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31. ISOTOPE GEOCHEMISTRY OF NINETYEAST RIDGE BASEMENT BASALTS: SR, ND, AND PB

EVIDENCE FOR INVOLVEMENT OF THE KERGUELEN HOT SPOT'

D. Weis?and F. A. Frey3

ABSTRACT

The Ninetyeast Ridge lavas have Sr and Nd isotopic ratios intermediate between those of Indian Ocean MORBs and those of
the very enriched Kerguelen hot spot. In an Nd-Sr isotope diagram, they also plot close to the fields of St. Paul Island lavas and of
the early magmatism on Kerguelen Archipelago. The Ninetyeast Ridge lavas were generated by mixing among at least three
components: a depleted, MORB-type component, such as the one erupted today on the Southeast Indian Ridge; a very enriched,
high-s-"Sr/% Sr, low-eng, OIB-type component (the Kerguelen hot spot); and an OIB-type component comparable to that sampled
from the St. Paul (and Amsterdam) lavas. The Ninetyeast Ridge lavas show a typical Dupal anomaly signature and Pb, Sr, and Nd
isotopic systematics indicate that the Kerguelen hot spot was involved in the ridge’s formation as the Indian plate moved northward.

The different sites cored during ODP Leg 121 show a trend in their isotopic compositions, from less radiogenic **°Pb/***Pb
ratios and intermediate er/‘%Sr and 1“3Nd;‘§‘1\|d ratios in the oldest lavas (Site 758) toward more radiogenic 2'%1:2,!294%' higher
exd, and lower *’Sr/*°Sr values in the youngest lavas (Site 756). The lavas from Site 757 have 205pp22ph ratios intermediate between
those of the lavas from Sites 756 and 758 and higher “Srﬂ %Sr and lower end values. The relative proportions of the hot spot(s) and
MORB component have evolved with time, reflecting differences of tectonic setting: the relative proportion of the Kerguelen hot
spot component appears lower in the younger Site 756 lavas than in the older lavas from Sites 757 and 758. Site 756 coincides with
the beginning of rifting at the Southeast Indian Ridge, about 43 Ma ago. The formation of the early Kerguelen Archipelago lavas
may have drained most of the plume-derived material toward the Antarctic plate. Alternatively, the proximity of the spreading-ridge
axis may account for the isotopic similarity of the Site 756 lavas to young lavas erupted on the Southeast Indian Ridge, from 33° to
37°S. The older lavas of Ninetyeast Ridge may have formed when the hot spot and ridge axis did not exactly coincide.

The involvement of the third component, a St. Paul hot spot, in the genesis of the Ninetyeast Ridge lavas, especially for the Site
756 lavas, is clearly indicated by Sr, Pb, and Nd isotope systematics and also by trace element ratios.

These data, together with those from the Kerguelen Plateau, indicate that the Kerguelen hot spot has been active more or less
continuously in the South Indian Ocean for at least 115 Ma. This could indicate that the plume, and by inference the Dupal anomaly,

is deep seated in origin.

INTRODUCTION

We present Sr, Pb, and Nd isotopic data for basalts from Ocean
Drilling Program (ODP) Sites 756, 757, and 758 on Ninetyeast
Ridge (Fig. 1). Major and trace element geochemistry and petro-
graphic descriptions of these samples, and a few others, are
discussed in the companion paper of Frey et al. (this volume). We
focus in this paper on the interpretation of the isotopic data to
understand the origin and evolution of Ninetyeast Ridge.

Marine magnetic and paleontological data (Shipboard Scien-
tific Party, 1974a, 1974b) indicate that Ninetyeast Ridge is ap-
proximately contemporaneous with oceanic crust to the west;
furthermore, the ridge is in local isostatic equilibrium (Bowin,
1973). These data suggest that Ninetyeast Ridge formed on either
very young oceanic crust or at a spreading axis. The volume of
magma generated to build a ridge with an average width of 200
km (Schlich, 1982) and more than 2 km in height requires a source
of enhanced magmatism. The paleomagnetic data for basalts re-
covered during Deep Sea Drilling Project (DSDP) Legs 22 and 26
(Peirce, 1978) are consistent with eruption and cooling at a lati-
tude of about 50°S, the approximate latitude of the Kerguelen-
Heard Plume (presently under Heard Island, about 55°S). The
formation of the ridge accompanied the rapid northward migration
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of the Indian plate. The earliest recorded ridge activity is 81 Ma
at DSDP Site 216 (Duncan, 1978), although Site 758 north of Site
216 is >80 Ma, and older material is probably buried beneath the
Bengal Fan (Curray et al., 1982). Earlier magmatic activity pos-
sibly associated with the Kerguelen-Heard Plume is recorded by
the Rajmahal Traps in northeast India; however, Mahoney et al.
(1983) concluded that the Rajmahal Traps lavas were contami-
nated by continental lithosphere during ascent. The youngest
activity at the southern end of Ninetyeast Ridge (DSDP Site 254,
minimum age of 38 Ma; Duncan, 1978) was terminated by spread-
ing at the Southeast Indian Ridge 43 to 36 Ma ago (east to west
progression; Royer and Sandwell, 1989), when the Indian-Aus-
tralian plate migrated northward away from the source of magma-
tism generating Ninetyeast Ridge.

Paleomagnetic, bathymetric, and geochemical data all support
the idea that Ninetyeast Ridge formed above a mantle plume
(Morgan, 1972; Luyendyk and Rennick, 1977; Peirce, 1978; Cur-
ray et al., 1982; Molnar and Stock, 1987). These data, together
with plate reconstructions, strongly support the hypothesis that
this was the Kerguelen-Heard Plume (Duncan, 1978; Whitford
and Duncan, 1978). However, there is considerable uncertainty
about the tectonic setting of the plume activity that was responsi-
ble for producing Ninetyeast Ridge; for example, was Ninetyeast
Ridge created by a hot spot located on a spreading-ridge axis, like
Iceland, or was the hot spot forming Ninetyeast Ridge north or
south of the spreading axis? If the spreading axis was located
north of the hot spot, Ninetyeast Ridge can be explained as a
hot-spot trace on the Indian plate only if the spreading axis
underwent a series of southerly ridge jumps or if the spreading
was strongly asymmetric (Sclater and Fisher, 1974; Peirce, 1978).
There is strong evidence for a major, southward ridge jump at 60
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Figure 1. Location map of the East Indian Ocean showing Ninetyeast Ridge
with DSDP and ODP sites and the various tectonic features relevant to this
study. Modified from Peirce, Weissel, et al. (1989).

Ma (Royer and Sandwell, 1989; Peirce, Weissel, et al., 1989),
which makes that scenario not unreasonable in this environment
(Royer et al., this volume). Plume mantle, with a potentially high
temperature, may control the position of the spreading axis seg-
ment west of the Ninetyeast Fault, with the result that the axis
episodically migrated southward, despite the northward move-
ment of the more westerly segments of the spreading axis. The
reader is referred to Royer et al. (this volume) for a more detailed
discussion of these questions.

The geochemistry of DSDP samples from Ninetyeast Ridge
(Sites 214, 216, and 254; see review in Frey et al., 1977) shows
them to be incompatible-element-enriched tholeiites, ferrotholei-
ites, and oceanic andesites (at Site 214 only). Surprisingly, there
is little isotopic data for these lava samples (Sr and Pb data for
two samples—Dupré and Allégre, 1983; Sr and Nd data for six
samples—Mahoney et al., 1983). Only one sample (a basalt from
Site 254) was analyzed for Sr, Nd, and Pb isotopes (Hart, 1988).
Nevertheless, these isotopic data confirm that the Ninetyeast
Ridge lavas are different from mid-ocean ridge basalts (MORBs)
and isotopically broadly similar to the present Kerguelen Archi-
pelago rocks (Dupré and Allégre, 1983; Mahoney et al., 1983).
These data require a long-term, relatively incompatible-element-
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enriched mantle* source(s) and belong to the so-called Dupal
anomaly, as defined by Hart (1984) on the basis of the observation
of Dupré and Allegre (1983) that oceanic island basalts (OIBs) of
the southern Indian and Pacific oceans usually show higher
875r/86Sr, lower !43Nd/!44Nd, and higher 207Pb/204Pb and
208pp/204pp ratios for a given 209Pb/204Pb value in comparison
with basalts from the North Atlantic and Pacific oceans. Most
basalts from the Kerguelen Archipelago (Dosso et al., 1979:
Dosso and Murthy, 1980; White and Hofmann, 1982; Storey et
al., 1988; Weis et al., 1989b; Gautier et al., 1990), Kerguelen
Plateau (Davies et al., 1989; Weis et al., 1989a), and Heard Island
(Barling et al., 1988; Storey et al., 1988) have even more enriched
isotopic signatures (i.e., higher 87Sr/%6Sr, lower €ngd, and higher
207pp/204ph and 208pb/204pPb), especially the most differentiated
lavas of the Kerguelen Archipelago (Gautier et al., 1989), which
may constitute the purest composition of the Kerguelen hot spot.
Because the Ninetyeast Ridge lavas plot, on average, in all incom-
patible trace element diagrams and isotope diagrams in a position
intermediate between a typical depleted component (N-MORB)
and a very enriched OIB-type component, which may be the
Kerguelen hot spot, Ninetyeast Ridge may have been formed by
mixing between these two components (Weis et al., 1991). If this
hypothesis is correct, it would help confirm that Ninetyeast Ridge
forms a major portion of the 120-Ma (Leclaire et al., 1987) plume
trace caused by the Kerguelen-Heard Plume.

The main goals of this paper are to establish the isotopic
characteristics of the magmas forming the Ninetyeast Ridge lavas
(i.e., the isotopic characteristics of their mantle sources) and to
compare them with those of the Kerguelen Archipelago and Ker-
guelen Plateau basalts and other Indian Ocean basalts. By study-
ing lavas of different ages along Ninetyeast Ridge, we should be
able to infer not only the source components required but how the
relative proportions of these components changed with time.
Because the data for basalts from the Kerguelen Archipelago
define an extreme isotopic component in diagrams of oceanic
mantle-derived rocks (e.g., White, 1985; Zindler and Hart, 1986),
the study of basalts from Kerguelen and Heard islands, Ninetyeast
Ridge, and the Kerguelen Plateau provides a unique opportunity
to investigate the characteristics (in terms of geochemistry, geog-
raphy, distribution, and origin) and evolution of a very long-lived
mantle plume of unusual composition (=120 Ma; Davies et al.,
1989; Weis et al., 1989a).

SAMPLE SELECTION AND PREPARATION

Samples were carefully selected to obtain the least altered,
representative lavas of the major flow units at each site. The initial
selection was made aboard ship on the basis of thin-section
observation and compositional data obtained by shipboard X-ray-
fluorescence (XRF) analysis. A total of 122 samples was chosen
for study, and 72 samples were analyzed for major and trace
elements (see companion paper of Frey et al., this volume).
Finally, 41 samples (see Table 1) were selected for isotopic
analysis on the basis of major and trace element data, but also to
include the different petrographic units (which resulted in the
selection of 10 samples for Site 756, 13 for Site 757, and 18 for
Site 758).

For Sr and Nd isotopic analyses, the samples were leached in
acid to remove secondary alteration phases. Two processes, dif-
fering essentially in the temperature of the acid, were used. Two
splits of Sample 121-757C-9R-1 (Piece 3, 105-109 cm) were

* Enriched and depleted are used in this paper relative to bulk earth for Sr and
Nd isotopes and relative to the Northern Hemisphere reference line (NHRL; Hart,
1984) for Pb isotopes.



processed, once with warm acid leaching, once with “cold” acid
leaching, and relatively close values for 87Sr/86Sr ratios were
obtained (see Table 3), although a slightly higher value was
obtained with the cold leaching procedure. The initial weights of
the powders varied between 300 and 500 mg. Quartz-distilled 6
N HCI was added to the powder, in a proportion of 1.5 mL for 150
mg. The mixture was put in a Teflon beaker in an ultrasonic bath
for 10 min and left to sit overnight. After another 10 min in the
ultrasonic bath, the beaker was heated to 40°C for about 2 hr. After
heating, the mixture was returned to the ultrasonic bath for 10 min,
and then the powder was allowed to settle for 15 min and the acid
was collected with an Eppendorf-type pipette and stored in a
polypropylene bottle. A new batch of 6 N HCI was added to the
remaining powder and the same cycle, 10 min in the ultrasonic
bath, 2-hr heating to 40°C, and 10 min in the ultrasonic bath, was
repeated until the yellow (Fe) color of the leaching solution was
almost gone. This usually required five to six cycles. For the cold
leaching, the procedure was similar, except that no heating step
was involved. Samples 1 through 11 were treated by a cold acid
leaching and samples 12 through 41 were processed by a warm
acid leaching.

The results of the warm acid leaching (samples 12 through 41),
which were initially selected because the procedure appeared
more efficient in reducing 87Sr/%6Sr related to alteration, were
very surprising in the sense that higher 87Sr/86Sr values were
obtained for the leached samples than for the unleached samples.
To solve that problem, Samples 121-757C-9R-8 (Piece 4A, 54-59
cm) and 121-758A-70R-2 (Piece 7F, 129-133 cm) were processed
through different acid-leaching procedures: a cold leaching (sam-
ples 1 through 11), a mildly warm leaching, a warm leaching
(initial processing for samples 12 through 41), and a leaching
following Mahoney's (1987) procedure (i.e., cold acid leaching
with elimination of the fines by removing the acid immediately
[<3 min] after the ultrasonic bath, resulting in practically no
settling time). The results (Table 2) show clearly that the acid
leaching eliminating the fines is the most efficient procedure for
reducing the 87Sr/30Sr value, that is, for removing the secondary
phases related to seawater alteration. The indicated procedure
(Mahoney, 1987) was applied to samples 12 through 41, and
results are reported in Table 3 and Figure 2. The comparison
between 37Sr/36Sr ratios for leached and unleached samples is also
shown in Figure 2.

After acid leaching, the remaining powder was rinsed with
quartz-distilled water at least 3 times. The final step was centrifu-
gation to separate powder and liquid. The separated powder was
dried on a hot plate several times until a constant weight was
achieved. The difference between this final weight and the start-
ing weight provides the weight percent loss caused by acid leach-
ing (Table 3). The weight loss reflects, in a large part, the
abundance of minerals formed during low-temperature alteration.
Unfortunately, no X-ray-diffraction analysis could be done on the
remaining powder within the time frame for publication of this
manuscript to establish the purity of the material left after acid
leaching.

Finally, the sample was processed following standard chemi-
cal separation procedures (i.e., HF-HCIO4 dissolution and anion
exchange column separation of the different isotopes following
the method described in Weis et al., 1987a). The blanks for the
columns were less than 3 ng Sr, whereas the total blanks for the
whole procedure were less than 6 ng for Sr and less than 2 ng for
Nd. These blanks are negligible relative to the concentrations in
the samples.

The 6 N HCI acid is cold, but the solution heats to about 40° in 10 min in the
ultrasonic bath.

ISOTOPE GEOCHEMISTRY OF NINETYEAST RIDGE BASALTS

For Pb isotopes, experience shows that the leaching process
does not significantly affect the isotopic ratios (see also Fig. 3)
and Sample 121-757C-9R-1, 105-109 cm, which was processed
through warm and cold acid leaching shows comparable Pb iso-
topic ratios within error (see Table 3). In order to speed up the
procedure and, most importantly, to reduce the contamination
during sample treatment, the samples analyzed for Pb were proc-
essed separately without acid leaching in a clean, overpressurized
(>3-mm Hg) laboratory, using reagents purified in a sub-boiling
still. Pb was separated on anion exchange columns in an HBr-HCI
medium, following a method derived from Manhés et al. (1978).
Pb and U concentrations were measured on the same sample
solution (aligquants were split before loading on columns and
spiked with a 235U-206Pb mixed spike). U was separated in a
HNO3 medium. Aliquants were taken from these solutions after
the first passage on the Pb columns in order to measure the Sr and
Nd isotopic compositions of unleached samples.

Sr isotopic composition was measured on double Re filaments
with a Finnigan MAT 260 mass spectrometer. The internal preci-
sion for the 87Sr/86Sr ratios is better than 5 x 1073, The measured
values are normalized to 86Sr/38Sr = 0.1194. Twenty analyses of
the NBS 987 Sr standard made during the same time period as the
analyses of the ODP samples yielded 37Sr/86Sr of 0.71022 + 1
(26m). An idea of the between-run precision is also given by the
replicate analyses reported in Table 3. A few Nd isotopic compo-
sitions were measured on double Re filaments with the same
Finnigan MAT 260 (13 analyses of the nNdp of Wasserburg et al.
[1981] yielded 43Nd/!*4Nd = 0.511910 + 13 and '3Nd/'44Nd =
0.348436 £ 11 [20m]; for comparison, five analyses of BCR-1
yielded *Nd/'#Nd = 0.512682 + 47), but because of the rela-
tively low contents of the leached samples, most of the Nd isotopic
compositions were measured on the VG Sector 54 multicollector
mass spectrometer (29 analyses of the nNdp yielded *3Nd/'*4Nd
=0.511889 + 6 and 4SNd/!44Nd = 0.348417 £ 5 [20m]). As most
of the Nd isotopic data were obtained on the multicollector mass
spectrometer, these latter values for the standard have to be
considered for interlaboratory comparison purposes. In both
cases, Nd was run as a metal, and for each run the 146, 145, 144,
and 143 isotopes were measured with all values normalized to
146Nd/144Nd = 0.7219.

The instrumental neutron activation analysis (INAA) and XRF
data precision of the concentration measurements are discussed
in Frey et al. (this volume).

Pb isotopic compositions and Pb and U concentrations by the
isotope dilution (ID) technique were measured on single Re fila-
ments with a Finnigan MAT 260 mass spectrometer, using the
H3POj4-silica gel technique (e.g., Cameron et al., 1969). All the
results were corrected for mass fractionation (0.13% =+ 0.04% per
AMU) on the basis of 72 analyses of the NBS 981 Pb standard
(Catanzaro et al., 1968) for a temperature range of 1090° to
1200°C. Between-run precision is better than =0.1% for the
206ph/204pp and 207Pb/24Pb ratios and better than =0.15% for the
208pp/204Ph ratios. The Pb and U concentrations are given with a
precision better than 2%. Total blank values for Pb for the whole
chemical procedure were largely less than 1 ng.

ISOTOPIC RESULTS

The isotopic data are reported in Table 3, along with concen-
trations of Rb-Sr, Sm-Nd, and U-Th-Pb and weight percent loss
caused by acid leaching.

Sr and Nd Isotopes

The present-day 87Sr/30Sr ratios for the leached samples show
relatively narrow variations: from 0.70385 to 0.70442 at Site 756,
0.70435 to 0.70560 at Site 757, and 0.70433 to 0.70450 at Site
758. Among the 15 lavas analyzed to date for their Nd isotopic
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Table 1. Selected samples for major, trace element, and isotope analyses, Sites 756, 757, and 758,

Powder isotope
Core, section, chemistry
interval (cm) Unit® number Petrographic type® Comments® Color

121-756C-

10N-1 (Piece 2B, 32-36) F1 ODP 3 Aphyric basalt Bluish gray
121-756D-

4R-1 (Piece 5, 35-39) F1 ODP 1 (WC-Ag) Sparsely plagioclase-pyroxene phyric basalt Brownish gray

4R-1 (Piece 12, 85-89) F2 ODP 7 Aphyric basalt Very small empty vesicles Bluish gray

6R-1 (Piece 2, 6-10) F4 ODP 8 Altered basalt Friable due to alteration Red-brown

6R-2 (Piece 1A, 9-13) F5 ODP 9 Sparsely plagioclase phyric basalt Impact of alteration (bluish basalt) Bluish gray

6R-2 (Piece 1A, 13-17) F5 ODP 10 Sparsely plagioclase phyric basalt Compare with previous sample (brown) Brownish gray

6R-3, 0-8 F5 Ship standard Sparsely plagioclase phyric basalt

TR-1 (Piece 12A, 100-104) F6 ODP 11 Sparsely plagioclase phyric basalt Bluish, greenish gray

TR-3 (Piece 2C, 50-54) F6 (+) Sparsely plagioclase phyric basalt Impact of alteration (bluish basalt) Bluish gray

8R-1 (Piece 3, 20-23) F7 ODP 29 Aphyric basalt Half the piece (short unit); many vesicles Reddish brown

9R-2 (Piece 1, 21-24) F9 + Aphyric basalt Bluish gray

10R-1 (Piece 12, 99-103) Fi12 ODP 30 Aphyric basalt Brown staining along small cracks Bluish gray

10R-3 (Piece 4, 58-63) Fi2 + Aphyric basalt Mative Cu, smectite-filled vesicles Blue

11R-1 (Piece 16A, 102-106) F13 “ Aphyric basalt Dark reddish brown

12R-2, 28-33 F14 Ship standard Aphyric basalt

12R-3 (Piece 4F, 139-143) Fl4 ODP 25 Aphyric basalt Vesicles Bluish gray
121-757C-

9R-1 (Piece 3, 105-109) F2 ODP 4/4 bis Plagioclase-phyric basalt Few vesicles Bluish gray, clear

9R-2, 0-10 F2 Ship standard Plagioclase-phyric basalt

9R-3 (Piece 1A, 6-10) F2 + Plagioclase-phyric basalt No vesicles Blue

9R-4 (Piece 1A, 38-42) F3 + Plagioclase-phyric basalt Vesicles, white and light gray fillings Reddish brown

9R-5 (Piece 1A, 34-38) F4 ODP 26 Plagioclase-phyric basalt Less reddish than previous sample, white vesicles Brown

9R-5 (Piece 2, 70-73) F5 + Plagioclase-phyric basalt Vesicular, top of flow Brown

9R-6 (Piece 1B, 102-105) F5 ODP 23 Plagioclase-phyric basalt Reddish mesostasis, big zeolites, vesicles Bluish

9R-7 (Piece 1B, 78-82) F5 ODP 24 Plagioclase-phyric basalt Contact brown, blue at a veinlet Mixture, brown-blue

9R-8 (Piece 4A, 54-59) F5 ODP 13 Plagioclase-phyric basalt Reddish brown mesostasis, smectites Brown

10R-1 (Piece 1A, 86-90) F6 ODP 31 Plagioclase-phyric basalt Reddish brown mesostasis, few vesicles Bluish

10R-2 (Piece 5A, 66-70) F7 + Highly plagioclase-phyric basalt Many vesicles, pale grayish mesostasis Bluish gray

10R-3 (Piece 1, 2-6) F8 ODP 27 Highly plagioclase-phyric basalt Many vesicles, blue and white fillings Pale bluish

10R-3 (Piece 2C, 83-87) F9 + Highly plagioclase-phyric basalt Compare with previous but lighter mesostasis (altered)  Pale bluish

11R-2 (Piece 1, 10-14) F12 ODP 32 Highly plagioclase-phyric basalt Dirty green mesostasis, many vesicles Gray mesostasis

11R-2 (Piece 4, 51-56) Fl13 ODP 17 Highly plagioclase-phyric basalt Many vesicles, blue fillings, green mesostasis Pale bluish

12R-1 (Piece 2, 100-104) Fi8 ODP 2 (WC-Ag) Moderately plagioclase-phyric basalt Looks fresher Dark bluish gray

12R-1 (Piece 2, 104-110) F18 Ship standard Moderately plagioclase-phyric basalt

12R-2 (Piece 1, 0-5) F18 ODP 14 Moderately plagioclase-phyric basalt Green mesostasis, no vesicles Bluish (plagioclase)

12R-4 (Piece 5, 24-29) F19 ODP 18 Moderately to highly plagioclase-phyric basalt  Very altered, small zeolites, filled vesicles Reddish brown mesostasis
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Powder isotope

Core, section, chemistry
interval (cm) Unit® number Petrographic type® Comments® Color
121-758A-
54R-2, 70-74 F1 ODP 28 Moderately plagioclase-phyric basalt Very fine, dark groundmass
55R-5 (Piece 1D, 82-86) Fl ODP 33 Moderately plagioclase-phyric basalt 5% plagioclase phenocrystals, coarser grained than
next sample—ophitic
56R-1 (Piece 4A, 64-68) F1 ODP 34 Moderately plagioclase-phyric basalt Plagioclase phenocrystals Greenish gray mesostasis
STR-3 (Piece 2, 18-22) F2 + Sparsely plagioclase-phyric basalt Very fine-grained mesostasis, small plagioclase pheno-  Dark dirty green mesostasis
crystals
58R-6 (Piece 1C, 21-25) F2 ODP 5/12 Sparsely plagioclase-phyric basalt
59R-2 (Piece 1A, 58-62) F2 ODP 6 Aphyric basalt Smectites, not too altered Blue gray
60R-1 (Piece 2B, 122-126) F3 ODP 35 Aphyric basalt Much finer grained than next sample Dark greenish gray
60R-3 (Piece 1A, 18-22) F3 (+) Aphyric basalt Smaller clinopyroxene than next 3 samples, subhedral M is greenish gray
to euhedral
61R-5 (Piece 1A, 22-26) F3 + Aphyric basalt Fresh, clinopyroxene 1-2 mm Blue gray (smectites)
62R-1 (Piece 4C, 130-134) F4 ODP 15 Moderately to highly plagioclase-phyric basalt  Big plagioclase phenocrystals, pervasive smectites Green dark
62R-3 (Piece 7B, 80-84) F5 ODP 36 Sparsely plagioclase-phyric basalt Fine grained Dirty green
63R-3 (Piece 1, 114-118) F7 + Aphyric basalt Coarse-grained part, fresh, vesicles Green
65R-1 (Piece 5B, 51-55) F10  ODP 37 Aphyric basalt Fine grained Greenish gray
66R-4, 6-12 Fl1 Ship standard Aphyric basalt Dirty greenish gray
67R-2 (Piece 1B, 92-96) F13 + Aphyric basalt Fine grained Coarser mottled
67R-4 (Piece 1C, 31-35) Fl4 ODP 38 Aphyric basalt Coarse grained Mottled gray green
67R-5 (Piece 2B, 86-90) F15 + Sparsely plagioclase-phyric basalt Plagioclase phenocrystals Mottled bluish green gray
69R-1, 37-43 F17 + Sparsely plagioclase-phyric basalt
69R-3 (Piece 1A, 53-57) F17 ODP 39 Sparsely plagioclase-phyric basalt Plagioclase phenocrystals, fine grained
TOR-1 (Piece 11A, 71-75) Fl8 ODP 19 Aphyric basalt Small vesicles Greenish gray
70R-2 (Piece 7F, 129-133) F19 ODP 20 Aphyric pillow basalt Fine grained, altered Dark green gray
71R-1 (Piece 18, 127-131) F20 ODP 40 Aphyric basalt Fine grained, small vesicles Greenish gray
71R-2 (Piece 13, 136-140) F21 + Aphyric pillow basalt Pillow rim, big vesicles
71R-3 (Piece 3A, 64-68) F22 ODP 16 Aphyric basalt Fine grained Greenish gray
71R-3 (Piece 5D, 140-144) F23 + Aphyric basalt Compare previous sample, some calcite Greenish gray
72R-2 (Piece 1B, 95-99) F24 + Aphyric basalt Compare with next sample, fine grained
72R-4 (Piece 1A, 27-31) F25 + Aphyric basalt Fine grained, few vesicles Greenish
72R-6 (Piece 1, 18-22) F26 + Aphyric basalt Very fine mesostasis
73R-1 (Piece 7D, 82-86) F27 ODP 22 Aphyric to sparsely phyric basalt Plagioclase phenocrystals poor, compare with next
sample, small vesicles
T3R-2 (Piece 1A, 10-14) Aphyric to sparsely phyric basalt Some plagioclase phenocrystals, fine-grained
mesostasis
73R-3 (Piece 4D, 50-54) F28 ODP 41 Pillow breccia Pillow part of the breccia, glassy
73R-4 (Piece 8, 105-109) F29 QODP 21 Aphyric basalt Relatively fine grained Light gray mottled

Various observations, including color, that were useful in sample selection.

2 Defined on board on the basis of macroscopic and thin-section criteria. See Peirce, Weissel, et al. (1989) for a detailed description of the cores.

SLIVSVE 5Oy LSVHALANIN 40 AULSINHHOO0H9 3d0.LOSI



D. WEIS, F. A, FREY

Table 2. Comparison of acid-leaching procedures for two samples.

121-757C-9R-8, 54-59 cm
(ODP 13)

121-758A-T0R-2, 129-130 cm
(ODP 20)

Procedure® 875r/86Sr  Weight loss (%)  %7Sr/86Sr  Weight loss (%)
Unleached 0.70477 + 3 0.70474 + 4
Cold acid leaching 0.70474 + 4 21.93 0.70450 + 2 26.06
Mildly warm acid leaching  0.70480 + 3 36.74 0.70432 + 5 37.61
Warm acid leaching 0.70636 + 3 39.13 0.70514 + 3 34.93
Mahoney’s (1987) leaching  0.70459 + 4 57.63 0.70432 + 3 78.61

Note: The isotopic ratios are given with the 2., (20 on the mean of the measurement). The weight
percent leached is the difference between the powder weight before 6 N HCI acid leaching and
the weight of the remaining powder after acid leaching.

& See text for explanation of the acid-leaching procedures.

composition, present-day “3Nd/'#Nd ratios vary between
0.51291 and 0.51285 (end = 5.3 to 4.1) at Site 756, 0.51283 and
0.51276 (ena = 3.7 to 2.3) at Site 757, and 0.51291 and 0.51277
(end = 5.3 to 2.5) at Site 758. In an Nd-Sr isotope diagram (Fig.
4), these data plot within the so-called mantle-array, although
there is some scatter toward higher 87Sr/86Sr values, perhaps
because all alteration phases were not removed during acid leach-
ing or because these samples were not age corrected. Indeed, no
ID concentrations on leached samples are available to allow
correction for in-situ decay for 87Rb and '*7Sm. Assuming a
comparable 37Rb/36Sr range of values for the leached and un-
leached samples (0 to 0.467), the corresponding maximum cor-
rections for 38, 58, and 88 Ma are, respectively, 0.00025, 0.00038,
and 0.00058 for the 87Sr/36Sr ratios, which is significant; how-
ever, these corrections would not remove the variability of the
87Sr/86Sr ratios. The correction factors are much smaller for Nd
because of the longer half-life of 47Sm in comparison with that
of 87Rb (1.53 x 10!! yr and 7.04 x 10'° yr). On the other hand,
Rb is strongly affected by alteration (Frey et al., this volume), and
such corrections are probably meaningless anyway.

Figures 2 and 3 report the weight percent leached vs. different
parameters. The purpose of these figures is to show that there is
no distinct correlation between alteration degree and Sr isotopic
ratios for the leached samples, except for the highest values of the
87Sr/868r ratios. This is especially true at Site 757 (Figs. 2B and
3). The extent of leachable alteration is clearly less in lavas from
Site 756 relative to those from the other Leg 121 sites (Figs. 2 and
3), with weight percent loss by leaching varying from 18.4% to
27.7%. Site 756 lavas show no systematic variation of 387Sr/868¢
vs. depth, although there may be a slight increase in alteration
(Fig. 2A). The mean value of 10 leached samples for #78r/36Sr is
0.70399 + 12. The Site 757 lavas (Fig. 2B) are much more
scattered in 87Sr/86Sr ratios. They are also more highly altered,
which is shown well by the weight percent loss after acid leaching
(32.4% to 61.9%), water contents (H20* and H207), and
Fe203/FeO ratios (see companion paper of Frey et al., this vol-
ume). There is no systematic increase of alteration with depth at
Site 757. The mean of ecight leached samples for 87Sr/80Sr is
0.70457 £ 9 (excluding Samples 121-757C-10R-3 [Piece 1, 2-6
cm] and 121-757C-11R-2 [Piece 4, 51-56 cm] with distinctly
higher 87Sr/86Sr ratios). Two 87Sr/36Sr values on Core 121-757C-
12R give 0.70446. Site 758 lavas are also relatively altered with
weight losses after acid leaching varying from 30.3% to 46.6%.
Surprisingly, the 87Sr/86Sr ratios of leached lavas from Site 758
are very well grouped with a mean value of 18 samples of 0.70438
+ 4, which is also slightly lower than for lavas from Site 757.

Despite some slight problems related to the effect of alteration
on the 87Sr/%6Sr ratios, the three sites appear to have distinct
ranges of values. Certainly, most of the Site 756 lavas have
distinctly lower ratios than those of the lavas from Sites 757 and
758, which show only partial overlap. Site 757 may have slightly
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higher 37Sr/36Sr values than those of the Site 758 lavas. The Nd-Sr
isotoge diagram (Fig. 4) well reflects these differences in
875r/%6Sr and !43Nd/'*4Nd ratios among the three Ninetyeast
Ridge sites sampled during Leg 121; indeed, Site 758 lavas plot
between the Site 756 and Site 757 lavas, and the latter has higher
87S1/86Sr and lower eng values.

Pb Isotopes

The present-day Pb isotopic ratios at Site 756 vary between
18.672 and 18.817 (relative deviation, A = 0.78%), 15.548 and
15.587 (A = 0.25%), and 38.93 and 39.02 (A = 0.23%) for the
206pp/204pp, 207pp/204ph, and 208Pb/204Pb ratios, respectively. At
Site 757, the corresponding ranges are 18.621 and 19.111 (A =
2.6%) (or 18.901 [A = 1.5%], excluding Sample 121-757C-9R-6
[Piece 1B, 102105 cm], which has distinctly higher 206Pb/204pp
and 207pb/204Pb isotopic ratios than any of the other Leg 121
lavas), 15.569 and 15.656 (A = 0.56%) (or 15.617 [A = 0.31%]),
and 38.92 and 39.08 (A = 0.41%). At Site 758, the ranges are
18.325 and 18.774 (A = 2.4%), 15.548 and 15.605 (A = 0.37%),
and 38.54 and 39.04 (A =1.3%). These ranges are not significantly
changed by a maximum correction® for in-situ decay of U and Th
for 38 Ma at Site 756, 58 Ma at Site 757, and 88 Ma at Site 758,
although the larger spread in (298pb/204Pb); than in measured
ratios at all three sites may reflect inaccurate Th data at levels <0.5
ppm (Frey et al., this volume). Nevertheless, despite the error
added to the isotopic ratios by the uncertainty of the concentration
(2% maximum on the ID determination), each site shows a com-
parable (296Pb/204Pb); and (207Pb/204Pb); and a well-grouped
range of values (inset of Fig. 5). These are 18.565 to 18.711 (A=
0.79%), 15.545 to 15.583 (A = 0.24%), and 38.46 to 39.02 (A =
1.5%) for the Site 756 basalts; 18.353 to 18.935 (A = 3.2%) (or
18.640 [A = 1.6%], excluding Sample 121-757C-9R-6 [Piece 1B,
102-105 e¢m]), 15.559 to 15.648 (A = 0.57%) (or 15.604 [A =
0.29%]), and 38.28 to 38.98 (A = 1.8%) (or 38.91 [A = 1.6%]) for
the Site 757 basalts; and 18.155 to 18.524 (A = 2.0%), 15.541 to
15.598 (A = 0.37%), and 38.12 to 38.85 (A = 1.9%) for the Site
758 basalts.

On the basis of the initial Pb ratios vs. weight percent loss by
acid leaching on the companion aliquants of the same samples
(Fig 3.) as an indication of the degree of leachable alteration of
the lavas, it appears that leachable alteration has no consistent
major effect on Pb isotopic ratios. Figure 3 also shows the scatter
in data for the three Ninetyeast Ridge sites. Site 756 shows the
smallest range of Pb isotopic ratios among the three sites. The
206ph/204pp and 207Pb/2%Pb ratios for Site 758 are closely
grouped as well, especially in consideration that the samples
represent a much thicker hole: =180 m of basalts cored, in com-

© Assuming any seawater U was added to the rock soon after eruption (MacDou-
gall, 1977).
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for unleached samples. A. Site 756. B. Site 757. C. Site 758.

parison with =80 m at Site 756 and =35 m at Site 757 (Fig. 6). The
Site 757 lavas are much more heterogeneous. This observation is
valid even with the exclusion of Sample 121-757C-9R-6 (Piece
1B, 102-105 cm), which has very distinct Pb isotopic ratios that
are much more radiogenic than any other values measured on the
Ninetyeast Ridge lavas (data from this paper and previous meas-
urements; Dupré and Allégre, 1983; Hart, 1988). According to our
shipboard classification, this sample is one of three samples
studied for isotopes from flow Unit 757C-FS5. If we consider these
samples to be from the same flow, then we have an isotopically
heterogeneous flow. One has to define the reason for this hetero-
geneity. Could it be an alteration effect? The sample is described
as having areddish mesostasis and big vesicles filled with zeolites

and geochemically, it is distinctly different with a very high Rb
content, the lowest K/Rb, and a high Cs content (Frey et al., this
volume), which may reflect the presence of a clay. In the inset of
Figure 5, Pb isotopic data for ocean crust vein minerals from
DSDP Site 261 (Hart and Staudigel, 1986) are reported to docu-
ment the effect of alteration on Pb isotopes; clearly, an alteration
process similar to the one responsible for the formation of the Site
261 secondary minerals would not account for the distinct Pb
isotopic ratios of Sample 121-757C-9R-6 (Piece 1B, 102-105
cm). On the other hand, the possibility that the sample may come
from a different flow needs to be checked carefully and will be
reconsidered when additional data covering more of Ninetyeast
Ridge are available, although the hypothesis would not account
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Figure 3. Isotopic ratios (87Sr/86Sr of leached samples and age-corrected Pb ratios of unleached samples) vs. weight percent loss by acid
leaching on splits analyzed for Sr and Nd isotopic composition. Pb ratios were corrected for in-sifu U and Th decay by 38 (Site 756), 58

(Site 757), and 88 Ma (Site 758).

for the sample being so out of range in Pb isotopic ratios from all
other Site 757 lavas. This sample will not be discussed further in
this paper.

Comparison of Figures 6A, 6B, and 6C together with Figure 5
clearly indicates an evolution of the Pb isotopic ratios between
the different Ninetyeast Ridge sites: the Pb isotopic ratios become
more radiogenic, on average, toward the south (i.e., the Site 756
lavas have more radiogenic Pb ratios than the Site 757 lavas,
which have more radiogenic Pb ratios than those at Site 758). This
observation is mainly valid for 206Pb/204Pb and 208Pb/204ph, as
the half-life of 235U is too short to generate any significant
variation on these time scales (given the U/Pb ratios of these
lavas). It is important to note here that the evolution of the Pb
ratios with time would be strengthened if the true age correction
could be applied to the individual samples. Indeed, we have no
indication, thus far, of the real age of the samples from the bottom
of the holes, but, obviously, they are older than the ones from the
top, and the real correction for in-situ decay of U and Th (and also
Rb and Sm) is larger than that applied, which would increase these
trends, providing that the measured abundances (in ppm) are the
proper ones for correction. On the other hand, the 206pb/204ph
correction is almost certainly a maximum because U has probably
increased in most of the rocks with progressive alteration (Mac-
Dougall, 1977).
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The three samples from Core 121-757C-12R that are very
distinctive in major and trace element contents (see companion
paper of Frey et al., this volume) also have slightly distinct Pb
isotopic ratios relative to the rest of the Hole 757C lavas, with less
radiogenic values calculated at 58 Ma (Fig. 6): (20Pb/204pb); =
18.353-18.419, (297Pb/2%4Pb); = 15.559-15.567, and (298Pb/
204pp); = 38.28-38.69. They are also more enriched in large-ion
lithophile elements and have higher Th and U contents (Table 3).

DISCUSSION: COMPARISON WITH THE
KERGUELEN-HEARD HOT SPOT AND OTHER
INDIAN OCEAN FEATURES

The isotopic measurements confirm previous inferences based
on shipboard major and trace element XRF analyses (Leg 121
Scientific Party, 1988; Leg 121 Shipboard Scientific Party, 1988;
Weis et al., in press) and previous work on DSDP samples from
Ninetyeast Ridge (Frey et al., 1977). The Ninetyeast Ridge lavas
are tholeiitic basalts, but compositionally and isotopically they
are not similar to MORBs but are similar to OIBs. Indeed, in the
Nd-Sr isotope diagram (Fig. 4), several of the Ninetyeast Ridge
lavas plot in the upper left-hand field, with slightly positive end
values, between the Foch Island tholeiites (White and Hofmann,
1982; W. M. White, pers. comm., 1985) and the transitional
basalts (Gautier et al., in press) of the Kerguelen Archipelago. The



Site 756 data also plot close to the two data points obtained for
lavas from St. Paul Island (Michard et al., 1986; Dosso et al.,
1988), which is located near the Southeast Indian Ridge axis. The
Leg 121 data points lie in a position intermediate between data
for Indian Ocean spreading-ridge basalts (Le Roex et al., 1983;
Hamelin and Allégre, 1985; Hamelin et al., 1985/1986; Michard
et al., 1986; Price et al., 1986; Dosso et al., 1988) and a very
enriched OIB-type component (i.e., very low eng and high
8781/86Sr values), with characteristics entirely comparable to the
most differentiated lavas from the Kerguelen Archipelago (D.
Weis, unpubl. data).

The isotopic evolution of the Kerguelen Archipelago basalts
ranges from slightly depleted values (end < 0 and 87Sr/86Sr <
0.705) in the 40- to 26-Ma-old transitional basalts to more en-
riched values (eng << 0 and 37Sr/36Sr >> 0.705) in the younger,
26- to 0-Ma-old highly alkaline series and differentiated lavas
(Nougier et al., 1983; Gautier et al., 1989). A model developed to
account for this geochemical evolution (Weis et al., 1989b; Gaut-
ier et al., in press) invokes mixing between two mantle compo-
nents: a depleted, high-eng¢ MORB component, like that erupted
today on the Southeast Indian Ridge (e.g., Dosso et al., 1988), and
a very enriched, low-eng component that is represented by the
young differentiated lavas present on the Kerguelen Archipelago,
the phonolites and phonolitic tephrites of the southeast province
(Gautier et al., 1989). The relative proportions of these two end
members have evolved with time, reflecting the tectonic setting
of the archipelago. When the islands first formed, =40 Ma ago
(Nougier et al., 1983), they were above or close to the spreading-
ridge axis. Therefore, the MORB component had greater impor-
tance in the mixing, which led to tholeiitic-transitional
magmatism. As the spreading axis migrated away from the is-
lands, the influence of the MORB component decreased, until
finally disappearing in the young, most differentiated lavas,
which reflect dominantly the Kerguelen hot spot. In this model,
the Foch Island tholeiites represent an early stage of the Kerguelen
Archipelago evolution. Their eruption was followed very quickly
by those of the transitional magmatism. In the Nd-Sr isotope
diagram (Fig. 4), the position of most of the Ninetyeast Ridge
lavas is intermediate between those of the Foch Island tholeiites
and the transitional basalts. Thus, the isotopic data are consistent
with a mixing model between a depleted MORB-type component
and a very enriched OIB-type component, as also suggested on
the basis of the trace element characteristics of the Leg 121 lavas
(Leg 121 Scientific Party, 1988; Weis et al., in press).

The question now is how to use the Leg 121 lavas to define
with greater precision the different components that have been
involved in the mixing process and how the relative mixing
proportions have varied with time.

Our interpretations mainly emphasize Pb isotopic data because
these data are available for the whole sample series of Leg 121.
In addition, Pb isotopes are a good tracer of the Dupal anomaly.

In Figure 5, the Pb isotopic data for the Ninetyeast Ridge lavas
are compared with data obtained thus far for samples from the
Kerguelen Archipelago. The data range for the Kerguelen samples
is relatively large and is entirely overlapped by data for the Heard
volcanic rocks (Barling et al., 1988; Storey et al., 1988; S. L.
Goldstein, pers. comm., 1989). Data for the lavas from the south-
east province of the Kerguelen Archipelago (D. Weis, unpubl.
data) show an isotopic evolution from basalts and trachytes,
which have Pb, Sr, and Nd isotopic ratios overlapping those of the
mildly alkaline basalts sensu stricto (37Sr/86Sr = 0.705 and €ng <
0) of the archipelago, toward the distinctly more enriched values
for the phonolites and tephritic phonolites, with 87Sr/86Sr up to
0.708 and eng down to —=3. Contrary to the basaltic series, which
have nearly uniform Pb isotopic ratios (Weis et al., 1989a, 1989b),
these southeast province volcanic rocks show an evolution in their
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Pb isotopic ratios. Specifically, the phonolites and phonolitic
tephrites have distinctly less radiogenic 206Pb/2%Pb and, to a
lesser extent, 208Pb/204Pb ratios than the basalts (Fig. 5). In Figure
7, especially for 208Pb/204Pb vs. 206pp/204Ph (Fig. 7B), these
young differentiated Kerguelen samples plot distinctly to the left
of the trend defined by the Indian Ocean MORBs and other Indian
OIBs. This geochemical trend is also temporal, as the basalts and
trachytes are 23-25 Ma old whereas the most differentiated lavas
are 6-10 Ma old. The five dredged basalts from the Kerguelen
Plateau, although entirely similar in their range of Nd-Sr isotopic
values (Davies et al., 1989; Weis et al., 1989a), extend the Archi-
pelago values toward less radiogenic Pb ratios, as confirmed by
the recent measurement of Leg 120 basalts (V. Salters, pers.
comm., 1989). The compositions of the late differentiated lavas,
which are the most extreme in Sr and Nd isotopic values and with
even stronger Dupal anomaly characteristics in their Pb ratios
(i.e., higher 207Pb/204Ph and 208Pb/204Pb for a given 206Pb/2%4Pb
ratio in comparison with the Northern Hemisphere reference line
[NHRL] of Hart [1984]), can be considered as the purest repre-
sentatives of those of the Kerguelen hot spot, without any detect-
able depleted-component influence.

In a Pb-Pb diagram (Figs. 5 and 7), the age-corrected Nine-
tyeast Ridge data plot within the field for the Kerguelen Archi-
pelago and show a smaller range of variation. Thus, like the
Kerguelen Archipelago, the Ninetyeast Ridge lavas have a typical
Dupal anomaly signature (Dupré and Allégre, 1983; Hart, 1984).
In more detail, the Site 758 lavas have Pb isotopic ratios interme-
diate between those of the pure Kerguelen hot spot and the Foch
Island tholeiites. In contrast, the Site 756 lavas are at the limit of
the Kerguelen Archipelago field—not the hot-spot field per se—
with slightly more radiogenic 206Pb/204Pb values, pointing toward
the radiogenic extremity of the Indian Ocean MORB trend, to the
field defined by lavas from St. Paul Island (Fig. 7). This is even
more striking in a 37Sr/86Sr vs, 206pp/204pPh diagram (Fig. 8A),
where the Kerguelen data field shows a broad negative trend (with
a —1 slope) extending from the field defined by the late differen-
tiated lavas (i.e., the Kerguelen hot spot per se) to the few data
points obtained for St. Paul Island (Dupré and Allégre, 1983;
Michard et al., 1986; Dosso et al., 1988) and, to a lesser extent,
Amsterdam Island (Dupré and Allegre, 1983; Hamelin et al.,
1985/1986). Interestingly, the basalts from the Kerguelen Plateau
(dredged samples of Weis et al., 1989a; Leg 120 samples of V.
Salters, pers. comm., 1989) follow the same trend although they
extend it toward much lower 206Pb/204Ph values. Comparable
observations can be made in a '*3Nd/!%Nd vs. 206Pb/204Pp dia-
gram (Fig. 8B), considering in this case that the Kerguelen Archi-
pelago data field shows a broad positive trend. In both Figures 8A
and 8B, excepting the Site 757 lavas with high 87Sr/36Sr ratios,
the Ninetyeast Ridge lavas, including the little previously pub-
lished data for the DSDP samples (Dupré and Allégre, 1983),
follow the same trend. More specifically, data for the lavas from
Sites 757 and 758 plot within the Kerguelen Archipelago field
whereas those for the Site 756 lavas extend the field toward lower
875r/86Sr and higher 14>Nd/!#4Nd values and plot near the field of
St. Paul Island.

Trace element vs. isotopic ratio diagrams show comparable
types of relationships, although the correlation between isotopic
ratios and an incompatible element ratio, such as (La/Sm)p, is
complex. In a (La/Sm)n vs. 87Sr/86Sr diagram (Fig. 9A), the
Ninetyeast Ridge lavas with the lowest 87Sr/%6Sr ratios plot on
what can be interpreted as a mixing hyperbola between the South-
east Indian Ridge basalts (Dosso et al., 1988) and the Kerguelen
hot spot, at the same (La/Sm), level as the St. Paul Island lavas.
However, in detail (as in Fig. 8), the lavas from Site 756 generally
are close to the field of the St. Paul lavas and similar source
components can be inferred. In a (La/Sm)y vs. 206Pb/204Ph dia-
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Table 3. Sr, Pb, and Nd isotopic compositions and Rb, Sr, Nd, Sm, U, Th, and Pb concentrations for the Ninetyeast Ridge lavas from Sites 756, 757,

and 758.
87g; /865y
Weight
Core, section, Chemistry Rb Sr 8TRb/ percent
interval (cm) Unit Petrographic type number (ppm)  (ppm) 865y (unleached) 20, (leached) (leached)
121-756C-
10N-1, 32-36 Fl Aphyric basalt ODP 3 6.5 188 20.36 0.70426
121-756D-
4R-1, 35-39 F1 Sparsely plagioclase-pyroxene phyric basalt ODP 1 10 195 18.44 0.70396
4R-1, 85-89 F2 Aphyric basalt oDP 7 15 181 23.10 0.70389
6R-1, 6-10 F4 Altered basalt ODP 8 19 166 20.33 0.70385
6R-2, 9-13 F5 Sparsely plagioclase phyric basalt ODP 9 13 171 0.5584 0.70396 3 22.30 0.70393
18.64
6R-2, 13-17 F5 Sparsely plagioclase phyric basalt ODP 10 1.1 174 22.53 0.70389
TR-1, 100-104 Fé Sparsely plagioclase phyric basalt ODP 11 2.9 200 26,30 0.70395
BR-1, 20-23 F7 Aphyric basalt ODP 29 13 153 0.2459 0.70470 2 27.68 0.70438
0.70440
0.70442
10R-1, 99-103 Fi12 Aphyric basalt ODP 30 16 156 0.2968 0.70399 1 26.35 0.70394
12R-3, 139-143  Fl14  Aphyric basalt QDP 25 1.9 163 0.0337 0.70396 1 24,29 0.70382
121-757C-
9R-1, 105-109 F2 Plagioclase-phyric basalt ODF 4 1.4 176 36.84 0.70435
F2 Plagioclase-phyric basalt ODP 4" 1.4 176 37.20 0.70446
9R-5, 34-38 F4 Plagioclase-phyric basalt ODP 26 11 313 0.1017 0.70520 3 46.37 0.70466
9R-6, 102-105 F5 Plagioclase-phyric basalt ODP 23 35 215 0.4711 0.70505 3 45.69 0.70465
0.70506 4
9R-7, 78-82 FS Plagioclase-phyric basalt ODP 24 18 181 0.2878 0.70457 2 36.71 0.70447
9R-8, 54-59 FS Plagioclase-phyric basalt ODP 13 22 184 0.346 0.70477 3 37.75 0.70459
10R-1, 86-90 F6 Plagioclase-phyric basalt ODP 31 17 247 0.1992 0.70508 1 44.05 0.70467
10R-3, 2-6 F8 Highly plagioclase-phyric basalt ODP 27 17 559 0.088 0.70552 3 61.91 0.70560
11R-2, 10-14 F12 Highly plagioclase-phyric basalt ODP 32 19 324 0.1697 0.70540 2 37.42 0.70469
11R-2, 51-56 F13 Highly plagioclase-phyric basalt ODP 17 20 292 0.1982 0.70557 4 39.13 0.70541
12R-1, 100-104 Fi8 Moderately plagioclase-phyric basalt ODP 2 7.8 164 32.37 0.70443
12R-2, 0-5 F18  Moderately plagioclase-phyric basalt ODP 14 20 160 0.3617 0.70460 5 40.37 0.70449
12R-4, 24-29 F19 Moderately to highly plagioclase-phyric ODP 18 14 150 0.2701 0.70514 5 38.50 0.70481
0.70515 3 39.84
121-758A-
54R-2, 73-76 F1 Moderately plagioclase-phyric basalt ODP 28 0.9 148 0.0176 0.70488 3 46.59 0.70443
55R-5, 82-86 Fl1 Moderately plagioclase-phyric basalt ODP 33 0.4 122 0.0095 0.70469 2 30.33 0.70438
S6R-1, 64-68 F1 Moderately plagioclase-phyric basalt ODP 34 1.4 127 0.0319 0.70467 3 .47 0.70448
58R-6, 21-25 F2 Sparsely plagioclase phyric basalt ODP 5 1.1 143 46.63 0.70442
58R-6, 21-25 F2 Sparsely plagioclase phyric basalt ODP 12 1.1 143 0.0223 0.70493 3 38.02
59R-2, 58-62 F2 Aphyric basalt ODP 6 2.2 127 35.90 0.70433
60R-1, 122-126 F3 Aphyric basalt ODP 35 0.6 131 0.0133 0.70500 3 34.70 0.70447
62R-1, 130-134  F4 Moderately 1o highly plagioclase-phyric ODP 15 0.9 139 0.0187 0.70474 3 35.06 0.70450
62R-3, B0-B4 F5 Sparsely plagioclase phyric basalt ODP 36 0.7 157 0.0129 0.70503 2 34.55 0.70447
65R-1, 51-55 F10  Aphyric basalt ODP 37 0.4 157 0.0074 0.70491 2 41.10 0.70443
67R-4, 31-35 F14 Aphyric basalt ODP 38 0.2 144 0.004 0.70486 2 38.33 0.70445
69R-3, 53-57 F17  Sparsely plagioclase phyric basalt ODP 39 0.7 114 0.0178 0.70479 3 37.35 0.70443
70R-1, 71-75 F18 Aphyric basalt ODP 19 0.1 140 0.0021 0.70482 2 38.87 0.70432
0.70484 2
TOR-2, 129-130 F19 Aphyric pillow basalt ODP 20 0.5 125 0.0116 0.70474 4 34.93 0.70432
TIR-1, 127-131 F20 Aphyric basah ODP 40 0.8 130 0.0178 0.70479 6 39.67 0.70423
0.70481 3
7IR-3, 64-68 F22 Aphyric basalt ODP 16 0.1 122 0.0024 0.70436 4 33.24 0.70430
73R-1, 82-86 F27  Aphyric to sparsely plagioclase-phyric ODP 22 0 121 0 0.70470 3 39.00 0.70428
73R-3, 50-54 F28 Pillow breccia ODP 41 0.4 115 0.0101 0.70475 ag 36.00 0.70425
0.0101 0.70483 2
73R-4, 105-109 F29 Aphyric basalt ODP 21 1.5 113 0.0384 0.70469 2 30.68 0.70431

gram (Fig. 9B), data from Site 757 lie between those for the
Kerguelen Archipelago transitional basalts and St. Paul Island
lavas, and the results from Site 758 lie between those from the
Southeast Indian Ridge and St. Paul Island, but in the (La/Sm)y
vs. 87Sr/86Sr diagram (Fig. 9A), they extend to high 87Sr/86Sr
values, distinctly beyond the trend connecting the Southeast In-
dian Ridge and St. Paul fields. In fact, as discussed by Frey et al.

(this volume), the lavas from Sites 757 and 758 have distinctly
different incompatible trace element contents and ratios, which
accounts for these sites not forming a single continuous mixing
trend in La/Sm vs. isotopic ratios plots.

On the basis of the data we have thus far, the Site 756 lavas
could have a comparable mode of formation to those of St. Paul
Island. They result from mixing between a MORB component, the
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Table 3 (continued).
87 143 144
IS s _‘ONartNg U T 75r 865y
200, (ppm)  (ppm) 20, éng  (ppm)  (ppm) (ppm) Wopy, 204py,  207pp204py,  208py, 204py (initial)
Site 756—38 Ma
3 4.7 17.1 0.51291 2 53 059 0.0 1.26 18.672 15.577 39.02
2 4.8 16.4 1.17 18.705 15.548 38.93
3 5.1 16.8 0.56  0.10 1.33 18.682 15.548 38.95
1 5.4 18.7 0.40  0.08 1.7 18.673 15.553 38.99
5 4.0 12.9 0.41 0.09 0.7 18.696 15.560 39.04 0.70366
2 4.2 14.0 037 009 0.7 18.710 15.556 39.03
1 4.7 16.8 0.51291 353 080 038 1.0 18.745 15.567 39.05
2 1.9 14.6 0.93 022  0.88 18.735 15.587 39.21 0.70457
4
4
3 18 13.5 0.86 024  0.66 18.817 15.583 39.02 0.70383
2 4.2 13.4 0.51285 3 41 079 017 068 18.702 15.565 38.96 0.70394
Site 757—58 Ma
6 1.6 5.7 0.51282 6 36 014 004 033 18.717 15.598 38.99
4 0.15  0.07 18.738 15.617 39.03
2 1.4 5.2 037 013 0.24 18.809 15.592 38.96 0.70512
2 1.7 4.6 0.53 016  0.28 19.111 15.656 39.08 0.70466
2 1.5 5.3 bo.51279 329 038 015 0.43 18.828 15.606 38.98 0.70433
4 1.4 5.1 b0.51279 4 29 034 0N 0.24 18.767 15.604 38.96 0.70448
3 1.1 4.0 028 0.1 0.09 18.820 15.614 38.97 0.70492
2 1.6 5.9 029 013 025 18.901 15.611 39.00 0.70545
3 1.8 6.1 0.51281 2 33 049 0.9 035 18.715 15,593 38.98 0.70526
4 1.7 6.0 046 0.8  0.34 18.684 15.596 38.94 0.70541
2 3.8 14.4 037  0.30 1.53 18.825 15,584 39.07
1 3.7 14.3 079 045 1.48 18.732 15.583 39.05 0.70430
2 1.3 16.0 0.51276 | 23 135 047 1.89 18.621 15.569 38.92 0.70492
bp.51283 3 37
Site 758—88 Ma
3 2.1 6.3 bp.51288 3 48 055 0.11 0.28 18.627 15.582 38.79 0.70486
1 1.8 4.7 0.13  0.07 18.738 15.572 38.89 0.70468
3 2.1 5.0 5051289 1 49 0.1 0.08 18.707 15.590 38.84 0.70463
2 4.2 14.2 0.51291 3153 053 009 073 18.325 15,588 38.65
4.2 14.2 0.51282 1 35 097 017 073 18.564 15.605 38.74 0.70490
bo.s1284 4 40
5 2.4 7.6 020 004 029 18.329 15.573 38.54
3 2.6 9.0 032 014 043 18.752 15.578 39.04 0.70498
4 1.7 5.5 0.56 008 023 18.650 15.588 38.82 0.70472
4 3.4 10.9 0.51 020  0.27 18.729 15.602 39.00 0.70501
5 2.6 9.0 030 002 033 18.749 15.590 39.03 0.70490
3 2.7 10.4 bo.51287 1 44 075  0.13 0.19 18.505 15,548 38.76 0.70485
3 2.4 8.3 0.21 0.10  0.28 18.774 15.585 38.98 0.70477
4 2.3 8.3 0.41 0.12 0.2 18.622 15.603 38.98 0.70482
0.22 18.629 15.588 38.95
3 2.2 7.8 0.51277 525 033 012 025 18.576 15.588 38.87 0.70473
4 2.1 7.9 030 0.1 0.27 18.635 15.570 38.88 0.70477
2 2.3 7.3 037 0.1 0.33 18.504 15.561 38.81 0.70436
3 2.3 7.0 0.51283 1 .8 043 0.1 0.41 18.606 15.576 38.85 0.70470
b0.51285 1 4.2
2 2.4 8.8 034 0.1 0.35 18.547 15,588 38.88 0.70474
0.70482
1 2.5 8.3 1.46  0.11 0.26 18.503 15.586 38.79 0.70464

Kerguelen hot spot, although in a distinctly lower proportion than
for the lavas at Sites 757 and 758, and another Indian Ocean
mantle source, which could be another plume, a St. Paul (or
Amsterdam) plume. Clearly, two-component mixing is not satis-
factory to account for the variations observed in the Ninetyeast
Ridge lavas, which is not too surprising in view of the relatively
complicated setting in which they were generated.

NINETYEAST RIDGE ORIGIN AND THE DUPAL
ANOMALY

The isotopic data presented in this paper indicate that the
Ninetyeast Ridge lavas derive from mixing between at least three
components: a depleted MORB-like component, a Kerguelen hot
spot-type component, and a component comparable to that sam-
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Table 3 (continued).

Core, section,
interval cm)  (2%pb/2%pb),  (27Pb/2*pb);  (%8pb/Mpb),  BBuA My upy B2mn/2Mpp Theu

121-756C-
10N-1, 32-36 18.608 15.574 38.75 10.88 0.0789 141.64 12.60
121-756D-
4R-1, 35-39
4R-1, 85-89 18.614 15.545 38.65 11.45 0.0830 157.32 13.30
6R-1, 6-10 18.597 15.550 38.46 12.83 0.0930 281.66 21.25
6R-2, 9-13 18.613 15.556 38.83 14.09 0.1022 114.90 7.89
6R-2, 13-17 18.618 15.552 38.79 15.62 0.1133 125.52 7.78
TR-1, 100-104 18.565 15.559 38.89 30.52 0.2214 83.83 2.66
8R-1, 20-23 18.645 15.583 39.09 15.24 0.1105 62.98 4.00
10R-1, 99-103 18.711 15.578 38.92 17.95 0.1302 51.00 2.75
12R-3, 139-143 18.620 15.561 38.85 13.80 0.1001 57.06 4.00
121-757C-
9R-1, 105-109 18.551 15.590 38.54 18.35 0.1331 156.40 8.25
18.467 15.604 30.00 0.2176
9R-5, 34-38 18.605 15.582 38.84 22.58 0.1638 43.07 1.85
9R-6, 102-105 18.935 15.648 38.98 19.53 0.1416 35.31 1.75
9R-7, 78-82 18.599 15.595 38.76 25.39 0.1841 75.20 2.87
9R-8, 54-59 18.579 15.595 38.83 20.78 0.1507 46.85 2,18
10R-1, 86-90 18.592 15.603 B9 25.26 0.1832 21.36 0.82
10R-3, 2-6 18.640 15.599 38.83 28.86 0.2093 57.36 1.92
11R-2, 10-14 18.490 15.582 38.84 24.89 0.1805 47.38 1.84
11R-2, 51-56 18.457 15.585 38.80 25.10 0.1820 48.99 1.89
12R-1, 100-104 18.353 15.562 38.28 52.19 0.3785 275.03 5.10
12R-2, 0-5 18.401 15.567 38.69 36.61 0.2655 124.41 3.29
12R-4, 24-29 18.419 15.559 38.65 22.30 0.1617 92.65 4.02
121-758A-
54R-2, 73-76 18.451 15.574 38.64 12.79 0.0928 33.64 2.55
55R-5, 82-86 18.263 15.549 34.53 0.2504
S6R-1, 64-68 18.372 15.574 24.41 0.1770
58R-6, 21-25 18.177 15.581 38.26 10.80 0.0783 90.49 8.11
58R-6, 21-25 18.410 15.598 38.52 11.19 0.08]12 49.67 4.29
59R-2, 58-62 18.155 15.565 38.12 12.69 0.0921 95.09 7.25
60R-1, 122-126 18.366 15.560 38.65 28.12 0.2039 89.24 3.07
62R-1, 130-134 18.524 15.582 38.70 9.14 0.0663 27.16 2.88
62R-3, B0-84 18.383 15.585 38.85 25.19 0.1827 35.14 1.35
65R-1, 51-55 18.396 15.573 38.71 25.71 0.1865 73.05 2.75
67R-4, 31-35 18.353 15.541 38.69 11.06 0.0802 16.70 1.46
69R-3, 53-57 18.354 15.565 38.59 30.59 0.2219 B8.51 2.80
70R-1, 71-75 18.364 15.591 38.82 18.77 0.1361 35.56 1.83
T0R-2, 129-130 18.256 15.573 38.65 23.27 0.1687 50.08 2.08
71R-1, 127-131 18.312 15.555 38.62 23.48 0.1703 59.54 2.45
71R-3, 64-68 18.243 15.549 38.55 18.98 0.1377 58.84 3.00
73R-1, 82-86 18.381 15.565 38.58 16.37 0.1187 63.04 173
73R-3, 50-54 18.263 15.574 38.58 20.69 0.1501 68.04 3.18
73R-4, 105-109 18.437 15.583 38.74 4.81 0.0349 11.75 2.36

Note: Rb, Sr: XRF; Sm, Th: INAA; Pb, U: ID. The weight percent leached is the difference between the weight of the powder before 6 N HCI acid leaching and that of the

remaining powder after acid leaching. For Sr and Nd isotopic composition, the measured ratios are given with the 2o, (20 on the mean of the measurement), whereas
for Pb, the 2o precision is <0.1% for 206pp /204y and 207ph/20ph and <0.15% for 298Pb/2%ph. Measured ratios are normalized to %65r/3%sr = 0.1194 for Sr
isotopic ratios and to 19604 /1%4Nd = 0.7219 for Nd isotopic ratios. For Pb, a mass-fractionation correction factor of 0.13% + 0.04% per atomic mass unit was ap-
plied to all the isotopic ratios, on the basis of 72 analyses of the NBS 981 Pb standard. The “initial”’ ratios were calculated at 38 Ma for Site 756, 58 Ma for Site 757,
and 88 Ma for Site 758 (Peirce, Weissel, et al., 1989; R. A. Duncan, pers. comm., 1990). “Initial” 875r/885r ratios were calculated for unleached samples on the basis
of their XRF-measured Rb and Sr concentrations. Assuming a comparable ®'Rb/"°Sr range (0 to 0.467) in the acid-leached samples to that in the unleached samples,
the corresponding maximum corrections for 38, 58, and 88 Ma are, respectively, 0.00025, 0.00038, and 0.00058 for the 875y /86, ratios, which is significant, but will
not change the general interpretation of the origin of Ninetyeast Ridge. The correction factors are much smaller for Nd because of the longer half-life of "“Sm in
comparison with 5’Rb (1.53 x 10'! and 7.04 x 10'0 yr),

® Within-run precision was not satisfactory, and a second analysis was performed on the mass spectrometer.
Analyses performed on acid-leached samples.
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Figure 4. 143Nd/144Nd vs. 87Sr/86Sr diagram comparing present-day data for Leg 121 lavas (previous DSDP sites on Ninetyeast Ridge:
Mahoney et al., 1983), Indian Ocean ridges (Indian Ocean triple junction: Price et al., 1986; Rodriguez: Michard et al., 1986; Southwest
Indian Ridge: Le Roex et al., 1983, 1985; Hamelin and Allégre, 1985; SEIR [Southeast Indian Ridge]: Dosso et al., 1988; East Indian
Ridge: Hamelin et al., 1985/1986), St. Paul Island (Michard et al., 1986; Dosso et al., 1988), Kerguelen Archipelago (Foch Island: White
and Hofmann, 1982; transitional, mildly alkaline and highly alkaline basalts [= Kerguelen hot spot]: Weis et al., 1989b; Gautier et al., in

press), and Kerguelen Plateau (MD48: Weis et al., 1989a).

pled by the St. Paul (and Amsterdam) lavas. The depleted compo-
nent is comparable to that sampled by basalts from the north part
of the Southeast Indian Ridge, between the Indian Ocean triple
junction and the islands of St. Paul and Amsterdam. The Ker-
guelen-type, very enriched component, with a typical Dupal
anomaly signature, is best represented by the young differentiated
Kerguelen Archipelago lavas. The evolution with time of the
relative proportions of the different components in the mix is
reflected by the significant isotopic differences among the three
sites sampled by Leg 121. Site 758 lavas have Sr, Nd, and Pb
isotopic ratios closest to those of the Kerguelen Archipelago field,
which may indicate a higher proportion of the hot-spot component
in the mix than for the Site 756 lavas. The Site 216 samples have
very low end, low 206Pb/204Pb, and high 37Sr/36Sr values (Dupré
and Allegre, 1983; Mahoney et al., 1983), which is also consistent
with a strong Kerguelen hot spot influence, maybe even stronger
than for the Site 758 lavas. In the Pb-Pb isotope diagrams (Figs.
5 and 7), the Site 757 lavas are intermediate between the lavas of
Sites 758 and 756. On the other hand, the input of a third compo-
nent in the youngest lavas (i.e., at Site 756) from a St. Paul hot
spot may also have had an important effect. The isotopic data
reflect a change in tectonic setting between the >80-Ma-old lavas
of Site 758 and >38-Ma-old lavas of Site 756. The Site 756 lavas
are comparable in age to the older Kerguelen Archipelago lavas.
They have Pb isotopic ratios intermediate between those of the
Foch Island tholeiites and the Kerguelen transitional basalts,
although with slightly higher 206Pb/204Pb ratios (Fig. 5). At this

time, there may have been a major source component derived from
the spreading-ridge axis. The isotopic similarity of the Site 756
lavas to the young lavas erupted on the Southeast Indian Ridge
from 33° to 37°S (Dosso et al., 1988) may reflect this proximity
to the spreading ridge. An alternative explanation for the lower
proportion of the Kerguelen hot spot component in the Site 756
lavas could be as follows. Spreading started along the Southeast
Indian Ridge about 43 Ma (Schlich, 1982; Goslin and Patriat,
1984), in an east to west progression from 43 to 36 Ma (Royer and
Sandwell, 1989), which is also the time when the first lavas started
erupting on the Kerguelen Archipelago (Giret and Lameyre, 1983;
Weis et al., 1989a; J. M. Cantagrel, pers. comm., 1990). Most of
the magma generated by the hot spot at that time may have been
drained by the building of the first massive tabular flows on the
Kerguelen Islands on the Antarctic plate, on the southern side of
the Southeast Indian Ridge. As a consequence, much less of the
hot-spot component was available for the genesis of the southern
tip of Ninetyeast Ridge, which was located on the northern side
of the Southeast Indian Ridge. In contrast, the older lavas at Sites
758 and 216 overlap in isotopic ratios with the Kerguelen Archi-
pelago field, relatively close to the Kerguelen hot spot, as repre-
sented by the young differentiated lavas of the southeast province,
and that part of Ninetyeast Ridge may have formed when the hot
spot and ridge axis did not exactly coincide.

Kerguelen and Heard islands record extensive histories of
magmatic activity (in the case of Kerguelen Islands, from at least
42 Ma until the present; Giret and Lameyre, 1983; Nougier et al.,
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Figure 5. Detailed comparison of Pb isotopic ratios between the Leg 121 lavas (corrected for in-situ U and Th decay) and all data
published for the Kerguelen Archipelago. References as in Figure 4, except for Dosso et al. (1979); Leicester data: Storey et al. (1988);
plutonic rocks: Weis et al. (1987b) and D. Weis (unpubl, data); LVLK differentiated lavas: D. Weis (unpubl. data); and Foch Island

tholeiites: W. M. White (pers. comm., 1985). A, 207Pb/204Pp vs, 206Pb/204Ph. B.

208Ph/204Ph vs. 206Ph/204Ph. Insets compare the

measured (dashed line) and age-corrected for in-siru U and Th decay (solid line) Pb isotopic ratios for the lavas at each site. DSDP

Site 261 data for ocean crust vein minerals from Hart and Staudigel (1986).
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Figure 9. Trace element vs. isotopic ratio diagrams. Data sources as in Figure 7. A. (La/Sm)n (chondrite-nor-
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1983). Despite important interisland variation, the basalts of the
Kerguelen Archipelago have a strong Dupal signature, particu-
larly in Pb and Sr isotope ratios (Weis et al., 1987b; Storey et al.,
1988; Gautier et al., in press; D. Weis, unpubl. data). The involve-
ment of the Kerguelen hot spot for at least 50 Ma in the genesis
of the Ninetyeast Ridge lavas is evident from the isotopic data
presented in this paper. Moreover, dredged samples from the
Kerguelen Plateau, about 115 Ma old, also show a characteristic
Dupal anomaly signature, although some are less pronounced than
those of the Ninetyeast Ridge lavas and the Kerguelen Archipel-
ago basalts, which may be indicative of a smaller relative propor-
tion of the hot-spot component in the mixing process (Weis et al.,
1989a). The origin of the Dupal component is uncertain. The
isotopic and trace element characteristics of the Dupal OIBs are
consistgnt with input from a subduction-related component—
either subducted continental crust (e.g., as oceanic sediments;
Hart, 1988; Sun and McDonough, 1989) or recycled subcontinen-
tal lithosphere (e.g., Allegre and Turcotte, 1985). A suitable
model must account for the isolation of the different components
for a significant amount of time, in either the subcontinental
lithosphere, the continental crust, or deep in the mantle, in order
to account for the large Pb isotope differences between the Dupal
and non-Dupal OIBs.

The data from Ninetyeast Ridge and the Kerguelen Plateau
show that the Kerguelen hot spot has been active more or less
continuously for at least 115 Ma, even if the isotopic composition
of erupted products has varied considerably, due to different
relative proportions in the mixing process but also possibly due
to heterogeneity in the hot spot itself. Intuitively, this seems to
favor the hypothesis of a deep-seated origin for the Dupal anom-
aly. Moreover, the inferred seismic velocity distribution in the
lower mantle shows that the Dupal anomaly maxima are located
above large regions of low seismic velocity in the lower mantle
(Hart, 1988; Castillo, 1988).
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