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More than 50 per cent of the Earth’s upper mantle consists of olivine and it is generally thought that mantle-derived melts are
generated in equilibrium with this mineral. Here, however, we show that the unusually high nickel and silicon contents of most
parental Hawaiian magmas are inconsistent with a deep olivine-bearing source, because this mineral together with pyroxene
buffers both nickel and silicon at lower levels. This can be resolved if the olivine of the mantle peridotite is consumed by reaction
with melts derived from recycled oceanic crust, to form a secondary pyroxenitic source. Our modelling shows that more than half
of Hawaiian magmas formed during the past 1 Myr came from this source. In addition, we estimate that the proportion of recycled
(oceanic) crust varies from 30 per cent near the plume centre to insignificant levels at the plume edge. These results are also
consistent with volcano volumes, magma volume flux and seismological observations.

The upper mantle consists largely of peridotite with more than 50%
of the mineral olivine'. Consequently, nearly all petrological studies
of mantle melting>® (with rare exceptions”'?) start with the
assumption that primary melt forms in equilibrium with olivine.
This condition enforces strong constraints on the composition of
the primary melt: at high pressure (more than 3.0 GPa), melts
derived from garnet lherzolite are buffered at high MgO (more than
16%) and low SiO, (less than 47%). Higher SiO, contents (up to
48%) are possible only at higher degrees of melting, when garnet
and high-Ca pyroxene are consumed and only olivine and low-Ca
pyroxene persist®®. Nickel concentrations in the melt are con-
strained even more strongly, because olivine has the highest par-
tition coefficient for Ni of any mantle silicate. This coefficient
depends strongly on melt composition, generally decreasing with
increasing olivine component'' and sulphur content' in the melt.
The latter is buffered at low levels by equilibrium with a sulphide
phase in the source at high pressures'. Thus, liquids in equilibrium
with typical mantle peridotite' can contain more than 800 p.p.m. Ni
only if they are extremely enriched in olivine component
(MgO > 22%), similarly to komatiites. For more realistic compo-
sitions of primary tholeiitic melts, with 16-18% MgO, such as
those proposed for Hawaii*, the maximum Ni content will be about
500-600 p.p.m.

Hawaiian lavas represent the most productive active mantle
plume. All volcanoes produced by this plume pass through three
main stages: an alkalic pre-shield, tholeiitic shield-building, and an
alkalic post-shield phase'. The shield phase produces about 95% of
the total volcanic volume. Like most ocean island basalts, Hawaiian
lavas are relatively enriched in incompatible elements (for example
Ba, Nb, Ti and light rare-earth elements) and depleted in elements
compatible with garnet (for example, heavy rare-earth elements).
These characteristics are commonly attributed to low degrees of
melting of fertile garnet lherzolite mantle requiring pressures of at
least 2.5-3.0 GPa. However, in contrast with many other ocean
island basalts, most Hawaiian lavas are relatively enriched in SiO,,
even at high MgO concentrations, and this combination is incon-
sistent with an equilibrium assemblage of olivine, pyroxenes and
garnet®”. Three main hypotheses>** have been offered to resolve this
dilemma. Here we show that the combination of high Ni and high Si
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contents of parental Hawaiian magmas (from the main, shield-
building stage) is incompatible with all these models, and this makes
all models involving direct peridotite melting beneath Hawaii
implausible. Instead, we propose that a model in which an
olivine-free source component contributes 40—60% of the melts is
consistent with geochemical and geophysical observations.

Ni in Hawaiian olivines and melts
To reconstruct the composition of the parental magma, we consider
the earliest-formed, most magnesian olivines. Figure 1 shows
relationships between Ni and forsterite (Fo) content in olivines
from mantle rocks and several suites of high-Mg oceanic basalts.
Assuming that olivine-melt partitioning for nickel and magnesium
does not strongly vary with pressure’, compositions of source
olivines and of the earliest olivines formed from the melts at
shallow depths should be similar. Indeed, as expected, the Ni-Fo
correlations are similar in high-Mg olivines from mid-ocean ridge
basalts and from abyssal peridotites. Olivine suites from Iceland,
Azores, Reunion, West Greenland, Gorgona komatiites and most
Canaries olivines also fall in the same range. In contrast, olivines
from shield-stage Hawaiian basalts show enormous ranges of NiO
contents at a given Fo content, with a majority considerably
enriched in NiO. Olivines from Hawaiian pre-shield and post-shield
lavas are systematically lower in NiO (Fig. 1) and are consistent with
common mantle peridotite sources. It is conceivable that there is a
temperature effect in addition to, but difficult to separate from, the
compositional effect on Ni partitioning. In that case, the high nickel
content of Hawaiian olivines might simply be due to adiabatic
cooling of melts initially generated at high temperature and
pressure. If that were true, one would expect a similar effect for
all equally high pressure—temperature melts such as Gorgona
komatiites or west Greenland picrites®. However, Gorgona and
west Greenland olivines show that this effect, if present at all, is
too small to explain the Ni excess in Hawaiian olivines (Fig. 1).

The extreme Ni content in Hawaiian olivines (from shield-
building lavas) suggests either that typical olivine-rich mantle
lithologies are not sources of Hawaiian parental melts or that the
melts have changed their composition after extraction.

The Ni content of crystallizing olivine depends mostly on the Ni
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content and major element composition of the melt''. We deter-
mine these characteristics from microscopic melt inclusions in
olivine phenocrysts'®. Figure 2 shows parental melts estimated
from compositions of such inclusions by correction for early olivine
crystallization (see Methods). The shield-stage parental melt com-
positions have very high Ni contents (700-1,000 p.p.m.) for a given
MgO value, the most extreme being Koolau melts. In contrast, the
single estimate for parental melt of an alkalic pre-shield suite (Loihi)
has only 600 p.p.m. Ni.

Figure 2a also shows fields for lava compositions from the main
stages. These are consistent with the estimated parental melt
compositions, considering that the lavas have been variably fractio-
nated by olivine loss and addition. However, the pre-shield and
post-shield lavas have consistently lower Ni values for a given MgO
content than the shield lavas. We conclude, from both the calculated
parental melts and the high-Mg lava data, that the ‘Ni excess’ in
Hawaiian magmas is a primary feature of the shield-stage tholeiites.

Finally, Fig. 2a shows the relationship of Ni against MgO in
partial melts of fertile mantle peridotite in the pressure range
3.0-5.0 GPa, calculated from phase compositions and proportions
in melting experiments® and experimentally determined Ni parti-
tioning between corresponding phases and melt (Supplementary
Information). These results and similar estimates® demonstrate the
efficient buffering of Ni contents in all systems containing olivine
and having a bulk Ni content of 1,900 p.p.m. (ref. 1). To shift this
buffer to fit most Ni-rich Hawaiian shield magmas, the bulk Ni
content of the peridotite would have to be more than 3,500 p.p.m.,
which is far in excess of Ni values observed in mantle lherzolite'.
Figure 2b shows analogous relationships for Ni/MgO ratios and
Si0,. Calculated parental melt compositions and lavas show an
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overall positive correlation, with shield-stage magmas being con-
sistently higher in SiO, than pre-shield and post-shield magmas.
The solid lines representing the peridotite melting relationship are
inconsistent with the calculated parental melts.

Problems with current Hawaiian plume models

Here we briefly review current petrological and geodynamic models
explaining the compositional and geophysical features of Hawaiian
volcanism. We show that none of these models is consistent with all
the observations discussed above.

First, melts formed by high degrees of melting at high pressures in
equilibrium with harzburgitic residues®: this model is based on the
assumption that the parental melts of Hawaiian magmas are highly
magnesian (MgO = 20%) and that high SiO, contents of the less
magnesian lavas are produced by olivine fractionation. It explains
moderately high Si in melts but requires unrealistically high Ni in
the parental melt (for example, the trend given by the white circles
in Fig. 2).

Second, high-pressure melts formed in equilibrium with garnet
lherzolite are reequilibrated with lithospheric harzburgite at shal-
lower depths™”: this model easily explains high Si contents and is
consistent with both high Ti (and other incompatible elements)
contents and with the ‘garnet signature’. However, it completely fails
to explain high Ni contents of Hawaiian primary olivines and melts,
because oceanic lithospheric olivines are much lower in Ni than
olivines from Hawaiian shield tholeiites (Fig. 1).

Third, Hawaiian magmas are mixtures of low- and high-Si melts
derived from lherzolite and eclogite, respectively*>'®'”: this model
can explain the excess Si and is consistent with high concentrations
of incompatible elements in the melts. However, it fails to reproduce
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Figure 1 Compositions of olivines from mantle-derived rocks. Blue field, peridotites from
mantle xenoliths, orogenic massifs and ophiolites; purple field, oceanic abyssal
peridotites; beige field, phenocrysts from mid-ocean-ridge basalts; light green field,
overlap between peridotite and phenocryst fields; pink field, overlap between oceanic
abyssal peridotites and phenocrysts from mid-ocean-ridge basalts. Most data are from
our unpublished database (data of A.V.S. on Hawaii, D. Kuzmin on Iceland, V. Kamenetsky
on Gorgona, |. Nikogosian and T. Elliott on the Azores, I. Nikogosian on the Canaries and
Reunion and V. Batanova for olivines from mantle peridotites). Olivines of Archaean
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komatiites from Belingwe show NiO contents only 0.02 wt% higher than Gorgona
komatiites (L. Danyushevsky, personal communication) and follow the upper boundary of
the mantle peridotite field (blue). Additional data are from the GEOROC and PETDB
databases*® (see Supplementary Information for major references) and from ref. 47.
Olivines from shield-stage Hawaiian basalts vary significantly in Ni content at constant Fo,
with the majority systematically enriched in Ni compared with olivine from mantle
peridotites, komatiites and common basalts. Olivines from post-shield and pre-shield
Hawaiian basalts are similar to peridotites and common basalts.
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Figure 2 Parental melt and lava compositions, showing that Hawaiian shield parental
melts are higher in Ni and Si than permitted in equilibrium with an olivine-bearing source,
and that conventional models cannot explain this feature. Large symbols (Fig. 1) represent
calculated compositions of parental Hawaiian melts. Large and small red diamonds
correspond to parental melts for Makapuu and underlying series of Koolau Volcano,
respectively. The large purple dot represents the parental magma composition of an
alkaline glass from Loihi. The solid red line labelled ‘peridotite 1,900 Ni’ represents
compositions of melts (small blue circles) in equilibrium with fertile mantle Iherzolite in the
pressure range 3.0-5.0 GPa, calculated for a bulk-mantle Ni content of 1,900 p.p.m.
from melting experiments® (Supplementary Table S1). The small green circles correspond
to melt compositions calculated for residual harzburgite®. The small blue diamonds and
black line represent compositions of melts in equilibrium with harzburgite (using the same
bulk Ni®. The blue solid line labelled ‘peridotite 3,500 Ni’ represents hypothetical
melts for an unrealistically high bulk-Iherzolite Ni content of 3,500 p.p.m. The thick
dashed line labelled ‘pyroxenite 1,000 Ni’ shows compositions of estimated melts in
equilibrium with pyroxenite with a bulk Ni content of 1,000 p.p.m. (Supplementary
Table S2). Dashed line with white circles, olivine fractionation trend (1 wt% step) for a
hypothetical parental melt leading to the average Mauna Loa parental melt composition;
dashed line with black dots, mixing hyperbola between melt in equilibrium with mantle
Iherzolite (bulk Ni content 1,900 p.p.m.) at 4.5 GPa and 1,620 °C (ref. 6) and a
hypothetical, eclogite-derived, high-Si melt* with Si0, = 60 wt%; Mg0 = 4.5wt% and
Ni = 50 p.p.m. (10 wt% step). a, Plot of Ni against MgO for shield lavas (green field)
and post-shield lavas (light brown). b, Plot of Ni (p.p.m.) to MgO (wt%) ratios against SiO»
for shield lavas (green field) and post-shield lavas (light brown) having MgO between 15
and 19%, representing the range of parental melt compositions.
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high Ni contents in the mixed melts because both partial melts of
lherzolite and eclogite are lower in Ni (for example, the trend given
by the black dots in Fig. 2).

Fourth, Koolau magmas produced by melting of recycled eclo-
gite’: this model explains the high Si content in lavas and the
enhanced productivity of the plume but fails to explain high Ni and
Mg contents of Koolau olivines and melts.

Fifth, excess Ni comes from the Earth’s core'®: input from the core
has also been suggested by studies of Os isotopes'® and high Fe/Mn
ratios in lavas®® and is conceivable because Ni is a major core
component'. However, the required Ni excess is more than
1,500 p.p.m. (Fig. 2a), which corresponds to a 3% contribution of
core material with about 5% Ni (ref. 1). This is three times the
amount suggested by Os isotopes and Fe/Mn ratios'>*". In addition,
any input from the core should markedly increase the platinum-
group element abundances in the Hawaiian source and melts. This
effect could be suppressed in the melts only by an exceptionally
large amount of residual sulphides; however, this should
also suppress the abundance of copper in the melt. But platinum-
group elements are not specifically enriched, nor is copper
specifically depleted, in Hawaiian lavas (GEOROC database,
(http://georoc.mpch-mainz.gwdg.de/georoc/)). Finally, the Koolau
melts with the most extreme Ni/Mg and Fe/Mn ratios (Fig. 2b and
ref. 20) do not show Os isotopic evidence for core material'®. All
these observations argue against a core source of Ni (or Fe) excess.

Last, the three-dimensional dynamic model of Hawaiian plume
emplacement and melting®! is apparently inconsistent with the new
estimate of magma volume flux beneath Hawaii*»**, which is at least
double the flux used in the model*'. The model can be adapted to
the new data either by lowering the lithospheric thickness from
90km to less than 70km at the plume axis, or by increasing the
potential temperature of the plume from 1,600°C to more than
1,700 °C. This temperature seems to be far too high; the lithospheric
thickness under the plume axis has recently been determined as
100-110 km (ref. 24).

Pyroxenitic source model

Because none of the existing models can explain the combination of
high nickel and high SiO, in Hawaiian tholeiites, we propose a new
model (Fig. 3) with the following three essential elements. First, the
rising plume contains eclogite bodies that start melting at about
190-180km depth. Second, this high SiO, initial melt infiltrates
into and reacts with the adjacent peridotite, thereby eliminating
olivine and producing a solid pyroxenite. Last, both pyroxenite and
unreacted peridotite melt at depths between 140 and 100 km,
ultimately producing hybrid magmas by mixing in conduits and
crustal magma chambers.

The plume originally consists of (at least) two different litholo-
gies: recycled oceanic crust and peridotite”. The recycled com-
ponent is a SiO,-oversaturated eclogite derived from a mixture of
primitive oceanic basalts, oceanic gabbros and sediments (Sup-
plementary Table S3). Because the solidus temperature of this
eclogite is much lower than that of peridotite, the eclogite starts
melting at higher pressures®. This produces a high-Si liquid that is
highly reactive with olivine-bearing peridotite””. Therefore, as melt
infiltrates the peridotite it converts it to a solid, olivine-free
pyroxenite. Under conditions of local equilibrium, the olivine
replacement forms a sharp front, which advances into the perido-
tite®®. The proportion of melt required to convert all olivine in
typical lherzolite is between 40 wt% and 60 wt% (Supplementary
Information). According to the theory of metasomatism*® and
experimental studies®’, this process permits no intermediate
lithologies.

Near-fractional melting of eclogite and reaction of this melt with
peridotite continues until the eclogite is too refractory for further
melting (Supplementary Information). At this stage there will
potentially be three different lithologies: olivine-free pyroxenite,
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original peridotite not affected by eclogite-derived melt, and eclo-
gitic refractory restite not able to melt further. Hawaiian magmas
therefore originate from the mixing of melts produced from two
lithologies.

As the plume rises, the secondary pyroxenite starts melting with a
much higher production rate than normal peridotite™'****'. The
unreacted peridotite also starts melting, but producing lower melt
fractions. The nickel content in melts derived from the olivine-free
pyroxenite will be sharply increased, because olivine no longer
controls the bulk partition coefficient (Fig. 2 and Supplementary
Table S2).

The model predicts the mixing proportions of the source end-
members for different Hawaiian volcanoes (Supplementary
Information). Figure 4a and Table 1 show that the proportion of
pyroxenite-derived melt is highest for Koolau (more than 80%) and
Mauna Loa (about 60%) parental melts, and lowest for pre-shield
melts (less than 10%). Kilauea and Mauna Kea lavas are intermedi-
ate. Recalculated to volcano volumes (Table 1), this yields a mean
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Figure 3 Model diagram of the Hawaiian mantle plume. Primary and secondary rock types
are colour coded as follows: red, eclogite representing recycled oceanic crust; blue,
peridotite; yellow, reaction (secondary) pyroxenite produced by infiltration of eclogite-
derived melt into peridotite; white and red, eclogitic restite; black dots, melts; violet,
magma pathways, conduits and small magma chambers. Recycled material is
concentrated in the plume centre. The seismic low-velocity zone observed previously®® in
the depth range 170-130km corresponds to significant melting of eclogite. This melt
disappears at lower pressures because it separates from eclogite and is consumed by
reaction with peridotite to produce secondary pyroxenite. Mixing of melts probably takes
place at shallow crustal levels in small magma bodies rather than in the mantle or in large
stable magma chambers. This is clearly seen from the very large variation in NiO and Fo
contents of olivine within single Hawaiian picritic samples (Fig. 1) and melt inclusion
data™.
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contribution of about 50% of melt from the pyroxenitic source in
the most recent (0.5-1.0-Myr-old) Hawaiian magma supply.
These mixing relationships can be tested by correlations between
Os and Sr isotopes from Hawaiian shield lavas (Fig. 4b). This
approach has previously been used to show mixing of melts rather
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Figure 4 Hawaiian parental melts and lavas as mixtures of melts from two contrasting
lithologies, olivine-free (reaction) pyroxenite and common peridotite. The symbols are the
same as on Figs 1 and 2. a, Proportions of melt from pyroxenitic source (in wt%) plotted
against Al,O5 for calculated parental melts. b, Mixing trajectories in Sr—0s isotope space.
Data for Hawaiian shield lavas are from the GEOROC database, including refs 16, 32 and
48. Blue curve, mixing of eclogite-derived melt with peridotite; dashed red line, mixing of
melts derived from peridotite and (reaction) pyroxenite, respectively. The parameters used
for the blue line were as follows: mantle peridotite containing 3,000 p.p.t. Os with
1870s/'880s = 0.126 and 10 p.p.m. Sr with 8Sr/28Sr = 0.7033 was reacted with melt
originating from eclogite having 50 p.p.t. Os with '8 0s/'®80s = 1.0 and 300 p.p.m. Sr
with 8Sr/28Sr = 0.70425. The parameters used for the dashed red line were as follows:
peridotite-derived melt having 400 p.p.t. Os and 300 p.p.m. Sr (the isotope ratios were the
same as for unreacted peridotite); melt derived from pyroxenite (400 p.p.t. Os, 200 p.p.m.
Sr, isotope ratios correspond to 50% peridotite reacted with 50% eclogite-derived melt,
the proportions required to create an olivine-free lithology; see Supplementary
Information). The observed isotopic compositions of Mauna Kea and Mauna Loa lavas
correspond closely to the model of pure, binary melt mixing. This seems to rule out
significant contributions from intermediate lithologies (for example, pyroxenite with
residual, unreacted olivine), which should follow the strongly curved source-mixing
hyperbola (blue line). The calculated proportions of the melt end-members are consistent
in both a and b for Mauna Loa and Mauna Kea lavas, but Koolau data seem to be
incompatible with the simple binary mixing model. This might be because of an additional
(recycled) sedimentary component in Koolau*“® and possibly because the initial amount of
eclogite in the Koolau source was high enough to oversaturate the reaction zone with
eclogite-derived melt.
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than solid sources'®'”?*. The isotope data, with the exception of
Koolau lavas, fit a mixing hyperbola between a melt derived from a
pyroxenite created by the addition of 50% eclogite-derived melt (the
amount required to react out all olivine) to the peridotite, and a
melt resulting from the original peridotite. The relative proportions
are similar to those shown in Fig. 4a.

We have modelled the above sequence of events by using
incompatible element patterns for parental melts for several
Hawaiian volcanoes. The results are shown in Supplementary
Table S3 and Supplementary Fig. S1. In contrast with superficially
similar earlier models'®, the proportion of reactive melt
from recycled crust (relative to ultramafic mantle) is very large
(40-60%), to eliminate olivine. The melt fraction of the pyroxenitic
source of Hawaiian lavas must therefore also be large (about 35% or
greater), to match incompatible element contents and high Mg#
(Mg# = 100Mg/(Mg + Fe)). In addition, the composition of the
crustal component is somewhat more primitive than average mid-
ocean-ridge basalt. The model successfully reproduces the trace
element patterns of typical Mauna Loa parental melts and Sr-rich
Mauna Loa melts', as well as Kilauea and Loihi parental melts.

We now estimate the amount of recycled oceanic crust required to
produce the final melts erupted in the different volcanoes (Sup-
plementary Information). The results are shown in Table 1 and on a
map of Hawaiian volcanoes (Fig. 5). The amounts of recycled crust
range from 30% to nearly 10% in the central part of the plume and
decrease to almost 0% at the plume edge. The results are clearly
model dependent. Nevertheless, an independent, semiquantitative
test is provided by the relative volumes of the volcanoes involved,
which correlate with both the amount of pyroxenite melting and the
amount of original eclogite (Table 1). These amounts are also
consistent with the geophysical observations discussed below.

Geophysical consequences

The average content of eclogitic material in the bulk plume can be
estimated as about 20% in the central part of the plume (radius
30 km) from the above estimates for specific volcanoes (Table 1 and

Fig. 5). A plume containing this amount of eclogite (with an
assumed excess density of 2-3%)* will be buoyant in most of the
mantle and will therefore be able to rise if its excess temperature is
more than 200-300 °C.

The revised recent (younger than 2 Myr) Hawaiian magma flux is
more than 10m’s™ " (ref. 22) or close to 8m>s™ ' (ref. 23). In
contrast, using our best estimates of potential temperature of
1,600°C at the plume axis, an initial lithospheric thickness of
90km and a maximum degree of peridotite melting of 15%
(ref. 21), we obtain a magma flux of only 3.5m’s ™' for a purely
peridotitic plume. Note that in this and the following calculations
(Supplementary Information), we estimate magma flux together
with matching parameters of the Hawaii swell by using scaling from
ref. 21. If we further consider the presence of up to 30% eclogite at
the plume axis but ignore its effect on the density of the plume, we
obtain a magma flux of 5-6m’s™'. This increased magma flux is
caused by the addition of high-degree partial melt derived from
pyroxenite. Finally, when we also consider that melting of eclogite at
pressures of more than 4 GPa produces a garnet-rich restite™, we
obtain a total magma flux of more than 8.5m’s ™", close to the
observed flux***’. The reason for this higher estimate is that the
eclogite restite significantly increases the bulk density of the plume
(compared with a purely peridotitic plume), and hence a higher
plume volume flux is required to support the swell*".

The presence of heavy eclogite restites completely compensates
for the positive depletion buoyancy of the plume, which is signifi-
cant in the models involving pure peridotite melting”"**. The high
swell topography in our model is therefore entirely supported by the
higher temperature of the underlying plume material.

The model predicts strong partial melting of the eclogitic com-
ponents in the central part of the plume. Highly viscous, Si-rich
melts should remain in the residue until the degree of melting
exceeds a threshold value (about 30%)*” when it can infiltrate the
surrounding peridotite. As melting proceeds during plume ascent,
only the excess melt infiltrates the peridotite, but the threshold melt
fraction gradually decreases because of decreasing SiO, content and

Table 1 Average compositions and formation parameters of estimated parental melts for recent Hawaiian volcanoes and Koolau

Parameter Mauna Loa Kilauea Mauna Kea Loihi alkaline Average PeM PxM Koolau Makapuu Koolau KSDP
Age 0-80 0 460-550 0 <1,000 <1,000 <1,000 >2,000 2,600
% 80 30 33 0.66 143 69 74

N 346 152 961 1 1,459 1,459 1,459 61 67
SiO, 48.8 47.3 48.3 452 48.4 47.6 49.1 51.3 50.2
TiO, 15 1.9 1.8 1.8 1.6 15 1.7 15 15
Al,O3 10.2 9.5 101 9.3 10.0 9.0 10.9 1.3 10.8
FesOg 1.2 1.2 1.2 1.4 1.2 1.2 1.2 11 11
FeO 9.6 10.0 9.8 10.3 9.8 9.9 9.6 9.0 9.3
MgO 18.1 18.1 17.6 18.5 18.0 20.8 16.3 15.0 16.8
Cal 8.0 9.2 8.6 101 8.4 7.4 9.2 7.0 7.3
Na,O 1.7 1.6 1.6 1.7 1.6 15 1.8 2.4 2.0
K0 0.2 0.3 0.3 0.5 0.3 0.3 0.3 0.4 0.3
P>0s 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.3 0.3
H>O 0.3 0.4 0.3 0.6 0.3 0.3 0.3 0.5 0.3
Ni 858 797 779 603 827 716 928 836 824
Fool 90.7 90.4 90.3 90.3 90.6 91.7 89.5 89.8 90.5
NiOg 0.55 0.51 0.52 0.37 0.53 0.32 0.76 0.72 0.60
T 1,369 1,364 1,357 1,367 1,363 1,413 1,315 1,314 1,347
Xpx 0.57 0.46 0.45 0.09 0.52 0.00 1.00 0.81 0.62
Xore 0.26 0.12 0.12 0.02 0.20 High High
Cpoe 0.61 0.82 0.83 0.98 0.71

Cer 0.13 0.06 0.06 0.01 0.10

Fox 0.45 0.35 0.35 0.25 0.41 0.41

Froe 0.15 0.06 0.06 0.04 0.11 0.11

Ages are in kyr. Major elements (in wt%) and Ni (in p.p.m.) were calculated from melt inclusion and host olivine compositions, corrected for olivine fractionation (see Methods). V, volcano volume in
1,000 km?® (after (http://hvo.wr.usgs.gov)), volume of end-members calculated from their proportions (see below). N, number of melt inclusions (or glass for Loihi). Fo, and NiO,, forsterite (mol%)
and NiO (wt%) contents of olivines in equilibrium with parental melts at 0.1 MPa and at the temperature indicated (7, in °C). The following parameters (all in weight fractions) are defined in
Supplementary Information: degree of eclogite melting for all models (F¢ = 0.50); proportion of eclogite-derived melt reacted with peridotite to form olivine-free pyroxenite for all models (X = 0.50);
Xox, Proportion of melt from pyroxenitic source; X, @amount of recycled crust ( = eclogite); C e, weight fraction of unreacted peridotite; C .., weight fraction of eclogitic restite; £, degree of melting
of pyroxenite; Fpe, degree of melting of peridotite. Average, average parental melt for Mauna Loa, Mauna Kea and Kilauea, weighted by volcano volume. PeM and PxM, end-member compositions of
peridotite-derived and pyroxenite-derived melts, respectively, each representing a volume-weighted average of end-member estimates for Mauna Loa, Mauna Kea and Kilauea (Supplementary
Information). Peridotite-derived end-member is a high-Mg picrite similar to published estimates® and is in equilibrium with peridotite under 100-km-thick Hawaiian lithosphere®. Pyroxenite-derived
end-member has significantly higher Si, Al, Ca and Ni, and lower Mg contents, and is olivine undersaturated under Hawaiian lithosphere. There is a clear positive correlation between estimated
amounts of recycled material (or proportion of pyroxenite-derived melt) and volcano volume. Parental melts from the Makapuu series of Koolau possess the highest Ni and Si contents and require an
almost purely pyroxenitic source. Melts from the Koolau Scientific Drilling Project have compositions between those of Makapuu and Mauna Loa, supporting the conclusions of ref. 38.
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Figure 5 Schematic map of present position of the Hawaiian mantle plume, modified from
ref. 50. Red and blue points and ellipses indicate sampled areas of plume corrected for
eruption ages. Numbers near points show estimated potential plume temperatures and
amounts (wt%) of recycled oceanic crust (see also Table 1, Methods and Supplementary
Information). The pink circle shows the assumed position of the central zone of the plume.
The light blue area represents the outer (and colder) portion of the plume. The dark

melt viscosity. The high initial threshold should create a prominent
seismic low-velocity zone at a depth range between the early stage
(10% of partial melting) and the end of eclogite melting (Sup-
plementary Information). These depths depend on the potential
temperature of the plume and correspond to 170-130km at a
potential temperature of 1,600 °C. The seismic low-velocity zone
has indeed been detected at this depth range below the southern
part of the Big Island by using P-to-S converted waves™.

Discussion
The proposed model explains several Hawaiian magma character-
istics that were previously difficult to reconcile.

First, high and variable Ni contents are now consistent with high
Si and with high incompatible element contents of MgO-rich
parental melts, because olivine no longer buffers Ni and Si, and
incompatible elements come from the recycled component and
from low-fraction melting of peridotite.

Second, the high magma productivity of the plume is explained
by the high proportion of pyroxenite, which produces much higher
melt fractions than peridotite'®®*', and by an increased plume
volume flux, required to support the Hawaiian swell if the plume
contains heavy eclogite restite.

Third, the nearly linear correlation between Os and Sr isotopes is
explained by the mixing of melts from only two stable lithologies,
olivine-free reaction pyroxenite and unreacted peridotite, instead of
melting variously mixed sources.
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shadowed area (half-moon-shaped) indicates the position of the seismic low-velocity
zone at depths between 170 and 130 km (ref. 36). Maximum amounts of recycled
material and maximum temperatures are found under Mauna Loa and close to the plume
centre. The average amount of recycled crust in the central (pink) zone is estimated to be
about 20% (Table 1), whereas in the outer (blue) zone of the plume it decreases to 0%.
The low-velocity zone coincides with the region of maximum amount of recycled crust.

Fourth, the model explains the prominent seismic low-velocity
zone in the depth range 170-130 km below the southern part of the
Big Island*®, because a substantial amount of melt is retained in the
eclogitic bodies in the central part of the plume.

Last, the model explains high Fe/Mn ratios of Hawaiian mag-
mas®’, without an Fe contribution from the core, because in the
absence of olivine the Fe/Mn ratio of the melt is expected to be
higher than in the source®.

A seemingly paradoxical aspect of the model is that Hawaiian
tholeiites are universally rich in olivine, whereas we propose a very
significant role of an olivine-free source. However, most parental
melts are undersaturated with respect to olivine at depths greater
than 60 km (refs 2, 7). Olivine saturation starts at lower pressures,
and abundant olivine phenocrysts crystallize predominantly in
crustal magma chambers™"’.

One possibly troubling aspect is the fact that the Ni-rich, olivine-
undersaturated parental melts must traverse the oceanic lithosphere
and sublithospheric mantle without interacting with ambient
olivine. This is therefore not consistent with currently popular
models for melt transport through dunite channels in mid-ocean
environments”’. Instead, we suggest that Hawaiian parental (pri-
mary) melts create pyroxenitic reaction channels for sublitho-
spheric melt transport by a mechanism analogous to the
formation of dunite channels®’, but remove olivine (rather than
pyroxenes) from the peridotite. In the brittle lithosphere, the melts
are likely to move through fractures so that the melt does not
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interact with the wall rock. A low interaction between Hawaiian
melts and wall rocks during transport has also been suggested on the
basis of Os isotopes® and compositions of melt inclusions'. The
large variation in Ni contents in Hawaiian olivines and melts (Figs 1
and 2) suggests that different parental and primary melts mix in
small crustal magma chambers and/or conduits.

Koolau exhibits an anomalous behaviour among Hawaiian
volcanoes in having a maximum amount of pyroxenitic component
at only moderate volcano volume. In addition, the amount of
pyroxenitic component tends to increase towards the end of the
shield stage of this volcano (Makapuu stage®). As in ref. 9 we can
explain this feature by the local input of an exceptionally large
block of recycled eclogite. In this model, the moderate size of this
volcano manifests a local ‘shortage’ of a peridotitic component.
Inputs from peridotite melting will further decrease as the
volcano moves to a colder part of the plume at the end of the shield
stage.

The question arises whether the model described here also applies
to other mantle plumes. Because a secondary pyroxenitic source
derived from recycled oceanic crust will start to melt at a higher
pressure than will peridotite™'****!, its effect (in the form of a high
Ni-Si component) should be most clearly recognizable in plume
basalts emplaced on thick lithosphere. Indeed, although the highest
Ni excess in olivine occurs on Hawaii, relatively high values are also
found on the Canaries and west Greenland (Fig. 1) and in flood
basalts from Siberia'® and Karroo-Etendeka® (all with thick litho-
sphere), whereas low Ni values are found on Iceland and the Azores
(thin lithosphere). 0

Methods

Samples

We present a summary of data for host olivines and melt inclusions from the following
Hawaiian shield picrites: (1) Mauna Loa, historic, 1868 (H-OC), prehistoric (H-1) and
50 kyr ago (R129-8.1) described in refs 3 and 15, and 80 kyr ago (SR118-8-8) from HSDP-2
site*’; (2) Mauna Kea, 450-550 kyr old (A.V.S., unpublished data on samples SR515-3.6,
SR542-9.6, SR554-2.3, SR759-4.0, SR863-20.7, SR889-15.0, SR912-18.0, SR930-9.1,
SR935-21.4, SR954-10.7, SR962-18.1 from HSDP-2 site*); (3) Kilauea, Kilauea-Iki
(A.V.S., unpublished data for samples IKI-22, IKI-44, K97-12 provided by A. T. Anderson);
(4) Koolau (A.V.S., unpublished data from samples KooS10 from Makapuu series
(provided by A. Rocholl) and R8-1.1-1197.1 core from Koolau Scientific Drilling Project
(KSDP) site™).

Olivine hosts and melt inclusions

Host olivine phenocrysts and melt inclusions were analysed for major elements with a Jeol
JXA8200 electron probe at the Max Planck Institute for Chemistry, with standards*' and
an extended counting time. Ni in olivines was analysed at 20 kV accelerating voltage and
20 nA current with a 120 s counting time, using NiO as a standard and San Carlos olivine
(USNM 111312/444; ref. 41) for continuous monitoring. Typical external precisions are
better than 1% relative (1s.e.m.) for Ni in olivines, 0.1% relative for Fo in olivines and
0.5-1.0% relative for major elements in the melt inclusions.

Inclusions in olivines from all volcanoes are naturally quenched except samples H-OC
from Mauna Loa and KooS10 from Koolau volcano. The latter were heated and quenched
from a temperature of 1,250 °C at Vrije Universiteit, The Netherlands, and Vernadsky
Institute, Russia, respectively.

All inclusion compositions were recalculated to equilibrium with host olivines, taking
into account olivine crystallization on the walls and Fe-Mg redistribution with host
mineral as described in ref. 15. The original FeO contents for the trapped melts were
defined as a function of SiO, contents in the melt: FeOyo, = 24.93 — 0.2815 X SiO,, based
on the strong correlation of Hawaiian tholeiitic lavas with MgO contents between 10 wt%
and 20 wt% (GEOROC database).

Ni in melts

Ni contents in olivine-hosted inclusions are severely lowered by olivine crystallization on
the walls of cavities. Therefore, rather than measuring Ni in the melt inclusions we
calculate Ni concentrations from measured Ni contents in the host olivine and
distribution coefficients estimated for known compositions of melt and olivine with the
use of the formulation in ref. 11. This formulation does not take into account the S content
in the melt. However, Li e al.'> showed that sulphur concentrations greater than

1,000 p.p.m. cause Ni-S complexing in the melt and thus produce excess Ni in the melt
over that predicted by Beattie’s model. Nevertheless, this average Ni excess is less than
70 p.p.m. for primitive glasses with S concentrations less than 1,100 p.p.m. Because

S concentrations in most melts trapped in both high-magnesium Hawaiian olivines and
primitive Hawaiian glasses are less than 1,000 p.p.m., and sulphide globules are normally
absent as inclusions in high-Mg olivines*?, no correction has been applied to the Ni
distribution. Low S concentrations in most primitive mantle-derived melts, and their
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apparent sulphur undersaturation at low pressures, can be well understood in view of the
strong negative correlation of S saturation level with pressure®’.

Reconstruction of parental melt compositions

The compositions of parental melts have been calculated from the compositions of
corrected trapped melts or from magnesium glass composition for Loihi*’ by the back-
calculation of olivine fractionation up to equilibrium with the highest-Mg olivine
known for a given volcano. We assume that Fo contents of such olivine are defined as a
function of its NiO content: Fo = 93.12 — 5.35 X NiO for Mauna Kea and Kilauea, and
Fo = 93.68 — 5.35 X NiO for Mauna Loa and Koolau. These functions constrain the high-
Fo corner of the Fo-NiO olivine diagram (Fig. 1) and are consistent with the fact that the
pyroxenitic end-member should be highest in Ni and lowest in Mg#. Calculations were
performed for inclusions in olivine (Fo > 86) with a model of Fe-Mg olivine-melt
partitioning® and an Fe>* /(Fe?™ + Fe’™) ratio of the melt equal to 0.10 (ref. 3). H,0
concentrations in parental melts were estimated by using data from ref. 42. Ni
concentrations were calculated with the olivine-melt distribution formulation''.
Calculations were performed with PETROLOG software**.

Estimation of potential mantle temperature

Available compositions of parental melts were used to constrain the potential mantle
temperature of the Hawaiian plume, on the assumption that reconstructed melts
separated from their sources at about 100 km, where the transition from lithosphere to
asthenosphere is imaged under the Big Island** (with a 10-km-thick plume freezing zone!
this corresponds to the initial lithospheric thickness of 90 km). To constrain liquidus
temperatures we used olivine-melt Mg—Fe partitioning®, a dT/dP slope of 45 °C/GPa, and
compositions of parental melts with a minimum amount (less than 10%) of pyroxenite-
derived melt. For 3.0-3.3 GPa pressure this yields, respectively, 1,550-1,565 °C for Mauna
Loa, 1,520-1,535 °C for Mauna Kea and Kilauea, and 1,500-1,515 °C for alkaline Loihi.
With parameterization from ref. 45, these temperatures correspond to ranges in potential
mantle temperature of 1,620-1,570 °C for Mauna Loa, 1,520 °C for Mauna Kea and
Kilauea, and 1,460 °C for Loihi. This yields a potential mantle temperature at the centre of
the plume close to 1,600 °C, nearly identical to the estimates of ref. 21.
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Supplementary Information

This material includes detailed explanations of our geochemical and
physical modeling.

Calculation of Ni contents in partial melts and proportions
of components

This section explains calculations of Ni concentrations in peridotite-
derived and pyroxenite-derived melts, and the estimation of their
proportions in a particular parental melt.

Because there are no direct high-quality measurements of Ni
concentrations in experimental mantle-derived melts, we have
calculated these (Table S1) using the following mass balance equation
(S0), for a given bulk nickel content:

G
X, +X,KJ+X K” +XC”K§,” + X, K

op

cl= (0)

Where Cy and C.* are wt. ppm Ni concentrations in melt and bulk
system; X,, X,, X,, X_,, and X, are proportions (in wt.
fractions) of melt, olivine, orthopyroxene, clinopyroxene, and garnet
in the system, respectively; Ky, , K" , K¢, K5 -partition coefficients of
Ni between these phases and melt.

Major element composition and proportions of phases at high
pressure were used after ref.1, and we combined this information with
Ni partitioning calibration for olivine-melt and orthopyroxene-melt’
(as a function of phase compositions), olivine-garnet’ (to constrain Ni
in garnet as a function of temperature and Ni in olivine), and
orthopyroxene-clinopyroxene* (to constrain Ni in clinopyroxene as a
function of temperature, pressure and Ni content of orthopyroxene).
Note that similar calculations for harzburgites® are almost identical to
our estimates for the same lithology and bulk Ni (see Fig. 2 of the
paper).

Our estimations (Table S1) and similar estimations® show that the
contents of Ni and MgO in peridotite-derived melts are related nearly
linearly : X/ = aX}y,

Ni and MgO should also characterize pyroxenite-derived melt:

+b. We assume that a linear relationship between

Xy =cX);,+d because partitioning of Ni between pyroxene and melt
is similarly related to MgO contents in melt as in the case of olivine?.
Further assuming that each parental melt is a binary mixture between
peridotite-derived and pyroxenite-derived melts having a constant
X[’(» /XPA

mgo " Mgo

=a>1 (see below), we obtain the following implicit
relation (S1) between the proportion of pyroxenite-derived melt ( X ,, )

and contents of MgO ( X, ) and NiO ( X, ) in the parental melt:

NATURE | doi:10.1038/nature03411 | www.nature.com/nature

TABLE S1. Calculated Ni contents in partial melt of peridotite

N 30.12 30.07 30.14 30.1 40.06 40.07 40.05 45.03 45.02 50.01
P Gpa 30 30 30 30 40 40 40 45 45 5.0
T°C 1515 1530 1540 1580 1590 1610 1660 1620 1650 1680
Si02 46.17 46.66 46.91 48.98 46.38 45.52 46.17 4597 46.01 44.78
TiO2 091 0.70 0.64 048 1.45 127 046 1.66 0.49 1.26

Cr203 031 035 043 055 033 025 048 034 046 0.31
AI203 13.32 13.06 12.46 11.06 9.81 10.35 10.28 8.27 9.01 7.15

FeO 9.55 875 886 9.45 10.65 10.65 9.67 11.72 10.12 11.88
MgO 16.90 17.58 18.22 19.71 18.58 19.89 22.31 20.02 24.37 22.28
CaO 10.69 10.92 10.86 8.78 10.31 931 896 9.20 8.16 9.54
MnO 0.18 0.18 0.17 0.18 0.20 0.19 0.19 0.21 0.19 0.20
Na20 096 093 082 0.77 093 1.08 0.40 1.11 0.58 0.86)
K20 0.56 0.41 0.34 023 083 0.70 0.22 099 0.29 0.60
melt% 13.8 185 244 372 92 129 388 122 372 10.0
ol% 525 51.5 50.5 529 523 515 47.0 51.8 440 50.6
op% 19.8 206 251 99 00 7.1 142 0.0 17.8 0.0
cp% 140 94 00 00 305 233 0.0 258 0.0 283
2a% 00 00 00 00 80 52 00 102 1.0 11.1

Kdol-1 5.14 493 4.66 4.07 432 3.89 321 3.76 2.73 3.07
Kd op-1 1.77 1.74 1.72 1.68 1.65 151 142 155 128 138
Kd cp-1 1.05 1.04 1.03 1.03 096 0.89 0.86 0.90 0.75 0.80
Kd ga-1 049 049 048 046 0.50 048 0.44 047 037 0.44
K bulk 370 3.67 3.68 3.70 2.86 2.69 2.80 2.53 228 2.03
Ni bulk 1900 1900 1900 1900 1900 1900 1900 1900 1900 1900
Niinmelt 519 547 576 651 647 706 839 743 988 907

P, T, melt compositions and proportions of phases after Walter (1998)". Distribution
coefficients (Kd) of Ni between crystals and melt are calculated as described in text.
ol - olivine; op - orthopyroxene; cp - clinopyroxene; ga — garnet. Ni is in wt. ppm.

X, (c—aa)+ X, (a@-1)+b(l-2a)+ad -JU

X, = S1
” 2a—1)(d - b) b

Here

U=(X,,(c-aa)+ X, (@a-D)~(a-1)d +d -b)* +4a-1)(d -b)(cX,, +d - X,,)

XNl.faXMgfb

In the special case ofa =1, X, =
P “ " X ac—a)y+d—b

The constant X' /X"

Mz0 MgO

pyroxenite-derived melts is a consequence of the assumption of

=a>1 of mixing peridotite-derived and

similar temperature of melting of different, spatially coexisting
lithologies. Experimental data®’ then suggest that olivine saturated
melts have higher MgO for the same temperature and pressure than
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olivine undersaturated melts. There are no experimental data to
constrain o quantitatively, however a reasonable range of a = 1.2-1.5
causes only minor effects on X, (less than 10% relative). Here we
thus assume a value o = 1.3, which is close to actual X;;,/X)", of
estimated end-members (see Table 1 of the paper). We took the
parameters a = 69.885 and b=-740 for peridotite-derived melt equation
from the linear correlation between Ni and MgO in melts in
equilibrium with harzburgite at pressures between 3.0-5.0 GPa (ref.5).
Parameters c=41.4 and d=299 for pyroxenite-derived melt equation
have been estimated from mineral proportions and partition
coefficients for reaction pyroxenite with 1000 ppm bulk Ni content
(Table S2). In this case, distribution coefficients of Ni between
minerals and melt were calculated for Mauna Loa parental melt with
17 wt% MgO and Koolau parental melt with 13.5 wt% MgO
representing the compositional range of the most Ni-rich melts (Fig.
2A). We relate the Ni partition coefficients among the different phases
in the same way as for peridotite (see above), using a “virtual” olivine
to estimate garnet and “virtual” to estimate
clinopyroxene partitioning. This simplification is not strictly correct
but is not expected to introduce large errors, because the melts are
highly magnesian and are not far from equilibrium with olivine and

orthopyroxene

orthopyroxene. Ni content in the pyroxenite-derived melt will change
significantly as a function of the amount of reactive melt required to
eliminate olivine (Table S2) and Ni content in peridotite. We use the
specific values noted above, because they fit the upper Ni contents of
estimated parental melts in the Ni-MgO diagram (Fig 2A).

Using listed values and equation (S1), we calculate the proportions
of peridotite-derived and pyroxenite-derived melts for each estimated
parental melt. The correlation between parental melt composition and
X, allows then to estimate the composition of end-members
(peridotite- and pyroxenite-derived melts) for each volcano. In Table 1
of the paper we present weighted (by volcano volumes) averages of
such end-member compositions (PeM and PxM) for Mauna Loa,
Kilauea and Mauna Kea.

Modeling of reaction between eclogite derived melt and
peridotite

According to our model, the secondary, olivine-free source is
produced by reaction between high—Si eclogite-derived melt and
peridotite. As compositions of reactants we use melt compositions
from experiments”’ and estimated fertile mantle composition'. In
order to determine the phase composition of reaction pyroxenite and
the amount of reactants necessary to produce olivine-free lithologies,
we used thermodynamic model of Sobolev and Babeyko (1994)'°. The
sample modeling is shown in Table S2.

In a closed system, depending on the composition of reactive melt,
the olivine content of the reaction products decreases proportionally to
1.14+1.0X,, orthopyroxene (which appears at T less than 1600°C)
decreases proportionally to 0.1+0.5X,, clinopyroxene increases
proportionally to 0.86+1.0X,, and garnet increases proportionally to
0.24+0.03X,, where X, is the wt. fraction of reactive melt. In an
infiltration system, at the point where olivine is eliminated, this
means:

(1) The amount of reactive melt required to eliminate olivine in
peridotite is equal to or slightly less than the original content of
olivine in peridotite;

(2) Almost the entire mass of the reactive melt transforms to
clinopyroxene;
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(3) The amount of garnet produced by reaction depends strongly on
the composition of reacted melt and varies from approximately
0to0 0.24 X,.

TABLE S2. Modeling of reaction between eclogite-derived melt and peridotite

19/4 G108 G108-3 KRP  50% C32Im 55%
SiO, 49.65 52.13 57.84 45.57 52.32 58.54 52.71
TiO, 0.86 042 095 0.13 0.58 2.83 1.62
Al,04 17.34 16.71 16.78 432 11.17 15.27 10.34
FeO 7.93 597 729 838 7.78 849 8.44
MgO 10.09 8.95 4.57 37.86 19.55 2.21 18.25
CaO 11.74 12.38 9.76 3.5 694 7.54 572
Na,O 2.06 3.31 2.66 022 1.56 4.52 2.59
K,O 0.1 0.04 0.16 0 0.09 0.5 0.28
Ni ppm 200 100 50 1955 1002 50 907
Phases at 4.5GPa/1650°C
ol 0 0 0 556 0 0 0
cp 50.2 707 422 323 739 513 79.1
lea 38.7 187 255 12 243 15.1 155
k fs 09 03 1.5 0 0.7 54 25
ru 07 03 0.7 0.1 0.4 2.2 1.3
co 9.6 102 30.1 0 0.7 26.1 1.5
Kds for the melt with MgO wt% 17.03
Kd ol-1 5.47 5.47 5.47
Kd op-1 1.93 1.93 1.93
Kd cp-1 1.17 1.17 1.17
Kd ga-1 0.56 0.56 0.56
K bulk 3.48 1 1.01
Niin melf 561 1004 898
Kds for melt the with MgO wt% 13.54
Kd ol-1 7.72 1.72 7.72
Kd op-1 241 241 2.41
Kd cp-1 1.38 1.38 1.38
Kd ga-1 0.61 0.61 0.61
K bulk 4.81 1.17 1.18
Ni in melt] 406 860 766

19/4-composition of primitive MORB?® used as a component in the model for recycled
oceanic crust (see Table S3); G108-composition of oceanic gabbro’ used as a
component in the model for recycled oceanic crust (see Table S3); G108-3 -
composition of partial melt derived from an eclogitized oceanic gabbro G108 at P=4.5
GPa and T=1525°C (ref.7); KRP - Kettle River peridotite'; C321m - composition of
partial melt derived from an eclogitized oceanic basalt at P=3.5 GPa and T=1350°C,
modified from the original composition of C321 (ref.9) by reducing K,O from 1.1wt%
to 0.5 wt%; columns labeled 50 and 55 wt% give reaction products between KRP and
corresponding eclogite-derived melt, with the proportion of melt given by the
respective number (wt%). ol - olivine; op - orthopyroxene; cp - clinopyroxene; ga -
garnet; kfs - K-feldspar; ru - rutile; co — coesite. Distribution coefficients for Ni were
calculated for a parental melts with given MgO contents (see text). Ni contents of
feldspar, rutile and coesite are assumed to be zero. Contents of oxides and phases are in
wt%, Ni content in ppm. The absence of orthopyroxene in compositions of peridotite
and pyroxenites is a consequence of high temperatures and pressures.

Modeling of melting and estimation of amount of recycled
oceanic crust

Estimation degree of melting

The model involves melting of three lithologies: eclogite, reaction
pyroxenite and peridotite. Melting behaviors of eclogite and peridotite
are quantitatively parameterized'"'?. We use these parameterizations
to compute degrees of melting as a function of depth and estimated
potential temperatures (see Methods). Parameterization of eclogite
melting has, however, been adapted to a more magnesian composition
of eclogite used in our model (see Table S2) by increasing liquidus
temperature by 50°C over that used by Perterman et al''. This
correction is calculated from the difference between liquidus
temperature at 1.0 GPa pressure of parameterized eclogite'' and our
proposed eclogite composition. This difference was determined by
PETROLOG software'. The degree of melting of reaction pyroxenite
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is estimated from modeling of incompatible element concentrations to
fit the observed patterns of parental melts (see Table S3).

We assume that, at melt fractions of more than 50%, eclogite will
stop melting because the restite will approach refractory composition
under near fractional melting conditions'®. This differs from the
common view, based on experimental data, which suggests that at
high potential T, eclogite will melt completely under the Hawaiian
lithosphere'®. However, almost all experimental data by necessity
correspond to batch melting process, which differs significantly from
fractional melting by systematic overestimation of degrees of
melting'*,

Trace elements modeling

We assume that Hawaiian parental melts are mixtures of primary
melts from 2 major lithologies — reaction pyroxenite and unreacted
peridotite. The melting model consists of 3 steps:

1. Partial melting of eclogite created from recycled crustal
component. The crustal component is assumed to be a mixture of
primitive mid-oceanic ridge basalt® and sediment'®. A typical oceanic
gabbro’ is used as additional component to model high-Sr Mauna Loa
melts'’. The phase composition of eclogites are estimated using the
major-element composition of the mixture and the thermodynamic
model of Sobolev and Babeyko'® (see Table S2). The melting mode is

separation, and the formulation of melt production of peridotite'?. The
mixing proportions of the melts from these sources are defined by the
Ni and MgO concentrations of parental melts (see above and Table 1).
Melting of peridotite modeled using starting mineral mode and
melting reaction coefficients from ref.20. For pyroxenite melting we
use melting reaction calculated after ref.21. For both lithologies we
use a critical melting model with 0.5% of residual mantle porosity and
aggregate melt composition.

We use high pressure (3.0 GPa) distribution coefficients of trace
elements between minerals and melt from ref. 20 for peridotite and
pyroxenite melting. For eclogite melting we use distribution
coefficients from ref.17.

The modeling results are presented in Fig. S1 and Table S3. Model
solutions fit actual compositions of parental melts within 20% relative
error for most of elements. It is important to realize that, due to the
very large amount of eclogite-derived melt in the reaction-pyroxenitic
source, the incompatible trace element patterns of Hawaiian tholeiites
depend critically on the composition and degrees of melting of the
recycled component, and much less on the composition and degree of
melting of the mantle component.

Calculation of the amount of recycled component

The amount of recycled component (X,,.) is computed from a mass

TABLE S3. Model parameters and best solutions for trace elements modeling

I Ba Th Nb K La Sr Ce Nd Zr Sm Eu Ti Dy Y Er Yb
Source components

PM 6.049 0.081 0.618 250 0.614 18.21 1.601 1.189 9.714 0.387 0.146 1300 0.638 3.94 0.417 0.414
DM 1.2 0.014 0.21 60 0.234 9.8 0.772 0.713 7.94 0.27 0.107 798 0.531 4.07 0.371 0.401
GABBRO 3.42 0.002 0.04 50 035 138 1.13  1.66 697 077 0442112 1.75 756 092 0.77
Pr MORB 10  0.12 2.6 1000 3.1 1103 7.85 5.2 40 1.5 0.6 5373 2.65 15.03 1.5 145
SED 2074 549  7.74 17513 17.96 245 39.03 19.07 131 443 1.14380 4.12 21.6 247 231
Models

KLm 10.9 9 1l.6 107 134 137 14 12,6 105 103 76 7.2 5.1 44 4 3.1
LOm 16.8 157 182 169 19 146 181 144 103 102 7 74 5 43 3.9 3
MLm 6.4 4.3 6.5 6 8.6 11.2 9.7 9.8 93 9.2 72 64 49 44 3.9 32
ML SRMm 5.7 2.8 27 3.6 42 183 4.7 6.4 49 6.4 7.4 5 5 44 4.2 3.5
Parental Melts

KL 13.9 9.1 18.1 112 153 139 148 135 11.1 10.5 9.6 88 6 47 4.4 3.5
Lo 24 11 214 172 177 157 128 9.5 89 83 4.9 4 3.5 2.9
ML 7.6 4.2 9.2 87 108 11.7 104 9.6 83 8.1 73 6.6 5 43 4 3.5
ML SRM 4.7 1.9 34 46 5.8 241 7 83 6.2 7.7 72 63 52 42 4.3 3.7

Source components: PM - primitive mantle'’; DM — depleted mantle?”; GABBRO - oceanic gabbro G103 (ref. 7); Pr MORB - primitive mid-ocean ridge basalt 19/4 after
ref.8; SED - Aleutian sediments after ref.16. Models and Parental melts: compositions of modeled (indicated by subscript m) and actual parental melts normalized to
primitive mantle composition'”; KL — Kilauea; Lo — Loihi alkaline; ML — Mauna Loa typical melts; ML-SRM — Mauna Loa Sr-rich melts'”. Compositions of parental melts
for Mauna Loa are from ref. 17, for Kilauea (our unpublished data). Parental melt for Loihi was calculated from magnesium glass composition® by back calculation of
olivine fractionation up to equilibrium with the olivine Fo 90.3. Model parameters: recycled crustal component — 99.5% Pr MORB and 0.5% SED for KLm,LOm, MLm and
99.5% GABBRO and 0.5% SED for ML SrMm; F, =0.50 and X, =0.50 for all models; F,, =0.15 for MLm and ML SrMm, 0.06 for KLm and 0.04 for LOm; F),, = 0.45 for

MLm and ML SrMm, 0.35 for KLm and 0.25 for LOm.

taken from the experiments of Yaxley and Green’. The critical melting
model'® with average residual eclogite porosity of 10% is used to
calculate compositions of aggregate melts.

2. Reaction of eclogite-derived partial melt with mantle source to
form reaction pyroxenite. This step is explained above and shown in
Table S2. It produces the pyroxenite component of the mixed mantle
source used in step 3.

3. Melting of the mixed mantle source composed of pyroxenite and
peridotite. The composition of pyroxenite, including mineral modes, is
defined by the previous step, the composition of mantle component is
assumed to be similar to a 50:50 mixture of primitive mantle' and
depleted mantle?®. The only unknown variable at this stage is the
degree of melting of pyroxenite, because the degree of melting of
peridotite is defined by the potential temperature, depth of melt
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balance involving the following parameters: the proportion of the
pyroxenite-derived melt (X)), the respective degrees of melting of the
pyroxenite (F),,) and peridotite (F,.) sources, the amount of eclogite-
derived melt (X,) needed to produce pyroxenite from peridotite, and
the degree of melting of the original eclogite (F,).

X,
X=X F. 1-F (52)
F(— o 2T e X 1)
X, F. F

From this equation we can also obtain proportions of peridotite (C,.),
pyroxenite (C,,), and eclogitic restite (C,,) for specific volcanoes:

X, F,
C,=X,1-F);C, =;{’— ,C,.=(1-C,-C,)

e
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Estimated parameters for specific volcanoes and their averages for the
central part of the plume weighted by volcano volume are presented in
Table 1 of the paper.

Here, Pr is the maximum content of peridotite plus pyroxenitic restite
at the plume axis after melting, F* and C)* are maximum degrees
of peridotite partial melting and maximum concentration of eclogite
restite at the plume axis, respectively. For the parameters of our
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Figure S1. Trace elements patterns of actual and modeled Hawaiian primary melts (Table S3) normalized to composition of primitive mantle'®. Large
symbols represent compositions of primary melts, small symbols with 20% error bars — calculated models. ; KL — Kilauea; LO — Loihi alkaline; ML —
Mauna Loa typical melts; ML-SRM — Mauna Loa Sr-rich melts. Subscript m corresponds to model solutions.

Calculation of density deficit in the plume with eclogitic
component

Density deficit after partial melting
After partial melting and removal of melt, the residual rock in the

plume will consist of depleted peridotite (major part), restite from
melting of pyroxenite, and restite from melting of eclogite. Restite
from melting of pyroxenite will consist of pyroxene and will have a
density close to that of depleted peridotite. Therefore, in our density
calculations we consider pyroxenitic restite and depleted peridotite
jointly. Similar to ref. 23, we parameterize the average density deficit
of the plume (Jp) after partial melting and melt removal as
3p = p(a(Tp,, = Tpy) + Ci(P! L) ieion + C: (001 P,).,) (83)
where p, and Tp,are reference mantle density (3300 kg/m®) and
reference mantle potential temperature (1300°C), respectively; 7p,,. is
the maximum potential temperature at the plume axis, a is the thermal
expansion coefficient (3.5 10°K™"), C, and C, are constants reflecting
the radial distribution of the depleted peridotite and eclogite restites
within the plume relative to the distribution of temperature (C;=0.52
after ref. 23).

We assume C,= Cj, taking into account that the content of eclogite
and degree of partial melting of peridotite decay from the plume
centre at similar rates, (see Fig. 5 and Table 1). The parameters
(0! Py) iy and (Sp7p,),, in (S3) are maximum relative density
deficit of plume caused by melt depletion and presence of eclogite
restite, respectively. The latter quantities are given by the relations:
(P! Py) agpein = 0.07Pr 2 after ref. 23 and (dp/p,), =-0.07C)™,
obtained by the method of ref.10, which suggests that eclogitic restite
containing 50% garnet is denser than mantle peridotite by 230 kg/m’.
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model, i.e., initial lithospheric thickness of 90 km (which corresponds
to the depth of maximum melting of 100 km, see Methods, reduced by
ca. 10 km (ref.23)), 7p,,x=1600°C, C;*=0.15, Pr=0.85, F™ =0.15,
we obtain (607 £y) pieion = 0-0089 and (5p/p,), =-0.0105 . With these
values, the density deficit of the plume (after partial melting and melt
removal) is §p=32 kg/m’, significantly less than 44 kg/m’ in the
model by Ribe and Christensen (1999)%. Note, however, that we
assume that eclogitic restites remain in the mantle just below the
lithosphere, even though they are denser than surrounding mantle and
would tend to sink deeper into the mantle. Given our estimations for
the density contrasts and viscosities (see below), this assumption holds
if eclogitic bodies are smaller than 1 km. With the same parameters,
but for the purely peridotitic plume, we obtain from (S3) that 5p=52
kg/m’.

Density deficit before partial melting
The average plume density deficit before partial melting and melt
removal is

0Py = Po(A(IPyex = TPy) + C, (5P Py)ec) > (S4)

where (3p/p,)., is the maximum relative density difference due to
presence of eclogite. The density difference between coesite eclogite
and peridotite at 100 km is about 150 kg/m’® (calculation for typical
MORB bulk composition containing 10% of coesite, using the method
of ref.10), C, =0.52 (as before), a maximum wt. fraction of eclogite of
0.30, and Tpm.=1600°C, we obtaindp, =11lkg/m’. Because the
obtained plume density deficit is positive, a plume containing the
expected amount of eclogite is still buoyant in the upper mantle.
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Calculation of swell parameters and magma flux

Swell parameters
The topographic swell can be parameterized by two parameters,

maximum uplift (H=1350 m +-100m) and swell width (W=600 km
+50 km) (ref.23). These parameters are given by relations™:

1/4 48 2
i =125 (O i 02158 4 0.69), (S5)
Ap g U,
3/4
= 48(5p)’ 5 3 , (S6)
UERP) a4 (anh(0.21—5— +0.69)
g a

where B is the plume buoyancy flux, which is defined as plume
volume flux (Q) multiplied by plume density deficit (dp), B=Q*Jp,
Ap is the density difference between mantle and sea water (40=2300
kg/m®), 7, is the minimum viscosity at the plume axis after partial
melting and melt removal, g is the gravity constant, and U is the plate
velocity.

Taking B=4000 kg/s(refs.23,24), U=2.7 10°m/s (8.6 cm/year™)
and §p=32 kg/m® (see above), we find that in order to fit observed
swell parameters, the plume volume flux must be around 125 m*/s and
viscosity ;= 1.7 10'® Pa*s. Note that our estimate of the plume
volume flux is 1.4 times larger than the estimate by Ribe and
Christensen (90 m*/s)(ref.23). For the purely peridotitic plume and our
preferred values of parameters the plume density deficit is 52 kg/m®
(see above) and the plume volume flux is 77 m/s.

Viscosity within the plume conduit

We now estimate the viscosity in the plume conduit, 7, required to
maintain the above high plume volume flux. In cylindrically
symmetrical, vertically flowing Newtonian viscous liquid, the volume
flux scales to QO ~ SpgR* /7, , where R is the plume radius. From this
relation we can estimate the viscosity using parameters from the
numerical model® and parameters from our model:

SPR* Oy

5pRCR1§CQ ’

where subscript RC refers to parameters related to the model®. Using
the values, §p =11kg/m’,dp,. =34kg/m*,Q0/Q,. =14, 1,.=8-10"Pa-s,
we obtain a viscosity of 7, =1.8-10" Pa-s for the plume with the
same radius as in the model of ref.23. Note that this estimated
viscosity is 10 times lower than the viscosity required fitting the swell

Ty =Mre

parameters (77,= 1.7 10'® Pa*s). As the lower viscosity corresponds to
the deeper portion of the plume conduit (before melting) and higher
viscosity to the material supporting the swell (after melting), this
difference is in agreement with the expected effect of dehydration of
the peridotite due to water accumulation and removal by partial
melt®.

Magma flux
The total magma flux (Qy,.s) is the sum of peridotite-derived (Q,.) and

pyroxenite-derived (Q,, ) fluxes and can be written as:
O =9,.1+0,,/10,.) (S7)
Our geochemical data suggest that the ratio between average volumes
of pyroxenite and peridotite- derived melts, which is a proxy for
quantity Q, /0, in equation (S7), is about 1.08. In fact this value is a
minimum estimate because the geochemical identity of the pyroxenitic
melt component could be easily modified by interaction with mantle
NATURE | doi:10.1038/nature03411 | Wwww.nature.com/nature

peridotite, and hence may have been partially lost during ascent of
magmas. Therefore equation (S7) yields:
0,.>2.080, (S8)

The peridotite-derived magma flux (Q,. ) can be estimated using the
parameterization of Ribe and Christensen® :

+273)+ H,(—0.744-10° +0324-10"H,) -

‘max

p
0,= CI)L,QP—“( —0.278+0.0053(Tp

00141gy —0.0415)

(59)
where C,, is average mass fraction of peridotite in the central
(melting) part of the plume (Table 1), Q is the plume volume flux, p.
is density of the crust (2800 kg/m®), H, is the initial thickness of the
lithosphere in km, 7 is the viscosity at the plume axis (we
assume lgn = (Ign, +1gn,)/2 , with viscosities estimated above), and f
describes the effect of depletion on density.

For Tp,.x=1600°C, H; = 90 km, a plume volume flux Q= 125 (our
estimation from swell parameters) and S =0 (depletion effect on
density is compensated by presence of eclogite restites), we obtain
from the (S9) that @, = 4.1 m’/s. After substitution of this value in
(S8) we obtain a total magma flux Q. >8.5 m’/s, in agreement with
observations>**®. This number can be compared with expected magma
volume flux for a purely peridotitic plume. In this case C,.=1, Tpmax
=1600°C, H=90 km, n=7-10"" and Q =77 m’/s (from matching swell
parameters), /~0.07 (ref. 23). With these parameter values, equation
(S9) vyields Qiprr = Ope=3.5 m®/s, which is much lower than the
observed recent magma flux**?S. Finally, we estimate the total magma
volume flux for the case of peridotite-pyroxenite melting if the
eclogite component in the plume completely melts or eclogite restites
sink through the plume material. In this case parameters are the same
as in the previous calculation, but C,,~0.77, and total flux must be
calculated from (S8) using Q,. calculated from equation (S9). This
procedure yields a total magma flux of more than 5.6 m®/s, which is

still somewhat low**?¢,

Eclogite melting and seismic low-velocity zone

We estimate the depth range of the eclogite melting using a modified
parameterization of eclogite melting'' with a temperature correction
for the effect of latent heat similar to ref.27. At a potential temperature
of 1600°C, eclogite begins to melt at a depth of 190-185 km. Degrees
of melting of 10 and 30 % are achieved at depths of 170 and 150 km,
respectively. Fractional melting is completed when ca. 50% degree of
melting is achieved, which occurs at 130 km depth.

We assume that the eclogitic bodies are much smaller (less than 10
km) than the teleseismic wavelength. In this case the seismic
velocities in the plume will depend on the bulk in-situ melt fraction
and geometry of melt pockets. Highly viscous, Si-rich melts should
remain in the residue until the degree of melting exceeds a threshold
value (about 30%)°. As melting proceeds during plume ascent, only
the excess melt infiltrates the peridotite, but the threshold melt
fraction gradually decreases due to decreasing SiO, content and melt’s
viscosity and probably approaches 0 at the end of melting. For an
initial threshold value of 30%, a potential temperature of 1600°C, and
a volume fraction of eclogite of 0.3, the bulk in-situ melt fraction at
the plume axis will gradually increase from 0 to 9% from a depth of
185 to 150 km. Subsequently, it will decrease to 0 at the depth of 130
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km where the melt will be completely removed. The minimum
decrease of both P- and S-seismic velocities per 1% of melt is about
1%, but, depending on the shape of the melt pockets, it can be much
larger®®. Therefore the 9% variations of bulk in-situ melt fraction will
correspond to more than 9% variations of seismic velocities, which
can be detected by seismic methods. For instance, this velocity
structure will generate observable P-to-S conversions from the top and
the bottom of the low velocity zone (LVZ) for typical teleseismic
waves with periods of 5-10 s. Depending on the details of the seismic
velocity distribution and the wave period, the top of the LVZ will be
detected at a depth between 130 and 150 km, and the bottom
somewhere between 160 and 180 km.

A prominent seismic LVZ has indeed been detected at the 130-170
km depth range below the southern part of the Big Island using P-to-S
converted waves®. Previously, this zone has been attributed® to a
domain of partially molten peridotite in the central part of the plume
(low seismic velocities) underlying the region of dehydrated peridotite
from where the melt has been removed (high seismic velocities).
However, because only a very low content of low-viscosity,
peridotite-derived melt can remain in the rock™, it is unlikely that this
previous model can generate more than 10% seismic velocity contrast
required to fit the seismic data.

Additional references for data sources

Data for the fields on Figures 1 and 2 have been obtained from
GEOROC (http://georoc.mpch-mainz.gwdg.de/georoc/) and PetDB
(http://petdb.ldeo.columbia.edu/petdb/) databases. Additional major
sources of data for compositions of olivines not listed in the main
body of the paper (due to strict limitation for the number of
references) include: refs 31-34 for data on Hawaii, refs 35,36 for data
on Canaries, and ref. 37 for data on W. Greenland. Additional source
for the compositions of Hawaiian lavas is ref.38.
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