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In order to decipher the mantle geochemical heterogeneity that reflects material differentiation and circulation within
the Earth, we examined mid-ocean ridge basalts (MORB), ocean island basalts (OIB) and arc basalts (AB), in terms of the
radiogenic isotopic variability and its geographical distribution. It has been found that the Sr, Nd and Pb isotopic ratios of
MORB, OIB and AB exhibit a two-dimensional structure, and are mostly distributed on the same compositional plane that
is spanned by two independent components (IC1 and IC2). One of the two components (IC2) divides geochemically the
mantle broadly into the Eastern and Western Hemispheres. Inspection of the geochemical nature of IC2 suggests that it
may represent a fluid mobile component recycled through subduction zones. The mantle geochemical domain beneath the
Eastern Hemisphere is enriched in the fluid mobile component, possibly by focused subduction towards the supercontinent
Pangea which was surrounded by subduction zones. Although the present-day continents have been dispersed since then,
the geochemical domain has seemingly been anchored to the asthenosphere without moving with the continents.
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together with MORB and OIB, are incorporated into the
mapping analyses in both geographical and compositional
domains. AB fill the spatial gaps for the mapping analy-
sis, especially along the Western to Southern Pacific and
within the Eurasian and the American plates. Isotopic
heterogeneity of pristine sub-arc mantle prior to addition
of slab-derived materials has been discussed, e.g., in con-
junction with the boundary between the Pacific Ocean-
type and Indian Ocean-type mantle domains in the West-
ern Pacific (Hickey-Vargas, 1998; Flower et al., 2001;
Ishizuka et al., 2003; Nebel et al., 2007; Nakamura and
Iwamori, 2009; Machida et al., 2009), whereas this study
makes the first attempt to systematically resolve the whole
globe using common geochemical criteria to MORB, OIB
and AB. Combining the arc data with those from oceanic
basalts, and using a multivariate analysis to clarify influ-
ences of the slab-derived materials on AB, we extract the
composition of pristine sub-arc mantle. As a result, glo-
bal geochemical domains appear primarily as east-west
hemispheres, rather than north-south hemispheres (Hart,
1984) as has long been argued for. Based on the
geochemical nature of the domains, as well as their spa-
tial distribution that seems to have been anchored to the
asthenosphere at least in the last several hundred million
years, we discuss their origin and implications for man-
tle dynamics.

INTRODUCTION

Isotopic composition of the Earth’s mantle reflect dif-
ferentiation history of the planet, and based on its vari-
ability and spatial distribution, the global material cycling
and the structure of mantle convection have been dis-
cussed (e.g., Hofmann, 1997). By examining composi-
tions of mid-ocean ridge basalts (MORB) and ocean is-
land basalts (OIB) as a “blood test” of the mantle, iso-
topic composition of the mantle has been surveyed over
the globe to have discovered a large-scale geochemical
domain termed “Dupal anomaly” in the Southern Hemi-
sphere (Dupré and Allègre, 1983; Hart, 1984). Although
the number of isotopic data used to map such domains
has increased by two orders of magnitude since then, for
example from 72 (Zindler et al., 1982) to 4288 (Iwamori
et al., 2010) in the last 30 years, the spatial coverage of
data with the oceanic basalts is still insufficient for re-
solving even a long-wavelength feature (e.g., a hemi-
spherical structure).

In this study, the arc basalts (AB) in subduction zones,
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Fig. 1.
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DATA AND METHOD

Unlike MORB and OIB, AB may not directly reflect
inherent global features of the mantle, since the source
mantle of AB is fluxed by local slab-derived materials
associated with subduction (e.g., Plank and Langmuir,
1998; Pearce et al., 2005). In order to extract inherent
variability of the mantle from AB, the compositional
modification by slab-derived materials needs to be evalu-
ated. For this sake, we first compare the isotopic compo-
sition of AB with those of MORB and OIB (Fig. 1), in-
cluding total 5337 data (2773 MORB, 1515 OIB, 1049
AB from GEOROC [http://georoc.mpch-mainz.gwdg.de/
georoc/] and PetDB [http://www.petdb.org, Lehnert et al.,
2000] databases and Iwamori et al., 2010) with five iso-
topic ratios (87Sr/86Sr, 143Nd/144Nd, 206Pb/204Pb, 207Pb/
204Pb and 208Pb/204Pb) determined on the same sample.
Since a high correlation coefficient between 206Pb/204Pb
and 207Pb/204Pb (corrected for mass fractionation) is ob-
served in some instrumental analyses to potentially in-
terfere with geochemical correlations, while there is no
significant correlation between 204Pb/206Pb and 207Pb/
206Pb (Albarède et al., 2004), we work with the 206Pb-
normalized ratios in the following diagrams and statisti-
cal analyses as in Iwamori et al. (2010).

Figure 1 shows the isotopic variations of MORB, OIB
and AB. Depending on which isotopic ratios are chosen,
the discrimination among MORB, OIB and AB varies and
is best seen in 204Pb/206Pb vs. 208Pb/206Pb (Fig. 1a) and
204Pb/206Pb vs. 143Nd/144Nd (Fig. 1c), whereas it is less
obvious in 204Pb/206Pb vs. 87Sr/86Sr (Fig. 1b) and is rather
obscured in 87Sr/86Sr vs. 143Nd/144Nd (Fig. 1d). This is
because the data set has a planar structure within the five-
dimensional isotope space as is demonstrated by Princi-
pal Component Analysis (PCA): the major plane, which
is spanned by two principal components (PCs), accounts
for 95.3% of the sample variance. The important and ro-
bust feature of the data structure is, therefore, that most
of the MORB, OIB and AB data lie on the same plane.
The third PC accounts for 4.0%. For example, the Pb–Nd
isotopic plot (Fig. 1c) is roughly parallel to the major
plane, and resolve well the major structure, whereas the
Sr–Nd isotopic plot (Fig. 1d) is roughly perpendicular to
the major plane, and clarifies the relationship between

the major plane (exhibiting a linear “mantle array” in Fig.
1d) and the third component that extends towards a high
Sr isotopic ratio.

Within this structure, MORB, OIB and AB are roughly
discriminated as in Fig. 1, and AB broadly plot between
MORB and OIB, which is seen in the Pb–Nd isotopic plot
(Fig. 1c), reflecting the distinct mean values (e.g., 206Pb/
204Pb = 18.425 (MORB), 18.644 (AB), 19.001 (OIB), and
143Nd/144Nd = 0.513059 (MORB), 0.512941 (AB),
0.512885 (OIB), respectively). In addition, when com-
pared with MORB and OIB, AB plot slightly off the ma-
jor plane (e.g., Fig. 1d): AB expand towards the
compositional range of slab-derived materials with a high
Sr isotopic ratio (yellow band labeled “SM” representing
compositions of the slab-derived materials, see Appen-
dix for more details), corresponding to a high mean 87Sr/
86Sr ratio for AB (0.70385) relative to MORB (0.70292)
and OIB (0.70372).

In order to clarify the relationship among MORB, OIB,
AB and SM, i.e., the data structures in the multi-
dimensional space with the five isotopic ratios,
multivariate analyses are useful. Of these PCA has been
regarded as the most efficient way to identify the mantle
isotopic end-members (e.g., Zindler et al., 1982; Allègre
et al., 1987; Blichert-Toft et al., 2005). However, the prin-
cipal components (PCs) are independent only when the
data constitute a joint Gaussian distribution, and this is
clearly invalidated for the isotope compositions of oce-
anic basalts (Iwamori and Albarède, 2008). In this case,
PCs do not form a set of independent vectors describing
uniquely the isotopic variability.

Instead, we use Independent Component Analysis
(ICA), a relatively new type of multivariate analysis that
has been developed in the fields related to Information
Science (Hyvärinen et al., 2001). ICA can be explained
using an example of “blind source separation”. Let us
consider sounds from several instruments with independ-
ent waveforms, recorded simultaneously on multiple mi-
crophones distributed at arbitrary positions. Each micro-
phone records a mixed sound from the instruments with a
specific mixing proportion. From these records  x, wave-
forms of the sound sources s and the mixing proportions
A can be deduced based solely on non-Gaussianity inher-
ited in the records x, without any a priori information on

Fig. 1.  Isotopic compositions of oceanic and arc basalts. Mid-ocean ridge basalts (MORB, light or dark red), ocean island
basalts (OIB, light or dark green), and arc basalts (AB, light or dark blue) are plotted with the isotopic ratios ((a) to (d)) or the
independent components ((e) and (f)). In (e) and (f), the principal components (PCs) are also shown. Since PC1 and PC2 span the
major plane to which PC3 is perpendicular, only PC1 and PC2 are shown in (e) while only PC3 is shown in (f). The data from the
Eastern and Western Hemispheres are shown with different symbols, “solid circle” in light colors and “plus” in dark colors,
respectively. “SM” represents the estimated compositional range of slab-derived materials (see Appendix), which overlaps with
the data (thereby invisible) in Fig. 1a for Pb isotopes. Approximate location of conventional mantle geochemical end-members is
also shown for HIMU, FOZO or C, A-DMM, D-DMM, E-DMM, EM1 and EM2, after Iwamori and Albarède (2008).
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Fig. 2.  Geographical distribution of IC2 value for oceanic and arc basalts. In each location, the variability is shown by the size
of the color-coded symbols (smaller for the higher IC2 values).

s  and A. This is what ICA exactly does to deduce the
independent components (ICs), in this case waveforms
of the sound sources hidden in the data. Although ICA is
applicable to not only linear mixing but also non-linear
problems, the correlations among the isotopic ratios in
this study are sufficiently linear (as represented by the
major plane in Fig. 1e), and linear ICA provides a good
representation for the actual data.

In geochemical applications of ICA, source materials
and processes with independent geochemical signatures
(e.g., isotopic ratios) can be identified as ICs. In the case
with the compositional space with isotopic ratios, the ICs
are expressed as linear lines with specific slopes (Fig. 1).
These slopes correspond to those of the independent base
vectors that span the compositional space, so that the data
can be explained uniquely by a combination of the base
vectors. The obtained base vectors, i.e., ICs, are inter-
preted to deduce the actual processes, which could be for
example mixing of independent geochemical end-
members (such as those in Fig. 1: e.g., DMM, EM1, EM2,
HIMU, FOZO) or variable degrees of isotopic
fractionation (associated with variable degrees of parent-
daughter differentiation and/or variable ages). Although
the interpretation is non-unique, we will show that the
geographical distribution of the IC value provides a rather
unique constraint on the origin of the isotopic variability.

RESULTS AND DISCUSSION

Applying ICA to the whole data set with MORB, OIB
and AB, the three independent components (ICs) have
been determined as in Fig. 1, which account for 99.3% of

the sample variance. The projection with the ICs coordi-
nate axes clarifies how IC1 and IC2 span the major plane
that accounts for most of the sample variance (Fig. 1e)
and that IC3 accounts for the data off the plane (Fig. 1f).
Three important features appear in the IC domain. (1) In
terms of IC1 (Fig. 1e), 95% of OIB, except for Hawaii
and Iceland, plot on the positive side and 83% of MORB
plot on the negative side except for those from the plume-
influenced ridges such as Iceland, Azores, Galapagos and
Red Sea (Iwamori et al., 2010), and AB plot close to zero
with the mean IC1 = 0.109, roughly between OIB (mean
IC1 = 0.873) and MORB (mean IC1 = –0.518). (2) IC2
generally separates the basalts into the eastern and west-
ern hemispheres irrespective of IC1 values or the type of
basalts, MORB, OIB or AB (Figs. 1e and 2): approxi-
mately 77.9% of the basalts from the western hemisphere
(200°W (=160°E) to 20°W in longitude) plot in the nega-
tive IC2 field, whereas approximately 73.2% from the
remaining eastern hemisphere plot in the positive field
(Fig. 1e). (3) AB plot slightly off the IC1-IC2 major plane
and shifted towards a high IC3 (Fig. 1f). These features
associated with IC1 to IC3 are examined in detail below.

It is noted that the obtained ICs and PCs are essen-
tially the same as those obtained from only MORB+OIB
(see Figs. 2e and 2f of Iwamori et al., 2010), because AB
are close to the mean values of the whole or OIB+MORB
dataset. It is also noted that the two major principal com-
ponents (PC1 and PC2) plotted in Fig. 1e are oblique to
IC1 and IC2, indicating that the data constitute a non-
Gaussian joint distribution in which case the PCs are not
independent (Iwamori and Albarède, 2008), and that the
PCs discriminate neither the basalt types nor the geo-



East-west mantle geochemical hemispheres e43

graphical distribution.
IC1 has negative slopes in 87Sr/86Sr–204Pb/206Pb and

87Sr/86Sr–143Nd/144Nd spaces, whereas it exhibits a posi-
tive slope in 143Nd/144Nd–204Pb/206Pb. The slopes of IC1
suggest that it originates from elemental fractionation
associated with mantle melting which causes simultane-
ous increases in U/Pb, Th/Pb, Rb/Sr and Nd/Sm in melts
and decreases of the ratios in residual peridotites (e.g.,
Beattie, 1993; Green, 1994; Salters and Longhi, 1999).
Furthermore, these slopes can be compared quantitatively
with differentiation-recycling models associated with
melting (e.g., MORB-residual harzburgite recycling
model (Christensen and Hofmann, 1994; Rudge et al.,
2005) or OIB-recycling model (McKenzie et al., 2004)).
Since the “melt component”-rich lithology (e.g., eclogite)
is likely to be denser than the surrounding peridotitic
portion in the mantle, it may accumulate near the base of
the mantle convection system. The deep seated “melt com-
ponent”-rich lithology contains more radiogenic elements
(as U, Th and K are incompatible elements that are parti-
tioned preferentially into melts) and produce heat to cause
upwelling plumes to be the OIB source (e.g., Christensen
and Hofmann, 1994; Nakagawa et al., 2009), exhibiting
positive IC1 signatures in OIB (Fig. 1e). On the other
hand, a relatively shallow part of the mantle is depleted
in such “melt component”, resulting in negative IC1 sig-

natures for MORB (Fig. 1e). These differentiation-recy-
cling models may explain the IC1 feature (1) listed above.

IC2 has negative slopes in 143Nd/144Nd–204Pb/206Pb
and 87Sr/86Sr–143Nd/144Nd spaces, whereas it exhibits a
positive slope in 87Sr/86Sr–204Pb/206Pb. The slope of IC2
has an opposite sign to that of IC1 in 143Nd/144Nd–204Pb/
206Pb and 87Sr/86Sr–204Pb/206Pb. These features indicate
that IC2 originates from elemental fractionation with si-
multaneous increases (or decreases) in Pb/U, Pb/Th, Rb/
Sr and Nd/Sm. Such fractionation can occur associated
with aqueous fluid-mineral reactions (Brenan et al., 1995;
Keppler, 1996; Kogiso et al., 1997) or hydrous melt-
mineral reactions (Kessel et al., 2005). Considering that
IC2 constitutes one of the major base vectors, it must cor-
respond to a significant prevailing process on Earth, which
therefore suggests that aqueous fluid processes in sub-
duction zones create the IC2 variation (Iwamori and
Albarède, 2008). How these characteristics are related to
the east-west geochemical hemispheres as in (2) raised
above will be discussed later.

IC3 is characterized by a steep slope in the Pb–Sr plot
(Fig. 1b) and a gentle slope in the Sr–Nd plot (Fig. 1d),
both pointing roughly towards EM2 or along SM with an
extremely high Sr isotopic ratio, although some differ-
ences between the EM2-SM trend and IC3 in Figs. 1b
and 1c exist. Another important feature concerning IC3
is that the data exhibit the extreme enrichment towards
the high Sr isotopic ratio only on one side of the major
plane (Fig. 1d). Considering these characteristics, a slight
but systematic shift of AB along IC3 (point (3) raised
above, and seen in Fig. 1f) can be explained by involve-
ment of EM2 or SM-like component (i.e., a continental
crustal component), possibly introduced into AB by SM.

A type of MORB-source mantle, which is prevailing
in the upper mantle, including the mantle wedge beneath
arcs, is fluxed by slab-derived materials such as aqueous
fluid, melt, or sometime slab material itself (e.g., Marini
et al., 2005), to produce arc magmas. This modification
of the source mantle of AB by SM can be evaluated in the
compositional space as in Fig. 3. Most of the arcs exhibit
individual trends (represented approximately by the ar-
rows in Fig. 3) that can be explained by mixing of a low-
IC3 mantle with SM. With increasing IC3, the IC2 value
remains broadly constant (Cascade, New Zealand, Scotia)
or decreases (Kamchatka, Lesser Antilles), or increases
(Mexican), suggesting that the value of IC2 with low-
IC3 mantle and slab-derived materials are uncorrelated.
For example, in Lesser Antilles, the compositional trend
evolves from a near-zero IC2 value to a wider range with
increasing IC3, reflecting a large variation in the compo-
sitions of subducting sediments including those from the
Archean Guiana Highland (White et al., 1985). In Honshu
where four plates (Pacific, Philippine Sea, North Ameri-
can and Eurasia) interact, there are two trends reflecting

Fig. 3.  IC3-IC2 trends for representative arcs. Arrows indi-
cate the approximate linearized trends for Honshu (green tri-
angle), Kamchatka (purple open star), Scotia (black cross), New
Zealand (red plus), Cascade (purple open circle with a central
dot), Mexican (red pentagon) and Lesser Antilles (green star).
“SM” is the same as in Fig. 1.
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the complex setting with overlapping subduction and the
local heterogeneity of both the mantle and the slab-
derived materials (Nakamura and Iwamori, 2009), yet
keeping high IC2 values over a wide range of IC3. In any
case, the IC2 value at the low-IC3 end of each arc may
reflect the inherent sub-arc mantle before being fluxed
by slab-derived materials. When the data with high-IC3
values are excluded from Fig. 2, although the number of
data decreases, the essential feature with the east-west
hemispheres remains unchanged.

Concerning (2), the geographical distribution of IC2
value (Fig. 2) confirms that the east-west discrimination
is a visible feature with some details on the geometry of
the boundaries between the positive and negative IC2
domains. Based on the geochemical nature, we propose
that a fluid mobile component recycled through subduc-
tion zones is responsible for IC2: combination of (A) pref-
erential partitioning of Pb into the aqueous fluid derived
from a slab through the past subduction and (B) enrich-
ment of U and Th relative to Pb in the residual portion of
ancient slab which had experienced dehydration reaction
may produce a time-integrated isotopic variation in the
direction of IC2 (a positive IC2 directing high 204Pb/206Pb
value corresponds to (A), whereas a negative IC2 direct-
ing low 204Pb/206Pb value corresponds to (B)). In this case,
a large-scale elevation of the IC2 value in the eastern half
of the globe must reflect the past subduction focused in
the hemisphere, the most likely beneath a supercontinent.

Between 350 and 200 Ma, the supercontinent Pangea
consisted of all the present-day continents distributed over
the Northern and Southern Hemispheres (Scotese, 2004),
and was surrounded by subduction zones (Fig. 4a). This
geometry could have allowed east-west geochemical
hemispheres to develop in the mantle, one beneath the
supercontinent (pinkish area in Fig. 4) and another be-
neath the Pantharassic Ocean (bluish area). Focused sub-
duction towards the supercontinent with a subduction
velocity 0.1 m/year for ~100 million years can distribute
recycled materials beneath the supercontinent of a radius
of ~107 m. The subducted slabs may stagnate at 660 km
or penetrate to the bottom of the mantle sporadically in
time and space (Fukao et al., 2001; Grand, 2002), which
may hydrate both the upper and lower mantle, partially
forming the present-day low-S wave velocity regions near
the core-mantle boundary (Iwamori et al., 2010). Then a
high-IC2 domain may develop by radiogenic ingrowth
over the subsequent ~300 million years to account for
the time-evolved isotopic ratios (Iwamori et al., 2010),
during which the supercontinent has dispersed towards
the present-day configuration. Although the two main
subduction zones have migrated apart, expanding the con-
tinental area, the planform area of the geochemical do-
main remains roughly constant without moving with the
dispersing continents (Fig. 4b). Accordingly, the

geochemical domain has seemingly been anchored to the
asthenosphere.

There are some additional details. Distribution of the
negative IC2 domain (i.e., anciently subducted compo-
nent-poor domain, blue portion in Fig. 4) beneath the
western hemisphere, including the American Plates that
had been a part of the supercontinent, suggests that dis-
persion of the continents has occurred asymmetrically
more to the west in terms of the geochemical domain.
This asymmetricity implies eastward migration of low-
IC2 asthenosphere (once beneath the Pantharassic Ocean)
relative to the overlying lithosphere or westward
lithospheric rotation against the asthenosphere, which is
suggested for the preset-day Earth (Ricard et al., 1991).
Although the history of rotation is uncertain, if we apply
the current rate of 2 cm/year (Ricard et al., 1991) for the
last 300 Ma, the resultant westward migration over 6000
km roughly explains that the low-IC2 domain now exists
beneath the American Plates (Fig. 4b).

In the southern Pacific, basalts with extreme IC2 val-

Fig. 4.  Evolution of the supercontinent Pangea and the under-
lying geochemical hemispheres. (a) The possible configuration
at 300 Ma, where the pinkish area represents the fluid mobile
component-rich mantle developed beneath Pangea, whereas the
reddish area represents hypothetical “older domain” developed
beneath Rodinia. The bluish area represents the fluid mobile
component-poor domain developed beneath the Panthalassic
Ocean. (b) The present-day configuration with the observed dis-
tribution of IC2 value, based on which the high-IC2 domain
(pinkish area with dominantly IC2 > 0) and low-IC2 domain
(bluish area with dominantly IC2 < 0) are illustrated.
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ues are observed, known as EM1 (IC2 ~ +5) around So-
ciety and HIMU (IC2 ~ –5) around Mangaia (Fig. 1e),
based on which the geochemical domain in the Pacific
Ocean (Fig. 4b) has been argued to be old (e.g., 0.8 Ga),
corresponding to subduction towards the supercontinent
Rodinia (Iwamori et al., 2010). This possibly old domain
seems amalgamating with the new domain (Fig. 4b), in-
dicating that the geochemical domains may change their
relative positions by asthenospheric flow. Detailed ge-
ometry of the boundaries between the high and low IC2
domains in the Atlantic Ocean also suggests an
asthenospheric flow: a low-IC2 domain spreads east down
to the Southwest Indian Ridge (Fig. 4b).

In summary, these distributions of the continents and
the geochemical domains suggest differential rotation
between the li thosphere with continents and the
asthenosphere deforming itself, and provide constraints
on dynamics and history of the mantle. The Dupal
anomaly shares some features with the high IC2 domain
in that both involve the Southern Atlantic and Indian
Oceans. Concerning the geochemical nature, the role of
recycled subducted component has been repeatedly ar-
gued for the origin of Dupal anomaly, as a domain con-
taminated by some type of recycled continental material
(see Iwamori et al., 2010, and the references therein).
However, the Dupal anomaly is defined by three differ-
ent empirical parameters (∆Sr, ∆7/4 and ∆8/4) that mea-
sure compositional distances from a reference line and
produce three different contour maps (Hart, 1984), pre-
venting us from defining the Dupal anomaly uniquely.
On the other hand, the IC2 domain is based on a statisti-
cal criterion that accounts for the five isotopic ratios con-
sistently, and is suitable for global mapping of the multi-
ple component systems. Hart (1984) raised a question
based on his pioneering work; “If the anomaly is of an-
cient parentage where were these continental blocks and
oceanic reservoirs in the past? Have they been anchored
to the Southern Hemisphere?” With the continuous ef-
forts to accumulate the geochemical data, and by adding
the arc basalts to Independent Component Analysis of
mantle isotopic variability, we now seem to be able to
answer partly this question as above.
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APPENDIX

Compositions of slab-derived materials (“SM” in Figs.
1 and 3) have been evaluated based on trace element and
isotopic compositions of AOC (altered basaltic oceanic
crust, Nakamura and Iwamori, 2009) and local sediment
columns evaluated for 28 subduction zones (Plank and
Langmuir, 1998; White et al., 1985). First, trace element
compositions of slab-derived aqueous fluids are calcu-
lated considering elemental mobility for dehydration of
AOC and sediment, respectively (Nakamura et al., 2008),
and then the AOC-fluid and sediment-fluid are mixed with
proportions ranging from zero to unity to obtain the fluid
compositions. Similarly, mixing of raw materials (i.e.,
AOC and sediments) has been evaluated. These mixing
curves overlap, and are shown as a broad yellowish zone
labeled “SM” in Figs. 1 and 3.


