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Abstract—The upper mantle is widely considered to be heterogeneous, possibly comprising a “marble-cake”
mixture of heterogeneous domains in a relatively well-mixed matrix. The extent to which such domains are
capable of producing and expelling melts with characteristic geochemical signatures upon partial melting,
rather than equilibrating diffusively with surrounding peridotite, is a critical question for the origin of ocean
island basalts (OIB) and mantle heterogeneity, but is poorly constrained. Central to this problem is the
characteristic length scale of heterogeneous domains. If radiogenic osmium signatures in OIB are derived from
discrete domains, then sub-linear correlations between Os isotopes and other geochemical indices, suggesting
melt-melt mixing, may be used to constrain the length scales of these domains. These constraints arise because
partial melts of geochemically distinct domains must segregate from their sources without significant
equilibration with surrounding peridotite. Segregation of partial melts from such domains in upwelling mantle
is promoted by compaction of the domain mineral matrix, and must occur faster than diffusive equilibration
between the domain and its surroundings. Our calculations show that the diffusive equilibration time depends
on the ratios of partition and diffusion coefficients of the partial melt and surrounding peridotite. Comparison
of time scales between diffusion and melt segregation shows that segregation is more rapid than diffusive
equilibration for Os, Sr, Pb, and Nd isotopes if the body widths are greater than tens of centimeter to several
meters, depending on the aspect ratio of the bodies, on the melt fraction at which melt becomes interconnected
in the bodies, and on the diffusivity in the solid. However, because Fe-Mg exchange occurs significantly more
rapidly than equilibration of these isotopes under solid-state and partially molten conditions, it is possible that
some domains can produce melts with Fe/Mg ratios reflecting that of the surrounding mantle but retaining
isotopic signatures of heterogeneous domains. Although more refined estimates on the rates of, and controls
on, Os mobility are needed, our preliminary analysis shows that heterogeneous domains large enough to
remain compositionally distinct in the mantle (as solids) for�109 yr in a marble-cake mantle, can produce and
expel partial melts faster than they equilibrate with surrounding peridotite.Copyright © 2004 Elsevier Ltd

1. INTRODUCTION

Mantle heterogeneity is well established from geochemical
and geophysical studies, but the distribution, scale, magnitude,
and origin of mantle heterogeneities remain controversial
(Brandon et al., 1998; Kamber and Collerson, 1999; Norman
and Garcia, 1999; Rudnick et al., 2000). An essential constraint
on the origin and consequences of mantle heterogeneity is the
scale of heterogeneous domains. Geophysical observations in-
dicate that heterogeneity may be present on the scale of 104 m
or greater, (e.g., Ishii and Tromp, 1999; Kaneshima and Helf-
frich, 1999; Zhao, 2001) but do not currently allow resolution
of finer scale features. Regional geochemical variations of OIB,
however, require mantle heterogeneity on a 103-m scale (Gast
et al., 1964; Zindler and Hart, 1986) and some geochemically-
based models of basalt source regions call on heterogeneities
ranging from decimeter-scale veins found in orogenic perido-
tite massifs (Allègre and Turcotte, 1986; Reisberg et al., 1991)
(but see also Blichert-Toft et al., 1999) to kilometer-scale
bodies of subducted oceanic crust (Hauri, 1996; Hanyu and
Kaneoka, 1997). Presumably, mantle heterogeneities have a

range of scales, but quantitative constraints on their size dis-
tributions in basalt source regions is important because their
dimensions may strongly affect the dynamics of melting and
the geochemistry of integrated melts. Knowledge of their sizes
may also have implications for the possible origins and history
of such domains.

Hofmann and Hart (1978) showed that centimeter-sized het-
erogeneities can remain compositionally distinct in the solid
mantle for billions of years, but that partial melting might
homogenize even much larger bodies (�20 m) over time scales
as short as 105 to 106 yr. Consequently, they argued that small
compositional heterogeneities can be maintained over the life-
time of the Earth, but are erased by diffusion in partially
melting basalt source regions. In recent years, evidence for
small-scale heterogeneities in basalt source regions has
mounted, most notably from trace element and isotopic studies
of melt inclusions in phenocrysts from basalts (Saal et al.,
1998; Sobolev et al., 2000), and apparent isotopic discrepancies
between oceanic basalts and their inferred abyssal peridotite
sources (Salters and Dick, 2002). Partly in response to these
lines of evidence, models invoking decimeter-scale mafic veins
to explain features of basalt geochemistry have proliferated. At
the same time, modern models for melt extraction and U-series
isotopes of oceanic basalts both indicate that melt extraction
time scales are 103 yr or less, rather than the 105 to 106 yr
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considered previously (McKenzie, 2000; Maclennan et al.,
2002). However, with few exceptions (e.g., Phipps Morgan,
1999), there has been little attempt to reconcile these develop-
ments with the paradigm of Hofmann and Hart (1978).

Analysis of the role of small-scale heterogeneities on aggre-
gate basalt compositions has the potential to constrain the
physical dimensions of compositional source domains and
mechanisms of melt transport. In partially molten regions,
chemical heterogeneities can be partly or wholly destroyed by
diffusive interactions with surrounding rock and melt (Hof-
mann and Hart, 1978). However, as detailed below, composi-
tional variations in OIB apparently require that distinct melt
compositions are extracted from heterogeneities before the
geochemical identities of sources are destroyed by diffusion.
Thus, the bodies must be sufficiently large such that melt
segregation is rapid compared to diffusive equilibration with
surrounding mantle, and in theory this places limits on the
length scale of chemical heterogeneities in the melt source.

Many studies of OIB suites have noted near-linear correla-
tions among geochemical parameters (isotopic ratios, trace
element abundances or ratios) and concluded that these are best
explained by mixing between melts, rather than mixing be-
tween source lithologies or between melts and solid reservoirs
(Chen and Frey, 1985; Martin et al., 1994; Class and Goldstein,
1997; Kamber and Collerson, 1999, 2000; Phipps Morgan,
1999; Lassiter et al., 2000; Reiners, 2002). This is because
mixing trends for ratios are strongly non-linear if the contrib-
uting components have strongly contrasting elemental concen-
trations. In many cases it is more reasonable to assume sub-
equal concentrations of elements in distinct partial melts, rather
than in the sources of those melts. If melt-melt mixing is
common in OIB source regions, segregation of partial melts
from their sources must be rapid relative to diffusive homog-
enization and so can be used to constrain the size distribution of
the heterogeneous domains.

In this study, we consider the competing processes of diffu-
sion and melt segregation which determine whether partial

melts preserve the characteristics of their source. We focus on
linear correlations of Os isotopes with other geochemical spe-
cies in OIB suites, because the contrasts in Os concentrations
and isotope ratios between peridotites and pyroxenites make
the Os geochemistry of lavas highly sensitive to melt segrega-
tion processes.

2. CONSTRAINTS FROM OSMIUM ISOTOPES OF OIB

Key evidence for the possible presence and dimension of
mafic lithologies in the source regions of OIB may come from
Os isotopes. This is because widespread radiogenic Os isotopic
ratios of OIB are not consistent with an origin solely from
typical peridotitic sources, which are characterized by rela-
tively unradiogenic Os. The radiogenic Os of OIB suggests
participation of mafic lithologies (pyroxenite and eclogite),
which have highly radiogenic Os (Fig. 1) (e.g., Hauri and Hart,
1993; Schiano et al., 1997; Lassiter et al., 2000). Importantly,
most mafic lithologies likely to be present in the mantle, here-
after called pyroxenites (e.g., Hirschmann and Stolper, 1996),
have much lower Os concentrations than peridotite (Fig. 1). In
contrast, concentrations of incompatible trace elements, such as
Sr, Nd and Pb, are generally higher in pyroxenite than perido-
tite (Hirschmann and Stolper, 1996, and references therein),
indicating that interaction of pyroxenite or pyroxenite-derived
melt with peridotite could easily obliterate the pyroxenite’s
radiogenic Os signature but may not affect significantly its
signature in incompatible tracers.

In a number of prominent OIB case studies, Os isotopes
correlate nearly linearly with other isotope ratios and trace
element abundances (Figs. 2a–2d). Such trends are significant
evidence favoring mixing of melts from distinct sources. Melts
derived from varying proportions of solid-solid mixing (i.e.,
solid mixtures of peridotite and pyroxenite) will form strongly
curved mixing trajectories (Fig. 2e) because of the large dif-
ferences in Os-incompatible element ratios between peridotite
and pyroxenite (Hauri and Hart, 1993; Class and Goldstein,

Fig. 1. Variations of Os isotopic ratios and concentrations in peridotite, pyroxenite, OIB and MORB. Large solid symbols
are the model compositions for pyroxenite (A, B), pyroxenite partial melt (C), peridotite (D), and peridotite partial melt (E)
used in the mixing calculations for Figure 2e. Data are from Reisberg et al. (1991), Carlson and Irving (1994), Pearson et
al. (1995), Kumar et al. (1996), McBride et al. (1996), Roy-Barman et al. (1996), Esperanca et al. (1997), Olive et al. (1997),
Becker (2000), Lassiter et al. (2000), Becker et al. (2001), Saal et al. (2001), and the Os-isotope database of Woods Hole
Oceanographic Institution (http://www.whoi.edu/NobleMetals).

346 T. Kogiso, M. M. Hirschmann, and P. W. Reiners



Fig. 2. (a) to (d) Examples of the linear correlations between Os isotopes and other isotopic ratios and trace element
concentrations observed in OIB suites. (a) Tholeiitic lavas from Mauna Loa, Hawaii Island (Hauri and Kurz, 1997). (b)
Basanites from La Palma Island, Canary (Marcantonio et al., 1995). (c) Alkali olivine basalts and nephelinites from eight
vents of Honolulu Volcanics, Oahu Island, Hawaii (Lassiter et al., 2000). (d) Alkali basalts and basanites from nine islands
of Cook-Austral chain (Schiano et al., 2001). (e) Comparison of Mauna Loa Os-Sr isotope array (from panel a) with models
of solid-solid and melt-melt mixing from a peridotite-pyroxenite source. Two representative pyroxenite compositions, A and
B, are employed (see Fig. 1 for comparison to natural compositions). Mixing trends are calculated between pyroxenite solid
(A, B) and peridotite solid (D) and between pyroxenite partial melt (C) and peridotite partial melt (E). Compositions of
model end members are A: Os � 10 ppt, 187Os/188Os � 2.0, Sr � 100 ppm, 87Sr/86Sr � 0.7060; B: Os � 100 ppt,
187Os/188Os � 1.0, Sr � 100 ppm, 87Sr/86Sr � 0.7060; C: Os � 10 ppt, 187Os/188Os � 2.0, Sr � 300 ppm, 87Sr/86Sr �
0.7060; D: Os � 3000 ppt, 187Os/188Os � 0.126, Sr � 10 ppm, 87Sr/86Sr � 0.7033; E: Os � 300 ppt, 187Os/188Os � 0.126,
Sr � 200 ppm, 87Sr/86Sr � 0.7033. Tick marks represent proportion of pyroxenite (top two curves) or pyroxenite partial
melt (bottom curve) present in mixture. We assume that preferential melting enhances the proportion of pyroxenite partial
melt by a factor of 3 relative to the proportion of pyroxenite in the source (Hirschmann and Stolper, 1996; Pertermann and
Hirschmann, 2003). Mixing of peridotite and pyroxenite solids produces strongly curved arrays and requires substantial
proportions of pyroxenite (60% for A, 25% for B) to attain 187Os/188Os comparable to the most radiogenic Mauna Loa lavas.
In contrast, mixing of partial melts of peridotite and pyroxenite produces a near linear array and requires � 5% pyroxenite
in the source (�15% pyroxenite partial melt) to reproduce array.
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1997; Becker, 2000). For similar reasons, melt-solid reaction
between pyroxenite melt and peridotite solid would produce
curved trends unlike the examples in Figures 2a to 2d. Even if
these linear trends could be produced by melting of solid
sources containing uniformly and thoroughly mixed peridotite
and pyroxenite in different proportions, the most radiogenic
OIB lavas would require a source with �20 to 95% of the
pyroxenite, more than is geochemically or geodynamically
reasonable (e.g., Brandon et al., 1998; Walker et al., 1999;
Becker, 2000). Similar proportions result from reaction be-
tween pyroxenite partial melt and solid peridotite (Class and
Goldstein, 1997; Hauri, 1997). Thus, if pyroxenite is the source
of radiogenic Os in OIB, it cannot mix or exchange with
significant amounts of solid peridotite.

Mixing between partial melts of pyroxenite and partial melts
of peridotite could occur in the mantle or crust and could
explain near-linear trends between 187Os/188Os and incompat-
ible tracers. Os concentrations in partial melts of peridotite
should be much less than in the bulk rock, so long as sulfide
remains in the residue (Hart and Ravizza, 1996; Blusztajn et al.,
2000; Burton et al., 2000). In contrast, partial melts of pyrox-
enite should have Os concentrations similar to their source, as
relatively high degrees of melting and exhaustion of residual
sulfides are expected. Thus, Os concentration contrasts between
partial melts from the two lithologies may be much smaller
than between the two solids. On the other hand, concentrations
of incompatible elements in pyroxenite are higher than in
peridotite, and higher degrees of melting of pyroxenite relative
to peridotite result in smaller contrasts incompatible element
concentrations between the two partial melts. As a result, the
contrast in Os-incompatible element ratios between pyroxenite-
derived melt and peridotite-derived melt will likely be suffi-
ciently small such that mixing of the two melts forms near-
linear trends between 187Os/188Os and incompatible tracers
such as 87Sr/86Sr (Fig. 2e). Furthermore, only modest propor-
tions of pyroxenite would be required to span the range of
187Os/188Os observed (Fig. 2e). Because preferential melting of
pyroxenite relative to peridotite (Hirschmann and Stolper,
1996; Pertermann and Hirschmann, 2003) also decreases the
proportion of pyroxenite source rock required, the most radio-
genic Os and Sr isotopic ratios found in Mauna Loa lavas
require only �5% pyroxenite in the source in the model shown
in Figure 2e.

It is important to recognize that many basalts are Os-poor,
and so are potentially contaminated by radiogenic Os by crustal
contamination or sea-water alteration (e.g., Reisberg et al.,
1993; Marcantonio et al., 1995). However, as shown in Figure
1, radiogenic 187Os/188Os is also a feature of Os-rich (100–
1000 ppt Os) OIB, which are less likely to be affected by
shallow contamination (Hauri et al., 1996; Brandon et al., 1999;
Walker et al., 1999; Bennet et al., 2000). Further, processes that
could impart radiogenic Os signatures to relatively primitive
magmas should be detectable from other geochemical param-
eters (e.g., Reisberg et al., 1993; Widom et al., 1999; Lassiter
et al., 2000; Carlson and Nowell, 2001). Evidence for a deep
origin for radiogenic Os in mantle-derived magmas is also
provided by radiogenic 187Os/188Os in mantle dunites, which is
believed to result from extensive reaction between peridotite
with radiogenic melts (Burton et al., 2000; Becker et al., 2001;

Büchl et al., 2002). Thus, radiogenic Os in OIB (Fig. 1)
requires a source in the mantle.

An alternative explanation for radiogenic Os in OIB is that it
represents small contributions of the outer core to deep-sourced
mantle plumes (Walker et al., 1995). Brandon et al. (1998,
1999) noted that recycled crust might explain correlated en-
richments of 186Os/188Os and 187Os/188Os observed in Hawaii,
but preferred the core as a source because the proportion of
recycled crust required to account for both high 186Os/188Os
and 187Os/188Os seemed to them untenable. Similar objections
to recycled sources of radiogenic 187Os/188Os in the Gorgona
plume have been raised by Walker (1999). However, only
modest proportions of a recycled component are needed if
melt-melt mixing is responsible for 187Os/188Os variations in
OIB (Fig. 2). Also, Brandon et al. (1999) noted that the data
then available did not include potential sources of recycled
materials with Pt/Re ratios large enough to explain the steep
186Os/188Os vs. 187Os/188Os trend of Hawaiian lavas. However,
recently published studies reveal that a range of lithologies,
including harzburgite from Troodos Ophiolite (Büchl et al.,
2002), mantle xenoliths from the Sierra Nevada (Lee, 2002)
and metalliferous sediments (Ravizza et al., 2001) have Pt/Re
ratios at least as high as that required for the high 186Os/187Os
component in Hawaii. Finally, it seems unlikely that a core
component can explain near-linear correlations between 187Os/
188Os and incompatible tracers (Fig. 2), and so a recycled
component seems a better explanation for radiogenic 186Os/
188Os and 187Os/188Os in Hawaii.

In summary, significant circumstantial evidence suggests
that radiogenic 187Os/188Os in OIB (Fig. 1) derives from py-
roxenite in the OIB source. If this is so, then near-linear
correlations between Os isotopes and incompatible tracers in
OIB (Fig. 2) are best explained by mixing between partial melts
derived from pyroxenite and peridotite. In the next section, we
summarize the conditions under which mixing between melts
from distinct sources is possible, and consider how it can be
used to constrain the length scales of pyroxenite domains in
OIB sources.

3. PERIDOTITE-PYROXENITE INTERACTIONS IN THE
MANTLE

Mixing between melts derived from pyroxenite and perido-
tite is only interpretable if each melt preserves the geochemical
character of its source until mixing occurs. As illustrated in
Figure 3, this requires that (I) before melting, solid pyroxenite
must not equilibrate with peridotite, (II) melt must be separated
from the pyroxenite source more rapidly than diffusive equil-
ibration between partially molten pyroxenite and surrounding
peridotite, and (III) the separated melt must retain the charac-
teristics of its source during transport to the locus of mixing.
Here we outline the approaches we take to address these
problems in this study. A critical aspect of our analysis is that
we recognize initial separation of melt from its source (II) and
transport of melt through overlying mantle (III) as distinct
processes. It is the former that provides the most direct con-
straints on the length scale of source heterogeneities.

The chief parameter influencing process (I) is the dimension
of pyroxenite needed to maintain geochemical isolation during
extended (108–109 yr) residence in the mantle. A generalized
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version of this problem was evaluated by Hofmann and Hart
(1978). Perhaps most important for the viability of mantle
heterogeneities in basalt petrogenesis is whether bodies that
survive extended solid-state residence in the mantle (I) are
large enough to allow rapid separation of geochemically dis-
tinct melt (II).

The next topic we consider is production of geochemically
distinct melts from pyroxenite sources. In or near the source
region, this is a question of competition between melt segre-
gation and wall-rock equilibration time scales (II), and has
received little quantitative attention previously. Pyroxenite do-
mains in upwelling mantle start melting at greater depths than
the surrounding peridotite (Fig. 3) (Yasuda et al., 1994; Per-
termann and Hirschmann, 2003). As we will show, for partially
molten pyroxenite bodies, the relative time scales of melt
segregation and equilibration with solid peridotite wall-rock
depend on the length scale of the domains. Thus, if geochemi-
cal observations (e.g., Os isotope correlations) require segre-
gation of melts from pyroxenite residues before their character
is destroyed by diffusive equilibration with surrounding peri-
dotite, the minimum length scales of heterogeneous domains
are constrained.

Preservation of source signatures during melt extraction and
transport through the mantle (III) is one of the critical factors
influencing the geochemistry of mantle-derived magmas. Con-
sequently, it has been addressed in numerous studies (e.g.,
Spiegelman and Kenyon, 1992; Iwamori, 1993; Hauri, 1997;
Kelemen et al., 1997). Owing to the large Os partition coeffi-
cient between peridotite residual mineralogies and silicate melt,
grain-scale porous flow through peridotite should destroy ra-
diogenic Os signatures of percolating melts after not more than
200 m transport (Hauri and Kurz, 1997). Thus, OIB with

radiogenic Os require that magmas migrate from radiogenic Os
sources (such as pyroxenite) to the surface without extensive
reaction with typical peridotite. Such melts must ascend with-
out extensive interaction (e.g., via fractures) or via restricted
porous channels at high melt/rock ratio, as evidenced perhaps
by radiogenic Os in dunite conduits (Burton et al., 2000;
Becker et al., 2001; Büchl et al., 2002). This inference is
consistent with trace element systematics of oceanic basalts,
which do not show significant effects of chromatographic ef-
fects of melt-rock interactions (Hauri and Kurz, 1997; Reiners,
1998). The main aim of this paper is to constrain length scales
of pyroxenite domains by focusing on process (II), so we do not
address the issue of transport in detail. But in the “Discussion”
we consider how melting and segregation from heterogeneities
may aid rapid transport of enriched melts through the overlying
mantle.

3.1. Subsolidus Interactions

Pyroxenites may originate by many different processes (Hir-
schmann and Stolper, 1996), but subducted oceanic crust is the
volumetrically dominant potential source. Before entering the
source regions of modern basalts, recycled oceanic crust likely
undergoes a complex chemical and physical evolution. In ad-
dition to effects during subduction (e.g., McCulloch and Gam-
ble, 1991; Kogiso et al., 1997), significant changes may occur
during the subsequent interval before recirculation to basalt
source regions. Associated processes are difficult to quantify
because recycled components may reside in one or several
different environments, including the upper mantle, transition
zone, lower mantle, and core-mantle boundary.

Sections of subducted crust originate as bodies several km

Fig. 3. Schematic illustration of partial melting processes of heterogeneous mantle. Mixing of pyroxenite partial melt with
peridotite partial melt, inferred from Os isotopes (Fig. 2e), requires the following: (1) before melting, the geochemical
character of pyroxenite bodies within upwelling peridotite is preserved. (2) Once partial melting of pyroxenite begins, melts
segregate from pyroxenite sources faster than they equilibrate diffusively with peridotite. (3) Once segregated from their
pyroxenite source, partial melts traverse peridotite without extensive exchange with large volumes of peridotite. Pyroxenite
partial melts mix with peridotite partial melts either in magma chambers, melt-filled channels or in conduits that experience
high melt/rock ratios.
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thick, but convective stretching reduces their widths exponen-
tially with time (Allègre and Turcotte, 1986; Kellogg and
Turcotte, 1990). Simple two-dimensional parameterization of
convective thinning suggests that subducted crust is stretched
to subcentimeter widths in � 1 billion years (Kellogg and
Turcotte, 1990). Consideration of convection in three dimen-
sions (van Keken and Zhong, 1999) and the likely enhanced
viscosity of recycled crust in the transition zone and lower
mantle (Merveilleux du Vignaux and Fleitout, 2001) suggests
much longer stretching times. In the absence of melting, de-
struction of heterogeneities occurs via diffusion, but melt-
absent diffusive homogenization is effective only over a few
tens of centimeters on billion-year time scales (Hofmann and
Hart, 1978).

Subducted oceanic crust transforms to a silica-saturated py-
roxenite, which cannot be in equilibrium with olivine or its
polymorphs in the upper mantle or with ferropericlase in the
lower mantle. Consequently, reaction skarns rich in orthopy-
roxene (opx) (or its high-pressure equivalent) should form at
peridotite/pyroxenite interfaces. Growth of a medial opx layer
between olivine and a silica phase is controlled by interdiffu-
sion of Mg, Fe and Si along opx grain boundaries (Fisler et al.,
1997; Yund, 1997; Milke et al., 2001). The experiments of
Fisler et al. (1997), when adjusted to typical (1 mm) mantle
grain sizes, predict growth of a 40 to 90 cm wide opx layer
between silica and forsterite over 2 billion years at 1350 to
1450°C, respectively. However, the opx-rich layer likely to
grow between peridotite and pyroxenite layers should be thin-
ner. This is because the actual mode of free silica in pyroxenite
is no more than a few percent, so the flux of silica to the
growing layer would be mediated by diffusion within other
phases and/or grain boundaries. Also, reaction layer growth is
likely retarded in the lower mantle, owing to very slow Si
diffusion in Mg-perovskite (Yamazaki et al., 2000). Convective
stretching would reduce the thickness of both the pyroxenite
and the opx-rich layer as the latter grows, and so the resulting
spatial scales will depend on the relative rates of these pro-
cesses. Medial opx growth may produce the websterite bands
common in orogenic lherzolites (e.g., Bodinier et al., 1987;
Kumar et al., 1996) and olivine websterite xenoliths such as the
well-known HK-66 nodule from Salt Lake Crater, Hawaii
(Kushiro et al., 1968; I. Kushiro, personal communication
2001).

3.2. Interactions in Basalt Source Regions

In upwelling mantle, pyroxenite domains begin to partially
melt surrounded by unmelted peridotite (Yasuda et al., 1994;
Pertermann and Hirschmann, 2003), and so the mechanisms
and time scales of melt segregation may be distinct from those
prevailing in large columns of partially molten peridotite. After
the onset of partial melting in pyroxenite, equilibration of the
melt with surrounding mantle can be promoted by diffusion of
chemical species through an interconnected network of melt-
filled tubules. At the same time, separation of melt from resid-
ual pyroxenite can occur either by infiltration into surrounding
peridotite (Daines and Kohlstedt, 1993) or by an internal sep-
aration process yielding melt-rich and crystal-rich subregions
in the former solid pyroxenite body. Internal segregation could
occur by compaction of the solid matrix (McKenzie, 1984) or,

if infiltration and compaction are slow relative to melting,
disaggregation and crystal settling of the pyroxenite matrix at
high melt fraction.

Infiltration of partial melts into surrounding peridotite can
only occur if surrounding peridotite has finite permeability,
which requires survival of liquid percolating into grain bound-
aries of peridotite. Crystallization of such liquids upon contact
with peridotite would eliminate permeability and prevent fur-
ther infiltration (Daines and Kohlstedt, 1993). If pyroxenite
begins to melt at temperatures well below the peridotite solidus,
the composition of partial melt will determine whether the
reaction between melt and peridotite promotes or impedes
infiltration. Partial melts of MORB-like pyroxenite are silica-
saturated and will crystallize upon contact with peridotite,
resulting in formation of opx-rich bands at peridotite/pyroxen-
ite interfaces (Yaxley and Green, 1998; Takahashi and Naka-
jima, 2002). Preexisting opx-rich bands formed below the
solidus (see section 3.1) may simply grow. Regardless, such
bands impede further infiltration, so reaction between melt in
the interior of the heterogeneity and the surrounding peridotite
proceeds only by diffusion across them. Competition between
this diffusion and segregation by compaction or disaggregation
determines whether partial melts retain or lose the signature of
their source. If partial melt from a pyroxenite body is silica-
undersaturated (Kogiso and Hirschmann, 2001; Hirschmann et
al., 2003), orthopyroxene may dissolve rather than precipitate
at the pyroxenite/peridotite boundary (Bulatov et al., 2002) and
reactive infiltration of melt into the peridotite might proceed
(e.g., Daines and Kohlstedt, 1993; Kelemen et al., 1997; Lund-
strom, 2000).

If infiltration of partial melt into surrounding peridotite is
inhibited, extensive melting, possibly aided by compaction,
could produce melt-rich regions of pyroxenite. These will be
mechanically weak, and the strength contrast relative to solid
peridotite may nucleate mechanical instabilities, even for mod-
est accumulations of melt (Stevenson, 1989). Such instabilities
would presumably cause periodic expulsion of melt into veins
or channels. The occurrence and time-dependence of such
events depend on a range of factors (stresses, mechanical
properties) that are beyond the scope of the present analysis.
We assume that such mechanisms would be rapid relative to
diffusional time scales and that formation of melt-rich regions
is a condition sufficient to yield segregation of compositionally
distinct pyroxenite-derived melts.

3.3. Summary

Mantle pyroxenite domains interact continuously with en-
closing peridotite, and though convective stretching reduces
their size, pyroxenite bodies remain as discrete solid-state en-
tities until they are destroyed by diffusive exchange at pyrox-
enite/peridotite margins. Once pyroxenites begin to partially
melt, diffusive interactions accelerate, thereby aiding in their
destruction. However, partial melts may also segregate from
their source rapidly, and so the geochemical character of melts
segregating from such heterogeneities depends on the relative
rates of melt-aided diffusion, melt segregation, and length scale
of the heterogeneity.
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4. QUANTITATIVE MODELS OF DIFFUSION AND MELT
SEGREGATION

Here we analyze the relationship between length scales of
heterogeneities and time scales of diffusive equilibration and
melt segregation within a partially molten pyroxenite body
surrounded by solid peridotite (process II from section 3 and
Figure 3) based on quantitative models. The time scale of
diffusive equilibration is calculated for one-dimensional diffu-
sion between a small partially molten pyroxenite heterogeneity
and surrounding solid peridotite. We estimate the time scale of
melt segregation from compaction of the partially molten body.
We then compare the two time scales and constrain the size of
body that will allow melt to segregate before diffusive equili-
bration with surrounding peridotite.

4.1. Diffusive Equilibration Within Two-Layer Composite
Media

We consider one-dimensional diffusion in a system consist-
ing of a partially molten pyroxenite region with half width l,
embedded in an infinite reservoir of peridotite (Fig. 3). This
represents the scenario envisioned for the deepest part of a
heterogeneous mantle melting column (e.g., Hirschmann and
Stolper, 1996), in which pyroxenite domains cross their solidi
before, and begin melting at greater depths than, the peridotite
matrix (Fig. 3). For simplicity, we assume no flux between
pyroxenite partial melt and residual minerals. The governing
equations are

���cxm�

�t
� Dxm

�2��cxm�

� x2 � cxs

��

�t
�–l � x � l �

(1)

���1–��cxs�

�t
� Dxs

�2��1–��cxs�

� x2 – cxs

��

�t
�–l � x � l �

(2)

�cpd

�t
� Dpd

�2cpd

� x2 � x � –l, and x � l � (3)

where t is time, x is distance from the center of the partial
molten region, cxm, cxs and cpd are the concentrations of the
diffusing species, Dxm, Dxs, and Dpd are diffusion coefficients
in the pyroxenite partial melt, pyroxenite residual solid and
surrounding solid peridotite, respectively, and � is the porosity
(� melt fraction) of the pyroxenite. Because this system is
symmetric about x � 0, we hereafter consider only the region
of x � 0.

We approximate the fractions of cross-sectional area of the
pyroxenite melt and solid perpendicular to the boundary be-
tween the pyroxenite and peridotite by their volume fractions.
We also assume equilibrium between cxm and cpd at the pyrox-
enite-peridotite boundary and no accumulation of diffusing
component at the boundary. Thus, the boundary conditions are

�Dxm
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� �1–�� Dxs
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� x
� Dpd
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� x
� x � l � (4)
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� x
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where k is the partition coefficient of the diffusing species
between solid peridotite and pyroxenite partial melt.

Here we calculate the simplest case in which � is constant
and the diffusing species is completely incompatible to the
pyroxenite solid (cxs � 0). The latter assumption has the effect
of minimizing calculated diffusion times (i.e., in the real sys-
tem, the finite pyroxenite/melt partition coefficient would lead
to slower diffusive equilibration, and smaller minimum pyrox-
enite domains). The equations are made dimensionless (T �
tDxm/l2, X � x/l) and then solved numerically using the Crank-
Nicolson method (Crank, 1956). We calculate the dimension-
less diffusion time Td, which is that required for the diffusing
species to reach e/(e � 1) (�73%) of its equilibrium concen-
tration (i.e., that attained at T � 	), at which point it has lost its
distinctive chemical signature. Td is a function of melt fraction
and the relative concentrations and diffusivities of the diffusing
species, which can be parameterized as k�, where � � (Dpd/
Dxm)0.5. Calculated values of Td are shown as a function of k�
in Figure 4. The trends in Figure 4 show that Td can be
parameterized as

Td �
4�2

�k��2 �
1

2
(7)

As shown in Figure 4, if k� is 
 �10, Td is independent of k�
and �, and Eqn. 7 reduces to Td � 1/2. This leads to a diffusion
time in the real dimension, td, equal to l2/(2Dxm). Thus, for
large values of k�, homogenization of pyroxenite depends on
diffusion within the pyroxenite body according to normal
�Dxmt relations, but for smaller values k�, it is rate-controlled
by diffusion through the surrounding peridotite.

4.2. Melt Segregation by Compaction

We evaluate the time scale for melt segregation induced by
compaction of the matrix of a partially molten body using the

Fig. 4. Dimensionless diffusion time (Td) plotted against k� (k �
cpd/cxm, � � [Dpd/Dxm]0.5). Symbols are numerical calculations for
various values of �. Solid curves are fits of numerical results given by
Eqn. 7. When � is small or k� is large, the diffusion time is indepen-
dent of k�, meaning that the rate-limiting process is diffusion in the
pyroxenite body (see text).
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model of McKenzie (1984, 1985). For a partially molten body
with height h, the compaction time tc, which is that required to
reduce by a factor of e the mass of melt in the partially molten
region, is described by

tc � � h

	c
�

	c

h �
0 (8)

where the compaction length, 	c, is given by

	c � ��� �
4

3
��k�


(9)

the reference time, 
0, is


0 �
	c

w0�1–��
(10)

and the fluid velocity, w0, is

w0 �
k��1–����s–�m� g

�
(11)

Here, � and � are the effective bulk and shear viscosities of the
matrix, �s and �m are the densities of the matrix and melt, g is
gravitational acceleration,  is the shear viscosity of the melt,
and � is the porosity. k� is the permeability of the matrix,
commonly defined as

k� �
a2�n

b
(12)

where a is the grain size, b is a geometrical constant, and n is
a constant between 1 and 3 (Riley et al., 1990; Daines and
Kohlstedt, 1993). This model is applicable only for the case of
constant �. We consider the case for which the height of the
body is larger than its width; i.e., h � 2l. For bodies with
widths greater than their height, vertical diffusive paths are
shorter than horizontal paths and the length scale for diffusive
equilibration, l, is vertical and therefore equal to h/2.

4.3. Competition Between Diffusive Equilibration and
Melt Segregation

Separation of melt from a pyroxenite source without signif-
icant equilibration with surrounding peridotite depends on the
relative time scales of diffusion and melt segregation in pyrox-
enite domains, which in turn depend on pyroxenite domain size
and other characteristics. Here we examine the critical param-
eters affecting diffusion and melt segregation to see how they
affect the body size for which homogenization is more rapid
than melt separation. Note that this part of the process requires
only that melt-rich areas form in the pyroxenite (process II
from section 3, above); i.e., no assumptions are required about
transport after melt leaves its source.

The models for diffusion and compaction developed here are
applicable only for the case of constant �, and are restricted to
cases in which the melting rate is slow relative to compaction,
such that the porosity remains near the threshold for melt
interconnection (see below). If compaction is slow relative to
the melting rate, the local melt fraction can become large and

the matrix grains will lose contact with one another, allowing
disaggregation; i.e., crystal settling and consequent separation
of partial melt (e.g., Marsh, 1981). In section 5.1 below, we
evaluate the conditions under which disaggregation will occur
more rapidly than compaction. For those cases where disaggre-
gation is more rapid than compaction, survival of distinct
chemical composition of partial melts from a heterogeneity
depends on the competition between diffusion and disaggrega-
tion. Because our diffusion parameterization does not account
explicitly for the effects of changing porosity, we do not model
this competition in detail. However, for a reasonable range of
values of k�, the diffusion time Td for the variable porosity case
will be similar to or longer than for the case where critical
porosity is maintained by compaction, as Td increases with
porosity (Eqn. 7). Therefore, if the melting rate exceeds com-
paction, diffusive equilibration is either little-affected or inhib-
ited, and the size of the body that allows melt to escape before
homogenization with surrounding peridotite is unaffected or
reduced.

4.3.1. Threshold Porosity for Melt Interconnection

As is clear from the above equations and Figure 4, porosity
(�) is the only parameter common to both diffusion and com-
paction time scales, and plays a key role in each. Once melt
pockets in the partially molten body are interconnected along
grain edges, extensive diffusive interaction with the surround-
ing peridotite and melt segregation by compaction may pro-
ceed.

Interconnection of melt in a partially molten body is ex-
pected at any porosity if the dihedral angle is � 60°, and is
achieved for melt fractions equal to a few percent when it
exceeds 60° by small amounts (von Bargen and Waff, 1986).
The dihedral angle for clinopyroxene-melt textures is not well-
known, but could exceed 60° (Toramaru and Fujii, 1986;
Daines and Kohlstedt, 1993). We therefore examine end-mem-
ber values for � of 0.001 and 0.05.

4.3.2. Chief Parameters Affecting Diffusive Equilibration

Aside from porosity, the most important variables influenc-
ing diffusion are k and � (� [Dpd/Dxm]0.5), except when the
product k� is large (
10), whereupon Td becomes insensitive
to k� (Eqn. 7 and Fig. 4). Although partition coefficients and
diffusivities are poorly known for Os, plausible ranges can be
estimated, within which qualitatively similar conclusions re-
sult. Because linear correlations of Os isotopes with incompat-
ible tracers in OIB (Fig. 2) suggest that variations in incom-
patible tracers also originate from mixing between from
pyroxenite- and peridotite-derived liquids, k and � for Sr, Nd
and Pb are also useful for the present analysis.

Estimated values of k, � and diffusivities and their sources
are listed in Table 1. For incompatible elements (Sr, Nd and
Pb), values of k are approximated as bulk partition coefficients
between peridotite and basaltic melt with the assumptions that
these elements in peridotite are partitioned only into clinopy-
roxene and that the mode of clinopyroxene in peridotite is 0.15.
We estimate a value of k for Os of 30 to 300, based on typical
ratios between pyroxenites and peridotites (Fig. 1). For diffu-

352 T. Kogiso, M. M. Hirschmann, and P. W. Reiners



sion in pyroxenite melt (Dxm), we apply the empirical relation-
ship based on ionic charge and radius from Hofmann (1980).

Diffusion in peridotite requires transmission through the
volumetrically dominant phase, olivine, even though most of
the incompatible elements of interest (Sr, Nd, Pb) are concen-
trated in other silicates and most Os resides in sulfide or alloy
(Hart and Ravizza, 1996; Burton et al., 1999, 2000). This
results in reduced flux through the bulk peridotite and an
effective diffusion coefficient of approximately Dpd � Dolivine/K,
where K is the partition coefficient between the chief host
mineral and olivine. Volume diffusion coefficients of all ele-

ments in olivine Dolivine are estimated using the elastic model
of Van Orman et al. (2001) (Table 2). Estimated values of K for
incompatible elements are taken from partition coefficients of
olivine- and clinopyroxene-melt pairs (Table 1) and for Os is
from differences in concentration between sulfides and olivine
in peridotite (Hart and Ravizza, 1996; Burton et al., 1999).

The values of Dpd estimated in Table 1 may be minima if
there are mechanisms of rapid transport additional to lattice
diffusion, such as grain boundary diffusion or through a grain-
boundary molten sulfide phase. Grain boundary diffusion is
generally thought to be inefficient relative to volume diffusion

Table 1. Estimated parameters for diffusion between partially molten pyroxenite and solid peridotite.

Element
Principal

host log Dolivine
a log Kb log Dpd

c log Dxm
d log ke log �

Os Sulfide –16.5 to –16.4 4 to 5 –21.5 to –20.4 –11.0 to –10.7 1.5 to 2.5 –5.4 to –4.7
Sr cpx –16.7 3.4 –20.1 –10.6 –1.8 –4.8
Nd cpx –22.0 3.3 –25.3 –10.9 –1.5 –7.2
Pb cpx –16.6 1.5 –18.1 –10.6 –3.0 –3.8
Fe-Mg ol, cpx –14.3f 0 –14.3 –10.5g –0.5 –1.9

a Diffusion coefficient in olivine calculated using the model of Van Orman et al. (2001). Parameters used in the model are listed in Table 2.
b Partition coefficient between host mineral and olivine. Data source; sulfide-olivine: Hart and Ravizza (1996), Burton et al. (1999); olivine-melt:

McKay (1986), Beattie (1993, 1994), Roeder and Emslie (1970); clinopyroxene (cpx)-melt: Beattie (1993), Hart and Dunn (1993), Hauri et al. (1994),
Putirka (1999).

c � log (Dolivine/K).
d Calculated using the model of Hofmann (1980).
e The values for Os are estimated from typical ratios between pyroxenites and peridotites (Fig. 1), and those for Sr, Nd, and Pb are calculated

assuming that the mode of clinopyroxene in peridotite is 0.15. Data sources are as for K.
f Jurewicz and Watson (1988).
g Kress and Ghiorso (1995).

Table 2. Parameters used to estimate diffusivity in olivine and clinopyroxene.

lnDz � lnDzref

	�0 � b�1–
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Lattice diffusion in olivine estimated from Eqn. 11 of van Orman et al. (2001), where b is defined as Eqn. 10 of Van Orman et al. (2001):

b �
Em

o

R ���/0�

�T
�

1

T� and 	 � �r–rsite�/r0

Parameters at 1300°C are as follows:

Parameter Olivine Clinopyroxenea Description

ln Dzref
	�0 –32.9b –45.8 Hypothetical D for reference ion with “ ideal” radius

E
m

o
250c 330g Activation enthalpy (kJ)

zref 2� 3� Reference charge
�(/0)/�T –1.57d –1.3g Average temperature derivative of shear and bulk

modulus (� 10–4 K–1)
rsite 0.072e 0.105 “ Ideal” cation radius (nm)
r0 0.212f 0.250 Avg. M-O (olivine) and M2-O (cpx) distance (nm)

Parameter Os Sr Nd Pb Description

z 3�, 4�h 2� 3� 2� Ionic charge
ri

i 0.063j, 0.069 0.118 0.1098 0.119 Cation radius (nm)

a Data from Van Orman et al. (2001).
b Estimated to be similar to Fe-Mg interdiffusion coefficient (Jurewicz and Watson, 1988).
c Typical value for olivine (Brady, 1995).
d Anderson and Isaak (1995).
e Ionic radius of Mg2� (Shannon, 1976).
f Brown (1980).
g Not used in Eqn. 10 above. The value for b of cpx is taken from Table 7 of van Orman et al. (2001).
h Most likely oxidation states of Os in the mantle (Borisov and Walker, 2000).
i Shannon (1976)
j Extrapolated from 4�, 5�, 6�, and 7� radii for 6-fold coordination.
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at high temperature (e.g., Joesten, 1991), though quantitative
data for the elements of interest are sparse. On the other hand,
grain boundary diffusion of Os may be significant because Os
is strongly excluded from silicate and oxide mineral lattices
(Watson, 2002). Diffusion through an interconnected intersti-
tial melt phase could be facilitated if oxysulfide liquids have
dihedral angles against silicate minerals � 60° under mantle
conditions (Gaetani and Grove, 1999; Rose and Brenan, 2001).
However, the extreme efficiency of diffusive transport implied
by such a process is not compatible with observed small-scale
isotopic disequilibrium in mantle peridotite (Brandon et al.,
2000; Saal et al., 2001).

Another issue specific to Os diffusion is the potential that
chemical exchange can be inhibited if sulfide grains occur as
inclusions sealed in other phases (Burton et al., 1999). Highly
unradiogenic Os in sulfide and alloy grains from several local-
ities (e.g., Burton et al., 1999; Alard et al., 2002; Malitch, 2002;
Meibom et al., 2002) supports the hypothesis that such shield-
ing occurs in the mantle. However, we do not think that
long-term sequestration of this sort occurs in the convecting
mantle, because new grain boundaries form continuously in the
interiors of mineral grains undergoing creep associated with
convection (Karato and Wu, 1993; Bystricky et al., 2000). Even
if some portion of the Os in peridotite is shielded in inclusions
in minerals, some sulfides in peridotite reside on grain bound-
aries (Burton et al., 1999; Alard et al., 2002). Because Os
isotope ratios of interstitial sulfides are generally more similar
to whole-rock values than those of included sulfides (Burton et
al., 1999; Alard et al., 2002), shielding is not likely to be
effective for Os isotope signatures in the mantle.

4.3.3. Chief Parameters Affecting Compaction

Compaction rates calculated from Eqn. 9 to 13 are influenced
chiefly by matrix viscosity (� � 4/3�), melt viscosity () and
permeability (k�). The viscosity of pyroxenite could vary con-
siderably, depending on mineral mode, clinopyroxene compo-
sition, and temperature. We assume that pyroxenite rheology
depends only on pyroxene properties, as the proportion of
pyroxene in upper mantle pyroxenite is likely to be near 80%
(Pertermann and Hirschmann, 2003). Whereas diopside is quite
strong (Bystricky and Mackwell, 2001), the sodic pyroxene
expected in recycled lithologies in the upper mantle could be
very weak (Stöckhert and Renner, 1998; Jin et al., 2001). For
simplicity, we assume pyroxenite matrix viscosity is 1018 Pa s.

The viscosity of melt also depends on melt composition and
temperature. Pyroxenites produce basaltic to alkali picritic
magmas at high degrees of melting (Kogiso and Hirschmann,
2001; Kogiso et al., 2001; Hirschmann et al., 2003; Pertermann
and Hirschmann, 2003), and viscosities of such melts are
between 1 and 10 Pa s at 1300°C (Scarfe, 1986). Here we use
1 Pa s as a representative value for  of pyroxenite partial melt.
Since partial melts from MORB-like pyroxenite are more si-
licic at lower degrees of melting (Pertermann and Hirschmann,
2003),  could be much larger than 1 Pa s. However, variation
in  within several orders of magnitude does not affect the
calculated results significantly.

The parameters influencing matrix permeability (n and b,
Eqn. 12) depend on dihedral angle and porosity (von Bargen
and Waff, 1986; McKenzie, 1989). The critical melt fraction

for melt interconnection �c may also affect the permeability
(Wark and Watson, 1998). We assume n � 2 and b � 3000
(McKenzie, 2000) and values for other parameters needed for
Eqn. 9 to 11 are given in Table 3.

5. RESULTS AND DISCUSSION

5.1. Survival of Pyroxenite Signature During Partial
Melting

Here we consider whether a particular pyroxenite body will
compact faster than it melts and disaggregates, and then com-
pare the rate of diffusive equilibration with surrounding peri-
dotite relative to the faster of these two segregation processes.
Figure 5 shows whether compaction or disaggregation will
dominate as a function of body height (h) and melting rate. The
shaded regions indicate pyroxenite melting rates appropriate
for upwelling velocities ranging from that beneath a slow-
spreading ridge (1 cm/yr) to beneath the center of a mantle
plume (50 cm/yr). If the ratio of the compaction time to the
disaggregation time is less than 1/e (below curve “A” ), we
assume that compaction is more rapid than melting and so
maintains porosity close to �c. Depending on melting rate, such
conditions apply to bodies with heights larger than �1 cm to
1 m when �c is small (0.001) but to 1 to 100 m bodies for a
larger �c (0.05) because the compaction length is greater for
larger � (McKenzie, 1985).

Having characterized the parameter space in which compac-
tion occurs more rapidly than disaggregation, we can assess the
relative rates of compaction and diffusive equilibration for
bodies of different dimension. The maximum height (h) of
equant bodies (i.e., h � 2l) that will equilibrate diffusively with
surrounding peridotite for a range of k� appear in Figure 5 as
vertical lines. Figure 6 shows the effect of aspect ratio (h/2l) on
the relative time scales of diffusive equilibration and compac-
tion. For a given value of k�, partial melt segregates before
diffusive equilibration with surrounding mantle from a pyrox-
enite body that plots to the right of the vertical line in Figure 5
or of the curve in Figure 6. For domain heights smaller than the
compaction length (i.e., minima in 2l along the curves in Fig.
6), there is an inverse correlation between aspect ratio and
maximum width for diffusive equilibration, that is, increases in
h result in faster compaction, thereby allowing melts from
narrower bodies to segregate before they equilibrate with pe-
ridotite wall-rocks. At a given value of k�, this effect amounts

Table 3. Parameter values used in the calculations of compaction
time.

Parameter Value Description

� � 4/3� 1018a,b Viscosity of pyroxenite solid matrix (Pa s)
 1b,c Viscosity of pyroxenite partial melt (Pa s)
�m 3300 Density of pyroxenite solid matrix (kg/m3)
�s 2800 Density of pyroxenite partial melt (kg/m3)
k� a2�2/3000d Permeability
a 0.001 Grain size (m)
g 10 Acceleration due to gravity (m/s2)

a Jin et al. (2001).
b McKenzie (1985).
c Scarfe (1986).
d McKenzie (2000).
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to a decrease in 2l of about an order of magnitude for an aspect
ratio of 1000 (Fig. 6b). When body heights exceed the com-
paction length, however, compaction times increase (McKen-
zie, 1985), thereby requiring wider bodies for segregation to be
faster than equilibration. Such conditions apply when � is small
(Fig. 6a).

Thus, for large values of � and an aspect ratio of 100, veins
several tens of centimeters wide may expel melts with radio-
genic Os. For other incompatible elements, subcentimeter-size
bodies are large enough to preserve pyroxenite signatures,
although it seems unlikely that our diffusion and melt segre-
gation models give meaningful results for such small bodies.
However, the calculations demonstrate that for k� values rel-
evant to the elements considered (Table 1) and �c on the order
of 0.1 to 5%, heterogeneous domains with aspect ratios of 1 to
100 and widths of approximately a few tens of centimeters to a
few meters can compact and segregate melts without diffusive

equilibration of Os and incompatible tracers with peridotite
matrix.

If grain-boundary diffusion in peridotite is very efficient,
partially molten bodies of pyroxenite homogenize with their
surrounding peridotite more rapidly and wider bodies are re-
quired for preservation of pyroxenite signatures. For example,
if grain boundary transport raises Dpd by 2 orders of magnitude
for Os, then log k� could be as large as �1 (Table 1) and bodies
nearly 10 m wide could be required to allow expulsion of
radiogenic Os from pyroxenite domains (Fig. 6a). Even if it
raises Dpd by 4 orders of magnitude (log k� as large as 0),
bodies 
 10 m may not be required. Thus, it is possible that
radiogenic Os and other pyroxenite signatures can segregate
from rather small sources and even if more rapid diffusive
mechanisms are operative, the bodies could still be of relatively
modest dimension.

The processes considered here may affect major element
compositions of partial melts extracted from pyroxenite bodies.
Based on estimates of k and � values for Fe-Mg exchange

Fig. 5. Comparison between compaction time and disaggregation
time for (a) �c � 0.001 and (b) �c � 0.05 as a function of pyroxenite
body height (h). The disaggregation time is defined as that required for
the porosity to increase from �c to the threshold value for disaggrega-
tion (0.4: Marsh, 1981). Below curve A, the compaction time is 1/e
times shorter than the disaggregation time, and we assume that our
constant-porosity calculations are applicable. Thin vertical lines are the
maximum widths of equant bodies (aspect ratio � h/2l � 1) that will
equilibrate diffusively with surrounding peridotite for a range of k�
values. As schematically illustrated in the inset, for a given value of k�,
partial melt segregates from pyroxenite bodies before diffusive equil-
ibration with surrounding mantle if the pyroxenite body is sufficiently
wide. Shaded area represents melting rate of pyroxenite for a range of
mantle upwelling rates, ranging from that of a slow-spreading ridge
(0.01 m/yr) to a vigorous plume (0.5 m/yr), assuming a relatively high
melt productivity, d�/dz, of 0.02/km (Pertermann and Hirschmann,
2003). If the pyroxenite is assumed to be somewhat more refractory,
constant-porosity calculations apply to greater upwelling rates.

Fig. 6. Maximum sizes of partially molten bodies that will equili-
brate diffusively with surrounding peridotite for a range of aspect ratios
(h/2l). Curves give the critical body widths beyond which melt segre-
gation by compaction is faster than diffusive equilibration at a certain
value of k� and � (schematically shown in the inset). Estimated ranges
of k� for trace elements and Fe-Mg exchange are shown as shaded
regions. Minima in 2l along the curves in panel a (out of range in panel
b) occur at the compaction length (Eqn. 9; see McKenzie, 1985).
Hatched parts of curves and areas indicate the region in which disag-
gregation is more rapid than compaction (equivalent to above curve A
in Fig. 5), where our constant-porosity calculations are not applicable.
This region is calculated for the case of a slow-spreading ridge melting
rate of 10�14/s and would be larger for a faster (plume) melting rate. A
similar region also would appear at values of h higher than those
shown.
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between pyroxenite melt and peridotite (Table 1), pyroxenite
bodies 0.1 to 10 m wide will expel partial melts with original
Fe/Mg ratios for � of 0.001 to 0.05 (Fig. 6). Interestingly, for
a considerable range of parameters (porosity, aspect ratio),
there is an intermediate-size pyroxenite body (tens of centime-
ters to meters) that will equilibrate with peridotite with respect
to Mg#, but not for incompatible tracers (Sr, Nd, Pb) and
possibly not for Os isotopes if the k� value for Os is at the
lower ends of our estimates (Fig. 6). Such bodies could produce
high Mg# partial melts with enriched mantle signatures.

Thus, differing transport properties and distributions of var-
ious chemical tracers can result in decoupling of elemental and
isotopic signatures during partial melting. Bodies greater than
several meters thick may retain all of the signature of their
original source and bodies of centimeter size can retain signa-
tures of slow-diffusing tracers, such as Sr isotopes, but lose
others, such as Mg#.

A key point is that correlations between tracers in magmatic
suites, such as those illustrated in Figure 2, imply that these
tracers are not diffusively decoupled. Thus, a component with
radiogenic Os, Sr, and Pb would presumably derive from
bodies large enough to prevent equilibration of Os, which is the
faster-diffusing element. With sufficiently precise constraints
on the relative diffusivities of components, the presence or
absence of correlations of components with differing diffusivi-
ties may provide improved constraints on the dimensions of
heterogeneous bodies. For example, an absence of correlations
between Os isotopes and Fe/Mg ratios may imply that bodies
are intermediate in dimension between the equilibration lengths
of these two tracers.

5.2. Survival of Heterogeneous Bodies Before Melting

Here we return to the question of the size of bodies that will
retain distinct geochemical signatures in the solid state during
extended residence in the mantle, as these are the minimum
dimensions of heterogeneities that can be delivered to basalt
source regions. Diffusion time scales for solid pyroxenite do-
mains can be calculated using Eqn. 2 to 6, with � � 0 if k in
Eqn. 5 is replaced by ksolid � cpd/cxs. Consequently, Td in Eqn.
7 is calculated in which � is the fraction of pyroxenite solid
(i.e., � � 1), � � �solid � (Dpd/Dxs)

0.5 and T � tDxs/l
2.

Estimated values of ksolid and �solid are listed in Table 4. The
wide range of possible temperatures and pressures experienced
by a pyroxenite domain during extended residence in the man-
tle makes it difficult to estimate the vigor of diffusive exchange
with surrounding peridotite, so we apply diffusivities estimated
for 1300°C, the same as for the partially molten case. Diffusion
of Os in clinopyroxene is estimated using the model of Van
Orman et al. (2001), and those of other elements are taken from
the literature (Table 4). Then Dxs values are calculated taking
into account the effect of Kcpx, the partition coefficient between
host mineral and clinopyroxene; i.e., Dxs � Dcpx/Kcpx. Values
for ksolid are calculated from peridotite-basalt and clinopyrox-
ene-basalt partition coefficients (Table 4).

The resulting calculated equilibration lengths for 109 yr of
residence are plotted against Dxs in Figure 7. Length scales of
diffusive equilibration vary according to the applicable values
of ksolid and �solid for each element. All of the original signa-
tures survive 109 yr of residence in the mantle for bodies larger

than a few meters. Comparison of Figures 6 and 7 shows that
for a given element, bodies that are affected by solid-state
diffusion in 109 yr are similar in width or larger than those that
are affected during melting and segregation. Thus, pyroxenite
bodies large enough to remain compositionally distinct for 109

yr in the mantle can segregate partial melts faster than diffusive
equilibration with surrounding mantle.

5.3. Fate of Melts Expelled From Pyroxenite Domains

Efficient segregation of partial melts from pyroxenite does
not guarantee that the liquids will survive passage through
overlying peridotite. A key point is that pyroxenite heteroge-
neities cannot be the principal source of radiogenic Os in

Table 4. Estimated parameters for subsolidus diffusion between
pyroxenite and peridotite.

Element log Dcpx log Kcpx
a log Dxs

b log ksolid
c log �solid

Os –14.7 to –12.6d 4 to 5e –19.7 to –16.6 1.5 to 2.5 –1.9 to –0.9
Sr –17.9f 0 –17.9 –0.8 –1.1
Nd –19.4g 0 –19.4 –0.8 –2.9
Pb –16.8h 0 –16.8 –0.8 –0.7
Fe-Mg –17.5i 0 –17.5 0 1.6

a Partition coefficient between host mineral and clinopyroxene.
b � log (Dcpx/Kcpx).
c Data sources are as in Table 1.
d Calculated using the model of Van Orman et al. (2001) with

parameters listed in Table 2.
e Assumed to be same as the value for K (Table 1).
f Sneeringer et al. (1984).
g Van Orman et al. (2001).
h Cherniak (2001).
i Dimanov and Sautter (2000).

Fig. 7. Diffusion lengths for solid pyroxenite bodies interacting with
surrounding peridotite, plotted against diffusion coefficient of pyrox-
enite (Dxs) for 109 yr of residence in the mantle. Elements are shown in
shaded fields according to their estimated ranges of Dxs and (k�)solid. In
all case, solid-state diffusion is only effective in bodies less than several
meters wide over this time interval, but the Fe/Mg ratios are affected
for larger bodies than Pb and Sr isotope ratios, and possibly than Os
isotope ratios if the (k�)solid or Dxs value for Os is at the lower ends of
our estimates. We argue that for exchange between subsolidus bodies,
pyroxenites that have had their Fe/Mg ratios altered by exchange with
peridotite can retain exotic isotope signatures owing to differences in
Dxs.
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basalts unless their partial melts escape extensive interaction
with peridotite before mixing with peridotite-derived melt.
Because the upper mantle appears to be dominated by perido-
tite rich in unradiogenic Os (Fig. 1) (Shirey and Walker, 1998;
Meibom et al., 2002), this constraint also applies to any plau-
sible source of radiogenic Os, provided that the length scale of
the radiogenic source is small compared to the transport dis-
tance between the source and the surface. Major element sig-
natures of the pyroxenite source could also be destroyed (Yax-
ley and Green, 1998), though incompatible trace element
signatures may not (Hauri, 1997).

Two processes that may aid transport of melt with pyroxenite
signatures through peridotitic mantle are time-dependent seg-
regation into fractures or other melt-rich bands, as described in
section 3.2, or formation of high melt/rock ratio conduits,
leading to dunite channels (Kelemen et al., 1997; Lundstrom et
al., 2000). Radiogenic Os in dunites may be evidence of the
latter (Burton et al., 2000; Becker et al., 2001). Interestingly,
pyroxenite sources may aid in both processes, as melt-rich
regions in the pyroxenite may nucleate segregations (section
3.2) or aid formation of dunites (Lundstrom et al., 2000).

5.4. Comment on Yaxley and Green (1998)

Yaxley and Green (1998) showed that partial melts of quartz
eclogite freeze when allowed to react with peridotite. In their
view, this freezing-in may fertilize upwelling peridotite just
before it begins to partially melt. The resulting peridotite would
melt at shallower depths according to phase relations little-
different from typical mantle lherzolite, but with trace element
and isotopic enrichments reflecting the pyroxenite contribution.
Although this scenario may be accurate in some cases, it has
three potential shortcomings. First, it cannot explain radiogenic
Os in oceanic basalts, as the Os budget of mantle fertilized in
this way will be dominated by the original peridotite (i.e.,
having unradiogenic Os). Second, it is applicable to pyroxen-
ites that generate silicic liquids but not to nepheline-normative
partial melts expected from silica-deficient pyroxenites (Hir-
schmann et al., 2003). Third, a freezing reaction between silicic
partial melts and peridotite will create a permeability barrier
(section 3.2), thereby trapping melt in peridotite/pyroxenite
reaction zones and preventing pervasive refertilisation of peri-
dotite by this mechanism. Such zones would presumably be-
come overwhelmed with pyroxenite-derived melt, leading to
enriched domains with phase equilibria characteristics unlike
normal peridotite.

6. SUMMARY AND CONCLUDING REMARKS

The radiogenic Os component in OIB may be derived from
pyroxenite domains, so long as mixing between these sources
and non-radiogenic peridotitic Os is between partial melts. Our
analysis shows that pyroxenite bodies submeter to a few meter
wide can retain and produce melts with distinctive geochemical
signatures under typical mantle melting conditions. These di-
mensions are similar to those observed in lithospheric mantle
samples and those expected to result from approximately bil-
lion-year convective stretching of subducted crust. We argue
that this model presents the most satisfactory explanation for
the Os isotope systematics of OIB at the present time, but we

recognize that transport through overlying peridotite remains a
significant problem.

We affirm the conclusion of Hofmann and Hart (1978) that
solid state diffusion has limited effect on mantle heterogene-
ities in the shallow mantle, though much remains to be learned
regarding diffusivities in deep mantle environments. In general,
diffusive interaction with peridotite should cause significant
Mg# increases in pyroxenite over length scales larger than for
most other tracers. Therefore, enriched components in high
Mg# lavas (e.g., Norman and Garcia, 1999; Niu and O’Hara,
2003) may not be strong evidence against pyroxenite sources.

Finally, the style of melting and the dynamics of melt trans-
port associated with pyroxenite sources depend on the size of
the pyroxenite bodies. Small (centimeter-sized) heterogeneous
domains may not contribute significant radiogenic Os to ba-
salts, but if sufficiently abundant they may have measurable
effects on incompatible isotopes (Sr, Nd, Pb) and trace ele-
ments. Larger domains can potentially also affect Os isotope
ratios of basalts. Assuming that radiogenic Os in basalts derives
from pyroxenite, observed correlations between radiogenic Os
and incompatible tracers (Fig. 2) suggest that dimensions of
typical pyroxenite bodies in basalt source regions are large
enough to allow preservation of radiogenic Os isotope signa-
tures.
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