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The Amount of Recycled Crust in
Sources of Mantle-Derived Melts
Alexander V. Sobolev,1,2* Albrecht W. Hofmann,1 Dmitry V. Kuzmin,1,3 Gregory M. Yaxley,4

Nicholas T. Arndt,5 Sun-Lin Chung,6 Leonid V. Danyushevsky,7 Tim Elliott,8 Frederick A. Frey,9

Michael O. Garcia,10 Andrey A. Gurenko,1 Vadim S. Kamenetsky,7 Andrew C. Kerr,11

Nadezhda A. Krivolutskaya,2 Vladimir V. Matvienkov,12 Igor K. Nikogosian,13,14

Alexander Rocholl,15 Ingvar A. Sigurdsson,16 Nadezhda M. Sushchevskaya,2 Mengist Teklay17

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 involvement of 2 to 20% (up to 28%) of recycled crust in mantle melting.

I
t is widely accepted that the heterogeneity of

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 (1, 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

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 basalts 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 controlled by the

residual phases in equilibrium with partial melts

(3–5).

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 SiO2

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-derivedmelts 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, MORBs,

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

long counting times (10). 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

(mol %) for forsterite content [defined as Fo =

Mg/(Mg + Fe)], checked by repeated analysis of

San Carlos olivine standard (11). 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 coveringMORBs

(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, KOMATIITES. 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 amaximum 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

Cr-rich phases (12). Olivines from Archean

komatiites have the highest Cr values and match

compositions of olivines from a spinel- and

garnet-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 lherzolite 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 andNi yieldsNi/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-

ences. There is a significant negative correlation

of Ni/Mg versus Mn/Fe (linear correlation coef-

ficient r is 0.66 for 238 samples) in spite of strong

dependence of Ni/Mg on the degree of olivine

fractionation (see fractionation trajectories in

Fig. 3A). This correlation improves (r = 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

inMn, whereas olivines from theWPM-THICK

group are the highest in Ni and lowest in Mn,

with olivines from theWPM-THIN group being

intermediate.

To minimize the effects of olivine fractiona-

tion, we show parameters Ni/(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

settings.

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

SiO2 phase (13–15). Unless silica has been

Fig. 1. (A to F) Average compositions
of the most highly magnesian olivine
phenocrysts in each sample. Concen-
trations and their ratios are given in
ppm versus forsterite content of olivine
in mol %. Olivine group names are as
defined in text. PM, Herzberg indicates
compositions of olivine in equilibrium
at 0.1 MPa with melt originally gen-
erated at 3.0 to 5.0 GPa from fertile
peridotite (12), calculated by Petrolog
software (41) for oxygen fugacity corre-
sponding to quartz-fayalite-magnetite
(QFM) buffer using the Herzberg model
(4), PM, Kinzler, olivine compositions
similar to PM, Herzberg but with Ni
calculated by using Ni partitioning be-
tween olivine and melt from Kinzler
et al. (28). Frac 1 is the trend of olivine
composition during fractional crystalli-
zation from a melt derived from fertile
peridotite at 3 GPa and 1515°C (12).
Fractionation of olivine modeled up to
20% for oxygen fugacity correspond-
ing to QFM buffer using the Herzberg
model (4). Frac 2 is similar to Frac 1 but
calculated for 35% crystallization of
melt derived at 4.0 GPa and 1630°C
(12). Green ellipse indicates field of
olivine compositions compatible with
peridotitic source. In (F), HRZ, Herzberg
stands for calculated compositions of
olivine from spinel- and garnet-free
harzburgite restite using (4); LHRZ,
Walter and HRZ, Walter indicate exper-
imental olivines from lherzolite- and
garnet-free harzburgite residual assem-
blages, respectively, produced by high-
pressuremelting of fertile peridotite (12).
Black ellipse marked “ol + low Ca-Px”
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 (16), 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, 19). This melt reacts with

olivine from peridotite, producing pyroxenes and

garnet (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 compositionswould create highly

nonlinear correlations of 187Os/188Os and 87Sr/86Sr

isotope ratios in the melts, and this is contradicted

by the strongly linear correlations 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 (5). 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 87Sr/86Sr

versus 87Os/188Os 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 (Kd) for Ni

Fig. 2. (A and B) Cobalt
and nickel to cobalt ratio
versus Fo of average Mg-
rich olivine phenocrysts.
Pink band at Ni/Co 20 ±
1 represents estimated
values for bulk silicate
Earth (BSE), core, and
chondrites (39). Arrows
indicate trend of olivine
compositions due to the
mantle melting (melting)
and magma crystalliza-
tion (cryst). All other sym-
bols are as on Fig. 1.
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equilibrium olivines from peridotite- and pyroxenite-derived melts.
Elements and their ratios are shown in ppm. PYR, Herzberg and PYR,
Kinzler stand for compositions of olivine equilibrium at 0.1 MPa with
melt generated at 3.5 GPa by melting of pyroxenite (table S3) calculated
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other symbols are as on Fig. 1.
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(5, 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 Kd for Fe greater

than Kd for Mn (7). The bulk Kd changes will

increaseNi and lower theMn/Fe ratio of pyroxenite-

derived melt compared with peridotite-derived

melts. In addition, melting of pyroxenite yields

lower Ca compared with peridotite (8). Addi-

tional predicted differences are higher melt

fractions for hybrid pyroxenite than peridotite

and higher Si and lower Mg in pyroxenite-

derived melt (5, 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 (10, 19).

These results, together with published experi-

mental data for melting of peridotite (12),

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 (10).

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 trajectories

for the two different models for Ni partitioning

are consistent with natural olivine data (Fig. 3B).

The relation between Mn/Fe of modeled olivines

and mixing proportions (10) 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 (5). The olivines

from some continental LIPs (specific suits from

Siberia and Karoo) indicate almost pure pyrox-

enitic sources. Corresponding 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

Southern 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 contain 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 (10) yields

4% for MORB, 11% for WPM-THIN group,

16% for WPM-THICK group, and around 13%

for Archean komatiites. The highest estimate of

the amount of recycled oceanic crust (10) 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 modern 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-

ly at very low melt fractions. There are several

possible explanations. (i) Avolatile (mostly CO2-)

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 hybrid

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 (16).

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 (Tp) (32), and the amount of recycled crust

in the upwelling mantle (Fig. 5). Because at the

same Tp 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 component 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 ofmelting of peridotite at shallower depths.
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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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A high Tp is an important 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 Tp 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. S5) or

eclogite (19, 25) at any given temperature and

pressure, and its actual extent ofmelting therefore

depends strongly on the specific Tp.

Lastly, why are the proportions of recycled

component lower beneath mid-ocean ridges than

in thick-lithosphere settings? We suggest several

explanations: (i) Relatively low amount of dense

recycled component inMORBs is limited by their

Tp, 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. (iii) De-

troit seamount represents one case where a

(Hawaiian) plume has encountered thin litho-

sphere and where our results 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 Tp
of the Hawaiian plume (4). (iv) The surface

expression of a plume emplaced under thick

lithosphere requires high Tp, which is necessary

for carrying a significant amount of recycled

crust (35), allowing melts to form at higher pres-

sures than for ordinary peridotite (5, 25, 26),

and melting a peridotite at higher pressures [e.g.,

komatiites (37)].

Heterogeneous versus homogeneousmantle.

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

buffered major elements (Si, Ca, and Al). For

Hawaiian basalts, such correlations 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 186Os/188Os ratios for some

Hawaiian and Gorgona lavas (39) but is contra-

dicted by the fact that concentrations of highly

siderofile (Pt) and chalcophile (Cu) elements

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 fromNi. 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 186Os (39), do not

indicate large anomalies in Ni and Mn/Fe,

whereas Koolau lavas with the highest Ni

excess and lowest Mn/Fe ratio in olivines do

not show significant elevations in 186Os/188Os

ratios (39). This suggests complete decoupling

of these potentially strong indicators of core-

mantle exchange.
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Genes Required for Mitotic Spindle
Assembly in Drosophila S2 Cells
Gohta Goshima,1,3* Roy Wollman,2,3 Sarah S. Goodwin,1 Nan Zhang,1

Jonathan M. Scholey,2 Ronald D. Vale,1,3† Nico Stuurman1,3

The formation of a metaphase spindle, a bipolar microtubule array with centrally aligned
chromosomes, is a prerequisite for the faithful segregation of a cell’s genetic material. Using a
full-genome RNA interference screen of Drosophila S2 cells, we identified about 200 genes that
contribute to spindle assembly, more than half of which were unexpected. The screen, in
combination with a variety of secondary assays, led to new insights into how spindle microtubules
are generated; how centrosomes are positioned; and how centrioles, centrosomes, and
kinetochores are assembled.

T
he diamond-shaped mitotic spindle has

become one of the most widely recog-

nized images in biology, emblematic of

life’s propagation through cell division. In higher

eukaryotes, the process of spindle formation

begins after nuclear envelope breakdown (NEB)

when microtubules (MTs), generated both from

centrosomes and from the vicinity of chromatin,

are organized into a bipolar array (1–5). Sister

chromatids bind toMTs emanating from opposite

poles, are aligned in the middle of the bipolarMT

network, and then ultimately separate and move

apart during anaphase. Failures early in mitosis

result in the formation of an abnormal metaphase

spindle, which can lead to mitotic delay and,

potentially, chromosome missegregation during

the ensuing anaphase.

To understand the mechanism of metaphase

spindle assembly, it is critical to identify the pro-

teins required for this process and then dissect

how they function. Many mitotic proteins have

been identified through genetic and RNAi screens

(6–10), but the inventory is likely incomplete.

Here, we present a genome-wide screen for mi-

totic spindle morphology in Drosophila S2 cells

and the functional analysis of unexpected genes

discovered through the screen.

Identification of genes involved in meta-

phase spindle formation by high-throughput

microscopy. Because the percentage of S2 cells

in mitosis is low (~1%), we conducted our

RNAi screen in the presence of dsRNA (double-

stranded RNA) to Cdc27 (a subunit of the

anaphase-promoting complex) to delay ana-

phase and thereby increase the percentage of

metaphase cells (~10% of the population). Thus,

our screen was designed to investigate the as-

sembly of the metaphase spindle, but not ana-

phase or cytokinesis. We also rescreened the

final hits without Cdc27 RNAi–induced mitot-

ic arrest. The majority (88%) showed identical

phenotypes, although a few genes only manifest

clear phenotypes under conditions of mitotic

arrest (table S1).

Using our custom, full-genome (14,425 genes)

Drosophila RNAi library (11), we treated S2

cells with dsRNA for 4 days, conditions that

generally reduce protein levels by >80% (12, 13).

After dsRNA treatment, cells were fixed and

stained for DNA, g-tubulin, MT, and phospho-

histone H3 (pH3) in 96 well plates, and about 40

sites per well were imaged by automated micros-

copy with a high numerical aperture air ob-

jective to obtain relatively high-resolution images

of mitotic spindles (Fig. 1A). To reduce the com-

plexity of this large amount of image data, a cus-

tom computer code was used to identify, crop,

and arrange mitotic spindles into galleries, which

were then blindly scored by an observer (Fig. 1B

and fig. S1). In addition, computer algorithms

measured eight parameters of spindle shape, as

well as the intensity of g-tubulin, cell number, and

mitotic index (Fig. 1C) (11). More than 4,000,000

spindles were analyzed in this screen.

Before beginning this screen, we annotated

49 genes that produce mitotic defects in S2 cells

(table S2). Of these 49 genes, 45 were identified

as hits in the primary screen, indicating a high

success rate of identifying mitotic phenotypes.

However, our final list of genes should not be

considered as a complete or universal inventory,

because genes can be missed (particularly those

with subtle phenotypes), and some phenotypes

(or lack thereof) may be specific to S2 cells.

False positives by off-target effects of dsRNA

can occur in RNAi screens (14, 15), so pre-

cautions were taken to minimize gene overlap in

the dsRNA design, and all unexpected hits were

confirmed with another dsRNA that had no

overlap with the first dsRNA (11). To learn

more about the functions of interesting genes,
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Electron 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 are 

presented in Table S1. These conditions have 

been found optimal to obtain best detection 

limits (see Fig S1). The intensity of the Co Kα 

line was additionally corrected for overlap 

with the shoulder of FeKβ second order line 

using the following linear equation established 

by analyzing Fe bearing standards free of Co:  

 

CoOc=CoOm-0.0011×FeOm-0.013.           [S1] 

 

Where CoOc and CoOm, FeOm-are corrected 

and measured values correspondingly. 

The constant in equation [S1] was obtained 

from 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 (S1) was run (3 points per 

each 30-50 measurement points) as an 

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 

El St Cryst Line Peak BG(+) BG(-) S.C.O. 

Si 1 TAP Kα 90 90 - 190740 *

Al 2 TAP Kα 240 120 120 170 # 

Fe 1 LIF Kα 90 90  - 74230 * 

Mn 3 LIFH Kα 120 60 60 1084 * 

Mg 1 TAP Kα 90 45 45 298040 * 

Ca 4 PETJ Kα 120 60 60 665 # 

Ni 5 LIF Kα 150 70 70 2907 * 

Co 6 LIFH Kα 120 120  - 140 ** 

Cr 7 PETJ Kα 120 60 60 95 # 

Table S1. Typical analytical conditions of electron 
probe microanalysis of olivine. Probe current 300 
nA, acceleration voltage 20kV. 
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Fig. S2. Reproducibility of San Carlos olivine 
standard analyzed three times every 30 to 50-th 
measurement points. Measured- represent 
uncorrected measurements, corrected – stands for 
measurements corrected for the calibration drift.  

Notes for Table S1: Standards (St) - 1- San-Carlos 
olivine USNM 111312/444 (S.C.O.); 2-pure Al2O3; 3-
Rhodonite; 4-Wollastonite; 5-pure NiO; 6- pure Co-
metal; 7-pure Cr2O3. Peak and background (BG) 
counting time in seconds. *-Accepted values for 
(S.C.O.) from ref (S1) in ppm, **-value measured by 
LA-ICP MS. 

Fig. S1. Detection limit for Mn as function of 
probe current and peak counting time (in 
seconds, sec). 
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 
study are indicated as “high precision analysis”. 
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accuracy of Co and Mn measurements were 

independently checked by LA-ICP MS 

analysis using Thermo Finnigan Element 2 

mass spectrometer and New Wave Up213 

YAG laser (213 nm wavelength) setup. KL2-G 

(S4) and NIST 612 glasses were used as a 

external standards and Ca in olivine as 

reference value. Figure S3 shows that both Co 

and Mn concentrations measured by EPMA 

correspond to those analyzed by LA-ICP MS 

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 S2c, WPM-THIN in Table S2d, WPM-

THICK in Table S2e and KOMATIITES in 

Table S2f. These tables are included as 

separate spreadsheets together with Table S2a 

in the Excel file called Table S2. Table S2a is 

also placed in the end of this file. Tables 

S2c,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 

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 

concentrations in ppm, standard errors of the 

mean in ppm, characteristic ratios of elements 

and calculated amount of  pyroxenitic 

component (X px, see below for explanation).  

Melting of pyroxenites. The model hybrid 

pyroxenite composition from Sobolev et al. 

(S3) (their Table S2, 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 

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 (Fe2SiO4), 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 
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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 (Pt6Rh94/Pt30Rh70) 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 

electron probe microanalysis at the Max 

Planck Institute for Chemistry in Mainz.  

 

Pyroxenite-derived component in melts. 

In order to estimate endmember compositions 

we have averaged compositions of melts of 

pyroxenite and peridotite (see Fig.S5).  For 

pyroxenite we averaged all melt compositions 

except numbers C-2298 and C-2327 (Table 

S3) 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 (S2). 

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 equilibrium olivines were 

calculated using Herzberg’s model (S5). The 

calculated Mn/Fe ratios of the olivines and 

the amounts of pyroxenitic endmember (Xpx) 

yield a straight line: 

 

      Xpx = 3.48–2.071×(100Mn/Fe)          [S2] 

 

We used this equation to calculate the 

amount of pyroxenitic endmember for each 

average olivine composition 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 1300-1350oC) have been calculated using 

pMELTS (S6). 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.  

 

Run DT T Phases proportions, wt% Melt compositions in oxide wt%, Ni in ppm 

N h o C melt Opx Cpx Ga SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O Cr2O3 Ni 

C-2298 45 1400 8 0. 79 14 60.70 2.76 14.40 6.80 0.068 4.44 7.71 2.34 0.70 0.07 453 

C-2317 48 1450 16 0 71 12 55.76 2.33 14.20 7.63 0.081 7.45 7.95 2.16 0.44 0.06 626 

C-2301 5 1500 33 0 60 6 53.30 1.58 14.21 8.25 0.106 10.67 8.61 1.75 0.13 0.09 810 

C-2330 5 1520 42 0 55 3 52.54 1.29 14.22 8.65 0.112 11.66 8.65 1.98 0.14 0.11 850 

C-2332 5 1540 72 24 4 0 52.00 0.86 13.55 8.19 0.125 14.08 9.00 1.80 0.08 0.20 796 

C-2318 6 1550 76 18 7 0 52.38 0.83 13.39 7.95 0.117 14.67 8.77 1.74 0.09 0.20 843 

C-2319 5 1575 79 20 0 0 52.20 0.79 13.07 8.11 0.126 15.44 8.52 1.67 0.07 0.22 841 

Px-1, Bulk composition  52.67 0.64 11.26 7.55 0.119 18.48 7.05 1.52 0.06 0.25 1000 

Peridotite-derived endmember 46.79 0.85 11.50 9.68 0.185 19.07 10.00 0.84 0.47 0.39 642 

Pyroxenite -derived endmember 52.56 1.07 13.71 8.24 0.117 13.32 8.72 1.79 0.10 0.16 830 

Table S3. Proportions of phases produced and melt compositions from melting of pyroxenite at 3.5 GPa and 1400-1575oC. 

Note for Table S3: Melt, Opx, Cpx, Ga, - proportions of melt, orthopyroxene, clinopyroxene and garnet 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 oC. 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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Oceanic crust in magma sources. A final 

step is to estimate the actual amount of 

recycled oceanic crust (Xcrc) from the 

determined proportion of pyroxenite-derived 

melt.  This quantity is linked to the 

proportion of hybrid pyroxenite-derived melt 

(Xpx) by the degree of melting of eclogite 

(Fe), the amount of eclogite-derived melt 

needed to produce hybrid pyroxenite from 

peridotite (Xe), and the degrees of melting of 

peridotite (Fpe) and pyroxenite (Fpx) (S3): 

 

       [S3] 

 

 

 

Following assumption of Sobolev et al, 

(2005) (S3), 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)), yielding 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 

(S5) 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% (S9). 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 (S10) 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 latitude longitude 

01-7 Reykjanes, Haleyjabunga Glassy olivine phyric picrite N63
o
 48.954' W22

o
 38.646' 

03-102 Reykjanes,  Lagafell Glassy olivine phyric picrite N63
o
 52.906' W22

o
 32.611' 

03-106 Reykjanes, Haleyjabunga Glassy olivine phyric picrite N63
o
 48.873' W22

o
 38.724' 

01-15 Reykjanes, Sulur Glassy olivine –phyric basalt N63
o
 54.094' W22

o
 32.558' 

01-12 Reykjanes, Stapafell Glassy olivine-plagioclase phyric picrite N63
o
 54.601' W22

o
 31.370' 

01-8 Hengill, Midfell Glassy olivine  phyric picrite with rare plagioclase and clinopyroxene xenocrysts N64
o
 10.140' W21

o
 04.257' 

01-10 Hengill, Midfell Glassy olivine  phyric picrite with rare plagioclase and clinopyroxene xenocrysts N64
o
 10.103' W21

o
 04.118' 

01-19 Hengill, Maelifell Glassy olivine  phyric basalt with rare plagioclase and clinopyroxene xenocrysts N64
o
 06.252' W21

o
 10.744' 

03-131 Kistufell Glassy olivine phyric basalt N64
o
 47.806' W17

o
 13.745' 

03-164 Kistufell Glassy olivine phyric basalt N64
o
 46.918' W17

o
 12.713' 

03-140 Kistufell Glassy olivine phyric basalt N64
o
 47.861' W17

o
 12.202' 

03-161 Kistufell Glassy olivine phyric basalt N64
o
 47.808' W17

o
 13.957' 

01-55 Theistareykir, Laufrandarhraun Glassy olivine phyric picrite N65
o
 56.285' W17

o
 05.047' 

01-57-4 Theistareykir, Laufrandarhraun Glassy olivine phyric picrite N65
o
 55.791' W17

o
 04.463' 

01-56-1 Theistareykir, Laufrandarhraun Glassy olivine phyric picrite N65
o
 56.277' W17

o
 05.374' 

01-41 Theistareykir, Theistareykjahraun Glassy olivine phyric basalt N65
o
 57.547' W17

o
 04.120' 

01-44 Theistareykir, Laufrandarhraun Glassy olivine phyric picrite N65
o
 56.068' W17

o
 05.246' 

01-56-2 Theistareykir, Laufrandarhraun Glassy olivine phyric picrite N65
o
 56.277' W17

o
 05.374' 

01-54 Theistareykir, Laufrandarhraun Glassy olivine phyric picrite N65
o
 56.281' W17

o
 04.624' 

01-51 Theistareykir, Langavitishraun Glassy olivine  phyric basalt with rare clinopyroxene phenocrysts N65
o
 56.058' W16

o
 52.282' 

03-224 Snaefellsness, Enni Glassy olivine phyric basalt N64
o
 54.146' W23

o
 45.776' 

03-226 Snaefellsness, Sydri-Raudamelur Olivine phyric basalt N64
o
 52.296' W22

o
 17.368' 

03-220 Snaefellsness, Ytri-Raudamelur Olivine phyric basalt N64
o
 52.717' W22

o
 20.860' 
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We hope that you enjoy this section of Earth Pages. It gives one geologist's personal views about some of
the major stories that appeared in leading journals, such as Geology, Science and Nature, in the last month. 
The items have been written and compiled by Steve Drury author of a number of Earth science books, 
including Stepping Stones: The Making of our Home World (Oxford University Press, 1999) and Image 
Interpretation in Geology (3rd edition) (Taylor & Francis, and Blackwell Science (USA), 2001).

If you have comments on this month's items you can contact the author at s.a.drury@open.ac.uk

� News Archive

News for May 2007

Anthropology and geoarchaeology
Climate change and palaeoclimatology
Geobiology, palaeontology, and evolution
Geochemistry, mineralogy, petrology and volcanology
Planetary, extraterrestrial geology, and meteoritics
Tectonics

Anthropology and geoarchaeology

Do Neanderthals sit next to us on the train?

May 2007

Many might answer, ‘Yes, and they speak loudly about their love lives into mobile phones’, but that is a tired
old joke. A much better one is that related by Steve Jones of University College, London. Were an unwashed
but shell-suited, Late Palaeolithic, fully human hunter-gatherer to sit next to us, we would probably change
seats. Jones believes that if our companion turned out to be a freshly showered, shaved and eau de
cologned Neanderthal in a business suit, we would change trains. Neanderthals were impressive, in the
manner of all-in wrestlers with extremely large noses and eyebrows.

A boy’s skeleton turned up in Portuguese 24 ka cave deposits in the late 1990s. The lad had the hallmark
chin of a modern human but the stocky body and short legs of a Neanderthal. He may be the only tangible
evidence of a human inter-species hybrid. There again, he may have been a perfectly normal, stocky boy
with short legs. Yet the find re-opened the possibility that Neanderthal genes may have made their way into
modern humans. It certainly does not look like it from the available DNA fragments extracted from
Neanderthal bones, but ongoing attempts to sequence the Neanderthal genome (see Neanderthal genome 
on the cards in January 2007 EPN) could resolve the issue. But the ambitious genetic plans have sent a thrill 
through scientific journalists with palaeoanthropological leanings (Jones, D. 2007. The Neanderthal within. 

New Scientist, v. 193 (3 March 2007), p. 2832). 

Another skull claimed to show hybrid features has turned up in Romania, but the most tantalising hints come 
from existing knowledge of human genetics. The Out of Africa model for all modern humans is based on 
studies of mtDNA and that from Y chromosomes, which now enable human migrations to be tracked and put 
into a time frame. But such genetic material forms a tiny proportion of the human genome. It is nuclear DNA
that dominates and is also responsible for how we function and how we look. There is so much of it that work 
has only just begun in the context of human origins. One haplotype, in the PDHA1 gene, has shown up 
something odd in a small sample of men from different continents. Two lineages seem to be represented, 
one that a molecular clock dates to a last common ancestor 1.8 Ma ago [Homo habilis?], the other having 
split at about 200 ka. That duality should not be present if all living people descended from a small group 
who lived around 160 ka. Either it resurrects the almost-buried multiregional model, or points to occasional 
interbreeding with other human species that our forebears encountered: only time and a lot of work will tell. 
Yet fertile offspring must have emerged from such liasons. In a Linnaean sense that implies that however the 
partners might have looked and whatever their habits were, they had to have been the same species: one 
that had lasted almost 2 million years in different guises or polymorphs, as Jonathon Kingdon once 
suggested.

s

2007

Earth-Pages http://www.earth-pages.com/news.asp

See also: Porcelli, D. 2007. When crust is bred. Nature, v. 446, p. 863-864.

Magmas from the mantle and recycled crust

May 2007

Two processes result in the Earth’s mantle consuming rocks that formed oceanic and continental crust:
subduction of oceanic lithosphere, and delamination from the base of thickened continental crust. In both
cases the rocks involved are likely to be dominantly basaltic in composition. Those from the continental crust
probably include mafic layered complexes, representing magma chambers in which intermediate magmas
had resulted from fractional crystallization of basalt magma, and undifferentiated mafic igneous rocks
underplated to the crust. Highly fractionated materials from the upper continental crust may also make their
way into the mantle in the sedimentary cover to subducted ocean-floor basaltic crust.

New magmas originate in various ways as partial melts of ultramafic mantle rocks. Yet 4 billion years worth 
or more of consumed masses of crustal rocks must increasingly become involved in the chemistry of mantle 
melting by adding to its heterogeneity. Mantle heterogeneity is well-established from several lines of 
evidence provided by isotopic and trace-element analyses of modern basaltic lavas erupted in different 
tectonic settings. Yet, judging the influence and role of recycled crust have so far been plagued by data that 
are ambiguous. One outcome of previous research is that some ocean island basalt magmas formed by 
partial melting of peridotite whose chemistry had been transformed previously by other melts that had flowed 

through it (see Herzberg, C. 2007. Food for a volcanic diet. Science, v. 316, p. 378-379).

A large team of geochemists, combining forces (and their data) from Russia, Germany, Australia, France, 
Taiwan, Eritrea, Britain, the USA, the Netherlands and Iceland, have sought to reduce the ambiguities by 
focussing on the chemistry of olivine phenocrysts found in basaltic lavas, rather than that of whole-rock 
samples (Sobolev, A.V. and 19 others 2007. The amount of recycled crust in sources of mantle-derived 

melts. Science, v. 316, p. 412-417). Dominantly basaltic crustal masses in the mantle would melt to form 
silica-rich magmas. Passing through mantle peridotite, such melts would transform parts of the mantle to 
olivine-free pyroxenite. Magmas derived by partial melting of pyroxenite in the upper mantle would be 
basaltic, but enriched in silicon and nickel, and depleted in magnesium, calcium and manganese partly 
retained in the residual pyroxenes. Olivines crystallising first from basalt magmas carry a chemical signature 
of the parental melt composition, and thus the source.

The olivine approach by Sobolev and colleagues provides evidence for recycled crust in products of all kinds
of basaltic magmatism, ranging from a contribution of 5% in ocean-floor basalts formed at ridges to about
20% in within-plate basalts. The contribution of mantle transformed to pyroxenite by chemical interaction with
melt from foundered crustal masses ranges from 10% in mid-ocean ridge basalts to 100% in within-plate
basalts formed below thick continental lithosphere. These include the largest volcanic outpourings in Earth’s
history, in the form of continental flood basalts. The largest of these, the Siberian Traps, accompanied the
largest mass extinction of the Phanerozoic at the end of the Permian Period.
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mis of most land plants is uniseriate (compris-

ing one layer), and if SHR and SCR orthologs

control development in these species, this

mechanism may have evolved early in the his-

tory of land plants. But there are some rare

exceptions. For example, extant members of the

Equisetales (horsetails), whose forebears were

important species in Carboniferous forests 300

million years ago, have two layers of endoder-

mis in some organs (8). These horsetails have

apparently tinkered with their SCR and SHR

genes to allow SHR to escape the clutches of

SCR in the first endodermal layer, thus extend-

ing the endodermis to further layers.

Why is the structure of a single-layered

endodermis so conserved across most land

plants? Autotrophic plants rely on the uptake

of nutrients and water from the soil, so tight

spatial regulation of endodermal development

reflects its significance. The endodermis is

highly specialized in that intercellular spaces

between the cells are sealed, prohibiting the

free diffusion of water and ions through

the interstices. If water and ions are to pass

through this roadblock, they must do so in a

regulated manner, via the cytoplasm of endo-

dermal cells. This affords strict control over

transport and may well have provided a sur-

vival advantage—the highest level of control

over a specialized tissue of very limited size. If

so, this discovery may explain the evolution of

a tightly regulated developmental program in

angiosperms (flowering plants) and also points

to changes in developmental programs that

may have occurred during the past 470 million

years of land plant evolution. 
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V
olcanic eruptions have the power to

reshape Earth’s landscape, alter climate,

and affect life. To understand how this

works requires that we go deep into the Earth to

learn exactly what kind of rock melts to pro-

duce magmas and the chemistry of this source

rock. These are fundamental problems in geol-

ogy, and they are also among the most difficult

to understand. On page 412 in this issue,

Sobolev et al. (1) describe a method for identi-

fying some of these source rocks. We can think

of them as food for volcanoes in the sense that

they melt to provide the magmas that can erupt

to the surface. To understand what Sobolev et

al. have done and the ramifications that go

beyond Earth science, we need to start with a

refresher in geology. 

Earth’s mantle consists mostly of peridotite,

a rock rich in the mineral olivine (Mg,Fe)
2
SiO

4
.

When peridotite partially melts, the liquids

collect to magmas that rise to the crust, give off

gases like SO
2
, CO

2
, and H

2
O, and solidify to

basalt, a rock rich in the minerals clino-

pyroxene [Ca(Mg,Fe)Si
2
O

6
] and plagioclase

[(Ca,Na)(Al
1-2

Si
2-3

) O
8
]. Portions of these outer

layers can be recycled back into the mantle at

subduction zones and below thickened conti-

nents (see the figure). The recycled basaltic

crust is transformed to a new rock called pyrox-

enite, so-called because it is rich in clinopyrox-

ene. It may pile up on Earth’s core, or be mixed

back into the mantle with structures that have

been described as marble cake (2), plum pud-

ding (3), spaghetti (4), and gumbo (5) (see the

figure). Volcanoes like those of Hawaii can melt

from source rocks consisting of peridotite

and/or pyroxenite from recycled crust. Sobolev

et al. describe a method for identifying this rock

based on the chemistry of lavas on volcanoes. 

Sobolev et al. determined that many volca-

noes melted from recycled crust, a conclusion

that is not new (6). However, there has always

been some ambiguity with past methods of

identifying recycled crust based on the isotope

and trace-element geochemistry of lavas at the

surface. New interpretations suggest that

many oceanic islands melted from mantle

peridotite that had been modified by melts

that flowed through it (7, 8), a process called

metasomatism (9). Because it makes no dif-

ference to an atom of lanthanum, for example,

whether it ends up concentrated in the crust or

as metasomatized peridotite, using it as a

tracer can be ambiguous and nonunique (7, 8). 

A breakthrough came when Sobolev et al.

(10) showed that the nickel contents of many

Chemical analyses of lava can now reveal the

nature of the rocks deep in the Earth that

melted and rose to generate specific volcanoes.Food for a Volcanic Diet
Claude Herzberg

GEOCHEMISTRY
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Oceanic ridge 

Oceanic
ridge 

Oceanic islands

Oceanic island

Continental crust 
Oceanic crust 

CORE MANTLE

Subduction zone

Subdu
ction zone

Models of Earth’s crust and mantle. Oceanic crust (brown) is solidified liquid that forms by partial melting
of mantle peridotite (green) at oceanic ridges; together with sediment, oceanic crust can be recycled back into
the mantle at subduction zones (2, 3, 6). Continental crust (brown) forms at subduction zones and can be
recycled when it thickens by delamination (5, 15). All crust (brown) is transformed to pyroxenite (brown)
when recycled. Green arrow denotes melting peridotite. Red arrow denotes melting pyroxenite. Recycled crust
may be distributed uniformly throughout the mantle, or it may be concentrated in certain hemispheres or
depths. Crustal thickness is exaggerated for clarity, but ranges from ~6 to 40 km at the present time.
Recycling is expected to reduce crust to dimensions ranging from micrometers to kilometers.
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olivine crystals in Hawaiian lavas were higher

than those expected from melts of peridotite,

and they preferred to explain this with a recy-

cled crust source instead. But a lingering ambi-

guity is that a high nickel content in olivine can

also arise when peridotite is enriched in pyrox-

ene by melt-rock reaction (11). Supporting

evidence for the recycled-crust interpretation

(10) comes from the calcium contents of the

Hawaiian lavas, which are too low to be easily

explained by melting peridotite (12). Nickel

and calcium are therefore telling the same

story. That is, the main shield-building lavas at

Hawaii were melted from a pyroxenite source

rock that required the involvement of recycled

crust as proposed by Sobolev et al. (10). The

authors go further in that they examine the

problem that arises when nickel, calcium, and

manganese are used, and they extend the

analysis to a larger population of volcanoes.

Their results, together with other recent studies

(7, 8, 11), show that it is unlikely that a single

rock type will be an appropriate source for

all oceanic volcanoes. For example, recycled

crust is an important source rock for the

Hawaiian islands (1, 10, 12), whereas metaso-

matized peridotite is the source rock for the

Cook islands (7). An outstanding question is

whether peridotite sources become metaso-

matized by melted recycled crust (13) or in

some other way (7, 8).

Future studies might allow us to transform

our picture from hypothetical models to

actual three-dimensional views showing the

size and distribution of recycled crust in the

mantle. The implications go far beyond geol-

ogy. For example, it may be no surprise that

Sobolev et al. (1) identify pyroxenite as the

rock that melted to produce the Siberian

Traps. This was a magmatic flood on land so

massive in scale that it triggered the largest

mass extinction of life on Earth, some 250

million years ago (14). Although the exact

causal links remain poorly understood in detail,

one can reasonably imagine a different out-

come if the mantle diet had less pyroxenite

and more peridotite. Under these circum-

stances, less magma would have been pro-

duced and made available for eruptive flood-

ing, and Earth’s biosphere could have evolved

along different pathways.
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Iron-dioxygen relationships. Mononuclear nonheme iron enzymes can accommodate a diverse range of
geometries with substrates and dioxygen, as illustrated here by the trapped catalytic intermediates in an
extradiol ring-cleaving dioxygenase (left and center) reported by Kovaleva and Lipscomb and in superoxide
reductase (right) reported by Katona et al.
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