
HAL Id: insu-02867712
https://insu.hal.science/insu-02867712

Submitted on 15 Jun 2020

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

The isotopic (He, Ne, Sr, Nd, Hf, Pb) signature in the
Indian Mantle over 8.8 Ma

Marine Paquet, Cédric Hamelin, Manuel Moreira, Mathilde Cannat

To cite this version:
Marine Paquet, Cédric Hamelin, Manuel Moreira, Mathilde Cannat. The isotopic (He, Ne, Sr, Nd,
Hf, Pb) signature in the Indian Mantle over 8.8 Ma. Chemical Geology, 2020, 550 (20), pp.119741.
�10.1016/j.chemgeo.2020.119741�. �insu-02867712�

https://insu.hal.science/insu-02867712
https://hal.archives-ouvertes.fr


Journal Pre-proof

The isotopic (He, Ne, Sr, Nd, Hf, Pb) signature in the Indian
Mantle over 8.8 Ma

Marine Paquet, Cédric Hamelin, Manuel Moreira, Mathilde
Cannat

PII: S0009-2541(20)30280-1

DOI: https://doi.org/10.1016/j.chemgeo.2020.119741

Reference: CHEMGE 119741

To appear in: Chemical Geology

Received date: 19 December 2019

Revised date: 3 May 2020

Accepted date: 8 June 2020

Please cite this article as: M. Paquet, C. Hamelin, M. Moreira, et al., The isotopic (He,
Ne, Sr, Nd, Hf, Pb) signature in the Indian Mantle over 8.8Ma, Chemical Geology (2020),
https://doi.org/10.1016/j.chemgeo.2020.119741

This is a PDF file of an article that has undergone enhancements after acceptance, such
as the addition of a cover page and metadata, and formatting for readability, but it is
not yet the definitive version of record. This version will undergo additional copyediting,
typesetting and review before it is published in its final form, but we are providing this
version to give early visibility of the article. Please note that, during the production
process, errors may be discovered which could affect the content, and all legal disclaimers
that apply to the journal pertain.

© 2020 Published by Elsevier.

https://doi.org/10.1016/j.chemgeo.2020.119741
https://doi.org/10.1016/j.chemgeo.2020.119741


Jo
ur

na
l P

re
-p

ro
of

 

 1 

The isotopic (He, Ne, Sr, Nd, Hf, Pb) signature in the Indian Mantle over 

8.8 Ma 

 

 

Marine Paquet
1*

, Cédric Hamelin
2
, Manuel Moreira

3
 and Mathilde Cannat

1
 

 

1
Equipe de Géosciences Marines, Institut de Physique du Globe de Paris, Sorbonne Paris Cité, 

Université Paris Diderot, UMR7154 CNRS, 1, rue Jussieu, 75238 Paris cedex 05, France 

2
Earth Science department, University of Bergen, Allegaten 41 5007, Bergen, Norway 

3
Observatoire des Sciences de l’Univers, Université d’Orléans, UMS3116, 1A, rue de la 

Férollerie, CS 20066, 45071 Orléans cedex 2, France 

 

*Corresponding author: Marine Paquet (mpaquet@ucsd.edu) 

Now at Scripps Institution of Oceanography, La Jolla, CA 92093-0244, USA 

 

 

Keywords: Mid-Ocean Ridge Basalts; mantle heterogeneity; noble gases; isotope 

geochemistry; melt/mantle interactions 

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

 

 2 

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 
3
He/

4
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.  
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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 (Allègre, 1987; Hart, 1988; Hofmann, 1997; Moreira and Allègre, 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. Dupré and Allègre, 1983; Hart, 1984; Hamelin and Allègre, 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 
207

Pb/
204

Pb, 
208

Pb/
204

Pb and 
87

Sr/
86

Sr at a 

given 
206

Pb/
204

Pb (Dupré et Allègre, 1983; Hart, 1984). This so-called DUPAL component 

also tends to have higher 
4
He/

3
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 Allègre, 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
-1

; 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 
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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 
206

Pb/
204

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 
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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% H2O2 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 HCl 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 
146

Nd/
144

Nd=0.7219. 

Repeated measurements of NIST3135A and JNdi standards during analyses gave an average 

of 
143

Nd/
144

Nd=0.511367±5 (n=22, 2σ) and 
143

Nd/
144

Nd=0.512110±3 (n=8, 2σ) respectively. 

Mass fractionation on Pb was monitored using a thallium doping and sample-standard 
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bracketing technique (Rehkämper 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 (2σ) and 

15.663±0.002 (2σ) and 37.243±0.007 (2σ) for 
206

Pb/
204

Pb, 
207

Pb/
204

Pb and 
208

Pb/
204

Pb 

respectively. The estimated external precision for Pb analyses is ±0.01%, 2σ for 
206

Pb/
204

Pb 

and 
207

Pb/
204

Pb and ±0.02%, 2σ for 
208

Pb/
204

Pb. 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 (2σ). Repeated measurements of JMC475 standards during analyses gave an 

average of 
176

Hf/
177

Hf=0.282148±1 (n=22, 2σ). 

 

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 
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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
-1

, 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 
4
He/

3
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 
4
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). 
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4. Results 

4.1 Sr, Nd, Hf and Pb isotopes 

 Basalts erupted on volcanic seafloor range from 17.8 to 18.0 for 
206

Pb/
204

Pb, from 15.4 

to 15.5 for 
207

Pb/
204

Pb, from 37.6 to 38.1 for 
208

Pb/
204

Pb, from 0.512885 to 0.513110 for 

143
Nd/

144
Nd, from 0.283014 to 0.283208 for 

176
Hf/

177
Hf, and from 0.702684 to 0.703831 for 

87
Sr/

86
Sr. Basalts erupted on ultramafic seafloor range from 17.7 to 17.9 for 

206
Pb/

204
Pb, from 

15.4 to 15.5 for 
207

Pb/
204

Pb, from 37.5 to 37.8 for 
208

Pb/
204

Pb, from 0.513010 to 0.513098 for 

143
Nd/

144
Nd, from 0.283176 to 0.283199 for 

176
Hf/

177
Hf, and from 0.702703 to 0.703755 for 

87
Sr/

86
Sr. 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 
207

Pb/
204

Pb and 
208

Pb/
204

Pb at a given 
206

Pb/
204

Pb than their Atlantic 

and Pacific counterparts (Figure 3), which is coherent with the Indian Ocean MORB 

characteristics (e.g. Dupré et Allègre, 1983; Hart 1984; Hamelin et Allègre, 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, 

208
Pb/

204
Pb=37.84, 

206
Pb/

204
Pb=17.96, 

87
Sr/

86
Sr=0.703831; and at 67°E, 

208
Pb/

204
Pb=37.71, 

206
Pb/

204
Pb=17.78, 

87
Sr/

86
Sr=0.702970), and less radiogenic in Nd and Hf isotopes (at 61°E, 

143
Nd/

144
Nd=0.513053 and 

176
Hf/

177
Hf=0.283172; at 67°E, 

143
Nd/

144
Nd=0.513039 and 

176
Hf/

177
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 
206

Pb/
204

Pb, 
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207
Pb/

204
Pb, 

208
Pb/

204
Pb ratios, and higher 

143
Nd/

144
Nd (and 

176
Hf/

177
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 
206

Pb/
204

Pb, 
207

Pb/
204

Pb, 
208

Pb/
204

Pb and 
143

Nd/
144

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  = 0.05, the D values need to be greater than Dcriteria = √−𝑙 𝑛(𝛼/2) /2  ×

 √(𝑛1 + 𝑛2)/𝑛1/𝑛2  =  0.67 , where 𝑛1  and 𝑛2  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 
87

Sr/
86

Sr values (between 0.702782 and 

0.703755; Figure 2c) and plot out of the global MORB trend in the εHf versus 
87

Sr/
86

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 
143

Nd/
144

Nd and 
176

Hf/
177

Hf, and higher 

87
Sr/

86
Sr, 

206
Pb/

204
Pb, 

207
Pb/

204
Pb, 

208
Pb/

204
Pb and 

208
Pb (where 

208
Pb represents the offset 

of 
208

Pb/
204

Pb relative to the Northern Hemisphere reference line at a given 
206

Pb/
204

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. 
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4.2 He and Ne isotopes 

 Most of the samples from the 61° to 67°E region of the SWIR have 
4
He/

3
He ratios 

between 88,507 (
3
He/

4
He = 8.16 Ra where Ra is the atmospheric ratio) and 105,677 (

3
He/

4
He 

= 6.83 Ra), for an average value of 96,807 ± 14,611, or 7.72 ± 0.32 Ra (Table 2, Figure 2h), 

and with 
4
He contents varying between 0.02 and 60

 
µccSTP/g (Figure 5a). Two samples 

(SMS19-4-1 and SMS26-3-1) have higher 
4
He/

3
He ratios (131,969 – 171,288), associated 

with very low 
4
He concentrations (~0.02 µccSTP/g). Georgen et al. (2003) calculated that the 

3
He/

4
He ratio of samples with 

4
He = 4 µccSTP/g would decrease by 10% over ~10 Ma due to 

post-eruptive radiogenic ingrowth (assuming [U] = 0.6 ppm, and Th/U = 3). Only 
3
He/

4
He 

ratios for samples with 
4
He above or equal to a cutoff of 0.1 µccSTP/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-
4
He samples correspond to typical MORB isotopic ratios (90,000 ± 

10,000 or R/Ra = 8 ± 1; Allègre 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 
3
He/

4
He ratios with an average 

value of 7.66 ± 0.086 Ra (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 
4
He/

3
He ratios (higher 

3
He/

4
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 

3
He/

4
He for a Dcriteria of 0.63: the compositional differences observed between on-axis basalts 
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erupted on ultramafic and volcanic seafloor are not statistically significative (Table S2). 

Moreover, off-axis samples tend to have lower 
4
He contents (between 0.1 and 3.6 µccSTP/g) 

than on-axis samples (from 0.1 to 60 µccSTP/g), with no systematic differences in 
4
He/

3
He 

ratios (Figure 5a). 

 

 Both types of basalts from the 61° to 67°E region of the SWIR have 
22

Ne contents 

between 1.0x10
-12

 and 6.3x10
-10 

ccSTP/g. 
20

Ne/
22

Ne and 
21

Ne/
22

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 (
20

Ne/
22

Ne=9.8 and 
21

Ne/
22

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 Allègre (1998), it is possible to correct the 
21

Ne/
22

Ne ratios for air 

contamination to obtain the 
21

Ne/
22

Ne ratio of the magma (
21

Ne/
22

Nemantle). This method is 

valid for samples with raw values of 
20

Ne/
22

Ne ratios greater than 10.5. For lower 
20

Ne/
22

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 
20

Ne/
22

Ne value 

of the primitive mantle (Moreira and Allègre, 1998), because 
20

Ne and 
22

Ne are almost 

entirely non-radiogenic isotopes. In this study, we use the 12.6 value proposed by Moreira 

(2013) for the 
20

Ne/
22

Ne ratio of the uncontaminated mantle. We observe no significant 

difference in 
20

Ne/
22

Ne and 
21

Ne/
22

Ne ratios between basalts erupted on ultramafic and 

volcanic seafloor, or between on- and off-axis samples: on-axis samples show 
21

Ne/
22

Nemantle 

values between 0.046 and 0.064 and samples dredged off-axis range from 0.056 to 0.060 

(Figure 6a). The 
21

Ne/
22

Nemantle 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 
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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 
4
He concentrations than 

those erupted at the volcanic centers (Figure 5a). Basalts dredged off-axis show a large 

variability in 
87

Sr/
86

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 

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

 

 13 

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 

et al., 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 
206

Pb/
204

Pb, 

207
Pb/

204
Pb, 

208
Pb/

204
Pb, and 

143
Nd/

144
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 
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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 
3
He/

4
He 

ratios observed for on-axis basalts dredged on ultramafic seafloor: indeed, the contribution of 

a pyroxenitic source has been proposed to explain lower 
3
He/

4
He isotope compositions of 

basalts along the SWIR (Gautheron et al., 2015) and the SEIR (Graham et al., 2014), leading 

to lower 
3
He/

4
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
 
µccSTP/g; from 0.1 to 60 µccSTP/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, 
4
He/

3
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 
4
He/

3
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 
4
He/

21
Ne* ratio can be used as a proxy of helium loss. 

4
He/

21
Ne* values in function of 
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4
He contents are represented in Figure 8a. The data are divided in two groups. The first group, 

corresponding to the on-axis basalts, has 
4
He/

21
Ne* greater than 2x10

7
, which is the

 
mantle 

production ratio (Yatsevich and Honda, 1997), up to 1.64x10
8
 and variable 

4
He contents. 

These high 
4
He/

21
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 
4
He/

21
Ne* 

ratios lower than 2x10
7
 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
-17

 cm
2
/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 
87

Sr/
86

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 

87
Sr/

86
Sr ratios (associated with lower Sr contents) tend to have low 

4
He concentration (and 
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low 
22

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 
21

Ne/
22

Nemantle 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)n 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)n 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)n variations, observed over a longer period of time but at a lower spatial 

resolution, are not correlated with the 
87

Sr/
86

Sr compositions of these lavas (Figure S1). This 

lack of correlation could be explained by the highly variable 
87

Sr/
86

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 (
143

Nd/
144

Nd, 
206

Pb/
204

Pb and 
4
He/

3
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. 

 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. 

 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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 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. 

 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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Figures and Tables 

 

 

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) 
143

Nd/
144

Nd, (b) 
87

Sr/
86

Sr, (c) 
176

Hf/
177

Hf, (d) (La/Sm)n, (e) 
206

Pb/
204

Pb, (f) 

208
Pb/

204
Pb, (g) ∆

208
Pb, (h) 

4
He/

3
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 
4
He/

3
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 

(Allègre et al., 1995). 
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Figure 3. (a) 
207

Pb/
204

Pb, (b) 
208

Pb/
204

Pb in function of 
206

Pb/
204

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 Allègre, 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). 

 

 

Figure 4. Hf in function of (a) Nd and (b) 
87

Sr/
86

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 Allègre, 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 5. (a) 
4
He/

3
He in function of 

4
He concentration (ccSTP/g); the grey area 

corresponds to the mean MORB value of 90,000±10,000 (Allègre et al., 1995). (b) 

20
Ne/

22
Ne in function of 

21
Ne/

22
Ne. The MORB line in blue is from Sarda et al. (1988). 

Same symbols as in Figure 2. 
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Figure 6. (a) 
21

Ne/
22

Nemantle, (b) 
143

Nd/
144

Nd, (c)
 4

He/
3
He, (d) (La/Sm)n, (e) 

206
Pb/

204
Pb, (f) 

4
He concentration in function of the age of the samples. Same symbols as in Figure 2. 
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Figure 7. Plot of 
208

Pb/
204

Pb ratios in function of 
206

Pb/
204

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, 
206

Pb/
204

Pb = 16.5, 
208

Pb/
204

Pb = 

35.7 (see Table 3 for the model parameters). 
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Figure 8. (a) 
4
He/

21
Ne* in function of 

4
He concentration (ccSTP/g). The dashed line 

corresponds mantle reference value (Yatsevich and Honda, 1997). (b) 
4
He concentration 

(ccSTP/g) in function of 
87

Sr/
86

Sr. Same symbols as in Figure 2. 

 

 

 

 

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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Supplementary figures 

 

 

 

Figure S1. Comparison of (a) 
87

Sr/
86

Sr ratios and (b) (La/Sm)n 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.      

                    
Sample 

Latitud

e (°) 

Longitu

de (°) 

Depth 

(m) 

Age 

(Ma) 

Seaflo

or 

176
Hf/

1

77
Hf 

2σ εHf 
143

Nd/
1

44
Nd 

2σ 
εN

d 

87
Sr/

8

6
Sr 

2σ 
206

Pb/
2

04
Pb 

2σ 
207

Pb/
2

04
Pb 

2σ 
208

Pb/
2

04
Pb 

2σ 

ED DR8-

1-2 
-27.35 66.34 4550 <0.78 

volca

nic 

0.283

189 

0.000

007 

14.

75 

0.5130

39 

0.000

005 

7.

82 

0.702

970 

0.000

008 

17.78

04 

0.0

005 

15.45

04 

0.0

004 

37.71

22 

0.0

011 

ED DR9-

2-3 
-27.43 66.26 4500 <0.78 

volca

nic 

0.283

161 

0.000

005 

13.

77 

0.5130

10 

0.000

005 

7.

26 

0.703

067 

0.000

008 

17.92

02 

0.0

006 

15.46

46 

0.0

005 

37.85

45 

0.0

013 

ED 

DR10-3-

16 

-27.57 65.98 4320 <0.78 
volca

nic 

0.283

190 

0.000

004 

14.

78 

0.5130

44 

0.000

005 

7.

93 

0.702

921 

0.000

008 

17.79

60 

0.0

005 

15.45

06 

0.0

005 

37.70

20 

0.0

012 

ED 

DR11-2-7 
-27.62 65.53 3550 <0.78 

volca

nic 

0.283

104 

0.000

005 

11.

75 

0.5129

18 

0.000

005 

5.

47 

0.703

441 

0.000

009 

18.00

21 

0.0

006 

15.49

16 

0.0

005 

38.07

84 

0.0

012 

ED 

DR12-2-2 
-27.74 65.35 5550 <0.78 

volca

nic 

0.283

187 

0.000

004 

14.

69 

0.5130

49 

0.000

004 

8.

03 

0.702

930 

0.000

008 

17.88

60 

0.0

005 

15.45

82 

0.0

004 

37.81

48 

0.0

011 

ED 

DR12-3-1 
-27.74 65.35 5550 <0.78 

volca

nic 

0.283

174 

0.000

011 

14.

22 

0.5130

55 

0.000

004 

8.

13 

0.702

921 

0.000

008 

17.88

61 

0.0

005 

15.45

68 

0.0

005 

37.81

32 

0.0

012 

ED 

DR12-3-2 
-27.74 65.35 5550 <0.78 

volca

nic 

0.283

175 

0.000

004 

14.

26 

0.5130

54 

0.000

004 

8.

12 

0.702

917 

0.000

008 

17.88

64 

0.0

004 

15.45

67 

0.0

004 

37.81

30 

0.0

009 

ED 

DR13-3-2 
-27.78 65.41 5450 <0.78 

volca

nic 

0.283

173 

0.000

003 

14.

17 

0.5130

33 

0.000

005 

7.

71 

0.703

059 

0.000

009 

17.81

24 

0.0

006 

15.45

50 

0.0

006 

37.76

32 

0.0

014 

ED 

DR16-1-1 
-27.85 63.91 2800 <0.78 

volca

nic 

0.283

181 

0.000

006 

14.

47 

0.5130

77 

0.000

004 

8.

56 

0.703

403 

0.000

008 

17.80

42 

0.0

005 

15.44

07 

0.0

004 

37.65

38 

0.0

009 

ED 

DR16-3-1 
-27.85 63.91 2800 <0.78 

volca

nic 

0.283

183 

0.000

003 

14.

54 

0.5130

79 

0.000

004 

8.

60 

0.702

774 

0.000

008 

17.81

58 

0.0

005 

15.44

15 

0.0

004 

37.67

54 

0.0

011 

ED 

DR22-2-1 
-28.11 63.36 4950 <0.78 

volca

nic 

0.283

190 

0.000

004 

14.

79 

0.5131

10 

0.000

005 

9.

21 

0.702

684 

0.000

008 

17.89

87 

0.0

006 

15.45

59 

0.0

006 

37.73

08 

0.0

014 

ED 

DR26-1-2 
-28.80 61.93 4600 <0.78 

volca

nic 

0.283

172 

0.000

006 

14.

15 

0.5130

53 

0.000

005 

8.

09 

0.703

831 

0.000

008 

17.96

05 

0.0

066 

15.46

83 

0.0

056 

37.83

95 

0.0

142 

SMS 

DR16-3-4 
-28.54 62.36 3850 <0.78 

ultra

mafic 
      

0.5130

98 

0.000

004 

8.

98 

0.702

906 

0.000

008 

17.76

93 

0.0

009 

15.44

39 

0.0

007 

37.58

73 

0.0

020 

SMS 

DR16-3-5 
-28.54 62.36 3850 <0.78 

ultra

mafic 
      

0.5130

93 

0.000

004 

8.

87 

0.702

786 

0.000

008 

17.75

60 

0.0

011 

15.43

80 

0.0

006 

37.49

53 

0.0

017 

SMS 

DR16-3-7 
-28.54 62.36 3850 <0.78 

ultra

mafic 
      

0.5130

82 

0.000

005 

8.

67 

0.702

931 

0.000

008 

17.78

95 

0.0

010 

15.45

03 

0.0

009 

37.51

91 

0.0

025 
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SMS 

DR16-3-9 
-28.54 62.36 3850 <0.78 

ultra

mafic 
      

0.5130

87 

0.000

004 

8.

76 

0.702

866 

0.000

008 

17.75

79 

0.0

009 

15.44

23 

0.0

009 

37.53

27 

0.0

022 

SMS 

DR16-3-

14 

-28.54 62.36 3850 <0.78 
ultra

mafic 
      

0.5130

98 

0.000

004 

8.

97 

0.702

703 

0.000

008 

17.76

24 

0.0

007 

15.43

89 

0.0

006 

37.57

64 

0.0

014 

SMS 

DR19-4-4 
-27.51 64.06 2650 5.30 

volca

nic 

0.283

208 

0.000

005 

15.

42 

0.5130

85 

0.000

004 

8.

72 

0.703

211 

0.000

008 

17.76

94 

0.0

008 

15.43

32 

0.0

006 

37.62

40 

0.0

018 

SMS 

DR23-2-2 
-28.23 64.63 3870 4.90 

ultra

mafic 

0.283

199 

0.000

006 

15.

10 

0.5130

76 

0.000

004 

8.

55 

0.703

755 

0.000

008 

17.79

10 

0.0

005 

15.44

43 

0.0

004 

37.65

90 

0.0

012 

SMS 

DR23-2-

10 

-28.23 64.63 3870 4.90 
ultra

mafic 

0.283

197 

0.000

004 

15.

04 

0.5130

78 

0.000

004 

8.

58 

0.702

782 

0.000

009 

17.79

08 

0.0

006 

15.44

18 

0.0

006 

37.65

64 

0.0

010 

SMS 

DR23-2-

11 

-28.23 64.63 3870 4.90 
ultra

mafic 

0.283

198 

0.000

005 

15.

06 

0.5130

76 

0.000

004 

8.

55 

0.703

402 

0.000

007 

17.81

30 

0.0

008 

15.44

45 

0.0

006 

37.68

88 

0.0

017 

SMS 

DR24-2-3 
-28.19 64.54 3830 3.80 

ultra

mafic 

0.283

176 

0.000

006 

14.

30 

0.5130

33 

0.000

004 

7.

70 

0.703

651 

0.000

008 

17.87

86 

0.0

003 

15.46

54 

0.0

003 

37.82

37 

0.0

006 

SMS 

DR24-2-6 
-28.19 64.54 3830 3.80 

ultra

mafic 
      

0.5130

10 

0.000

005 

7.

26 

0.703

441 

0.000

008 

17.87

80 

0.0

004 

15.46

48 

0.0

005 

37.67

40 

0.0

007 

SMS 

DR26-3-1 
-28.15 64.65 3960 2.60 

ultra

mafic 

0.283

186 

0.000

005 

14.

65 

0.5130

52 

0.000

004 

8.

08 

0.703

048 

0.000

009 

17.84

55 

0.0

003 

15.45

15 

0.0

003 

37.74

67 

0.0

006 

SMS 

DR26-3-2 
-28.15 64.65 3960 2.60 

ultra

mafic 

0.283

190 

0.000

006 

14.

80 

0.5130

58 

0.000

004 

8.

19 

0.703

561 

0.000

009 

17.84

17 

0.0

005 

15.45

15 

0.0

005 

37.74

27 

0.0

011 

SMS 

DR28-3-3 
-27.96 64.63 4550 <0.78 

ultra

mafic 

0.283

197 

0.000

005 

15.

03 

0.5130

78 

0.000

004 

8.

59 

0.703

033 

0.000

009 

17.68

98 

0.0

004 

15.44

07 

0.0

003 

37.54

80 

0.0

010 

 
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. 

Sample Age Seafloor 
Weight 

(g) 

R/R

a 
±1σ 

4
He/

3
H

e 
±1σ 

4
He (x10

-

6
) 

22
Ne (x10

-

12
) 

20
Ne/

22
N

e 
±1σ 

21
Ne/

22
N

e 
±1σ 

3
He (x10

-

12
) 

3
He/

22
N

e 

ED DR7-2-8 

NJ 

<0.7

8 
volcanic 0.010 7.77 

0.0

7 
92957 792 37.2               

ED DR8-1-2  
<0.7

8 
volcanic 0.143 7.49 

0.0

5 
96355 635 48.2 37.0 11.87 

0.0

8 
0.0534 

0.001

0 
500.5 13.514 

ED DR9-2-3  
<0.7

8 
volcanic 0.096 7.72 

0.0

6 
93521 686 23.3 18.1 11.43 

0.0

5 
0.0483 

0.000

5 
249.2 13.780 

ED DR10-3-16 
<0.7

8 
volcanic 0.092 7.89 

0.0

6 
91531 695 2.4 12.8 10.56 

0.0

4 
0.0338 

0.000

5 
26.5 2.076 
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ED DR11-1-9 
<0.7

8 
volcanic 0.010 7.61 

0.0

6 
94869 810 40.8           429.6   

ED DR11-2-7 
<0.7

8 
volcanic 0.130 7.49 

0.0

5 
96351 682 6.8 338.9 9.93 

0.0

4 
0.0303 

0.000

4 
70.6 0.208 

ED DR11-2-10 
<0.7

8 
volcanic 0.044         4.6 18.8 10.70 

0.0

6 
0.0386 

0.000

8 
    

ED DR12-2-2 
<0.7

8 
volcanic 0.065 7.82 

0.0

5 
92307 557 1.4 43.4 9.84 

0.0

4 
0.0293 

0.000

4 
15.6 0.358 

ED DR12-3-1 
<0.7

8 
volcanic 0.067 7.59 

0.0

6 
95067 744 2.6 2.5 10.26 

0.3

9 
0.0364 

0.002

2 
27.2 10.651 

ED DR12-3-2 
<0.7

8 
volcanic 0.136 7.78 

0.0

7 
92842 839 2.0 22.9 9.94 

0.0

3 
0.0299 

0.000

6 
21.1 0.919 

ED DR13-3-2 
<0.7

8 
volcanic 0.055 7.98 

0.1

4 
90495 

163

2 
0.1           1.4   

ED DR16-1-1 
<0.7

8 
volcanic 0.156 7.57 

0.0

5 
95400 651 60.4 171.8 10.04 

0.0

4 
0.0321 

0.000

4 
633.4 3.686 

ED DR16-2-1 
<0.7

8 
volcanic 0.010 7.55 

0.1

1 
95567 

140

4 
0.8 632.7 9.86 

0.0

4 
0.0297 

0.000

4 
8.1 0.013 

ED DR16-2-3 
<0.7

8 
volcanic 0.009 7.48 

0.0

4 
96587 485 36.9 23.6 12.22 

0.2

2 
0.0551 

0.002

5 
382.1 16.193 

ED DR16-3-1 
<0.7

8 
volcanic 0.048 7.28 

0.0

5 
99193 625 42.1 16.2 11.82 

0.0

9 
0.0545 

0.001

5 
424.2 26.166 

ED DR19-1-3 
<0.7

8 
volcanic 0.232 7.61 

0.0

5 
94901 626 32.9 311.7 10.10 

0.0

6 
0.0309 

0.000

2 
346.9 1.113 

ED DR22-2-1 
<0.7

8 
volcanic 0.194 7.91 

0.0

5 
91265 618 1.5 1.1 12.30 

0.1

8 
0.0604 

0.002

8 
16.8 15.966 

ED DR26 type1 
<0.7

8 
volcanic 0.074 8.16 

0.0

9 
88507 

103

0 
0.2           1.8   

ED DR26-1-2 
<0.7

8 
volcanic 0.098 8.12 

0.0

6 
88950 693 1.7           19.5   

ED DR28-2-5 
<0.7

8 
volcanic 0.100 7.76 

0.0

4 
93026 485 7.7 8.3 10.73 

0.0

6 
0.0422 

0.000

9 
82.7 9.966 

ED DR29-1-1 
<0.7

8 
volcanic 0.077 7.19 

0.0

3 
100479 488 15.6 18.4 10.35 

0.0

6 
0.0385 

0.000

8 
155.0 8.419 

ED DR29-1-2 
<0.7

8 
volcanic 0.060 6.91 

0.0

3 
104415 505 24.7 18.3 11.57 

0.0

6 
0.0509 

0.000

9 
236.4 12.943 

SMS DR16-3-4 
<0.7

8 

ultramafi

c 
0.020 8.02 

0.0

7 
90063 771 15.1           167.4   

SMS DR16-3-5 <0.7 ultramafi 0.021 7.99 0.0 90329 672 21.7 46.1 10.61 0.0 0.0369 0.000 240.7 5.222 
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8 c 6 5 7 

SMS DR16-3-7 
<0.7

8 

ultramafi

c 
0.237 6.83 

0.0

4 
105677 625 31.3 86.6 11.30 

0.0

5 
0.0484 

0.000

8 
296.3 3.424 

SMS DR16-3-9 
<0.7

8 

ultramafi

c 
0.021 8.11 

0.0

7 
88994 722 6.6 16.0 10.98 

0.0

9 
0.0389 

0.001

7 
74.2 4.622 

SMS DR16-3-

14 

<0.7

8 

ultramafi

c 
0.019 7.73 

0.0

7 
93447 799 20.6           220.0   

SMS DR19-4-1 5.30 volcanic 0.086 4.22 
0.1

8 
171288 

721

0 
0.02 130.7 9.89 

0.0

4 
0.0304 

0.000

3 
    

SMS DR19-4-4 5.30 volcanic 0.188 8.06 
0.0

6 
89626 704 0.8 11.9 11.58 

0.0

4 
0.0497 

0.000

7 
9.3 0.783 

SMS DR23-2-2 4.90 
ultramafi

c 
0.466 8.02 

0.0

6 
90028 683 3.6 9.4 11.09 

0.0

4 
0.0442 

0.000

6 
40.2 4.289 

SMS DR23-2-

10 
4.90 

ultramafi

c 
0.023 8.04 

0.0

8 
89855 854 2.9           32.4   

SMS DR23-2-

11 
4.90 

ultramafi

c 
0.167 7.95 

0.0

8 
90855 863 0.4 49.3 9.96 

0.0

4 
0.0306 

0.000

5 
4.5 0.090 

SMS DR24-2-3 3.80 
ultramafi

c 
0.054 7.69 

0.1

5 
93841 

178

9 
0.1           0.8   

SMS DR24-2-6 3.80 
ultramafi

c 
0.109 7.98 

0.0

9 
90508 974 0.2 2.7 12.20 

0.1

0 
0.0533 

0.001

6 
2.6 0.950 

SMS DR26-3-1 2.60 
ultramafi

c 
0.546 5.47 

0.4

0 
131969 

964

9 
0.02 4.8 10.14 

0.0

4 
0.0315 

0.000

4 
    

SMS DR26-3-2 2.60 
ultramafi

c 
0.123 7.72 

0.1

7 
93546 

211

0 
0.02           0.3   

SMS DR28-3-3 
<0.7

8 

ultramafi

c 
0.046 7.86 

0.0

7 
91904 807 1.7 1.9         18.5 9.881 

SMS DR31-2-4 8.80 
ultramafi

c 
0.248 7.57 

0.3

1 
95357 

396

5 
0.02           0.2   

 

 
 

    
  Pb (ppb) 

206
Pb/

204
Pb 

208
Pb/

204
Pb 

DMM 44.0 16.5 35.7 

Enriched component 680.0 18.04 38.13 
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DMM values are from Meyzen et al. (2005) 

   Table 3. Model parameters used in Figure 7. 
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