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a b s t r a c t
Sr and Pb isotopes exhibit global trends with the concentrations of major elements (SiO2, TiO2, FeO, Al2O3 and
K2O) and major elements ratios (CaO/Al2O3 and K2O/TiO2) in the shield-stage lavas from 18 oceanic hotspots
(including Hawaii, Iceland, Galapagos, Cook-Australs, St. Helena, Cape Verde, Cameroon, Canary, Madeira,
Comoros, Azores, Samoa, Society, Marquesas, Mascarene, Kerguelen, Pitcairn, and Selvagen). Based on the
relationships between major elements and isotopes in ocean island basalts (OIBs), we ﬁnd that the lavas
derived from the mantle end members, HIMU (or high ‘μ’ = 238U/204Pb), EM1 (enriched mantle 1), EM2
(enriched mantle 2), and DMM (depleted MORB [mid-ocean ridge basalt] mantle) exhibit distinct major
element characteristics: When compared to oceanic hotspots globally, the hotspots with a HIMU (radiogenic
Pb-isotopes and low 87Sr/86Sr) component, such as St. Helena and Cook-Australs, exhibit high CaO/Al2O3,
FeOT, and TiO2 and low SiO2 and Al2O3. EM1 (enriched mantle 1; intermediate 87Sr/86Sr and low 206Pb/204Pb;
sampled by hotspots like Pitcairn and Kerguelen) and EM2 (enriched mantle 2; high 87Sr/86Sr and
intermediate 206Pb/204Pb; sampled by hotspots like Samoa and Societies) exhibit higher K2O concentrations
and K2O/TiO2 weight ratios than HIMU lavas. EM1 lavas exhibit the lowest CaO/Al2O3 in the OIB dataset, and
this sets EM1 apart from EM2. A plot of CaO/Al2O3 vs K2O/TiO2 perfectly resolves the four mantle end
member lavas.
Melting processes (pressure, temperature and degree of melting) fail to provide an explanation for the full
spectrum of major element concentrations in OIBs. Such processes also fail to explain the correlations
between major elements and radiogenic isotopes. Instead, a long, time integrated history of various parent–
daughter elements appears to be coupled to major element and/or volatile heterogeneity in the mantle
source. End member lava compositions are compared with experimental partial melt compositions to place
constraints on the lithological characteristics of the mantle end members.
© 2008 Elsevier B.V. All rights reserved.

1. Introduction
A major challenge in solid Earth geophysics and geochemistry is to
decipher the lithologic and mineralogic complexity of the Earth's
mantle. Geophysical (seismological) observations provide a presentday snapshot of the internal structure and heterogeneity of the Earth's
interior but shed little light on the temporal evolution and mechanisms of formation of deep-seated chemical heterogeneities. Geochemical (isotope and trace element) measurements of mantle-derived
samples, on the other hand, can provide insight into the timeevolution and differentiation of various chemical systems in the
Earth's interior but shed little light on the physical location or
petrologic characteristics of such reservoirs. To integrate geochemical
and geophysical observations of the Earth's mantle, it is thus
important to relate various geochemical mantle reservoirs with
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their lithologic characteristics, which potentially can be resolved
using geophysical techniques.
Geochemical heterogeneity of the Earth's mantle is revealed through
isotopic measurements of basalts erupted at ocean islands (OIB) and
mid-ocean ridges (MORB). It is thought that upwelling regions of the
mantle return, along with the ambient peridotitic mantle, ancient
deeply subducted materials (e.g., continental and/or marine sediments,
continental crust, oceanic crust and oceanic lithospheric mantle) to the
shallow mantle where they are melted and erupted as oceanic lavas,
thereby providing Earth scientists with a “window” to the compositional
complexity of the mantle source regions. Thus, the isotopic and trace
element heterogeneity exhibited by OIBs is thought to reﬂect the
compositional diversity of the mantle materials from which they were
derived. Zindler and Hart (1986) suggested that the isotopic variability of
the mantle is encompassed by just four components, or end members:
depleted MORB mantle (DMM), HIMU (high ‘μ’, or high 238U/204Pb), EM1
and EM2 (enriched mantle ‘1’ and ‘2’, respectively). However, the
petrologic characteristics of the mantle sources of the end members are
not well understood.
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The mantle end members, deﬁned primarily using the radiogenic
isotopes of Sr, Nd and Pb, represent the most isotopically extreme
compositions in the mantle. However, the concept of distinct end
members in the mantle has been subject to criticism (Hawkesworth
et al., 1984; Barling and Goldstein, 1990; Morgan, 1999; Armienti and
Gasperini, 2007). Instead of the requirement of four distinct mantle
end members, it has been argued that each hotspot hosts a unique
package of subducted material (that was subducted at a unique time)
that evolved to a compositionally distinctive end member. Therefore,
rather than arguing for the presence or absence of four distinct end
members in the Earth's mantle, we use the concept of mantle end
members as a tool for understanding the major element composition
of the most isotopically extreme lavas erupted in the world's ocean
basins. We explore the hypothesis that the most isotopically extreme
lavas (EM1, EM2, HIMU and DMM) also have distinct major element
compositions.
The different end members have been found to exhibit unique
trace element “ﬁngerprints” (Weaver, 1991), but their bulk major
element compositions (and thus mantle lithologies) remain unknown.
The lithologies injected into the mantle at subduction zones, including
slab peridotite, oceanic crust, and sediment, have distinct major
element compositions which, when melted, should provide different
major element characteristics in the resulting erupted lavas. Several
studies have provided hints that different isotopic “ﬂavors” of OIB
lavas have distinct major element compositions (e.g., Hauri, 1996;
Kogiso et al., 1997). For example, HIMU lavas erupted at St. Helena and
the Cook-Australs exhibit lower SiO2 and higher CaO/Al2O3 than the
other mantle end members (Kogiso et al., 1997). In spite of these
remarkable observations, a global study comparing the radiogenic
isotopes and major elements in OIB lavas has not been undertaken,
and a complete view of the relationships between radiogenic isotopes
and major element concentrations in oceanic lavas is lacking in the
literature.
Using geochemical datasets of oceanic island lavas (GEOROC:
http://georoc.mpch-mainz.gwdg.de/georoc/), we attempt to capture
the relationships between major elements and radiogenic isotopes in
OIBs. We report global trends between the major element concentrations and radiogenic isotope compositions in OIB lavas, and show that
the isotopically extreme lavas have distinct major element compositions. The identiﬁcation of distinct major element compositions for
the isotopically extreme lavas places important constraints on the
heterogeneity of the mantle source and/or the melting process
associated with the various mantle end members. Utilizing data
from partial melting experiments from the literature, we identify
potential source rock characteristics of HIMU, EM1, EM2, and tholeiitic
lavas. Providing major element identities for the mantle end members
gives hope that geophysicists (who often rely on lithological
characteristics of the mantle) and trace element/isotope geochemists
may together unravel the complex history of the Earth's dynamic
mantle.
2. Methods and observations
2.1. Data selection and methods for data ﬁltering
The data used in this study were obtained from the GEOROC
database (access date: December 28, 2007). Owing to their importance in characterizing the EM2 end member, data from Jackson et al.
(2007) are also included. Only silicate, shield-stage lavas erupted in
OIB settings were considered in this study. We excluded ultramaﬁc,
intrusive, and carbonatite lavas. Oceanic plateaus (e.g., Ontong Java,
Manihiki, etc.) and ridges (e.g., Cocos, Ninety-east, etc.) are not
considered. Only lavas with Sr and Pb isotopes and major elements
measured on the same sample are considered. 87Sr/86Sr and 143Nd/
144
Nd isotopes provide similar information (owing to the rough
global correlation between 87Sr/86Sr and 143Nd/144Nd), and thus

143
Nd/144Nd is not used as a discriminant in this study. Lavas with
totals b97 or N102 wt.% (calculated on a dry basis) are not considered,
and lavas with volatile contents N3 wt.% are eliminated. In order to
minimize the effects of crystal fractionation and to avoid cumulates,
we consider only lavas with 8 ≤ MgO ≤ 16 wt.%. All Fe is reported as FeO
(FeOTotal or FeOT), and major element contents are reported after
renormalization to 100 wt.%. Following these ﬁltering steps, hotspots
with fewer than 7 samples remaining are not considered to have a
representative population and are excluded (e.g., Juan Fernandez,
Easter, Trindade, Tristan, Louisville, Fernando de Noronha, Gough,
Peter I, Revillagigedo, etc. have only 4 samples or less after ﬁltering).
The lavas that are considered in this study, including pertinent
metadata and geochemical data, are provided in Supplementary
Table 1. In all, 659 lava samples from 18 hotspots are explored in this
study.

2.2. Major element and isotopic variation
The Sr and Pb radiogenic isotope compositions of the 659 lavas are
shown in Supplementary Fig. 1. The hotspots are divided into 3 groups,
based on their radiogenic isotopes characteristics: hotspots that host a
HIMU component (radiogenic 206Pb/204Pb and unradiogenic 87Sr/86Sr:
black symbols), hotspots that host an EM component (EM1 and EM2,
with moderate and very radiogenic 87Sr/86Sr, respectively: grey
symbols), and high melt ﬂux hotspots that erupt primarily tholeiitic
lavas including Hawaii, Iceland and Galapagos (which exhibit mostly
unradiogenic 87Sr/86Sr and 206Pb/204Pb: white symbols).
In Supplementary Fig. 2, Harker diagrams for the 659 lavas are
shown. Over the studied range of MgO concentrations (≥8 wt.% and
≤16 wt.%), the other major elements exhibit little variation. In detail,
however, Al2O3, TiO2, Na2O and (possibly) SiO2 increase and CaO/Al2O3
decreases slightly with decreasing MgO contents, owing to fractionation of olivine and clinopyroxene, respectively, from the primary
melts. Following Dasgupta et al. (2007), we argue that crystal
fractionation is not the primary factor controlling the major element
variation of OIBs when a narrow window of high and near primary
MgO (e.g., Hawaii: 16 wt.% MgO, Norman and Garcia, 1999; Cape
Verde: N11.5 wt.% MgO, Holm et al., 2006) is chosen. This is because
the variability of Al2O3, TiO2, and SiO2 concentrations between island
groups is larger than what can be produced by fractionation along an
olivine control line over the narrow range of MgO considered
(Dasgupta et al., 2007; Supplementary Fig. 2). In general, at a given
MgO concentration, lavas with a HIMU component have somewhat
higher FeOT, CaO, CaO/Al2O3 and lower SiO2 and Al2O3 than EM
hotspot lavas and lavas from the high magma ﬂux tholeiitic hotspots.
However, hotspot lavas with an EM or HIMU component are similar in
that they are generally alkalic and tend to have higher concentrations
of the most incompatible major elements (TiO2, K2O and Na2O) than
the high magma ﬂux tholeiitic hotspots.
In Fig. 1 and Supplementary Fig. 3, 206Pb/204Pb isotope ratios are
plotted against major element concentrations and ratios for all 659
lavas. A broad, positive trend exists between 206Pb/204Pb and CaO/
Al2O3, and a negative trend is observed between 206Pb/204Pb and SiO2.
FeOT, TiO2 and Al2O3 show little correlation with Pb-isotopes, but
there are hints that HIMU lavas have higher FeOT and TiO2 and lower
Al2O3 than hotspot lavas without a HIMU component. CaO shows no
clear global trends with Pb-isotopes: In a plot of CaO vs 206Pb/204Pb,
MORB falls off the global OIB array, and near-ridge hotspots also trend
off the OIB array toward MORB. In general, there is signiﬁcant scatter
in the global trends when data for all 659 lavas are plotted.
In comparison, when the geochemical data are averaged on a
hotspot basis, the proverbial forest emerges through the trees, and
relationships between major elements and isotopes in the global OIB
dataset become clear. Using the 659 lavas provided in Supplementary
Table 1, the average major element and isotope compositions are
calculated (without olivine fractionation correction) for each hotspot
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Fig. 1. The major element compositions vs the Pb-isotope compositions for the 659 OIB samples explored in this study (see Supplementary Table 1 for lava compositions). All lavas
have Sr and Pb isotopes and major elements measured on the same sample, and the same set of 659 lavas are plotted (individually or as part of bulk hotspot averages) in all of the
ﬁgures presented here (except Supplementary Fig. 5, which shows lavas with higher and lower MgO than considered in this study). The lavas are the freshest, least evolved (8 wt.% ≤
MgO ≤ 16 wt.%) samples from each hotspot. In this ﬁgure, major elements are not corrected for olivine fractionation, as such a correction does little to improve the correlation between
major element and isotopes (see Fig. 2 and caption). OIBs with a strong HIMU component (i.e., high 206Pb/204Pb) clearly have lower SiO2 and higher CaO/Al2O3.

and are given in Table 1 and plotted in Fig. 2 and Supplementary Fig. 4.
Again, SiO2 and CaO/Al2O3 exhibit clear trends with 206Pb/204Pb,
where OIB lavas with a HIMU component exhibit the lowest SiO2
concentrations and the highest CaO/Al2O3 ratios. TiO2, Al2O3 and FeOT
also reveal rough correlations with 206Pb/204Pb that are clearer in
Supplementary Fig. 4.
In order to test whether olivine fractionation affects the trends
between major elements and isotopes, the 659 lavas considered in this
study (≥8 wt.% and ≤16 wt.%) are corrected to be in equilibrium with
an olivine composition of Fo90 by adding or subtracting 0.1% equilibrium olivine, following Huang and Frey (2003) (assuming that 10% of
the total iron is Fe3+, and assuming a constant (Fe2+/Mg)olivine/(Fe2+/
Mg)melt = 0.3; Roeder and Emslie, 1970). While the absolute major
element concentrations are changed by olivine fractionation correction (Supplementary Table 2), trends between major elements and
isotopes are changed very little (Fig. 2. and Supplementary Fig. 4).
Some lavas with MgO contents between 8 and 10 wt.% MgO have
low CaO/Al2O3 ratios, suggesting that they have experienced clinopyroxene fractionation. To test how clinopyroxene fractionation
affects the correlations between major elements and isotopes, we
consider only lavas with MgO N 10 wt.% and assume that these lavas
have suffered a little or no clinopyroxene fractionation. The olivine

fractionation corrected compositions of these higher-MgO lavas are
provided in Table 2. This higher-MgO subset of OIB lavas still exhibits
correlations with Pb-isotopes (Fig. 2 and Supplementary Fig. 4),
suggesting that the correlations between major elements and isotopes
are not caused by clinopyroxene fractionation. This is reminiscent of
the observations made by Hauri (1996) for the correlations between
isotope ratios and major element concentrations in the Hawaiian
shield building lavas, where crystal fractionation correction did little
to improve the correlations.
In Fig. 3, K2O and K2O/TiO2 are plotted against 87Sr/86Sr for the
averaged OIB compositions. The trends reveal that, like 87Sr/86Sr, K2O
concentrations and K2O/TiO2 ratios can be useful as indicators of
enrichment in OIBs: lavas with EM components show higher K2O and
K2O/TiO2 than MORB, and HIMU lavas exhibit intermediate K2O and
K2O/TiO2. These trends exist irrespective of whether corrections are
made for crystal fractionation.
Averaging geochemical data for a particular hotspot obscures
isotopic and major element variability that may exist within an
individual hotspot, and there may be local trends between major
elements and isotopes that are superimposed on the global trends that
are discussed here. For example, Cape Verde has the highest CaO/
Al2O3 and CaO (among OIBs), the lowest SiO2, but not the highest FeOT
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n

Mg#

87

206

Cook-Australs
St. Helena
Cape Verde
Cameroon
Canary
Madeira
Selvagen
Comoros
Azores
Samoa
Societies
Marquesas
Mascarene
Kerguelen-Heard
Pitcairn-Gambier
Galapagos
Hawaii
Iceland

30
11
58
16
56
28
7
12
36
38
18
14
38
38
7
28
146
78

65.7 (8)
61.6 (11)
65.1 (6)
61.4 (12)
64.7 (5)
63.3 (6)
64.7 (5)
64.4 (9)
65.2 (7)
63.8 (6)
64.2 (10)
62.8 (7)
63.2 (5)
64.4 (6)
65.4 (15)
68.6 (8)
65.6 (4)
66.9 (6)

0.703323 (114)
0.702863 (14)
0.703223 (28)
0.703365 (27)
0.703165 (17)
0.702950 (39)
0.703081 (21)
0.703639 (77)
0.703969 (87)
0.705588 (281)
0.704683 (141)
0.703988 (162)
0.703874 (31)
0.705154 (74)
0.704540 (136)
0.703123 (53)
0.703697 (18)
0.703126 (15)

10
7
6
NA

64.8 (9)
66.4 (18)
66.1 (16)
70.6

0.702817 (12)
0.708443 (938)
0.704642 (106)
0.70227

HIMU
EM2
EM1
MORB

Sr/86Sr

Pb/204Pb

207

Pb/204Pb

208

20.228 (166)
20.640 (53)
19.492 (38)
19.138 (106)
19.495 (37)
19.349 (52)
19.411 (24)
19.458 (81)
19.628 (34)
19.210 (27)
19.073 (19)
19.305 (80)
18.831 (27)
18.270 (26)
17.866 (64)
19.077 (97)
18.344 (18)
18.419 (38)

15.690 (14)
15.761 (9)
15.593 (4)
15.621 (7)
15.584 (6)
15.543 (4)
15.571 (3)
15.585 (10)
15.637 (10)
15.604 (3)
15.581 (7)
15.579 (7)
15.581 (3)
15.546 (4)
15.498 (4)
15.569 (9)
15.469 (2)
15.458 (5)

21.199 (75)
19.149 (48)
17.826 (59)
18.390

15.767 (9)
15.623 (7)
15.496 (4)
15.506

Pb/204Pb

SiO2
(wt.%)

TiO2
(wt.%)

Al2O3
(wt.%)

FeOT
(wt.%)

MnO
(wt.%)

MgO
(wt.%)

CaO
(wt.%)

Na2O
(wt.%)

K2O
(wt.%)

P2O5
(wt.%)

39.743 (108)
39.963 (44)
39.137 (32)
39.053 (96)
39.234 (36)
39.105 (90)
39.229 (33)
39.401 (80)
39.478 (71)
39.408 (41)
38.795 (33)
39.115 (58)
38.896 (36)
38.770 (36)
38.837 (33)
38.716 (107)
38.013 (12)
38.048 (37)

44.28 (32)
45.91 (31)
41.79 (31)
44.36 (44)
45.84 (37)
44.94 (25)
45.72 (58)
46.55 (34)
46.96 (18)
47.06 (26)
46.11 (44)
47.17 (43)
46.18 (19)
47.23 (27)
49.03 (54)
47.59 (19)
49.97 (11)
48.31 (9)

2.89 (11)
2.90 (10)
4.07 (12)
3.25 (8)
3.21 (9)
2.83 (7)
2.46 (6)
2.33 (6)
3.11 (8)
3.24 (9)
3.35 (8)
3.35 (17)
2.13 (8)
2.54 (15)
2.94 (11)
1.55 (8)
2.27 (3)
1.22 (6)

12.03 (19)
13.73 (27)
12.11 (16)
12.37 (29)
12.22 (19)
13.81 (19)
13.56 (17)
12.71 (29)
13.42 (23)
12.28 (18)
12.44 (27)
12.89 (27)
14.00 (16)
13.37 (27)
13.99 (34)
15.49 (19)
12.53 (8)
15.20 (10)

12.53 (12)
12.22 (24)
12.16 (9)
13.50 (28)
12.05 (14)
12.17 (10)
11.63 (27)
12.06 (18)
10.71 (13)
11.65 (17)
11.90 (18)
12.03 (17)
12.52 (16)
11.88 (12)
10.86 (13)
9.93 (13)
11.35 (5)
10.26 (12)

0.19 (nil)
0.19 (nil)
0.19 (nil)
0.19 (nil)
0.18 (nil)
0.19 (nil)
0.20 (1)
0.19 (nil)
0.16 (nil)
0.18 (nil)
0.15 (2)
0.17 (1)
0.17 (nil)
0.18 (nil)
0.15 (nil)
0.18 (nil)
0.18 (nil)
0.18 (nil)

12.11 (37)
9.89 (42)
11.44 (27)
10.82 (63)
11.17 (25)
10.58 (25)
10.77 (19)
11.04 (50)
10.13 (30)
10.35 (30)
10.79 (57)
10.26 (34)
10.87 (21)
10.85(31)
10.37 (90)
10.96 (30)
10.95 (20)
10.45 (23)

11.88 (24)
11.30 (18)
13.10 (21)
10.56 (24)
10.86 (16)
11.07 (13)
10.78 (18)
10.75 (14)
10.86 (16)
11.25 (23)
10.38 (26)
9.82 (26)
10.54 (11)
9.78 (15)
8.03 (32)
11.06 (15)
10.06 (8)
12.15 (9)

2.65 (13)
2.47 (7)
3.10 (10)
2.84 (9)
2.86 (10)
2.79 (8)
3.26 (19)
2.95 (10)
2.75 (8)
2.44 (6)
2.73 (9)
2.63 (11)
2.66 (5)
2.53 (8)
3.05 (4)
2.60 (6)
2.11 (2)
1.90 (4)

0.90 (7)
0.92 (3)
1.23 (7)
1.18 (10)
1.04 (5)
0.94 (6)
0.94 (7)
1.02 (7)
1.40 (7)
1.16 (9)
1.62 (10)
1.22 (12)
0.63 (5)
1.23 (12)
1.10 (12)
0.42 (6)
0.34 (1)
0.21 (3)

0.54 (5)
0.47 (2)
0.81 (4)
0.92 (5)
0.57 (3)
0.68 (6)
0.69 (4)
0.41 (2)
0.50 (2)
0.40 (2)
0.53 (3)
0.46 (4)
0.29 (2)
0.41 (4)
0.48 (3)
0.22 (3)
0.23 (nil)
0.13 (1)

40.382 (39)
39.491 (71)
38.855 (33)
38.029

43.64 (49)
48.33 (67)
49.03 (64)
49.54

2.68 (5)
2.97 (19)
2.97 (13)
0.90

11.66 (33)
12.29 (48)
13.81 (33)
16.76

12.98 (13)
10.68 (34)
10.89 (15)
8.06

0.21 (nil)
0.17 (nil)
0.15 (nil)
0.14

12.04 (56)
10.66 (104)
10.73 (98)
9.75

12.55 (29)
10.62 (51)
7.80 (26)
12.52

2.95 (24)
2.32 (14)
3.04 (4)
2.18

0.78 (6)
1.62 (28)
1.12 (14)
0.07

0.51 (5)
0.35 (3)
0.47 (3)
0.01

Reported major element compositions are averages based on the entire range of compositions between 8 and 16 wt.% MgO and are not subsequently corrected for olivine fractionation.
Errors in parentheses are standard error of the mean (σM =σ/√n), where σ and n are 1 standard deviation and number of samples averaged, as given in the second column, respectively. The errors are reported as least digits cited: 44.28 (32) wt.% is read
as 44.28 ± 0.32 wt.%. Reporting the standard error of the mean as “nil” indicates that the error is below the signiﬁcant ﬁgures reported for the hotspot average. Data used in constructing averages can be found in Supplementary Table 1.
†All lavas that are used to construct the average hotspot compositions reported in the table have Sr and Pb isotopes and major elements measured on the same sample (except the MORB estimate). Mg# = molar ratio of MgO/(MgO + 0.9 ⁎ FeO)
The endmember major element compositions were calculated in the following way:
HIMU — after applying the ﬁltering methods provided in the methods and observations section, there remain ten lavas with 206Pb/204Pb N 21 from the Cook-Australs. These ten lavas (samples K109, TBA-B-16, M11, RVV-316,
TBA-B-23, TBA-B-3, RVV-321, 5434, 5436 and M2 from Supplementary Table 1) are used to calculate the mean lava composition.
EM2 — after applying the ﬁltering methods outlined in the main text, there are seven lavas (samples ALIA128-21, ALIA115-03, ALIA128-01, AVON3-77-9, AVON3-76-9, AVON3-73-12, and ALIA128-17 from the Supplementary Table 1) from the
Samoan hotspot with 87Sr/86Sr N 0.706. These lavas are used to calculate an average lava composition.
EM1 — after applying the ﬁltering steps outlined in the main text, six samples (49DS-1, 47DS-8, 51DS-2, 51DS-1, 51DS-7, and Pit89-1 from Supplementary Table 1) from the Pitcairn hotspot have 87Sr/86Sr N 0.704. These lavas are used to calculate
the average lava composition for this end member.
MORB — the isotopic composition for MORB is from Su (2003), and is derived using data from normal segments only. Following Workman and Hart (2005), the major element composition for MORB is an estimated primary composition using
average glass compositions from Presnall and Hoover (1987).
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Fig. 2. The average Pb-isotope vs major element compositions for each of the 18 hotspots is shown, revealing the “forest” (global trends) through the “trees” (the 659 data points
shown in Fig. 1 and Supplementary Figs. 1–3). Data symbols are the same as Fig. 1. Panels (a) and (d) utilize the 659 OIB lavas examined in this study (see Supplementary Table 1), and
the average composition for each OIB and the mantle end members is not corrected for crystal fractionation (see Table 1 for compositions). Panels (b) and (e) use the same 659 lavas,
but the lavas are olivine fractionation corrected (see text for correction scheme; see Supplementary Table 2 for compositions). Panels (c) and (f) use a subset of the 659 lavas that have
10 wt.% ≤ MgO ≤ 16 wt.% that are also corrected for olivine fractionation (see Table 2 for compositions). Note that (d) and (e) are virtually identical, as olivine fractionation correction
does not affect CaO/Al2O3 ratios. Error bars are ±1σ standard error of the mean composition for each hotspot. The MORB composition is given in Table 1, is the same in all panels, and is
not olivine fractionation corrected. The relationships between Pb-isotopes and major elements demonstrate that the lavas from the different mantle end members have distinct
major element compositions. The quality of the correlations are little affected by olivine or clinopyroxene fractionation.

and 206Pb/204Pb. Similarly, Cameroon Line has the highest mean FeOT
although it has moderately radiogenic Pb isotopes. St. Helena, on the
other hand, has moderate CaO/Al2O3, SiO2, and FeOT, even though its
206
Pb/204Pb is classically HIMU. Many of these regional trends are
clearly visible in Fig. 1 and Supplementary Fig. 3, where the data are
not averaged. However, the goal of this study is to look beyond local
geochemical trends at any individual hotspot and estimate, in the
broadest sense, the global major element variability in lavas from
different hotspots and use the lava compositions to place constraints
on the lithologic characteristics of the mantle sources of the end
members.
3. Discussion
3.1. Identifying the major element compositions of mantle end member
lavas
The Samoa, Pitcairn, and the Cook-Australs hotspots have the
strongest signals for the mantle end members, EM2, EM1, and HIMU,
respectively. In order to generate an average lava major element
composition for each of the mantle end members, 6–10 of the most
isotopically extreme lavas are selected (from the ﬁltered dataset of 659
lavas in Supplementary Table 1) from each of the three hotspots. The
lavas contributing to the average end member compositions were
selected on the basis of their Sr and Pb isotope compositions only, and
the average major element and isotopic compositions of the mantle

end member are given in Tables 1 and 2. A similar method was used by
Hart and Gaetani (2006) to deﬁne the trace element budgets of the
mantle end members, and we ﬁnd that this method also works well
for deﬁning their major element budgets. It is possible that the
radiogenic isotope compositions of the true mantle “end members”
are yet to be sampled, and if that is the case, our estimates for their
major element compositions also might not capture true (as-yetundiscovered) “end member” compositions. However, we believe that
our approach provides the best possible way to characterize the major
element compositions of the end members represented by the
existing data.
In order to deﬁne the major element budget of the average EM2
lava, we turn to the Samoan hotspot, which exhibits the highest 87Sr/
86
Sr in the global OIB dataset and hosts the archetypal EM2 signature.
However, Samoan lavas host a large range of 87Sr/86Sr ratios. In order
to evaluate the major element budgets of the lavas with the most
radiogenic Sr-isotopes (i.e., strongest EM2 signature), the 7 Samoan
lavas in Supplementary Table 1 with 87Sr/86Sr N 0.706 are averaged,
and the average composition is reported in Table 1. Similarly, the CookAustrals exhibit the strongest HIMU signal (deﬁned by the most
radiogenic Pb-isotopes) in the global OIB dataset. In order to evaluate
the major element budgets of these lavas, the major element and
isotope data for 10 Cook-Australs samples with 206Pb/204Pb N21 are
averaged (see Table 1). The major element composition of the average
EM1 end member lava is deﬁned using lavas from Pitcairn, which
shows the strongest EM1 signature (low 206Pb/204Pb and high 87Sr/
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This table reports compositions based on lavas that have initial MgO contents between 10 and 16 wt.% (all lavas used in constructing the average compositions in this table are reported individually in Supplementary Table 1). The lavas in this table
have been corrected along olivine control lines to be in equilibrium with Fo90. The MORB composition is uncorrected for crystal fractionation. Thus, the Mg# for the olivine corrected OIBs and end members is 73.0, except for MORB, which is 70.6.
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Sr). Thus, the major element and radiogenic isotope compositions of
six lavas from Pitcairn with 87Sr/86Sr N0.704 in Supplementary Table 1
are averaged and compositions are given in Table 1. The olivine
fractionation corrected compositions of the end member lavas (8 wt.
% ≤ MgO ≤ 16 wt.%) are given in Supplementary Table 2. Table 2
provides the olivine fractionation corrected end member lava
compositions for lavas with high MgO (10–16 wt.%).
In Fig. 4, the melts of the mantle end members can be resolved
from each other using major elements alone. We take advantage of the
fact that the mantle end member lavas are clearly resolved in 87Sr/86Sr
vs 206Pb/204Pb isotope space (Zindler and Hart, 1986; Hofmann, 1997),
and that certain major elements and their ratios (SiO2, FeOT and CaO/
Al2O3) show correlations with Pb-isotopes and others (K2O and K2O/
TiO2) show correlations with Sr-isotopes. Therefore, these major
elements (and major element ratios) can be used as proxies for 206Pb/
204
Pb and 87Sr/86Sr, respectively. We ﬁnd that in a plot of CaO/Al2O3
(proxy for Pb-isotopes) vs K2O/TiO2 (proxy for Sr-isotopes), the mantle
end members are clearly resolved from each other (Fig. 4). The lavas
from the Cook-Australs (HIMU), Samoa (EM2) and Pitcairn (EM1) that
have extreme isotopic compositions also have extreme major element
compositions. The average major element compositions for the 18
hotspots plot within the area deﬁned by the mantle end members. In
Fig. 4, CaO/Al2O3 and FeOT also show strong negative correlations with
SiO2. While the mantle end members are not as well resolved in the
plot of FeOT vs SiO2, they are well resolved in the plot of CaO/Al2O3 vs
SiO2. The correlations between CaO/Al2O3, FeOT, and SiO2 in the
hotspot lavas are useful for identifying possible lithological and/or
volatile heterogeneity in their mantle sources (see Sections 3.2 and 3.3
below).

3.2. Correlation between major elements and isotopes: Mantle source
heterogeneity or variable melting process?
3.2.1. Is the major element variability a crustal or mantle lithosphere
signature?
The correlations between major elements and isotopes cannot be
explained by shallow-level processes such as alteration, crystal
fractionation, melt–rock reaction in the shallow mantle, or crustal
assimilation. First, lavas with low totals (potentially resulting from
high volatile contents) and high volatile contents were eliminated
from the dataset, thus precluding the incorporation of severely altered
samples. Second, we have shown that crystal fractionation correction
does not affect the observed major element-isotope correlations.
Additionally, MgO concentrations do not correlate with isotopes in the
average hotspot lava compositions examined in this study, so
assimilation of crust can be ruled out as a mechanism contributing
to the correlations between other major elements and isotopes.
Additionally, the global OIB trend shows a negative slope in a plot
of SiO2 vs CaO/Al2O3 (Fig. 4), and this slope is nearly perpendicular to
the trend of melt–rock reaction resulting from the interaction
between melts and the mantle lithosphere (where olivine is
precipitated from the melt and pyroxene is dissolved from the mantle
lithosphere into the melt; Kelemen et al., 1998). Along with increasing
melt SiO2, melt–rock reaction with the shallow mantle also increases
melt CaO/Al2O3. While the effects of shallow mantle melt–rock
reaction are likely superimposed on the chemistry of each lava
examined in this study, the lack of agreement between the OIB trend
and the major element trajectory for melt–rock reaction argues that
melt compositional variability resulting from heterogeneous mantle
source compositions is a more important factor in generating the
correlations in Figs. 1–3.
3.2.2. Major element trends: Purely melt process-driven, or is there a role
for source heterogeneity?
The mantle end members have distinct radiogenic isotope
compositions (Zindler and Hart, 1986; Hofmann, 1997), and the
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Fig. 3. The average K2O and K2O/TiO2 and Sr-isotope composition for 18 hotspots, indicating that enriched Sr-isotope signatures are associated with enrichment in K2O and K2O/TiO2
(see Table 1 for the average compositions). Symbols and error bars are the same as used in Fig. 2. Olivine and clinopyroxene fractionation do not affect the quality of the correlations
over the range of MgO (8 wt.% ≤ MgO ≤ 16 wt.%) considered in this ﬁgure.

radiogenic isotopes reﬂect their mantle sources and are not affected
by mantle melting processes. We have shown that the isotopicallydeﬁned mantle end member lavas have distinct major element
compositions. However, major element compositions, unlike isotope
ratios, can be affected by partial melting conditions. Nonetheless, the
correlations between major elements and isotopes reported in this
study require that the mantle sources of the OIBs are lithologically
heterogeneous and/or host heterogenous volatile concentrations.1
In order to constrain the composition of the OIB sources, it is
necessary to distinguish between contributions from mantle source
composition variation and melting process variation. While the
mantle end members exhibit different major element compositions
that must, in part, result from a heterogeneous mantle (i.e., variable
lithology and/or volatile budgets), it is not trivial to deconvolve the
effects of mantle heterogeneity from differences in melting processes
(variable degree, depth and temperature of melting) that operate at
each hotspot. It is beyond the scope of this present communication to
provide a full analysis of the major element systematics of oceanic
basalts. However, in this section, we point out some of the trade-offs in
deciphering the source compositions of various end member island
groups. We compare the major element characteristics of the OIB lavas
with the literature data for experimental partial melt compositions of
possible mantle lithologies.
In Fig. 4, the global OIB trends exhibit negative correlations
between SiO2 vs FeOT and between SiO2 and CaO/Al2O3. A negative
correlation between CaO/Al2O3 and SiO2 can be generated by differences in mean pressure of melting of a homogeneous volatile-free
peridotitic source: Higher pressures of melting give rise to higher CaO/
Al2O3 and lower SiO2 (Hirose and Kushiro, 1993; Kushiro, 1996; Walter,
1998). Similarly, a negative correlation between FeOT and SiO2 can
also be explained by variable depths of melting of a volatile-free,
homogeneous peridotite source: Higher FeOT and lower SiO2 concentrations are generated with increasing pressure of melting (e.g., Hirose
and Kushiro, 1993; Walter, 1998). If the difference in the depth of
melting of a homogeneous, volatile-free peridotite source was the
primary factor controlling the global correlation between CaO/Al2O3 vs
SiO2 and FeOT vs SiO2, then we would expect the deepest onset of
melting or mantle–melt equilibration beneath the islands with the
lowest SiO2 and highest FeOT and CaO/Al2O3. Conversely, islands with

1
We note that the major element-isotope correlations do not necessarily require
lithological heterogeneity in the OIB mantle. However, the correlations do require that
a component of the mantle source exhibits heterogeneity, and that this component is
sufﬁciently abundant to affect the bulk major element chemistry of mantle melts.
While such a component can be a major element, and thus potentially affect the
lithology of the source, it might be a trace volatile component (e.g., H2O or CO2) that is
sufﬁciently abundant to inﬂuence melt compositions.

the highest SiO2 and lowest FeOT and CaO/Al2O3 would be expected to
result from shallowest melt–mantle equilibration. Thus, if derived
from a homogeneous peridotite source, the low SiO2, high FeOT and
CaO/Al2O3 lavas must (a) come from below a thick lithosphere or (b) be
associated with a greater volume of magma production, owing to
deeper initiation of silicate melting. Examination of the hotspots that
anchor both ends of the global OIB arrays between FeOT vs SiO2 and
CaO/Al2O3 vs SiO2 can help evaluate whether their major element
difference result from melting of homogeneous peridotite. The alkalic
HIMU hotspots (Cook-Australs and St. Helena), which exhibit low SiO2
and high FeOT and CaO/Al2O3, produce much smaller magma ﬂuxes
than the predominantly tholeiitic (high SiO2 and FeOT) ocean island of
Hawaii (Sleep, 1990; Phipps Morgan, 1997). This is true in spite of the
fact that the Paciﬁc lithosphere under the Cook-Australs is younger
(and therefore likely thinner) than under Hawaii. Thus, a difference in
mantle potential temperature, and hence a difference in the initial
depth of peridotite melting (or a difference in lithospheric thicknesses
and hence a difference in the mean depth of equilibration) in an
upwelling mantle, cannot be the sole cause for the global trends
between FeOT vs SiO2 and CaO/Al2O3 vs SiO2. Instead, variation in the
source lithology and/or the inﬂuence of volatiles must contribute
towards the global trends. This result is in agreement with the
correlations between major elements and isotopes, which also require
lithological and/or volatile heterogeneity in the mantle sources of
OIBs.
3.3. Mantle sources of the OIBs
In this section we compare major element compositions of
experimentally generated partial melts of various mantle lithologies
with the end member lava compositions deﬁned here. A summary of
the possible mantle sources for the different classes of OIBs can be
found in Table 3, and these sources are discussed at length in the
following sections. For the sake of better comparison between natural
and experimental compositions, we corrected the lava compositions
from our compilation to be in equilibrium with Fo90. Furthermore, in
order to minimize the effect of clinopyroxene fractionation on melt
compositions, we do not consider lavas with MgO b10 wt.%.
3.3.1. Source of HIMU-type lavas
At a given MgO concentration, the HIMU lavas have too little SiO2
and Al2O3, and too much TiO2, FeOT, CaO, and CaO/Al2O3 to be derived
from volatile-free peridotite (Kogiso et al., 2003; Dasgupta et al., 2006;
Prytulak and Elliott, 2007). CMAS projections (O'Hara, 1968) also
reveal that, in comparison to partial melts of volatile-free peridotite,
the alkalic HIMU lavas show a greater extent of silica undersaturation.
While the compositional constraints on the low-degree (b 10 wt.%)
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Fig. 4. The average major element compositions for each of the 18 hotspots are shown
for CaO/Al2O3 vs K2O/TiO2 (top panel), SiO2 vs FeOT (middle panel), and SiO2 vs CaO/
Al2O3 (bottom panel). All compositions plotted in this ﬁgure are from Table 2, use only
those lavas that have 10 wt.% b MgO b 16 wt.%, and were fractionation corrected to be in
equilibrium with olivine of Fo90 composition (except MORB, which is not corrected for
olivine fractionation). The plotted compositions are found in Table 2. Error bars and
symbols are the same as Figs. 2 and 3. The model trajectories demonstrate how the
precipitation of olivine and the concomitant dissolution of clinopyroxene (cpx) during
melt–rock reaction in the shallow upper mantle fail to explain the global OIB trend (the
olivine and clinopyroxene vectors are approximate, and apply only to the compositional
range shown in the ﬁgure). The plot of K2O/TiO2 (which correlates with 87Sr/86Sr) vs
CaO/Al2O3 (which correlates with 206Pb/204Pb) reveals that the mantle end members are
well resolved using major elements alone, and that the average major element compositions for each hotspot plot inside the region deﬁned by the mantle end members.

partial melts of garnet lherzolite are lacking, extrapolation of present
parameterizations based on melt fraction vs compositions (Walter,
1998; Herzberg, 2006) at high degrees of melting suggests that the
near-solidus partial melts of volatile-free garnet peridotite are
unlikely to be sufﬁciently rich in CaO and poor in SiO2 to match the
HIMU lavas. However, the composition of low-degree partial melt of
garnet peridotite is needed to test this hypothesis.
A role for silica-deﬁcient garnet pyroxenite or eclogite has recently
been argued to explain the major element composition of HIMU lavas
(Hirschmann et al., 2003; Kogiso et al., 2003; Kogiso and Hirschmann,

2006). Silica-deﬁcient and bimineralic eclogites indeed produce
partial melts that closely match many features of HIMU alkalic OIBs,
including low SiO2 and Al2O3, and high TiO2, FeOT, CaO, Na2O, and CaO/
Al2O3. However, the MgO content of the bimineralic eclogite-derived
melts do not exceed 10–11 wt.%, even at extremely high extent of
melting (60–86%: Kogiso and Hirschmann, 2006), and the melts
derived from silica-deﬁcient eclogite remain high in Al2O3 and SiO2
compared to the undersaturated HIMU lavas (from Cook-Australs and
St. Helena). Although a silica-deﬁcient eclogitic source can provide a
component in the mantle source of some alkalic OIB lavas, it is unlikely
to be the sole component, and involvement of peridotite seem
necessary to explain the high MgO content of HIMU alkalic lavas
(Dasgupta et al., 2007).
While volatile-free peridotite and pure eclogite sources fail to
generate melts parental to silica-undersaturated, alkalic HIMU lavas,
the presence of CO2 in the mantle source may help generate the major
element characteristics of these lavas. The recent experiments and
parameterization of Dasgupta et al. (2007) conﬁrm that a fertile
peridotite source with low CO2 content can generate partial melts that
can evolve to match the HIMU-ﬂavored alkalic lavas in terms of their
SiO2, Al2O3, FeOT, CaO, Na2O, and CaO/Al2O3 (Supplementary Fig. 5).
Moreover, the observation that silica-poor OIBs globally have high
206
Pb/204Pb ratios (Figs. 1 and 2) can be reconciled if the source of CO2rich ﬂuid or melt in the HIMU mantle peridotite derives from recycled
carbonated crust (Hofmann and White, 1980; Chase, 1981; Hofmann
and White, 1982; Zindler et al., 1982), a component that may contain
high U/Pb (and Th/Pb) ratios and evolve radiogenic Pb-isotopes over
time. As a potential mechanism for producing the HIMU source,
Dasgupta et al. (2004) argued that the deeper solidi of recycled
carbonated ocean crust would be conducive to peridotite metasomatism by eclogite-derived carbonatitic ﬂuid (Dasgupta et al., 2006,
2007). The only major element component that cannot be matched by
carbonate melt metasomatism of peridotite source is TiO2 (Dasgupta
et al., 2007), and the high TiO2 concentrations of alkalic OIBs seem to
require contributions from silicate melt of a maﬁc source (Prytulak
and Elliott, 2007). However, CO2 not only causes generation of deep
carbonatitic metasomatic ﬂuid in eclogite, but also induces carbonated silicate melting of eclogite/pyroxenite (with high TiO2 in the
melt) well below the solidus of fertile peridotite (Dasgupta et al.,
2006). Thus, we suggest that the metasomatized peridotite source of
HIMU may be created by implantation of carbonatitic or carbonated
silicate melt derived from recycled oceanic crust. However, it is
unclear whether the recycled maﬁc component exists as a proximal
source lithology. It is equally possible that the required eclogitederived components were incorporated into the source peridotite,
enriched in CO2, TiO2 and FeOT. If so, an independent, maﬁc lithology
may not be required during proximal melting beneath a hotspot.
While both scenarios (1. eclogite and peridotite are independent
lithologies during shallow mantle melting or, 2. eclogite peridotite are
completely mixed together into a single peridotitic lithology before
the onset of shallow mantle melting) for the generation of HIMU lavas
suggest that a maﬁc component may exist in HIMU mantle source, the
latter scenario eliminates the need for an independent eclogite
lithology during upwelling and mantle melting beneath a hotspot.
3.3.2. Source of tholeiitic lavas from Hawaii, Galapagos, and Iceland
Iceland, Galapagos, and Hawaii represent the few hotspots that
erupt predominantly tholeiitic compositions. Among these hotspots,
Iceland and Galapagos clearly experienced shallow melting that
extends to pressures b2 GPa, owing to the thin lithosphere near a
ridge. The lower pressures of melt generation beneath Iceland and
Galapagos are indicated by their low Na2O/TiO2 ratios (~ 1.56 and ~1.68,
respectively), which are close to the range of values for MORB (1.82–
1.87; Su, 2003). Owing to the fact that the thermal divide in the Fo–
CaTs–Qtz ternary does not apply at pressures lower than 2 GPa (O'Hara,
1968; Kogiso et al., 2004), a predominantly peridotitic source can be
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Table 3
Plausible mantle source characteristics of different mantle reservoirs
Mantle reservoirs for

Source major elements enrichmentsa

Source CO2 enrichmentsb

Possible source lithologiesc

HIMU lavas
EM1 lavas
EM2 lavas

FeOT, TiO2
TiO2, K2O, K2O/TiO2
TiO2, K2O, K2O/TiO2

Likely
Possibly
Possibly

Hawaiian tholeiites

SiO2, FeOT

Unlikely

Lherzolite (+ CO2 ± silica-poor eclogite ± carbonated silica-deﬁcient eclogite)
Lherzolite (+ continental or marine sediment ± silica-poor eclogite ± CO2)
Lherzolite (+ continental or marine sediments±silica-poor eclogite ± CO2) or peridotite
metasomatized with trace melt
Lherzolite (+ MORB-like, silica-excess pyroxenite) or harzburgite

a

Possible major element and volatile enrichments are given with respect to that of fertile peridotite composition KLB-1.
CO2 enrichment is inferred largely from CaO concentrations and CaO/Al2O3 ratios in lavas: high CaO and CaO/Al2O3 suggest CO2 enrichment in the source, and low CaO and CaO/
Al2O3 suggest a lack of CO2 inﬂuence.
c
All of the end member and Hawaiian lavas require a lherzolite component in their sources, as pure eclogite sources will not generate lavas with sufﬁciently high MgO.
b

postulated for Iceland and Galapagos tholeiites. However, melt–mantle
equilibration at depths shallower than 2 GPa, and consequent absence of
the thermal divide constraint in the CMAS space (O'Hara and Yoder,
1967; O'Hara, 1968; Kogiso et al., 2004), does not rule out possible
contribution of a silica-excess eclogitic/pyroxenitic component to the
Iceland and Galapagos lavas. In fact, it has been argued, based on Ni
content and Mn/Fe of olivine phenocrysts, that Icelandic tholeiites also
include a component of recycled, silica-excess pyroxenitic source
(Sobolev et al., 2007). Our study does not exclude this proposition.
By comparison to Iceland and Galapagos, the Hawaiian lavas
explored in this study were erupted through thick lithosphere far from
any ocean ridges. The higher pressure of melt generation (and thus
greater compatibility of Na2O in clinopyroxene) in Hawaii is indicated
by a low mean Na2O/TiO2 ratio (~ 0.96). Thus, among hotspots erupting
predominantly tholeiitic lavas, Hawaii presents an important example
where the thermal divide in the Fo–CaTs–Qtz ternary may play a role
(Herzberg, 2006). The projection of Hawaiian shield stage tholeiites
into the ternary (Fig. 5) suggests that the mantle source of these lavas
may host a component of silica-excess eclogite/pyroxenite, a component that falls to the right of the thermal divide (O'Hara, 1968; Kogiso
et al., 2004). Furthermore, the mean FeOT content of Hawaiian tholeiites, at a given SiO2 content, is somewhat higher than the negative
trend observed between SiO2 and FeOT in OIBs globally (Fig. 4), and
this FeOT enrichment also supports a maﬁc component in the mantle
source.
The low Al2O3 content in Hawaiian tholeiites (which are lower at any
given MgO than typically generated by peridotite melting; Supplementary Fig. 5) is consistent with a silica-rich eclogite/pyroxenite in the
mantle source (Supplementary Fig. 5). However, hypersthene or quartznormative partial melts of silica-excess pyroxenite (e.g., MORB) are too

poor in MgO (b8 wt.% and Mg# of 30–58: Yaxley and Green, 1998;
Pertermann and Hirschmann, 2003; Spandler et al., 2008) to be parental
to the Hawaiian high-MgO tholeiites, and the involvement of a peridotitic component is required, either in the form of melt–melt mixing or by
melt–rock reaction (Sobolev et al., 2005, 2007). However, the correlation
between SiO2 and Os-isotopes in Hawaiian lavas (Hauri, 1996) rules out
appreciable reaction between unadulterated shallow mantle peridotite
and deeper partial melts of peridotite.
The silica-enrichment in Hawaiian tholeiites has been attributed to
shallow melt–rock reaction between deep lherzolites melts and the
shallow harzburgite mantle lithosphere (Wagner and Grove, 1998).
However, the positive correlation between SiO2 and Os-isotopes in
Hawaiian shield lavas (Hauri, 1996) argues for a mantle source control
on the silica content of these lavas: Shallow-level (b2 GPa) lithospheric melt–rock reaction would increase the silica concentrations of
the melts, but would also impart unradiogenic 187Os/188Os, thus
generating a negative correlation between SiO2 and Os-isotopes.
As an alternative to the silica-rich maﬁc component in the Hawaiian
mantle, it has been suggested that the low Al2O3 of tholeiitic OIB results
from partial melting of Al-depleted peridotite compositions, such as
harzburgite (Eggins, 1992; Wagner and Grove, 1998; Herzberg &
O'Hara, 2002). However, natural harzburgite residues are too depleted
in trace elements to give rise to enriched trace element signatures of
OIBs. Therefore, unless it is ﬁrst metasomatized by a trace elementenriched, low-degree melt, naturally-occurring harzburgite residues
cannot be a sole plausible source of Hawaiian tholeiites.
3.3.3. Source of EM1 and EM2-type lavas
CMAS projections of OIBs reveal that, like HIMU lavas, the end member EM-lavas are predominantly alkalic, as they fall above the Fo–An

Fig. 5. CMAS projection of O'Hara (1968) showing normative compositions of end member ocean island basalts in the pseudoternary system forsterite (Fo: Mg2SiO4)–Ca–Tschermaks
(CaTs: CaAl2SiO6)–quartz (Qtz: SiO2), projected from diopside [Di]. Only olivine fractionation corrected lavas with high MgO contents (10–16 wt.%) are plotted. Symbols are as in Fig. 1.
Also included for comparison is the average MORB composition provided in Table 2. The symbols of average end member compositions are the same as in Figs. 2–4. The plot shows
that the HIMU type OIBs are almost entirely ne-normative and show the highest degree of silica-undersaturation and cannot derive from any silica-excess (crustal) source that falls to
the right side of the thermal divide (CaTs–En join). The EM1 and EM2-ﬂavored OIBs are overall less silica-undersaturated than the HIMU-type OIBs but still are largely alkalic (i.e., they
fall above the Fo–An join) and fall to the silica-poor side of the thermal divide (CaTs–En join). In contrast to HIMU, EM1, and EM2 end member lavas, the Hawaiian shield building lavas
are tholeiitic and straddle the thermal divide. Thus, many Hawaiian lavas may incorporate a silica-excess component in their source.
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Fig. 6. Average fractionation corrected compositions of individual ocean islands and high pressure experimental partial melt compositions projected from diopside [Di] onto the
CaTs–Fo–Qtz plane. Data sources for experimental partial melts are the same as in Supplementary Fig. 5 and the symbols for island averages are the same as in Fig. 1. The distribution
and average composition of HIMU-type OIBs (Fig. 5 and this ﬁgure) indicate that they likely require a metasomatized source with CO2-bearing eclogite and/or peridotite. Major
element characteristics of HIMU OIBs may also partly derive from silica-deﬁcient and/or bimineralic eclogite sources. The mean primary EM lavas are overall less silica-deﬁcient than
HIMU lavas, but still plot to the silica-poor side of the thermal divide. Predominantly tholeiitic Hawaiian lavas fall to the right of the thermal divide (CaTs–En join), and thus likely host
contributions from a silica-excess crustal component (such as recycled MORB-like ocean crust) in their mantle sources.

join. Additionally, EM lavas (with a single exception) fall to the silicapoor side of the En–CaTs join in the Fo–Qtz–CaTs pseudoternary
(Figs. 5 and 6). This indicates that generation of the EM lavas involves
a mantle source component that falls to the silica-poor side of the
thermal divide (Figs. 5 and 6). Thus, a peridotitic source would be
appropriate for generating their major element characteristics.
Alternatively, the silica-poor EM lavas (Fig. 5) might also be
explained by a component of silica-deﬁcient pyroxenite similar to
Mix1G (Hirschmann et al., 2003; Kogiso et al., 2003) in the mantle
source, or they might also originate from a peridotitic or eclogitic
mantle source that has experienced a small degree of CO2-rich melt
metasomatism. If so, the higher CaO and CaO/Al2O3 of EM2 lavas, as
compared to EM1 lavas, may suggest a greater proportion of CO2-rich
ﬂuid for the former OIB type. However, unlike the case for HIMU OIBs,
the major element data, including Ca-enrichment in EM lavas, is not
sufﬁciently strong to require CO2-metasomatism.
The elevated K2O, K2O/TiO2 and 87Sr/86Sr in EM lavas are consistent
with their mantle sources hosting a component of recycled marine
sediments or continental crustal material, as previously suggested
(Hawkesworth et al., 1979; White and Hofmann, 1982; Cohen and
O'Nions, 1982; Allegre and Turcotte, 1985; Woodhead and McCulloch,
1989; Weaver, 1991; Chauvel et al., 1992; Woodhead and Devey, 1993;
White and Duncan, 1996; Rehkämper and Hofmann, 1997; Lassiter and
Hauri, 1998; Eisele et al., 2002; Jackson et al., 2007). The incorporation
of recycled, incompatible element-enriched sediments or continental
crust (or even a similarly enriched metasomatic ﬂuid; Workman et al.,
2004) into a fertile peridotite source might explain the high K2O and
K2O/TiO2 observed in EM-type lavas. High K2O/TiO2 (and K2O) likely
reﬂects source enrichment, a hypothesis that is bolstered by the rough
global correlation between K2O/TiO2 (and K2O) and Sr-isotopes
(Fig. 3). The positive K-anomaly (on a primitive mantle normalized
basis) in sediments and upper continental crust (Plank and Langmuir,
1998; Rudnick and Gao, 2003) makes these two materials perfect
candidates for contributing to the K-enrichment in EM-type OIBs.
Consistent with observations using CMAS projections (Figs. 5 and 6),
the estimated quantity of sediment in the source of the most enriched

EM lavas (b7 wt.% e.g., Jackson et al., 2007) is insufﬁcient to move EM
lavas to the silica-rich side of the thermal divide.
4. Implications for the correlations between major elements and
isotopes in OIBs
The origin of the correlation between Pb-isotopes and major
elements on a global scale suggests that a large-scale mantle process is
at work. Furthermore, these correlations suggest that some major
element and/or volatile heterogeneity in the mantle is linked to longterm heterogeneity in the relevant parent–daughter ratios. Thus the
large-scale process driving the correlations between major elements
and isotopes must also be long-lived. If the global correlation between
Pb-isotopes and SiO2 in OIBs is driven by a large-scale mixing process
in the mantle, then it is important to understand the mantle source
compositions of SiO2-rich (e.g., tholeiitic lavas from Hawaii) and SiO2poor (e.g., HIMU lavas) end member lavas that anchor the global 206Pb/
204
Pb vs SiO2 array. The correlations between major elements and
206
Pb/204Pb may hint at what mantle materials have high, timeintegrated U/Pb. The origin of these materials may have important
implications for mantle dynamics.
Recycled oceanic crust is a commonly proposed contributor to the
HIMU mantle (Hofmann and White, 1980; Chase, 1981; Hofmann and
White, 1982; Zindler et al., 1982), a hypothesis that suggests that maﬁc
material injected into the mantle at subduction zones is recycled
through the mantle and erupted at hotspots. However, the global
trends observed in this study clearly indicate that HIMU cannot
comprise MORB-like oceanic crust as they are poorest in silica, unlike
the silica-rich partial melt generated from MORB-like pyroxenite at
high pressures. Thus, unmodiﬁed (silica-excess) oceanic crust cannot
be the source of high 206Pb/204Pb. On the other hand, the Hawaiian
tholeiites, which preserve the strongest evidence for a high silica
component similar to a MORB-like crust (e.g., Hauri, 1996) in their
source, do not have high 206Pb/204Pb. Perhaps a resolution to this
conﬂict may lie in the type of pyroxenite that is hosted in the mantle
sources of Hawaiian and HIMU lavas: the former may have a silica-rich
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pyroxenite (with a low time-integrated U/Pb), and the latter may host
a silica-deﬁcient pyroxenite (with a high time-integrated U/Pb), thus
placing them on opposite sides of the thermal divide. If subducted
crust generates a HIMU signature in the mantle, then the generation of
high U/Pb (e.g., Pb-loss from subducting crust during subduction; e.g.,
Kelley et al., 2005) is likely coupled to the process that drives the silica
down (e.g., loss of siliceous melt or hydrous ﬂuid during subduction)
(Hauri, 1996). However, there might be other processes that generate
HIMU and non-HIMU isotopic characteristics in various mantle
reservoirs, while also satisfying the major element criteria. Perhaps
subducted oceanic crust is not directly involved in the genesis of HIMU
lavas, and a CO2-rich melt/ﬂuid, with high U/Pb, is responsible for
HIMU lavas. Similarly, the proximal Hawaiian tholeiite source may not
also contain a discrete silica-excess pyroxenite, but instead may be a
product of silica-rich melt metasomatism. Together, these various
scenarios point towards the interplay between recycling and
metasomatism in the genesis of OIBs. While the true scenario is still
unknown, the correlations between major elements and radiogenic
isotopes may provide a clue.
The observed correlations between isotope and major elements
will be important in identifying the lithological nature of the isotopic
end members and heterogeneities in the mantle. Indeed, trace
element and isotopic descriptions of the various mantle reservoirs
will not permit geophysicists and seismologists to map out the
locations of the various mantle reservoirs. Based on the major element
compositions of the end member lavas and the mantle sources that
can generate them, future studies might be able to test whether the
possible major element variability of the mantle sources (e.g., FeO
enrichment) can be captured by geophysical/seismic techniques.
5. Conclusions
This study reports the ﬁrst data compilation demonstrating global
correlations between major elements and isotopes in oceanic basalts.
From this study, we draw the following conclusions:
1. The isotopic mantle end members can be resolved using major
elements alone. In a plot of K2O/TiO2 (proxy for 87Sr/86Sr) vs CaO/
Al2O3 (proxy for 206Pb/204Pb), the compositions of the mantle end
members are distinct from each other. Importantly, the average
compositions of the various hotspots lie internal to the ﬁeld deﬁned
by the mantle end members.
2. While melting processes are undoubtedly important, variation in
the source lithology and/or volatile budgets is required to explain
the full negative array in CaO/Al2O3 vs SiO2 and FeOT vs SiO2 space
of OIBs. Importantly, the extrema of the trends (i.e., Cook-Australs
and Hawaii) cannot be explained by partial melting of homogeneous, volatile-free peridotite source.
3. Comparison of the major element compositions of end member
OIBs with the experimental partial melt compositions of mantle
lithologies suggests that CO2-ﬂuxing of a peridotite/eclogite package
may be required to achieve the composition of HIMU lavas. More
experimental data are required to determine whether small degree
(b10%) melts of garnet peridotite can generate compositions similar
to HIMU lavas.
4. Among the few ocean islands that erupt a predominantly tholeiitic
component (Hawaii, Iceland and Galapagos), Hawaii is unique in
producing melts far from mid-ocean ridges that have been
generated at high pressures (N2 GPa). Based on the major element
lava compositions alone, involvement of a silica-rich component
(e.g., MORB-like pyroxenite/eclogite) can be made only for the
Hawaiian tholeiite source. Alternatively, trace element-enriched
(via metasomatism by small degree melts) harzburgites also satisfy
source requirements of Hawaiian lavas.
5. K2O and K2O/TiO2 enrichment in EM-type lavas sets them apart from
other OIBs, a characteristic that can be explained by incorporation of a
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recycled sediment or continental crust component or metasomatism
by low-degree melts and/or ﬂuids.
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Supp. Fig. 1. The Sr and Pb isotope compositions of all 659 OIBs from 18 hotspots
examined in this study (see Supplementary Table 1 for all data shown in figure). The
complete spectrum of OIB compositions are represented by the lavas discussed in this
study. The lavas are the freshest, least evolved (8 wt.%  MgO  16 wt.%) samples from
each hotspot. All lavas have Sr and Pb isotopes and major elements measured on the
same sample. Hotspots with a significant HIMU component are shaded with dark
symbols; hotspots with an EM (EM1 and EM2) component are shaded with grey
symbols; hotspots that erupt primarily tholeiitic lavas are represented by open white
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Supp. Fig. 2. Major element variation diagrams for the 659 OIB lavas discussed in this
study (see Supplementary Table 1 for all plotted data). Over this range of MgO contents,
the variability of other major elements is small, and is not strongly influenced by olivine
fractionation. However, lavas with 8 wt.%  MgO  10 wt.% (lavas to the left of the
dashed lines) may have suffered clinopyroxene fractionation. Thus, this study also
examines the subset of lavas with 10 wt.%  MgO  16 wt.%. Hotspots with a HIMU
component tend to exhibit lower SiO2 , higher CaO and CaO/Al2O3 at a given MgO than
the EM hotspots and hotspots that erupt predominantly tholeiitic lavas. SiO2 contents of
EM hotspot lavas are typically intermediate between HIMU and predominantly tholeiitic
lavas. Symbols are the same as main text Fig. 1.
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8.06 wt.% and 16.76 wt.%, respectively. Otherwise, the caption is the same as for Fig. 2
of the main text.
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Supp. Fig. 5. Comparison of major element composition of HIMU-flavored OIBs
(black circles), EM-flavored OIBs (grey circles), and predominantly tholeiitic Hawaiian
shield lavas (white circles) with the high pressure experimental partial melt compositions
of various mantle lithologies. The natural lavas with MgO > 16 wt.% and < 8 wt.% are
included in this plot for the ease of comparison with experimental partial melts outside
the range of 8 wt.%  MgO  16 wt.%, but the lavas outside the range 8 wt.%  MgO 
16 wt.% do not contribute to the observed correlation between isotope and major
elements developed in this study. The partial melts from volatile-free fertile peridotite
(white field) are from experiments conducted between 2.5-6.0 GPa and come from the
study of Takahashi and Kushiro (1983), Hirose and Kushiro (1993), Kushiro (1996), and
Walter (1998). The partial melts from carbonated peridotite (red circles) are from 3 GPa
and are with 2.6 wt.% bulk CO2 (Hirose, 1997) and 2.5 and 1.0 wt.% bulk CO2 (Dasgupta
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GPa (Dasgupta et al., 2006). High pressure partial melts of silica-excess pyroxenite or

included in this plot for the ease of comparison with experimental partial melts outside
the range of 8 wt.%  MgO  16 wt.%, but the lavas outside the range 8 wt.%  MgO 
16 wt.% do not contribute to the observed correlation between isotope and major
elements developed in this study. The partial melts from volatile-free fertile peridotite
(white field) are from experiments conducted between 2.5-6.0 GPa and come from the
study of Takahashi and Kushiro (1983), Hirose and Kushiro (1993), Kushiro (1996), and
Walter (1998). The partial melts from carbonated peridotite (red circles) are from 3 GPa
and are with 2.6 wt.% bulk CO2 (Hirose, 1997) and 2.5 and 1.0 wt.% bulk CO2 (Dasgupta
et al., 2007). The partial melts of silica-deficient and bimineralic eclogite (white squares)
are from experiments between 2 and 5 GPa (Hirschmann et al., 2003; Kogiso et al., 2003;
Kogiso and Hirschmann, 2006) and those of silica-deficient carbonated eclogite from 3
GPa (Dasgupta et al., 2006). High pressure partial melts of silica-excess pyroxenite or
eclogite, similar to MORB-like bulk composition, are represented by a grey field (3-5
GPa: Spandler et al., 2008) near the left axis. Partial melts of silica-excess pyroxenite,
such as MORB, are typically very low in MgO (1-7 wt.%: e.g., Yaxley and Green, 1998;
Pertermann and Hirschmann, 2003; Spandler et al., 2008) and thus fall outside the range
of the plots, but they are a potential component to the high silica and low alumina
tholeiitic lavas from the Hawaiian shield as they have high SiO2 (52-65 wt.%) and
moderately low Al2O3 (13-16 wt.%) at a given MgO (1-7 wt.%). Notably, the partial
melts of fertile peridotite are too high in their SiO2 and Al2O3 content and too low in their
TiO2, CaO and CaO/Al2O3 at a given MgO with respect to the HIMU-flavored OIBs and
do not evolve to match the HIMU major element composition by any plausible mineral
fractionation scheme (Kogiso et al., 2003). Partial melts of volatile-free peridotite are
also somewhat higher in SiO2 with respect to some of the EM-type OIBs. Components
derived from carbonated peridotite (Hirose, 1997; Dasgupta et al., 2007) and carbonated
silica-deficient eclogite (Dasgupta et al., 2006) are necessary to explain the low SiO2 and
Al2O3 and high TiO2, CaO and CaO/Al2O3 of the HIMU lavas.
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MgO
wt.%

CaO
wt.%

wt.%

Na2O

K2O
wt.%

P2O5
wt.%

10 0.70282 ( 12 ) 21.199 ( 75 ) 15.767 ( 9 ) 40.38 ( 39 ) 43.04 ( 39 ) 2.26 ( 4 ) 9.80 ( 19 ) 12.94 ( 11 ) 0.18 ( nil ) 17.63 ( 14 ) 10.57 ( 26 ) 2.49 ( 21 ) 0.66 ( 5 ) 0.43 ( 5 )

7

6

NA 0.70263

EM2

EM1

MORB

15.486

37.840

49.54

0.90

16.76

8.06

0.14

9.75

12.52

2.18

0.07

0.10

OIBs and end members is 73.0, except for MORB, which is 70.6.

*This table reports compositions based on lavas that have initial MgO contents between 8 and 16 wt.% (all lavas used in constructing the average compositions in this table are reported individually in Supplementary
Table 1). The lavas in this table have been corrected along olivine control lines to be in equilibrium with Fo90. The MORB composition is uncorrected for crystal fractionation. Thus, the Mg# for the olivine corrected

18.275

0.70464 ( 106 ) 17.826 ( 59 ) 15.496 ( 4 ) 38.86 ( 33 ) 47.91 ( 42 ) 2.61 ( 10 ) 12.14 ( 2 ) 11.11 ( 9 ) 0.13 ( nil ) 15.14 ( 12 ) 6.85 ( 8 ) 2.68 ( 6 ) 0.99 ( 14 ) 0.42 ( 3 )

0.70844 ( 938 ) 19.149 ( 48 ) 15.623 ( 7 ) 39.49 ( 71 ) 47.37 ( 58 ) 2.61 ( 11 ) 10.86 ( 27 ) 10.92 ( 32 ) 0.15 ( nil ) 14.89 ( 43 ) 9.44 ( 55 ) 2.04 ( 8 ) 1.42 ( 22 ) 0.31 ( 3 )

78 0.703126 ( 15 ) 18.419 ( 38 ) 15.458 ( 5 ) 38.048 ( 37 ) 47.46 ( 10 ) 1.07 ( 5 ) 13.65 ( 15 ) 10.48 ( 13 ) 0.16 ( nil ) 14.28 ( 18 ) 10.93 ( 15 ) 1.69 ( 3 ) 0.18 ( 2 ) 0.11 ( 1 )

HIMU

Kerguelen-Heard

146 0.703697 ( 18 ) 18.344 ( 18 ) 15.469 ( 2 ) 38.013 ( 12 ) 48.67 ( 10 ) 1.96 ( 2 ) 10.87 ( 4 ) 11.55 ( 5 ) 0.15 ( nil ) 15.74 ( 6 ) 8.72 ( 5 ) 1.83 ( 1 ) 0.30 ( 1 ) 0.20 ( nil )

38 0.705154 ( 74 ) 18.270 ( 26 ) 15.546 ( 4 ) 38.770 ( 36 ) 46.12 ( 22 ) 2.15 ( 12 ) 11.32 ( 21 ) 12.03 ( 10 ) 0.15 ( nil ) 16.40 ( 14 ) 8.32 ( 16 ) 2.14 ( 6 ) 1.04 ( 10 ) 0.34 ( 3 )

Mascarene

Iceland

38 0.703874 ( 31 ) 18.831 ( 27 ) 15.581 ( 3 ) 38.896 ( 36 ) 45.11 ( 16 ) 1.76 ( 7 ) 11.57 ( 13 ) 12.57 ( 15 ) 0.14 ( nil ) 17.14 ( 20 ) 8.74 ( 14 ) 2.20 ( 5 ) 0.52 ( 5 ) 0.24 ( 2 )

Marquesas

Hawaii

14 0.703988 ( 162 ) 19.305 ( 80 ) 15.579 ( 7 ) 39.115 ( 58 ) 45.95 ( 39 ) 2.76 ( 13 ) 10.66 ( 19 ) 12.20 ( 15 ) 0.14 ( 0 ) 16.61 ( 20 ) 8.12 ( 22 ) 2.17 ( 7 ) 1.00 ( 9 ) 0.38 ( 3 )

Societies

7 0.704540 ( 136 ) 17.866 ( 64 ) 15.498 ( 4 ) 38.837 ( 33 ) 47.83 ( 36 ) 2.57 ( 10 ) 12.18 ( 4 ) 11.12 ( 8 ) 0.13 ( nil ) 15.15 ( 11 ) 6.97 ( 14 ) 2.66 ( 5 ) 0.97 ( 12 ) 0.42 ( 3 )

18 0.704683 ( 141 ) 19.073 ( 19 ) 15.581 ( 7 ) 38.795 ( 33 ) 45.12 ( 37 ) 2.83 ( 6 ) 10.49 ( 16 ) 12.08 ( 16 ) 0.12 ( 1 ) 16.46 ( 21 ) 8.78 ( 24 ) 2.30 ( 6 ) 1.36 ( 8 ) 0.44 ( 2 )

Samoa

28 0.703123 ( 53 ) 19.077 ( 97 ) 15.569 ( 9 ) 38.716 ( 107 ) 47.01 ( 17 ) 1.43 ( 7 ) 14.33 ( 22 ) 10.09 ( 15 ) 0.16 ( nil ) 13.75 ( 21 ) 10.24 ( 19 ) 2.40 ( 5 ) 0.39 ( 6 ) 0.20 ( 3 )

38 0.705588 ( 281 ) 19.210 ( 27 ) 15.604 ( 3 ) 39.408 ( 41 ) 45.97 ( 24 ) 2.72 ( 6 ) 10.33 ( 12 ) 11.84 ( 16 ) 0.15 ( nil ) 16.13 ( 22 ) 9.50 ( 22 ) 2.05 ( 4 ) 0.97 ( 7 ) 0.33 ( 1 )

Azores

Galapagos

36 0.703969 ( 87 ) 19.628 ( 34 ) 15.637 ( 10 ) 39.478 ( 71 ) 46.08 ( 18 ) 2.69 ( 6 ) 11.65 ( 15 ) 10.96 ( 13 ) 0.14 ( nil ) 14.94 ( 18 ) 9.50 ( 21 ) 2.39 ( 7 ) 1.21 ( 6 ) 0.43 ( 1 )

Comoros

Pitcairn-Gambier

7 0.703081 ( 21 ) 19.411 ( 24 ) 15.571 ( 3 ) 39.229 ( 33 ) 44.91 ( 52 ) 2.11 ( 6 ) 11.61 ( 14 ) 11.75 ( 24 ) 0.17 ( 1 ) 16.02 ( 33 ) 9.23 ( 15 ) 2.80 ( 18 ) 0.80 ( 6 ) 0.60 ( 4 )

12 0.703639 ( 77 ) 19.458 ( 81 ) 15.585 ( 10 ) 39.401 ( 80 ) 45.53 ( 25 ) 1.98 ( 5 ) 10.75 ( 20 ) 12.17 ( 14 ) 0.16 ( nil ) 16.59 ( 20 ) 9.12 ( 20 ) 2.50 ( 7 ) 0.86 ( 5 ) 0.35 ( 2 )

Selvagen

28 0.702950 ( 39 ) 19.349 ( 52 ) 15.543 ( 4 ) 39.105 ( 90 ) 44.11 ( 21 ) 2.35 ( 5 ) 11.46 ( 14 ) 12.29 ( 10 ) 0.16 ( nil ) 16.75 ( 14 ) 9.21 ( 14 ) 2.32 ( 7 ) 0.78 ( 5 ) 0.56 ( 5 )

MnO
wt.%

56 0.703165 ( 17 ) 19.495 ( 37 ) 15.584 ( 6 ) 39.234 ( 36 ) 45.00 ( 33 ) 2.72 ( 7 ) 10.39 ( 15 ) 12.14 ( 13 ) 0.15 ( nil ) 16.55 ( 18 ) 9.26 ( 17 ) 2.43 ( 8 ) 0.88 ( 4 ) 0.48 ( 3 )

wt.%

FeOT

Madeira

wt.%

Al2O3

16 0.703365 ( 27 ) 19.138 ( 106 ) 15.621 ( 7 ) 39.053 ( 96 ) 43.39 ( 34 ) 2.57 ( 7 ) 9.76 ( 20 ) 13.49 ( 23 ) 0.15 ( nil ) 18.38 ( 32 ) 8.35 ( 23 ) 2.25 ( 9 ) 0.93 ( 8 ) 0.73 ( 4 )

TiO2
wt.%

SiO2
wt.%

Canary

Pb

204

58 0.703223 ( 28 ) 19.492 ( 38 ) 15.593 ( 4 ) 39.137 ( 32 ) 41.51 ( 27 ) 3.45 ( 9 ) 10.32 ( 11 ) 12.24 ( 9 ) 0.16 ( nil ) 16.69 ( 13 ) 11.23 ( 23 ) 2.65 ( 8 ) 1.04 ( 6 ) 0.69 ( 4 )

Pb/

208

Cameroon

Pb

204

11 0.702863 ( 14 ) 20.640 ( 53 ) 15.761 ( 9 ) 39.963 ( 44 ) 44.78 ( 29 ) 2.34 ( 6 ) 11.12 ( 20 ) 12.40 ( 22 ) 0.15 ( nil ) 16.91 ( 31 ) 9.17 ( 24 ) 1.99 ( 3 ) 0.75 ( 2 ) 0.38 ( 1 )

Pb/

207

Cape Verde

Pb

204

30 0.703323 ( 114 ) 20.228 ( 166 ) 15.690 ( 14 ) 39.743 ( 108 ) 43.69 ( 29 ) 2.48 ( 9 ) 10.32 ( 12 ) 12.54 ( 12 ) 0.16 ( nil ) 17.09 ( 16 ) 10.21 ( 21 ) 2.27 ( 10 ) 0.78 ( 6 ) 0.47 ( 4 )

Pb/

206

St. Helena

Sr/ Sr

87

Cook-Australs

Ocean Islands/
n
Mantle End Members

Supplementary Table 2. Average magma compositions of mantle end members and 18 ocean islands examined in this study.*

