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A
 Chapter 1 presents the first published measurements of Sr-isotope variability in olivine-
hosted melt inclusions.  Melt inclusions in just two Samoan basalt hand samples exhibit most of 
the total Sr-isotope variability observed in Samoan lavas. Chapter 3 deals with the largest 
possible scales of mantle heterogeneity, and presents the highest magmatic 3He/4He (33.8 times 
atmospheric) discovered in Samoa and the southern hemisphere.  Along with Samoa, the highest 
3He/4He sample from each southern hemisphere high 3He/4He hotspot exhibits lower 143Nd/144Nd 
ratios than their counterparts in the northern hemisphere.  Chapter 2 presents geochemical data 
for a suite of unusually enriched Samoan lavas.  These highly enriched Samoan lavas have the 
highest 87Sr/86Sr values (0.72163) measured in oceanic hotspot lavas to date, and along with trace 
element ratios (low Ce/Pb and Nb/U ratios), provide a strong case for ancient recycled sediment 
in the Samoan mantle.  Chapter 4 explores whether the eclogitic and peridotitic portions of 
ancient subducted oceanic plates can explain the anomalous titanium, tantalum and niobium 
(TITAN) enrichment in high 3He/4He ocean island basalts (OIBs).  The peridotitic portion of 
ancient subducted plates can contribute high 3He/4He and, after processing in subduction zones, a 
refractory, rutile-bearing eclogite may contribute the positive TITAN anomalies.   

bstract 
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Introduction 

 
 Unlike the earth’s crust, it is difficult to sample the mantle directly.  However, 

there are a few isolated (and geographically limited) instances where we can observe the 

uppermost regions of the mantle.  Ophiolites—portions of oceanic plates that have been 

uplifted and emplaced (obducted) onto the edge of continents—expose the uppermost 

regions of the mantle on the surface (Dick, 1976).  Similarly, at certain, ultra-slow 

spreading mid-ocean ridges, mantle peridotites are emplaced on the surface (Dick et al., 

2003), where they can be recovered with deep submersibles or dredging operations.  

Additionally, ultramafic xenoliths, which are pieces of the upper mantle entrained in 

upwelling magmas, allow direct inspection of the composition of the upper mantle (but 

unlike ophiolites and abyssal peridotites recovered by submersibles, ultramafic xenoliths 

provide little spatial context for study of the mantle).  Thus, except for these few rare 

instances, we cannot examine the composition of the mantle directly:  The deepest hole 

ever drilled, only ~12.3 km deep, took 22 years and untold Soviet resources to complete--

and got no where near mantle depths (unfortunately, the drill site was atop thick 

continental crust).  While robots rove the surface of a planet, Mars, that is > 56,000,000 

km distant, we have not directly observed our own planet at depths >12 km! 

Nonetheless, there are indirect methods for evaluating the composition of the 

deeper earth.  Mantle geochemists often use lavas erupted on the surface as “windows” to 

the composition of the mantle below.  Hotspot lavas erupted in oceanic settings, or 

oceanic island basalts (OIBs), are formed by partially melting and upwelling, solid 

mantle.  During melting, several radiogenic isotope systems and a number of trace 

element ratios remain unfractionated (or little fractionated, in the case of trace elements 

with similar compatibilities, at least when the partition coefficients are much less than the 

degree of melting) from the original, unmelted mantle.  OIBs exhibit a great deal of 

isotopic and trace element heterogeneity, indicating that the mantle from which they were 

derived is also quite heterogeneous (Zindler and Hart, 1986).  This fundamental 

observation leads to some of the most important questions in the field of mantle 
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geochemistry:  How did the mantle become heterogeneous?  At what scale lengths do the 

heterogeneities exist?  How long do the heterogeneities survive? 

One common paradigm in mantle geochemistry assumes that oceanic plates, 

which form by melting and depleting the upper mantle at mid-ocean ridges, are subducted 

back into the mantle from which they formed.  Covered with a veneer of 

oceanic/continental sediment, subducted oceanic plates inject sediment, oceanic crust and 

depleted peridotitic mantle lithosphere into the mantle (Hofmann and White, 1982; White 

and Hofmann, 1982).  In this way, mantle heterogeneities are born.  Following storage in 

the mantle, subducted plates and sediment are thought to be sampled by upwelling 

plumes that melt and erupt lavas on the surface.  However, a counteracting mechanism—

chaotic mantle convection—stretches, thins, mixes and stirs, and thus homogenizes (or at 

least greatly attenuates) mantle heterogeneities on long timescales. 

 In Chapter 1, isotopic heterogeneities are explored at very short lengthscales in 

olivine-hosted melt inclusions in oceanic OIBs.  Using a laser ablation system coupled to 

a MC-ICPMS (multi-collector inductively coupled plasma mass spectrometer), 87Sr/86Sr 

was measured in olivine-hosted melt inclusions recovered from Samoan basalts.  

Complementing the pioneering work on Pb-isotopes in olivine-hosted melt inclusions 

from two Polynesian hotspots (Saal et al., 1998), significant Sr-isotope heterogeneity was 

also observed in the melt inclusions from individual Samoan basalt hand samples.  Melt 

inclusions in one Samoan lava exhibit a range of 87Sr/86Sr from 0.70686 to 0.70926.  The 

isotopic diversity hosted in the melt inclusions from a single lava indicate that the size of 

the melting zone beneath a Samoan volcano can be larger than the lengthscales of mantle 

heterogeneities in the mantle upwelling beneath the hotspot.  Furthermore, none of the 41 

melt inclusions analyzed exhibit 87Sr/86Sr ratios lower than the least radiogenic whole-

rock basalts in Samoa (87Sr/86Sr =0.7044).  This 87Sr/86Sr data, combined with trace 

element data on the same melt inclusions, provide strong evidence against assimilation of 

oceanic crust as the source of the isotopic diversity in the melt inclusions. 

Chapter 3 also deals with lengthscales of mantle heterogeneity, but by comparison 

to Chapter 1, Chapter 3 considers the largest possible lengthscales of heterogeneity in the 

Earth’s mantle.  The high 3He/4He (or FOZO, Focus Zone; Hart et al., 1992) mantle 
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reservoir, a domain that is considered to be one of the oldest (and deepest?) reservoirs in 

the mantle, is the focus of chapter 3.  In this chapter, the highest magmatic 3He/4He ratios 

ever recorded in a southern hemisphere lava (33.8 times atmospheric) are reported in 

samples from the Samoan island of Ofu.  These new measurements from Ofu Island place 

Samoa in the same category of high 3He/4He hotspots as Hawaii, Iceland and the 

Galapagos.  Along with Samoa, the highest 3He/4He sample from each southern 

hemisphere high 3He/4He hotspot exhibits lower 143Nd/144Nd ratios than their counterparts 

in the northern hemisphere (excluding lavas erupted in continental, back-arc, and 

submarine ridge environments).  The observation of a large-scale isotopic enrichment in 

the FOZO-A (austral) high 3He/4He mantle compared to the FOZO-B (boreal) high 
3He/4He mantle is similar to the DUPAL anomaly, a globe-encircling feature of isotopic 

enrichment observed primarily in southern hemisphere ocean island basalts.  The possible 

existence of hemispheric-scale heterogeneity in one of the oldest reservoirs in the mantle 

has important implications for mantle dynamics.  It suggests that regions of the (lower?) 

mantle have escaped the rapid convection motions that dominate the upper mantle.  

However, the origin of the hemispheric-scale heterogeneity in the FOZO (and DUPAL) 

reservoir is unknown. 

Nonetheless, having defined the variability that exists in the high 3He/4He mantle, 

Chapter 3 also explores whether or not the FOZO reservoirs are truly depleted, as is 

commonly suggested (Hart et al., 1992), or whether they have been re-enriched.  The 

recent discovery of superchondritic 142Nd/144Nd ratios in terrestrial (Boyet and Carlson, 

2005), martian and lunar (Caro et al., 2007) suggests that bulk silicate earth (BSE) may 

have superchondritic Sm/Nd ratios (147Sm/144Nd>0.209, the minimum ratio necessary to 

generate the terrestrial mantle 142Nd/144Nd anomaly relative to chondrites), and that the 

earth has a minimum 143Nd/144Nd of 0.51304.  If this is true, then the FOZO reservoirs 

are actually enriched relative to BSE. 

 Chapter 2 explores a common paradigm in mantle geochemistry, that subduction 

of marine/continental sediments can generate geochemically enriched mantle domains 

that can be sampled by mantle upwellings.  In this chapter, remarkably high 87Sr/86Sr 

ratios are reported in submarine lavas recovered from the flanks of the Samoan island of 
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Savai’i.  These Savai’i lavas exhibit the highest 87Sr/86Sr ratios reported for ocean island 

basalts to date.  The isotope and trace element data are consistent with the presence of a 

recycled sediment component (with a composition similar to the upper continental crust) 

in the Samoan mantle.  Importantly, Pb-isotopes in the most enriched Samoan lavas 

preclude contamination by modern-marine sediment.  The ultra-enriched Samoan lavas 

have most certainly been “contaminated” by sediment, but the sediment is of an ancient 

(>> 200 Ma) origin and has been recycled into the Samoan mantle source.  In summary, 

Chapter 3 provides the strongest evidence yet that the sediment that goes down in 

subduction zones does come back up in OIBs.  However, given the large mass of 

sediment that has been subducted into the mantle over geologic history, it is still a 

mystery why clear signatures of sediment recycling are so rare in OIBs (Hofmann, 1997). 

Chapter 4 reports evidence for radiogenic 187Os/188Os and enrichment in 

Titanium, Tantalum and Niobium (TITAN) in high 3He/4He lavas globally.  To explain 

these observations, the dominant paradigm for the formation of mantle heterogeneity is 

applied to the high 3He/4He reservoir:  Can the subduction of oceanic plates (crust and 

peridotite) generate the geochemical signatures associated with the high 3He/4He 

reservoir?  Radiogenic 187Os/188Os and TITAN enrichment are both geochemical 

signatures that are associated with recycled eclogite, suggesting that the high 3He/4He 

lavas were derived from a mantle source hosting a recycled slab component  However, 

eclogites are quantitatively degassed in subduction zones and do not have intrinsically 

high 3He/4He.  None-the-less, the peridotitic portion of recycled slabs has been suggested 

to preserve high 3He/4He over time (e.g., Parman et al., 2005).  The eclogitic and 

peridotitic portions of subducted plates are intimately associated in space and time, a 

geometry that is conducive to later mixing in the mantle.  Thus, together, the two 

lithologies can provide the “raw materials” for the formation of the high 3He/4He mantle. 

Importantly, the TITAN enrichment in high 3He/4He mantle sampled by oceanic 

hotspot lavas may provide a clue about the location of the “missing” TITAN in the earth.  

Shallow geochemical reservoirs in the earth—continental crust and the depleted mid-

ocean ridge basalt mantle (DMM)—have a shortage of the element Ti, Ta and Nb 

(TITAN) (McDonough, 1991; Rudnick et al., 2000).  The observation of TITAN 
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enrichment in high 3He/4He OIB lavas suggests that the mantle domain hosting the 

Earth’s “missing” TITAN is sampled by deep, high 3He/4He mantle plumes.   
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Chapter 1 
 

Strontium isotopes in melt inclusions from 
Samoan basalts: Implications for heterogeneity in 
the Samoan plume* 

 
 

Abstract 
We measured 87Sr/86Sr ratios on 41 olivine-hosted melt inclusions from nine 

Samoan basalts using laser ablation multi-collector (LA-MC) ICPMS. 87Sr/86Sr ratios are 
corrected for mass bias after eliminating major isobaric interferences from Rb and Kr. 
The external precision averages ±320 ppm (2σ) for the 87Sr/86Sr ratios on natural Samoan 
basalt glass standards of a similar composition to the melt inclusions. 

All of the Sr-isotope ratios measured by LA-MC-ICPMS on Samoan melt 
inclusions fall within the range measured on whole rocks using conventional methods. 
However, melt inclusions from two Samoan basalt bulk rock samples are extremely 
heterogeneous in 87Sr/86Sr (0.70459–0.70926), covering 70% of the variability observed 
in ocean island basalts worldwide and nearly all of the variability observed in the Samoan 
island chain (0.7044–0.7089). Seven melt inclusions from a third high 3He/4He Samoan 
basalt are isotopically homogeneous and exhibit 87Sr/86Sr values from 0.70434 to 
0.70469. 

Several melt inclusions yield 87Sr/86Sr ratios higher than their host rock, indicating 
that assimilation of oceanic crust and lithosphere is not the likely mechanism contributing 
to the isotopic variability in these melt inclusions. Additionally, none of the 41 melt 
inclusions analyzed exhibit 87Sr/86Sr ratios lower than the least radiogenic basalts in 
Samoa (87Sr/86Sr=0.7044), within the quoted external precision. This provides an 
additional argument against assimilation of oceanic crust and lithosphere as the source of 
the isotopic diversity in the melt inclusions. 

The trace element and isotopic diversity in Samoan melt inclusions can be modeled 
by aggregated fractional melting of two sources: A high 3He/4He source and an EM2 
(enriched mantle 2) source. Melts of these two sources mix to generate the isotopic 
diversity in the Samoan melt inclusions. However, the melt inclusions from a basalt with 
the highest 3He/4He ratios in Samoa exhibit no evidence of an enriched component, but 
can be modeled as melts of a pure high 3He/4He mantle source. 

 
 
 

*Published as:  M. G. Jackson and S. R. Hart, Strontium isotopes in melt inclusions from 
Samoan basalts: Implications for heterogeneity in the Samoan plume, Earth. Planet. Sci. 
Lett., v. 245, pp. 260-277, 2006, doi:10.1016/j.epsl.2006.02.040. 
Reproduced with permission from Elsevier, 2007. 
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Appendix A. Supplementary data (as it appears, published, on the Elsevier website) 
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Chapter 2 
 
The return of subducted continental crust in 
Samoan lavas* 
 
 
Abstract 
Substantial quantities of terrigenous sediments are known to enter the mantle at 
subduction zones, but little is known about their fate in the mantle1. Subducted sediment 
may be entrained in buoyantly upwelling plumes and returned to the Earth’s surface at 
hotspots2–5, but the proportion of recycled sediment in the mantle is small, and clear 
examples of recycled sediment in hotspot lavas are rare6,7. Here we report remarkably 
enriched 87Sr/86Sr and 143Nd/144Nd isotope signatures in Samoan lavas from three dredge 
locations on the underwater flanks of Savai’i island, Western Samoa. The submarine 
Savai’i lavas represent the most extreme 87Sr/86Sr isotope compositions reported for 
ocean island basalts to date. The data are consistent with the presence of a recycled 
sediment component (with a composition similar to the upper continental crust) in the 
Samoan mantle. Trace-element data show affinities similar to those of the upper 
continental crust—including exceptionally low Ce/Pb and Nb/U ratios8—that 
complement the enriched 87Sr/86Sr and 143Nd/144Nd isotope signatures. The geochemical 
evidence from these Samoan lavas significantly redefines the composition of the EM2 
(enriched mantle 2; ref. 9) mantle endmember, and points to the presence of an ancient 
recycled upper continental crust component in the Samoan mantle plume. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
*Published as:  M. G. Jackson, S. R. Hart, A. A. P. Koppers, H. Staudigel, J. Konter, J. 
Blusztajn, M. Kurz and J. A. Russell, The return of subducted continental crust in 
Samoan lavas, Nature, v. 448, pp. 684-687, 2007, doi: 10.1038/nature06048. 
Reprinted by permission from Macmillan Publishers Ltd: Nature, copyright 2007. 
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Chapter 3 
 
New Samoan lavas from Ofu Island reveal a 
hemispherically heterogeneous high 3He/4He 
mantle * 
 
 
Abstract 
New measurements of high 3He/4He ratios in Samoan lavas from Ofu Island (19.5–33.8 
times atmospheric) extend the known range for 3He/4He in the southern hemisphere 
mantle. The Ofu data suggest that the high 3He/4He mantle component thought to be 
common to all oceanic hotspots, called FOZO (Focus Zone), is not homogeneous. Sr, Nd 
and Pb isotopes in Ofu lavas indicate that the Samoan high 3He/4He component is 
isotopically distinct from the high 3He/4He lavas from Hawaii, Iceland and Galapagos.  
Along with Samoa, the highest 3He/4He sample from each southern hemisphere high 
3He/4He hotspot exhibits lower 143Nd/144Nd ratios than their counterparts in the northern 
hemisphere (excluding lavas erupted in continental, back-arc, and submarine ridge 
environments). The observation of a large-scale isotopic enrichment (generally higher 
87Sr/86Sr and lower 143Nd/144Nd) in the FOZO-A (austral) high 3He/4He mantle compared 
to the FOZO-B (boreal) high 3He/4He mantle is similar to the DUPAL anomaly, a globe-
encircling feature of isotopic enrichment observed primarily in southern hemisphere 
ocean island basalts. The recent discovery that terrestrial samples have 142Nd/144Nd ratios 
higher than chrondrites has potentially important implications for the origin of the FOZO 
reservoirs, and suggest that the high 3He/4He mantle has been re-enriched. 
 
 
 
 
 
 
 
 
 
 
 
 
 
*In Press as:  M. G. Jackson, M. D. Kurz, S. R. Hart, R. K. Workman, The Samoan lavas 
from Ofu Island reveal a hemispherically heterogeneous high 3He/4He mantle, Earth 
Planet. Sci. Lett., 2007, accepted manuscript, doi: 10.1016/j.epsl.2007.09.023. 
Reproduced with permission from Elsevier, 2007. 
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Appendix A. Supplementary data (as it appears, published, on the Elsevier website) 
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Chapter 4 
 
High 3He/4He hotspot lavas expose the Earth’s 
“missing” titanium, tantalum and niobium 
(TITAN):  The missing link between continental 
crust and depleted mantle found? 
 
 
Abstract 

A shortage of the elements titanium, tantalum and niobium (TITAN) exists in the 
Earth’s shallow geochemical reservoirs—the depleted MORB (mid-ocean ridge basalt) 
mantle and continental crust—and the location of these missing elements is unknown.  
Here we report evidence for a global, TITAN-enriched reservoir sampled by OIBs (ocean 
island basalts) with high 3He/4He ratios, an isotopic signature associated with the deep 
mantle.  Excesses of Ti (and to a lesser degree Nb and Ta) correlate remarkably well with 
3He/4He in a dataset of global OIBs.  The observation of TITAN enrichment in high 
3He/4He OIB lavas suggests that the mantle domain hosting the Earth’s “missing” TITAN 
is sampled by deep, high 3He/4He mantle plumes.  The TITAN enrichment in the high 
3He/4He reservoir has profound implications for the origin of the high 3He/4He mantle 
component, and suggests that, far from being a primitive reservoir, or simply a depleted 
peridotite reservoir, the high 3He/4He mantle sampled by OIBs appears to host a 
component of recycled, refractory, rutile-bearing oceanic crust that was processed in 
subduction zones.   

   
 
 
 
 
 
 
 

 

 

 

 
*Submitted to Geochemistry, Geophysics, Geosystems (G3) as:  M. G. Jackson, S. R. 
Hart, A. E. Saal, N. Shimizu, M. D. Kurz, J. S. Blusztajn, A. C. Skovgaard, High 3He/4He 
hotspot lavas expose the Earth’s “missing” Titanium, Tantalum and Niobium (TITAN): 
The missing link between continental crust and depleted mantle found?  Submitted 
October, 2007. 

 111



1.  Introduction   
The standard model for the evolution of the silicate earth maintains that the 

depleted MORB (mid-ocean ridge basalt) mantle (DMM) is the residue of continental 

crust (CC) extraction from an early primitive mantle (Jacobsen and Wasserburg, 1979; 

O’Nions et al., 1979; Allegre et al., 1980; Hofmann, 1988, 1997).  If the earth has 

chondritic abundances of the refractory elements, DMM and CC must be geochemically 

complementary reservoirs within the earth.  However, the TITAN trio of elements are 

prominently depleted in the continents (Rudnick and Gao, 2003), and their absence is not 

balanced by a corresponding enrichment in DMM (Workman and Hart, 2005).  Thus, 

another deeper reservoir hosting the missing TITAN elements has been proposed to exist 

in the earth (McDonough, 1991; Rudnick et al., 2000; Kamber and Collerson, 2000).  

Oceanic plates are formed by melting and depletion of the upper mantle at mid-

ocean ridges.  The resulting oceanic lithosphere, composed of mafic oceanic crust and the 

uppermost region of the depleted peridotite mantle, is subducted back into the mantle at 

trenches, thereby contributing to its compositional heterogeneity (Hofmann and White, 

1980, 1982; Chase, 1981; Zindler and Hart, 1986; van Keken et al., 2002).  During 

subduction, the mafic portion of the plate is dehydrated and may be partially melted, and 

the resulting lavas erupted at subduction zone volcanoes are depleted in the TITAN 

elements.  Incompatible elements are largely lost to the overlying mantle during 

dehydration and melting of the eclogite portion of slabs.  By contrast, titanium-rich 

phases, such as rutile, may preferentially sequester the TITAN elements in the mafic 

portion of the downgoing slab, balancing the depletion observed in subduction zone lavas 

(Green and Pearson, 1986; Ryerson and Watson, 1987; Brennan et al., 1994; Foley et al., 

2000; Schmidt et al., 2004; Kessel et al., 2005).  Refractory, rutile-bearing eclogites have 

been subducted in large quantities over geologic time, and may form a reservoir in the 

mantle that hosts the Earth’s missing TITAN (McDounough, 1991; Rudnick et al., 2000).  

TITAN enrichment in hotspot lavas also has enormous potential as a geochemical 

tracer for recycled oceanic plates (Rudnick et al., 2000).  If TITAN-enriched refractory 

eclogites are returned to the surface in mantle plumes, their presence would be evident as 

TITAN enrichment in hotspot lavas.  A common mantle dynamics paradigm maintains 
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that mantle plumes complete the process of recycling by transporting plate remnants from 

the core-mantle boundary back to the surface, where they melt and erupt as ocean island 

basalts (OIBs) (Hofmann and White, 1980, 1982; Chase, 1981).  However, the reservoir 

hosting the Earth’s missing TITAN has been difficult to detect in hotspot lavas 

(McDonough, 1991; Rudnick et al., 2000). 

Rare, high 3He/4He (>30 Ra, ratio to atmosphere) ratios in lavas erupted at some 

hotspots, including Hawaii, Iceland, Galapagos and Samoa, are thought to be tracers of 

buoyantly upwelling mantle plumes that sample an ancient reservoir residing in the 

mantle (e.g., Kurz et al., 1982; Hart et al., 1992).  Variously called FOZO (Focus Zone; 

Hart et al., 1992; Jackson et al., 2007a), PHEM (Primitive Helium Mantle; Farley et al., 

1992) or C (Common; Hanan and Graham, 1996), the precise location (shallow or deep 

mantle) of the high 3He/4He reservoir is a source of intense debate (e.g., Anderson, 1998).  

Nonetheless, there is a growing consensus that this reservoir hosts a significant 

component of depleted mantle peridotite (e.g., Hart et al., 1992; Anderson, 1998; Parman 

et al., 2005; Heber et al., 2007).  Recent work suggests that the high 3He/4He mantle may 

also host a component of recycled eclogite (Dixon et al., 2001; Brandon et al., 2007).  In 

this paper, we argue that the high 3He/4He mantle sampled by OIBs hosts a component of 

recycled, refractory eclogite, and that this component balances Earth’s budget for the 

elements titanium, tantalum and niobium (TITAN).   

 

2.  New Data and Observations 
We report new trace element data by ICP-MS (inductively coupled plasma mass 

spectrometer) on the highest 3He/4He lavas from Hawaii (32.3 Ra; Kurz et al., 1982), 

Iceland (37.7 Ra; Hilton et al., 1999) and Samoa (33.8 Ra; Jackson et al., 2007a) (see 

Table 1).  In Fig. 1, these new data are presented together with previously published ICP-

MS trace element data for the highest 3He/4He Galapagos lava (30.2 Ra; Kurz and Geist, 

1999; Saal et al., 2007).  These high 3He/4He lavas exhibit Ti, Ta, and Nb excesses, or 

positive anomalies, relative to elements of similar compatitiblity in peridotite (on a 

primitive mantle normalized basis, see Fig. 1). While the association of positive TITAN 

anomalies and high 3He/4He (or plume) signatures were previously observed regionally in 

 113



Hawaii (Dixon et al., 2001), Iceland (Fitton, 1997) and the Galapagos (Kurz and Geist, 

1999; Saal et al., 2007), we suggest that the large, positive TITAN anomalies are a global 

phenomenon in high 3He/4He OIBs. The primitive-mantle normalized trace element 

patterns (spidergrams) of the highest 3He/4He lavas from Hawaii, Iceland, Galapagos and 

Samoa all share prominent, anomalous enrichment in the TITAN elements compared to 

elements of similar compatibility in peridotite (Fig. 1).  In fact, the Nb/U ratios in the 

high 3He/4He OIB lavas are all higher than the average Nb/U value of 47 previously 

proposed for OIBs and MORBs (Hofmann et al., 1986). 

By contrast, the mantle endmembers (Zindler and Hart, 1986) with low 3He/4He, 

including HIMU (high ‘μ’, or 238U/204Pb; Graham et al., 1992; Hanyu and Kaneoka, 

1997), EM1 (enriched mantle 1; Honda and Woodhead, 2005), EM2 (enriched mantle 2; 

Workman et al., 2004; Jackson et al., 2007b) and DMM exhibit spidergrams (Hart and 

Gaetani, 2006) that lack such pronounced TITAN anomalies (Fig. 1).  While HIMU 

basalts can have positive Nb and Ta anomalies (Weaver et al., 1987; Weaver et al., 1991; 

Chauvel et al., 1992), they generally have lower anomalies than high 3He/4He lavas, and 

can even have negative Nb anomalies (Sun and McDonough, 1989).  Importantly, HIMU 

lavas exhibit flat or negative Ti-anomalies (McDonough, 1991), and thus lack the 

positive Ti-anomalies observed in high 3He/4He lavas. 

Available data (see Appendix A) also indicate that the TITAN enrichment is 

enhanced with increasing 3He/4He in OIB lavas (Fig. 2):  Large, positive Ti (high Ti/Ti*), 

Nb (elevated Nb/Nb*) and Ta (Ta/Ta*, not shown) anomalies are observed in the highest 
3He/4He basalts.  While all high 3He/4He lavas (>30 Ra) have large, positive TITAN 

anomalies, not all lavas with positive TITAN anomalies have high 3He/4He.  In the plots 

of TITAN anomalies vs. 3He/4He, the OIB data outline a “wedge-shaped” pattern.  For 

example, Cape Verde lavas have large, positive Nb/Nb* values, but have low 3He/4He 

(Fig. 2).  However, high 3He/4He lavas with negative TITAN anomalies are absent in the 

available dataset. 

High 3He/4He lavas exhibit moderately radiogenic Os-isotopes 

(187Os/188Os>0.135), an observation that is contrary to previous suggestions that this 

reservoir hosts unradiogenic 187Os/188Os ratios (Hauri et al., 1996) similar to DMM 

 114



(Standish et al., 2002) (Fig. 2).  Radiogenic 187Os/188Os in the high 3He/4He reservoir is 

consistent with the positive correlation observed between 3He/4He and 187Os/188Os in 

Icelandic hotspot lavas (Brandon et al., 2007).  However, radiogenic 187Os/188Os is not 

unique to the high 3He/4He mantle:  the low 3He/4He mantle endmembers EM1 and 

HIMU also have radiogenic 187Os/188Os.  Importantly, unradiogenic 187Os/188Os is not 

observed in high 3He/4He OIB lavas. 

 

3.  The case for a refractory, rutile-bearing eclogite component in the 

high 3He/4He mantle sampled by OIBs 

3.1.  TITAN enrichment and high 187Os/188Os: Evidence for refractory 

eclogite. 
The lack of large TITAN anomalies in DMM (Fig. 1) demonstrates that phases 

contained in upper mantle peridotites do not preferentially sequester the TITAN elements 

relative to other incompatible lithophile elements.  By contrast, subduction zone lavas are 

TITAN-depleted, indicating that processes operating in their mantle source can 

fractionate TITAN from the other lithophile trace elements.  It was suggested that 

eclogite melting in subduction zones may generate rutile-bearing residues that are 

residually-enriched in TITAN elements (e.g., McDonough, 1991).  Experimental studies 

indicate that the TITAN elements are strongly partitioned into rutile during eclogite 

melting (Green and Pearson, 1986; Ryerson and Watson, 1987; Ayers, 1998; Stalder et 

al., 1998; Foley et al., 2000; Schmidt et al., 2004; Kessel et al., 2005), thereby generating 

positive TITAN anomalies in refractory, rutile-bearing slab residues that balance the 

depletion observed in subduction zone lavas.   

Like TITAN-enrichment, radiogenic 187Os/188Os is not a geochemical signature 

typically associated with a peridotite reservoir.  While peridotites tend to have low Re/Os 

and 187Os/188Os, mafic igneous rocks generally exhibit elevated Re/Os and 187Os/188Os 

ratios, (Walker et al., 1989; Reisberg et al., 1991; Hauri and Hart, 1993; Reisberg et al., 

1993; Snow and Reisberg, 1995; Becker, 2000).  Oceanic crust enters subduction zones 

with initially high Re/Os, and owing to moderate compatibility of Re in garnet, oceanic 

crust may retain high Re/Os (and with time, radiogenic 187Os/188Os) ratios during 
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subduction zone processing in the garnet stability field (Righter and Hauri, 1998).  While 

it has been suggested that Os and Re are extracted from the slab in the subduction zone 

(e.g., Brandon et al., 1996; McInnes et al., 1999; Becker et al., 2000), we note that the 

Re/Os ratios of altered oceanic crust (187Re/188Os averages of 349 and 353 in composites 

of two separate drill cores; Peuker-Ehrenbrink et al., 2003) and oceanic crust gabbros 

(187Re/188Os average of 472, Hart et al., [1999]) are similar to the ratios found in 

metabasalts metamorphosed in paleosubduction zones (median  187Re/188Os = 326, 

including eclogites, blueschists and mafic granulites; Becker, 2000).  Thus, there is ample 

evidence supporting the contention that high Re/Os ratios can be preserved in the slab 

during subduction zone metamorphism.  Like TITAN enrichment, the observation of 

moderately radiogenic 187Os/188Os in high 3He/4He lavas is consistent with a refractory 

eclogite component in their mantle sources, and not consistent with the high 3He/4He 

reservoir being primitive mantle. 

 

3.2.  Depletion in the 4He-producing elements (U and Th) and TITAN 

enrichment. 
While recycled oceanic crust has been suggested to be ubiquitous in the mantle 

sources beneath hotspots (Sobolev et al., 2007), the close association of a refractory, 

TITAN-enriched mafic component with the high 3He/4He mantle may appear 

contradictory since eclogites are quantitatively degassed in subduction zones (Staudacher 

and Allegre, 1988; Moreira and Kurz, 2001; Moreira et al., 2003).  Far from hosting the 

high 3He/4He signature in the mantle source of high 3He/4He OIB lavas, the eclogite will 

instead contribute 4He (via alpha decay of U and Th) and generate low time-integrated 
3He/4He ratios.  However, the long-term 4He production of an eclogite can be greatly 

reduced by melt (or fluid) extraction of highly incompatible elements like U and Th from 

the slab during subduction processing.  By contrast, the TITAN elements will be 

conserved if melt (or fluid) extraction occurs in the presence of rutile (e.g., McDonough, 

1991).  In this scenario, a positive TITAN anomaly indicates U and Th (including other 

incompatible trace elements, like La, Tb and Sm) depletion in a slab.  The positive 

TITAN anomaly is formed by relative enrichment of TITAN due to conservation of Ti, 
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Ta and Nb and concomitant loss of U and Th.  Therefore, the refractory eclogite model of 

McDonough (1991) is potentially consistent with the preservation of a high 3He/4He in 

the mantle.  A U- and Th-depleted, TITAN-enriched eclogite will not produce significant 

post-subduction radiogenic 4He ingrowth (see below), and may explain why TITAN 

enrichment is associated with high 3He/4He signatures.   

By contrast, subducted oceanic crust that conserves much of its original U and Th 

budget through the subduction zone will not possess positive TITAN anomalies and will 

produce more 4He over time than a U and Th-depleted slab.  Consequently, the abundant 
4He produced by an undepleted slab would infect the surrounding mantle with radiogenic 
4He due to rapid diffusion of helium in the mantle (Hart, 1984; Trull and Kurz, 1993; 

Hart et al., 2007), and is not compatible with the preservation of a high 3He/4He signature 

in the mantle.  This hypothesis is consistent with the observation that high 3He/4He lavas 

never have negative (or flat) TITAN anomalies. 

 

3.3.  Refractory eclogite and high 3He/4He peridotite:  the raw materials for 

the high 3He/4He OIB mantle. 
While refractory, rutile-bearing eclogite possesses positive TITAN anomalies, it 

does not have intrinsically high 3He/4He ratios:  high 3He/4He signatures in the TITAN-

enriched, high 3He/4He OIB source must be derived from another lithology.  Ancient 

mantle peridotites can potentially preserve elevated 3He/4He ratios over time (Hart et al., 

1992; Anderson, 1998; Parman et al., 2005; Heber et al., 2007; Jackson et al., 2007a) if 

they were isolated from the convecting mantle early in Earth’s history.  However, mantle 

peridotites do not generally exhibit positive TITAN anomalies (McDonough, 1991).  

Alone, neither eclogite nor peridotite can contribute both TITAN-enrichment and high 
3He/4He to the mantle source sampled by high 3He/4He OIB lavas.  Both refractory 

eclogite and the high 3He/4He peridotite are required to generate such a mantle source.  

Thus, an important question is how the TITAN-enriched eclogites came to be associated 

(i.e., mixed) with high 3He/4He peridotites in the high 3He/4He mantle sampled by OIBs.  
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3.4.  Peridotite and eclogite portions of ancient subducted slabs: A high 
3He/4He, TITAN-enriched “package”.   

One possible explanation for the generation of a hybrid lithology in the high 
3He/4He OIB mantle is that the crust and mantle components of ancient, subducted 

oceanic lithosphere contain the raw materials required for the generation of a mantle 

source sampled by high 3He/4He basalts.  TITAN-enriched refractory eclogite exists at 

the top of the slab, and ancient high 3He/4He asthenospheric peridotite (with the same 

composition as contemporary DMM) is coupled to the underside of the downgoing plate.  

After processing in subduction zones, the crustal portion of the subducted plate hosts 

TITAN enrichment, and the asthenospheric DMM coupled to the bottom of the 

downgoing plate remains unscathed by subduction zone processes.  The two components, 

TITAN-enriched eclogite and high 3He/4He asthenospheric peridotite, should be 

intimately associated as a “package” in space and time within a subducted plate, a 

geometry that is conducive to later mixing in the mantle. 

We present a simple model for the generation of the high 3He/4He mantle sampled 

by OIBs, whereby the eclogitic and peridotitic components of the oceanic plate are 

subducted and isolated from the convecting mantle at 3 Ga and mixed during storage in 

the lower mantle (Fig 3).  We assume that the upper mantle began with a primitive 

composition (McDonough and Sun, 1995) at 4.4 Ga, and evolved by continuous 

depletion to the present-day DMM composition of Workman and Hart (2005).  Oceanic 

plates were continuously injected into the mantle over this time period, and the eclogitic 

and peridotitic portions of these subducted plates were thoroughly mixed in the lower 

mantle and were later sampled by upwelling mantle plumes and erupted at hotspots.   

In order to develop a quantitative geochemical model for the 3He/4He, 
187Os/188Os, and TITAN of the two lithologies (peridotite and eclogite) in a subducted 

plate, we make the following assumptions about their compositions over time: 

 

i.  3He/4He of ancient asthenospheric DMM peridotite and refractory eclogite:  The 
3He/4He of DMM is thought to have decreased significantly over time (Fig. 3).  However, 

portions of asthenospheric DMM peridotite that are isolated with the downgoing plate 
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(i.e., removed from the upper mantle) are not subject to further depletion.  In the model,  

the subducted asthenospheric DMM peridotite “locked in” the high 3He/4He and 3He/238U 

ratios of ancient, less-depleted DMM, and evolved by closed-system decay of U and Th.  

By contrast, if the subducted portion of ancient asthenospheric DMM had remained as 

part of the convecting asthenosphere, it would have evolved by continuous melt 

extraction to become modern DMM with low 3He/4He and 3He/238U (see Fig. 3 and 

Appendix B for details of 3He/4He evolution in the mantle).  Consequently, following 

subduction and isolation, the 3He/4He of the isolated, ancient DMM rapidly diverged 

from (and preserved higher 3He/4He than) its upper mantle counterpart, which continued 

to be depleted (in He relative to U and Th, see Appendix B) by continental and oceanic 

crust extraction (Fig. 3).   

By comparison, we model the 3He/4He evolution of the subducted eclogite using 

the trace element composition of a hypothetical refractory eclogite calculated by 

McDonough (1991) (see Fig. 4 for a spidergram of the refractory eclogite).  The eclogite 

is assumed to start with a 3He/4He ratio equal to DMM at its time of isolation, and 

following over 99% degassing in the subduction zone, the U and Th of the eclogite 

generates 4He by decay, thus rapidly diminishing the 3He/4He of the eclogite over time 

(Fig. 3, Table 2).  Degassing of the eclogite portion of the subducted slab is simulated by 

increasing the 238U/3He of the eclogite by a factor of 1,000 relative to contemporary 

DMM. 

 

ii.  187Os/188Os of ancient asthenospheric DMM peridotite and refractory eclogite:  

The 187Os/188Os of DMM and Primitive Mantle are not very different (0.12-0.13; Standish 

et al., 2002; Meisel et al., 2001), and thus the isolated, ancient asthenospheric peridotite 

portions of the subducted plates are assumed to have an intermediate present-day 

composition (0.125).  DMM is also assumed to have had an Os concentration of 3000 ppt 

over geologic time.  In contrast to the asthenospheric DMM peridotite, the eclogitic 

portion of the subducted plate likely evolved extremely radiogenic 187Os/188Os over time 

(Fig. 3).  The 187Os/188Os evolution of the refractory eclogite is modeled using the median 
187Re/188Os (325) and Os (6 ppt) from eclogites metamorphosed in paleosubduction zones 
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reported by Becker (2000):  earlier subduction injection of eclogites with this 

composition yielded higher 187Os/188Os in the present day.  The high calculated present-

day 187Os/188Os ratios in the recycled eclogites are similar to the most radiogenic 

eclogites presented by Becker (2000). 

 

iii.  TITAN anomalies of ancient asthenospheric DMM peridotite and refractory 

eclogite:  The trace element content of the present-day asthenospheric DMM peridotite is 

assumed to be the same as the DMM compositions calculated by Workman and Hart 

(2005).  However, DMM has likely become increasingly depleted throughout geologic 

time.  We assume that DMM began with a primitive mantle composition (McDonough 

and Sun, 1995) and evolved by continuous depletion until the present day.  Using the 

continuous transport equations in Appendix B, the trace element budget of DMM is 

calculated at various times, and “snapshots” of DMM compositions through time are 

plotted as spidergrams in Fig. 4 (see Table 2 for compositions).  By contrast, the 

subducted eclogites are assumed to have the same present-day trace element composition 

as the hypothetical refractory eclogite from McDonough (1991), regardless of the 

isolation time (see Table 2).  This hypothetical eclogite has a trace element composition 

similar to the eclogites with the largest positive TITAN anomalies presented in Becker et 

al. (1999) (see Table 2). 

 

3.5.  Mixing asthenospheric DMM peridotite with refractory eclogite. 
 The high 3He/4He, moderately radiogenic 187Os/188Os, and positive TITAN 

anomalies observed in the highest 3He/4He OIB lavas can be generated by mixing 

refractory eclogite and the asthenospheric DMM peridotite that were subducted together 

(in the same plate) at 3 Ga.  When the proportion of refractory eclogite in the mixture is 

between 20 and 25%, the model generates 3He/4He, 187Os/188Os and positive TITAN 

anomalies that are similar to the highest 3He/4He OIB lavas (Fig. 2).  If the proportion of 

refractory eclogite is increased, the present-day 3He/4He in the resulting mixture is 

diminished and the positive TITAN anomalies and 187Os/188Os ratios are both increased 

to values above those observed in high 3He/4He OIB lavas.   
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Fig. 4 shows that the addition of 20% eclogite to a 3 Ga DMM composition 

generates a hybrid eclogite-peridotite spidergram that is similar in shape to the 

spidergram of the highest 3He/4He lava from Iceland.  (Sr is a poor fit, however, due to 

the positive Sr anomalies in the Icelandic lava, a possible result of interaction with 

shallow lithospheric gabbros [Gurenko and Sobolev, 2006]).  This hybrid spidergram 

may thus serve as a plausible melt source for the high 3He/4He lava.  It is important to 

note that the TITAN elements are “bracketed” by elements of similar compatibility (as 

long as rutile is absent) in the spidergram, and these bracketing elements are used to 

calculate the TITAN anomalies.  Thus, the magnitude of TITAN anomalies are little 

affected by partial melting beneath a hotspot, and the positive TITAN anomalies in the 

mantle source of high 3He/4He lavas are reflected in the erupted hotspot lavas.  Clearly, 

this assumes that the rutile present in the downgoing slab is no longer present in the high 
3He/4He mantle that melts beneath hotspots.  One way to destabilize rutile is to 

completely mix the (smaller proportion of) eclogite and the (larger proportion of) 

peridotite in the ancient recycled slab.  Alternatively, if eclogite is still present in the 

source of the high 3He/4He OIB mantle source, it must be melted to a sufficiently high 

degree to eliminate rutile as a phase in the residue of melting (Gaetani et al., 2007). 

This model for the generation of high 3He/4He, TITAN-enriched mantle can also 

generate a low 3He/4He that has positive TITAN anomalies.  Subduction is a continuous 

process that has operated for much of geologic time, and the 3He/4He ratio of the upper 

mantle has likely decreased significantly (Fig. 3).  Thus, the peridotite portion of more 

recently subducted oceanic plates will trap and preserve a lower 3He/4He upper mantle 

signature than ancient subducted plates, and the refractory eclogite portion of recently 

subducted plates will also host positive TITAN anomalies.  For example, the lower 
3He/4He, TITAN-enriched mantle source sampled by Cape Verde lavas can be generated 

by mixing refractory eclogite (10-30% by mass) and asthenospheric DMM components 

of a plate subducted between 1-2 Ga (Fig. 2).   

The “wedge-shaped” outline of the OIB data in Fig. 2 highlights a striking 

absence of high 3He/4He lavas with negative (or even small positive) TITAN anomalies.  

Why do all high 3He/4He lavas exhibit TITAN-enrichment, or rather, why have high 
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3He/4He-TITAN depleted (or only mildly TITAN enriched) lavas not been found?  

Continental crust and arc lavas (and associated sediments) compose the only known 

reservoir to exhibit TITAN depletion.  Due to its extremely high U and Th contents, 

admixture of CC with high 3He/4He peridotite may not be conducive to the preservation 

of high 3He/4He (Jackson et al., 2007b), and could explain why TITAN-depleted lavas 

always exhibit low 3He/4He (Fig. 2).  OIB lavas lacking TITAN anomalies may host an 

eclogite component that was not U and Th-depleted (and thus did not acquire positive 

TITAN anomalies) in a subduction zone, and may also produce significant 4He. 

On the other hand, the absence of high 3He/4He lavas with flat (or even slightly 

positive) TITAN anomalies may be explained by the intimate spatial and temporal 

association between the TITAN-enriched eclogites and high 3He/4He peridotites 

suggested by this model:  The peridotite and refractory eclogite components—the raw 

materials for the formation of the high 3He/4He, TITAN-enriched mantle—are always 

together in subducting plates, and it may not be possible to melt pure high 3He/4He 

peridotite without also melting some eclogite.  This will be true particularly if subducted 

slabs are stretched, thinned and folded in the dynamic mantle (Allegre and Turcotte, 

1986), such that the diminished thickness of the (eclogite and peridotite) slab is less than 

the width of melting zones beneath hotspots.  Such a process might explain why an 

eclogite signature (positive TITAN anomalies and radiogenic 187Os/188Os) is invariably 

present in high 3He/4He lavas.   

 

3.6.  Two alternative models for a hybrid high 3He/4He mantle:  “Eclogite 

Injection” and diffusion of “Ghost” primordial helium. 
An alternative process for generating the hybrid eclogite-peridotite high 3He/4He 

mantle assumes that subducted slab peridotite contributes little to the helium budget of 

the high 3He/4He mantle sampled by OIBs.  In this model, the refractory slab eclogite 

penetrates into the lower mantle and mixes with a hypothetical lower mantle high 
3He/4He peridotite reservoir (i.e., not associated with the peridotite portion of slabs).  The 

hybrid mixture then rises in a plume where it is melted beneath a hotspot.  By comparison 

to the slab peridotite-eclogite “package” model describe in section 3.4 and 3.5 above, this 
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alternative “eclogite injection” model does not guarantee an intimate spatial and temporal 

association of the high 3He/4He peridotite and TITAN-enriched eclogite components.  For 

example, deep mantle high 3He/4He peridotite could upwell in a plume without first being 

inoculated with refractory eclogite, in which case the erupted high 3He/4He lavas would 

lack positive TITAN anomalies.  Such lavas have not been observed.  While this model is 

not explored further here, one possible solution could be that, due to mixing by stretching 

and thinning of slabs in a convecting mantle over geologic time (Allegre and Turcotte, 

1986), recycled eclogite has become pervasive in the mantle and is distributed at 

lengthscales smaller than the melting zones beneath hotspot volcanoes.  In this way, 

volcanoes fed by upwelling high 3He/4He mantle plumes will inevitably sample 

subducted eclogite. 

Instead of mechanically mixing the high 3He/4He peridotite and TITAN-enriched 

eclogite, as suggested in the “slab package” and “eclogite injection” models above, it 

may be possible to diffusively mix helium from a high 3He/4He peridotite into a 

degassed, U and Th-poor pyroxenite (i.e., refractory eclogite) (Albarede and Kaneoka, 

2007).  Due to the higher diffusivity of helium compared to non-volatile major and trace 

elements, helium isotopes may become decoupled from other lithophile isotope tracers 

(Hart et al., 2007), and primordial helium may become associated with recycled materials 

like refractory eclogites (Albarede and Kaneoka, 2007).  Albarede and Kaneoka (2007) 

propose that helium from deep (high 3He/4He) mantle peridotites can diffuse into 

embedded, tightly folded layers of stretched and thinned refractory eclogite.  They 

suggest that changing the duration of the diffusion process, as well as the U and Th 

contents of the refractory eclogite layers, can generate mantle sources for both high and 

low 3He/4He hotspots.  U and Th-poor refractory eclogite that was processed in 

subduction zones will have positive TITAN anomalies (McDonough, 1991), and because 

such eclogites will produce little 4He over time, they are perfect “containers” for 

preserving diffusively acquired high 3He/4He signatures.  If these eclogites become 

sufficiently thinned (to <1-2 km thickness, by mantle mixing), they could acquire high 
3He/4He signatures by diffusion from the ambient deep mantle peridotite (Hart et al., 

2007).  Thus, the “ghost” helium model of Albarede and Kaneoka (2007) may offer a 
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resolution to the paradoxical association of high 3He/4He signatures in lavas with strong 

eclogite signatures.   

Nonetheless, the “ghost helium” model suffers from the same spatial and temporal 

issues as the “eclogite injection” model:  There is no obvious mechanism preventing 

ambient lower mantle (eclogite-free) peridotite from upwelling and melting beneath a 

hotspot, thus generating a high 3He/4He lava that lacks positive TITAN anomalies.  

However, one possible resolution is that plume-entrained, high 3He/4He lower mantle 

peridotites are too refractory to contribute significantly to melting beneath OIBs (i.e., 

Albarede and Kaneoka [2007] invoke dunites and harzburgites), so that pure peridotites 

are never melted.  Alternatively, if eclogite layers are pervasive in the mantle at 

lengthscales smaller than those sampled by melting zones (<100 km), it may be 

inescapable that eclogites always contribute to mantle melts.  An additional problem with 

the “ghost helium” model is that rutile may still be stable in a pure eclogite mantle 

component that is upwelling beneath a hotspot; the residual rutile will hold back TITAN 

in the source, and as a result, positive TITAN anomalies will not be observed in the 

erupted lavas.  However, if the eclogite is melted to sufficiently high degrees beneath a 

hotspot, the rutile will be completely consumed and not present in the residue (Gaetani et 

al., 2007).   

 

3.7. High 3He/4He lavas without positive TITAN anomalies?  
If a high 3He/4He peridotite could be melted in pure (no eclogite) form, there 

would be no positive TITAN-anomalies in the erupted lavas.  There would also be no 

contribution of 4He ingrowth from the eclogite, and an even higher 3He/4He might be 

expected in the melts of such a mantle source.  Such lavas have not been identified.  

However, with the highest magmatic 3He/4He values on record, Baffin Island lavas 

(Stuart et al., 2003) may provide an important test case for this hypothesis.   

 

3.8. TITAN anomalies due to partitioning between lower mantle phases?  
 It is difficult to rule out the possibility of TITAN fractionation in lower mantle 

materials.  Experimental studies of high pressure partitioning and mineralogy are in the 
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early phases.  However,Ca-perovskite in peridotitic and basaltic systems shows negative 

Ti and Nb partitioning patterns compared to Th, U and the rare earth elements (REEs) 

(Hirose et al., 2004).  This means that a Ca-perovskite bearing solid assemblage would 

have negative anomalies, but melt equilibrated with Ca-perovskite could have positive 

anomalies.  It if it possible to generate Ca-perovskite melts at the appropriate pressures 

and temperatures (for example, D’’), and extract them from the lower mantle (the 

inferred home of the high 3He/4He domain), then Ca-perovskite melting in the lower 

mantle may offer a potential explanation for the origin of TITAN-enriched, high 3He/4He 

lavas. 

 

4.  The high 3He/4He, TITAN-enriched mantle:  A reservoir for the 

“missing” TITAN elements in the earth? 
In addition to offering insights into the composition and generation of the high 

3He/4He mantle reservoir, TITAN-enrichment in high 3He/4He OIBs may provide 

information about the location and composition of the reservoir hosting the earth’s 

missing TITAN elements.  If the refractory lithophile trace elements have chondritic 

abundances in BSE (bulk silicate earth), mass balance constraints require that the TITAN 

elements missing in the shallow earth reservoirs—DMM and CC—must exist in the 

deeper earth (McDonough, 1991; Rudnick et al., 2000), perhaps in a deep reservoir 

composed of subducted oceanic plates (Christensen and Hofmann, 1994).  In this section, 

we calculate the trace element budget of a hypothetical missing TITAN-rich reservoir 

that, when added together with DMM and CC, generates a BSE (McDonough and Sun, 

1995) spidergram.  We show that, like high 3He/4He OIB lavas, the spidergram of the 

TITAN-rich reservoir has positive TITAN anomalies. 

In order to estimate the trace element composition of this deep, TITAN-enriched 

reservoir, we assume that the composition of BSE can be approximated with just three 

reservoirs:  CC, DMM and subducted plates (here called PLATE, which is composed of 

oceanic crust, mantle lithosphere, and everything else--like sediment--subducted along 

with downgoing plates).  The trace element budget of the PLATE reservoir is calculated 

using the following mass balance relationship:         
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            [x]CC × MCC + [x]DMM × MDMM + [x]PLATE × MPLATE = [x]BSE × MBSE        (eq. 1) 

 

where [x] represents the concentration of the element x in the four reservoirs, and M is 

the mass of the reservoirs.  Assuming the mass of CC is fixed at 0.6% of BSE, and given 

that the mass proportions of the DMM and PLATE reservoirs are unknown, the following 

relationships are used to calculate possible trace element budgets for the PLATE 

reservoir: 

 

                                                 MCC = 0.006 × MBSE                                     (eq. 2) 

                                                        MPLATE = β                                                (eq. 3) 

                                                    MDMM = 0.994 – β                                       (eq. 4) 

 

where the mass of the three reservoirs, PLATE, CC, and DMM sum to the mass of the 

total silicate mantle.  Employing the trace element budgets previously derived for CC 

(Rudnick and Gao, 2003), DMM (Workman and Hart, 2005) and BSE (McDonough and 

Sun, 1995), the trace element budget of the subducted PLATE reservoir is calculated for 

different values of MPLATE (β).  The results of the mass balance model are plotted in Fig. 

5 (assuming that β ≥ 0.4).  The calculated PLATE spidergram changes as a function of its 

mass proportion (β) of BSE.  For large values of β, the PLATE reservoir is more trace 

element depleted, and for smaller values of β, the PLATE reservoir is increasingly trace 

element enriched.  The most important observation is that, regardless of the value of β, 

the PLATE reservoir exhibits positive TITAN anomalies.   

It is possible to place constraints on the minimum size of the subducted PLATE 

reservoir and show that its mass proportion of BSE is unlikely to be small.  Following 

Rudnick et al. (2000), we assume that the present mass of the oceanic crust (5.3×1021 kg) 

has been subducted every 100 Ma for the past 2.5 Ga, and the total mass of the reservoir 

comprised of subducted oceanic crust is 1.3×1023 kg.  Assuming that the portion of the 

subducted oceanic plate that is oceanic mantle lithosphere is 10 times thicker and 10% 

denser than the oceanic crustal lithosphere, then the total mass of oceanic plates 
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subducted over the past 2.5 Ga is ~1.4×1024 kg (~8% of which is oceanic crust), which is 

~40% of the mass of BSE.  We consider this a minimum estimate for the size of the 

subducted PLATE reservoir, as subduction probably operated before 2.5 Ga, and the 

Archaen mantle was hotter, thereby leading to higher rates of plate formation and 

subduction (Rudnick et al., 2000).  Thus, the PLATE reservoir composes ≥40% of BSE, 

and all possible spidergrams for the plate reservoir are more depleted than the PLATE 

spidergram shown in Fig. 5.  

Therefore, mass balance considerations (equations 1-4) and estimates of plate 

recycling budgets suggest that a large mantle reservoir host for the missing TITAN 

elements.  The spidergram of the calculated PLATE reservoir exhibits hints of the 

positive TITAN-anomalies observed in high 3He/4He OIBs.  Thus, it is not implausible 

that high 3He/4He lavas are sampling the “missing” TITAN hosted in the PLATE 

reservoir.  

While there are many similarities, there is some disagreement between the shape 

of the spidergrams of the calculated PLATE reservoir and the high 3He/4He OIB lavas.  

Most significantly, the positive TITAN anomalies in the PLATE reservoir are not as large 

as those observed in the high 3He/4He lavas from Hawaii, Iceland, Galapagos and Samoa.  

One solution to this discrepancy is the following:  The PLATE reservoir is likely to be 

heterogeneous, as it includes everything in BSE that is not DMM or CC.  These other 

components in the PLATE reservoir will dilute the large, positive TITAN-anomalies 

contributed from recycled, rutile-bearing eclogites.  While the PLATE reservoir is not 

purely a high 3He/4He reservoir, its spidergram balances the Earth’s budget of TITAN, 

and recycled, refractory, rutile-bearing eclogite likely contributes the positive TITAN 

anomalies to the PLATE reservoir (McDonough, 1991).  It is this TITAN-enriched 

domain of the PLATE reservoir that may be associated with the source for high 3He/4He 

lavas.  

In section 3.5 it was shown that, if mixed with high 3He/4He peridotite, 

approximately 20 to 25% refractory, rutile-bearing eclogite can generate the 3He/4He, 
187Os/188Os and TITAN anomalies in high 3He/4He OIBs.  However, this percentage of 

eclogite greatly exceeds the percentage of eclogite in the PLATE reservoir (~8%).  
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Perhaps this inconsistency can be explained by the fact that eclogites have lower solidus 

temperatures than pure, unadulterated peridotites.  Thus, when melting the high 3He/4He 

portion of the PLATE reservoir beneath a hotspot, the eclogite’s (be it pure eclogite or 

eclogite completely mixed into a peridotite) contribution to the melt will exceed its mass 

proportion in the mantle source. 

 

 

5.  Implications for 142Nd/144Nd measurements on terrestrial mantle 

rocks 
A recent discovery demonstrated that the 142Nd/144Nd ratios in all measured 

terrestrial mantle rocks are 20 ppm higher than chondrite (Boyet and Carlson, 2005, 

2006), indicating that these rocks were derived from a reservoir that had superchronditic 

Sm/Nd during the lifetime of 146Sm (the first few hundred million years following 

accretion).  If the BSE has chondritic abundances of the refractory elements, then the 

superchondritic 142Nd/144Nd ratios observed in the accessible terrestrial rocks suggest that 

they sample the depleted residue (early depleted reservoir, or EDR) of an early 

differentiation event.  In this model, a complementary hidden “early enriched reservoir” 

(EER) with subchondritic 142Nd/144Nd must exist in the deep earth (Boyet and Carlson, 

2005, 2006; Andreasen and Sharma, 2006; Carlson et al., 2007).  Alternatively, if BSE 

accreted from non-chondritic materials, an early differentiation of the silicate earth is not 

required (Caro et al., 2007).   

If the earth accreted from non-chondritic materials, the superchondritic 
142Nd/144Nd ratios in the terrestrial mantle could be a result of superchondritic 
147Sm/144Nd (≥ 0.209) ratios in BSE (Boyet and Carlson, 2006).  However, a non-

chondritic earth does not necessarily obviate the need for a deep, TITAN-enriched SLAB 

reservoir, because we see evidence for its presence in high 3He/4He OIBs. 

Alternatively, if BSE does have chondritic abundances of the refractory elements, 

neither of the two early formed reservoirs—EDR and EER—have the appropriate 

isotopic and trace element characteristics to be the mantle source of high 3He/4He lavas.  

The EDR was suggested to be the high 3He/4He reservoir variously called FOZO, PHEM 
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or C (Boyet and Carlson, 2006).  While the EDR does have higher 143Nd/144Nd than 

chondrite, consistent with globally high (superchondritic) 143Nd/144Nd ratios in high 
3He/4He lavas (Jackson et al., 2007a), the EDR is calculated to have negative TITAN 

anomalies (Boyet and Carlson, 2005) and is not consistent with being the mantle source 

of TITAN-enriched, high 3He/4He OIB lavas.  By contrast, the EER does have positive 

TITAN anomalies like those observed in high 3He/4He OIB lavas.  An early crust isolated 

at the bottom of the mantle has been suggested to host high 3He/4He ratios (Tolstikhin 

and Hofmann, 2005).  However, the EER cannot be the mantle source of the high 
3He/4He as it has Sm/Nd ratios lower (more enriched) than chondrite, and will generate 

lower 143Nd/144Nd ratios than observed in high 3He/4He OIBs.  Thus, neither of the two 

initial reservoirs suggested by Boyet and Carlson (2005) describe both the isotopic and 

trace element characteristic of the high 3He/4He OIB mantle.  The depleted peridotite and 

refractory, rutile-bearing eclogite in ancient plates that were subducted and stored in the 

mantle are ideally suited to be a mantle source for high 3He/4He OIB lavas. 

 

6.  The fate of slabs and the high 3He/4He reservoir 
The presence of recycled eclogites in the mantle source of high 3He/4He lavas has 

important implications for the helium isotope evolution of the mantle, since subduction 

zone processing likely plays an important role in determining the composition of recycled 

eclogites.  Specifically, the uniqueness of the thermal regimes of different subduction 

zones may affect the composition of eclogites in dramatically different ways.  Slab 

melting and dehydration in ancient, hot subduction zones may residually enrich the slab 

in TITAN elements while depleting it in U and Th, a process that is conducive to the 

formation and preservation of a high 3He/4He, TITAN-enriched mantle reservoir.  

Alternatively, cooler subduction zones may not generate TITAN anomalies (or deplete 

the 4He -producing elements, U and Th) in the slab, a scenario that may produce mantle 

reservoirs with small positive TITAN anomalies and low 3He/4He.  Thus, the fate of the 
3He/4He evolution of the various mantle reservoirs may hinge on the processes operating 

in subduction zones.   
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Appendix A:  3He/4He, 187Os/188Os and trace element data compilation.   
3He/4He, 187Os/188Os and trace element data for representative OIB samples 

(plotted in fig. 2) are from the GEOROC database (http://georoc.mpch-mainz.gwdg.de/), 

from the helium database of Abedini et al. (2006), and from the literature.  Some of the 
3He/4He and 187Os/188Os data from Iceland are unpublished, as are 187Os/188Os data for 

Samoan samples with 3He/4He >20 Ra (the protocol’s for measuring 187Os/188Os are the 

same as Skovgaard et al. [2001] for the unpublished Icelandic data and Workman et al. 

[2004] for the unpublished Samoan data).  The 3He/4He data from OIBs (plotted in Fig. 

2) were obtained by both crushing and fusion of olivine, clinopyroxene and glass, and are 

not filtered based on helium concentrations.  However, samples suggested to have 

suffered shallow contamination by crust (e.g., several samples in Macpherson et al., 

2005) were not included.  Additionally, very evolved rocks (MgO<5.3 wt.%) were 

excluded, so as to preclude the effects of extensive fractional crystallization on the 

various trace element ratios (e.g., Ti/Ti* and Nb/Nb*).  Using Ba/Rb as a filter for 

alteration, samples with high ratios (Ba/Rb > 25) were not considered.  Only trace 

element (Th, La, Sm, Tb) data measured by ICP-MS and neutron activation are included, 

thereby eliminating samples with low-precision trace element measurements.  
 

Appendix B:  Helium isotope model. 
The precise timing of the genesis of the high 3He/4He reservoirs cannot be 

calculated using helium isotopes because the degassing history of the DMM reservoir, the 

initial 4He/3He and 3He abundance of a (hypothetical) undegassed mantle (and DMM), 

and the present-day 3He abundance in DMM are not well known.  Thus, the age of the 

reservoir (3 Ga), as sampled by the high 3He/4He lava from Iceland (sample SEL 97, see 

Table 1), is poorly constrained.  For example, in the model presented in Section 3.5 

above, a present-day undegassed mantle 238U/3He ratio of 70 was assumed (Table 2).  

However, if the initial 238U/3He ratio of the mantle is increased to a value of ~250, then 

our model can generate the TITAN anomalies, 187Os/188Os and 3He/4He of the mantle 

sampled by the Icelandic lava by subducting and isolating a plate at 4 Ga (in this case, the 

amount of eclogite required to generate the high 3He/4He, 187Os/188Os and positive 
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TITAN anomalies in this older, high 3He/4He mantle reservoir increases slightly).  In 

order to generate a TITAN-enriched, high 3He/4He mantle at 2 Ga, unrealistically low 
238U/3He ratios (238U/3He < 10) are required. 

 Our preferred model for the time evolution of 3He/4He in DMM and primitive 

mantle are as follows.  If an initial 238U/3He and 3He/4He of the undegassed mantle are 

assumed (see Table 2 for assumed values), and if DMM was formed by continuous 

depletion by extraction of oceanic and continental crust from a chondritic primitive 

mantle over Earth’s history, the known 3He/4He of present day DMM (8 Ra) can be used 

to calculate the present-day 238U/3He of DMM.  Thus, assuming that the continuous 

transport equations (Allegre, 1969; Hart and Brooks, 1970; Workman and Hart, 2005) 

accurately model the continuously depleting upper mantle (DMM), the 238U/3He and 
3He/4He of DMM can then be calculated at any time from 4.4 Ga to the present day (see 

Table 2 for list of these values for DMM at different times in earth’s history).  The 

helium isotope evolution of the continuously depleting DMM reservoir (shown in Fig. 3) 

is modeled using the following continuous transport equations: 

 
4He/3Het = 4He/3HeT + 

8λ238/(λ238+k238)(238U/3He)T(1-exp(-1(T-t)(λ238+ k238))) + 

7λ235/(λ235+k235)( 235U/3He)T(1-exp(-1(T-t)(λ235+ k235))) + 

6λ232/(λ232+k232)(232Th/3He)T(1-exp(-1(T-t)(λ232+ k232)))                                           (eq. 5) 

where 

k238 = -1ln((238U/3He)0/(238U/3He)T)/(T-t) - λ238;                                                         (eq. 6) 

k235 = -1ln((235U/3He)0/(235U/3He)T)/(T-t) - λ235;                                                         (eq. 7) 

k232 = -1ln((232Th/3He)0/(232Th/3He)T)/(T-t) - λ232                                                                                   (eq. 8) 

 

where λ238 (1.55×10-10
 y-1), λ235 (9.85×10-10

 y-1) and λ232 (4.95×10-11
 y-1) are the decay 

constants for 238U, 235U, and 232Th, respectively, and k238, k235 and k232 are the continuous 

transport coefficients for the U-Th-He system in DMM.  The k-value is the difference in 

transport coefficients for U (or Th) and He, and is related to the difference in bulk 
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partition coefficients between U (or Th) and He; negative k-values in the model indicate 

that He is transported from the mantle more efficiently than U and Th.   

When k238,235,232 equals zero, equations 5-8 describe closed-system 3He/4He 

evolution.  It is assumed that the undegassed mantle has been closed to degassing since 

4.4 Ga.  Thus, the closed-system model starts at time T=4.4 Ga, where “t” is the time 

before present day (and T-t equals elapsed time).  The 4He/3HeT (initial ratio) of primitive 

mantle is unconstrained, but is assumed to be 5,995 (or 120 Ra) and is assumed to 

increase to 7,224 (or ~100 Ra) today.  The 232Th/238U0 (present-day) ratio of primitive 

mantle is assumed to be 4.05 (McDonough and Sun, 1995).  The primitive mantle 
238U/3He0  (present-day) ratio is then 70.  From the 238U/3He0 ratio, the 3He can be 

calculated by employing a present-day primitive mantle U concentration of 0.0203 ppm 

(McDonough and Sun, 1995), and is 7.3×1011
 atoms/g. 

The model for the 3He/4He and 238U/3He of DMM starts at time T=4.4 Ga.  It is 

assumed that DMM and primitive mantle had the same composition (4He/3HeT, 238U/3HeT 

and 232Th/238UT) at 4.4 Ga, and that DMM began forming immediately by melt extraction 

from primitive mantle starting at 4.4 Ga.  It is further assumed that DMM has evolved to 

exhibit present-day 232Th/238U0 and 4He/3He0 values of 2.55 (similar to the value for 

average DMM in Workman and Hart [2005]) and ~89,900 (8 Ra), respectively.  

Equations 5 through 8 are then solved for 238U/3He0, which is calculated to be ~54,000.  

For this solution, k238 and k235 are both -1.51×10-9
 y-1 and k232 is -1.41×10-9

 y-1.  If a DMM 

U concentration of 0.0032 ppm is assumed (Workman and Hart, 2005), the 3He of 

present-day DMM is calculated to be 1.5×108 atoms/g. 

The 3He abundance in DMM calculated with the continuous depletion model is 

within a factor of 3 to 20 of the 3He abundances inferred from MORB samples and 3He 

flux from ridges (see Ballentine et al. [2002] for summary). Assuming 10% melting of 

the mantle source, 3He concentrations for DMM were derived from CO2 concentrations 

and canonical mantle CO2/3He ratios in MORB melt inclusions (4.52×108
 ±1.93 atoms 

3He/g (Saal et al., 2002), “popping” rock (>2.69×109
 atoms 3He /g [Moreira et al., 1998]), 

and flux of 3He out of mid-ocean ridges (1.18×109
 atoms 3He /g [Farley et al., 1995; 

Ballentine et al., 2002]).  
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The increase in 238U/3He in DMM over the age of the earth (Table 2) requires that 

He is less compatible than U and Th during melting of this mantle reservoir.  However, 

the assumption of increased 238U/3He in DMM over time is realistic given the lherzolitic 

lithology of DMM, a mantle reservoir that hosts an estimated cpx modal abundance of 

~13% (Workman et al., 2005).  Results from a recent helium partitioning study (Heber et 

al., 2007) are consistent with helium being less compatible than U and Th (assuming U 

and Th partition coefficients from a recent compilation [Kelemen et al., 2003]) during 

mantle melting of a lherzolite lithology.  However, helium partitioning during mantle 

melting is a controversial subject.  Parman et al. (2005) reported olivine-melt partition 

coefficients for helium suggesting that helium may be more compatible than U and Th 

during melting of a cpx-poor lherzolite or harzburgite.  However, Heber et al. (2007) 

report values that are over an order of magnitude smaller (less compatible), suggesting 

the helium may be more compatible than U and Th only when melting cpx-poor 

harzburgites or dunites.  The discrepancy in olivine-melt helium partition coefficients 

between these two studies is not yet resolved. 

Finally, the continuous transport equations can be written to calculate the 

concentrations of any element in DMM at any time in earth’s history, assuming that 

DMM formed by continuous depletion of BSE starting at 4.4 Ga: 

 

XDMM,t = XBSE,0(exp(-1(αX)[T-t]))                                                                               (eq. 9) 

where 

αX = -1ln(XDMM,0/XBSE,0)/(T)                                                                                     (eq. 10) 

 

where αX is proportional to the transport of element X out of DMM over time; XBSE,0 and 

XDMM,0 are the present-day concentrations of element X in BSE and DMM, respectively; 

“t” is time before the present day and T = 4.4 Ga, and XDMM,t is the concentration of 

element X in DMM at any time “t” before the present day.  Using equations 9 and 10, 

concentrations of trace elements that are known in BSE and present-day DMM can be 

used to calculate their time-dependent concentrations in DMM.  For example, the 

present-day Ti concentrations in DMM (716 ppm) and BSE (1205 ppm) yield an αTi value 

 133



of 1.18×10-10 y-1 in equation 10.  Thus, using this αTi value and solving for TiDMM,t in 

equation 10, the concentration of Ti in DMM can be calculated at any time in earth’s 

history.  More incompatible elements have larger values for α.  For example, 

αTh=5.25×10-10 y-1 and αU=4.20×10-10 y-1, where Th is more incompatible than U.  In 

Table 2, the abundances of several trace elements in DMM are provided at various times 

in earth’s history. 
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Figure 1.  Titanium, tantalum and 
niobium (TITAN) are highly enriched 
in ocean island basalts (OIBs) with 
high 3He/4He.  Top panel:  Primitive 
mantle (PM) normalized trace 
element data (spidergrams) for basalts 
with the highest 3He/4He (>30 Ra) 
from 4 different hotspots.  All high 
3He/4He samples exhibit TITAN 
enrichment relative to neighboring 
elements on the spidergrams.  Middle 
panel: Spidergrams for the low 
3He/4He (<9 Ra) mantle endmembers.  
EM1 lavas are from Pitcairn, EM2 
lavas are from Samoa, HIMU lavas 
are from Mangaia and Tubuaii.  
Spidergrams for the mantle 
endmembers and MORB are from 
Hart and Gaetani (2006) and (for 
EM2) Jackson et al. (2007b).  TITAN 
enrichment is not as pronounced, or is 
absent, in the average spidergrams of 
the low 3He/4He mantle endmembers.  
Bottom panel: Spidergrams for DMM 
(Workman and Hart, 2005) and 
continental crust (Rudnick and Gao, 
2003) indicate that these two shallow 
earth reservoirs are not entirely 
geochemically complementary: 
TITAN depletion in the continents is 
not balanced by corresponding 
enrichment in DMM (see Fig. 5 for 
mass balance details).  However, the 
TITAN-enrichment in high 3He/4He 
lavas suggests that these lavas sample 
a (deeper) mantle reservoir that hosts 
the TITAN that is “missing” in the 
shallow geochemical reservoirs, 
DMM and continental crust.  Sources 
of the 3He/4He data for the mantle 
endmembers and the high 3He/4He 
lavas can be found in the text and in 
Table 1. 
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Figure 2.  Relationships between TITAN anomalies, 187Os/188Os and 3He/4He in 
representative hotspot lavas.  High 3He/4He lavas all have elevated Ti/Ti* (top panel), 
Nb/Nb* (middle panel) and 187Os/188Os (bottom panel).  With increasing positive TITAN 
anomalies and 187Os/188Os ratios in the OIBs, the maximum observed 3He/4He increases.  
All samples with high 3He/4He (>20 Ra) host radiogenic 187Os/188Os (> 0.130).  The 
model curves describe mixing between the high 3He/4He (low TITAN anomaly) 
peridotitic and low 3He/4He (high TITAN anomaly) refractory eclogite portions of 
ancient oceanic plates.  More recently isolated plates, and/or more contribution from 
eclogite, both tend to generate lower 3He/4He ratios in the peridoite-eclogite mixture over 
time.  The model curves are not meant to describe the global OIB array.  Instead, the 
model curves are only intended to constrain the mixing proportions of eclogite and 
peridotite in the high 3He/4He mantle sampled by the highest 3He/4He lavas (>30 Ra).  In 
the model, more recently isolated plates (the 1 Ga plate example is shown) can generate 
TITAN anomalies, but cannot generate high 3He/4He.  However, the mixing model does 
match the 3He/4He ratios, moderately radiogenic 187Os/188Os and large positive TITAN 
anomalies observed in the highest 3He/4He lava (sample SEL 97 from Iceland, see Table 
1) when the eclogitic (20-25%) and peridotitic (75-80%) portions of a 3 Ga plate are 
mixed.  Mixing is marked at 10% intervals, with increasing contribution from eclogite.  
The most extreme lava in the figure (sample SEL 97) is the highest 3He/4He lava 
available that also has a complete suite of trace elements measured by ICP.  
Unfortunately, 187Os/188Os is not available for this sample, and the 187Os/188Os of the 
highest 3He/4He mantle is instead approximated using lavas (with 3He/4He > 30 Ra) from 
Hawaii and Samoa.  Samoan post-erosional (from Savai’i) data are excluded; all 
187Os/188Os data in the figure are >50 ppt Os, except Cape Verde (>10 ppt) and Pitcairn 
(>20 ppt).  Data sources for the highest 3He/4He mantle endmembers can be found in 
Table 1 and Appendix A.  Nb/Nb*=NbN/(ThN × LaN)0.5 and Ti/Ti* = TiN/(Sm × Tb)0.5, 
where N means normalized to primitive mantle.   
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Figure 3.  Time evolution of 3He/4He and 187Os/188Os of DMM, ancient subducted 
(asthenosperic) DMM and eclogite.  Top panel:  At 4.4 Ga, DMM starts forming by melt 
extraction from primitive mantle to form continental and oceanic crust, and the 3He/4He 
trajectories of DMM and the (hypothetical) primitive undegassed mantle separate 
immediately. Due to continuous depletion by melt extraction, DMM evolves low 
3He/4He.  Portions of the ancient (asthenospheric) DMM, coupled to the bottomside of 
downgoing slabs, are sent into the lower mantle throughout geologic time (model curves 
are shown at 1 Ga intervals, and this is not intended to imply that the isolation of oceanic 
plates is episodic).  These isolated peridotite portions of the downgoing slabs are modeled 
as having exactly the same U, Th/U, 238U/3He and 3He/4He as ambient DMM at the time 
of isolation, and they preserve higher 3He/4He than DMM due to their isolation from 
further melt depletion.  Also shown is the concomitant subduction of the eclogitic 
portions of the same slabs, which begin with the same 3He/4He as DMM at the time of 
subduction; the U and Th of the subducted refractory eclogite are from McDonough 
(1991) and shown in Table 2.  To simulate degassing, the 238U/3He of the eclogite is 
increased by a factor of 1000 (Parman et al., 2005) relative to the contemporary DMM 
composition, and as a result the 3He/4He ratios of the subducted eclogites rapidly 
decrease.  Bottom Panel:  The 187Os/188Os of Primitive Mantle (0.130; Meisel et al., 2001) 
and DMM (0.125; Standish et al., 2002) are very similar, thus ancient subducted 
asthenospheric DMM is well-approximated by the trajectory of DMM in the figure (a 
continuous depletion model is not used to describe the evolution of 187Os/188Os of DMM).  
The present-day 187Re/188Os of the refractory eclogite is from Becker (2000), and this 
composition generates increasingly radiogenic present-day 187Os/188Os for earlier 
isolation times.  Refer to Appendix B and Table 2 for all parameters used in the model.  
When 20-25% of a refractory eclogite from an oceanic plate subducted at 3 Ga is mixed 
together with 75-80% of the asthenospheric portion of the same plate, the models 
generate the 3He/4He and 187Os/188Os of the mantle sampled by the highest 3He/4He (>30 
Ra) OIBs (see Fig. 2 for mixing results).  Note that the very radiogenic Os of the eclogite 
is vastly reduced in the mixture due to the very low Os contents of the eclogite (6 ppt) 
and the high Os contents of the isolated DMM peridotite (3,000 ppt).   
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Figure 4.  Spidergram of McDonough’s (1991) refractory eclogite used in the 
modeling, including spidergrams demonstraing the time-dependent trace element 
composition of DMM.  In the mixing models shown in Fig. 2, the asthenospheric 
DMM and refractory eclogitic portions of a 3 Ga subucted plate are mixed together 
such that the final mixture has 20-25% eclogite.  This mixing calculation is shown in 
the spidergram of this figure, where 20% refractory eclogite has been added to the 
composition of DMM at 3 Ga (See Table 2 for compositions of the refractory eclogite 
and the 3 Ga DMM peridotite).  Excluding Sr (see text for discussion of shallow 
lithospheric contamination, and the resulting Sr-anomalies in some Icelandic lavas), 
the shape of the hybrid peridotite-eclogite spidergram, including the positive Nb and 
Ti anomalies, is very similar in shape to the spidergram of the high 3He/4He Icelandic 
lava.  This similarity is consistent with the hybrid peridotite being the source of the 
high 3He/4He mantle sample by OIBs.   
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Figure 5.  Spidergram of a reservoir composed of recycled oceanic plates (called 
PLATE) hosting the elements missing in the CC and DMM reservoirs.  If BSE 
(McDonough and Sun, 1995) is chondritic, then CC (continental crust; Rudnick and 
Gao, 2003) and DMM (depleted MORB mantle; Workman and Hart, 2005) are not 
wholly complementary reservoirs in the earth.  Regardless of the relative proportions of 
CC and DMM, there is a shortage of the elements Ti, Ta and Nb in the silicate earth.  
The trace element composition of a PLATE reservoir is calculated to balance the budget 
of elements missing in CC and DMM (the PLATE spidergram is calculated such that the 
three reservoirs, PLATE, CC and DMM, sum to the total silicate mantle).  The PLATE 
reservoir is thus composed of everything in the silicate earth that is not in the DMM and 
CC reservoirs, and is likely composed of mostly subducted plates and (a small portion 
of) sediment. The plotted spidergram of the PLATE reservoir assumes that it constitutes 
40% of the mass of the silicate earth, the minimum mass of oceanic crust and 
lithosphere subducted over the past 2.5 Ga.  If the PLATE reservoir constitutes more 
than 40% of BSE, its spidergram becomes more depleted (note direction of arrows in 
figure), but it will still exhibit positive TITAN anomalies.  The PLATE spidergram 
shares the positive TITAN anomalies with the high 3He/4He OIB lavas, consistent with 
the hypothesis that high 3He/4He OIBs sample the domain of the PLATE reservoir 
composed of subducted, refractory, rutile-bearing eclogites.  
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