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production by geochemically distinct magmas is a typi-
cal phenomenon along hotspot-influenced mid-ocean
ridge (e.g., Ito et al., 2003; Schilling et al., 1982). The
style of ridge-hotspot interaction are classifiable into three
categories on the basis of the ridge-hotspot distance
(Dyment et al., 2007). Along ridges directly over or in
proximity to a hotspot, systematic geochemical variations
can be determined corresponding to crustal volume, such
as those seen on the Mid-Atlantic Ridge to near Iceland
(e.g., Chauvel and Hémond, 2000; Murton et al., 2002;
Blichert-Toft et al., 2005) or the Galapagos Spreading
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To ascertain factors controlling melt production along a typical distal, ‘hotspot-interacting’ mid-ocean ridge, we in-
vestigated the extent and distribution of both plume-related and plume-unrelated basalt from the central Indian ridge
(CIR) between 15°S and 20°S. Comprehensive geochemical data of fresh-quenched volcanic glasses and basalts were
used. Variation of Sr, Nd, and Pb isotopic compositions and Nb/Zr, Ba/Nb, and Ba/La content were interpreted by mixing
of three melt end members: the Indian depleted MORB mantle derived melt; radiogenic and enriched melt derived from
source mantle for Rodrigues Ridge and the intermediate series of Mauritius Island (RE2, radiogenic enriched component
2); and radiogenic but depleted melt derived from source mantle for Gasitao Ridge (RD, radiogenic depleted component).
On the basis of quantitative mantle melting and melt mixing model, results show that sources for RE2 and RD are
geochemically distinct from those of the Réunion plume (RE1, radiogenic enriched melt component 1). Moreover, the
geochemical variation of MORB of 15°S to 20°S is unrelated to contamination of the upper mantle by the Réunion plume.
These results suggest strongly that plume-unrelated heterogeneity is widespread throughout the upper mantle. The chemi-
cal characteristics of RE2 are remarkably pronounced in basalt from the central portion of ridge segment 16 around 18°S,
suggesting substantial magma production. The influence of RE2 decreases along with decreasing magma production to
the north, and is only slightly identifiable in basalt from the northern part of segment 18. Although the influence of RE2
decreases somewhat to the south, basalts with extreme RE2 signature were produced in the center of segment 15 around
19°S, where magma production is high. In contrast to RE2, the geochemical signature of RD in basalt is geographically
limited to two localities: the south end of segment 18 and the center of segment 15. However, these observations reveal
that both RE2 and RD contribute strongly to magma production on segment 15. Results show that melting of ancient
recycled plate materials with a low melting point regulates voluminous magma production along the CIR.
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INTRODUCTION

Upwelling of mantle plumes from deep in the Earth’s
interior is the most widely believed expression of mantle
heat anomalies, along with upper mantle contamination
by inclusion of recycled plate materials. Increased crust
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Center closed to near the Galapagos hotspot (e.g., Schill-
ing et al., 1982; Graham et al., 1993; Detrick et al., 2002;
Cushman et al., 2004; Ingle et al., 2010; Colin et al.,
2011). These geochemical variations are explained by
mixing between enriched components included in the
mantle plume and depleted upper mantle.

In contrast to these two localities, the style of interac-
tion of the Central Indian Ridge (CIR) between 18°S and
20°S (Rodrigues segment) with the Réunion hotspot (Fig.
1), a typical case for distal ridge-hotspot interaction, is
more complicated. The Rodrigues, Three Magi, and
Gasitao Ridges (Fig. 1) show the topographic connection
of the Réunion hotspot track with the CIR at 20°S, and is
likely to resemble the Wolf-Darwin Lineament (Detrick
et al., 2002) connecting the Galapagos Spreading Center
and hotspot. Furthermore, northward enrichment of in-
compatible elements and radiogenic isotopes in mid-ocean
ridge basalt (MORB) along the Rodrigues segment to-
ward the Marie Celeste Fracture Zone (MCRZ) was ob-
served. This enrichment suggests that an inflow of plume
material channeled from the Réunion hotspot reaches CIR
(Morgan, 1978; Mahoney et al., 1989; Murton et al.,

2005).
Nauret et al. (2006) demonstrated that the geochemical

anomaly on the Rodrigues segment cannot be explained
simply by plume flow. They showed that neither a north-
ward increase of Ba/Nb nor Pb isotope ratios corresponds
to the Réunion hotspot.  They reported that the
geochemical trends for Gasitao Ridge and the southern
part of the Rodrigues segment are explainable by mixing
of the Réunion plume and depleted mantle. Moreover, they
proposed that plume flow might reach as far as the seg-
ment around 20°S. However, they did not account for the
slightly lower Ba/Nb ratio of Gasitao Ridge. They only
classified one sample from the CIR axis as hotspot-
influenced MORB. Therefore, only weak evidence exists
for plume flow from the Réunion hotspot. The literature
suggests that the Rodrigues, Three Magi, and Gasitao
Ridges instead reflect the lithospheric tensional cracks
through which melts from heterogeneous Indian Ocean
mantle can pierce the lithosphere (e.g., Forsyth et al.,
2006; Hirano et al., 2006; Dyment et al., 2007). Conse-
quently, it might be true that there is no inflow taking
place from the Réunion hotspot. Nauret et al. (2006) pro-

Fig. 1.  Bathymetric maps around the Rodrigues segment (18–20°S, between the Marie Celeste and Egeria Fracture Zones) of the
Central Indian Ridge and the Réunion hotspot. Bathymetric data are from ETOPO2 (NOAA National Geophysical Data Center;
http://www.ngdc.noaa.gov/) for (a), and collected by a multi narrow beam system SeaBeam2120 during the KH06-04 cruise using
the R/V Hakuho-maru for (b). Azimuthal projection of topography centered on the Réunion hotspot is also shown in (a). The
yellow circle in (a) shows equidistance from the Piton de la Fournaise volcano of Réunion Island. From A to D, and A and B
respectively represent sub segment numbers for segments 15 and 18.
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posed two hypotheses for northward enrichment: exist-
ence of metasomatized mantle during plate subduction,
or some ancient recycling process in the upper mantle
unrelated to the Réunion plume. However, characteris-
tics of the enriched component remain undefined.

To resolve these issues, it is important to ascertain the
extent of the distribution of the plume-related or plume-
unrelated MORB crossing through the MCRZ. We pro-
duced a comprehensive geochemical dataset including
major and trace element, water content, and Sr, Nd, and
Pb isotopic composition for fresh quenched glasses and
basalts along the CIR for 15–20°S. This dataset includes
an area, between 15°S and 18°15′ S, for which no previ-
ous data have been available. Using this extensive dataset,
we investigated which factors influence melt production
along the hotspot-influenced CIR. Additionally, we infer
a possible upper mantle structure that can explain the
geochemical variations.

GEOLOGICAL BACKGROUND, FIELD OBSERVATIONS,
AND SAMPLE COLLECTIONS

The Réunion hotspot formed a volcanic trail from
Réunion Island (present location of the Réunion plume)
to the Deccan continental flood basalt province (Fig. 1a).
The submarine volcanic trail was split approximately 38
Ma by the CIR. Along-trail sampling conducted by drill-
ing during the Ocean Drilling Program (ODP) Leg 115
(Backman et al., 1988) revealed that the trail was com-
posed of tholeiite and alkaline basaltic lava (Baxter, 1990).
The Rodrigues, Three Magi, and Gasitao Ridges (Fig. 1a)
topographically connect the CIR with a volcanic trail
formed on Oceanic crust younger than 36 Ma. The ridges
comprise alkaline basaltic lava (Baxter et al., 1985;
Murton et al., 2005; Nauret et al., 2006).

A high-resolution bathymetric investigation along the
CIR (Fig. 1b) was conducted between 15°S and 20°S us-
ing a multiple narrow beam echosounder system
(SeaBeam2120) with a sonic frequency of 20 kHz, and
beam width of 1 degree during the KH06-04 cruise of the
R/V Hakuho-maru. The CIR between 18°S and 20°S
(Rodrigues segment) is separated into two segments, 15
(south) and 16 (north) (Fig. 1b). Segment 15 is further
divided into four subsegments on the basis of morpho-
logical structure of axial valley, designated as 15A, 15B,
15C, and 15D from south to north. Segments 15 and 16
are characterized by shallow water depth relative to north-
ern segments 17 and 18. Segment 18 is divided into two
subsegments, designated as 18A and 18B from south to
north. Gasitao Ridge, the eastern extension of Rodrigues
ridge, reaches to the center of Segment 15B. Rock sam-
ples and fresh glasses were collected from the CIR axis
and Gasitao Ridge using a dredge (labeled DR) and a rock
corer (labeled RC). Sampling locations, which were ar-

ranged along segments 15, 16, 17, and 18, and Gasitao
Ridge, and were selected on the basis of a high-
resolution bathymetric investigation. A summary of sam-
pling location is presented in Supplementary Table S1.

ANALYTICAL METHODS

For major and trace element analyses of basaltic
glasses, three fresh and fundamentally glassy pieces from
each sample were hand-picked under a binocular micro-
scope, mounted in epoxy, and polished with a diamond
paste. To examine compositional heterogeneity, five spots
were analyzed on three pieces from a sample. These analy-
ses were averaged to provide major and trace element
compositions for each sample. The major and trace ele-
ment compositions were determined respectively using
an electron probe microanalyzer (EPMA) and laser abla-
tion inductively coupled plasma mass spectrometer (LA-
ICP-MS), at the Earthquake Research Institute, the Uni-
versity of Tokyo. The EPMA instrument (JXA-8800;
JEOL) had five wavelength-dispersive spectrometers. The
EPMA analyses were conducted with acceleration volt-
age of 15 kV and beam current of 12 nA using a 5 µm
diameter beam. Peak measuring times were 10 s for all
major elements. Natural and synthetic mineral standards
were used for the analyses. JEOL software using ZAF
corrections was used. The LA-ICP-MS instrument
(Plasma Quad 3; VG) was equipped with a laser ablation
system of frequency-quintupled Nd-YAG laser (λ = 213
nm, UP-213; New Wave). The laser ablation system was
used with a pulse repetition rate of 5 Hz, a preablation of
5 s, and an acquisition time of 60 s for each 65 µm diam-
eter spot. During the analyses, 32 trace elements (Sc, V,
Cr, Co, Ni, Rb, Sr, Y, Zr, Nb, Sb, Cs, Ba, rare-earth ele-
ments (REE), Hf, Ta, Pb, Th, and U) were monitored. A
glass disc (SRM610; NIST) was used as a calibration
standard, with preferred values taken from Pearce et al.
(1997). As an internal standard, 44Ca was used. The
analytical procedures were described by Magnani et al.
(2006). Relative standard deviations (RSD) of 15 repeat
analyses for each basaltic glass sample were better than
5% in major elements, except for MnO and P2O5 and bet-
ter than 20% in trace elements except for Cs and Sb on
some samples.

Analyses of the volatile contents of volcanic glass were
conducted using the FTIR Bench (Nicolet) controlled by
‘OMNIC’ data collection and processing software. Three
spectra were recorded per glass chip. Site selections were
made on the basis of constant color and appearance, with
glass that is free of scratches, vesicles, surface contami-
nation, crystals and other inhomogeneities. Total dissolved
H2O was measured using the intensity of the broad asym-
metric band centered on 3550 cm–1, which corresponds
to the fundamental O–H stretching vibration (Nakamoto,
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1997). Using the peak height calculation tool in the
OMNIC spectral analysis software, a baseline was set,
with peak height calculated for each spectrum. The mo-
lar absorptivity for total dissolved water is not strongly
compositionally dependent for basaltic compositions.
Therefore, a value of 63 ± 5 l/(mol cm) was used (Ferreira,
2006). Data for the three spectra were averaged. Then
the standard deviations were calculated for the obtained
concentrations.

For major and trace element analysis of whole rocks,
initial subsamples of about 20 g of chips were separated
from the quite fresh dredged rock samples. These
subsamples were rinsed with distilled water for three days.
Then they were washed ultrasonically in distilled water
to remove seawater contamination. Removal was con-
firmed using silver nitrate solution (AgNO3). The sam-
ples were pulverized using tungsten carbide mortar and
an agate ball mill. The loss on ignition (LOI) was deter-
mined at 900°C (4 h). Major and minor elements were
measured using an X-ray fluorescence (XRF) analyzer
(RIX 3000; Rigaku Corp.) at the Niigata University ac-
cording to the analytical methods described by Takahashi
and Shuto (1997). Major elements were determined us-
ing fused glass discs. A mixture of 0.5 g of dried, pow-
dered sample and 5.0 g of anhydrous lithium tetraborate
(Li2B4O7) was used for major element analysis without
matrix correction because of the high dilution factor. Trace
element contents were analyzed using ICP-MS (7500a;
Agilent Technologies Inc.) at Niigata University, follow-
ing the method described by Takazawa et al. (2003). Each
0.0500 g powdered rock sample was digested completely
with 1 mL HNO3 and 1.5 mL HF in a tightly sealed 7 mL
Savillex® Teflon PFA screw-cap beaker, heated for 3 days
on a hot plate at 120°C and subsequently evaporated for
>6 h at 130°C. The residue was then dissolved with 6 mL
HNO3–HCl–HF ultrapure water (28:2:0.1:20) mixed acid
with heating until perfectly dissolved. The solution was
diluted to 50 g using ultrapure water including 1 mL in-
ternal standard solution (1 ppm each of In, Tm, Re, and
Bi) in a 50 ml bottle. The solution was diluted further to
1:20,000 in mass, using mixed acid (120 mL previously
used mixed acid is further diluted by 880 mL ultrapure
water). Although ICP parameters were optimized, spec-
tral overlap from oxides (MO+) and hydroxides (MOH+)
of Ba and light REE on heavier REE (137Ba16O+ on 153Eu+;
141Pr16O+ on 157Gd+; 143Nd16O+ on 159Tb+; 147Sm16O+ on
163Dy+; and 147Sm16O1H+ on 165Ho+) were found, which
must be examined. Interference of 165Ho16O+ and 181Ta+

was also inferred as a possibility. Corrections for inter-
ference were made by measuring two mixed standard so-
lutions (2 ppb of Ba, Pr, Nd, and Sm, and 2 ppb of Eu,
Dg, Tb, Dy, and Ho), and by calculating MO+/M+ and
MOH+/M+ ratios. Trace element concentrations were cali-
brated using the reference values for BHVO-1 (U.S. Geo-

logical Survey (USGS)) of Eggins et al. (1997). Differ-
ences between our data and the accepted values for USGS
standard W-2 (Eggins et al., 1997) were typically less than
5%.

The same rock powder analyzed for major and trace
element analysis was also used for bulk rock Sr–Nd–Pb
isotopic analysis. Some slightly altered basaltic glasses
were leached using 2M HCl before Sr–Nd–Pb isotopic
analysis. Total procedural blanks for Sr, Nd, and Pb were
less than 100 pg. Sr and Nd isotope analyses were ac-
quired using thermal ionization mass spectrometry (TIMS,
Sector 54; VG) with seven Faraday collectors at the Na-
tional Museum of Nature and Science, Japan. Approxi-
mately 0.1–0.2 g of powdered rock or glass samples were
digested completely using 2 mL HNO3, 5 mL HClO4, and
5 mL HF in tightly sealed 30 mL Teflon PFA screw-cap
beakers, heated for 18 h on a hot plate at 180°C, then
evaporated for more than 5 h at 110°C. Finally, they were
heated nearly to dryness at 180°C. The Sr and REE were
separated using column separation with a cation exchange
resin (AG50W-8X; Bio-Rad Laboratories Inc.). Then Nd
was further isolated from the REE using Ln resin
(Eichrom Technologies Inc.). The measured isotope ra-
tios were normalized to 86Sr/88Sr = 0.1194 and 146Nd/
144Nd = 0.7219. The average value for the NIST SRM-
987 Sr standard was 0.710274 ± 0.000007, and for the
JNdi-1 Nd standard of GSJ (Geological Survey of Japan)
was 0.512111 ± 0.000004. The Pb isotopes were deter-
mined using multi-collector inductively coupled plasma
mass spectrometry (MC-ICP-MS) NEPTUNE at the
Center for Advanced Marine Core Research, Kochi Uni-
versity (Kochi Core Center). Approximately 0.08–0.13 g
powdered rock or glass samples were digested with mixed
acid (0.7 mL 8 M HBr and 0.7 mL 20 M HF) in a 7 mL
PFA Teflon vial, heated at 130°C. After drying at 140°C,
the sample was dissolved with 1 mL 0.5 M HBr and cen-
trifuged. Pb was separated using anion exchange resin
(AG 1-X8, 200–400 mesh, Br-form; Bio-Rad Laborato-
ries Inc.) packed in a TFE Teflon column. An external Tl
mass bias correction and standard bracketing method was
used to improve the analytical precision. The analytical
procedure follows the description presented by Tanimizu
and Ishikawa (2006). The NIST SRM981 Pb standard was
analyzed repeatedly between sequences of unknown sam-
ple analysis, giving the average values of 206Pb/204Pb =
16.9309 ± 0.0017, 207Pb/204Pb = 15.4844 ± 0.0020, and
208Pb/204Pb = 36.6754 ± 0.0024. These are similar to pre-
vious values determined using MC-ICP-MS with Tl-
normalization, and are slightly lower than values deter-
mined by TIMS with 207Pb–204Pb double-spike (previous
values are presented in Tanimizu and Ishikawa, 2006).
Reproducibility was monitored by repeated analysis for
the JB-2 GSJ standard, except for DR9A and DR6C with
low Pb signal. The average values of the JB-2 GSJ stand-
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ard are 206Pb/204Pb = 18.3213 ± 0.0014, 207Pb/204Pb =
15.5470 ± 0.0018, and 208Pb/204Pb = 38.2164 ± 0.0020.

All geochemical data are presented in Supplementary
Table S2.

RESULTS

Volcanic rocks from the CIR and Gasitao Ridge are
range from 47.6–52.4 weight (wt.) percent in SiO2. They
show decreasing trends in MgO, and increasing trends in
total alkali (Na2O+K2O) with increasing SiO2 (Fig. 2).
They also show decreasing trends in Al2O3 and CaO (or
Al2O3/CaO), and increasing trends in TiO2 and FeO* with
decreasing MgO (Fig. 3). In Segment 15B (Fig. 1), basalts
from RC5 and DR4 are similar in composition to those
reported by Murton et al. (2005) and Nauret et al. (2006).
Basalts from DR2 show higher Na2O (Table S2) and total
alkali (Fig. 2a) compositions, resembling some samples
reported by Cordier et al. (2010). In segments 16, 17, and
18 (Fig. 1) almost all samples show similar compositions
to those of previously reported basalts from Segment 15,
except for basalts from DR6 at the southern end of Seg-
ment 18A, which have lower SiO2 concentrations (48.14–
48.55 wt.%), and basalts from Segment 17 (DR7, 8, and
9, and RC13), which have slightly higher total alkali com-
positions.

The trace element compositions of basalt from the CIR
and Gasitao Ridge (Fig. 4) reveal additional evidence of
geochemical variation from south to north (Fig. 1). Basalts
from DR2 in Segment 15B are extremely enriched in
highly incompatible elements such as Ba, U, and Nb when
compared to representative samples from the Réunion
hotspot. This difference corresponds to higher total al-
kali composition (Fig. 2a), similar to that of the Rodrigues
samples (Baxter et al., 1985). In contrast, basalts from
DR4 in Segment 15B show depleted trace element com-
positions resembling those of Gasitao Ridge (Nauret et
al., 2006). Basalts from DR1 on Gasitao Ridge show
slightly depleted compositions, in contrast to those re-
ported previously (Nauret et al., 2006). They might indi-
cate a more primitive (higher MgO and lower SiO2) com-
position (Fig. 2). Basalts from RC5 in Segment 15B show
lower amounts of highly incompatible elements than in
primitive mantle (McDonough and Sun, 1995). These
samples display features in major elements that resemble
those of basalts reported previously from Segment 15
(Murton et al., 2005; Nauret et al., 2006). Basalts from
Segment 16, and DR7, DR9, and RC13 on Segment 17
show higher amounts of highly incompatible elements.
Basalts from DR8 in Segment 17, and RC14 and 15 in
Segment 18 show somewhat lower amounts of highly in-
compatible elements, similar to basalts from RC5 in Seg-
ment 15B. Furthermore, basalts from DR6 in Segment 18
show depleted trace element compositions resembling

Fig. 2.  Total alkalis (a) and MgO (b) vs. SiO2 diagram for
basalts from Gasitao Ridge and the Central Indian Ridge for
15°S through 20°S. Discrimination boundaries in (a) after Le
Bas et al. (1986). Previously reported CIR data (CIR others),
along axis data from Segment 15 (Segment 15), and across axis
data from Segment 15 (Segment 15 across) are respectively re-
ferred from the PetDB database, from Murton et al. (2005),
Nauret et al. (2006), and Cordier et al. (2010). Details of data
compilation for basalts from Réunion Island (Réunion), older
and intermediate series of the Mauritius Island (Mauritius Old
and Mauritius Intermediate), seamount trail from the Réunion
Island along hotspot track (Seamount Trail), and Rodrigues,
and Gasitao ridges are described in Supplementary Materials.
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those of Gasitao Ridge (Nauret et al., 2006), DR1, and
DR4. These differences of constituent highly incompat-
ible elements of basalts are represented as variation of
Nb/Zr, Ba/La, and Ba/Nb for basalts having similar MgO
composition (Fig. 3).

The isotopic composition of basalts from the CIR (Fig.
5) shows that relatively enriched compositions are ob-
served in segments 15 and 16 (0.703181–0.703586 on
87Sr/86Sr, 0.512926–0.513017 on 143Nd/144Nd, 18.3467–
18.8353 on 206Pb/204Pb, 15.5036–15.5582 on 207Pb/204Pb,
and 38.2416–38.8958 on 208Pb/209Pb), gradually becom-
ing more depleted northward through segments 17 and
18 (0.702922–0.703263 on 87Sr/86Sr, 0.512999–0.513103

on 143Nd/144Nd, 18.0575–18.3736 on 206Pb/204Pb,
15.4684–15.5339 on 207Pb/204Pb, and 37.9033–38.3592
on 208Pb/209Pb). The most radiogenic samples were col-
lected from DR4 in the center of Segment 15B. This trend
conforms to previous observations reported by Mahoney
et al. (1989) and Nauret et al. (2006). Variation of iso-
topic composition (Fig. 5) shows that relatively radio-
genic basalts from segments 15 and 16 of the CIR have
similar composition to basalts from Rodrigues Ridge and
the Intermediate series of the Mauritius Island showing
lower 87Sr/86Sr, and slightly higher 143Nd/144Nd and lower
207Pb/204Pb and 208Pb/209Pb (Baxter et al., 1985; Sheth et
al., 2003; Nohda et al., 2005; Moore et al., 2011), rather

Fig. 3.  Diagrams showing variations of TiO2 (a), Al2O3 (b), CaO (c), FeO* (d), CaO/Al2O3 (e), Nb/Zr (f), Ba/La (g), and Ba/Nb
(h) against MgO of basalts from Gasitao Ridge and the Central Indian Ridge for 15°S through 20°S. Symbols and references for
other compiled data as in Fig. 2.
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than basalts from Réunion Island, the Older series of
Mauritius Island, and the seamount trail of the Réunion
hotspot (e.g., Albarède and Tamagnan, 1988; Fisk et al.,
1988; Mahoney et al., 1989; Baxter, 1990; White et al.,
1990; Albarède et al., 1997; Fretzdorff and Haase, 2002;
Sheth et al., 2003; Nohda et al., 2005; Paul et al., 2005;
Moore et al., 2011) as typical compositions of the Réunion
plume (see in Supplementary Materials for detail on data
compilation). In contrast, less radiogenic basalts from
segments 17 and 18 show lower 143Nd/144Nd and higher
87Sr/86Sr for given 206Pb/204Pb, rather than depleted
MORB mantle (DMM: Workman and Hart, 2005). These
observations are also shown by three-dimensional varia-
tion diagrams for Sr, Nd, and Pb isotopic space (see Sup-

plementary Fig. S4).
The basalt from Gasitao Ridge has a radiogenic Sr and

Pb isotopic composition (Fig. 5), despite having a depleted
trace element composition (Fig. 4). These results are also
consistent with observations for Gasitao Ridge reported
by Nauret et al. (2006).

DISCUSSION

Geochemical variation of MORB from the Rodrigues and
neighboring segments along the CIR

Important correspondence between isotopic and trace
element compositions of MORB from the Rodrigues seg-
ment (Segment 15 and 16) is that the basalts having ra-

Fig. 4.  Trace element concentrations normalized to primitive mantle (McDonough and Sun, 1995) for basalts from Gasitao Ridge
and the Central Indian Ridge for 15°S through 20°S. Representative data of basalt from Réunion Island and Older series of
Mauritius Island (sample M12), Rodrigues Ridge and the Intermediate series of Mauritius Island (sample B5), and Gasitao Ridge
(sample DR08-1) are from Moore et al. (2011), Sheth et al. (2003), and Nauret et al. (2006), respectively.
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diogenic isotopic composition (Fig. 5) show high Nb/Zr,
Ba/Nb, and Ba/La (Figs. 3, 4, and 6). Then, they have
similar isotopic and trace element compositional features
to basalts from Rodrigues Ridge and the Intermediate
series of the Mauritius Island, not similar to basalts from
Réunion Island (Fig. 6). In contrast, it is also presented
in Figs. 3, 4, and 6 that some samples from Segment 15,
17, and 18 show very low Nb/Zr, Ba/Nb, and Ba/La, and
these compositions resembling those of basalts from
Gasitao Ridge. As described in previous section, wide
variation of Nb/Zr, Ba/Nb, and Ba/La is observed on

basalts having similar MgO composition (Fig. 3). There-
fore, such variation on Nb/Zr, Ba/Nb, and Ba/La of CIR
basalts cannot be explained by fractional crystallization
of single primary magma. Furthermore, we note that a
characteristic isotopic composition of less radiogenic
basalts, that is lower 143Nd/144Nd and higher 87Sr/86Sr for
given 206Pb/204Pb than DMM, should be considered. On
the basis of these observations, we propose that several
kinds of melt components contribute to geochemical vari-
ation and magma genesis along CIR segments 15 through
18.

Fig. 5.  Sr–Nd–Pb isotopic variations of basalts from Gasitao Ridge and the Central Indian Ridge for 15°S through 20°S. Symbols
and references for other compiled data as in Fig. 2. RE1 (orange circle), RE2 (yellow circle), and RD (brown circle) respectively
show radiogenic-melt end members derived from the Réunion plume, the source of the Intermediate series of Mauritius Island and
Rodrigues ridge, and the source of Gasitao Ridge. Variation range of D-DMM and averaged DMM (labeled “DMM”) are from
Workman and Hart (2005). The orange dashed line and yellow and brown lines respectively represent results of binary mixing
between D-DMM-derived melt and RE1, RE2, and RD. The light blue lines represent results of binary mixing between D-DMM-
derived melt and EM-1 melt, and ternary mixing D-DMM-derived melt, RD, and EM-1 melt. 1% and 30% respectively denote
amounts of EM-1 melt and RD. Details of definitions and compositions of radiogenic-melt end members, D-DMM-derived melt,
and EM-1 melt are listed in Supplementary Materials.
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To verify these qualitative considerations, we con-
ducted numerical mixing calculations for Sr, Nd, and Pb
isotopes and Nb/Zr, Ba/Nb, and Ba/La ratios (Figs. 5, 6,
and Supplementary Figs. S4, S5, S6, and S7). For the mix-
ing model, we define four melt end members (Table 1)
on the basis of previous observations as follows. The
geochemistry of basalts from Réunion Island and the
Older series of Mauritius Island is characterized by a spe-
cific enriched melt composition, showing the most-
radiogenic Sr isotopic compositions, and slightly high Nb/
Zr, La/Nb, and Ba/Nb (Fig. 3, and Supplementary Figs.
S1, S2, and S3). Hereinafter, we call this end member
‘Radiogenic Enriched Component 1’ (RE1). And we de-
fined sample M12 (Moore et al., 2011), with the highest
87Sr/86Sr (=0.70438) as a representative sample for RE1
(Table 1). In contrast, basalts from the Intermediate se-
ries of Mauritius Island show less-radiogenic Sr isotopic
compositions, as reported by Sheth et al. (2003), Nohda
et al. (2005), and Moore et al. (2011). They therefore show
a separate trend in 87Sr/86Sr and 143Nd/144Nd or 206Pb/204Pb
variation diagrams (Figs. 5 and S4). This component is
characteristic of the geochemistry of basalts from
Rodrigues Ridge (Baxter et al., 1985). Furthermore,
basalts from Rodrigues Ridge and the Intermediate Se-
ries of Mauritius Island higher Nb/Zr, Ba/La, and Ba/Nb

than the Réunion hotspot (Figs. 3, S1, S2, and S3). We
defined sample B5 (Sheth et al., 2003; Table 1) with the
highest Nb/Zr (0.302) as the representative sample for
the radiogenic-melt end member ‘Radiogenic Enriched
Component 2’ (RE2). Gasitao Ridge (Nauret et al., 2006)
forms the third group, having extremely low Nb/Zr ratios
in contrast to RE1 and RE2, but radiogenic isotopic com-
position. We base this end member on the composition of
the representative sample DR08-1 (Nauret et al., 2006;
Table 1) with the highest 87Sr/86Sr (=0.703973) among
the extremely low Nb/Zr basalts from Gasitao Ridge.
Hereinafter, we call it the ‘Radiogenic Depleted Compo-
nent’ (RD). The Indian Ocean MORB is known to be dis-
tinct from those of the Pacific. Fundamentally, it is more
“EM-1-like” (e.g., Dupré and Allègre, 1983). Then, the
Indian depleted upper mantle can be mixture of DMM
and EM-1. Such plume-unrelated heterogeneity of EM-1
in the upper mantle is expected to have a small-scale
(Machida et al., 2009). Therefore, we also define the
Indian-DMM-derived melt component on the basis of
mixing of D-DMM-derived melt and a small amount
(about 2%) of EM-1 melt (Table 1, and see details in Sup-
plementary Materials).

Variation diagrams of isotopic composition (Fig. 5)
show that basalts from the CIR plot a considerabe dis-
tance from the binary mixing line of D-DMM-derived
melt and RE1. Furthermore, CIR basalts seem to contain
not RE1 but RE2, especially shown in the 143Nd/144Nd
and 87Sr/86Sr or 206Pb/204Pb and 87Sr/86Sr plots. These
observations suggest that RE1 did not contribute to the
production of magma along the CIR. However, the low
206Pb/204Pb and high 87Sr/86Sr compositional trend can-
not be explained by simple binary mixing of D-DMM-
derived melt and RE2. Such isotopic compositions would,
however, be explained by the Indian-DMM-derived melt
with the additional contribution from EM-1. High Nb/Zr,
Ba/Nb, and Ba/La trend of the CIR basalts (Fig. 6, and
Supplementary Materials) are also explained by contri-
bution of RE2 rather than RE1. Furthermore, low Nb/Zr,
Ba/Nb, and Ba/La samples are expected to be explained
by a contribution from RD. Therefore, if we assume ter-
nary mixing of Indian-DMM-derived melt, RE2, and RD,
then the various Sr, Nd, and Pb isotopes and Nb/Zr, Ba/
Nb, and Ba/La ratios of all data, including the previously
reported data from Segment 15 (Murton et al. (2005) and
Nauret et al. (2006) for ‘along axis’, and Cordier et al.
(2010) for ‘across axis’), are explained consistently (Figs.
5 and 6). Our mixing model shows that the major radio-
genic (or enriched) melt components are RE2 and RD.

Nature of radiogenic melt components for CIR basalts
Isotopic compositions between the Réunion plume

(RE1) and Rodrigues Ridge (RE2) (Figs. 5 and S4) are
independently, although slightly, different. Basalts from

Fig. 6.  Nb/Zr vs. 87Sr/86Sr variation diagram indicating that
the geochemistry of basalt from Gasitao Ridge and the Central
Indian Ridge, is enhanced by Depleted MORB Mantle (DMM),
enriched melt components of two kinds (RE2 and RD) unre-
lated to the Réunion plume (RE1), and some EM-1 melt. Sym-
bols and references for other compiled data as in Fig. 2. Mix-
ing results are denoted by yellow, brown, and light blue lines
and the orange dash line as in Fig. 5. The variation range of
D-DMM and averaged DMM (labeled “DMM”) are from Work-
man and Hart (2005).
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Rodrigues Ridge and the Intermediate series of Mauri-
tius Island (RE2) show lower 87Sr/86Sr and slightly higher
143Nd/144Nd than that of the Réunion lavas (RE1). On the
basis of such isotopic difference, it is expected that they
could be derived from source having different trace ele-
ment composition each other. This idea is supported by
observations that some basalts from Rodrigues Ridge and
the Intermediate series of Mauritius Island show high Nb/
Zr, Ba/Nb, and Ba/La values, as presented in Figs. 3 and
6. During mantle melting, however, the Nb/Zr, Ba/Nb,
and Ba/La ratios of magma will change according to the
degree of partial melting because of differences of these
partition coefficients for mantle lithology (e.g., Kelemen
et al., 2003). Total alkali composition, as an index of the
degree of partial melting, shows a clear positive correla-
tion with Nb/Zr (Fig. 7a). Therefore, the difference in the
degree of partial melting contributes to the observed Nb/
Zr variation. However, we see that 87Sr/86Sr and Nb/Zr
values of lavas from Rodrigues Ridge and the Intermedi-
ate series of Mauritius Island are clearly lower and higher,
respectively, than that of lavas from Réunion Island, even
at the same total alkali composition (Figs. 7a and 7b).
Then, it is possible that not only the degree of melting,
but Nb/Zr variations in the source material also contrib-
ute to the variation in Nb/Zr of lavas among those of
Réunion Island, Rodrigues Ridge and the Intermediate
series of Mauritius Island. Furthermore, Hanyu et al.
(2001) demonstrated that the Intermediate and Younger

series of Mauritius and Rodrigues Ridge have signifi-
cantly lower (MORB-like) 3He/4He than the samples from
Réunion and the Older Series of Mauritius. On the basis
of these considerations, the involvement of a distinct en-
riched component contributing the genesis of Rodrigues
Ridge and the Intermediate series of Mauritius Island is
required.

We examine the difference in trace element composi-
tions of source for each three radiogenic-melt end mem-
bers (RE1, RE2, and RD) using a numerical non-modal
batch melting model, as presented below (see Supplemen-
tary Materials for detailed modeling parameters). Garnet
or spinel peridotite was assumed respectively for RE1 and
RE2 or RD. The mafic lava showing slightly high Nb/Zr
(0.111) (sample M12 from the Older series of Mauritius
Island, Moore et al., 2011) is selected as representative
of lava from the Réunion plume (RE1) because it is an
endmember showing the highest 87Sr/86Sr (0.70438) (Ta-
ble 1). We calculate source compositions of sample M12
assuming 10% or 25% melting. These sources respectively
produce melts showing Nb/Zr = 0.157 or 0.214 results
from 5% melting (Fig. 7c). In the latter case (25% melt-
ing), the Nb/Zr value matches the highest actual Réunion
lava (Fig. 7b), but it is lower than the highest value of
Rodrigues Ridge or the Intermediate series of Mauritius
lava. However, the total alkali composition of sample M12
(3.71 wt.%) is best explained by about 10% mantle melt-
ing on the basis of melting experiments (e.g., Kushiro,

End members RE1 RE2 RD D-DMM melt EM-1 melt
References Moore et al. (2011) Sheth et al. (2003) Nauret et al. (2006) Workman and Hart (2005),

Salters and Stracke (2004)*,
This study**

Jackson and Dasgupta (2008)

Volcanoes Mauritius Old Mauritius Interm. Gasitao Pitcairn
Sample ID M12 B5 DR08-1

SiO2 (wt.%) 45.34 44.13 47.62 49.03
MgO (wt.%) 7.33 10.64 6.85 10.73
Na2O+K2O (wt.%) 3.71 4.24 3.67 4.16
LOI (wt.%) 1.15 0.64
Sr (ppm) 437.8 545 113 38 518
Zr (ppm) 230.8 162 119 25 242
Nb (ppm) 25.6 49 1.05 0.57 29.83
Ba (ppm) 213.5 491 3 2 256
La (ppm) 25.55 33.2 2.82 0.87 28.39
Nd (ppm) 30.54 30.9 10.76 2.93 32.41
Pb (ppm) 4.61 2.5 0.51 0.09 2.99
87Sr/86Sr 0.70438 0.70372 0.703973 0.70219 0.704642
143Nd/144Nd 0.51284 0.512875 0.512911 0.51326 0.512577
206Pb/204Pb 19.0374 19.004 18.7465 17.573 17.826
207Pb/204Pb 15.6192 15.598 15.5716 15.404 15.496
208Pb/204Pb 39.1765 39.133 38.7042 37.057 38.855

Table 1.  Compositions for representative samples for the Réunion hotspot and neighboring volcanic edifices, and melt end
members used in the mixing model

*208Pb/204Pb of DMM proposed by Salters and Stracke (2004) is substitute for that of D-DMM.
**Trace element compositions of D-DMM-derived melt end member (D-DMM melt) are calculated assuming 15% batch melting of spinel peridotite.
Melting parameters are from Supplementary Table S4.
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Fig. 7.  Diagrams of total alkali (Na2O+K2O) vs. (a) Nb/Zr
and (b) 87Sr/86Sr of basalts from Réunion Island (Réunion),
Older and Intermediate series of the Mauritius Island (Mauri-
tius Old and Mauritius Intermediate), seamount trail from
Réunion Island along-hotspot track (Seamount Trail), and
Rodrigues, and Gasitao ridges, and (c) Nb/Zr vs. degree of
partial melting (F) comparing results of batch melting model.
Black lines show Nb/Zr values for representative RE1 basalt
from Réunion Island and Older series of Mauritius Island (sam-
ple M12, Moore et al., 2011, Nb/Zr = 0.111), RE2 basalt from
Rodrigues Ridge and the Intermediate series of the Mauritius
Island (sample B5, Sheth et al., 2003, Nb/Zr = 0.302), and RD
basalt from Gasitao Ridge (sample DR08-1, Nauret et al., 2006,
Nb/Zr = 0.009), respectively. The composition of the source for
each melting model was calculated from the composition of
representative RE1 basalt assuming 25% or 10% melting (Mau-
ritius Old Melting 0.25 or 0.10), the composition of representa-
tive RE2 basalt assuming 5% melting (Mauritius Interm. Melt-
ing 0.05), and the composition of representative RD basalt as-
suming 25% or 5% (Gasitao Melting 0.25 or 0.05). Param-
eters for a melting model and modeling assumptions are pre-
sented in Supplementary Materials.

1994). Therefore, our modeling clearly illustrates that the
Réunion source cannot produce the high Nb/Zr Interme-
diate of Mauritius (or Rodrigues) lava. The composition
of the source for the Intermediate series of Mauritius is
calculated from the mafic representative lava showing the
highest Nb/Zr (0.302) (sample B5, Sheth et al., 2003;
Table 1) assuming 5% melting (Fig. 7c). Melting of this
source produces higher Nb/Zr values than that of the rep-
resentative lava of the Réunion plume (sample M12,
Moore et al., 2011, Nb/Zr = 0.111). Furthermore, consid-
ering results of melting experiments (e.g., Kushiro, 1994),
5% melting of the source would be an underestimation
for sample B5, having 4.24 wt.% total alkalis. If we as-
sume a higher degree of melting for the source calcula-
tion, then the Nb/Zr value of the produced lava will be
even higher. Therefore, it is also true that we cannot pro-
duce the Réunion lava from the Rodrigues source. The
same discussion is applicable to modeling of Ba/Nb or
Ba/La (see Supplementary Fig. S8). Therefore, the results
of our melting model indicate that the difference in the
degree of partial melting alone cannot explain the ex-
tremely wide Nb/Zr (Ba/Nb and Ba/La) variations ob-
served in the region. We propose that RE2 contributing
genesis of Rodrigues Ridge and the Intermediate series
of Mauritius Island was produced by melting of an inde-
pendent source having higher Nb/Zr, Ba/Nb, and Ba/La,
and lower 87Sr/86Sr than those of the Réunion plume
(RE1).

The geochemistry of basalts from Gasitao Ridge was
interpreted by Nauret et al. (2006) as evidence for the
flow channeled from the Réunion hotspot. Nauret et al.

Fig. 7.
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(2006) also considered one sample from the CIR (named
DR10-1) with similar geochemistry to that of Gasitao
Ridge as evidence indicating that mantle flow from the
Réunion plume reaches the CIR. 143Nd/144Nd vs. 87Sr/86Sr
or Ba/Nb vs. 206Pb/204Pb variations (Fig. 5, and figure 6
in Nauret et al. (2006)) are likely to support their inter-
pretation. However, Fig. 6 shows clearly that basalts from
Gasitao Ridge have extremely low Nb/Zr ratios, rather
than RE1-like and RE2-like ratios. These differences are
also observed on the primitive-mantle-normalized multi-
element plot (Fig. 4). As shown in our melting model (Fig.
7c, see Supplementary Materials for additional details),
even if the degree of melting is changed drastically, it is
impossible to produce the Réunion and Rodrigues (or the
Intermediate series of Mauritius) lava from the Gasitao
source because the Nb/Zr, Ba/Nb, and Ba/La of Gasitao
Ridge lava is too low. The extreme Nb/Zr, Ba/Nb, and
Ba/La differences observed between Gasitao and the other
volcanic edifices cannot result from the melting of a com-
mon mantle source. Therefore, the geochemistry of
Gasitao Ridge indicates the existence of other distinct
components in the mantle source.

RE1 contributes commonly the magma genesis dur-
ing the long-lived Réunion hotspot activities from
Réunion Island to the Deccan continental flood basalt
province (Albarède and Tamagnan, 1988; Fisk et al., 1988;
Mahoney et al., 1989; Baxter, 1990; White et al., 1990;
Peng and Mahoney, 1995; Albarède et al., 1997; Fretzdorff
and Haase, 2002; Sheth et al., 2003; Nohda et al., 2005;
Paul et al., 2005; Moore et al., 2011), as shown also by
our data compilation. In contrast to RE1, RE2 was only
visible on the Intermediate series of Mauritius Island dur-
ing hotspot activities (Sheth et al., 2003; Nohda et al.,
2005; and Moore et al., 2011). And, RD is not observed
along the Réunion hotspot track. On the other hand, our
results show that the sources for RE2 and RD contribute
largely to magma genesis along the CIR, indicating ex-
istence of radiogenic components (distinct from RE1) in
upper mantle beneath the CIR. If the Réunion plume in-
teract with CIR, the source of RE1 as a major radiogenic
constituent of the plume must be distributed widely and
then contribute magma genesis along CIR rather than
sources for RE2 and RD. However, RE1 is not necessary
for magma genesis of the CIR (and Rodrigues Ridge) as
shown clearly by our mixing model. Therefore, a reason-
able consideration is that sources for RE2 and RD are not
constituents of the Réunion plume, and are plume-
unrelated heterogeneity of the Indian upper mantle which
regionally distribute around the CIR. Helium isotope ra-
tios for the Rodrigues, Three Magi, and Gasitao Ridges,
and the northern part of Segment 15 are somewhat high
(Füri et al., 2011), suggesting a connection with the
Réunion hotspot. To explain the inconsistent chemical
features between He (noble gases) and other solid ele-

ments, Füri et al. (2011) proposed progressive depletion
by melting en route to the CIR. However, such a process
would result in “degassed” material. Therefore we should
not expect to detect such a high He isotopic ratio. In fact,
it is necessary to consider the higher diffusion rates of
noble gases than those of most other incompatible ele-
ments (e.g., Sr, Nd, and Pb) because of their chemical
inertness (e.g., Sneeringer et al., 1984; Cherniak, 1998;
Trull and Kurz, 1993; Van Orman et al., 2001, Parman et
al., 2009). Consequently, at a long distance from the
plume, the diffusion behavior of noble gases and other
elements becomes decoupled. It is an oversimplification
to say that noble gases (or volatiles) diffuse from the
hotspot, pollute the heterogeneous mantle, and reach the
CIR. Especially in the case of Gasitao Ridge because the
source was originally depleted and degassed, containing
almost no noble gases, Helium isotope ratios of the plume
origin are expected to be visible even on addition of a
small plume component. Gasitao Ridge shows no evi-
dence for plume flow from the Réunion hotspot. We con-
clude that the Rodrigues (or the Intermediate series of
Mauritius) and Gasitao Ridge source components origi-
nate from plume-unrelated heterogeneity existing in the
Indian Ocean mantle domain. The RE2 source is expected
to be entrained in the ascending Réunion plume, and to
contribute to the volcanic activity of the Réunion hotspot,
especially for the Intermediate Series of Mauritius. This
scenario is consistent with the model proposed earlier by
Nohda et al. (2005) and by Moore et al. (2011) as one
possibility for the origin of the Intermediate Series of
Mauritius. Finally, results of our investigation indicate
strongly that only plume-unrelated mantle heterogeneity
alone is responsible for magma genesis and geochemical
variation along the CIR at 15–20°S.

How does Plume-unrelated heterogeneity contribute to
magma production along the Central Indian Ridge?

Results show that the geochemistry of the CIR is ex-
plainable by melting of DMM (with small-scale EM-1
heterogeneity) and two major regional radiogenic mantle
components unrelated to the Réunion plume (the source
for RE2 and RD). To investigate how these two compo-
nents contribute to melt production along the CIR, we
specifically examine along-axis variation of Nb/Zr and
87Sr/86Sr (Fig. 8) because these geochemical tracers are
suitable for identification of these components. Addition-
ally, we examine the relation between magma chemistry
and productivity (crustal volume) inferred from the wa-
ter depth and the morphology of volcanic edifices.
Along-axis geochemical variation on the Central Indian
Ridge  The chemical characteristics of RE2 appear re-
markably pronounced in basalt from the central portion
of Segment 16. Substantial magma production here is in-
ferred on the basis of results of shallow ridge bathymetry
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(Fig. 8). The influence of RE2 decreases along with de-
creasing magma production to the north. That influence
is unidentifiable in basalt from the northern part of Seg-
ment 18. This observation also indicates that the MCFZ
does not influence compositional change. Although the
influence of RE2 decreases somewhat southward, basalts
with extreme RE2 signatures were produced in the center
parts of Segment 15, where the shallow ridge bathymetry
suggests that magma production is high (Fig. 8). In con-
trast to RE2, the geochemical signature of RD in basalt is
geographically limited to two places: the south end of

Segment 18 and the center part of Segment 15 (Fig. 8).
However, these observations reveal that both RE2 and
RD contribute strongly to magma production on Segment
15.
Ternary Connection along the Central Indian Ridge:
magma chemistry, crustal volume, and scale of regional
source heterogeneity  If the heterogeneity is small-scale,
then melt derived from enriched material will be diluted
by depleted melt produced by surrounding peridotite
melting (Meibom and Anderson, 2003; Machida et al.,
2009). In this scenario, the magma composition will be

Fig. 8.  Latitudinal distribution and correlation with water depth of Nb/Zr and 87Sr/86Sr values for basalts from the Central
Indian Ridge and Gasitao Ridge, showing correlation between along-ridge geochemical variation and bathymetry features. Sym-
bols as in Fig. 2. Bathymetric data and color scale as in Fig. 1b.
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less enriched in trace elements. Moreover, the isotopic
ratios will not become radiogenic. Our report describes
actually huge sheet flows extending through the axial
valley around site RC10 at the center of Segment 16.
These flows, called the “Great Dodo Lava Plain”, were
identified using the Autonomous Underwater Vehicle
(AUV) r2D4 during the KH06-04 cruise (Ura et al., 2007).
Such a sheet flow shows a high effusion rate (Head et al.,
1996). However, our observations show that basalts from
Segment 16 have enriched trace element concentrations,
and have radiogenic isotopic signatures resulting from the
contribution of RE2. This evidence suggests that
geochemical enrichment corresponds to the quantity of
melt production. The appearance of the geochemical in-
fluence of enriched material in magma compositions in
spite of dilution by surrounding-peridotite-derived (de-
pleted) melt indicates the existence of quite large-scale
plume-unrelated heterogeneity (source for RE2) under
Segment 16.

The same argument can be extended to Segment 15.
Large crustal volume along Segment 15 can be interpreted
by melting of the source for RE2 and RD (Figs. 5 and 6),
as discussed previously. The across-ridge variation in
Segment 15C (figure 3 of Cordier et al. (2010)) can be
reinterpreted by considering the contribution of RD
(Gasitao Ridge) for Group-1, and RE2 (Rodrigues Ridge)
for Group-2. Data suggests that these two components
coexisted beneath Segment 15 for the last 800 kyr. How-
ever, along-axis variation (Fig. 8) shows that the influ-
ence of RE2 decreases toward the center of Segment 15.
The volcanic morphology of site DR2 (Fig. 9) implies
limited influence of RE2 because small shield-like mor-
phological features indicate a lower effusive rate (Head
et al., 1996). In contrast, site DR4 is situated on the lin-
ear axial volcanic ridge, indicating a higher effusion rate
(Fig. 9). Therefore, melting of RD mainly regulates large
crustal volumes at the center of Segment 15. However,
the appearance of RD is restricted to the center of Seg-
ment 15 and the southern end of Segment 18 (Fig. 8).
Therefore, we propose that RD is a small-scale heteroge-
neity, which will become discernable if the influence of
RE2 decreases. We also infer that RD is regionally dis-
tributed because it has affected at least two separate seg-
ments.

Our geochemical investigations for MORB from CIR
revealed that the diffusion of solid plume material is lim-
ited. No channelized flow takes place from the Réunion
hotspot to CIR. We argue also that Segment 16 is the point
on the ridge that is subject to the strongest influence from
radiogenic materials consisting the upper mantle hetero-
geneity. Then, the simplest interpretation is that recycled
materials are melted in large quantities. It appears that
melting of ancient recycled plate materials with a low
melting point rather than that of depleted peridotite (e.g.,

Olafsson and Eggler, 1983; Falloon and Green, 1990;
Takahashi et al., 1998; Sobolev et al., 2007; Pilet et al.,
2008) regulates the melt production volume.

Consistent interpretation of regional mantle heterogene-
ity around the Réunion hotspot and Central Indian Ridge

The Rodrigues and Gasitao (Three Magi) Ridges con-
nect physiographically to a hot spot track (Fig. 1). How-
ever, they originate from RE2 and RD indicating regional
mantle heterogeneity unrelated to the Réunion plume, as
shown in Figs. 5 and 6, and as discussed previously. There-
fore, we can infer that these volcanic edifices were formed
by melting of recycled materials with a low melting point,
and by exudation of magma along lithospheric tensional
cracks (e.g., Forsyth et al., 2006; Hirano et al., 2006;
Machida et al., 2009). Large-scale melting of RE2 source
is necessary to form the large Rodrigues Ridge. In con-
trast, the small Gasitao Ridge might be derived from
melting of a small-scale RD source heterogeneity. These
considerations are consistent with our interpretation of
the scale of regional heterogeneities as shown by the re-
lation between the geochemical variation and the quan-
tity of magma production along the CIR (Fig. 8). There-
fore, the size of the Rodrigues and Gasitao ridges can
also be interpreted as reflecting the scale of the
heterogeneities they formed from in the underlying man-
tle. Furthermore, physiographical continuation of the
Rodrigues and Gasitao ridges shows that RE2 and RD
sources regionally coexist in the Indian Ocean mantle
around the CIR and the Réunion hotspot. Both end mem-
bers contribute to the magma generation on Segment 15
of the CIR, on the eastern extension of these ridges. Our
findings support the theory that the Earth’s upper mantle
is heterogeneous because of the existence of plume-
unrelated enriched materials of various scales and abun-
dances (e.g., Zindler et al., 1984; Machida et al., 2009).
Clarifying the scale and spatial distribution of these en-
riched or radiogenic components will contribute strongly

Fig. 9.  Three-dimensional map portraying detailed topogra-
phy of dredge sites DR2 and 4 at the center of Segment 15 viewed
from S25°E. Bathymetric data and the color scale as in Fig.
1b.
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to our understanding of the nature of heterogeneity in the
Indian Ocean mantle domain.

CONCLUSIONS

Geochemical investigations along the Rodrigues and
neighboring segments of the CIR beyond the MCFZ
clearly show that melt components of two kinds derived
from different mantle materials unrelated to the Réunion
plume (Radiogenic Enriched Component 2 (RE2; char-
acterized by Rodrigues Ridge or Intermediate Series of
Mauritius Island) and Radiogenic Depleted Component
(RD; characterized by Gasitao Ridge)) mainly control the
chemical signature of MORB. The peak for influence of
these two components corresponds completely to shal-
low topography, indicating large magma volume. There-
fore, we conclude that regional plume-unrelated upper
mantle heterogeneity regulates melt production. Our re-
sults provide evidence for the limited diffusion of solid
plume material. In the case of a mid-ocean ridge produced
by melting of the large-scale heterogeneous Indian Ocean
mantle domain, a substantial amount of melt would be
created because of melting of recycled material with a
lower melting point than that of the surrounding mantle
peridotite. For the case of the distal ridge-hotspot inter-
action in the Indian Ocean mantle domain, we infer that
the presence of an intra-plate ridge, even though it
topographically connects the hotspot track and mid-ocean
ridge, is insufficient evidence for channelized of plume
flow.

Characteristics of the source for two radiogenic melt
components (RE2 and RD) identified herein might ad-
vance our understanding of the origin and distribution of
recycled material in the Indian Ocean mantle domain.
However, these are beyond the scope of this paper. We
believe that further unbiased investigations of other distal
ridge-hotspot interactions with respect to upper mantle
heterogeneity can reveal a universal distribution of two
such radiogenic components, and can contribute greatly
to our understanding of mantle recycling.
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