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Introduction: There is overwhelming evidence for 

varying amounts of late accretion additions of the 
highly siderophile elements (HSE: Re, Os, Ir, Ru, Rh, 
Pt, Pd, Au) after core formation to fully differentiated 
inner Solar System planetary bodies. For Earth, global 
peridotite suites define a terrestrial mantle with chon-
dritic-relative abundances of the HSE (~0.01 × CI 
Chondrite), with long-term Re/Os and Pt/Os within 
~5% and ~30% of chondritic ratios, respectively [1-3]. 
Studies of basaltic mantle-derived volcanic rocks from 
the Moon [4-5], Mars [6, 7], and the howardite-
eucrite-diogenite (HEDPB), angrite (APB), and aubrite 
parent bodies [6, 8-10] suggest derivation from man-
tles with chondritic-relative abundances of the HSE 
and long-term chondritic Re/Os. Estimated mantle 
HSE abundances in all of these bodies are higher than 
expected from core separation [11-13] and inconsistent 
with the low-pressure partition coefficients (>104) typ-
ical of these elements at low pressures and tempera-
tures [14, 15], and indiscriminate of parent body size.  

Elevated and chondrite-relative HSE abundances in 
rocky planetary mantles point to the cessation of core 
formation and continued accretion of broadly chondrit-
ic materials as a key process during the final stages of 
planet formation. The rapidly expanding and high 
quality dataset for the HSE allow means for deriving 
mantle compositions from derivative melts, and for 
considering the fundamental relationships between late 
accretion additions, their timing, and potential correla-
tions of HSE abundances with mantle oxidation state 
and volatile contents. 

Establishing mantle HSE abundances from de-
rivative melts: Bonafide mantle samples from plane-
tary bodies are hard to come by. On Earth, entrained 
mantle xenoliths, abyssal peridotites, peridotite massifs 
and ophiolites allow direct access to upper mantle ma-
terials, albeit these sample sets may not be completely 
unbiased. There is also the possibility that some dioge-
nites represent lower crustal or mantle samples from 
the HEDPB [8]. Because of a lack of definitive mantle 
samples from most fully differentiated bodies, estab-
lishing estimated HSE abundances of mantles occurs 
though derivative melts [16]. One means for estimat-
ing mantle HSE abundances is to utilise the compatible 
behaviour of the HSE and MgO, providing a reasona-
ble estimate of mantle MgO can be established. Using 
these methods, it is possible to estimate mantle HSE 
abundances for Earth, the Moon and Mars at ~0.009 
±0.003, ~0.0002 ±0.0001 and ~0.007 ±0.004 (2σ), 
respectively [5, 17] (Figure 1). 

 
 
Figure 1: Comparison of terrestrial mantle (TM) com-
position established from peridotites versus terrestrial, 
lunar (LM), martian (MM), HED (HEDM), APB 
(APBM) mantle estimates based on HSE-MgO or Inter 
element-HSE (I-HSE) covariation. 
 

An alternative means for establishing mantle HSE 
abundances through derivative melts relies on compar-
ison of concentrations of two HSE of differing com-
patibility [7]. This method relies on the assumption 
that at low degrees of melting incompatible/compatible 
HSE ratios will be high, and as melting degree in-
creases such ratios will decrease, until at high melting 
degrees the ratio will be approximately equal to the 
source. An advantage of this method is that the MgO 
content of the sample does not need to be known, but 
the method - as with the HSE-MgO covariation meth-
od - is not independent of partitioning behaviour, min-
eral fractionation, or to S saturation and crustal con-
tamination of mantle-derived melts. The inter-element 
HSE covariation method has been used to re-define 
lunar mantle HSE abundances using data from [5], and 
has been used to estimate mantle HSE abundances of 
the HEDPB from fourteen eucrites and diogenites, of 
Mars from four martian shergotty-nakhla-chassigny 
meteorites and for the angrite parent body from three 
angrite meteorites [7] (Figure 1). 

While both methods give results that are broadly 
similar, it is notable that the inter-element covariation 
method gives non-chondritic Re/Os and Pd/Os ratios 
for lunar and HEDPB mantle estimates, despite chon-
dritic Re/Os ratios in most samples, as defined by their 
present-day 187Os/188Os. Furthermore, the small num-
ber of samples (n = 1-4) used to estimate APB, martian 
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and Pasamonte and Ibitira parent body mantle compo-
sitions by [7] inevitably indicate the estimates for these 
bodies are subject to large uncertainties. This is exem-
plified by the more comprehensive high-quality HSE 
abundance and Os isotope datasets obtained for dioge-
nites [8] and angrites [9], which show up to five orders 
of magnitude HSE abundance variation, but in broadly 
chondritic-relative proportions. In combination with 
aubrite meteorite data [10], it appears that HSE abun-
dances in the mantles of fully differentiated asteroidal 
bodies can reasonably range from lunar mantle esti-
mates, to values that exceed the terrestrial mantle 
composition. 

Correlations between HSE abundances and 
planetary oxygen fugacity? Using the mantle esti-
mates outlined above, the apparent correlation between 
HSE abundances and fO2 in planetary bodies breaks 
down (Figure 2). It is therefore unclear whether oxida-
tion state in fact exerts a major control on the extent to 
which late-accreted material was mixed into the sili-
cate mantle, rather than removed to the core. 

 

 
Figure 2: Total HSE concentration estimated for par-
ent bodies versus oxidation state (log units relative to 
iron-wüstite buffer). Fields for aubrites, HEDPB and 
APB reflect the conservative range of HSE composi-
tions measured in the meteorites. Colour scheme same 
as for figure 1. fO2 states taken from [7] & [10]. 
 

Implications for the timing and nature of late 
accretion in the Solar System. It has recently been 
shown that the petrology of diogenites is consistent 
with HSE being set within these meteorites during 
crystallization, within ~2-3 Ma of Solar System for-
mation [8]. This result contrasts with angrites or au-
brites, where post-crystallization HSE additions with 
poorly constrained timing could account for the HSE 
abundance variations. These results emphasise the 
importance of linking petrology with HSE abundances 

and Os isotopes in planetary rocks. The timing of post-
core formation accretion to the HEDPB contrasts with 
timing constraints from Mars, within the first 100 Ma 
of Solar System history [18], and with the Moon with-
in the first ~150 Ma as defined by crystallization ages 
of the oldest ferroan anorthosites (c.f. [5]). Constraints 
on post-core formation accretion for Earth are less well 
constrained, but must have been set prior to 4 Ga [17].  

These results suggest that, in some manner, parent 
body size exerts influence on post-core formation late 
accretion. Simplistically, smaller-sized bodies melt, 
differentiate and cool faster than larger-sized bodies, in 
part because of factors such as more limited accretion 
of increasingly massive impactors (e.g., [19]). Thus 
HSE abundances in rocky planets reflect the timing of 
cessation of core formation as well as the degree to 
which planetary mantles are able to convect and ho-
mogenise the HSE. As planetary mantles become more 
convectively sluggish, additions of HSE will lead to 
increasing mantle heterogeneity. 

Relationship between HSE abundances and vol-
atiles. The accretion of materials to planets after their 
initial core-mantle-crust differentiation may play a 
major role in planetary volatile inventories. Some 
models suggest that the amount of volatiles added by 
post-core formation late accretion can represent a 
much larger fraction than indicated by planetary man-
tle HSE abundances alone [20]. It has been suggested 
that late accretion volatile additions peaked 20–70 Ma 
after the formation of the Moon [21]. These lines of 
evidence offer the possibility that later accretion to 
larger planetary bodies was also associated with ‘wet-
ter’ accretion, either through more efficient retention 
of volatiles, or increased volatile contents in more 
massive, late-stage impactors. 
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