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The terrestrial uranium isotope cycle
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Changing conditions on the Earth’s surface can have a remarkable
influence on the composition of its overwhelmingly more massive
interior. The global distribution of uranium is a notable example.
In early Earth history, the continental crust was enriched in uranium.
Yet after the initial rise in atmospheric oxygen, about 2.4 billion years
ago, the aqueous mobility of oxidized uranium resulted in its signi-
ficant transport to the oceans and, ultimately, by means of subduc-
tion, back to the mantle1–8. Here we explore the isotopic characteristics
of this global uranium cycle. We show that the subducted flux of
uranium is isotopically distinct, with high 238U/235U ratios, as a result
of alteration processes at the bottom of an oxic ocean. We also find
that mid-ocean-ridge basalts (MORBs) have 238U/235U ratios higher
than does the bulk Earth, confirming the widespread pollution of
the upper mantle with this recycled uranium. Although many ocean
island basalts (OIBs) are argued to contain a recycled component9,
their uranium isotopic compositions do not differ from those of the
bulk Earth. Because subducted uranium was probably isotopically
unfractionated before full oceanic oxidation, about 600 million years
ago, this observation reflects the greater antiquity of OIB sources.
Elemental and isotope systematics of uranium in OIBs are strikingly
consistent with previous OIB lead model ages10, indicating that these
mantle reservoirs formed between 2.4 and 1.8 billion years ago. In
contrast, the uranium isotopic composition of MORB requires the
convective stirring of recycled uranium throughout the upper mantle
within the past 600 million years.

Recycling of U from the surface to the Earth’s deep interior can be
monitored by a decrease in the Th/U ratio of the mantle2–8. Thorium pro-
vides a valuable reference for several reasons. First, U and Th behave
similarly as tetravalent species in the mantle, such that they are difficult
to fractionate significantly by melting processes. Only under more oxi-
dized surface conditions do the elements show contrasting behaviour,
with Th remaining tetravalent and immobile during weathering, unlike
highly water-soluble hexavalent U species. Second, both Th and U are
refractory, lithophile elements, and so the Th/U of the silicate Earth can
be estimated from measurements of meteorites. This planetary Th/U
reference has recently been refined11 to a value of 3.876. The Th/U of the
terrestrial upper mantle, as inferred from analyses of MORBs, is notably
lower than this value; two global studies of MORB yield a mean Th/U
of ,3.1 (refs 12, 13). The low Th/U of the upper mantle is explained by
addition of significant recycled U from the surface and can be recon-
ciled with a surprisingly high time-integrated Th/U (ref. 14), as gauged
from 208Pb/206Pb ratios, if the U recycling commenced in the latter half
of Earth history2–8. This makes good geological sense, as before the
Great Oxidation Event (GOE) ,2.4 Gyr ago (see, for example, ref. 15) a
reduced atmosphere inhibited the surface mobility of U and prevented
U recycling.

Here we test and extend this model of global U cycling using isotopic
measurements of U to complement the inferences from elemental Th/U.
Recent work16,17 has shown that surface processes induce U isotopic
variations (,1%) that are significantly greater than the typical ana-
lytical precision (,0.05%). Natural variations in 238U/235U are chiefly
linked to the reduction of U(VI) to U(IV), and the magnitudes of such

fractionations are inversely proportional to temperature18,19. So whereas
U isotopic ratios can be perturbed at the surface, the high temperatures
and dominance of tetravalent U in the mantle inhibit significant iso-
topic fractionations at depth. Any ‘exotic’ 238U/235U signatures, produced
by low-temperature fractionation and transported into the mantle,
should therefore provide a robust tracer of surface-processed U.

To explore this possibility, we have characterized, to high precision,
the d238U (the parts per thousand difference in 238U/235U relative to a
reference solution standard, CRM 145) of a range of samples including
meteorites, mantle-derived basalts, and the inputs and outputs of an
archetypal subduction zone. A summary of our results is plotted in Fig. 1
and reported in Table 1. Measurement precision varied with sample size,
but typically the magnitude of the error in d238U was less than 60.03%
(2 s.e.). For most samples, the resolution of natural variability was
limited by our long-term reproducibility. This was gauged from repeat
measurements of the geological standard BHVO-2, which yielded
d238U 5 20.314%6 0.028% (2 s.d. on 21 replicates). We additionally
obtained 234U/238U measurements, which provide a valuable monitor of
recent U disturbance. All key samples gave values within error (63%)
of secular equilibrium for (234U/238U), the 234U/238U activity ratio. Fur-
ther details of our analytical procedures and values for a wider range of
standards measured are provided in Methods.

Primitive, chondritic meteorites are typically used as a reference for
bulk planetary compositions, and so we analysed several ordinary chon-
drites to try to define a reference ‘bulk Earth’ d238U. The very low U
contents of chondrites make high-precision measurements especially
challenging, so we further analysed two eucrites. These higher-[U] sam-
ples should still provide a useful planetary datum given the incompatible,
lithophile and refractory nature of U. Our meteorite analyses have d238U
values that range from 20.44% to 20.30%, overlapping with two exist-
ing, lower precision determinations of chondriticd238U (20.42 6 0.09%
(ref. 20) and 20.37 6 0.09% (ref. 21)). The variability in d238U of our
meteorite analyses, however, is greater than the measurement pre-
cision and probably reflects recent disturbance of some of our samples
(Methods). Thus, we propose a planetary estimate based on the weighted
average of the two unaltered samples, with (234U/238U) within error of
unity. This yields d238U 5 20.306 6 0.026%.

We wish to compare thed238U of the terrestrial mantle with this new
meteoritic datum, inferred to represent bulk Earth. To this end, we have
analysed a wide range of basalts (Methods), which effectively sample the
mantle for an incompatible element such as U. Whereas the shallow
convecting mantle is probed by MORBs, OIBs are widely assumed to
be generated from hot, upwelling plumes (possibly containing com-
ponents from recycled plates) that provide a window into the deeper
mantle. We have analysed fresh MORB glass from all three major oceanic
basins and OIBs that cover a large portion of mantle heterogeneity as
gauged from radiogenic isotopic compositions. It is clear from Fig. 1
and Table 1 that MORBs and OIBs have different mean d238U. OIBs
with a wide range of Th/U haved238U within the error of the bulk Earth,
whereas MORBs have significantly higher d238U at lower Th/U. The
strikingly superchondritic d238U we observe in MORBs would strongly
support the scenario of widespread pollution of the upper mantle with
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surface U, if recycled U were isotopically heavy. Thus, we examine the
U isotopic composition of the subducting plate.

Although variations in d238U in the sedimentary environment are
now established, appropriate measurements to characterize subducted
materials are unavailable. We principally focus on determining the iso-
topic composition of U added by submarine alteration to the igneous
oceanic crust, which is the key flux in accounting for the low Th/U of
MORBs6,8. Comprehensive studies of cores obtained from deep drilling
through oceanic crust8,22,23 (see also the review in ref. 24) demonstrate
that heterogeneous addition of U has occurred throughout the upper
,500 m of the mafic AOC. Subduction of this ‘excess’ U is sufficient to
lower the Th/U of the upper mantle to 2.5 in ,2 Gyr (ref. 6).

We have analysed ‘composite’ samples from ODP Site 801, which pen-
etrates 420 m into ,170 Myr-old Pacific mafic crust25. The composites
are mixtures of the different lithologies and alteration styles present,
blended as powders in representative proportions. This is an efficient
means of obtaining a reliable average composition of the heterogeneously
altered mafic crust22,25. Thed238U of the composites varies from 20.45%
in the uppermost part (0–110 m) to higher values (20.15% to 10.16%)
in the deeper parts (110–420 m) (Table 1). This variability probably
reflects a change from oxic incorporation of U near the surface26 to
(partial) reductive U roll-front-type sequestration27, in keeping with a
generally observed change in alteration style8,25. The ‘supercomposite’
from ODP Site 801, representing a weighted average of the full 420 m
upper crustal section, has d238U 5 20.17% and [U] 5 0.39mg g21,

which is five times higher than the unaltered basalts8. This superchon-
dritic value for the average d238U reflects the dominance of reductive
addition of U(IV) to the upper oceanic crust as a whole (Methods).
Interestingly, MORB compositions lie close to a simplistic mixing line
between this average altered crustal composition and the bulk Earth
reference (Fig. 1).

Table 1 | Summary of d238U for sample groups
Sample type d238U 6 2 s.e Th/U N

Unaltered meteorites (bulk Earth) 20.306 6 0.026 3.84 2
OIBs 20.308 6 0.005 3.48 19
MORBs 20.268 6 0.011 2.44 11
Mafic AOC
Average 20.170 6 0.026 0.44 1
0–110 m 20.436 6 0.042 0.30 3
110–220 m 10.164 6 0.086 0.45 3
220–420 m 20.145 6 0.045 0.44 3
Mariana arc lavas
Guguan (fluid rich) 20.405 6 0.023 1.73 2
Uracas (sediment rich) 20.333 6 0.016 2.84 2
Average Mariana sediments 20.354 6 0.039 — 7
Seawater (open ocean) 20.390 6 0.006 — 3

A full table with individual data is presented in Supplementary Table 1.
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Figure 1 | Uranium isotopic compositions (d238U) versus Th/U ratios for
mantle-derived basalts and altered oceanic crust. a, OIBs (circles) have d238U
similar to the bulk Earth (crossed square), whereas the higher d238U and
lower Th/U of MORBs (diamonds) imply a mixture (shown as a grey line)
between bulk Earth and average modern altered oceanic crust (AOC; square,
showing the ODP Site 801 supercomposite). Mariana arc basalts (triangles)
show positive covariation of Th/U and d238U, reflecting the mixing of two

components: a sedimentary source, with high Th/U and d238U; and a source
with low Th/U and low d238U similar to the upper section of the AOC (open
triangle, showing the 0–110 m ODP Site 801 composite). The brown arrow
shows the best fit of the Mariana arc data pointing towards the inferred fluid
component from the AOC. b, Histogram highlighting the distinctively heavy U
isotope composition of MORBs relative to the bulk Earth and most OIBs.
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Figure 2 | Cartoon of the terrestrial U isotope cycle over the history of Earth.
a, Prior to the GOE ,2.4 Gyr ago, low atmospheric oxygen levels limited U
mobility on the surface. b, The GOE would have heralded an enhanced U
weathering flux to the oceans. Quantitative release of U during weathering
would yield a U flux to the oceans with d238U < 20.3%, and quantitative
extraction of U into the dominant reducing sinks from the ocean, including
AOC, would also give d238U < 20.3% for any recycled U delivered to the
mantle. c, During the past 600 Myr U has been isotopically fractionated during
partial, reductive uptake of U into the AOC from the now largely oxic
oceans. This fractionated U in the subducted AOC U flux is released at different
depths; initially the isotopically light U in the uppermost crust is lost to arc
magmatism, and the heavy U from the deeper crust is released beyond the arc
front into the convecting upper mantle. The residual, deep-subducted crust has
a U isotopic composition similar to unaltered MORB.
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Finally, we assess the consequences of subduction for the U isotope
composition of recycled crust, using the Mariana arc as a well-understood
example. During subduction, material is lost from the downgoing plate
and is incorporated into magmas erupted at island arcs. The Mariana
arc lavas show evidence for two slab-derived components; a melt from
the sedimentary section and a ‘fluid’ from the mafic oceanic crust28. A
regression line through the array of Marianas lavas in Fig. 1 should point
towards the sediment component at high Th/U and the fluid compon-
ent at low Th/U. The average d238U of sediments subducting beneath
the Mariana (20.35%6 0.04%; Table 1) is compatible with the com-
positions of the lavas with high Th/U, and an extension of the array of
Mariana arc lavas to low Th/U indicates that the fluid derived from the
mafic oceanic crust has a low d238U. Such an isotopically light com-
position can be explained if either the U is preferentially lost from the
uppermost altered mafic crust (Fig. 1), or U isotopes are fractionated
during (partial) loss from the plate. In either case, the U that is lost to
the arc is isotopically lighter than the bulk input to the subduction zone,
and so U transported beyond the arc must become even heavier than its
initial composition.

Thus, we are confident that modern surface cycling of U results in a
substantial flux of isotopically heavy U into the mantle. This observation
provides a ready explanation for the superchondritic d238U of MORBs.
The isotopically heavy U must be carried in the altered, mafic crust beyond
the zone of arc magmatism, but subsequently lost to the upper mantle
(Fig. 2). Transport of U in an accessory mineral such as allanite29 is a
possible means of effecting this outcome.

Like MORBs, many OIBs have significantly subchondritic Th/U,
indicative of the addition of recycled U to their sources. Yet all OIBs
have d238U within the error of the bulk Earth value, which is inconsis-
tent with the modern U cycle. We noted above, however, that the high
d238U characteristic of average recent oceanic crust is the result of par-
tial reduction of U-rich, oxidized seawater as it percolates through the
submarine volcanic edifice. This scenario has been possible only in the
last ,600 Myr, since the second rise in oxygen in the late Proterozoic
eon and the establishment of fully oxic oceans (see, for example, ref. 15).
Between 600 Myr ago and the initial rise of oxygen ,2.4 Gyr ago, U was
mobile during surface weathering but was rapidly scavenged from the
reduced oceans15. Quantitative removal of riverine U supplied to the
oceans would result in a flux of U to the sea floor that was isotopically
unfractionated (Fig. 2 and Methods). The implications of this concep-
tual model are that OIB sources formed from recycled oceanic crust
between 2.4 and 0.6 Gyr ago should have increasingly subchondritic
Th/U, but chondritic d238U. Furthermore, any OIB source formed ear-
lier than 2.4 Gyr ago should have both chondritic Th/U and chondritic
d238U.

We have further investigated this idea using Pb model ages of several
OIB suites. Their Pb model ages are calculated using a two-stage model,

similar to that of ref. 10 (Methods). As in ref. 10, we find that OIBs have
a range of source model ages. Notably, these ages correlate with the
Th/U of the samples (Fig. 3), in the manner discussed above. We show
two plots in Fig. 3: one with time-integrated Th/U as determined from
Pb isotopes (Fig. 3a), and the other with measured Th/U (Fig. 3b). Not
unsurprisingly, the data using time-integrated Th/U form a tighter array,
because any recent Th/U fractionations from source composition dur-
ing melting and melt migration to the surface are removed (Methods).
However, both plots independently document a similar relationship,
with Th/U becoming increasingly subchondritic in OIB sources younger
than ,2.4 Gyr.

The remarkable implication of the ideas presented above is that the
two-stage rise in atmospheric oxygen, reconstructed from observations
on the Earth’s surface, is reflected in the Th–U–Pb systematics of mantle-
derived basalts. The coherence of our observations with those antici-
pated from a first-order model of U recycling also lends credence to the
significance of Pb model ages of OIB sources10. The range of OIB model
ages therefore places valuable constraints on the maximum and min-
imum incubation times of an OIB reservoir, which may be the longest
and shortest residence times of subducted slabs at the base of the mantle
before they become sufficiently buoyant to return to the surface. Fur-
thermore, our inference that isotopically heavy U has been introduced
into the mantle over only the last 600 Myr yields a maximum timescale
for its effective stirring into the MORB source. This value is reassuringly
consistent with an estimate based on a markedly different approach
using Pb isotopes30.

Online Content Methods, along with any additional Extended Data display items
andSourceData, are available in the online version of the paper; references unique
to these sections appear only in the online paper.
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lead. Earth Planet. Sci. Lett. 300, 152–163 (2010).

12. Gale, A., Dalton, C. A., Langmuir, C. H., Su, Y. & Schilling, J. G. The mean
composition of ocean ridge basalts. Geochem. Geophys. Geosyst. 14, 489–518
(2013).

13. Jenner, F. E. & O’Neill, H. S. C. Analysis of 60 elements in 616 ocean floor basaltic
glasses. Geochem. Geophys. Geosyst. 13, 1–11 (2012).

14. Galer, S. J. G. & O’Nions, K. Residence time of thorium, uranium and lead in the
mantle with implications for mantle convection. Nature 316, 778–782 (1985).

15. Lyons, T. W., Reinhard, C. T. & Planavsky, N. J. The rise of oxygen in Earth’s early
ocean and atmosphere. Nature 506, 307–315 (2014).

16. Stirling, C. H., Andersen, M. B., Potter, E.-K. & Halliday, A. N. Low temperature
isotope fractionation of uranium. Earth Planet. Sci. Lett. 264, 208–225 (2007).

17. Weyer, S. et al. Natural fractionation of 238U/235U. Geochim. Cosmochim. Acta 72,
345–359 (2008).

18. Fujii, Y.,Nomura,M.,Onitsuka,H.&Takeda,K.Anomalous isotope fractionation in
uranium enrichment processes. J. Nucl. Sci. Technol. 26, 1061–1064 (1989).

19. Bigeleisen, J. Temperature dependence of the isotope chemistry of the heavy
elements. Proc. Natl Acad. Sci. USA 93, 9393–9396 (1996).

20. Connelly, J. N. et al. The absolute chronology and thermal processing of solids in
the solar protoplanetary disk. Science 338, 651–655 (2012).

21. Goldmann, A., Brennecka, G., Noordmann, J., Weyer, S. & Wadhwa, M. The
238U/235U of the Earth and the Solar System. Geochim. Cosmochim. Acta 148,
145–158 (2015).

22. Staudigel, H., Davies, G. R., Hart, S. R., Marchant, K. M. & Smith, B. M. Large scale
isotopicSr, Nd andO isotopic anatomyof altered oceanic crust:DSDP/ODPsites
417/418. Earth Planet. Sci. Lett. 130, 169–185 (1995).

23. Bach, W., Peucker-Ehrenbrink, B., Hart, S. R. & Blusztajn, J. S. Geochemistry of
hydrothermally altered oceanic crust: DSDP/ODP Hole 504B: implications for
seawater-crust exchange budgets and Sr- and Pb-isotopic evolution of the
mantle. Geochem. Geophys. Geosyst. 4, 8904 (2003).

24. Dunk, R. M., Mills, R. A. & Jenkins, W. J. A reevaluation of the oceanic uranium
budget for the Holocene. Chem. Geol. 190, 45–67 (2002).

25. Kelley, K. A., Plank, T., Ludden, J. & Staudigel, H. Composition of altered oceanic
crust at ODP Sites 801 and 1149. Geochem. Geophys. Geosyst. 4, 8910 (2003).

26. Brennecka, G. A., Wasylenki, L. E., Bargar, J. R., Weyer, S. & Anbar, A. D. Uranium
isotope fractionation during adsorption to Mn-oxyhydroxides. Environ. Sci.
Technol. 45, 1370–1375 (2011).

27. Bopp, C. J. IV, Lundstrom, C. C., Johnson, T. M. & Glessner, J. J. Variations in
238U/235U in uranium ore deposits: isotopic signatures of the U reduction
process? Geology 37, 611–614 (2009).

28. Elliott, T., Plank, T., Zindler, A., White, W. & Bourdon, B. Element transport from
slab to volcanic front at the Mariana arc. J. Geophys. Res. 102, 14991–15019
(1997).

29. Hermann, J. Allanite: thorium and light rare earth element carrier in subducted
crust. Chem. Geol. 192, 289–306 (2002).

30. Rudge, J. F. Mantle pseudo-isochrons revisited. Earth Planet. Sci. Lett. 249,
494–513 (2006).

Supplementary Information is available in the online version of the paper.

Acknowledgements Financial support for this research was provided by NERC grant
NE/H023933/1. We thank the Natural History Museum, London, and M. Anand for
providing meteorite samples. H. Staudigel and T. Plank were instrumental inproducing
and curating AOC composite samples. We are grateful to C. Taylor for careful picking of
MORB glasses, E. Melekhova for preparing the quenched glass, D. Vance for comments
and C. Coath for maintenance of the mass spectrometers.

Author Contributions Analytical set-up was done by M.B.A. Sample preparation and
analyses were carried out by M.B.A. and H.F. MORB samples and AOC composites were
provided by K.W.W.S., Y.N. and K.A.K. All authors contributed with discussions. T.E.
carried out the Pb modelling. T.E. and M.B.A. prepared the manuscript.

Author Information Data can be found in the EarthChem portal (http://www.
iedadata.org). The nine-digit IGNS numbers for the sample set starts with ‘IEMBA’.
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 the paper. Correspondence and requests for materials should be
addressed to M.B.A. (morten.andersen@erdw.ethz.ch).

LETTER RESEARCH

1 5 J A N U A R Y 2 0 1 5 | V O L 5 1 7 | N A T U R E | 3 5 9

Macmillan Publishers Limited. All rights reserved©2015

www.nature.com/doifinder/10.1038/nature14062
http://www.iedadata.org
http://www.iedadata.org
www.nature.com/reprints
www.nature.com/doifinder/10.1038/nature14062
mailto:morten.andersen@erdw.ethz.ch


METHODS
Sample preparation. With two main exceptions, existing powders of samples were
used for this study. Preparation techniques for these powders are documented in
the associated studies. Powdered samples of bulk meteorites were prepared at the
University of Bristol for this study, from chips carefully picked under the micro-
scope to be free from alteration, fusion crust or signs of saw-blade marks. Likewise,
all MORB samples were prepared afresh by picking millimetre-sized fragments of
glass without signs of alteration, surface coatings or devitrification.

Given the low U concentrations of MORB, the consequences of possible secondary
U addition by absorption to marine Fe–Mn oxyhydroxide coatings is a concern.
Although careful hand-picking should address this problem, we further processed
the picked glass, using a mildly reductive procedure based on methods for dissolv-
ing Fe–Mn coatings in marine sediments, using a mixture of 0.05 N hydroxylamine
hydrochloride, 15% acetic acid and 0.03 N Na-EDTA at pH ,4 (ref. 31). Similar
approaches have been used in preparing MORB glasses for U-series analysis32–34.
Each sample was leached three consecutive times by adding 12 ml of the leaching
solution to the bulk samples in pre-cleaned centrifuge tubes, and placing these in a
vortex shaker for 24 h at room temperature (,20 uC). Samples were thoroughly
rinsed in 18 MV cm water following each leaching step.

The elemental concentrations of each leaching solution were determined using the
Element 2 ICP-MS of the Bristol Isotope Group, using already established methods35.
Potential contaminant U removed in each leach fraction was monitored using the
total U concentration and the ratios of U to immobile elements Th, Sc, Ti and Zr
(Supplementary Table 2). For most samples, the first leach released U in higher
proportions than the immobile elements; however, at the end the three leaching
steps the ratios of U to the refractory elements approached the ratios measured in
the total bulk (residual) MORB sample after full dissolution. This suggests that any
minor, absorbed U was effectively leached away. The U removed during reductive
leaching represented only 1% to 4% of the total U that remained in the bulk residue.
All MORB samples have (234U/238U) within a few per mil of secular equilibrium,
except D18-1, which had a (234U/238U) ,14% above secular equilibrium, suggest-
ing that some U contaminant was still present after the reductive leaching. The ele-
vated (234U/238U) of seawater (1.146) suggests that this contamination is marine
derived. Despite the minor residual U contamination, we have chosen to leave it in
our data set, but note its value is not as robust as the other measurements (see below
for further discussion).

In addition to the natural samples, a basalt powder was made into a glass and
leached to assess whether the reductive leaching caused any U isotope fractionation
in the residual glass. Given the small total amounts of U removed during leaching
and that the final leaching solutions appeared to have removed material with bulk
glass composition (Supplementary Table 2), it seemed unlikely that leaching would
bias the U isotopic composition of the residue; but for completeness we tested this.
A basalt powder was melted in a platinum crucible and subsequently quenched by
dropping the platinum crucible into a bath of 18 MV cm water at room tempera-
ture. Given the low ages of the MORB glasses in this study, they have experienced
little U-seriesa-recoil damage and can therefore be directly compared with the leach-
ing of the artificial quenched glass. Measurements of the quenched glass gave iden-
tical d238U before and after the reductive leaching step (20.23%6 0.03% versus
20.24%6 0.03%) and identical (234U/238U) (0.995 6 0.003 and 0.999 6 0.002),
showing that the leaching process does not fractionate the U isotopes of fresh glass.
Sample dissolution, spiking and column chemistry. Sample sizes up to ,1.5 g
were dissolved in a single beaker. For larger samples (for example chondrites and
MORB) several splits of the same sample were dissolved separately and then all
aliquots were combined after full dissolution. Terrestrial silicates were dissolved in
a mixture of concentrated HF/HNO3/HClO4 acid, fluxed on a hotplate for 24 h
and dried by stepwise-increasing the temperature from 120 uC to 200 uC. Samples
were then fluxed twice in ,6 N HCl (,15 ml per gram of sample) on a hotplate
(120 uC) and dried down in between. Samples were redissolved in 7 N HNO3 and
then diluted down to 2 N HNO3 for TRU Resin column chemistry. Both the eucrites
(,1 g) and the ordinary chondrites (,4 g in three aliquots) were initially dissolved
in a similar way to larger terrestrial silicate samples. However, after the 7 N HNO3

step the dissolution was incomplete and a residue of dark residue remained. These
residues were isolated from the remaining dissolved sample and refluxed in a
mixture of 3 ml concentrated HNO3 and 1 ml concentrated HCl in a high-pressure,
Anton-Paar asher (200 uC and 100 bar pressure, in silica glass vials). This step fully
dissolved the residues, which were then remixed with the already dissolved sample
aliquots, dried down and redissolved in 7 N HNO3 before TRU Resin chemistry
in 2 N HNO3.

All samples were spiked with the IRMM-3636 233U–236U double spike36 (aiming
for 236U/235U of ,5), either before dissolution or before column chemistry for sam-
ples combined from separately processed aliquots.

The U was separated from all other matrices in a two-step procedure by TRU
Resin and UTEVA chemistry. The TRU Resin chemistry was optimized for large

sample sizes with ,2 ml resin loaded in polypropylene Bio-Rad columns. Up to
,1 g of sample was loaded on each column. Samples were loaded and matrix eluted
using 40 ml 2 N HNO3, and U was collected in 8 ml 0.3 N HF/0.1 N HCl. Samples
were then dried down and fluxed in concentrated HNO3/H2O2 to eliminate any
organic material from the resin bleeding into the sample. For large samples that
were split over several columns, these were homogenized at the end of this phase
and then dried down to be redissolved in 3 N HNO3 for UTEVA chemistry. The
UTEVA chemistry was performed in shrink-fit Teflon columns containing ,0.6 ml
of resin. Loading and matrix elution steps used 20 ml of 3 N HNO3, before elution
of Th in 3 ml of 3 N HCl, and collection of the purified U in 8 ml 0.3 N HF/0.1 N
HCl. Samples were then dried down, fluxed in concentrated HNO3/H2O2, dried
down and redissolved in the requisite amount of 0.2 N HCl for the desired U con-
centration (100–300 p.p.b.) for MC-ICPMS measurements. Full U recovery (.95%)
was obtained using this method with total chemistry blanks of ,20 pg for all sam-
ples (negligible compared with sample sizes .20 ng).
MC-ICPMS measurement set-up. The U isotope measurements were conducted
on a Thermo Finnigan Neptune MC-ICP-MS (serial no. 1002) of the Bristol Isotope
Group, running in low mass resolution (M/DM < 500) and using an Aridus desolvat-
ing nebulizer introduction system. Uranium sample sizes of 40–150 ng were con-
sumed during individual analysis. The data were collected in static mode in a similar
fashion to that described in ref. 37. All cups were connected to feedback amplifiers
with 1011V resistors, except for the 238U cup, which was connected to a feedback
amplifier with a 1010V resistor to accommodate a larger ion beam. Uranium tailing
and hydride formation were monitored as described in ref. 37. Both the 237.05/238U
abundance sensitivity and the hydride and high-side tailing formation at 1 a.m.u.
(measured as 239.05/238U) were (2–3) 3 1026, and remained stable during each
measurement session. The low-mass side-tailing contributions to 233U, 234U, 235U
and 236U were estimated, and corrected for, from interpolation of a linear–log fit to
mass versus tailing intensity, as used in ref. 38. Furthermore, corrections for 232ThH1

and 1 a.m.u. high-mass tailing on 233U were made to measurement, assuming sim-
ilar behaviour for Th and U. These were of minimal importance, however, owing to
the good separation of U from Th during the UTEVA chemistry (232Th/233U , 1).

Measurements were conducted using typical ion beam intensities of ,1 nA for
238U, ,7 pA for 235U, ,40 pA for 236U and 233U, and ,0.05 pA for 234U, integrated
over a period of 80 3 4 s. Washout and on-peak blank measurements were similar
to those described in ref. 37. On-peak U blank intensity never exceeded 10 p.p.m. of
the total 238U beam of the sample and was generally ,2 p.p.m.

The Neptune was equipped with a large plasma interface pump (turbo-booster)
offering enhanced transmission efficiency when combined with ‘jet1X cones’, as
opposed to ‘standard1X cones’. The data obtained are identical for both set-ups
(Supplementary Tables 3 and 4). General U transmission efficiencies were ,1.5%
for standard1X cones and ,3% for jet1X cones.

After tailing and hydride corrections, the measured 233U/236U ratio was used
for mass bias correction, using the exponential mass fractionation law39. To obtain
234U/238U and 235U/238U ratios, the minute 238U, 235U and 234U contributions from
the IRMM-3636 spike were subtracted. Based on a calibration using CRM-145 (Sup-
plementary Table 3), the U isotope ratios used for the Bristol IRMM-3636 were
236U/233U 5 0.98130, 236U/238U 5 4,259, 236U/235U 5 21,988 and 236U/234U 5 2,770.
These ratios are identical to the certified ratios from IRMM-363636 for 236U/233U
(0.98130 6 0.00015), 236U/238U (4,259 6 7) and 236U/235U (21988 6 36), but diverge
slightly for 236U/234U (2732 6 4). Measurements of all unknown samples were
bracketed individually and normalized to CRM-145 standard measurements, spiked
with IRMM-3636, in a similar fashion to the unknowns.
Measurement performance, reproducibility and accuracy. For each measure-
ment sequence, the mean of the absolute 238U/235U of the CRM-145 standard used
was typically within 650 p.p.m. of the value (137.832) reported for the NBL 112a
standard38, and the 234U/238U ratios were within 62% of published ratios for the
CRM-145 standard37. The (234U/238U) activity ratios were calculated using the half-
lives in ref. 40. All samples in this study were normalized to the CRM-145 standard,
such that any deviations relative to the absolute ratio of the CRM-145 standard,
potentially related to a non-exponential component of instrumental mass frac-
tionation, are corrected.

Given the use of mixed feedback amplifier resistors with different response times,
internal error estimates may give a misleading impression of true precision (see,
for example, ref. 41). Thus, to test the full external reproducibilities for individual
unknown samples, a total of eight splits of BHVO-2 were individually processed
(dissolution, spiking and chemistry) and measured during different analytical ses-
sions (with different set-ups; see Supplementary Table 4). The external reproduc-
ibility ofd238U for BHVO-2 was 628 p.p.m. (2 s.d.) and a similar or better external
reproducibility was obtained for the basalt LP 45 E (a historic basanite from La Palma),
the in-house CZ-1 uraninite and three open-ocean seawater samples (Extended Data
Fig. 1). Other samples measured in duplicate agreed within their 2 s.e. estimates
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(Supplementary Table 4). The reproducibilities of 234U/238U were limited by the
low 234U intensities (,0.2 pA), but were 63% or better for the standards.

Potential artefacts in the measured d238U from different U/matrix ratios are
unlikely given that ordinary chondrites (low U/matrix ratio) and OIB (high U/matrix
ratio) both have lower d238U compared with MORB (intermediate U/matrix ratio).
Furthermore, consistent results are obtained when comparing the standards mea-
sured in this study and other studies using comparable normalizing standards
(NBL 112a17, SRM-950a21 and CRM-14516). The measured uraninite CZ-1 stan-
dard (d238U 5 20.053%6 0.029%) is within error of the value reported in ref. 16
(20.10%6 0.07%). Similarly, the BHVO-2 measurements in this study (d238U 5

20.314%6 0.028%) compare well with measurements in ref. 21 (20.32%6

0.07%). Finally, our open-ocean seawater measurements (d238U 5 20.390%6

0.018%) agree well with open-ocean seawater measurements in ref. 17 (20.41%
6 0.03%).
Uranium in extraterrestrial material and a bulk Earth d238U. Previous work has
shown large variability in the d238U of extraterrestrial material20,21,42–46. Thus, even
if it exists, estimating a uniform chondritic d238U composition is challenging.
Some of the observed d238U heterogeneity has been attributed to variable addi-
tion of 235U from the decay of, now extinct, 247Cm (ref. 45). However, meteorites
also show relative depletions in 235U, indicating that other processes may have a
role20,21,42,46 (for example nucleosynthetic anomalies or planetary formation processes).
An additional concern is terrestrial perturbation of U, which may be indicated from
the physical preservation and anomalous chemical composition. Specifically for U,
Th/U departing from the recently defined meteoritic reference11 and (234U/238U)
activity ratios out of secular equilibrium may testify to planetary body processes47

or terrestrial perturbation.
Owing to the generally low U abundance in meteorites, it is necessary to obtain

large chondrite samples (,5–10 g) to allow high-precision d238U measurements,
which can run counter to museum loan policies. Thus, we initially honed our tech-
nique on three large desert meteorite ‘finds’ (M2, M12 and M15), provided by M.
Anand from the Open University. These had previously been studied petrogra-
phically and characterized at the University of Bristol. We had prepared several
hundred grams of powder from the interiors of these ordinary chondrites. As finds,
however, these samples were potentially perturbed by terrestrial weathering. We
subsequently obtained large (,25 g) samples of two ‘falls’ (Zag and Saratov) from
the Meteorite Market (http://www.meteoritemarket.com/). All these samples are
ordinary chondrites, which are not only more readily available than carbonaceous
chondrites, but are isotopically more similar to the Earth (see, for example, refs 48, 49).

We supplemented our ordinary chondrite measurements with analyses of two
eucrites, Juvinas and Stannern, kindly provided by the Natural History Museum,
London. Eucrites have higher U contents and so require smaller sample sizes (,1 g)
for high-precision analyses. Although differentiated meteorites, the isotope ratio of
a highly incompatible element such as U should be minimally affected during crust
formation, and so we believe that these samples still provide a valuable planetary
reference. Notably, eucrites generally have chondritic Th/U ratios50–52, indicating
an absence of elemental fractionation during their formation. The eucrite samples
we analysed were falls, and so are probably less prone to terrestrial weathering than
the finds.

Of the ordinary chondrites, two gave identical, but relatively low, d238U ratios
(M15 (20.439%6 0.030%) and Saratov (20.442%6 0.050%)), whereas the three
others were all within error but were ,100 p.p.m. higher (M2 (20.322%6 0.030%),
M12 (20.326%6 0.022%) and Zag (20.301%6 0.050%)). The eucrites also dif-
fered in their d238U (Juvinas (20.312%6 0.030%) and Stannern (20.369%6

0.030%)), but with Juvinas overlapping with the compositions of the heaviest ordi-
nary chondrites (Extended Data Fig. 2).

The three ordinary chondrite desert finds have elevated (234U/238U) ratios (1 to
12% 234U excess) suggesting oxidative weathering during their time at the Earth’s
surface, with oxidation of Fe potentially promoting mineral surfaces for U sorp-
tion, with a positive correlation between U concentration and (234U/238U) ratios
(Extended Data Fig. 2). Furthermore, Saratov also had ,1% elevated (234U/238U),
whereas Stannern was ,1% depleted in (234U/238U) relative to secular equilibrium.
Only the ordinary chondrite Zag and eucrite Juvinas were at secular equilibrium
for (234U/238U). The independent constraints provided by (234U/238U) show that
only Juvinas and Zag can be considered pristine and, notably, theird238U values are
within error of each other (Extended Data Fig. 2).

Perturbation of U in the meteorite samples is also indicated by their Th/U ratios
relative to the planetary reference value11 of 3.876 6 0.016. The ordinary chondrites
with the lowest d238U have the highest [U] and lowest Th/U, further suggestive of
U addition. Three samples (Juvinas, Zag and M2) have Th/U within error of the
reference value, and all have d238U values within error of each other (Extended
Data Fig. 2). However, given the minor (234U/238U) excess in M2, we do not include
this in our best estimate of the bulk Earth value,d238U 5 20.306%6 0.026%, pro-
vided by the weighted average and weighted 2 s.e. of Juvinas and Zag. Despite

demonstrable open-system behaviour of U, the mean of all meteorite samples
gives a d238U of 20.36%6 0.04% (62 s.e.m.), which is within error of the weighted
estimate from pristine samples (Extended Data Fig. 2). Although our best estimate
for the bulk Earth from our meteoritic samples is defined by only two samples, and
would usefully be substantiated by additional measurements, we believe that the
systematics of the altered samples provide important evidence to support the sig-
nificance of this best estimate. Moreover, in terms of our main observations on
terrestrial samples the choice is not critical; for either the mean of all the meteor-
ites or just the pristine ones, the d238U of MORB are heavier while the d238U of
OIBs are unresolved from these meteoritic values.
d238U in OIBs. A suite of 19 OIBs from Iceland, Cape Verde, Azores, Canary Islands
and Hawaii were measured. Further details on these samples are provided in Sup-
plementary Table 1. We have dominantly used historic samples, collected previ-
ously for U-series studies, which have the major advantage of being fresh. Notably,
we analysed four non-historic, but still relatively young (,1 Myr) and ostensibly
petrographically fresh samples from La Palma, Canary Islands. Two of these sam-
ples (LPF 96-39 and CS20) yielded (234U/238U) out of equilibrium, warning us against
using older samples from possibly more extreme weathering environments else-
where. Nevertheless, these two samples, showing clear open-system U-series beha-
viour with (234U/238U) ,2% lower than secular equilibrium, are still within error of
the other La Palma samples for d238U, and so we did not exclude these data from
our averages. This also indicates that d238U is not hugely sensitive to minor pertur-
bations of the U budget.

In terms of traditional radiogenic isotope characterization, the islands we have
studied cover high 3He/4He (Hawaii, Iceland), HIMU (La Palma, Canaries), EMII
(Sao Miguel, Azores) and FOZO (Pico, Azores, and Fogo, Cape Verde) ‘flavours’ of
mantle signature53–55. Although La Palma is not as radiogenic in its lead isotope
ratios as the classic French Polynesian and St Helena localities, the latter have
suffered ,10 Myr of tropical weathering, and so are far from ideal for characteriz-
ing primary U isotope ratios. We have not measured any representative samples
from EMI-type mantle, but nevertheless cover a large compositional range of OIB.
d238U in MORBs. We have measured eleven glassy, axial or near-axial MORB sam-
ples from all three major ocean basins: the Indian (n 5 1), the Atlantic (n 5 3) and
the Pacific (n 5 7). Further details on these samples are given in Supplementary
Table 1 and associated references56–60. All picked glasses were leached to remove
possible absorbed U on ferro-manganese coating, as discussed earlier. The eleven
MORB glasses have Th/U ratios of 2.1 to 2.6 and all have (234U/238U) within a few
per mil of secular equilibrium, except the already discussed Atlantic Ocean sample
D18-1. As for the OIBs with perturbed (234U/238U), the d238U does not appear
strongly affected and D18-1 has d238U 5 20.265%6 0.030%, identical to the
mean d238U of all MORB; we thus did not exclude this data point from our aver-
ages. This observation is compatible with a mass balance calculation to account for
the observed (234U/238U) disequilibrium of D18-1 assuming the contaminant has
a U isotope composition similar to seawater. Adding seawater with (234U/238U) of
1.146 to MORB at secular equilibrium should result in a change in d238U of less
than 0.02% given a seawater d238U of 20.39%.
d238U in island arc volcanics. A suite of nine mafic samples from the Mariana arc
front28 was selected to investigate subduction zone processes (Supplementary Table 1).
These well-characterized samples show variable subducted sediment input to their
sources, combined with a rather constant flux of ‘fluid’ from the subducting, mafic
oceanic crust28. In more detail, it has recently been argued that the sediment com-
ponent evident in the arc lavas is dominated by the volcaniclastic horizons rather
than representing an average of all lithologies, in which pelagic clay has a significant
role28,61. Samples with small sediment contributions, as marked by high 143Nd/144Nd
and low Th/Nb, have low Th/U and high (238U/230Th), implying a recent, slab-
derived U addition to their mantle source. The systematic compositional variations
of these lavas allow us to extrapolate to the possible d238U of this slab-derived fluid,
using a best-fit linear regression line through the data in the Th/U–d238U space, as
shown in Fig. 1.
d238U of subduction zone inputs. Subducted crust can be separated into three
principal, chemical components: unaltered oceanic crust, mafic AOC and sedi-
ments. Here we analysed sediments and AOC from well-characterized deep-ocean
drill holes8,25,62, ODP Site 801 and ODP Site 802 in the west Pacific, to assess the U
budget of subduction-related material. Not only does the former location provide
the best opportunity to assess the mean composition of the old AOC (,170 Myr),
but because these locations are in front of the Mariana arc, the composition of the
overlying sediments are specifically appropriate as the endmember for the Mariana
arc lavas.

Typical assemblages for the deeper ocean sediment package that are subducted
include volcaniclastics, pelagic clays, cherts, carbonates and Fe–Mn crusts. The U
concentrations for these materials are variable in the 0.1–10mg g21 range. Modern
seawater has a U concentration of ,3.2 ng g21 and a homogeneous d238U of
20.390%6 0.010% (Supplementary Table 1). Biogenic carbonate appears to
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incorporate U from seawater without any significant isotope fractionation63. The
measured deep-sea pelagic clays and volcaniclastics are close to the seawater d238U
and the bulk Earth value (20.42% to 20.28%; Supplementary Table 1). Further-
more, the ODP Site 801 composite sample ‘801SED’, meant to reflect an average of
the infilling material between the pillow basalts within the basement (comprising
chert, hydrothermal deposit, calcite and clay minerals) has a d238U similar to sea-
water. Thus, the Mariana and indeed most subducting sediment packages have an
average d238U close to the values for modern seawater and bulk Earth.

The most important source of ‘U excess’ in subduction zones is the AOC. The
fluid-induced alteration in oceanic crust can generally be classified into high-
temperature (.100 uC) and low-temperature (,100 uC) types.

The high-temperature alteration generally occurs close to the spreading ridge
axis and at greater depth in the crust by percolation of hot hydrothermal fluids64,65.
Any seawater-derived U uptake in these settings is assumed to be quantitative (see,
for example, ref. 66); however, the deeper sections of the crust (.1,000 m) affected
by high-temperature hydrothermal circulation are generally little altered and have
low U concentrations close to typical MORB65 (for example 0.07mg g21). Thus, the
high-temperature alteration at greater depth does not appear to add a significant
amount of U compared with the shallower, low-temperature alteration24.

The low-temperature alteration (,100 uC) dominates at ridge-flanks with per-
colation of less intensely heated seawater65,67, and the uppermost 500 to 1,000 m
of the mafic oceanic crust experiences significant U addition8,22–25,64 with a mean
fivefold-greater U content relative to the unaltered MORBs8. The low-temperature
alteration is therefore the cause of most uptake of additional U in the subducting
plate. Thus, we have focused our attention on characterizing this low-temperature
alteration using average, ‘composite’ samples (see below).
Altered, mafic oceanic crust. For estimating the U concentration andd238U budget
of altered oceanic crust, we have made high-precision d238U analyses of ‘compo-
sites’ from the upper ,500 m of altered extrusive lavas at the well-studied ODP Site
801. This represents a substantial section of the extrusive lavas erupted at a fast
spreading centre68. Secondary alteration products from hydrothermal seawater
flow-through suggest alteration temperatures from 10 to 100 uC, increasing with
depth62. A typical alteration sequence consists of oxic celadonite formation around
alteration veins, followed by Fe-hydroxides and then reducing saponite and pyrite,
in a zone moving away from the alteration veins and into the host rock62. Carbo-
nate precipitates also occur, which may have formed intermittently through time8,62.
Uranium enrichments are evident in breccia zones and in relation to redox haloes,
with U concentrated at the boundary between oxidized (celadonite-rich) and
reduced (saponite/pyrite-rich) zones moving away from the alteration veins, in
a roll-front-redox-type U deposition pattern8,62. These redox haloes dominate the
deeper part of the drilled section8,62. In ref. 8 it is estimated that about 50% of the
total U excess is hosted in the secondaryily formed carbonates and that the remain-
der is associated with the redox haloes.

From the main (tholeiitic) ,420 m alteration zone, three suites of composite
samples from different depth ranges (0–110 m, 110–220 m, 220–420 m) have been
prepared to average the composition of the heterogeneously altered sections in the
crust25. The composites are physical mixtures of powders in relative proportions of
their abundances throughout the particular section of core, and are intended to phy-
sically represent the bulk composition of various depth domains within the drilled
sequence. For each of the three composite zones three different powder mixtures
were prepared: ‘FLO’ composites represent the least-altered material, ‘VCL’ the
most altered material and ‘MORB’ composites represent the bulk (mixtures of
the FLO and VCL composites)25. Furthermore, a ‘supercomposite’, comprising an
integration of the full upper 420 m of core, was made25. All the composite samples
have low Th/U ratios (0.1–0.6), and high U concentrations of ,0.4mg g21 (ref. 25).
The U concentration of the 801 supercomposite (0.39mg g21) is similar to the
DSDP 417/418 supercomposite (0.3mg g21) and significantly higher than estimated
unaltered MORB69 (0.05mg g21).

The d238U was measured in the three composite sections (in all three FLO, VCL
and MORB powder mixtures), the supercomposite and three individual samples.
The d238U in the composite samples are variable through the ,420 m sequence: the
upper ,110 m averages 20.436%6 0.042%; the middle ,110 m are significantly
heavier, averaging 10.164%6 0.086%; and the lower ,200 m are in between,
averaging 20.145%6 0.045% (Supplementary Table 1). The supercomposite sam-
ple yielded a d238U of 20.170%6 0.026%. In addition to the composite samples
we analysed three single samples from different depths: (1) a capping alkali basalt
(20.333%6 0.044%) from ,26 m above the ‘start composite depth’ of the altered
crust section; (2) an altered MORB (20.341%6 0.044%) in the upper composite
section (,2100 m); and (3) a calcitic breccia (20.114%6 0.044%) from the lowest
composite zone (,2320 m). The differences in d238U between the latter two, nor-
mal, individual altered oceanic crust samples are reassuringly consistent with the
composites, with the shallower sample showing significantly lower d238U than the
deeper one. The alkali basalt sample has a high U content (0.7 p.p.m.), presumably

reflecting its primary composition, which will be much less influenced by second-
ary U addition than MORB. Alkaline volcanism is atypical of oceanic crust stra-
tigraphy but is a feature of some West Pacific drill sites, believed to be part of the
burst of plume volcanism in the Cretaceous25. Fittingly, this alkali basalt sample
has a d238U similar to other OIB (Supplementary Table 1).

The variable d238U, at values distinct from seawater, shows that the seawater-
derived U is not quantitatively incorporated during alteration in the ODP Site 801
AOC. During U uptake involving no redox transition, U isotopes generally appear
to yield similar or slightly lower d238U values16,17,26,63,70. However, during the U(VI)
to U(IV) reduction process U isotope fractionation is governed by both the nuclear
field shift and mass-dependent mechanisms71,72. These processes lead to U isotope
fractionation, but in opposite directions, with the nuclear field shift dominating
the total observed 238U/235U fractionation and leading to a preference for the heavy
isotope in the reduced immobile U(IV) form18,19,71,72. Such shifts towards higher
d238U, during redox-driven U uptake, have been documented in natural environ-
ments including U-enriched reducing sediments17,37,63 and redox-driven roll-front
U ore deposits27,73,74. With mass balance considerations in mind, it is clear that the
U incorporation constitutes a partial reduction process, because a complete reduc-
tion of the available U would result in no net isotopic fractionation. This implies a
process in which U is partitioned between U(VI) and U(IV) species but only the
latter is fixed, and left immobile, with the former being transported away in the per-
colating fluid. Such a loss of isotopically light U during a partial U reduction pro-
cess preferentially taking up heavy U isotopes has been shown in groundwaters
associated with roll-front U ore deposits73, in situ bio-stimulated U reduction flow-
through experiments75 and the anoxic Black Sea water column76.

For the AOC at ODP Site 801, the d238U lower than the seawater composition in
the upper 100 m may be expected from a dominant oxic U uptake, through adsorp-
tion, consistent with relatively oxidized conditions and high water/rock ratios62. A
change to higher d238U in the lower part of the AOC is in accordance with general
U addition through a reductive process and a U(VI)-to-U(IV) transition in the deeper
part of the AOC with more restricted seawater flow-through62,64. Furthermore, the
loss of isotopically light U to the upper part of the crust will mean that fluids per-
colating deeper may anyway have higher d238U signatures than the seawater com-
position. Both the lower and the middle part of the altered mafic crust have d238U
higher than seawater, with the highest d238U found in the middle part. This obser-
vation may be related to the basement structure at ODP Site 801, with variable
permeability and, hence, through-flow of seawater62 and, consequently, hetero-
geneous U addition throughout the AOC. From the deposition of brown oxic
haloes throughout the ODP Site 801 AOC, most oxic seawater through-flow has
been estimated to occur in the upper 150 m and below 300 m depth in the core62,
and, consequently, the most reducing conditions are in between. This may explain
why the highest d238U is found in the middle part, as U incorporated through U
reduction is more dominant in this zone, compared to U uptake from oxic adsorp-
tion in the upper and lower sections.

Strikingly, the measured d238U and the U concentrations are very similar for the
least-altered (FLO) and most-altered (VCL) material in each of the composite sections.
This suggests that it is not the degree of alteration that dictates the U incorpora-
tion, but the ambient conditions. The relatively high d238U of the supercomposite
suggests that the reduced U in the deeper part of the AOC dominates the overall
d238U signature.

Assuming that such roll-front redox U uptake, as seen in the ODP Site 801 AOC,
is representative of modern AOC U uptake and represents the integrated modern
AOC for subduction, it delivers a high d238U to the mantle. In more reduced con-
ditions U is expected to be taken up more quantitatively, resulting in little net isotopic
fractionation of the added U. Such a scenario may be expected to describe the alter-
ation of mafic oceanic crust from the percolation of anoxic seawater which dominated
the deeper ocean before the second rise in atmospheric oxygen ,600 Myr ago15,77.
This scenario would suggest insignificant U isotopic fractionation for U uptake
into AOC before ,600 Myr ago, yielding a d238U similar to the mean d238U
composition of rivers, the major U input into the ocean. At present, the best esti-
mate of the modern riverine d238U flux to the ocean is 20.24% (ref. 78), close to
our bulk Earth estimate. This suggests that U is released near-congruently with
little net U isotope fractionation during oxidative terrestrial weathering and riv-
erine transport. Assuming near-congruent U release during terrestrial weathering
since the GOE ,2.4 Gyr ago, and oxidation of the atmosphere, quantitative uptake
of U into the AOC would then imply a d238U composition near bulk Earth in the
period ,2.4 Gyr to ,600 Myr ago.
Th–U–Pb systematics of OIB. The database. Our simple model of U recycling
predicts that samples derived from increasingly young mantle sources will have
increasingly subchondritic Th/U. To test this prediction we compiled data from the
literature for samples, which have been analysed for both Th and U concentrations
and Pb isotope compositions (Extended Data Table 1). The latter provide model age
constraints, as detailed below.
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To minimize the effects of analytical problems and secondary weathering pro-
cesses obscuring primary signatures, we placed quite selective criteria for inclusion
of samples into the data set, as follows.

(1) We included only samples with mass-spectrometric isotope dilution data on
Th and U concentrations, coupled with U-series disequilibrium data. This ensures
high-precision Th/U data and provides additional information on the magnitude
of possible perturbation by the melting process (see below). Moreover, because
samples collected for U-series data are all young, this also guards against U pertur-
bation during weathering. As discussed above, mobility of U during weathering is
otherwise a significant concern.

(2) We have selected only data from the main, shielding-building phases of
islands. Later, post-erosional lavas are frequently invoked to contain a lithospheric
component79,80, and thus do not reflect the deep source we seek to investigate.

(3) In cases where several data sets exist for the sample location, we select the one
containing the techniques more likely to be robust. Thus, in the case of the Azores,
we use the data from ref. 81 rather than ref. 82, because the MC-ICPMS Pb data of
the former provide much less-scattered model ages than those obtained from TIMS
measurements of the latter.

Our database (Extended Data Table 1) thus comprises analyses from Hawaii,
Iceland, Canary Islands (La Palma), Azores (Pico and São Miguel), Society Islands
and Samoa. We also include a composite data point for Réunion derived from sepa-
rate U-series and Pb isotope studies of historic eruptions. Although these studies
are dominantly on different sample suites, the well-documented, extreme isotopic
homogeneity of historic Réunion magmatism83 gives us the confidence to combine
the mean values of Th/U and Pb isotopes. There is one island (Pitcairn) for which
appropriate data exists according to our criteria, but which we have not plotted for
the following practical reasons. The very unradiogenic Pb isotope ratios of this
island yields negative model ages in our calculations and so cannot be plotted to-
gether with the other data. This, combined with their extremely high Th/U, sug-
gests that additional processes are responsible for the striking characteristics of this
EMI-type composition, for example the erosion of deep continental crust84. In all,
our compiled OIB database covers a similarly wide range of isotopic character-
istics as represented by samples analysed for d238U (Fig. 1), and so forms a fitting
complement.

In Fig. 3 we plot each individual datum from our compilation as a point, to show
the range of compositions. To emphasize the contrasting mean compositions of
different islands we have also averaged individual samples from a given island. A
comment is required about the averaging of the Azores samples. The island of São
Miguel has a marked spatial isotopic heterogeneity, with a distinct geographic (west-
to-east) variation. Thus, we have added samples from the western volcanic centre
(Sete Cidades) to the Pico samples to represent ‘normal’ Azores (I) while the other,
more easterly samples are averaged to give ‘enriched’ Azores (II).

Pb model ages. It has long been known that a slope on the plot of 206Pb/204Pb
versus 207Pb/204Pb potentially has age significance (see, for example, ref. 85). This
approach was used to some effect in ref. 10, using the linear arrays in 206Pb/204Pb
versus 207Pb/204Pb defined by some OIBs to calculate isochron ages of their sources,
which ranged from 1 to 2.5 Gyr. Here we follow a similar approach. However, we did
not want to rely on islands yielding well-defined linear arrays in Pb isotope space.
Instead, we calculate the model ages of individual points rather than the slope of an
array of data. Both approaches assume a common first stage for all samples. From
this evolving reservoir a secondary model age (tm) and U/Pb (m2) are calculated to
produce the modern Pb isotopic composition. The parameters of our first-stage
evolution are given in Extended Data Table 2 together with other input values.

The Pb model age we calculate represents an event that increased U/Pb to gen-
erate modern Pb isotopic compositions that lie to the right of the geochron. As
discussed widely (see, for example, ref. 86), the process of subduction provides an
appealing physical manifestation of this model scenario. During subduction, dehy-
dration preferentially removes Pb from the mafic crust87, increasing the U/Pb and
Th/Pb of the deep subducted residue. Thus, we believe that the model ages relate to
the time of subduction of recycled oceanic crust found in OIB sources.

Explicitly, we calculate our model ages by rearranging and numerically solving
the following two equations (1) and (2) for m2 and tM (using parameters described
in Extended Data Table 2):
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Having obtained m2 and tM a model Th/U (weight ratio) of the second stage may
then be calculated accordingly by rearranging equation (3):
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Extended Data Table 1 contains the averaged, calculated model Pb ages for our OIB
data set, whereas the individual model Pb ages versus measured Th/U and modelled
Th/U (Pb, two-stage) are shown in Fig. 3. We use Th/U (weight ratio) throughout
as this is most commonly reported in the literature, although 232Th/238U (atomic
ratio, k) is required in the calculations (the difference between these two ratios is
not great). The measured Th/U is potentially perturbed by melting or during melt
migration to the surface, or both. For this reason, we used only samples for which
U-series measurements were available, which provides direct constraints on the
magnitude of this process. All samples in our data set have 230Th excesses, from
1% to 37% (Extended Data Fig. 3). This implies no more than a 37% increase in Th/
U during melt generation and likely less (see, for example, the discussion in ref. 88).
As in the case of MORB, recent melting cannot explain the trend to lower Th/U
from values close to the planetary reference (3.876).

The Samoan samples are notable for having Th/U higher (4.0–5.3) than the
planetary reference value. This cannot be solely a result of recent melt fractionation
because these samples have minor (230Th/238U) disequilibrium (Extended Data
Fig. 3). This high Th/U is potentially associated with lithospheric enrichment from
plume-derived carbonatitic metasomatism, which can fractionate Th/U but will
not influence the Pb isotopes89. We note that the Samoan Pb isotopes are incom-
patible with their high Th/U being associated with ancient fractionation; that is,
they have model Th/U within error of the planetary Th/U. Although the Samoan
source has long been associated with recycled continental sediments90, if these were
recycled before the major rise in atmospheric oxygen (as is compatible with their
model ages), then the Th/U of the continental material should be unfractionated91,92.
Consequently, whether or not the enriched component is continental is not a critical
issue. We also stress that the overall trend in Fig. 3 is not pinned by Samoa, but
includes Réunion and the enriched samples of São Miguel. For the latter, there has
been a detailed discussion of why recycled sediment is not implicated in this source28.

The apparently continuously declining Th/U of OIBs and their typically higher
values than MORB argues against excess U left residual in the subducting slab hav-
ing a significant role in lowering Th/U of OIBs. Rather, we infer that the slab adds
its excess U, from sea-floor alteration, to the upper mantle. As hypothesized in the
main text this is likely to result from its mineralogical host becoming unstable
during pro-grade metamorphism. A host such as allanite29 would survive beyond
the subduction zone, but would ultimately melt to transfer U into the surrounding
mantle. Thus, we infer that the declining Th/U of OIBs reflects the steadily decreas-
ing Th/U of the upper-mantle source, which forms crust subsequently recycled to
produce further OIBs. In this model, the upper mantle always has lower Th/U than
previously formed OIB sources. The need for the excess U to be lost from recycled
oceanic crust has also been discussed in terms of the Pb isotope systematics of OIB
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the Piton de la Fournaise Volcano, Reunion Island, from U-series disequilibria.
Earth Planet. Sci. Lett. 234, 223–234 (2005).

LETTER RESEARCH

Macmillan Publishers Limited. All rights reserved©2015



Extended Data Figure 1 | d238U reproducibility of standards. Repeated
d238U measurements of a range of standards with different matrixes (CZ-1
uraninite, BHVO-2/LP 45 E basalts, seawater) are shown. All have external
reproducibility (2 s.d., grey shaded area) better than 60.30%, a similar range to
the internal measurement uncertainty (2 s.e.) for individual samples
(Methods). The different symbols refer to the different measurement set-ups
(Supplementary Table 4).
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Extended Data Figure 2 | U–Th geochemistry of analysed meteorites.
a, d238U versus U concentration for ordinary chondrites (black diamonds,
‘finds’; red diamonds, ‘falls’). b, d238U versus (234U/238U) for ordinary
chondrites (symbols as in a) and eucrites (blue circles). c, d238U versus Th/U for

the same samples as in a and b. d, A ‘Caltech plot’ of the d238U of individual
meteorite samples and averages based on (1) the only two meteorites with
(234U/238U) within error of secular equilibrium (‘Mean (Z1J)’) and (2) all of
the analysed meteorites (‘Mean all’). Error bars denote 2 s.e.m.
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Extended Data Figure 3 | U–Th isotope systematics in the OIB used for Pb
age modelling. Symbol colours are as in Fig. 3: (1) Hawaii, (2) Iceland,
(3) Azores I, (4) La Palma, (5) French Polynesia, (6) Samoa, (7) Azores II,

(8) Réunion. References can be found in Extended Data Table 1. Note that the
y axis shows activity ratio whereas the x axis shows a weight ratio. The dashed
line represents secular equilibrium of (230Th/238U).
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Extended Data Table 1 | Literature compilation of Pb, U and Th in Ocean Island Basalts

N* Locality    Ref. Pb   Ref. Th/U     n† age (Ga)‡ 

1. Hawaii (Kilaeua)   (95,96,97)  (95,96,97)  3 1.76 

2. Iceland    (98)  (99)  35 1.81  

3. Azores I (São Miguel/Pico)   (81)  (100,101)  10 1.89 

4. Canaries (La Palma)   (102,103)  (102)  8 1.92 

5. French Polynesia   (104)  (104)  11 2.12 

6. Samoa     (105)  (105)  13 2.25 

7. Azores II (São Miguel)   (81)  (100)  13 2.33 

8. Rèunion    (106)  (107)           (average) 2.42 

*Locality number used in main text Figure 3  

†Number of individual data-points 

‡ Average Pb model ages (tm) for each locality, see methods 

LETTER RESEARCH

Macmillan Publishers Limited. All rights reserved©2015



Extended Data Table 2 | Input parameters for calculating Pb model ages
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J O N  W O O D H E A D

It is now more than three decades since 
researchers first proposed1 the radical 
hypothesis that oceanic crust, returned 

to the mantle (or subducted) during colli­
sions between tectonic plates, could strongly 
influence the chemistry of Earth’s interior, and  
furthermore, that the tell­tale signatures of this 
process could be seen in the volcanic products 
of mantle melting. In particular, the chemi­
cal traces of such ‘crustal recycling’ (Fig. 1)  
phenomena could be discerned in rocks 
termed ocean island basalts (OIBs) that are 
associated with volcanic ‘hotspots’ such as 
Hawaii. Variations on this simple yet provoca­
tive idea have provided a focal point for studies 
of mantle geochemistry and planetary evolu­
tion ever since. However, despite a substantial 
research effort and considerable advances in 
our understanding, definitive estimates of the 
timing of crustal­material transport into the 
mantle have remained elusive. In this issue, 
Andersen et al.2 (page 356) report on how a 
relatively new approach, using isotope ratios 
of the element uranium, provides some long­
awaited temporal constraints on these crustal­
recycling processes.

It is generally accepted that recycled materials  
have a key role in the generation of compo­
sitional heterogeneity in Earth’s mantle3, and 
indeed, evidence to this effect continues to 
appear4. By contrast, the question of when 
the mantle became modified in this way has 
proved remarkably intractable. For example, 

the abundances of the isotopes of lead (Pb) 
— derived from slow decay of long­lived 
uranium (U) and thorium (Th) parent nuclei 
— in OIBs form linear correlations that suggest 
a broad, model­dependent age range (about 
2.5 billion to 1 billion years) for the establish­
ment of isotopic heterogeneity in their mantle 
source5. Another temporal constraint is pro­
vided by the unusually low abundance ratios 

of thorium to uranium (Th/U) observed in  
basaltic lavas erupted at Earth’s ocean ridges, 
known as mid­ocean­ridge basalts (MORBs). 
These ratios are lower than those estimated 
for the bulk Earth and have been explained6 
as resulting from uranium recycling into the  
mantle at subduction zones, perhaps starting 
about 2.4 billion years ago, coincident with 
the rise of atmospheric oxygen (and hence the 
availability of water­soluble hexavalent ura­
nium, U(vi)). Beyond these few, rather impre­
cise estimates, we have scant information on 
the timescales of crustal­recycling phenomena.

Isotope geochemistry has always been an 
instrument­intensive discipline, quick to 
embrace new opportunities provided by tech­
nological advances. The introduction of mass 
spectrometers known as multiple­collector 
inductively coupled plasma mass spectro­
meters (MCICPMS) over the past 20 years 
has allowed detailed investigations of isotopic 
systems previously beyond our analytical 
capability, resulting in many breakthroughs. 

them in a flow tank under a variety of flow 
conditions. They again found that the shape 
of the carapace amplified the movements of the 
boxfishes, rather than stabilizing them. 

So it seems that, far from being darts gliding 
across the reef in a stable manner, boxfishes 
are tumblers, able to exploit small asymmetri­
cal force inputs at the front of the carapace to 
generate large changes in direction. This raises 
an entirely different possibility for biomimetic 
applications, because the most manoeuvra­
ble, low­radar­signature fighter jets, such as 
the F­117 Nighthawk, are also dynamically 
unstable8.

If the boxfish carapace has high drag and 

is unstable, how was Mercedes­Benz able to 
model a low­drag car inspired by its shape? 
The answer lies in the nose of the car, which 
is rounded and so does not reflect the boxy 
front of the boxfishes. The front of the cara­
pace amplifies the upsetting force, whereas the 
boxfishes’ keels are stabilizing. By retaining the 
keels but omitting the boxy head, the car com­
bines stability with low drag. ■ 
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E A R T H  S C I E N C E

Mixing it up  
in the mantle
Analysis reveals that the uranium isotopic composition of oceanic crust that is 
being subducted into Earth’s interior is distinctive, allowing the development of 
chemical heterogeneity in the mantle to be tracked. See Letter p.356

Oceanic ridge
producing MORB Oceanic island

producing OIB

Core

Lower
mantle

Upper
mantle

Subduction
zone

Oceanic crust

Figure 1 | Crustal recycling. Oceanic crust (brown) is ‘recycled’ into Earth’s mantle at convergent 
plate boundaries (subduction zones). Over time, this crustal­recycling process has formed a chemically 
heterogeneous mantle mixture. Andersen and colleagues’ results2 place constraints on the timing of these 
events. They suggest that the upper­mantle source producing mid­ocean­ridge basalts (MORBs; short 
brown arrow) was contaminated in this way over the past 0.6 billion years, whereas heterogeneity in the 
deeper­mantle source producing ocean island basalts (OIBs; long brown arrows) probably resulted from a 
much older period of contamination between 0.6 billion and 2.5 billion years ago.
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One of these has been the discovery that the 
abundance ratio of the uranium isotopes 238U 
to 235U (238U/235U), long held to be invariant in 
nature, shows small variations7,8. In their study, 
Andersen et al. used MCICPMS instrumenta­
tion to explore the ramifications of this new 
paradigm for Earth’s uranium­isotope cycle. 
They detected subtle variations in 238U/235U 
in a range of geological samples, including 
OIBs and MORBs, and demonstrated that the  
present­day oceanic crust being subducted 
into the mantle is isotopically distinct from 
the bulk Earth, with high 238U/235U values. 
Furthermore, they showed that this feature 
probably results from the emergence of fully 
oxygenated oceans 0.6 billion years ago.

Importantly, the authors then observed 
that the mantle sources of MORBs and OIBs 
responded differently to subduction of this 
isotopically distinct crust. Whereas the shal­
lower MORB source also shows high 238U/235U 
values, suggesting widespread pollution of its 
mantle source by subducted crust predomi­
nantly in the past 0.6 billion years, the deeper 
OIB reservoir shows no sign of this effect. 
Andersen and colleagues propose that this 
reflects the greater antiquity of the recycling 
events contributing to the OIB reservoir. When 
coupled with previous observations of Th/U, 
these new data suggest ages for the deep OIB 
reservoirs of between 2.5 billion years (derived 
from model ages based on the abundance of 
Pb isotopes) and 0.6 billion years (when the 
oceans became fully oxygenated). 

As exciting as these results are, we must 
realize that the range of 238U/235U variations 
observed is at the limit of what current instru­
mentation can detect. In addition, there are 
currently no appropriate reference materials 
characterized to this level of precision. For 
this reason, further detailed studies will be 
required to confirm these remarkable observa­
tions. Moreover, in an attempt to characterize 
‘average’ oceanic crust, the authors used com­
posite samples of oceanic crust, derived from 
Ocean Drilling Program Site 801 in the western 
Pacific. It is well known that the oceanic crust 
is highly heterogeneous and thus a crucial goal 
for future studies will be to broaden the ura­
nium­isotope database to determine whether 
the crustal composite from Site 801 is truly rep­
resentative of subducting oceanic crust. 

It is also interesting that recent in situ analyses  
of sulfur isotopes in tiny olivine­hosted sulfide 
inclusions in OIB lavas from Poly nesia9 have 
revealed isotopic compositions that could have 
been generated on the early Earth by photo­
chemical reactions only before about 2.45 bil­
lion years ago, providing a lower age limit for 
the mantle source of these particular lavas. At 
first sight, these results seem inconsistent with 
those of Andersen et al., but we need to bear 
in mind that both studies encompass only a 
small part of the diverse OIB compositional 
spectrum. Future investigations exploiting 
these emerging geochemical tools will need 

to examine the many other OIB flavours: only 
then may we finally unlock the secrets of crustal 
recycling. ■
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G E N O M I C S 

African dawn 
The African Genome Variation Project presents genotyping and whole-genome 
data from individuals across sub-Saharan Africa, giving insight into population 
history and guiding future genomic studies on the continent. See Article p.327

R A J  R A M E S A R

The story of human origins and diversi­
fication is the story of Africa, and there 
is a growing interest in this story being 

developed and told by Africans. The paper 
on the African Genome Variation Project 
by Gurdasani et al.1, which is published on 
page 327 of this issue, is an excellent example 
of collaborative work by African and non­
African researchers, and a timely addition to 
the trickle of human­genomic data aimed at 
systematically characterizing genetic diversity 
across Africa. The project presents genotype 
data from more than 1,481 individuals from 
18 ethno linguistic groups in sub­Saharan 
Africa (Fig. 1), and whole­genome sequen cing 
from 320 individuals representing 7 ethno­
linguistic groups from 3 geographically dis­
tinct regions — Ethiopia (northeast Africa), 
Uganda (east Africa) and southern Africa. The 
resource is the most comprehensive represen­
tation of African diversity so far. 

Gurdasani and colleagues’ paper uses data 
from 2,864 individuals from 33 African and 
non­African populations to provide a bird’s­
eye view of the dynamicity of the human 
genome and fine­tuned information on areas 
of genomic differentiation and fixation in cer­
tain African populations. It also highlights the 
usefulness of this information for identify­
ing genes related to disease susceptibility and 
resistance. The authors’ selection of popula­
tions representative of the three major African 
ethnolinguistic groups (Niger­Congo, Nilo­
Saharan and Afro­Asiatic) takes into account 
the fact that these groupings represent key 
points — source, nexus and/or destination 
— on the routes of early human migration, 
and thus reflect interesting patterns of genetic 
diversity and selection.  

A noteworthy example among the authors’ 

findings is signatures of significant mixing 
between Eurasian and west African genomes 
suggesting that Eurasians migrated back 
into Africa in the period around 7,500 to 
10,500 years ago, following the original exodus 
of modern humans from Africa that occurred 
tens of thousands of years earlier. The authors 
also detect imprints of Khoe­San populations 
from southern Africa in modern west Afri­
can genomes. Although others have reported 
the presence of genetic ‘tracks’ from Eurasian 
and Khoe­San populations in the genomes of 
modern east and southern Africans2,3, finding 
such traces in west African genomes is interest­
ing because it is probable that this Khoe­San 

admixture represents 
an ancient popula­
tion.  

A possible inter­
pretation of these 
findings is that these 
Eurasian immigrants, 
or indeed the Khoe­
San, brought with 
them a ‘wanderlust’ 
gene that was then 
integrated into other 

African groups and translated into the Bantu 
expansion — the series of migrations, occur­
ring around 3,000–5,000 years ago, that spread 
the Niger­Congo ethnolinguistic group across 
much of sub­Saharan Africa. Large­scale 
whole­genome sequencing across Africa 
will provide many more insights into human  
diversity, evolution, population history and 
disease susceptibility, and emerging work on 
ancient African genomes will further help 
to resolve unattributed genetic diversity in  
African populations. 

Gurdasani et al. also find that the Afro­Asiatic  
and Nilo­Saharan language groups make a 
larger contribution to African differentiation 
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