
 

 
 
 
 
 

Kim, J., Pak, S.-J., Moon, J.-W., Lee, S.-M., Oh, J. and Stuart, F. M. (2017) Mantle 

heterogeneity in the source region of mid-ocean ridge basalts along the northern 

Central Indian Ridge (8°S-17°S). Geochemistry, Geophysics, Geosystems, 18(4), 

pp. 1419-1434. 

 

   

There may be differences between this version and the published version. You are 

advised to consult the publisher’s version if you wish to cite from it. 

 

This is the peer reviewed version of the following article: Kim, J., Pak, S.-J., Moon, 

J.-W., Lee, S.-M., Oh, J. and Stuart, F. M. (2017) Mantle heterogeneity in the 

source region of mid-ocean ridge basalts along the northern Central Indian Ridge 

(8°S-17°S). Geochemistry, Geophysics, Geosystems, 18(4), pp. 1419-1434, which 

has been published in final form at http://dx.doi.org/10.1002/2016GC006673. This 

article may be used for non-commercial purposes in accordance with Wiley Terms 

and Conditions for Self-Archiving. 
 
 
 

http://eprints.gla.ac.uk/140822/ 
     

 
 
 
 
 

 
Deposited on: 10 May 2017 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Enlighten – Research publications by members of the University of Glasgow 

http://eprints.gla.ac.uk 

http://dx.doi.org/10.1002/2016GC006673
http://olabout.wiley.com/WileyCDA/Section/id-828039.html#terms
http://olabout.wiley.com/WileyCDA/Section/id-828039.html#terms
http://eprints.gla.ac.uk/140822/
http://eprints.gla.ac.uk/140822/
http://eprints.gla.ac.uk/
http://eprints.gla.ac.uk/


1 
 

Mantle heterogeneity in the source region of mid-ocean ridge basalts along the northern 1 

Central Indian Ridge (8°–17°S) 2 

 3 

Jonguk Kim1*, Sang-Joon Pak1, and Jai-Woon Moon1, Deep-sea & Seabed Mineral Resources 4 

Research Center, Korea Institute of Ocean Science & Technology, 787, Haeanro, Ansan, 15627  5 

Korea 6 

 7 

Sang-Mook Lee2, School of Earth and Environmental Sciences, Seoul National University, 1 8 

Gwanakro, Gwanakgu, Seoul, 08826, Korea 9 

. 10 

Jihye Oh1, Deep-sea & Seabed Mineral Resources Research Center, Korea Institute of Ocean 11 

Science & Technology, 787, Haeanro, Ansan, 15627 Korea 12 

 13 

Finlay M. Stuart3, Isotope Geoscience Unit, Scottish Universities Environmental Research 14 

Center, East Kilbride G75 0QF, UK 15 

 16 

*Corresponding author: Jonguk Kim, Deep-sea & Seabed Mineral Resources Research Center, 17 

Korea Institute of Ocean Science & Technology, 787, Haeanro, Ansan, 426-744 Korea 18 

(jukim@kiost.ac.kr) 19 

 20 

 21 

Key Points 22 



2 
 

 Examination of origin of E-MORB far from hotspots in the Central Indian Ridge 23 

 E-MORB in southern segment affected by fossil Rèunion mantle component 24 

 E-MORB independent from hotspot in northern segment show FOZO composition 25 

  26 



3 
 

Abstract 27 

The northern Central Indian Ridge (CIR) between 8°S and 17°S is composed of seven 28 

segments whose spreading rates increase southward from ~35 to ~40 mm/yr. During 29 

expeditions of R/V Onnuri to study hydrothermal activity on the northern CIR in 2009 to 30 

2011, high-resolution multibeam mapping was conducted and ridge axis basalts were dredged. 31 

The major and trace element, and Sr–Nd–Pb-He isotopic compositions of basaltic glasses 32 

dredged from the spreading axis require three mantle sources; depleted mantle and two 33 

distinct enriched mantle sources. The southern segments have Sr, Nd, and Pb that are a mix 34 

of depleted mantle and an enriched component as recorded in southern CIR MORB. This 35 

enrichment is indistinguishable from Rèunion plume mantle, except for He isotopes. This 36 

suggests that the southern segments have incorporated a contribution of the fossil Rèunion 37 

plume mantle, as the CIR migrated over hotspot-modified mantle. The low 3He/4He (7.5 to 38 

9.2 RA) of this enriched component may result from radiogenic 4He ingrowth in the fossil 39 

Rèunion mantle component. Basalts from the northern segments have high 206Pb/204Pb 40 

(18.53-19.15) and low 87Sr/86Sr (0.70286-0.70296) that are distinct from the Rèunion plume 41 

but consistent with derivation from mantle with FOZO signature, albeit with 3He/4He (9.2 to 42 

11.8 RA) that are higher than typical. The FOZO-like enriched mantle cannot be attributed to 43 

the track of a nearby mantle plume. Instead, this enrichment may have resulted from 44 

recycling oceanic crust, possibly accompanied by small plume activity. 45 

 46 

Index terms: 1032 Geochemsitry: Mid-Oceanic ridge processes (3614, 8416); 1038 47 

Geochemistry: Mantle processes (3621); 1065 Geochemistry: Major and trace element 48 

geochemistry; 1040 Geochemistry: Radiogenic isotope geochemistry 49 

 50 
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 52 

1. Introduction 53 

The depleted upper mantle has been considered as the main source of mid-ocean ridge 54 

basalts (MORB) [Hart, 1971]. In addition, upwelling mantle plumes are an important source 55 

of geochemical heterogeneity in the upper mantle. The presence of geochemically and 56 

isotopically enriched mid-ocean ridge basalts (E-MORBs) has been explained by the melting 57 

of plume mantle and depleted upper mantle [Schilling, 1985, 1973]. It is generally thought 58 

that the extent to which actively upwelling hotspot mantle is incorporated into ridge melt 59 

regime depends on the distance between the two features. The enriched mantle components 60 

and E-MORB found on ridges close to hot spots can be explained by mixing with mantle 61 

plume components, but the origin of E-MORB far from hotspots is more controversial [i.e. 62 

Donnelly et al., 2004; Ulrich et al., 2012; Waters et al., 2011]. The occurrence of E-MORB 63 

in ridge segments located far from any plumes suggests that enriched sources irrelevant to 64 

hotspot plumes, for example, recycling of metasomatized mantle or OIB/seamount material 65 

through subduction, are ubiquitous in the upper mantle [Donnelly et al., 2004; Ulrich et al., 66 

2012]. Waters et al. (2011) proposed that E-MORB in the9°–10°N region of the EPR is 67 

produced through the same plumbing system as N-MORB, by mixing of deeply generated 68 

garnet pyroxenite melts with shallowly generated accumulated proxenite-peridotite melt. The 69 

occurrence of E-MORB uninfluenced by plumes likely indicates smaller heterogeneities 70 

dispersed in the mantle.  71 

This study examines the relationship between mid-ocean ridges and hotspots in the 72 

area of the Central Indian Ridge (CIR) located more than 1000 km from the Rèunion hotspot. 73 

The CIR provides an ideal opportunity to explore distant ridge–hotspot interactions. Along 74 
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the CIR, the Marie Celeste Fracture Zone (MCFZ, Fig. 1) represents a major offset marking 75 

the boundary between the northern and southern CIR. The influence of the Rèunion hotspot 76 

on the CIR has been previously demonstrated by systematic sampling and analysis of MORB 77 

glasses from the southern CIR [Furi et al., 2011; Murton et al., 2005; Nauret et al., 2006]. 78 

Mahoney et al. [1989] documented Rèunion-like radiogenic isotope signatures in basalt 79 

glasses from near the MCFZ, yet to date there has been no systematic petrological or 80 

geochemical investigations of the CIR north of the MCFZ.  81 

Here, we present the first systematic geochemical and isotopic analyses of MORB 82 

glasses collected from seven segments of the CIR north of the MCFZ, between 8°S and 17°S. 83 

We show the presence of at least three distinct mantle sources in the northern CIR: (1) 84 

depleted mantle; (2) an enriched mantle component mainly observed in the southern 85 

segments; and (3) a second enriched mantle component in the northern segments. The distinct 86 

E-MORB compositions enable us to examine the origins of these mantle heterogeneities. 87 

 88 

2. Geological setting 89 

The Central Indian Ridge is a slow–intermediate (~34 to 40 mm/yr DeMets et al., 90 

[2010]) spreading ridge with morphology typical of slow spreading ridges; it has a 500–1000-91 

m-deep axial valley and 50–100 km long segments connected by short transform faults and 92 

non-transform discontinuities [Parson et al., 1993]. The ridge extends northward from the 93 

Rodrigues Triple Junction at ~25°S to the Owen Fracture Zone at ~10°N. The study area is 94 

located between 8°S (near the Chagos Laccadive Ridge) and 17°S (north of the MCFZ). 95 

Although bathymetric data are available in the northern and southern parts of the study area 96 

[Drolia et al., 2005; Dyment et al., 1999], prior to our survey no high-resolution swath 97 

multibeam bathymetric surveys had been undertaken. 98 
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The ridge studied here is composed of seven spreading segments (90-110 km long). 99 

Each segment is terminated by transform faults (Fig. 1), each with a similar length of ~90-100 

110 km, apart from segments 1 and 2 that are separated by a long fault (~240 km) known as 101 

the Vema Fracture Zone. The structure of the transform fault between segments 3 and 4 is 102 

poorly defined. Both the bathymetric and backscatter multibeam echo data indicate that an 103 

active rift valley only exists in the southern half of segment 4, between 11°20′S and 11°40′S. 104 

The neovolcanic zone of the spreading segments is evident from the development of a rift 105 

valley with high backscatter. Spreading segment 4 (a short segment) is connected to segment 106 

3 by an oblique trough, as indicated by a high-backscatter region in the acoustic imagery that 107 

extends from the southern end of segment 3 (see the Supplementary Material, Appendix 108 

Figure S1). 109 

The Rèunion hotspot is currently ~1100 km to the west of the ridge axis (Fig. 1). The 110 

Rèunion hotspot formed the Deccan Traps around the time of the KT boundary (~65-66 Ma), 111 

and then the plume formed the Laccadives-Maldives-Chagos ridges, and much of the 112 

Mascarene Plateau, including the young volcanic island of Mauritius [Duncan, 1990]. The 113 

CIR transected the Rèunion-Mauritius hotspot track at ~34 Ma. Plate reconstruction suggests 114 

that the Chagos was originally joined to the Mascarene Plateau [Torsvik et al., 2013]. Thus, 115 

the trajectory of past Rèunion hotspot activity from the southern end of the Chagos–116 

Laccadives Ridge can be extended to the CIR section of our study. The east–west trending 117 

Rodrigues Ridge and smaller en-echelon volcanic ridges at 19°S (the Three Magi Ridges and 118 

the Gasitao Ridge) appear to connect the Rèunion–Mauritius hotspot track to the present-day 119 

CIR axis. Mahoney et al. [1989] and Murton et al. [2005] proposed that E-MORB were 120 

produced by eastward migration of Rèunion hotspot mantle along the MCFZ toward the CIR. 121 

However, more detailed sampling along axis of the CIR segment located south of the MCFZ 122 

suggested that direct mantle flow from the Rèunion hotspot would meet the CIR not at ~18°S, 123 
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immediately south of the MCFZ but at ~19.5°S, near the present-day intersection of the CIR 124 

and the off-axis ridges [Furi et al., 2011; Nauret et al. 2006]. Thus, the mantle-source 125 

enrichment observed near the MCFZ is unrelated to direct mantle flow from the Rèunion 126 

hotspot. 127 

 128 

3. Sampling and analytical methods 129 

The samples analyzed in this study were obtained during three annual cruises of the 130 

R/V Onnuri, as part of the Korea Deep Ocean Study (KODOS) program that investigated the 131 

CIR during 2009–2011. Fresh basalt samples with glassy chilled margins were dredged from 132 

53 stations along 7 spreading axes at an average interval of ~20 km. Samples were crushed, 133 

sonicated in distilled water until no turbidity was observed, and then dried. Glass fragments 134 

were hand-picked under a binocular microscope to exclude alteration. Prior to final grinding, 135 

the samples were leached in 1 M HCl for 10 minutes at room temperature to remove 136 

carbonate. 137 

Major and trace element compositions were determined on 75 samples. Samples were 138 

prepared and analyzed in batches. Each batch contained a reagent blank, a certified reference 139 

material, and 17% duplicate samples. Samples were mixed with a flux of LiBO2 and Li2B4O7 140 

and fused in an induction furnace. The melt was immediately poured into a solution of 5% 141 

HNO3 containing an internal standard, and mixed continuously until completely dissolved 142 

(~30 minutes). The samples were analyzed for major oxides and selected trace elements using 143 

a combination of simultaneous/sequential ICP–AES (Thermo Jarrell-Ash ENVIRO II) and 144 

ICP–MS (Perkin-Elmer ELAN 6000) by Activation Laboratories, Canada. Calibration was 145 

performed using seven USGS and CANMET certified reference materials. One of the seven 146 

standards was analyzed as an unknown during the analysis of every group of 10 samples. The 147 
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uncertainty in the external reproducibility of the analyses was generally within ±5% except 148 

for some trace elements of which concentration is near the detection limit (Appendix Table 149 

S1).  150 

Sr, Nd, Pb isotopes were determined in thirty samples He isotope composition 151 

determined in 38 samples. Sr and Nd isotopes were determined by thermal ionization mass 152 

spectrometry (TIMS, a ThermoFisher TRITON Plus) at the National Oceanographic Center 153 

(NOC). Samples for Sr and Nd were digested with HF/HNO3, and the samples were collected 154 

in an HCl mother solution that was sub-sampled to give 1 μg of Sr and Nd. The Sr solution 155 

was processed using ~50-μl columns containing Sr-Spec resin and eluted with 3 M HNO3 to 156 

remove interfering elements, followed by collection of the Sr in water. The purified Sr 157 

sample was dried and loaded onto a single Ta filament using a Ta activator solution, and the 158 

isotopic composition determined using a multi-dynamic peak jumping routine in a Thermo 159 

Fisher Triton Plus thermal ionization mass spectrometer. Beam intensities were maintained at 160 

2V. Analyses of the NBS987 standard (n = 23) yielded an average 87Sr/86Sr of 0.710243 ± 161 

0.000018 (2σ).  162 

Solutions for Nd were first passed through a cation column to remove major cations 163 

and Ba using 2.2 M HCl, followed by collection of the rare earth elements (REE) in 6 M 164 

HNO3. The Nd was then separated using an Ln-Spec column with 0.15 M HCl. The solution 165 

was dried and loaded onto the Ta side of a Ta–Re–Ta triple filament. The Nd isotopes were 166 

determined using a Thermo Fisher Triton Plus thermal ionization mass spectrometer using a 167 

multi-dynamic peak jumping routine and JNdi as a standard. Measured values for the JNdi 168 

standard were 143Nd/144Nd = 0.512092 ± 15 (2σ, n = 23), which is slightly lower but 169 

comparable with the value (143Nd/144Nd = 0.512115 ± 7) of JNdi reported by Tanaka et al. 170 

[2000].  171 
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For the Pb isotope analysis, glass samples were dissolved in HF/HNO3/HBr and the 172 

Pb was purified using a two-stage anion column with HBr medium. The amount of Pb in 173 

procedural blanks was <50 pg, which is negligible relative to the amount of Pb recovered. 174 

The samples were analyzed in static mode on a Thermo Fisher Neptune MC–ICP–MC at the 175 

National Oceanographic Center (NOC), using a double spike technique to correct for 176 

fractionation and mass bias. Detailed description of Pb isotope analyses is given in Taylor et 177 

al. [2015]. The 2σ uncertainties on standard NBS 981 (206Pb/204Pb = 16.9412; 207Pb/204Pb = 178 

15.4988; 208Pb/204Pb = 36.7233) were 0.0025, 0.0025, and 0.0075 for 206Pb/204Pb, 207Pb/204Pb, 179 

and 208Pb/204Pb, respectively.  180 

Helium isotopes were measured in 1-3 mm fragments of alteration-free basalt glass 181 

that had been previously cleaned in analar acetone. Gases were extracted by in vacuo 182 

crushing 1-2 g of glass in a multi-sample hydraulic crusher. The extracted gases were purified 183 

by exposure to two hot GP50 ZrAl alloy getters and the heavy noble gases (Ar, Kr, Xe) were 184 

absorbed onto liquid nitrogen-cooled charcoal prior to analysis. The isotopic composition of 185 

the helium was measured by a MAP 215-50 mass spectrometer in static mode at SUERC 186 

[Stuart et al., 2000; Williams et al., 2005]. Blanks levels were measured each day and never 187 

exceeded 0.1% of the measured He. Mass spectrometer sensitivity and mass fractionation 188 

was determined by repeated analysis of aliquots from a reservoir of the HESJ international 189 

standard (20.63 RA, Matsuda et al., [2002]). The reproducibility of He isotope ratios is 190 

typically ±0.5% (1σ). The He concentrations reported in Table 1 are minimum estimates of 191 

the inventory of vesicle-hosted He as the in vacuo crushing process does not pulverise 192 

samples to powder. 193 

 194 

4. Results 195 
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4.1. Major and trace elements 196 

Major and trace element compositions are presented in Appendix Table S1. Most are 197 

low-K tholeiitic basalts and show slight loss on ignition, indicating that alteration has been 198 

minor. Major element concentrations show a generally negative correlation with MgO over 199 

the range 6.9 to 9.2 wt.% (Appendix Fig. S3). Al2O3 and CaO display positive correlations 200 

with MgO. These variations are typical of MORBs and reflect early fractional crystallization 201 

of olivine and plagioclase with minor contribution of clinopyroxene.  202 

Basalts have a wide variation in incompatible element and light rare earth element 203 

(LREE) concentrations, ranging from N-MORB to E-MORB patterns (Fig. 2). There is little 204 

systematic latitudinal variation in trace element patterns (Fig. 2). For example the most 205 

depleted basalts occur in segment 1 in the north and segment 6 in the south. Although basalts 206 

from the southern-most segment 7 show the most enriched compositions, basalts from other 207 

segments tend to show transitional compositions. The basalts have trace element 208 

compositions that lie between the depleted CIR MORB (sample RC14 of Murton et al., 209 

[2005]) and Rèunion basalts [Albarede et al., 1997].  210 

Trace element proxies for mantle fertility such as La/Sm and Nb/Zr do not differ 211 

significantly in basalts from the northern and southern segments. Basalts from the northern 212 

segments appear to have small range, and lower (La/Sm)N and Nb/Zr, than segments 5 to 7  213 

(Fig. 3a). This likely reflects a less or different enriched source(s) for the northern segments 214 

compared to the southern segments. Several basalts from the northern segments have higher 215 

Ba/La for a given (La/Sm)N. This suggests that a small contribution of an additional enriched 216 

source, possibly related to the recycled oceanic crustal components, may be present in the 217 

melting zone in the north.  218 

 219 
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4.2. Isotopic compositions 220 

The isotopic composition of Sr, Nd, and Pb are presented in Table 1 and Fig. 4. Sr 221 

(87Sr/86Sr = 0.7028-0.7032) and Nd isotopes (143Nd/144Nd = 0.51296-0.51322) display a 222 

negative correlation that is typical of the global MORB data set (Fig. 4). With the exception 223 

of three samples from southern segments that have more radiogenic Nd, all glasses plot in the 224 

range of CIR MORB, significantly less radiogenic than Rèunion basalts [Bosch et al., 2008; 225 

Nauret et al., 2006; Escrig et al., 2004; Mahoney et al., 1989]. In the 87Sr/86Sr–143Nd/144Nd 226 

space, the analyzed CIR basalts show a curvilinear trend, suggesting mixing between 227 

depleted MORB with a seawater component and more enriched component (i.e. Rèunion 228 

mantle). The elevated Sr isotopes of the three high 143Nd/144Nd samples might be indicative 229 

of seawater alteration or isotopic heterogeneity in the Indian mantle source. The majority of 230 

samples have less radiogenic Sr and more radiogenic Nd than MORB form the southern CIR 231 

[Nauret et al., 2006]. 232 

Pb isotopic compositions (206Pb/204Pb = 17.91–19.15; 207Pb/204Pb = 15.46–15.62; 233 

208Pb/204Pb = 37.77–39.02) are more variable than Sr and Nd. Most samples show Pb isotope 234 

ratios that overlap with those reported previously for CIR MORB [Bosch et al., 2008; Escrig 235 

et al., 2004; Mahoney et al., 1989; Nauret et al., 2006]. The data define a distinct linear array 236 

in both 207Pb/204Pb–206Pb/204Pb and 208Pb/204Pb–206Pb/204Pb space (Fig. 4). All analyzed 237 

basalts plot above the Northern Hemisphere Reference Line (NHRL, Hart, [1984]), indicative 238 

of the DUPAL signature which is typical of Indian MORB [Dupre and Allegre, 1983]. Three 239 

basalts from segments 2 and 4 have compositions that are as, or more, radiogenic than 240 

Rèunion basalts [Nauret et al., 2006] (Fig. 4). The enrichment of Ba/La observed in some 241 

basalts from the northern segments (Fig. 3) appears to be reflected in the Pb isotopic 242 

compositions. Namely, the basalts showing high Ba/La from the northern segments also have 243 
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more radiogenic Pb isotope compositions (Fig. 5).  244 

Helium isotope ratios vary between 7.5 and 11.8 RA, where RA is the atmospheric 245 

ratio (Table 1). This is similar to the range measured in glasses from the southern CIR [Furi 246 

et al., 2011]. Four basalt samples in Furi et al., [2011], recovered from segment 7 of our 247 

study, have similar 3He/4He as well as (La/Sm)N ratios to basalts from same segment (Fig. 6). 248 

The majority of the ridge is characterized by 3He/4He that is indistinguishable from the 249 

canonical values of depleted MORB-source mantle (8±1 RA, Graham, [2002]). Basalts from 250 

the northern part of the ridge show two regions where 3He/4He are systematically higher than 251 

depleted MORB mantle values; segment 2 and segment 4 plus the south end of segment 3. 252 

The 3He enrichment is likely associated with more primitive, less-degassed mantle source 253 

[e.g. Stuart et al., 2003].  254 

 255 

5. Discussion 256 

5.1. Along-ridge geochemical variation 257 

Although absolute concentrations of incompatible elements can be affected by 258 

fractional crystallization, effects on incompatible trace element ratios are insignificant [e.g., 259 

Schilling and Winchester, 1967; 1969; Gast, 1968] (Appendix Fig. S4). The concentration of 260 

Na2O calculated at MgO = 8 wt.% (Na8) shows limited variation, apart from at two dredge 261 

sites located in the oblique trough between segments 3 and 4, where high Na8 values suggest 262 

a low degree of melting along a non-transform boundary. The Na8 values do not correlate 263 

with ridge bathymetry (Fig. 5 and Appendix Fig. S4). This suggests that there is limited 264 

variation in the degree of partial melting along the ridges. In addition, no significant 265 

correlation is observed between (La/Sm)N and Na8 in general, and from segment 4 in 266 
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particular (Fig. 5). This implies that the observed variations in incompatible trace elements 267 

and isotope ratios are most likely related to source heterogeneity.  268 

Trace element (e.g. (La/Sm)N, Ba/La) and Sr–Nd–Pb-He isotopic composition of the 269 

basalts show significant along-ridge variation (Fig. 5). Enriched basalts compositions are 270 

more common in the southern segments (5-7). For instance, MORB from segments 6 and 7 271 

show segment-scale variation (i.e. decrease of (La/Sm)N and Ba/La from north to south, Fig. 272 

5d). Isotopic compositions of Sr, Nd, and Pb show even more distinct compositional 273 

differences between segments. MORB from the segments 2 and 4 are characterized by more 274 

radiogenic Sr and Pb and less radiogenic Nd isotope ratios than the segment immediately to 275 

the south (segment 5) but not those segments farther away (segments 6 and 7). The isotopic 276 

variation along the southern segments (5-7) is greater than in the northern segments and show 277 

latitudinal variations in segment-scale similar to trace element ratios. For example, 278 

206Pb/204Pb ratios show a compositional trend that is similar to (La/Sm)N and Ba/La.  279 

The trace element ratios and isotopic compositions indicate that the basalts along the 280 

northern CIR are not derived from the homogeneous asthenosphere, but require contributions 281 

from some heterogeneous and enriched mantle sources. For example, La/Sm varies by more 282 

than one order of magnitude in global MORB (Hofmann, 2007). The pattern of compositional 283 

variation of the basalts along the segments implies that the heterogeneity of CIR melting 284 

regime can be attributed to local, small-scaled enriched sources, rather than a regional 285 

heterogeneities such as from nearby mantle plume. The compositional variation of the basalts 286 

from the northern segments appears to correlate with the helium isotope composition (Fig. 7). 287 

MORB glasses with 3He/4He ≤ 9.2 RA generally display negative correlations with 87Sr/86Sr, 288 

206Pb/204Pb, (La/Sm)N, and Ba/La ratios, regardless of location. This trend of decreasing 289 

3He/4He with higher 87Sr/86Sr and La/Sm is commonly observed in MORB when 3He/4He is 290 
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below 10 RA, particularly those in the Indian Ocean away from high 3He/4He hotspots. It can 291 

be attributed to melting of lithologic heterogeneities that may be globally dispersed in the 292 

asthenosphere [Graham et al., 2014]. MORB glasses with 3He/4He ≥ 9.2 RA from the 293 

northern segments plot on trends that are distinct from those defined by southern segment 294 

basalts. The high 3He/4He broadly correlates with 206Pb/204Pb and Ba/La but not 87Sr/86Sr and 295 

(La/Sm)N.  296 

The complex pattern of isotopes and trace element geochemistry requires the presence 297 

three mantle sources; depleted mantle and two distinct enriched mantle sources. This is most 298 

clearly seen in the Sr, Nd, and Pb isotopic data. For example, a plot of 87Sr/86Sr versus 299 

206Pb/204Pb shows the two distinct enrichment trends. The trend to radiogenic Pb component 300 

is defined by MORB from the northern segments (Fig. 8A). The second trend, to radiogenic 301 

Sr mantle, is dominantly defined by MORB from the southern segments but includes a few 302 

MORB from the northern segments (Fig. 8A). The enrichment trend in the southern segments 303 

(including some samples from the northern segments) is similar to that of basalts from the 304 

southern CIR, and their composition tends towards that of samples from the Gasitao Ridge 305 

and Rèunion hotspot [Nauret et al., 2006]. The enrichment exhibited by the northern segment 306 

MORB glasses is characterized by more radiogenic 206Pb/204Pb values for given 87Sr/86Sr (Fig. 307 

8A). The enrichment trends in the northern and southern segments appear to correspond to 308 

the HIMU-like (or FOZO) and EM2 compositions respectively (Fig. 8C) [Stracke et al., 309 

2005]. Similar trends are evident in 143Nd/144Nd-208Pb/206Pb space (Fig. 8D).  310 

 311 

5.2. Enriched mantle source in the southern segments: the Rèunion plume component  312 

The Sr-Nd-Pb isotope compositions of MORB from southern segments plot along a 313 

mixing trend defined by basalts from the southern CIR, the Gasitao Ridge, and the Rèunion 314 
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hotspot (Fig. 8). Thus the compositional variation observed in the MORB in the southern 315 

segments is more likely to originate from variation in the proportion of Rèunion component 316 

mantle rather than other enrichment processes unrelated to hotspot plume. It should be noted 317 

that the data demonstrate a significantly smaller proportion of this component than in the 318 

basalts from the CIR sections further south (i.e. south of MCFZ, Fig. 6).  319 

Previous studies have suggested that mantle flow from the Rèunion plume is blocked 320 

by the MCFZ, and that the flow is diverted to the south along the CIR [Mahoney et al., 1989; 321 

Murton et al., 2005; Nauret et al., 2006]. Nauret et al. [2006] argued that basalts collected 322 

near the MCFZ could have been derived from a second enriched mantle source, perhaps 323 

produced by metasomatism. The enriched basalts from the southern ridge segments analyzed 324 

here show geochemical affinities with MORB from south of the MCFZ. If this is the case, 325 

then the discrepancy between Nauret et al. [2006] and this study, in terms of the origin of 326 

enrichment observed in basalts from near the MCFZ, needs to be addressed.  327 

The 3He/4He of the southern basalts (7.5 to 9.2 RA) overlaps those of MORB from 328 

immediately south of the MCFZ (7.1 to 10.9 RA, Fig. 6). 3He/4He in both cases are 329 

significantly lower than typical of Rèunion basalts (13-14 RA; Graham et al., [1990]; 330 

Burnard et al., [1994]). Furi et al. [2011] argued that the low 3He/4He of the near- MCFZ 331 

MORB can be explained by either: (1) radiogenic 4He ingrowth in fossil Rèunion hotspot 332 

mantle component, or (2) metasomatization of the depleted upper mantle. In either case, the 333 

helium isotope composition of basaltic glasses can be explained by modification of the initial 334 

He isotope composition by pre-eruptive ingrowth of radiogenic 4He over time.  335 

Contamination by fossil Rèunion hotspot component appears to be consistent with 336 

paleogeographic reconstructions of the Indian plate, whereby the northern CIR transected the 337 

Rèunion hotspot track [Chatterjee et al., 2013]. The major tectonic and magmatic features of 338 
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the Indian Ocean show that the Deccan–Rèunion trail is disconnected by spreading at the CIR. 339 

The trajectory of past Rèunion hotspot activity from the southern end of the Chagos–340 

Lacadives Ridge can be extended to CIR segments of our study (Fig. 1). Thus, the fossil 341 

Rèunion mantle component could have been incorporated into the melting regime of those 342 

spreading segments, if it is still present in the mantle beneath the CIR. The extent of mixing 343 

of the fossil Rèunion component is limited to the scale of individual segments. For example, 344 

the latitudinal variations in trace element and isotope ratios (Fig. 5) are different for each of 345 

the segments in the southern CIR (especially in segment 6). 346 

The influence of the Rèunion component on the CIR segments is also supported by 347 

the mixing model shown in Fig. 9. On a 87Sr/86Sr versus 206Pb/204Pb plot, most of the MORB 348 

from the CIR segments define a compositional array along a mixing curve between most-349 

depleted CIR MORB (RC14, Murton et al., [2005]) and basalt of Rèunion trail with an age of 350 

33 Ma (ODP115 site 706, White et al., [1990]; Greenough and Fryer, [1990]) which 351 

corresponds with the time of the CIR passed over the Rèunion hotspot (~34 Ma, Duncan et 352 

al., [1990]; Torsvik et al., [2013]). A similar mixing trend can be observed in a (La/Sm)N vs. 353 

206Pb/204Pb space, although the data shows more scatter (Fig. 9B, D). Two end-member 354 

compositions for the fossil Rèunion component are presented in Fig. 9. Rèunion trail basalts 355 

have La/Sm ratios similar to most enriched MORB of this study [Greenough and Fryer, 356 

1990]. However, more trace element enriched samples can be found in basalts from the 357 

Rèunion Island [Albarede et al., 1997]. Using the enriched Rèunion basalt only show slight 358 

change of mixing curve in 87Sr/86Sr versus 206Pb/204Pb space (Fig. 9 A and C). Fig. 9 also 359 

illustrates that some basalts from the northern segments plot along the Rèunion-depleted 360 

mantle mixing curve. Thus, the fossil Rèunion plume mantle is not restricted to the southern 361 

segments but extend to the northern segments. This is not surprising because the trajectory of 362 

the past Rèunion hotspot pass through the middle of CIR segments of this study. Therefore, 363 
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the incorporation of the fossil Rèunion mantle component into the melting regime might be a 364 

plausible enriched source responsible for major geochemical variation observed along the 365 

entire CIR segments of this study.  366 

 367 

5.3. Enriched mantle source in the northern segments: HIMU or FOZO component? 368 

A second geochemically distinct enriched component is present in MORB from the 369 

northern segments. The enrichment is characterized by radiogenic Pb isotopic signature (up 370 

to 19.15 in 206Pb/204Pb), high 3He/4He (up to 11.8 RA) (Figs. 7 and 8) and enrichment of some 371 

incompatible element ratios, such as Ba/La (Fig. 3). Although the enriched basalts from the 372 

northern segments also have slightly more radiogenic Sr and less radiogenic Nd isotope ratios 373 

than depleted MORB, the degree of enrichment is not significant as seen for Pb isotope ratios. 374 

The Sr, Nd, and Pb isotope characteristics observed in the enriched MORB from the northern 375 

segments appears to be explained by mixing of depleted mantle and HIMU-like mantle 376 

[Stracke et al., 2005] which is characterized by moderately more radiogenic in Sr, less 377 

radiogenic in Nd, but significantly more radiogenic in Pb isotopes than depleted MORB (Fig. 378 

8). The absence of active plume-related volcanism near our study area (other than Rèunion) 379 

implies that the E-MORB from the northern segments can only be explained in terms of 380 

MORB enrichment that is unrelated to hotspot activity.  381 

Both “C” component (common component) [Hanan and Graham, 1996] and FOZO 382 

(Focal Zone) [Hart et al., 1992; Hauri et al., 1994]) are proposed for representing common or 383 

ubiquitous mantle components, based on the convergence of isotopic arrays of global MORB 384 

(“C”) and OIB (FOZO) data plots. “C” and FOZO have similar Pb isotope compositions but 385 

the original definition of FOZO by Hart et al., [1992] does not actually have the same Sr and 386 

Nd isotope compositions as the “C” composition. Stracke et al., [2005] redefined the isotopic 387 
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composition of original FOZO to overlap and extend the MORB array (i.e. “C” composition), 388 

which expand the FOZO concept as a common component in MORB and many OIB sources 389 

(Fig. 8). They also interpreted the origin of that component to be derived by subduction and 390 

aging of ocean crust recycled through the lower mantle as Hanan and Gragam [1996] 391 

inferred similarly for the origin of “C” component.  392 

The recycling of oceanic crust for origin of FOZO generally corresponds to the 393 

genetic models for hotspot-unrelated E-MORB [Donnelly et al., 2004; Ulrich et al., 2012]. 394 

Donnelly et al. [2004] suggested that E-MORBs can be generated by the addition of enriched 395 

sources produced by subduction-related metasomatism during partial melting under a ridge. 396 

More recently, Ulrich et al. [2012] proposed that the recycling of ocean island basalts 397 

(OIBs)/seamounts is a plausible mechanism for producing the enriched sources that generate 398 

E-MORBs. Examples provided by Donnelly et al. [2004] and Ulrich et al. [2012] of local E-399 

MORBs from the Mid-Atlantic Ridge at ~23°N and at ~15°20′N also show “FOZO-like” 400 

isotopic trends that are similar to those observed in our data (Fig. 8), thereby supporting a 401 

common process of MORB enrichment in areas located far from hotspots; i.e. a ubiquitous 402 

FOZO component in MORB sources. Recent seismic tomographic studies showed subducted 403 

slab materials descend into to lower mantle [e.g. Fukao and Obayashi, 2013; Fukao et al., 404 

2001; Grand et al., 1997]. If subducted material is recycled through both the shallow mantle 405 

and through the deep source of mantle plumes, as proposed by Li et al. [2014], continuous 406 

subduction can cause compositionally heterogeneity with the FOZO-like component in lower 407 

mantle as well as upper mantle. 408 

The isotopic variation observed in the northern segments of CIR is well explained by 409 

a mixing between depleted samples of CIR and the basalt sample from Young Rurutu 410 

[Chauvel et al., 1997; Vlastelic et al., 2009] representing FOZO component (Fig. 9). Fig. 9 411 
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also shows geochemical affinity of the enrichment in the northern segments with HIMU 412 

component. Both FOZO and HIMU components are characterized by enrichment of 413 

radiogenic Pb isotopes, reflecting their genetic process related to recycling of oceanic crust. 414 

Contrary to the redefined FOZO component, however, HIMU is a rare mantle component that 415 

is restricted two OIB locations; St. Helena and Cook-Austal island chain, and thus is unlikely 416 

to be a common mixing component in MORB [Stracke et al., 2005].  417 

Unlike Sr-Nd-Pb isotope composition, the helium isotope characteristic of the 418 

enriched basalts from the northern segments cannot be fully explained by the recycling of 419 

oceanic crust because radiogenic ingrowth of 4He would lower the 3He/4He ratio of the 420 

recycled component during its subduction and transport to the ridge. Although 3He/4He ratios 421 

higher than those of the mantle source for MORB (> 9.0RA) are reported for some lavas 422 

known as HIMU, those higher helium isotope characteristics are attributed to the involvement 423 

of another less-degassed mantle component (e.g. FOZO/C) in addition to recycled crust in the 424 

genesis of basalt [Parai et al., 2009]. The radiogenic Pb isotope signature accompanied by 425 

elevated 3He/4He is also found in the Southeast Indian Ridge (SEIR) lavas, which is locally 426 

associated with the Amsterdam–St. Paul (ASP) hotspot that is an example of “C” component 427 

[Graham et al., 2014]. Therefore, the elevated 3He/4He of the enriched basalts in the northern 428 

CIR segments might be associated to FOZO component rather than HIMU. 429 

The high 3He/4He of the FOZO-like signature in enriched MORB samples from the 430 

northern CIR segments is consistent with the model described by Graham et al., [2014] in 431 

which they suggested that there is auxiliary upwelling away from plumes, along and near 432 

ridges, which can be detected at typical distances of 800-1200 km, in Southeast Indian Ridge 433 

and southern East Pacific Rise. The northern CIR segments in this study can be another 434 

example of this scale of auxiliary upwelling, given that the distance from the current Reunion 435 
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hotspot is quite close to 1000 km. Malamud and Turcotte [1999] showed that the large and 436 

intermediate size plumes follow a power-law distribution and inferred the existence of many 437 

smaller plumes to explain the missing mantle heat flux. Those small plumes may not have the 438 

thermochemical buoyancy to generate volcanoes or elevated ridge depth anomalies, and so 439 

their upwelling material becomes part of the upper mantle that can ultimately be melted 440 

beneath spreading ridges. 441 

 442 

6. Conclusions 443 

Trace element and isotope data for MORB from the northern CIR (between 8°S and 444 

17°S) suggest the presence of at least three distinct mantle sources: (1) depleted mantle; (2) 445 

an enriched mantle component mainly observed in the southern segments; and (3) a second 446 

enriched mantle component in the northern segments. The enrichment signature in the 447 

southern segments shows geochemical affinities with the Rèunion plume, located ~1100 km 448 

to the west of the ridge. However, the mantle enrichment observed in the southern segments, 449 

located north of the MCFZ, appears to be influenced by a fossil Rèunion mantle component, 450 

inherited from migration of the CIR over hotspot-modified mantle. In contrast, lavas from the 451 

northern segments are compositionally distinct from those of the Rèunion plume, but show 452 

isotopic compositions similar to FOZO components. The “FOZO-like” enrichment in the 453 

northern segments is consistent with the redefined concept of FOZO as being a ubiquitous 454 

component of MORB and OIB sources. The high 3He/4He of the FOZO-like signature in 455 

enriched MORB samples from the northern CIR segments implies that upper mantle 456 

heterogeneity beneath the northern section of the CIR originates from auxiliary upwelling, at 457 

~1000 km distance, of a small plume of deeper mantle that may be dynamically associated 458 

with the currently active Rèuinon mantle plume. 459 
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Figure Captions 640 

Figure 1. (A) The index map (modified from ETOPO1 data, Amante and Eakins, [2009]) 641 

shows the geological setting of the CIR region. (B) Calculated tracks of the Rèunion hotspot 642 

based on plate model by O’Neill et al., [2003]. Circled numbers represent 10 Myr intervals. 643 

Triangles denote dated sites from ODP legs 115 (age from Torsvik et al., [2013]). Note that 644 

the Chagos Lacadives Ridge and the Mascarene Plateau are separated by spreading at the 645 

CIR section of this study. (C) Bathymetric map of the Central Indian Ridge (CIR) showing 646 

sampling locations. The ridge is divided into seven axial segments along the northern part of 647 

the ridge bounded by transform faults. Basalt samples were dredged from the spreading axes 648 

of the seven segments bounded by transform faults indicated by dashed lines. Abbreviations: 649 

CIR, Central Indian Ridge; SWIR, Southwestern Indian Ridge; SEIR, Southeastern Indian 650 

Ridge. 651 

 652 

Figure 2. Trace element abundance of basaltic glasses from the study area, normalized to 653 

primitive-mantle [Sun and McDonough, 1989]. Samples show wide compositional variations, 654 

from depleted mid-ocean ridge basalts (N-MORBs) to enriched (E)-MORBs. Dashed lines 655 

indicate representative data of basalt from Rèunion Island (averaged value, Albarede et al., 656 

[1997]), Gasitao Ridge (D08-1, Nauret et al., [2006)) and a depleted CIR MORB (RC14, 657 

Murton et al., [2005]).. 658 

 659 

Figure 3. Nb/Zr vs. (La/Sm) N and Ba/La vs. (La/Sm)N for MORB from CIR 8 to 17°S. The 660 

enrichment of basalts from northern and southern segments is not distinguished by proxies 661 

for mantle fertility such as Nb/Zr and La/Sm. However, Ba/La ratios are enriched in several 662 

MORB from the northern segments, which indicates different enrichment sources (or 663 
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processes) in northern and southern CIR segments. The color scale is the same as that in 664 

Figure 2; i.e. red circles for segments 1-4, gray circles for segment 5, and blue circles for 665 

segments 6-7. 666 

 667 

Figure 4. (A–C) Scatter plots of 87Sr/86Sr vs. 143Nd/144Nd, 206Pb/204Pb vs. 208Pb/206Pb, and 668 

206Pb/204Pb vs. 207Pb/204Pb, respectively. Fields from the Central Indian Ridge (CIR), the 669 

Carlberg Ridge, the Gasitao Ridge, and the Rèunion Island are shown together with Atlantic 670 

and Pacific MORB data for comparison [Bosch et al., 2008; Nauret et al., 2006; Stracke et al., 671 

2003]. The color scale is the same as that in Figure 2. Note that enriched samples from the 672 

northern segments define a liner array, which differs from the array defined by other samples 673 

in both 207Pb/204Pb–206Pb/204Pb and 208Pb/204Pb–206Pb/204Pb space. Also, some samples from 674 

the northern segments show higher radiogenic Pb isotope compositions than those of Rèunion 675 

hotspot samples.  676 

 677 

Figure 5. Latitudinal variations along the ridge axis in chemical compositions of Na2O 678 

calculated at MgO = 8 wt.% (Na8, as follows Klein and Langmuir [1987]), Nb/Yb and La/Sm 679 

ratios, and Sr–Nd–Pb-He isotopes (filled circles indicate samples analyzed for Sr–Nd–Pb-He 680 

isotopes). Elemental ratios and isotopic compositions both show large fluctuations along the 681 

spreading segments, which suggest the existence of variations in mantle fertility beneath the 682 

northern CIR. The Sr–Nd–Pb isotopic compositions indicate a general trend of increasing 683 

mantle fertility from north to south. However, radiogenic Sr–Pb isotopes are also observed in 684 

northern segments (i.e., segment 2 and segment 4 plus the north end of segment 3) where 685 

3He/4He are systematically higher than depleted MORB mantle values. Small filled circles in 686 

(D) and (J) indicates 4 analyzed samples from the segment 7 by Furi et al. [2011].  687 
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 688 

Figure 6. (A-C) Helium isotope ratios (3He/4He), chondrite normalized La/Sm ratios 689 

((La/Sm)N),  and lead isotope ratios (206Pb/204Pb) of submarine basalt glasses from the CIR 690 

axis of this study (filled dots) and those from the ridge section south of MCFZ (open dots, 691 

Furi et al., [2011]; Nauret et al., [2006]). Averaged values of MORB and lavas from Rèunion 692 

Island are indicated by the horizontal dashed lines. Helium isotope ratios for MORB mantle 693 

(8 ± 1 RA, Graham, [2002]) are indicated as gray shaded zone in (A). Location of Marie 694 

Celeste Fracture Zone (MCFZ) is marked as vertical dashed line. Note the lavas near the 695 

MCFZ show similar geochemical signatures (i.e. MORB-like 3He/4He ratios and enriched 696 

La/Sm ratios). Rèunion plume signature is highest in lavas along axis around 19°S, which 697 

implies plume flow along beneath the Gasitao Ridge as suggested by Nauret et al., [2006]. 698 

Enriched basalts from the northern segments, characterized by similar 3He/4He, lower 699 

(La/Sm)N, higher 206Pb/204Pb compared to enriched lavas from south of the MCFZ, suggests 700 

additional enriched component other than Rèunion plume. 701 

 702 

Figure 7. Diagrams of helium isotopes vs. Sr, Pb isotopes and trace element ratios La/Sm and 703 

Ba/La. The majority of basalts from the CIR define a common compositional variation (i.e. 704 

slight decrease of 3He/4He with increase of radiogenic Sr and Pb isotopes and incompatible 705 

trace element ratios (La/Sm and Ba/La)). For reference, the gray line depicts the linear 706 

regression for basalts from the southern segments 5 to 7. Some basalts from the northern CIR 707 

segments characterized by significantly higher 3He/4He than other MORB samples from the 708 

CIR. The color scale is the same as that in Figure 2. 709 

 710 
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Figure 8. Diagrams of 87Sr/86Sr versus 206Pb/204Pb (A and C) and 143Nd/144Nd versus 711 

208Pb/206Pb (B and D). Two enrichment trends for the basalts from the northern and southern 712 

segments are evident in these diagrams. The enrichment patterns observed in the southern 713 

segments are similar to those of basalts from the southern CIR, and the data can be extended 714 

to data for the Gasitao Ridge and the Rèunion hotspot (Nauret et al., [2006], open circles). 715 

The enrichment observed in the northern segments extends towards the Young Rurutu field 716 

(open triangles), which represents a FOZO component (A). When plotted with data compiled 717 

for ocean basalts [Stracke et al., 2005], the northern and southern enrichments appears to be 718 

heading for FOZO and EM2 components, respectively (C). A similar trend exists in a plot of 719 

143Nd/144Nd versus 208Pb/206Pb (B and D). The color scale is the same as that in Figure 2. 720 

Local E-MORBs from the Mid-Atlantic Ridge at ~23°N [Donnelly et al., 2004] and at 721 

~15°20′N [Ulrich et al., 2012] also show “FOZO-like” isotopic trends that are similar to 722 

those observed in our data (filled circles in C and D).  The shaded green field shows the 723 

FOZO composition as redefined by Stracke et al. [2005]. 724 

 725 

Figure 9. 87Sr/86Sr versus 206Pb/204Pb and La/Sm versus 206Pb/204Pb variation diagrams of 726 

basalts from the CIR indicating possible mixing between depleted MORB and two enriched 727 

components. The majority of basalts from the CIR can be explained by mixing between 728 

depleted CIR MORB and fossil Rèunion component. Model composition for fossil Rèunion 729 

component is determined from data from Rèunion Trail with an age of 33 Ma (ODP 115 Hole 730 

706, Greenough and Fryer, [1990]; White et al., [1990]) with slight modification for missing 731 

elements (see Table S3 for model compositions used in plots). Another distinct compositional 732 

trend observed in basalts from the northern segments requires an additional enrichment 733 

sources characterized by higher radiogenic Pb isotope composition such as HIMU (A and B) 734 
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or FOZO component (C and D). Primary melt composition of the St. Helena basalts 735 

(Kawabata et al., [2011]) and basaltic composition of young Rurutu (Chauvel et al., [1997] 736 

and Vlastelic et al., [2009]) are used for model composition representing HIMU and FOZO, 737 

respectively (see Table S3). Ticks on the mixing lines correspond to increments of 5% 738 

(marked up to 30% of enriched component). 739 



Table 1. Sr, Nd, Pb and He isotopic compositions in MORB glasses from the Central Indian Ridge segment between 8° and 17°S 

Sample  segment Latitude 
(°S) 

Longitude 
(°E) 

Depth 
(m) 

Depth 
(m) 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb 87Sr/86Sr 143Nd/144Nd 3He/4He (R/RA) 

4He (ccSTP/g 
×10-7)* 

IR10023501 seg.1 7.94 67.99  3696 3676 18.0682±30 15.4757±29  37.8609±89  0.702783±15 0.513148±5 9.0±0.2 1.1 

IR092401g seg.1 8.06 68.10  3700 3784 18.0749±18  15.4773±18  37.8767±55  0.702768±11 0.513128±5 8.6±0.1 9.3 

IR110107 seg.1 8.22 68.24 4440 4503 18.5331±20 15.5351±19 38.3745±59 0.702859±15 0.513110±5 8.7±0.1 33.9 

IR092301g seg.2 9.61 66.65  4092 4230 19.1481±34  15.6146±31  39.0245±99  0.702958±11 0.513035±9 10.2±0.1 78.4 

IR092201 seg.2 9.76 66.74 3680 3836 18.1901±20 15.5044±19 37.8625±60 0.702925±18 0.513043±5 9.5±0.1 18.9 

IR092202 seg.2 9.76 66.74 3680 3836      9.1±0.1 22.6 

IR092101g seg.2 9.89 66.80  4121 4297 19.1452±20  15.6136±18  38.9996±58  0.702897±11 0.513031±11 11.8±0.1 3.3 

IR092102g seg.2 9.89 66.80  4121 4297      11.0±0.1 5.7 

IR091803g seg.3 10.36 66.30 4268 4327 18.5289±61 15.5283±58 38.3874±181 0.702859±14 0.513084±4 8.0±0.1 10.9 

IR091701g seg.3 10.43 66.36  3909 4125 18.1869±51  15.4840±48  37.9913±150  0.702808±13 0.513080±5 8.4±0.1 43.4 

IR091601g seg.3 10.57 66.48 3488 3517      8.4±0.1 13.4 

IR091501g seg.3 10.71 66.58  3230 3400 18.1614±19  15.4807±18  37.9590±57  0.702780±10 0.513074±8 7.9±0.1 39.6 

IR091401g seg.3 10.85 66.67 3386 3338 18.1545±17 15.4852±17 37.9872±52 0.702843±16 0.513079±5 9.8±0.1 12.1 

IR091402g seg.3 10.85 66.67 3386 3338      9.5±0.1 14.5 

IR091404g seg.3 10.85 66.67 3386 3338      10.6±0.1 6.7 

IR10032102 seg.4 11.27 66.57  3370 3398 18.1134±50  15.4714±50  38.0817±150  0.702974±10 0.512989±6 9.1±0.2 0.5 

IR110116 seg.4 11.28 66.42 3373 3515      10.6±0.1 23.0 

IR110117-1 seg.4 11.28 66.49 3417 3321 18.2722±36 15.5240±35 38.1117±108 0.702928±15 0.513107±5 9.2±0.1 13.7 

IR110117-2 seg.4 11.28 66.49 3417 3321      9.3±0.1 29.3 

IR110122-1 seg.4 11.35 66.48 3229 3172      10.2±0.1 8.1 

IR091101g seg.4 11.43 66.35 3578 3346 18.1908±23 15.4834±22 38.0137±69 0.702874±16 0.513081±6 9.6±0.2 0.54 

IR091001g seg.4 11.53 66.36  3251 3300 18.9283±32  15.5899±30  38.7896±93  0.702898±10 0.513061±11 9.9±0.1 29.9 

IR090701g seg.5 12.25 65.67  4035 4059 18.0867±32  15.4878±31  37.9976±96  0.702818±12 0.513081±7 7.5±0.1 21.1 



IR090501g seg.5 12.39 65.85  3432 3544 18.3121±18  15.5284±17  38.3557±53  0.702871±11 0.513073±5 7.6±0.1 37.5 

IR090401g seg.5 12.46 65.90  3810 3896 18.3230±18  15.5178±17  38.2136±54  - 0.513098±6 8.4±0.1 44.4 

IR090301g seg.5 12.56 66.03  4215 4371 18.3018±31  15.5168±29  38.2542±91  0.702911±11 0.513202±9 7.7±0.1 3.1 

IR110214-1 seg.5 12.84 66.32 2872 2782 17.9895±24 15.4666±23 37.8356±72 0.702817±17 0.513088±6 8.1±0.1 10.7 

IR10022901 seg.5 13.04 66.56  3298 3410 18.1133±34  15.4816±33  37.9735±101  0.702871±16 0.513155±10 8.6±0.1 14.9 

IR10022701 seg.5 13.25 66.69  3593 3929 17.9054±28  15.4568±27  37.7692±83  0.702816±20 0.513206±12 8.2±0.1 14.3 

IR10022401 seg.6 14.08 66.08  3135 3213 18.4750±19  15.5234±18  38.4371±56  0.703097±14 0.512976±9 7.8±0.1 21.2 

IR10022101 seg.6 14.58 66.27  3252 3209 18.5960±30  15.5704±30  38.7451±85  - 0.512957±6 7.8±0.1 13.6 

IR10021901 seg.6 14.84 66.60  4128 4168 18.3497±25  15.5206±25  38.3769±80  0.703026±16 0.513027±7 8.0±0.1 6.6 

IR10021501 seg.6 15.15 66.89  2303 2272 18.1161±29  15.4772±27  37.9700±85  0.702865±13 0.513215±8 9.1±0.1 9.8 

IR10021101 seg.6 15.42 67.24  3525 3626 18.0383±82  15.4662±79  37.8704±246  0.702825±10 0.513100±8 9.2±0.1 5.2 

IR10020802 seg.6 15.83 67.29  3655 3750 18.0810±50  15.4784±50  37.9478±150  0.702953±13 0.513070±12 8.2±0.1 9.6 

IR10020401 seg.7 16.57 66.56  3870 3455 18.4885±28  15.5364±26  38.5189±83  0.703187±13 0.513004±7 8.2±0.1 5.2 

IR10020301 seg.7 16.71 66.65  3126 3149 18.2720±28  15.5059±27  38.2310±83  0.703009±14 0.513043±6 8.0±0.1 37.7 

IR10020201 seg.7 16.85 66.74  3882 3879 18.4027±29  15.5201±27  38.3376±86 0.703057±11 0.513019±7 7.8±0.1 6.8 

* Helium concentrations are minima as the in vacuo crushing process did not comminute all samples to powder. Uncertainties are determined from reproducibility of 
standard (±2%)  
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