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Abstract

There is growing evidence that the top part of the oceanic mantle is pervasively serpentinized prior to subduction. Because the
interior of a subducting slab heats up slowly, the serpentinized layer can be preserved for tens of Myr, thereby forming a weak zone
that allows for mechanical decoupling between the oceanic crust and underlying lithospheric mantle. Once the crust is eclogitized,
a shear stress would be induced by a compositionally-driven buoyancy difference between the crust and the lithospheric mantle. By
simple force balance, we show that the downward slip velocity of the crust relative to the lithospheric mantle is similar to
subduction velocities themselves; hence, conditions necessary for segregation of eclogitized crust from lithospheric mantle are
generally met well before the slab approaches the lower mantle. The segregated components are predicted to journey to different
resting grounds. Depleted lithospheric mantle, being slightly less dense than the ambient mantle, would eventually rise upward and
congregate in the upper mantle while eclogitic crust would settle in a neutrally buoyant state near the bottom of the transition zone
or at the base of the lower mantle. We speculate that this process gradually leads to the irreversible compositional stratification of
the Earth's mantle.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

There seems to be little doubt that the upper part of
the mantle, as sampled by mid-ocean ridge basalts
(MORBs), is on average depleted in highly incompat-
ible trace elements (large ion lithophile elements, Ti,
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Nb, light rare-earth elements, noble gases, U and Pb) as
well as in some moderately incompatible elements, such
as Al [1–9]. Much of this depletion can be accounted for
by the continental crust, which is enriched in these same
elements and hence exhibits a trace-element signature
complementary to that of the upper mantle [3].
However, if the entire mantle was depleted, the sum of
trace elements in the mantle and in the continental crust
does not add up to that expected for the Earth's primitive
mantle. This discrepancy has led to the long-held view
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among geochemists that the upper mantle is depleted
and relatively isolated from more enriched reservoirs in
the lower mantle.

The problem at hand is that a number of geodynamic
models [10,11] and interpretations of seismic tomogra-
phy [12–14] seem to suggest that convection occurs on
a whole-mantle scale, making it difficult to preserve
trace-element and isotopic stratification in the mantle.
The discordance between geochemical and geophysical
perspectives has led to a series of attempts to generate
models that allow for whole-mantle convection while
preserving isolated geochemical reservoirs [15–17].
However, most geodynamic models do not explicitly
consider the intimate link between mantle convection
and chemical differentiation, a coupled process that
gives rise to both trace and major element heterogene-
ities. An example of such coupling is the process of
melting at mid-ocean ridges: adiabatic decompression of
the mantle beneath the ridges leads to partial melting
and the making of new oceanic crust and an underlying
residual mantle within the oceanic lithosphere. This
residuum is depleted in Ca, Fe, and Al, and thus is
compositionally buoyant with respect to ambient
mantle.

Over geologic time, could the cumulative effect of
repeated melting and generation of basaltic oceanic crust
and depleted mantle residuum provide a way to generate
compositional stratification in the mantle? If subducted
lithosphere is assimilated into the mantle wholesale,
then no long-term stratification of the mantle would
result because, except for modification in trace elements
due to dehydration or to small amounts of partial re-
melting during subduction, wholesale subduction of
oceanic lithosphere is essentially an isochemical
process. If, on the other hand, the oceanic crust can
physically segregate from the lithospheric mantle during
subduction, important implications may follow because
the two components of the oceanic lithosphere have
very different major-element compositions and therefore
will result in disparate mineral assemblages and hence
different densities at depth [18]. These differences in
density between subducted crust and mantle lithosphere
could provide a driving force for stratification of the
mantle.

Until now, the general view seems to be that oceanic
crust and lithospheric mantle remain tightly coupled
during subduction [19]. However, as we will discuss
below, there is now enough evidence to prompt a close
re-examination of this issue. In this paper, we use
simple, proof-of-concept scaling analyses to explore the
plausibility (i.e., can it happen?) of segregating oceanic
lithosphere into a crustal component and a mantle
residuum during subduction. We then explore the
logical consequences of slab segregation and test our
hypothesis by examining a collection of somewhat
circumstantial but independent evidence (i.e., has it
happened?).

2. A weak serpentine layer between oceanic crust
and lithospheric mantle

A necessary condition for separating oceanic crust
from the underlying lithospheric mantle is a mechani-
cally weak zone of intervening material. Prior to
subduction, profiles of maximal strength for the oceanic
lithosphere typically do not include such a weak zone
because the oceanic crust is thin (5–10 km) and, as a
consequence, the entire crust is in the brittle regime [19–
22]. However, if the top of the lithospheric mantle has
been serpentinized, then a weak zone is expected to exist
because of serpentine's exceedingly low strength when
compared with unaltered peridotite and basalt [23,24].

Several lines of evidence suggest that at the onset of
subduction, the uppermost part of the oceanic litho-
spheric mantle may indeed be serpentinized. First, near
the outer-rise region of the trench where the curvature of
the downgoing lithosphere increases rapidly, seismic
reflection profiles have revealed that normal-faulting
extends down to depths of at least 15–20 km into the
subducting slab, suggesting that serpentinization is
likely at these depths in the interior of the lithosphere
[25]. Second, large earthquakes associated with normal-
faulting frequently occur near the outer-rise, and their
focal depths reach at least 30 km below the sea-floor
[26,27], providing geologically active examples of
deep-penetrating normal faults. Third, in a recent
study of an ophiolite believed to have undergone in
situ serpentinization beneath the seafloor, paleo-depth
estimates of the peridotitic bodies suggest serpentiniza-
tion depths extending down to at least 30–40 km [28].
Finally, earthquakes within subducting slabs often
define a double seismic zone, a pattern that seems to
follow the 600 to 700 °C isotherm predicted by thermal
models [29,30]. When taken together, all these inde-
pendent observations suggest the existence of a weak
serpentinite layer just beneath the oceanic crust even
though alternative explanations may exist for any
individual observation (Fig. 1A).

The question that follows is whether a hydrated core
within the downgoing slab can survive for a sufficiently
long time after subduction into the mantle. Hydrous
minerals in the oceanic crust will undoubtedly break-
down quickly because the top of the slab will heat up
first. In contrast, heating up the interior of the slab takes



Fig. 1. (A) A cartoon showing features of the oceanic lithosphere
relevant to this study. The lithospheric mantle consists of the mantle
residuum from which basaltic partial melt (which forms the oceanic
crust) has been extracted. The region in blue represents a zone of
pervasive serpentinization caused by the infiltration of water through
ridge-and trench-parallel normal faults. (B) A schematic of force-
balance analysis, which forms the basis of calculating slip rates across
a weak serpentinite layer between the dense, eclogitized oceanic crust
and the lithospheric mantle. An additional contribution from positive
buoyancy of the serpentinite layer is ignored.

359C.-T.A. Lee, W.-P. Chen / Earth and Planetary Science Letters 255 (2007) 357–366
much longer because thermal diffusion is slow [31–33].
As a proof of concept, we show in Fig. 2A the results of
a simple 1-D model for conductive heating of a cold slab
in the mantle (more details appear in the caption).
Assuming an initial serpentinized layer of 20 km in
thickness (possibly a conservative estimate), a 7.5-km
thick crust is sufficient to insulate the entire hydrous
core below 600 °C for about 20 Myr after subduction.

Even after 50 Myr, about 10 km of hydrous core
remains (Fig. 2A). In 20 Myr, 1000 km of slab would
have been subducted at a typical rate of 50 mm/yr. With
a dip angle of 60°, common for most modern
subduction zones [34], such a slab would surely have
entered the mantle transition zone or even possibly the
lower mantle. Thus, if serpentinization can extend
∼20–30 km into the oceanic lithosphere, a hydrated
zone, made up of serpentine (at low pressure) or
hydrous phase A (at high pressure), can persist in the
core of subducting slabs for tens of millions of years.
Above the serpentinite layer, the basaltic oceanic crust
would have dehydrated and eclogitized as it heats up
quickly (Fig. 1B) [35].

3. Separation along the serpentinite layer by
compositionally induced buoyancy forces

Owing to the presence of garnet and omphacitic
clinopyroxene, eclogitized oceanic crust would be 2–4%
more dense (3400–3500 kg/m3) than fertile peridotite
(3350 kg/m3) at a given pressure and temperature
(Fig. 1B). In contrast, were it not for a difference in
temperature, the mantle residuum portion of the sub-
ducted oceanic lithosphere should be only slightly less
dense than the fertile peridotite of the ambient mantle
through which the slab is passing (maximum difference in
density is 2% for the most depleted residuum [36]). Thus,
while the sinking slab as a whole is negatively buoyant
because of its low overall temperature (Fig. 1B), stronger
negative buoyancy forces act on the eclogitized oceanic
crust than on the lithospheric mantle, because each of
these slab components has a different contrast in density
relative to the ambient fertile mantle. As the dipping slab
sinks, the differential buoyancy across the weak serpenti-
nite layer would drive relative slip between the oceanic
crust and lithospheric mantle, provided that the serpenti-
nite layer is weak enough to allow decoupling. Next, we
explore the conditions under which decouplingwill occur.

Because we are primarily interested in the relative
slip between the crust and lithospheric mantle, we use
the latter as the frame of reference in the following
formulation, eliminating the need to consider the overall
sinking of the lithospheric mantle. The shear force F-

COMP caused by differential buoyancy between the
eclogite and lithospheric mantle across the weak
serpentinite layer is (Fig. 1B)

FCOMP ¼ ðDqEhEA−DqLMhLMAÞgsinh ð1Þ
where the compositional density differenceΔρi between
a given layer (i) and the reference ambient mantle (o) is
given byΔρi=ρi−ρo, g is the gravitational acceleration,
hi the thickness of a given layer, A the surface area of the
slab, and θ the local slab dip.

This buoyancy-induced shear force must be balanced
by viscous resisting forces from the serpentinite layer and
ambient mantle. The total viscous resisting force on the
eclogite slab is then

Fdrag / ðgo �emantle þ gS �eserpÞA ð2Þ
where ηo is the viscosity of the ambient mantle, ηS the
viscosity of the serpentinite layer, ε˙mantle the strain rate in



Fig. 2. (A) Thermal profile of an oceanic lithosphere as a function of time since subduction. Pure conductive cooling is assumed (the initial thermal
profile corresponds to a 50 Myr old slab with its top and bottom held at 1400 °C). The colored bar at the top of the figure refers to the pre-subduction
structure of the oceanic lithosphere. The long horizontal bar (in beige) represents the approximate temperature (600–700 °C) above which serpentine
or its equivalent high pressure hydrous phases break down (effect of pressure is ignored here). Short horizontal bars (in light blue) denote how the
thickness of the serpentinite layer evolves with time due to progressive warming of the slab's interior (numbers mark Myr since subduction).
(B) Effective viscosity of the subducted slab and surrounding mantle as a function of time, following temperatures estimated in panel A. We used
known non-Newtonian rheology of wet olivine [38] and assumed a background differential stress of 0.3 MPa). The region outlined by dashed lines
denotes a weak serpentine layer. (C) Calculated slip velocity U between eclogitic crust and the lithospheric mantleas a function of the thickness of the
serpentinite layer (hS) for three different density contrasts (kg/m

3) between eclogite and ambient mantle (as a conservative estimate of slip velocity, we
assume that there is no compositional density contrast between the residual mantle layer and the ambient mantle). Viscosities of the ambient mantle
and the serpentinite layer are set at 1019 Pa s and 1018 Pa s, respectively. Thickness of lithospheric mantle (excluding serpentinite layer) and
eclogitized oceanic crust are assumed to be 50 and 10 km, respectively. (D) Effects of varying viscosity of the ambient mantle on slip-velocity (U ).
Values of other parameters are the same as those for panel C.
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the ambient mantle, and ε˙serp the strain rate in the
serpentinite layer. Here, we assume a Newtonian (linear
dependence of strain rate on stress) rheology for simplicity
and for lack of a precise flow law for serpentine, thus ηo
and ηS are effective viscosities [20,37]. In any case, the
assumption of aNewtonian rheology leads to conservative
estimates of strain rates as a power-law dependence on
stress would result in a dynamic increase in strain rates.

Once normalized by appropriate deformation
length-scales (i.e., the thickness of the boundary
layers over which deformation occurs), strain rates
scale with the slip velocity, U, so Eq. (2) becomes

Fdrag / go
U
hE

þ gS
U
hS

� �
A ð3Þ
where the lengthscales of deformation in the
ambient mantle and the serpentinite layer scale as
hE and hS, respectively. Notice that we have used
hE as the deformation lengthscale in the ambient
mantle rather than the half-width of the entire slab,
(hL+hE+hS) / 2. This is because we are looking at
only the relative motion between the eclogitized
oceanic crust and the lithospheric mantle — a
motion superimposed on the overall background
deformation associated with the thermally induced
sinking of the slab. In any case, using any
lengthscale greater than hE in the ambient mantle
would only decrease the calculated drag force,
resulting in even higher estimates of slip velocity
as shown in Eq. (4) below.
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By Eqs. (2) and (3), the velocity at which the eclogite
slab slides relative to the lithospheric mantle scales as

U / ðDqEhE−DqLMhLMÞgsinh
go=hE þ gS=hS

ð4Þ

The viscosity ratio between the ambient mantle and
the serpentinite layer, ηo /ηS, is probably at least 10
because the addition of ppm levels of water to nominally
anhydrous minerals can decrease viscosities by a factor
of 10 ormore [38], hence the presence of enoughwater to
stabilize hydrous minerals, such as serpentine, might be
expected to decrease viscosity even further. This leads to
the following general condition, ηo /hE≫ηS /hS, be-
cause the thickness of the serpentinite layer is likely to be
at least 2 km [39]. In other words, with the weak
serpentinite layer as a zone of mechanical decoupling,
the slip velocity, U, is controlled mainly by the viscous
resisting forces of the ambient mantle and not by that
within the serpentinite layer. In this limit, the velocity
approaches about twice the terminal value (e.g., the
Stoke's settling velocity) for an isolated slab of eclogite
immersed in the ambient mantle (a factor of two comes
from the neglible viscous drag of the serpentinite layer).

We now consider a vertically dipping slab (sin θ=1;
the average dip of a typical slab is about 60° or θ=0.87;
[34]). For three eclogite density contrasts ΔρE of 50,
100, and 150 kg/m3 (for a conservative estimate of slip
velocity, ΔρLM is assumed to be zero), Fig. 2C and D
show values of calculated slip velocity as a function of
serpentinite thicknesses and ambient mantle viscosities.
At an ambient mantle viscosity of 1019 Pa s (see
Fig. 2C), appropriate for the upper mantle near
subduction zones, the slip speed ranges from 20–
80 mm/yr as long as the serpentinite layer is thicker than
∼1 km. These differential velocities are comparable to
overall subduction velocities, so relative sliding across
the serpentinite layer is significant. Using a higher
viscosity of N1020 Pas would decrease the slip
velocities, but such viscosities are more relevant to the
mantle transition zone or the lower mantle than the
upper mantle near subduction zones where slab
segregation could occur at shallow depths as discussed
below.

A key to this point lies in the nature of normal faults
near the outer-rise region of the trench where significant
bending of the lithosphere occurs just before subduc-
tion. Recently, active-source seismic studies showed
that the bending zone of subducting slabs is indeed cut
by numerous normal faults extending well into the
oceanic lithospheric mantle. Moreover, these normal
faults are closely spaced at 5–10-km intervals [25].
Judging from our estimated slip velocities (Fig. 2C
and D), even at a low rate of 10 mm/yr, it takes only
0.5 Myr for the eclogitized oceanic crust to slip a
distance comparable to the spacing of normal faults. We
speculate that these crust-penetrating normal faults,
being weak and oblique to the surface of the subducting
slab, serve as ready launch points for down-sliding
eclogitized oceanic crust to deflect off and eventually
segregate from the underlying lithospheric mantle.
Thus, as long as there is a layer of serpentinite between
the oceanic crust and underlying mantle residuum, the
key conditions necessary for separation of eclogitized
oceanic crust from lithospheric mantle are met well
before the slab enters the transition zone of the mantle
which lies below (depths of about 410–660 km). This
analysis is clearly not an air-tight proof that separation
of eclogitized crust occurs at all subduction zones, but
by virtue of satisfying all requisite conditions, it does
provide strong impetus for pursuing more sophisticated
models and for gathering additional evidence in the
future to test this hypothesis. Numerical studies of
mantle convection that consider low viscosity channels
would thus be of interest [40].

4. The fate of segregated lithospheric components:
generating a stratified mantle

Accepting, as a working hypothesis, that oceanic
crust and lithospheric mantle can be separated during
subduction, speculating on the ultimate fates of
segregated components could lead to new insights
regarding mass fluxes in the mantle. Owing to opposing
compositional buoyancies, the crust and the mantle
residuum should eventually journey to different resting
places in the mantle.

Once thermal re-equilibration is near complete, the
oceanic lithospheric mantle, being slightly lower in Fe
(due to basalt extraction), will be slightly less dense (on
average, up to 1%) than the ambient mantle at all depths
[36]. Given the large volume of oceanic mantle
residuum, even a slightly lower density would result
in significant buoyancy, allowing it to eventually rise to
the upper mantle or possibly even initiate thermal
upwellings.

The eclogitized oceanic crust, on the other hand, has
two potential fates. Above the 660-km seismic discon-
tinuity, eclogite is considerably denser than pyrolite.
Between depths of 660 and 800 km, eclogite is close to
neutrally buoyant, but regains negative buoyancy at
greater depths [41]. Interpretations of seismic tomogra-
phy and a number of other observations, such as patterns
in deep seismicity and fault plane solutions, lateral
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variations in the amplitude of the 660-km discontinuity,
and seismic anisotropy, indicate that many slabs may
stall in the transition zone [42–45]. In this case, one
would expect segregated eclogite to eventually find a
resting place centered near or slightly below the 660-km
discontinuity, where the buoyancy of eclogite is close to
neutral [42,46,47] (case A in Fig. 3).

If subduction extends into the lower mantle
[13,14,42], this scenario does not change provided that
segregation of eclogite is largely complete above the
lower mantle. On the other hand, if a substantial amount
of eclogitic crust accompanies deep-penetrating litho-
spheric mantle, eventual segregation of eclogite blocks
might leave them indefinitely in the lower mantle if the
lower mantle has a largely peridotitic composition
[41,48].

Either way, eclogitic crust and mantle residuum have
intrinsically opposite buoyancies. Once separated, each
component would tend to have different resting
grounds. Could segregation of subducting oceanic
lithosphere lead to an upper mantle that is slightly
depleted in Ca, Al, and Fe compared to the bulk silicate
Earth and a transition zone (or lower mantle) that is
correspondingly enriched in such elements?

Rough estimates suggest that mass fluxes associated
with this process could indeed be significant. Starting
with the modern oceanic crust production rate of
∼3.4 km2/yr [49], an average thickness of 7 km for
oceanic crust and 50 km for the residual mantle
Fig. 3. Cartoon of a subtly stratified mantle envisioned in this paper. Two po
slab stagnates near the bottom of the mantle transition zone, and B) a slab pe
from peridotitic lithospheric mantle well before reaching the 660-km discon
zone and uppermost lower mantle or near the base of the lower mantle for case
the oceanic lithospheric mantle should eventually rise and accumulate in the up
enriched in eclogite, yielding a bulk composition of peridotite mixed with ecl
the bottom of the transition zone is consistent with abundant seismic reflecto
conditions for eclogite segregation are optimal. DMM denotes depleted MO
lithosphere (all these quantities may have been higher
in the past), 2.7×1023 and 2.3×1024 kg of oceanic crust
and lithospheric mantle, respectively, would have been
subducted over the last 4 Gyr. For perspective, these
values equate with 7 and 56 wt.%, respectively, of the
entire mantle. The total mass of lithospheric mantle
subducted is equivalent to the mass of the mantle above
∼1000 km in depth. If all subducted eclogite was stored
between the depths of 400 and 1000 km, it would make
up 26 wt.% of this region. Alternatively, if all the
eclogite was stored in the lower mantle beneath
1000 km, it would make up 11% of this region.

The foregoing calculations, however, are upper
bounds as they ignore the possibility that a certain
fraction of subducted materials might have been
efficiently homogenized on short lengthscales (compa-
rable to the thickness of oceanic crust) and remixed back
into the mantle. Thus, a lower bound of the amount of
stored oceanic crust is also desirable. This quantity can
be extracted from recent estimates of the composition of
the upper mantle from which modern mid-ocean ridge
basalts (MORB) are extracted [5]. This depleted mantle
reservoir is often referred to as the “Depleted MORB
Mantle”. Workman and Hart [5] estimated that the
DMM presently has 3.98 wt.% Al2O3, which is less than
the 4.44 wt.% expected for bulk silicate Earth [50].
Although formation of the continental crust is likely to
be the dominate cause of trace-element depletion in the
DMM, the mass of the continental crust is too small to
ssible scenarios are considered for subducted oceanic lithosphere: A) a
netrates into the lower mantle. In both cases, eclogitic crust segregates
tinuity. Eclogitic crust eventually settles near the base of the transition
s (A) and (B), respectively. Depleted mantle residua making up much of
permost mantle. The transition zone of the mantle may become slightly
ogite (“piclogite”). Our prediction of concentrated eclogite blocks near
rs and scatterers in the Mariana and Izu-Bonin subduction zones where
RB mantle.
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account for the degree of Al depletion [3]. Thus, we take
the low Al2O3 content of DMM as circumstantial
evidence for the preferential return of at least some parts
of the deeply subducted residual lithospheric mantle to
the uppermost parts of the Earth's mantle.

If one then assumes that most of the missing Al lies in
subducted oceanic crust sequestered elsewhere, it can be
shown that DMM would represent the residual after
extracting about 3.8% of a basaltic melt that has∼16 wt.
% Al2O3. If the mass of the DMM makes up the bulk of
the mantle above depths of ∼400 km, the amount of
sequestered eclogitic crust is equivalent to 0.6% of the
entire mantle deeper than 400 km or 2% of the mantle
between depths of 400 and 1000 km or a region in and
around the transition zone. These estimates are about an
order of magnitude less than those calculated above
from subduction rates alone, but the smaller values are
only minimum estimates as the collective size of DMM
may be larger than assumed here. Nevertheless, even
this lower bound implies a significant amount of
sequestered oceanic crust.

The above discussions build upon many previous
studies. For example, significant amounts of seques-
tered oceanic crust have been deemed necessary in order
to remediate various imbalances in trace elements
[4,51–53]. What we have done differently here is to
provide a physical mechanism, whereby separates
oceanic lithospheric mantle from the crust during
subduction, thus allowing the former to eventually
return to the upper mantle and the latter to concentrate
near the bottom of the transition zone or at the base of
the lower mantle.

5. Predictions and implications

We hypothesize that segregation of subducting
oceanic lithosphere results in the formation of a subtly
stratified mantle as depicted schematically in Fig. 3.
Insofar as not all slabs subduct deep into the lower
mantle, the region above the 660-km discontinuity,
being the final resting place for a significant fraction of
buoyant, depleted lithospheric mantle (e.g., [43]), would
progressively become more depleted throughout Earth's
history. The lowermost mantle and the region near the
660-km discontinuity (mid-mantle) are predicted to
become populated by eclogite, so that the bulk
composition of this region might be a mixture of
eclogite and fertile peridotite, tending toward a
“piclogite” composition [46].

In general terms, the notion of widespread, small-
scale heterogeneities in the mantle are consistent with
short-wavelength seismic scatterers observed on a
global scale. Statistical approaches show that above
the 660-km discontinuity, the dominant length-scale of
scatterers is about 4 km with amplitudes of about 3–4%
in rms speed of seismic waves; the corresponding
estimates for the lower mantle are 8 km and 0.5%,
respectively [54,55]. Although the exact properties and
origin of seismic scatterers remain uncertain, their
lengthscales are comparable to the thickness of the
oceanic crust and the spacing of deep-penetrating
normal faults near the outer-rise (5 to 10 km; [25]).

More importantly, observations along modern sub-
duction zones support several key steps leading to the
separation of crust and lithospheric mantle. Currently,
fast subduction of old (thus cold) oceanic lithosphere
occurs mainly along the western Pacific and Indonesia
where conditions are most favorable for preserving low
temperatures in the down-going slab. In particular, a
near-vertical slab is outlined by deep seismicity between
the depths of 200 to 600 km beneath the Mariana trench
where the subducting plate abruptly bends downward
[56]. Such geometry is ideal for generating deep-
penetrating normal faults near the outer-rise, providing
ready pathways for sea-water to hydrate mantle
peridotite. As expected, a layer of serpentinite surely
exists along the subduction zone because pervasive
serpentine diapers are present near the Mariana trench
[57] and subducted serpentinite has been proposed as
part of source materials for arc volcanism [58]. While
there is no direct observation of eclogitized crustal
blocks peeling off from the lithospheric mantle, Eq. (4)
predicts that the steep dip would produce a high relative
slip velocity between the two components of the
subducting Pacific lithosphere. The confluence of
factors favoring eclogite segregation may be the reason
why the best cases for anomalous reflectors/scatterers
near the transition zone of the mantle are observed in the
Mariana and Izu Bonin regions [59–62]. Indeed, most
anomalous scatterers in the mantle are found along
subduction zones of the western Pacific and Indonesia at
depths just below the mantle transition zone (approxi-
mately 800 to 1200 km) [60,62–64].

The segregation of oceanic lithosphere during sub-
duction proposed here leads to several implications.
Preferential retention of eclogite near the bottom of the
transition zone could help explain why the observed
radial-gradient of seismic wave speeds is higher than
those predicted for individual mineral phases [65].
Addition of eclogite into the transition zone would dilute
the influence of olivine. Instead, the higher Al and Ca
content of the resulting mixture could enhance the effects
of Ca-perovskite (which has a higher radial-gradient of
seismic-wave speeds) and/or the effects of orthopyroxene



364 C.-T.A. Lee, W.-P. Chen / Earth and Planetary Science Letters 255 (2007) 357–366
transformation to majorite [46,65]. Quantitative testing of
this hypothesis, however, is beyond the scope of this
paper.

Considering that depleted mantle is intrinsically less
dense than more fertile mantle, over geologic time, even
a slight density difference may lead to gradual
compositional stratification of the mantle, which in
turn could affect the nature of mantle convection. One
current view is that the whole mantle is involved in
convection: some slabs seem to penetrate the 660-km
discontinuity [13] and some hotspots seem to be
connected to deep plumes, which presumably rise from
the deep lower mantle [66]. However, the existence of a
driving force for chemical and density stratification, as
suggested here, would compete against the convective
mass and heat transfer across the transition zone or mid-
mantle. We speculate that this segregation process
should eventually lead to irreversible stratification of
the Earth's mantle [67].

The next question is whether this stratification has
been an ongoing process. As discussed above, the
observed depletion of aluminum in the upper mantle is
not fully compensated by the present mass of the
continental crust and hence requires segregated basaltic
oceanic crust to reside somewhere deep in the mantle.
While these geochemical observations hint that this
segregation process has been operating over a significant
period of Earth's history, we are still left with the
question of when segregation processes began. In this
context, we note that in Earth's early history, the average
temperature of the mantle, although not well-con-
strained, could have been hotter [68]. As such, formation
and preservation of serpentinized lithosphere, a temper-
ature-dependent process, would have been reduced,
minimizing the importance of slab segregation back in
the Archean.

Finally, we speculate that rising of segregated
oceanic lithospheric mantle driven by its slight
chemical buoyancy may help initiate thermal upwel-
lings or even cause chemical upwellings without the
need of associated thermal anomalies. For a coefficient
of thermal expansion of about 3×10−5 °C−1, a 1%
chemical buoyancy associated with a harzburgite
composition is equivalent to ∼+300 °C of a thermal
anomaly, underscoring the potential impact of compo-
sitional buoyancies. Unfortunately, finding evidence for
ancient depleted mantle residua in the source regions of
ocean island basalts is very difficult. Nonethelesss,
recent studies of osmium and hafnium isotopes sug-
gested that such components may exist beneath Hawaii
and the Azores [69–71]. In addition, re-evaluations of
helium partition coefficients suggest that, under some
conditions, heliummay be slightly more compatible than
its radioactive parent uranium [72]. If so, could the high
3He/4He ratios in ocean island basalts derive from
ancient, depleted mantle rather than primordial un-
degassed mantle as traditionally thought [72]? At any
rate, a better understanding of element partitioning in
harzburgitic lithologies seems necessary in order to
identify depleted source components in ocean island
basalts [73].
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