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Evidence for the survival of the oldest terrestrial
mantle reservoir
Matthew G. Jackson1,2, Richard W. Carlson2, Mark D. Kurz3, Pamela D. Kempton4, Don Francis5 & Jerzy Blusztajn6

Helium is a powerful tracer of primitive material in Earth’s mantle.
Extremely high 3He/4He ratios in some ocean-island basalts suggest
the presence of relatively undegassed and undifferentiated material
preserved in Earth’s mantle. However, terrestrial lavas with high
3
He/4He ratios have never been observed to host the primitive leadisotopic compositions that are required for an early (roughly 4.5
Gyr ago) formation age1,2. Here we show that Cenozoic-era Baffin
Island and West Greenland lavas, previously found to host the
highest terrestrial-mantle 3He/4He ratios3–5, exhibit primitive
lead-isotope ratios that are consistent with an ancient mantle
source age of 4.55–4.45 Gyr. The Baffin Island and West
Greenland lavas also exhibit 143Nd/144Nd ratios similar to values
recently proposed for an early-formed (roughly 4.5 Gyr ago)
terrestrial mantle reservoir6,7. The combined helium-, lead- and
Nd-isotopic compositions in Baffin Island and West Greenland
lavas therefore suggest that their source is the most ancient accessible reservoir in the Earth’s mantle, and it may be parental to all
mantle reservoirs that give rise to modern volcanism.
Relative to terrestrial-mantle He, there are extremely high 3He/4He
ratios in the solar wind (roughly 310 Ra, where Ra is the present-day
3
He/4He ratio in the atmosphere, 1.38 3 1026; ref. 8) and the atmosphere of Jupiter (120 Ra; ref. 9), a geochemical characteristic that is
associated with the building blocks of planets. On Earth, He is continually degassed from the interior during mantle melting and volcanism, and is lost from the atmosphere by gravitational escape to
space. Within the solid Earth, the a-decay of U and Th replenish 4He,
but crustal recycling does not replenish the mantle 3He. Therefore,
recycling results in a long-term decrease of 3He/4He ratios in all
terrestrial geochemical reservoirs over time, and the terrestrial
mantle may no longer have such high primordial 3He/4He ratios.
Nonetheless, the mantle sources of some ocean-island basalts preserve relatively high 3He/4He ratios (more than 30 Ra); for example,
in Hawaii10, the Galapagos Islands11, Samoa1, Iceland12 and the protoIceland plume3–5. The highest terrestrial mantle 3He/4He ratios (up to
50 Ra) were measured in roughly 60-Myr-old Baffin Island and West
Greenland lavas, a manifestation of the proto-Icelandic hotspot4,5.
However, such high 3He/4He ratios are extremely rare, and the origin,
composition and long-term survival of the high-3He/4He reservoir in
the Earth’s mantle are poorly understood.
One of the least-understood characteristics of lavas with high
3
He/4He ratios is their association with distinctly non-primitive, superchondritic 143Nd/144Nd and 176Hf/177Hf ratios, both of which suggest a
source previously depleted of incompatible elements through partial
melt extraction. Several models have been developed to resolve the
complex association of primitive 3He/4He and non-primitive Nd
and Hf isotopic4,12–20 ratios. Using constraints from 142Nd/144Nd ratios,
recent models suggest that the high-3He/4He mantle either reflects a

bulk Earth that does not have chondritic relative abundances of refractory lithophile elements, or is an early depleted reservoir (EDR) that is
the residue of an ancient (more than 4.53 Gyr ago) global differentiation event6,7. In either of these models, a source unmodified from
shortly after the Earth’s formation should have a Pb-isotope composition that lies near the geochron, the locus of data in Pb-isotope space
that have had the same (U1Th)/Pb ratios for roughly 4.5 Gyr.
To better characterize the high-3He/4He mantle, we present new
Pb-, He- and Hf-isotopic data (Supplementary Information) on a
suite of Baffin Island lavas from Padloping Island that were previously
characterized for 87Sr/86Sr, 143Nd/144Nd, 187Os/188Os and d18O ratios
and major- and trace-element compositions21. In a plot of 207Pb/204Pb
against 206Pb/204Pb, the new data from Baffin Island cluster near the
terrestrial geochron, while the highest-3He/4He lavas from Hawaii,
Iceland, the Galapagos Islands and Samoa plot to the right of the
geochron (Fig. 1). The Baffin Island picrites also plot together with
picrites from West Greenland—a volcanic province stratigraphically
equivalent to the Baffin Island picrites, which also exhibits high
3
He/4He (refs. 3, 5)—near the intersection of the Northern Hemisphere reference line22 with the 4.55–4.45-Gyr-old geochrons. There
is some scatter in the data, but the majority of the samples from Baffin
Island and the West Greenland3 picrites coincide remarkably well with
the geochron. Crustal contamination for rocks such as the Baffin
Island and West Greenland picrites that erupted through the
Archaean lithosphere can, and does23, move their Pb-isotope composition off the geochron. Trace-element tracers sensitive to crustal
contamination show, however, that the least-contaminated lavas,
including all of those measured here, are the samples that fall closest
to the geochron (Supplementary Information).
Like Pb, Os-isotopic compositions measured on Baffin Island and
West Greenland lavas overlap with the range expected for a primitive
terrestrial reservoir21,24. The strontium- and Hf-isotopic compositions suggested for a non-chondritic terrestrial mantle7 lie in the
range of values found in uncontaminated Baffin Island and West
Greenland lavas. In summary, lavas with the most primitive (that
is, highest) terrestrial-mantle 3He/4He ratios may also have primitive
heavy-radiogenic-isotope compositions.
Data for 143Nd/144Nd ratios in Baffin Island and West Greenland
lavas are also consistent with derivation from an ancient mantle
source, assuming that it does not have a chondritic Sm/Nd ratio.
All existing high-precision 142Nd/144Nd data for mid-ocean-ridgebasalt and ocean-island-basalt, including high-3He/4He lavas from
Baffin Island25, are indistinguishable from the terrestrial standard
and are 18 6 5 p.p.m. higher than the average obtained for ordinary
and enstatite chondrites2,6,26. If the 142Nd/144Nd anomaly in modern
terrestrial lavas relative to ordinary and enstatite chondrites is the
result of radiogenic decay of 146Sm, all modern terrestrial rocks
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Figure 1 | Nd- and Pb-isotopic composition of Baffin Island lavas from
Padloping Island. a, The 4.55- and 4.45-Gyr-old geochrons bracket the Baffin
Island (this study) and West Greenland3 data. This isotope topology suggests
an ancient, roughly 4.5-Gyr-ago origin for the mantle source of high-3He/4He
Baffin Island and West Greenland lavas. Baffin Island and West Greenland
lavas that are crustally contaminated plot off the geochron (Supplementary
Fig. 4). OIB, ocean island basalt; MORB, mid-ocean-ridge basalt. b, The Baffin
Island and West Greenland lavas overlap and form a trend that parallels the
Northern Hemisphere reference line (NHRL). c, The 143Nd/144Nd ratio of
much of the Baffin Island and West Greenland picrite suite is consistent with
sampling a 4.568-Gyr-old non-chondritic primitive mantle or EDR that has
Sm/Nd ratios more than 4.6% higher than ordinary and enstatite chondrites,
as implied by the 18 6 5 p.p.m. difference in 142Nd/144Nd ratio between these
chondrites and modern terrestrial lavas6. Given the error on the difference in
142
Nd/144Nd ratios, the non-chondritic primitive mantle or EDR may span a
range of 143Nd/144Nd values (0.51290–0.51309). The Rb–Sr, Sm–Nd, and
Lu–Hf systems are most sensitive to mantle differentiation, and Re–Os and
U–Th–Pb are most sensitive to core formation and the addition of a late veneer
enriched in elements such as rhenium and Os; 142Nd/144Nd and Pb-isotopic
compositions may thus record different events (and different ages) in Earth’s
history (Supplementary Information).

originate from an ancient reservoir that had Sm/Nd ratios more than
4.6% higher than those in chondrites during the lifetime of 146Sm
(the first few hundred million years following the Earth’s accretion).
If this progenitor reservoir formed immediately following accretion,
4.568 Gyr ago, the 147Sm/144Nd ratio required to generate the
18 6 5 p.p.m. 142Nd/144Nd anomaly2 relative to chondrites is
0.205–0.211. Given these constraints, the present-day 143Nd/144Nd
composition of the early-formed reservoir would be 0.51290–
0.51309 (e143Nd 5 5.3–9.0, relative to the chondritic 143Nd/144Nd
ratio of 0.51263), a range that brackets the two Baffin Island samples
with the highest 3He/4He ratios (49.5–49.8 Ra; refs 4, 5).
The primitive nature of the He-, Pb-, Hf-, Sr- and Os-isotopic
compositions of the Baffin Island and West Greenland mantle, and
the 143Nd/144Nd ratios consistent with a mantle-source Sm/Nd ratio
predicted by the 142Nd/144Nd ratio, suggest that the uncontaminated
lavas sample an early-formed reservoir in the Earth. If the bulksilicate Earth has chondritic abundances of Sm and Nd, then the
isotopic characteristics of the highest-3He/4He mantle are consistent
with it being an EDR6. This model requires that an early enriched
reservoir (EER) with complementary, subchondritic Sm/Nd and
142
Nd/144Nd ratios is hidden in the deep Earth. Until the EER is
detected, however, the possibility remains that the bulk-silicate
Earth is not chondritic, and that the highest-3He/4He Baffin Island
and West Greenland mantle source represents the closest approximation to the composition of the terrestrial primitive mantle.
Evidence that the bulk-silicate Earth has non-chondritic Sm/Nd
ratios is inconclusive7, and this possibility can neither be confirmed
nor rejected with available data.
A clear implication of both models is that the He-isotopic composition may not be ‘decoupled’ from the heavy radiogenic isotope compositions in uncontaminated Baffin Island and West Greenland lavas.
Instead, high 3He/4He ratios are a property inherent to an ancient,
early-formed mantle reservoir that does not have chondritic relative
abundances of the refractory lithophile elements. The highest-3He/4He
lavas from Hawaii, Samoa, the Galapagos Islands and Iceland all plot
off the geochron and have lower 3He/4He ratios than Baffin Island and
West Greenland lavas, and are therefore geochemically distinct. This
may result from incorporation of recycled material in much of the
high-3He/4He reservoir over geologic time, a process that would
undoubtedly lower the time-integrated 3He/4He ratio of the resulting
mixture and, owing to the high Pb concentration in most recycled
crustal materials, perturb the Pb-isotopic composition away from
the geochron. Therefore, the high-3He/4He Baffin Island and West
Greenland lavas appear to sample a more-pristine mantle reservoir
than high-3He/4He lavas from other localities.
To test the hypothesis that the highest-3He/4He Baffin Island and
West Greenland lavas might be melts of either the EDR or the primitive
mantle of a non-chondritic Earth, we estimated the trace-element
budget of the source mantle, and determined whether this mantle
source satisfies the requirements of continental crust extraction and
resultant depleted mid-ocean-ridge-basalt mantle (DMM) formation.
We calculated the mantle source of samples DUR8 and BI/PI/25, the
highest-3He/4He lavas from the Baffin Island suite. These two samples
exhibit no evidence of contamination from the crust or the subcontinental mantle4,5. We use the calculated Sm/Nd ratio of the Baffin Island
and West Greenland high-3He/4He mantle based on 142Nd/144Nd constraints, a source Lu/Hf ratio using the new 176Hf/177Hf data in the
Baffin Island lavas and the assumption of a constant source Lu/Hf ratio
since 4.568 Gyr, and an aggregated fractional melting model to determine an average mantle source that can plausibly generate the traceelement pattern measured in the highest-3He/4He Baffin Island lava
(see Methods, Fig. 2 and Supplementary Information).
There are many uncertainties associated with using melt models to
calculate mantle-source compositions from basalt compositions
(Supplementary Information), but some first-order observations can
be made regarding the high-3He/4He Baffin Island mantle. Relative to
the primitive mantle estimate derived from chondrites27, the average
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Figure 2 | Primitive mantle normalized trace-element-source budget of
the highest-3He/4He Baffin Island mantle. The Baffin Island mantle source
shown is the average of the mantle sources for the two highest-3He/4He
(more than 49 Ra) Baffin Island lavas, DUR8 and BI/PI/25 (ref. 5). The
mantle sources are calculated using isotopically constrained melt models,
and are similar to independent estimates for the EDR (or non-chondritic
primitive mantle) using mass-balance constraints2. Extraction of the
continental crust composition of ref. 29 from the Baffin Island mantle source
will generate a depleted reservoir (white triangles) similar to previous
estimates for DMM, but requires depletion of roughly 60% of the mantle.
Extraction of the continental crust of ref. 30 requires 45% mantle depletion
(not shown). Differences between the Baffin Island mantle source and the
EDR, and between the calculated DMM (this study) and published estimates
for DMM, are discussed in the text. Estimates for DMM are from the
literature (Supplementary Information).

composition of the DUR8 and BI/PI/25 sources is depleted in many of
the highly incompatible elements. Nonetheless, the calculated mantle
sources for DUR8 and BI/PI/25 bracket much of the trace-element
pattern for the EDR that is generated using a mass-balance method2
(Fig. 2). The average Baffin Island source exhibits a large positive Nb
anomaly and a small negative Pb anomaly relative to the EDR.
Uncertainties in the calculation of the EDR may account for these
differences (Supplementary Information). The positive Nb and negative Pb anomalies in the Baffin Island source reflect the general tendency of ocean-island-basalt and mid-ocean-ridge-basalt lavas28, and the
geochemical similarity is not inconsistent with the hypothesis that
ocean-island basalts and mid-ocean-ridge basalts were derived from
an EDR similar to the Baffin Island mantle source. We suggest that,
owing to the extraction of Nb-rich eclogite and Pb-rich continental
crust from the EDR, the magnitude of positive Nb anomalies in DMM
diminished with time and the negative Pb anomalies were enhanced
(see Supplementary Text). This mechanism may explain why modern
ocean-island-basalt (excluding lavas that sample enriched mantle
domains) and mid-ocean-ridge-basalt lavas generally exhibit smaller
positive niobium (Nb/U 5 47 6 10; ref. 28) anomalies and larger negative Pb (Ce/Pb 5 25 6 5)28 anomalies than the Baffin Island source
(Nb/U 47.6–69.7; Ce/Pb 12.0–21.6)21. If the bulk-silicate Earth has
chondritic abundances of refractory lithophile elements such as Nb
and U, a clear implication is that Nb was preferentially partitioned
from the EER to the EDR during early differentiation, and Pb was
preferentially partitioned into the EER (Supplementary Information). Alternatively, the Baffin Island mantle may represent a surviving
portion of a non-chondritic primitive mantle.
If the high-3He/4He Baffin Island mantle represents an early precursor to modern mantle reservoirs, extraction of continental crust
from this parental reservoir should result in a residue with traceelement characteristics similar to the modern DMM. Using the average
continental crust composition of ref. 29, mass-balance constraints
indicate that continental crust was extracted from roughly 60% of a
mantle of composition similar to the Baffin Island source to generate a

reservoir similar to DMM (Fig. 2). If a more mafic continental crust
composition is used30, only about 45% of the mantle need be depleted
to generate the complementary DMM and continental reservoirs.
While the trace-element budget of the Baffin Island mantle is sufficient
to tolerate extraction of continental crust, its extraction does not sufficiently reduce Nb and barium budgets in the depleted residue, and the
calculated residue has large positive Nb and barium anomalies relative
to published estimates for DMM (Fig. 2). Concomitant formation and
subduction of Nb-rich eclogite during continental-crust formation
may reduce the Nb excess in our depleted-mantle model. The barium
excess in the calculated depleted mantle is problematic, but may be
explained by uncertainties in the mass-balance model, including the
barium budgets of subducted oceanic crust and continental crust, and
geochemical variability in the Baffin Island lavas4,5,21.
The possible survival of an ancient, roughly 4.5-Gyr-old reservoir in
the Earth’s dynamic mantle has important implications for the nature
and effectiveness of mixing in the Earth’s interior. Convective stirring
is thought to process large portions of the mantle on geologic timescales. Although the storage mechanisms required for long-term survival of ancient isotopic reservoirs in the Earth’s convecting mantle are
poorly understood, recent dynamic models of the Earth’s mantle
suggest that pristine portions of the mantle might escape differentiation over the age of the Earth (for example, ref. 31), perhaps during
isolation in convective ‘eddies’. According to the mass-balance calculations shown in Fig. 2, 45–60% of the mantle was depleted during
continental-crust generation, and recycled material seems to have
contaminated remaining portions of the ancient high-3He/4He
reservoir. The Pb- and Nd-isotopic data from the Baffin Island lavas
suggests that a relatively pristine portion of the high-3He/4He
reservoir survives. The long-term preservation of such an earlyEarth reservoir indicates that the convective vigour of the mantle over
geologic time was not sufficient to destroy all mantle reservoirs that
were formed early in the Earth’s history.
METHODS SUMMARY
Measurement of Pb-, Hf- and He-isotopic compositions follow standard procedures, as outlined in the Methods section. In order to calculate the traceelement budget of the Baffin Island high-3He/4He source, we calculated the
trace-element abundances of the two highest-3He/4He Baffin Island lavas (more
than 49 Ra) by merging two geochemical data sets. We then corrected the traceelement budgets for olivine accumulation by subtracting equilibrium olivine
until the corrected major-element compositions of the lavas were in equilibrium
with a mantle olivine composition. The early formation age of the Baffin Island
mantle, combined with the 143Nd/144Nd, 176Hf/177Hf, Sm/Nd and Lu/Hf ratios
in the Baffin Island lavas, permits calculation of the Sm/Nd and Lu/Hf in the
Baffin Island mantle source. We calculated a trace-element source budget using a
melting model to relate the Sm/Nd and Lu/Hf ratios of the primary melts of
samples DUR8 and BI/PI/25 to the isotopically constrained Sm/Nd and Lu/Hf
ratios of the Baffin Island mantle source. We used an aggregated fractionalmelting model and used two different compilations of trace-element mineralmelt partition coefficients and source mineral and melt modes. By varying the
degree of melting and the relative melt contributions from the spinel and garnet
melting fields (two unknowns), we calculated a source for the two
highest-3He/4He lavas that relates the isotopically constrained Lu/Hf and Sm/
Nd ratios (two constraints) of the Baffin Island source to the primary melt
composition. The melting models cannot be used to calculate the source abundances of all geochemically important trace elements, either because the elemental abundances were not reported or because the elemental abundances
were compromised in the laboratory or by weathering. The abundances of U,
Pb, K, Rb and Nb were estimated using isotopic constraints in combination with
measurements of these elements in fresh Baffin Island glasses.
Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
Received 11 January; accepted 17 June 2010.
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Albarède, F. Rogue mantle helium and neon. Science 319, 943–945 (2008).
Gonnermann, H. M. & Mukhopadhyay, S. Preserving noble gases in a convecting
mantle. Nature 459, 560–564 (2009).
Tolstikhin, I. & Hofmann, A. W. Early crust on top of the Earth’s core. Phys. Earth
Planet. Inter. 148, 109–130 (2005).
Kent, A. J. R. et al. Mantle heterogeneity during the formation of the North Atlantic
Igneous Province: constraints from trace element and Sr-Nd-Os-O isotope
systematics of Baffin Island picrites. Geochem. Geophys. Geosyst. 11, Q11004 (2004).

22. Hart, S. R. A large-scale isotope anomaly in the southern hemisphere mantle.
Nature 309, 753–757 (1984).
23. Larsen, L. M. & Pedersen, A. K. Petrology of the Paleocene picrites and flood
basalts on Disko and Nuussuaq, West Greenland. J. Petrol. 50, 1667–1711 (2009).
24. Dale, C. W. et al. Osmium isotopes in Baffin Island and West Greenland picrites:
implications for the 187Os/188Os composition of the convecting mantle and the
nature of high 3He/4He mantle. Earth Planet. Sci. Lett. 278, 267–277 (2009).
25. de Leeuw, G. A. M., Carlson, R. W., Ellam, R. M. & Stuart, F. M. Baffin Island picrites
contain normal terrestrial 142Nd/144Nd: implications for the source of high
3
He/4He in deep Earth. Geophys. Res. Abstr. 12, EGU2010–5321–1 (2010).
26. Andreasen, R., Sharma, M., Subbarao, K. V. & Viladkar, S. G. Where on Earth is the
enriched Hadean reservoir? Earth Planet. Sci. Lett. 266, 14–28 (2008).
27. McDonough, W. F. & Sun, S. S. The composition of the Earth. Chem. Geol. 120,
223–253 (1995).
28. Hofmann, A. W., Jochum, K. P., Seufert, M. & White, W. M. Nb and Pb in oceanic
basalts: new constraints on mantle evolution. Earth Planet. Sci. Lett. 79, 33–45
(1986).
29. Rudnick, R. L. & Gao, S. in Treatise in Geochemistry Vol. 3, The Crust (ed. Rudnick, R.
L.) 1–64 (Elsevier, 2003).
30. Taylor, S. R. & McLennan, S. M. The Continental Crust: Its Composition and Evolution
1–312 (Blackwell, 1985).
31. Brandenburg, J. P., Hauri, E. K., van Keken, P. E. & Ballentine, C. J. A multiplesystem study of the geochemical evolution of the mantle with force-balanced
plates and thermochemical effects. Earth Planet. Sci. Lett. 276, 1–13 (2008).

Supplementary Information is linked to the online version of the paper at
www.nature.com/nature.
Acknowledgements M.G.J. acknowledges his Carnegie postdoctoral fellowship.
We also thank J. P. Brandenburg, J. Day, D. Graham, S. Hart, E. Hauri, C. Herzberg,
L. Larsen, N. Shimizu, S. Shirey and P. Van Keken for discussions. We thank
J. Curtice for assistance in the laboratory. Reviews from Al Hofmann improved the
manuscript. The Ocean Sciences Section of the National Science Foundation
partially supported the helium measurements at the Woods Hole Oceanographic
Institution.
Author Contributions M.G.J. and R.W.C. conceived the model, and M.G.J. wrote
the paper. P.D.K and M.D.K. took the measurements. D.F. provided conceptual
advice and insights regarding the field area and sample collection. J.B. aided in
sample preparation and data interpretation. All authors contributed intellectually
to the paper.
Author Information Reprints and permissions information is available at
www.nature.com/reprints. The authors declare no competing financial interests.
Readers are welcome to comment on the online version of this article at
www.nature.com/nature. Correspondence and requests for materials should be
addressed to M.G.J. (jacksonm@bu.edu).

856
©2010 Macmillan Publishers Limited. All rights reserved

doi:10.1038/nature09287

METHODS
New Pb-, Hf- and He-isotope analyses on Padopling-Island lavas. The analytical
procedures for Pb- and Hf-isotope analysis are reported elsewhere32. All Hf- and
Pb-isotope measurements were made on a VG Plasma P54 multi-collector inductively coupled plasma mass spectrometer at the Natural Environment Research
Council Isotope Geosciences Laboratory at Kingsley Dunham Centre. Repeat
measurements of the Hf-isotope standard JMC 475 yielded reproducibility of
50 p.p.m. (2s) on 176Hf/177Hf. All 176Hf/177Hf data are reported relative to a
JMC 475 value of 0.282160. Replicate analysis in the same analytical period of
an internal rock standard, pk-GD12, yielded 176Hf/177Hf values of 0.283048 6 18
(2s, n 5 13), and is indistinguishable from a previously reported value for this
sample (0.283046 6 16, 2s, n 5 9; ref. 33). The Pb-isotope data are reported relative to accepted values reported for the Pb-isotope standard NBS 981 (ref. 34) as
206
Pb/204Pb 5 16.9356, 207Pb/204Pb 5 15.4891 and 208Pb/204Pb 5 36.7006. The
samples were spiked with thallium in order to correct for mass fractionation during
analysis on the P54. The estimated external precision for Pb-isotope analyses
( 6 0.02%, 2s) is based on multiple runs of NBS 981.
The new He-isotope data are reported in Supplementary Table 1 and shown
graphically in Supplementary Fig. 1. We measured He-isotope ratios and concentrations at Woods Hole Oceanographic Institution, using a mass spectrometer dedicated to He-isotope measurements. The procedures for such
measurements are outlined elsewhere35. We obtained He data by crushing olivines in vacuo. In addition to the in vacuo crushing measurements, we melted the
powder remaining from three samples in a resistance furnace, and measured the
3
He/4He ratio for He released on fusion. We chose only the freshest olivines for
analysis. As discussed in the caption of Supplementary Fig. 1, the olivine samples
have extremely low He contents requiring fairly large blank corrections.
Therefore, uncertainties on the He measurements are relatively large.
Integrating two geochemical data sets from Baffin Island. To calculate a traceelement source composition for the high-3He/4He Baffin Island mantle, we
relied on two geochemical data sets obtained from two different suites of
Baffin Island lavas, as neither data set presents a complete complement of geochemically important isotopic ratios and trace-element abundances. The first
data set, compiled by Starkey et al.5, provides major- and trace-element concentrations measured on whole rocks, in addition to 3He/4He, 87Sr/86Sr and
143
Nd/144Nd isotope compositions. The second data set, from Kent et al.21,
provides major- and trace-element concentrations and 87Sr/86Sr and
143
Nd/144Nd ratios, all measured on glasses. It is to this second data set that
we added Pb- and Hf-isotopic compositions (measured on whole rock powders)
and He-isotopic compositions (measured on olivine separates). The traceelement data obtained on glasses were measured by laser ablation inductively
coupled plasma mass spectrometry (ICP-MS), and the quoted analytical precision (Kent et al.)21 is poorer that than for the trace-element measurements
made using solution-work ICP-MS on dissolved whole rocks (Starkey et al.)5.
Kent et al. 21 did not report lutetium concentrations by laser ablation, which are
critical for determining an isotopically constrained mantle source for the Baffin
Island lavas; the Starkey et al.5 data set does not include Hf-isotope data. Instead
of extrapolating lutetium concentrations from the available Kent et al.21 traceelement data set (a scheme that we consider to be highly prone to error), we
estimated the Hf-isotopic compositions for the Starkey et al.5 data set. The latter
option is preferred because the linear trend formed between the Nd- and Hfisotope compositions of the Baffin Island lavas presented here permits relatively
accurate extrapolation of Hf-isotope composition from the Starkey et al.5 Ndisotope data. We then combined the estimated Hf-isotopic compositions with
lutetium and Hf concentrations reported by Starkey et al.5, to generate an isotopically constrained mantle source for the Baffin Island lavas. We note that
Starkey et al.5 made the trace-element measurements on whole rocks, and
some of the more mobile trace elements appear to have been compromised by
weathering: when plotted against the relatively immobile element Th, we found
that Rb, K and U exhibit significant scatter, which suggests that all three mobile
elements have been affected by weathering. Additionally, Starkey et al.5 do not
report Pb concentrations, and the tantalum and (possibly) Nb seem to be contaminated owing to sample preparation in tungsten carbide. Rb, K and U concentrations in the Kent et al.21 glasses exhibit good correlations with Th and
demonstrate clear igneous trends. These trends support our hypothesis that
the scatter for the same elements in the Starkey et al.5 data set are a result of
weathering. Kent et al. 21 also report Pb and Nb concentrations.
To generate a self-consistent trace-element budget for high-3He/4He Baffin
Island lavas, which is required to model the Baffin Island mantle source, we used
trace-element relationships consistent with the good linear (igneous) trends
displayed by the Kent et al.21 data obtained on fresh glasses. The Kent et al.21
data set yields the following elemental ratios: Ba/Rb (12.4–21.6, average 5 16.0),
Th/U (3.50–5.33, average 5 4.45), Nb/U (47.6–69.7, average 5 55.8), Ce/Pb

(12.0–21.6, average 5 17.6) and K/U (9,100–13,600, average 5 10,600). These
ratios, in combination with isotopic constraints, are used to ‘graft’ Rb, U, Pb,
Nb and K into the Starkey et al.5 trace-element data set.
Calculating a source for the high-3He/4He Baffin Island lavas. Using combined
trace-element and isotopic constraints, we calculated a mantle-source traceelement budget for the two lavas from Baffin Island with 3He/4He .49 Ra: sample
DUR8 (49.8 Ra) and sample BI/PI/25 (49.5 Ra; refs 4, 5). A critical constraint for
the model is the observation that modern terrestrial volcanic rocks exhibit
142
Nd/144Nd ratios 18 6 5 p.p.m. higher than those in chondrites6, which indicates
that all modern terrestrial lavas originate from a reservoir that had Sm/Nd ratios
4.6–7.6% higher than that in chondrites during the lifetime of 146Sm (the first few
hundred million years following accretion). For the purposes of this model, it does
not matter whether the implied difference in Sm/Nd between the Earth and
chondrites was generated by early differentiation of a chondritic Earth (in which
case a hidden early enriched reservoir with subchondritic 142Nd/144Nd ratios
exists in the deep Earth), or whether the Earth simply accreted from material
with superchondritic Sm/Nd ratios. Assuming an initial Solar System had
146
Sm/144Sm 5 0.0084 (ref. 36), both models require that the early, accessible
mantle had a higher 147Sm/144Nd ratio (0.205–0.211, depending on the absolute
difference in 142Nd/144Nd ratios between the Earth and chondrites) than chondrites (147Sm/144Nd 5 0.1960; ref. 37). Any portion of the mantle that evolved in
isolation would exhibit a higher present-day 143Nd/144Nd ratio (0.51290–0.51309)
than the chondrite reservoir (0.51263).
We consider the highest-3He/4He Baffin Island mantle source to be a likely
candidate for a reservoir that has evolved in isolation since the accessible mantle
acquired superchondritic Sm/Nd. Operating under this assumption, the
176
Hf/177Hf measured in the highest-3He/4He Baffin Island lavas can be used
to calculate the present-day Lu/Hf ratio of the Baffin Island source, assuming a
4.568-Gyr reservoir formation age with an initial chondritic 176Hf/177Hf ratio
(see ref. 37). Using the published (refs 4,5) 143Nd/144Nd values of the two
highest-3He/4He Baffin Island lavas—DUR8 (0.512975) and BI/PI/25
(0.513030)—the 176Hf/177Hf values are estimated by regression through the
143
Nd/144Nd–176Hf/177Hf trend (formed by the new data, see Supplementary
Table 1) to be 0.28321 and 0.28325, respectively. The 176Lu/177Hf ratios of the
two lavas are then constrained to be 0.0384 to 0.0388, respectively.
Estimates for the trace-element budgets of the primary melts of the two
highest-3He/4He Baffin Island lavas must first be calculated before generating
a mantle source composition. The lavas with the highest reported 3He/4He ratios
from Baffin Island are picrites with 22.89 and 27.69 wt.% MgO (ref. 5).
Hypothetical olivines in equilibrium with these picrites would have a forsterite
content of 92% (Fo92). Olivine compositions in the Baffin Island picrites vary
from Fo86 to Fo93. In order to correct the trace-element budget of the Baffin
Island samples for olivine accumulation, we subtracted equilibrium olivines from
the lava in 0.001% increments, assuming that 10% of the total iron is Fe31 and
using an olivine-melt Kd of 0.30 (ref. 38; Kd 5 (Fe21/Mg)olivine/(Fe21/Mg)melt)
until the melt was in equilibrium with mantle olivine. There is some debate about
whether the high-forsterite olivines in the Baffin Island lavas are xenocrysts39,40.
This is important because uncertainty in the forsterite content of the mantle
source of DUR8 gives rise to uncertainty in the estimated trace-element content
of the primary melt. Therefore, we adopted an intermediate olivine forsterite
value consistent with recent work on Baffin Island lavas41,42, and corrected the
DUR8 lava by olivine fractionation to be in equilibrium with Fo92 olivine.
We calculated a trace-element source budget using a simple melting model to
relate the trace-element contents of the primary melt of samples DUR8 and BI/PI/
25 to the isotopically constrained Sm/Nd and Lu/Hf ratios of the Baffin Island
mantle source. We used an aggregated fractional-melting model and two different
compilations of trace-element mineral-melt partition coefficients (with different
corresponding mantle source mineral and melt modes43,44; see Supplementary
Table 2). By varying the relative melt contributions from the spinel and garnet
melting fields and the degree of melting (two unknowns), we calculated a unique
source solution for each of the two highest-3He/4He lavas that relates the isotopically constrained Lu/Hf and Sm/Nd (two constraints) of the Baffin Island
source to the primary melt composition. The mantle-source trace-element
abundances generated by the two melt models for DUR8 are presented in
Supplementary Table 2, along with the average source for DUR8. The mantlesource trace-element abundances for BI/PI/25 generated by the two melt models
are also presented in Supplementary Table 2, along with the average BI/PI/25
mantle-source composition. The average DUR8 source is combined with the
average BI/PI/25 source to generate a Baffin Island high-3He/4He source
(Supplementary Table 2); this bulk average Baffin Island source is shown in
Fig. 2 of the main text (and Supplementary Fig. 2) and was used in the massbalance models.
The melting models cannot be used to calculate the source abundances of all
geochemically important trace elements for samples DUR8 and BI/PI/25. As
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discussed above, the abundances of five elements (U, Pb, Nb, K and Rb) in DUR8
and BI/PI/25 need to be estimated, because data either were not reported or were
compromised in the laboratory or by weathering. We estimated their abundances as follows.
Uranium. We calculated U in the Baffin source from the source Th concentration (0.046 p.p.m.) determined by the melt model. The U concentration is calculated for a source Th/U ratio (3.9) required to generate the Pb-isotopic
compositions in the Baffin lavas on a 4.50-Gyr geochron; the resulting U source
concentration is estimated to be 0.0117 p.p.m. The isotopically constrained Th/
U ratio of 3.9 is well within the range of Th/U values (3.50–5.33, average 4.45)
that Kent et al.21 measured on Baffin lavas.
Lead. We estimated the Pb content of the Baffin source by combining the U
concentration calculated above with the U/Pb ratio that will put the 4.5-Gyr-old
evolved Pb on the geochron. Using a 238U/204Pb (m) ratio of 8.5, the calculated Pb
concentration for the Baffin Island source is 0.086 p.p.m. If a higher m ratio of 9 is
assumed (permitted by the Baffin Island Pb-isotope data if a 4.45-Gyr geochron
is assumed), the estimated source Pb concentration is 0.082 p.p.m. To determine
whether these Pb concentrations are reasonable, we used the cerium concentration of the Baffin mantle source (1.29 p.p.m.) calculated in the melt model to
determine the possible Ce/Pb ratios of the calculated Baffin Island source; they
range from 15.0 (m 5 8.5) to 15.7 (m 5 9). The calculated mantle-source Ce/Pb
ratios are well within the range of Ce/Pb ratios (12.4–21.6) measured using laser
ablation on Baffin glasses by Kent et al.21. Although it would clearly be desirable
to calculate mantle-source Pb concentrations from the two Baffin Island lavas
using melting models, this is not a trivial matter, not least because of the large
uncertainties associated with the bulk partition coefficients for Pb during mantle
melting, the large uncertainties associated with the Pb measurements in the
Baffin Island glasses, and the lack of Pb-concentration data for both samples.
Niobium. We determined the Nb content of the Baffin Island mantle source
using the estimated U in the Baffin Island source calculated above and the
average Nb/U ratio (55.8) measured by Kent et al.21 in the Baffin Island glasses.
The resulting Nb content estimated for the Baffin Island mantle (0.65 p.p.m.)
results in a large positive Nb anomaly in the Baffin Island source. The anomaly
persists even if the lowest Nb/U ratio (47.6) measured in the Baffin glasses is
used.
Potassium. We determined the K content of the Baffin Island source using the
calculated U in the Baffin Island source (see above) and the K/U ratios in Baffin
Island glasses reported by Kent et al.21. The K/U ratios in the glasses range 9,100–
13,600. The highest K/U value (13,600) is closest to the bulk-silicate-Earth K/U
ratio (13,800) determined by Arevalo et al.45. This K/U ratio yields a K concentration of 159 p.p.m. in the Baffin Island source. Clearly, using the lowest K/U
ratio (9,100) in the Baffin glasses examined by Kent et al.21 would yield a lower K
concentration (106 p.p.m.) in the Baffin Island mantle source.
Rubidium. We calculated the Rb content of the source using the strontium
concentration (20.8 p.p.m.) calculated in the melt model, combined with the
Rb/Sr ratio required to generate the average 87Sr/86Sr ratio of the mantle source
for the two highest-3He/4He lavas from a Solar-System initial value of 4.568 Gyr.
The resulting Baffin Island source Rb concentration is 0.46 p.p.m. To determine
whether this Rb source concentration is reasonable, we compared the Ba/Rb in

the lavas of Kent et al.21 (12.4–20, average 16) with the Ba/Rb in our Baffin
source. The barium content of the Baffin Island source (5.76 p.p.m.) is calculated
in the melt model. The resulting Baffin Island source Ba/Rb value—12.4—is the
lowest that Kent et al.21 measured in Baffin glasses by laser ablation, and is near to
the canonical Ba/Rb value of about 12 for fresh ocean-island basalts46.
Incidentally, the Rb concentration for the Baffin Island source that we calculate
(0.46 p.p.m.) is similar to Caro and Bourdon’s7 estimated Rb concentration
(0.43 p.p.m.) for a non-chondritic Earth. Although it would clearly be desirable
to calculate mantle-source Rb concentrations using a melt model and the Rb
concentrations measured on the Baffin Island glasses, the large uncertainties in
bulk partition coefficients for Rb, combined with the large measurement uncertainties associated with Rb and strontium measurement by laser ablation, and
the compromised (by weathering) Rb data in samples DUR8 and BI/PI/25, make
the ‘melt-model’ approach to calculating mantle-source Rb less than ideal.
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higher variability in real spoken speech. This
result depended crucially on the cochlear
scale chosen for estimating entropy: because
it is quasi-logarithmic, it gives greater weight
to frequencies in the ‘formant range’ — that is,
the locus of most vowel structure, which, contrary to what is often assumed, changes considerably over time and therefore has greater
potential information. Consonants can also
contain rapid change, but typically in higher
frequencies, which receive less weight.
The results call into question the canonical
view of speech as a sequence of consonants and
vowels, and open up avenues to new statistical descriptions that might better describe its
fluid nature. Approaches involving information theory have offered several insights into
the signal-level sensory codes of natural images
and sounds7,8. These approaches work from the
bottom up to identify sets of features that most
compactly describe a class of signals, but are as
yet insufficient to capture the highly nonlinear
regularities in speech. Ultimately, getting to the
bottom of speech intelligibility will require
understanding not only the dimensions of
variability that underlie the discriminability of
speech sounds, but other informative aspects of
the speech signal, such as its harmonic patterns
and tonal variation, which vary from individual to individual. A further complication is that
intelligibility can be adjusted dynamically to
compensate for sources of noise.
Understanding the basis of speech intelligibility would have obvious benefits for speechrelated technologies. Today’s hearing aids
already contain quite sophisticated processing,
but still break down in noisy environments.
Today’s computers understand speech in the
same way that they play chess, by brute force,
and not as proficiently as humans. According
to legend, a test of an early speech-recognition
system goes something like this:
Computer: “Please state your four-digit
personal identification number.”
User: “three four five six.”
Computer: “I did not understand. Please
repeat.”
User: “three … four … five … six.”
Computer: “I did not understand. Please
repeat.”
User: “Three … Four … Five … Six.”
Computer: “I did not understand. Please
repeat.”
User: “THREE … FOUR … FIVE … SIX.”
Computer: “I did not understand. Please
repeat.”
At which point the test user slams down the
phone in frustration, and the scientists retreat
back to their labs. The speaker actually did
something perfectly reasonable in the face
of miscommunication: spoke more clearly.
Of course, when anger and frustration come
into it, the message is completely lost on the
computer. The irony is that what makes speech
more intelligible for a human listener actually
822
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makes matters worse for the computer.
Some day, perhaps, computers will be able
to listen to us and not only get the words but
also catch our drift. And some day, perhaps, we
will be able to listen to our grandchildren, or
even a foreign language, using hearing aids that
work more like ‘ear glasses’ that bring clarity to
a noisy world.
O
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GEOCHEMISTRY

Relict mantle from Earth’s birth
David Graham
Geochemical evidence for the existence of the mother of all mantle-source
reservoirs for volcanism has come to light. The new results have provocative
implications for our understanding of Earth’s interior.
Earth is a differentiated planet. Its primordial
building blocks of iron-rich metal, oxides, silicate minerals, and volatile elements and compounds have been transformed over geological
time into the modern-day structure of core,
mantle, crust, ocean and atmosphere. Chemical and physical processes such as mantle
convection, tectonic-plate recycling and
magma generation through partial melting
should have scrambled, if not obliterated, any
coherent geochemical signature of the primordial material. Even if a vestige of such material
remained, it seems unlikely that it would
be found in any samples from Earth’s surface
or the shallow subsurface that are available
to geologists.
Yet that is what new evidence suggests. On
the basis of a trace-element and isotopic study,
Jackson et al.1 (page 853 of this issue) propose
that lavas from Baffin Island, Canada (Fig. 1),
were derived from a deep-Earth reservoir that
has remained isolated since the earliest days
of planetary accretion some 4.5 billion years
ago. Their work relies on combined analyses of
the isotopes of helium, lead, neodymium and
hafnium. Collectively, the results are the first of
their kind for terrestrial volcanic rocks.
The essence of the argument for the survival
of primordial material is threefold. First, there
is the occurrence of the highest ever measured
3
He/4He ratios, in 60-million- to 62-millionyear-old volcanic rocks from Baffin Island and
West Greenland2. The ratios are more than five
times higher than values commonly observed
along mid-ocean ridges that tap the shallow
upper mantle. The very high 3He/4He signifies
an elevated ratio of primordial to radiogenic
noble gas — a trait that geochemists often
regard as supporting the existence of a reservoir deep within Earth that is the ultimate
© 2010 Macmillan Publishers Limited. All rights reserved

source for volcanic hotspots such as Hawaii
and Iceland3.
Second, some of the Baffin and West Greenland lavas have lead-isotope compositions
that lie on, or very close to, a 4.5-billion-yearold geochron. The geochron is a line in the
207
Pb/204Pb–206Pb/204Pb diagram describing
all possible parent/daughter (uranium/lead)
ratios corresponding to Earth’s age.
Third, the lavas have neodymium isotope
compositions (143Nd/144Nd) consistent with
derivation from a mantle source comprised of
primordial silicates. On the basis of the landmark discovery of positive terrestrial 142Nd
anomalies4, this mantle source has a samarium/neodymium ratio that is about 5% larger
than the ratio in chondrites. (Chondrites are
stony meteorites that formed during the earliest stages of Solar System development and
were never melted after their formation. They
are thought to closely resemble the building
blocks involved in Earth’s formation.) Because
142
Nd was produced by the extinct radioactive
decay of 146Sm (half-life of 103 million years),
the excess of 142Nd relative to chondrites in all
terrestrial samples seems to require the formation, early in Earth’s history, of an ‘early
depleted reservoir’ with a high Sm/Nd ratio
as a residue of partial melting. Negative 142Nd
anomalies have not been found in terrestrial
rocks, so this early depleted reservoir represents the ultimate ancestor of all other mantlesource reservoirs for volcanism.
These three fundamentally coherent isotopic
characteristics of helium, lead and neodymium
have now been found together for the first time.
Notably, they occur in contemporaneous primitive lavas from Baffin Island and West Greenland that erupted during the opening of the
North Atlantic. The results are evidence that a
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within the rock since it was emplaced10.
The large 3He/4He variability in the Baffin
and West Greenland lavas1,2 attests to the
difficulty in relating 3He/4He to the isotopes
of lead, neodymium and hafnium in rocks
that are more than a few tens of million years
old. Nonetheless, the frontier is open in that
endeavour, in light of which the study of Jackson et al.1 takes on increased importance —
the possible survival of primitive mantle relicts
needs full consideration in future models of
mantle structure and evolution.
O
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Figure 1 | Baffin Island — source of the lava samples isotopically analysed by Jackson and colleagues1.

deep source, and one that has been effectively
isolated for all geological time, fuelled the mantle plume that gave rise to volcanic activity on
Baffin Island and Greenland, and that is now
responsible for volcanism in Iceland.
The results support the well-established idea
that Earth’s mantle is heterogeneous, although
the origin and survival of this heterogeneity
have long been debated. It is also well established that the depth structure of mantle
viscosity, the strain rate associated with mantle
convection, and the thermal history of Earth all
act in preserving and destroying such heterogeneity 5. Until now, geochemists have had to
devise geodynamic arguments, not all of them
mutually exclusive, to reconcile 3He/4He variations in mantle-derived rocks with isotopic
variations in other elements such as lead and
neodymium.
Those arguments include enhanced migration of helium into previously melted and
degassed rock as material is stretched and
folded during mantle convection6; freezing of
some magma within the upper mantle beneath
mid-ocean ridges that is later recirculated to
the deep mantle, where it contributes to oceanisland (hotspot) volcanism7; and isolation of
the mantle sources for ocean-island volcanism
away from sites of melting near Earth’s surface
during the relatively recent geological past8.
However, evolutionary models for helium isotopes based on mass balance, and the range of
possible geological histories for the formation
of Earth’s crust, make it clear that high 3He/4He
ratios are best explained by isolation of ancient
mantle regions, rather than by continuous generation of high 3He/4He domains during Earth’s
history 9.
The new results1 are not without complexity.
High 3He/4He is found in Baffin lavas with both
enriched and depleted trace-element signatures, emphasizing the need for a better understanding of the potential decoupling of noble
gases from other elements during mantle convection, partial melting and magma transport.
Additional tests may come from measuring
3
He/4He in mantle-derived rocks of different

ages, but it remains to be seen how successful
those attempts will be in deciphering the
helium-isotope evolution of the mantle. Such
measurements rely on extracting noble gases
contained within tiny fluid and melt inclusions
trapped in crystals of the erupting lava. In older
rocks, the measurements can be fraught with
overprinting, mainly from the 4He produced
by radioactive decay of uranium and thorium
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A mine of imprinted genes
Eric B. Keverne
Some genes exclusively express only their maternal or paternal copy.
Studies of the brain extend the list of such imprinted genes by an order
of magnitude, highlighting their spatial and temporal regulation.
Mammals inherit one copy (allele) of each
gene from their mother and another copy from
their father. Yet for many genes, only one of
these alleles is always expressed in a cell1. The
choice of which allele to express is random in
some cell types — notably those of the olfactory and immune systems; for others, such as
those of the developing placenta and brain,
certain genes are ‘imprinted’2. The hallmark of
imprinted genes is that some are expressed only
when inherited from the mother and others
only when inherited from the father. Imprinted
genes were thought to be fewer than 100 in
number. But two remarkable studies published
in Science by Gregg and colleagues3,4 identify
1,308 candidate imprinted genomic regions in
the mouse brain, encompassing 824 annotated
genes as well as the entire X chromosome.
It has already been shown that, in the mouse
placenta, the X chromosome is imprinted, with
genes from the maternal X being exclusively
expressed, thereby avoiding immunological
rejection of ‘foreign’ fetal proteins that might
be encoded by the paternal X chromosome2.
© 2010 Macmillan Publishers Limited. All rights reserved

Many of the genes on the X chromosome are
also expressed in the brain. In males (XY),
the single X copy always originates from the
mother, but in females (XX), either the maternal or the paternal copy of the X chromosome
is inactivated early in embryonic development,
and this typically occurs at random. Gregg
et al.3 report preferential expression of the
maternal X chromosome in two brain regions.
Compared with the paternal X, the expression
of the maternal X chromosome was 11% higher
in glutamate-secreting neurons of the cortex,
and 19% higher in the preoptic region of the
basal forebrain.
In general, the expression of imprinted
genes is exclusively either maternal or paternal, with loss of exclusivity usually leading to
expression of both alleles. This suggests that
the biased gene expression described by Gregg
et al.3 may be due to selection of cells expressing the maternal X chromosome, rather than
imprinting. DNA replication errors increase
with the number of cell divisions, which are an
order of magnitude higher in the production
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Supplementary Information
1. Discussion of the calculated Baffin Island trace element source.
The two melt models presented here--the first using the Kelemen et al. (2004)1
partition coefficients and the second using the Salters and Stracke (2004)2 partition
coefficients--yield two different sources for sample DUR8 that differ by roughly a factor
of two across the entire primitive mantle normalized trace element diagram (see
Supplementary Table 2 and Supplementary Figure 2). The same is true when the two
melt models are used to determine a source for sample BI/PI/25. Additionally, the
average mantle source for DUR8 generated by the two melt models is somewhat different
from the average source for BI/PI/25. The observation that the two melt models yield
somewhat different sources for a single basalt highlights the difficulty of (and
uncertainties inherent to) using melt models to infer mantle source compositions of
basalts. Nonetheless, the melting models do provide broad, first-order constraints on the
mantle source of the highest 3He/4He Baffin Island lavas. Importantly, the average
mantle sources for samples DUR8 and BI/PI/25 vary by less than a factor of two across
the entire spidergram, and for most elements the average mantle sources of the two lavas
are similar to the early depleted reservoir (EDR) calculated using continent–DMM
(depleted MORB mantle) mass balance constraints3. Averaging the source estimates for
samples DUR8 and BI/PI/25 yields a Baffin Island source composition that is quite
similar to the EDR estimate.
However, there are some important differences between the EDR estimate from
Carlson and Boyet (2008)3 and the Baffin Island source calculated here. In particular, the
EDR has a negative Nb anomaly and the Baffin Island source has a large positive Nb
anomaly. The difference may owe to the fact that the EDR was calculated by Carlson
and Boyet (2008)3 to be the sum of continental crust (CC) and DMM (where
EDR=DMM+CC), a model that leaves out a potentially important geochemical reservoir.
A substantial recycled eclogite component has been extracted from the mantle over
geologic time, and this “slab” reservoir has been suggested to host high Nb/U4,5. We
suggest a new hypothesis for the composition of the EDR, where the EDR is composed of
continental crust, DMM and recycled slab eclogite (or SLAB), where
EDR=CC+DMM+SLAB. In this model, the EDR may have originally possessed high
Nb/U before extraction of high Nb/U slab eclogite. Extraction of the high Nb/U slab
reservoir from the EDR over time has diminished the Nb/U of the resulting depleted
residue. Thus, it is possible that the superchondritic Nb/U in all OIBs and MORBs is a
result of the fact that they were ultimately derived from a reservoir—the EDR—that
started with superchondritic Nb/U. If BSE has chondritic Nb/U, and the EDR had
superchondritic Nb/U, then the early enriched reservoir (or EER, now hidden) is
characterized by subchondritic Nb/U, assuming that the EER and the EDR sum to BSE.
Fundamental to this discussion is the assumption that extraction of the EER during early
terrestrial differentiation would have generated superchondritic Nb/U in the EDR. Very
little is known about early differentiation processes of the early Earth, and the precise
mechanism for fractionation of Nb between the EER and EDR is unknown.
Nonetheless, to advance discussion on this potentially important issue, we point
out that lower mantle phases may strongly fractionate Nb from the other incompatible
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elements. For example, Corgne et al. (2005)6 and Hirose et al. (2004)7 showed that rare
earth elements are strongly compatible in Ca-perovskite, and Sr is compatible (but less
compatible than the rare earth elements). By contrast, Nb, Ta and Ba are strongly
incompatible in Ca-perovskite, and Rb is less incompatible. Fractionation of Caperovskite from a deep magma ocean may generate a residual liquid with many of the
features associated with the Baffin Island source, as the residual mantle will be depleted
in rare earth elements, U and Th, enriched in Nb and Ba, and less enriched in Rb. Trace
element partitioning studies at the relevant temperatures and pressures are still in their
infancy, and future work will help evaluate the validity of this hypothesis.
The abundance of Pb that is calculated for the Baffin Island source is also different
from the EDR calculated by Carlson and Boyet (2008)3. Pb exhibits a clear negative
anomaly in the Baffin Island source, but Pb exhibits no clear anomaly in the EDR. The
difference may owe to the mass balance model used to generate the EDR trace element
budget (EDR=CC+DMM vs. EDR=CC+DMM+SLAB), and to uncertainties in the Pb
budget of the continental crust, DMM and slab reservoirs. It is possible that the proposed
reservoir parental to all OIBs and MORBs—the Baffin Island source—began with a
small negative Pb anomaly at 4.5 Ga, and extraction of continental crust enhanced the
magnitude of the negative Pb anomaly in the depleted reservoir over time. The primary
constraint for Pb budgets in the Earth comes from the assumption that the concentration
of U (which is both refractory and nonvolatile) in BSE is known, and that the range of !
values for BSE (which are thought to be roughly between 8 and 9) is also known
(McDonough and Sun, 1995)8. Our calculated source Pb concentration satisfies this
single constraint employed by McDonough and Sun (1995)8: we use U concentrations
calculated from the melt model and ! values that describe the location of the Baffin
Island data on the geochron. We find that the Baffin Island mantle source hosts Ce/Pb
ratios (15.0-15.7) that are in the range observed in Baffin Island glasses. This range of
ratios is higher than the Ce/Pb ratio of 11.2 in McDonough and Sun’s (1995)8 estimate
for primitive mantle, but lower than the ratio of 25 that is typical of MORB and OIB9. If
the Baffin Island mantle represent the EDR or a non-chondritic reservoir, either reservoir
may exhibit Ce/Pb in the range found in Baffin Island glasses.
Ba and Sr both exhibit small positive anomalies in the Baffin Island mantle source
relative to the EDR calculated by Carlson and Boyet (2008)3. It is not clear that the Sr
anomaly results from plagioclase, either in the mantle source or in the lavas, owing to the
fact that Eu anomalies exhibit a very poor correlation with Sr/Nd in the Baffin Island
glasses reported by Kent et al. (2004)10 (the square of the sample correlation coefficient,
or R2, is only 0.28). Like the positive Sr anomaly, we cannot yet explain the positive Ba
anomaly in the Baffin Island source. Both anomalies may result from the (as yet poorly
constrained) partition coefficients between the phases involved in early differentiation of
the Earth. Of potential interest in this regard, we note that the distribution coefficients for
Ca-perovskite reported by Corgne et al. (2005)6 show that Ca-perovskite could
fractionate Ba and Sr from the REE. This mechanism may describe the positive Ba and
Sr anomalies in the Baffin Island mantle source, assuming the primitive terrestrial mantle
began with chondritic abundances of refractory lithophile elements like Ba and Sr.
2. Constraints on crustal contamination in Baffin Island and West Greenland lavas.
The Baffin Island lavas considered in this study, along with the West Greenland
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samples reported by Graham et al. (1998)11, ascended through Archaean crust and
lithosphere. Consequently, contamination of their Pb-isotope compositions must be
considered, and this study makes use of the extensive trace element and isotopic data for
Baffin Island and West Greenland lavas to rule out a significant role for crustal
contamination in the lavas that we examine here. The Kent et al. (2004)10 Nb/U and
Ce/Pb data (obtained on the same samples for which we present Pb isotope composition)
are critical for interpreting the history of the Baffin lavas, and provide a key piece of
evidence against crustal contamination in the Baffin lavas. The Baffin Island lavas trend
from a normal mantle composition (Nb/U=47.6, Ce/Pb=21.6) to a mantle composition
with high Nb/U (60.9 to 69.7) and low Ce/Pb (12.0 to 16.2). Low Ce/Pb can be a sign of
crustal contamination, but as seen in Supplementary Figure 3, the low Ce/Pb is associated
with high Nb/U, which contradicts a crustal component. The Kent et al. (2004)10 trace
element data do not support crustal contamination of the Baffin Island lavas. While other
samples from the Baffin Island and West Greenland picrites may be contaminated by
continental crust (see below), our samples do not show evidence for continental
assimilation.
However, the presence of highly contaminated Pb isotopic signatures can be seen
in the data sets for the West Greenland picrites reported by Lightfoot et al. (1997)12 and
Larsen and Pedersen (2009)13. Larsen and Pedersen (2009)13 considered the West
Greenland samples to be crustally-contaminated if they exhibit, “increased SiO2, Rb, Ba,
Th, K, LREE [light rare earth elements], Pb and 87Sr/86Sr, and decreased 143Nd/144Nd.”
Using these criteria for contamination, Larsen and Pedersen (2009)13 showed that the
uncontaminated lavas cluster in a small region of isotope space, while the contaminated
lavas exhibit significantly more scatter. We find that, with the exception of four lavas
from the Anaanaa member (which have high 87Sr/86Sr and plot to the left of the
geochron), the lavas that Larsen and Pedersen (2009)13 identified as “uncontaminated”
cluster on the geochron. Lavas that they identified as contaminated are generally shifted
off of the geochron (Supplementary Figure 4). Larsen and Pedersen (2009)13 point out
that the four Anaanaa lavas with unradiogenic Pb have higher initial 87Sr/86Sr and lower
initial 143Nd/144Nd than the other uncontaminated Anaanaa lavas, which have lower
87
Sr/86Sr and higher 143Nd/144Nd (see Fig. 17 of Larsen and Pedersen, 2009)13. Larsen
and Pedersen (2009)13 did not consider these four lavas “obviously contaminated”, but
we note that the high 87Sr/86Sr Anaanaa lavas also have higher Th and Pb concentrations
than the low 87Sr/86Sr Anaanaa lavas, consistent with continental crust assimilation. We
consider it likely that the four Anaanaa lavas with higher 87Sr/86Sr may have suffered
some assimilation during ascent and emplacement, and they are plotted as a separate
group in Supplementary Figure 4.
In contrast to the Larsen and Pedersen (2009)13 study, the Lightfoot et al. (1997)12
dataset identifies significantly more Pb-isotope contamination in the West Greenland
lavas. However, Larsen and Pedersen (2009)13 point out that, because the Lightfoot et al.
(1997)12 Pb-isotope analyses “centered on contaminated units, it is possible that their
sample profiles were taken in areas where contamination in general is more frequent than
elsewhere.”
The Larsen and Pedersen (2009)13 study indicates that it is possible to identify
crustal contamination in the West Greenland lavas. We find that the contaminated lavas
tend to be shifted off of the geochron toward Archaean basement compositions, while
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lavas that do not exhibit clear contamination cluster on the geochron. We use Ce/Pb and
Nb/U to show that our suite of lavas from Baffin Island are not contaminated by
continental crust, and our lavas plot together with uncontaminated West Greenland lavas
on the geochron. We consider our new Pb-isotope data to represent an uncontaminated
“base line” that plots in a region of Pb-isotope space between the 4.55 and 4.45
geochrons, and crustally-contaminated lavas trend off of this base line and away from the
geochron.
3. Heterogeneity in the Baffin Island mantle source
Some trace element ratios thought to reflect source characteristics, like Nb/U, are
heterogeneous in the Baffin Island glasses measured by Kent et al. (2004)10. This
heterogeneity, as revealed in a plot of Ce/Pb vs. Nb/U (Supplementary Figure 3), is not
consistent with the addition of sediment, recycled or assimilated, to the Baffin Island
mantle source or lavas. Instead, the trace element variability must be indicative of
heterogeneity in the Baffin Island source. In addition to trace element heterogeneity,
there is strong evidence for isotopic heterogeneity in the Baffin Island source. Using the
Baffin Island data in Supplementary Table 1 and West Greenland picrite data from
Graham et al. (1998)11, we find that 143Nd/144Nd exhibits a negative correlation with
208
Pb*/206Pb* [where 208Pb*/206Pb*=(208Pb/206Pb-29.475)/(206Pb/204Pb-9.306)], indicating
that the Nd and Pb isotopic heterogeneity in the Baffin Island-West Greenland mantle
source is coupled. Both the high 143Nd/144Nd and low 143Nd/144Nd endmembers exhibit
elevated 3He/4He, suggesting that DMM is not a mixing endmember, and the low
143
Nd/144Nd endmember does not have the trace element (or Pb isotopic) characteristics
associated with continental crust. If the Baffin Island mantle represents the EDR, or a
non-chondritic primitive mantle, the trace element and isotope data suggest that either
mantle reservoir exhibits some heterogeneity.
Heterogeneity in the Baffin Island source is highlighted by the presence of two
lava types, enriched- (E) and normal- (N) type, identified in the Baffin Island suite; Etype lavas tend to have higher 87Sr/86Sr, K2O/TiO2, La/Sm and lower 143Nd/144Nd than Ntype lavas, and these geochemical differences appear to be mantle source features (e.g.,
Kent et al., 2004)10. The two highest 3He/4He Baffin Island lavas used to constrain the
mantle source trace element budget beneath Baffin Island, BI-PI-25 and DUR8, exhibit
N-type and E-type geochemical characteristics, respectively. This may explain some of
the differences between the sources calculated for the two lavas. Owing to the fact the
both an E-type and an N-type lava have similarly high 3He/4He (>49 Ra; refs 14, 15)
suggests that there is some trace element heterogeneity in the high 3He/4He mantle, and
the variability in the trace element budgets of these two lavas can help to constrain the
trace element variability in the high 3He/4He mantle reservoir.
4. Time-scales of terrestrial mantle formation/differentiation
Fractionation of the Sm-Nd system (and Lu-Hf, Rb-Sr) is most sensitive to mantle
differentiation, while U-Th-Pb fractionation is most sensitive to core formation. Core
formation and mantle differentiation may not necessarily have been coupled in time. It is
possible that initial magma ocean differentiation occurred as the Earth grew during
accretion, but core formation might have been delayed until well after accretion.
Therefore, 142Nd/144Nd and Pb-isotopic composition in Baffin Island lavas may record
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different ages.
Our estimate for the present-day 143Nd/144Nd of the Earth is unaffected by the
time of accretion if the difference in 142Nd/144Nd between Earth and chondrites owes to
the Earth having accreted from material with super-chondritic Sm/Nd ratio. However, if
the bulk-Earth has a chondritic Sm/Nd ratio, but experienced early differentiation after
4.568 Ga, the present-day 143Nd/144Nd of the EDR will be higher than the values
calculated for a 4.568 Ga early differentiation event (0.51290-0.51309, where the range
owes to uncertainty in the 142Nd/144Nd difference between Earth and chondrites). Early
differentiation of the terrestrial mantle is constrained to have occurred no later than 4.53
Ga (ref. 3; otherwise the average 143Nd/144Nd of the EDR would be higher than DMM, or
"143Nd > +10). Uncertainty in the absolute difference in 142Nd/144Nd between Earth and
chondrites (18±5 ppm) would permit a 4.53 Ga differentiation event to generate an EDR
with a 143Nd/144Nd that overlaps with the 143Nd/144Nd (0.51306, "143Nd > +8.4) found in
Baffin Island sample AP07 (ref. 15) with a 3He/4He ratio of 46.2 Ra. In this case, the
4.53 differentiation event recorded in the Sm-Nd system is bracketed by the 4.55 and
4.45 Ga geochrons from the U-Th-Pb system, and there would be no resolvable
decoupling of the core-formation and terrestrial mantle differentiation ages.
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Supplementary   Figure   1.      Relationships   between   helium   isotopic   composition   and   helium  
concentrations   (from   crushing   olivines   in   vacuo)   and   the   concentrations   of   U   and   Th   (see  
Supplementary   Table   1).      The   Padlopling   Island   samples   analyzed   in   this   study   have   among   the  
lowest   helium   concentrations   encountered   in   the   Baffin   Island   and   West   Greenland   picrite   suite.    
Together  with  previous  helium  measurements  from  Baffin  Island14,15  and  the  West  Greenland  picrite11  
suites,   the   new   data   form   an   array   of   decreasing   3He/4He   ratios   with   decreasing   4He   concentrations  
(Panel   A).      The   lower   3He/4He   ratios   in   samples   with   low   4He   are   unlikely   to   be   explained   by  
contamination   from   continental   crust   or   assimilation   of   subcontinental   lithospheric   mantle,   as   the  
suite   of   samples   examined   here   show   no   geochemical   indications   of   assimilation   of   either   of   these  
low   3He/4He   materials10.      However,   owing   to   their   eruption   age   ( 62   Ma)   and   low   helium  
concentrations,  post-eruptive  radiogenic  ingrowth  and  implantation  of   4He  are  likely  mechanisms  for  
reducing   the   olivine   3He/4He   from   the   original   magmatic   values.      Samples   with   low   4He  
concentrations  from  the  West  Greenland  picrites  were  previously  shown  to  be  susceptible  to   3He/4He  
reduction  by  post-eruptive  radiogenic  ingrowth  of   4He  (see  ref.  11).    This  effect  is  clearest  in  Baffin  
Island   and   West   Greenland   samples   with   high   total   whole   rock   (wr)   Th+U   relative   to   olivine   4He  
concentrations   (where   the   latter   were   derived   by   crushing   olivines   in   vacuo).      The   broad   trend   of  
decreasing   3He/4He   with   increasing   (Th+U)wr/4Heolivine-crush   is   consistent   with   the   hypothesis   that  
Baffin  Island  and  West  Greenland  lavas  with  high  (Th+U)/4Heolivine-crush  ratios  are  most  susceptible  to  
having  their  3He/4He  overprinted  by  post-eruptive  radiogenic  ingrowth  of  4He  (Panel  B).  It  is  difficult  
to  deconvolve  an  original,  pre-eruptive  mantle   3He/4He  signature  from  the  mixture  of  magmatic  and  
radiogenic   helium   in   such   lavas.      However,   we   consider   it   likely   that,   at   the   time   of   eruption,   the  
Baffin  Island  and  West  Greenland  lavas  with  the  lowest   4He  had  much  higher   3He/4He,  most  likely  
similar  to  the  helium-rich  lavas  (40-50  Ra).    In  order  to  test  this  hypothesis,  we  calculate  how  much  
post-eruptive   radiogenic   4He   ingrowth   is   required   to   generate   one   of   the   lowest   3He/4He   (4.65   Ra)  
ratios  observed  in  this  study  (see  Supplementary  Table  1,  sample  10019),  and  determine  whether  this  
quantity   of   4He   could   reasonably   be   expected   in   62   Ma   olivines.      Assuming   sample   10019   had   a  
3
He/4He  ratio  of  50  Ra  at  the  time  of  eruption,   90%  of  the   4He  measured  in  the  crushed  olivine  is  
radiogenic  (assuming  no   3He  production  in  the  olivine).    The  olivine  yielded  2.8 10-10  cc4He/g  upon  
crushing,  and  the  radiogenic  component  is  calculated  to  be  2.5 10-10  cc4He/g.    1.6 10-5  ppm  U  and  
8.3 10-5  ppm  Th  in  the  olivine  are  needed  to  generate  the  radiogenic  4He  component  in  60  Ma.      If  all  
of  the  olivine  U  and  Th  are  hosted  in  melt  inclusions,  and  assuming  the  melt  inclusions  have  the  same  
U  and  Th  content  measured  in  the  glass  from  this  sample10,  only  0.05%  melt  inclusions  are  required.    
This  is  a  reasonable  melt  inclusion  fraction  for  the  olivine  populations  considered  here.  Radiogenic  
4
He   can   also   be   implanted   into   the   olivines   from   the   relatively   Th   and   U   rich   groundmass.      Total  
fusion  of  the  crushed  powders  from  three  samples  yielded  nearly  two  orders  of  magnitude  more   4He  
than   the   crush   values,   and   dramatically   lower   3He/4He   ratios   (0.15   Ra).      These   measurements   are  
consistent  with  a  large  implanted   4He  component  that  has  lowered  the   3He/4He  released  by  crushing.    
Therefore,   based   on   the   susceptibility   of   the   helium-poor   Baffin   Island   samples   to   influence   from  
both   radiogenic   ingrowth   and   implantation   (see   also   ref.   11),   we   refer   only   to   samples   with   the  
highest  olivine  helium  concentrations  when  discussing  the  3He/4He  of  the  mantle  sources  of  the  Baffin  
Island  and  West  Greenland  lavas.    Only  the  helium-rich  samples  are  likely  to  represent  the  original  
3
He/4He  of  the  Baffin  Island  mantle.    Helium  concentrations  are  reported  in  cc   4He/g  STP  and  U  and  
Th  concentrations  are  reported  in  ppm.  
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Supplementary  Figure  2.    Isotopically-constrained  mantle  source  compositions  of  the  two  highest  
3
He/4He  Baffin  Island  lavas,  DUR8  and  BI/PI/2515.    The  different  mineral-melt  partition  coefficients  
and  mantle  source  mineral  and  melt  modes  yield  an  average  source  composition  for  the  Baffin  Island  
high  3He/4He  lava  (DUR8;;  red  squares)  that  is  up  to  a  factor  of  two  lower  than  the  average  source  
composition  of  BI/PI/25  (red  diamonds).    The  average  of  the  two  mantle  sources  (red  circles)  
calculated  using  the  melt  models  yields  an  abundance  pattern  that  is  similar  to  estimates  of  the  EDR3.    
The  average  composition  is  plotted  in  Figure  2  of  the  main  text.    There  are  some  important  
differences  between  the  EDR  and  the  calculated  Baffin  Island  mantle  source,  and  these  are  discussed  
in  the  main  text  and  supplementary  text.    The  average  Baffin  Island  source  composition  is  used  in  
subsequent  mass  balance  calculations.  Subtracting  two  different  continental  crust  compositions16,17  
from  the  Baffin  Island  source  yields  a  residual  mantle  that  is  similar  to  estimates  for  DMM  reported  
in  the  literature2,18,19.  Depending  on  the  composition  of  continental  crust  used,  45  to  60%  of  the  
mantle  is  depleted  to  make  continental  crust.    However,  there  are  some  important  differences  between  
the  depleted  residue  of  continental  extraction  in  this  model  and  published  estimates  for  DMM.    
Notably,  Nb  is  enriched  in  the  calculated  residue  relative  to  DMM.    We  take  this  to  mean  that,  in  
addition  to  continental  extraction,  eclogite  with  high  Nb/U  has  been  extracted  from  DMM  over  time,  
and  this  eclogite  reservoir  may  currently  reside  in  the  lower  mantle.    Rudnick  and  Gao  (2003)16  is  
R&G,  Taylor  and  McLennan  (1985)17  is  T&M,  and  Carson  and  Boyet  (2008)3  is  C&B.  
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Supplementary  Figure  3.  Nb  and  Pb  in  the  Baffin  Island  suite.    Trace  element  data  were  measured  
on  glassy  portions  of  the  lavas  examined  in  this  study  (Kent  et  al.,  2004)10.    The  Baffin  Island  glasses  
form  a  trend  between  normal  mantle  compositions  and  a  composition  with  low  Ce/Pb  and  high  Nb/U.  
Continental  crust  has  low  Ce/Pb  and  low  Nb/U  (as  indicated  in  the  figure),  and  the  trend  formed  by  
the  Baffin  Island  glasses  indicates  that  continental  crust  assimilation  is  not  an  issue  for  the  samples  
we  present  in  this  study.    The  vertical  and  horizontal  lines  on  the  figure  represent  the  “canonical”  
Nb/U  and  Ce/Pb  ratios  for  OIBs  and  MORBs  (Hofmann  et  al.,  1986)9.  
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Supplementary  Figure  4.    Pb-isotope  plot  showing  the  relationship  between  the  Baffin  Island  data  
(white  squares,  this  study)  and  the  West  Greenland  data  from  Graham  et  al.  (1998)11  (grey  squares)  
and  Larsen  and  Pedersen  (L&P,  2009)13.    With  the  exception  of  four  Anaanaa  lavas  with  high  
87
Sr/86Sr,  the  field  labeled  as  “uncontaminated”  includes  all  West  Greenland  lavas  described  as  
uncontaminated  by  Larsen  and  Pedersen  (2009)13  (see  Fig.  17  of  Larsen  and  Pedersen  [2009]13,  which  
delineates  contaminated  from  uncontaminated  lavas).  The  uncontaminated  series  plots  together  with  
our  Baffin  Island  data  and  the  West  Greenland  data  of  Graham  et  al.  (1998)11.  All  uncontaminated  
lavas  from  the  three  datasets  plot  between  the  4.55  and  4.45  Ga  isochrons,  while  Pb  isotope  data  on  
the  highest  3He/4He  (>30  Ra)  lavas  from  Hawaii,  Iceland,  Galapagos  and  Samoa  plot  to  the  right  of  
the  geochron.    With  the  exception  of  a  single  hawaiite,  all  rocks  described  as  uncontaminated  by  
Larsen  and  Pedersen  (2009)13  are  tholeiitic.    The  four  Anaanaa  lavas  with  high  87Sr/86Sr  (see  
supplementary  text)  are  shifted  to  the  left  of  the  geochron  (along  with  lavas  described  as  
“contaminated”  by  Larsen  and  Pedersen  [2009]13),  while  Anaanaa  lavas  with  low  87Sr/86Sr  plot  in  the  
“uncontaminated”  field  between  the  4.55  and  4.45  Ga  geochrons.    While  Larsen  and  Pedersen  
(2009)13  did  not  describe  the  four  high  87Sr/86Sr  Anaanaa  lavas  as  being  crustally  contaminated,  we  
consider  the  decrease  in  Pb-isotope  ratios  with  increasing  87Sr/86Sr  to  suggest  a  role  for  crustal  
assimilation  in  the  lavas.  Additionally,  the  four  high  87Sr/86Sr  Anaanaa  lavas  have  high  Th  and  Pb  
concentrations,  which  is  a  characteristic  of  contaminated  West  Greenland  lavas.    Symbols  are  the  
same  as  in  Fig.  1  of  the  main  text.  The  white  field  (lithosphere  and  or  crustal  contamination)  describes  
an  additional  subset  of  West  Greenland  lavas  that  Larsen  and  Pedersen  (2009)13  considered  to  be  
contaminated  by  the  crust  and/or  the  lithosphere,  and    they  include:  alkaline  lithospheric  melts,  melts  
(including  tholeiites)  contaminated  by  lithospheric  melts,  and  enriched  tholeiitic  melts  (that  are  also  
silica  enriched)  that  have  been  contaminated  by  crustal  material.    The  new  Pb-isotope  data  from  
Baffin  Island,  together  with  the  uncontaminated  lavas  from  West  Greenland,  form  an  uncontaminated  
“base  line”  that  plots  in  a  region  of  Pb-isotope  space  between  the  4.55  and  4.45  geochrons;;  crustally-
contaminated  lavas  trend  off  of  the  base  line  away  from  the  geochron.  
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The  samples  were  collected  before  the  advent  of  GPS,  and  their  location  is  67.17  degrees  North,  62.44  degrees  West.
1.    Hf  isotope  compositions  are  corrected  for  radiogenic  ingrowth  assuming  an  eruption  age  of  62  Ma.    The  age-correction  to  the  
176
Hf/177 Hf  ratios  is  small  (~94-124  ppm)  for  the  sample  suite.    
2.    Lu  concentrations  were  reported  by  Robillard  et  al. 21  for  the  same  powders  used  for  176 Hf/177 Hf  and  Pb-isotopes  
reported  here.    However,  Hf  concentrations  were  not  reported.    In  order  to  get  Lu/Hf  ratios  and  correct  for  radiogenic  
ingrowth  on   176 Hf/ 177 Hf,  Hf  concentrations  are  estimated  by  dividing  the  measured  Zr  concentrations  (reported  in  Robillard
et  al.,  1992;;  ref.  21)  by  36.25.    Zr  and  Hf  concentrations  were  measured  in  different  (glass)  portions  of  the  same  hand  samples
(Kent  et  al.10)  that  we  analyze  in  this  study,  and  we  can  use  these  data  to  determine  the  accuracy  of  the  scheme  for  
estimating  Lu  concentrations.    Using  Kent  et  al.'s  (2004) 10  Zr  and  Hf  dataset,  and  applying  the  method  for  estimating  Hf  
concentrations  using  measured  Zr  concentrations  a    Zr/Hf  ratio  of  36.25,  we  recover  Kent  et  al.s  (2004) 10  measured  Hf  to  
better  than  10%  for  all  7  samples.    
3.    Pb-isotopes  were  not  corrected  for  radiogenic-ingrowth  from  decay  of  U  and  Th.    U,  Th  and  Pb  data  are  
not  available  on  the  whole  rock  powder  fractions  examined  here.    However,  a  geochemically  similar  suite  of  West  Greenland  
lavas  were  examined  by  Graham  et  al.  (1992)11,  who  determined  that  the  effect  of  radiogenic  ingrowth  on  the  initial  
206
Pb/204 Pb  (0.06-0.10),   207 Pb/ 206 Pb  (0.003-0.005)  and   208 Pb/ 204 Pb  (0.06-0.14)  ratios  would  be  small  during  
the  62  Ma  since  eruption.
4.    Helium  isotopes  and  concentrations  were  measured  at  Woods  Hole  Oceanographic  Institution,  following  the  procedures  
outlined  in  Kurz  et  al.  (2009)22.    The  numbers  in  parenthesis  represent  1   measurement  error.
5.    Blank  corrections  for  helium  by  crushing  are  large  due  to  small  amounts  released,  and  vary  from  
26  to  41%  of  the  total   4 He  measured  by  crushing.
6.    Major  and  trace  element  data  on  the  same  powders  analyzed  here  for  Hf  and  Pb  isotopic  compositions  were  reported  elsewhere  
(Francis,  1985;;  Robillard  et  al.,  1992) 20,21.  Major  and  trace  element  concentrations  and   87Sr/86Sr,   143 Nd/144 Nd    (on  different,  glassy  portions
of  the  hand  samples  studied  here),   187 Os/188 Os  and  oxygen  isotope  compositions  were  also  reported  previously  (Kent  et  al.,  2004) 10.
The  Sr,  Nd  and  Os  data  are  initial  ratios  corrected  to  an  eruption  age  of  62  Ma.    
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Supplementary  Table  1.    New  Hf,  Pb  and  He  isotopic  composition  of  Baffin  lavas  from  Padopling  Island.
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0.60
6.6
0.080
0.020
0.66
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0.65
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0.15
0.25
1.25
19.9
0.28
0.41
0.15
1205
0.54
0.10
0.67
0.15
0.44
0.068
0.44
0.068

EDR  (Carlson&Boyet,  2008)3 EDR  (Carlson&Boyet,  2008)3
DUR8
DUR8
DUR8
BI/PI/25
BI/PI/25
BI/PI/25
Preferred  Baffin  Island  mantle  source Difference  between  Baffin  Island  mantle  
Estimate  1
Estimate  2
melt  model  1 melt  model  2 average  melt  model  1&2 melt  model  1 melt  model  2 average  melt  model  1&2
average  of  DUR8  &  BI/PI/25
  source  and  chondritic  Primitive  Mantle  (%)
6%,  9%
20%,  18%
9%,  15%
24%,  45%
0.38
0.39
0.21
0.43
0.32
0.31
0.89
0.60
0.46
-23.2%
3.25
4.03
2.62
5.45
4.03
3.82
11.15
7.49
5.8
-12.7%
0.05
0.05
0.028
0.057
0.042
0.025
0.072
0.049
0.046
-42.7%
0.01
0.01
0.0071
0.0147
0.0109
0.0064
0.0186
0.0125
0.012
-42.5%
0.30
0.28
0.39
0.82
0.61
0.36
1.03
0.69
0.65
-1.0%
150
156
96
200
148
87
252
169
159  (106)
  -33.8%  (-55.8%)
0.38
0.38
0.28
0.58
0.43
0.25
0.74
0.50
0.46
-28.5%
1.12
1.12
0.71
1.48
1.10
0.76
2.21
1.48
1.29
-23.0%
0.10
0.10
0.052
0.109
0.080
0.047
0.137
0.092
0.086  (0.082)
  -42.7%  (-45.3%)
0.10
0.21
0.16
0.13
0.38
0.25
0.21
-18.8%
0.92
0.92
0.54
1.07
0.80
0.72
2.09
1.41
1.10
-11.6%
12.90
13.00
9.1
18.8
13.9
14.1
41.1
27.6
20.8
4.4%
0.24
0.24
0.13
0.25
0.19
0.18
0.52
0.35
0.27
-3.7%
0.32
0.31
0.19
0.37
0.28
0.25
0.72
0.49
0.38
-6.2%
0.12
0.12
0.07
0.14
0.10
0.10
0.29
0.19
0.15
-3.8%
839
1199
752
1117
934
924
2273
1598
1266
5.1%
0.44
0.44
0.27
0.51
0.39
0.37
1.05
0.71
0.55
0.9%
0.05
0.09
0.07
0.07
0.20
0.13
0.10
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0.34
0.59
0.47
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0.15
-0.3%
0.40
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0.30
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0.44
-0.2%
0.036
0.064
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0.049
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6.0%
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0.40
0.22
0.40
0.31
0.32
0.91
0.62
0.46
5.2%
0.07
0.06
0.036
0.068
0.052
0.050
0.144
0.097
0.074
10.1%

The  last  column  shows  the  difference  (expressed  in  percent)  between  the  average  Baffin  Island  mantle  source  and  the  chondritic  primitive  mantle  composition  
given  by  McDonough  and  Sun  (1995) 8 .    The  heavy  rare  earth  elements  are  enriched  by  up  to  10.1%  over  the  chondritic  primitive  mantle  composition,  but
we  consider  this  difference  to  be  well  within  the  uncertainties  of  the  melt  model.    By  contrast,  the  negative  values  in  this  column  indicate  that  the  average  Baffin  
Island  mantle  source  is  depleted  relative  to  the  chondritic  primitive  mantle  estimate.    The  highly  incompatible  elements  tend  to  be  depleted  in  the  average  
Baffin  Island  mantle  source  relative  to  primitive  mantle,  while  the  abundances  of  the  less  incompatible  elements  are  similar  in  both  reservoirs.

The  percentage  of  melt  from  the  garnet  stability  field  can  vary  significantly  depending  on  the  melt  model  used  (note  the  first  row  of  the  table).    Similarly,  
the  degree  of  melting  (also  expressed  in  percent)  can  vary  dramatically  depending  on  the  melt  model  used.    The  degree  of  melting  required  by  both  melt  models
for  the  two  different  lavas  (DUR8  and  BI/PI/25)  is  similar  to  that  calculated  by  Herzberg  and  Gazel  (2009) 25  for  flood  basalts.

The  melt  model  2  used  to  calculate  a  source  for  Baffin  Island  employs  the  mineral-melt  partition  coefficients  of  Salters  and  Stracke  (2004)2.    However,  
one  modification  and  some  additions  were  required.    The  orthopyroxene-melt  partition  coefficients  for  Gd  differed  by  an  order  of  magnitude  between  the  garnet  
and  spinel  stability  fields,  and  we  have  made  them  the  same  (0.065).    Partition  coefficients  were  not  available  for  a  number  of  rare  earth  elements,  and  were
  estimated  using  the  partition  coefficients  from  neighboring  rare  earths:    Pr  (average  of  Ce  and  Nd),  Tm  (average  of  Er  and  Yb),  Ho  (average  of  Dy  and  Er),  
Tb  (average  of  Gd  and  Dy)  and  Eu  (average  of  Sm  and  Gd).    Partition  coefficients  for  Zr  and  Y  were  not  reported  by  Salters  and  Stracke  (2004) 2  and  these  
elements  are  excluded  from  the  melting  model.    The  modal  proportions  of  the  mantle  phases  in  the  Baffin  Island  source  are  after  Salters  and  Stracke  (2004) 2
for  the  garnet  [garnet  (0.05),  cpx  (0.34),  opx  (0.08),  olivine  (0.53)]  and  spinel  [spinel  (0),  cpx  (0.18),  opx  (0.28),  olivine  (0.53)]  stability  fields.    The  melting  modes  are  
also  after  Salters  and  Stracke  (2004) 2  for  the  garnet  [garnet  (-0.13),  cpx  (-1.31),  opx  (0.49),  olivine  (-0.05)]  and  spinel  [spinel  (0),  cpx  (-1.125),  opx  (0.5),  
olivine  (-0.357)]  stability  fields.

The  melt  model  1  used  to  calculate  the  Baffin  Island  source  uses  the  mineral-melt  partition  coefficients  of  Kelemen  et  al.  (2004)1.    A  modification
and  an  addition  were  needed.    The  partition  coefficient  for  K  between  spinel  and  melt  was  reported  as  0.1,  and  we  adopt  a  value  of  0  instead.    
The  partition  coefficient  for  Tm  is  not  reported,  and  we  use  an  average  of  the  reported  values  for  Er  and  Yb.    The  mineral  and  melt  modes  used  in
melt  model  1  are  recommended  for  use  with  the  Kelemen  et  al.  (2004) 1   partition  coefficients  by  Willbold  and  Stracke  (2006) 23  and  
Stracke  et  al.  (2003)24.    The  modal  proportions  of  the  mantle  phases  in  the  Baffin  Island  source  are  given  for  the  garnet  [garnet  (0.08),  cpx  (0.12),  opx  (0.25),
  olivine  (0.55)]  and  spinel  [spinel  (0.02),  cpx  (0.18),  opx  (0.25),  olivine  (0.55)]  stability  fields.    The  melting  modes  are  also  given  for  the  garnet  [garnet  (0.45),
  cpx  (0.45),  opx  (0.05),  olivine  (0.05)]  and  spinel  [(0.02),  cpx  (0.68),  opx  (0.20),  olivine  (0.10)]  stability  fields.    

The  first  estimate  for  the  EDR  from  Carlson  and  Boyet  (2008) 3   is  made  using  the  continental  crust  composition  of  Taylor  and  McLennan  (1985) 17.    
The  second  estimate  of  the  EDR  is  made  by  employing  the  continental  crust  composition  of  Rudnick  and  Gao  (2003) 16.    Both  estimates  involve  addition  
of  continental  crust  to  the  DMM  model  of  Carlson  and  Boyet  (2008) 3   until  a  reservoir  with  the  Sm/Nd  ratio  needed  to  evolve  the  18±5  ppm  difference  
in   142 Nd/ 144Nd  between  chondrites  and  modern  terrestrial  rocks  is  obtained.  

The  Pb  concentrations  shown  assume  a  238U/ 204 Pb  ratio  of  8.5,  and  the  concentration  in  parenthesis  assumes  a   238 U/ 204Pb  ratio  of  9.    The  K  
concentrations  shown  assume  a  K/U  source  ratio  of  13600,  and  the  concentration  shown  in  parenthesis  assumes  a  K/U  ratio  of  9100.
The  concentrations  of  Pb  and  K  in  parenthesis  are  not  used  in  the  model  in  Figure  2  of  the  main  text,  or  in  Supplementary  Figure  2.

Garnet  melt  (%),  F  (%)
Rb
Ba
Th
U
Nb
K
La
Ce
Pb
Pr
Nd
Sr
Hf
Sm
Eu
Ti
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu

Primitive  Mantle
(McDonough  and  Sun)8

Supplementary  Table  2.    Trace  element  compositions  of  the  mantle  source  of  the  highest   3 He/ 4He  Baffin  Island  lavas  (DUR8  and  BI/PI/25)  calculated  using  aggregated  fractional  melting  models.

