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Examination of origin of E-MORB far from hotspots in the Central Indian Ridge
E-MORB in southern segment affected by fossil Réunion mantle component

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

The northern Central Indian Ridge (CIR) between 8°S and 17°S is composed of seven
segments whose spreading rates increase southward from ~35 to ~40 mm/yr. During
expeditions of R/V Onnuri to study hydrothermal activity on the northern CIR in 2009 to
2011, high-resolution multibeam mapping was conducted and ridge axis basalts were dredged.
The major and trace element, and Sr—Nd-Pb-He isotopic compositions of basaltic glasses
dredged from the spreading axis require three mantle sources; depleted mantle and two
distinct enriched mantle sources. The southern segments have Sr, Nd, and Pb that are a mix
of depleted mantle and an enriched component as recorded in southern CIR MORB. This
enrichment is indistinguishable from Réunion plume mantle, except for He isotopes. This
suggests that the southern segments have incorporated a contribution of the fossil Reunion
plume mantle, as the CIR migrated over hotspot-modified mantle. The low *He/*He (7.5 to
9.2 Rp) of this enriched component may result from radiogenic *He ingrowth in the fossil
Réunion mantle component. Basalts from the northern segments have high 2*°Pb/***Pb
(18.53-19.15) and low ®'Sr/*Sr (0.70286-0.70296) that are distinct from the Réunion plume
but consistent with derivation from mantle with FOZO signature, albeit with *He/*He (9.2 to
11.8 Ra) that are higher than typical. The FOZO-like enriched mantle cannot be attributed to
the track of a nearby mantle plume. Instead, this enrichment may have resulted from

recycling oceanic crust, possibly accompanied by small plume activity.

Index terms: 1032 Geochemsitry: Mid-Oceanic ridge processes (3614, 8416); 1038
Geochemistry: Mantle processes (3621); 1065 Geochemistry: Major and trace element

geochemistry; 1040 Geochemistry: Radiogenic isotope geochemistry
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Keywords: MORB; Central Indian Ridge, mantle heterogeneity, Réunion hotspot, FOZO

1. Introduction

The depleted upper mantle has been considered as the main source of mid-ocean ridge
basalts (MORB) [Hart, 1971]. In addition, upwelling mantle plumes are an important source
of geochemical heterogeneity in the upper mantle. The presence of geochemically and
isotopically enriched mid-ocean ridge basalts (E-MORBS) has been explained by the melting
of plume mantle and depleted upper mantle [Schilling, 1985, 1973]. It is generally thought
that the extent to which actively upwelling hotspot mantle is incorporated into ridge melt
regime depends on the distance between the two features. The enriched mantle components
and E-MORB found on ridges close to hot spots can be explained by mixing with mantle
plume components, but the origin of E-MORB far from hotspots is more controversial [i.e.
Donnelly et al., 2004; Ulrich et al., 2012; Waters et al., 2011]. The occurrence of E-MORB
in ridge segments located far from any plumes suggests that enriched sources irrelevant to
hotspot plumes, for example, recycling of metasomatized mantle or OIB/seamount material
through subduction, are ubiquitous in the upper mantle [Donnelly et al., 2004; Ulrich et al.,
2012]. Waters et al. (2011) proposed that E-MORB in the9°-10°N region of the EPR is
produced through the same plumbing system as N-MORB, by mixing of deeply generated
garnet pyroxenite melts with shallowly generated accumulated proxenite-peridotite melt. The
occurrence of E-MORB uninfluenced by plumes likely indicates smaller heterogeneities

dispersed in the mantle.

This study examines the relationship between mid-ocean ridges and hotspots in the
area of the Central Indian Ridge (CIR) located more than 1000 km from the Réunion hotspot.

The CIR provides an ideal opportunity to explore distant ridge—hotspot interactions. Along
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the CIR, the Marie Celeste Fracture Zone (MCFZ, Fig. 1) represents a major offset marking
the boundary between the northern and southern CIR. The influence of the Reunion hotspot
on the CIR has been previously demonstrated by systematic sampling and analysis of MORB
glasses from the southern CIR [Furi et al., 2011; Murton et al., 2005; Nauret et al., 2006].
Mahoney et al. [1989] documented Reunion-like radiogenic isotope signatures in basalt
glasses from near the MCFZ, yet to date there has been no systematic petrological or

geochemical investigations of the CIR north of the MCFZ.

Here, we present the first systematic geochemical and isotopic analyses of MORB
glasses collected from seven segments of the CIR north of the MCFZ, between 8°S and 17°S.
We show the presence of at least three distinct mantle sources in the northern CIR: (1)
depleted mantle; (2) an enriched mantle component mainly observed in the southern
segments; and (3) a second enriched mantle component in the northern segments. The distinct

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

2. Geological setting

The Central Indian Ridge is a slow—intermediate (~34 to 40 mm/yr DeMets et al.,
[2010]) spreading ridge with morphology typical of slow spreading ridges; it has a 500—-1000-
m-deep axial valley and 50-100 km long segments connected by short transform faults and
non-transform discontinuities [Parson et al., 1993]. The ridge extends northward from the
Rodrigues Triple Junction at ~25°S to the Owen Fracture Zone at ~10°N. The study area is
located between 8°S (near the Chagos Laccadive Ridge) and 17°S (north of the MCFZ).
Although bathymetric data are available in the northern and southern parts of the study area
[Drolia et al., 2005; Dyment et al., 1999], prior to our survey no high-resolution swath

multibeam bathymetric surveys had been undertaken.
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The ridge studied here is composed of seven spreading segments (90-110 km long).
Each segment is terminated by transform faults (Fig. 1), each with a similar length of ~90-
110 km, apart from segments 1 and 2 that are separated by a long fault (~240 km) known as
the Vema Fracture Zone. The structure of the transform fault between segments 3 and 4 is
poorly defined. Both the bathymetric and backscatter multibeam echo data indicate that an
active rift valley only exists in the southern half of segment 4, between 11°20’S and 11°40'S.
The neovolcanic zone of the spreading segments is evident from the development of a rift
valley with high backscatter. Spreading segment 4 (a short segment) is connected to segment
3 by an oblique trough, as indicated by a high-backscatter region in the acoustic imagery that
extends from the southern end of segment 3 (see the Supplementary Material, Appendix

Figure S1).

The Reunion hotspot is currently ~1100 km to the west of the ridge axis (Fig. 1). The
Reunion hotspot formed the Deccan Traps around the time of the KT boundary (~65-66 Ma),
and then the plume formed the Laccadives-Maldives-Chagos ridges, and much of the
Mascarene Plateau, including the young volcanic island of Mauritius [Duncan, 1990]. The
CIR transected the Réunion-Mauritius hotspot track at ~34 Ma. Plate reconstruction suggests
that the Chagos was originally joined to the Mascarene Plateau [Torsvik et al., 2013]. Thus,
the trajectory of past Réunion hotspot activity from the southern end of the Chagos—
Laccadives Ridge can be extended to the CIR section of our study. The east-west trending
Rodrigues Ridge and smaller en-echelon volcanic ridges at 19°S (the Three Magi Ridges and
the Gasitao Ridge) appear to connect the Réunion—Mauritius hotspot track to the present-day
CIR axis. Mahoney et al. [1989] and Murton et al. [2005] proposed that E-MORB were
produced by eastward migration of Réunion hotspot mantle along the MCFZ toward the CIR.
However, more detailed sampling along axis of the CIR segment located south of the MCFZ

suggested that direct mantle flow from the Reunion hotspot would meet the CIR not at ~18°S,
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immediately south of the MCFZ but at ~19.5°S, near the present-day intersection of the CIR
and the off-axis ridges [Furi et al., 2011; Nauret et al. 2006]. Thus, the mantle-source
enrichment observed near the MCFZ is unrelated to direct mantle flow from the Réunion

hotspot.

3. Sampling and analytical methods

The samples analyzed in this study were obtained during three annual cruises of the
R/V Onnuri, as part of the Korea Deep Ocean Study (KODQOS) program that investigated the
CIR during 2009-2011. Fresh basalt samples with glassy chilled margins were dredged from
53 stations along 7 spreading axes at an average interval of ~20 km. Samples were crushed,
sonicated in distilled water until no turbidity was observed, and then dried. Glass fragments
were hand-picked under a binocular microscope to exclude alteration. Prior to final grinding,
the samples were leached in 1 M HCI for 10 minutes at room temperature to remove
carbonate.

Major and trace element compositions were determined on 75 samples. Samples were
prepared and analyzed in batches. Each batch contained a reagent blank, a certified reference
material, and 17% duplicate samples. Samples were mixed with a flux of LiBO, and Li,B407
and fused in an induction furnace. The melt was immediately poured into a solution of 5%
HNO; containing an internal standard, and mixed continuously until completely dissolved
(~30 minutes). The samples were analyzed for major oxides and selected trace elements using
a combination of simultaneous/sequential ICP-AES (Thermo Jarrell-Ash ENVIRO I1) and
ICP-MS (Perkin-Elmer ELAN 6000) by Activation Laboratories, Canada. Calibration was
performed using seven USGS and CANMET certified reference materials. One of the seven

standards was analyzed as an unknown during the analysis of every group of 10 samples. The
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uncertainty in the external reproducibility of the analyses was generally within £5% except
for some trace elements of which concentration is near the detection limit (Appendix Table

s1).

Sr, Nd, Pb isotopes were determined in thirty samples He isotope composition
determined in 38 samples. Sr and Nd isotopes were determined by thermal ionization mass
spectrometry (TIMS, a ThermoFisher TRITON Plus) at the National Oceanographic Center
(NOC). Samples for Sr and Nd were digested with HF/HNO3, and the samples were collected
in an HCI mother solution that was sub-sampled to give 1 pug of Sr and Nd. The Sr solution
was processed using ~50-ul columns containing Sr-Spec resin and eluted with 3 M HNO3 to
remove interfering elements, followed by collection of the Sr in water. The purified Sr
sample was dried and loaded onto a single Ta filament using a Ta activator solution, and the
isotopic composition determined using a multi-dynamic peak jumping routine in a Thermo
Fisher Triton Plus thermal ionization mass spectrometer. Beam intensities were maintained at
2V. Analyses of the NBS987 standard (n = 23) yielded an average ®'Sr/*°Sr of 0.710243 +

0.000018 (20).

Solutions for Nd were first passed through a cation column to remove major cations
and Ba using 2.2 M HCI, followed by collection of the rare earth elements (REE) in 6 M
HNO3. The Nd was then separated using an Ln-Spec column with 0.15 M HCI. The solution
was dried and loaded onto the Ta side of a Ta—Re—Ta triple filament. The Nd isotopes were
determined using a Thermo Fisher Triton Plus thermal ionization mass spectrometer using a
multi-dynamic peak jumping routine and JNdi as a standard. Measured values for the JNdi
standard were **Nd/***Nd = 0.512092 + 15 (20, n = 23), which is slightly lower but
comparable with the value (***Nd/**Nd = 0.512115 + 7) of JNdi reported by Tanaka et al.

[2000].
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For the Pb isotope analysis, glass samples were dissolved in HF/HNO3/HBr and the
Pb was purified using a two-stage anion column with HBr medium. The amount of Pb in
procedural blanks was <50 pg, which is negligible relative to the amount of Pb recovered.
The samples were analyzed in static mode on a Thermo Fisher Neptune MC-ICP-MC at the
National Oceanographic Center (NOC), using a double spike technique to correct for
fractionation and mass bias. Detailed description of Pb isotope analyses is given in Taylor et
al. [2015]. The 2c uncertainties on standard NBS 981 (**Pb/***Pb = 16.9412; °'Pb/?*Pb =
15.4988; 2°8ph/***Ph = 36.7233) were 0.0025, 0.0025, and 0.0075 for 2°Pb/**Ph, 2°’Ph/**Pb,

and 2Pb/?*Pb, respectively.

Helium isotopes were measured in 1-3 mm fragments of alteration-free basalt glass
that had been previously cleaned in analar acetone. Gases were extracted by in vacuo
crushing 1-2 g of glass in a multi-sample hydraulic crusher. The extracted gases were purified
by exposure to two hot GP50 ZrAl alloy getters and the heavy noble gases (Ar, Kr, Xe) were
absorbed onto liquid nitrogen-cooled charcoal prior to analysis. The isotopic composition of
the helium was measured by a MAP 215-50 mass spectrometer in static mode at SUERC
[Stuart et al., 2000; Williams et al., 2005]. Blanks levels were measured each day and never
exceeded 0.1% of the measured He. Mass spectrometer sensitivity and mass fractionation
was determined by repeated analysis of aliquots from a reservoir of the HESJ international
standard (20.63 Ra, Matsuda et al., [2002]). The reproducibility of He isotope ratios is
typically +£0.5% (1c). The He concentrations reported in Table 1 are minimum estimates of
the inventory of vesicle-hosted He as the in vacuo crushing process does not pulverise

samples to powder.

4. Results
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4.1. Major and trace elements

Major and trace element compositions are presented in Appendix Table S1. Most are
low-K tholeiitic basalts and show slight loss on ignition, indicating that alteration has been
minor. Major element concentrations show a generally negative correlation with MgO over
the range 6.9 to 9.2 wt.% (Appendix Fig. S3). Al,O3; and CaO display positive correlations
with MgO. These variations are typical of MORBs and reflect early fractional crystallization

of olivine and plagioclase with minor contribution of clinopyroxene.

Basalts have a wide variation in incompatible element and light rare earth element
(LREE) concentrations, ranging from N-MORB to E-MORB patterns (Fig. 2). There is little
systematic latitudinal variation in trace element patterns (Fig. 2). For example the most
depleted basalts occur in segment 1 in the north and segment 6 in the south. Although basalts
from the southern-most segment 7 show the most enriched compositions, basalts from other
segments tend to show transitional compositions. The basalts have trace element
compositions that lie between the depleted CIR MORB (sample RC14 of Murton et al.,

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

Trace element proxies for mantle fertility such as La/Sm and Nb/Zr do not differ
significantly in basalts from the northern and southern segments. Basalts from the northern
segments appear to have small range, and lower (La/Sm)y and Nb/Zr, than segments 5 to 7
(Fig. 3a). This likely reflects a less or different enriched source(s) for the northern segments
compared to the southern segments. Several basalts from the northern segments have higher
Ba/La for a given (La/Sm)y. This suggests that a small contribution of an additional enriched
source, possibly related to the recycled oceanic crustal components, may be present in the

melting zone in the north.
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4.2. Isotopic compositions

The isotopic composition of Sr, Nd, and Pb are presented in Table 1 and Fig. 4. Sr
('Sr/%Sr = 0.7028-0.7032) and Nd isotopes (**Nd/***Nd = 0.51296-0.51322) display a
negative correlation that is typical of the global MORB data set (Fig. 4). With the exception
of three samples from southern segments that have more radiogenic Nd, all glasses plot in the
range of CIR MORB, significantly less radiogenic than Réunion basalts [Bosch et al., 2008;
Nauret et al., 2006; Escrig et al., 2004; Mahoney et al., 1989]. In the ®’Sr/2°Sr—**Nd/***Nd
space, the analyzed CIR basalts show a curvilinear trend, suggesting mixing between
depleted MORB with a seawater component and more enriched component (i.e. Réunion
mantle). The elevated Sr isotopes of the three high **Nd/***Nd samples might be indicative
of seawater alteration or isotopic heterogeneity in the Indian mantle source. The majority of
samples have less radiogenic Sr and more radiogenic Nd than MORB form the southern CIR

[Nauret et al., 2006].

Pb isotopic compositions (**Pb/*Pb = 17.91-19.15; *'Pb/***Pb = 15.46-15.62;
208pp/20ph = 37.77-39.02) are more variable than Sr and Nd. Most samples show Pb isotope
ratios that overlap with those reported previously for CIR MORB [Bosch et al., 2008; Escrig
et al., 2004; Mahoney et al., 1989; Nauret et al., 2006]. The data define a distinct linear array
in both 2"Pb/2Pb-2"Pb/?*Ph and 2®Pb/***Pb-2"°Pb/***Pb space (Fig. 4). All analyzed
basalts plot above the Northern Hemisphere Reference Line (NHRL, Hart, [1984]), indicative
of the DUPAL signature which is typical of Indian MORB [Dupre and Allegre, 1983]. Three
basalts from segments 2 and 4 have compositions that are as, or more, radiogenic than
Reunion basalts [Nauret et al., 2006] (Fig. 4). The enrichment of Ba/La observed in some
basalts from the northern segments (Fig. 3) appears to be reflected in the Pb isotopic

compositions. Namely, the basalts showing high Ba/La from the northern segments also have

11



244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

more radiogenic Pb isotope compositions (Fig. 5).

Helium isotope ratios vary between 7.5 and 11.8 Ra, Where Ry is the atmospheric
ratio (Table 1). This is similar to the range measured in glasses from the southern CIR [Furi
et al., 2011]. Four basalt samples in Furi et al., [2011], recovered from segment 7 of our
study, have similar *He/*He as well as (La/Sm)y ratios to basalts from same segment (Fig. 6).
The majority of the ridge is characterized by *He/*He that is indistinguishable from the
canonical values of depleted MORB-source mantle (8+1 Ra, Graham, [2002]). Basalts from
the northern part of the ridge show two regions where *He/*He are systematically higher than
depleted MORB mantle values; segment 2 and segment 4 plus the south end of segment 3.
The *He enrichment is likely associated with more primitive, less-degassed mantle source

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

5. Discussion
5.1. Along-ridge geochemical variation

Although absolute concentrations of incompatible elements can be affected by
fractional crystallization, effects on incompatible trace element ratios are insignificant [e.g.,
Schilling and Winchester, 1967; 1969; Gast, 1968] (Appendix Fig. S4). The concentration of
Na,O calculated at MgO = 8 wt.% (Nag) shows limited variation, apart from at two dredge
sites located in the oblique trough between segments 3 and 4, where high Nag values suggest
a low degree of melting along a non-transform boundary. The Nag values do not correlate
with ridge bathymetry (Fig. 5 and Appendix Fig. S4). This suggests that there is limited
variation in the degree of partial melting along the ridges. In addition, no significant

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

and isotope ratios are most likely related to source heterogeneity.

Trace element (e.g. (La/Sm)y, Ba/La) and Sr—Nd-Pb-He isotopic composition of the
basalts show significant along-ridge variation (Fig. 5). Enriched basalts compositions are
more common in the southern segments (5-7). For instance, MORB from segments 6 and 7
show segment-scale variation (i.e. decrease of (La/Sm)y and Ba/La from north to south, Fig.
5d). Isotopic compositions of Sr, Nd, and Pb show even more distinct compositional
differences between segments. MORB from the segments 2 and 4 are characterized by more
radiogenic Sr and Pb and less radiogenic Nd isotope ratios than the segment immediately to
the south (segment 5) but not those segments farther away (segments 6 and 7). The isotopic
variation along the southern segments (5-7) is greater than in the northern segments and show
latitudinal variations in segment-scale similar to trace element ratios. For example,

206pp/204ph ratios show a compositional trend that is similar to (La/Sm)y and Ba/La.

The trace element ratios and isotopic compositions indicate that the basalts along the
northern CIR are not derived from the homogeneous asthenosphere, but require contributions
from some heterogeneous and enriched mantle sources. For example, La/Sm varies by more
than one order of magnitude in global MORB (Hofmann, 2007). The pattern of compositional
variation of the basalts along the segments implies that the heterogeneity of CIR melting
regime can be attributed to local, small-scaled enriched sources, rather than a regional
heterogeneities such as from nearby mantle plume. The compositional variation of the basalts
from the northern segments appears to correlate with the helium isotope composition (Fig. 7).
MORB glasses with *He/*He < 9.2 Ra generally display negative correlations with 2’Sr/*®Sr,
205pp/2%%pp - (La/Sm)n, and Ba/La ratios, regardless of location. This trend of decreasing

*He/*He with higher #’Sr/*®Sr and La/Sm is commonly observed in MORB when *He/*He is
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below 10 R, particularly those in the Indian Ocean away from high *He/*He hotspots. It can
be attributed to melting of lithologic heterogeneities that may be globally dispersed in the
asthenosphere [Graham et al., 2014]. MORB glasses with *He/*He > 9.2 Ra from the
northern segments plot on trends that are distinct from those defined by southern segment
basalts. The high *He/*He broadly correlates with 2°°Pb/***Pb and Ba/La but not 8'Sr/*Sr and

(La/Sm)w.

The complex pattern of isotopes and trace element geochemistry requires the presence
three mantle sources; depleted mantle and two distinct enriched mantle sources. This is most
clearly seen in the Sr, Nd, and Pb isotopic data. For example, a plot of ®’Sr/%°Sr versus
206pp/204ph shows the two distinct enrichment trends. The trend to radiogenic Pb component
is defined by MORB from the northern segments (Fig. 8A). The second trend, to radiogenic
Sr mantle, is dominantly defined by MORB from the southern segments but includes a few
MORB from the northern segments (Fig. 8A). The enrichment trend in the southern segments
(including some samples from the northern segments) is similar to that of basalts from the
southern CIR, and their composition tends towards that of samples from the Gasitao Ridge
and Reunion hotspot [Nauret et al., 2006]. The enrichment exhibited by the northern segment
MORB glasses is characterized by more radiogenic “°Pb/2**Pb values for given ¥ Sr/®®Sr (Fig.
8A). The enrichment trends in the northern and southern segments appear to correspond to
the HIMU-like (or FOZO) and EM2 compositions respectively (Fig. 8C) [Stracke et al.,

2005]. Similar trends are evident in ***Nd/***Nd-2*Pb/*®Pb space (Fig. 8D).

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

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

mixing trend defined by basalts from the southern CIR, the Gasitao Ridge, and the Réunion
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hotspot (Fig. 8). Thus the compositional variation observed in the MORB in the southern
segments is more likely to originate from variation in the proportion of Reunion component
mantle rather than other enrichment processes unrelated to hotspot plume. It should be noted
that the data demonstrate a significantly smaller proportion of this component than in the

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

Previous studies have suggested that mantle flow from the Reunion plume is blocked
by the MCFZ, and that the flow is diverted to the south along the CIR [Mahoney et al., 1989;
Murton et al., 2005; Nauret et al., 2006]. Nauret et al. [2006] argued that basalts collected
near the MCFZ could have been derived from a second enriched mantle source, perhaps
produced by metasomatism. The enriched basalts from the southern ridge segments analyzed
here show geochemical affinities with MORB from south of the MCFZ. If this is the case,
then the discrepancy between Nauret et al. [2006] and this study, in terms of the origin of

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

The *He/*He of the southern basalts (7.5 to 9.2 Rp) overlaps those of MORB from
immediately south of the MCFZ (7.1 to 10.9 Ra, Fig. 6). *He/*He in both cases are
significantly lower than typical of Reéunion basalts (13-14 Ra; Graham et al., [1990];
Burnard et al., [1994]). Furi et al. [2011] argued that the low *He/*He of the near- MCFZ
MORB can be explained by either: (1) radiogenic “He ingrowth in fossil Réunion hotspot
mantle component, or (2) metasomatization of the depleted upper mantle. In either case, the
helium isotope composition of basaltic glasses can be explained by modification of the initial

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

Contamination by fossil Réunion hotspot component appears to be consistent with
paleogeographic reconstructions of the Indian plate, whereby the northern CIR transected the

Reunion hotspot track [Chatterjee et al., 2013]. The major tectonic and magmatic features of
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the Indian Ocean show that the Deccan—Reéunion trail is disconnected by spreading at the CIR.
The trajectory of past Reunion hotspot activity from the southern end of the Chagos—
Lacadives Ridge can be extended to CIR segments of our study (Fig. 1). Thus, the fossil
Reunion mantle component could have been incorporated into the melting regime of those
spreading segments, if it is still present in the mantle beneath the CIR. The extent of mixing
of the fossil Réunion component is limited to the scale of individual segments. For example,
the latitudinal variations in trace element and isotope ratios (Fig. 5) are different for each of

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

The influence of the Reunion component on the CIR segments is also supported by
the mixing model shown in Fig. 9. On a ®'Sr/®Sr versus 2*°Pb/***Pb plot, most of the MORB
from the CIR segments define a compositional array along a mixing curve between most-
depleted CIR MORB (RC14, Murton et al., [2005]) and basalt of Reunion trail with an age of
33 Ma (ODP115 site 706, White et al., [1990]; Greenough and Fryer, [1990]) which
corresponds with the time of the CIR passed over the Reunion hotspot (~34 Ma, Duncan et
al., [1990]; Torsvik et al., [2013]). A similar mixing trend can be observed in a (La/Sm)y Vvs.
2%pp/2ph space, although the data shows more scatter (Fig. 9B, D). Two end-member
compositions for the fossil Réunion component are presented in Fig. 9. Réunion trail basalts
have La/Sm ratios similar to most enriched MORB of this study [Greenough and Fryer,
1990]. However, more trace element enriched samples can be found in basalts from the
Reunion Island [Albarede et al., 1997]. Using the enriched Réunion basalt only show slight
change of mixing curve in 8’Sr/%°Sr versus *°Pb/**Pb space (Fig. 9 A and C). Fig. 9 also
illustrates that some basalts from the northern segments plot along the Réunion-depleted
mantle mixing curve. Thus, the fossil Reunion plume mantle is not restricted to the southern
segments but extend to the northern segments. This is not surprising because the trajectory of

the past Reunion hotspot pass through the middle of CIR segments of this study. Therefore,
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the incorporation of the fossil Reunion mantle component into the melting regime might be a
plausible enriched source responsible for major geochemical variation observed along the

entire CIR segments of this study.

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

A second geochemically distinct enriched component is present in MORB from the
northern segments. The enrichment is characterized by radiogenic Pb isotopic signature (up
to 19.15 in 2®Pb/*Pb), high *He/*He (up to 11.8 R,a) (Figs. 7 and 8) and enrichment of some
incompatible element ratios, such as Ba/La (Fig. 3). Although the enriched basalts from the
northern segments also have slightly more radiogenic Sr and less radiogenic Nd isotope ratios
than depleted MORB, the degree of enrichment is not significant as seen for Pb isotope ratios.
The Sr, Nd, and Pb isotope characteristics observed in the enriched MORB from the northern
segments appears to be explained by mixing of depleted mantle and HIMU-like mantle
[Stracke et al., 2005] which is characterized by moderately more radiogenic in Sr, less
radiogenic in Nd, but significantly more radiogenic in Pb isotopes than depleted MORB (Fig.
8). The absence of active plume-related volcanism near our study area (other than Réunion)
implies that the E-MORB from the northern segments can only be explained in terms of

MORB enrichment that is unrelated to hotspot activity.

Both “C” component (common component) [Hanan and Graham, 1996] and FOZO
(Focal Zone) [Hart et al., 1992; Hauri et al., 1994]) are proposed for representing common or
ubiquitous mantle components, based on the convergence of isotopic arrays of global MORB
(“C”) and OIB (FOZO) data plots. “C” and FOZO have similar Pb isotope compositions but
the original definition of FOZO by Hart et al., [1992] does not actually have the same Sr and

Nd isotope compositions as the “C” composition. Stracke et al., [2005] redefined the isotopic
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composition of original FOZO to overlap and extend the MORB array (i.e. “C” composition),
which expand the FOZO concept as a common component in MORB and many OIB sources
(Fig. 8). They also interpreted the origin of that component to be derived by subduction and
aging of ocean crust recycled through the lower mantle as Hanan and Gragam [1996]

inferred similarly for the origin of “C” component.

The recycling of oceanic crust for origin of FOZO generally corresponds to the
genetic models for hotspot-unrelated E-MORB [Donnelly et al., 2004; Ulrich et al., 2012].
Donnelly et al. [2004] suggested that E-MORBSs can be generated by the addition of enriched
sources produced by subduction-related metasomatism during partial melting under a ridge.
More recently, Ulrich et al. [2012] proposed that the recycling of ocean island basalts
(OIBs)/seamounts is a plausible mechanism for producing the enriched sources that generate
E-MORBs. Examples provided by Donnelly et al. [2004] and Ulrich et al. [2012] of local E-
MORBs from the Mid-Atlantic Ridge at ~23°N and at ~15°20'N also show “FOZO-like”
isotopic trends that are similar to those observed in our data (Fig. 8), thereby supporting a
common process of MORB enrichment in areas located far from hotspots; i.e. a ubiquitous
FOZO component in MORB sources. Recent seismic tomographic studies showed subducted
slab materials descend into to lower mantle [e.g. Fukao and Obayashi, 2013; Fukao et al.,
2001; Grand et al., 1997]. If subducted material is recycled through both the shallow mantle
and through the deep source of mantle plumes, as proposed by Li et al. [2014], continuous
subduction can cause compositionally heterogeneity with the FOZO-like component in lower

mantle as well as upper mantle.

The isotopic variation observed in the northern segments of CIR is well explained by
a mixing between depleted samples of CIR and the basalt sample from Young Rurutu

[Chauvel et al., 1997; Vlastelic et al., 2009] representing FOZO component (Fig. 9). Fig. 9
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also shows geochemical affinity of the enrichment in the northern segments with HIMU
component. Both FOZO and HIMU components are characterized by enrichment of
radiogenic Pb isotopes, reflecting their genetic process related to recycling of oceanic crust.
Contrary to the redefined FOZO component, however, HIMU is a rare mantle component that
is restricted two OIB locations; St. Helena and Cook-Austal island chain, and thus is unlikely

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

Unlike Sr-Nd-Pb isotope composition, the helium isotope characteristic of the
enriched basalts from the northern segments cannot be fully explained by the recycling of
oceanic crust because radiogenic ingrowth of “He would lower the *He/*He ratio of the
recycled component during its subduction and transport to the ridge. Although *He/*He ratios
higher than those of the mantle source for MORB (> 9.0R,) are reported for some lavas
known as HIMU, those higher helium isotope characteristics are attributed to the involvement
of another less-degassed mantle component (e.g. FOZO/C) in addition to recycled crust in the
genesis of basalt [Parai et al., 2009]. The radiogenic Pb isotope signature accompanied by
elevated *He/*He is also found in the Southeast Indian Ridge (SEIR) lavas, which is locally
associated with the Amsterdam-St. Paul (ASP) hotspot that is an example of “C” component
[Graham et al., 2014]. Therefore, the elevated *He/*He of the enriched basalts in the northern

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

The high ®He/*He of the FOZO-like signature in enriched MORB samples from the
northern CIR segments is consistent with the model described by Graham et al., [2014] in
which they suggested that there is auxiliary upwelling away from plumes, along and near
ridges, which can be detected at typical distances of 800-1200 km, in Southeast Indian Ridge
and southern East Pacific Rise. The northern CIR segments in this study can be another

example of this scale of auxiliary upwelling, given that the distance from the current Reunion
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hotspot is quite close to 1000 km. Malamud and Turcotte [1999] showed that the large and
intermediate size plumes follow a power-law distribution and inferred the existence of many
smaller plumes to explain the missing mantle heat flux. Those small plumes may not have the
thermochemical buoyancy to generate volcanoes or elevated ridge depth anomalies, and so
their upwelling material becomes part of the upper mantle that can ultimately be melted

beneath spreading ridges.

6. Conclusions

Trace element and isotope data for MORB from the northern CIR (between 8°S and
17°S) suggest the presence of at least three distinct mantle sources: (1) depleted mantle; (2)
an enriched mantle component mainly observed in the southern segments; and (3) a second
enriched mantle component in the northern segments. The enrichment signature in the
southern segments shows geochemical affinities with the Reunion plume, located ~1100 km
to the west of the ridge. However, the mantle enrichment observed in the southern segments,
located north of the MCFZ, appears to be influenced by a fossil Réunion mantle component,
inherited from migration of the CIR over hotspot-modified mantle. In contrast, lavas from the
northern segments are compositionally distinct from those of the Réunion plume, but show
isotopic compositions similar to FOZO components. The “FOZO-like” enrichment in the
northern segments is consistent with the redefined concept of FOZO as being a ubiquitous
component of MORB and OIB sources. The high ®He/*He of the FOZO-like signature in
enriched MORB samples from the northern CIR segments implies that upper mantle
heterogeneity beneath the northern section of the CIR originates from auxiliary upwelling, at
~1000 km distance, of a small plume of deeper mantle that may be dynamically associated

with the currently active Reuinon mantle plume.
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Figure Captions

Figure 1. (A) The index map (modified from ETOPO1 data, Amante and Eakins, [2009])
shows the geological setting of the CIR region. (B) Calculated tracks of the Reunion hotspot
based on plate model by O’Neill et al., [2003]. Circled numbers represent 10 Myr intervals.
Triangles denote dated sites from ODP legs 115 (age from Torsvik et al., [2013]). Note that
the Chagos Lacadives Ridge and the Mascarene Plateau are separated by spreading at the
CIR section of this study. (C) Bathymetric map of the Central Indian Ridge (CIR) showing
sampling locations. The ridge is divided into seven axial segments along the northern part of
the ridge bounded by transform faults. Basalt samples were dredged from the spreading axes
of the seven segments bounded by transform faults indicated by dashed lines. Abbreviations:
CIR, Central Indian Ridge; SWIR, Southwestern Indian Ridge; SEIR, Southeastern Indian

Ridge.

Figure 2. Trace element abundance of basaltic glasses from the study area, normalized to
primitive-mantle [Sun and McDonough, 1989]. Samples show wide compositional variations,
from depleted mid-ocean ridge basalts (N-MORBS) to enriched (E)-MORBSs. Dashed lines
indicate representative data of basalt from Reunion Island (averaged value, Albarede et al.,
[1997]), Gasitao Ridge (D08-1, Nauret et al., [2006)) and a depleted CIR MORB (RC14,

Murton et al., [2005])..

Figure 3. Nb/Zr vs. (La/Sm) \ and Ba/La vs. (La/Sm)y for MORB from CIR 8 to 17°S. The
enrichment of basalts from northern and southern segments is not distinguished by proxies
for mantle fertility such as Nb/Zr and La/Sm. However, Ba/La ratios are enriched in several

MORB from the northern segments, which indicates different enrichment sources (or
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processes) in northern and southern CIR segments. The color scale is the same as that in
Figure 2; i.e. red circles for segments 1-4, gray circles for segment 5, and blue circles for

segments 6-7.

Figure 4. (A—C) Scatter plots of ¥Sr/®°Sr vs. “*Nd/***Nd, 2°°Pb/?**Pb vs. °Pb/*®®Ph, and
206pp/204ph vis, 207ph/?*ph, respectively. Fields from the Central Indian Ridge (CIR), the
Carlberg Ridge, the Gasitao Ridge, and the Reunion Island are shown together with Atlantic
and Pacific MORB data for comparison [Bosch et al., 2008; Nauret et al., 2006; Stracke et al.,
2003]. The color scale is the same as that in Figure 2. Note that enriched samples from the
northern segments define a liner array, which differs from the array defined by other samples
in both 2°’Pb/?**Pb-2"°Ph/***Pb and 2°°Pb/***Ph—>"°Pb/***Ph space. Also, some samples from
the northern segments show higher radiogenic Pb isotope compositions than those of Réunion

hotspot samples.

Figure 5. Latitudinal variations along the ridge axis in chemical compositions of Na,O
calculated at MgO = 8 wt.% (Nas, as follows Klein and Langmuir [1987]), Nb/YDb and La/Sm
ratios, and Sr—-Nd-Pb-He isotopes (filled circles indicate samples analyzed for Sr—-Nd-Pb-He
isotopes). Elemental ratios and isotopic compositions both show large fluctuations along the
spreading segments, which suggest the existence of variations in mantle fertility beneath the
northern CIR. The Sr—Nd-Pb isotopic compositions indicate a general trend of increasing
mantle fertility from north to south. However, radiogenic Sr—Pb isotopes are also observed in
northern segments (i.e., segment 2 and segment 4 plus the north end of segment 3) where
*He/*He are systematically higher than depleted MORB mantle values. Small filled circles in

(D) and (J) indicates 4 analyzed samples from the segment 7 by Furi et al. [2011].
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Figure 6. (A-C) Helium isotope ratios (*He/*He), chondrite normalized La/Sm ratios
((La/Sm)y), and lead isotope ratios (“°Pb/?**Pb) of submarine basalt glasses from the CIR
axis of this study (filled dots) and those from the ridge section south of MCFZ (open dots,
Furi et al., [2011]; Nauret et al., [2006]). Averaged values of MORB and lavas from Réunion
Island are indicated by the horizontal dashed lines. Helium isotope ratios for MORB mantle
(8 £ 1 Ra, Graham, [2002]) are indicated as gray shaded zone in (A). Location of Marie
Celeste Fracture Zone (MCFZ) is marked as vertical dashed line. Note the lavas near the
MCFZ show similar geochemical signatures (i.e. MORB-like *He/*He ratios and enriched
La/Sm ratios). Reunion plume signature is highest in lavas along axis around 19°S, which
implies plume flow along beneath the Gasitao Ridge as suggested by Nauret et al., [2006].
Enriched basalts from the northern segments, characterized by similar *He/*He, lower
(La/Sm)y, higher 2°Pb/?**Pb compared to enriched lavas from south of the MCFZ, suggests

additional enriched component other than Réunion plume.

Figure 7. Diagrams of helium isotopes vs. Sr, Pb isotopes and trace element ratios La/Sm and
Ba/La. The majority of basalts from the CIR define a common compositional variation (i.e.
slight decrease of *He/*He with increase of radiogenic Sr and Pb isotopes and incompatible
trace element ratios (La/Sm and Ba/La)). For reference, the gray line depicts the linear
regression for basalts from the southern segments 5 to 7. Some basalts from the northern CIR
segments characterized by significantly higher *He/*He than other MORB samples from the

CIR. The color scale is the same as that in Figure 2.
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Figure 8. Diagrams of 'Sr/®°Sr versus ®®Pb/?**Pb (A and C) and ***Nd/***Nd versus
208p}y205pp (B and D). Two enrichment trends for the basalts from the northern and southern
segments are evident in these diagrams. The enrichment patterns observed in the southern
segments are similar to those of basalts from the southern CIR, and the data can be extended
to data for the Gasitao Ridge and the Réunion hotspot (Nauret et al., [2006], open circles).
The enrichment observed in the northern segments extends towards the Young Rurutu field
(open triangles), which represents a FOZO component (A). When plotted with data compiled
for ocean basalts [Stracke et al., 2005], the northern and southern enrichments appears to be
heading for FOZO and EM2 components, respectively (C). A similar trend exists in a plot of
3Nd/M4Nd versus 2°8Pb/?%Pph (B and D). The color scale is the same as that in Figure 2.
Local E-MORBs from the Mid-Atlantic Ridge at ~23°N [Donnelly et al., 2004] and at
~15°20'N [Ulrich et al., 2012] also show “FOZO-like” isotopic trends that are similar to
those observed in our data (filled circles in C and D). The shaded green field shows the

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

Figure 9. ¥Sr/*®Sr versus 2°°Ph/***Pb and La/Sm versus 2*®Pb/***Pb variation diagrams of
basalts from the CIR indicating possible mixing between depleted MORB and two enriched
components. The majority of basalts from the CIR can be explained by mixing between
depleted CIR MORB and fossil Reunion component. Model composition for fossil Réunion
component is determined from data from Reunion Trail with an age of 33 Ma (ODP 115 Hole
706, Greenough and Fryer, [1990]; White et al., [1990]) with slight modification for missing
elements (see Table S3 for model compositions used in plots). Another distinct compositional
trend observed in basalts from the northern segments requires an additional enrichment

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

736  (Kawabata et al., [2011]) and basaltic composition of young Rurutu (Chauvel et al., [1997]
737  and Vlastelic et al., [2009]) are used for model composition representing HIMU and FOZO,
738  respectively (see Table S3). Ticks on the mixing lines correspond to increments of 5%

739  (marked up to 30% of enriched component).
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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 "a(tjtsu)de Lo?gg)”de D(fﬁ)th D(enﬁ);h Wopp04py  Wippjipy  W8ppRipy  Tgpegy WNGM“N *Hel*He (R/Ra) 4|:io(c7§f T
IR10023501 segl  7.94  67.99 3696 3676 18.0682+30 154757+29 37.8600+89  0.702783:15 0513148:5 9.0£0.2 11
IR092401g segl 806  68.10 3700 3784 18.0749+18 154773+18 37.8767+55 0.70276811 0513128+5 8.6:0.1 9.3
IR110107  segl 822  68.24 4440 4503 185331420 155351+10 38.3745+50  0.702850+15 0.513110+5 8.750.1 339
IR092301g  seg.2 961  66.65 4002 4230 101481434 156146431 30.0245:+99  0.702058+11 0.513035+9 10.2:0.1 78.4
IR092201  seg.2 976  66.74 3680 3836 18.1901+20 155044+10 37.8625:60  0.702025:18 0.513043:5 9.5:0.1 18.9
IR092202  seg.2 976  66.74 3680 3836 9.1+0.1 22.6
IR092101g  seg.2  9.89  66.80 4121 4297 101452420 15.6136+18 38.9996+58  0.702897+11 0513031%11  118+0.1 33
IR092102g  seg.2  9.89  66.80 4121 4297 11.0:0.1 5.7
IR091803g  seg.3  10.36  66.30 4268 4327 185280+61 155283+58 38.3874+181 0.702850+14 0.5130844 8.00.1 10.9
IR091701g  seg.3 1043  66.36 3909 4125 181869+51 15.4840+48 37.0913+150 0.702808+13 0.513080+5 8.410.1 43.4
IR091601g  seg.3 1057  66.48 3488 3517 8.4:0.1 134
IR091501g seg3  10.71  66.58 3230 3400 18.1614+19 154807+18 37.9590+57  0.702780+10 05130748 7.9:0.1 396
IR091401g  seg3  10.85  66.67 3386 3338 18.1545:17 154852+17 37.9872+52  0.70284316 05130795 9.8:0.1 12.1
IR091402g  seg.3  10.85  66.67 3386 3338 9.540.1 145
IR091404g  seg3  10.85  66.67 3386 3338 10.6:0.1 6.7
IR10032102 segd 1127  66.57 3370 3308 18.1134+50 154714+50 38.0817+150 0.702974+10 05129896 9.10.2 05
IR110116  segd 1128  66.42 3373 3515 10.6:0.1 23.0
IR110117-1 segd 1128  66.49 3417 3321 18.2722+36 155240+35 38.1117+108 0.702028+15 05131075 9.2+0.1 13.7
IR1101172 segd 1128  66.49 3417 3321 9.340.1 29.3
IR110122-1 segd4 1135  66.48 3229 3172 10.2:0.1 8.1
IR091101g  segd 1143  66.35 3578 3346 18.1008+23 154834:22 38.0137+69  0.702874+16 05130816 9.6£0.2 0.54
IRO91001g  seg4 1153  66.36 3251 3300 18.9283+32 15580930 38.7896:93  0.702898+10 051306111  9.9+0.1 209

IR090701g  seg.5 12.25 65.67 4035 4059 18.0867+32 15.4878+31 37.9976+96  0.702818+12 0.513081+7 7.540.1 21.1




IR090501g  seg.5 12.39 65.85 3432 3544 18.3121+18 15.5284+17 38.3557+53  0.702871+11 0.513073t5 7.620.1 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
IR0O90301g  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 31
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 155234+18 38.4371+56  0.703097+14 0.512976+9 7.840.1 21.2
IR10022101 seg.6 14.58 66.27 3252 3209 18.5960+30 15.5704+30 38.7451+85 - 0.512957+6 7.840.1 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 155201+27 38.3376+86  0.703057+11 0.513019+7 7.840.1 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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