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SUMMARY

Incompatible elements and isotopic ratios identify three end-
member mantle components in oceanic island basalt (OIB);
EM1, EM2, and HIMU. We estimate compatible to mildly
incompatible transition metal abundance trends (Ni, Co, Fe,
Cu, Cr, V, Mn, Sc, and Zn) in ‘primitive’ basalt suites (Mg# =
Mg/Mg + 0.9*Fe) atomic = 0.72) from 12 end-membet
oceanic islands by regressing metals against Fe/Mg ratios in
sample suites, and solving for concentrations at Mg/Fe = 1
(Mg# = 0.72). Using the transition metal estimates, explorato-
ry statistics reveal that islands ‘group’ based on mantle com-
ponent type even when La/Yb ratios are used to compensate
metal concentrations for percentage melting. Higher chal-
cophile Zn (and Pb, earlier work) in EM1 and EM2 compared
to HIMU, and higher Cr (3+) and Sc in HIMU relative to
EMI1, support views that HIMU represents subduction-
processed ocean floor basalt. Incompatible elements, ratios
and isotopes indicate that EM1 is Archean, EM2 is Protero-
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zoic or younger, and both are related to sediment subduction.
As found with incompatible elements, EM1 and EM2 show
similar ‘compatible’ element concentrations, but lower (multi-
valence) Cr, Fe and Mn in EM1 could indirectly reflect increas-
ing oxidation of subducted sediment between the Archean and
Proterozoic. Alternatively, changes in subduction processes
that yielded peak continental formation in the Neoarchean,
and craton-suturing in the Paleoproterozoic may account for
EMI1-EM2 differences. EM1 shows similar or lower Cr, Ni
and Co compared to HIMU and EM2 suggesting that eco-
nomic viability of layered intrusions, which have extreme
EM1-like signatures, is unrelated to high metals in EM1 man-
tle sources, but that high % melting appears important.
Because core-concentrated transition metals correlate with
mantle component type, lithospheric recycling apparently con-
trols their concentrations in OIB and core-mantle interaction
may be unimportant.

RESUME

Les éléments incompatibles et les rapports isotopiques perme-
ttent de délimiter trois termes extrémes de composants man-
téliques dans des basaltes insulaires océaniques (OIB), soit
EM1, EM2, et HIMU. Nous estimons les tendances d’abon-
dance de métaux de transition (Ni, Co, Fe, Cu, Ct, V, Mn, Sc,
and Zn) compatibles a modérément incompatibles dans des
suites de basaltes « primitifs » (Mg# = Mg/Mg + 0,9*Fe)
rayon atomique = 0,72) sur 12 termes extrémes de matériaux
insulaires océaniques, par régression des concentrations des
métaux sur les rapports Fe/Mg dans des échantillons des
suites, la détermination étant définie au rapport Mg/Fe = 1
(Mg# = 0,72). L'utilisation d’une approche statistique
exploratoire sur les estimations de métaux de transition mon-
tre que la composition des iles se « regroupent » en fonction du
type de composition du manteau, cela méme lorsque les ratios
La/Yb sont utlisés pour compenser les concentrations de
métaux pour déterminer le pourcentuel de fusion. Le caractere
plus chalcophile du Zn (et Pb, travail antérieur) dans EM1 et
EM2 comparé a HIMU, et la plus grande teneur en Cr (3+) et
Sc dans HIMU par rapport a EM1, accréditent I'idée que
HIMU représente le basalte de subduction des fonds
océaniques. Les éléments incompatibles, les ratios et les iso-
topes montrent que EM1 est archéen, que EM2 est protéro-
zoique ou plus jeune, et que les deux sont liés a la subduction
sédimentaire. Comme constaté pour les éléments incompati-
bles, EMI et EM2 affichent une compatibilité similaire des
concentrations en éléments « compatibles », toutefois une con-
centration inférieure en Cr (multivalent), Fe et Mn dans EM1
pourrait refléter indirectement une oxydation croissante des
sédiments subduits entre ’Archéen et le Protérozoique. Par
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ailleurs, les changements dans les mécanismes de subduction
qui ont mené a un maximum de formation continentale au
Néoarchéen et a des épisodes de sutures cratoniques au Paléo-
protérozoique, peuvent expliquer les différences entre EM1 et
EM2. La teneur similaite ou inférieure en Cr, Ni et Co de EM1
par rapport 2 HIMU et EM2 permet de croire que la viabilité
économique des intrusions stratifi¢es — lesquelles montrent
des signatures extrémes EM1 — est sans rapport avec les
sources mantéliques a fortes teneurs en métaux, mais que le
fort pourcentuel de fusion qui importerait. Parce que la con-
centration du noyau en métaux de transition correspond avec
le type de composant du manteau, c’est le recyclage lithos-
phérique qui controle apparemment leurs concentrations dans
'OIB, et I'interaction noyau-manteau pourrait étre sans impot-
tance.

Traduit par le Traductenr

INTRODUCTION

Incompatible elements and the small number of their radi-
ogenic isotopic ratios have been paramount to providing a pic-
ture for evolution of the Farth’s mantle. The prevailing view is
that melt extraction of incompatible elements from the man-
tle has led to formation of incompatible-element depleted
mid-ocean-ridge basalt (MORB) mantle (DMM), continental
crust enriched in these elements, and 3+ oceanic island basalt
(OIB) end-member mantle components bearing subduction-
recycled materials including: enriched mantle 1 (EM1; sedi-
ment), enriched mantle 2 (EM2; sediment), and high Mu (high
p = high U/Pb = HIMU; subduction-processed MORB)
(Zindler and Hart 1986; Sun and McDonough 1989; Hofmann
1997; Bennett 2003; Hofmann 2003; Greenough et al. 2007).
The oceanic islands with the most extreme isotopic and trace
clement concentrations, representing each of the mantle com-
ponents, are well established (e.g. Zindler and Hart 1986; Hof-
mann 2003; Greenough et al. 2005b, 2007; see METHODS for
caveats about individual samples, and chemical variation at
individual islands). However, most incompatible element ratios
and radiogenic isotopic ratios are unlikely to be sensitive to
processes that would impact transition metals (Fe, Cu, V, etc.)
in basalt including source region mineralogy (e.g. Sobolev et al.
2005; Gurenko et al. 2009; Le Roux et al. 2011), subduction-
recycled Fe/Mn-rich pelagic sediment in mantle sources (e.g.
Scherstén et al. 2004), core-formation, or core-interaction
processes involving deep mantle plumes (e.g. Humayun et al.
2004; Brandon and Walker 2005; Qin and Humayun 2008).
Theoretically, siderophile (Goldschmidt classification) and fer-
rophile elements (elements important in mantle and crustal
Fe—Mg-bearing phases) can help distinguish between hypothe-
ses.

Studies of incompatible elements (e.g. Ba, Rb, Nb, La) in
OIB source regions use ratios of similatly incompatible ele-
ments to minimize the impact of differentiation and the per-
centage of melting, and these ratios have been used for chem-
ical characterization of the end-member mantle components
(Allegre et al. 1995; Greenough et al. 2005b, 2007). Far fewer
studies have used compatible clements to describe mantle het-
erogeneity because it has been challenging to deal with the
effects of differentiation, the percentage of melting, and oxy-
gen fugacity, but this is changing (e.g. Lee et al. 2005, 2010,
2012; Le Roux et al. 2010, 2011).
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Our objective is to evaluate the hypothesis that the first-
row transition elements Ni, Co, Fe, Cu, Cr, V, Mn, Sc, and Zn,
which are variably ‘compatible’ to somewhat incompatible,
have concentrations in OIB magmas and source regions that
are correlated with mantle component type. We regressed each
element against Mg/Fe ratios in basaltic suites from twelve
oceanic islands representing the most extreme examples of
each of the end-member mantle components. The regressions
compensate for differentiation and yield estimates of average
clement concentrations in ‘primary’ magmas. Incorporating
proxies for the percentage of meltng (e.g. La/Yb ratios)
allows us to appraise the effect of melting on element concen-
trations. As many of these elements are siderophile or chal-
cophile, they were likely concentrated in the core during dif-
ferentiation. Therefore, we also use our regressions to test the
hypothesis that compatible element concentrations in OIB
reflect core—mantle interaction. However, in contrast with the
well-established, geochemistry-based data that characterize
basalts from each of the mantle components, available seismic
tomography information, for the depth of origin of OIB-
forming ‘plumes,” has comparatively low ‘resolution’ making it
challenging to conclusively test the core—mantle interaction
hypothesis.

METHODS

Data Selection and Preparation

All raw data used in the paper were downloaded from the
GEOROC web site (Sarbas and Nohl 2008) and are given in
an Electronic Supplementary Materials file’, ESM Table-1. To
estimate transition metal abundances in primary (undifferenti-
ated) basaltic magmas, we regressed metal data for oceanic
island basalts against Mg/Fe (wt. %) ratios (MacKenzie 2008).
Twelve islands were used in this experiment, all identified as
representatives of the end-member mantle components based
on Sr, Nd, and Pb isotopic data (e.g. Zindler and Hart 1980;
Hofmann 2003) and average trace element ratio data (e.g. Alle-
gre et al. 1995; Greenough et al. 2005b, 2007). Islands used
include EM1: Aitutaki, Gough, Heard, Kerguelen, and Pit-
cairn, EM2: Sio Miguel, Tahiti, Tutuila, and Upolu, and
HIMU: Mangaia, St. Helena, and Tubuai. We recognize that
the average isotopic and trace element ratio signature is not as
strong for some islands as others within one component
group. For example, average Pitcairn (an EM1 island)
"Nd/"Nd and ¥Str/*Sr ratios are higher and lower (respec-
tively) than all other EM1 islands used in the study (i.c. least
EM1-like; Greenough et al. 2005b) but they are distinct from
all non-EM1 oceanic islands. Another issue is that there is
chemical variability in basalt from any one island, but based on
averaged isotopic and trace element data, each island listed
above shows characteristics representative of the associated
component source type. This is important because there are
far more samples with transition metal data than with isotopic
data, and those with isotopic data do not necessarily have com-
plementary trace element or transition metal data. We use
incompatible element data (incompatible element ratios) to
confirm that the average composition of samples used to rep-
resent each island classifies it according to component type,
and then test the hypothesis that transition metal concentra-
tions in primary basalt occurrences also correlate with compo-
nent type. Thus, we suggest that the regression analysis
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approach used here (see details below) will yield useful ‘aver-
age’ approximations of transition metal concentrations in pri-
mary magmas for each island and test the hypothesis that con-
centrations are related to component type. We acknowledge
that this approach, which necessarily uses multiple samples,
may not yield the most extreme source composition at one
island, but should provide useful average transition metal data
for each end-member island.

Many compatible to mildly incompatible, siderophile, chal-
cophile, and/or ferromagnesian mineral-associated elements
were considered for analysis but elements such as Au and the
platinum group elements (PGE) were eliminated because there
were no data for = 25% of the islands. Our study focuses on
clements that are likely to have high concentrations in the core,
such that core—mantle interaction should result in these ele-
ments being unrelated to the patterns seen in incompatible
trace element ratios and lithophile element isotopic ratios that
have been ascribed to lithosphere recycling. McDonough
(2003) estimated that the core contains 93% of the planet’s
inventory of Ni and Co, 87% of the Fe, 60-65% of the Cu
and Cr, 50% of V and ~10% of the Mn. Ferrophile Sc and
chalcophile Zn were included in the study because they are
controlled by Fe-bearing minerals (Sc) and possibly sulphides
(Zn) in the mantle and crust, and although they are 7o consid-
ered significantly enriched in the core (McDonough 2003),
they provide context for interpreting information from the
other elements. Although some of these elements are rarely
considered in studies on mantle chemical heterogeneity, all
may be useful in evaluating relationships with mantle compo-
nent type and unlike the PGE, they are commonly reported in
geochemical studies of basaltic rocks.

After downloading the major element and trace element
whole-rock data from the GEOROC website, several filters
were used to screen the island data sets prior to statistical
analysis. All rocks (analyses) had associated major element data
determined by X-ray fluorescence (XRF) on glass discs, atom-
ic absorption spectroscopy (AA) or emission spectroscopy.
Most trace elements were determined by ICP-MS (inductively
coupled plasma—mass spectrometry) or INA (instrumental
neutron activation), with XRF on pressed powder pellets com-
monly used to determine Ni, Cr and chalcophile elements such
as Cu and Zn. A small percentage of trace element data come
from emission spectroscopy. Trace clement precision and
accuracy are generally between 5 and 10%. Over 95% of trace
clement data are post-1970 but a few samples with earlier
major element analyses contribute to assessments of Mn con-
centrations; we note that those used survived the regression
screening process described in the next paragraph. As a check
on data quality the major elements were summed and samples
with values outside of the 98-102% range were omitted; and
analyses that were normalized to 100% in the literature were
eliminated. Similarly, only samples with loss on ignition (or
total H,O) < 4 wt. % were kept, to avoid issues related to altet-
ation. Finally, when doing the regression analyses to estimate
transition metal concentrations in primary magmas from each
end-member island, outliers and high-leverage samples were
eliminated (see section Statistical Methods). Despite the above
quality-control procedures, not all data will have the same pre-
cision and accuracy, and there may be systematic biases. In the
case of Mn, analyses are not of as high quality as the data
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reported in Humayun et al. (2004) for a small number of sam-
ples mostly from Hawaii. However, the large size of the data
sets available from repositories such as GEOROC helps
counter some of these problems (e.g. precision and inter-lab
bias) because data come from numerous labs; the study
involves nearly 700 rocks, and over 5000 analyses of 9 ele-
ments. Secondly, exploratory statistics are used to uncover pat-
terns in the chemical data and samples, using all data simulta-
neously. If patterns emerge that are clearly relatable to well-
established geological factors (e.g. if islands have overall tran-
sition metal geochemistry that is tied to the type of mantle
component) then these patterns are unlikely to be fortuitous.
Thirdly, any patterns that do emerge from such large data sets
are likely to be of planetary importance and it is difficult to use
small data sets to uncover large-scale patterns. As suggested by
Le Roux et al. (2010) who looked at Fe/Zn/Mn relationships
in OIB, there is little alternative but to try using the available
world-wide data set at this time.

Highly differentiated samples were not used. The degree of
differentiation was estimated from Mg# values [MgH =
Mg/ (Mg+(0.9%Fe") atomic] which decrease with differentia-
tion because Mg enters octahedral sites in Fe—Mg silicates in
preference to Fe (Basaltic Volcanism Study Project 1981).
Samples with Mg# < 0.4 were omitted. Iron is reported in the
literature various ways. All iron was recalculated as FeO* (total
Fe as wt. % FeO). Although samples bearing accumulated fer-
romagnesian phases could have Mg# values = 0.4 despite a
magma Mg# < 0.4, the regression procedure used to estimate
transition element abundances in primary magmas eliminated
outliers and high-leverage samples. Thus, if phenocryst accu-
mulation had a significant impact on trace element composi-
tion, the sample was eliminated when the regression analyses
were performed (see section Statistical Methods).

In preparation for statistical analysis, Mg/Fe' ratios (wt. %
of cations) were calculated and used as the independent vari-
able in the regression analyses. Transition metal abundances
were estimated from the regression analyses assuming primary
magmas have a Mg/Fe' ratio of 1.0. This ratio translates into a
Mg#t value of 0.72, and primary magmas formed in equilibri-
um with ~Foy, olivine should show Mg# values between 0.70
to 0.72 with an exchange coefficient value (K, ™', =
(XM /XM /(X /X)) = 0.3 (Roeder and Emslie
1970). Olivine is by far the dominant mineral found in mantle
xenoliths and it generally has a composition close to Foy, (#bid).
Recent experiments have shown that K, ', is dependent
on temperature, olivine composition and melt composition but
the observation that it tends to be close to 0.3 in natural sys-
tems is because the effects of these parameters cancel out
(Toplis 2005; Matzen et al. 2011). Thus, these authors noted
that a K, %, value of 0.3 (Mg# = 0.72 atomic and Mg/Fe'
=1 wt. %) is a convenient reference point for general petro-
logical studies. The debate about whether primary basaltic
magmas can originate from non-olivine sources spans decades
(Basaltic Volcanism Study Project 1981) and although a com-
mon view is that magmas form in the presence of olivine,
there is no unanimous agreement (e.g. Kogiso et al. 2003;
Keshav et al. 2004, 2006; Sobolev et al. 2005; Lustrino 2000).
We note that there are a few, non-cumulus samples present in
the majority of island suites (8 of 12 suites) that have Mg# val-
ues between 0.69 and 0.71 (Table 1) suggesting that ~0.70 is a
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Table 1: Estimates of transition metal concentrations in primary magmas for 12 oceanic islands representing EM1, EM2, and HIMU mantle

components.

Island Aitutaki  Gough Heard Kerguelen Pitcarin = Sio Miguel =~ Tahiti Tutuila Upolu Mangaia St Helena Tubuai
Type EM1 EM1  EMI1 EM1 EM1 EM2 EM2 EM2 EM2 HIMU HIMU HIMU
Depth ~2800 Unseen ~2800 ~2800 Unseen ~2800 ~2800 ~2800 ~2800  ~2800  Unseen ~2800
Plot Abbrev. Al Go He Ke Pi Sa Ta Tu Up Ma St Tb
Transition metal estimates

Cr 256 444 669 309 606 957 823 1041 754 1146 870 1099
Ni 283 417 506 363 427 328 435 500 567 471 366 362
Co 53 71 116 71 38 46 79 98 62 86 74 76
Sc 25 27 28 29 74 20 52 56 51
\Y 195 286 396 187 283 301 236 217 205 427 255
Zn 95 100 106 147 90 86 124 93 115 79 84 88
Cu 44 45 77 41 83 94 71 67 58 218 97 135
Mn 1221 1117 1244 1265 739 1308 1363 1336 1213 1432 1016 1394
Fe 76855 85325 91466 84593 47904 98612 96639 91292 103299 90441 93851 88753
Fe/Mn 63 76 74 67 65 75 71 68 85 63 92 64
Zn/Fe (*104) 12.4 11.7 11.6 17.3 18.8 87 129 10.1 11.2 8.8 9.0 9.9
Percentage of melting proxies

La/Yb 38.8 23.8 27.1 27.7 221 211 22.0 11.7 23.4 18.6 22.0 29.9
Nb/Y 2.29 1.75 1.80 0.93 1.30 213 1.65 0.75 1.60 1.84 2.04 2.77
Maximum Mg/Fe ratio and Mg#

Mg/Fe 0.94 0.87 0.97 0.92 0.48 096 097 0.93 0.76 0.81 0.81 0.91
Mg# 0.71 0.69 0.71 0.70 0.55 0.71 0.71 0.70 0.66 0.67 0.67 0.70

Notes: All concentrations in ppm. Type = Mantle component type. Plot Abbrev. = Abbreviated island name on plots.

Transition metal estimates = regression results at Mg/Fe (ratio in wt. % of cations with Fe = total Fe) = 1 = Mg# Mg/ (Mg + 0.9*Fe total) atomic) = 0.72.
Percentage of melting proxies = element ratios that are dominantly controlled by the percentage of melting,

Maximum Mg/Fe and Mg# = maximum values of Mg/Fe ratio and Mg# (both defined above) in each island data set.

Depth = imaged plume depth from Montelli et al. (2006). Unseen = there is no evidence for a plume.

Note that for 'unseen' Gough there is no obvious low velocity zone in this area.

Both Pitcairn and St. Helena are somewhat isolated oceanic islands. Neither is associated with a 'plume’ low velocity zone.
Tubuai is 650 km S of Tahiti but within the low velocity zone centred on Tahiti. Tubuai depth is for the Tahiti plume though on a different hot-spot trace.

common upper value for a primary magma regardless of the
source mineralogy (see also Greenough et al. 2005b). A final
point is that any study of transition metals in OIB has to make
assumptions (usually using Mg/Fe ratios or Mg concentra-
tions) about what constitutes a primary or primitive magma
and consider how element concentrations or ratios are impact-
ed by melting and differentiation (e.g. Humayun et al. 2004; Le
Roux et al. 2010). This paper assumes that primary magmas
have Mg# values between 0.69 and 0.72.

Fifty incompatible element ratios were calculated from
pairs of similarly incompatible elements (elements separated
by < 10 elements in the Sun and McDonough (1989) incom-
patibility list) following procedures outlined by Greenough et
al. (2005b, 2007). These ratios are used to confirm the geo-
chemical character or mantle component type of islands in the
Transition Metals and Mantle Components section of the
paper.

Ratios for Nb/Y and La/Yb (i.e. ratios from element paits
with very different incompatibility) act as proxies for the per-
centage of melting. Although theoretically impacted by source
composition, they are overwhelmingly controlled by the pet-
centage of melting as surmised by Kay and Gast (1973) and
Pearce and Cann (1973), and Pearce (1996) used Nb/Y ratios
to separate basalt occurrences into alkaline and tholeiitic clans.
Both Allegre et al. (1995) and Greenough et al. (2007) used

exploratory statistical methods and trace element ratios (12
and 135, respectively) to show that ratios sort oceanic basalt
into groupings that correspond with the isotope-defined man-
tle components. However, both studies found that ratios cal-
culated from element pairs that have distinctly different
incompatibility provide little or no information on source type.
Further, Greenough et al. (2007) showed that all extremely dis-
similarly incompatible element ratios (i.e. calculated from ele-
ments separated by = 20 elements in the Sun and McDonough
(1989) list) are highly correlated with one another, which is
what is predicted if the percentage of melting controls ratio
values. La and Yb are separated by ~25 elements on the Sun
and McDonough (1989) list and we conclude that ratio values
dominantly reflect the percentage of melting and provide a
useful proxy for the percentage of melting.

The final step in the preparation of the dataset was to aver-
age the major elements, trace elements and incompatible ele-
ment ratios for each individual island though these data are not
used to estimate transition metal concentrations in ‘primary’
magmas from each island.

Statistical Methods

Linear regression was used to estimate transition element con-
centrations in ‘primitive’ magmas Mg# = 0.72 = Mg/ Mg +
0.9*Fe*) atomic) = Mg/Fe wt. % of cations = 1.00) in each
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end-member mantle component oceanic island. Default algo-
rithms in SYSTAT v. 13 software identified outliers and high-
leverage samples and in an iterative procedure, up to 20% of
the data, for any one transition metal from one island, was
climinated to minimize the impact of outliers and high-lever-
age samples on the regression analyses. Anomalous data can
come from human mistakes (sample mix-ups in the field, ana-
Iytical errors, typographical errors, etc.) or natural processes
(phenocryst accumulation, sample alteration, etc.) all of which
can escape the major element total and LOI screens. The out-
lier and high-leverage sample screening eliminated those sam-
ples, but in general over 90% of the samples were retained in
making primary-magma element concentration estimates from
the regression analysis.

Next, we employed a powerful ‘exploratory’ statistical
method, multidimensional scaling (MDS), and SYSTAT v. 13
software, to find the ‘big picture’ relationships between the
islands using all the regression-derived transition metal data
simultaneously. Exploratory data analysis techniques such as
MDS and principal component analysis (PCA) cannot use
information about possible sample relationships/groupings to
influence results; sample relationships on plots simply reflect
the geochemical data describing individual samples. MDS
resembles PCA but is known for its ability to summarize vari-
ance in a small number of dimensions (Wilkinson et al. 1992;
Borg and Groenen 1997, p. 1-14). Other advantages over PCA
are that sample groups with small differences are not amalga-
mated, and the algorithms do not attempt to ‘statistically’
define sample groups. Thus the geochemist can look for
groupings that reflect processes (e.g. % melting) or resemble
groupings known about from other geochemical data (e.g
mantle components based on isotopes). However, MDS does
not preserve the absolute distance between samples and with-
out statistical grouping, output does not identify and weight
geochemical parameters (i.c. individual transition metals and
their concentrations) that create groups in PCA.

MDS produces ‘maps’ of island relationships with relative
positioning given by Dimension 1 and Dimension 2 coordi-
nates. Similar objects (islands) plot close together on a MDS
diagram (‘map’) and dissimilar objects plot far apart. Matrices
of island-versus-island Pearson correlation coefficients were
used as distance measures that act as input for the MDS calcu-
lations. If the elements (transition metals from regression
analysis) in each island were plotted against analogous concen-
trations in all other islands, two islands with identical transition
metal abundances would produce a perfectly straight correla-
tion line and yield a correlation coefficient of 1. These two
islands would tend to plot atop one another on a MDS dia-
gram but the correlation coefficients are only approximations
of how similar two islands are. As an analogy, given a geo-
graphic map, accurate distance measurements from three
points to a fourth determine the position of the fourth point.
In the case of the OIB, the position of each island on the
MDS ‘map, which is based on island-versus-island Pearson
correlation coefficients calculated from the regression-deter-
mined transition metal concentrations, is over-determined
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because with 12 islands, there are 11 distances from one island
to the other 11. The position of the 12" island is over-deter-
mined and the job of the MDS algorithms (the loss function)
is to optimally place each island on the ‘map, relative to all
other islands, given that the Pearson correlation coefficients,
measuring geochemical ‘distances’ between islands, are only
‘estimates.” Calculations proceeded as follows: 1) All elements
were z-scored (standardized) to put them on the same scale so
that each contributed equally to assessments of similarity; 2) a
matrix of island-versus-island correlation coefficients was cal-
culated from the z-scored data; and 3) this matrix was used
along with linear MDS and a Kruskal loss function (SYSTAT
default) to create the diagrams. MDS can also be used to com-
pare the behaviour of chemical data; for example, when Ni is
high are there other elements that tend to be high, or elements
that behave the opposite of Ni? To compare chemical data, a
matrix of element-versus-element correlation coefficients was
calculated from z-scored data (step 2 above).

RESULTS/DATA

The linear regressions gave equations for lines through the
transition metal-versus-Mg/Fe data for each island, and solv-
ing the equations for a Mg/Fe ratio of 1 (i.e. Mg# = 0.70)
yielded the concentrations of nine transition metals in hypo-
thetical primitive basalt from 12 oceanic islands (Table 1). Raw
data for these regressions appears in Electronic Supplementary
Materials' ESM Table-1, and plots of all regressions are given
in ESM Table-2, with information on the regression lines
(slope, intercept, probabilities = p-values) in ESM Table-3.

The results involved ~100 regressions that utilized over
600 rock samples. Every regression was plotted, visually
inspected, and linearity confirmed (see caveats below) though
some elements at some islands did not change in concentration
with changing Mg/Fe. This confirmation of linearity is impot-
tant because one could argue that changes in the phases or
proportions of phases precipitating during differentiation
could produce cutrved or kinked Mg/Fe-versus-element plots
resulting in inaccurate estimates of element concentrations at
Mg/Fe = 1. Complicated scenatios whete a phase was precip-
itated/removed from a magma, and then added back in (e.g
xenolith addition), resulting in a magma Mg/Fe ratio resem-
bling that from before the phase was removed, are possible.
However, if the process resulted in the sample plotting signif-
icantly off the Mg/Fe-versus-transition metal regression line,
our screening procedure that eliminated outliers ensured that
the sample was removed. We conclude that, regardless of what
minerals, mineral compositions or proportions of minerals are
responsible for the linear relationships, they provide useful
approximations of element concentrations in a ‘primary’
magma.

Figure 1 shows a few typical regressions (see ESM Table-2
for all plots). Averages (there are 12 islands) of the percentage
errors on regression estimates for elements range from 6.3 (Fe)
to 23 (Cu; see ESM Table-3) and average p-values (probabili-
ties) on the correlation coefficients are between 0.004 and
0.027 (see ESM Table-3) indicating that the correlations tend

' Electronic supplementary materials (ESM Tables 1 through 4), are available at the GAC’s open source GC Data Repository, Igneous Rock Associations link, at

http://www.gac.ca/wp/?page_id=306.
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Figure 1. Example plots of transition metals (ppm) plotted against Mg/Fe (metal wt. % with Fe = total Fe) in selected oceanic islands. Data are those used to estimate Ni
and Cr in ‘primary’ Gough basalt (A, B), Co for Tubuai (C) and V for Sio Miguel (D). Correlation coefficients for A, B, C, and D are 0.95, 0.91, 0.89, and 0.03 with p-values
< 0.001 for Ni, Cr, and Co and 0.85 for V. Standard error of estimates are 34.7, 37.0, 3.60, and 20.2 respectively. Lines on the diagrams represent the least-squares regressions.
All of the ~100 Mg/Fe regressions are shown in Electronic Supplementary Materials ESM Table-2. See text for discussion.

to be strong and estimates of element concentrations should
yield useful approximations of transition metal abundances in
primary magmas. Some clements show little change in con-
centration with changing Mg/Fe and so slopes on the regtres-
sions approach zero. An example is V in Sio Miguel basalt
(Fig.1D; correlation coefficient, r = 0.03) and others can be
identified with the % slope values in ESM Table-3. A low
(absolute value) % slope indicates that the element is at the
boundary between being compatible (decreases with diminish-
ing Mg/Fe) and incompatible during differentiation. The data
set for Kerguelen shows weaknesses with a few elements (Co,
V, Cu) represented by only three samples in the regressions
(ESM Table -3). Similarly, Co, V, Zn and Cu are only repre-

sented by three samples in the Tutuila data set. Most islands
have a few samples with Mg/Fe values greater than 0.80 (Mg#
> 0.67) (Table 1 and ESM Table-3) which provide assurance
that the regression results can be extrapolated to a Mg/Fe ratio
of 1.0. Eight of the twelve islands have samples within the
range for a primary magma (Mg/Fe = 0.87 or Mg# between
0.69 and 0.72). Just as importantly, these data show that prim-
itive magmas with geochemistry consistent with pre-differenti-
ation formation from Fo,, olivine-bearing peridotite exist on
most islands. Upolu and Pitcairn have the lowest maximum
Mg/Fe ratios of 0.76 and 0.48 (tespectively; Mg# = 0.66, 0.55)
and thus required the most extrapolation to estimate primary
magma compositions. Irrespective of what the statistical data
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suggest (e.g: high r, low p, small estimated percentage error; see
ESM Table-3) the results for these islands need to be treated
with more caution.

Le Roux et al. (2011) gave average Ni, Co, Zn, Mn, and Fe
in EM1 (Pitcairn), and EM2 (Samoan Islands) and HIMU
(Austral-Cook Islands) apparently derived from information in
Jackson and Dasgupta (2008). Most values are within 10% of
average EM1, EM2 and HIMU using data in Table 1, with two
~ 15% different, and three 20—25% different. Thus our results
are quite similar, but more detailed comparisons are difficult
because the results here are more comprehensive.

The Mg/Fe regression results (e.g. Fig. 1) compensate for
differentiation in estimating transition metal abundances in
primary magmas, but differences in element concentrations
between islands and/or the mantle component types EMI,
EM2, HIMU may be impacted by the percentage of melting;
Figure 2 shows four example elements (Ni, Cr, Zn and Cu)
plotted against average La/Yb (a proxy for the percentage of
melting) for each island, confirming that concentrations can be
affected by the percentage of melting. Results for all nine ele-
ments are summarized as follows. Ni, Cr (Fig. 2) and Mn show
moderately strong to weak negative correlations with La/YDb (x
= -0.60, -0.61 and -0.29 with p = 0.029, 0.026, and 0.34;
respectively). Zinc provides an example of a modestly positive
correlation, and Cu shows no significant correlation with
La/Yb (Fig. 2). Correlation coefficients for V, Fe, Zn, Co, Sc,
and Cu are 0.55 0.45, 0.41, 0.34 0.09 and 0.03 with p = 0.07,
0.13,0.16, 0.26, 0.81 and 0.92 (respectively).

DISCUSSION

Element Relationships and Percentage Melting

Element behaviour during melting was qualitatively assessed
using MDS. Each element in Table 1 was z-scored to put it on
the same scale, a matrix of element-versus-element Pearson
correlation coefficients was prepared, and this matrix used to
create a multidimensional scaling (MDS) ‘map’ (Fig. 3). Prox-
ies for the percentage of melting (La/Yb, Nb/Y and their
inverse ratios; e.g. Kay and Gast 1973; Pearce and Cann 1973)
were included in all steps of the MDS calculations. Objects
(elements or element ratios) showing the strongest antithetic
behaviour tend to plot across the X-axis (Dimension 1) of
MDS diagrams. Objects showing weaker antithetic behaviour
and generally reflecting a subsidiary process, plot along the Y-
axis (Dimension 2). Simple X-Y plots of La/Yb versus Yb/La
ot Nb/Y versus Y/Nb will yield perfect negative correlations
(r = =1). Thus, La/Yb and Yb/La should occur on opposite
sides of a MDS diagram along Dimension 1, and La/Yb and
Nb/Y (as well as Yb/TLa and Y/NDb) should plot close togeth-
er if controlled by the percentage of melting, Figure 3 shows
this is the case. Slight separation of La/Yb and Nb/Y (they do
not plot exactly atop one another) is consistent with source
composition having some effect on the plotting position of
the two ratios. Significantly, Ni occurs close to and between
Y/NDb and Yb/La on the opposite side of the diagram from
La/Yb and Nb/Y. We conclude that Ni is strongly compatible
and as the percentage of melting goes up, Ni concentrations
increase, and La/Yb and Nb/Y ratios go down. Other appat-
ently compatible elements on the left-side of Figure 3 include
Co and Cr. Most other transition metals plot between values of
0 and 1 along Dimension 1 suggesting they are slightly incom-
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patible, but they are also affected by a secondary process, such
as source region composition, that causes them to plot along
Dimension 2 with Zn behaving antithetically to Cu and Sc (Fig:
3). Possible causes for these Zn—Cu—Sc relationships are exam-
ined below, where origins of the mantle components are dis-
cussed.

Transition metal concentrations in Table 1 were regressed
against average La/Yb ratios using all islands regardless of
whether they were EM1, EM2 or HIMU islands. The data pro-
duce clear, highly significant (p < 0.06) trends for Ni and Cr
(Fig. 2); separate regressions by individual mantle type do not
appear to be justified. Table 2 gives all regression results (slope,
intercept, correlation coefficient, probability) and shows that
apart from Ni and Cr, most elements are moderately to poort-
ly cotrelated with La/Yb. Negative slopes indicate compatible
behaviour and positive slopes modest incompatibility, though
an alternative interpretation is that temperature affects bulk
partitioning coefficients. Bulk partitioning coefficients cannot
be determined without many assumptions but, taking the
regression results at face value, relative compatibility or incom-
patibility of elements during melting can be estimated by using
the regression equations to calculate an enrichment or deple-
tion factor. The column labelled ‘Factor’ in Table 2 gives the
ratio of the concentration of an element at La/Yb = 10 divid-
ed by the concentration of the element at La/Yb = 40, for
compatible elements, with the concentrations determined
from the overall regression equations. Similarly, for somewhat
incompatible elements Factor was calculated from the concen-
tration at La/Yb = 40 divided by that at L.a/Yb = 10. The Fac-
tor values were assigned + and — signs depending on whether
the element was incompatible or compatible. These Factor val-
ues suggest that Cr, Sc, Cu, Ni, Co, Fe, and Mn are compatible
(decreasing compatibility in that order), and Zn and V may
show modest incompatibility. Lee et al. (2005) indicated that V
and Sc should show somewhat similar compatibility during
melting of spinel lherzolite but in the presence of garnet, the
case for OIB, they note that Sc will become more compatible.

We caution that the low correlation coefficients with high
p-values (= 0.5) for many of these regressions suggest the esti-
mates of relative compatibility or incompatibility are crude.
However, a similar analysis of relative compatibility performed
on the Mg/Fe regressions indicates decreasing compatibility
during differentiation in the order Cr, Ni, Sc, Cu, Co Fe, V, Mn,
Zn with a change from compatible to incompatible around Fe
and V. Thus, to a first approximation, the inferred order of
compatibility is very similar during melting and differentiation.

Lee et al. (2012) reviewed Cu concentrations in arc magmas
and MORB and modelled the effect of source Cu and S con-
centration, mineral modes and oxygen fugacity (O,)) on
magma Cu concentrations. Their results suggest that the oxy-
gen fugacity in MORB and atrc sources must be low enough to
keep S in the S* state, which stabilizes sulphide phases and
makes Cu compatible, because both have low, nearly identical
primary magma Cu concentrations (60—70 and 50-90 ppm,
respectively). As noted above, taken at face value, the La/Yb
regression suggests that Cu is overall compatible (Fig. 2; Table
2), indicating that, like MORB and arc sources, fO,) is low
enough to stabilize sulphide phases. Further, our mean con-
centrations for Cu in EM1 and EM2 magmas (58 and 73 ppm,
respectively) are essentially identical to those for MORB and
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Figure 2. Example plots of estimated primary magma concentrations of transition metals (from Mg/Fe regressions; e.g. Figure 1) in end-member OIB plotted against La/Yb,
a proxy for the percentage of melting. Error bars on data points represent the standard deviation on the mean La/Yb ratio for each island and the standard error of estimate
on transition metal concentrations from the Mg/Fe regressions (ESM Table-3). Symbols: O = EM1, T = EM2, and H = HIMU. Island symbols are: Aitutaki = Ai, Gough =
Go, Herd = He, Kerguelen = Ke, Mangaia = Ma Pitcairn = Pi, Sdo Miguel = Sa, St. Helena = St, Tahiti = Ta, Tubuai = Tb, Tutuila = Tu, Upolu = Up. Lines represent lin-
ear least squares regression through data with r = -0.56, -0.62, 0.21, -0.28 and p = 0.06, 0.03, 0.52, and 0.39 for Ni, Cr, Zn and Cu, respectively.

arc magmas. However, the HIMU average is much higher (150
ppm), consistent with either higher source Cu concentrations,
or a more oxidized source (S as SO,”). Only three HIMU
islands are included in the study, but Figure 2D indicates Cu is
compatible during melting even for these islands consistent
with their sources having high Cu concentrations as opposed
to being oxidized.

It is possible that the La/YDb regression slopes reflect tem-
perature effects on bulk partition coefficients. Le Roux et al.
(2011) measuted olivine/melt and orthopyroxene/melt parti-
tioning coefficients indicating that Mn, Fe, Co, Ni and possibly
also Zn become less compatible with increasing temperature
but calculated bulk petidotite/melt coefficients suggesting that
Fe and Zn show little temperature dependence, with Mn sub-
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Figure 3. Multidimensional scaling diagram illustrating relationships between tran-
sition metal abundances and proxies for the percentage melting (La/Yb and Nb/Y
and their inverses) in primary (Mg/Fe wt. % = 1) oceanic island basalts. Dimension
1 and Dimension 2 can be thought of as ‘map coordinates.” Objects (e.g. two ele-
ments) that plot close together will have a high element-versus-element correlation
coefficient. Compatible elements (e.g. Ni) plot toward the left whereas less-com-
patible to modestly incompatible elements plot somewhat to the right along Dimen-
sion 1. Some secondary process or processes (e.g. source region compositional vari-
ation) causes elements to spread out along Dimension 2. See text for discussion. To
produce the diagram, elements and ratios were z-scored and a matrix of element (or
ratio)-versus-element correlation coefficients were prepared and processed in SYS-
TAT MDS software using a Kruskal loss function and linear multidimensional scal-
ing. Diagram uses data from Table 1.

tly more compatible, and Co less compatible, with increasing
temperature. Assuming that temperature increases with depth,
and given the strong positive cortelation between La/Yb and
pressure (Greenough et al. 2005b), lower concentrations for
most metals at high La/Yb could reflect increased compatibil-
ity at higher temperatures. Given the information from Le
Roux et al. (2011) for a minor impact of temperature on bulk
D values, the simplest explanation for any metal concentration
correlations with La/Yb from this study is that they reflect the
percentage of melting.

Estimates were made for transition metal concentrations in
a ptimary magma with a La/Yb ratio of 10 (Table 2), a value
that divides tholeiitic from alkaline OIB (Greenough et al.
2005a, b) and all islands here are at least subtly alkaline (La/Yb
> 10; Fig. 2). The La/Yb-adjusted concentrations wete calcu-
lated by moving an element’s island concentration (Table 1)
parallel to the overall La/Yb versus element regression slope
in Table 2, to a La/Yb value of 10.

Using these data, a MDS diagram was prepared (not
shown) but unlike Figure 3 it reveals a ‘random’ distribution of
the La/Yb-adjusted transitional metals, none of which plot
close to indicators of melting percentage (e.g. La/Yb). Thus,
the normalization procedure discussed above removed any
clear dependence of metal abundance estimates on the per-
centage of melting. The compatible behaviour of Cr, Ni and

T.a/YDb reoression results and transition metal concentrations in primary oceanic island basalts adjusted to a common La/Yb ratio of 10.

‘Table 2

p Factor

Regression coefficients and statistics®
Si

Upolu Mangaia St. Helena Tubuai

Tahiti Tutuila

Island transition metal concentrations at La/Yb = 10.

Island

Aitutaki Gough Heard Kerguelen Pitcairn Sao Miguel

Tb

St

HIMU HIMU

Tu Up Ma
EM2 EM2 HIMU
1090

Ta
EM?2

Sa
EM2

Pi
EM1

Ke
EM1

He
EM1
1153

Go
EM1

Al
EM1

Is. Abbrew.

Type
Cr

2015

-3.89
-1.68
-1.41
-3.05

-0.624  0.030
-0.556  0.060

-0.246  0.441

1428
586
92.0

-28.3
-6.97

1662

1211

1162 1133 1391
660

1271

949
511

812
487

835

1072

501

450
84

531

512

519

405

513 625

484

Ni

92 -0.813

93
63
168

89 99 73

89
250

55
44
236

47

86

130

83
44
136

76

Co

-0.258  0.503

-1.31 715
170  4.28

77

72
376

37
159

52
320

49
213

Sc

1.59
1.20
-2.16
-1.03
-1.16

175 0.263 0.433
86.0 0.205 0.522

136
1246

229

135

76 0.609

176
1415

77
122

1029
99129 97456

74
236
1441
94221

79 117 91 107

117
1319

83

108
752

53206

136

96
112
1262

78 91

104
1252

/n

-0.275 0.387

-2.06
-1.06

86
1227

71
103453 101883 92045 109163

1338

96
1376

78
1284
92369

74
1132

Cu

-0.036 0910

-0.203  0.528

-438 97940

89464 91374 98947

Fe

Notes:

probability..

* §' = regression slope for element i. C' = regression constant (y intercept) for element i. r = correlation coefficient. p

S*La/Yb + C'where T' = concentration of Transition element i at specified La/Yb ratio.

* Factor = the multiplying factor for the element between La/Yb =10 and La/Yb

* Regression equation is T*

40 from regression equation. + = positive slope; — = negative.
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" Estimates of all element concentrations (ppm) except Cu and Sc used island element concentrations and La/Yb ratios in Table 1 with Cu and Sc concentrations in this table the same as in Table 1.

" Estimates were made using the slopes (S)) given above, equations discussed in the text, and a La/Yb ratio of 10.
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Figure 4. Multidimensional scaling (MDS) diagrams showing island relationships based on A) estimated transition metal abundances for each island (Table 1) and B) similar-
ly incompatible element ratios (SIER; ratios and data in ESM Table-4). For each plot, Dimension 1 and Dimension 2 resemble map coordinates. Islands that plot close togeth-
er would have a high island-versus-island correlation coefficient using the transition metal data (Fig. 4A) or SIER (Fig. 4B). Hand-drawn fields emphasize that EM1, EM2 and
HIMU islands (symbols O, T and H respectively) tend to fall in the same area of each plot. To prepare the diagrams, transition elements (4A) and SIER ratios (4B) were z-
scored and matrices of sample-versus-sample correlation coefficients prepared and processed in SYSTAT MDS software using a Kruskal loss function and linear multidi-
mensional scaling. Island abbreviations are Aitutaki = Ai, Gough = Go, Herd = He, Kerguelen = Ke, Mangaia = Ma, Pitcairn = Pi, Sdo Miguel = Sa, St. Helena = St, Tahiti

= Ta, Tubuai = Tb, Tutuila = Tu, Upolu = Up.

Co during melting means that primary tholeiitic OIB (La/Yb
~ 5; e.g. Mauna Loa average, Greenough et al. 2005b) will have
higher Cr, Ni and Co concentrations than the alkali basalt
examples in this study (extrapolate Ni and Cr trends in Fig, 2).
The following section looks at patterns in the transition metal
data related to mantle component type keeping in mind the
impact of melting,

Transition Metals and the Mantle Components

A problem with analyzing multi-element geochemical data sets
using inferential statistics is that it is all too easy to find some
clement or combination of elements that fortuitously con-
firms pre-conceived notions about how samples should be
related. The advantage of starting the analysis with an
exploratory statistical tool such as MDS is that all element data
can be used simultaneously to uncover the dominant relation-
ships between samples (islands). In addition, the software does
not know one island from another, and patterns that emerge
are purely a reflection of relationships in the input data and are
unlikely to be fortuitous. Once the dominant relationships
have been ascertained, it is possible to use inferential tech-
niques with more confidence to understand the causes of
these relationships.

The MDS diagram in Figure 4A shows overall island rela-
tionships using all estimated transition metal abundances in
primary magmas (Table 1) unadjusted for the percentage of
melting. To prepare Figure 4A, Table 1 data were z-scored
(each element put on the same scale), a matrix of sample-ver-
sus-sample Pearson correlation coefficients calculated, and

these data used with linear regression and a Kruskal loss func-
tion to yield Figure 4A. As shown, EM1 appears distinct from
HIMU but EM2 islands are less distinct and plot between or
overlap onto fields for EM1 and HIMU. Another MDS dia-
gram (not shown) was prepared from the La/Yb-adjusted
transition metal abundances (Table 2) but it is very similar to
Figure 4A. Reasons why the La/Yb-adjusted and unadjusted
data sets lead to similar MDS diagrams include: 1) the per-
centage of melting impacts the most compatible and most
incompatible element concentrations, but some, or most ele-
ments are relatively unaffected (neither strongly incompatible
or compatible); 2) nearly 80% of the islands, have somewhat
similar I.a/Yb ratios that fall between 20 and 30 and thus these
islands formed from similar percentages of melting; 3) ‘simi-
larity” between islands was determined using Pearson correla-
tion coefficients; primary basalt from two islands formed from
identical source regions but from somewhat different percent-
ages of melting will show different concentrations for many
elements, but this does not mean that they will not be highly
correlated. In other words the use of correlation coefficients
as a distance measure mitigates the impact of the percentage
of melting. Due to the fewer assumptions associated with the
derivation of the ‘primary magma’ compositions in Table 1,
subsequent discussion focuses on these data.

The organization of islands by component type based on
the transition metal data (Fig. 4A) resembles results if similar-
ly incompatible element ratios (SIER) are used to compare
islands (Fig. 4B) with MDS methods detailed in Greenough et
al. (2007). Elements with similar bulk distribution coefficients
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ppm. Plots derived from data in Table 1 with standard error of estimate values given in Electronic Supplementary Materials ESM Table-3.

(i.e. separated by < 10 elements in the Sun and McDonough
(1989) relative incompatibility list) should have ratios in mag-
mas that approach mantle source values, and the ratios will not
vary with the percentage of melting. Ratios are also minimally
impacted by differentiation. If the ratio for two similarly
incompatible elements varies between islands, the variation
probably reflects differences in source region composition.
The fifty ratios used here (ESM Table-4 which also gives ratio
calculation procedures), involving 22 incompatible elements,
were identified in Greenough et al. (2005b) as useful for dis-
tinguishing OIB mantle components. Figure 4B shows that
these SIER separate EM1, EM2 and HIMU basalts but like the
transition metals, EM2 tends to be intermediate between EM1
and HIMU. Based on Figure 4A and 4B, it appears that pat-
terns in transition metal abundances are dominantly tied to
mantle component type and thus likely related to recycling of
lithospheric materials back into the mantle.

Chromium effectively separates EM1 from EM2 and
HIMU islands (Fig. 5A). Copper—Zn relationships separate
HIMU from EM1 and EM2 (Fig, 5B). Other than Cr, the only
clements that tend to distinguish EM1 and EM2 are Fe and
possibly Mn. Scandium can also effectively separate EM1 from
HIMU. Nickel, Co and V concentrations are similar in all three
groups. Thus, the distinctions between the mantle components
are subtle and it is only when all data are assessed simultane-
ously (Fig. 4A) that clear patterns emerge. The situation is sim-
ilar with SIER where individual ratio-versus-ratio plots do not,
in general, unambiguously separate end member islands (Gree-
nough et al. 2005b, 2007) but use of many ratios simultane-
ously distinguishes the mantle components on MDS plots (Fig.
4B).

Origins of the Mantle Components

Proposals for origin of the end-member mantle components
(HIMU, EM1, EM2, DMM = Depleted MORB mantle,
FOZO = Focal Zone) are well discussed in the literature
(Zindler and Hart 1986; Sun and McDonough 1989; Hart et al.
1992; Hofmann 1997; Hilton et al. 1999; Bennett 2003; Hof-
mann 2003; Jackson and Dasgupta 2008). A popular hypothe-
sis suggests that HIMU sources contain subduction-processed
ocean floor basalt (Hofmann 2003; Greenough et al. 2005b,
2007). EM1 and EM2 tend to be ascribed to sediment sub-
duction but the signatures are strongest in basalt that formed
from melting subcontinental lithosphere (Hawkesworth et al.
1986; Weaver 1991; Milner and le Roex 1996; Greenough and
Kyser 2003). The time of formation of the mantle compo-
nents is poortly constrained but Said and Kerrich (2010) and
Manikyamba and Kerrich (2011) have shown that HIMU exist-
ed since the Neoarchean and may still be forming. EM1
appears to be Archean, whereas EM2 may be Proterozoic or
younger (Tatsumi 2000; Greenough and Kyser 2003; Gree-
nough et al. 2005b, 2007).

The transition metal-based MDS results (Fig. 4A) show
OIB islands group based on mantle component type. Average
transition metal concentrations for EM1, EM2 and HIMU
(Table 3) are shown on primitive mantle-normalized diagrams
in Figure 6. T-tests comparing individual mean compositions
of EM1, EM2 and HIMU islands indicate that Zn is lower in
HIMU compared to EM1 (p = 0.08) and EM2 (p = 0.11), sup-
porting hypotheses that HIMU sources have been depleted in
chalcophile elements (Pb, Zn) as a result of element extraction
from ocean floor basalt during subduction processing and
transfer of these elements to the continental lithosphere (Hof-
mann 1997, 2003). The model suggests that high-field-strength
elements (e.g. U, Th) were not transferred by this process.
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However, chalcophile Cu appears higher in HIMU sources
compared to EM1 (p = 0.12) and EM2 (p = 0.16; Fig. 0) per-
haps because it was not as efficiently extracted from the ocean
floor source as Zn. Chromium tends to have a 3+ charge and
it might be predicted that, like other high-field-strength ele-
ments (U, Th) it should be enriched in HIMU sources (not
transferred to the lithosphere). The t-tests and Figure 6 show
that this is the case when comparisons are made with EM1
sources (p = 0.004), but EM2 is not distinctive (p = 0.24). Sim-
ilatly, Sc is higher in HIMU compared to EM1 (p = 0.0000).
To conclude, comparing EM1 and EM2 transition metal abun-
dances to those in HIMU supports the hypothesis that HIMU
represents subduction-processed lithosphere now part of the
convecting oceanic mantle.

Nickel, Co, and V are similar in primary magmas from all
three types of source regions but t-tests indicate that Cr (p =
0.004), Fe (0.05) and Mn (0.13) (Fig. 6) are lower in EM1 com-
pared to EM2 (Fig. 6; Table 3). Assuming that both are sedi-
ment signatures superimposed on subcontinental lithosphere
and EM1 is Archean and EM2 Proterozoic (or younger), dif-
ferences in Cr, Fe and Mn could reflect how elements were
transferred between the subducting slab and overlying litho-
sphere. High Archean heat flow resulted in continent-forming
melt transfer from the slab whereas cooler Proterozoic
processes yielded fluid transfer to the overlying mantle litho-
sphere in association with the major craton-stitching orogenic
events cirea 1.8 Ga (Hoffman 1988; Drummond and Defant
1990). Melt transfer may have more efficiently removed Cr, Fe
and Mn from subducted sediment during the Archean leaving
EMI1 sources depleted in these elements.

Alternative explanations for differences in Cr, Mn and Fe
between EM1 and EM2 include differences in mantle oxida-
tion state or the proportions of garnet and clinopyroxene in
source regions. These elements have multiple valence states,
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Table 3: Average transition metal concentrations in primary
EM1, EM2 and HIMU.

Islind Av.EM1 SD Av.EM2 SD  AvHIMU SD
Cr 457 180 894 130 1038 148
Ni 399 83 458 102 400 62
Co 70 30 7122 79 61
Sc 27 2 41 29 53 27
v 266 98 259 40 296 117
Zn 108 23 105 18 84 45
Cu 58 20 73 15 150 62
Mn 1117 219 1305 66 1281 230
Fe 7722817194 974614971 91015 2597

Notes: Number of islands for EM1, EM2 and HIMU, most elements = 5,
4, and 3.

Exceptions: Sc = 3 EM1 and 3 EM2; and V = 4 EM1 due to no data for
some islands.

All concentrations are in ppm of the metal.

and magmatic concentrations may reflect increasing oxidation
(e.g. Holland 1984; Rouxel et al. 2005) of subducted sediment
between the Archean (EM1) and Proterozoic (EM2). Le Roux
et al. (2010) theorized that high source region fO,) should
result in low magmatic Zn/Fe and high Fe/Mn. Lee et al
(2010) looked at Zn/Fe in mote detail and concluded that
primitive arc magmas, primitive MORB, and mantle peridotite
have Zn/Fe * 10* ratios between 8 and 11 consistent with an
upper mantle fO,) value between FMQ-1 and FMQ+1 (log
units) as found by other studies (Lee et al. 2005, 2012; Mall-
mann and O’Neill 2009). Our Zn/Fe ratios (mean of all val-
ues, Table 1 = 11.9; Fig. 7) are identical to those for OIB
reported by Le Roux et al. (2010; Zn/Fe * 10* = 9.6-13.9)
though Kerguelen and Pitcairn (17 and 19) are high. The mean
for EM1 (14.4) is higher than the mean for EM2 (10.7; p =
0.08) and HIMU (9.2) potentially consistent with lower fO,) in
EM1 sources. However, mean Fe/Mn ratios for EM1, EM2
and HIMU are similar (68, 75 and 73, respectively) and assum-
ing restricted variability in mantle fO,) (e.g. Mallmann and
O’Neill 2009; Lee et al. 2010, 2012), high Zn/Fe in EM1 does
not appear related to oxidation. Following arguments in Le
Roux et al. (2010) to explain higher Z/n/Fe in OIB compared
to MORB, it may be that EM1 soutces have high Zn/Fe, ot be
mote garnet- and/or clinopyroxene-rich compared with
HIMU and EM2.

Comments on Metallogenesis

A few (< 20) large intrusions supply most of the world’s Ni,
Co, Cr, and PGE (platinum-group elements) (e.g. Best 2003, p.
331). They may be ore-bearing because they formed from
magmas with ‘compatible’ element concentrations maximized
by high percentages of melting, or other factors (e.g. sulphur
fugacity) may have impacted deposit formation (e.g. Lee 1996;
Naldrett 2005; Mungall and Naldrett 2008). They are noritic
(Kerrich et al. 2005) and bear extreme EM1-like Ba/I.a and
Rb/Ba signatures (Zhang et al. 2008; Said and Kerrich 2010;
Greenough et al. 2011) that contrast with uneconomic intru-
sions bearing HIMU and EM2 signatures (Zhang et al. 2008).
The regression results (Table 2) predict high Cr, Ni and Co
(1300, 570 and 90 ppm, respectively) in high % melting, rift or
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Figure 7. Plots of Mn versus Ni (A) and Fe/Mn versus Zn/Fe (* 10% (B) in studied OIB. Sample symbols are D = Deep plume and N = Not ‘seen’ (shallow?) from the Mon-
telli et al. (2006) seismic tomography study. In B) hand-drawn fields circle EM1, EM2 and HIMU islands as labeled. Island abbreviations are Aitutaki = Ai, Gough = Go, Herd
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and Zn/Fe ratios calculated from ppm data (Table 1). Error bars come from the standard error of estimate values given in Electronic Supplementary Materials ESM Table-

3.

supetplume magmas (e.g. La/Yb = 2). The Cr and Ni values
resemble those in picritic Deccan basalt (1500 and 665 ppm,
respectively) and olivine-rich Karroo basalt (960 and 800 ppm,
respectively; primary magmas; Basaltic Volcanism Study Proj-
ect 1981, p. 409-432). Thus, our results confirm that for Ni, Cr
and Co, economic potential is enhanced by a high % melting
but they do not support EM1 sources having anomalously
high concentrations of these elements. In the case of Cr, EM1
sources may have lower concentrations than either HIMU or
EM2. Thus other EM1 characteristics, such as sulphur avail-
ability or solubility and/or magma oxygen fugacity may lead to
clement scavenging and concentration to form ore deposits.

Mineralogical and Lithological Composition of the
Mantle

Elements discussed here have been used to test for core—man-
tle interaction, a sediment contribution to the sources of some
enriched-mantle component magmas, and olivine-free (pyrox-
enite) mantle source lithologies. Sobolev et al. (2005) argued
that high Ni content in Hawaiian olivine reflects precipitation
from high Ni magmas generated from low melting point eclog-
ite (recycled basaltic oceanic crust) after reaction with peri-
dotite to produce pyroxenite. Pyroxenite melts variably mixed
with peridotite melts yielding magmas with high Ni contents
because olivine-free pyroxenite would have a lower bulk crys-
tal/liquid partitioning coefficient than magmas from soutces
bearing olivine. Sobolev et al. (2007) expanded on the model.
Gurenko et al. (2009) tested it using Canary Islands basalt
where some rocks have extreme HIMU signatures that should
show the high-Ni signature well. Extreme HIMU signatures,
reflected in high **Pb/**Pb and *"Pb/*"Pb isotopic ratios are
commonly ascribed to source enrichment in aged, recycled,
oceanic basaltic crust that will form eclogite at pressure. Using

modified equations by Sobolev et al. (2007) to predict the rel-
ative proportions of peridotite and pyroxenite involved in
melting, Gurenko et al. (2009) concluded that the isotopically
most extreme HIMU Canary Islands samples come from peri-
dotite, as opposed to pyroxenite-rich sources. Herzberg (2011)
used existing experimental major element data, Ni and Mn
data, numerical models for predicting source mineralogy/
lithology, magma composition and olivine compositions, and a
solid-state, recycled crust-mantle peridotite reaction model for
production of pyroxenite (different from Sobolev et al. 2005,
2007 and Gurenko et al. 2009 cited above) to conclude that Ni,
Ca, Mn, and Fe/Mn data for olivine phenocrysts from Hawaii
and the Canary Islands support the pyroxenite source model.

Our results do not show any clear difference in the Ni con-
tent of magmas from ecach of the mantle components and
thus provide no support for the idea that HIMU (eclogite/
pyroxenite-rich) sources produce high-Ni magmas. Similarly,
Sobolev et al. (2007) predicted that pyroxenite-derived melts
will have higher Fe/Mn ratios and higher Si than peridotite-
derived melts. Although our Fe/Mn ratio for St. Helena is
high, the other two HIMU islands have among the lowest
Fe/Man ratios (Table 1). A study of the major element compo-
sition of end-member mantle component OIB (Jackson and
Dasgupta 2008) concluded that HIMU islands have lower Si
contents and the low Si does not appear related to high-pres-
sure melting. Thus, overall, these observations do not support
a pyroxenite or olivine-free-source model.

Wang and Gaetani (2008) did Ni partitioning coefficient
experiments and concluded that reaction of an eclogite-
derived melt with olivine (peridotite) can yield Si-enriched
melts with moderate Ni contents that precipitate high-Ni
olivine. They argued that an olivine-free ‘hybrid’ pyroxenite
source, as proposed by Sobolev et al. (2005), is not required to
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explain high-Ni contents in Hawaiian lavas. Gurenko et al.
(2009) argued that the Wang and Gaetani (2008) results cannot
account for variations in Fe/Mn ratios but as noted above,
there is no clear support for olivine-free sources from Fe/Mn
ratios. Humayun et al. (2004) and Qin and Humayun (2008)
recognized the potential udlity of Fe/Mn ratios for testing
hypotheses on the origin of OIB but were concerned about
the analytical integrity of existing data sets for resolving argu-
ments. Their high-precision Fe and Mn measurements were
used to argue for high Fe in OIB. This was ascribed to
core—mantle interaction but they could not rule out the possi-
bility that mantle pyroxenite (model by Sobolev et al. 2005,
2007) influences or controls ratios. The seven samples they
analyzed from Tahiti (EM2) have an average Fe/Mn ratio of
67 (ratio here = 71) and the three from St. Helena (HIMU)
gave a low average ratio (57) compared to what we obtained
(92; Table 1) but their St. Helena ratio resembles the ratios of
other HIMU-type islands studied here (Mangaia = 63; Tubiai
= 64; Table 1). Perhaps pyroxenite is important in the genera-
tion of HIMU OIB, but based on the predictions from the
afore-mentioned experiments, our data do not appear to sup-
port the hypothesis because critical elements (Ni, Fe, Mn) and
ratios (Fe/Mn) ate not substantially different for other types of
OIB (EM1; EM2). A caveat is that EM1 and EM2 may repre-
sent other types of pyroxenite sources modified by the addi-
tion of subducted sediment or by addition of metasomatic flu-
ids bearing a subducted sediment signature.

Le Roux et al. (2010) drew attention to the potential signif-
icance of high Zn/Fe ratios in some OIB compared to
MORB, and argued that because ratios cannot be fractionated
during peridotite melting, cither some OIB originates from
peridotite sources with high Zn/Fe, or it comes from litholo-
gies (e.g. eclogite) with bulk Zn/Fe (solid source/melt) parti-
tioning coefficients less than one. A follow-up study (Le Roux
et al. 2011) measured mineral/melt partitioning coefficients
for Mn, Co, Ni and Zn in olivine, orthopyroxene, and clinopy-
roxene, and integrated published results for garnet. These data
were used to predict Mn/Fe, Zn/Fe, Mn/Zn and Co/Fe ratio
behaviour during partial melting of primitive mantle peri-
dotite, MORB-like eclogite and mixtures of the two. The mod-
eling yielded maximum Zn/Fe and minimum Ni/Co and
Co/Fe ratios for pure peridotite melting and they concluded
that many OIB have clement ratios that deviate from what is
predicted from melting pure peridotite sources. Issues are that
Zn/Fe ratios predict that MORB dominantly have peridotite
sources, but they have Ni/Co and Co/Fe that imply a sub-
stantial eclogite component in their sources and Ni/Co values
suggest more eclogite than in most OIB sources (Le Roux et
al. 2011, their figure 7). Comparing our data with their model-
ing results, many of our end-member islands, including all
HIMU have Zn/Fe that suppotts a pute petidotite source. A
significant eclogite component (= 30%) is implied using our
Ni/Co and Co/Fe ratios and EM1 and EM?2 islands tend to
have a higher eclogitic percentage than HIMU islands. Balta et
al. (2011) did melting experiments on peridotite at 3 GPa
under hydrous conditions and demonstrated that Mn can be
compatible in garnet and that solid/liquid partitioning coeffi-
cients are impacted by temperature and melt composition.
These observations predict the potential for large variations in
magma Mn content and Fe/Mn ratios that only involve peti-
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dotite melting, The study demonstrates the challenges of mod-
eling (e.g. Le Roux et al. 2011), where there are many variables
that can impact results. Similarly, isotopes and incompatible
element ratios tell us that the end member OIB sources are
chemically different and that assumptions about constant tran-
sition metal concentrations for peridotite and eclogite may not
be valid. Our results suggest that the end-member mantle
components are apparently distinct in terms of some transi-
tion metal abundances. Thus modeling of these elements to
predict the relative importance of eclogite versus peridotite in
sources will apparently require better information on source
chemical composition.

Implications for Core-Mantle Interaction

Estimates by McDonough (2003) suggest that 93% to 50% of
the Earth’s Ni, Co, Fe, Cu, and Cr occur in the core. Thus
‘mantle plume’ basalt sources could be enriched in these ele-
ments if they exchanged matter with the core. The seismic
tomography techniques of Montelli et al. (2004, 2006) purport
to see ~35 narrow plume-like structures, most originating at
the base of the lower mantle with only two confined to the
upper mantle. Plumes of shallow origin cannot have interact-
ed with the core. Table 1 shows depths-of-origin for plumes
studied here (Montelli et al. 2004, 2006) and most originate
from ~2800 km (base of the lower mantle). Islands Tubuai
and Tahiti occur on different hot-spot traces but within the
same low-velocity anomaly (see Table 1 notes). Plumes associ-
ated with Gough, St. Helena and Pitcairn islands were not
‘seen’ possibly reflecting inadequacies in the distribution of
epicentres and seismic stations (Kerr 2003; Montelli et al.
2004), the plumes are extinct, or they are so narrow they
escaped imaging. Assuming that un-imaged plumes are shal-
low, inspection of the transition metal-based MDS diagram
(Fig. 4A) reveals that the three islands (symbols; St, Go and Pi)
plot randomly. With the exception of Mn (Fig. 7A), none of
the clements separate un-imaged (shallow?) plumes from
imaged deep-plume islands. Although Mn concentrations atre
higher in islands associated with imaged deep plumes,
core—mantle interaction is unlikely to control mantle Mn
because the core has 10% of the planet’s Mn budget and lower
concentrations (0.03 wt. %) than in the mantle (0.10 wt. %;
McDonough 2003). Humayun et al. (2004) proposed that high
Fe/Mn in Hawaiian OIB compared to MORB and Iceland
basalt (a ‘shallow’ plume; Montelli et al. 20006) suggests
core—mantle interaction by the Hawaiian plume. However,
islands underlain by deep plumes do not show high Fe/Mn
ratios (Fig. 7B).

Our results suggest that ‘incompatible’ transition metal
abundances correlate with mantle component source type (Fig.
4) and thus dominantly reflect recycling of lithosphere. Tung-
sten, T1 and Os isotopic studies support recycling of lithos-
pheric materials back into the mantle, with little or no evidence
for core-mantle interaction (Schaefer et al. 2002; Scherstén et
al. 2004; Brandon and Walker 2005; Nielsen et al. 2006, Will-
bold et al. 2009; Nebel et al. 2010). Thus our results support
arguments against core—mantle interaction and suggest that
transition metal concentrations are probably controlled by
lithospheric recycling;
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SUMMARY COMMENTS AND CONCLUSIONS

Radiogenic and stable isotopes along with incompatible trace
clement ratios firmly establish the existence of the mantle
components (Zindler and Hart 1986; Weaver 1991; Eiler et al.
1997; Hofmann 2003; Greenough et al. 2007). Because the vast
amount of the previous work is based on lithophile elements,
the components are unlikely to be products of processes
involving the core. Given the importance of subduction today
and through Earth history, the mantle components probably
reflect lithospheric recycling processes (ibid.). Beyond these
generalizations, detailed information on the composition of
the components is lacking and therefore their origin, and what
they represent (e.g. sediment, ocean floor basalt, continental
crust, etc.) remains speculative. Results here suggest that the
first-row transition metals in OIB also reflect these lithospher-
ic recycling processes because they dominantly correlate with
well-established information on component type for the end-
member islands used in the study. Chromium, Zn, Cu, and Fe
appear particularly correlated with component type but most
clements make contributions to distinguishing one or more of
the components. Three of these (Mn, Zn and Sc) are probably
not important core constituents. Although results are not
shown, discriminant analysis confirms that various combina-
tions of Cr, Ni, Co, Fe, Cu, and V (important core con-
stituents; McDonough 2003) separate islands by component
type. Of these clements, Ni makes the least contribution to
separation because average concentrations are similar for each
component type. Unless core—mantle interaction resulted in
somewhat uniform Ni concentrations in all island-forming
plumes it is not obvious that this lack of relationship between
Ni and component type provides any substantial support for
core—mantle interaction. The work by Humayun et al. (2004)
implies that element ratios may be more sensitive tests of
core—mantle interaction. Accordingly, 21 least compatible and
more compatible element ratios were calculated from elements
that are adjacent, or within three elements of one another in
the list (moderately incompatible to most compatible: Zn, Mn,
V, Fe, Co, Cu, Sc, Ni, and Cr). These ratios were used with
MDS to compare the ‘similarity’ of islands and, like element
concentrations, they separate EM1 from HIMU but show
EM2 as intermediate. The plot is not shown because it is
essentially the same as obtained with element concentrations
(Fig. 4A). Although the results here do not preclude
core—mantle interaction, the simplest conclusion is that, apart
from percentage melting and differentiation, the dominant
controls on first-row transition metals in OIB are the process-
es responsible for forming the mantle components.
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