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We estimate average compositions of near-primary, ‘reference’ ocean island basalts (OIBs) for 120 volcanic
centers from 31 major island groups and constrain the depth of lithosphere-asthenosphere boundary (LAB)
at the time of volcanism and the possible depth of melt-mantle equilibration based on recently calibrated
melt silica activity barometer. The LAB depth versus fractionation corrected OIB compositions (lava
compositions, X, corrected to Mg# 73, X8, ie., magmas in equilibrium with Fogy, if olivine is present in the
mantle source) show an increased major element compositional variability with increasing LAB depths. OIBs
erupted on lithospheres <40 km thick approach the compositions (e.g. Si0¥”3, TiO%73, [Ca0/Al,05]#73) of
primitive ridge basalts and are influenced strongly by depth and extent of shallow melting. However, X4/ on
thicker lithospheres cannot be explained by melt-mantle equilibration as shallow as LAB. Melt generation
from a somewhat deeper (up to 50 km deeper than the LAB) peridotite source can explain the OIB major
element chemistry on lithospheres <70 km. However, deeper melting of volatile-free, fertile peridotite is not
sufficient to explain the end member primary OIBs on >70 km thick lithospheres. Comparison between X&{3
and experimental partial melts of fertile peridotite indicates that at least two additional melt components
need to be derived from OIB source regions. The first component, similar to that identified in HIMU lavas, is
characterized by low SiO%73, Al,0%73, [Na,0/TiO,]*73, and high Fe0O**73, Ca0*73, [CaO/AL,05]*73. The second
component, similar to that found in Hawaiian Koolau lavas, is characterized by high SiO%73, moderately high
FeO**73, and low Ca0*”> and ALL,O%7. These two components are not evenly sampled by all the islands,
suggesting a heterogeneous distribution of mantle components that generate them. We suggest that

carbonated eclogite and volatile-free, silica-excess eclogite are the two most likely candidates, which in

Editor: L. Stixrude

Keywords:

ocean island basalts

major element chemistry
lithosphere-asthenosphere boundary
mantle heterogeneity

partial melting

conjunction with fertile mantle peridotite, give rise to the two primitive OIB end members.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Constraining the compositional heterogeneity of the mantle is of
utmost importance to understand ongoing differentiation and
dynamics of the Earth. Isotopic and trace elements studies of oceanic
basalts and mantle rocks have convincingly demonstrated that the
Earth's mantle is heterogeneous in terms of trace elements and long-
lived isotopes (e.g. Gast et al., 1964; Hart, 1971; Hofmann and White,
1982; Zindler and Hart, 1986; Weaver, 1991; Hofmann, 1997; Jackson
et al., 2007). However, the matter of lithologic or major element
heterogeneity in the Earth's mantle in general and in the source
regions of oceanic basalts in particular is still debated. The stakes are
high because major elements, not trace elements, control the physical
properties of the mantle and hence are the geochemical indices most
relevant to geodynamicists and seismologists.

* Corresponding author. Tel.: +1 713 348 2664; fax: +1 713 348 5214.
E-mail address: Rajdeep.Dasgupta@rice.edu (R. Dasgupta).
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There are clues from individual ocean island chains where isotopic
variability has been seen to correlate with the major element variability
of the erupted basalts. For example, at Hawaii, fractionation corrected
shield-stage basalts show positive correlations between **Nd/'*Nd
and Ca0, Ca0/Al;03, and FeO* and a negative correlation with SiO,
(Hauri, 1996). These basalts also show a positive correlation between
18705/1880s and SiO, and a negative correlation between '70s/'%80s
and FeO*. Since the observations by Hauri (1996), similar observation of
major element versus isotope correlations have also been made for
individual islands of Hawaiian chain (e.g. Mukhopadhyay et al., 2003;
Gaffney et al,, 2005; Huang and Frey, 2005). Similarly, Kogiso et al.
(1997) showed that for Polynesian oceanic basalts, higher 2°°Pb/2%4Pb is
associated with higher Ca0, CaO/Al,03, FeO*, and lower SiO,. Recently it
has been demonstrated that also on a global scale long-lived radiogenic
isotopes including Sr and Pb are correlated with major and minor
elements of oceanic basalts when all the islands in a given ocean island
chain are grouped and when individual analyses are plotted (Jackson
and Dasgupta, 2008). Jackson and Dasgupta (2008) showed that
compositions of shield stage basalts, averaged on ocean island group
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basis, yield positive trends in FeO*-2%6Pb/2%4pPb, Ca0/Al,05-2°°Pb/2%Pb,
K,0-87Sr/86Sr, K,0/Ti0,-37Sr/%5Sr, and a negative trend in SiO,—2°°Pb/
204ph space.

The strong correlations of major and minor element oxide
concentrations and ratios with isotopes suggest that the source regions
of oceanic basalts might also be lithologically or mineralogically
heterogeneous. However, inferring lithologic variability of the mantle
source from the compositions of erupted basalts requires detailed
consideration of different condition of melting for a given mantle source
(e.g., Klein and Langmuir, 1987; Langmuir et al., 1992). If a plausible
range of pressure-temperature conditions and extents of melting of a
natural, volatile-free peridotite source [we take natural peridotite
xenolith composition, KLB-1, from Kilbourne Hole, New Mexico, USA
as our reference, fertile peridotite composition; Takahashi (1986),
Herzberg et al. (1990), Hirose and Kushiro (1993), Davis et al. (2009)]
fail to reproduce the observed major element variability in OIBs, then
only source heterogeneity in terms of major elements and/or volatiles
can be unequivocally argued. This requires careful estimation of near-
primary basalt compositions from oceanic provinces and comparing
them against the possible conditions of melt-mantle equilibration.

Jackson and Dasgupta (2008) compiled a dataset of 659 primitive
OIB samples where both Sr-Pb isotopes and major element composi-
tions were previously measured. Estimates for major element composi-
tions of primary melts of a selected group of OIB samples are also given
by Herzberg and Asimow (2008) and Herzberg and Gazel (2009).
However, attempts to evaluate a global-scale dataset of near-primary
magma compositions of individual ocean islands and their relations
with plausible conditions of mantle melting have been limited. Jackson
and Dasgupta (2008) estimated average major element composition of
basalts on an entire ocean island group basis, but owing to the
availability of a small number of samples with both isotopes and
major element data, average compositional estimates were not
constrained for individual islands within an island chain. But the
depth of melt generation and melt-mantle equilibration may vary
among island chains and within a single hotspot owing to variation in
the lithosphere-asthenosphere boundary (LAB), a boundary that is
thought to be governed in part by the age of the lithosphere. For
example, a deeper LAB is likely to terminate decompression melting at a
greater depth whereas a shallower LAB allows decompression melting
to continue to a lower pressure. Previous studies have considered the
effect of lithospheric thickness control on the chemistry of erupted
basalts from the point of view of both major element and trace element
data (McBirney and Gass, 1967; Ellam, 1992; Haase, 1996; Humphreys
and Niu, 2009). However, no attempt has been made to integrate LAB
control, major element chemistry of basalts, experimental constraints
on partial melting, and plausible P-T conditions of melt generations.

In this study, we make use of widely available major element
compositions of ocean island basalts and compile a global database of
near-primary ocean island basalts for each of 120 individual volcanic
islands. We further constrain the plausible conditions of melt-mantle
equilibration for each of the individual ocean islands to evaluate
whether major element variation in OIBs can result simply from the
difference in the conditions of melting of a homogeneous, volatile-free,
peridotite source. Based on the comparison between the mean major
element compositions of primary basalts, the estimated conditions of
their equilibration with the mantle, and laboratory generated partial
melt compositions, we demonstrate that the Earth's mantle is
heterogeneous in terms of major elements and volatiles. The variation
in depth of peridotite melting owing to variation in lithospheric
thickness alone, as suggested recently by Humphreys and Niu (2009),
cannot produce the major element variability of global OIB array.

2. Approach

To evaluate the global scale major element systematics of ocean
island basalts, we analyze the relationships between near-primary

natural basalt compositions and the estimated physical conditions of
melting. The plausible physical conditions of melting were derived by
taking into account the structure of the oceanic plate beneath each
island, thermo-barometric constraints, and laboratory experiments on
partial melting of mantle lithologies.

2.1. Lithosphere-asthenosphere boundary (LAB) at the time of volcanism

The present-day plate ages for individual volcanic islands were
taken based on the recent sea-floor age map of Miiller et al. (2008). To
estimate the age of the lithospheric plates at the time of volcanism,
average eruption ages were subtracted from the present-day sea-floor
ages (Fig. 1; Table 1). The average eruption ages for each island were
estimated based on available literature data on the minimum and the
maximum age of volcanic activities including preshield, shield
building, postshield, and rejuvenated stage lavas (Table 1). The
depth of LABs at the time of volcanism were estimated based on the
plate model of Stein and Stein (1992), with a plate thickness of
106 km and mantle potential temperature of 1315 °C (McKenzie et al.,
2005). We recognize that identifying the exact depth of the
lithosphere-asthenosphere boundary may be somewhat elusive as
the transition is clearly gradational. However, if we define the
lithosphere as the mechanical boundary layer and assume that the
mechanical boundary layer is controlled by temperature, then we can
loosely define the lithosphere-asthenosphere boundary as scaling
with a specific temperature isotherm. The exact temperature chosen
is not important as we are primarily interested in relative relation-
ships. Table 1 reports the present-day plate ages, the eruption ages of
basalts, the age of lithosphere at the time of volcanism, and the
estimated LAB depths for individual ocean islands at the time of
volcanism. We note, however, that the actual LAB depths beneath
ocean islands may depart from depths calculated using the conductive
plate cooling model employed here. For example, thermal anomalies
and active mantle upwelling beneath ocean islands can perturb the
age-thickness correlations predicted by half-space cooling or plate
models. Thermal erosion may cause the mechanical boundary layer to
thin (e.g., Neugebauer, 1987; Li et al., 2004; Landes et al., 2007) or
alternatively, magmatic underplating may cause the lithosphere to
thicken (e.g., Watts et al., 1985; Caress et al., 1995; Danobeitia and
Canales, 2000; Hall and Kincaid, 2003). Lithospheric thickness
beneath hotspots may also remain unmodified with respect to what
might be expected for a lithosphere away from any thermal anomaly
(Li et al., 2004). Keeping these plausible scenarios in mind, we have
also compiled available seismic data for a subset of individual ocean
islands that could be interpreted as an estimate of LAB depths beneath
ocean islands at the present-day (d, in Fig. 1). We compare the
eruption age-corrected LAB depths beneath ocean islands (d; in Fig. 1)
with various key major element compositional parameters that act as
proxies for depth of melting. We further compare the d; vs X&{5
compositions relations with the pressure vs. melt compositions
relations for laboratory generated peridotite partial melts under
similar conditions.

2.2. Estimating the compositions of average, near-primary, ‘reference’
ocean island basalts

Major element data of shield, pre-shield, post-shield, and
rejuvenated stage lavas from a total of 120 islands for 31 ocean island
groups were considered from Indian, Pacific, and Atlantic Ocean
basins (GEOROC database :http://georoc.mpch-mainz.gwdg.de/
georoc/). In order to capture the global scale variation of major
element chemistry of OIBs, we estimated the average compositions of
basalts on an island by island basis for each of the 120 islands. We
recognize that a given ocean island may have more than one volcanic
center but we do not attempt to estimate average basalt compositions
on a volcano by volcano basis. Our goal is to test whether a difference
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Fig. 1. Cartoon depicting decompression melting beneath ocean islands. Islands situated on younger lithospheres (A) likely sample basalts generated at mean depths that are
shallower than islands on older lithospheres (B). To estimate the LAB depths at the time of volcanism (d;) it is necessary to calculate the mean age of the lithosphere at the time of
volcanism, by subtracting eruption ages from the present-day plate ages (t,—t;). We note that this correction is small for islands preserving young eruptions (small t;) on old
(t; >70 Ma) lithospheres (B) whereas can be significant for islands with old eruption ages (large t;) on young (t; <70 Ma) lithospheres (A). Our estimates of d; for 120 oceanic
islands based on estimated t,-t; are given in Fig. 2 and Table 1. d; gives the shallowest possible depth of decompression melting and the mantle solidus or di gives the deepest

possible depth of decompression melting.

in the physical conditions of decompression melting can explain the
variability of OIB major element chemistry globally. Unless the age of
volcanoes are very different within an island there will not be any
significant difference between their LAB during volcanism or to the
depth of the mantle solidus beneath them. This is especially true for
islands on old lithospheres where any corrections for eruption ages
are small relative to the age of the underlying lithosphere. For
example, Hawaii preserves two distinct compositional trends, i.e., Loa
and Kea trends, but for our analysis we do not separate these
compositions. Similarly, volcanoes that preserve two distinct periods
and compositions of eruptive activities, such as Rurutu and Aitutaki in
the Cook-Austral chain, are not treated separately. We will show that
even after these data smoothing, some of the first order compositional
heterogeneity stands out in the global OIB dataset. If we separate out
compositional trends or different eruptive episodes within a given
island, the argument for heterogeneity will only be stronger.

To minimize the effect of crystal fractionation, especially those
of clinopyroxene (cpx) and plagioclase fractionation on the pri-
mary OIB chemistry, generally whole-rock or glass samples with
10 wt.%<MgO <16 wt.% were considered (Supplementary Table 1).
However, a few additional island averages were calculated with MgO
as low as 8 wt.%, owing to lack of basalt samples with >10 wt.% MgO
(e.g., Azores: Flores and Pico; Easter; Tristan da Cunha: Inaccessible;
Galapagos: Genovesa and Santa Fe; Madeira: Unicorn; Mascarene
islands: Rodriguez; Pitcairn-Gambier: Fanga Taufa; Samoa: Vailuluu).
Intrusive and cumulate rocks were excluded. The concentrations of all
the oxides of the selected samples were normalized to 100 wt.%.
Comparison of compositions were made both with averages calculat-
ed by taking the bin of 10 wt.% <MgO <16 wt.% and by correcting the
average compositions for crystal fractionation. We observe that even
after excluding low MgO (<8 wt.%Mg0) lavas, many individual
volcanic centers preserve positive MgO-CaO/Al,03 trends, implying
component of cpx fractionation (olivine fractionation results in a flat
trend in MgO vs. Ca0/Al,03 space). We do not make any attempts to
determine the exact fractionation path for individual islands, but
correct the average compositions to force them to be in equilibrium
with olivine of Fogg, i.e., magmas with Mg# of 73. We primarily adopt
two different fractionation correction schemes: (1) by adding

equilibrium olivine, using Fe?*-Mg Kp, of 0.3 (Table 2) and (2) by
simultaneously adding olivine and cpx in ratios such that the
fractionation path reproduces the slope of MgO-Ca0O/Al,0O5 plots for
each volcanic centers (Supplementary Table 2). For the latter scheme
we use a fixed cpx composition representative of average ocean floor
basalts (Nisbet and Pearce, 1977) and for islands with insufficient data
to reveal a definite slope in MgO-CaO/Al,03 plot were corrected for
olivine fractionation alone (Supplementary Table 2). We have also
evaluated the consequence of fractionation of olivine and cpx in fixed
proportion (1:4) and using a fixed cpx composition from partial
melting experiment on fertile peridotite at 3 GPa (Walter, 1998). We
will show, in fact, that the distributions of primitive OIB compositions
are not significantly affected by the different fractionation schemes
considered here as long as only the high MgO (>8-10 wt.%), near
primary basalts are considered. We point out that the fractionation
correction schemes considered here may not represent the exact
fractionation vector for a given volcanic center. The main uncertain-
ties in estimating the average primary magma compositions are the
composition and proportion of fractionating cpx and how they change
with progressive crystallization as function of pressure, temperature,
and compositions, when cpx is a dominant crystallizing phase, and the
Mg# and MgO content of primary magmas. However, our approach
does provide necessary fractionation correction so that near-primary,
‘reference’ compositions from different OIB localities can be compared
in light of their source heterogeneities.

3. Observations
3.1. Global-scale correlation between plate thickness and OIB composition

The key features of LAB depth versus Xop trends are broad positive
correlations between LAB depth and maximum magma FeO* and a
broad negative correlation between LAB depth and minimum magma
SiO, for each of Pacific, Atlantic, and Indian Ocean basins globally (Fig. 2
and Supplementary Fig. 1). The correlations are observed by plotting
both island averaged lava compositions with 8 wt.%<Mg0<16 wt.%
(not shown) and by plotting fractionation corrected, island averaged
lavas to be in equilibrium with olivine of Fogg (Fig. 2 and Supplementary
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Table 1
Present-day plate age, mean eruption age, and LAB depth estimates for ocean islands.
Island groups Islands Plate age Eruption age Plate age during volcanism LAB during volcanism Reference
(Ma) (Ma) (Ma) (km)
Atlantic Ocean basin
Azores Flores 10 1.1 (11) 8.9 (11) 364 —1.8/+1.6 al
Faial 13 0.01 13 419 a2
Pico 16 0.03 16 453 a3
Terceira 18 0.185 (185) 17.8 (2) 472 —0.2/+0.2 a4
Sao Miguel 40 0.02 40 67.6 a2, a3, a5
Santa Maria 47 0.03 47 729 a2
Balleny Sabrina 20 5(5) 15 (5) 442 —6.1/+52 a6
Sturge 24 5(5) 19 (5) 484 —5.3/+4.9 a6
Cameroon Principe 110 31 79 87.3 a7
Sdo Tome 106 14 92 90.4 a7
Bioko/ Fernando Poo 110 15.5 (145) 94.5 (145) 90.9 —3.3/4+2.8 a7, a8
Pagalu 102 5 97 914 a7
Canary islands La Gomera 158 12 146.0 95.9 a9
La Palma 152 1.77 150.2 96.0 a9
Tenerife 162 11.6 150.4 96.0 a9
Gran Canaria 168 14.5 153.5 96.1 a9
Fuerteventura 178 20.6 157.4 96.2 a9
Lanzarote 177 15.5 161.5 96.3 a9, al0
El Hierro 154 1.12 152.9 96.1 a9
Cape Verde Santo Antad 118 3.85 (360) 114.2 (36) 944 —0.5/4+0.4 all, al2
Sdo Vicente 120 3.65 (365) 1164 (37) 94.7 —0.5/4+-04 al2
Fogo 124 0.5 (5) 123.5 (5) 95.3 a3
Sdo Nicolau 127.5 3.1(3) 1244 (3) 95.4 alt, a13
Maio 136 9.25 (275) 126.75 (275) 95.4 —0.1/+0.0 al4
Santiago 132 3.15 (285) 128.9 (29) 95.5 al2
Sal 138 8.5 (75) 129.5 (75) 95.5 —0.2/+0.1 al2
Boa Vista 138 2.5 (25) 135.5 (25) 95.6 —0.1/4+0.1 al2
Fernando de Norhona Fernando de Norhona 95 7.5 (45) 87.5 (45) 894 —1.1/+1.0 als
Gough Gough 30 0.565 (435) 294 (4) 584 —0.4/+0.4 al6
Iceland Iceland 0-20 6.5 (65) 6.5 (30) 323 —7.2/+5.0 al7
Jan Mayen Jan Mayen 0.35 0.35 (35) 0(4) 0.0 —0.0/+26.6 al8
Madeira Unicorn seamount 147 274 119.6 95.0 al9
Porto Santo 138 12.7 (16) 125.3 (16) 95.4 —0.1/+0.0 a20
Seine 152 21.7 1303 95.4 al9
Madeira 135 2.65 (195) 132.4 (20) 955 —0.1/4-0.1 a1
Chao 138 3.145 (475) 134.9 (5) 95.5 a22
Deserta Grande 138 3.5(16) 134.5 (16) 95.5 a22
Bugio 139 3.12 (119) 135.9 (12) 95.6 a22
Selvagen Selvagen Pequena 154 29 125 95.4 a23
Selvagen Grande 154 7.7 (43) 146.3 (43) 95.9 —0.1/+0.1 a23
St Helena St Helena 40 8 (1) 32 (1) 60.8 —0.9/+0.9 a24
Trindade Trindade 78 2.5 (25) 75.5 (25) 86.3 —0.8/4-0.7 a3, a25
Tristan da Cunha Inaccessible 20.5 0.3 20.2 49.6 a26
Tristan da Cunha 22 0.11 (11) 219 (1) 51.3 —0.1/+0.1 a26
Indian Ocean basin
Amsterdam-St. Paul Amsterdam 0 0(3) 0 0.0 i1, i2
Comoros Grande Comore 135 0.065 (65) 134.9 (1) 95.5 i3
Mobheli 137 2.75 (225) 134.3 (23) 95.5 —0.1/+0.1 i3
Anjouan 137 2.75 (125) 134.3 (13) 95.5 i3
Mayotte 145 5.65 (250) 1394 (25) 95.7 —0.1/+0.1 i3
Crozet islands Ile de l'est 70 45 (4.5) 65.5 (85) 829 —3.9/+3.0 i4
Ile de la Possession 71 4.25 (375) 66.75 (75) 834 —0.3/4+0.3 i5
Heard Heard 98 22 (22) 76 (22) 86.5 —9.1/+5.1 i6
Kerguelen Kerguelen 60 27 (3) 33(3) 61.6 —2.7/4+2.6 i6, i7
Mascarene Islands Rodriguez 13 2.5 (15) 10.5 (15) 387 —2.1/+1.9 i8
Mauritius 61 3.915 (3885) 57.1 (39) 79.0 —2.2/+1.9 i9
Reunion 67 0.265 (265) 66.7 (3) 834 —0.1/+0.1 i10, i11
Prince Edwards islands Prince Edward 29 0.1075 289 57.9 i12
Pacific Ocean basin
Caroline Ponape 157 5.8 (28) 151.2 (28) 96.0 —0.1/4-0.1 pl
Kusaie 153 1.9 (7) 151.1 (7) 96.0 pl
Chuuk 162 8.35 (365) 153.7 (7) 96.1 pl
Cook-Australs MacDonald seamount 40 13.5 (135) 26.5 (135) 55.7 —13.8/+11.9 p2, p3, p4
Marotiri 54 4(2) 50 (2) 749 —1.3/+13 p2, p3, p4
Rapa 56 4.25 (125) 51.75 (25) 76.0 —0.2/40.2 p2, p3, p4
Raivavae 63 6.5 (10) 56.5 (10) 78.7 —0.5/+0.5 p2, p3, p4
Tubuai 72 9(3) 63 (3) 819 —14/+1.2 p2, p3, p4
Rurutu 82 10 (4) 72 (4) 852 —1.4/+1.2 p2, p3, p4
Rimatara 86 15 (3) 71 (3) 849 —1.0/+1.0 p5
Mangaia 92 18 (2) 74 (2) 85.9 —0.6/+0.6 p4
Atiu 96 7.5 (25) 88.5 (25) 89.6 —0.6/+0.6 p4
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Table 1 (continued)
Island groups Islands Plate age Eruption age Plate age during volcanism LAB during volcanism Reference
(Ma) (Ma) (Ma) (km)
Pacific Ocean basin
Aitutaki 99 5.5 (35) 93.5 (5) 90.7 —0.1/+0.1 p4
Rarotonga 96 1.75 (50) 94.25 (50) 90.8 —0.1/4+0.1 p4
Easter island Easter 5 0.6 (3) 4.4 (3) 27.6 —0.8/+0.8 p6
Galapagos Genovesa 5 2.8 22 20.5 p7
Roca Redonda 5 0.534 45 27.8 p8
Santa Fe 10 2.76 7.24 33.7 p7
San Cristobal 9.5 1.2 (12) 8.3 (12) 355 —2.0/+1.8 a3
Isabela 11 2.5 (25) 8.5 (25) 358 —4.5/4+3.6 p9
Santa Cruz 9 0.348 (237) 8.65 (24) 36.0 —0.4/4+0.4 p10
Santiago 10 0.35 (35) 9.65 (35) 37.5 —0.5/+0.5 pl1
Espanola 14 2.7 (1) 11.3 (1) 39.8 —0.1/+0.1 p7
Floreana 14 0.80 (72) 13.2 (7) 42.1 —0.8/+0.8 p7,p10
Hawaiian Islands Oahu 88 3.15 (55) 84.9 (6) 88.8 —0.1/+0.1 p12
Kauai 90 5.1 (2) 849 (2) 88.8 p13
Molokai 87 1.83 (7) 85.2 (1) 88.8 a3, pl4
Maui 90 1.035 (285) 89.0 (3) 89.7 —0.1/4+0.1 p12
Kahoolawe 90 1.0 (4) 89.0 (4) 89.7 —0.1/4+0.1 p14, p15
Lanai 90 1.28 (4) 88.72 (4) 89.6 a3, p16, p17
Niihau 94 4.89 (11) 89.11 (11) 89.7 a3
Loihi 92 0.0535 (535) 91.94 (5) 90.3 p18
Hawaii 91 0.215 (215) 90.8 (2) 90.1 a3
Juan Fernandez Islands Robinson Crusoe 30 4.8 (10) 252 (1) 54.5 —0.1/40.1 p19
Alexander Selkirk 29 1.7 (7) 273 (7) 56.4 —0.7/4+0.7 p19
Marquesas Eiao 53 5.8 (5) 47.2 (5) 73.0 —0.3/+0.3 p20
Hatutu 53 49 (1) 48.1 (1) 73.6 —0.1/4+-0.1 p5
Fatu Huku 50 1.6 (4) 48.4 (4) 73.8 —0.3/4+0.3 p21
Fatu Hiva 50 13 48.7 74.0 —0.0/4+-0.0 a3, p22
Hiva Oa 51 2.2 (6) 48.8 (6) 741 —04/4+0.4 p21
Nuku Hiva 53 4.0 (8) 49 (8) 742 —5.8/+4.8 p21
Tahuata 51.5 2.2 (6) 49.3 (6) 744 —04/4+0.4 a3, p21
Ua Huka 52 2.30 (94) 49.7 (9) 74.7 —0.6/4+0.6 p23
Ua Pou 53 2.75 (25) 50.25 (25) 75.0 —0.2/4-0.2 p21
Pitcairn-Gambier Bounty 23 0.35 (10) 22.7 (1) 52.1 —0.1/4+0.1 p18
Fangataufa 34 11.25 (165) 22.8 (17) 522 —1.7/+1.6 p24
Gambier 29.5 6.2 (9) 233 (9) 52.6 —0.9/4+0.9 p24
Maruroa 36 10.85 (15) 25.2 (2) 545 —0.2/4+0.2 p24
Samoa Tau 107 0.5 106.5 93.2 p25
Ofu 108 0.7 107.3 934 p25
Tutuila 109 1.2 107.8 93.5 p25
Vailuluu 108 0 108 93.5 p25
Savaii 113 5.0 (5) 108.0 (5) 93.5 —0.1/+0.1 p25
Upolu 112 2(1) 110 (1) 93.8 —0.2/4+0.2 p25
Lalla rookh 120 10 110 93.8 p25
Society islands Mehetia 66 0.053 (22) 65.95 (2) 83.1 p26
Tahiti 74 1.0(4) 73.0 (4) 85.6 —0.1/4+0.1 p22
Moorea 75 1.625 (125) 734 (1) 85.7 p22
Huahine 81 2.25 (15) 78.8 (2) 87.2 —0.1/4+0.1 p22
Tahaa 82 2.925 (325) 79.1 (3) 873 —0.1/4+0.1 p22
Raiatea 82 2.5 (1) 79.5 (1) 87.4 p22
Borabora 83 33 (2) 79.7 (2) 87.5 —0.1/+0.1 p22
Maupiti 84 4.25 (35) 79.8 (4) 87.5 —0.1/4+0.1 p22

Present-day plate ages are based on sea-floor age estimates of Miiller et al. (2008). Values in parentheses for mean eruption ages and plate ages during volcanism are 10 standard
deviation with last significant digits cited and 1.1 (11) should be read as 1.1 & 1.1 Ma. Ocean island groups are sorted in alphabetical order within each ocean basins and the order of
individual islands are based on increasing thickness of LAB during volcanism. Eruption age estimates are based on the following studies - al. Azevedo and Portugal Ferreira (2006);
a2. Feraud et al. (1980); a3. Caplan-Auerbach et al. (2000); a4. Calvert et al. (2006); a5. Moore (1990); a6. Lanyon et al. (1993); a7. Marzoli et al. (2000); a8. Burke (2001); a9.
Carracedo et al. (2002); a10. Carracedo et al. (1998); al1. Plesner et al. (2003); a12. Holm et al. (2006); a13. Duprat et al. (2007); a14. Mitchell et al. (1983); a15. Gerlach et al.
(1987); a16. Maund et al. (1988); a17. Jancin et al. (1985); a18. Imsland (1986); a19. Geldmacher et al. (2005); a20. Féraud et al. (Féraud et al., 1981); a21. Geldmacher et al. (2000);
a22. Schwarz et al. (2005); a23. Geldmacher et al. (2001); a24. Chaffey et al. (1989); a25. Gripp and Gordon (2002); a26. Gass (1967); i1. Johnson et al. (2000); i2. O'Neill et al.
(2003); i3. Nougier et al. (1986); i4. Recq et al. (1998); i5. Camps et al. (2001); i6. Weis et al. (2002); i7. Nicolaysen et al. (2000); i8. Naim et al. (2000); i9. Nohda et al. (2005); i10.
Gillot and Nativel (1982); i11. Gillot and Nativel (1989); i12. McDougall et al. (2001); p1. Keating et al. (1984); p2. McNutt et al. (1997); p3. Chauvel et al. (1997); p4. Lassiter et al.
(2003); p5. Clouard and Bonneville (2004); p6. Haase et al. (1997); p7. White et al. (1993); p8. Standish et al. (1998); p9. O'Connor et al. (2007); p10. Kurz and Geist (1999); p11.
Swanson et al. (1974); p12. McDougall (1964); p13. McDougall (1979); p14. Naughton et al. (1980); p15. Sano et al. (2006); p16. Bonhommet et al. (1977); p17. Herrero-Bervera
etal. (2000); p18. Guillou et al. (1997); p19. Farley et al. (1993); p20. Dupuy et al. (1987); p21. Desonie et al. (1993); p22. Duncan and McDougall (1976); p23. Clément et al. (2003).

P24. Dupuy et al. (1993); p25. Koppers et al. (2008); p26. Binard et al. (1993).

Fig. 1). The correlations do not change appreciably if the lavas are
corrected either by fractionation of both cpx and olivine or to
equilibrium olivine of higher or lower Fo# in the range 86-92 (not
shown). However, the observed global negative correlation in LAB-OIB
SiO%73 space is observed only when the minimum SiO%” average

compositions are considered from the data envelope. When all the

individual island averages are considered, from all the ocean basins
combined, the SiO%73 contents of basalts actually show increasing
variation with increasing LAB depths, ie., average magma SiO%7>
contents preserve both high and low concentrations for islands situated
on thick lithospheres (Fig. 2). A similar ‘fan-out’ feature is observed for
LAB-FeO™#73 space as well, although it is less pronounced compared to
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Table 2
Estimates of near-primary, ‘reference’, average compositions of ocean island basalts (Mg#73; in equilibrium with Fogp).
n Si047® 10 TiO§? 10 ALOY”® 1o  FeO¥*® 10 MnO*”? 10  Mg0*”® 10 (Ca0*” 10 Na,0*” 10 K,0*73 10
Atlantic Ocean basin
Azores
Flores 2 4630 081 197 018 1191 085 10.71 044 0.15 0.03 16.14 1.64 897 238 245 0.80 140 0.27
Faial 6 46.17 244 217 031 1288 186 10.13 0.28 0.14 001 1528 3.11 945 0.62 2.77 0.55 1.02 033
Pico 15 4701 086 220 022 1214 113 1011 032 0.14 001 1525 135 951 0.86 2.70 049 094 017
Terceira 5 4633 047 2.01 044 11.88 1.14 1094 0.75 0.16 0.02 1650 1.28 921 1.03 2.19 0.41 0.78 0.11
Sao Miguel 45 4594 080 2.64 038 1044 128 1098 0.76 0.15 003 1655 1.66 10.19 126 1.97 039 1.14 037
Santa Maria 22 4504 136 2.06 033 1184 136 11.22 0.81 0.17 001 1692 0.51 953 136 235 0.33 0.837 030
Balleny
Sabrina 1 4469 - 203 - 1183 - 12.09 - 0.18 - 1823 - 6.94 - 2.99 - 1.01 -
Sturge 3 4572 014 215 002 11.00 0.19 11.08 0.08 0.20 0.02 1671 0.07 1008 0.06 2.34 0.16 0.73  0.11
Cameroon
Principe 6 4268 341 197 146 1022 143 1250 142 0.21 0.15 18.83 1.01 1021 2.07 249 090 0.89 040
Sdo Tome 8 43.06 077 392 1.00 9.62 097 1191 1.10 0.12 0.04 1795 053 932 059 2.99 0.60 1.11 051
Bioko/Fernando Poo 7 4590 1.02 230 0.51 9.04 148 1224 082 0.19 016 1844 1.72 884 192 1.98 048 1.08 035
Pagalu 4312 114 259 030 922 137 13.07 1.15 0.14 0.05 19.69 2.19 8.87 0.79 226 043 1.03 0.36
Canary islands
La Gomera 8 4483 075 273 050 9.29 157 1175 0.60 0.16 0.01 1769 193 11.10 1.16 1.76 0.95 069 039
La Palma 33 43.11 205 2.88 086 9.38 146 1271 155 0.16 0.03 19.16 131 9.71 1.63 2.10 0.56 0.79 035
Tenerife 38 4359 166 2.67 0.65 954 1.69 12.53 1.28 0.14 0.02 1888 197 1005 1.64 1.89 0.74 0.72 0.36
Gran Canaria 191 4429 275 315 052 9.03 1.14 1243 0.81 0.16 0.02 1873 1.62 9.03 218 2.28 0.54 090 038
Fuerteventura 69 4348 199 244 063 1045 1.14 1227 0.82 0.14 0.02 1849 1.16 9.28 125 240 0.57 1.04 035
Lanzarote 123 4545 266 2.05 094 1255 294 1033 2.58 0.14 0.04 1557 155 1037 1.74 261 0.77 092 040
El Hierro 31 4205 099 292 051 8.78 112 1356 0.88 0.16 0.03 2044 124 9.08 0.86 2.15 043 0.87 028
Cape Verde
Santo Antad 36 41.79 205 3.67 073 9.24 095 1247 0.60 0.16 0.02 1880 140 1045 130 251 0.85 091 062
Sdo Vicente 28 4222 253 312 064 10.11 1.16 1185 091 0.16 0.02 1787 164 1154 138 220 0.71 092 035
Fogo 2 4161 199 272 040 9.79 082 1240 149 0.16 0.01 1869 027 1098 122 269 043 095 1.11
Sdo Nicolau 175 4277 168 294 042 1057 079 11.85 048 0.17 0.03 1786 125 1083 1.05 2.26 0.69 0.76 034
Maio 11 4023 239 3.01 0.78 9.66 131 11.76 1.14 017 0.01 17.72 162 1367 345 230 0.55 148 1.66
Santiago 19 4295 170 2.83 048 10.14 113 12.09 1.26 0.15 0.02 1824 149 1079 176 1.89 0.81 092 055
Sal 11 4035 3.05 297 031 1028 1.04 11.68 1.03 0.17 0.01 1759 1.81 1310 2.16 2.68 0.80 1.18 0.53
Boa Vista 18 4263 178 333 060 1000 088 1234 059 0.16 0.02 1859 1.12 1025 092 1.75 0.26 095 031
Fernando de Norhona 36 4141 239 289 077 944 126 1264 097 0.16 005 19.07 140 1044 0.87 279 0.66 1.16 047
Gough 10 4712 127 250 020 1065 1.04 11.27 0.56 0.13 0.01 1699 153 7.40 0.69 2.29 047 164 029
Iceland 301 4774 086 0.84 047 13.60 092 981 127 0.16 0.02 1477 131 1143 125 154 036 0.12 024
Jan Mayen 33 4707 076 2.09 042 1059 212 1013 098 0.15 0.03 1526 243 1153 131 1.85 045 134 043
Madeira
Unicorn seamount 2 3953 054 282 025 841 001 13.95 144 0.15 0.02 2103 031 1191 056 1.61 0.19 0.60 023
Porto Santo 2 4634 061 1.87 001 1016 136 1087 0.14 0.17 0.01 1641 066 1230 0.71 1.42 0.16 046 0.07
Seine 3 4248 025 248 0.03 9.73 007 1274 0.09 0.17 0.01 1920 0.08 9.51 0.03 2.46 0.16 1.23  0.01
Madeira 96 4421 096 224 027 1138 082 1176 0.55 0.17 0.04 17.74 152 945 062 233 0.54 0.72 014
Chao 5 4497 092 2.03 040 1043 141 1235 0.16 0.15 0.01 1860 1.67 9.15 045 1.82 038 050 0.13
Deserta Grande 12 4504 034 211 0.19 10.08 079 1237 038 0.15 0.01 1865 121 938 0.46 1.68 032 053  0.09
Bugio 3 45.18 046 2.10 021 9.90 127 1239 0.26 0.16 0.01 1868 226 939 049 1.65 038 055 0.11
Selvagen
Selvagen Pequena 1 4262 - 267 - 13.01 - 10.22 - 0.16 - 1540 - 1220 - 2.89 - 082 -
Selvagen Grande 24 4431 2.09 212 022 1118 081 11.27 0.60 0.18 0.02 17.00 1.01 1007 1.02 298 042 0.89 0.16
St Helena 18 4524 091 224 068 1043 135 11.70 1.18 0.15 0.03 1763 1.81 1012 0.80 1.81 042 0.68 0.18
Trindade 14 4055 1.82 3.21 092 8.49 119 1333 0.85 0.16 0.03 20.11 0.84 9.58 0.89 3.06 1.08 151 0.86
Tristan da Cunha
Inaccessible 3 46.66 066 2.18 025 1136 0.63 1065 0.18 0.13 0.01 16.07 0.50 8.78 1.66 2.64 0.51 1.53  0.60
Tristan da Cunha 3 4193 127 261 032 835 0.78 14.03 1.06 0.12 0.01 2115 1.05 9.26 120 1.61 0.66 0.94 038
Indian Ocean basin
Amsterdam-St. Paul
Amsterdam 3 4855 035 1.08 0.02 1391 0.11 8.68 0.15 0.13 000 13.16 0.02 12.01 0.10 1.65 0.05 040 0.01
Comoros
Grande Comore 44 4393 178 174 020 1051 093 12.07 1.88 0.17 0.02 1819 1.70 1007 093 246 0.52 0.87 028
Moheli 25 4265 223 243 0.68 8.99 0.75 13.00 0.63 0.17 0.02 19.61 1.22 9.98 092 239 1.08 0.78 043
Anjouan 13 4625 152 190 032 9.99 1.20 11.79 1.03 0.15 002 17.77 1.01 9.46 0.75 2.01 051 0.68 0.28
Mayotte 6 4332 258 225 0.53 958 0.65 1253 045 0.16 0.01 1890 1.80 9.75 1.07 2.76 0.69 0.76  0.25
Crozet islands
Ile de l'est 21 4568 099 219 020 1001 0.88 11.57 038 0.14 001 1743 1.57 1024 095 1.90 022 084 0.16
Ile de la Possession 12 4512 1.80 220 041 1005 118 1124 085 0.14 0.02 1695 135 1215 150 1.60 034 054 034
Kerguelen-Heard
Heard 33 4585 261 324 082 9.04 1.52 11.75 1.20 0.15 006 17.71 2.02 8.49 1.02 2.08 037 1.69 042
Kerguelen 2 4594 049 1.88 028 1412 141 1091 0.13 0.14 0.03 1646 0.04 7.69 142 229 0.14 0.57  0.00
Mascarene Islands
Rodriguez 7 4794 1.01 157 033 1433 110 934 0.61 0.13 0.01 14.07 1.06 8.68 0.60 2.66 0.26 1.27 026
Mauritius 56 4527 049 149 0.19 1147 053 1228 0.65 0.14 002 1852 0.66 8.36 0.80 2.09 036 037 033
Reunion 68 4642 1.08 193 046 1098 1.01 11.54 125 0.15 0.02 1739 172 9.16 152 1.88 038 054 024
Prince Edwards island 4 4392 050 259 005 8.83 022 1228 0.06 0.16 0.00 1851 0.62 9.63 049 3.29 0.14 0.79 027
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Table 2 (continued)

n SiO7? 16 TiO¥”? 10 ALOY” 1o  FeO¥”® 10 MnO*”® 10  Mg0*”® 10 Ca0*” 10 Na,0*? 10 K,0%7° 10
Pacific Ocean basin
Caroline
Ponape 7 4370 3.76 2.70 0.55 955 137 1223 093 0.16 0.02 1843 211 998 190 235 0.90 0.90 0.48
Kusaie 3 4284 049 279 0.25 10.51 156 11.69 0.67 0.15 0.00 17.62 051 1090 0.51 2.71 1.67 0.80 0.48
Chuuk 3 4320 211 2.67 046 10.13 026 11.71 244 0.15 0.01 17.64 045 10.62 284 2.73 0.79 1.16 0.69

Cook-Australs
MacDonald seamount 16 4483 174 292 036 1074 117 1115 0.63 0.16 001 16,79 2.03 1029 0.65 235 050 0.77 025

Marotiri 2 43.76 237 2.71 026 989 086 11.83 0.66 0.16 003 1783 1.65 11.08 1.86 1.97 044 0.75 0.22
Rapa 13 4437 123 286 026 1062 1.08 12.00 0.50 0.14 002 18.09 151 892 0.78 1.99 064 1.00 0.14
Raivavae 11 4521 081 192 035 1023 019 12.08 0.06 0.15 001 1823 229 950 131 2.09 031 0.59 0.04
Tubuai 22 4371 1.01 2.11 044 953 111 1273 048 0.17 001 1919 2.09 982 091 212 0.72 063 0.27
Rurutu 9 4450 - 2.21 - 940 - 12.67 - 0.16 - 1911 - 997 - 1.59 - 038 -
Rimatara 1 43,62 031 239 032 853 1.01 13.88 3.09 0.13 001 2091 154 775 1.01 154 040 126 0.12
Mangaia 10 4372 184 200 037 811 111 1333 0.54 0.16 0.02 2010 2.02 1053 1.27 1.60 0.62 046 043
Atiu 6 4544 1.19 212 058 974 122 1190 344 0.18 001 1795 136 989 0.56 2.03 053 0.75 0.24
Aitutaki 35 42,60 073 206 012 997 120 12.05 0.64 0.17 002 1817 1.09 1024 0.57 345 025 130 0.14
Rarotonga 5 4437 229 270 031 962 070 12.06 0.67 0.17 003 1819 0.63 10.16 1.14 1.78 0.57 094 042
Easter 13 4620 223 173 062 1300 1.11 10.81 029 0.14 001 1629 026 9.15 285 232 0.17 036 0.24
Galapagos
Genovesa 8 4731 026 097 0.09 1258 061 10.35 048 0.15 001 1562 035 1074 044 222 0.07 0.05 0.02
Roca Redonda 2 46.08 032 214 0.06 11.68 057 11.64 0.68 0.16 001 1755 074 749 036 2.69 0.07 0.56  0.02
Santa Fe 2 4593 031 138 034 1328 061 11.07 0.06 0.19 008 1669 0.05 897 0.83 2.20 0.52 0.28 0.30
San Cristobal 6 47,05 028 114 025 1549 0.57 9.15 030 0.16 001 13.78 0.26 1074 0.67 2.21 022 028 0.16
Isabela 105 4775 076 249 123 1268 1.72 11.09 1.14 0.15 002 1672 127 6.16 224 0.76 0.73 220 1.18
Santa Cruz 4 46.10 0.61 1.31 044 13.88 0.09 10.83 031 0.15 001 1632 0.89 877 0.77 248 0.62 0.16  0.09
Santiago 5 4596 123 1.60 035 1299 087 11.02 0.66 0.15 002 1660 1.60 928 1.04 221 047 019 0.10
Espanola 2 46.85 0.08 138 037 1461 1.53 9.49 038 0.16 0.01 1431 144 1001 0.06 2.44 0.01 073 047
Floreana 22 46.84 067 139 034 1406 087 943 0.87 0.17 001 1422 132 1052 1.75 2.59 0.57 0.78 0.30
Hawaiian Islands
Oahu 172 4405 221 192 027 999 120 1257 050 0.17 001 1896 1.52 891 0.56 2.70 0.60 0.74 0.36
Kauai 138 4369 148 214 036 967 1.00 12.98 0.88 0.16 0.02 1957 1.83 942 1.08 1.82 037 0.57 0.20
Molokai 32 46.78 526 2.04 044 1136 096 11.21 1.60 0.16 008 1689 137 9.14 211 1.99 1.11 042 047
Maui 83 4598 1.75 2.09 041 990 076 1253 4.00 0.15 001 1888 160 824 063 1.79 025 043 0.19
Kahoolawe 7 49,04 1.03 158 021 1059 058 11.57 0.27 0.15 001 1743 182 7.72 0.66 1.71 038 022 0.08
Lanai 9 4942 307 159 048 1094 1.15 1144 1.06 0.15 002 1726 145 7.73 142 135 0.74 0.12 034
Niihau 19 4540 155 125 051 1271 053 1144 1.15 0.15 003 1725 141 927 022 212 026 040 0.16
Loihi 12 4648 239 196 035 1012 088 12.13 2.54 0.15 0.03 1828 1.60 877 1.05 172 0.55 038  0.29
Hawaii 502 4810 1.05 192 0.18 1046 082 1146 051 0.15 000 1726 1.78 855 0.57 1.76 023 035 0.13
Juan Fernandez Islands
Robinson Crusoe 16 4471 170 236 022 1087 085 11.89 037 0.17 002 1794 175 825 0.85 2.83 0.71 099 043
Alexander Selkirk 4 4648 0.84 2.01 0.17 10.84 0.75 1227 0.72 0.14 000 1848 1.82 7.08 120 216 0.12 053 0.63
Marquesas
Eiao 7 46.66 220 247 024 1022 090 11.96 0.66 0.15 005 18.04 0.82 801 1.01 1.88 033 0.61 028
Hatutu 9 46.58 096 255 044 981 141 1145 0.86 0.17 001 1726 218 937 0.83 1.87 0.52 093 0.36
Fatu Huku 7 46.87 062 264 030 894 133 12.00 056 0.17 0.01 18.09 257 832 093 1.89 039 1.07 0.14
Fatu Hiva 12 4549 056 266 016 1059 021 11.90 0.26 0.16 000 1795 035 847 067 188 0.05 0.90 0.14
Hiva Oa 12 4526 134 286 042 977 117 1244 0.67 0.15 003 1874 177 786 0.83 1.96 031 096 0.28
Nuku Hiva 12 4549 170 245 060 996 078 12.50 0.86 0.14 0.01 1884 092 798 0.95 1.90 0.86 0.76  0.25
Tahuata 4 4624 098 265 074 963 0838 12.02 059 0.17 0.01 1811 1.06 851 147 1.78 043 0.89 0.50
Ua Huka 5 4446 208 253 024 1018 122 1216 0.52 0.15 002 1832 335 925 110 232 030 0.63 020
Ua Pou 7 4447 174 273 063 1011 092 1230 0.53 0.15 0.03 1854 255 846 126 242 041 0.83 0.46
Pitcairn-Gambier
Bounty 4 4755 1.01 2.21 011 1156 060 11.12 036 0.14 001 1675 0.82 695 0.15 274 020 0.99 027
Fangataufa 2 4622 112 204 013 1162 066 11.29 036 0.13 000 17.03 047 9.06 120 2.07 049 0.56 0.54
Gambier 2 4814 162 185 0.8 1137 069 10.78 025 0.15 001 1625 117 927 0.18 1.69 0.10 048  0.08
Maruroa 3 4472 120 238 0.86 1020 048 13.02 041 0.14 0.01 1962 064 296 533 1.16 0.78 5.79  5.09
Samoa
Tau 18 4558 1.00 2.74 027 945 092 1221 0.56 0.15 0.01 1843 2.05 886 0.85 1.89 028 0.69 0.12
Ofu 1 4335 - 323 - 837 - 13.64 - 0.14 - 2054 - 837 - 1.59 - 077 -
Tutuila 10 4470 233 297 096 975 107 1240 0.72 0.15 002 1869 161 815 0.61 217 073 1.02 042
Vailuluu 13 4643 094 219 026 1039 083 11.07 0.69 0.14 002 1671 137 1050 0.70 1.88 0.26 0.69  0.09
Savaii 34 45.55 2.66 10.71 11.56 0.14 17.43 8.33 2.38 1.23
Upolu 29 4371 121 318 030 944 098 1285 0.64 0.13 001 1939 172 800 0.77 224 046 1.07 045
Lalla rookh 6 4182 177 317 036 848 1.08 1320 0.53 0.15 001 1990 1.88 961 156 220 042 147 078
Society islands
Mehetia 17 4378 0.83 2.89 032 923 069 1271 037 0.15 0.01 19.15 153 862 041 233 042 1.14 044
Tahiti 44 4474 180 257 040 932 176 1211 182 0.15 003 1827 145 998 278 191 058 0.95 040
Moorea 1 46.61 0.77 2.71 009 1033 035 11.60 039 0.14 001 1749 1.09 834 042 173 0.17 1.05 0.40
Huahine 16 46.74 040 231 0.16 1028 1.57 11.54 040 0.15 000 1739 042 831 0.58 197 020 132 0.56
Tahaa 9 4728 170 2.62 027 1038 0.68 1137 040 0.13 001 1712 080 781 113 184 064 146 037
Raiatea 3 43.34 3.12 9.10 12.95 0.14 19.54 8.72 2.08 1.00
Borabora 5 4697 056 235 047 993 136 1149 0.61 0.14 001 1734 243 870 0.79 2.01 0.14 1.07 044
Maupiti 3 4788 055 219 041 956 138 11.67 0.09 0.14 000 1758 0.76 7.81 037 213 0.27 1.05 0.01

The average, ‘reference’ compositions for each islands are based on glass or whole-rock compositions with 8-16 wt.% MgO (most islands with 10-16 wt.% MgO) and are given in
Supplementary Table 1. All the average compositions reported in this table are corrected for olivine fractionation, by adding back equilibrium olivine, using Fe?*-Mg KD of 0.3. The
resulting magma compositions (Mg# 73) are all in equilibrium with Fogo. n denotes number of samples averaged. 10 uncertainties are based on the original basalts compositions.
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Fig. 2. Island averaged, primitive basalts compositions as a function of depths of LAB at the time of volcanism, d;. All the island-averaged OIB compositions are fractionation corrected
to Mg#73, either by adding equilibrium olivine only (open circles; Table 2) or by adding olivine and cpx in different proportions to match the MgO-Ca0O/Al,05 trend of each islands
(grey circles; Supplementary Table 2). Also plotted for comparison are volatile-free peridotite-derived experimental partial melts from a range of P-T conditions and fractionation
corrected MORB data (grey vertical bars along y-axes) from PetDB database. The lines in depth-SiO, space represent 4th order polynomial fit for average, minimum, and maximum
limits of SiO, contents of experimental partial melts of volatile-free peridotite as a function of depth. Depth-TiO plot also shows the maximum limits of TiO, enrichment (melt
fraction, F=0) in lavas if primary magmas derive from a primitive, fertile peridotite source (0.22 wt.% TiO,; Prytulak and Elliot, 2007). Any finite extent of melting or derivation from
amore depleted source will lower these maximum limits. The error bars for olivine added compositions are 10 standard deviation of island averaged basalts. The compositional error

bars for olivine + cpx corrected data are not included for clarity.
LAB-Si0%7 trend. Minor element oxide concentrations (e.g., TiO%”3)
and ratios (e.g., [Na,O/TiO,]#”?), and major element oxide ratios such as
[Ca0/Al,05]*73 also show an overall increase with lithospheric thickness
(Fig. 2), but again we note that the spread in the island averaged TiO%73,
[Ca0/Al,05]%73, and [Na,0/TiO,]#”3 remains significant, especially for
islands on a thicker lithosphere.

The dataset of seismic estimates of lithospheric thicknesses beneath
ocean islands is limited. However, the dataset comprising the islands of
Hawaii, Iceland, Cape Verde, Jan Mayen, and Galapagos, also suggest

similar LAB vs. magma SiO, and FeO* correlations described above
(Fig. 3). This likely suggests that the LAB depth-composition correla-
tions observed in the global OIB dataset are not greatly affected by LAB
depth modifications, if any, beneath intraplate ocean islands.

3.2. Regional-scale correlation between plate thickness and OIB composition

Control of lithospheric thickness on chemistry of oceanic basalts has
previously been pointed out for a number of individual ocean island
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Fig. 3. Island averaged SiO%”> and FeO**7* (fractionation corrected by adding equilibrium
olivine; Table 2) of OIBs as a function of LAB depths at the time of volcanism, where the
present-day LABs (d, in Fig. 1) are estimates based on seismic receiver function studies
(Bock, 1991; Priestley and Tilmann, 1999; Li et al., 2000; Li et al., 2004; Kumar et al., 2005;
Lodge and Helffrich, 2006; Li and Detrick, 2006; Villagémez et al., 2007). Error bars in
compositions are 10 of the mean and those for LAB depths derive from uncertainties in
receiver function estimates and average eruption ages.

groups (e.g., Prytulak and Elliot, 2007; Elliott et al., 2007). The present
study also allows us to evaluate the regional-scale correlation between
LAB and major element composition of OIBs. We find that the
correlations between OIB SiO%73, FeO™73 and LAB depths are less
clear for most of the individual ocean island groups, primarily owing to a
small variation of LAB depths from island to island within a given ocean
island group. However, the island groups that span a LAB depth range at
the time of volcanism of >30 km do show LAB-SiO4”3 and LAB- FeO™#73
trends that mimic the global trends. The island groups to be noted in this
regard are Azores, Cook-Australs, Mascarene, and Kerguelen-Heard. On
the contrary, the islands of Galapagos do not preserve any clear trend.
On the other hand, if the prediction of LAB by seismic receiver function
study of Li et al. (2004) is accurate, then Hawaii is the only exception to
the global trend, as LAB depths correlate positively and negatively with
Si0%73 and FeO™*73 respectively.

4. Discussion
4.1. The role of LAB in controlling OIB major element chemistry?

A broad negative correlation between the lower bound of the

island-averaged magma SiO%7> and LAB and a positive correlation

between island averaged FeO**7> and LAB indicate that lithospheric
thickness likely provides some control on the mean compositions of
basalts for a subset of ocean islands, with deeper LAB causing
generation of deeper melts with lower SiO%73 and higher FeO™73,
Similarly, broadly increasing TiO%”* and [CaO/Al,05]#73, and decreas-
ing [Na,0/TiO,]*”> with increasingly deeper LAB indicates overall
deeper melt-mantle equilibration for islands on thicker lithospheres.
However, if LAB depth provides the sole control on depth of melting of
a homogeneous peridotitic mantle then we should expect (1) a steady
decrease of Si0%7* and an increase of FeO™#73, [CaO/ALLO5]*"*, and
TiO%73, with depth and (2) the near-primary magma compositions to
match closely with the experimental partial melt compositions at a
pressure of interest, i.e., at or near the pressures of LAB. Instead, we
observe an increased variability in compositions (e.g., Si0¥73, Fe0*#73,
Ti0%7%) with LAB depth. As we will show, the experimental partial
melt compositions of peridotites also show a poor fit to the near-
primary OIB melt compositions, if melt-mantle equilibration only at
LAB depth is considered.

In Fig. 2 we also compare the compositional proxies of OIBs that
are sensitive to the pressure of melting with the experimental partial
melts of volatile-free peridotite from a range of pressures. It can be
noted in Fig. 2 that for an island on intermediate to thin lithospheres,
Si0473 and FeO™73 tend to be lower and higher respectively as
compared to what can be generated by partial melting of volatile-free
peridotite at that pressure. We note that this conclusion does not
change whether fractionation correction for OIBs is made by olivine
addition or olivine +cpx addition. The discrepancy between OIB
Si0%73 and peridotite partial melts also does not change if the LAB
depths are calculated based on half-space cooling model (not shown)
rather than plate model. This may suggest that the equilibration between
average OIBs and the mantle occurs deeper than the LABs, owing to the
melting column extending to some distance beneath the LAB. In the next
section we evaluate whether melt-mantle equilibration deeper than LAB
is sufficient to explain the entire spectrum of OIB major element
chemistry, especially for islands on lithospheres of >70-80 Myrs or older.

4.2. Can melt-mantle equilibration deeper than LAB explain the full
range of OIB chemistry on thick lithospheres?

The mismatch between peridotite partial melts and primary OIBs at
estimated LAB depths lead us to explore the possibility that perhaps
melt-mantle equilibration deeper than the LAB can explain all the OIB
major element features globally. In order to constrain the depth of mean
OIB extraction, we used the recently calibrated melt silica activity
barometer of Lee et al. (2009). We assume that all the OIBs equilibrated
with a mantle containing olivine and opx and average olivine
composition of the mantle is Fogo. Fig. 4 shows the estimates of average
depth of equilibration for island averaged, fractionation corrected OIBs
versus the estimates of LAB depths. We find that with the exception of
Hawaii (and perhaps one island each from the Comoros, Samoa and
Canaries), average compositions of all the other ocean islands produce
depths of equilibration that are deeper than LAB by ~0-70 km. We point
out that discrepancies between LAB depths (predicted by plate model or
receiver function studies) and melt-mantle equilibration depths of the
order of 0-30 km are perhaps not significant given the uncertainties in
estimating LABs and in estimating mean depth of melt-mantle
equilibration. We also note that derivation of Hawaiian tholeiites from
an olivine-bearing source was recently questioned (Sobolev et al., 2005,
2007), and hence application of melt silica-activity barometer may be
problematic for many of the Hawaiian island basalts. However, there
still remain a number of ocean islands where conditions of melt-mantle
equilibration, as predicted by barometry, are systematically deeper than
LAB (Fig. 4). This led us to test whether depths of volatile-free peridotite
melt generation that are as much as 70 km deeper than LAB can produce
all the aspects of OIB major element chemistry.
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Fig. 4. Estimates of LAB depths versus average depths of equilibration for island averaged, primary OIB compositions (A: Island-averaged OIBs from all the ocean islands compiled in
our study; B: Island-averaged OIBs with >45 wt.% SiO,). The mean depth of melt-mantle equilibration is based on melt silica activity barometer of Lee et al. (2009), which assumes
that the melt derives from an olivine 4+ opx bearing source. We note that melt-mantle equilibration depths for many ocean islands in panel (A) are likely overestimates as the
barometer (Lee et al., 2009) is not particularly calibrated for silica-undersaturated mantle melts. The data points plotting above the 1:1 line suggests apparent depth of equilibration
in the oceanic lithosphere whereas islands plotting below the line reflect average melt-mantle equilibration deeper than LAB. The plots suggest that most of the primary OIBs (even
when only the OIBs with >45 wt.% SiO, are considered) globally derive from depths greater than LAB. The only apparent exception is Hawaii, where many of its islands seem to have
‘average’ melt-mantle equilibration shallower than LAB. The data symbols are same as in Fig. 3 and Supplementary Fig. 1. The shaded region in (A) represents the space in (B).
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Fig. 5. The difference between fractionation corrected (A: olivine addition; Table 2 and B: olivine + cpx addition; Supplementary Table 2) primary OIB SiO, and SiO, content of
experimental partial melts, ASiO57® as a function of depth, where ASiO%7 are measured at estimated LAB depths at the time of volcanism. The approach of ASiO5”® from negative
values to zero for LAB variation from zero to 70 km may indicate that the average depth of equilibration occurs somewhat deeper than LAB at the time of volcanism. However, the
positive and negative excursions of ASiO%7> for LAB >70 km cannot be eliminated even by deeper melting of volatile-free, mantle peridotite.
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ASiO%573 (wt.%), increases steadily from <—6 wt.% at LAB of 0 to
~0wt.% at LAB of 20-70 km depth (Fig. 5). This suggests that if the
average depth of equilibration is 20-70 km deeper than LAB then
there is no significant difference between volatile-free peridotite
partial melts and primitive OIBs. However, basaltic eruptions on thick
oceanic lithospheres, i.e., LAB at the time of volcanism of >70 km,
preserves both positive and negative ASiO%7> (Fig. 5). Firstly, if OIBs

387

of KLB-1 (Takahashi, 1986; Herzberg et al., 1990; Davis et al., 2009) (in
the presence of olivine and opx), LAB depth versus ASiO%7° relations
should preserve only negative or near-zero ASiO%’> values and not
also positive values as high as +4 wt.% as observed in Fig. 5. More
importantly, the negative values of ASiO%¥”® of the order of —4 to
—8 wt.% remain for islands on thick lithospheres and these diffe-

rences are too large to be explained by melt generation at conditions

are partial melts from a homogeneous peridotite source similar to that that are deeper than LAB even by >50-100 km. This suggests that
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Fig. 6. (A) FeO**73 versus SiO%”> plot of ocean island basalts compared to those of mid-oceanic ridge basalts and experimental partial melts of volatile-free peridotite. All the island-
averaged oceanic basalt compositions (circles) are fractionation corrected to Mg#73, i.e., the lavas are in equilibrium with Fogo. Fractionation correction schemes include both olivine
fractionation (open circles; Table 2) and olivine + cpx fractionation (grey circles; Supplementary Table 2). Also plotted for comparison are field of fractionation corrected (in
equilibrium with Fogg) MORB from PetDB database, original OIB compositions with MgO between 10 and 16 wt.% (small grey squares), and partial melt compositions generated in
laboratory experiments from nominally volatile-free peridotite (green diamonds). Experimental partial melts to pressures up to 7 GPa are from the following studies: Takahashi
(1986), Grove and Juster (1989), Kinzler and Grove (1992), Hirose and Kushiro (1993), Baker et al. (1995), Kushiro (1996), Kinzler (1997), Walter (1998), Robinson et al. (1998),
Falloon et al. (1999), Pickering-Witter and Johnston (2000), Falloon et al. (2001), Schwab and Johnston (2001), Bulatov et al. (2002), Wasylenki et al. (2003), Laporte et al. (2004),
Villiger et al. (2004), and Davis et al. (2009). Only the experiments with three (olivine + opx + cpx/gt/spinel/plagioclase) or four-phase lherzolite (olivine + opx + cpx + gt/spinel/
plagioclase) are plotted. The dotted line marks the field of olivine fractionation corrected OIBs with the ridge-influenced islands (Galapagos, Azores, Iceland, Amsterdam-Saint Paul,
Easter) excluded. The slope of the Fe-Si trend in primary OIBs is gentler compared to the slope of peridotite partial melts and MORB and the difference in pressure of melting of
peridotite (indicated by thick brown arrows) cannot reproduce the trend of intraplate magmas. The extrema of the OIB trend, one with low SiO, and high FeO* and the other with
high SiO, and moderately high FeO*, are not produced by volatile-free peridotite partial melting and thus require at least two additional components in the OIB mantle source region.
(B) The effect of fractionation correction on Fe-Si trend of island-averaged OIBs. The average compositions are corrected to Mg# 65 (dark grey circles; equilibrium olivine added until
the lavas are in equilibrium with Fogg) and Mg# 77 (light grey circles; equilibrium olivine added until the lavas are in equilibrium with Fog;). Also plotted for comparison, are the best
fit lines of Fe#7>-Si*7> data of intraplate OIBs (on or near-ridge islands excluded, i.e., a fit based on the open circles within the stippled region in (A)) and volatile-free peridotite
partial melts trend based on 2.5-7 GPa data. It can be noted that the slope of the OIB Fe-Si trend is not changed by correcting lavas to a different Mg# and the volatile-free peridotite
partial melts trend is always oblique to the natural, intraplate ocean island basalts.
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even deeper melting of volatile-free peridotite cannot explain the 4.3. FeO*-Si0, correlations in primary OIBs
higher and lower end of the distribution of OIB SiO%73 and additional

melt components are required to be generated from the OIB source Perhaps the most convincing argument for the major element
mantle. heterogeneity of the OIB source mantle comes from the analysis of the
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Fig. 7. Comparison of island-averaged, fractionation corrected OIBs (compositions in equilibrium with Fogg, corrected by olivine addition; Table 2) with experimental partial melts. Also
shown for reference are the primary magma estimates of HIMU, EM1, and EM2 mantle end members from Jackson and Dasgupta (2008). The fields of peridotite partial melts are based on
experiments for pressures up to 7 GPa, from studies mentioned in the caption of Fig. 6. Partial melts of volatile-free, MORB-like eclogite are from 2.5 to 5.0 GPa (Yaxley and Green, 1998;
Pertermann and Hirschmann, 2003; Spandler et al., 2008), for silica-deficient pyroxenite/eclogite from 2.0 to 5.0 GPa (Kogiso et al., 2003; Hirschmann et al., 2003; Kogiso and Hirschmann,
2006), for carbonated, silica-deficient eclogite from 3.0 GPa (Dasgupta et al., 2006), and for carbonated fertile peridotite from 3 GPa (Hirose, 1997; Dasgupta et al., 2007).
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FeO*-SiO, trend (hereafter referred as Fe-Si trend) of oceanic basalts.
In Fig. 6, we plot the fractionation corrected FeO* and SiO,
concentrations of island-averaged, primary OIBs from Table 2 and
Supplementary Table 2 and compare them with basalts from oceanic
spreading centers and laboratory experiments on mantle peridotite
from a range of pressures.

The Fe-Si trend in oceanic basalts is conventionally taken to reflect
the depth of melting or melt-mantle equilibration, with deeper melt
extraction giving rise to higher FeO* and lower SiO, (Langmuir et al.,
1992). Indeed, our compilation of island averaged basalts does
present a negative trend in Fe-Si space (Fig. 6). However, excluding
the islands that are located at or near mid-ocean ridges (Iceland,
Azores, Galapagos, Jan Mayen, Amsterdam-Saint Paul, and Easter), the
Fe-Si trend given by the intra-plate OIBs has a distinctly gentler slope
(—0.21) compared to the Fe-Si trend observed in experimental
partial melts of volatile-free peridotite (Fig. 6). The Fe-Si trend given
by experimental partial melts of volatile-free peridotite from low to
high pressure (slope of ~—1 for volatile-free peridotite partial melts
generated between 2.5 and 7 GPa) overlaps the field of MORB and
ridge-influenced ocean islands but does not cover the major element
extrema of intraplate OIBs. The observed slope of intra-plate OIB Fe-Si
trend does not change if OIB data are plotted without any
fractionation correction, i.e., with MgO in the range of 10-16 wt.%
(Fig. 6A). The trend also remains similar if island averaged OIBs are
corrected to different primary Mg#s in the range 65 to 77
(equilibrium olivine of Fogs to Fogy) (Fig. 6B). Hence the obliquity
between the Fe-Si trend defined by volatile-free peridotite partial
melts and that defined by the natural OIB data is not eliminated
simply by changing the Mg# of source peridotite. The intraplate OIBs'
Fe-Si trend is anchored by at least two additional components that are
off the peridotite partial melts trend: one that is richer in SiO, with
moderately high FeO* (found only at Hawaii) at a given SiO, and the
other that is poorer in SiO, and with high FeO* (found predominantly
in lavas with a HIMU signature).

4.4. Plausible source lithologies that can contribute to the major element
extrema of global OIBs

We have demonstrated that volatile-free peridotite alone cannot
produce the major element compositional extrema of OIBs globally.
Although the high MgO content and high Mg# of most primitive
primary magmas (Supplementary Table 1) suggest involvement of
mantle peridotite, generation of magmas solely from volatile-free
peridotite with <45 wt.% SiO, remains a challenge. This is critical not
only because most ocean islands erupt strongly silica undersaturated,
alkalic magmas (Supplementary Table 1; Table 2), but also because
the HIMU mantle end member produces such a magma composition
(Jackson and Dasgupta, 2008). We observe that the major element
extrema of global OIBs are most well sampled in islands on thick
lithospheres. This suggests that the mantle lithologies that contribute
to such magmas likely have deeper solidi compared to fertile
peridotite and hence contribute preferentially to islands where
average depths of decompression melting are restricted to greater
depths, i.e., deeper LABs.

Attempts have been made to explore melting behavior of plausible,
more easily fusible lithologies that generate major element composi-
tional features such as high and low SiO, magmas with high FeO*. For
generating silica-deficient and FeO*-rich, HIMU-type magmas the two
candidates that appear most appealing are silica-deficient pyroxenite/
eclogite (Kogiso et al., 2003; Hirschmann et al., 2003; Keshav et al., 2004;
Kogiso and Hirschmann, 2006) or carbonated peridotite (Hirose, 1997;
Dasgupta et al., 2007). Silica-deficient pyroxenites generate many of the
features of low-Si0,, high-FeO* end member magma (Fig. 7) similar to
those produced by mantle end member HIMU (Jackson and Dasgupta,
2008). However, the partial melts of these lithologies are too rich in
Al,;05 and too poor in TiO; to be contributing to HIMU-like partial melts

(Fig. 7). Moreover, subduction, which is likely the most dominant
process of creating eclogitic heterogeneity in the mantle, is unlikely to
supply silica-deficient eclogite/garnet pyroxenite lithologies to the OIB
source regions. Partial melting of carbonated peridotite can generate
sufficiently silica-poor magmas, but experimental partial melts of
natural carbonated peridotite are poorer in FeO* and TiO, as compared
to primary OIBs (Hirose, 1997; Dasgupta et al., 2007). Perhaps the best
candidate to supply the necessary enrichment to peridotite partial melt
is silicate partial melts of carbonated eclogite. Experimental constraints
on partial melts of carbonated eclogite, to date, remain limited
(Dasgupta et al., 2006), but partial melts of silica-deficient, ilmenite
bearing, carbonated eclogite does produce extreme enrichment of TiO5,
FeO*, and pronounced depletion in Al,O3 at sufficiently low SiO,
contents (Dasgupta et al., 2006). Further experiments on carbonated
eclogite, especially on carbonated MORB-like or silica-excess eclogite,
will be necessary to test whether a more common variety of eclogite
when fluxed by carbonate or CO, can generate a silica-deficient magma
component required for many primary OIBs.

For the silica-rich component, i.e., tholeiitic magmas approaching
or exceeding 50 wt.% SiO,, MORB-like silica-excess eclogite is likely
the most viable candidate. High pressure partial melting of this
lithology, at high extent of melting, produces basaltic liquid with
>52 wt.% silica and 8-10 wt.% FeO* (Fig. 7; Yaxley and Green, 1998;
Pertermann and Hirschmann, 2003; Spandler et al., 2008).

Although we prefer carbonated eclogite and silica-excess (CO,-free),
MORB-like eclogite as the two end-member sources in addition to
mantle peridotite, their physical presence may only be restricted to the
deeper part of OIB source regions, owing to deeper solidi. The exact
petrologic process of melt contributions from these fertile lithologies
likely involves formation of secondary lithologies at shallower, more
proximal mantle source regions. The secondary lithologies, if present at
shallow depths, may form either by solid-state reaction of peridotite and
eclogite or by eclogite melt (+CO,)-peridotite reaction. The latter
possibility is similar to the model put forward by Sobolev et al. (2005,
2007). Although it is not clear at this point, owing to lack of
experimental data, the exact nature of plausible reactions between
mantle peridotite and end member heterogeneities (silica—excess
eclogite and carbonated eclogite and partial melts derived from
them), but in any case, these reactive processes are likely important to
explain relatively high-MgO, high-Ni compositions of many OIBs.

5. Concluding remarks

Our study demonstrates that global scale major element array of
near-primary OIBs cannot be generated from a volatile-free, homoge-
neous peridotite source by variation in melting conditions. Islands
occurring at or near mid-ocean ridges, i.e., with shallow LABs, preserve
compositions that are influenced strongly by the depth of melting. In
these islands, greater extent of peridotite melting at shallow depths
dilutes the contributions from compositional heterogeneities and major
element signals from mantle lithological heterogeneities are subtle. But
compositional variations for islands on intermediate to thick litho-
spheres (LAB at the time of volcanism >70 km) clearly require variation
in source compositions. Variation in the mean depth of melting of
volatile-free peridotite, owing either to a variation in mantle potential
temperature or to lithospheric thickness, cannot produce the major
element compositional extrema that anchor the global trends in
compositional spaces such as SiO%>-Fe0**73, Si0¥73-[Ca0/Al,05]*"3,
SiO%73-TiO%73. Basalts erupted on thicker lithospheres preserve the
compositional extrema, including lavas with low SiO, and high FeO*
(HIMU-like component), and lavas with high SiO, and moderately high
FeO* (Hawaiian Koolau-like component). These components are well
preserved for islands on thicker lithospheres presumably because
deeper LABs prevent significant shallower melting of peridotite and
preferentially collect contributions from more fertile sources that have
deeper solidi.
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Comparison of experimental partial melts with primary OIBs in
SiO,-FeO* space indicate that two additional higher Fe components -
onericher in SiO, and the other poorer in SiO, - need to be present in the
mantle peridotite source to explain the OIB chemistry globally.
Comparison of experimental partial melts of all the plausible mantle
lithologies with the target major element compositions of primary OIBs
suggests that silica-excess eclogite and carbonated eclogite are the two
most viable candidates. These enriched components are not sampled
everywhere and their distribution suggests a heterogeneous distribu-
tion of major element and volatile heterogeneities in the mantle.
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