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Introduction:  Core-mantle differentiation largely 

depleted the silicate portion of planetary bodies in 

siderophile elements. Late accretion in the aftermath of 

the main accretion phase added back siderophile ele-

ments but, may also have influenced some important 

compositional parameters for the evolution of the ter-

restrial planets and minor bodies in the solar system 

(e.g., availability of volatiles like hydrogen, carbon and 

sulfur). Therefore, absolute and relative abundances of 

highly siderophile elements (HSE) and siderophile 

volatile elements (SVE) can be used to constrain the 

nature of late accreted material, but are also important 

to trace metal-silicate and sulfide-silicate fractionation 

processes during core formation and later mantle melt-

ing. 

The HSE record of ancient lunar impactites may 

provide constraints on the composition of material ac-

creted late to the terrestrial planets. However, the 

origin of variably fractionated HSE patterns in differ-

ent lithologies and landing sites is still debated [1-3]. 

Impact rocks from different landing sites display 

broadly linear correlations of 
187

Os/
188

Os (a measure of 

the long-term Re/Os ratio of the samples) and HSE 

ratios which range from chondritic to suprachondritic. 

The compositional range is either interpreted as signa-

tures of distinct ancient impactors [1, 2] or resulting 

from mixing of several ancient impactor compositions 

[3]. In either case, the nature of the putative impactors 

and their formation remains poorly constrained. 

The SVE budget of lunar impactites and crustal 

rocks is currently not well constrained by modern 

methods. Accurate determination of absolute and rela-

tive abundances of SVE such as Te, Se and S may help 

to better constrain the composition of late accreted 

material and its volatile content [4]. In addition, the 

geochemical properties of these elements may also 

yield constraints on lunar differentiation and crust for-

mation processes. 

Analytical methods:  In order to distinguish 

impactor and target contributions we determined HSE, 

Te, Se, and S from the same aliquot of multiple sub-

samples of five impactites following the analytical pro-

cedures of [3] and [4]. Samples were crushed into 

coarse-grained chips and mixed 
185

Re-
190

Os, 
191

Ir-
99

Ru-
194

Pt-
105

Pd, 
77

Se-
125

Te and individual 
34

S spike solu-

tions were added to sample aliquots of 60 to 120 mg. 

After digestion in reverse aqua regia for 16 h at 320°C 

in a high-pressure asher Os was extracted by solvent 

extraction and back extraction into HBr followed by 

microdistillation. Os isotopic ratios were measured by 

negative TIMS. The rest of the HSE and SVE were 

separated by ion exchange chromatography from the 

matrix and analyzed by ICP-MS. Sample solutions 

were aspirated either via a Scott-type spray chamber 

(Re, Ir, Pt, Au, and S), an Aridus desolvation system 

(Ir, Ru, Pt, Rh, and Pd) or hydride generation (Te, Se). 

Results and Discussion:  The samples of this study 

are mafic KREEP-rich impact melt rocks and breccias 

from the Apollo 15 and 16 landing site and a crystal-

line matrix breccia from Apollo 14 (Fig. 1). All sam-

ples display increasingly suprachondritic HSE/Ir ratios 

from refractory to moderately volatile HSE and 
187

Os/
188

Os ratios, in the range of Apollo 15 and 16 

impact melt rocks [3, 5, 6]. In most samples Te, Se and 

S are depleted relative to the HSE and abundances 

overlap with the highest concentrations of these ele-

ments obtained on HSE-poor lunar crustal rocks (Fig. 

1). Sample 61015 displays the highest SVE concentra-

tions and yields average Se/Te of 8.0 ± 1.4 and S/Se of 

2560 ± 540 overlapping with the range in carbona-

ceous chondrites (Se/Te = 6.6 to 8.5, S/Se = 2600 to 

2750). In contrast, Se/Te ratios in other samples are 

chondritic to suprachondritic (11-72), whereas S/Se 

ratios are always suprachondritic (3760-6880). Sample 

15405 displays lower absolute HSE but similar abso-

lute and relative abundance of Te, Se and S as the other 

samples (Fig. 1). 
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Fig. 1. HSE and SVE abundances of lunar impactites 

determined by ID-ICP-MS. All values are weighted 

averages of 5 rock aliquots of each sample. Range of 

HSE-poor lunar crustal rocks from ID-ICP-MS data [7] 

and RNAA data e.g., [8, 9]. 
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These observations in general support the mixing 

model proposed by [3] in which the HSE record of 

lunar impactites is controlled by variable mixing of 

chondrite-like impactor components with a differenti-

ated metal component (presumably poor in SVE). 

Modeling of HSE partitioning suggests that the compo-

sition of the differentiated impactor material requires 

derivation from light element-rich planetesimal or em-

bryo core material with a P/S ratio higher than in most 

magmatic iron meteorites [6]. 

Since the HSE record of all studied samples is 

dominated by the differentiated metal component the 

composition of the unfractionated impactor compo-

nents is more difficult to access. The observed range in 

Se/Te and S/Se ratios require a mixture of different 

components and/or processes that fractionate these 

elements.  

Sample 61015 is the subophitic portion of a dimict 

breccia sample which was interpreted as impact melt 

injected into the floor of an unknown crater. Its high 

SVE content made it relatively insensitive to target 

contributions and its intrusive nature most likely pre-

vented large scale outgassing during cooling. Fraction-

ated HSE in combination with SVE ratios and SVE/Ir 

ratios in the range of CI chondrites (Fig. 1) strongly 

suggest that it represents a mixture between a volatile-

rich primitive impactor component (similar to CI-

chondrite) and a differentiated impactor component 

(see discussion in [3] and [6]). 

SVE abundances and Se/Te ratios determined in 

samples 14305 and 15405 (Se/Te of 19 and 24, respec-

tively) can be explained by addition of roughly 1 wt. % 

of ordinary chondrite-like material. However, sulfur 

abundances and S/Se ratios are not well explained in 

this case. Observed Se/Te (62 and 72) and S/Se ratios 

in samples 15445 and 62235 exceed the ranges ob-

served in non-carbonaceous chondrites and also cannot 

be explained as a mixture of them. Recent studies of 

components in highly unequilibrated ordinary and 

enstatite chondrites reveal that some slightly and non-

magnetic fractions are similarly fractionated in Se/Te 

ratios when compared to their respective bulk composi-

tions [10]. However, primitive compositions dominated 

by the latter components would be chondritic to 

subchondritic in their S/Se, in contrast to strongly 

suprachondritic ratios observed in the impactites. 

Previous RNAA work indicates that more or less 

pristine lunar crustal rocks from the ferroan anorthosite 

and magnesium suite usually display very low concen-

trations and subchondritic Se/Te, whereas some mag-

nesium suite samples, high-Al basalts and KREEP bas-

alts generally yield suprachondritic Se/Te [8, 11]. We 

note that mafic and KREEP-rich lunar impactites with 

suprachondritic HSE patterns also display 

suprachondritic Se/Te e.g., [8, 9]. Recent chronological 

work e.g., [12, 13] suggests that the Moon became 

chemically heterogeneous at an early stage in that mare 

and KREEP magmatism started soon after lunar for-

mation. It appears that mafic highland lithologies older 

than 3.9 Ga contributed significant to the S-Se-Te 

budget of the impactites. This interpretation is con-

sistent with the general magnesian composition and 

variable KREEP component of many impactites. Based 

on available data we argue that in some cases the sig-

nificant contribution of highland rocks with fractionat-

ed S-Se-Te might camouflage primitive impactor com-

ponents in mafic impactites. Thus, suprachondritic 

Se/Te ratios as observed in mafic KREEP-rich lunar 

impactites may be inherited from ancient mafic rocks 

which either require magmatic fractionation of Te from 

Se (e.g., by residual mantle sulfide or sulfide segrega-

tion) or widespread volatility-controlled losses of Te 

during lunar differentiation. 

Summary:  Whereas the HSE record of many stud-

ied samples is dominated by broadly chondritic or the 

differentiated impactor component, the observed range 

in Se/Te and S/Se ratios require a mixture of different 

meteoritic components and/or planetary processes that 

fractionated these elements. Se/Te ratios of three sam-

ples fall in the range of chondritic meteorites and are 

consistent with accretion of differentiated core metal 

along with chondrite-like material, including volatile- 

rich carbonaceous chondrite-like material. Se/Te ratios 

of two samples are strongly suprachondritic, suggesting 

that ratios in these samples were fractionated due to 

fractionation processes in the lunar crust or mantle. 
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