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Introduction:  Elevated abundances of highly si-

derophile elements (HSE) in the Earth’s mantle are 
commonly explained by the addition of a late chondrit-
ic veneer after cessation of core formation [1]. The late 
veneer is an important constituent of heterogeneous 
accretion models, in which the accretion of reduced, 
volatile-poor material was followed by the addition of 
increasingly volatile-rich material [2-4]. Recent dy-
namical models of terrestrial planet formation are con-
sistent with such a change in the composition of the 
accreted material. These models predict that volatile-
rich material from outside 2.5 AU was delivered to the 
Earth towards the end of accretion [e.g. 5]. Thus, the 
late veneer may also be the source of Earth's water and 
volatiles [e.g. 6]. However, although relative HSE 
abundances and Os isotope compositions of samples 
derived from the Earth's mantle are similar to those of 
chondrites [e.g. 7-10], the source and type of the late 
accreted material has proven difficult to identify.  

Dauphas et al. [11] demonstrated that nucleosyn-
thetic Mo and Ru isotope anomalies in meteorites are 
correlated exactly as predicted from s-process nucleo-
synthetic theory. This cosmic Mo-Ru isotope correla-
tion passes through the compostion of the silicate 
Earth, implying that the bulk of the Earth and the late 
veneer originated from the same type of material. This 
seems difficult to reconcile with the idea that the late 
veneer comprised volatile-rich bodies originating from 
the outer solar system. However, the cosmic Mo-Ru 
correlation as identified by Dauphas et al. is mainly 
defined by iron meteorites. Although iron meteorites 
may have been a constituent of the late veneer, they 
probably were not the dominant material comprising 
the late accreted matter.  

Here we present new high precision Ru isotopic da-
ta for a variety of chondrites (including CV, CM, CR, 
CB and ordinary chondrites) and iron meteorites, 
which were already analyzed for Mo isotopic composi-
tions [12]. The combined Mo-Ru data are used to as-
sess the significance of the cosmic Mo-Ru correlation 
for constraining the composition and origin of the late 
veneer, and to evaluate as to whether any combination 
of known meteorites can be the source of the late ac-
creted material.  

Analytical techniques: Homogenized powders of 
chondrite samples (~0.5 g) were digested in inverse 
aqua regia inside Carius tubes at 230°C. Iron meteor-
ites (0.05–0.5 g) were digested in reverse aqua regia in 

Savillex beakers on a hot plate. After dissolution, Os 
was extracted from the aqua regia into CCl4 [13] and 
Ru was then separated from the sample matrix by cati-
on exchange chromatography [14] and further purified 
by mirco-distillation [15]. 

Ruthenium isotopes were measured on a Thermo-
Scientific Neptune Plus MC-ICPMS at the University 
of Münster. Purified Ru was aspirated using a PFA 
nebulizer attached to either an ESI Apex-Q or a Cetac 
Aridus II desolvating system. Ruthenium isotope 
measurements were typically performed with total ion 
beam intensities of ~2-3 × 10-10 A, which was obtained 
for a 100 ppb Ru standard solution. Isobaric interfer-
ences of Mo and Pd on Ru masses 96, 98, 100, 102 and 
104 were corrected by monitoring 97Mo and 105Pd. 
Measured Ru isotope ratios were normalized to 
99Ru/101Ru using the exponential law and are reported 
in εiRu units representing the deviation in parts per 104 
from the terrestrial Ru isotope composition. 

Results: The new Ru isotope data for meteorites 
are displayed in Fig. 1. All investigated samples exhib-
it well resolved negative ε100Ru anomalies, which are 
also well correlated with negative ε102Ru anomalies. 
The latter are a factor of ~2 smaller than the ε100Ru 
anomalies but still are resolved for most samples ex-
cept for ordinary chondrites, and IIIAB and IVA iron 
meteorites, which also display the smallest albeit well 
resolved ε100Ru anomalies. The carbonaceous chon-
drites Murchison and Allende exhibit the largest Ru 
isotope anomalies with ε100Ru down to ~ -3.5 and 
ε102Ru down to ~ -1.5. 

 

 
Fig. 1: ε100Ru vs. ε102Ru for chondrites and iron meteorites. 
The data plot along a mixing line between a presumed s-
process component and terrestrial Ru.  
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Discussion:  Ru-Mo isotope systematics:  Fig. 1 il-
lustrates that the ε100Ru and ε102Ru values of chondrites 
and iron meteorites plot along a mixing line between a 
presumed s-process component and terrestrial Ru as 
calculated using the stellar model of s-process nucleo-
synthesis [16]. Thus, the correlated ε100Ru and ε102Ru 
anomalies in meteorites are consistent with a variable 
distribution of s-process Ru in these samples and indi-
cate that all meteorites (with the possible exception of 
the IAB irons) are characterized by a defict in s-
process Ru. This is in line with previously reported Mo 
and Ru isotope signatures of meteorites, which also are 
characterized by deficits in s-process isotopes 
[11,12,17]. 

Fig. 2 shows that all meteorites analyzed so far ex-
hibit well correlated ε92Mo and ε100Ru anomalies. 
Again these anomalies are consistent with a heteroge-
neous distribution of s-process isotopes among the 
meteorites. The cosmic Mo-Ru correlation first ob-
served by Dauphas et al. for iron meteorites thus ex-
tends to chondrites.  

 
Fig. 2: ε92Mo vs. ε100Ru for chondrites and iron meteorites. 
Linear regression of the data yields a slope of -0.49±0.09 
(solid black line), indistinguishable from that calculated for 
s-process abundances of Mo and Ru [16] (dashed black line).  

Implications for the late veneer:  The new Ru iso-
tope data provide important constraints on the origin of 
the late veneer and the accretion history of the Earth. 
Since all meteorites investigated so far (except for the 
IAB irons) exhibit nucleosynthetic Ru isotope anoma-
lies, this material cannot be the source of the late ve-
neer. It is important to emphasize that all meteorites  
are characterized by an s-deficit relative to the terres-
trial composition, and so no combination of known 
meteorites can yield the terrestrial Ru isotope composi-
tion (except for IAB irons, which, however, are not 
considered a likely source of the late veneer). Conse-
quently, the late veneer was not delivered by bodies 
originating from the asteroid belt, unless the late ac-
creted material comprised a population of asteroidal 
bodies not sampled by meteorites. This seems highly 

unlikely, however. The Ru isotope data are also diffi-
cult to reconcile with models in which the late veneer 
originated from bodies beyond the asteroid belt. Alt-
hough such bodies are not sampled in the meteorite 
collections, it is highly improbable that their isotope 
composition (as defined by their particular mix of dif-
ferent nucleosynthetic components) matches that of the 
Earth, while at the same time all meteorites do not. The 
most straightforward interpretation of the Ru isotope 
systematics is that the late veneer derived from materi-
al in the inner solar system, similar to the material con-
stituting the main building blocks of the Earth. 

This interpretation is supported by the fact that the 
Mo and Ru isotope compositions of the silicate Earth 
plot on the Mo-Ru isotope correlation line defined by 
the meteorites (Fig. 2). Since Mo (a moderately sider-
ophile element) was delivered in the main stages of 
accretion, while Ru (a highly siderophile element) was 
only added during late accretion, this observation indi-
cates that the late veneer derived from the same Mo-Ru 
isotopic reservoir than the main building blocks of the 
Earth. Thus, the late veneer does not seem to derive 
from an exotic source of material from the outer solar 
system, but from the very same material constituting 
the bulk of the Earth. This can most easily be under-
stood if the late veneer is considered the "exponential 
tail" of accretion, constituting the final small fraction 
of accreted material. Thus, late accretion should be 
considered a natural consequence of planetary accre-
tion [18], consistent with conclusions based on HSE 
data for meteorites showing that a late veneer probably 
occurred on almost all differentiated bodies [18,19]. 
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