
Globally elevated titanium, tantalum, and niobium (TITAN)
in ocean island basalts with high 3He/4He

Matthew G. Jackson
Woods Hole Oceanographic Institution Joint Program, Massachusetts Institute of Technology, 266 Woods Hole Road,
Woods Hole, Massachusetts 02543-1525, USA (mjackson@whoi.edu)

Stanley R. Hart
Woods Hole Oceanographic Institution, Mail Stop 22, Woods Hole, Massachusetts 02543-1525, USA

Alberto E. Saal
Department of Geological Sciences, Brown University, 324 Brook Street, Box 1846, Providence, Rhode Island 02912,
USA

Nobumichi Shimizu, Mark D. Kurz, and Jerzy S. Blusztajn
Woods Hole Oceanographic Institution, Mail Stop 22, Woods Hole, Massachusetts 02543-1525, USA

Anna C. Skovgaard
Chemical Department, Danish Environmental Protection Agency, DK-1401 Copenhagen, Denmark

[1] We report evidence for a global Ti, Ta, and Nb (TITAN) enriched reservoir sampled by ocean island
basalts (OIBs) 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 data set of global OIBs,
demonstrating that a major element signature is associated with the high 3He/4He mantle. Additionally, we
find that OIBs with high 3He/4He ratios have moderately radiogenic 187Os/188Os (>0.135). The TITAN
enrichment and radiogenic 187Os/188Os in high 3He/4He OIBs indicate that they are melts of a mantle
domain that hosts a nonprimitive (nonchondritic) component. The observation of TITAN enrichment in the
high 3He/4He mantle may be important in balancing the Earth’s budget for the TITAN elements.
Understanding the origin of the TITAN enrichment is important for constraining the evolution of the
enigmatic high 3He/4He mantle domain.
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1. Introduction

[2] Rare, high 3He/4He (>30 Ra, or ratio to atmo-
sphere) ratios measured in lavas erupted at some
hot spots, 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; Class and Goldstein,
2005]. The early Earth hosted high 3He/4He ratios
at least as high as the present-day sun (>100 Ra),
and the survival of this primeval isotopic signature
in the mantle has important implications for mantle
convection and evolution [Jackson et al., 2007b].
High 3He/4He ratios in ocean island basalts (OIBs)
have been used as evidence that a primitive,
undegassed reservoir resides in the Earth’s mantle
[Kurz et al., 1982; Allègre et al., 1983; Farley et
al., 1992]. Variously called FOZO (Focus Zone)
[Hart et al., 1992], PHEM (Primitive Helium
Mantle) [Farley et al., 1992] or C (Common)
[Hanan and Graham, 1996], the mantle reservoir
hosting high 3He/4He is poorly understood. Its
precise location (shallow or deep mantle [e.g.,
Anderson, 1998]) and composition are not well
known.

[3] Nonetheless, there is a growing consensus that
this reservoir hosts a significant component of
mantle peridotite, a lithology that may preserve
high 3He/238U, and by inference high 3He/4He,
over time [e.g., Hart et al., 1992; Anderson,
1998; Parman et al., 2005; Heber et al., 2007].
Recent work also suggests that the high 3He/4He
mantle sampled by OIBs may also host a compo-
nent of recycled eclogite [Dixon et al., 2002;
Brandon et al., 2007]. Albarede and Kaneoka
[2007] even suggest that the high 3He/4He mantle
domain sampled by OIBs is composed of a U and
Th-depleted, high 3He/4He pyroxenite. An eclo-
gitic or pyroxenitic component in the high 3He/4He
reservoir would be evidence that it is not purely
primitive. Therefore, understanding the composi-
tion of the high 3He/4He mantle reservoir is im-
portant in formulating models for its origin and
long-term survival in the convecting mantle.

[4] Here we identify a remarkable enrichment in
the elements Ti, Ta and Nb (TITAN) in high
3He/4He lavas from Hawaii, Iceland, Samoa and
Galapagos, and show that high 3He/4He lavas
exhibit moderately radiogenic 187Os/188Os ratios
(>0.135) that are greater than DMM (depleted
MORB mantle, 0.120–0.125 [Standish et al.,
2002]) and primitive mantle (0.129 [Meisel et al.,

2001]). This unusual combination of geochemical
signatures provides an important constraint on the
composition and origin of the high 3He/4He reser-
voir sampled by OIBs. The TITAN enrichment and
radiogenic 187Os/188Os is consistent with the high
3He/4He mantle domain hosting a component of
recycled, refractory eclogite. However, the TITAN
enrichment could also be a product of trace element
partitioning between lower mantle phases, such as
Ca-perovskite.

2. New Data and Observations

[5] 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.,
2007b]) (see Table 1). We also present new
3He/4He, 187Os/188Os and major and trace element
data on Samoan and Icelandic lavas with interme-
diate 3He/4He ratios (8–30 Ra) (see Table 2). In
Figure 1, these new data are presented together
with previously published ICP-MS trace element
data for the highest 3He/4He Galapagos lava
(30.3 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 compatibility in peridotite (on a
primitive mantle normalized basis). While the
association of positive TITAN anomalies and high
3He/4He (or plume) signatures was previously
observed regionally in Hawaii [Hauri, 1996; Dixon
et al., 2002], Iceland [Fitton et al., 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 enrich-
ment in the TITAN elements compared to elements
of similar compatibility in peridotite (Figure 1).
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 mid-ocean ridge
basalts (MORBs) [Hofmann et al., 1986].

[6] By contrast, the mantle end-members [Zindler
and Hart, 1986] with low 3He/4He, including
HIMU (high ‘‘m,’’ or 238U/204Pb [Graham et al.,
1992; Hanyu and Kaneoka, 1997]), EM1 (enriched
mantle 1) [Honda and Woodhead, 2005], EM2
(enriched mantle 2) [Farley et al., 1992; Workman
et al., 2004; Jackson et al., 2007a] and DMM
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exhibit spidergrams [Hart and Gaetani, 2006] that
lack such pronounced TITAN anomalies (Figure 1).
While HIMU basalts can have positive Nb and Ta
anomalies [Weaver et al., 1987; Weaver, 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.

[7] Available data also indicate that the TITAN
enrichment, and radiogenic 187Os/188Os signatures,
are enhanced with increasing 3He/4He in OIB lavas
(Figure 2): Large, positive Ti (high Ti/Ti*), Nb
(elevated Nb/Nb*) and Ta (Ta/Ta*, not shown)
anomalies and moderately radiogenic 187Os/188Os
(>0.135) are observed in the highest 3He/4He
basalts (see Figure 2 caption for the formulation
of TITAN anomalies). While all high 3He/4He
lavas (>30 Ra) have large, positive TITAN anoma-
lies and moderately radiogenic 187Os/188Os, not all
lavas with positive TITAN anomalies and radio-
genic 187Os/188Os have high 3He/4He. In the plots
of TITAN anomalies versus 3He/4He and
187Os/188Os versus 3He/4He, the OIB data outline
a ‘‘wedge-shaped’’ pattern. For example, Cape
Verde lavas have large positive Nb/Nb* values
and moderately radiogenic 187Os/188Os, but they
have low 3He/4He (Figure 2). Additionally, high
3He/4He lavas with negative TITAN anomalies and
unradiogenic 187Os/188Os are absent in the avail-
able data set.

Table 1. Major and Trace Element and Isotopic
Composition of the Highest 3He/4He Lavas From Four
Hot Spotsa

Hot Spot
Volcano
Sample

Rock Type

Iceland
Selardalur
SEL 97
Tholeiite

Samoa
Ofu

OFU-04-06
Alkali basalt

Hawaii
Loihi

KK18-8
Tholeiite

Galapagos
Fernandina
NSK 97-214
Tholeiite

SiO2 47.09 44.84 48.43 49.44
Al2O3 9.96 11.04 12.62 14.77
TiO2 1.22 4.95 2.88 3.12
FeOT 10.63 12.78 11.90 11.30
MnO 0.15 0.18 0.18 0.19
CaO 10.40 12.42 12.82 11.60
MgO 19.21 9.81 8.06 6.41
K2O 0.05 1.14 0.50 0.39
Na2O 1.21 2.24 2.34 2.46
P2O5 0.062 0.587 0.265 0.315
87Sr/86Sr 0.703465 0.704584 0.703680 0.703290
143Nd/144Nd 0.512969 0.512827 0.512945 0.512937
206Pb/204Pb 18.653 19.189 18.448 19.080
207Pb/204Pb 15.473 15.571 15.447 15.537
208Pb/204Pb 38.453 39.202 38.189 38.710
3He/4He 37.7 33.8 32.3 30.3
Ni 759 201 80 49
Cr 1730 533 384 155
V 203 364 350 366
Ga 21 26
Cu 80 83
Zn 132 110
Cs 0.02 0.33 0.09 0.07
Rb 0.92 25.6 9.12 7.60
Ba 19 249 123 89
Th 0.38 4.0 0.99 1.3
U 0.072 0.99 0.28 0.38
Nb 6.50 50.6 16.3 20.0
Ta 0.43 3.84 1.50
La 3.85 37.9 13.8 14.1
Ce 8.52 80.5 32.9 32.3
Pb 0.38 2.6 1.2 0.93
Pr 1.23 9.99 4.62 4.23
Nd 5.80 44.1 20.7 19.5
Sr 173 599 349 351
Zr 56.8 293 125 155
Hf 1.65 7.56 3.48 4.15
Sm 1.78 10.8 5.33 5.77
Eu 0.79 3.39 1.83 2.04
Gd 2.05 9.93 5.50 6.01
Tb 0.35 1.40 0.87 1.03
Dy 2.16 7.34 4.89 6.08
Ho 0.42 1.23 0.92 1.21
Y 10.0 30.3 21.9 30.1
Er 1.06 2.70 2.24 3.04
Tm 0.15 0.32 0.29 0.41
Yb 0.88 1.66 1.69 2.46
Lu 0.13 0.23 0.24 0.36
Sc 33.9 31.2 35.4 44.3

Notes to Table 1:
a
Data in bold italics are reported here for the first time. All other

data have been published elsewhere. Trace element data (excluding Ni,
Cr, V, Ga, Cu, Zn, and Sc) are by ICP-MS and are here reported for the
first time on the high 3He/4He samples from Hawaii, Iceland, and
Samoa (however, Th and Sr concentrations for the Samoan lava were
reported by Jackson et al. [2007b]); the trace element data on the
Galapagos sample are reported elsewhere [Saal et al., 2007]. The
isotope data for all four lavas are also reported elsewhere [Hilton et al.,
1999; Jackson et al., 2007b; Saal et al., 2007; Kurz et al., 1983;
Staudigel et al., 1984]. Major element data for the Samoan lava are
reported here for the first time; major element data for the Hawaii,
Iceland, and Galapagos samples are available elsewhere [Hilton et al.,
1999; Saal et al., 2007; Frey and Clague, 1983]. Samoan major
element (and Ni, Cr, V, Ga, Cu, Zn and Sc) data reported here were
measured by XRF. Major and trace element data reported here were
analyzed on unleached whole rock powders at the Geoanalytical
Laboratory at Washington State University. Internal and (estimated)
external precision for the major and trace element analyses are given
by Jackson et al. [2007a]: errors for major elements are 0.11–0.33%
(1s) of the amount present (SiO2, Al2O3, TiO2, P2O5) and 0.38–0.71%
(for all other major elements); for the elements measured by ICP-MS,
the reproducibility is 0.77–3.2% (1s) for all elements except for U
(9.5%) and Th (9.3%). The Loihi sample was powdered in Tungsten-
carbide, and Ta is therefore not reported for this sample. The Nb
concentrations for this sample are similar to measurements previously
made on Loihi basalts, as are the Nb/La ratios. We consider the Nb data
to be of good quality. Major elements are renormalized to 100% totals
on a volatile-free basis.
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[8] The TITAN anomalies in high 3He/4He lavas
reflect their mantle sources, and do not appear to be
a result of shallow (<200 km) mantle melting or
crystal fractionation processes. While Kelemen et
al. [1993] suggested that melts in the garnet
stability field can produce positive Ti-anomalies,
we do not find that indicators of melting in the
garnet stability field (such as steeply sloping prim-
itive mantle-normalized rare earth patterns) corre-
late with Ti/Ti* in the lavas compiled in Figure 2.
Even if melting in the garnet stability field were
responsible for the Ti-anomalies in some high
3He/4He lavas, available partition coefficients in-
dicate that such a melting process could not gen-
erate the positive Nb and Ta anomalies in the same
lavas. Crystal fractionation is also unlikely to be
responsible for the positive TITAN anomalies in
the high 3He/4He OIBs, as indicators of magma
evolution (like MgO content) exhibit no relation-
ship with the magnitude of the anomalies. As a
precaution, lavas that have suffered high degrees of
crystal fractionation and have MgO < 5.3 wt.%
have been excluded from the top two panels of
Figure 2.

3. 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

[9] The lack of large TITAN anomalies in DMM
(Figure 1) demonstrates that phases contained in
upper mantle peridotites do not preferentially se-
quester the TITAN elements relative to other in-
compatible lithophile elements. By contrast,
subduction zone lavas are TITAN-depleted, indi-
cating that processes operating in their mantle
sources can fractionate TITAN from the other
lithophile trace elements. It was suggested that
eclogite melting, which may have occurred in some
subduction zones (especially in the subduction
zones of an early, hot Earth), may have generate
rutile-bearing residues that are residually enriched
in TITAN elements [e.g., McDonough, 1991].
Experimental studies indicate that the TITAN ele-
ments 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.
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Available parititioning data therefore suggest that
the presence of eclogite is a viable explanation for
the TITAN anomalies.

[10] 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, 1993; Hauri and Hart, 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 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 aver-
ages of 349 and 353 in composites of two separate
drill cores [Peucker-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 eclo-
gites, blueschists and mafic granulites [Becker,
2000]). Thus, there is ample evidence that high Re/
Os ratios can be preserved in the slab during sub-
duction zone metamorphism. The observation of
moderately radiogenic 187Os/188Os in high 3He/4He
lavas is consistent with a refractory eclogite compo-
nent in their mantle sources.

3.2. TITAN Enrichment With
Concomitant Depletion in the 4He-
Producing Elements, U and Th

[11] While recycled oceanic crust has been sug-
gested to be ubiquitous in the mantle sources

Figure 1. Titanium, tantalum, and niobium (TITAN)
are highly enriched in ocean island basalts (OIBs) with
high 3He/4He. (top) Primitive mantle (PM) normalized
trace element data (spidergrams) for basalts with the
highest 3He/4He (>30 Ra) from 4 different hot spots. All
high 3He/4He samples exhibit TITAN enrichment
relative to neighboring elements on the spidergrams.
(middle) Spidergrams for the low 3He/4He (<9 Ra)
mantle end-members. EM1 lavas are from Pitcairn, EM2
lavas are from Samoa, and HIMU lavas are from
Mangaia and Tubuaii. Spidergrams for the mantle end-
members and MORB are from Hart and Gaetani [2006]
and (for EM2) Jackson et al. [2007a]. TITAN enrich-
ment is not as pronounced, or is absent, in the average
spidergrams of the low 3He/4He mantle end-members.
(bottom) 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 deple-
tion in the continents is not balanced by corresponding
enrichment in DMM. However, the TITAN-enrichment
in high 3He/4He lavas suggests that these lavas sample a
(deeper) mantle reservoir that hosts part of the TITAN
that is missing in the shallow geochemical reservoirs,
DMM, and continental crust. Sources of the 3He/4He
data for the mantle end-members and the high 3He/4He
lavas can be found in the text and in Table 1.

Geochemistry
Geophysics
Geosystems G3G3

jackson et al.: titan in ocean island basalts 10.1029/2007GC001876

6 of 21



beneath hot spots [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 quantita-

tively degassed in subduction zones [Staudacher
and Allègre, 1988; Moreira and Kurz, 2001;
Moreira et al., 2003]. Far from hosting the high
3He/4He signature in the mantle source of high

Figure 2
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3He/4He OIB lavas, the eclogite will instead con-
tribute 4He (via alpha decay of U and Th) and
generate low time-integrated 3He/4He ratios. How-
ever, 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 fact, the posi-
tive TITAN anomaly is formed by relative enrich-
ment of TITAN due to conservation of Ti, Ta and
Nb and concomitant loss of incompatible elements
like U and Th. Therefore, the TITAN-enriched, U
and Th-poor refractory eclogite composition pro-
posed by McDonough [1991] will not produce
significant post-subduction radiogenic 4He in-
growth.

3.3. Refractory Eclogite and High 3He/4He
Peridotite: The Raw Materials for the High
3He/4He OIB Mantle

[12] While refractory, rutile-bearing eclogite pos-
sesses positive TITAN anomalies, it is unlikely to
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 potential-
ly preserve elevated 3He/4He ratios over time [Hart
et al., 1992; Anderson, 1998; Parman et al., 2005;
Heber et al., 2007; Jackson et al., 2007b] 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 mantle.

3.4. Peridotite and Eclogite Portions of
Ancient Subducted Slabs: A High 3He/4He,
TITAN-Enriched ‘‘Package’’

[13] 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
(>2 Ga), subducted oceanic lithosphere contain the
raw materials required for the generation of a
mantle source sampled by high 3He/4He basalts.
TITAN-enriched, degassed, refractory eclogite

Figure 2. Relationships between TITAN anomalies, 187Os/188Os, and 3He/4He in representative hot spot lavas.
High 3He/4He lavas all have elevated (top) Ti/Ti*, (middle) Nb/Nb*, and (bottom) 187Os/188Os. 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 are not meant to
describe the global OIB array. Instead, the model curves are 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). Mixing is marked at 10%
intervals, with increasing contribution from eclogite. The 3 Ga model curve describes mixing between the high
3He/4He (low TITAN anomaly) peridotitic and low 3He/4He (high TITAN anomaly) refractory eclogitic portions of
an ancient oceanic plate. More contribution from eclogite tends to generate lower 3He/4He ratios in the peridotite-
eclogite mixture over time, and 20–25% eclogite added to 75–80% peridotite generates the 187Os/188Os, Ti, and Nb
anomalies in the highest 3He/4He lavas. The 1 Ga model curve describes mixing between the peridotitic and eclogitic
portions of a more recently subducted oceanic plate and demonstrates that younger plates do not generate sufficiently
high 3He/4He in the model. The most extreme lava in Figure 2 (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 posterosional (from Savai’i) data are excluded; all 187Os/188Os data in
Figure 2 are > 50 ppt Os, except Cape Verde (>10 ppt) and Pitcairn (>20 ppt). The 3He/4He, 187Os/188Os, and trace
element data for representative OIB samples are from the GEOROC database (http://georoc.mpch-mainz.gwdg.de/)
and from the helium database of Abedini et al. [2006]. The 3He/4He data from OIBs are not filtered on the basis of
helium concentrations. However, samples suggested to have suffered shallow contamination by crust (e.g., several
samples in the work of Macpherson et al. [2005]) were not included. Additionally, very evolved rocks (MgO <
5.3 wt.%) were excluded from the top two panels, 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. Nb/Nb* = NbN/
(ThN � LaN)

0.5, Ta/Ta* = TaN/(ThN � LaN)
0.5, and Ti/Ti* = TiN/(SmN � TbN)

0.5, where N means normalized to
primitive mantle.
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exists at the top of downgoing slabs. By contrast,
the lowermost portion of the downgoing plate is
composed of ancient, high 3He/4He peridotite.
While near-surface mantle peridotites underlying
the oceanic crust degas efficiently during melt
extraction at mid-ocean ridges, the lherzolitic peri-
dotite in the deepest regions of the oceanic mantle
lithosphere suffer little melt extraction and remain
less degassed. We assume that the deepest portion
of the ancient oceanic mantle lithosphere is a viable
reservoir for preserving high 3He/4He over time.

[14] After processing in subduction zones, the
crustal portion of the subducted plate hosts TITAN
enrichment, and the peridotite in the deep oceanic
mantle lithosphere remains unscathed by subduc-
tion zone processes. The two components, TITAN-
enriched eclogite and high 3He/4He peridotite,
could be intimately associated as a ‘‘package’’ in
space and time within a subducted plate, a geom-
etry that is conducive to later mixing in the mantle.

[15] We present one possible model for the gener-
ation of the high 3He/4He mantle sampled by OIBs,
whereby the eclogitic and peridotitic components
of an oceanic plate are subducted and isolated from
the convecting mantle at 3 Ga and mixed during
long-term storage in the lower mantle (Figure 3). In
this simple model, we assume that the upper mantle
began with a primitive composition [McDonough
and Sun, 1995] at 4.4 Ga, and evolved by contin-
uous depletion to the present-day DMM composi-
tion 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 hot
spots. We assume that neither lithology is prefer-
entially sampled during melting under hot spots,
such that low degree melts of the peridotite-eclo-
gite mixture will not preferentially sample the
refractory eclogite.

[16] 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 assump-
tions about their compositions over time. We note
that such models are inherently uncertain due to the
large uncertainties in the input parameters. Most
notably, the concentrations of the volatile elements

such as helium are poorly known in the deep
mantle and in the early Earth.

3.4.1. The 3He/4He of Ancient Oceanic
Mantle Lithosphere and Refractory Eclogite

[17] The 3He/4He of DMM is thought to have
decreased significantly over time (Figure 3). How-
ever, portions of lithospheric peridotite are re-
moved from the upper mantle during subduction
of oceanic plates and are not subject to further
depletion. In the model presented here, the sub-
ducted peridotite from the base of the oceanic
lithosphere is assumed to have the same composi-
tion as DMM at the time of subduction (the base of
the mantle lithosphere has had so little melt
extracted during the most recent melting event that
its composition is well approximated by the com-
position of DMM at the time of subduction). The
peridotite at the base of the mantle lithosphere
‘‘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 oceanic mantle
lithosphere had remained within the convecting
upper mantle, it would have evolved by continuous
melt extraction to become modern DMM with low
3He/4He and 3He/238U (see Figure 3, Table 3, and
Appendix A for details of 3He/4He evolution in the
mantle). Consequently, following subduction and
isolation, the 3He/4He of the isolated, ancient
peridotite from the base of the oceanic lithosphere
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 A) by continental and oceanic
crust extraction (Figure 3).

[18] For comparison, the 3He/4He evolution of the
subducted eclogite is modeled using the trace
element composition of a hypothetical refractory
eclogite calculated by McDonough [1991] (see
Figure 4 for a spidergram of the refractory eclo-
gite). The eclogite is assumed to start with a
3He/4He ratio equal to DMM at its time of isola-
tion, and following over 99% degassing in the
subduction zone, the U and Th of the eclogite
continue to generate 4He by decay, thus rapidly
diminishing the 3He/4He of the eclogite over time
(Figure 3 and Table 3). 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.
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Figure 3. Time evolution of 3He/4He and 187Os/188Os of DMM, ancient subducted lithospheric peridotite, and
eclogite. (top) 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
lithospheric peridotite, which compose the lowermost portion 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. The 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 are shown in Table 3. To simulate
degassing, the 238U/3He of the eclogite is increased by a factor of 1000 relative to the contemporary DMM
composition, and as a result the 3He/4He ratios of the subducted eclogites rapidly decrease. (bottom) The 187Os/188Os
of Primitive Mantle (0.130 [Meisel et al., 2001]) and DMM (0.125 [Standish et al., 2002]) are very similar. The time
evolution of 187Re/188Os of ancient subducted peridotite from the base of the oceanic mantle lithosphere is
approximated by the trajectory of DMM in Figure 3 (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 A and Table 3 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 peridotitic 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 Figure 2 for
mixing results). Note that the very radiogenic Os of the eclogite is vastly reduced in the mixture due to the 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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3.4.2. The 187Os/188Os of Ancient,
Lithospheric Peridotite and Refractory
Eclogite

[19] The 187Os/188Os of DMM and Primitive Man-
tle are not very different (0.12–0.13 [Standish et
al., 2002; Meisel et al., 2001]), and thus the
isolated, ancient peridotite at the base of subducted
plates are assumed to have an intermediate present-
day composition (0.125). DMM and the subducted
peridotites at the base of the oceanic lithosphere are
also assumed to have had an Os concentration of
3000 ppt over geologic time. In contrast to the
subducted lithospheric peridotite, the eclogitic por-
tion of the subducted plate likely evolved extremely
radiogenic 187Os/188Os over time (Figure 3). The
187Os/188Os evolution of the refractory eclogite is
modeled using the median 187Re/188Os (325) and
Os (6 ppt) values of eclogites that were metamor-
phosed in paleosubduction zones (see Becker
[2000] for compositions). As shown in Figure 3,
earlier subduction injection of eclogites with this
present-day Re/Os ratio yield more radiogenic
187Os/188Os in the subducted eclogite reservoir.
The high calculated present-day 187Os/188Os ratios
in the recycled eclogites are similar to the most
radiogenic eclogites presented by Becker [2000].

3.4.3. TITAN Anomalies of Ancient
Lithospheric Peridotite and Refractory
Eclogite

[20] The trace element content of the present-day
peridotite from the base of the oceanic mantle
lithosphere 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 equa-
tions in Appendix A, the trace element budget of
DMM is calculated at various times, and ‘‘snap-
shots’’ of DMM compositions through time are
plotted as spidergrams in Figure 4 (see Table 3 for
compositions). By contrast, the subducted eclogites
are assumed to have the same present-day trace
element composition as the hypothetical refractory
eclogite fromMcDonough [1991], regardless of the
isolation time (see Table 3). The composition of
eclogite that has survived subduction zone process-
ing is poorly constrained, and may exhibit signif-
icant compositional variability [e.g., John et al.,
2004; Zack and John, 2007]. However, the hypo-

thetical eclogite from McDonough [1991] has a
trace element composition similar to the eclogites
with the largest positive TITAN anomalies pre-
sented by Becker et al. [2000], and is used for the
modeling purposes here (see Table 3).

3.5. Model Results: Mixing Lithospheric
Peridotite With Refractory Eclogite

[21] Brandon et al. [2007] showed that the mod-
erately radiogenic 187Os/188Os observed in high
3He/4He Icelandic lavas can be explained by the
presence of a recycled eclogite component in the
dominantly peridotitic high 3He/4He mantle be-
neath Iceland. In addition to generating moderately
radiogenic 187Os/188Os and high 3He/4He signa-
tures, a mixture of ancient refractory eclogite and
lithospheric peridotite can generate the positive
TITAN anomalies seen in high 3He/4He OIB lavas.
Given the parameters provided in Table 3, the
model generates 3He/4He, 187Os/188Os and positive
TITAN anomalies that are most similar to the
highest 3He/4He OIB lavas when the proportion
of refractory eclogite in the mixture is between 20
and 25%, and the eclogite and peridotite have an
age of 3 Ga (Figure 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. A smaller
proportion of eclogite in the mixture will yield
even higher 3He/4He ratios in the present day, but
the TITAN anomalies and 187Os/188Os ratios will
be lower than observed in high 3He/4He OIB lavas.
On the other hand, if the eclogite and peridotite are
younger than 3 Ga, the resulting mixture (20%
eclogite and 80% peridotite) generates a 3He/4He
ratio lower than observed in the highest 3He/4He
OIB lavas (see the mixing curve for 1 Ga eclogite
and peridotite in Figure 2). An eclogite-peridotite
mixture of more ancient origin generates higher
3He/4He and 187Os/188Os ratios than identified in
high 3He/4He OIB lavas. However, uncertainty in
the composition of the hypothetic recycled eclogite
makes it difficult to evaluate the precise proportion
of eclogite in the high 3He/4He mantle. Thus, the
result of 20–25% eclogite holds only for the
refractory eclogite composition of McDonough
[1991] and the assumed high 3He/4He peridotite
composition given in Table 3.

[22] Figure 4 shows that the addition of 20%
eclogite to a 3 Ga DMM composition generates a
hybrid eclogite-peridotite spidergram that is similar
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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 litho-
spheric gabbros [Gurenko and Sobolev, 2006]). As
long as the magnitude of TITAN anomalies is little
affected by partial melting beneath a hot spot (i.e.,
the positive TITAN anomalies in the mantle source
of high 3He/4He lavas are reflected in the erupted
hot spot lavas), the hybrid eclogite-peridotite spi-
dergram in Figure 4 may thus serve as a plausible
melt source for the high 3He/4He lava. Clearly, this
requires that the rutile present in the downgoing
slab is no longer present in the high 3He/4He
mantle that melts beneath hot spots. 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. Alterna-
tively, 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 (G. A. Gaetani et
al., Titanium coordination and rutile saturation in
eclogite partial melts at upper mantle conditions,
submitted to Earth and Planetary Science Letters,
2007). Additionally, due to solid solution

with other phases (e.g., garnet), the stability of
rutile decreases with pressure, and may become
exhausted during decompression melting [Klemme
et al., 2002].

[23] The model for the generation of high 3He/4He,
TITAN-enriched mantle can also generate a low
3He/4He mantle reservoir with positive TITAN
anomalies. Subduction is a continuous process that
has probably operated for much of geologic time,
and the 3He/4He ratio of the upper mantle has
likely decreased (Figure 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.
At the same time, the refractory eclogite portion
of recently subducted plates will still host positive
TITAN anomalies, such that low 3He/4He mantle
reservoirs hosting TITAN anomalies can be gener-
ated by mixing more recently subducted (<2 Ga)
peridotite and refractory eclogite components. 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 lithospheric peridotite compo-
nents of a plate subducted between 1 and 2 Ga
(Figure 2).

Figure 4. Spidergram of McDonough’s [1991] refractory eclogite used in the modeling, including spidergrams
demonstrating the time-dependent trace element composition of DMM. In the mixing models shown in Figure 2, the
lithospheric peridotite and refractory eclogitic portions of a 3 Ga subducted plate are mixed together such that the
final mixture has 20–25% eclogite. This mixing calculation is shown in the spidergram, where 20% ancient (3 Ga),
refractory eclogite has been added to peridotite from the deepest portion of same age oceanic mantle lithosphere (with
the same peridotite composition as DMM at 3 Ga). Refer to Table 3 for compositions of the 3 Ga refractory eclogite
and the 3 Ga 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-eclogite being the source of the high 3He/4He mantle sample by OIBs.
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[24] The ‘‘wedge-shaped’’ outline of the OIB data
in Figure 2 highlights a striking absence of high
3He/4He lavas with negative (or even small posi-
tive) TITAN anomalies. Why do all high 3He/4He
lavas exhibit TITAN-enrichment, or rather, why
have high 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 continental crust
with high 3He/4He peridotite may not be conducive
to the preservation of high 3He/4He [Jackson et al.,
2007a], and could explain why TITAN-depleted
lavas always exhibit low 3He/4He (Figure 2). OIB
lavas lacking TITAN anomalies may host an eclo-
gite component that was not U and Th-depleted
(and thus did not acquire positive TITAN anoma-
lies) in a subduction zone, and may also produce
significant 4He.

[25] The observation that all high 3He/4He lavas
exhibit 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 mate-
rials for the formation of the high 3He/4He, TI-
TAN-enriched mantle) are always joined 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 [Allègre and
Turcotte, 1986], such that the diminished thickness
of the (eclogite and peridotite) slab is less than the
width and depth of melting zones beneath hot
spots. 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

[26] An alternative process for generating the hy-
brid 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. Instead, the refractory
slab eclogite penetrates into the lower mantle and
mixes with a hypothetical lower mantle high
3He/4He (primitive and undegassed?) 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 hot spot. By
comparison to the slab peridotite-eclogite ‘‘pack-
age’’ model describe in section 3.4 and 3.5 above,
this alternative ‘‘eclogite injection’’ model does not
guarantee an intimate spatial and temporal associ-
ation of the high 3He/4He peridotite and TITAN-
enriched eclogite components. For example, deep
(primitive) mantle high 3He/4He peridotites could
upwell in a plume without first mixing with refrac-
tory eclogite, in which case the erupted high
3He/4He lavas would lack positive TITAN anoma-
lies. Such lavas have not been observed.

[27] 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 peri-
dotite 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 nonvolatile major and trace elements
[Hart, 1984; Trull and Kurz, 1993], helium iso-
topes may become decoupled from other lithophile
isotope tracers [Hart et al., 2007, 2008], 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 hot spots. 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 thick-
ness) by mantle mixing, they could acquire high
3He/4He signatures by diffusion from the ambient
deep mantle peridotite [Hart et al., 2007, 2008].
Thus, the ‘‘ghost’’ helium model of Albarede and
Kaneoka [2007] may offer a resolution to the
paradoxical association of high 3He/4He signatures
in lavas with strong eclogite signatures. However,
the ‘‘ghost helium’’ model suffers from the same
spatial and temporal issues as the ‘‘eclogite injec-
tion’’ model: There is no obvious mechanism
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preventing ambient lower mantle (eclogite-free)
peridotite with high 3He/4He from upwelling and
melting beneath a hot spot, thus generating high
3He/4He lavas that lack positive TITAN anomalies.

3.7. High 3He/4He Lavas Without Positive
TITAN Anomalies?

[28] If a high 3He/4He peridotite could be melted in
pure (no eclogite) form, available partitioning data
suggest that there would be no positive TITAN-
anomalies in the erupted lavas. There would also
be no contribution of 4He ingrowth from the
eclogite, and 3He/4He ratios higher than that ob-
served in OIBs 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 (up to �50 Ra), Baffin
Island lavas [Stuart et al., 2003] may provide an
important test case for this hypothesis, but trace
element data on these lavas are not yet available.

4. TITAN Anomalies Due to
Partitioning Between Lower Mantle
Phases?

[29] It is difficult to rule out the possibility of
TITAN fractionation in lower mantle materials, a
mechanism that could produce the positive TITAN
anomalies in the mantle sampled by high 3He/4He
OIBs. Experimental studies of high pressure parti-
tioning and mineralogy are in the 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 equili-
brated with Ca-perovskite could have positive
anomalies. If it is possible to generate Ca-perov-
skite melts at the appropriate pressures and temper-
atures (for example, D00), and extract them from the
lower mantle (the inferred home of the high 3He/4He
domain) in plumes, then Ca-perovskite melting in the
lowermantlemay offer a potential explanation for the
origin of TITAN-enriched, high 3He/4He lavas.

5. High 3He/4He, TITAN-Enriched
Mantle: A Reservoir for the ‘‘Missing’’
TITAN Elements in the Earth?

[30] A shortage of the TITAN elements exists in
the Earth’s shallow geochemical reservoirs (the

depleted MORB mantle (DMM) and continental
crust), and the location of these missing elements is
unknown. The standard model for the evolution of
the silicate earth maintains that DMM is the residue
of continental crust extraction from an early prim-
itive mantle [Jacobsen and Wasserburg, 1979;
O’Nions et al., 1979; Allègre et al., 1980;
Hofmann, 1988, 1997]. If the bulk silicate earth
has chondritic abundances of the refractory
elements, DMM and continental crust 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] (Figure 1).
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].

[31] While incompatible elements are largely lost
to the overlying mantle during dehydration and
melting of the eclogite portion of downgoing slabs,
titanium-rich phases, such as rutile, may preferen-
tially sequester the TITAN elements in the mafic
portion of downgoing slabs [Green and Pearson,
1986; Ryerson and Watson, 1987; Brenan 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 part of the Earth’s missing
TITAN [McDonough, 1991; Rudnick et al.,
2000]. Upwelling regions of the mantle are thought
to sample subducted eclogites [Hofmann and
White, 1980, 1982; Chase, 1981]. If the high
3He/4He reservoir hosts a component of TITAN-
enriched, refractory eclogite, then high 3He/4He
OIBs may provide information about the location
and composition of the reservoir hosting part of the
Earth’s missing TITAN elements.

[32] However, the high 3He/4He mantle alone may
not entirely satisfy the requirements for the reser-
voir hosting the Earth’s missing TITAN. Shallow
geochemical reservoirs in the Earth, continental
crust and DMM, exhibit subchondritic Nb/Ta ra-
tios, and another terrestrial reservoir with super-
chondritic Nb/Ta is required if the Earth has
chondritic abundances of the refractory elements.
Recycled, refractory eclogites may have super-
chondritic Nb/Ta ratios, and have been suggested
to host the Earth’s missing superchondritic Nb/Ta
[McDonough, 1991; Rudnick et al., 2000; Kamber
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and Collerson, 2000]. If high 3He/4He lavas sam-
ple such a reservoir, they should exhibit high Nb/
Ta ratios, but all such lavas exhibit subchondritic
Nb/Ta (see Table 1). One resolution to this issue
may be that bulk silicate earth is not chondritic. It
has been proposed that an initially chondritic
silicate earth may have lost Nb to the core, and
that the core is the reservoir hosting the ‘‘missing’’
superchondritic Nb/Ta [Wade and Wood, 2001;
Münker et al., 2003]. If this is the case, then the
combined budgets of the TITAN elements in the
core and the high 3He/4He mantle reservoir may
balance the Earth’s budget for the TITAN elements,
a hypothesis that may help resolve the lack of
geochemical complementarity between DMM and
continental crust.

6. Conclusions

[33] From this study, we draw the following con-
clusions:

[34] 1. High 3He/4He OIB lavas exhibit enrichment
(or positive anomalies) in Ti, Ta and Nb (TITAN)
relative to elements of similar compatibility.

[35] 2. High 3He/4He OIBs exhibit moderately
radiogenic 187Os/188Os (>0.135). The 187Os/188Os
ratios found in high 3He/4He lavas greatly exceeds
that found in DMM (0.120–0.125) or primitive
mantle (0.129).

[36] 3. One feasible explanation for the high
3He/4He, TITAN enrichment and moderately ra-
diogenic 187Os/188Os is the addition of 20–25%
refractory, ancient (3 Ga) eclogite to a high
3He/4He peridotite of the same age. The association
of the refractory eclogite signature with high
3He/4He (>30 Ra) lavas suggests an intimate spa-
tial and temporal association of the eclogite and
peridotite portions of the high 3He/4He reservoir.
The eclogite and peridotite portions of the high
3He/4He domain are modeled as being part of the
same, ancient subducted slab that remained togeth-
er as a package in space and time. This intimate
association of the eclogite and peridotite compo-
nents is required. Otherwise, high 3He/4He lower
mantle peridotites could upwell without first being
inoculated with TITAN-enriched eclogite, and the
resulting high 3He/4He melts of such an eclogite-
free source would not exhibit positive TITAN
anomalies. Such lavas have not been observed.

[37] 4. Due to the paucity of high pressure exper-
imental trace element partitioning data, the gener-

ation of TITAN anomalies by partitioning between
lower mantle phases cannot be ruled out. For
example, extant experimental data suggest that
melts of Ca-perovskite are TITAN enriched. Thus,
we cannot exclude the possibility that the high
3He/4He mantle sampled by OIBs hosts a compo-
nent of melt derived from melting Ca-perovskite.

[38] 5. Together with the core, the high 3He/4He,
TITAN-enriched mantle domain may host the
missing TITAN elements in the Earth, and may
help explain the lack of geochemical complemen-
tarity between DMM and continental crust.

Appendix A: Helium Isotope Model

[39] The precise timing of the genesis of the high
3He/4He reservoirs cannot be calculated using
helium isotopes because the degassing history
and present-day 3He content of the DMM reservoir,
as well as the initial 4He/3He and 3He budgets of
the undegassed mantle, are not well known. Thus,
the age of the high 3He/4He reservoir sampled by
OIB lavas is poorly constrained.

[40] One possible model for the time evolution of
3He/4He in DMM and primitive mantle is as
follows. Assuming 238U/3He and 3He/4He ratios
for the undegassed mantle as given in Table 3, and
assuming that 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. Employing the
continuous transport equations [Allègre, 1968;
Hart and Brooks, 1970; Workman and Hart,
2005] to describe the continuously depleting upper
mantle (DMM), the 238U/3He and 3He/4He of
DMM can be calculated at any time from 4.4 Ga
to the present day (see Table 3 for a list of these
values for DMM at different times in Earth’s
history). The helium isotope evolution of the
continuously depleting DMM reservoir is modeled
using the following continuous transport equations
(see Figure 3):

4He=3Het ¼ 4He=3HeT þ 8l238= l238 þ k238ð Þ 238U=3He
� �

T

� 1	 exp 	1 T	 tð Þ l238 þ k238ð Þð Þð Þ
þ 7l235= l235 þ k235ð Þ 235U=3He

� �
T

� 1	 exp 	1 T	 tð Þ l235 þ k235ð Þð Þð Þ
þ 6l232= l232 þ k232ð Þ 232Th=3He

� �
T

� 1	 exp 	1 T	 tð Þ l232 þ k232ð Þð Þð Þ ðA1Þ
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where

k238 ¼ 	1 ln 238U=3He
� �

0
= 238U=3He
� �

T

� �
= T	 tð Þ 	 l238;

ðA2Þ

k235 ¼ 	1 ln 235U=3He
� �

0
= 235U=3He
� �

T

� �
= T	 tð Þ 	 l235;

ðA3Þ

k232 ¼ 	1 ln 232Th=3He
� �

0
= 232Th=3He
� �

T

� �
= T	 tð Þ 	 l232

ðA4Þ

where l238 (1.55 � 10	10 a	1), l235 (9.85 � 10	10

a	1) and l232 (4.95 � 10	11 a	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. T is
the starting time of the model (4.4 Ga), and ‘‘t’’ is
the time before the present day (and T-t equals
elapsed time). The k-value is the difference in
transport coefficients for U (or Th) and He, and is
related to the difference in bulk partition coeffi-
cients 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.

[41] When k238,235,232 equals zero, equations
(A1)–(A4) describe closed-system 3He/4He evolu-
tion. 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. 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]. Using U concentra-
tions for primitive mantle from McDonough and
Sun [1995], the primitive mantle 238U/3He0 (pres-
ent-day) ratio is then 70. A higher 238U/3He value
for primitive mantle would require a lower primi-
tive mantle 3He/4He ratio and 3He abundance. The
DMM reservoir derived from such a 3He-poor
primitive mantle would in turn have a lower 3He
abundance and generate lithospheric peridotites
with lower 3He abundances. The lower 3He abun-
dances of such lithospheric peridotites would be
less able to preserve high 3He/4He in the presence
of 4He-producing, refractory eclogites. Thus, in
order to generate the present-day 3He/4He observed
in the high 3He/4He OIB reservoir, either smaller
amounts of eclogite could be tolerated (<20%,
which would result in insufficiently large TITAN

anomalies and radiogenic 187Os/188Os), or the
lithospheric peridotite-eclogite package would
have to be formed earlier (i.e., before 3 Ga, when
DMM had suffered less degassing and had higher
3He abundances).

[42] From the 238U/3He0 ratio, the 3He can be
calculated by employing a present-day primitive
mant le U concentra t ion of 0.0203 ppm
[McDonough and Sun, 1995], and is 7.3 � 1011

atoms/g. This 3He value is somewhat higher than
the planetary component found in meteorites (<1 �
1011 atoms/g), but lower than the 3He abundance
(�1� 1012 atoms/g) suggested for an early isolated,
rare-gas-bearing reservoir above the core mantle
boundary (or D00) [Tolstikhin and Hofmann, 2005].
Our preferred primitive mantle 3He concentration is
higher than the minimum 3He concentration (�1 �
1011 atoms/g), a value that is obtained by assuming
that primitive mantle has a minimum 3He/4He of
50 Ra (the highest magmatic 3He/4He on record
[Stuart et al., 2003]) and a U concentration similar
to that provided by McDonough and Sun [1995].
Note that noble gas concentrations in the deep
Earth, and in the early Earth, are poorly constrained,
so this is an important uncertainty in the model
calculations.

[43] 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 compo-
sition (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 of Workman and Hart [2005]) and
�89,900 (8 Ra), respectively. Equations (A1)
through (A4) 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 a	1 and k232 is
	1.41 � 10	9 a	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.

[44] 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 concen-
trations for DMM were derived from CO2 concen-
trations and canonical mantle CO2/

3He ratios in
MORB melt inclusions (4.52 � 108 ± 1.93 atoms
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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]).
The estimates for DMM 3He derived from popping
rock and 3He flux from ridges come to closer
agreement with our 3He model results if vast
regions of DMM (down to �330 km depth) suffer
from the low degree carbonatite melting, as sug-
gested by the experiments of Dasgupta and
Hirschmann [2006].

[45] The increase in 238U/3He in DMM over the
age of the Earth (Table 3) requires that He is less
compatible than U and Th during melting of this
mantle reservoir. 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 and Hart, 2005]. Results from a
recent helium partitioning study [Heber et al.,
2007] are consistent with helium being less com-
patible 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 parti-
tion coefficients for helium suggesting that helium
may be more compatible than U and Th during
melting of a cpx-poor lherzolite or harzburgite. By
contrast, Heber et al. [2007] report values that are
over an order of magnitude smaller (less compat-
ible), suggesting the helium may be more compat-
ible 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.

[46] 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 deple-
tion of BSE starting at 4.4 Ga:

XDMM;t ¼ XBSE;0 exp 	1 aXð Þ T	 t½ �ð Þð Þ ðA5Þ

where

aX ¼ 	1 ln XDMM;0=XBSE;0

� �
= Tð Þ ðA6Þ

where aX 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 (A5) and (A6), 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 aTi

value of 1.18 � 10	10 a	1 in equation (A6). Thus,
using this aTi value and solving for TiDMM,t in
equation (A6), the concentration of Ti in DMM can
be calculated at any time in Earth’s history. More
incompatible elements have larger values for a. For
example, aTh = 5.25 � 10	10 a	1 and aU = 4.20 �
10	10 a	1, where Th is more incompatible than U.
In Table 3, the abundances of several trace
elements in DMM are provided at various times
in Earth’s history.
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