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The Amount of Recycled Crust in
Sources of Mantle-Derived Melts

Alexander V. Sobolev,** Albrecht W. Hofmann,® Dmitry V. Kuzmin,»? Gregory M. Yaxley,”
Nicholas T. Arndt,” Sun-Lin Chung,® Leonid V. Danyushevsky,” Tim Elliott,® Frederick A. Frey,’
Michael 0. Garcia,’® Andrey A. Gurenko, Vadim S. Kamenetsky,” Andrew C. Kerr,*
Nadezhda A. Krivolutskaya,? Vladimir V. Matvienkov,*? Igor K. Nikogosian,*>*?

Alexander Rocholl,*® Ingvar A. Sigurdsson,® Nadezhda M. Sushchevskaya,® Mengist Teklay*’

Plate tectonic processes introduce basaltic crust (as eclogite) into the peridotitic mantle. The
proportions of these two sources in mantle melts are poorly understood. Silica-rich melts formed
from eclogite react with peridotite, converting it to olivine-free pyroxenite. Partial melts of this
hybrid pyroxenite are higher in nickel and silicon but poorer in manganese, calcium, and
magnesium than melts of peridotite. Olivine phenocrysts’ compositions record these differences
and were used to quantify the contributions of pyroxenite-derived melts in mid-ocean ridge basalts
(10 to 30%), ocean island and continental basalts {(many >60%), and komatiites {20 to 30%).
These results imply invalvement of 2 to 20% (up to 28%) of recycled crust in mantle melting.

the convecting mantle observed in the

composition of mantle-derived magmas is
largely due to subduction and recycling of
oceanic crust into the deep mantle (I, 2). To
understand the role of crustal material in creating
compositional heterogeneities in the mantle and
to evaluate the geodynamical consequences of
this contribution, one must quantify the crustal

It is widely accepted that the heterogeneity of
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input to the mantle sources of common, mantle-
derived magmas in mid-oceanic ridges basalts
(MORBs), ocean islands (OIBs), and large
igneous provinces (LIPs). It is not possible to use
incompatible element abundances in basalls to
constrain the proportion of recycled component in
the magma source because concentrations of these
elements are also sensitive to the extent of melt-
ing. Similarly, the use of isotope ratios for mak-
ing such quantitative estimates is compromised
by the isotopic variability of subducted materials
involved in the recycling process (2). We used an
alternative approach based on a combination of
major elements and compatible trace elements in
parental melts, because these are more uniform in
the mantle and are strongly conirolled by the
residual phases in equilibrium with partial melts
(3-3).

Our method has its basis in the experimental
and theoretical prediction that high-pressure (P >
3.0 GPa) melting of typical recycled oceanic
crust (in the form of eclogite with a separate SiO,
phase) and reaction of this melt with peridotite
produces olivine-free pyroxenite (5). We show
that further melting of this hybrid lithology in the
absence of residual olivine is more voluminous
than the melting of peridotite (at a given pressure
and temperature) and that pyroxenite-derived
melts are characteristically enriched in Si and
Ni but depleted in Mg, Ca, and Mn compared
with their peridotite-derived counterparts. This
difference arises because olivine principally
controls the composition of melt produced in
peridotite, whereas pyroxene mainly controls the
composition of melt from olivine-free hybrid
pyroxenite (5—8). Experimental data predict (9)
that, as such pyroxenite-derived melts rise toward
the surface, the decrease in pressure causes their
saturation in olivine. This olivine is unusually Ni
rich and Mn and Ca poor. With use of a new,
large data set of high-precision analyses of

olivine phenocrysts from OIBs, LIPs, MORBSs,
and komatiites, we show that hybrid pyroxenite
is a common lithology in upwelling mantle and a
major contributor to tholeiitic (silica-saturated)
and transitional (moderately silica-undersaturated)
magmas of OIBs and LIPs emplaced on thick
oceanic or continental lithosphere.

Olivine data set. We use olivine phenocrysts
as probes of parental melt composition, because
olivine is the first phase to precipitate at low
pressures in almost all mantle-derived magmas
and because its forsterite content is an excellent
measure of the degree of fractional crystallization
allowing reconstruction of the parental melt
composition.

Olivine phenocrysts were analyzed by elec-
tron microprobe using high probe currents and
leng counting times (/0). This procedure rou-
tinely yields detection limits of around 6 to 15
parts per million (ppm) and errors (2 standard
errors) of 15 to 30 ppm for trace elements (Ni,
Ca, Mn, Cr, Co, and Al) and 0.01 mole percent
(meol %) for forsterite content [defined as Fo =
Mg/(Mg + Fe)], checked by repeated analysis of
San Carlos olivine standard (/7). In the following
diagrams we use only high-precision data.

We have analyzed nearly 17,000 grains of
olivine phenocrysts from 229 samples of tholei-
itic to transitional compositions covering MORBs
(40 samples) from Mid-Atlantic Ridge, East
Pacific Rise, South-East Indian Ridge, and
Knipovich Ridge; OIBs (138 samples) from
Hawaiian Islands and Emperor Seamounts,
Canary Islands, Reunion, Azores, and Iceland;
LIPs (36 samples) from Ontong Java Plateau,
Siberia, Emeishan, Karoo, Afar, and North
Atlantic Province; komatiites and associated
picrites (15 samples) from the Archean Abitibi
greenstone belt in Canada and the Belingwe belt
in Zimbabwe and South Africa; Proterozoic
komatiitic basalts from Gilmour Island, Canada;
and komatiites and picrites from Gorgona Island,
Colombia. Most samples are picrites or olivine
basalts containing large amounts of fresh, high-
magnesium olivine phenocrysts. The samples are
subdivided into four groups: (i} MORB; (ii)
within plate magmas (WPM, magmas erupted
far from plate boundaries) forming OIB
emplaced over thin lithosphere (<70 km thick),
WPM-THIN; (iii) WPM (OIB and LIP)
emplaced over thick lithosphere (>70 km thick),
WPM-THICK; and (iv) komatiites and asso-
ciated magmas, KOMATITES. Details of sam-
ple locations, references for sample descriptions,
and their group correspondence are presented in
table S2a.

The most-magnesian olivine compositions
(defined by olivines phenocrysts with Fo within
1 mol % from a maximum Fo) for each specimen
were averaged (table S2a) for the plots shown in
Fig. 1. Individual olivine analyses are presented
on fig. S4 and tables S2, c to f.

In addition to Mn and Ni concentrations,
which strongly correlate with Fo (Fig. 1, A and
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C), we also plot Mn/Fe and Ni versus Mg/Fe
ratios (Fig. 1, B and D). These ratios do not vary
significantly with olivine fractionation (see
model curves Frac 1 and Frac 2) but nevertheless
range considerably (Fig. 1, B and D). Most
olivine phenocrysts from MORBs and many
from komatiites have Mn and Ni contents similar
to those of peridotite-derived melts. In contrast,
most olivines from the WPM-THICK group are
significantly depleted in Mn and enriched in Ni.
Their concentrations are not compatible with the
melting products of common peridotites. The ol-
ivines from the WPM-THIN group have inter-
mediate Mn and Ni contents.

Concentrations of Ca also provide some
discrimination in spite of the greater overlap.
Most olivines from the WPM-THICK group are
too low in Ca to have precipitated from peridotite-
derived melts (shown as experimental-based
model compositions and fractionation trajecto-
ries, Fig. 1E).

Chromium is strongly controlled by garnet
and spinel in peridotites and thus might be useful
to decipher products of high-degree melting of

peridotite, which leave residuals (restites) free of
Crrich phases (/2). Olivines from Archean
komatiites have the highest Cr values and match
compositions of olivines from a spinel- and
gamnet-free refractory restite (Fig. 1F). They
could, therefore, be derived directly from high-
degree melting of peridotite. In the other groups
of olivines, Cr is markedly lower than expected
in equilibrium with peridotite at high pressures
(see experimental data on Iherzolite melting, Fig.
1F). The lowest Cr contents are found in MORB
olivines, indicative of residual Cr spinel.

Cobalt (Fig. 2A) shows nearly uniform cor-
relation with Fo for all rock groups, with possibly
only minor (around 5%) relative enrichment in
WPM-THICK and WPM-THIN over MORB
(estimated from group average Co/Fe of table
S2a). Decoupling of Co and Ni yields Ni/Co ratios
of many WPM-THICK olivines that are un-
usually high for the Earth mantle (Fig. 2B).

Mn/Fe is the parameter least dependent on
olivine fractionation (as shown by the model
fractionation curves in Fig. 3). Thus, it is diag-
nostic of parental magma compositional differ-

Fig. 1. (A to F) Average compositions s o B MORB B
of the most highly magnesian olivine A WPM-THIN
phenocrysts in each sample. Concen- it 1 E ¢ WPM-THICK
trations and their ratios are given in o s 8 KOMATITES

ppm versus forsterite content of olivine . ° :::'a"“; £
in mol %. Olivine group names are as £ 1200 m R P;‘:mbﬂg =
defined in text, PM, Herzberg indicates - 2
compositions of olivine in equilibrium T
at 0.1 MPa with melt originally gen- 1000

erated at 3.0 to 5.0 GPa from fertile

peridotite (22), calculated by Petrolog 800 . . ‘ . ‘ . e,
software {41) for oxygen fugacity corre- 86 8 8 6 S0 91 92 91 o4
sponding to quartz-fayalite-magnetite

(QFM) buffer using the Herzberg model 5000 4 D
{(4), PM, Kinzler, olivine compositions 4500 -

similar to PM, Herzberg but with Ni 4506

calculated by using Ni partitioning be-

tween olivine and melt from Kinzler 2800

et al. (28). Frac 1is the trend of olivine = 300 {

composition during fractional crystalli- 2500

zation from a melt derived from fertile

peridotite at 3 GPa and 1515°C (12). 201

Fractionation of olivine modeled up to 1500

20% for oxygen fugacity correspond- 1000 3

ing to QFM buffer using the Herzberg

model (4). Frac 2 is similar to Frac 1but g

calculated for 35% crystallization of

melt derived at 4.0 GPa and 1630°C

(12). Green ellipse indicates field of 2500 -

olivine compositions compatible with

peridotitic source, In (F), HRZ, Herzherg 5
stands for calculated compositions of & 20001

olivine from spinel- and garnet-free

harzburgite restite using (4); LHRZ,

Walter and HRZ, Walter indicate exper- L

imental olivines from lherzolite- and

garnet-free harzburgite residual assem- _—_— :

blages, respectively, produced by high-
pressure melting of fertile peridotite (1.2).
Black ellipse marked “ol + low Ca-Px"

89 91
Fo mol%
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ences. There is a significant negative correlation
of Ni‘Mg versus Mn/Fe (linear correlation coef-
ficient  is 0.66 for 238 samples) in spite of strong
dependence of Ni/Mg on the degtee of olivine
fractionation (see fractionation trajectories in
Fig. 3A). This correlation improves (= 0.88 for
103 samples) for the subset of olivines with a
narrower range of Fo contents (Fo89 to Fo91).
MORB olivines are the lowest in Ni and highest
in Mn, whereas olivines from the WPM-THICK
group are the highest in Ni and lowest in Mn,
with olivines from the WPM-THIN group being
intermediate.

To minimize the effects of olivine fractiona-
tion, we show parameters Nif(Fe/Mg) and Ca/Fe
in Fig. 3, B and C. This procedure also reduces
the scatter in the ordinate significantly, thus
highlighting the differences between geodynamic
seltings.

Fate of recycled oceanic crust. In subduction
at P> 2.5 GPa, the basaltic and gabbroic portions
of the oceanic crust are transformed completely
to eclogite (clinopyroxene and garnet) with a free
Si0, phase (/3—15). Unless silica has been

(]
“a art
wanan

T T 1

92 L:x] 94

x Walter HRZ e

+ Walter LRZ § OL+Low-CaPx",

- Herzberg HRZ

Fo mol%

indicates field of olivine compositions from refractory garnet- and spinel-free assemblage of olivine and low-Ca pyroxene.
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removed during subduction (/6), this combina-
tion will also be the relevant assemblage during
recycling to the upper mantle (17).

In the ascending mantle (e.g., a mantle plume
or upstream flow of convecting mantle), the
silica-oversaturated eclogite starts melting at
higher pressures than the peridotite and produces
high silica melt (18, /9). This melt reacts with
olivine from peridotite, producing pyroxenes and
gamet (5, 8, 19). Previous studies have envi-
sioned that this reaction creates a refertilized
peridotite enriched in pyroxene (19, 20). This
conclusion would predict variable mixing
proportions of individual ingredients (eclogite-
derived high-Si melt and peridotite) that are

drastically different in composition. Melting such
variable source compositions would create highly
nonlinear correlations of '¥0s/'®0s and ¥Sr/*Sr
isotope ratios in the melts, and this is contradicted
by the strongly linear comelations observed in
Hawaiian basalts (21, 22), which are thought to
have a significant eclogite component (3, 5).
However, it has been shown experimentally
(23) and proposed on the basis of Korzinskii’s
theory (24) that, under conditions of local equilib-
rium, the reaction between high-Si eclogite-derived
melt and peridotite produces an olivine-free lithol-
ogy enriched in pyroxene (). This fundamentally
differs from a partial reaction (19, 20) because it
leads to a stable pyroxenite lithology (hybrid py-

roxenite) generated by roughly fixed proportions
of high-Si melt and peridotite [constrained by
reaction stoichiometry between 40 and 60
weight % (wt %) of melt (5)] irrespective of the
initial proportions of the reaction ingredients.
Consequently, the hybrid pyroxenite has nearly
uniform chemical and isotopic composition,
thus constituting a single mixing endmember.
Binary mixing of melts derived from peridotite
and this pyroxenite leads to near-linear 878r/5%Sr
versus ¥/0s/'%80s trends (5).

Other predicted geochemical consequences
of replacement of olivine by pyroxene are a sig-
nificant decrease of the bulk distribution co-
efficient between crystals and melt (Ky) for Ni

Fig. 2. {(Aand B) Cobalt A 200 - B
and nickel to cobalt ratio S 35 -
versus Fo of average Mg-
rich olivine phenocrysts. 160 | -
Pink band at N¥Co 20 + il & g & 5 = ° = s
1 represents estimated - B % on * °
values for bulk silicate 5 LY .q;{ % o %5 sde *
Earth (BSE), core, and o '*° A oF N Q * 0 8% RG>
chondrites (39). Arrows  © 140 B ag o4 Z 5 ML T BEE Gore, chondiiios
indicate trend of olivine 130 LA ” O RVop o0 B A
compositions due to the ® g ik b &
mantle melting (melting) 1201 ° 159 &) 200 b
and magma crystalliza- 110 e
tion {cryst). All other sym- 100 . . . . i , 10 i * m___ B : . . .
bols are as on Fig. 1. 86 87 89 90 o1 92 93 86 87 88 89 80 a1 92 93
Fo mol% Fo mol%
A 2.6 4 c 5
2.4 PERIDOTITE
2.2 4 4
2
i @ 34 PYROXENITE
£ s £ i
2 Q et o
8 144 =] - et b
- = 24 wannrent?
12 o o FERIDOTITE %
. s’s. '-“‘ $ $°.
0.8 1 u-. -E 1 "
0.6 -
0.4 T T T T T T T T 1 a T T T T T T 1
1 1.1 1.2 1.3 14 1.5 1.6 1.7 1.8 1.9 1 141 1.2 1.4 1.5 16 1.7 1.8 1.8
B 25 100Mn/Fe 100Mn/Fe
il PrEREiTE = PYR, NERZDERG Fig. 3. (A to €) Composition of average Mg-rich olivine phenocrysts and
22 o PYR, KINZLER equilibium olivines from peridotite- and pyroxenite-derived melts.
.24 SS=MIX, HEAZDERG Elements and their ratios are shown in ppm. PYR, Herzberg and PYR,
o 18] S MK NALER Kinzler stand for compositions of olivine equilibrium at 0.1 MPa with
8 5 melt generated at 3.5 GPa by melting of pyroxenite (table 53) calculated
5 1 for oxygen fugacity corresponding to QFM buffer using model (4) for Fe-Mg
E, ’ partitions and models (4, 28) for Ni partition, respectively. MIX Herzberg and
g2 MIX Kinzler correspond to equilibrium olivine compositions calculated for the
1y mixture of pyroxenite-derived and peridotite-derived melts using model (4)
0.8  PERIDOTITE for Fe-Mg partitions and madels (4, 28) for Ni partition, respectively. Black
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(3, 6) and a decrease in the ratio of the bulk
coefficients of Mn and Fe (7). These features
occur because olivine is the major silicate phase
in peridotite concentrating Ni and the only sili-
cate phase in peridotite having K for Fe greater
than Ky for Mn (7). The bulk K, changes will
increase Ni and lower the Mn/Fe ratio of pyroxenite-
derived melt compared with peridotite-derived
melts. In addition, melting of pyroxenite yields
lower Ca compared with peridotite (§). Addi-
tional predicted differences are higher melt
fractions for hybrid pyroxenite than peridotite
and higher Si and lower Mg in pyroxenite-
derived melt (3, 25, 26).

These predictions were tested by experimen-
tal melting of a model hybrid pyroxenite (5).
Experiments were run at P = 3.5 GPa and
temperatures between 1400° and 1570°C in a
conventional 1.27-cm piston-cylinder apparatus
at the Australian National University (/0, /9).
These results, together with published experi-
mental data for melting of peridotite (Z2),
confirm the Ni and Mn relationships as well as
melting rates predicted above (table S3 and fig.
S5). From these data, we calculate equilibrium
olivine compositions at low pressure (4, 27, 28)
in order to compare them with the natural
phenocryst data (Fig. 3). We used these results
to estimate mixing proportions of melts derived
from the two end-member sources for the olivine
data sets representing different geodynamic
settings. The end-member melt compositions
were calculated from averaging experimental
data on melting of pyroxenite and peridotite (/).

Quantitative estimates. We assumed mix-
tures (in 10% intervals) of the end-member melts
(10) and calculated the composition of equilibri-
um olivines. The calculated mixing trajeclories
for the two different models for Ni partitioning

Number of samples

a 61 02 03 04 05 06 07 08 09 1
Fractlon of pyroxenite derived melt

WPM-THIN

Number of samples
o

Fraction of pyroxenite derived mait

are consistent with natural olivine data (Fig. 3B).
The relation between Mn/Fe of modeled olivines
and mixing proportions (/{) was used to com-
pute the amount of pyroxenite-derived compo-
nent for individual samples (Fig. 4). Olivines
from the WPM-THICK group of basalts yield an
average of 61 + 16% (standard deviation)
pyroxenite-derived component, similar to results
derived from Ni contents in Hawaiian melt
inclusions and olivines only (J5). The olivines
from some continental LIPs (specific suits from
Siberia and Karoo) indicate almost pure pyrox-
enitic sources. Comesponding results for the
other groups are for WPM-THIN, 30 + 13%;
for Archean komatiites, 21 = 10%; and for
MORB, excluding one unusual sample from the
Southem Atlantic (see below), 17 = 12% [similar
to predictions of (25)]. Because of the uncertain-
ties involved in estimating the end-member
compositions, the differences between groups
are better constrained than the absolute numbers.
Although MORBs conlain the lowest proportion
of pyroxenite-derived melt, the spread of MORB
data is significant, and many samples do contain
substantial amounts of pyroxenite-derived com-
ponent [the extreme is the enriched in silica
MORB sample from the Southern Atlantic (29)
with 100% pyroxenite-derived component]. The
calculations show that the Archean komatiites
contain a significant amount of pyroxenitic
component (maximum of 30% for samples from
Canada and Belingwe), although the largest
amount is in Proterozoic komatiitic basalts from
Gilmour Island, Canada (up to almost 40%).
From these calculations, an estimate of the
amount of recycled oceanic crust (/) yields
4% for MORB, 11% for WPM-THIN group,
16% for WPM-THICK group, and around 13%
for Archean komatiites. The highest estimate of
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Fig. 4. Estimated amounts of pyroxenite-derived component in the parental melt for 229 samples

of four different groups.
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the amount of recycled oceanic crust (/0) yield
Ontong Java high-Mg lavas: 13% to 28%.

Silica-undersaturated basalts. Most of the
magmas analyzed in this study are silica saturated
(tholeiites or transitional), Only a few samples are
moderately silica-undersaturated alkali magmas
(e.g., Azores and Afar). Our database is repre-
sentative of the normal oceanic crust, several of
the world’s major suites of flood basalts (LIPs),
several of the major modem mantle plumes (30),
and some komatiites. The strongly silica-
undersaturated associations not covered here
include continental rift basalts, many smaller
ocean islands consisting mostly of alkali lavas,
and also some larger-flux plumes (30) such as
Pitcairn, Tahiti, and Cape Verde islands. Why are
such basalts that are highly enriched in in-
compatible elements, and therefore presumably
generated by very low degrees of melting, nearly
always undersaturated in silica? This observation
appears to contradict our model; one would
expect that silica-saturated melts generated from
hybrid pyroxenites should be prevalent, especial-
Iy at very low melt fractions. There are several
possible explanations. (i} A volatile (mostly CO»-)
triggered melting of peridotite may be the
dominant mechanism forming strongly silica-
undersaturated alkaline magmas at temperatures
lower than hybrid pyroxenite melts (31). (ii)
Low-degree melts of silica-saturated eclogite
may be retained in the source because of their
high viscosity, thus preventing production of the
hybrid pyroxenite (5). (iii) Melting of hybrd
pyroxenite at the contact with peridotite may
produce low-degree, silica-undersaturated melts
at lower temperatures than melting of hybrid
pyroxenite itself (8). (iv) Melting of bimineralic
eclogites (no free silica phase) formed from
silica-undersaturated recycled crust produces
undersaturated alkaline magmas (76).

What controls the amount of pyroxenite-
derived melt? By following the method outlined
above, we estimated the proportions of melt
derived from pyroxenite and peridotite for each
parental magma. These proportions depend on
several interrelated parameters, namely the thick-
ness of lithosphere, the potential mantle temper-
ature (73,) (32), and the amount of recycled crust
in the upwelling mantle (Fig. 5). Because at the
same T}, pyroxenite melts at higher pressure than
peridotite (26), a thick lithosphere (which im-
poses a high lower limit on the depth of melting)
will suppress low-depth peridotite melting and
therefore favor a high proportion of pyroxenite-
derived melts (33, 34). The extreme case is found
in some continental flood basalts (specific suites
of Siberia and Karoo at table S2a) where the
amount of pyroxenite-derived melt is nearly
100%. In such a case, the amount of recycled
material cannot be estimated because the perido-
titic cornponent contributes no melt. In contrast, a
thin lithosphere (MORB, Iceland, Azores, and
Detroit seamount) favors a higher proportion of
peridotite-derived melt because of the increasing
degree of melting of peridotite at shallower depths.
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A high T,, is an impaortant condition to main-
tain sufficient buoyancy of mantle plumes or any
other upstream mantle flow, and this buoyancy
limits the amount of dense eclogite that they can
carry (35). Also, a high T, affects mostly the
proportion of peridotite-derived melt because
fractional melting imposes a rather stringent up-
per limit to further melting at high melt fractions
(36). High melt fractions are restricted to the
eclogite and hybrid pyroxenite assemblages (26)
(fig. S5). The peridotite assemblage produces
lower melt fractions than pyroxenite (fig. 55) or
eclogite (19, 25) at any given temperature and
pressure, and its actual extent of melting therefore
depends strongly on the specific T,.

Lastly, why are the proportions of recycled
compenent lower beneath mid-ocean ridges than
in thick-lithosphere settings? We suggest several
explanations: (i) Relatively low amount of dense
recycled component in MORBSs is limited by their
T, which is too low to carry more. (ii) For sta-
tistical reasons, plumes are more likely to en-
counter more-common thick lithosphere than
less-common thin lithosphere and few plumes
impinge directly on ridges, so we are forced to
deal with very-small-number statistics. (jii) De-
troit seamount represents one case where a
(Hawaiian) plume has encountered thin litho-
sphere and where our resuits do indicate a high
fraction of recycled crust, similar to those found
on the island of Hawaii on the thick lithosphere.

This amount is significantly higher than for Ice-
land, probably reflecting the effect of a higher T},
of the Hawaiian plume (4). (iv) The surface
expression of a plume emplaced under thick
lithosphere requires high T,,, which is necessary
for camying a significant amount of recycled
crust (35), allowing melis to form at higher pres-
sures than for ordinary peridotite (5, 253, 26),
and melting a peridotite at higher pressures [e.g.,
komatiites {37)].

Heterogeneous versus homogeneous mantle.
The model presented here assumes that the
recycled crustal component was not fully mixed
with peridotite during subduction and mantle
convection and thus that the formation of the
olivine-free hybrid lithology may take place. On
the other hand, homogenization of crustal ma-
terial within the peridotite mantle should create a
range of ultramafic lithologies with variable
amounts of olivine, similar to a model by
Kelemen et al. (20). Under these circumstances,
the major-element contents of partial melts will
correspond to the eutectic-like composition, buf-
fered by the peridotite assemblage, whereas the
compatible trace elements (Ni and Mn) will be
controlled by the bulk partition coefficients of
this assemblage and thus by the amount of ol-
ivine and pyroxene present in the system. There-
fore, the amount of recycled crust can still be
estimated on the basis of these trace elements, but
their abundances will no longer correlate with the
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'.J\U.'."_ﬁ -§ ‘-ﬂ. - j
- E g @
3 2 o
£ % a (2
8
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Fig. 5. Schematic model illustrating interplay between amount of recycled crust, thickness of
lithosphere, and T,. Blue, upwelling peridotitic mantle; red, recycled oceanic crust {eclogite with
free Si0, phase); black dots, melting; yellow, reaction zones forming hybrid pyroxenite; pink,
refractory restite after eclogite melting; and green, lithosphere. X;,, amount of pyroxenite derived
melt in the mixture with peridotite-derived melt, and X,., amount of recycled oceanic crust in the
peridotitic mantle (42).

buffered major elements (Si, Ca, and Al). For
Hawaiian basalts, such comelations with Ni are
present (5), which requires a strongly heteroge-
neous source.

Input from Earth's core? The Ni excess in
mantle olivines from Siberian LIP (38) and the
elevated Fe/Mn ratios in Hawaiian lavas (7) have
been explained by input from Earth’s core to the
sources of mantle plumes. This suggestion is
consistent with '%°0s/'®%0s ratios for some
Hawaiian and Gorgona lavas (39) but is contra-
dicted by the fact that concentrations of highly
siderofile (Pt) and chalcophile (Cu) elemenis
reported for Hawaiian basalts are not affected by
this process (5). Our olivine data provide strong
arguments against any notable core contribution to
Ni or Fe excess in the sources of mantle-derived
magmas. Cobalt does not show significant excess
in olivines (Fig. 2 and fig. S3) and is effectively
decoupled from Ni. As a result, the Ni/Co ratio in
most Ni-rich mantle plume olivines exceeds 30 at
the typical mantle Fo range of 89 to 91 (Fig. 2).
This is not expected from a core contribution,
because Ni/Co ratios for both mantle and core are
almost equal and close to the chondritic value of
about 20 (40). In addition, Ca is significantly
depleted in many high-Ni and low-Mn olivines
from the WPM-THICK group, which cannot be
explained by core contribution. Lastly, the
olivines from Gorgona komatiites, which do
show significant excess in 18605 (39), do not
indicate large anomalies in Ni and Mn/Fe,
whereas Koolan lavas with the highest Ni
excess and lowest Mn/Fe ratio in olivines do
not show significant elevations in 18605/18805
ratios (39). This suggests complete decoupling
of these potentially strong indicators of core-
mantle exchange.
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Supporting Online Material
Methods and Samples

Eleciron probe microanalysis. Olivine
phenocrysts were analyzed for Si, Fe, Mg, Ca,
Ni, Mn, Cr, Al and Co with a Jeol Jxa 8200
electron probe at Max-Planck Institute of
Chemistry. Each olivine grain was analyzed in
the geometrical center at 20 kV accelerating
voltage and probe current of 300 nA. A small
olivine subset was analyzed at 30 kV and
200nA. Details of analytical conditions arc
presented in Table S1. These conditions have
been found optimal to obtain best detection
limits (see Fig S1). The intensity of the Co Ka
line was additionally corrected for overlap
with the shoulder of FeKy second order line
using the following linear equation established
by analyzing Fe bearing standards free of Co:

[S1]

Where CoO, and CoQ,, FeQ,-are corrected
and measured values correspondingly.

The constant in equation [S1] was obtained
[rom analyses of San Carlos olivine standard
with known Co content (Table S1). Note that
the linear approximation of equation [S1] may
not be valid for highly Mg (Fo>93) and low
Mg (Fo<70) olivines.

In addition San Carlos olivine standard
USNM 111312/444 (S7) was run (3 points per
each 30-50 measurement points) as an

C00,=C00,,-0.001 1 xFe0,,-0.013.

70

@ 30 sec
O 60 sec
120 sec
© 180 sec

(2]
50

4
high precislon

analyile

30

Detection limlt, ppm

? n 100 s 0 w am
Probe current, nA

Fig. §1. Detection limit for Mn as function of
probe cument and peak counting time {in
seconds, 5ec).

Detection limit was determined for San Carlos
olivine standard with Jeol software using
background statistics and 3 sigma criterion.
Typical measurement conditions used in
literature are marked as “routine analysis”.
Analysis at higher beam current and counting
times published by (S3) is marked as “precision
analysis”. The analytical conditions used in this
sludy are indicated as “high precision analysis™.
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unknown to monitor drifts in calibration and
estimate  accuracy of  analysis.  All
measurements of Si, Fe, Mn, Ni, Ca and Al
were corrected for deviation of this standard
from the reference values (Table S1).

For trace elements, the above measurement
conditions routinely yield detection limits of
around 6-15 ppm based on 3 sigma criteria by
Jeol standard software, and errors of 15-30
ppm for trace elements and 0.01 mol% for Fo
content (2 standard errors) established by
counting statistics and reproducibility of
olivine standard (see Fig S1-S2). Precision and
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Fig. $2. Reproducibilily of San Carlos olivine
standard analyzed three fimes every 30 to A0-h
measurement  points.  Measured-  represent
uncorrecled measurements, comecled - stands for
measurements carrected for the calibration drift.

Table 81. Typical analytical conditions of electran
probe microanalysis of olivine. Probe cument 300
nA, acceleration voltage 20kV.

(o Tal com [ e | resk | vee | BGL) ] S.C.0.

51 i TAP Kn 50 90 190740 *
Al 2 TAF Ko 10 120 120 170#

fe 1 LIF Ka 90 %0 74210
An 3 LIFH Ka 120 &0 &0 1084 *
Mg 1 TAP Kn o 43 45 294D *
Ca 4 PET) ka 120 60 il 665 A

NI 3 LIF Ko 150 w a 207
Co 6 LIFH Ko 120 120 140 **
Ct 7 PET! Ko 120 &0 G0 950

Notes for Table §1: Standards (St) - 1- San-Carlos
olivine USNM 111312/444 (S.C.0.); 2-pure ALOs; 3-
Rhodonite; 4-Wollasionite; 5-pure NiQ; 6- pure Co-
metal; 7-pure Cr:0:. Peak and background (BG)
counting time in seconds. *-Accepted values for
(5.C.0.) from ref (§7) In ppm, **-value measured by
LA-ICP MS.
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Fig. §3. Comparison between Co and Mn
concentrations in clivine measured by

EPMA and LA-ICPMS, Emor bar
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EPMA and LA-ICP MS
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accuracy of Co and Mn measurements were
independently checked by LA-ICP M3
analysis using Thermo Finnigan Element 2
mass spectrometer and New Wave Up213
YAG laser (213 nm wavelength) setup. KL2-G
(54) and NIST 612 glasses were used as a
external standards and Ca in olivine as
reference value. Figure S3 shows that both Co

Table S2f These tables are included as
separate spreadsheets together with Table S2a
in the Excel file called Table S2. Table 52a is
also placed in the end of this file. Tables
$2¢,d,e,f include concentrations of oxides and
their relative standard deviations in % (signal
counting statistics) for individual olivine
grains. Each analytical point in addition to

Melting of pyroxenites. The model hybrid
pyroxenite composition from Sobolev et al.
(53) (their Table 52, column 50%) was chosen
for the high pressure experimental
investigation. A synthetic starting material
with this composition (Px-1) was prepared for
the experiments by blending high purity
oxides and carbonates under analytical grade
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Fig. S4. Composition of olivine phenocrysts: all data from database. Group of MORB olivines shown on top of all groups.

and Mn concentrations measured by EPMA
correspond to those analyzed by LA-ICP M3
within 20 ppm (2 standard errors).

Olivine database. The averaged most
highly magnesian olivines for each sample are
presented in Table S2a. Individual olivine
analyses are presented on Fig S4 and in Tables
S2,c,d,e,f separately for each group: MORB in
Table $2c, WPM-THIN in Table S2d, WPM-
THICK in Table S2e and KOMATIITES in

sample name has a unique number. Table S2a
includes group title, sample name, reference
for sample description (if published),
information on locality, number of averaged
high-Mg grains, forsterite content, element
coneentrations in ppm, standard errors of the
mean in ppm, characteristic ratios of elements
and calculated amount of  pyroxenitic
component (X ., see below for explanation).

acetone for several hours, until the material
was homogenous and very fine-grained. The
resultant dried powder was then pelletised and
fired for 12 hours at 1100°C to decarbonate
and partially fuse the components. FeO was
added after firing in the form of synthetic
fayalite (Fe.SiOy), and again blended under
acetone., The final mixture was then dried
overnight at 200°C and subsequently stored at
110°C. The actual composition of the Px-1

S2 20 APRIL 2007 VOL 316 SCIENCE www.sciencemag.org
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starting material was checked by electron
probe microanalysis of quenched glass
prepared by fusing the starting mix at 1300°C
in an Ar atmosphere in a box furnace and
quenching in water (Table S3).

High pressure experiments were run at a
pressure of 3.5 GPa and temperatures between
1400-1570°C in a conventional 1.27cm piston-
cylinder apparatus at the Australian National
University. The Px-1 starting material (=1 mg)
was loaded into graphite capsules, which were
sealed by arc-welding in Pt outer capsules. The

capsules were placed centrally into NaCl-
pyrex sleeves with MgO inserts, an assembly
which requires no friction correction. Type B
thermocouples (PtgRhgy/Pt3pRh4q) were
employed, with the thermocouple join placed
within a fraction of a millimeter of the Pt
capsule. Runs were brought to run temperature
and pressure simultaneously. Temperature was
controlled  throughout by  Eurotherm
controllers attached to the thermocouple and is
accurate to £10°C. Pressure is accurate to 0.1
GPa. Experiments were maintained at the

desired PT condition long enough to allow a
close approach to equilibrium, and then
quenched by terminating power to the furnace.
After recovery from the post-run assembly,
the Pt capsules were mounted in 1 inch
diameter epoxy buttons, sectioned
longitudinally and polished, in preparation for
analysis by scanning electron microscopy at
the Australian National University and
eleciron probe microanalysis at the Max
Planck Institute for Chemistry in Mainz.

Table $3. Propartions of phases produced and melt compositions from melling of pyroxenite at 3.5 GPa and 1400-1575¢C.

Run DT T Phases proportlons, wt% Melt compositions In oxIde wt%, NI [n ppm

N h 'c melt Opx Cpx Ga 510, TIO; Al;0; FeO MnO  MgO Ca0 Na,0 K:0 Cr0, Ni
C-2298 45 1400 8 0. 79 14 6070 276 1440 680 0068 444 771 234 070 007 453
c2317 48 1450 16 0 71 12 5576 233 1420 763 0081 745 795 206 044 006 626
c2301 5 1500 33 0 60 6 5330 158 1421 H25 0006 1067  B6l 175 013 009 810
C-2330 5 1520 42 0 55 3 5254 129 1422 865 0112 1L66 865 L9E 014 0.1 850
c-2332 5 1540 72 24 4 0 5200 086 1355 8IS 0125 1408 900  1BO 008 020 796
C2318 6 1550 76 18 7 0 5238 083 1339 795 0117 1467 877 174 009 020 B3
ca319 5 1515 19 20 0 0 5220 079 1307 811 0126 1544 852 167 007 022 841
Pr-1, Bulk compositlon 5267 064 1126 TS5 0019 1848 705 152 006 025 1000
Peridotite-derived endmember 4679 045 1150  9.68 0485 1907 1000 084 047 039 642

Pyroxeslte -derived cndmember 5256 107 1371 824 017 1332 872 L7900 006 830

Note for Table 53: Melt, Opx, Cpx, Ga, - prapartions of melt, arthopyroxene, clinopyroxene and gamet in experimental runs in mass fractions, calculated using list
square method from bulk composition and compositions of phases. DT- run duration in haurs, T- temperature in °C. The amount of Ni has been calculated using the
method described in Sobolev et al, 2005 (S3). This method uses known phase proportions and the distribution of Ni between phases, to calculate Ni in the phases on
the basis of mass balance and known bulk Ni content. The assumed bulk Ni concentrations are: 1000 ppm for pyroxenite (Px-1) and 1900 ppm for peridotite (S3).
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Pyroxenite-derived component in melts.
In order to estimate endmember compositions
we have averaged compositions of mells of
pyroxenite and peridotite (see Fig.35). For
pyroxenite we averaged all melt compositions
except numbers C-2298 and C-2327 (Table
53) produced at low temperature and low
percentage of melting. For peridotites we
averaged 7 compositions of melts from runs
30.12, 30.07, 30.14, 30.1 (3.GPa), 40.06,
40.07, 40.05 (4.GPa) of Walter, 1998 (52).
The endmember compositions are shown in
Table S3. We assumed that the mixtures
consist of endmembers with similar
temperatures, and we therefore excluded
(from the averaging procedure) experimental
melts with very low or very high
temperatures (see Fig.S5).

The calculated endmember melts were then
mixed (in 10% intervals) producing mixed
melt compositions. For these melts the
composition of equilibdum olivines were

Fig. S5. Mell fraction and composition of
experimental mells of pyroxenite and farlile
peridotite. Temperatures for experimental runs of
fertile peridotite (S2) are extrapolated to 3.5 GPa by
using slope 100C/GPa. Data for pyroxenite from
Table S3. Crystalline phase coexisting with melt are:
0l olivine; Opx - orhopyroxene; Cpx -
clinopyroxene; Ga - gamet. Blue and red ellipses
indicate analyses averaged fo calculate peridotite-
derived and pyroxenite-derived endmembers
respeclively.

calculated using Herzberg’s model (S3). The
calculated Mn/Fe ratios of the olivines and
the amounts of pyroxenitic endmember (Aps)
yield a straight line:

A= 3.48-2.071%(100Mn/Fe) [S2]

We used this equation to calculate the
amount of pyroxenitic endmember for each
average olivine compaosition in Table S2a.

The calculated endmember compositions
are derived from experiments at high
pressures and temperatures. Therefore, they
are directly relevant primarily to thick-
lithosphere settings, but we have applied
them for all settings. Equivalent estimates for
lower pressures and temperatures (1.0 GPa
and 1300-1350°C) have been calculated using
pMELTS (86). This yielded similar degrees
of melting and residual assemblages (50 to
60% of melting and low-Ca pyroxene
dominated residue) as those derived from
high pressure and temperature runs (Table
S3). This gives us some confidence that the
same Mn/Fe ratios can be applied to lower
pressures, but experimental confirmation will
be needed. Additional confidence in the
results is derived from the observation that
the extreme compositions observed in both
MORB and WPM-thick settings match the
calculated endmember compositions
reasonably well.

S3
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Oceanic crust in magma sources. A final
step is to estimate the actual amount of
recycled oceanic crust (X.) from the
determined proportion of pyroxenite-derived
melt. This quantity is linked to the
proportion of hybrid pyroxenite-derived melt
(X} by the degree of melting of eclogite
(F,), the amount of eclogite-derived melt
needed to produce hybrid pyroxenite from
peridotite (X,), and the degrees of melting of
peridotite (Fy,.) and pyroxenite (Fj..) (S3):

¢ s3
Xew=—"% FA(I = (53
BB e oy
Xy Fu i

Following assumption of Sobolev et al,
(2005) (53), we propose that the extent of
melting of eclogites reaches a maximum of
50%. This limit is unlikely to be exceeded
significantly during fractional —melting,
because this process removes Na (S7) and
thereby renders the residue highly refractory.
Therefore it is also not strongly dependent on
the potential temperature of the rising mantle
material. The amount of pyroxenite produced
by reaction of the primary (eclogite-derived)
melt with peridotite is prescribed by the
stoichiometry of the reaction, which also
yields proportions of the reactants of close to
50:50 (S3). For these, proportions, the
amount of reaction pyroxenite equals the
amount of initial eclogite. The melt fraction
produced by the pyroxenite can be estimated
at low pressure (1-2 GPa by modeling using
pMELTS  software (S6)), viclding a
maximum of about 60 % for batch melting at
1 GPa and 1320 to 1350°C. At higher
pressures (3.5 GPa) we must rely on the
experimental data (Table S3, Fig. S5), which
also yield a maximum melt fraction of about
50-60% for batch melting for 1540-1550°C.

These values will be significantly lower for
fractional melting (S8), for the same reason as
discussed for eclogite melting (i.e. early Na
removal). Adopting an amount of 50 %
pyroxenite melting will therefore result in a
minimum estimate in the amount of recycled
crust present. Finally, we estimate the melt
fraction of peridotite using published models
(85) for MORB (10%), Iceland, as a proxy
for the WPM-THIN group (20%), Hawaii, as
proxy for the WPM-THICK group (10%) and
Archaean komatiites -40% (59). This yields
the following average estimates for the
amounts of recycled oceanic crust in the
mantle sources: 4% for MORB, 11% for
WPM-THIN group, 16% for WPM-THICK
group, and around 13% for Archean
komatiites. According to (S/0) the melt
fraction of peridotite for Ontong Java high-
Mg magmas corresponds to 30%, which yield
the amount of recycled oceanic crust of 13-
28% in the mantle source of these magmas.
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Table S2b. Locations (GPS coordinates) and description for Icelandic samples

Sample Locality Description latituda longilude
o7 Royhjanes, Haleyjabunga | Glassy oiiine phyric picrto | nelapssr | w2lms
03102 Reykjanes, Lagafel Glassy olivin phyric picrte ns’s2e05 w2 ;err
03105 Reykjanes, Haleyjabunga Glassy olivina phyric picnte W4z wal g
0115 Reykjanes, Sulur Glassy oliving ~phyric basalt H5a? 54 034 w2 32550
0312 Reyhjanes, Stapafell Glassy olivine-plagioctase phytic picnte Hga” 54607 w22 31370
018 Hangill, Matfell Glassy oivine ith rare plag and chincqy, XEN0CTysts H54° 10,140 wa® 04257
01-10 Hengi, Midfell Classy olvina phyric picrte with rare plagioclase and einopyraxena enodysis Hs4® 10103 wW21° 18118
0119 Hengil, Maelifell Glassy olrina phy with rare plagiaclase and y xXenoaysts ns4® 05.257 wi21® 10744
03131 Kistufel Classy olivine phyic basat N azeos Wit IS
03164 Kistutel Glassy olivina phyric basa!t wsiCap0t Wit n
13440 Kistue!l Glassy oliving phyric basall nsa®areer w2202
03161 Kistufel Glassy olivine phyric basat Mo arpos  war” 10957
01-55 Theistareykir, Laufrandartaun Glassy olivine phyn piazite Nos°sB2e5  WITC D047
01574 Theistareyhir, Laufrandartraun Glassy oiivine phyic picite Nes® 55791 WITO 04463
01-56-1 Thetstareyhir, Lautrandarbraun Glassy olvine phyric picite nesl st WIS s
0141 Theistareykir, Theistareykjahraun Glassy olivine phyric basat [T AU I P R i)
0144 Theistaroyhir, Lautrandarbraun Glassy ofving phyric picite nes" 56068 w170 05248
01562 Theistareyk, Lautandartuaun Glassy ofivina phyric picite WEs s WITS 053
0154 Theistareykar, Laufrandacheaun Glassy olivine phyric picite nestsazar  wirt odsa
01-51 Theistareyksr, Langavitishraun Glassy olvine phyric basall with rare cincpyrozens phenocrysts Ngs® 56,053 wie° 52262
03224 Snasfelisness, Enni Glassy civine phyric basal nalsee w2l 4sTTE
03226 Snaelelisness, Sydd-Raudamalur Qlivine phyric basalt nsls2zos w22t imaee
03220 Snaefellzness, Yui Raudamelur Ofivina phyric basalt ned a7 w2086
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