.g., Natland,
1989; Niu and Batiza, 1994; Shen and Forsyth, 1995], (2) Na
measurement in MORB glasses suffers large analytical
uncertainties [e.g., Nielsen et al., 1995], and (3) Na abundances
in MORB also are affected by olivine crystallization from
ascending melts in the mantle (Ca/Al ratio is unaffected; Y. Niu,
manuscript in preparation, 1996).
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Although Ca and Al in the mantle may not be uniform, thej;
variability may be relatively small. This is because these
elements are major (several percent) components of map)
material and their behavior is largely governed by Phase
equilibria, both under subsolidus conditions and during
melting; this is not necessarily true for trace and mipg
clements like Na. Crystallization at high pressures may iy
theory affect CaO/Al,O, ratios in the melts, but there is po
evidence for high-pressure crystallization beneath the southery
EPR [e.g., Sinton et al.,, 1991]. Importantly, the correlatiog
between CaQ/Al,0O; and radiogenic isotopes in many MORB
samples [e.g., Niu et al., 1994] cannot be explained by high-
pressure crystallization but is readily explained by meliing 5
heterogeneous mantle as elaborated below. Therefore C
is a much better parameter for estimating the extent of melting,

The calculated mean extent of melting (Fyyp, ) for the Humyp
area is given in Table 4. Note that small but significan
variations exist from one group to another, particularly the
southern seamount group (S), which shows a much lower extent
of partial melting. We have also estimated that the initial
melting pressures vary between ~ 18 and ~ 23 kbar, suggesting
that major melting occurs in the spinel stability field. As much
of the trace element modeling in this paper uses F values
estimated by NB91, it is necessary to discuss briefly the
aptness of NB91,

Aptness of NB91. Kinzler and Grove [1993] showed that
NB91 produces systematically higher F values than models of
Klein and Langmuir [1987] and Kinzler and Grove [199).
Langmuir et al. [1992] and Forsyth [1993] considered the F
values of NB91 to be melting maxima (Fy;, ) and argued that
the mean extents of melting (FygaN) are one half (5 to 10%)
[Langmuir et al., 1992; Kinzler and Grove, 1993] or one third
(3 to 7%) [Forsyth, 1993] of these values. These models
explicitly consider the geometry of the melting region, in
which the Fy, would be less than Fy, 5, depending on the
style of mantle upwelling. However, NB91 obtains F values by
directly comparing the observed MORB melts with model
melts. As MORB melts represent the pooled, averaged, net
product of complex polybaric melting regardless of the
geometry of the melting region and the style of upwelling, the
F values so derived are thus the true Fy;p,y. In addition, lava
chemical systematics involving Ti and Na suggest that the
Fypan calculated by NB91 is reasonable. As is found in lavas
from the Mid-Atlantic Ridge at 26°S [Nix and Batiza, 1994], the
EPR axial lavas [Sinton et al., 1991] also show that TiO, is
more incompatible than Na,O during melting (Figure 4a).
However, Figure 4b shows that for this to be true, the Fyjpan
must be greater than ~16%. At F values below ~16%, Ne,0
behaves more incompatibly than TiO,, the opposite of what we
see here. Although the crossover in D values (Figure 4b) may
vary due to mantle source heterogeneity, the EPR MORB must
be generated by > 10% melting. Our results are consistent with
recent drill hole observations at Hess Deep, which indicate that
melting residues beneath the EPR are harzburgitic, not
lherzolitic [Gillis et al., 1993].

Figure 4c, a type of diagram widely used to discriminate the
initial melting depth for MORB, indicates that MORB (both N
and E type) from the southern EPR axis represent melting in the
spinel lherzolite depth range, not in the gamet stability depth
range. Although melt contribution from greater depths ["”5."
Salters and Hart, 1989] is possible, this contributionv is
insignificant beneath the southern EPR, unless (1) melting
occurs primarily within the gamet stability field such that no
garnet remains, or (2) significant shallow level (spinel
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Figure 3. MgO variation diagrams of representative major, minor, and trace elements of the Hump area lavas.
H, I, and J are magmatic segments of Sintor et al. [1991]. N represents northern seamount lavas, and SE and
SN represent enriched and depleted lavas from the southern seamounts, respectively. Total iron is as FeO.

lherzolite depth range) melt-solid equilibration eradicates high-
pressure signatures. These two scenarios are possible, but
further evidence is required. We emphasize that our calculated
melting depth range is consistent with major and trace element
data.

Effects of Melting Conditions on Lava
Chemical Diversity

Extent of melting versus trace element and
isotope systematics. Mahoney et al. [1994] showed that
along the southern EPR axis (13° to 23°S), radiogenic isotopes
correlate neither with incompatible element ratios nor with
melting parameters inferred from major elements, primarily
because of the comparatively small range in chemical
compositions of the axial lavas. The new data from the Hump
area seamount lavas exhibit several-fold larger variations than
the axial lavas and show significant (at > 99% confidence

levels) correlations among radiogenic isotopes, ratios of
incompatible elements, and the extent of melting estimated
from major elements (Figures 5 - 7). Given the relative bulk
distribution coefficients (D) of each elemental pair in Figure 5
these correlations are expected as a result of varying extents of
melting. However, the correlations are significantly better for
ratios of moderately/slightly incompatible elements than for
those involving highly incompatible elements (e.g., Rb; Nb,
and K). The excessively elevated ratios involving higl_ﬂy
incompatible elements for lavas with low extents of melting
(southern seamount E-MORB), although qualitatively
consistent with melting, cannot be explained by melting f’f'
uniform source. In particular, the significant correlations
between isotopic ratios and the extent of melting (Figure Q
suggest that the mantle source for the Hump area laves #
heterogeneous, yet the observed systematics of the
heterogeneity is related to melting processes (see below).
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Table 3. Coefficients Used to Correct the Observed Oxides to

my m; msz my
50, -9.5261 1.2242 -0.0532 0
TiO, 6.9928 -1.5294 0.1305 -0.0039
ALOy -3.7912 0.6477 -0.0297 1.5876e-5
FeO 14.8703 -2.9130 0.2100 -0.0049
20 0.7951 0.1405 -0.0127 0
Na,0 -0.8958 0.0796 -0.0029 0
X0 -0.1817 0.0091 0 0
P05 -0.0940 0.0050 0 0

The coefficients are obtained based on J. M. Sinton's unpublished
data (1996) of 140 southern EPR samples. Oxides at MgO = 8.0 wt %
were calculated following Niu [1992], who used the general equation
Oxideg gy = OXide(gera) + Zmy(8" - MgO”), where Oxidegqq) and
Oxide g ) are observed values of a non-MgO oxide and that corrected to
MgO = 8.0 wt%, respectively. Here n is the order of regression, and m,,
is the corresponding regression coefficients. The validity of the
coefficients so determined is tested by showing (1) ZOxideggy +8 =
100£1% and (2) Oxide(s_o) * f(MgO).
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The 878r/86Sr and !43Nd/!144Nd also correlate better with
ratios of less incompatible elements (e.g., Sm/Nd} than with
ratios involving a highly incompatible element (e.g., Rb/Sr)
(Figure 7). Pb isotopes show significant correlations with
both ratios, but the correlations are better for Rb/Sr than for
Sm/Nd. This correlation may reflect the well-separated bimodal
Pb isotope ratios, which show high values for southem
seamount E-MORB and low values for the rest of the samples,
as is apparent in Figure 6.

Melting-induced mixing and pseudoisochrons.
The most important implication of Figure 7 is that these
correlations represent, to a first order, binary mixing
(excluding the two dredge 52 samples) between an enriched
component (e.g., the southern seamount E-MORB) with more
radiogenic Sr and Pb and less radiogenic Nd and a depleted end-
member (e.g., the northern seamount N-MORB). Indeed,
melting itself is an efficient mixing process if (1) mantle in the
melting region is heterogeneous and (2) the size of the enriched
"domains” is small and their distribution is not uniform. The
scatter about the regression lines (see Figure 7) may partly

Table 4. Model Extent of Melting, Primary Melt Composition (Mg"), and Extent of Crustal-Level Fractionation of

the Hump Area Lavas
Sample Location  F (%) mg* me* AR ;] ol Cpx P f.01 fCpx
(Primary) (data)

58-1 H 1904 7216 6462 0747 0123  0.130 - 0486 0514 -
58-4 H 1909 7259 5787 0.564 0240  0.171 0026 0550  0.391 0.059
58-5 H 1886 7249 5797 0.562 0242 0172  0.025 0552 0392  0.056
574 H 1657 7156 6041 0.638 0207  0.55 - 0.571 0.429 -
57-8 H 1784 7186  61.66 0.678 0175  0.147 - 0.543 0.457 -
51-4 H 2029 7293 5920 0593 0216 0.166  0.025 0.531 0.407 0.062
51-5 H 1728 7210  59.81 0.612 0227  0.161 - 0585 0415 -
60-10 I 1744 7252 5651 0515 0282 0172  0.031 0.582 0356  0.063
61-5 1 1881 7473 6172 0.529 0294 0148  0.030 0.624 0313 0.063
61-1 I 1735 7245  52.85 0.452 0312 0180  0.056 0.568 0329  0.103
61-3 i 1762 7249 5747 0.550 0262 0169  0.018 0.583 0376  0.041
61-4 I 1883 7265 5737 0.547 0252 0170  0.031 0556 0376  0.068
65-3 K 1938 7207 5866 0.632 0192  0.171 0.005 0522 0464 0014
65-8 K 1921 7496 5899 0477 0317 0152 0054 0607 0290  0.104
64-2 X 1923 7224 5516 0.510 0258 0182  0.051 0526 0371 0.103
64-5 K 1964 7230 5877 0.615 0202 0170  0.013 0.526  0.441 0.034
64-6 K 1969 7224 5867 0612 0202 0170 0016  0.521 0.439 0.040
BCl1-1 K 2028 7360 5490 0448 0297 0174 0081 0538 0316 0.146
62-1 K 1934 7243 5713 0.556 0238 0174  0.033 0.535 0.391 0.074
62-5 K 1941 7282 6101 0.616 0215 0162  0.008 0.559 0421 0.020
63-2 N 20.57 7238 64.32 0.747 0.114 0.139 - 0.450 0.550 -
59-5 N 295 7211 66.25 0.882 - 0.118 - - 1.000 -
59-8 N 20.87 72.02 57.40 0.618 0.180 0.177 0.025 0.471 0.463 0.066
54-1 SE 1461 7216  60.56 0.568 0279  0.153 - 0.646 0354 -
54-2 SE 13.32 7328 62.51 0.541 0.320 0.139 - 0.697 0.303 -
56-2 SE 1363 7216 6437 0.758 0.138  0.104 - 0.571 0.429 -
56-4 SE 1110 7078 6299 0.649 0232 0119 - 0660  0.340 -
55-3 SN 1392 7085  65.54 0795 0.112  0.093 - 0546  0.454 -
55-1 SN 1404 7089 6546 0.797 0110  0.093 - 0543 0457 -
55-6 SN 1405 7085 65.59 0.815 0.097  0.089 - 0.523 0.477 -
55-8 SN 1553 7454 6727 0.593 0285  0.122 - 0.700  0.300 -
55-11 SN 1398 7080 6517 0796 0.110  0.094 - 0538  0.462 -
55-12 SN 1442 7091 65.23 0.786 0.115  0.099 - 0536  0.464 -
52-4 SN 1453 7043  61.86 0752 0129  0.119 - 0.521 0.479 -
525 SN 1492 7061 61.73 0744 0.134 0122 - 0525 0475 -

F is the estimated extent of melting using Niu and Batiza [1991a]. mg* (primary) represents the calculated primary polybaric melts.
FLR is the fraction of liquid remaining after fractional crystallization from the primary melts to the observed compositions. P, Ol, and
Cpx are plagioclase, olivine, and clinopyroxene fractions crystallized from the primary melts, calculated using the liquid line of descent
model of Weaver and Langmuir [1990). Here £.P1, £.0L, and f.Cpx are the mean fractions of these phases crystallized and are used to
calculate the bulk D necessary to calculate trace element abundances in the primary mels.
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Figure 4. (a) Tig/Nag versus Tig diagram [Niu and Batiza,
1994] for the 13° - 23°S EPR lavas [Sinton et al., 1991},
showing that Ti is more incompatible than Na. (b) Bulk
distribution coefficient (D) for both Na,O and TiO, versus mean
extent of melting during peridotite melting. The D values are
from Niu and Batiza [1991a] and Baker and Stolper [1994].
Na,O is more incompatible than TiO, at Fyyp s < ~ 16%, but at
Fyean > 15%, the opposite is true, suggesting that lavas from
the southern EPR represent Fygpan > 16%. (¢) Ce/YD versus Ce
(J. M. Sinton unpublished data, 1996) showing that the
southern EPR axial lavas define a trend that is readily explained
by melting in the spinel lherzolite depth range. The large solid
circle is the model Hump mean source (HMS), and the large
solid square is the primitive mantle of Surn and McDonough
[1989]. Melting paths represent 0.5-25% melting in spinel
Iherzolite and 0.5-20% melting in garnet lherzolite calculated
as in Figures 8-9 (see below). The extended range of the data
beyond the ends of the spinel lherzolite melting curve indicates
variations in mantle source and the effect of fractional
crystallization.

reflect the nonuniform distribution of the enriched
heterogeneities in the melting mantle or intrinsic
heterogeneities in the enriched domains and/or the ambient
depleted mantle.

NIU ET AL.: MANTLE SOURCE HETEROGENEITY AT 18°-19°8

From Figure 7, we obtained Rb-Sr and Sm-Nd Ppseudoisochryg
ages of 219 £ 122 Ma and 107 + 20 Ma, respectively. Cleary,
the Rb-Sr "age" is insignificant given the very large
uncertainty due to Rb "overenrichment” and the effect of
variable amounts of plagioclase fractionation on §
abundances, but the age value of the Sm-Nd pseudoisochron s
statistically significant. Sm-Nd "isochron" ages have beeg
reported at several other locations along the EPR axis and from
near-ridge seamounts [Zindler et al., 1984; Niu et al., 19941
Zindler et al. [1984] suggested that they may have some time
significance. Given that (1) the slopes of the isochrons are
entirely defined by the positions of the two end-members iz
143N d/144Nd versus Sm/Nd space and (2) the two end-members
are unlikely to have ever been "comagmatic", we consider thess
mixing-type isochrons unlikely to be of chronological
significance. The statistically significant correlations would
only imply that both the enriched component and the ambient
depleted mantle are fairly ancient and have independently
developed their distinct chemical and isotopic signatures.

Incompatible Trace Element Systematics
in the Mantle Source

In order to fully reveal the origin of mantle source
heterogeneity and to ultimately understand mantle melting
processes, it is necessary to know the chemical systematics of
incompatible trace elements in the source prior to the major
melting events. For this purpose, we conducted a simple, two-
step, inverse modeling exercise: (1) correction for the effects of
fractional crystallization and (2) correction for the effects of
melting. The technique is explicit, requiring no interpretation
in contrast to more complicated models [e.g., McKenzie and
O'Nions, 1991]. We first determined trace element abundances
in the primary melts, which are then used to calculate their
abundances in the source.

Trace element systematics in the primary melts.
Assuming a uniform (major elements) mantle of the type
proposed by Hart and Zindler [1986] (accurate knowledge of
mantle composition is unimportant for the purpose) and using
the calculated melting parameters and algorithms of NB91[see
Niu and Batiza, 1991a)], we obtained a parental magms
composition corresponding to each sample studied. Table 4
gives the Mg* of these calculated primary melts together with
the observed Mg*. Assuming that cooling and crystallization
primarily occur at crustal levels [e.g., O'Hara, 1968; Walker ¢t
al., 1979; Sinton and Detrick, 1992], we obtained the overall
extent of fractional crystallization and the amount of each
mineral phase crystallized (Table 4) using the liquid line of
descent algorithm of Weaver and Langmuir [1990]. We then
acquired the trace element abundances in the primary magmas
using these results in combination with the well-known
Rayleigh fractionation algorithm and the trace element
partition coefficients (Table 5).

Figure 8 shows incompatible element variations in the
calculated primary magmas. We also show melting paths i8
both spinel and garnet lherzolite depth ranges from an
uniform source, which we term Hump mean source (HMS). Note
that except for the enriched lavas from the southern seamout
group (SE), all the data points define trends that are consistest
with varying extents of melting in the spinel lherzolite depth
range. However, the corresponding F values vary from - 5'_5 L
~ 25% (varying from plot to plot), much greater than obtained
from the major elements (Table 4). The large range of F values
(Figure 8) emphasizes that the assumption of a uniform mantie
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Figure 5. Incompatible trace element ratios versus the extent of melting derived from major elements.

Symbols are as in Figure 3 except that all axial samples are open squares and two samples (dredge 52, crosses)
from a southern seamount near the axis are highlighted because of their distinctive isotopic signatures. Note
that the correlations are significantly better for ratios of moderately/slightly incompatible elements than
those involving highly incompatible ones (e.g., Rb, Nb, and K).

source is invalid for incompatible elements. Also, it is clear
that the SE lavas are overenriched in incompatible elements and
more enriched in highly incompatible elements (e.g., Nb and
K) than in moderately to slightly incompatible ones, although,
isotopically, the SE lavas represent the enriched component
required for the melting-induced mixing (Figure 8). This
indicates that the SE lavas reflect a source that has undergone
additional incompatible element enrichment. In addition, the
deviation of the SE group lavas from the spinel lherzolite
nelting path on some plots may be interpreted as melt mixing
with significant melt contribution from gamet lherzolite. This
is, however, not the case (see below).

A series of ratio-element variation diagrams magnifies the
inconsistencies of the estimated extent of melting one would
£et from one plot to another if a uniform source were assumed
{Figure 9; the total range now is from 3% to >> 25%). Note that
ot the Ce/Yb versus Ce diagram, all the lavas, including the SE
group, define a tight trend consistent with melting in the spinel
lherzolite depth range. Comparing this with the Ce versus Yb
plot (Figure 8), it is obvious that the SE group must be derived
from spinel lherzolite, yet the elevated Ce values reflect
"overenrichment” (relative to Yb). In other words, Yb is not
depleted enough for significant melting at a greater depth where
fmet is a residual phase.

'I:race element systematics in the mantle source
l‘&g'lon. Assuming that the extent of melting calculated from
mjor elements is correct and that the incompatible trace
ﬁk!_!wnts are derived from the same parcel of mantle as the
Bajor elements, then the trace element abundances of the
mantle source region can be calculated using the primary
Wagma compositions, the extent of melting determined from
mjfﬂ' elements, relevant partition coefficients (Table 5), and
the information on melting modes (see caption to Figure 8). In

the calculations, we assume that melting for the Hump area
lavas initiates primarily in the spinel lherzolite depth range.
We also assume fractional melting.

Figure 10 shows the same set of ratio-element diagrams as in
Figure 9 for the calculated Hump mantle-source abundances.
These plots exhibit several features: (1) the mantle source
beneath the Hump area is compositionally heterogeneous with
respect to the trace elements studied; (2) except for the SE
group, all the data points define trends that are consistent with
various extents of previous melt depletion; (3) the trends
converge, more or less, toward the primitive mantle
composition of Sun and McDonough [1989] (PM-SM); and (4)
in the plots where the two melting paths (from gamet and
spinel lherzolite sources, respectively) are well separated (i.e.,
P/Ti versus P, Y/P versus P, Y/Sr versus Sr, and Ce/Yb versus
Ce), it seems that the previous melt depletion may have
occurred in the garnet stability field. Assuming that the PM-
SM, indeed, represents the original fertile mantle and is
compositionally uniform, then the Hump source variation
represents 1-3% melt removal (excepting the SE group) prior to
the major melting episode that generated the lavas of the Hump
area. The SE group, characterized by its closeness to PM-SM
and deviation from the depletion/melting trend of the other
data, indicates an additional enrichment, because the SE group
is enriched in every incompatible element and the extent of
enrichment is systematically greater for more incompatible
elements than for less incompatible ones.

Discussion
A Cautionary Note on Trace Element Modeling

It is well known that mantle sources beneath ocean ridges
can be quite heterogeneous with respect to incompatible trace
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Figure 6. Radiogenic isotopic ratios versus the extent of
melting derived from major elements. Symbols are as in Figure
5. The correlation coefficients, excluding the two dredge 52
samples (crosses), are significant at a > 95% confidence level.
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elements on various scales. However, using variations of
incompatible trace elements in MORB to model mantle melting
processes remains popular. We emphasize that using trace
elements alone will lead to misleading results. For example,
incompatible trace element abundances in the Hump area lavas
vary considerably (Figures 8 and 9). If one uses these
variations to estimate the extent of melting, a very large range
of F values is obtained, and these values also vary depending
upon the elements and the type of diagrams used. Clearly, such
large incompatible trace element variations in the Hump area
lavas result largely from variations in the source region (Figure
10). So-called dynamic melting [e.g., Langmuir et al., 1977,
Wood, 1979] and other complicated perceptions of melting
[e.g., Perfit er al., 1983; Clague et al., 1981] invoked to
explain "unexpected" incompatible element variations are
inappropriate here as they use single uniform source
composition to mode] partial melting.

We stress again that major element (e.g., Si, Al, Fe, Ca, etc.)
data preserve primary information on the melting processes, as
they are the principal mantle mineral constituents, and their

NIU ET AL.: MANTLE SOURCE HETEROGENEITY AT 18°-19°S

behavior is governed largely by stoichiometry and Phase
equilibria both under subsolidus conditions and during melting,
which are intrinsically constrained by the physical conditiong
in the mantle [e.g., Hanson and Langmuir, 1978},
Incompatible trace elements, on the other hand, presery
primary information on mantle source characteristics inheriteq
from mantle processes in the past.

Consequence of Meliing a Heterogeneous
Mantle Source

The chemical diversity of the Hump area lavas reflects both
source heterogeneity and variable extents of melting s
manifested by the significant correlations of incompatible
element ratios and isotopic ratios (Figures 5 and 6) with the
extent of melting derived from major elements. Incompatible.
element-enriched heterogeneities are also enriched in volatiles
(e.g., H,O and CO,, etc.) [Aggrey et al., 1988; Michael, 1995
Kingsley and Schilling, 1995]; they thus should have lower
melting points [e.g., Kushiro et al., 1968; Mysen and
Boettcher, 1975; Stolper and Newman, 1994], and their
proportions in the melt decrease with further melting as a resul
of dilution (see Figures 5 and 6). These correlations indicate
that the enriched heterogeneities represent small, yet
recognizable, "domains" that are dispersed nonuniformly in the
ambient depleted mantle prior to major melting events. In this
regard, the correlations in Figures 5 and 7 simply represent
mixing between depleted mantle and enriched heterogeneities,
with the mixing being accomplished through variable amounts
of melting. In summary, the geochemical consequence of
melting a heterogeneous source is to produce mixing
relationships in the melts between the depleted mantle end-
member and an enriched component, primarily achieved
through processes of melting and melt aggregation. The
mixing relationships thus provide limits on the size and
distribution of the enriched "domains" in the ambient depleted
mantle.

N-MORB Mantle Source Heterogeneity
Beneath the Hump Area

The N-MORB mantle source heterogeneity can be explained
as indicating a previous depletion due to melting (Figure 10).
There is a suggestion (e.g., P/Ti versus P, Y/P versus P, St/Y
versus Sr, and Ce/Yb versus Ce) that the previous melt
depletion may have taken place at depths where gamet is &
residual phase. If the depleted MORB mantle on a global scale
is similar in trace element abundances to those in Figure 10 aad
reflects 1% to 3% melt removal from the PM-SM, then the
implication is important. It is widely believed that N-MORB
mantle was created as the result of continental crust extractioa
early in the Earth's history by a few percent melting of
primitive mantle [e.g., Hofmann, 1988; O'Nions and
McKenzie, 1988; Stolper and Newman, 1994]. However, more
rigorous investigations using data with a global coverage &¢
required to examine whether such a process can explain the N-
MORB mantle heterogeneity on a scale as small as the Hump
area.

On the primitive-mantle-normalized diagram (Figure 11), t¢
Hump area N-MORB source patterns can be explained by sack
low-degree (1-3%) melt removal, particularly for elements less
incompatible than Pb. For highly incompatible elemonts
(e.g., Rb, Nb, and K), the estimated source abundances are los
depleted than expected due to melting, reflecting some roceal
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Figure 7. Covariations of isotopic ratios with ratios involving highly incompatible trace elements (e.g.,
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significantly better with Sm/Nd than with Rb/Sr. Note that the two dredge 52 samples are far more depleted in
Rb versus Sr than in Nd versus Sm (relative to their isotopic ratios) compared with other samples.

earichment with respect to these elements (see below). Note
thet the lesser depletion of Nb relative to Rb and K in the N-
MORB source cannot be explained by a differential enrichment
but may be an intrinsic characteristic of the depleted mantle,
which may partly complement the Nb depletion in the
coatinental crust. Further study is, however, required to fully
assess the global implications of this result.

EMORB Mantle Source Heterogeneity Beneath
the Hump Area and the Southern EPR

The southern seamount SE group samples are typical E-
MORB having more radiogenic Sr and Pb and less radiogenic Nd
than N-MORB and elevated abundances of incompatible
tlements, Even so, there is still an excess of highly
icompatible elements (Figures 5, 8, and 9). The excess is
tven clearer in Figure 10 and represents an enrichment
sperimposed on a preexisting enriched character. Most E-
MORB along the ‘entire southern EPR (13° to 23°S) are
dharacterized by an excess enrichment of highly incompatible
tiements yet have isotopic signatures similar to those of
texrby N-MORB; that is, incompatible elements and isotopes
& decoupled [Mahoney et al., 1994]. For convenience, we call
tis type “decoupled” E-MORB and those showing correlations

between incompatible element ratios and radiogenic isotopes
"coupled" E-MORB, such as the Hump area SE group samples.

Coupled E-MORB. Basalts with elevated abundances of
incompatible elements and "enriched" radiogenic isotopic
characteristics, such as the Hump SE group samples (see Figures
5 and 7), are very common from both the axis and off-axis
seamounts in the plume-absent northern EPR [e.g., Batiza and
Vanko, 1984; Zindler et al., 1984; Graham et al., 1988;
Hékinian et al., 1989; Castillo et al., 1991; Niu et al., 1994],
indicating the existence of enriched domains in the ambient
depleted mantle, which may represent remnants of ancient
subducted oceanic crust or detached continental lithosphere that
survived in the convecting mantle (see Zindler and Hart [1986]
and Carlson [1994] for reviews). Regardless of the ultimate
source, the enriched domains beneath the Hump area in the
southern EPR must have come from a less degassed region in
the mantle as shown by plume-like high 3He/*He ratios in the
axial lavas [Mahoney et al., 1994]. Mahoney et al. [1994]
speculated that the plume-like component may have originated
via asthenospheric flow from a plume associated with either the
Easter or Marquesas hotspot. Mantle tomography [Phipps
Morgan et al., 1995], indeed, suggests that such plume material
may have been contaminating the east Pacific mantle for some
time.
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Table 5. Partition Coefficients Used in This Study

Pl 0Ol Cpx Opx Sp Gnt
Sc 0.0200 0.1700 3.0000 12000 0.0480  4.0000
Ti 00100 0.0160 03000 0.1000 0.1000 0.6000
v 0.0100 0.0900 15000 0.6000 38.0000 3.0000
Cr 0.0100 02000 10.0000 5.0000 10.0000 3.0000
Ni 0.0100 10.0000 20000 5.0000 50000 1.1000
Sr 2.0000 0.0160 02600 0.0160 0.0001 02000
Y 0.0700 0.0100 04850 0.0800 0.0078 27500
Zr 00100 00100 0.1000 0.0500 0.0500 0.5000
Nb 0.0090 0.0020 00050 0.0025 0.0004 0.0005
K 0.0168 0.0010 00053 0.0039 0.0003 0.0005
P 0.0250 0.0002 02563 0.0145 0.0005 0.0050
La 0.0400 00001 0.1000 00053 0.0003 0.0005
Ce 0.0350 0.0001 0.1625 00090 0.0005 0.0080
Pr 0.0300 00002 02250 00127 0.0007 0.0325
Nd 0.0250 0.0003 02875 00163 0.0008 0.0570
Sm 0.0200 00006 03500 0.0200 0.0009 02170
Eu 0.5000 0.0048 03800 0.0275 00009 04500
Gd 0.0150 0.0090 04100 0.0350 00011 09667
Tb 0.0130 00132 04400 0.0480 0.0013 1.4833
Dy 00110 00174 04700 0.0610 0.0015 2.0000
Ho 00090 0.0216 05000 00740 00023 2.7500
Er 00070  0.0258 04833 00870 00030 3.5000
Yb 0.0050 0.0300 04667 0.1000 0.0045 7.0000
Lu 0.0030 0.0342 04500 0.1130 0.0050 10.0000

Pl, plagioclase; Ol, olivine; Cpx, clinopyroxene; Opx,
orthopyroxene; Sp, spinel; Gnt, garnet. Data sources are Irving
[1978], Henderson [1982], McKay [1986], Dunn [1987], Green et al.
[1989], Blundy and Wood [1991], Gallahan and Nielson [1992],
Forsythe et al. [1994], and Hart and Dunn [1993]. For modeling
calculations, bulk Dg, = (Dp, + Dy,)/2 values were used based on Y.
Niu’s unpublished Inductively-coupled plasma mass spectrometer
(ICP-MS) data (1996) of northern EPR seamount glasses.

Figure 12 shows the data for the entire southern EPR between
13° and 23°S. Although scatter exists, the axial data between
the 15.8° and 20.7°S offsets, i.e., the isotopic "dome" of
Mahoney et al. [1994] (Figure 2), form a cluster lying on the
trends defined by the Hump area samples. This may suggest
that the incompatible element-isotope coupling in the Hump
area exists over a greater region of the mantle. If the seamount
data manifest a melting-induced mixing relationship between
the depleted MORB mantle and the enriched, plume-like
component, as we interpret, then the axial lavas reflect
processes of effective melt homogenization prior to eruption
(e.g., melt aggregation during melt transport and magma
mixing in crustal magma chambers) beneath the rise axis
(versus off-axis seamounts). Thus the axial isotopic "dome"
should be associated genetically with the origin of the enriched
material apparent in the Hump area SE group seamount lavas,

Decoupled E-MORB. Two types of decoupling exist in
the southern EPR. One is the southward monotonic decrease in
incompatible element ratios of N-MORB from 13° to 23°S,
which forms the regional background and which does not
correlate with the latitudinal isotopic systematics (Figure 2).
The other is the E-MORB characterized by elevated
incompatible element ratios (i.e., the "excess" of highly
incompatible elements versus moderately incompatible ones;
see Figure 2) that are distributed randomly above the
background yet have isotopic signatures similar to spatially
associated N-MORB. This is particularly obvious in regions
unaffected by the plume-like material outside the isotopic
“domes", i.e., north of 15.8°S and south of 20.7°S offsets
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(Figure 12). Sinton et al. [1991] and Mahoney et ql. [1994)
interpreted the E-MORB of this type to have resulted from
depleted mantle source that underwent incompatible elemey
enrichment recently enough so as not to produce significant
changes in Nd, Pb, and Sr isotopic ratios. We believe low.
degree (low F) melts generated from the N-MORB depleteq
mantle are largely responsible for the decoupled E-MORB,
Globally, as the decoupling does not require foreign Materig]
(i.e., isotopically exotic to the depleted mantle), sych
enrichment need not be associated with any single event but
may have occurred throughout much of geological history,
However, the low-F melts causing such enrichment must be
generated at depths (P and T conditions) where the low-melting-
point components reach their solidus deeper than that of dry
peridotites in the upwelling mantle. In this regard, the "age” of
the low-degree-melt generation should be roughly inversely
related to the plate spreading rate. Assuming that (1) manile
upwelling rate is of the order of plate spreading rate (mean half.
rate, ~ 80 mm/yr) and (2) the low-F melts form at a depth of ~
250 km (the conservative deeper limit of the low-velocity
zone), then the enrichment may be no older than 4 Myr beneath
the superfast southern EPR.

Lavas having limited isotopic variations but variable
incompatible element abundances and ratios have been
previously observed [Clague et al., 1981; Perfit et al., 1983;
Hékinian and Walker, 1987; Frey et al., 1993]. Earlier efforts
indicated that the enrichment of very incompatible elements is
more than can be accounted for by simple crystallization,
which became one of the persistent enigmas of MORB
petrogenesis [e.g., Perfit et al., 1983; Sinton and Detrick,
1992]). Hékinian and Walker [1987] interpreted this
overenrichment to result from boundary layer crystallization or
in sit fractionation [e.g., Langmuir, 1989]. Frey et al. [1993]
showed that crustal-level fractionation is insufficient. O'Harg
[1985] quantitatively showed that the extent of incompatible
element enrichment may be controlled by the shape of the
melting region. This effect is certainly functional in theory,
but it cannot explain the occurrence of E-MORB which often
coexists spatially with N-MORB along the EPR. Plank and
Langmuir [1992] argued that the shape of the melting region s
irrelevant and proposed that E-MORB represents mixtures of N-
MORB magmas with very low F melts produced at the far
corners of a hypothetical triangular melting region beneath the
ridge. Frey et al. [1993] concluded that this type of E-MORB
represents mixtures of melts derived from different extents of
melting but argued that migration of very low F melts to the
ridge axis envisioned by Plank and Langmuir [1992] i
unrealistic.

We proposé that such "mixing" is not simply a mixing of
melts but instead takes place in the source region prior to major
melting; that is, the source has been refertilized/infiltrated i
the form of fine veins or dikes by the low-F melts generated
from the depleted mantle. The evidence comes from the peculiar
dredge 52 samples from a small southern seamount (see below).
Small dikes or veins enriched in incompatible elements have
been observed by submersible studies to be pervasive [Cannal
et al., 1990, 1992; Hékinian et al., 1992, 1993, 1995] in the
uppermost mantle, and some are extremely enriched {with
apatite, zircon, etc.) [Cannat et al., 1992). The low-F melis
should be enriched in very incompatible elements but may &
may not be distinct in terms of radiogenic isotopes, depending
on the source character of the low-F melts. For example, if



NIU ET AL.: MANTLE SOURCE HETEROGENEITY AT 18°-19°S

27,725
2w 12
o H
a |
a
= N
e SE
4 SN
—— MPSL
) ) ,Zr100 —-— MPGL
R 1 2 3 e HMS
S[vro ' > rcemd ' " PM-SM
Al ] 4
3 . 1 3
2 N 1 2
1 — ] 1
e u . Nb I(HMSandP‘M-SMoverIap).Zr[‘]oo
01 1 10 100 00 1 2 3

Figure 8. Element-clement variation diagrams of the calculated primary Hump magmas together with
calculated melting paths. Solid lines (arrows pointing to increasing melting) with ticks (0.5%, 1%, 2%, 5%,
10%, 15%, 20%, and 25%) represent melting in the spinel lherzolite field, and the dashed lines represent
melting in the garnet Iherzolite field (ranging from 0.5 to 20% melting with garnet being eliminated at 20.2%
melting). HMS is our model mantle source, and PM-SM is the primitive mantle of Sun and McDonough [1989]
for reference. The melting paths were calculated using the nonmodal batch and fractional melting models of
Shaw [1970] for gamet and spinel lherzolite sources, respectively. Modal data are from Johnson et al. [1990].

See text for discussion.

low-F melts originate in the depleted mantle, then they remain
isotopically identical to N-MORB, which explains the
incompatible element-isotope decoupling in the southern EPR
(Figures 2 and 11). If these low-F melt veins/dikes invade sites
containing already enriched mantle, then this will result in an
excess enrichment (e.g., the SE group lavas in the Hump area);
if the mantle from which the low-F melts are derived differs
isotopically from the ambient MORB mantle, then the low-F
melts will also inherit a distinct isotopic signature. Our global
data survey shows that depleted MORB mantle exhibits a large
range of incompatible element ratios, even when isotopic
rtios are similar, implying that low-F "metasomatic” melts
derived from an isotopically "depleted” MORB source may be
more important on a global scale than those from sources with
along-term history of enrichment in Rb, U, Th, and Nd.

Dredge 52: A puzzle and a solution. The two dredge
52 samples have about the highest 2°6Pb/2%4Pb and #751/%6Sr
&d lowest 143N d/144Nd in the entire southern EPR region yet
are highly depleted in incompatible elements (see Figures 2, 6,
7'.'“4 12). These combined features can readily be reconciled
with the low-F melt process discussed above. If parts of the
mantle are enriched in incompatible elements by low-F-melt

fertilization, then these elements must be correspondingly
depleted in other parts of the mantle from which the low-F
melts originate. It is clear from Figure 7 that these samples are
more depleted in highly incompatible elements than in less
incompatible ones (e.g., very low Rb/Sr versus moderate
Sm/Nd) in comparison with other samples, an indication that
the source of these lavas lost a substantial fraction of its
incompatible elements by removal of a low-F melt component.
Thus, in the southern seamounts, we see both effects of the low-
F-melt process: local enrichment (melt destinations) and local
depletion (melt origins). Note that lavas derived from a region
of depleted mantle that had experienced recent low-F melt
removal would be more difficult to recognize because they
would not be isotopically distinctive.

Summary of the Origin of Mantle Source
Heterogeneity Beneath the Hump
Area and the Southern EPR

The data and foregoing discussion show that the mantle
source heterogeneity is complex beneath the Hump area. The
complexity is, however, readily explained by two independent
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25% melting on some diagrams, but not on others. The SE group samples exhibit enrichment in incompatible
elements and are more enriched in highly incompatible elements than in less incompatible ones. The Ce/Yb-
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greater enrichment in more incompatible elements.
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Figure 11. Primitive-mantle [Sun and McDonough, 1989]-
normalized incompatible element patterns for the calculated
Hump area sources. The shaded areas are the actual range. The
lines with symbols in Figure 11a are the averages of individual
ridge segments and grouped seamount types (as in Figures 8-
10). The long and short dashed lines in Figure 11b
approximate depletion from PM-SM as a result of 1% and 3%
melting in both the spinel and garnet stability fields, which
explain the overall patterns of the estimated Hump area mantle
sources. Note that such a depletion cannot explain the less
depleted nature of highly incompatible elements (e.g., Rb, Nb,
and K). Also note that Nb is less depleted than Rb and K.

processes: process 1, invasion of plume-like material in the
ambient depleted mantle, and process 2, the emplacement of
enriched veins or dikes in the depleted mantle in the recent past
by low-F melts derived primarily from the same depleted
mantle.

Process 1 explains the significant correlations between
radiogenic isotope ratios and ratios of incompatible elements
for the entire Hump area (excluding the dredge 52 samples and
the overabundance of highly incompatible elements in the SE
group lavas). These correlations are binary mixing
relationships resulting from melting of a source that is
compositionally heterogeneous, with the two end-members
having distinct trace element and isotopic signatures. The
enriched material has a weakly plume-like character and occurs
as domains of variable sizes distributed irregularly in the
ambient depleted mantle prior to major melting events. The
axial lavas that define the isotopic "dome" between 15.8° and
20.7°S can be explained likewise. The ultimate origin of the
enriched material is yet to be understood, but it must be ancient
and must come from a less degassed region in the mantle. As
suggested by Mahoney et al. [1994], the enriched plume-like
material may come from the French Polynesian hotspots as a
result of eastward asthenospheric flow [Phipps Morgan et al.,
1995].

Process 2 explains the obvious decoupling between
incompatible (especially highly incompatible) elements and
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isotopes throughout the entire southern EPR (13° to 23°8) ay
the overenrichment of highly incompatible elements of the
Hump SE group lavas. Infiltration of low-F melts deriveq from
the same depleted mantle at depth (prior to a major elting
events) is perhaps an important process throughout the
depleted mantle. The consequence of such a process is fo
produce localized enriched heterogeneities as fine veins g
dikes with essentially the same isotopic characteristics
melting of such a source will inevitably result in melts wig
incompatible element-isotope decoupling. The dredge 5:
samples reflect the existence of an isotopically distinct mape
"domain", but it represents a site of the low-F melt generation,

Seamount Formation, Mantle Melting
Beneath the EPR, and Tectonics

Batiza et al. [1990] showed that near-ridge seamoun
volcanism is an integral part of the mantle melting system
beneath the EPR, which favors a broad zone of mantle
upwelling [e.g., Reid and Jackson, 1981; Phipps Morgan,
1987]. By assuming Fypan = 10%, a broad (~ 120 km) zone of
upwelling and melting, with complete melt extraction, is
apparently needed to produce the observed crustal thickness at
the very narrow (1 - 2 km) neovolcanic zone [e.g., Phipps
Morgan, 1987]. Consequently, great efforts have been
expended to elaborate mechanisms on how melts focus toward
the axis over long distances (> 60 km) of melt migration (see
reviews by Turcotte and Phipps Morgan [1992]). Recently,
Cordery and Phipps Morgan [1993] demonstrated this process
to be impossible without invoking boundary layer channeling
beneath the cold lithosphere lid [Sparks and Parmentier, 1951},
We believe that such long-distance (> 60 km) melt migration
does not occur because (1) geochemical data of near-ridge
seamounts provide no evidence, (2) the value of Fy,p,y = 10%,
which is used to constrain melt production, is erroneously low,
and (3) most of the melt forms in the center of the upwelling
zone even though the melting zone is wide as a result of
enhanced upwelling rate beneath the axis where a component of
buoyant upwelling exists [e.g., Scott and Stevenson, 1985;
Buck and Su, 1989; Niu and Batiza, 1991b] (Figures 13a ad
13b).

The differential mantle upwelling across the ridge axis will
also promote development of vertical/subvertical shear planes,
which will facilitate melt migration and focusing toward th
ridge axis (Figure 13b). Away from the axis, the shear planes
gradually bend over, inhibiting melt focusing toward the axis
but making seamount volcanism possible if zones of weakness
exist in the lithosphere [e.g., Sleep, 1988]. Evidence of shear
facilitated melt transport is widely observed in ultramafic
sections of many ophiolite suites [e.g., Nicolas, 1989;
Ceuleneer and Rabinowicz, 1992; Kelemen and Dick, 1993}
Collectively, all the observations indicate that seamount
volcanism and axial volcanism share a common thermal
environment, encompassing a broad zone of mantle upwelling
and melting [Batiza et al., 1990; Niu and Batiza, 1991a], yet
melt production rate is the highest beneath the axis {md
decreases with distance away from the axis [Niu and Banzs
1991a]. In such an environment, seamount and axiadl
volcanism should have different supply mechanisms: shear-
induced vertical/subvertical melt migration and focusing for
axial eruptions and tectonics/structure-controlled magm?
pumping ("leaks") at off-axis seamounts (Figure 13b).
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Figure 12. Similar to Figures 6 and 7 but includes all the data of Mahoney et al. [1994] for the entire
southern EPR (13° to 23°S). Solid circles are for the Hump lavas (both axis and seamounts), open circles are for

axial lavas between 15.8°S and 20.7°S offsets (i.e., the isotopic dome in Figure 2), open triangles are lavas
from north of the 15.8°S and south of the 20.7°S offsets, and crosses are for dredge 52 samples. Note that
although more scattered in Nd and Sr isotope values with respect to relatively restricted range of K/Ti, Sm/Nd,
and the extent of melting, the axial data in the 15.8° - 20.7°S region form a cluster lying on the trends defined
by the Hump seamount lavas. Also note that lavas north of the 15.8°S and south of the 20.7°S offsets are

isotopically "depleted”, yet exhibit a large range of incompatible element ratios.

Seamounts may be initiated very near the ridge axis as a
result of variations in melting geometry caused by ridge
segmentation and associated structural weaknesses [e.g.,
Lonsdale, 1985; Batiza, 1989, 1991]. Seamount growth can be
maintained by continuous or episodic melt discharge through
preexisting feeders until the feeder systems are eradicated by
horizontal shearing as the plate moves away from the axis
{Figure 13b), which explains why near-ridge seamount chains
are short, < 100 km (versus hotspot tracks). Existing models
concerning seamount formation include deep-rooted, fixed,
melting anomalies [Davis and Karsten, 1986] or minihotspots
(or miniplumes) [e.g., Shen et al, 1993, 1995], ridge-
perpendicular convection rolls [e.g., Buck and Parmentier,
1986], and by-products of narrow, dynamic upwelling [Wilson,
1992]. These models, however, cannot explain (1) extremely
depleted geochemical signatures in many seamount lavas and
(2) how "miniplumes" could survive penetrating through the

ippermost asthenosphere which is partially molten near the
ridge axis.

Summary and Conclusions

1. The chemical diversity of the Hump area lavas can be
exPl.amed if crustal-level fractionation, extent of partial
melting, and mantle source heterogeneity are all considered.

2. Lava major element chemistry preserves the information
on melting conditions, whereas incompatible-trace-element
data reflect the previous history of the mantle source material.
Caution is necessary when using trace element data alone to
model melting processes.

3. The calculated mean extent of melting for the Hump area
ranges from ~ 14% for the southern seamount group to ~ 22%
for the northern seamount group, with axial lavas representing
18% to 19% melting, consistent with Ti-Na melting
relationships and the observations that mantle melting
residues beneath the EPR are highly depleted harzburgite.

4. The E-type MORB source heterogeneity is complex but is
readily explained by two independent processes. (1) Invasion
of plume-like material (possibly from French Polynesian
hotspots to the west) into the ambient depleted mantle
explains the significant correlations among isotopic ratios,
ratios of incompatible elements, and the extent of melting
derived from major elements. These correlations are binary
mixing relationships resulting from melting of a
heterogeneous mantle containing irreguiarly distributed,
enriched (plume-like) domains of variable sizes. Axial lavas
that form the isotopic "dome" between 15.8° and 20.7°S can be
explained likewise. (2) Infiltration in the source region by
low-degree melts derived primarily from depleted mantle in the
recent past explains the excesses of highly incompatible
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Figure 13. (a) Mantle upwelling rate varies with both depth
(e.g., at 90, 70, 50, and 30 km) and distance to ridge axis
beneath a ridge for a perfectly passive upwelling [e.g., Turcotte
and Phipps Morgan, 1992]. The upwelling rate is enhanced in
the center of the region when compositional buoyancy due to
melt depletion is considered (e.g., assuming a mean melt
extraction depth of 50 km). Thus most melt is generated in the
central region beneath the axis. If Fyp,n 2 20%, melt extracted
from this central region (< 35 km on both sides of the axis) will
be sufficient for the ~ 7-km crust.
volcanism is an integral part of the melting system beneath the
EPR. The important elements are (1) mantle flow lines (solid
lines with full double-headed arrows); (2) initial, Po, and final,
Pf, depths of melting; (3) regions of primary and peripheral
melting; (4) seamounts, seamount initiation, and growth; and
(5) shear planes due to differential upwelling (line segments
with single-headed arrows). Extraction of melt formed in the
primary melting region leads to crust formation at the axis,
with melt migration/focusing facilitated by vertical/subvertical
shear planes and also perhaps by a melt channel beneath the

young lithosphere near the axis. Seamounts may initiate near

the axis (e.g., t; and t;) and grow by continuous/episodic melt
discharge through existing feeders until the feeder systems are
eradicated by horizontal shearing.
peripheral melting region may never contribute to axial

volcanism but are available for seamount volcanism. Note that
melt migration/focusing beneath ridge axis is an important

melt aggregation (mixing) process. In contrast, seamounts
may only drain "free" melts locally formed in the peripheral
melting region.

elements in the Hump area E-MORB and the incompatible
element-isotope decoupling throughout the southern EPR (13°
to 23°S) axis. This process is, perhaps, more important on a
global scale than a long-term history of enrichment in Rb, U,
Th, and Nd in creating heterogeneities in the depleted MORB
mantle.

(b) Near-ridge seamount

Melts formed in the

NIUET AL: MANTLE SOURCE HETEROGENEITY AT 18°-19°S

5. The N-MORB source variation is consistent with 1-3%
previous melt depletion in the garnet stability depth range
from a primitive mantle. A lesser depletion of Nb relative to
Rb and K may be an intrinsic characteristic of the depleteg
mantle and may partly complement the Nb depletion in the
continental crust.

6. We confirm that near-ridge seamount volcanism is gy
integral part of the melting system beneath the EPR. However,
axial and seamount lavas have different melt-supply
mechanisms: shear-induced vertical/subvertical melt migratio
and focusing for axial eruptions and tectonics/structure
controlled magma pumping ("leaks") at off-axis seamounts,
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