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Abstract

The eastern Southwest Indian Ridge, between 61° and 67°E, has a very low melt
supply and comprises several corridors of nearly amagmatic spreading that expose mantle-
derived serpentinized peridotite. More volcanically active ridge portions separate these
corridors. He, Ne, Pb, Nd, Hf and Sr isotopes were analyzed in basalt glasses dredged on two
types of seafloor: volcanic and ultramafic. Basalts dredged in ultramafic seafloor on-axis tend
to be slightly more depleted for heavy radiogenic isotopes and show slightly higher *He/*He
isotope ratios than basalts dredged in volcanic seafloor, with no systematic difference in neon
isotope ratios. We propose that both types of basalts are derived from the same mantle source,
but that the basalts dredged on ultramafic seafloor are more affected by melt/mantle reactions,
which slightly modify their isotopic signatures. Our dataset also includes a few basalts,
dredged on off-axis ultramafic seafloor, that range in age between 2.6 and 8.8 Ma. These few
and widely-spaced off-axis samples, erupted at the ridge axis, are a rare opportunity to capture
the potential geochemical variability of the mantle source in an ultramafic seafloor corridor
over 8.8 Ma. This temporal variability appears to be minor compared to the overall range of

isotopic variability of the on-axis lavas from the 61°-67°E region.



1. Introduction

Noble gases (He, Ne) and heavy radiogenic isotopes (Sr, Nd, Hf, Pb) have
commonly been used to investigate the nature and the origin of mantle heterogeneities and
their time-evolution (Allegre, 1987; Hart, 1988; Hofmann, 1997; Moreira and Allegre, 1998;
Sarda et al., 1988, 2000). In particular, it is well established that the Indian Ocean defines a
large mantle isotopic domain, different from the mantle of the North Atlantic and the Pacific
(e.g. Dupreé and Allegre, 1983; Hart, 1984; Hamelin and Allegre, 1985; Hamelin et al., 1986;
Mahoney et al., 1989, 1992, 2002; Escrig et al., 2004; Meyzen et al., 2005, 2007). Indian
MORBs (Mid Ocean Ridge Basalts) have higher 2°’Pb/*Ph, 2®Pb/?**Ph and 5'Sr/®Sr at a
given 2%°Pb/?*Ph (Dupré et Allégre, 1983; Hart, 1984). This so-called DUPAL component
also tends to have higher “He/°He ratios than the Atlantic or the Pacific (Mahoney et al., 1989;
Sarda et al., 2000; Georgen et al., 2003; Raquin and Moreira, 2009; Parai et al., 2012;
Gautheron et al., 2015). These geochemical characteristics have been attributed to the
injection in the Indian upper mantle of subcontinental lithospheric mantle (e.g. Mahoney et
al., 1992), delaminated lower continental crust (e.g. Escrig et al., 2004) or altered oceanic
crust and/or sediments (e.g. Dupré et Allegre, 1983; Hart, 1984). These studies only

investigated the large-scale variability of the mantle source, using on-axis basaltic samples.

The present study focuses on the easternmost part of the Southwest Indian Ridge
(SWIR), between 61° and 67°E (spreading rate ~14mm.yr'; Patriat and Segoufin, 1988;
Patriat et al, 2008). We use basalt samples collected in this region to investigate the space and
time isotopic variability of the mantle source in this region (along and across the ridge axis).
This region of the SWIR is an end-member of the global ridge system in terms of low magma
supply, which is supported by the seismic crustal structure (Muller et al., 1999), and by

gravity data (Cannat et al., 1999, 2006). Underway geophysics, seafloor imagery and



dredging (Sauter et al., 2013; Cannat et al., 2003, 2006, 2019) in the 61°-67°E region show
that the modes of seafloor spreading are variable along-axis. We distinguish large volcanic
centers, where most of the low melt influx to the ridge axis is focused, and corridors of
essentially amagmatic spreading (Cannat et al., 2006; Sauter et al., 2013). In these corridors,
the seafloor exposes wide expanses of partially serpentinized mantle-derived peridotites, with
rare gabbroic intrusive rocks and a thin and discontinuous basaltic cover. Off-axis dredging
shows that exhumed serpentinized peridotites have been dominating the landscape in these
corridors over the past 8 to 10 Ma. In these regions, seafloor spreading is accommodated by
successive large offset normal faults that persist for 1 to 3 Ma and dip alternatively to the
north beneath the African-Somalian plate, or to the south beneath the Antarctic plate (Sauter
et al., 2013). The two types of seafloor (volcanic and nearly-amagmatic) exposed in the 61°-
67°E SWIR region have been dredged during the EDUL (Meyzen et al., 2003; Seyler et al.,
2003), and Smoothseafloor (Sauter et al., 2013; Paquet et al., 2016) cruises. This study is
based on samples from both cruises (Figure 1): basalts dredged from the sparse volcanic cover
of the nearly amagmatic corridors (“basalts dredged or erupted on ultramafic seafloor”), and

basalts dredged on volcanic seafloor, both sampled on- and off-axis.

Major, trace element compositions for the on-axis samples, and Pb and Nd isotopic
data for a subset of on-axis basalts dredged on ultramafic and volcanic seafloors have been
published in Paquet et al. (2016). On-axis basalts erupted on ultramafic seafloor in this subset
show isotopic compositions consistent with those of the basalts erupted at the volcanic
centers, also reported by Meyzen et al. (2005). The authors also reported that basalts erupted
on ultramafic seafloor tend to have lower 2°°Pb/?**Pb ratios than those from the volcanic
seafloor, but that this difference is not visible with the other Pb isotopic ratios, or with Nd. In

the present study, we analyze additional samples, including basalts dredged off-axis from both



types of seafloor, and we provide data on other isotopic systems: Sr, Hf, He and Ne. We
address the following questions: What is the isotopic variability of the mantle at present day
along the ridge axis? What are the effects of melt/mantle reactions on the isotopic
compositions of the two types of basalts? Is the mantle isotopic signature homogeneous over

time in this region of the SWIR?

2. Analytical methods

Sr, Nd, Hf and Pb isotopes

For samples with fresh glass, glass chips were handpicked and washed for 10 minutes
in 1% H,0, in an ultrasonic bath, followed by three rinses in ultrapure water and then leached
briefly in concentrated ultrapure HBr prior to digestion in concentrated HBr-HF ultrapure
acids (1:3). For the samples without fresh glass, cores of the pillows were separated, crushed
and finely powdered. Powders were leached in 6M HCI at 130°C for one hour, followed by
three rinses in ultrapure water and drying, prior to digestion (e.g. Baker et al., 2004; Hamelin
et al., 2009, 2013). Lead was extracted after the method of Hamelin et al. (2013), modified
from Manhes et al. (1978). Sr, Nd and Hf separation was completed using a method adapted

from Hamelin et al. (2013).

Nd and Pb isotopic compositions were measured at the Institut de Physique du Globe
de Paris using a ThermoFinnigan Neptune. Sr and Hf isotopic compositions were measured at
the Bergen Analytical Facility, using a TIMS MAT 262 and a ThermoFinnigan Neptune
respectively. All Nd data were corrected for mass fractionation using ***Nd/***Nd=0.7219.
Repeated measurements of NIST3135A and JNdi standards during analyses gave an average
of *Nd/***Nd=0.511367+5 (n=22, 20) and **Nd/***Nd=0.512110+3 (n=8, 20) respectively.

Mass fractionation on Pb was monitored using a thallium doping and sample-standard



bracketing technique (Rehk&mper and Mezger, 2000; White et al., 2000; Meyzen et al., 2005).
Data are reported relative to published values of NBS 981 (Catanzaro et al., 1968). 17
replicates of the Pb isotope standard NIST981 gave an average of 17.062+0.002 (20) and
15.663+0.002 (26) and 37.243+0.007 (26) for *°Pb/%Pb, *°’Pb/**Pb and 2°®Pb/**Pb
respectively. The estimated external precision for Pb analyses is +0.01%, 2c for 2*°Pb/?**Pb
and *°’Pb/?**Pb and +0.02%, 2c for “®Pb/**Ph. Analytical blanks were lower than 40 pg for
Nd and 30 pg for Pb. 7 replicates of the Sr isotope standard SRM987 gave an average of
0.710239+10 (20). Repeated measurements of JMC475 standards during analyses gave an

average of 1"°Hf/*""Hf=0.282148+1 (n=22, 20).

Helium and neon isotopes

Noble gases were measured at the Institut de Physique du Globe de Paris using the Multi-
Collection Noble Gas Mass Spectrometer Noblesse from Nu instruments ©. Glass chips were
cleaned using peroxide in an ultrasonic bath, or oxalic acid on a hot plate at 80°C, depending
on the sample alteration. Samples were baked overnight at 150°C under vacuum then crushed
under vacuum and purified with a titanium getter heated at 800°C for 5 minutes. The getter is
then turned off in order to decrease its temperature at room temperature to trap hydrogen.
After 10 minutes, noble gases are adsorbed on charcoal at 10K using a cryogenic trap. Helium
is separated from neon at 35K before being introduced in the mass spectrometer. Neon is

desorbed at 70K and then analyzed using the technique of Moreira et al. (2011).

3. Sampling and data processing
38 basaltic glass samples from 20 dredges (locations shown in Figure 1) were
analyzed in this study. Most samples are aphyric, with variable amounts of vesicles. 13

samples come from 6 dredges in nearly-amagmatic corridors, including 8 off-axis samples



from 4 dredges. The other 24 samples come from 14 dredges in volcanic domains, including 2
off-axis samples from a single dredge. Radiogenic and noble gas isotope compositions of
some of these volcanic seafloor basalts were analyzed in the earlier work of Meyzen et al.
(2003, 2005), and Gautheron et al. (2015). New isotope data were acquired for 26 samples (12
from the EDUL cruise, and 14 from the Smoothseafloor cruise), and noble gases data for 38

samples (22 from the EDUL cruise, and 16 from the Smoothseafloor cruise).

In this study, off-axis samples are thought to be erupted at the ridge axis and are now
off-axis due to seafloor spreading. The age of the off-axis samples is estimated using the
distance to the closest magnetic anomaly, and a constant spreading rate of 14 mm.yr™, based
on magnetic anomalies (Patriat and Segoufin, 1988; Cannat et al., 2006). Sr, Nd, Hf and Pb
isotope ratios for off-axis samples have been corrected from radioactive decay with their
estimated age and recalculated to obtain the isotopic ratios at the time of the eruption at the
ridge axis. Because the off-axis samples are no older than 8.8 Ma, the radioactive decay
correction induces changes that are lower than the uncertainties for Sr, Nd and Hf. For Pb
isotopic ratios, the correction leads to changes up to 0.005, which is on the same order of
magnitude than the uncertainties. For “He/*He ratios, because we analyzed gases from the
vesicles by crushing and because U and Th are not present in these vesicles, no correction for
radiogenic “He is needed. All the data, including the radioactive-decay-corrected isotopic
ratios are presented in Tables 1 and 2 (see Table S1 for the compilation of major, trace and

isotope data for all the samples from the 61-67°E region).



4. Results

4.1 Sr, Nd, Hf and Pb isotopes

Basalts erupted on volcanic seafloor range from 17.8 to 18.0 for 2°°Pb/?**Pb, from 15.4
to 15.5 for *°’Pb/***Pb, from 37.6 to 38.1 for **Pb/**Pb, from 0.512885 to 0.513110 for
“3Nd/**Nd, from 0.283014 to 0.283208 for “"°Hf/*""Hf, and from 0.702684 to 0.703831 for
87Sr/%8Sr. Basalts erupted on ultramafic seafloor range from 17.7 to 17.9 for *®Pb/?*Pb, from
15.4 to 15.5 for *°’Pb/***Pb, from 37.5 to 37.8 for **®Pb/***Pb, from 0.513010 to 0.513098 for
“3Nd/**Nd, from 0.283176 to 0.283199 for Y"°Hf/*"’Hf, and from 0.702703 to 0.703755 for
87Sr/%8Sr. These compositions are similar to those reported by Meyzen et al. (2005) for
volcanic seafloor basalts (Figures 3 and 4). Basalt samples from the 61°-67°E region are
characterized by higher ?*’Pb/*®*Pb and 2°®Pb/***Pb at a given 2®°Pb/?**Pb than their Atlantic
and Pacific counterparts (Figure 3), which is coherent with the Indian Ocean MORB
characteristics (e.g. Dupré et Allégre, 1983; Hart 1984; Hamelin et Allégre, 1985; Hamelin et
al., 1986; Mahoney et al., 1989, 1992, 2002; Escrig et al., 2004; Meyzen et al., 2005, 2007;
Graham et al., 2014). All isotopic ratios measured in the basalts from the 61° to 67°E region
of the SWIR are in agreement with the trend defined between 61° and 67°E by Meyzen et al.
(2005) (Table 1, Figures 2a, 2b, 2c, 2e, 2f, 2g). Our new data also confirm the existence of an
along-axis trend with more radiogenic samples in Pb and Sr isotopes toward the east (at 61°E,
2%pp/24pp=37.84, **°Pb/***Pb=17.96, ¥Sr/**Sr=0.703831; and at 67°E, ***Pb/***Pb=37.71,
206ppy/20%p=17.78, ¥'Sr/*°Sr=0.702970), and less radiogenic in Nd and Hf isotopes (at 61°E,
"*Nd/**Nd=0.513053 and °Hf/Y"Hf=0.283172; at 67°E, '*Nd/***Nd=0.513039 and

Yo f/1"Hf=0.283189) (Meyzen et al., 2005)).

However, only considering the on-axis lavas, basalts erupted on ultramafic seafloor

appear less radiogenic than those erupted on volcanic seafloor: they have lower 2®°Pb/?**Pb,



20Tpp204pp 208pp2Yph ratios, and higher ***Nd/***Nd (and '"°Hf/*'’Hf) ratios. For each
isotopic ratio, we performed a two-sample Kolmogorov-Smirnov test to check that these two
populations are compositionally distinct (e.g. Miller and Miller, 2018). We obtain the
following D values for 2°°Pb/?*Pb, 20'Pb/?*Pb, 2®Pb/?*Pb and **Nd/***Nd respectively:
0.92, 0.85, 1.0 and 0.85, where D is the maximum absolute value of the difference between

the cumulative distribution functions for the on-axis basalts from both types of seafloor. For a

confidence level of o = 0.05, the D values need to be greater than Deriteria = / —L n(a/2) /2 X

\/(n1+n2)/n1/n2 = 0.67, where n, and n, are the numbers of samples in each
population. We conclude that the compositional differences observed between on-axis basalts
erupted on ultramafic and volcanic seafloor are statistically significative (see Table S2 for

details).

Off-axis samples display a larger range of 2’Sr/%°Sr values (between 0.702782 and
0.703755; Figure 2c) and plot out of the global MORB trend in the e versus 2'Sr/%°Sr
diagram (Figure 4b). This large isotopic variability is not visible for the other isotopic ratios
(Figures 2a, 2b, 2e, 2f, 2g and 4a). Multiple isotopic compositions measured in basalt samples

from a single dredge are homogeneous in most cases.

One dredge (ED11 at 65.53°E) shows lower **Nd/***Nd and *®Hf/*"’Hf, and higher
875r/863r, 200ph/2%ph, 207Ph/?*Ph, 2%8Ph/***Ph and A*Pb (where A?%Pb represents the offset
of 2®Pb/?*Ph relative to the Northern Hemisphere reference line at a given 2°°Pb/***Pb, as
defined by Hart, 1984) than the rest of the samples of the 61° to 67°E region, which confirms
the results reported by Meyzen et al. (2005) for Pb, Nd and Sr isotope compositions for

samples from the same dredge.



4.2 He and Ne isotopes

Most of the samples from the 61° to 67°E region of the SWIR have “He/*He ratios
between 88,507 (*He/*He = 8.16 R, where R, is the atmospheric ratio) and 105,677 (*He/*He
= 6.83 R,), for an average value of 96,807 + 14,611, or 7.72 = 0.32 R, (Table 2, Figure 2h),
and with *He contents varying between 0.02 and 60 pccSTP/g (Figure 5a). Two samples
(SMS19-4-1 and SMS26-3-1) have higher *He/*He ratios (131,969 — 171,288), associated
with very low “He concentrations (~0.02 pccSTP/g). Georgen et al. (2003) calculated that the
*He/*He ratio of samples with *He = 4 pccSTP/g would decrease by 10% over ~10 Ma due to
post-eruptive radiogenic ingrowth (assuming [U] = 0.6 ppm, and Th/U = 3). Only *He/*He
ratios for samples with *He above or equal to a cutoff of 0.1 pccSTP/g are considered
representative of the mantle ratio, considering a smaller contribution of radiogenic ingrowth
for the basalts from the 61°-67°E region due to their lower U content (~0.1 ppm) but similar
Th/U. The remaining high-*He samples correspond to typical MORB isotopic ratios (90,000 +
10,000 or R/Ra = 8 = 1; Allegre et al., 1995) and are similar to the values reported by
Gautheron et al. (2015) for samples of the EDUL cruise (Figure 2h) in the same region, and
also coherent with basalts collected further West along the SWIR (e.g. Mahoney et al., 1989;
Georgen et al., 2003; Raquin and Moreira, 2009; Parai et al., 2012; Graham et al., 2014). We
note that basalts from segment K along the SEIR show similar *He/*He ratios with an average
value of 7.66 = 0.086 R, (Graham et al., 2014). The helium isotopic ratios reported in basalt
samples from a given dredge are in most cases homogeneous. Basalts dredged on ultramafic
seafloor, especially on-axis samples, show slightly lower *“He/*He ratios (higher *He/*He
ratios) than those collected on the volcanic seafloor (Figure 5), with overlap between the two
groups. We obtain a D value of 0.43 for the two-sample Kolmogorov-Smirnov test for

He/*He for a Dgiteria O 0.63: the compositional differences observed between on-axis basalts

10



erupted on ultramafic and volcanic seafloor are not statistically significative (Table S2).
Moreover, off-axis samples tend to have lower “He contents (between 0.1 and 3.6 pccSTP/g)
than on-axis samples (from 0.1 to 60 uccSTP/g), with no systematic differences in *He/*He

ratios (Figure 5a).

Both types of basalts from the 61° to 67°E region of the SWIR have *Ne contents
between 1.0x10™*% and 6.3x10™° ccSTP/g. *°Ne/?Ne and **Ne/?’Ne ratios range respectively
between 9.8 + 0.04 and 12.3 + 0.18, and between 0.0293 £+ 0.0004 and 0.0604 + 0.0028
(Table 2, Figure 5b). The minimum values of these ranges are identical to the atmospheric
isotopic ratios (®°Ne/?Ne=9.8 and *!Ne/*Ne=0.029, respectively). All samples fall on the
MORB line defined by Sarda et al. (1988) in the three neon isotopes diagram (Figure 5b).
Following Moreira and Allégre (1998), it is possible to correct the **Ne/?Ne ratios for air
contamination to obtain the *Ne/*’Ne ratio of the magma (**Ne/Nemante). This method is
valid for samples with raw values of °Ne/?’Ne ratios greater than 10.5. For lower ?’Ne/**Ne
values, the isotopic composition is too close to the air composition, and it creates artificial
variability and large uncertainties. The MORB source end-member — free of atmospheric
contamination — corresponds to the intersection of the MORB line and of the 2°Ne/?’Ne value
of the primitive mantle (Moreira and Allégre, 1998), because °Ne and *’Ne are almost
entirely non-radiogenic isotopes. In this study, we use the 12.6 value proposed by Moreira
(2013) for the *Ne/*’Ne ratio of the uncontaminated mantle. We observe no significant
difference in ®Ne/”Ne and *!Ne/*Ne ratios between basalts erupted on ultramafic and
volcanic seafloor, or between on- and off-axis samples: on-axis samples show *Ne/*’Nemantie
values between 0.046 and 0.064 and samples dredged off-axis range from 0.056 to 0.060
(Figure 6a). The *Ne/**Nemanye corrected for the sample SMS28, which corresponds to the

on-axis basalt of the eastern amagmatic spreading corridor, is not reported in this study due to

11



analytical issues during the data acquisition, which limits a possible time-evolution of the

neon isotopic signature of the mantle.

5. Discussion

At first glance, our new dataset is showing that all the basalts from the 61°-67°E
region of the SWIR, whether they were dredged on- or off-axis, on ultramafic or volcanic
seafloor, have similar trace elements and Nd, Hf, Pb, He and Ne isotope compositions (Figure
2), compared to the global variability observed along the rest of the SWIR, in particular West
of the Melville Fracture Zone. These compositions are also in good agreement with the results
of previous isotopic studies conducted in the same region (e.g. Meyzen et al., 2005;
Gautheron et al., 2015). This strongly suggests that they derive from similar parent melts
(Paquet et al., 2016). However, basalts erupted on ultramafic seafloor tend to be slightly more
depleted for heavy radiogenic isotopes (Figure 3) and have lower “He concentrations than
those erupted at the volcanic centers (Figure 5a). Basalts dredged off-axis show a large
variability in ®Sr/%®Sr, which is not visible for other isotopic ratios (Figures 2 and 4). In this
section, we will discuss the mantle source and the effect of melt/mantle reactions on the
isotopic composition of the basalts from the 61°-67°E region of the SWIR. We will also
examine the across-axis variability and the evolution of the mantle source composition
through time, as well as the relation between helium loss, Sr isotope compositions and

seawater alteration of the oceanic crust.

5.1 Mantle source heterogeneity and effect of melt/mantle reactions on basalt isotope

compositions

Samples collected on-axis during the Smoothseafloor cruise substantially refine the

resolution of basalts sampled during the EDUL cruise. Spacing between dredges from both

12



cruises ranges from 10 to up to 80 km (between SMS-DR16 and ED-DR16). The overall
homogeneity of the isotopic and elemental compositions measured in the 61°-67°E region of
the SWIR is not due to a sampling bias, with homogeneous compositions measured in basalt
samples from a given dredge in most cases. This homogeneity contrasts with the isotopic
variability observed along the rest of the SWIR (Figures 2 and 6; Meyzen et al., 2003, 2005;
Gautheron et al., 2015; Paquet et al., 2016). Therefore, the degree of heterogeneity along the
SWIR decreases from West to East, and thus correlates with the regional decrease in crustal
thickness, potential mantle temperature and increase in depth (e.g. Muller et al., 1999; Cannat
etal., 1999, 2006; Meyzen et al., 2003, 2005). It is unlikely that this region experienced better
homogenization of the parental melts. The very low magma supply to the ridge axis (e.g.
Muller et al., 1999; Cannat et al., 1999, 2006; Sauter et al., 2013) is not expected to lead to the
formation of well mixed magma bodies beneath the ridge. It is therefore likely that the mantle

source is more isotopically homogeneous.

Based on major and trace element compositions, Paquet et al. (2016) showed that
basalts from both types of seafloors are derived from similar parent melts, but that basalts
erupted on ultramafic seafloor are more affected by reactions between these parent melts and
the mantle rocks in the lithosphere below the ridge. Because on-axis basalts dredged on
ultramafic seafloor display slightly less radiogenic isotope compositions in 2°°Pb/?*Pb,
207pp204pp, 208p2%ph and “*Nd/***Nd) than those erupted on volcanic seafloor (Figure 6),
we propose that melt/mantle reactions with an ambient depleted mantle could result in
isotopic compositions shifted towards slightly less radiogenic values for the basalts erupted
on ultramafic seafloor, relative to those from the volcanic centers (and their parent melts).
Model mixtures of a Depleted MORB Mantle component (D) (from Meyzen et al., 2005) and

an enriched component (E) (chosen as the composition of ED-DR11-1-1, which show the

13



most enriched composition in the study area and could represent the parent melt isotope
composition), are presented in Figure 7. We suggest that compositions of the basalts erupted
on ultramafic seafloor correspond to a contribution of the DMM of ~80% to the parent melt
composition, whereas basalts erupted on volcanic seafloor are best reproduced by lower
contributions of the DMM component (Figure 7). Variations in the estimation of the enriched
component would generate changes in the absolute values of the contributions of the two

components to the compositions of each group of basalts, but not the general trend.

Pyroxenites were suggested as a potential mantle source contribution to explain the
major element composition of the parent melts of the basalts from both types of seafloor
(Paquet et al., 2016; Brunelli et al., 2014, 2018). They could correspond to the slightly more
enriched mantle component from which the parent melts of these lavas are derived. The
easternmost SWIR is an end-member of the global ridge system in terms of its very low
magma supply (Muller et al., 1999; Cannat et al., 1999, 2006) due to a lower potential mantle
temperature. This would favor melting of the proposed enriched pyroxenitic component over
the more refractory depleted peridotites. A heterogeneous source with several components
with different solidi generates complex melting patterns depending on the degree of partial
melting, homogenization and enrichment of each component (e.g. Yasuda and Fujii, 1994,
Petermann and Hirschmann, 2003; Ito and Mahoney, 2005; Rudge et al., 2013; Shorttle,
2015). A similar process is proposed for the Vema Lithospheric Section along the Mid-
Atlantic Ridge (Brunelli et al., 2018), with progressive isotopic depletion in Nd and Pb over
time, suggesting a lower contribution of pyroxenite-derived melts for the younger lavas.
Because basalts erupted on ultramafic and volcanic seafloors are derived from similar parent
melts, we suggest that the enriched isotope compositions observed for the volcanic seafloor

lavas reflect the larger contribution of pyroxenite-derived parent melts, whereas isotope
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compositions for the on-axis basalts erupted on ultramafic seafloor are more depleted,
representing the same parent melts affected by higher degrees of melt/mantle reactions (due to
lower melt/rock ratios; Paquet et al., 2016) with the ambient DMM during their ascension to
the surface. Such melt/mantle reactions would also account for the slightly higher *He/*He
ratios observed for on-axis basalts dredged on ultramafic seafloor: indeed, the contribution of
a pyroxenitic source has been proposed to explain lower *He/*He isotope compositions of
basalts along the SWIR (Gautheron et al., 2015) and the SEIR (Graham et al., 2014), leading

to lower *He/*He ratios for pyroxenite-derived melts.

5.2 Helium loss, Sr isotopic composition and seawater alteration of the oceanic crust

Basalts dredged off-axis contain generally less helium than samples dredged on-axis
(from 0.1 to 3.6 pccSTP/g; from 0.1 to 60 pccSTP/g, respectively) (Figure 5a). The lower
helium content observed for basalts dredged off-axis could reflect lower helium content in the
mantle source at the time of their formation. However, “He/*He ratios of basalts dredged off-
axis and on-axis are similar, suggesting an isotopically homogeneous mantle source, and we
note no significant correlation between “He/*He ratios and other source indicators, such as the
radiogenic isotopic ratios (Sr, Nd, Hf, Pb). Therefore, the low concentrations observed on and
off-axis lavas must result from post-melting or post-eruption processes. Another hypothesis,
which we do not favor, would be that off-axis basalts did not vesiculate to the same extent
during melt ascension in the axial lithosphere, due to an ascent rate too fast to allow a
significant formation of vesicles. Helium would then be in the glass, not sampled with our
crushing technique. However, these basalts do contain vesicles, and there is no geodynamic
justification for assuming a faster ascent rate compared to on-axis basalts. A third hypothesis
is that the off-axis samples have lost helium at some point before, during or after eruption.

The “He/**Ne* ratio can be used as a proxy of helium loss. *He/*Ne* values in function of
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*He contents are represented in Figure 8a. The data are divided in two groups. The first group,
corresponding to the on-axis basalts, has *He/**Ne* greater than 2x10, which is the mantle
production ratio (Yatsevich and Honda, 1997), up to 1.64x10% and variable “He contents.
These high “He/*Ne* values are representative of the pre-eruptive degassing (Sarda and
Moreira, 2002), and the variability in He content quantifies the vesicle proportion lost during
the eruption. The second group, including most of the basalts dredged off-axis, has “He/*Ne*
ratios lower than 2x10” with low helium content. It appears that the lower helium contents
observed in the off-axis samples cannot be explained by pre-eruptive degassing and vesicle

loss during the eruption.

The helium concentration in basalts dredged off-axis, dated between 2.6 and 8.8 Ma
(Figure 1), appears not to be correlated with the age of the lava flow (Figure 6f). This
suggests that the loss of helium occurred after the eruption. A possible explanation could be
diffusion. Kurz and Jenkins (1981) determined diffusion rates for helium in basaltic glass,
between 125° and 400°C, using a stepwise heating method. The extrapolation of these results
to ocean floor temperatures (0°C) gives a diffusivity of ~10"1 cm?s, indicating that diffusion
is an insignificant mechanism for helium loss from fresh basaltic glasses. The helium
diffusion distance is therefore ~ 0.4 mm in 5 Ma, much smaller than the size of the glassy
margin (cm-scale). Thus, helium diffusion from the vesicles into the glass appears insufficient

to explain the lower He contents in the basalts dredged off-axis.

The large variability in 8 Sr/®°Sr ratios in basalts dredged off-axis (Figures 2b and
4b) can be interpreted as the result of seawater alteration (Alt and Teagle, 2000, and
references therein), with no effect on Nd and Pb isotopic ratios. Off-axis samples with high

87Sr/%8Sr ratios (associated with lower Sr contents) tend to have low “He concentration (and
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low ?’Ne concentrations, not shown) (Figure 8b). Therefore, a possible explanation for the
helium loss of the basalts dredged off-axis could simply be the alteration of the oceanic crust
by seawater. Indeed, seafloor weathering is associated with the formation of cracks in the
basalts, sometimes sealed by secondary minerals (e.g. Alt et al., 1986). This alteration may
have opened the vesicles present in the basalts, which could explain the helium loss observed

in the samples dredged off-axis.

5.3 Across-axis isotopic variability and the evolution of the mantle source composition

through time

Basalt SMS-DR28 represents the present-day composition at the ridge axis of one of
the sampled amagmatic corridors. The variability of the isotopic and trace element
compositions of the basalts with time is investigated in Figure 6. Because ages were estimated
from their distance to the closest magnetic anomaly-based isochron, the principal source of
imprecision is that, in the nearly amagmatic spreading corridors, the plate divergence is
accommodated asymmetrically by large offset normal faults or detachment faults (Sauter et
al., 2013; Cannat et al., 2006, 2019) that face alternately north or south and each span

between 0.6 to 1.5 Ma (Cannat et al., 2019).

The variability of the ?*Ne/*’Nemanie does not allow us to determine a possible time-
evolution of the neon isotopic signature of the mantle. However, the lavas dredged off-axis
from the Southwest Indian Ridge show an increase of the (La/Sm), ratios over the last 8.8 Ma,
from 0.78 to 1.02 (Figure 6b). Cordier et al. (2010) reported the occurrence of ancient lavas,
enriched in incompatible elements, off-axis from the Central Indian Ridge (19°S). These
enriched lavas are symmetrically distributed on either side of the ridge within a 40 km-long

profile, representing an 800 kyr period. In their high-resolution study, these authors identified
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a correlation between the Sr isotope ratios and (La/Sm), in the lavas, and interpreted the
enriched melts as due to periodical variations in the aggregation processes of the melts
produced from a heterogeneous mantle source. This rhythmicity in the melts collection
underneath the ridge axis has been discussed in previous studies (e.g. Rabinowicz and Toplis,
2009 and references therein): they propose that magmatic waves could be a way to maintain

melts isolated from deeper region up to the base of the oceanic crust.

For the basalts dredged off-axis in the eastern corridor of the 61°-67°E region of the
SWIR, the (La/Sm), variations, observed over a longer period of time but at a lower spatial
resolution, are not correlated with the 8’Sr/%°Sr compositions of these lavas (Figure S1). This
lack of correlation could be explained by the highly variable 'Sr/%Sr ratios reported for the
lavas dredged off-axis, probably due to seawater alteration at the seafloor (see section 5.2).
The other radiogenic isotope ratios (***Nd/**Nd, ®®Pb/?**Pb and *He/*He) show non-linear
variations with time (Figure 6). These isotopic variations are small compared to the global

variability sampled along the ridge axis for the 61°-67°E region.

Paquet et al. (2016) proposed that basalts erupted on ultramafic seafloor are more
affected by melt/mantle reactions, due to lower melt/rock ratios (<60) than basalts erupted on
volcanic seafloor (>100). Isotopic variations over time could reflect different melt/rock ratios
during interactions of the parent melts with DMM material as they ascended through the axial
lithosphere. Melt/rock ratios between 2.6 and 4.9 Ma could possibly have been higher (with a
maximum at 3.8 Ma for SMS-DR24, for which the melt/rock ratio could be closer to 100) to
explain the slightly enriched compositions observed for the samples dredged off-axis
(compare to the present-day basalt of dredge SMS-DR28, derive from a lower melt/rock <

60), implying a lesser effect of interactions between the parent melts of these lavas and the
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depleted mantle. Additionally, variations in the melt collection underneath the ridge axis
through time (e.g. Rabinowicz and Toplis, 2009) could result in variations of the associated
melt/rock ratio. Such variations would also be expected to correspond to a greater influx of
melt to the ridge, leading to the eruption of more basalt on the seafloor between 2.6 and 4.9
Ma. Basalts would then derive from melt/rock ratios twice as high, similar to those from the
volcanic seafloor. However, because accommodation of spreading in the amagmatic corridors
remained mostly tectonic over the past 8.8 Ma (Sauter et al., 2013; Cannat et al., 2019), it is
unlikely that variations of the melt/rock ratios over time explain the isotopic variability
observed in the basalts dredged off-axis. Even though the sampling density of the lavas
dredged off-axis does not allow us to further constrain the cause of this chemical variability, it
may provide a frame for future work on the effect of melt/mantle reactions on the isotopic

signature of MORB with higher spatial resolution.

6. Conclusions
The eastern SWIR between 61° and 67°E has a very low melt supply and comprises
several corridors of nearly amagmatic spreading that expose mantle-derived serpentinized
peridotites (Cannat et al., 2003, 2006; Sauter et al., 2013). More volcanically active ridge
portions separate these corridors.

e Basalts erupted on ultramafic seafloor, in particular the ones dredged on-axis, display
slightly more depleted compositions in radiogenic isotopes than those erupted on
volcanic seafloor.

e Melt/mantle reactions with an ambient depleted mantle could result in isotopic
compositions slightly shifted towards less radiogenic values for the basalts erupted on

ultramafic seafloor, compared to the lavas erupted at the volcanic centers.
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e The temporal variability of the mantle source in an ultramafic corridor over 8.8 Ma
appears to be minor compared to the overall range of isotopic variability of the on-axis
lavas from the 61°-67°E region.

e Looking at these variations at broader scale, this segment of the SWIR appears largely
homogeneous, compared to what is observed for the rest of this ultraslow spreading

ridge.
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Figure 1. Location of the dredged samples considered in this study on a bathymetric map

of the 61° to 67°E region of the Southwest Indian Ridge (east of the Melville FZ) (after

Paquet et al., 2016). SMS6 to SMS35 are dredges from the Smoothseafloor cruise (Sauter

et al.,

2013); ed7 to ed29 are dredges from the EDUL cruise (Mével et al.,

1997). The

outlines of the volcanic seafloor domains are from Cannat et al. (2006).
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Figure 2. (a) “*Nd/**Nd, (b) &’Sr/%°Sr, (c) Y®Hf""HF, (d) (La/Sm)n, (e) 2®°Pb/**Pb, (f)
208pp/204py, (g) A%%Ph, (h) *He/*He in function of longitude along the Southwest Indian
Ridge, between 53° and 70°E. Triangles represent basalts collected in ultramafic seafloor
areas of the 61°-67°E SWIR region (colored by dredge number as in Figure 1), and dark
grey circles correspond to basalts collected in volcanic seafloor areas. The open circles
and light grey circles are basalts collected between 53° and 61°E, and between 61° and
67°E of the Southwest Indian Ridge respectively (Meyzen et al., 2003, 2005, 2007),
except for “He/’He data, which are from Mahoney et al. (1989) and Gautheron et al.
(2015). The grey area in (h) corresponds to the mean MORB value of 90,000+10,000

(Allégre et al., 1995).
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Figure 3. (@) “’Pb/*Pb, (b) “®Pb/**Pb in function of 2°Pb/?**Pb. Triangles represent
basalts collected in ultramafic seafloor areas of the 61°-67°E SWIR region (colored by
dredge number as in Figure 1), and dark grey circles correspond to basalts collected in
volcanic seafloor areas. The light grey and open circles are basalts collected between 61°
and 67°E, and West of the Melville Fracture Zone along the Southwest Indian Ridge
respectively (Hamelin and Allegre, 1985; Mahoney et al., 1989, 1992; Le Roex et al.,
1989; Meyzen et al., 2005). All the colored fields correspond to PetDB
(www.earthchem.org/petdb, Lehnert et al., 2000) data for the Mid-Atlantic Ridge (MAR),

East Pacific Rise (EPR), Azores Triple Junction (ATJ), North America-South America-
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Africa Triple Junction (NA-SA-A-TJ), Southeast Indian Ridge (SEIR), Pacific-Antartic

Ridge (PAC), Galapagos Triple Junction (GTJ), and Juan de Fuca and Gorda Ridge (JdF).
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Figure 4. ey in function of (a) eng and (b) ¥ Sr/%Sr. Same symbols as in Figures 2 and 3.
Mantle array and Pacific Reference Line (P.R.L.) from Vervoort et al. (1999) and
Vlastélic et al. (1999). Literature data from Hamelin and Allegre, 1985; Mahoney et al.,
1989, 1992; le Roex et al., 1989; Chauvel and Blichert-Toft, 2001; Janney et al., 2005;

Meyzen et al., 2005.
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Figure 7. Plot of 2°®Pb/?*Ph ratios in function of 2°°Pb/?**Pb ratios for the on-axis basalts
dredged on ultramafic and volcanic seafloors from the easternmost part of the Southwest
Indian Ridge, illustrating the binary mixing trajectory between a depleted component (D) and
an enriched component (E). Same symbols as in Figure 2. Dots along the mixing curve
represent a 10% increment in the mixing proportions between the two endmembers. The
enriched component (E) is chosen as the composition of ED-DR11-1-1, which the most
enriched , and the depleted component (D) is taken as the Depleted MORB Mantle
component (DMM) in Meyzen et al. (2005): Pb = 44 ppb, *°Pb/**Pb = 16.5, “®Pb/**Pb =

35.7 (see Table 3 for the model parameters).
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Table 1. Hf, Nd, Sr, Pb isotopic compositions for basalts dredged on volcanic and

ultramafic seafloors from the 61°-67°E region of the Southwest Indian Ridge.
Table 2. He and Ne results obtained on the Noblesse Mass Spectrometer for basalts

dredged on volcanic and ultramafic seafloors from the 61°-67°E region of the Southwest
Indian Ridge. Concentrations are in ccSTP/g.

Table 3. Model parameters used in Figure 7.

Table S1. Compilation of major (wt.%), trace (ppm) and isotopic (Hf, Nd, Sr, Pb, He, Ne)
compositions for volcanic and ultramafic seafloor basalts from the 61°-67°E region of the
Southwest Indian Ridge.

Table S2. Two-sample Kolmogorov-Smirnov test for Pb, Nd and He isotope ratios.
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Figure S1. Comparison of (a) ' Sr/®®Sr ratios and (b) (La/Sm), in function of the age of the

samples. Same symbols as in Figure 2.
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Table 1. Hf, Nd, Sr, Pb isotopic compositions for volcanic and ultramafic seafloor basalts from the 61°-67°E region
of the Southwest Indian Ridge.
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Table 2. He and Ne results obtained on the Noblesse Mass Spectrometer for volcanic and ultramafic seafloor basalts from the 61°-67°E region of the
Southwest Indian Ridge. Concentrations are in ccSTP/g.
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Sample Age  Seafloor Weight R/R il He/°H il He6(x10 Nelz(xlo Ne/*N il Ne/*N ‘o Helgxlo He/*N
(9) a ) ) e e ) e
EE DR7-2-8 <%'7 volcanic 0.010 7.77 0%0 92957 792 37.2
ED DR8-1-2 <%'7 volcanic 0.143 7.49 050 96355 635 48.2 37.0 11.87 oéo 0.0534 0'%01 500.5 13.514
ED DR9-2-3 <%'7 volcanic 0.096 7.72 oéo 93521 686 23.3 18.1 11.43 050 0.0483 0'%00 249.2 13.780
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DMM values are from Meyzen et al. (2005)
Table 3. Model parameters used in Figure 7.
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