
be explained by the indirect aerosol cloud effect. The use of a parcel
model to determine the cloud droplet number concentration
enables us to separate the effects of the cloud LWP and cloud
droplet number concentration on the cloud optical depth. An
examination of the TOA shortwave flux from the radiative transfer
model applied to the two sites does not directly confirm the indirect
effect, because the observed surface albedos at the NSA site for our
cases (0.6 ^ 0.28) are significantly larger than those from the SGP
site (0.2 ^ 0.02). However, the model can be used to estimate the
outgoing flux difference if the clouds from the NSA site had the
same average surface albedo and average zenith angle as those from
the SGP site (see Fig. 3). This analysis indicates that these sites
provide important evidence corroborating the effect of aerosols on
cloud optical properties and on shortwave fluxes at both the surface
and the TOA. Moreover, the analysis indicates that a parameteriza-
tion of the effects of aerosols on clouds on the basis of an adiabatic
parcel model and average aerosol size distributions such as those
used in current general circulation models18,22,23 provides a good
estimate of cloud optical properties determined over a broad range
of aerosol concentrations. A
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Osmium isotope ratios provide important constraints on the
sources of ocean-island basalts, but two very different models
have been put forward to explain such data. One model interprets
187Os-enrichments in terms of a component of recycled oceanic
crust within the source material1,2. The other model infers that
interaction of the mantle with the Earth’s outer core produces the
isotope anomalies and, as a result of coupled 186Os–187Os
anomalies, put time constraints on inner-core formation3–5.
Like osmium, tungsten is a siderophile (‘iron-loving’) element
that preferentially partitioned into the Earth’s core during core
formation but is also ‘incompatible’ during mantle melting (it
preferentially enters the melt phase), which makes it further
depleted in the mantle. Tungsten should therefore be a sensitive
tracer of core contributions in the source of mantle melts. Here
we present high-precision tungsten isotope data from the same
set of Hawaiian rocks used to establish the previously interpreted
186Os–187Os anomalies and on selected South African rocks,
which have also been proposed to contain a core contribution6.
None of the samples that we have analysed have a negative
tungsten isotope value, as predicted from the core-contribution
model. This rules out a simple core–mantle mixing scenario and
suggests that the radiogenic osmium in ocean-island basalts can
better be explained by the source of such basalts containing a
component of recycled crust.

Many ocean-island basalts are thought to be the surface
expression of mantle plumes that originate from a boundary layer
within the mantle. Ocean-island basalts are geochemically distinct
from mid-ocean-ridge basalts, and the differences are often attrib-
uted to recycled components of crust or ancient melt-depleted
lithosphere7,8. It has been argued that the Re–Os system provides
powerful evidence for recycled components because Re/Os ratios
are high in melts and correspondingly low in residues, which with
time develop increasingly radiogenic and depleted Os-isotope
compositions respectively1,2,9,10. Yet Re–Os is also fractionated by
inner-core crystallization, where Os partitions into the inner core
leaving the outer core with a high Re/Os ratio. Thus, small core
contributions are an alternative explanation for the occurrence of
radiogenic Os in ocean-island basalts11.

In principle, such core contributions can be tested using com-
bined 186Os–187Os isotopes, because Pt–Os fractionates in the same
way as Re–Os during inner-core crystallization and 190Pt decays to
186Os. In view of the long half-lives of 190Pt (T1/2 < 450 Gyr) and
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187Re (T1/2 < 42 Gyr), Pt–Os and Re–Os fractionation would need
to have taken place early in Earth’s history to produce significant
anomalies in the Os isotope system. Coupled 186Os–187Os
anomalies for Hawaiian picrites and Gorgonan komatiites have
been attributed to small core contributions3–5. If correct, this puts
major constraints on the origins of such plumes and core evolution:
(1) providing geochemical evidence for mantle plumes originating
at the core–mantle boundary, and (2) requiring inner-core crystal-
lization start early at 3.5 Gyr ago or earlier5. Independently verifying
the presence of core material in the source of ocean-island basalt
thus has great significance.

A new test for core interaction is now available from W isotopes
and the extinct 182Hf–182W system. Hf and W are both refractory
elements, but because Hf is lithophile it will remain in the silicate
Earth whereas the siderophile W will preferentially partition into
the metallic core. Hence the silicate Earth is highly depleted in W
with respect to C1 chondrite. This can be expressed in terms of the
ratio of W to a refractory lithophile element of similar incompat-
ibility (such as Th; ref. 12); C1 chondrite has W/Th < 3.2, whereas
silicate Earth has W/ThsE between 0.14–0.26, with a best estimate of
0.19 (ref. 12). 182Hf (T1/2 < 9 Myr) was extant at the formation
of the Solar System (t 0) and recent data show that chondritic
W-isotope ratios are two epsilon units (eW, see Fig. 1 for definition)
lower than silicate Earth13–15 (Table 1), which is zero by definition.
This implies that Earth’s core formation occurred ,10–30 Myr after
t 0 depending on whether a continuous or a simple two-stage
differentiation model is assumed13. Regardless of the timing or
style of core formation, mass balance requires the core to have a
eW ¼ 22.1 if bulk Earth is assumed to be chondritic and silicate
Earth W/ThsE ¼ 0.19. This value varies by only ,0.1 eW for
residual silicate Earth W/Th ratios in the range 0.14–0.26. Thus,
the W-isotope budget of the Earth is well established. Critically,
differences in W isotopes are imparted only at the beginning of
Earth history and further differentiation processes do not affect
them. This is not true for the long-lived Pt–Os and Re–Os systems,
as parent–daughter fractionation at any time in Earth history will
yield variable present-day Os isotopic anomalies depending on
time, degree of fractionation and parent half-life. Taken together,
these features make W isotopes particularly powerful as an inde-
pendent test of the core-contribution model.

We present W-isotope ratios for Hawaiian picrites and selected
South African Group I and II kimberlites (Table 1). The Hawaiian
samples are the same picrites for which a core-contribution has been
invoked and so our results can be compared directly with the
published Os isotope data3,4. Kimberlites were analysed as W
isotope anomalies have been reported in these rocks and also
attributed to core interactions6. The Hawaiian samples are tholeiitic
picrites that erupted on the flanks of the Hawaiian volcanoes. In
addition to Os isotopes, these samples have been analysed for a
range of elements and isotope systems16–18. Kimberlite samples were
selected from the major collection at the University of Cape Town to
cover a range of Group I and Group II samples.

All measured eW values are within analytical error of our
measurements of NIST SRM3163, the standard widely used as the
silicate Earth reference (Fig. 1). Thus we find no obvious evidence
for a core contribution in either the picrites or kimberlites.

We now explore two mixing models to investigate whether Os
isotopic ratios might have been influenced by core addition with no
significant effect on the W isotope ratios (Fig. 2). The 186Os/188Os
ratio for the outer core is taken to be 0.119870 (ref. 3), and the key
controlling factors in these models are then the terrestrial inven-
tories of W and Os and their distribution between the outer and
inner core, mantle and continental crust. The bulk Earth non-
volatile element abundances are assumed to be 1.85 times C1
chondrite in both models19, and it should be noted that lower
estimates would straighten the mixing hyperbolae and so increase

Figure 1 eW values for Group I and Group II kimberlites and Hawaiian picrites. eW was

calculated using the average for the NIST SRM3163 standard solution for each analytical

session: eW ¼ ([182W/184W]spl/[182W/184W]SRM3163–1) £ 10,000. To ensure that

anomalies were not introduced by our chemical procedure, the NIST SRM3163 was

prepared using our standard chemical separation procedure and treated as an unknown.

The average eW ¼ 20.08 ^ 0.10 (2j, n ¼ 6) for the chemically treated SRM3163 is

plotted with dashed lines and the reproducibility is regarded as the minimum error for

unknowns. In the case of the kimberlite data, the internal precision supersedes the

reproducibility of the chemically treated SRM3163 and errors are therefore increased to

^0.1 eW. Although the chemically treated SRM3163 is overlapping with the untreated

standard SRM3163 solution, there is a systematic shift towards lower eW values.

Table 1 W isotope data for samples and NIST SRM3163 standard solution

Sample Session e 182W ^2j e 183W ^2j
.............................................................................................................................................................................

Kimberlites
KK-6 kimberlite Gp I 2 20.09 0.10 20.06 0.08
K119/1 kimberlite Gp I 3 20.05 0.10 20.04 0.06
K119/2 kimberlite Gp I 3 20.07 0.10 20.03 0.04
NE-K6 kimberlite Gp II 3 20.15 0.10 0.03 0.06

Hawaiian picrites
LO-02-02 4 20.16 0.21 20.04 0.15
LO-02-02 repl 1 4 0.05 0.66 20.16 0.36
LO-02-02 repl 2 4 0.05 0.37 0.06 0.26
LO-02-02 weighted average 20.10 0.17 20.03 0.12
LO-02-04 2 20.14 0.21 0.07 0.17
H-11 1 20.10 0.19 0.15 0.19
H-11 repl 1 1 20.14 0.20 0.09 0.19
H-11 repl 2 1 20.01 0.23 0.09 0.14
H-11 repl 3 2 20.02 0.37 20.08 0.27
H-11 weighted average 20.08 0.11 0.08 0.09
CJH-02-05 1 0.01 0.35 0.05 0.19
CJH-02-05 repl 1 1 0.11 0.26 0.07 0.18
CJH-02-05 repl 2 1 20.18 0.24 20.10 0.19
CJH-02-05 weighted average 20.04 0.16 0.01 0.10

Allende whole rock 5 21.90 0.29 0.09 0.20
Replicate 5 21.90 0.23 0.26 0.26

Coahuila IIAB iron 5 23.49 0.10 20.04 0.06

SRM after chemistry
SRM 01 1 20.20 0.18 20.01 0.13
SRM 02 1 0.09 0.18 20.01 0.14
SRM 03 4 20.08 0.15 20.09 0.09
SRM 05 4 20.14 0.17 0.10 0.13
SRM 07 4 0.04 0.19 20.08 0.13
SRM 08 4 20.11 0.10 0.00 0.07
SRM weighted average 20.08 0.10 20.02 0.07

.............................................................................................................................................................................

SRM standard solution 182W/184W ^2j 183W/184W ^2j

.............................................................................................................................................................................

n ¼ 11 1 0.864880 (3) 0.467115 (2)
n ¼ 13 2 0.864812 (4) 0.467109 (4)
n ¼ 12 3 0.864804 (6) 0.467122 (2)
n ¼ 17 4 0.864775 (6) 0.467126 (1)
n ¼ 11 5 0.864790 (7) 0.467137 (2)

.............................................................................................................................................................................

eW data for South African Group I and Group II kimberlites and Hawaiian lavas relative to the
weighted average for the untreated stock NIST SRM3163 standard solution for each analytical
session. Amplifier gain calibration was made before all sessions except the first. Absolute
182W/184W and 183W/184W for NIST SRM3163 for each session are given at the bottom of the
table and with 2j errors for the last significant digit in brackets.
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the expected effect on eW from core contribution (Fig. 2). W is
siderophile during core formation and incompatible during mantle
melting. Thus, the depleted mantle has low Wabundances as a result
of both of these processes. The W content of the core is calculated to
500 p.p.b. by mass balance using W/ThsE ¼ 0.19 and the reservoir
masses of ref. 20. The concentration of W in the outer core, [W]oc, is
controlled by the amount of inner-core crystallization and parti-
tioning between liquid and solid metal. We adopted the equations
by Liu and Fleet21 and assume 2 wt% sulphur in the bulk core and
5.5 wt% inner-core crystallization yields [W]oc ¼ 490 p.p.b.
Increasing sulphur in the core will decrease the amount of W in
the outer core. In the first model, the mantle has a W/Th ratio of
0.19 and [W]m ¼ 8 p.p.b., reflecting extraction of the continental
crust from the whole mantle that has subsequently been homogen-
ized by convection22. Enrichment of W in the continental crust is
estimated by comparison with Th, assuming [Th]cc ¼ 5,600 p.p.b.
and a W/Thcc ¼ 0.20, which yields 1,100 p.p.b. W (refs 12, 23).
Brandon et al.5 explore four different crystallization models for the
inner core and we adopt the average [Os]oc ¼ 300 p.p.b. of their
models three and four. The mantle end-member is assumed to have
a 186Os/188Os ¼ 0.1198345 (ref. 3) and [Os] ¼ 3.1 p.p.b. (ref. 9).
The resulting mixing curve predicts eW < 20.55 for H-11, the
most radiogenic Hawaiian picrite, if its elevated 186Os is a result of
the addition of core material. The weighted average eW for H-11 is
clearly resolved from this mixing curve and there is therefore no
support for core-derived Os using these first model parameters
(Fig. 2).

As stated above, the core W isotope composition is fixed by mass
balance and will not change through time. Although 186Os/188Os in
the outer core and [Os]oc depend on the timing and extent of inner-
core crystallization5, we have assumed that 186Os/188Os in the outer
core is 0.119870, following ref. 5. If we then wish to force a core-
mantle mixing model through H-11, one way is to adopt model 1
of ref. 5, where inner-core crystallization was nearly complete by
4.3 Gyr ago. Early inner-core crystallization models allow a lower

Pt/Os of the outer core and require a lower Os partition coefficient
in the inner core, which implies a possible higher [Os]oc ¼ 660
p.p.b.: this higher [Os]oc will increase the mixing curvature. How-
ever, fast inner-core crystallization alone does not explain the data
and a number of additional assumptions have to be made. (1) The
minimum silicate Earth W-depletion to the core has to be such that
Th/W ¼ 0.26 and the W-extraction to the continental crust must all
come from just the upper mantle, leaving the lower mantle with
[W]lm ¼ 19 p.p.b.; (2) the core would need to contain 10 wt%
sulphur, the maximum likely value; and (3) the bulk Earth com-
position must not have lower element abundances than our current
estimate of 1.85 times C1 chondrite. Taken together these three
conditions are needed to give a minimum [W]oc ¼ 440 p.p.b.. The
resultant mixing curve (Fig. 2) is therefore tightly constrained to
require fast inner-core crystallization, minimum W-depletion in
silicate Earth and isolation of the lower mantle. Such an extreme
model seems implausible and even so does not overlap the 2j error
of H-11.

The lack of negative eW anomalies in kimberlites (Fig. 1) is at
odds with previous data6, where the most extreme anomalies are as
low as some iron meteorites24. If correct, this would require the core
to be considerably less radiogenic than the current estimate, and to
balance the silicate Earth13–15, a hidden highly radiogenic silicate
reservoir. Our data require no core contribution in kimberlites, nor
any additional hidden reservoir, but are nevertheless compatible
with growing evidence for a strong subduction component in both
whole-rock kimberlites and diamond inclusions25,26.

If the core-contribution model is discarded, other means of
obtaining the observed Os-anomalies has to be sought. The Os-data
constrains any recycled component because few crustal sources
have high enough Pt/Os ratios to develop suitable 186Os enrich-
ment. Mn-nodules have [Mn] < 25%, high 190Pt/188Os < 0.2–0.5
(ref. 27), low Re/Os < 0.1–0.5 but high [Os] < 1–3 p.p.b. and
187Os/188Os < 0.5–1 (ref. 28). Using these values, #2–4% contami-
nation from Mn-crusts to the peridotite source reproduces the Os
isotope trends for Hawaii and Gorgona but predict no W-anomalies
(Fig. 2). This model predicts a 5–9 times Mn-increase in the mantle
source, and that Fe/Mn would decrease. Further detailed analyses
are required to explore any correlations between Os-anomalies and
Fe/Mn in the lavas, but major element compositions of erupted
magmas are significantly influenced by conditions of melting, and
modest variations in Mn and Fe of the source are not necessarily
clearly evident in the composition of erupted melts. Brandon et al.5

argued that the intersection point for the combined 186Os–187Os-
trends from Gorgona, Hawaii and Siberia29 may be interpreted as a
single ubiquitous end-member, but we note that the range of Os
compositions observed in Mn-nodules quite readily fit the uncer-
tainty of the common intersection point reported5 and this con-
straint may therefore not be a major problem for a recycling
model. Moreover a recycled origin of 187Os has been implicated in
Hawaiian lavas using a combined study with d18O and it was
suggested that heterogeneities on the length scale of only a few
kilometres are preserved in the subducted slab30. If recycled
Mn-crusts are confirmed to explain the 186Os–187Os data, further
constraints for the length scales of preservation of subducted crust
are obtained because Mn-crusts make up a volumetrically small
component that veneers the surface of the subducted package. A

Methods
Hawaiian samples were prepared from fresh interiors of newly split hand specimens and
care was taken to avoid any tools containing tungsten. Kimberlite powders were prepared
from macrocryst-free matrix rocks and using tungsten-free equipment at the University of
Cape Town. Samples were dissolved with equal amounts of concentrated HF and HNO3 at
120 8C for 48–72 h in Savillex vials, except for chondrites that were dissolved at 180 8C with
added HClO4. Vials were pre-cleaned several times in HF and HNO3 at 200 8C to leach out
W (compare with ref. 14). Samples were dried down to dryness and treated with HClO4 to
break down fluorides. The sample was then dissolved in HCl and diluted to 1 M with
added H2O2 or HF to complex W before being centrifuged and loaded on a pre-cleaned

Figure 2 eW–186Os/188Os mixing models for two core-contribution scenarios and for

Mn-crust contamination of the Hawaiian plume source. (Os data from ref. 3.) Tick marks

for the two core-contribution models represent 0.1 wt% core addition increments,

whereas the tick marks for the Mn-crust model represent 1 wt% increments. Hawaiian

picrites are plotted with 2j error bars and were adjusted to the chemically treated

SRM3163 by increasing their eW by 0.08 units to represent their relative composition

more accurately. Even when errors are accounted for, the Hawaiian data are resolved from

our preferred core-contribution model, although there is overlap for some of the data

using more extreme parameters selected to maximize the chance of fitting. An alternative

to the extreme core-contribution model is given by relatively small additions of Mn-crusts

to the plume source. This model predicts no eW and readily fits the constraints from

coupled 186Os–187Os trends in Hawaiian1,2 and Gorgonan3 lavas. Details of the mixing

parameters are discussed in the text.
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Biorad AG-1 X8 100–200 mesh column of 2–4 ml, depending on sample size. Matrix

elements were removed using ten column volumes (c.v.) of the loading acid and then

conditioned with 0.5 c.v. HNO3 þ 0.5 M HF. W was eluted with 7 c.v. 4 M HNO3 þ 0.5 M

HF and dried to dryness. Some samples were treated with equal parts H2O2 and 7 M HNO3

to break down possible organic compounds. We note that several other protocols (for

example, eluting in 8 M HCl þ 1 M HF) gave poor yields and in some cases, caused

artificial anomalies. Samples were analysed in static mode on either of the two Finnigan

Neptune plasma ionization multi-collector mass spectrometers (PIMMS) at the

University of Bristol. The samples were aspirated through either a Cetac Aridus

desolvating nebulizer or an Apex HF nebulizer. The data were corrected for mass bias using
186W/183W ¼ 1.98594 and screened using the corrected 183W/184W for NIST SRM3163.

Total analytical blank was 200–300 pg except for the Allende chondrites where a different

batch of HF gave a considerably higher blank at 940 pg. The blank contribution was

insignificant to all samples (.25 ng W) except the Allende chondrite (,60 ng). Three

samples that deviated significantly from SRM3163 in its 183W/184W were rejected. All

samples are reported in Table 1 relative to stock SRM3163 using the epsilon notation for

both 182W/184W and 183W/184W, and where SRM3163 e 182W and e 183W are both zero by

definition.
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Comparative embryology is integral to uncovering the pattern
and process of metazoan phylogeny1, but it relies on the assump-
tion that life histories of living taxa are representative of their
antecedents. Fossil embryos provide a crucial test of this assump-
tion and, potentially, insight into the evolution of development,
but because discoveries so far2–5 lack phylogenetic constraint,
their significance is moot. Here we describe a collection of
embryos from the Middle and Late Cambrian period (500 million
years ago) of Hunan, south China, that preserves stages of
development from cleavage to the pre-hatching embryo of a
direct-developing animal comparable to living Scalidophora
(phyla Priapulida, Kinorhyncha, Loricifera). The latest-
stage embryos show affinity to the Lower Cambrian embryo
Markuelia3, whose life-history strategy contrasts both with the
primitive condition inferred for metazoan phyla and with many
proposed hypotheses of affinity3,6, all of which prescribe indirect
development. Phylogenetic tests based on these embryological
data suggest a stem Scalidophora affinity. These discoveries
corroborate, rather than contradict, the predictions of compara-
tive embryology, providing direct historical support for the view
that the life-history strategies of living taxa are representative of
their stem lineages.

All of the embryos are preserved in calcium phosphate with
varying degrees of fidelity, from extremes in which structures of
less than 0.3 mm are preserved, to others in which it is possible to
make out only the general outline of the embryos; most specimens
show a microspheritic surface texture indicative of bacterially
mediated soft-tissue replacement7.

The embryos vary in size and in the developmental stages
represented. The smallest (diameter 236 mm) and earliest (Fig. 1a,
b) stage is a cleavage embryo preserving the surface boundaries
between blastomeres. Although not complete, dividing the surface
area of the embryos by the average cell area suggests 485 cells. The
remaining collection of embryos (for example, Fig. 1c–f) range in
diameter from 370 to 411 mm. Three further specimens (for ex-
ample, Fig. 1c) are later developmental stages but do not fully
occupy the volume of the embryo, and much of the surface area
preserves undifferentiated tissue, probably yolk.
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