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Results are reported of an exploration of mantle source lithology

for intraplate magmas using whole-rock and olivine phenocryst com-

positions.This analysis includes modern mid-ocean ridge basalts and

Archean komatiites as low- and high-temperature reference frames. It

is shown that the Ni, Ca, Mn, and Fe/Mn contents of olivine pheno-

crysts in modern mid-ocean ridge basalts and Archean komatiites are

consistent with a normal peridotite source. In contrast, olivine pheno-

crysts in shield-building lavas on Hawaii are higher in Ni and Fe/

Mn, and lower in Mn and Ca than those expected to crystallize from

meltsofa normalperidotite source, andpoint to the importanceofpyrox-

enite as proposed by Sobolev and co-workers. Hawaiian shield stage

lavas and their olivine phenocrysts are similar to those expected from

partial melts of a100% stage 2 pyroxenite source. Such a source might

form from a variety of melt^rock, melt^melt, and rock^rock reactions.

Primary pyroxenite-derived magmas have a range of SiO2 contents

that are positively correlatedwith187Os/188Osand negatively correlated

with 3He/ 4He.These results are consistent with a Hawaiian plume

containing recycled crust within a peridotite matrix.Variable amounts

of free silica are inferred in Hawaiian pyroxenite sources, which con-

tribute to the production of SiO2-rich magmas. In contrast, peridotite

and olivine pyroxenite melting are inferred to produce SiO2-poor

pre-shield magmas at Loihi.The interaction of SiO2-rich and -poor

magmas in the Hawaiian plume will trigger crystallization, not

mixing. Mixing is permitted at low pressures in melt conduits and

magma chambers, and work on olivine-hosted melt inclusions will be

useful to evaluate its importance. In contrast to Hawaii, many ocean

island basalts in localities such as the Canary Islands are deficient in

SiO2, and may have been generated by partial melting of olivine pyrox-

enites that formed bysolid-state reaction between recycled crustþ peri-

dotite in the lower mantle. There is likely to be a wide range of

whole-rockpyroxenite compositions in themantle, aswell assignificant

variability in Mn and Fe/Mn in both peridotite partial melts and

their olivine phenocrysts. In general, there are not likely to be well-

defined end-member peridotite and pyroxenite sources in the mantle.

Nevertheless, taxonomical difficulties encountered in source lithology

identification may yield rich rewards, such as a better understanding

of the relationship between lithological diversity in the lower mantle

and its petrological expression in intraplate magmatism.
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I NTRODUCTION

For years it was commonly assumed that mantle peridotite
was the dominant source lithology that melted to produce
basaltic magmas (Green & Ringwood, 1963; O’Hara,
1967). However, exposed pieces of the upper mantle show
unambiguously the importance of ‘pyroxenite’ or ‘eclogite’
(Schulze, 1989; Hirschmann & Stolper, 1996; Kogiso et al.,
2004). Isotopic studies of intraplate oceanic islands have
been used to infer the presence of recycled crust in their
source region (Chase, 1981; Hofmann & White, 1982;
Hauri, 1996; Chauvel et al., 2008). However, it is not clear
how the melting of recycled crust can be distinguished
from the melting of metasomatized peridotite (Niu &
O’Hara, 2003; Pilet et al., 2008), especially if the metasoma-
tizing agent originates from carbonated recycled crust
(e.g. Dasgupta et al., 2006, 2007; Jackson & Dasgupta,
2008;Walter et al., 2008). Furthermore, if an oceanic island
basalt is generated from a source that contained recycled
crust that was completely mixed back into the mantle
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peridotite during convective stirring (Jackson et al., 2008;
Gurenko et al., 2009), then what criteria do we use to infer
the involvement of recycled crust? Radiogenic heavy
isotopes (Sr^Nd^Hf^Pb isotopes) combined with trace
element evidence will tell us whether recycled crust is im-
portant, but cannot distinguish whether the crust is still
present as a lithological unit in the source (pyroxenite), or
whether only the geochemical signal of the recycled crust
was imprinted onto the peridotite.
Identification of source lithology is important for a

proper evaluation of estimates of mantle potential tem-
perature in plumes (Herzberg & Asimow, 2008). When
peridotite melts, the MgO content of the primary magma
is positively correlated with both liquidus and mantle po-
tential temperature (Langmuir et al., 1992; Putirka, 2005;
Herzberg et al., 2007). As long as the water content of the
source is low, high-MgO picrites and komatiites require
hotter mantle to form than do basalts, and they have
higher liquidus temperatures than basalts (Fig. 1a). The
problem with this generally held view is that it holds only
for peridotite sources. An equally hot pyroxenite source
can produce melts with lower MgO (Fig. 1b; Herzberg,
2006).
The major issue is how to recognize recycled crust as

a source lithology in the geochemical characteristics of
a lava. Sobolev et al. (2005, 2007) suggested that the in-
volvement of olivine-free pyroxenite, or eclogite, can be
identified from the presence of olivine phenocrysts having
high Ni, low Ca, and high Fe/Mn. However, there are
a number of factors that can potentially compromise this
interpretation. Kelemen et al. (1998) suggested that
high-Ni olivines can be produced from peridotites that
have reacted with dacitic melts. Li & Ripley (2010) sug-
gested that temperature effects compromise inferences
about source lithology. Wang & Gaetani (2008) suggested
that high-Ni olivines could precipitate from eclogitic melts
that equilibrate with mantle olivine. Olivines with high
Fe/Mn might be an indicator of an iron-rich peridotite
source (Humayun et al., 2004) rather than pyroxenite
(Sobolev et al., 2007). Olivines with high Ca contents are
thought to reflect a peridotite source (Herzberg, 2006;
Sobolev et al., 2007), but this will not be unique if some pyr-
oxenite sources are rich in CaO. Additionally, if melts of
pyroxenite and peridotite are able to leave the mantle sep-
arately, on what scale might they mix during transit to
the crust?
This discussion is structured in several interrelated

parts. The first is an analysis of peridotite partial melting
and the Ni, Ca, Mn, and Fe/Mn contents of the olivine
phenocrysts that can precipitate from the resultant melts.
The second consists of an analysis of the possible solid-state
transformations that might take place when oceanic crust
is recycled in the Transition Zone and lower mantle. This
provides a roadmap of the conceptual terrain, a means to

sharpen our understanding of potential whole-rock source
compositions that greatly influence partial melt and oliv-
ine phenocryst compositions. Finally, examples of pyroxen-
ite and peridotite melting are explored with the aim of
evaluating taxonomical methods of their identification
(e.g. Sobolev et al., 2007). Owing to the wealth of informa-
tion on ocean islands, this paper is restricted to an analysis
of Hawaii and the Canary Islands as representatives of
high- and low-SiO2 intraplate occurrences, respectively.
The understanding of source lithology in the formation of
Large Igneous Provinces is equally important, and this
will be discussed in a subsequent study.

PER IDOTITE SOURCE PARTIAL

MELT ING

Computational method
Petrological solutions for batch and accumulated fractional
melting of normal fertile peridotite were provided for
SiO2, Al2O3, FeO, MgO, and CaO (Herzberg & O’Hara,
2002; Herzberg, 2004, 2006). Normal mantle refers to
pyrolite-like fertile peridotite (McDonough & Sun, 1995;
Walter, 1998) having 0·25% NiO, 0·13% MnO and �8%
FeO. Primary magma solutions for MnO and NiO are
given in this study.
The computational method was described by Herzberg

& O’Hara (2002), and is analogous to calculating the
liquid line of descent for any peridotite liquid composition.
For each oxide, the compositions of olivine and orthopyr-
oxene are calculated for the peridotite source as a total
liquid, using the distribution coefficients of Herzberg &
O’Hara (2002). The proportions of Ol and Opx are varied
to reproduce the full range of possibilities for dunite and
harzburgite residua, permitting the calculation of a bulk
distribution coefficient. The peridotite liquid is allowed to
crystallize in incremental steps, and the melt fraction F is
mass balanced by the MgO content of the liquid, the resi-
due, and the bulk peridotite composition. Liquid compos-
itions for all oxides are calculated from solutions to the
equations for batch and accumulated fractional melting
for melt fractions in the �0·23^1·0 range, for residues con-
sisting of dunite and harzburgite. For melt fractions in the
�0^0·23 range, the relationship amongst melt fraction,
FeO, and MgO are well described with equations (1)^(3)
of Herzberg & Asimow (2008). Estimates of the SiO2,
Al2O3, and CaO contents (Herzberg, 2004, 2006) were
provided for near-solidus melts by extrapolation of the
high-quality experimental data of Walter (1998). Results at
3GPa are in excellent agreement with the recent work of
Davis et al. (2009) for all major elements. Unless otherwise
stated, all primary magma compositions and the olivines
that would crystallize from them are for the case of accu-
mulated fractional melting, not batch melting.
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Ni contents of magmas and their olivine
phenocrysts
The Ni contents of liquids for peridotite melting were cal-
culated using a Jones^Beattie method for the olivine/liquid
distribution coefficient: D

Ol=L
NiO ¼3·346 DMgOOl=L�3·665

(Jones, 1984; Beattie et al., 1991). The effect of temperature
is captured in the compositional term D

Ol=L
MgO, and the con-

stants are parameterized from experimental data (Beattie
et al., 1991). Other parameterizations exist (Hart & Davis,
1978; Kinzler et al. 1990), and there is an important level
of agreement as summarized by Wang & Gaetani (2008)
and Straub et al. (2008). In contrast, Li & Ripley (2010)
reported a temperature-dependent Ni partitioning model
that they suggested is better than the Jones^Beattie model;
they concluded the pyroxenite interpretations of Sobolev
et al. (2005, 2007) have been compromised by neglecting
temperature effects. However, a closer look shows that the
Jones^Beattie model actually provides a more accurate
description of the experimental data than does the model
of Li & Ripley (2010; see Electronic Appendix 1, available
at http:www.petrology.oupjournals.org). More import-
antly, it will be shown that application of the Jones^
Beattie model on modern mid-ocean ridge basalts
(MORB) and Archean komatiites, extreme low- and high-
temperature magmas respectively, reveals excellent agree-
ment between predicted and observed olivine compositions.
Results for batch melting of fertile peridotite containing

1964 ppm Ni (0·25% NiO; McDonough & Sun, 1995)
are given in Fig. 2 for LþOl and LþOlþOpx and
near-solidus assemblages. Ni contents for near-solidus
melts were calculated from the MgO contents of near-
solidus melts (Herzberg & O’Hara, 2002) together with a
solidus olivine composition having an mg-number of 89·5
(Walter, 1998; Herzberg & O’Hara, 2002) and 0·36% NiO
(Ionov, 2007). It is notable that the Ni contents of
near-solidus melts are nearly indistinguishable from those
of melts for LþOl and LþOlþOpx assemblages, but
this might be an artifact of using 0·36% NiO for solidus
olivine.There is a significant range of Ni in olivine in man-
tle xenoliths (e.g. Ionov & Hofmann, 2007), and 0·36%
NiO might be too high because of subsolidus partitioning
into orthopyroxene (e.g. Herzberg, 1999).
There is a strong curvature to the MgO^Ni systematics

at MgO430%, which reflects the change in the partition-
ing behavior of Ni from compatible to incompatible.
Although partial melts of peridotite rarely contain
MgO510% (Langmuir et al., 1992; Herzberg et al., 2007),
the MgO^Ni curve is extended to 0% MgO to describe
the systematics. For fertile peridotite similar in compos-
ition to KR-4003 (Walter, 1998; Herzberg & O’Hara,
2002) and 0·25% NiO, the Ni (ppm) content of primary
accumulated fractional melts can be calculated from
Ni¼ 21·6MgO� 0·32MgO2þ0·051MgO3 for MgO con-
tents in the 0^25% range (Figs 2 and 3a). Ni contents of
batch belts are nearly indistinguishable at MgO520%,
but we will use results for accumulated fractional melting
in all cases. Calculated Ni contents of accumulated frac-
tional melts of depleted abyssal peridotite and fertile peri-
dotites are indistinguishable at MgO contents in the

Fig. 1. Schematic pseudobinary Olivine^Silica diagram illustrating
the important effects of increased pyroxene stability at high pressure, as
discussed throughout the text.These aremainly: (1) partialmelts of pyr-
oxenite can require high temperatures, comparable with peridotite
melting; (2) within the melting region, mixing XþY is possible, but
mixingYþZ is not permitted; (3) commingling ofYþZ results in crys-
tallization, not mixing. The effect of increased pressure on expanding
the liquidus crystallization field of pyroxene at the expense of olivine is
approximate, based on Kato & Kumazawa (1985) and Herzberg &
Zhang (1998). It shouldbe noted that the inference thatmantle potential
temperatureTP varies according toX4Y4Z is in error.

HERZBERG INTRAPLATEMAGMA MANTLE SOURCE LITHOLOGY

115

 a
t R

u
tg

e
rs

 U
n
iv

e
rs

ity
 L

ib
ra

rie
s
/T

e
c
h
n
ic

a
l S

e
rv

ic
e
s
 o

n
 J

a
n
u
a
ry

 1
1
, 2

0
1
1

p
e
tro

lo
g
y
.o

x
fo

rd
jo

u
rn

a
ls

.o
rg

D
o
w

n
lo

a
d
e
d
 fro

m
 

http://petrology.oxfordjournals.org/


0^25% range (Fig. 2). However, in the peridotite database
of Herzberg (1993), there is a significant range of Ni at
any specific MgO content (Fig. 2; see also Ionov &
Hofmann, 2007). This range in Ni propagates to calculated
melt Ni variations shown in Fig. 3b.
The composition of olivine in equilibrium with both the

primary magmas and their derivative liquids was calcu-
lated using olivine/liquid Ni distribution coefficients from
Beattie et al. (1991), together with a 1 atm Fe/Mg exchange
coefficient fromToplis (2005); the latter was chosen because
it provides a good description of available experimental
data over a wide pressure range (Herzberg et al., 2007).
Results are shown in Fig. 3b, and the effects of uncertain-
ties in the Ni content of peridotite are given at the 2s
level. Olivines from primary magmas having 8^20%
MgO contain 2700^3000 ppm Ni and have mg-numbers
of 89^92 (Fig. 3b), in good agreement with the estimates
of Straub et al. (2008). Olivines with mg-numbers493 con-
tain 53200 ppm Ni, reaching a low of �1700 ppm for a
total peridotite liquid. There is thus an inversion of the Ni
content of olivine, with a maximum of 3200 ppm for oliv-
ines with mg-numbers of �93 and, although not shown, a
melt with this composition will form by about 50% accu-
mulated fractional melting of fertile peridotite. In contrast,

the model of Straub et al. (2008) shows no such maximum,
but a progressive increase of Ni content with olivine
mg-number. Furthermore, the results shown in Fig. 3b for
primary magmas of fertile peridotite are nearly identical
to those of depleted peridotite, except that olivines in the
latter have even lower Ni and higher mg-numbers when
the extent of melting approaches total. This result indicates
that Fig. 3b is generally applicable to both fertile and
depleted peridotite source compositions.
A comparison is now made of calculated and observed

olivine compositions from the database of Sobolev et al.
(2007). Some olivine phenocrysts from East Pacific Rise
(EPR) MORB occurrences in the Garrett and Siqueiros
fracture zones (Sobolev et al., 2007) have nearly identical
Ni contents to calculated olivines from primary magmas
(Fig. 3b). Other EPR olivines have Ni contents that are
much lower than those expected from fractional crystal-
lization, and this might reflect the sequestration of Ni by a
sulfide phase. Primitive olivine compositions from the
Indian Ocean are similar to EPR olivines (Fig. 3b), but
have lower mg-numbers and Ni contents. In general, the
observed olivine phenocryst compositions are very similar
to those expected of olivines that crystallize from primary
MORB magmas with 10^13% MgO and their derivative

Fig. 2. MgO vs Ni contents calculated for partial melts of fertile and depleted peridotite having 1964 ppm Ni (0·25% NiO) and 2200 ppm Ni
(0·28% NiO), respectively. The peridotite database (Herzberg, 1993) is described by the inset.
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Fig. 3. (a) MgO and Ni contents for partial melts of fertile peridotite formed by accumulated fractional melting, from Fig. 2. Peridotite source
contains 0·25% NiO (1964 ppm Ni). Uncertainties shown by the short lines with end-bars reflect the �2s variation in the Ni content of perido-
tite from Fig. 2. Grey arrows indicate olivine addition and subtraction. Black circles are EPR glasses from PETDB (http://www.petdb.org/).
(b) Mg-number vs Ni content for calculated olivine (this work) and observed olivine (Sobolev et al., 2007) phenocrysts. Calculated olivines
are for both primary magmas of fertile peridotite with 1964 ppm Ni and derivative liquids produced by olivine fractionation. Black gooseneck
curve is for calculated olivines of primary magmas of fertile peridotite with 1964 ppm Ni. Short line with end-bars reflects the �2s variation
in the Ni content of the primary magmas from which the olivines crystallize. Horizontal hatched area indicates calculated olivines from
olivine-fractionated derivative liquids with 8^13% MgO. Numbered lines are for calculated olivines from olivine-fractionated derivative liquids
with 20^28% MgO.
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liquids. Some olivines from the Indian Ocean have Ni con-
tents that might be interpreted as crystallizing from de-
rivative liquids of primary magmas with 20^24% MgO
(Fig. 3b). However, as shown below, it is the mg-number
that is low, not Ni that is high, and this has probably re-
sulted from Cpx fractionation in the crust and mantle.
In this, and all cases discussed subsequently, the effects
of Cpx fractionation are noted but not explicitly calcu-
lated. The major conclusion to be drawn from the Ni
data is that MORB production is generally well described
by peridotite melting. Some MORB olivines are higher
in Ni (e.g. Romanche Fracture Zone), and for these
Sobolev et al. (2007) inferred a minor role for pyroxenite
melting.
Olivine phenocrysts from Alexo komatiites of Archean

age have Ni contents that are somewhat higher than those
expected in olivines crystallized from primary peridotite-
source magmas (Fig. 4). However, they are very similar to
olivines that crystallized from derivative liquids of primary
magmas that had 26^30% MgO. This is consistent with
previous estimates that Alexo komatiites crystallized from
liquids with �28% MgO (Puchtel et al., 2004; Arndt

et al., 2008; Herzberg et al., 2010).The sense of the systemat-
ics, concave toward the mg-number axis, is recognized
for both calculated and observed olivines (Fig. 4). This
remarkable level of agreement has several important
implications. First, it indicates the Alexo komatiites
melted from a peridotite source similar to the one we have
modeled. The suggestion that some recycled crust was
involved (Sobolev et al., 2007) is not supported. Second,
it provides evidence that the Jones^Beattie method of
calculating Ni contents is successful in including tem-
perature effects. The Alexo komatiites are thought to be
some of the hottest magmas ever to have erupted on
Earth (Arndt et al., 2008; Herzberg et al., 2010). They are
compositionally similar to komatiites from the Belingwe
greenstone belt (Puchtel et al., 2009), for which melt inclu-
sion studies point to a hot and dry origin (Berry et al.,
2008).

Ca contents of olivine phenocrysts
The Ca of olivine in equilibrium with both the primary
magmas and their olivine-fractionated derivative liquids
was calculated using olivine/liquid Ca distribution

Fig. 4. Mg-number vs Ni content for calculated and observed olivine phenocrysts in the Alex komatiites (Sobolev et al., 2007). Calculated oliv-
ines are for both primary magmas of fertile peridotite with 1964 ppm Ni and derivative liquids produced by olivine fractionation, as for Fig. 3.
The excellent agreement between observed and calculated olivine phenocrysts that crystallized from liquids that formed from primary
magmas with 28^30% MgO should be noted. This agreement is consistent with a peridotite source for the Alexo komatiites.
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coefficients from Herzberg & O’Hara (2002): D
Ol=L
CaO ¼

�0·019þ 0·007 D
Ol=L
MgOþ0·063/DOl=L

MgO. As for Ni, this is a
temperature-independent parameterization of experimen-
tal data. Additionally, olivine mg-number was calculated
from the 1 atm Fe/Mg exchange coefficient from Toplis
(2005). Results are shown in Fig. 5.
Olivine phenocryst compositions from East Pacific Rise

MORB (Sobolev et al., 2007) are very similar in compos-
ition to olivines calculated to crystallize from primary
magmas (Fig. 5a), and there is good internal consistency
with respect to Ni (Fig. 3b). Olivines from Indian Ocean
MORB (Sobolev et al., 2007) differ in being more similar
to those expected to crystallize from derivative liquids,
consistent with the Ni data. However, the effects of augite
crystallization drive the Ca content down considerably
(Fig. 5a) and contribute to the formation of liquids with
lower mg-numbers. Augite crystallization can occur in
both the crust and the mantle (Herzberg & Asimow, 2008).
Olivine phenocrysts from the Archean Alexo komatiites

(Sobolev et al., 2007) display roughly flat Ca trends, con-
sistent with those expected of fractional crystallization of
olivine from high-MgO liquids (Fig. 5b). However, the
Alexo olivines have Ca contents that are 200^300 ppm
higher than the calculated olivines, possibly pointing to
compositional effects.

Mn and Fe/Mn of magmas and their
olivine phenocrysts
Mn contents have been calculated for partial melts of
KR-4003 peridotite (Walter, 1998) having 0·13% MnO,
identical to the McDonough & Sun (1995) model pyrolite
composition (Electronic Appendix 2; http:www.petrology
.oupjournals.org). Results for accumulated fractional melt-
ing are shown in Fig. 6a. The composition of olivine in
equilibrium with both these model primary magmas and
their olivine-fractionated derivative liquids was calculated
using Jones^Beattie olivine/liquid Mn distribution coeffi-
cients from Herzberg & O’Hara (2002), together with a 1
atm Fe/Mg exchange coefficient fromToplis (2005).
Olivine phenocrysts from the EPR have Mn and Fe/Mn

that are similar to calculated olivines from primary melts
of peridotite (Fig. 6b and c), similar to inferences drawn
from Ni and Ca (Figs 3b and 5a). Mn and Fe/Mn for oliv-
ine from the Indian Ocean are also reasonably consistent
with peridotite source melting.The advantage of exploiting
Fe/Mn as a tracer is that both peridotite-source primary
magmas and their derivative magmas yield olivines
with Fe/Mn in the �60^70 range, a result that is not
likely to be significantly compromised by Cpx fraction-
ation. However, some Indian MORB olivines have
Fe/Mn560, and these might crystallize from more oxi-
dized melts (Kelley & Cottrell, 2009).
For Archean komatiites, the inference of peridotite

source melting based on the Ni and Ca contents in olivine
(Figs 4 and 5b) is internally consistent with that based

on Mn and Fe/Mn (Fig. 7). It is notable that olivine pheno-
crysts are similar to those expected from melts of a perido-
tite source with 0·13% MnO (Fig. 7b).

TRANSFORMATIONS OF

OCEANIC CRUST DUR ING

RECYCL ING

Formation of pyroxenite by solid-state
reaction
MostMORB contain510%MgO, and high-quality partial
melting experiments on such compositions at 3^5GPa yield
melt MgO contents in the 1^7% range (Pertermann &
Hirschmann,2003; Spandler et al.,2008). In contrast, the pri-
mary magmas of oceanic islands have much higher MgO
contents, typically 10^20% MgO (e.g. Hauri, 1996; Niu &
O’Hara, 2003; Stolper et al., 2004; Herzberg, 2006; Herzberg
&Asimow,2008).Therefore, theprimarymagmasof oceanic
islands cannot formbydirect partialmeltingof recycledbas-
altic oceanic crust. If it is true that recycled oceanic crust
plays a role in intraplate volcanism, then it cannot be by
direct partial melting. It has been suggested that partial
melts of recycled basaltic oceanic crust react with peridotite
to form a second-stage olivine-free pyroxenite, inferred tobe
the source of Hawaiian shield-stage volcanoes (Sobolev
et al., 2005), and that such pyroxenites can produce
high-MgO primary magmas (Herzberg, 2006). An alterna-
tive possibility, examined here, is that second-stage pyroxen-
itemight formby solid-state reactionbetween recycled crust
andmantle peridotite.
Before we can proceed to understand how recycled

oceanic crust can contribute to ocean island basalt (OIB)
volcanism, it is necessary to have some idea of what hap-
pens to oceanic crust when it is subducted deep into the
Transition Zone and lower mantle. One possibility is that
it does not participate in OIB volcanism because it be-
comes permanently trapped in the lower mantle; this
would be consistent with models that advocate recycled
lithospheric peridotite as the source of OIB (e.g. Niu &
O’Hara, 2003; Pilet et al., 2008). Another possibility is that
some of it might have been cycled through the lower
mantle and returned to the surface in mantle plumes (e.g.
Hofmann & White, 1982). To test these hypotheses from
a petrological point of view, we need to understand the
lithological changes that can potentially take place during
the recycling of oceanic crust.
If the bulk basaltic oceanic crust remains isolated

from the surrounding peridotite matrix, it will transform
to a variety of garnet- and perovskite-bearing assemblages,
all of which contain quartz, coesite, or stishovite (Irifune
& Ringwood, 1993; Ono et al., 2001; Pertermann &
Hirschmann, 2003; Hirose et al., 2005; Spandler et al., 2008).
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Fig. 5. Mg-number vs Ca content for calculated and observed olivine phenocrysts. Black area indicates calculated olivines of primary magmas
derived from fertile peridotite with 3·45% CaO. Primary magmas are for accumulated fractional melting of fertile peridotite KR-4003
(Herzberg, 2006), and have 8^38% MgO. Horizontal hatched area indicates calculated olivines from olivine-fractionated derivative liquids
with 8^13% MgO. Vertical hatched area indicates calculated olivines from olivine-fractionated derivative liquids with 13^20% MgO.
(a) Olivines in MORB from the East Pacific Rise (Garrett and Siqueiros fracture zones) and Indian Ocean (Sobolev et al., 2007); (b) olivines
from Archean age Alexo komatiites (Sobolev et al., 2007). Numbered lines are for calculated olivines from olivine-fractionated derivative liquids
with 24^28% MgO (dunite residue).
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Fig. 6. (a) MgO vs FeO/MnO for melts of fertile peridotite based on experimental results fromWalter (1998) on peridotite KR-4003, and a par-
ameterization based on 0·13% MnO (1007 ppm Mn) and 8·02% FeO (Electronic Appendix 2). Results for the depleted abyssal peridotite com-
position are from Herzberg & O’Hara (2002) with FeO¼ 8·07% but with MnO¼ 0·13%. MORB glasses are from Qin & Humayun (2008)
with Fe2þ/

P
Fe ¼ 0·88^1·00 (by weight; Christie et al., 1986; Be¤ zos & Humler, 2005; Kelley & Cottrell, 2009). It should be noted that partial

melts of peridotite have FeO/MnO in the �50^60 range. Results shown for accumulated fractional melting are similar to those for batch melt-
ing. (b) Mg-number vs Mn content for calculated and observed olivine phenocrysts in MORB from the East Pacific Rise (Garrett and
Siqueiros fracture zones) and the Indian Ocean (Sobolev et al., 2007). Black area indicates olivines from primary magmas having 8^38%
MgO for a peridotite source with 1007 ppm Mn. Cross-hatched area indicates olivines from olivine-fractionated derivative liquids having
8^20% MgO. (c) Mg-number vs Fe/Mn for MORB olivines. Left pointing arrows are examples of olivines in derivative liquids produced by
olivine fractionation of primary magmas. Little change is expected for fractionation of Cpx. Grey area indicates typical olivine phenocrysts
expected for a peridotite source with 0·13% MnO. LþOl, LþOlþOpx, and LþOlþCpx�Opx�Gt� Sp designate the residuum min-
eralogy for accumulated fractional melts.
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Fig. 7. (a) Mg-number vs Mn content for calculated and observed olivine phenocrysts in Alexo komatiites (Sobolev et al., 2007).
(b) Mg-number vs Fe/Mn for Alexo olivines. Excellent agreement between calculated and observed olivines supports the conclusion of a
peridotite source for Alexo komatiites.
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The transformation of basaltic crust produces quartz or
coesite eclogite in the upper mantle,

Plagþ CpxþOl ¼ CpxþGt�OpxþQuartz ðcoesiteÞ

ð1Þ

and is here referred to as a stage 1 pyroxenite because
SiO2-rich differentiates of oceanic crust might have vari-
able amounts of orthopyroxene. Garnet can become
majoritic in the Transition Zone, but is referred to here
simply as Gt. Reactions in a downgoing subducted slab in
the lower mantle are expected to be similar to

CpxþGt�OpxþQuartz ðcoesiteÞ

¼ MgPvþ CaPvþ CFþ Stishovite:
ð2Þ

Within the lower mantle, the stage 1 pyroxenite will
consist of Mg- and Ca-perovskite (MgPv and CaPv),
stishovite, and CF (Ono et al., 2001; Hirose et al., 2005).
CF is a silica-poor, sodium-rich aluminous phase with a
calcium ferrite structure. Similar reaction products are ex-
pected at the core^mantle boundary where post-perovskite
phases are stable (Hirose, 2006).
Oceanic crust also consists of cumulates of dunite,

troctolite, and olivine gabbro; evidence for the participa-

tion of such materials in magma generation at Hawaii

was given by Sobolev et al. (2000). Mass balance with re-

spect to the EPR primary magma composition (Herzberg

et al., 2007) yields cumulates that are MgO-rich, and most

plot between the garnet^pyroxene plane and the perovsk-

ite^CF plane (Fig. 8). These will consist of olivine pyroxen-

ite lithologies (OlþCpxþGt) in the upper mantle and

Transition Zone, and stishovite perovskite lithologies in

the lower mantle (Fig. 8).
Convective mixing and stirring will fold, stretch, and

thin this crust (Alle' gre & Turcotte, 1986; van Keken &
Zhong, 1999; Farnetani et al., 2002; Graham et al., 2006).
When this happens, solid-state reactions will occur because
the silica-bearing recycled crust lithology is not stable in
an olivine-rich peridotite host. Reactions of the general
type olivineþ free silica¼orthopyroxene will occur be-
tween the recycled crust and host peridotite producing
a stage 2 pyroxenite. In the lower mantle, the reaction
will be ferropericlase (Mg,Fe)Oþ stishovite SiO2¼

magnesium perovskite.
Stage 2 pyroxenite reactions will occur without fail at

the contacts between silica-rich recycled crust and the
host peridotite (Fig. 8) through reactions of the type

Crustþ Peridotite ¼ CpxþGt�Opx ð3Þ

Crustþ Peridotite ¼ MgPvþ CaPvþ CF: ð4Þ

The open and closed circles in Fig. 8 represent stage 2
pyroxenites within the garnet^pyroxene plane and the
perovskite^CF planes, respectively.

An important consideration is that silica-bearing litholo-
gies will probably remain if they are deeply buried within
a thick crustal package and isolated from the surrounding
peridotite. Solid-state reactions will not go to completion,
and the formation of stage 2 pyroxenite with free silica
can be represented by

Crustþ Peridotite ¼ CpxþGt�OpxþQuartz ðcoesiteÞ

ð5Þ

Crustþ Peridotite ¼ MgPvþ CaPvþ CFþ Stishovite:

ð6Þ

Whether free silica remains in the pyroxenite will prob-
ably be influenced by the size of the bodies, which are
expected to be reduced on stretching and thinning during
convective stirring in the mantle. As discussed below, this
will have important consequences for the compositions of
any magma produced by the melting of stage 2 pyroxenite.
In particular, it will determine whether an oceanic
island can potentially form from primary magmas that
are silica-rich or silica-poor (e.g. Kogiso et al., 2004;
Herzberg, 2006; Jackson & Dasgupta, 2008).
Most high-MgO crustal cumulates will become olivine

pyroxenites in the upper mantle and Transition Zone
(OlþCpxþGt). However, they may react with peridotite
in the lower mantle according to equation (4).
Should subducted oceanic crust be incorporated into

a rising mantle plume and returned to the upper mantle,
all stage 2 pyroxenites consisting of MgPvþCaPvþCF
will transform to olivine pyroxenite via the reaction

MgPvþ CaPvþ CF ¼ Olþ CpxþGt: ð7Þ

These pyroxenites plot to the SiO2-poor side of the pyr-
oxene^garnet plane and are referred to as SiO2-poor and
olivine pyroxenites here. In general, olivine pyroxenite
lithologies are expected to be abundant in recycled crust
that has been stirred, stretched and thinned, and they
have the potential to yield low-SiO2 alkalic oceanic island
basalts. In contrast, any pyroxenite that has free SiO2 in
the upper mantle and Transition Zone will plot to the
SiO2-rich side of the pyroxene^garnet plane, and has the
potential to melt to produce SiO2-rich tholeiitic basalts.
Hawaii and the Canary Islands provide good examples of
SiO2-rich and -poor pyroxenite-source lavas, respectively,
as discussed below.
We can imagine a complete range of reaction and

mixing possibilities involving free silica (Fig. 8), and dis-
cuss specific examples below. In the case where all free
silica reacts out, the mantle will consist of peridotite and
layers of either silica-free pyroxenite (CpxþGt�Opx) or
olivine pyroxenite (CpxþGtþOl). This is the marble
cake model of Alle' gre & Turcotte (1986), except that it
differs in having been substantially reconstituted and is
free of a silica-rich phase. There may be substantial
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mixing between peridotite and pyroxenite layers, and oliv-
ine pyroxenites might grade into refertilized peridotite. In
the extreme, complete mixing might destroy all remnants
of the original recycled crust.

Compositions of model whole-rock
pyroxenites and their partial melts
A calculation has been made of stage 2 pyroxenite
whole-rock compositions contained in the planes pyrox-
ene^garnet and perovksite^CF by adding silica-rich
MORB crust and glasses to peridotite according to reac-
tions (3) and (4). Results are presented in Figs 9 and 10a.
These are compared with experimentally determined
partial melt compositions of a wide variety of pyroxenite

compositions at pressures in the 2^5GPa range (Longhi,
2002; Salters et al., 2002; Hirschmann et al., 2003; Kogiso
et al., 2003; Pertermann & Hirschmann, 2003; Keshav
et al., 2004; Kogiso & Hirschmann, 2006; Sobolev et al.,
2007; Yaxley & Sobolev, 2007; Spandler et al., 2008). The
important observation is that there is a wide range of po-
tential whole-rock pyroxenite compositions, and this will
propagate to both their partial melts and crystallizing
olivines.

MgO and FeO contents

Stage 2 pyroxenite compositions on the Di^En^CATS
plane have lower MgO contents than those on the CaPv^
MgPv^CF plane, although both have FeO contents48%

Fig. 8. Mole per cent projection of various glass and whole-rock compositions from or towards Diopside into the plane Olivine^Quartz^
CalciumTschermak’s (CATS). White triangles, projected 3467 MORB glass compositions from the East Pacific Rise (http://www.petdb.org/);
grey triangles, projected troctolite and gabbro cumulates for 3467 EPR MORB glasses calculated from mass balance and assuming a primary
magmawith 11·8%MgO (Herzberg et al., 2007); crosses in circles, pyroxenite compositions for which high-pressure experimental data are avail-
able (see text) (black, silica-rich compositions; grey, silica-poor compositions). Open circles, stage 2 pyroxenites formed in the upper mantle
and Transition Zone by the solid-state reaction of MORB with fertile peridotite KR-4003; these are coincident with the Diopside^Enstatite^
CATS plane (pyroxene^garnet plane). The pyroxene^garnet plane is used for taxonomical purposes to identify high- and low-SiO2 pyroxenites
on the SiO2-rich and -poor sides, respectively. Filled circles, stage 2 pyroxenites formed in the lower mantle by the solid-state reaction of
MORB with fertile peridotite KR-4003; these are coincident with the Ca and Mg perovskite^CF plane, where CF is an aluminous phase with
the calcium ferrite structure. Also possible but not shown for clarity are stage 2 pyroxenites that may form on the Ca and Mg perovskite^CF
plane by the reaction of EPR MORB cumulates with peridotite. The mole per cent projection is derived from the code given by O’Hara
(1968): Olivine (OL)¼ 0·5(Al2O3þCr2O3þFeOþMnOþNiOþMgO) ^ 0·5(CaOþNa2OþK2O)þ 1·75P2O5. CATS¼TiO2þAl2O3þ
Cr2O3þNa2OþK2O. Quartz (QZ)¼ SiO2þTiO2þ0·5(Al2O3þCr2O3) ^ 0·5(FeOþMnOþMgOþNiO) ^ 1·5CaO ^4·5(Na2OþK2O)
þ 5·25P2O5.
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Fig. 9. Compositional diversity of potential stage 2 pyroxenites formed by solid-state reaction. (a) FeO and MgO contents and mg-numbers.
Red and grey crosses are experimental melt compositions of SiO2-rich and -poor pyroxenites, respectively. Crosses in circles are starting mater-
ial compositions of these experiments. Open and closed circles are defined in Fig. 8. (b) Peridotite- and pyroxenite-source primary magmas
were proposed to plot on the high- and low-CaO sides of the line (Herzberg & Asimow, 2008), but this is likely to hold only for certain
high-SiO2 pyroxenite melts (see text). (c) Selected experimental data showing the effect of melt fraction on FeO/MnO of pyroxenite partial
melts.
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Fig. 10. Ni contents of melts and olivine phenocrysts for peridotite and pyroxenite sources. (a) Open and closed circles are the same as for Fig. 8,
and refer to whole-rock Ni contents of stage 2 pyroxenites formed on the pyroxene^garnet and Ca and Mg perovskite^CF planes, respectively.
Ni contents for peridotite partial melts are from Figs 2 and 3a, for accumulated fractional melting of a peridotite with 0·25% NiO. The two
mixing lines for peridotite^MORB shown at 10% increments (tick marks) are the same as those given in Fig. 8. Open ‘X’ is whole-rock pyrox-
enite composition from Sobolev et al. (2007). Black crosses (þ), partial melts of MORB at 3 GPa (Pertermann & Hirschmann, 2003) calculated
to be in equilibrium with olivine having 2828 ppm Ni. Open crosses, stage 2 pyroxenites on the pyroxene^garnet plane formed by reacting par-
tial melts of MORB with peridotite. Grey shading delineates the wide range of possible whole-rock Ni contents for stage 2 pyroxenite; partial
melts can have an even wider range of compositions (see text). (b) Ni contents of olivines for peridotite melts and their olivine-fractionated de-
rivative liquids from Figs 3b and 4. Grey shading delineates liquidus olivine compositions that would crystallize from total melts of pyroxenite
compositions in (a).
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and mg-numbers in the 70^85 range (Fig. 9a; note that
En and MgPv are compositionally equivalent to enstatite).
It can be shown that these mg-numbers are approximately
the same as those expected of olivines that would crystal-
lize from initial melts of these pyroxenites (70^85). Should
the pyroxenites become totally melted, the olivines that
would crystallize would have mg-numbers in the 87^95
range. Olivine mg-numbers of 70^95 are therefore ex-
pected to crystallize from pyroxenite melts formed under
conditions that range from initial to total melting. It is
clear that a specific olivine mg-number cannot be used to
constrain a primary magma of a pyroxenite source. This
will be a source of significant error in any method that cal-
culates parental magma composition by adding olivine
until the melt is in equilibrium with olivine having an
mg-number of 90, for example. The problem is similar to
that of magmas that are produced by partial melting of
sources that consist of cumulates (Fig. 10a) or any pyroxen-
ite that is derived from such cumulates.
The FeO contents for stage 2 pyroxenite can range from

�3 to 13%.This is likely to have major geodynamic conse-
quences for compositional buoyancy. Some of the more
FeO-rich examples might be too dense to be sampled by
mantle plumes, and may permanently reside in the lower
mantle. In contrast, FeO-poor pyroxenites are expected
to be buoyant. The implication is that a compositionally
heterogeneous lower mantle might be selectively sampled
by mantle plumes.

CaO contents

The importance of pyroxenite melting in the generation of
Hawaiian shield-building lavas has been inferred on the
basis of high Ni contents in olivine (Sobolev et al., 2005,
2007) and low whole-rock CaO contents (Herzberg, 2006).
Most primitive shield-building lavas from Hawaii have
CaO contents that are lower than model CaO contents of
peridotite-source melts (Herzberg, 2006); the discriminent
line shown in Fig. 9b was proposed as a way to discrimin-
ate peridotite-source lavas above from pyroxenite-source
lavas below (Herzberg & Asimow, 2008). The inference of
pyroxenite melting for Hawaii based on low-CaO and
high-Ni olivines is supported here, as discussed in more
detail below. However, it is now clear that this conclusion
cannot be generalized to all cases of pyroxenite melting.
Although it is true that many stage 2 pyroxenite sources
have low CaO contents, other pyroxenites can be high in
CaO and plot above the discrimination line in Fig. 9b.
Clearly, a high-degree melt of a high-CaO pyroxenite can
have CaO contents that are similar to those of peridotite-
source melts.
More experimental data are needed to parameterize the

effects of pyroxenite composition and melt fraction on the
CaO content of partial melts. However, a few general
points can be made. Pyroxenite source compositions that
plot to the SiO2-rich side of the pyroxene^garnet plane in

Fig. 8 have bulk distribution coefficients for CaO, D CaO
Solid/Liquid, that are generally41 (Fig. 9b). Partial melts
of these high-silica pyroxenites display MgO^CaO system-
atics that are similar to those of MORB (Fig. 9b). That is,
low-degree melts of SiO2-rich pyroxenite are generally
low in CaO owing to the dominant effect of residual clino-
pyroxene. At the other extreme is peridotite melting,
where low-degree melts are always enriched in CaO
(Fig. 9b) and D CaO is51. Clearly, the amount of clino-
pyroxene in the residue has a large effect on bulk D, and
between these extremes are stage 2 pyroxenites.
Some pyroxenites and their partial melts have high CaO

contents (Hirschmann et al., 2003; Kogiso et al., 2003;
Keshav et al., 2004; Kogiso & Hirschmann, 2006), similar
to those of peridotite-source lavas (Fig. 9b). However, the
pyroxenites in these experimental studies are similar
in composition to rocks that have been interpreted to
be cumulates that precipitated deep within the mantle
(Frey, 1980; Irving, 1980; Sen, 1988; Keshav et al., 2007).
Although they are useful for parameterization purposes,
the melting of these high-CaO pyroxenites is not likely to
be relevant to the general understanding of the role
played by recycled crust in oceanic island magmatism.

FeO/MnO

Peridotite and its partial melts have FeO/MnO in the
50^60 range (Figs 6a and 9c). Stage 2 pyroxenites have
similar FeO/MnO, calculated from high-precision induct-
ively coupled plasma^mass spectrometry analyses for Mn
from MORB EPR glasses (Qin & Humayun, 2008; Fe2þ/P

Fe¼ 0·93). In contrast, melting experiments on pyroxen-
ite lithologies that contain CpxþGt�Opx�Qz display
a wide range of FeO/MnO ratios in the melt, many of
which are higher than the range for peridotite (Liu et al.,
2008). Of the existing dataset for pyroxenite melting,
those of Pertermann & Hirschmann (2003), Keshav et al.
(2004) and Sobolev et al. (2007) are most helpful in reveal-
ing how FeO/MnO varies with melt fraction (Fig. 9c).
FeO/MnO can be high at low melt fractions, typically ex-
ceeding 80. FeO/MnO is high because MnO is low, not be-
cause FeO is high. Partial melts of pyroxenite are low in
MnO when the modal amount of garnet in the residuum
is high, and this depends on the whole-rock composition
and melt fraction. As D Mn Gt/L ranges from seven at
low F to about two in the experiments of Pertermann &
Hirschmann (2003), Mn is retained in residual garnet
rather than expelled to the melt. A similar conclusion has
been drawn by Balta et al. (2010).
It has been suggested that olivine phenocrysts with ele-

vated Fe/Mn indicate a pyroxenite-source lithology
(Sobolev et al., 2007). Although this is certainly indicated
by the present analysis (Fig. 9c), the support is conditioned
on melt fraction. When the melt fraction of a solid-state
stage 2 pyroxenite is high, partial melts will display FeO/
MnO ratios that are indistinguishable from those of melts
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of peridotite (Fig. 9c). Although not shown, the FeO/MnO
of extensively melted stage 2 pyroxenite formed by melt^
rock reaction may remain high. It has also been suggested
that lavas from Hawaii might have high Fe/Mn because
the source is intrinsically high in iron (Humayun et al.,
2004). These hypotheses are tested below.

Ni contents

The mixing in of a large amount of basalt will transform
a peridotite to a pyroxenite. When the amount of basalt
is 35^55% (Fig. 10a) the resultant mixture is coincident
in composition with the lower mantle assemblage
CaPvþMgPvþCF (Fig. 8). When the amount of basalt
is �50^85%, the mixture is coincident with the upper
mantle assemblage CpxþGt�Opx (Fig. 8), and Ni con-
tents are substantially higher than those of peridotite-
source melts (Fig. 10a). As discussed below, these Ni-rich
stage 2 pyroxenites are likely to be sources that melt and
crystallize olivine phenocrysts with high Ni contents.
In general, the Ni contents of troctolite and olivine gabbro
cumulates of MORB are similar to those of peridotite-
source melts, but some are higher in Ni (Fig. 10a).
Whole-rock pyroxenite Ni contents shown in Fig. 10a do

not directly constrain the Ni contents of their partial
melts and the olivines that would crystallize from these
melts.We need to know which minerals define the pyroxen-
ite residues and the following is a short list of possibilities:
LþGt, LþCpx, LþOpx, LþGtþCpx, LþGtþ
CpxþOpx, LþGtþCpxþOl (Longhi, 2002; Herzberg,
2006; Sobolev et al., 2007). For example, the Ni content
of a partial melt will be higher than those indicated in
Fig. 10a if garnet is the sole residual phase because the par-
tition coefficient of Ni between garnet and liquid, D Ni
Gt/L, is 51 (Herzberg & Zhang, 1996; Sobolev et al.,
2005). A great deal of experimental work needs to be done
to understand how, exactly, Ni partitions amongst liquid
and the various crystalline phases and their combinations.
However, existing work indicates values of D Ni Ol/L41,
D Opx/L41, D Cpx/L�1 and D Gt/L51 (Sobolev et al.,
2005). Therefore, partial melts of pyroxenite can have Ni
contents that are higher or lower than the whole-rock
pyroxenites shown in Fig. 10a. Additionally, most partial
melts are expected to have MgO contents that are lower
than their pyroxenite source (Sobolev et al., 2007), although
there are important exceptions (Herzberg, 2006).
It has been suggested that high-Ni olivines can crystal-

lize from partial melts of eclogite that forms by direct
transformation of subducted crust; that is, the stage 1
pyroxenite in Fig. 8 (Wang & Gaetani, 2008). Similarly,
high-Ni olivines can crystallize from partial melts of an
olivine-free stage 2 pyroxenite that is produced when
eclogite partial melts react with peridotite (Sobolev et al.,
2005).The later possibility is shown in Fig. 10a.The Ni con-
tents of partial melts of eclogite reported by Pertermann
& Hirschmann (2003) were calculated based on the

assumption that they equilibrate with peridotite containing
olivine with 2828 ppm Ni (Ionov, 2007). The resulting
stage 2 pyroxenites will consist of CpxþGt�Opx, and
have some of the highest Ni contents of all possible pyrox-
enites (Fig. 10a).
How will the Ni content of a peridotite-source partial

melt be affected by mixing a limited amount of recycled
crust into the peridotite during convective stirring?
Although not illustrated, it can be shown that addition of
20^30% of a basalt like those illustrated in Fig. 10a has
a negligible impact on the Ni content of the partial melts.

Olivine nickel contents from pyroxenite
melts
The formation of stage 2 pyroxenites with the Ni contents
shown in Fig. 10a can now be used to partially constrain
the Ni contents of olivine phenocrysts; the results are
shown in Fig. 10b. The constraint is only partial because
it was assumed that the stage 2 pyroxenite whole-rock
compositions were totally melted. This permitted the oliv-
ine composition to be calculated in the usual way, using
olivine/liquid Ni distribution coefficients from Beattie et al.
(1991) together with a 1 atm Fe/Mg exchange coefficient
fromToplis (2005). Of course, we really need to know the
Ni content of olivine that would crystallize from partial
melts of proxenite, not total melts. There are few experi-
mental data on such partial melts, and even fewer data
on their Ni contents. As discussed above and shown in
Fig. 10a, the Ni contents of partial melts may be greater or
less than those of the whole-rock pyroxenites, depending
on the mineralogy of the residue. Calculated Ni contents
of olivine are expected to vary in a similar manner.
Nevertheless, it will be shown below that Fig. 10b probably
captures the range of possibilities. The essential observa-
tion is that the Ni contents of olivines that crystallize
from pyroxenite-source melts can be higher than those
of olivines that crystallize from peridotite-source melts
(Fig. 10b), in agreement with the conclusions of Sobolev
et al. (2005). This is further explored for Hawaii.

HIGH- S I L ICA PYROXENITE

SOURCE PARTIAL MELT ING

BELOW HAWAI I

Whole-rock geochemistry of shield-building
basalts
An examination is now made of the hypothesis that the
shield-building lavas of Hawaii were generated from a pyr-
oxenite source that involved the participation of recycled
crust (Hauri, 1996; Lassiter & Hauri, 1998; Blichert-Toft
et al., 1999; Huang & Frey, 2005; Huang et al., 2005;
Sobolev et al., 2005, 2007; Herzberg, 2006). Whole-rock
MgO^CaO data are shown in Fig. 11 for Loihi, Mauna
Kea, Kilauea, Mauna Loa and Koolau (Makapuu stage)
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(Moore et al.,1982; Frey & Clague,1983; Rhodes,1988,1995,
1996; Clague et al., 1991; Garcia et al., 1993, 1995, 1998; Frey
et al., 1994; Rhodes & Hart, 1995; Norman & Garcia, 1999;
Haskins & Garcia, 2004; Rhodes & Vollinger, 2004;
Marske et al., 2008). Lavas with MgO47^8% exhibit a
simple olivine control and at any specified value, 15% for
example, CaO is highest for Loihi. Maximum olivine
mg-numbers are typically 90^91, and would crystallize
from primary magmas with MgO contents in the 15^18%
range (Hauri, 1996; Stolper et al., 2004; Herzberg, 2006;
Herzberg et al., 2007). With the exception of some lavas
from Loihi, most Hawaiian shield-building magmas with
15^18% MgO would have 7^9% CaO, which is lower
than those expected from peridotite-source primary
magmas formed by accumulated fractional melting
(Herzberg, 2006).This is demonstrated in Fig. 11, providing
further evidence for the involvement of a pyroxenite
source. It should be noted, however, that the CaO contents
for peridotite melting were modeled from the experimental
results of Walter (1998) on fertile peridotite KR-4003. It is
possible that comparable high-quality experiments on
other peridotite compositions will yield lower CaO pri-
mary magmas, but they have not been reported to date
(see also Davis et al., 2009). CaO should remain

incompatible during peridotite melting, and partial melts
should be elevated in CaO as long as the amount of Cpx
is low (Fig. 9b and discussion therein).

Olivine chemistry
Supporting evidence for pyroxenite melting is provided
by olivine compositions (Sobolev et al., 2005, 2007),
shown in Fig. 12 and Electronic Appendix 3 (http:www
.petrology.oupjournals.org). Low whole-rock CaO
(Fig. 11) is also revealed in low Ca in olivine (Fig. 12).
Olivines are higher in Ni and Fe/Mn and lower in Mn
and Ca than those expected of partial melts of a normal
peridotite source. Some peridotites may be unusually high
in Ni (Fig. 2), but even these are not likely to produce pri-
mary magmas that crystallize olivine with 4500 ppm Ni
(Fig. 12). Koolau olivines exhibit high Ni even for
mg-numbers as low as 86 and, as discussed in detail
below, the large spread of mg-numbers is an expected con-
sequence of pyroxenite melting. Batch crystallization
(Wang & Gaetani, 2008) can contribute to this spread in
mg-number, but this seems unlikely because, by definition,
it contributes to phase homogeneity.
With the exception of some olivine phenocrysts from

Loihi, most olivines have Mn contents that are lower

Fig. 11. MgO vs CaO content of lavas from Hawaii. Broken grey line is from Herzberg & Asimow (2008) and separates peridotite- and
pyroxenite-source primary magmas. It should be noted that some high-CaO pyroxenite-source magmas are possible (Fig. 9b).
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than those of peridotite melts and their derivative liquids
(Fig. 12c; Electronic Appendix 3). This provides evidence
for Mn retention during melt generation in a garnet-rich
residue (Fig. 9c). The bulk-rock high Fe/Mn characteristic
of Hawaiian lavas (Humayun et al., 2004) is reflected in
olivine compositions (Fig. 12d; Electronic Appendix 3). It
is inferred that Fe/Mn is high because Mn is low, not be-
cause the source is Fe-rich. Therefore, the origin of high
Fe/Mn in Hawaii is consistent with pyroxenite-source melt-
ing (Sobolev et al., 2007), not Fe enrichment of the source
(Humayun et al., 2004).
Sobolev et al. (2005) suggested that the olivine pheno-

cryst data can be explained by crystallization from paren-
tal magmas that are mixtures of pyroxenite- and
peridotite-source melts. The proportion of pyroxenite-
derived melt was estimated to be�90% for Koolau, 60%
for Mauna Loa, and 40% for Mauna Kea/Kilauea
(Sobolev et al., 2005); more recent calculations yield about
70% pyroxenite for Koolau (A. Sobolev, personal commu-
nication). An important phase equilibrium restriction
on the mixing of low-SiO2 peridotite- and high-SiO2

pyroxenite-source magmas is that it can occur only if they
share the same conduit or shallow-level magma chamber.
Within the high-pressure melting regime, the garnet^pyr-
oxene plane is a thermal and compositional divide that
separates low-SiO2 peridotite-source magmas to the
olivine-rich side from high-SiO2 pyroxenite-source lavas
to the silica-rich side (O’Hara & Yoder, 1967; Milholland
& Presnall, 1998; Kogiso et al., 2004; Herzberg, 2006). Any
commingling of such magmas must result in pyroxenite
precipitation, not magma mixing. The reaction will
be low-SiO2 peridotite meltþ high-SiO2 pyroxenite
melt¼ cpxþgt�opx. A simple analogue of this reaction
can be visualized in Fig. 1 by the reaction of melt X or Y
with melt Z to form crystalline pyroxenite. The reaction
must proceed until the magma with the lower mass frac-
tion is totally consumed, either the low- or high-SiO2

magma. Possible examples of such pyroxenites are those
that were described by Keshav et al. (2007) from Salt Lake
Crater in Hawaii.
Olivine compositions from Mauna Kea HSDP2 lavas

(Electronic Appendix 3) are similar to those of Koolau
and other Hawaiian shield volcanoes; these have also
been interpreted to have crystallized from a mixture of
pyroxenite- and peridotite-source melts (Sobolev et al.,
2007). However, Mauna Kea HSDP2 whole-rock compos-
itions reveal SiO2-rich and -poor populations with distinct-
ive Zr/Nb and helium isotope compositions (Kurz et al.,
2004; Rhodes & Vollinger, 2004; see below). Glasses are
even more strongly resolved into separate SiO2-rich and
-poor populations (Stolper et al., 2004; Herzberg, 2006).
These SiO2-rich and -poor lavas have identical NiO and
CaO contents (Rhodes & Vollinger, 2004), evidence that
does not support variable contributions of melts from

Fig. 12. Calculated olivine phenocryst compositions for melts of a
peridotite source compared with observed olivines from Loihi and
Koolau volcanoes, Hawaii (Sobolev et al., 2007). (a) High Ca in
Loihi olivines reflects the high Ca in the lavas from which they crys-
tallize (Fig. 11). (b) High Ni and the wide range in mg-numbers for
Koolau olivines are similar to those expected for olivines from pyrox-
enite sources. (c) Observed Koolau olivines are generally lower in
Mn than those from peridotite sources. (d) Observed Koolau olivines
are generally higher in Fe/Mn than those from peridotite sources
because Mn is low. In all cases, olivines from Loihi indicate greater
participation of peridotite melts than do olivines from Koolau.
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peridotite and pyroxenite. As an alternative to the Sobolev
model of mixed peridotite^pyroxenite provenance, it was
proposed that these Mauna Kea lavas formed from 100%
pyroxenite melts on the high- and low-SiO2 sides of the
pyroxene^garnet plane deep in the mantle, with minimal
mixing anywhere (Herzberg, 2006). The 100% pyroxenite
model is further explored below as a possible lithological
source for the shield-building lavas from Kooalu, Mauna
Loa, Mauna Kea, and Kilauea.
Evidence that supports the mixing of peridotite-

and pyroxenite-source lavas is revealed by the pre-shield
olivines from Loihi (Fig. 12). Compared with the other
Hawaiian volcanoes, olivines from Loihi are elevated
in Ca and Mn, and low in Ni, trending in the direction
expected of olivines from peridotite-source melts.
However, an alternative interpretation is that Loihi basalts
might be the product of melting from a 100% olivine pyr-
oxenite source, similar to peridotite but with less olivine
(see below).

Pyroxenite compositions and primary
magmas
The pyroxene^garnet plane (Fig. 13a) has great petrologi-
cal utility. SiO2-rich pyroxenites will produce SiO2-rich
melts that project to the SiO2-rich side of the pyroxene^
garnet plane. Similarly, SiO2-poor rocks will produce
SiO2-poor melts. Given the abundance of evidence from
olivine phenocryst compositions in Hawaii for pyroxenite
melting, the challenge is to determine how primary
magmas can be produced by 100% pyroxenite melting,
and whether they are SiO2-rich or -poor.
As discussed previously (Herzberg, 2006), in all cases

primary magma compositions were calculated from primi-
tive lavas that exhibit olivine addition and subtraction.
To these samples, olivine was added or subtracted and the
calculation was stopped when the liquid reached the
cotectics [LþOpxþCpxþGt] and [LþOlþCpxþGt],
yielding model 100% primary pyroxenite-source magmas.
The cotectics shown in Fig. 13 at 3GPa were calibrated
from the experimental data summarized by Herzberg
(2006). Cotectics at higher pressures were calibrated
from the experimental data of Walter (1998), Yaxley &
Sobolev (2007), Sobolev et al. (2007), and Spandler et al.
(2008). Liquids produced by the partial melting of
CpxþGtþOpx and CpxþGtþOl assemblages will
shift towards diopside and away from garnet with increas-
ing pressure (Fig. 13). Pressure information can be inferred
from the projection of these liquid compositions to or
from olivine into the pyroxene^garnet plane, and a compu-
tational algorithm is provided in the caption to Fig. 13b.
This pressure is used together with those in Olivine^Cats^
Quartz in Fig. 13a to determine when to stop the olivine
addition or subtraction in the primary magma calculation,
and a computational algorithm is provided in the
caption to Fig. 13. It is emphasized that this procedure

is tractable only for pyroxenite lithologies that consist
of CpxþGtþOpx and CpxþGtþOl assemblages.
Although primary magma compositions of bimineralic
eclogite CpxþGt cannot be uniquely constrained, less
olivine is added to obtain them. Consequently, model pri-
mary magmas for CpxþGtþOpx and CpxþGtþOl
will provide an upper bound to the MgO contents of most
pyroxenite-source magmas. The issue of bimineralic eclog-
ite receives detailed attention below.
Pyroxenite-source primary magma compositions for

Koolau project to the SiO2-rich side of the pyroxene^
garnet plane (Fig. 13a and b). Although not shown for the
sake of preserving clarity, similar results are obtained for
Kooalu, Mauna Kea, and Kilauea.We can infer, therefore,
that the Hawaiian source lithology is a SiO2-rich pyroxen-
ite, consisting of CpxþGtþ Silica�Opx. This result is in
agreement with the conclusions of Sobolev et al. (2005)
that the pyroxenite source is olivine-free. Model primary
magmas for LþCpxþGtþOpx are similar to experi-
mental cotectic melt compositions at �3·5GPa. This pres-
sure is consistent with melting below the lithosphere,
which is constrained by seismology to be �100^130 km
thick below the big island of Hawaii (Li et al., 2000, 2004).
Such high pressures will yield similar primary magma
compositions for sources composed of bimineralic eclogite.
Lee et al. (2009) estimated melting pressures as low as
1·5GPa, but this result assumes that olivine participates in
melting, in contrast to the inference of an olivine-free
pyroxenite source here and by Sobolev et al. (2005).
Compared with oceanic islands worldwide, Hawaii is

unusual in generating melts from a silica-rich pyroxenite
source. Silica-poor pyroxenite sources are more common
and Loihi is a possible example (Fig. 13). Some Loihi
lavas were probably generated from peridotite instead of
pyroxenite, as discussed above, and these generally have
somewhat higher MgO contents as calculated using the
PRIMELT2 software (Herzberg & Asimow, 2008).
However, the amount of olivine that is added or subtracted
in a primary magma calculation will not affect its position
within Fig. 13b, as this is a projection to and from olivine.
All Loihi primary magmas plot to the SiO2-poor side of
the thermal divide in Fig. 13b, regardless of uncertainties
in peridotite versus pyroxenite provenance. If pyroxenite,
however, it can be inferred that the melts were derived
from a SiO2-poor assemblage of OlþCpxþGt and
OpxþCpxþGt on the low-SiO2 side of the divide. The
relative importance of olivine in the Loihi source is consist-
ent with olivine phenocrysts compositions that have lower
Ni (Fig. 12b).
Each Hawaiian volcano displays a range of primary

magma compositions; the range of SiO2 contents is sum-
marized in Fig. 14. The SiO2 contents of the primary
magmas are compared with the approximate SiO2 content
(48·2 wt %) of cotectic liquids in equilibrium with
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Fig. 13. Projections (mol %) of model pyroxenite-source primary magmas for Loihi and Koolau. (a) Primary magmas from or towards
Diopside into the plane Olivine^Quartz^CalciumTschermak’s (CATS). These are calculated by adding and subtracting olivine to lavas that
experienced only olivine fractionation, and typically involves lavas with MgO47·5% for most shield building lavas from Hawaii. The calcula-
tion is stopped when the melt composition is coincident with the cotectic [LþOpxþCpxþGt] or [LþOlþCpxþGt] as constrained by
the pressure P (GPa) given in (b). Projection coordinates are defined in Fig. 8. For LþOpxþCpxþGt on both sides of the thermal divide:
CATS¼ 0·8109P2þ61·064ln(P) ^ 38·792[ln(P)]2. For LþOlþCpxþGt: OL¼X� (X�Y)/[(Z)(Z�CATS)] where X¼15·0176þ13·9968P
^ 0·77955P2, Y¼ 4·7864þ 8·9128P ^ 0·4559P2, Z¼100 ^ X. Oceanic crust is from Fig. 8. Continental crust is from Rudnick & Gao (2003). The
field indicated in light grey delineates the range of plausible whole-rock pyroxenite source compositions for Hawaii. (b) Primary magmas
projected from or towards Olivine into the plane CS^MS^A which is a larger portion of the pyroxene^garnet plane. Projection code is
from O’Hara (1968): CS¼CaOþ 2(Na2OþK2O) ^ 3·333P2O5. MS¼ 2SiO2þTiO2 ^ (FeOþMnOþMgOþNiO) ^ 2CaO^ 8(Na2Oþ
K2O)þ 6·666P2O5. A¼TiO2þAl2O3þCr2O3þNa2OþK2O. Isobaric cotectics can be calculated from: A¼ 20·188 ^ 5·2595Pþ 0·27P2þ
0·5389CS. Pressures for all pyroxenite cotectics: P(GPa)¼ exp[1·6748 ^ 0·0838(A ^ 0·5389CS)]. The thermal divide separates low- and
high-SiO2 pyroxenite cotectics [LþOpxþCpxþGt] on each side and is described by MS¼1/{0·00871þ0·02019/Aþ 0·000303[ln(A)]3}.
The curve separating low-SiO2 pyroxenite cotectics [LþOpxþCpxþGt] and the olivine pyroxenite cotectic [LþOlþCpxþGt] is
described by MS¼ ^12·5693Aþ 0·21012A2þ73·8954ln(A).
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Fig. 14. Summary of SiO2 contents of model 100% pyroxenite-source primary magmas for Hawaii. Method of calculation is illustrated in
Fig. 13. Liquids on LþCpxþGtþOpx cotectic nearest the pyroxenite^garnet plane contain �48·2% SiO2. SiO2-rich and -poor type pyroxen-
ites and their partial melts are defined here as having compositions on the SiO2-rich and -poor sides of the thermal divide, respectively.
It should be noted that the two glass populations from Mauna Kea are inferred to define SiO2-rich and -poor type pyroxenite-source primary
magmas (Herzberg, 2006), and there is little or no mixing.
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LþCpxþGtþOpx near the pyroxene^garnet plane.
Partial melting of a SiO2-rich pyroxenite CpxþGtþ
SilicaþOpx will yield liquids on the cotectic
LþCpxþGtþOpx with SiO2448·2%, as is the case for
Kilauea, Mauna Loa, and Koolau volcanoes (Fig. 14d^f).
Mauna Kea whole-rock compositions yield SiO2 con-
tents448·2% or548·2% (Fig. 14b; Rhodes & Vollinger,
2004); however, electron microprobe analyses of glasses
demonstrate a clear separation into SiO2-rich and -poor
primary magma populations (Fig. 14c; Stolper et al., 2004).
The evidence from the glasses supports the restriction
of magma mixing on a micrometer scale appropriate
for electron microprobe analysis. The evidence from the
whole-rocks indicates that partial mixing occurs at lower
pressures during transit to the surface or within shallow
magma chambers; however, even whole-rock Mauna Kea
lavas reveal distinct low- and high-SiO2 populations
(Rhodes & Vollinger, 2004; Herzberg, 2006).
The SiO2 contents of the primary magmas generally

increase in the following order: Loihi5Mauna Kea5
Kilauea5Mauna Loa5Koolau. The partial melting of
SiO2-rich pyroxenite can yield primary magmas with
SiO2 in the �48^55% range (Fig. 14) and these can mix
freely as they are formed on the SiO2-rich side of the ther-
mal divide. The SiO2 contents of primary magmas in-
crease down temperature and along the cotectic
LþCpxþGtþOpx away from the thermal divide
(Fig. 13). It may be inferred, therefore, that the tempera-
ture of melting is highest for Kilauea and Mauna Kea.
This interpretation would be secure if all volcanoes were
fed by melts from the same pyroxenite source composition.
However, primary magmas with SiO2 contents450% are
in much greater abundance at Mauna Loa and Koolau.
The implication is that the SiO2 frequency spectrum is
partially controlled by the SiO2 content of the pyroxenite
source; the modal abundance of free quartz or coesite is
therefore greatest for Koolau. This is consistent with the
suggestion of Huang & Frey (2005) that late Koolau basalts
require a large contribution of SiO2-rich melt from
recycled crust. However, those workers suggested that the
SiO2-rich ‘dacite’ melt formed directly as a partial melt of
a stage 1 pyroxenite; a silica-rich stage 2 pyroxenite is also
a possibility.

187Os/188Os and 3He/4He isotope evidence
for pyroxenite melting
Hauri (1996) demonstrated that 187Os/188Os correlates
with the primary magma SiO2 content; this is shown in
Fig. 15a with an expanded dataset (Bennett et al., 1996,
2000; Hauri & Kurz, 1997; Brandon et al., 1998, 1999;
Lassiter & Hauri, 1998; Bryce et al., 2005; Arevalo &
McDonough, 2008; Ireland et al., 2009a, 2009b). It can be
inferred that SiO2-rich primary magmas are most abun-
dant at Koolau volcano because the pyroxenite source con-
tains the greatest amount of unreacted crust manifest

mineralogically in quartz- or coesite-bearing, stage 1 pyr-
oxenite. It is stressed that the source for Mauna Loa and
Koolau magmas is likely to be heterogeneous with respect
to modal free silica, and this might reflect limited reaction
of recycled crust with peridotite as shown by equations (5)
and (6). This heterogeneous source is expected to give rise
to melts that mix; Huang & Frey (2005) presented trace
element and isotopic evidence for such a model. Mixing is
likely for a variety of pyroxenite-source melts, all of which
have SiO2448·2 wt %.
Helium isotopic evidence also points to the participation

of recycled oceanic crust as shown in Fig. 15b. Based on
data reported by Kurz et al. (1982, 1983, 1987, 1990, 1995,
2004), Rison & Craig (1983), Staudacher et al. (1986),
Honda et al. (1993) and Ren et al. (2009), calculated pri-
mary pyroxenite magmas with SiO2448% exhibit
3He/4He Ra in the 8^20 range, and probably formed by
the melting of CpxþGt�OpxþQz (coesite). In contrast,
primary pyroxenite melts with SiO2548% have 3He/4He
Ra in the 20^35 range, and probably formed by the
melting of CpxþGtþOl and CpxþGtþOpx. Melts in
physical contact with both peridotite and an olivine
pyroxenite body will be compositionally identical and
in equilibrium with OlþOpxþCpxþGt. Such a contact
will provide the low-SiO2 terminus of the cotectic
LþOlþCpxþGtþOpx in Fig. 13. Advanced melting of
the pyroxenite will eliminate olivine, drive melting up the
cotectic LþCpxþGtþOpx, and yield low-SiO2 lavas
as shown in Fig. 13c (see also Herzberg, 2006). Lavas
from Loihi that exhibit the lowest SiO2 contents might
be melts of peridotite, olivine pyroxenite or both litholo-
gies (LþOlþCpxþGt). The implication is that the
Hawaiian plume is structured with regions of SiO2-rich
recycled crust embedded within a matrix of peridotite
(Fig. 16; Sobolev et al., 2005; Ren et al., 2009). It is inferred
that the low 3He/4He component is derived from the
recycled crust whereas the high 3He/4He comes from the
peridotite (see also Farnetani & Hofmann, 2010).

Lithological structure of the Hawaiian
plume
Illustrated in Fig.16 is a lithological model of the Hawaiian
plume that is consistent with olivine chemistry and
bulk-rock major element geochemistry and also with the
helium and osmium isotopic data. It has been suggested
that the Hawaiian plume consists of recycled crust
stretched into elongated filaments (Farnetani et al., 2002;
Abouchami et al., 2005), which can have radial widths of
�10 km (Farnetani & Hofmann, 2010). Such large bodies
are consistent with an origin of Hawaiian shield basalts as
partial melts of 100% pyroxenite. The petrology of SiO2-
rich and -poor pyroxenites further suggests radial litho-
logical zonation to these bodies (Fig. 16). It is inferred that
quartz (coesite) pyroxenite in the core of the plume melts
to produce SiO2-rich melts at Mauna Kea, Kilauea,
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Fig. 15. (a) SiO2 and osmium isotopic compositions of model 100% pyroxenite-source primary magmas. (b) SiO2 and helium isotopic
compositions of model 100% pyroxenite-source primary magmas. Method of calculation of SiO2 content of primary magma is illustrated
in Fig. 13. Shaded field encompasses all data.
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Fig. 16. A model for the lithological structure of the Hawaiian plume in plan view and at scales that range from kilometers (top) to millimeters
(bottom). Yellow and white regions contain variable free silica in the source, as quartz (Qz) or coesite (Cs), remnants of silica contained in
stage 1 pyroxenite, original recycled crust. Green regions represent stage 2 pyroxenite produced by melt^rock, melt^melt, and/or solid-state re-
actions, and consist of CpxþGt�Opx. Red markings indicate stage 3 pyroxenite that crystallizes when high-SiO2 pyroxenite melts interact
with low-SiO2 pyroxenite melts or peridotite melts. Stage 3 pyroxenite is expected to consist of CpxþGt�Opx, similar to stage 2 pyroxenite,
and be concentrated between regions of free SiO2 and olivine. However, stage 3 pyroxenite might also occur in peridotite when high-flux pyrox-
enite melts flow into the peridotite matrix, which has a lower melt fraction. Although this is depicted in the lateral dimension, both melt^rock
and melt^melt reactions are expected to be most prominent in the vertical streamline along which melts ascend. Crystallization is thus likely
to be localized at the tops of elongated filaments in a vertical plume conduit, and immediately below the lithosphere where the plume spreads
horizontally on impact.
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Mauna Loa, and Koolau (Fig. 14c^f). Between
the quartz-pyroxenite core and the host peridotite is a
peripheral zone of pyroxenite (CpxþGt�Opx),
which melts to produce SiO2-poor primary magmas at
Mauna Kea (Fig. 14c). Solid-state mixing of peridotite
and peripheral pyroxenite is expected to produce olivine
pyroxenite, all of which melt to produce magmas at Loihi
(Fig. 14a).
It has been suggested that pyroxenite below Hawaii was

formed by the reaction of peridotite with partial melts of
recycled oceanic crust (Sobolev et al., 2005). The percola-
tion of such melts within the peridotite matrix is expected
to be an efficient way to produce stage 2 pyroxenite.
Although it is generally assumed that recycled oceanic
crust begins to melt before peridotite, owing to a lower sol-
idus temperature for basaltic compositions (Yasuda et al.,
1994; Spandler et al., 2008), peridotite can also begin to
melt at high pressure in the presence of CO2 (Dasgupta &
Hirschmann, 2006), producing low-SiO2 melts (Dasgupta
et al., 2007). Low-SiO2 melts of peridotite might interact
with high-SiO2 melts of recycled crust; such melt^melt re-
action may be more common than melt^rock reaction.
The intermingling of such melts will trigger crystallization
(Figs 1 and 13), not mixing. As discussed above, the reac-
tion of low-SiO2 peridotite meltþ high-SiO2 pyroxenite
melt¼CpxþGt�Opx must proceed until the melt with
the lower mass fraction is totally consumed, which will be
the SiO2-poor, CO2-rich peridotite melt. It is suggested
here that the peridotite source melts can substantially crys-
tallize to a pyroxenite lithology in this way, possibly yield-
ing rocks that are similar to the xenoliths from Salt Lake
Crater on the island of Oahu (Frey, 1980; Sen, 1988;
Keshav et al., 2007). This crystallization product, termed a
stage 3 pyroxenite, may locally plug the melt pathways,
form a sheath around the recycled crust, and act as a per-
meability barrier that restricts further ‘melt^rock’ reaction
(Fig. 16).
Some peridotite probably occupies the center of the

Hawaiian plume (Fig.16) and it has been proposed that this
can melt to produce the high-CaO and -K2O lavas from
Mauna Kea identified by the Hawaii Scientific Drilling
Project 2 (HSDP2; Herzberg, 2006). However, in more than
3 km of core, such lavas occupy a small stratigraphic level
from1765 to 1810m below sea level. Given mantle potential
temperatures inthe range1550^16008Cpreviouslyestimated
for Hawaii (Ribe & Christensen, 1999; Sobolev et al., 2005;
Herzberg et al., 2007; Herzberg &Asimow, 2008;Wolfe et al.,
2009), the plume is sufficiently hot to melt peridotite. In the
model of Sobolev et al. (2005, 2007), the peridotite melts mix
with pyroxenitemelts. In themodel proposed in Fig.16 there
is less peridotite and more pyroxenite in the core of the
plume and/or peridotite-source melts crystallize to make
stage 3 pyroxenite. In contrast, the peripheral part of the

plume is dominated by peridotite, not pyroxenite (see also
Sobolev et al., 2005), as indicated by Loihi in its present
pre-shield stage. This conclusion is also supported by the
post-shield lavas from Haleakala, which are high in CaO
compared with the shield lavas (http://georoc.mpch-mainz
.gwdg.de/georoc/), indicatinga switch from shield-stagepyr-
oxenite melting to post-shield peridotite melting. Late
Makapuu stage Koolau lavas (Haskins & Garcia, 2004;
Huang & Frey, 2005) complicate this interpretation, reveal-
inga strong pyroxenite signature. It is possible that the litho-
logical variability may be laterally asymmetric (Farnetani
& Samuel, 2005), especially if the plume conduit is tilted
(Wolfe et al., 2009).
Magma productivity in the Hawaiian volcanic chain has

generally increased by more than 100% over the past
10 Myr (van Ark & Lin, 2004; Vidal & Bonneville, 2004;
Robinson & Eakin, 2006). This might be a reflection
of an increase in the amount of recycled crust and a de-
crease in the amount of peridotite in the plume. However,
volume estimates show considerable variability over
the past 1 Myr (van Ark & Lin, 2004), and deep pyrox-
enite crystallization might modulate surface magma
productivity.

MgO contents of pyroxenite source
primary magmas, and temperatures
of melting
A common procedure in petrological modeling is to infer
the potential temperature of the mantle source by comput-
ing the composition of a primary magma in equilibrium
with an assumed mantle olivine composition, or of an oliv-
ine composition with a maximum mg-number in a lava
flow (e.g. 90). Figure 17 shows the MgO contents of model
primary pyroxenite-source magmas of which the SiO2

contents were illustrated in Fig. 14. The essential feature is
that there is no single primary magma composition.
Rather, each volcano is constructed from 100%
pyroxenite-source primary magmas with a wide range
of MgO contents, typically spanning 12^18%. These
magmas will crystallize liquidus olivines that are calcu-
lated to have mg-numbers in the 86^91 range (Fig. 17), in
excellent agreement with the observed olivine compos-
itions (Fig. 12; Electronic Appendix 3). This is in contrast
with most petrological models that assume that olivine
with a mg-number of 86, is, for example, the sole result of
fractional crystallization. The results in Fig. 17 also con-
trast with models of peridotite melting, in which the MgO
contents of the primary magmas and olivine mg-numbers
are generally higher.
A fundamental question surrounds the mantle potential

temperature that is necessary to produce the range of
MgO contents shown in Fig. 17. Unfortunately, there is a
lack of experimental data on appropriate pyroxenite
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compositions, so any discussion is conjectural. The avail-
able pyroxenite experimental database relevant to
Hawaiian lava compositions was reviewed in Herzberg
(2006). It is important to stress that few experiments have
been performed on compositions similar to those of the
model pyroxenite primary magmas. However, existing
data suggest that temperatures near the thermal divide
are in the range 1560^15808C at 3GPa, higher than the
1470^15008C at the 3GPa anhydrous peridotite solidus
(Herzberg, 2006). Clearly, pyroxenite-source melts can be
hotter than peridotite melts, even though they are lower
in MgO. The analysis of Mauna Kea lavas is particularly
revealing because MgO contents can range from about 13
to 16% for primary pyroxenite-source magmas at the
stratigraphic level in the HSDP2 drill core at which
high-CaO peridotite-source lavas have been identified
(Herzberg, 2006); the latter have 18^19% MgO (Fig. 17).
In the absence of any experimental data to the contrary, it
is estimated that primary pyroxenite magmas with 13^
16% MgO require mantle potential temperatures of
1550^16008C.

LOW-SI L ICA PYROXENITE

SOURCE MELT ING BELOW

THE CANARY I SLANDS
Most OIB differ from Hawaii in displaying a more prom-
inent role for nepheline-normative compositions such as
trachytes, phonolites, basanites, for which an origin by
partial melting of pyroxenite has been proposed
(Hirschmann et al., 2003; Kogiso et al., 2003, 2004; Kogiso
& Hirschmann, 2006; Dasgupta et al., 2010; Gerbode &
Dasgupta, 2010). If it is true that such sources formed from
SiO2-rich recycled oceanic crust, how is it possible to pro-
duce SiO2-poor OIB? The resolution to this paradox
might be found in olivine pyroxeniteçthe expected reac-
tion product between recycled crust and peridotite in the
lower mantle [equation (7)]. These pyroxenites have SiO2-
poor compositions; that is, they plot to the SiO2-poor side
of the pyroxene^garnet plane (Figs 8 and 18a). Similarly,
cumulate portions of recycled oceanic crust are possible
silica-deficient sources. The lithologies for both source pos-
sibilities will consist of OlþCpxþGt, and initial melts

Fig. 17. MgO contents of model peridotite-source and 100% pyroxenite-source primary magmas for Hawaii and the mg-numbers of their
crystallizing olivine phenocrysts at the surface.
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Fig. 18. Phase equilibrium requirements for the production of SiO2-poor primary OIB from SiO2-rich recycled crust. (a) A projection of vari-
ous pyroxenite cotectics (Herzberg, 2006), lower mantle stage 2 olivine pyroxenites and EPR MORB cumulates from or towards Diopside into
the plane Olivine^Quartz^CalciumTschermak’s. The large open circle with the array of smaller open circles indicates a whole-rock lava com-
position from the Canary Islands to (or from) which olivine was added (or subtracted). Oceanic and continental crust compositions are from
Herzberg & O’Hara, (2002) and Rudnick & Gao (2003), respectively. (b) A projection of various pyroxenite cotectics (Herzberg, 2006), and
whole-rock compositions from or towards Olivine into a part of the pyroxene^garnet plane. This pyroxene^garnet plane is represented as
the Opx^CATS line in (a). Black filled circles, primitive lavas from the Canary Islands (GEOROC). Green colored crosses, peridotite-source
primary magmas for the Canary Islands (Herzberg & Asimow, 2008). Colored lines are pyroxenite cotectics with the same mineralogy as in
(a). The large open circle with the array of smaller open circles indicates a whole-rock lava composition from the Canary Islands to (or from)
which olivine was added (or subtracted). The array of smaller open circles is coincident with the large open circle.

HERZBERG INTRAPLATEMAGMA MANTLE SOURCE LITHOLOGY

139

 a
t R

u
tg

e
rs

 U
n
iv

e
rs

ity
 L

ib
ra

rie
s
/T

e
c
h
n
ic

a
l S

e
rv

ic
e
s
 o

n
 J

a
n
u
a
ry

 1
1
, 2

0
1
1

p
e
tro

lo
g
y
.o

x
fo

rd
jo

u
rn

a
ls

.o
rg

D
o
w

n
lo

a
d
e
d
 fro

m
 

http://petrology.oxfordjournals.org/


will have compositions constrained by the cotectic
LþOlþCpxþGt (Fig. 18a). Advanced melts will be
defined by LþOlþCpx for lower mantle stage 2 pyroxen-
ites and LþCpxþGt for the cumulates. The effect of
CO2 is to generate partial melts with even lower SiO2 con-
tents (Walter et al., 2008; Dasgupta et al., 2010). Addition of
CO2 to SiO2-rich recycled crust can dilute the amount of
SiO2 and partially contribute to shifting the melt compos-
itions to the SiO2-poor side of the thermal divide
(Gerbode & Dasgupta, 2010).
Primitive lavas from the Canary Islands with

MgO410% exhibit whole-rock geochemical characteris-
tics that are dominated by olivine addition and subtrac-
tion. These have been projected from olivine into the
pyroxene^garnet plane in Fig. 18b. It can be seen that the
Canary Island lavas mostly project well to the SiO2-poor
side of the thermal divide, in contrast to most SiO2-rich
shield-building lavas from Hawaii (Fig. 13b). Many lavas
from the Canary Islands are roughly coincident with the
3GPa cotectic LþOlþCpxþGt, but there is consider-
able scatter. The essential question is whether these basalts
are melts of peridotite or pyroxenite; Gurenko et al. (2009)
provided evidence for the involvement of both.
Olivine data (Gurenko et al., 2009) show that many, but

not all, lavas from La Gomera are high in Ca and Mn,
and low in Ni and Fe/Mn (Electronic Appendix 4), consist-
ent with peridotite melting. Other olivine phenocrysts
from La Gomera are shifted systematically in the same
general direction as Hawaii, indicating the involvement of
recycled crust. Gurenko et al. (2009) proposed that the oliv-
ines crystallized from partial melts that were mixtures of
those from pyroxenite and peridotite lithologies, with
increasing amount of pyroxenite in the following order:
La Gomera5La Palma5Tenerife5El Heirro. What is
most relevant to the present discussion is that partial
melts of peridotite can mix freely with those of pyroxenite
in the melting region, but only if the pyroxenite source is
a low-SiO2 type, in contrast to Hawaii.
Such mixtures create special difficulties for modeling

primary magmas that are calibrated according to criteria
for either peridotite or pyroxenite. Results of one such at-
tempt are shown in Fig. 18b.The peridotite-source primary
magma compositions for the Canary Islands were esti-
mated from high-CaO primitive lavas (Herzberg &
Asimow, 2008; Herzberg & Gazel, 2009), and are shown
to be similar to many lavas for which olivine pyroxenite
melting is likely. Petrological confusion can arise because
both peridotite and olivine pyroxenite partial melts can
share common cotectic liquid compositions (LþOlþ
CpxþGt; Fig. 18a), and mixtures will compromise the pri-
mary magma estimates calibrated strictly from peridotite
or pyroxenite melting.
Canary Islands data introduce an important note of cau-

tion concerning the classification of source pyroxenite

types according to whether they are low- or high-SiO2.
Classification is secure as long as a primary magma is
saturated in three crystalline phases at the cotectics
LþOlþCpxþGt and LþOpxþCpxþGt as seen by
comparing Fig. 18a and 18b; and most Canary Island bas-
alts appear to be of the low-SiO2 type. However, let us con-
sider the primitive lava composition indicated by the
open circle. Taxonomical information is lost if this lava
was formed by melting of a bimineralic eclogite source
(LþCpxþGt). Addition and subtraction of olivine from
such a lava composition can drive compositions to both
the low- and high-SiO2 sides of the pyroxene^garnet
plane (Fig. 18a), even though it plots as a low-SiO2 type
in Fig. 18b. The lesson to be drawn is that partial melts
of bimineralic eclogite can be either high- or low-SiO2

types, and there is no clear way to make a petrological
distinction.
A final note of caution is warranted. In theory it is pos-

sible to calculate the compositions of low-SiO2 pyroxenite
as described above for Hawaii. The danger, however, is
that the cotectic LþOlþCpxþGt shown in Fig. 18a has
been calibrated from only a few experimental compos-
itions, most of which are low in alkalis. Many OIB are
rich in alkalis, H2O and CO2, and these are expected to
substantially expand and contract the liquidus phase
volume of olivine (and orthopyroxene) at the expense of
garnet. Unless the effects of pressure and composition can
be deconvolved, the result will be a substantial uncertainty
in the estimated primary magma MgO content.
Compositional effects on the relative stabilities of garnet
and clinopyroxene are expected to be less, but these must
be checked by experiment.

DISCUSS ION

The contents of Ni, Ca, Mn in primary magmas from a
normal peridotite source have been constrained using a
Jones^Beattie composition-dependent olivine/liquid and
orthopyroxene/liquid partitioning model. Normal mantle
refers to a pyrolite-like fertile peridotite having 0·25%
NiO, 0·13% MnO, 8% FeO and 3·45% CaO. From these,
a calculation was made of the compositions of olivine
phenocrysts that would crystallize, and the effects of oliv-
ine fractionation were evaluated. It is shown that the Ni,
Ca, Mn, and Fe/Mn contents of olivine phenocrysts in
modern mid-ocean ridge basalts (Sobolev et al., 2007) are
consistent with peridotite source melting. Similarly, olivine
compositions predicted by the Jones^Beattie method for
peridotite melting are in excellent agreement with those
of observed olivines in Archean komatiites. These natural
laboratory tests illustrate the success of the Jones^Beattie
partitioning model in capturing the effects of temperature
and pressure.
Olivine phenocrysts in the shield-building lavas on

Hawaii are higher in Ni and Fe/Mn, and lower in Mn
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and Ca than those expected of a normal peridotite source;
they point to the importance of pyroxenite in the source
as proposed by Sobolev et al. (2005, 2007). Experimental
studies indicate that high Fe/Mn in olivine is a conse-
quence of low Mn in the magma sequestered by garnet
during partial melting.
There might be multiple origins of the pyroxenite source

contributions to intraplate magmatism. Experimental stu-
dies rule out the possibility that the pyroxenite is simply
unmodified basaltic recycled crust that melts, referred to
herein as stage 1 pyroxenite, because the MgO contents of
such melts are too low.We are left with three ways to form
stage 2 pyroxenite: melt^rock, melt^melt, and rock^rock
reaction. The formation of pyroxenite by the reaction of
melted subducted oceanic crust with solid peridotite (i.e.
melt^rock reaction) was suggested by Sobolev et al. (2005).
Their model assumes that the recycled crust begins to
melt before the peridotite owing to the lower solidusTof
basaltic compositions (e.g. Yasuda et al., 1994). However,
peridotite can also begin to melt deep in the mantle in the
presence of CO2 (Dasgupta & Hirschmann, 2006), and
the intermingling of low-SiO2 melts of peridotite with
high-SiO2 melts of recycled crust is expected to trigger
crystallization (Figs 1 and 13), not mixingçan unusual
form of melt^melt reaction. Such crystallization products,
herein termed stage 3 pyroxenite, might plug the melt
pathways, form a sheath around bodies of recycled crust
(Fig.16), and act as a permeability barrier that restricts fur-
ther ‘melt^rock’ reaction. Deep penetration of pyroxenite
melts into the surrounding partially melted peridotite will
also trigger crystallization and might modulate overall
melt productivity.
Stage 2 pyroxenite might also form by solid-state reac-

tions that are expected to occur at the contacts of oceanic
crust and peridotite during crustal recycling.The thickness
of the solid-state reaction zone is difficult to evaluate. This
might be narrow if experimental work on slow volume dif-
fusion is relevant (e.g. Holzapfel et al., 2007). However, the
effects of dislocation creep in nature are expected to accel-
erate solid-state reactions. Recycled crust that has been
stretched, thinned and stirred over possibly billions of
years might substantially convert to solid-state stage 2 pyr-
oxenite. The possible emplacement in high-temperature
lower mantle domains (T420008C; Ono, 2007) will also
accelerate solid-state reactions, especially if CO2 is present
(Dasgupta & Hirschmann, 2006; Collerson et al., 2010;
Gerbode & Dasgupta, 2010).
An important issue is whether olivine phenocrysts in

Hawaiian basalts crystallized from parental magmas that
represent mixtures of partial melts of peridotite and partial
melts of pyroxenite (Sobolev et al., 2005, 2007), or from
pure pyroxenite melts as suggested in this study.The pyrox-
ene^garnet plane is a high-pressure thermal divide that
prohibits the mixing of melts of peridotite and pyroxenite

provenance; however, mixing is permitted at lower pres-
sures in melt conduits and crustal magma chambers.
Sobolev et al. (2005) presented isotopic evidence for such
mixing. Data from Mauna Kea, however, reveal low- and
high-SiO2 pyroxenite-source magmas that clearly did not
mix. When mixing takes place, an important question is
whether it operates on the atomic, micrometer, millimeter,
or centimeter scale. Detailed work on olivine-hosted melt
inclusions (e.g. Ren et al., 2005) might clarify the mixing
issue because the Sobolev model predicts the preservation
of melts of diverse peridotite- and pyroxenite-source com-
positions. In contrast, the 100% pyroxenite model predicts
melt inclusion compositions that are similar to the ones
modeled here as primary magmas.
Hawaiian shield-stage primary magmas produced by

partial melting of a 100% stage 2 pyroxenite contain 12^
18% MgO, and would crystallize olivine phenocrysts with
mg-numbers in the 86^91 range. Predicted olivine pheno-
cryst compositions in this model are in excellent agreement
with those actually observed (Sobolev et al., 2007). Hot pyr-
oxenite sources can yield primary magmas with lower
MgO contents than those derived from similarly hot peri-
dotite sources. Primary magmas produced by partial melt-
ing of 100% pyroxenite have a range of SiO2 contents
that are positively correlated with 187Os/188Os and nega-
tively correlated with 3He/4He. These are consistent with
a Hawaiian plume lithological structure characterized by
recycled crust within a peridotite matrix (Sobolev et al.,
2005; Ren et al., 2009). Changes in the abundance of stage
2 pyroxenite might be a factor contributing to changes in
magma production along the Hawaiian^Emperor volcanic
chain.
Pyroxenite bodies that are inferred to be large, as at

Hawaii, are expected to contain free SiO2 that does not
completely react out, and these will melt to produce SiO2-
rich magmas. In contrast, free SiO2 might completely
react out in smaller pyroxenite bodies, and form SiO2-
poor olivine pyroxenite in the lower mantle (Figs 8 and
18a). Partial melting of such SiO2-poor pyroxenite litholo-
gies will produce alkalic basalts in many ocean islands,
and the Canary Islands may be representative. Olivine
phenocryst compositions from the Canary Islands
(Gurenko et al., 2009) are consistent with crystallization of
both peridotite- and pyroxenite-source melts that mixed
freely. It can be inferred that the bodies of recycled crust
in the mantle beneath the Canary Islands are smaller
than those in the Hawaiian plume, as revealed by this
mixed lithological provenance.
Numerical simulations of solid-state reactions between

recycled MORB crust and peridotite mantle reveal that
there is likely to be a wide range of whole-rock stage 2 pyr-
oxenite compositions, which will propagate to both their
partial melts and crystallizing olivines. The range of possi-
bilites is further enhanced for stage 2 pyroxenites that

HERZBERG INTRAPLATEMAGMA MANTLE SOURCE LITHOLOGY

141

 a
t R

u
tg

e
rs

 U
n
iv

e
rs

ity
 L

ib
ra

rie
s
/T

e
c
h
n
ic

a
l S

e
rv

ic
e
s
 o

n
 J

a
n
u
a
ry

 1
1
, 2

0
1
1

p
e
tro

lo
g
y
.o

x
fo

rd
jo

u
rn

a
ls

.o
rg

D
o
w

n
lo

a
d
e
d
 fro

m
 

http://petrology.oxfordjournals.org/


might form from ancient oceanic crust that differs from
MORB in composition (Herzberg et al., 2010), although
these have not been modeled. To this variability we can
add a wide range of stage 2 pyroxenite compositions that
might form by melt^rock reaction. In all cases variable ex-
tents of melting of any stage 2 pyroxenite will add another
layer of complexity. It would be remarkable if there is a
single pyroxenite end-member that melts to yield magmas
that crystallize olivine with a specific and well-defined
content of Ni, Mn, Ca, and Fe/Mn. Similarly, there is sig-
nificant variability in Mn and Fe/Mn in both peridotite
partial melts and their olivine phenocrysts (Fig. 6). In gen-
eral, there are not likely to be well-defined end-member
peridotite and pyroxenite sources as proposed by Sobolev
et al. (2007) and Gurenko et al. (2009). Nevertheless, taxo-
nomical difficulties encountered in source lithology identi-
fication may yield rich rewards, such as a better
understanding of the relationship between lithological di-
versity in the lower mantle and its petrological expression
in intraplate magmatism.
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