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Abstract

We report new helium isotope analyses for basaltic glasses recovered along the Southeast Indian Ridge (SEIR) between
longitudes 77°E and 88°E. In this region, the SEIR shoals to a depth less than 1800 m as it crosses the Amsterdam—St. Paul
(ASP) plateau. Atop the plateau, where the average sample spacing is ~10 km, He/“He ratios range between 9.3 and 13.4
Ra (Ra = atmospheric ratio) with significant variability over short distances. Away from the plateau, ridge segments show a
more restricted He/*He range, between 7 and 9 R,. Elevated *He/*He ratios on the plateau are evidence for a degp mantle
plume component that has been injected into the sub-ridge mantle beneath the region. Ridge segments southeast of the
plateau show lower 3He/*He (7.6-8.3 Ra) than segments to the northwest (8.3-9.0 Ry), suggesting either a systematically
varying ‘background contamination’ of the MORB asthenosphere in the region, or localized input of a ‘low *He/*He
component along the southeastern ridge segments, possibly derived from the distant Kerguelen hotspot. A double peak
structure exists in the regional *He/“He spatial distribution, because there is also a strong plume-derived He isotope signal
which is offset from the shallowest, thickest section of the ridge. High 3He/*He ratios (up to 14.1 Ry) are present all along
the ridge segment immediately to the northwest of the ASP plateau (segment H), where anomalies in K/Ti ratio are also
observed. The high 3He/*He ratios persist to the northern end of segment H, beyond which they abruptly drop to MORB
background levels, which apparently persist al the way to the Rodrigues Triple Junction. This pattern suggests that the
high-*He/*He ASP plume supplies a shallow north-northeastward mantle flow toward adjacent portions of the SEIR. There
is a systematic difference in 3He/*He-K /Ti behavior between axial lavas from the ASP plateau and those from segment
H, suggesting a higher He/Ti elemental abundance ratio in the plume source material beneath segment H compared to
that beneath the ridge axis on the ASP plateau. These observations are consistent with a model in which plume materia
supplied to segment H is derived from the outer portions of the ASP plume, where removal of He (relative to Ti) has been
less efficient than within the core of the plume located beneath the Amsterdam and St. Paul islands. These outer portions
of the plume have lower temperatures and have undergone less partial melting, leading to a higher relative He/Ti ratio
compared to the inner portions of the plume that feed portions of the sub-ridge mantle beneath the ASP plateau. [0 1999
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1. Introduction

The morphology and composition of a significant
fraction of the global mid-ocean ridge system is in-
fluenced by the input of heat and mass from nearby
mantle plumes. Geochemical patterns related to this
influence have been defined at the regional scale
(~50 to 100 km) for many hotspot source—spreading
ridge systems (e.g., [1-6]), but finer-scale patterns
(~10 to 30 km) have not been studied. An under-
standing of the isotopic and chemical variations at
this scale is needed to test current hotspot—ridge in-
teraction models that incorporate parameters such as
plume flux and spreading rate [7—11], the possible
role of transform faults and fracture zones as bar-
riers to flow [10], and the slope of the rheological
boundary at the base of the lithosphere [6,8].

Helium isotope variations in mid-ocean ridge
basalts (MORB) are sensitive to the flow and chem-
ical interaction between mantle plumes and nearby
ocean ridge spreading centers. Systematic He isotope
studiesin MORB have been carried out in the North
Atlantic [12,13], South Atlantic [14,15] and Peacific
Oceans [5,16]. In a global comparison of Sr, Nd
and Pb isotope characteristics, Indian Ocean MORB
are distinct compared to MORB from the Atlantic
and Pacific [17,18], but only reconnaissance studies
of helium isotope variations along the Central and
Southwest Indian Ridges have been carried out [19].
The Southeast Indian Ridge (SEIR) stretches nearly
6000 km from the Rodrigues Triple Junction to the
Australian—Antarctic Discordance. It is a primary
locus for basaltic magmatism carrying the Indian
Ocean isotope signature, distinguished by its rela-
tively hlgh 879/863, 207Pb/206pb and 208Pb/206pb
ratios [20—23]. It is aso the spreading center nearest
the Kerguelen—Heard hotspot (located 1000-1200
km to the southwest), a large mantle plume respon-
sible for the creation of the Kerguelen plateau and
the Ninety-East Ridge [24]. Schilling [25] assighed
Kerguelen the largest volumetric flow of all near-
ridge hotspots, and Storey et al. [26] suggested that
its dispersion into the upper mantle during open-
ing of the Indian Ocean may have been responsible
for the distinctive isotope characteristics of Indian
Ocean mantle. The SEIR also passes very close (50
to 80 km) to the Amsterdam and St. Paul islands,
as it crosses an approximately 200 x 100 km wide

oceanic plateau situated between 78° and 78.5°E
longitude. The Amsterdam-St. Paul (ASP) and Ker-
guelen hotspots have different Sr—Nd—Pb isotope
signatures; consequently, the extent of each hotspot’s
influence could, in principle, be mapped by analyz-
ing basalts erupted at and near the spreading ridge
axis. This, in turn, could clarify the nature of mantle
flow beneath the SEIR. In the present study we report
helium isotope data for basalts from the ASP plateau
and nearby SEIR, and discuss the implications for
interaction between the ridge and the mantle hotspots
of Amsterdam—St. Paul and Kerguelen.

2. Background

The Kerguelen hotspot, located ~1000 km south-
west of the ASP plateau (Fig. 1), began forming dur-
ing the mid-Cretaceous soon after the separation of
India from eastern Gondwana [27]. Seafloor spread-
ing began along the SEIR during the Eocene, and
caused the Kerguelen plateau and Broken Ridge to
separate at the site of the hotspot [28,29]. Since then
the SEIR has been migrating to the northeast away
from the Kerguelen hotspot. The ASP hotspot was
originally located beneath the Australian plate, and
its track may have been nearly coincident with that
of the Kerguelen hotspot before about 18 Ma[29,30].
After that time the ASP hotspot track appears to be
marked by rough gravity anomalies (seamounts) that
can be seen in the satellite map of Sandwell and
Smith [31] to prominently stretch from the Ninety-
East Ridge to the northern edge of the ASP plateau.
The migrating SEIR passed over the ASP hotspot
within the last few million years. Currently the ASP
hotspot lies 50 to 100 km southwest of the SEIR, the
exact distance depending on the choice of Amster-
dam Idand or St. Paul Island as the current hotspot
location. Now that the ASP hotspot lies beneath the
nearly stationary Antarctic plate, island volcanic ed-
ifices are being formed on 3 to 5 million year old
seafloor, suggesting an ongoing buildup of the ASP
plateau.

There is a pronounced, ~500-km-long, U-shaped
deviation of the SEIR in the vicinity of the ASP
plateau (Fig. 1). Southeast of the plateau there have
been minor ridge jumps that transferred materia to
the Australian plate, but overall the shape of the ridge
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Fig. 1. Segmentation of the Southeast Indian Ridge between the Rodrigues Triple Junction (RTJ) and 92°E, following the segment
designations of Royer and Schlich [33]. The shaded region delineates the 2000 m isobath that encompasses the ASP plateau. Arrows
centered on the ridge axis indicate full spreading rate, and away from the ridge axis they indicate absolute plate motion vectors [69].
Radia distance from Kerguelen is indicated by the concentric lines. Inset shows the regiona setting for this part of the SEIR.

probably still reflectsthe original shape at the time of
the break-up between Kerguelen plateau and Broken
Ridge [28]. A direct influence on crustal accretion
aong the SEIR by the distant Kerguelen hotspot
may also be indicated by the gravity lineations and
seamounts that can be seen to trend into the ridge
segments located in the southeast portions of our
study area [32]. The SEIR between 88°E and 77°E
is characterized by intermediate spreading rates (60—
77 mm/y) aong eleven different ridge segments.
Following the segment designations of Royer and

Schlich [33], full spreading rates are between 60 and
68 mm/y along segments F, G, H and J (Fig. 1),
but these increase to the southeast along segments
K and L. Four of the ridge segments (11, 12, J1 and
J2) cross the ASP plateau as en-echelon neovol canic
zones having significant overlap. The eleven ridge
segments in the study area range from 40 to 285 km
in length with offsets of 10 to 300 km.

During February—April 1996 we carried out a
53-day research cruise aboard the R/V Melville
(Boomerang 06 expedition) [34]. This expedition
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involved rock sampling and Seabeam swath cover-
age aong the axis of the SEIR from 88° to 77°E,
including approximately 75% coverage out to 0.75
Ma seafloor on and around the ASP plateau. The
topographic expression of the spreading axis is of-
ten a narrow (<2 km wide) and shallow (<100 m
deep) valley, sometimes containing a smaller central
ridge or group of circular cones. In some places,
particularly on the ASP plateau, the center of the
neovolcanic zone (as indicated by strong sidescan
sonar reflectivity) is topographically indistinct from
the adjacent flanks. Fresh, glassy basalts were recov-
ered from 89 sampling stations between segments F
and L (48 dredges and 51 wax cores from F-G-H-11-
[2-J1-J2-33-14-K-L). Sampling efforts were concen-
trated on the ASP plateau, where the average spacing
was approximately 10 km between stations.

Major element results for submarine glasses from
the region are described in [35,36]. Briefly, 126
chemical groups can be distinguished, based on ma-
jor element analyses by electron microprobe. MgO
ranges between 3.9 and 9.3 wt%, but nine of the
eleven ridge segments display a narrow range of
less than 2 wt% in MgO. Nearly al glasses are
tholeiites or transitional basalts, although there are
isolated occurrences of basaltic andesites and Fe—Ti
basalts on the ASP plateau, and from an abandoned
rift along the southeastern periphery of the plateau
(D49-3 from segment J2). On average, glasses from
ridge segments on the plateau (11, 12, J1) have lower
Mg# (Mg?t/[Mg?t + Fe?*]) and are somewhat
more evolved than glasses from off-plateau segments
(Table 1). Segment J2, which is partially located in
the southeast sector of the plateau, and segment H
immediately to the northwest of the plateau, exhibit
the least evolved compositions within the study area
(ranging up to 8.9 and 9.3 wt% MO, respectively).
Overall, K,0 (0.03-0.98 wt%) and TiO, (0.76-3.26
wt%) are roughly correlated in the sample suite, but
there appear to be distinct groupingsin K,O behavior
as afunction of MgO. Notably, segment H lavas dis-
play a highly enriched K,O trend with only a small
decreasein MgO (0.03-0.70% K,0O between 9.3 and
7.8% MgO). This trend cannot be ssimply explained
by shallow level crystal fractionation and must re-
flect melting of variably enriched sub-ridge mantle.
MORB glasses from the ASP plateau show trends
with somewhat lesser enrichment as MgO decreases,

while lavas from ridge segments more distant from
the plateau (e.g., F, G, K and L) show shallow slop-
ing trends of K,O with MgO that are consistent with
control by simple crystal fractionation [36].

3. Results

We have analyzed 54 glass samples for *He/*He
and He concentrations. The sample suite includes
‘zero age' glasses from the BMRG 06 expedition,
supplemented by glass samples collected in the early
1980s (the French MD37 and Hydro-Amsterdam ex-
peditions), and a glassy rind from a dike exposed
aong the eastern coast of St. Paul Island (St. Paul
#2). Anaytical procedures followed methods out-
lined in [37]. All helium analyses in this study have
been performed by crushing in vacuum, liberating
helium and associated gases (primarily CO,) from
vesicles trapped within the glass.

High 3He/*He ratios (9-13.4 R,) are present atop
the ASP plateau (Fig. 2). Such high ratios are usually
taken to indicate the presence of a mantle plume
derived from a relatively undegassed (deep) source
region (although this idea has been challenged [38]).
The highest *He/*He ratios on the ASP plateau oc-
cur at off-axis sites (Fig. 2), consistent with slightly
more dilution of plume material beneath the ridge by
surrounding MORB mantle. Notably, high 3He/*He
ratios are also found all along segment H, well to
the north of the ASP plateau, where values range up
to 14.1 Ra. Thisresultsin a ‘double peak’ structure
in the regional 3He/*He distribution (Fig. 2). Peaks
in the concentrations of K,O, P,Os and to a lesser
degree TiO, can aso be seen aong the SEIR atop
the plateau, and a local Nag minimum exists along
segment 11 (Fig. 2). The K,0 and P,Os enrichments
appear to extend beyond the plateau to include seg-
ment H to the north [35]. The high 3He/*He ratios
along segment H and atop the ASP plateau are gener-
aly (but not always) accompanied by higher Nag and
elevated minor element ratios (e.g., K/Ti; [35,36];
Fig. 2).

The 3He/*He distribution along segment H has
a complex structure. All samples along segment H
show elevated 3He/*He ratios, even the few sam-
ples with low K/Ti typical of depleted MORB (e.g.,
K/Ti = 0.03 and 0.08 in samples D73-5 and WC50,
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Table 1
Helium isotope results for Southeast Indian Ridge basalt glasses
Sample Segment Depth Lat. Long. 3He/*He + [He] Mg# K/Ti
(m) (°S) (°E) (R/Ra) (10~ em?® STP/q)
BMRG 06
D34-1 L 2480 41.52 87.09 8.90 0.05 6.21 53.7 0.0883
D36-1 L 2500 41.10 86.23 8.50 0.05 0.88 57.7 0.0745
WC04 K 2953 42.86 83.29 7.89 0.04 313 61.0 0.0530
WCO07 K 2645 42.35 82.55 7.91 0.04 1.20 60.4 0.0644
WC09 K 2579 41.53 81.47 7.73 0.04 7.62 60.4 0.0531
D39-1 K 2776 41.24 81.15 7.59 0.04 5.52 63.5 0.0735
D41-2 N 2840 41.77 79.75 7.97 0.04 5.41 63.0 0.0403
D43-2 N 2785 41.25 79.11 7.98 0.04 2.37 63.5 0.0337
D44-6 N 2800 40.97 78.79 7.77 0.05 0.47 58.7 0.0612
D46-1 B 3014 40.75 78.33 8.41 0.04 2.78 63.4 0.0497
D47-6 B 2845 40.55 78.14 8.03 0.04 4.95 64.0 0.0903
D48-2 J2 2479 39.81 78.39 8.61 0.05 321 61.7 0.0984
D54-3 N 2225 39.45 78.09 9.36 0.05 6.78 53.2 0.161
D49-3" NYJ 2543 39.82 78.60 119 0.22 0.0045 315 0.150
D55-1 J 2104 39.29 78.18 10.56 0.08 0.31 59.6 0.167
D60-1 a1 1978 38.96 78.11 10.44 0.08 212 57.1 0.159
D61-1 J 2153 38.95 78.13 10.02 0.10 0.093 56.8 0.167
D58-1" near St.Paul 1370 39.21 77.88 1171 0.09 0.15 61.0 0.0443
D58-4" near St.Paul 1370 39.21 77.88 11.93 0.06 0.35 56.8 0.0366
wC34' near St. Pierre 1378 38.78 77.96 1341 0.08 0.41 54.0 0.176
D63-1 12 1838 38.20 78.37 1157 0.06 4.58 56.6 0.212
D64-2 12 1805 37.98 78.16 1111 0.06 0.61 48.3 0.363
D64-8 12 1805 37.98 78.16 11.72 0.08 0.60 52.4 0.293
D70-1 11 1850 37.17 78.40 9.63 0.06 155 62.4 0.154
WC43 11 2092 37.12 78.33 9.47 0.05 9.80 574 0.146
D71-1 11 1940 37.06 78.24 9.56 0.06 0.30 50.0 0.130
D71-3 11 1940 37.06 78.24 9.57 0.05 2.20 52.2 0.139
wca4 BMRG Smt 875 37.72 77.83 9.28 0.32 0.0074 40.4 0.241
WC45" BMRG Smt 679 37.72 77.83 10.12 0.06 0.84 48.7 0.241
WC46 H 2734 36.18 78.95 12.63 0.07 2.36 64.9 0.311
D73-3 H 2659 36.07 78.83 13.53 0.07 4.39 61.5 0.272
D73-5 H 2659 36.07 78.83 10.43 0.05 18.6 67.6 0.0295
D73-6 H 2659 36.07 78.83 10.69 0.06 3.01 67.0 0.223
WCA47 ‘i’ H 2840 35.94 78.71 14.13 0.07 334 61.9 0.440
WC48 H 2900 35.80 78.59 11.94 0.07 1.66 63.5 0.115
WC49 H 3086 35.64 78.46 11.85 0.06 6.63 614 0.150
WC50 H 3413 35.53 78.35 12.86 0.07 1.07 61.1 0.0821
D751 Zeewolf FZ 3269 35.28 78.60 8.99 0.05 7.86 62.9 0.0551
D79-1 G 3163 34.57 78.24 8.60 0.05 0.53 64.2 0.0803
D77-2 F 2835 32.95 77.82 855 0.04 9.13 61.3 0.0782
D76-2" F 2178 32.76 77.89 8.49 0.04 7.53 63.4 0.119
MD 37
03/01 D1-22 B 3625 26.91 72.24 8.26 0.05 65.7 0.125
05/02 D1-3 D 3000 29.70 75.30 891 0.07 58.2 0.0830
05/03 D1-6 D 4100 20.81 75.18 8.77 0.07 61.1 0.0830
07/04 D1-2 F 2700 32.67 77.62 8.58 0.06 59.8 0.0813
22/07 D1-1 G 3080 34.38 78.02 851 0.05 61.6 0.166
22/07 D2-3 G 3100 34.35 78.01 853 0.07 63.8 0.0764
18/06 D2-3 J 2320 38.98 78.14 10.78 0.08 524 0.158
18/06 D3-3 a1 2020 38.96 78.16 11.07 0.06 54.0 0.199
13/05 D1-5 Ncl 3400 40.36 77.89 8.31 0.05 58.4 0.0606
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Table 1 (continued)

Sample Segment Depth Lat. Long. SHe/*He + [He] Mg# K/Ti
(m) °S) (°E) (R/Ra) (107° em?® STP/g)

Hydro-Amsterdam

D3-5 12 2100 37.52 78.43 143 0.15 0.0044 36.3 0.108

D4-3 G 3700 34.91 78.67 8.25 0.04 14.6 64.8 0.224

St. Paul #2 - 0 38.70 77.55 1.69 0.32 0.0044 377 0.232

Samples were recovered by the Boomerang 06 (R/V Melville) MD37 (Marion Dufresne) and Hydro-Amsterdam (Jean Charcot)
expeditions. He isotope analyses were performed by in vacuo crushing of hand-picked glasses, as described elsewhere [37]. + values are
2 gtandard errors, computed as the quadrature sum of uncertainties associated with blank, sample and air standard analyses. Mgjor and
minor element results from [36], determined by electron microprobe. Mg# = Mg?t /(Mg?t + Fe?*) assuming Fe*t /Fe?t = 0.15.

Agterisk indicates BMRG06 samples from young volcanic edifices (WC44, 45), or from young off-axis lava fields targeted from sidescan
reflectivity (WC34, D58 and D76). D49 is from the tip of a large abandoned rift. All other BMRG samples are from within the
neovolcanic zone of the SEIR. Most of the MD37 and Hydro-Amsterdam samples appear to have been collected from dightly off-axis

based on the multi-beam swath mapping carried out during BMRGO6.

respectively; Fig. 2). This indicates the extreme sen-
sitivity of the ®He/*He ratio to the introduction of
plume material into the sub-ridge mantle of this
region. The 3He/*He ratio increases with K/Ti,
both along segment H in particular, and through-
out the region in general (Fig. 3), and the highest
3He/*He (14.1 Ry) occurs in the most enriched sam-
ple (WCA47; K/Ti = 0.45). Thereis also alarge vari-

ability in major element composition and He/*He
a a single locality along segment H; for example,
within dredge 73 the 3He/*He and K/Ti ranges
are 10.4-13.5 Ry and 0.03-0.27, respectively. This
variability indicates that there is also a significant
short-range spatial, and perhaps temporal, variability
in magma types along some parts of segment H.
Lastly, high 3He/*He ratios along segment H per-
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Fig. 3. 3He/*He vs. K/Ti for basalt glasses from the Southeast Indian Ridge. r is the abundance ratio of He/Ti in the plume source
relative to that in the MORB mantle source [70]. If binary mixing is applicable, segment H lavas require higher, and more variable, r
values (r = 1-50) than axial lavas from the ASP plateau (r = 0.2-2). See text for further discussion.
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sist al the way to its intersection with segment G
a the Zeewolf transform (Fig. 2). Just beyond that
point (e.g., in sample D75-1 collected from a short
intra-transform spreading center) the *He/*He drops
to normal MORB values (7-9 Ra). Although the
sampling density is sparse beyond segments F and
G, normal MORB values of 7 to 9 Ry appear to
continue al the way to the Rodrigues Triple Junc-
tion, as evidenced by the MD37 results north of 30°S
(Table 1).

A single sample (D49-3) from the tip of an aban-
doned rift along segment J2 on the southeast flank
of the ASP plateau was analyzed for He isotopes.
It shows a very low 3He/*He ratio (1.2 + 0.2 Ra)
accompanied by very low He content (4.5 x 10~°
cmi3/g). Sample 49-3 is a Fe—Ti basalt which appar-
ently underwent significant gas loss during its evo-
lution and/or eruption. This glass sample has a very
high Cl content (1100 ppm; [36]), indicating that
gas loss was accompanied by contamination with a
seawater-derived component, probably through as-
similation of hydrothermally altered wallrock. Such
low 3He/*He ratios are not common along ocean
spreading centers, but they are sometimes found in
evolved lavas erupted close to transform faults, at
overlapping spreading centers and from propagating
rifts ([39,40] and D.W. Graham, unpubl. results).
This s further supported by the low *He/*He ratios,
near the atmospheric ratio, for the sasmple JC D3-5
from the plateau region, and for the dike margin
glass taken from St. Paul Iland (Table 1). Both of
these are differentiated Fe-Ti basalts (Mg# = 36
with FeO" > 14%), and each has a low He content
identical to that found in sample 49-3, which was
dredged from below 2500 m water depth. These re-
sults suggest that atmospheric 3He/*He ratios and
trapped He contents of ~ 4.5 x 10~° cm®/g may be
a common feature of highly evolved and degassed
basalt glasses. The 3He/*He ratios of these three
evolved samples have obviously been modified by
crustal processes, and they provide no information
on mantle source composition.

All other ridge segments, excluding those on the
ASP plateau (11, 12, J1, J2) and segment H to the
northwest, show 3He/*He values between 7 and
9 Ry, typical of MORB. There may be a large-
scale spatial structure to these normal MORB he-
lium isotope ratios away from the plateau (Fig. 2).

Basalts from segments F and G to the northwest
have 3He/*He ratios between 8.3 and 9.0 Ra, while
segments K and M4 to the southeast show the lowest
3He/*He ratios in the region and range between 7.6
and 8.0 Ry. Thus, as one transects across the ASP
plateau, there is a decrease from the northwest to
the southeast in the MORB *background’ 3He/*He
values to either side of the high 3He/*He influence.
Slightly higher 3He/*He ratios may also be present
to either side of the JA—K segments in the south-
east, because ratios on segment J3 are 8.0 t0 8.4 Ry
(n = 3) while those along segment L are 8.5 and
9.0 Ra. Due to the sparse sampling on these latter
ridge segments, however, we do not feel we can
make comparisons of their inter-segment variability
as confidently as elsewhere.

4, Discussion

4.1. Plume flow and mantle melting

The presence of high *He/*He ratios on the ASP
plateau is strong evidence that the ASP mantle plume
is derived from a high 3He/*He source region. This
hotspot mantle source has 3He/*He ratios signifi-
cantly higher than those of the mantle source(s) for
Indian Ocean MORB, and presumably lies at greater
depths than the MORB source. The high 3He/*He
ratios on segment H to the north, along the part
of the SEIR that forms a U-shaped deviation to-
ward the ASP plateau (Fig. 1), aso indicate that
the ASP plume supplies an approximately northward
flow into the sub-ridge mantle beneath this region of
the SEIR. The elevated 3He/*He signal extends well
north of the plateau, indicating that this northward
mantle flow must be sufficiently deep that it is not
impeded by any contrast in lithospheric thickness
which might exist across the Amsterdam Fracture
Zone. Given that the base of the lithosphere must
slope upward from beneath St. Paul and Amsterdam
islands toward the ridge segments 11, 12 and H, it
seems likely that any lithospheric thickening near
the northern margin of the plateau could serve to
guide upwelling hotspot material to the north and
northeast.

High 3He/*He ratios are found along the entire
length of segment H right up to its intersection with
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the Zeewolf transform, and then they abruptly drop
to normal MORB values beyond this intersection.
Within the Zeewolf transform, glassy basalts were
recovered from a short spreading ridge (D75), and
show a normal MORB 3He/*He ratio of 9.0 Ra.
This latter observation suggests that flow of ASP
plume material beneath the northern end of segment
H must be occurring at a shallow depth, perhaps
even confined to depths within the region of melt
extraction beneath the ridge. Once this flow reaches
the Zeewolf transform, it appears to be so thin that it
is dammed against older lithosphere adjacent to the
Zeawolf transform.

Narrow 2He/“He spikes, relative to those for other
isotopic tracers such as Sr and Nd, have been re-
ported from 17°S on the East Pacific Rise [41]. This
observation has been attributed to the extreme sen-
sitivity of the helium concentration in the residual
mantle to the history of partial melting. This po-
tentially allows a further test of shallow vs. deep
mantle flow, because if He is ‘mined’ by an early
(deeper) stage of melting in the plume stem prior to
lateral flow of plume material toward the spreading
ridge, then a stronger plume He signature could be
found along ridge segments supplied by the outer,
less extensively melted portions of the plume. There
is evidence for this effect along ridge sections in-
fluenced by the Easter [5,42] and St. Helena [14]
hotspots. In those cases, the mixing systematics be-
tween He isotopes and those of Sr and Pb indicate
that, where the center of plume feeds the ridge and
the isotopic anomaly is strong, lower He/Pb and
He/Sr ratios are present in the plume end-member
compared to ridge sections where peripheral parts
of the plume are involved. These lower He/Pb and
He/Sr ratios have been suggested to result from
melting effects beneath the hotspot. The end result is
that the sensitivity of the respective isotope tracersto
plume material can be affected by earlier stages of
melt removal .

Some of the segment H lavas are quite similar in
their *He/*He—K/Ti relationships to off-axis lavas
from the ASP plateau (Fig. 3). These 3He/*He—K /Ti
relations are consistent with tapping of the outer por-
tions of the ASP plume by the segment H mantle.
These outer portions of the plume have not under-
gone the same degree of processing (melting?) as
plume material derived from the hotter plume cen-

ter that ultimately contaminates the sub-ridge mantle
beneath the ASP plateau. Off-axis sites from the
plateau also show variable He/*He—K /Ti charac-
teristics, so varying extents of melting due to local
variations in lithospheric thickness [43] may also be
important.

Given that varying degrees of melt extraction
across the plume stem may have occurred, the sense
of 3He/*He—K/Ti displacement of the segment H
lavas in Fig. 3 relative to axia lavas from the ASP
plateau may be explained by binary mixing. This
mixing would occur between a common MORB
mantle end-member having only a narrow range
of 3He/*He, K/Ti and He/Ti ratios, and a plume
end-member with a narrow range of *He/*He and
K/Ti ratios. The plume material influencing the re-
spective ridge segments appears, however, to have
a variable He/Ti ratio that is related to geographic
position (e.g., segment H vs. ridge segments 11, 12
and J1 atop the ASP plateau; see Fig. 3). This vari-
able He/Ti ratio may depend on the lateral position
within the plume from which it was derived, and be
related to the prior melt extraction history. MORB
mantle that is more strongly influenced by material
derived from the hotter plume center would likely
show a larger degree of melting, and produce lavas
having dightly lower Nag. (Nag is the NaxO content
corrected for crystal fractionation to 8 wt% MgO,
and varies inversely in MORB glasses with the ex-
tent of melting beneath ridges [44]). Based on the
local minimum in Nag along the ridge axis atop the
plateau and opposite Amsterdam Island (Fig. 2), the
plume center would therefore be close to the position
of Amsterdam Idland and adjacent to segment 11.
During upslope flow of plume mantle along the base
of the lithosphere towards a spreading ridge, pres-
sure release melting may aso continue. These melt
extraction processes could eventually lead to a sup-
ply of incompatible-element depleted plume material
to the nearby sub-ridge mantle [10]. Consequently,
the plume mantle feeding segment H and segments
on the ASP plateau (11, 12 and J1) may have expe-
rienced different extents of He/Ti fractionation. As-
suming He is more incompatible than Ti during par-
tial melting (e.g., [45]) this points to a stronger melt
depletion in the plume material supplying the ASP
segments, and implicates the somewhat cooler, less
melted outer portions of the plume for feeding the
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segment H mantle. Melting, rather than degassing,
is implicated because of the generally sympathetic
variations in K/Ti and 3He/*He (Fig. 2). A peak in
3He/*He therefore occurs where there is a maximum
in plume He contribution, and this is not necessarily
the same as a maximum in plume mass fraction.

Morgan [46] hypothesized that the ASP hotspot
has a secondary origin, created by mantle melting
during channeled flow of Kerguelen plume material
toward the ridge axis. However, the Pb, Sr and Nd
isotope compositions of Amsterdam and St. Paul Is-
land lavas (e.g., 2%Pb/?%Pb = 18.7-19.1, & Sr/%6sr
= 0.7034-0.7039) are very distinct from those at
Kerguelen (e.g., °®°Pb/?%Pb = 17.5-18.7, 8'Sr/%sr
= 0.7043-0.7060) [21,47-56], evidence that the
ASP hotspot is a separate hotspot with a signifi-
cantly smaller mass flux. Nevertheless, Kerguelen
may till exert some influence on the composition
of SEIR basdlts, either through radial contamina
tion of the upper mantle, or through some form of
channeled flow. The presence of gravity lineations
and a broad chain of seamounts trending from the
Kerguelen plateau toward the southeastern part of
the ASP plateau could be taken to suggest an ac-
tive plume—ridge connection between the Kerguelen
hotspot and the SEIR near this region [32]. A pro-
nounced Kerguelen-like isotopic signature was pre-
viously reported for afew MORB glasses along seg-
ment J1 near itsintersection with the Hillegom trans-
form [20-22] (the active transform domain which
is co-linear with the St. Paul FZ). Two of those
MORB glasses analyzed in this study (MD37 18/06
D2 and D3; Table 1) show elevated *He/*He ratios
(~11 Ra), and anearby off-axislava (WC34) hasthe
highest 3He/*He on the ASP plateau. It is important
to point out the limited extent of this Kerguelen-like
isotope signature; based on the available Sr—Nd—Pb
isotope data [20,21], it does not appear to be present
on the nearby segments |2 or J3.

Several explanations are possible for this Kergue-
len-like Sr—Nd-Pb isotope signature and the coex-
isting high 3He/*He ratios. One simple explanation
is that there is an active hotspot—ridge connection
between Kerguelen and the SEIR, and that the Ker-
guelen plume end-member has ahigh He/*He ratio.
High 3He/*He ratios, up to 12.3 Ra, have been ob-
served in two ultramafic xenoliths from Kerguelen
[57], athough most samples studied to date from

there have MORB-like or lower 3He/*He values
[57,58]. High *He/*He ratios, up to 18 Ra, are found
at Heard Island much farther to the south on the Ker-
guelen plateau [59], but those lavas display a very
wide range of Sr, Nd and Pb isotope compositions
[54,55], making it difficult to characterize that plume
end-member by any single set of isotopic values.
A second explanation is that some small amount of
Kerguelen hotspot material has been entrained into
the edge of the ASP plume as it ascends through
the upper mantle and is swept to the north. Although
very speculative, maybe the Kerguelen hotspot mate-
rial ultimately reaching the ASP plateau is a mantle
residue of some melt removal. If this material isthen
invaded locally by a small amount of He-rich ASP
plume material, it might retain its Sr—Nd-Pb iso-
topic character but acquire elevated *He/*He ratios.
A third explanation is that the Kerguelen-like iso-
tope signature on the ASP plateau is due to inherent
heterogeneity within the ASP plume. Although this
requires a very large range in isotope composition
at a single locality, it has been seen over relatively
short distances at a few ocean islands previously
[60], including Heard Island [54,55]. In this case,
the isotope composition seen at Amsterdam and St.
Paul (e.g., ®®Pb/?®Pb ~ 19, 8'Sr/%Sr ~ 0.7035)
may be viewed as representing the common plume
component described by Hanan and Graham [18].

4.2. Heliumisotopesin the Indian Ocean and the
history of mantle mixing

Away from the ASP plateau, the SEIR MORB
glasses show a He isotope range comparable to
MORB from the Atlantic and Pacific Oceans (7—9
Ra), despite their systematically different Pb and Sr
isotope compositions in such a global comparison
[20—23]. Thisindicates that while lower *He/*He ra-
tios may sometimes be associated with the enriched
Pb—Nd-Sr isotopic signatures shown by some Indian
Ocean MORB, such asinthe AAD region [61], such
lower values are not a basin-wide characteristic of
the Indian Ocean.

Convective mixing in the mantle serves to reduce
isotopic and compositional heterogeneities to small
blobs and strings of distinct material [62,63]. In the
solid state this material remains essentially unmixed
on a time scale which depends on the strain rate
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of the mantle. Eventually the injected material will
be thinned to a point when homogenization with
surrounding mantle peridotite will occur by diffu-
sion. Partial melting acts as a ‘filter’ to obscure
the shorter length scales of mantle heterogeneity
as deduced from isotope variations in basats, but
larger-scale variations (>1 km) in source compo-
sition can be clearly discerned. The pervasive Pb—
Sr—Nd isotopic shift of Indian MORBs relative to
those of the Atlantic and Pacific [64,65] has been
attributed to severa different causes. (1) contami-
nation of the asthenosphere by broad dispersion of
Kerguelen hotspot material [26]; (2) breakup and
entrainment of Gondwana lithosphere into the upper
mantle [66,67]; or (3) the presence of small amounts
of recycled sediment in the MORB mantle source
[68]. Regardless of the model chosen to explain the
Indian MORB isotopic features, stirring in the In-
dian MORB mantle must have been so thorough that
only normal MORB 3He/*He ratios (7-9 Ra) are
now observed along sections of the SEIR away from
the ASP plateau. In this context, this ‘background’
helium isotope signal appears to decrease along the
SEIR across the ASP plateau from northwest to
southeast (Fig. 2). Basalts from segments F and G
to the northwest of the ASP plateau have higher
3He/*He ratios (8.3-9.0 Ra; n = 8) than those from
segments K and J4 to the southeast (7.6-8.0 Ra;
n = 7). Based on the gravity lineations that trend
obliquely into the ridge from the south, segments K
and J4 were suggested by Small [32] to be candidate
localities influenced by the Kerguelen plume. These
segments may, therefore, also be viewed as showing
a localized and weak depression of 3He/*He ratio
(Fig. 2) relative to segment J3 (8.0-8.4 Ra; N =
3) and segment L (8.5-8.9 Ra; n = 2) on either
side. Thus, two alternative explanations appear to be
possible given the present He isotope data set. Ei-
ther the helium isotope variations in this part of the
study area may be due to a channeled influence of a
Kerguelen ‘low 3He/*He' plume component toward
segments K and J4, or they may be due to a changing
‘background *He/*He' from north to south across
the ASP plateau, produced by an earlier, broad con-
tamination of the asthenosphere from alow 3He/*He
plume component.

Hotspot—ridge interaction in this region of the
SEIR most likely involved (at least) a two-stage

process. In the first stage, widespread dispersion of
Kerguelen plume material may have occurred, prior
to, or contemporaneous with, the opening of the
ocean basin (>38 Ma [26,52]). This same MORB
mantle would have been polluted again by the ASP
hotspot more recently. If ridge segments can now
be identified which show only a memory of the
first stage of pollution (for example, if binary mix-
ing accounts for the Pb—Sr—Nd isotope systematics
along some sections of the SEIR), then in principle
the scale of blobs remaining from the first stage of
pollution may be deduced. A second possibility is
that stirring/mixing in the upper mantle has reduced
those original heterogeneities to a scale which istoo
small to be discretely sampled by recent melting.
However, the second stage of hotspot—ridge inter-
action between variably polluted asthenosphere and
ASP hotspot material would still be observable. In
this case the extent of earlier asthenosphere pollution
should decrease radially from the origina site of
plume dispersal. This second scenario is analogous
to that for the South Atlantic MORB [3,14]. In the
South Atlantic, isotopic anomalies along theridge re-
veal that ongoing hotspot—ridge interaction is super-
posed on a systematically varying, depleted ‘back-
ground’. This background variation results from an
earlier, radial dispersion of plume material into the
upper mantle when the hotspots were intraplate,
prior to continental breakup. How the background
pollution of the MORB mantle changes along the
Southeast Indian Ridge, and the scale of any iso-
topic heterogeneities possibly remaining from earlier
plume dispersal, may be assessed in the future from
the results of a Pb—Sr—Nd comparative isotope study
for this same suite of SEIR glasses.

5. Conclusions

Helium isotope variations aong the Southeast In-
dian Ridge near the Amsterdam and St. Paul islands
revea the presence of an active mantle plume and
the nature of shallow mantle flow in the region. The
Amsterdam—St. Paul plume source has *He/*He >
14 R4, evidence for derivation from a mantle reser-
voir located deeper than the upper mantle source
for mid-ocean ridge basalts. The He isotopes show
systematic variations with other chemical parameters
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such as K /Ti. High 3He/*He ratios also occur along
aridge segment located well to the north of the ASP
plateau. These variations suggest that the ASP man-
tle plume supplies a north-northeastward mantl e flow
beneath this section of the Southeast Indian Ridge.
High 3He/*He ratios are also found in lavas atop the
ASP plateau having a Sr, Nd and Pb isotopic signa-
ture resembling Kerguelen. The 3He/*He ratios for
MORB erupted farther away from the ASP plateau
show a systematic decrease moving from northwest
to southeast. This ‘background MORB variation
may reflect a widespread contamination of the as-
thenosphere by the Kerguelen hotspot at an earlier
time, or the localized input of some Kerguelen plume
material along ridge segments to the southeast of the
ASP plateau. Each of these explanations implies that
the portions of the Kerguelen plume that may have
influenced this region had relatively low 3He/*He
ratios (<8 Ra).
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