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Rutile-Bearing Refractory
Eclogites: Missing Link Between
Continents and Depleted
Mantle

Roberta L. Rudnick, Matthias Barth, Ingo Horn,
William F. McDonough

A mass imbalance exists in Earth for Nb, Ta, and possibly Ti: continental crust
and depleted mantle both have subchondritic Nb/Ta, Nb/La, and Ti/Zr, which
requires the existence of an additional reservoir with superchondritic ratios,
such as refractory eclogite produced by slab melting. Trace element compo-
sitions of minerals in xenolithic eclogites derived from cratonic lithospheric
mantle show that rutile dominates the budget of Nb and Ta in the eclogites and
imparts a superchondritic Nb/Ta, Nb/La, and Ti/Zr to the whole rocks. About
1 to 6 percent by weight of eclogite is required to solve the mass imbalance
in the silicate Earth, and this reservoir must have an Nb concentration = 2 parts
per million, Nb/La = 1.2,-and Nb/Ta between 19 and 37—values that overlap
those of the xenolithic eclogites. As the mass of eclogite in the continental
lithosphere is significantly lower than this, much of this material may reside in
the lower mantle, perhaps as deep as the core-mantle boundary.

The elements Ti, Zr, Nb, Ta, and rare earth
elements (REE) are refractory and lithophile
and therefore should exist in chondritic relative
abundances in the silicate Earth. Continental
crust and depleted mantle (DM) [mid-ocean

Department of Earth and Planetary Sciences, Harvard
University, 20 Oxford Street, Cambridge, MA 02138,
USA.

ridge basalt (MORB) source] generally are as-
sumed to be geochemically complementary res-
ervoirs within the Earth. However, both reser-
voirs have subchondritic Nb/La (/—4). A sim-
ilar observation is made about Nb/Ta ratios.
These elements share the same valence state
(+5) and have matching atomic radii (5), and
they are thought to be geochemically insepara-
ble. However, recent analyses (6) have demon-
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strated that Nb/Ta ratios are subchondritic in
MORB and near-ridge seamounts (7-9), ocean
island basalts (OIB) (7, 10), and the upper
continental crust (//, 12). Because Nb is more
incompatible than Ta in clinopyroxene during
mantle melting (/3), the DM and the source of
OIB should have even lower Nb/Ta ratios. A
third element ratio that also may not mass bal-
ance in Earth is Ti/Zr. The continental crust,
MORB, and OIB have Ti/Zr ratios below 115,
the chondritic ratio (/). However, because Zr is
more incompatible than Ti (/3), partial melts
should have lower Ti/Zr than their source re-
gions and the mass imbalance in this case is not
clear. The DM and OIB sources could have
chondritic or even superchondritic Ti/Zr [as
massif peridotites do (/4)]. Nevertheless, the
subchondritic Ti/Zr in MORB and continental
crust suggests that another reservoir exists that
is Ti enriched relative to Zr.

The above observations require the exis-
tence of an additional reservoir that contains
appreciable Nb, Ta, and Ti with superchon-
dritic Nb/La, Nb/Ta, and Ti/Zr—features
that, until now, have not been observed in
common igneous and metamorphic rocks
(15). McDonough (/) suggested that refrac-
tory, rutile-bearing eclogite may satisfy the
mass balance requirements for Ti, Nb, and Ta
in the silicate Earth. Here we show that
eclogites, sampled in xenoliths from cratonic
kimberlites, do indeed have the requisite
trace element compositions to satisfy this
mass imbalance.

Rutile (TiO,) is a common accessory
phase in metamorphic rocks and it can have



high concentrations of high field strength ele-
ments, particularly Nb and Ta. For this reason,
rutile has been considered by some to be the
phase that is responsible for the marked Nb and
Ta depletions seen in arc magmas (/6). Rutiles
from continental crustal rocks (17, 18) have Nb
contents greater than 100 parts per million
(ppm) with Nb/Ta ratios that generally cluster
about the chondritic ratio of 17.4 = 0.5 (19) or
lower (20) (Fig. 1A). Metasomatic rutiles from
cratonic peridotites (27, 22) are characterized
by high Nb contents (0.3 to 0.5 weight %) and
chondritic Nb/Ta ratios. In contrast, rutiles from
eclogite xenoliths carried in kimberlite pipes
from Siberia (23) and western Africa (24, 25)
have more variable Nb contents and Nb/Ta
ratios and many have Nb/Ta ratios that are
chondritic to strongly superchondritic; the pop-
ulation forms a log-normal distribution and has
a geometric mean value of 24 (n = 19) (26).

Although rutile is an accessory phase in
the eclogites (27), it dominates the budget of
Nb and Ta (28). Thus, the Nb/Ta ratio of the
whole rock eclogite equals that of the rutile,
and we can conclude that, on average, the
xenolithic eclogites have superchondritic Nb/
Ta ratios.

Determining the Nb/La ratio of the eclogites
is more difficult. Whole rock data are unreliable
because of variable degrees of large-ion litho-
phile element (29) enrichment produced by in-
teraction with the host kimberlite (30). Thus,
the preentrainment eclogite compositions must
be calculated from primary mineral composi-
tions and modes (3/). This requires relatively
precise knowledge of the modal abundance of
rutiles, which cannot be determined from point-
counting these coarse-grained rocks. We there-
fore calculated modal rutile from Ti mass bal-
ance (32), which yields proportions of 0.1 to
0.9% by weight, with a relative error of <10%.
The resulting Nb/La of all but five of the re-
constructed eclogites are superchondritic, with
a geometric mean Nb/La of 2.7 (n = 17) (26)
(Fig. 1B). '

In a similar fashion we calculated the Ti/Zr
ratio of the bulk eclogites. All but one of our
samples have superchondritic ratios (Fig. 1C).
These eclogites are thus distinct from MORB,
continental crust, and OIB, which have sub-
chondritic Ti/Zr ratios. Interestingly, this fea-
ture is a result of Zr (and Hf) depletion in the
eclogites rather than Ti enrichment; that is, on
mantle-normalized plots, Ti is not anomalous
relative to REE of similar incompatibility such
as Eu and Gd, but Zr and Hf are distinctly
depleted (relative to Sm and Eu).

The above data demonstrate that xenolithic
eclogites have, on average, superchondritic Nb/
Ta, Nb/La, and Ti/Zr ratios and thus support the
contention that refractory, rutile-bearing
eclogites may be important in the mass balance
of Nb, Ta, and Ti in Earth. The mass of this
reservoir is not easily constrained from the
trace-element compositions of the eclogites,
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given the rather large standard deviations of
Nb/Ta, Nb/La, and Ti/Zr observed for these
samples. We have therefore calculated its mass
as a function of the mass fraction of DM by
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Fig. 1. (A) Nb versus Nb/Ta for a variety of rock
types and model compositions: xenolithic

eclogites (black dots), crustal igneous and meta-
morphic rocks (open squares), and metasomatic
peridotite xenoliths from Tanzania (pluses). Stars
represent geometric mean (26) for the eclogitic
and crustal populations. Field of MORB from (9).
Diamonds, various estimates of bulk crust com-
position (2); UC, field of upper crust derived from
GLOSS (72), loess, and PAAS (77). Only three
crustal rutile samples have Nb/Ta significantly
above the chondritic ratio and two of these are
from a carbonatite complex (Magnet Cove, Ar-
kansas) (20); the third is from a South Carolina
beach sand deposit of unknown provenance. Ec-
logite whole rock compositions are calculated
from modal mineralogy (32); crustal and metaso-
matic mantle whole rock compositions are calcu-
lated assuming that rutile makes up 0.5% of the
rock and is the sole contributor of Nb and Ta to
the whole rock budget. (B) Nb versus Nb/La for
reconstructed whole rock eclogites (solid circles),
field of MORB, average continental crust (black
squares on gray field), and OIB (triangles). Data
sources are as listed for (A) and from the litera-
ture. Star, geometric mean of the eclogite popu-
lation. (C) Ti versus Ti/Zr for reconstructed
eclogites (solid circles), field of MORB, continental
crust, OIB, and Massif peridotites (open squares).
Data sources are as listed for (A) and from the
literature. Star, geometric mean of the eclogite
population.

using the Al,O, contents of continental crust
(2), primitive mantle (33), median worldwide
eclogite (34), and DM, assuming that the DM
contains between 80 and 95% of the AlLO,
present in the primitive mantle. Al,O, was
chosen for this calculation because it is the only
major element that meets all of the following
criteria: (i) its concentration is well defined in
the continental crust, (ii) its concentration is
markedly different between DM and eclogites,
and (iii) it exhibits a relatively narrow range of
variability in eclogites (34). An Al,O, deficit
exists in Earth if the DM is 40% or more of the
mantle (Fig. 2A), a likely minimum proportion
based on the concentrations of incompatible
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Fig. 2. (A) Gray field shows the deficit in AL,O,
that exists in the silicate Earth as a function of the
proportion of DM. Calculated Al,O, composition
of the silicate Earth is derived from the sum of
AL, O, contributed from the DM, continental crust
(CC) *and primitive mantle (PM) (mantle that has
not differentiated = 1 — M. — M, where M is
mass fraction). Continental crust is assumed to
contain 2% of the ALLO; in the silicate Earth
(0.0057 X 15.8/4.45); There is little variation in
this value for different published estimates (2).
The DM composition, which is more poorly con-
strained, is allowed to vary from a moderately
depleted composition with 95% of the ALO, of
the primitive mantle to a strongly depleted com-
position, containing 80% of the AL,O, of the
primitive mantle. Primitive mantle composition is
from (33). (B) Gray field shows range of AL,O,
contents in the silicate Earth needed to eliminate
the ALLO, deficit shown in (A), calculated from
mass balance as a function of the mass of a
refractory eclogite reservoir. In this calculation,
the mass of the DM is allowed to vary between
50 and 80% of the silicate Earth. Moderately
depleted and strongly depleted mantle composi-
tions are as defined above. Intersection of the
gray field with the AL,O; content of the primitive
mantle defines the upper and lower bounds on
the mass of eclogite that might exist in the
Earth—that is, between 0.5 and ~6% by mass, if
it accounts for the missing AL,O,.
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Fig. 3. Composition of refractory eclogite reser-
voir, calculated from mass balance (39), com-
pared with the range of eclogite compositions
reported here. Solid circles, individual eclogites;
stars, geometric mean of xenolithic eclogite pop-
ulation (26); curves, end member outcomes of the
mass balance calculations; circles and pluses, re-
sults assuming the eclogite reservoir represents
6% by mass of the silicate Earth; triangles and
diamonds, results assuming the eclogite reservoir
represents only 0.5% by mass of the silicate
Earth. A range of DM compositions were assumed
(Nbin DM = 0.12 to 0.35 ppm), corresponding to
the range of Nb contents calculated for the DM
from representative MORB compositions, assum-
ing 5 to 10% batch melting and bulk D values of
0.0005 and 0.00028 (73). Other elements in the
DM were calculated assuming Nb/La = 0.9 (3)
and Nb/Ta = 15.5 (7). Pluses and diamonds,
moderately depleted mantle with 0.35 ppm of Nb
(about half the concentration of the PM); circles
and triangles, more strongly depleted mantle
with 0.12 ppm of Nb (about 20% of the PM).
Because the continental crust has a Nb/La ratio
significantly smaller than either DM or PM, the
mass balance calculation for Nb/La (A) is very
sensitive to the mass of the crust. Increasing the
crust's mass from 0.57 to 0.60% of the silicate
Earth, results in a factor of 2 increase in the Nb/La
calculated for the refractory eclogite reservoir.
For this reason, minimum bounds are shown for
this reservoir by the gray box, which is considered
the only robust constraint that can be placed on
its Nb/La composition [that is, the Nb/La could be
significantly higher than that depicted by the
curves in (A) but not lower]. Because the Nb/Ta
ratio of the crust is not significantly different
from the DM, the Nb/Ta calculations shown in (B)
do not depend on crustal mass.

elements present in the continental crust (2).
The mass fraction of eclogite needed to com-
pensate for this deficit ranges between 0.5 and
6% of the silicate Earth, equal to or greater than
the mass of the continental crust and approxi-
mately equivalent to the mass of oceanic crust
subducted through time (7, 35) (Fig. 2B). This
mass overlaps that of the continental litho-
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Table 1. Parameters used to calculate refractory eclogite composition from mass balance. Numbers in
plain type are input parameters for mass balance calculations; numbers in italics are derived from mass

balance calculations.

Mass fraction ALO, La Ta Nb/ Nb/
of silicate Earth (weight %)  (ppm) (ppm) (ppm) La Ta
DM 0.4-0.9 36-42 0.12-0.35 0.13-0.38 0.007-0.022 0.91 15.5
Continental 0.0057 15.8 8.6 18 0.7 0.48 123
crust (2)
Primitive 0.03-0.59 4.45 0.658 0.648 0.037 1.01 17.5
mantle (33)
Refractory 0.005-0.06 15.8 >1.6* >0.75* >0.04* >1.18* 19-37
eclogite
reservoir*

*Concentrations of Nb and the Nb/La ratio in the eclogite reservoir are highly sensitive to the mass of the continental
crust because of its relatively high concentrations and large fractionation of Nb/La relative to other reservoirs. For
example, increasing the crustal mass by 5% causes a factor of 2 increase in the Nb/La ratio in the eclogite reservoir in

some cases.

spheric mantle (1.5 to 2.5% of silicate Earth) (/,
36) and, although these and other eclogite sam-
ples originate from the lithospheric mantle,
population studies of xenocrysts and xenoliths
in kimberlites demonstrate that eclogite is a
minor component of the continental litho-
sphere, probably below 1 to 2% by volume
(37). Thus, our estimates suggest that much of
this eclogitic reservoir exists at deeper levels of
the mantle, possibly in the lower mantle (38).

Given the mass of refractory eclogite cal-
culated above, some constraints on its trace
element composition can also be obtained
from mass balance calculations (39) (Fig.
3A). The mean eclogite lies near the low end
of the Nb concentration range of the calcu-
lated eclogitic reservoir and within its range
of Nb/La. In view of the large spread in
concentrations and ratios observed in the
eclogites, this agreement is good. Likewise,
the range in Nb/Ta ratios for the eclogites is
large, but the mean eclogite falls within the
range of Nb/Ta calculated for the missing
reservoir (Fig. 3B).

We propose that the eclogite reservoir forms
a missing link between continental crust and
DM. We envisage that fractionation of Nb from
La and Ta (and possibly Ti from Zr) is pro-
duced as altered oceanic crust transforms to
eclogite, giving up a melt or fluid phase during
subduction. During the Archean [when the
eclogites we examined here are likely to have
formed (40)] higher mantle temperatures result-
ed in a thicker and more mafic oceanic crust
that underwent dehydration melting upon sub-
duction (47). The major and trace element com-
positions of xenolithic eclogites are consistent
with them being residues of tonalite-trondhjem-
ite-granodorite production from a higher MgO
oceanic crust (42). As Earth cooled, dehydra-
tion melting of slab basalts in subduction zones
may have given way to dehydration only. Be-
cause the partitioning of Nb and Ta between
fluid and rutile is extremely low (43), dehydra-
tion should not fractionate Nb from Ta. Thus
the Nb/Ta ratio of rutiles in Phanerozoic
eclogites reflects that of their protolith. For

example, if the rutiles are in metamorphosed
MORB, their Nb/Ta should be low (7-9).
Finally, a relevant question is whether the
refractory eclogite reservoir, once transported
into the deep mantle, is ever seen again. A
number of persuasive arguments have been
made for incorporation of recycled oceanic
crust into the source regions of OIB (44).
Although some OIB [particularly the HIMU
family (45)] exhibit high Nb/La, they appar-
ently do not have elevated Nb/Ta (/0). This
observation suggests that the amount of re-
fractory eclogite in the OIB source is small.
For example, if OIB are derived from sources
that are mixtures of refractory eclogite and
peridotite (DM or primitive mantle), =<10%
eclogite is able to dominate the Nb and Ta
contents of the mixture, giving rise to super-
chondritic Nb/Ta in the source. However,
because recycled oceanic lithosphere is likely
to contain both oceanic crust (now eclogite)
and sediment, which will have high concen-
trations of Nb and Ta and low Nb/Ta (11, 12),
one expects to see a range of Nb/Ta in OIB,
depending on the amount and nature of the
recycled component in their source (one
would predict HIMU to have high Nb/Ta and
EM I (45) to have low Nb/Ta). Therefore, a
search for systematics in Nb and Ta contents
of well-characterized OIB offers an addition-
al test of the importance of recycled oceanic
lithosphere in the source regions of OIB (46).
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press) and can also be viewed at http://www-eps.

harvard.edu/people/faculty/rudnick/la-icp-ms.html.

Data reduction follows the procedure outlined in [H.

Longerich, S. E. Jackson, D. Giinther, J. Anal. Atom.

Spectrom. 11, 899 (1996)]. For the rutile analyses,

49Tj was used as the internal standard and NIST 610

glass was used for the calibration standard. Excellent

agreement exists between electron microprobe and

LA-ICP-MS data for elements analyzed by both tech-

niques (Al, Fe, Cr, Zr, and Nb).

. K.-P. Jochum and A. ). Stolz, Meteoritics Planet. Sci.

32, Suppl. 67 (1997).

The only exception to this generalization are rutiles

from the Magnet Cove carbonatite complex and a

rutile from a South Carolina beach sand of unknown

provenance.

Supplementary material is available at www.

sciencemag.org/feature/data/1044137.shl (Web ta-

ble 2).

The two rutiles occur in veins in harzburgite xenoliths

carried in volcanoes of the eastern African Rift: Labait

and Pello Hill. In the Labait sample (LB-17) the rutile
is associated with secondary zircon, sulfide, orthopy-
roxene, chromite, and minor phlogopite [R. L. Rudnick
et al., in Proc. Seventh International Kimberlite Con-
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ference, Cape Town, South Africa, J. ). Gurney and
S. R. Richardson, Eds. (Red Barn, Cape Town, South
Africa, 1999)]. In the sample from Pello Hill (PEL-40),
rutile occurs in a phlogopite vein that also contains
abundant sulfide.

Siberian eclogites come from the Udachnaya pipe
courtesy of Z. Spetsius and N. Sobolev.

D. V. Hills and S. E. Haggerty, Contrib. Mineral Petrol.
103, 397 (1989).

The western African eclogites come from the Koidu
kimberlite pipe, Sierra Leone, and constitute the low
MgO suite of (24). They are essentially bimineralic
rocks with accessory sulfides and rutile. Kyanite,
coesite, graphite, and diamond also occur as acces-
sory phases. See (24) for a complete description.
The Nb/Ta, Nb/La, and Ti/Zr ratios of the eclogites
follow log-normal distributions. We have therefore
chosen the geometric mean as the value most rep-
resentative of the population.

Rutile occurs in the eclogites as equant grains, from
100 pm to several millimeters in diameter. The
rutiles generally occur interstitial to altered garnet
and omphacite, but occasionally they occur fully
included in omphacite. They typically show exsolu-
tion of ilmenite = spinel at 90° angles. Some rutiles
show thin (several micrometers) rims of ilmenite
with variable MgO and MnO contents. Rims were not
measured in laser ablation analyses. Metasomatic
rutile is distinguished by highly heterogeneous Nb
and Ta contents and occasionally by a skeletal tex-
ture. Based on textures, trace element homogeneity,
and evidence for equilibrium between rutile and pri-
mary silicates, all rutiles reported in Web table 2 (27)
are considered primary phases.

Unpublished data show that garnets and omphacites
in rutile-bearing samples have Nb and Ta concentra-
tions generally below detection limits, which vary as
a function of spot size. For the spot sizes used in this
study (50 to 100 um), detection limits of 10 to 400
ppb are typical for both Nb and Ta. In contrast, garnet
and omphacite contain significant Nb and Ta concen-
trations in rutile-free eclogites. About 70% of the low
MgO eclogites from Koidu are rutile bearing.

Large ion lithophile elements include light weight
REE, K, Rb, Cs, Sr, and Ba.
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mined from Ti mass balance by using the measured Ti
contents of garnet and omphacite and their modal
abundances [both given in (24)] to calculate their con-
tribution to the whole rock Ti budget. Because both
garnet and omphacite have lower TiO, than the bulk
rock, this invariably led to a Ti deficit, which was made
up by assuming that the remaining Ti was present in
rutile. For the two samples lacking bulk rock TiO,
concentrations, the TiO, content of the whole rock was
calculated by assuming it has no Ti anomaly (that is, Ti
is not depleted or enriched relative to elements of
similar incompatibility such as Eu). The methodology
described above yields the maximum amount of rutile
in the sample, because it does not account for any Ti
that is in secondary phases such as amphibole (0.5 to
2.5 weight % TiO,) and phlogopite (1.6 to 4 weight %
TiO,). However, the overestimation is small and within
the errors of the estimate. For example, sample KEC
81-18 has the highest measured bulk K,O content of 1
weight %. If all this K,O is contained within phlogopite,
it corresponds to 11% phlogopite in the whole rock by
weight, which in turn corresponds to only 0.03 weight
% of the bulk rock’s TiO, content. Decreasing the whole
rock TiO, content by this amount leads to an estimated
rutile abundance of 0.61% compared with 0.64% if the
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phlogopite is ignored. We thus conclude that our esti-
mates of rutile proportions are accurate to within
+0.05% absolute or 10% relative uncertainty.
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of the silicate Earth by mass. This is derived by assuming
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years (Ga). This estimate is nearly identical to that
commonly assumed in recycling models for OIB gener-
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present (if the mass of the continents has increased
with time), and the mantle was hotter in the Archean,
which would produce a greater thickness of oceanic
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