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Abstract

Some hotspot volcanism is likely the surface manifestation of hot upwelling mantle plumes that rise from the core–mantle

boundary (CMB) or from compositional boundaries within the mantle. Plumes that rise from the CMB may generate magmas

that carry compositional information about the diversity of materials present in the lowermost mantle. Some plume-derived

materials have coupled enrichments in 186Os/188Os and 187Os/188Os relative to upper mantle materials. The coupled enrichments

are consistent with Os isotopic compositions predicted for the liquid outer core that might result from elevated Pt/Os and Re/Os

generated via progressive crystallization of a solid inner core over Earth history. If these enrichments are a reflection of core–

mantle interaction, then the mechanisms of material transport between the core and the mantle, rates of whole mantle convection

at present and over time, and cooling histories for the core and the mantle can potentially be constrained. However, fractionation

may also occur between Pt/Re/Os via mantle and crustal processes and in particular, Pt and Pt/Re may be elevated in some

portions of ancient recycled slabs thought to be present in certain plume sources. This possibility brings into question whether

the coupled Os isotope enrichments are a product of core–mantle exchange. Hence, a lively debate over the causes of Os

isotopic heterogeneities in plume-derived materials has ensued. Resolution of this debate has been hampered by limited

constraints on the behavior of these elements in the Earth’s core, mantle and crust. A variety of analytical and experimental tasks

will have to be pursued to test different aspects of both the core–mantle interaction and crustal recycling models, and to further

constrain the behaviors of these elements. These future endeavors may help to unravel the compositional complexities of plume-

derived materials and their mantle sources, and ultimately provide important insights to processes operating at the CMB.

D 2005 Elsevier B.V. All rights reserved.

Keywords: Pt–Re–Os; Hf–W; mantle isotope systematics; core–mantle boundary

1. Introduction

The core–mantle boundary (CMB) may be the

most chemically reactive region of the Earth’s interior

[1,2]. Beneath it the outer core is composed domi-

nantly of Fe- and Ni-rich molten metal with 5 to 10
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wt.% of a light element or elements [3]. Above it the

mantle consists of oxygen- and silica-rich minerals,

and possibly small amounts of melt. At present, there

is a large temperature drop across the CMB of z1000

K [4]. Crystallization of the solid inner core has led to

the production of substantial latent heat in the core,

most of which is transferred from the core to the lower

mantle through the seismically distinct, potentially

reactive layer, termed the DW region [2]. The transport

of this heat drives thermal convection in the liquid

outer core, resulting in the geodynamo that produces

Earth’s magnetic field, and is also at least partially

responsible for convection in the silicate mantle.

Transport of this heat is also intimately related to

the plate tectonic cycle and the chemical evolution of

the Earth’s interior over its history.

A likely consequence of the dramatic thermal and

compositional changes across the CMB is material

transport and chemical exchange between the core and

the mantle. The extent to which elemental exchange

and mass transfer occurs are difficult to predict

because interactions between the outer core and lower

mantle are highly dependent on the properties of the

materials present, such as density, viscosity, conduc-

tivity and composition. The composition and physical

state of materials present at the boundary is currently

highly debated and could be quite diverse. Materials

that could be present in the lowermost mantle include

the residues of early Earth differentiation, subducted

slabs and derivatives thereof, silicate melt, and metal

from the outer core [5–9]. The nature of materials

present in the outermost core could also be more

complex than simple liquid metal. For example, it has

been proposed that the ultra-low velocity zone

(ULVZ) at the base of DW underlying two hotspot-

rich regions of the South-Central Pacific Ocean, and

Africa and surrounding regions [10] may be explained

by silicate dsedimentsT infiltrated by outer core liquid

metal, which have been produced as a result of

oversaturation of light elements in liquid metal as the

solid inner core grew [11]. Alternatively, the ULVZ

may result from melting of silicates [7].

The presence of silicate melt in DW could enhance

the uptake of outer core metal into an upwelling

plume [12]. Furthermore, the periodic variations

(nutation) of the Earth’s rotation requires enhanced

electrical conductivity that cannot result from the

presence of silicates but instead may require a thin

layer (~200 m) of liquid metal [13]. While this layer

may be on either side of the CMB, recent assessments

suggest that this highly conductive layer coincides

with the ULVZ above the CMB [14]. Infiltration of

liquid metal into the mantle might occur via capillary

action, where it is drawn up into the base of DW and is

subsequently oxidized [15]. An aggregate of metal

and silicate matrix may, therefore, be entrained in an

upwelling plume with as much as 5 wt.% metal

incorporated [15].

The emerging view of DW is that while some of the

probable compositional diversity can be attributed to

silicate heterogeneity, outer core materials have likely

infiltrated across the CMB and potentially interacted

with the overlying mantle (Fig. 1). In such a case,

should some plumes arise from DW, chemical/isotopic

evidence for core–mantle exchange might be present

in certain plume-derived magmas. A major challenge

for geochemists is to predict the nature of a core

signature, and, if present, ultimately to identify it in

appropriate materials. For the past decade efforts have

been directed at doing this [17–32]. The results of this

work have spawned a lively debate on which chemical

and isotopic signatures measured in plume-derived

lavas might result from core–mantle interactions as

compared with processes that could occur solely in the

upper mantle or crust (e.g. [31,33–37]).

The stakes of this debate on Earth’s evolution and

dynamics are great. If a core signature can be

unambiguously identified in some plume-derived

materials, then the prevailing dynamic view of the

Earth being driven by plume generation at the CMB,

setting up whole mantle convection and all of the

consequences thereof, is strengthened. Identification

of an outer core signature in materials brought to the

surface might also permit the tracing of mechanisms

of core–mantle exchange, the composition and the

dynamics of the CMB, and the thermal evolution of

the Earth. Some types of signatures, if present, could

even be used to examine the crystallization rate of the

inner core [30]. Alternatively, if the signatures

claimed to be from the outer core in fact have resulted

from mantle or crustal processes, then additional

scenarios to whole mantle convection in the past

and present, such as layered convection, must

continue to be considered (e.g. [38]).

For the past 5 yr, much of the debate has primarily

focused on Os isotopes because, as a highly side-
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rophile element, it is strongly enriched in the core

relative to the mantle, and because the outer core may

have developed a distinct isotopic composition that is

probably unusual within the silicate Earth. Recently,

W isotopes have been added to the fray. Mass

balance arguments require that the core has a

significantly different W isotopic composition com-

pared to the silicate Earth. Tungsten is a moderately

siderophile element, so to a lesser extent than Os, it

too is enriched in the core relative to mantle. Here,

the present state of the debate over Os and W

isotopes for core–mantle interaction is reviewed. The

implications for the mechanisms of core–mantle

exchange based on chemical compositions of plume-

derived materials are discussed. Several alternative

mantle process scenarios have been proposed to

explain existing data and are reviewed here. Finally,

specific tests for how to further constrain the mecha-

nisms that have created the Os isotopic variability and

other possible chemical and isotopic fingerprints of

core–mantle interaction in mantle-derived materials

are presented.

2. Isotopic evidence and mechanisms for

core–mantle interaction

2.1. Osmium isotope evidence for core–mantle

interaction

Recent work has discussed the potential value of

combining the 187Re–187Os and 190Pt–186Os isotopic

systems to sensitively detect core-derived Os in the

sources of some purported plumes that may have risen

from the CMB [17–21,23,30]. The isotope 187Os is

produced from 187Re decay by h
� emission, with a

half-life of ~42 Ga (k=1.666�10�11 yr�1). The

isotope 186Os is produced from 190Pt by a decay,

with a half-life of ~489 Ga (k=1.417�10�12 yr�1,

recalculated based on 190Pt=0.01296 at.% [19,39]).

Because 190Pt is a minor isotope of Pt, in combination

with the small decay constant, this system is very

insensitive to perturbations by most geochemical

processes. Long-term and relatively large fractiona-

tions of Pt from Os are required to produce

measurable differences in 186Os/188Os ratios. The

Fig. 1. Schematic cartoon showing one possible view of the core–mantle boundary underneath hotspots where the ultra-low velocity zone

(ULVZ) is present (following [2,16]). Scale is approximate in vertical direction, no scale for horizontal. Arrows indicate flow orientation in both

the lower mantle and the outer core. Core sediments may accumulate along the irregular core–mantle boundary (CMB) and may be distinct from

the ULVZ as shown, or reside within the ULVZ altogether. Alternatively, the ULVZ may be zones of silicate partial melt. Compositional

heterogeneities (brown and orange) comprised of ancient slab derivatives, melted zones, initial heterogeneities formed from early planetary

differentiation, or all three, are drawn up into upwelling plumes initiated from the ULVZ. Liquid metal from the outer core may infiltrate across

the CMB into the lower mantle and solidify, or may exchange with the surrounding mantle and then drain back into the outer core. Reaction

zones may exist between the lower mantle and outer core. These processes may impart chemical signatures of the outer core into the lower

mantle. These lower mantle materials with outer core signatures may then be drawn up into plumes.
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outer core likely developed higher Pt/Os and Re/Os

relative to chondrites and the Earth’s mantle, owing to

the crystallization of the inner core [17,40]. This

conclusion is based on the assumption that these

elements partition between solid metal and liquid

metal in the Earth’s core in a similar manner to their

partitioning behavior in asteroidal cores where

DOsNDReNDPt (D=solid metal/liquid metal bulk dis-

tribution coefficient)(e.g. [39]). Recent low and high

pressure experiments examining solid metal–liquid

metal partitioning of Re, Os and Pt supports the notion

that the Earth’s outer core may have developed Re/Os

and Pt/Os ratios that are elevated relative to the

chondritic silicate Earth, comparable to the fractiona-

tions observed resulting from similar extents of

crystallization in asteroidal cores [41–44]. Although

the development of coupled 186Os–187Os enrichments

in the outer core now seems to be firmly established,

based on empirical and experimental results, it must

be noted that the magnitude of 186Os/188Os and
187Os/188Os enrichments in the present outer core

are less well constrained because of uncertainties in

the magnitude of Pt/Os and Re/Os fractionations, the

timing of the initiation of crystallization, and growth

rate of the inner core.

Although the level of mass transfer from the outer

core to the lower mantle is presumed to be limited and

probably no more than 0.5 wt.% metal is added to any

portion of the overlying mantle, an Os isotopic

fingerprint of the outer core might be detectable in

derivative lavas generated from plumes rising from

the CMB because the outer core has 100–300 times

higher abundance of Os than the mantle (approxi-

mately 300 ppb to 1 ppm versus 3 ppb, respectively

[30]). Coupled 186Os–187Os enrichments comparable

to those predicted for outer core–lower mantle mixing

[17] have been found via high precision isotope

analyses of Hawaiian picrites [20,23], one Noril’sk

ore representative of the 251 Ma Siberian Flood

Basalt Province [19], and the 89 Ma Gorgona

komatiites [30] (Fig. 2). The Os isotope systematics

of these presumed major plume-derived systems are

distinct from those of typical upper mantle materials.

The Hawaii and Gorgona samples, with the exception

of two Hawaiian Koolau flows that show strong

evidence for ancient recycled crust components in

their source [45,46], plot as linear arrays that converge

to a common Os isotopic component (COs). These

arrays have been interpreted to reflect mixing of

material similar to the upper mantle and a single

uniform source with coupled l87Os and 186Os enrich-

ment. If this interpretation is correct, the homogenous

source of enriched l86Os and l87Os must extend over a

wide region of the Earth’s interior that encompasses

the sources of at least these three plumes. These

arguments, combined with evidence for the partition-

ing behavior between Pt, Re and Os, have led to the

hypothesis that the present outer core has an Os

isotopic composition consistent with that of the COs

(Fig. 2). If so, this has implications for the timescales

of inner core crystallization and cooling models for

the Earth [30].

2.2. Tungsten isotopes as a potential tracer of core–

mantle interaction

In addition to Os isotopes, the isotopic composition

of W can potentially be used to detect the presence of

core material in plume-derived materials [31]. The

isotope l82Wis produced by decay of l82Hf, which has a

half-life of only ~9 Ma [47]. Because of the short-lived

nature of this system, existing W isotopic heterogene-

ities within the Earth were created during the first ~50

Ma of solar system history. Tungsten behaves as a

siderophile element under reducing conditions present

during accretion and metal–silicate segregation [48].

Hafnium is strongly lithophile and is essentially absent

from metallic cores. Consequently, metallic cores have

Hf/W ratios of 0 and retain the isotopic composition of

W at the time of their formation. Depletion of l82W in

iron meteorites [averaging ew=�3.5; where eW is the

enrichment (+) or depletion (�) of l82W relative to a

terrestrial standard in parts per 10,000] relative to

chondrites (ew=�2) demonstrates that l82Hf was extant

in the early solar system, and that for asteroids, metal–

silicate segregation occurred quite early [49,50]. The

Earth’s mantle has a W isotopic composition that is

approximately 2 parts per 10,000 enriched in l82W

(ew=0) relative to chondrites, and by inference, the

bulk Earth [51–53]. Based on core formation models

for the Earth and mass balance, the ew of the core is

estimated to be �2.1 to �2.2 [31,54]. Because the

concentration of W is likely significantly greater in the

core compared to the mantle (400–500 ppb vs. 5–50 of

ppb in the mantle) [3,55,56], then small depletions

in 182W in plume-derived magmas, relative to the
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mantle, may be an expected outcome of core–mantle

interactions.

In order to test whether a W isotopic signature of

core–mantle interaction is present in some plume-

derived materials, Schersten et al. [31] measured the

W isotopic composition of two of the Loihi and one

of the Hualalai Hawaiian picrites that showed the

largest coupled enrichments of l86Os and 187Os. They

found that within the uncertainties of the measure-

ments, the eW of these picrites did not deviate from

that of the bulk-silicate Earth (BSE, Fig. 3). Their

models considered mixing of two different mantle

end-members with model outer core. The concen-

tration of W in the two mantle end-members (with

ew=0) were 8 ppb (dpreferredT model), and 19 ppb

(dforcedT model) that were calculated on the basis of

whether W extraction to the continental crust

occurred from the whole mantle or only the upper

mantle, respectively. Their dforcedT model was based

on calculations derived in an attempt to fit the

combined Os–W isotopic data to a core–mantle

interaction mechanism. For this model, they argued

that the parameters for the mixing systematics for

both Os and W require rapid inner core crystalliza-

tion that is not consistent with cooling models for

Earth requiring slower inner core formation. Instead,

the dpreferredT model, which they considered more

realistic of conditions within the Earth, resulted in an

ew of �0.55 for the amount of core expected (0.5

wt.%) for the Hualalai sample, based on its
186Os/188Os isotopic composition [20,23]. This value

is much lower than the actual ew measured (Fig. 3).

Hence, they concluded that there is no core

component in the Hawaiian picrites.
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Fig. 2. The 186Os/188Os—cOs systematics for mantle-derived materials. cOs is the percent difference in 187Os/188Os relative to average

chondrites (Jargon Box) [87]. Only samples measured at the University of Maryland and Johnson Space Center are shown owing to

interlaboratory calibration issues. All data have uncertainties of V to theF2r error bar shown. The upper mantle samples include chromites, Os-

rich alloys and abyssal peridotites [19,20,24]. Regression lines for the Gorgona komatiites and all Hawaiian picrites, except for the two Koolau

samples, are shown with calculated r2’s [23,30]. Where the two regression lines converge, at 186Os/188Os=0.11987 and cOs=+17.5, is considered

to be a common Os (COs) end-member for the different sample suites [30]. The mantle growth curve assumes a present-day mantle with PUM

(primitive upper mantle) characteristics for 186Os/188Os (0.119835) and cOs (+2.03), with 190Pt/188Os=0.00174, and 187Re/188Os=0.4346

[30,88], and dplusT symbols are for 500 Ma increments on the evolution curve. Trends for Re depletion and Re enrichment correspond to Re

removal resulting from partial melting which will reduce cOs relative to PUM over time, and materials having long-term Re enrichment relative

to PUM such as those expected in ancient recycled slabs with consequent increase in cOs over time, respectively.
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Two issues relating to the abundance and origin of

W in mantle plumes may complicate the interpreta-

tions of Schersten et al. [31]. First, the mantle sources

of the Hawaiian picrites may have higher W

abundances than estimated in their preferred model.

McDonough [3] estimated a BSE concentration for W

of 29 ppb. Such a high concentration of W might be

present in a plume source if it originated in a portion

of the mantle that was not significantly melt depleted.

Mixing between outer core and BSE would result in a

perturbation of the W isotopic value of only about

�0.16 ew units for the amount of core expected (0.5

wt.%) for the Hualalai sample (Fig. 3). This level of

difference is just at the resolution limit of current

analytical methods.

Second, a more significant problem with the use of

W as a tracer of core–mantle interaction, at least in the

case of plume-derived materials, is modest crustal

contamination of the mantle source. With the excep-

tion of Mn crusts, which are considered below, the

Schersten et al. [31] models do not take into

consideration the possible effects of adding recycled

crust into the source of the Hawaiian plume. As much

as 50 wt.% of recycled crust, consisting of typical

oceanic basalts or sediments could be added to a

peridotitic source and have little effect on the 186Os/
188Os ratio of the mantle–crust mixture [20,23].

Addition of such materials would, however, have

detectable effects on the 187Os/l88Os and lithophile

isotopes of magmas derived from the resulting hybrid

source [57]. For example, in the case of Hawaiian

lavas, 4–6 wt.% of pelagic sediments added to mantle

peridotite may explain the observed positive correla-

tions between 87Sr/86Sr and 187Os/188Os, and negative

correlations of Sr and Os isotopes with 206Pb/204Pb

[45,58]. Tungsten behaves as an incompatible lith-

ophile element during partial melting of the mantle

with similar partitioning behavior to U, such that

oceanic and continental crust is greatly enriched in W

(~1100 ppb) relative to the mantle [55]. Adding

recycled crust into the source of plumes may

significantly increase the W concentration of the

hybrid silicate mantle source, while keeping the

source at ew=0. Pelagic sediments have W concen-
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Fig. 3. The ew–% Core (in wt.%) relationships for mixing between different mantle components (open diamond, representing bulk-silicate

Earth) and the outer core. The wt.% core calculated for the Loihi and Haulalai picrite data [31] assumes mixing between PUM (3.0 ppb OS and
186Os/188Os=0.119835) and evolved outer core Model 4 of Brandon et al. [30] (332 ppb Os and 186Os/188Os=0.119870), where inner core

crystallization begins at 3.5 Ga ([30], following the thermal cooling model of Stevenson et al. [89]). For the W mixing between core (ew=�2.1)

and bulk-silicate Earth (ew=0), the following abundances were used: Schersten dforcedT, core=440 ppb, mantle=19 ppb; Schersten dpreferredT,

core=490 ppb, mantle=8 ppb; McDonough [3], core=470 ppb, mantle=29 ppb; and for Schersten dpreferredT +5 wt.% crust, the hybrid crust

(1100 ppb) plus mantle mixture is 62.6 ppb. The effect of adding ancient recycled crust into the source of plumes is to raise the W abundance of

the mixture and mask the effect of adding low ew outer core material.
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trations that are even higher than those for average

continental crust, averaging from 1500 to 2700 ppb

[59,60]. Addition of only ~5 wt.% crust having 1100

pbb of W with ew=0 to the mantle end-member

defined by the Schersten et al. [31] dpreferredT model,

followed by mixing with as much as 0.7 wt.% core

metal, results in minor changes of b0.1 ew units (Fig.

3). The concentration of W in average continental

crust was chosen for this calculation in order to

conservatively limit the effectiveness of sediment

added to a plume source in masking a core compo-

nent. Choosing a higher concentration, as is common

for most oceanic sediments, would further reduce the

amount of sediment necessary to mask the addition of

a core component. If the McDonough [3] BSE is

chosen for the mantle end-member in the mixture,

adding only 2 wt.% of average continental crust into

the plume source will produce a mixing curve nearly

identical to the Schersten et al. [31] dpreferredT plus

sediment curve (Fig. 3), and thereby mask the effects

of core–mantle interaction to the W isotopic compo-

sition of the hybrid mixtures. Such low quantities of

sediment additions to the Hawaiian plume source are

consistent with the amounts of sediment necessary to

explain the Sr and Pb isotopic compositions of

Hawaiian lavas [45,58].

In summary, because of the differences in the W

isotopic compositions and concentrations of the core

and the silicate Earth, differences of ew in plume-

derived materials could result from core–mantle

interaction. However, the present level of analytical

resolution may not yet be sufficient to unambiguously

identify the presence of a core component, or rule out

such a component.

2.3. The mechanism(s) of core–mantle interaction

Chemical exchange between the core and the

mantle must by its nature be a complex process

leading to a variety of consequences. In general, two

types of models have been proposed, including

straight addition (mixing) of core metal into plume

sources, and equilibrium exchange in reaction zones

between core metal and the mantle above the CMB

(Fig. 1). Each scenario will result in different chemical

effects and both may operate.

Perhaps the most straightforward process would be

to directly mix bulk core metal into the mantle above

the CMB. Not only would the effects be imparted to

the isotope systematics of elements such as Os and W,

but elemental abundances and ratios would be shifted

towards those that are strongly enriched in the core.

Bulk addition of evolved outer core material should

result in variably elevated Pt/Os and Re/Os in the

hybrid metal–silicate mix, which presumably would

correlate with 186Os/188Os and 187Os/188Os. All four

parameters would increase with greater amounts of

core material added. For example, although limited to

only three samples, Pt/Os for the Gorgona komatiites

do correlate with 186Os/188Os and 187Os/188Os and

indicate that the Gorgona source mantle was variably

elevated in Pt/Os relative to the upper mantle (Fig. 4).

The correlations in the komatiites can be used to back-

calculate the Pt/Os of the source of each sample (Fig.

4). The elevated Pt/Os of the source of these

komatiites could be explained by addition of core

material (V0.3 wt.%), where any one of three slow

inner core growth models are applied [30].

There are also some geochemical arguments

against bulk mixing of outer core metal into silicate

mantle to generate coupled Os isotopic systematics.

For example, bulk mixing between core and mantle

should result in concentrations of elements such as

Os, Pt and Re that are higher than are calculated for

the Hawaiian plume source [61]. However, it is

difficult to estimate platinum group elements (PGE)

abundances in mantle sources calculated from meas-

ured abundances in basalts and picrites. It is also

possible the source retained some of the PGE in

residual sulfides, thus masking the effects of excess

PGE [61].

The same Hawaiian picrites have elevated Fe/Mn

relative to MORB and Iceland picrites [32]. Humayun

et al. [32] argued that the elevated Fe/Mn was not a

result of fractionation during melting or fractional

crystallization, but instead is a source characteristic of

the Hawaiian plume and reflects an approximately 1

wt.% excess of Fe relative to normal convecting upper

mantle. This could be a manifestation of reaction

between the mantle at the CMB and outer core metal

(Fig. 1). Such an interpretation does not easily connect

with the Os isotope results, as the putative excess Fe

does not correlate with the coupled 186Os–187Os

enrichments. If the Os isotopes and Fe enrichment

does reflect reaction between outer core metal and

silicate mantle, such decoupling might reflect parti-
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tioning of Os and Fe into different phases in the

mantle during infiltration of core metal across the

CMB [32]. For instance, the mass transfer of iron and

oxygen contained in core metal could result in a

transfer of FeO into ferropericlase, whereas the PGE

transfer could be governed by the presence of

immiscible FeS. Tungsten is more easily oxidized

than Os, so it would not be expected to partition as

strongly into FeS vein material. These different

chemical signatures of core–mantle interaction could,

therefore, be decoupled from each other in a complex

distribution of heterogenous material formed above

the CMB.

One final note, if liquid metal infiltrates the lower

mantle and ultimately drains back into the core, it is

possible that isotopic exchange between the core and

mantle could take place without substantial mass

transfer. If this occurs then the isotopic signal of the

outer core could be inherited by the spatially

associated mantle without collateral effects of mass

transfer of bulk metal [26]. Little information is

currently available regarding the rates of isotopic

exchange of Os and W, especially with regard to

metal–silicate equilibration.

Clearly, if bulk transfer or isotopic exchange

occurs at the CMB, then correlations between differ-

ent signatures indicative of core–mantle interaction

are not necessarily a prerequisite of the mixing

process. In the case for Gorgona, the correlation

between Pt/Os and Os isotopes may be consistent with
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positive correlations in these plots. The range for upper mantle materials (UM) is shown, The present values of Pt/Os and Os isotopic

compositions calculated from four different core evolution models of Brandon et al. [30] are shown. Three of these begin with inner core growth

at 4.4 Ga and have different crystallization rates: 1—near instantaneous, 2—rapid growth in the Archean with constant growth from 2.5 Ga to

present, and 3—constant inner core growth from 4.4 Ga to present. Model 4 is similar to Model 2 but delays the onset of inner core growth to

3.5 Ga. The data are used to calculate the Gorgona komatiite source characteristics assuming batch and fractional melting where the degree of

melting is 30 wt.% based on major element composition of Gorgona komatiites [90]. The D’s for silicate melt/mantle residue used, DOs=2.12

and DPt=0.41, are based on batch melting models to produce komatiite (Table 5 in [26]), and DRe=0.1, based on Re abundances of Gorgona

komatiites compared to the upper mantle [21]. Mixing lines between the model outer core compositions (Table 2 in [30]) and the Gorgona

mantle with Os=3 ppb, Pt/Os=1.5, cOs=0, and
186Os/188Os=0.11984 are shown with dplusT symbols representing 0.2 wt.% increments of outer

core added to the Gorgona mantle. The following parameters were used for each model outer core composition (Table 2 in [30]) with cOs=17.5,

and 186Os/188Os=0.11987: Model 1—Os=611 ppb, Pt/Os=7.95; Model 2—Os=415 ppb, Pt/Os=12.66; Model 3—Os=267 ppb, Pt/Os=19.68;

and Model 4—Os=332 ppb, Pt/Os=15.83. The enriched Pt/Os, cOs and
186Os/188Os of these Gorgona komatiites are most consistent with mixing

between the calculated source mantle and �0.3 wt.% outer core composition that is best matched to Model 4 where inner core growth begins at

3.5 Ga, although the other two slow growth models for the inner core are also reasonable solutions that match the expected Pt/Os and Os isotope

systematics of the calculated sources of each komatiite.
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a bulk transfer of platinum group elements across the

CMB. The Hawaiian data, however, show that the

interpretation is not straightforward and that the

process of core–mantle interaction and later partial

melting of the source might result in decoupling of

different signatures during equilibrium exchange

between core metal and the mantle. The possible lack

of corroboration between isotopic systems or elemen-

tal abundances could make core–mantle interaction

quite difficult to unambiguously identify.

3. Alternatives to a core–mantle interaction model

Alternate models have also been proposed to

account for the observed, coupled Os isotope trends

in Fig. 2. For example, it has been noted that some

crustal rocks may have sufficiently high Pt/Os and Re/

Os ratios, and corresponding Pt and Re concentra-

tions, such that their recycling into the mantle via

subduction, together with the long-term decay of l90Pt

and 187Re could result in the formation of small

domains within the mantle with appropriately coupled

enrichments in 186Os–187Os. There is no question that

recycled crust is an important contributor to the

chemical signatures, including 187Os enrichments, of

some ocean island basalts [62]. Given the high Re

content of certain recycled materials, such as basalts,

the radiogenic 187Os/188Os ratios for some OIB can be

attributed to derivation from sources containing

ancient recycled oceanic crust and/or sediments

[45,46,63–67]. Not all 187Os-enriched magmas, how-

ever, can be explained via derivation from mantle

containing recycled crust, let alone corresponding

enrichments in 186Os. Indeed, failure of crustal

recycling models to account for enrichments present

in the Siberian plume led Walker et al. [17,68] to

initially propose an outer core origin for the 187Os

enrichment present in some systems.

Can crustal recycling account for any coupled

enrichments in 186Os–187Os? The Pt/Re of crustal

materials that may make up ancient recycled slabs

typically range from b0.l to 33 [23]. Platinum/Re

ratios of 88–100, however, are required for ancient

recycled crust to generate the observed coupled
186Os–188Os enrichments [23,30]. Such high Pt/Re

ratios are not typical of the volumetrically dominant

materials that are subducted into the mantle. The main

problem is that Pt is insufficiently enriched in most

types of oceanic crust and sediments to account for the

magnitude of 186Os enrichment present in the Hawai-

ian suite. Calculations made using data for materials

typical of average recycled crust suggest that z70

wt.% of a 2 Ga recycled component would need to be

mixed with peridotite to generate the most 186Os-rich

Hawaiian lavas (Fig. 2, [20,23]), yet this would lead

to a dramatically greater enrichment in 187Os than is

observed. Melting of mantle sources that incorporate

such large proportions of mafic crust could not likely

not generate the picritic or komatiitic lavas with high

Os contents that delineate the coupled trends [69]. In

general the bulk of recycled oceanic crustal materials

should result in a dRe-enrichmentT trend that shift data

along a nearly horizontal vector to the right in Fig. 2,

rather than result in a coupled enrichment of
186Os/188Os and 187Os/188Os.

Despite the apparent inadequacy of recycled mafic

crust to account for couple Os isotopic enrichments,

there are several types of additional materials that may

have sufficiently high Pt/Re to account for the coupled

trends. In the past several years, different types of

materials that may be present in the sources of deep

mantle plumes have been proposed to explain the

coupled enrichments of 186Os/188Os and 187Os/188Os.

These include Mn-rich materials, including umbers

[34], and Fe–Mn crusts and nodules [37] that may be

present in slabs. These materials have strong enrich-

ments in Pt of as much as 100 times average upper

mantle concentrations, and also have Pt/Re ratios that

are sufficiently elevated to generate coupled enrich-

ments with time (e.g. [70]). When aged for several

billion years and mixed with peridotites, relatively

modest amounts of these materials (2 to 10 wt.%)

could potentially create the observed enrichments in
186Os/188Os for some plume-derived materials. While

the Pt/Os, Re/Os, and 187Os/188Os ratios for such

materials are highly variable, under some circum-

stances, mixing lines similar to those displayed by the

Hawaiian–Siberian, and Gorgonan data could be

generated [31,37].

Brandon et al. [30] discounted Mn-rich umbers as

the source for the coupled enrichments of 186Os/188Os

and 187Os/188Os based on three arguments. First,

because of the large variations in predicted composi-

tions of aged umbers, mixing such material from

different locations into deep plumes should result in
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large scatter of data from lavas produced from hybrid

umber–peridotite sources. These relationships are not

consistent with the smooth mixing lines observed

between mantle and COs compositional end-mem-

bers. Second, mixing of only a few wt.% umber into a

plume source would have a dramatic effect on the Mn

content of the source and magmas derived from such a

source (Fig. 5). These relationships also hold for Fe–

Mn crusts and Mn nodules. Addition of only 1 to 2

wt.% of these materials [31,37] to a peridotitic source

would result in anomalously high Mn contents in

derivative lavas. Such high Mn contents and corre-

sponding low Fe/Mn ratios are not observed in the

Hawaiian or Gorgonan systems examined to date for

Os isotopes (Fig. 5, [32]). Third, all of these materials

represent volumetrically insignificant fractions of

oceanic crust. Manganese nodules and crusts make

up about 70 kg/m2 of area of the seafloor, yet

represent less than 3 wt.% of the mass of the

uppermost 1 m3 of oceanic crust [37]. If oceanic

crust is considered as a package several kilometers

thick, then on a large scale, the addition of Mn crusts

to the seafloor (as with cosmic dust additions) has

essentially no effect on the concentrations of recycled

platinum group elements. Thus, the Pt-rich material

would have to be isolated and accumulated into a

volume sufficiently significant to cause a perturbation

in a system as large as the Hawaiian or Siberian

plumes. Unless some type of focusing mechanism can

be conceived that can transfer an Os isotopic signature

to a source of plume lavas without collateral effects

from the Mn-rich materials, it is difficult to advocate

these materials for creating the observed enrichments

of 186Os/188Os and 187Os/188Os in some plume-

derived lavas.

A second material that has been proposed to

generate the observed enrichments of 186Os/188Os

and 187Os/188Os is pyroxenite [33,35,36]. Pyroxenite

is very common in the subcontinental mantle litho-

sphere and peridotite sections in ophiolites [71,72],

and does not suffer from the volume problems that

Mn-rich materials have. These rocks may constitute as

much as 5 wt.% of the upper mantle [73]. At present

there is a paucity of high-quality platinum-group

element concentration data for pyroxenites and it is

unclear whether they have sufficient Pt combined with

the high Pt/Re necessary to make these rocks

favorable candidates to produce the coupled Os

isotope enrichments when mixed with normal mantle

peridotite. Smith [33] noted that one pyroxenite

associated with the Bay of Islands ophiolite [74]

actually did have appropriate Pt/Re/Os ratios and

concentrations to generate an appropriate mixing

trend. Whether or not such materials are common in

the upper mantle is unknown at present, although Pt,

Re and Os partitioning data between silicate melt and

pyroxene suggest that this is unlikely. Platinum is only

slightly compatible in pyroxene with Dmineral/melt of

around 1.5, and Re is slightly incompatible [75]. Such

systematics should result in Pt abundances and Pt/Re

Fig. 5. The 186Os/188Os–wt.% Mn relationships for the Hawaii and

Gorgona samples. Mixtures between evolved outer core, and the

primitive mantle (PM) are nearly vertical. The dplusT symbols are

for 0.2 wt.% increments of added outer core. Mixtures between the

mantle and Mn crust (Cr.) with symbols for 0.5 wt.% increments of

added Mn material, and Umbers with symbols for 10 wt.%

increments between end-members, plot as curves away from the

vertical trend of Gorgonan and Hawaiian data. The mixing lines

with open circles is for mixing between mantle and average Mn

crust of Schersten et al. [31] that takes their maximum Pt/Os and Os

values to minimize the amount of Mn crust necessary to b2 wt.% to

create the observed 186Os/188Os. The mixing line with crosses is for

mixing between mantle and average Mn crust of Baker and Jensen

[37]. Mixing parameters are as follows: outer core: 186Os/188Os and

Os concentration as in Fig. 3, Mn=0.03 wt.%, [3]; primitive mantle

(PM), 186Os/188Os and Os concentration as in Fig. 3, Mn=0.1045

wt.% [3]; Umber is aged for 2 Ga, Pt/Os=127.43 resulting in
186Os/188Os=0.12024 Os=0.175 ppb, and Mn=5.62 wt.% [30,34];

Schersten et al. [31] Mn crust is aged for 2 Ga using a Pt=662 ppb,

and Os=2 ppb, resulting in 186Os/188Os=0.12082 after 2 Ga, Mn=25

wt.% [31], the Baker and Jensen [37] Mn crust differs in Os

characteristics only with Pt=675 ppb, Os=2.7 ppb, 186Os/
188Os=0.12062 after being aged for 2.2 Ga, but mixed with their

mantle having 2.7 ppb Os.
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ratios in most pyroxenites that are only slightly

enriched in Pt relative to the mantle. Nevertheless,

pyroxenites that crystallize from sulfur-saturated melts

may contain high concentrations of Os (up to 4 ppb)

combined with substantially higher concentrations of

Pt (up to 520 ppb) [36] because of extraction of these

elements into stabilized sulfides in the pryoxenite

cumulates. Hence a systematic investigation is neces-

sary to constrain the role of pyroxenite as a source of

Os isotope variation in the mantle. If the arguments

presented by Smith [33] and Meibom et al. [36] are

correct, then such rocks may be the most favorable

candidate as an alternative to core–mantle interaction

in these debates.

One final note, it may be possible that the

fractionations between Re, Pt and Os in subducting

slabs during dehydration and partial melting under

subduction zones are such that the residual slabs have

elevated Pt/Re. This could lead to Os isotopic

systematics when aged over several Ga, which could

mimic the trends for Hawaii, Gorgona and Siberia in

Fig. 2. Evidence from melt inclusions in arc lavas,

bulk arc mantle peridotites and pyroxenites are

consistent with dehydration and partial melting

resulting in loss of Re, Os and Pt [71,76–80]. In

such a case, and even if all of the Pt is conserved in

residual slabs, the mixing relationships between

ancient residual crust and mantle would require the

same unrealistic amounts of the crustal material

discussed above, and render such a model petrolog-

ically difficult to reconcile. However, until dehydra-

tion and partial melting processes are better

understood, this issue cannot be tested further.

4. Future challenges

At present, coupled enrichments of 186Os/188Os

and 187Os/188Os of some plume-derived materials

may best be explained by core–mantle interactions,

but the inherent assumptions can be questioned on a

variety of fronts. While there is a general consensus

that recycled oceanic crust is present in many plumes,

materials considered to be the major constituents of

recycled crust cannot result in the production of

coupled Os isotope enrichments consistent with those

observed in Gorgonan, Hawaiian and Siberian rocks.

However, specific scenarios for the latter cannot be

completely ruled out and may actually have favorable

qualities. The challenge for future studies is to test

specific questions that remain with a comprehensive

analytical and experimental program.

Materials from additional hotspots should be

measured for high precision Os isotopes, to test if

the interpreted convergence of 186Os/188Os and
187Os/188Os data observed for the three plume systems

prevails, or if greater scatter results, as would be

predicted by some of the alternate models discussed

above. Additional mantle-derived materials unrelated

to the plume environment, including peridotites,

primitive lavas, and Os-rich alloy minerals, must be

measured for high precision Os isotopes to determine

if the coupled enrichments found in some plume-

derived materials are unique to plumes that may rise

from the CMB (e.g. [22,29,36,81].

Samples from putative ancient plume systems also

need to be analyzed for high precision Os isotopes.

These materials could track the evolution of different

mantle reservoirs over time, and could provide a test

of whether 186Os/188Os-enriched reservoirs existed in

the Proterozoic and Archean, with ramifications to

core–mantle interaction and crustal recycling models.

Studies of Precambrian komatiites have recently

begun (e.g. [82]).

A comprehensive analytical program to obtain Pt,

Re and Os concentrations of upper mantle materials,

using the most recent chemical extraction and mass

spectrometric techniques (e.g. [83]), is necessary to

assess the Pt/Re/Os variability of the mantle. This

should include measurements of both pyroxenites and

peridotites from diverse tectonic settings. It may be

possible that under certain conditions crystallization

of minerals from melts or metasomatism in the mantle

can produce the necessary enrichments in Pt/Os and

Pt/Re, which when allowed to age for several billion

years, will result in mantle sources that may have the

necessary coupled enrichments of 186Os/188Os and
187Os/188Os to produce the Hawaiian, Gorgonan and

Siberian Os isotopic systematics (Fig. 2). Such data

will aid in examining alternative models to core–

mantle interaction for producing coupled enrichments

of 186Os/188Os and 187Os/188Os as well as constrain-

ing the geochemical behavior of Pt, Re and Os under a

variety of conditions in the mantle.

The behavior of Pt, Re and Os during metal

crystallization is well understood and the Os isotope
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enrichments observed are consistent with this known

behavior, but no partitioning data exist for pressures

and temperatures present in the Earth’s core. Many

factors need to be explored to determine if the

behaviors of these elements are the same under these

conditions. This includes partitioning between liquid

metal and hexagonal close packed (hcp) Fe-rich

alloys, the latter thought to be the Fe-rich solid phase

in the inner core. Experimental partitioning data have

generally been obtained at much lower pressures

than the outer core–inner core boundary, and only

face center cubic Fe-rich phases have been synthe-

sized. Experiments synthesizing hcp Fe-rich alloys in

equilibrium with molten metal for investigating the

partitioning of Re, Pt and Os are underway and will

provide important constraints on their behavior at the

pressures of the Earth’s core [Campbell 2004,

personal communication]. The partitioning behavior

of Pt, Re and Os may also depend to some degree on

which light element alloys with Fe and Ni in the

Earth’s core as shown by experimental data produced

using varying light elements in the Fe–Ni alloys [41–

44,84]. The final solution to this debate will have

implications for whether the coupled enrichments of
186Os/188Os and 187Os/188Os in plume-derived sam-

ples can be produced by long-term Pt/Os and Re/Os

fractionation during crystallization of a solid inner

core.

Other isotopic systems that may shed light on

core–mantle interaction need to be further utilized.

This would include more high precision tungsten

isotope measurements. Also, 107Pd decays to 107Ag

with a half-life of ~6.5 Ma [85,86]. A limited

number of preliminary 107Ag/108Ag data for lavas

from Hawaii have excess 107Ag relative to chondrites

[85,86]. One possible reason for this difference is

that the Earth’s core formed while l07Pd was extant,

and that the excess 107Ag reflects a contribution from

the core as Pd is enriched relative to Ag during

metal–silicate equilibrium [85,86]. Further work on

the 107Pd–107Ag system may therefore provide addi-

tional insights to the debate over core–mantle

interaction.

The process of core–mantle interaction needs to be

further investigated experimentally. Constraining how

core material may infiltrate into the mantle, what

reactions take place, what phases may be produced,

and whether models of bulk addition or equilibrium

exchange are more realistic, will be vital for interpret-

ing chemical and isotopic compositions of plume-

derived materials.

In summary, integration of experimental and com-

positional data with ongoing geophysical studies of the

deep mantle will provide rigorous tests of the chemical

consequences of core–mantle interaction. These stud-

ies will have a significant role in extending our

comprehension of the origin of compositional variation

of mantle plumes over Earth history, and the chemical

evolution of the core and the mantle. These inves-

tigations will enhance our understanding of how

processes operating at the CMB are linked to the rate

of cooling and the scale of convection in the Earth over

time.
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