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Abstract

We apply a tool based on element distribution between orthopyroxene and clinopyroxene for quantifying rare earth element
(REE) disequilibria in ultramafic rocks in the subsolidus state. We present case studies of the REE contents of mineral cores in
mantle xenoliths and abyssal peridotites using in situ analytical tools. Even when only mineral cores are measured (to avoid
enriched rims), equilibrium is not always achieved on the mineral scale. Mineral cores in mantle xenoliths are closer to equilibrium
than those in abyssal peridotites even though mantle xenoliths are known to be light REE-contaminated from the host lava. In the
case of the abyssal peridotites, 13 out of 14 are out of equilibrium with the least metasomatized most in disequilibrium and the most
metasomatized closest to equilibrium. We discuss hypotheses for these observations, but regardless of what caused the
disequilibria, this tool allows one to “see through” the effects of secondary processes, such as infiltration by fluid inclusions via
cracks and diffusive exchange between minerals and melts/fluids along grain boundaries. The ease of making in situ REE
measurements makes this tool formidable in identifying different generations of clinopyroxenes in ultramafic lithologies. Such data
will complement the interpretation of isotopic and petrographic studies of continental and oceanic lithospheric mantle.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

There has been a recent increase in the number of
studies on the isotopic signatures of mantle peridotites in
the form of xenoliths, obducted massifs, and exhumed
mantle blocks (e.g., abyssal peridotites in slow spread-
ing ridges). In part, this has been motivated by an
interest in the physical and chemical origins and
evolution of oceanic and continental lithospheric
mantle, but it has also been facilitated by the growing
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availability of multiple-collector inductively coupled
plasma mass spectrometers [1], which have eased the
measurements of samples with low quantities of trace
elements, such as ultramafic rocks.

Of particular concern are radiogenic isotope ratios,
such as 143Nd/144Nd, 176Hf/177Hf, 187Os/188Os,
207Pb/204Pb, 206Pb/204Pb, 208Pb/204Pb, and 87Sr/86Sr.
These isotopes are now so widely used to determine
lithospheric formation ages or the timing and nature of
metasomatic events that they have become standard, if
not required, tools in many geochemical studies of the
lithosphere [2–4]. However, what has not kept up with
the proliferation of isotopic studies is the foundation for
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interpreting whether mantle peridotites are in equilibri-
um with respect to the trace elements relevant to these
isotopic systems.

For example, mantle xenoliths are often contaminat-
ed on grain boundaries by infiltration from the host lava
or recent mantle metasomatism occurring just before
eruption, and such contamination could also work its
way into mineral interiors by solid-state diffusion or as
fluid inclusions along cracks [5,6]. Seeing through these
“secondary” processes is clearly necessary to constrain
the pre-eruptive compositions of a peridotite xenolith.
Similarly, abyssal peridotites, which sample the cold
upper part of the oceanic lithospheric mantle, have often
experienced precipitation of secondary minerals, such as
magmatic clinopyroxene, due to infiltration and subse-
quent freezing in of small amounts of magma. How can
these secondary pyroxenes be distinguished from
primary pyroxenes? While these secondary pyroxenes
can often be identified on the basis of texture and major
element chemistry, this is not always the case.
Secondary pyroxenes could have re-equilibrated in
terms of major elements (e.g., Ca, Fe, Mg), but re-
equilibration of trace elements, such as the rare earth
elements and Hf, may lag substantially due to their
much slower diffusivities ([7]).

Attempts to “see through” recent metasomatism or
contamination have typically relied on measuring
clinopyroxene grains, whose rims or surfaces have
been removed by acid leaching or physical abrasion [8].
The limitations of this approach are that there is no easy
way to develop a systematic mineral cleansing proce-
dure that consistently rids minerals of metasomatized
rims because the extent of disequilibrium varies from
sample to sample. Moreover, these surface-cleansing
procedures will not remove fluid inclusions trapped in
the interior of a mineral. Additional approaches, such as
establishing internal isochrons or checking for major-
element equilibria, are also not ideal. In many mantle
peridotites, only clinopyroxene and garnet have suffi-
ciently high amounts of trace elements for isotopic
measurements (olivine and orthopyroxene are poor in
trace elements), giving at best two point isochrons,
which are effectively meaningless.

As a step towards resolving these problems, we
developed in an earlier manuscript a potentially rapid
and efficient tool for identifying mineral assemblages
that are in rare earth element equilibrium [9]. These
principles are now applied here to natural samples using
in situ trace element data based on in situ analytical
techniques (laser ablation ICP-MS and SIMS). The
utility of this filtering tool is demonstrated in a case
study of peridotite xenoliths and abyssal peridotites. We
show that this new tool provides a framework for
categorizing different generations of metasomatic
events, opening up avenues for further research and
re-interpretation of previous studies.

2. Subsolidus partitioning of rare earth elements

In a previous study [9], we showed that the lattice
strain model of Blundy and Wood [10] for equilibrium
trace element partitioning between mineral and melt
could be modified for subsolidus partitioning between
olivine and pyroxene. For example, equilibrium parti-
tioning of a trivalent trace element, such as a rare earth
element (REE), between orthopyroxene and clinopyr-
oxene Di

opx/cpx is related to its cation radius ri in 8-fold
coordination as follows:

Dopx=cpx
i ¼ Dopx=cpx

Lu expð−4kNA

RT
½ 1
2
ðr2Lu−r 2

i Þ

� ðEopxr
opx
o −Ecpxr

cpx
o Þ þ 1

3
ðr3i −r3LuÞ

� ðEopx−EcpxÞ�Þ
ð1Þ

where DLu
opx/cpx is the partition coefficient of a reference

REE (taken here to be Lu), π is pi, NA is Avogadro's
number, T is temperature (in Kelvin), R is the gas
constant, rLu is the 8-fold cation radius of Lu, ro

opx and
ro
cpx are the optimum site radii of a trivalent cation in
orthopyroxene and clinopyroxene, and Eopx and Ecpx are
the Young's moduli of cation site for orthopyroxene and
clinopyroxene. The partition coefficient of an element
between orthopyroxene and clinopyroxene, Di

opx/cpx,
depends on temperature, pressure and the major-element
composition of the mineral, but all these dependencies,
to first order, are subsumed in the pre-exponential term in
Eq. (1), e.g., DLu

opx/cpx [10–13]. Provided DLu
opx/cpx is

independently known for a given mineral pair, the
equilibrium partition coefficients of the remaining REEs
are predicted precisely. We have chosen DLu

opx/cpx as our
reference element because Lu, being the heaviest REE, is
mildly incompatible during melting, contrasting with the
light REEs (LREEs), which are highly incompatible
during melting. Therefore, in peridotites, Lu is least
likely of all the REEs to be disturbed by metasomatism
and most likely to remain in equilibrium between
minerals [14]. An analogous formulation can be
constructed for olivine/clinopyroxene partitioning.

Equilibrium and disequilibrium REE distribution
between orthopyroxene, clinopyroxene, and olivine is
shown schematically in Fig. 1. At equilibrium, there is a
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negative correlation between Opx/Cpx (Di
opx/cpx) and

Ol/Cpx (Di
ol/cpx) REE ratios when plotted against cat-

ionic radii. Increases in temperature (following the work
of [15]) result in an increase in Opx/Cpx and Ol/Cpx
partition coefficients (Fig. 1). If there has been recent
introduction of a LREE-enriched contaminant or
metasomatic component and if equilibrium between
Opx/Cpx and Ol/Cpx pairs is not re-established, the
trend of Opx/Cpx and Ol/Cpx REE ratios versus
cationic radii will deviate from the equilibrium curves
and yield U-shaped curves (Fig. 1A). Deviations from
equilibrium are most pronounced in the LREEs because
Fig. 1. Diagram shows distribution of a rare earth element (REE) concentra
between olivine (ol) and cpx as a function of trivalent cationic radius in VIII-f
between mineral phases at equilibrium for three different temperatures. Blac
pairs that have been recently re-enriched by a light REE-enriched melt or con
the references to colour in this figure legend, the reader is referred to the we
the proportion of LREE contamination is greatest. This
is because almost all possible contaminants are melts or
fluids and hence they will be most enriched in highly
incompatibles, such as the LREEs, and only slightly
enriched in the moderately incompatibles, such as the
HREEs. Indeed, re-examination of previously published
mineral REE data from mantle xenoliths in this context
reveals that unleached mineral grains plot in the
disequilibrium field while leached mineral grains tend
to lie closer to or on the equilibrium curves.

To summarize, equilibrium partitioning of REEs
between orthopyroxene and clinopyroxene (as well as
tion between A) orthopyroxene (opx) and clinopyroxene (cpx) and B)
old coordination (A°). Red dashed lines show how REEs are distributed
k solid line in each panel shows one example of Opx/Cpx and Ol/Cpx
taminant without re-establishment of equilibrium. (For interpretation of
b version of this article.)
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between olivine and clinopyroxene) should decrease
monotonically with increasing cation radius. This equi-
librium relationship is independent of what the REE
abundance pattern of individual clinopyroxene grains
look like. Deviations from equilibrium are generally
manifested by apparent increases in the ratio of LREEs
between orthopyroxene and clinopyroxene, resulting in
concave-upward patterns on plots of Di

opx/cpx versus
cation radius.

2.1. Applications to mineral cores in mantle xenoliths
and abyssal peridotites

To illustrate the utility of Eq. (1) in quantifying REE
disequilibria, we present here case studies of REE
distribution between orthopyroxene and clinopyroxene
in mantle xenoliths from Dish Hill in southeastern
California (subcontinental lithospheric mantle) and
abyssal peridotites from the Gakkel Ridge (oceanic
lithospheric mantle at a ultraslow-spreading ridge). The
xenolith study represents new laser ablation ICP-MS
measurements on mineral cores from xenoliths collected
by the second author during his dissertation 7 years ago
[16]. The abyssal peridotite data are taken directly from
published secondary ionization mass spectrometry
measurements on mineral cores [17]. Last “equilibra-
tion” temperatures recorded by Ca exchange between
clinopyroxenes and orthopyroxenes in the Dish Hill
xenoliths and Gakkel ridge abyssal peridotites fall
between 900 and 1100 °C.
Table 1
Major elements (weight %)

Sample name Mineral identification SiO2 TiO2 Al2O3 FeO

Dish Hill 120 cpx 50.5 0.45 8.4 3.
opx 53.3 0.08 7.0 7.

Dish Hill 25 ol 40.1 0.02 0.03 9.
cpx 51.9 0.4 6.1 2.
opx 55.4 0.06 4.1 5.

Dish Hill 9 ol 39.8 0.02 0.04 9.
cpx 50.9 0.5 7.2 3.
opx 54.1 0.11 5.3 6.

Dish Hill 32 ol 39.7 0.02 0.01 12.
cpx 52.8 0.08 4.5 3.
opx 55.2 0.06 3.2 7.

Dish Hill 18 ol 40.2 0.03 0.02 10.
ol 40.0 0.01 0.01 10.
cpx 50.7 0.7 7.3 3.
opx 54.6 0.09 4.8 6.

Dish Hill 6 ol 39.9 0.03 0.02 11.
cpx 51.3 0.3 6.5 3.
opx 54.1 0.10 4.7 7.
sp 0.1 0.13 53.6 14.

Electron microprobe data. opx = orthopyroxene, cpx = clinopyroxene, ol =
3. Analytical techniques

3.1. Major elements

Othopyroxene, clinopyroxene, spinel and olivine
crystals were handpicked from coarsely crushed sam-
ples, impregnated into epoxy resin and polished. No
obvious evidence of inclusion could be detected during
grain optical inspections. Major elements (Table 1) were
measured using the Cameca MBX electron Microprobe
at Harvard University following analytical protocol
described in Lee et al. [18].

3.2. Trace elements

LA-ICP-MSwas used to measure rare earth elements as
well as some of the major elements (Mg, Ca, Fe) (Table 2).
Grains analyzed are the same as in the microprobe study.
The ICP-MS used in this work is a ThermoFinnigan
Element 2 at Rice University operated in low resolution
mode (m/Δm=300) for about 100 cycles depending on the
thickness of samples. The ablation setup utilizes a 213 nm
wavelength laser from NewWave. The power output of the
laser is approximately 60W,with pulsing set at 20Hz and a
spot size of 55μm. Transmissionwas typically estimated at
about 105 cps/ppm of La in the BHVO-2 glass standard.
Gas blanks were systematically checked by running 20
cycles of measurements before igniting the laser. They
remained typically lower than 60 cps for rare earth
elements. Drift in ablation yield as well as matrix effects
MgO CaO Na2O NiO Cr2O3 MnO Total

4 14.8 20.3 1.0 0.30 0.12 99.2
0 31.5 0.7 0.08 0.2 0.2 100.1
1 48.3 0.07 0.4 – 0.11 98.1
7 15.4 20.6 1.3 0.8 0.10 99.2
9 33.6 0.6 0.09 0.3 0.15 100.2
7 48.4 0.10 0.3 0.00 0.12 98.4
6 15.9 18.9 1.4 0.8 0.11 99.2
3 32.2 1.0 0.14 0.4 0.11 99.7
1 46.3 0.1 0.4 0.02 0.20 98.8
8 16.1 20.0 1.2 1.0 0.14 99.7
8 32.0 0.9 0.11 0.5 0.22 100.2
3 48.0 0.07 0.4 0.00 0.14 99.2
1 47.8 0.11 0.3 0.01 0.14 98.6
4 15.1 19.7 1.5 0.6 0.07 98.9
7 32.4 0.8 0.11 0.3 0.11 99.8
4 46.8 0.10 0.4 0.01 0.18 98.8
8 15.3 19.6 1.4 0.9 0.13 99.3
3 32.0 0.9 0.10 0.4 0.18 99.8
3 19.3 0.01 0.3 12.0 0.10 99.8

olivine, sp = spinel.
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were controlled by internal normalization [19] using 25Mg.
Accuracy was ensured by external calibration using
standards glasses BCR2g and BHVO2g (reference con-
centrations taken from [20]). Finally, limit of detection for
each analysis was estimated at 3 times the standard
deviation of the background divided by the sensitivity of
the instrument as monitored by 25Mg.

4. Results

Fig. 2 shows the results of orthopyroxene and
clinopyroxene pairs (olivine is also included) in 6
lherzolitic to harzburgitic peridotite xenoliths from Dish
Fig. 2. Results of laser ablation ICP-MSmeasurements for six xenoliths from D
normalized REE contents in Cpx and Opx. B) Primitive mantle-normalized RE
as shown in the legend; colors correspond to specific mineral phases. C) an
between Ol and Cpx plotted against VIII-fold cationic radius. Symbol shap
correspond to the equilibrium partitioning curves at different temperatures as
figure legend, the reader is referred to the web version of this article.)
Hill. Primitive mantle-normalized clinopyroxene REE
patterns are variable, containing flat REE, LREE
depleted and LREE enriched signatures. Two Opx/Cpx
(and at least 4 Ol/Cpx) pairs exhibit LREE disequilib-
rium as exemplified by deviations of the apparent LREE
partition coefficients from the theoretical equilibrium
line. Such disequilibria are most likely due to very
recent introduction of a LREE-enriched contaminant,
such as the host magma. Either some of these minerals
have reacted locally with infiltrating fluids/melts or they
contain LREE-bearing fluid inclusions along intragra-
nular cracks Importantly, the fact that disequilibrium
exists even when mineral cores are measured shows
ish Hill cinder cone in southern California, USA. A) Primitive mantle-
E contents in Ol and Cpx. Samples denoted by different symbol shapes
d D) show apparent partitioning of REEs between Opx and Cpx and
es correspond to the same symbol shapes in A) and B). Dashed lines
shown in Fig. 1. (For interpretation of the references to colour in this
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that, in some cases, no amount of mineral leaching will
remove the effects of recent contamination. This
underscores the extreme caution that must be taken
when interpreting trace-element and isotopic composi-
tions of clinopyroxene grains alone. Thus, analyzing
Opx/Cpx pairs would at the very least provide a
conservative filter for samples in disequilibrium.

The Gakkel Ridge abyssal peridotites [17] have
clinopyroxenes characterized by extremely LREE-
depleted, moderately LREE-depleted, and slightly
LREE-enriched signatures (Fig. 3). Hellebrand et al.
[17] suggested the LREE-depleted samples were formed
by variable degrees of near-fractional melting, whereas
the LREE-enriched samples were formed by melt
infiltration into the lithosphere. Many of the Opx/Cpx
pairs appear to be in LREE disequilibrium. Interestingly,
the LREE-depleted samples are furthest from equilibri-
um while the LREE-enriched samples are closer to
equilibrium. In other words, the more metasomatized
samples appear to be closer in equilibrium.

5. Discussion

5.1. Xenoliths

Based on the above observations, we have confirmed
the well-known fact that LREE-enrichment in mantle
xenoliths is often a manifestation of host lava contam-
ination or recent metasomatism by the pre-eruptive
magmatic precursor [5,6,15]. Essentially, much of the
apparent LREE-enrichments seen in xenoliths can be
Fig. 3. Orthopyroxene and clinopyroxene REE data from the Gakkel ridge a
mantle normalized REE contents in Cpx. B) Same format as in Fig. 2c and
explained by the injection and subsequent freezing in of
small amounts of melt. Our study provides a means of
identifying when mineral pairs are in disequilibrium. We
foresee it being a valuable tool in studies of very small
xenoliths (e.g., cm-size) where interaction with the host
magma might be greatest. However, being able to assess
the degree of disequilibria could open up many new
doors in the studies of mantle xenoliths because many
basaltic magmas, upon closer examination, contain
micro-xenoliths.

5.2. Abyssal peridotites

5.2.1. LREE-enriched peridotites
The abyssal peridotite data are more difficult to

explain. Unlike the xenolith case study, the metasoma-
tized abyssal peridotites appear to be more in equilib-
rium than those having clinopyroxenes with LREE-
depleted signatures. One explanation is that secondary
infiltration of small amounts of magmas not only
precipitated tiny amounts of clinopyroxene but also
facilitated trace element equilibration by rapid diffu-
sional exchange through thin films of melt distributed
along interconnected grain boundaries. An approach to
equilibrium would be further facilitated if melt infiltra-
tion was associated with prolonged porous flow (e.g.
[21,22]) as opposed to the brief injection and freezing in
of the host lava in the case of mantle xenoliths. We thus
speculate that the more protracted timescales and larger
integrated melt/rock ratios associated with porous flow
allows for trace-element re-equilibration and LREE-
byssal peridotites [17]; olivine data were not available. A) Primitive-
d. Symbols as in 3A.
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enrichment whereas the short timescales and low
integrated melt/rock ratios associated with melt infiltra-
tion in mantle xenoliths probably limits diffusive
exchange between minerals and melt. We speculate
that the LREE-enriched abyssal peridotites may have
derived from the deeper (and hence hotter) parts of the
lithospheric mantle, where melts and fluids rising up
through porous flow have much longer to equilibrate
with the lithospheric mantle.

5.2.2. LREE-depleted peridotites
We now address the disequilibrium seen in the

LREE-depleted abyssal peridotites. One possibility may
be elemental fractionations caused by differential solid-
state diffusion rates of the REEs during subsolidus
cooling. At higher temperatures, orthopyroxene can
hold more REEs and the proportional effect is greatest in
LREEs; this effect is shown in Figs. 1 and 3. The
diffusivities of HREEs are at least an order of magnitude
higher than that of LREEs and therefore one might
expect that HREEs would be equilibrated sooner than
the LREEs during cooling [7]. Such a process could in
theory produce apparent U-shaped Di

opx/cpx versus
cationic radii patterns. However, the magnitudes of the
deviations of Di

opx/cpx from equilibrium in some samples
are likely too large to be explained solely by differential
diffusive exchange during cooling. For example, some
samples (257-1 and 313-76) have LREE Opx/Cpx ratios
too high to be explained by any reasonable initial
temperatures. These samples, despite their overall
LREE-depleted signatures, must still have experienced
some re-enrichment in LREEs (enough to affect the Opx
more than the Cpx) yet unlike the LREE-enriched
peridotites, mineral–mineral equilibrium was not re-
established.

A better explanation for disequilibria in the LREE-
depleted harzburgites might be that such peridotites
experienced only limited amounts of melt infiltration
unlike that proposed for the LREE-enriched abyssal
peridotites above. Perhaps the LREE-depleted perido-
tites derive from the cold part of the lithospheric mantle,
where any infiltrating melts quickly freeze in, thereby
preventing re-equilibration. To place this in context, we
can consider some back-of-the-envelope calculations.
Using the clinopyroxene diffusion data of [7,23] as a
guide, it would take only ∼ 15,000 years for a pyroxene
having a 1 mm radius to fully equilibrate in terms of Yb
at lithospheric mantle temperatures (diffusivity of Yb at
1200 °C is∼ 5×10−19 m2/s). For the samemineral grain,
differences in re-equilibration times for two elements
having different diffusivities follow t1/t2=d2/d1, where t
is time and d is diffusivity. For La, which has a diffusivity
of∼ 2×10−20 at 1200 °C, we find that tLa/tYb∼25, which
means that it takes 25 times longer for La to re-equilibrate
than Yb (∼ 400,000 years). If we had used cooler
temperatures, the lag time in equilibration would have
been even longer.

6. Conclusions

A framework for quantifying REE disequilibria
between mineral phases in the subsolidus state was
presented here and its utility demonstrated in peridotite
xenoliths and abyssal peridotites. We confirm the well-
known fact that mantle xenoliths often suffer from
recent metasomatic or contamination effects, but that
their pre-eruptive REE signatures can be determined by
filtering out those in disequilibrium using the simple test
presented here. We also showed that most of the
investigated abyssal peridotites are not in LREE
equilibrium, but the extent of disequilibrium and its
relation to the overall metasomatic signature may shed
light on the origin of abyssal peridotites. Our study
shows that coupling such studies with detailed isotopic
studies and petrography are necessary and will surely be
rewarding, possibly leading to a better understanding of
the origin and chemical evolution of continental and
oceanic lithospheric mantle. We remark that the
approach taken here for REEs can be modified to deal
with other minerals not necessarily confined to
ultramafic compositions. Our model can also in theory
be extended to monovalent alkali Earth elements (Li,
Na, K, Rb, Cs), provided these elements can be
accurately measured by in situ analytical techniques.
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