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A B S T R A C T   

We present high-precision mass-dependent nickel isotopic data for a comprehensive suite of achondrites and 
lunar rocks, providing key insights into the early planetary differentiation and Earth-Moon system formation. 
The primitive achondrites display high Ni contents and invariant Ni isotopic compositions. Incomplete core- 
mantle differentiation in primitive achondrite parent bodies resulted in the retention of metal in the mantle, 
which dominated the Ni budget and accounted for the bulk chondritic Ni isotopic values. The highly reduced 
differentiated achondrites, aubrites and an ungrouped achondrite (NWA 8409), have variable, and extremely 
light Ni isotopic compositions. Acid leaching experiments demonstrate that the sulfides are a significant host of 
light Ni isotopes in aubrites. The most extreme Ni isotope values of aubrites may be due to large Ni isotope 
fractionation accompanied by silicate-sulfide-metal separation during differentiation of the parent bodies, and 
subsequent global disruptive collision and reassembly with variably high proportions of sulfides enriched in the 
mantle. The howardite-eucrite-diogenite (HED) meteorites show Ni isotopic variations that are positively 
correlated with Ni/Co ratios, a feature that cannot be produced by igneous differentiation. Late accretion of high- 
Ni and high-Ni/Co chondritic materials after core formation of their likely parent body, Vesta, could have 
accounted for this correlation. Thus, the primitive silicate mantle of Vesta may have sub-chondritic Ni isotopic 
compositions, implying possible Ni isotope fractionation during core-mantle differentiation of small planetary 
bodies. The lunar breccia meteorites have homogenously chondritic Ni isotope values, together with their high 
Ni/Co of bulk rock and metals therein, suggesting impact contamination. Lunar basalt meteorites have low Ni/Co 
ratios and are systematically isotopically lighter than the breccias, displaying a positive correlation between Ni 
isotope value and Ni/Co ratio, as that seen in the HEDs. Therefore, the Ni isotopic systematics in lunar rocks also 
indicates the effect of late accretion, with the primitive lunar mantle having sub-chondritic Ni isotope values. 
This implies that the Moon-forming impactor, Theia, was likely an aubrite-like differentiated planetary body 
whose mantle was enriched in light Ni isotopes. We suggest that there was significant Ni isotope fractionation 
between core and mantle during differentiation of early formed small planetary bodies, but this signature can be 
obscured by late accretion in the bulk achondrite records.   

1. Introduction 

Early planetary accretion and differentiation processes recorded in 
meteorites provide complementary information to our understanding of 
the formation and evolution of the large, rocky planets (e.g., Day, 2015). 
Metal-silicate separation during partial melting of planetary bodies 
caused quantitative segregation of siderophile (metal-loving) elements 
into the metal phase, potentially accompanied by mass-dependent 
isotope fractionations (Bourdon et al., 2018; Creech et al., 2017a, 
2017b; Hopp and Kleine, 2021; Wang et al., 2014a). Nickel is the second 

most abundant siderophile element in the Solar System. Mass-dependent 
isotopic compositions of Ni (expressed as δ60/58Ni, the per mil deviation 
of 60Ni/58Ni ratios relative to SRM986 standard) in different types of 
chondrite meteorites fall in a limited range of +0.23 ± 0.11‰ (2SD) 
(Cameron et al., 2009; Chernonozhkin et al., 2016; Gall et al., 2017; 
Gueguen et al., 2013; Klaver et al., 2020; Steele et al., 2011; Wang et al., 
2021). Iron meteorites, which represent Fe-Ni samples from the cores of 
asteroids and planetesimals, have δ60/58Ni values within this ‘chon
dritic’ range (see compiled in Wang et al. 2021), which is predictable 
from a mass-balance perspective because >90% of Ni budget is located 
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in the core during planetary differentiation. The Ni isotopic composition 
of the silicate mantle of planetary bodies is largely depended on the 
degree of Ni segregation and isotope fractionation factors during core- 
mantle differentiation. Experimental and theoretical studies suggest 
that Ni isotopes hardly fractionate under high-pressure and -tempera
ture conditions applicable to core-mantle differentiation in large plan
etary bodies, such as Earth (Lazar et al., 2012; Wang et al., 2021; 
Guignard et al., 2020). For smaller bodies, whether resolvable Ni isotope 
fractionation existed remains unknown. It can be tested by examining 
the Ni isotopic systematics in meteorites that represent predominantly 
silicate materials from asteroids and planets that have partially to fully 
melted. 

Systematic Ni isotopic studies on terrestrial rocks found that the Bulk 
Silicate Earth (BSE) has an average Ni isotope value (+0.10 ± 0.07‰) 
slightly lower than the chondrites (Klaver et al., 2020; Wang et al., 
2021). The Earth’s main accretion stage in the first 30–100 Ma of the 
Solar System brought to about 85–90% of its current volume (e.g., 
Kleine et al., 2009; Mezger et al., 2020). If metal and silicate melts 
equilibrated completely at this high-pressure and -temperature stage, 
there was a limited Ni isotope fractionation between core and mantle of 
the proto-Earth (Lazar et al., 2012; Wang et al., 2021; Guignard et al., 
2020). Wang et al. (2021) proposed that the difference in Ni isotopes 
between the BSE and chondrites was established during Earth’s late- 
accretion stages, probably through the Moon-forming giant impact 
which contributed >20% of the Ni budget of the BSE (Rubie et al., 
2011). That is, the impactor, Theia, may be an important source of light 
Ni isotopes to the Earth’s mantle through a core-merging giant impact 
(Rubie et al., 2011; Zhou et al., 2022). It is thought that Theia was likely 
a differentiated, Mars-sized planetary body whose mantle is enriched in 
light Ni isotopes (Wang et al., 2021). This hints a possibility that early 
planetary melting and chemical differentiation may have produced 
significant Ni isotope fractionations. However, the hypothesis was solely 
built upon the comparative Ni isotopic study of between Earth and 
chondrites. To further test the veracity, Ni isotopic data of lunar rocks 
and achondrites that record different degrees of differentiation on 
distinct planetary bodies in the early Solar System are needed. 

Unfortunately, there is scant information on Ni isotopic variations in 
achondrites and lunar rocks. Chernonozhkin et al. (2016) reported Ni 
isotopic data for the silicate and metal fractions in pallasites and mes
osiderites. The δ60/58Ni values of the silicate fraction in four pallasites 
vary widely from +0.55‰ to +1.22‰, likely resulting from diffusion- 
controlled kinetic isotope fractionation against the metal fraction 
(from − 0.81‰ to +0.45‰) during later cooling stages, rather than a 
pristine record of mantle-core differentiation (Chernonozhkin et al., 
2016). The silicate fractions from two mesosiderites have δ60/58Ni of 
− 0.15‰ and +0.02‰, respectively, whereas the metal fractions in 
mesosiderites have an average δ60/58Ni of +0.18 ± 0.02‰. Recently, 
Zhu et al. (2022) reported an average δ60/58Ni value of +0.26 ± 0.13‰ 
for 22 ureilites. The value is consistent with that of chondrites and that 
of iron meteorites (see compiled by Wang et al., 2021), suggesting that 
high-temperature core-mantle differentiation in the ureilite planetary 
body (UPB) does not significantly fractionate Ni isotopes (Zhu et al., 
2022). However, Ni isotopic data of lunar rocks and other types of 
achondrites are still lacking. 

Here, we apply Ni isotopic analysis to a comprehensive set of 
achondrites, with estimated oxygen fugacity (fO2) from high to low 
(ΔIW = +1 ~ − 6) (e.g., Righter et al., 2016), ranging from angrites, 
brachinites, howardite-eucrite-diogenite (HED) meteorites, ureilites, 
lodranites, to aubrites and an ungrouped achondrite (NWA 8409). We 
also measured Ni isotopic compositions of ten lunar meteorites 
including six feldspathic breccias and four basaltic rocks. These data, 
combined with newly analyzed trace element abundance data of Ni and 
Co, are used to evaluate the Ni isotopic behavior during planetesimal 
differentiation and late accretion, and to place constraints on the nature 
of the Moon-forming impactor. 

2. Samples and analytical methods 

2.1. Sample description 

All studied samples are meteorites. Achondrite samples selected for 
this study include four primitive achondrites (two lodranites and two 
brachinites) and 13 differentiated achondrites (four ureilites, one 
angrite, three diogenites, one howardite, one eucrite, two aubrites, and 
one ungrouped achondrite). Lunar meteorite samples include six high
land feldspathic breccias, two mare basalts and two gabbros. The ma
jority of samples in this study are “finds”. The remaining four observed 
as “falls” include one diogenite (Tatahouine), one howardite (Saricicek) 
and two aubrites (Pena Blanca Spring and Norton County). 

Primitive achondrites are melting residues that have lost partial sil
icate and metallic or sulfide-rich melts to varying degrees (Day, 2015; 
Mittlefehldt et al., 2018; Weisberg et al., 2006). Among the four prim
itive achondrites studied in this work, the lodranites have experienced 
some of the least apparent metal and silicate melt-loss, with evidence for 
silicate melting and high Fe-Ni abundances (Dhaliwal et al., 2017; Keil 
and McCoy, 2018; McCoy et al., 2006). Two lodranites studied here 
(NWA 8118 and NWA 6685) are coarse grained consisting of olivine and 
orthopyroxene in various proportions, with troilite and Fe-Ni metal as 
accessory minerals (Li et al., 2018). The brachinites represent residues of 
moderate degrees (<30%) of partial melting of primitive chondritic 
sources (Day et al., 2012a; Goodrich, 1992; Keil, 2014; Mittlefehldt 
et al., 2003). The two studied brachinites (NWA 12573 and Kumtag 061) 
are mainly composed of olivine and pyroxene, with plagioclase, troilite 
and Fe-Ni metal as accessory minerals. 

Differentiated achondrites sample the silicate portion of differenti
ated planetary bodies, with distinct chemical compositions that are 
fractionated from chondritic materials (e.g., Day, 2015; Mittlefehldt 
et al., 2018). Ureilites exhibit some characteristics of both primitive and 
differentiated achondrites. Because of their silicate mineralogy that re
quires a high-degree melting and igneous origin, we consider them as 
differentiated achondrites in this study following Mittlefehldt (2014) 
and Krott et al. (2014). The four ureilite (NWA 11641, NWA 14282, 
NWA 6056, and NWA 14281) have a cumulate texture composed of 
coarse-grained olivine and pyroxene with minor graphitic carbon, troi
lite and Fe-Ni metal. Angrites are thought to be partial melts of a 
differentiated asteroidal source formed at the dawn of the Solar System 
(e.g., Keil, 2012). The studied angrite meteorite (NWA 12934) show a 
diabasic texture consisting of irregular plagioclase, olivine and pyrox
ene, with minor amount of Fe-Ni metal, troilite and Mg-Fe spinel. HEDs 
are considered to originate from asteroid 4 Vesta, with diogenites rep
resenting lower crustal or mantle materials, eucrites representing upper 
crustal materials, and howardites being polymict breccias composed of 
eucrites and diogenites (Mittlefehldt, 2015). Three diogenites (NWA 
8119, NWA 7831, and Tatahouine) are dominated by orthopyroxene 
with accessory clinopyroxene, olivine, chromite, troilite and metal. 
Tatahouine is unbrecciated displaying a wellpreserved cumulative 
texture whereas other diogenites are fragmental breccias. The eucrite 
(Camel Donga) contains angular grains of pyroxene and calcic plagio
clase as the main silicate phases, and metallic iron up to 2 wt%. The 
howardite (Saricicek) is a breccia consisting of lithic and mineral clasts 
of eucritic composition in a fine-grained matrix of crushed materials. 
Aubrites are highly reduced pyroxenitic achondrites that are thought to 
represent the differentiated products of enstatite chondrite-like parent 
bodies (Keil, 2010). The Pena Blanca Spring aubrite is a fragmental 
breccia consisting of enstatite with sulfide and metal as accessory min
erals. The Norton County aubrite is a fragmental impact breccia con
sisting of coarse and angular enstatite crystal fragments, embedded into 
a clastic matrix, with higher troilite and metal contents (Wilbur et al., 
2022). It has been suggested that the metal in the Norton County aubrite 
represents a fraction of the metallic Fe-Ni that was not completely 
segregated from the silicates during partial melting of an enstatite 
chondrite-like precursor lithology (Casanova et al., 1993). The 
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ungrouped achondrite NWA 8409, consists of calcic plagioclase, diop
side and forsterite with accessory Cr-bearing troilite and kamacite. It has 
petrological and geochemical characteristics that are distinct from those 
of all other known achondrites, and likely represents a crustal rock from 
an extensively differentiated parent body (Barrat et al., 2015; Goodrich 
et al., 2017). 

Five of six lunar breccia meteorites in this study (NWA 11474, NWA 
11266, NWA 11273, Lahmada 020, and DaG 400) are feldspathic 
breccias composed of mineral clasts of anorthite, olivine, pyroxene, 
spinel, troilite and Fe-Ni metal in a finer grained matrix containing small 
vesicles. The other lunar breccia meteorite (NWA 10203) is a polymict 
breccia containing at least four distinct lithologies: unbrecciated olivine 
gabbro, fragmental anorthositic gabbro breccia, fragmental gabbroic 
breccia, and shock melt veins and pools. Fe-Ni metal and troilite are 
observed in the fragmental breccias. Lunar meteorite NWA 4734 is a 
medium- to coarse-grained, subophitic-texture mare basalt consisting of 
pyroxene and plagioclase with minor olivine as well as other accessary 
minerals. Lunar mare basalt NWA 14137 is mainly composed of igneous- 
zoned olivine and pyroxene. Maskelynite makes up approximately 25% 
of the modal mineralogy. Lunar meteorite NWA 8127 is an olivine 
gabbro consisting of small grains of olivine, Ti-bearing chromite and 
ilmenite, poikilitically enclosed in clinopyroxene, with interstitial 
anorthositic plagioclase. Another lunar olivine gabbro (NWA 6950) is 
relatively coarse grained with a cumulate igneous texture. The rock is 
dominated by olivine, low-Ca pyroxene, pigeonite, and subcalcic augite, 
with interstitial very calcic plagioclase. Troilite and metal occur as 
accessory minerals. 

2.2. Methods 

Samples were cut using a diamond wire saw. Following the wire 
sawing, the saw fines were removed from the cut surface with a fine 
sandpaper and air duster. Rock chips of roughly 500–1000 mg were 
further cleaned in MQ water in an ultrasonic bath, after which the 
leaching solutions were discarded and the residues were washed, dried, 
and crushed to fine powders in an agate mortar. We suggest this is a must 
step especially for Ni isotopic analyses because the diamond-coated wire 
has a nickel-plated or stainless steel core that has extremely high Ni 
abundances (Supplementary Fig. S1). If used unproperly or corroded, 
the wire cut could lead to considerable Ni contamination, and unfortu
nately meaningless data. Around 20–200 mg sample powders were 
digested using a mixture of concentrated HF-HNO3 (2:1) followed by 
Aqua regia (HCl:HNO3 = 3:1) in 15 ml Teflon beakers to ensure complete 
dissolution without any visible particles. In addition to bulk-rock 
dissolution, the non-magnetic fractions of two aubrites were subjected 
to acid leaching. The non-magnetic fractions were firstly separated with 
a hand-magnet from fine grained bulk-rock powders, and were then 
placed in 4 ml of cold 3 M HCl for 6 h to separate the sulfide and silicate 
fraction following Luck et al. (2005) and Moynier et al. (2011). We 
acknowledge that this separation procedure is not perfect because (1) 
metals can be attached to the non-magnetic fraction (Torigoye and 
Shima, 1993), (2) the leachate can contain a minor dissolved metal 
fraction, and (3) possible kinetic isotope fractionation during acid 
leaching cannot be excluded. The leachates (presumably sulfide frac
tion) were dissolved in 6 M HCl, and the residues (presumably silicate 
fraction) were decomposed using the same procedure as bulk-rock 
powders. After complete dissolution, samples were dried and 3% 
HNO3 was added in preparation for trace element analyses. 

Trace elements analyses of Ni and Co were conducted using a 
Thermo Element XR inductively coupled plasma-mass spectroscopy 
(ICP-MS) system in medium resolution mode at China University of 
Geosciences, Beijing. Aliquots of samples dissolved in 3% HNO3 were 
diluted by weight with appropriate dilution factors of 5000–20000. Nine 
standard solutions were made from a multi-element ICP standard solu
tion to reach Ni and Co concentrations ranging from 0.51 to 495.78 ng/ 
g, which cover the concentrations of these elements in sample solutions. 

These standard solutions together with the blank were used to establish 
the calibration curve to determine the elemental concentrations of 
samples. A 20 ng/g pure In solution was used as an internal standard to 
correct for potential drift during ICPMS analysis. Solutions of reference 
materials including a carbonaceous chondrite (Allende), four terrestrial 
igneous rocks (BHVO-2, BIR-1, GSR-1, and JG-1) and a manganese 
nodule (Nod-P-1) were used as external standards and analyzed together 
with samples for evaluating the precision and the accuracy of the data. 
The data agree well with literature data within ±5% and are reported in 
Supplementary Fig. S2. We also measured Fe/Ni ratio of our samples, 
and the data of reference materials agree well with literature data 
(Supplementary Fig. S3). 

Nickel was purified at the Isotope Geochemistry Laboratory of the 
China University of Geosciences, Beijing. Based on the measured Ni 
concentration obtained on the Thermo Element XR ICP-MS, aliquots of 
sample solutions containing 800 ng Ni were spiked with a 61Ni–62Ni 
double spike to reach an optimal spike: sample ratio of 60:40. The 
mixtures were refluxed on a hotplate to ensure sample–spike equili
bration before column chemistry. Separation of Ni from matrices was 
achieved using a three-stage, chromatography procedure (Spivak-Birn
dorf et al., 2018; Wang et al., 2019; Wang et al., 2021). Briefly, the first 
column uses anion exchange resin Bio-Rad AG1W-X8 to separate Ni from 
Fe and other matrix elements. The second column applies a mixture of 
15 vol% 10 M HCl and 85 vol% acetic acid using cation exchange resin 
Bio-Rad AG50W-X8 to separate Ni from elements such as Mg, Al, Ca and 
Ti. The last column uses the anion exchange resin Bio-Rad AG1W-X8 to 
further purify Ni by 100% acetic acid to remove Mn and alkali elements. 
The total procedural blank contains <3 ng Ni, which is negligible 
compared to ~800 ng Ni from samples that was processed through the 
column. 

Nickel isotopic data were determined on a Thermo Scientific® 
Neptune Plus multi-collector inductively coupled plasma mass spec
trometer in medium resolution mode with an Aridus II introduction 
system. Four Ni isotopes (62Ni, 61Ni, 60Ni, 58Ni) together with 57Fe were 
measured simultaneously on separate Faraday cups (H2, H1, Axial, L1 
and L3). The measurement of 57Fe was used to correct for a potential 
interference from 58Fe on 58Ni. In blank solution, there are no detectable 
peaks for polyatomic interferences such like 40Ar18O+ and 40Ar17OH+ on 
mass 58. The background Ni signal for 60Ni was <10− 3 V, which is 
negligible compared to the sample signals of ~7–8 V (100 ng/g solu
tion). Samples were bracketed with measurements of a double-spiked 
NIST SRM 986 at a similar concentration. The double-spike equations, 
which assume that sample and reference material lie on the same 
exponential law fractionation line, were then applied to correct for 
isotope fractionation caused by instrument-induced mass bias and 
imperfect column yields. The Ni isotopic ratio is presented in the delta 
(δ) notation as per mil deviation (‰) relative to SRM 986:  

δ60/58Ni = [(60Ni/58Ni)sample/(60Ni/58Ni)SRM 986 – 1] × 1000.                        

The precision and accuracy of the analyses were assessed by repeated 
analysis of two in-house pure Ni solutions (WSJ-1 and WSJ-2), and three 
rock reference materials (Allende, BHVO-2 and BIR-1) that were pro
cessed together with samples. The WSJ-1 and WSJ-2, based on four 
repeat runs in each analytical session, give δ60/58Ni of − 0.541 ±
0.008‰ (2SD) and +0.306 ± 0.048‰ (2SD), respectively, consistent 
with our two-year monitor of the two Ni solutions (-0.533 ± 0.037‰ 
and +0.315 ± 0.049‰). The rock reference materials yield δ60/58Ni 
values of +0.250 ± 0.020‰ (n = 4; 2SD) for Allende, +0.064 ± 0.030‰ 
(n = 4; 2SD) for BHVO-2, and +0.145 ± 0.048‰ (n = 5; 2SD) for BIR-1, 
in agreement with literature data (Beunon et al., 2020; Chernonozhkin 
et al., 2015; Gall et al., 2017; Gueguen et al., 2013; Klaver et al., 2020). 
The long-term precision during the course of this study, based on 
replicated analyses of the reference materials, was better than 0.05‰ 
(2SD) on the 60Ni/58Ni ratio. Each sample solution was measured at least 
three times in different analytical sequences on different days, and the 

S.-J. Wang et al.                                                                                                                                                                                                                                



Geochimica et Cosmochimica Acta 350 (2023) 16–27

19

average value was reported together with 2SD. 
Our previous study on meteorite samples documented that the 

presence of nucleosynthetic Ni isotopic anomalous (in ε notation) leads 
to a slightly biased α-value for double-spike calculation, but does not 
have a large impact on the mass-dependent Ni isotopic results (Render 
et al., 2018). Correction of mass-dependent Ni isotope fractionation for 
non-terrestrial mass-independent isotopic compositions results in un
certainty of ≦0.02‰ (Render et al., 2018), which is small compared to 
the analytical uncertainty and the magnitude of isotope fractionation 
seen in our samples. Cosmogenic effects may have affected calculated 
mass-dependent Ni isotopic compositions of meteorites. Cook et al. 
(2020) presented theoretical modeling and Ni isotopic measurement to 
iron meteorites that span a range of exposure histories and found that 
cosmogenic effects on Ni isotopic ratios are smaller than the current 
analytical resolution of the Ni isotopic measurement. Saunders (2018) 
suggested limited cosmogenic effects on the mass-dependent Ni isotopic 
compositions of lunar samples due to the lack of correlation with the 
exposure ages of the samples. Finally, the presence of 60Fe and its decay 
would lead to excess 60Ni in meteorites which have extremely high Fe/ 
Ni ratios. For example, Tang and Dauphas (2012) found high ε60/58Ni 
(normalized to 61Ni/58Ni) up to 7.09 in meteorites that have anoma
lously high 56Fe/58Ni ratio of 82591, but those with 56Fe/58Ni ratio <
15000 usually have ε60/58Ni < 1.00. Our samples have low 56Fe/58Ni 
ratio < 15000 (Table. 1; Supplementary Fig. S4), leading to the impact 
of decay of 60Fe on 60Ni negligible. Applying our measured 56Fe/58Ni to 
the regression determined by Tang and Dauphas (2012) yields 60Fe 
decay-induced δ60/58Ni variation generally lower than 0.06‰, within 
the analytical uncertainties (Supplementary Fig. S4). 

3. Results 

Nickel isotopic data of lunar meteorites, primitive and differentiated 
achondrites, together with Ni and Co contents, are presented in Table 1. 

Primitive achondrites have δ60/58Ni varying in a limited range 
(Fig. 1). Two lodranites (NWA 8118 and NWA 6685) have δ60/58Ni 
values of +0.237 ± 0.058‰ and +0.081 ± 0.021‰, respectively. Two 
brachinites (Kumtag 061 and NWA 12573) have δ60/58Ni values of 
+0.117 ± 0.031‰ and +0.162 ± 0.070‰, respectively. The primitive 
achondrites have high Ni and Co contents, ranging from 2019 μg/g to 
15,646 μg/g and from 297 μg/g to 996 μg/g, respectively (Table 1; 
Fig. 2), with Ni/Co ratios varying from 6.8 to 20.4, slightly lower than 
the chondritic value (~20) (Campbell and Humayun, 2003; McDonough 
and Sun, 1995; Ringwood and Seifert, 1986). 

By contrast, differentiated achondrites show large magnitude of Ni 
isotopic variations (Fig. 1). Four ureilites have relatively homogeneous 
δ60/58Ni values varying from +0.157 ± 0.029‰ to +0.270 ± 0.030‰, 
with the average of +0.224 ± 0.097‰. The angrite (NWA 12934) has a 
δ60/58Ni value of +0.138 ± 0.027‰. The five HED meteorites show 
larger Ni isotopic variations, with δ60/58Ni value ranging from − 0.522 
± 0.033‰ to +0.107 ± 0.050‰ for diogenites (NWA 8119, NWA 7831, 
and Tatahouine), − 0.049 ± 0.055‰ for a eucrite (Camel Donga), and 
+0.244 ± 0.029‰ for a howardite (Saricicek). Two fragments of Pena 
Blanca Spring aubrite were studied. One was for bulk-rock analyses and 
one was subjected to phase separation. The Pena Blanca Spring aubrite 
has a bulk-δ60/58Ni value of − 0.888 ± 0.039‰. The leachate and residue 
of the non-magnet fraction have δ60/58Ni values of − 1.066 ± 0.025‰ 
and +0.090 ± 0.030‰, respectively. Three different fragments of Nor
ton County aubrite (#2–4) were analyzed for bulk Ni isotopic compo
sitions and one additional fragment (#1) was subject to phase 
separation. The bulk δ60/58Ni values are relatively homogenous ranging 
from +0.055 ± 0.036‰ to +0.156 ± 0.044‰, with the average of 
+0.106 ± 0.101‰. The leachate and residue fractions of Norton County 
aubrite have δ60/58Ni values of − 0.081 ± 0.047‰ and +0.170 ±
0.012‰, respectively (Fig. 1). Two fragments of the highly reduced 
ungrouped achondrite (NWA 8409) have similar δ60/58Ni values of 
− 1.688 ± 0.023‰ and − 1.585 ± 0.045‰, the lowest among all studied 

achondrites. Among the differentiated achondrites, ureilite and angrite 
have relatively high Ni (1373–4276 μg/g) and Co contents (81–394 μg/ 
g), with high Ni/Co ratios ranging from 10.9 to 23.5. Other differenti
ated achondrites have lower Ni content of 13.5–494 μg/g, and Co con
tent of 2.2–130 μg/g. Different fragments of two aubrites have high Ni/ 
Co ratio of 21.4–35.9, while the remaining has Ni/Co ratios in the range 
of 0.8–9.4. 

The six lunar feldspathic breccia meteorites have remarkably ho
mogeneous Ni isotopic compositions, with the average δ60/58Ni of 
+0.292 ± 0.083‰, falling within the chondritic range (Fig. 1). They 
have Ni ranging from 96.2 μg /g to 222 μg/g, and Co ranging from 11.9 
μg/g to 22.0 μg/g (Table 1; Fig. 2), with high Ni/Co of 6.7–12.1. The 
four lunar basalt meteorites yield δ60/58Ni values of +0.023 ± 0.042‰ 
(for NWA 14137), +0.095 ± 0.035‰ (for NWA 4734), +0.168 ±
0.011‰ (for NWA 8127), and +0.228 ± 0.030‰ (for NWA 6950). They 
have Ni of 27.9–182 μg/g and Co of 32.4–79.6 μg/g (Table 1; Fig. 2), 
with lower Ni/Co of 0.9–2.4 compared to the lunar breccias. 

4. Discussion 

Different achondrites provide a record of early planetary melting and 
chemical differentiation on the Solar System bodies (Day, 2015). The 
primitive achondrites were derived from the residual mantles of 
incompletely differentiated planetesimals, and record the local silicate- 
metal-sulfide segregation and migration at the earliest stage of plane
tesimal differentiation (Day et al., 2012a; Dhaliwal et al., 2017; Keil and 
McCoy, 2018; McCoy et al., 2006). The differentiated achondrites are 
more evolved by large degree of melting and crystallization, and 
represent the crust and mantle rocks of differentiated parent bodies. 
They bear information on metal-silicate equilibration during core for
mation, silicate mantle partial melting and late-accretion additions 
(Dale et al., 2012; Day et al., 2012b; Wang et al., 2014b). Below, we first 
evaluate the Ni isotopic variations in primitive and differentiated 
achondrites to explore the heterogeneity of Ni isotopes in the Solar 
System, and then discuss the origin of Ni isotopic variations observed in 
lunar meteorites. 

4.1. Nickel isotopic variations in primitive achondrites 

Primitive achondrites record low (e.g., lodranite, <20%) to moder
ate (brachinites, 10–30%) partial melting of their parent bodies, and 
successive metal-silicate melt segregation or migration (Day, 2015; 
Mittlefehldt et al., 2018; Weisberg et al., 2006). For instance, lodranites 
are thought to be residues that have lost small amount of silicate and Fe- 
Ni-S melts, whereas the brachinites seem to have lost larger fractions of 
these melts (Day et al., 2012a; Dhaliwal et al., 2017; Keil and McCoy, 
2018; McCoy et al., 2006). The highly siderophile elements (HSEs) and 
their isotopic systematics can be fractionated associated with Fe-Ni-S 
melt extraction and redistribution in the partially-melted achondrites 
(Creech et al., 2017a, 2017b; Day et al., 2012a; Dhaliwal et al., 2017; 
Hopp and Kleine, 2021; Horstmann et al., 2014; Rankenburg et al., 
2008; Wang et al., 2014a). The moderate siderophile nature of Ni makes 
isotope fractionation of Ni possible by these processes. 

The direction and magnitude of equilibrium Ni isotope fractionations 
during planetary metal-silicate-sulfide differentiation have been exper
imentally and theoretically examined (Fig. 3). Lazar et al. (2012) pre
sented three-isotope experiments to determine the equilibrium Ni 
isotope fractionation between solid metal and talc [Ni3Si4O10(OH)2] (as 
a representative of silicate). Although talc does not simply represent the 
bulk composition of the planetary silicate melts or mantle, nor did the 
experimental temperature approach 1000 ◦C (from 500 ◦C to 900 ◦C), 
the results predict an equilibrium temperature-fractionation relation
ship of Δ62/58Nimetal-silicate = 0.25(±0.02) × 106/T2, that is <0.02‰ in 
terms of Δ60/58Nimetal-silicate under Earth’s core-formation condition 
(>2500 K). Guignard et al. (2020) ’s experiments on diffusion of Ni from 
a pure nickel wire to silicate melts confirmed the enrichment of heavy Ni 

S.-J. Wang et al.                                                                                                                                                                                                                                



Geochimica et Cosmochimica Acta 350 (2023) 16–27

20

Table 1 
Nickel isotopic compositions, Co and Ni contents, and Fe/Ni of achondrites, lunar meteorites and reference materials.  

Meteorite Classification Type δ60/58Ni (‰) 2sd n Co (ug/g) Ni (ug/g) Ni/Co Fe/Ni 

Lunar rocks 
NWA 11474 Lunar feldspathic breccia find  0.362  0.083 3 22.0 222  10.1 147  

Replicate   0.356  0.002 3      
Ave.   0.359  0.009      

NWA 11266 Lunar feldspathic breccia find  0.309  0.026 3 14.2 97.9  6.9 295 
NWA 10203 Lunar polymict breccia find  0.317  0.001 3 12.6 150  12.0 160  

Replicate   0.298  0.033 3      
Ave.   0.308  0.027      

NWA 11273 Lunar feldspathic breccia find  0.249  0.067 3 17.7 138  7.8 217 
Lahmada 020 Lunar feldspathic breccia find  0.254  0.054 3 14.4 96.2  6.7 282 
DAG 400 Lunar anorthositic breccia find  0.277  0.091 3 11.9 144  12.1 159 
NWA 4734 mare basalt find  0.107  0.057 3 32.4 27.9  0.9 4985  

Replicate   0.082  0.076 3      
Ave.   0.095  0.035      

NWA8127 olivine gabbro find  0.168  0.011 3 79.6 174  2.2 765 
NWA6950 olivine gabbro find  0.228  0.030 3 75.1 182  2.4 689 
NWA14137 Lunar mare basalt find  0.023  0.042 3 34.2 29.5  0.9 4910  

Primitive achondrites 
NWA 8118 Lodranite find  0.237  0.058 3 996 15,646  15.7 12 
NWA 6685 Lodranite find  0.081  0.021 3 390 6337  16.2 22 
Kumtag 061 Brachinite find  0.117  0.031 3 297 2019  6.8 101 
NWA12573 Brachinite find  0.162  0.070 3 495 10,089  20.4 19  

Differentiated achondrites 
NWA 11641 Ureilite find  0.216  0.034 3 394 4276  10.9 33  

Replicate   0.235  0.034 3      
Ave.   0.226  0.026      

NWA 14282 Ureilite find  0.157  0.029 3 81.0 1904  23.5 58 
NWA 6056 Ureilite find  0.270  0.030 3 123 1373  11.1 67 
NWA14281 Ureilite find  0.245  0.050 3 170 1990  11.7 51 
NWA 12934 Angrite find  0.128  0.070 3 228 3689  16.2 45  

Replicate   0.147  0.040 3      
Ave.   0.138  0.027      

NWA 8119 Diogenite find  − 0.522  0.033 4 37.4 29.7  0.8 3683 
NWA 7831 Diogenite find  0.107  0.050 3 130 494  3.8 254 
Tatahouine Diogenite unbrecciated fall  − 0.177  0.012 3 14.3 13.5  0.9 7649  

Replicate   − 0.203  0.042 3      
Ave.   − 0.190  0.036      

Saricicek Howardite fall  0.244  0.029 3 24.2 227  9.4 525 
Camel Donga Eucrite find  − 0.029  0.061 3 5.02 31.4  6.3 4231  

Replicate   − 0.068  0.030 3      
Ave.   − 0.049  0.055      

Pena blanca spring Aubrite fall  − 0.880  0.066 3 2.20 79.0  35.9 237  
Replicate   − 0.910  0.043 3      
Replicate   − 0.874  0.020 3      
Ave.   − 0.888  0.039       
non-magnetic leachate   − 1.066  0.025 4      
non-magnetic residue   0.090  0.030 3     

Norton County Aubrite fall  0.071  0.026 3 11.0 362  32.9 24  
Replicate   0.036  0.021 3      
Replicate   0.060  0.030 3      
Ave.   0.055  0.036       
Duplicate   0.156  0.044 3 7.65 164  21.4 33  
Duplicate   0.106  0.040 3 3.83 90.0  23.5 53  
Non-magnetic leachate   − 0.081  0.047 3      
Non-magnetic residue   0.170  0.012 3     

NWA 8409 Achondrite-ung find  − 1.680  0.056 3 18.8 72.4  3.9 104  
Replicate   − 1.696  0.053 3      
Ave.   − 1.688  0.023       
Duplicate   − 1.585  0.045  14.0 53.4  3.8 159  

Reference materials 
Allende Carbonaceous chondrite   0.250  0.020 4 620 15,069  24.3 13 
BHVO-2 Hawaiian basalt   0.064  0.030 4 41.7 109  2.6 638 
BIR-1 Icelandic basalt   0.145  0.048 5 52.0 174  3.3  
GSR-1 Granite     2.6 1.3  0.5 9895 
JG-1 Granodiorite     3.4 6.2  1.9 2218 
NOD-P-1 Mn Nodule     2201 13,481  6.1 3.6 

Replicate: repeat column chemistry and instrumental analysis from the same sample solution. 
Duplicate: repeat sample dissolution, column chemistry and instrumental analysis. 
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isotopes in the metal fraction with a very small equilibrium Ni isotope 
fractionation of 0.02 ± 0.04‰ at 1623 K. Wang et al. (2021) employed 
first-principle calculations on the Ni isotope fractionation between sili
cate minerals/melts and Fe-Ni-(S) melts at high pressures up to 60 GPa. 
They found that the S-free Ni-Fe alloy is slightly enriched in heavy Ni 
isotopes relative to the silicate (Δ60/58Nimetal-silicate = 0.005‰ at T =
2500 K), whereas the S-rich Ni-Fe alloy is slightly enriched in light 
isotopes (Δ60/58Nimetal-silicate = − 0.01‰ at T = 2500 K). Overall, 
high-temperature equilibrium Ni isotope fractionation between 

Fig. 1. Mass-dependent Ni isotopic compositions of achondrites and lunar meteorites. The solid and dashed bars represent the average Ni isotopic compositions of 
chondrites and Bulk Silicate Earth (BSE), respectively. Those of the leachate (+) and residue (x) from acid leaching of the non-magnetic fraction of aubrites are 
also shown. 

Fig. 2. Nickel isotopic compositions versus the Ni contents for all investigated 
achondrites and lunar meteorites. Literature data of ureilites (small grey dia
mond) are from Zhu et al. (2022). 

Fig. 3. Equilibrium Ni isotope fractionation factor between metal, silicate, and 
sulfide. Ni-Talc (L2012) from Lazer et al. (2012); Ni-silicate (G2020) from 
Guignard et al. (2020); FeNi(S)-silicate from Wang et al., (2021). The Ni isotope 
fractionations between sulfide (millerite and vaesite) and silicate (L2018) are 
calculated from Liu et al., (2018) and Wang et al., (2021). 
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Fe-Ni-(S) melt and silicate melts is small. We apply these isotope frac
tionation factors to a core-forming mass balance model by assuming 
complete metal-silicate segregation and full equilibrium during plane
tary differentiation. 

Nickel is siderophile, and thus is quantitively segregated into the 
metal phase during core formation. The metal/silicate partition coeffi
cient of Ni (DNi

metal-silicate) is strongly correlated to pressure and to oxygen 
fugacity (fO2), increasing over three orders of magnitude with 
decreasing pressure (from 100 GPa to 1 bar) and fO2 (from IW to IW-6) 
(Cartier et al., 2022; Fischer et al., 2015). The fraction of Ni partitioned 
into the silicate mantle of a planetary body is given by: 

f = Mmantle/(Mmantle + D × Mcore)

where M is the mass fraction of mantle or core. The δ60/58Ni value of the 
silicate mantle can then be calculated using the Rayleigh fractionation 
equation: 

δ60/58Nisilicate = δ60/58NiPB +Δ60/58Nimetal− silicate × lnf  

where the Δ60/58Nimetal-silicate is the isotope fractionation factor between 
metal and silicate, and δ60/58NiPB is the Ni isotopic composition of the 
parent body which is assumed to be chondritic (δ60/58Ni = +0.23‰). 

Accordingly, Ni in the planetary core remains chondritic, whereas the 
Ni in a certain planetary mantle can be isotopically either heavier or lighter 
relative to the chondritic Ni isotopic composition. The degree of 
this enrichment or depletion depends on the Δ60/58Nimetal-silicate and 
DNi

metal-silicate, which are combinedly a function of temperature, pressure 
and fO2. Nevertheless, since the Δ60/58Nimetal-silicate at high temperature is 
too small, the modelling shows that metal-silicate segregation induced Ni 
isotopic variation in the planetary mantle is generally limited (Fig. 4). In 
extreme cases where Δ60/58Nimetal-silicate is as large as +0.10‰ corre
sponding to metal-silicate segregation at low temperature of ~1200 K 
(Fig. 3) and DNi

metal-silicate is significantly high (>1000), resolvable isotope 
fractionations between core and mantle can be produced (Fig. 4). 

Because metal-silicate melt segregation did not proceed to comple
tion in the parent bodies of primitive achondrites, the above computa
tion only places the upper and lower bounds of the δ60/58Ni value that 
primitive achondrites can have. The high Ni contents and high Ni/Co of 

studied samples are consistent with high metal abundances observed in 
primitive achondrites, which likely controlled the Ni budget (Day, 
2015). Consequently, the retention of metal in primitive achondrites can 
obscure any possible Ni isotope fractionation produced during metal- 
silicate-sulfide melt segregation processes, and likely explain the 
observed near-chondritic δ60/58Ni values of the bulk primitive 
achondrites. 

4.2. Nickel isotopic variations in differentiated achondrites 

4.2.1. Origin of Ni isotope fractionation in highly reduced achondrites 
The highly reduced aubrites and an ungrouped achondrite (NWA 

8409) are the rocks with the most extreme δ60/58Ni values in differen
tiated achondrites (Fig. 1). The aubrites are generally considered to be 
samples of the sulfur-rich silicate portion of a differentiated enstatite 
chondrite-like parent body (Keil, 2010). The Pena Blanca Spring aubrite 
(with bulk δ60/58Ni = − 0.888 ± 0.039‰; [Ni] = 79 μg/g) is one of the 
least brecciated of all aubrites, containing ~0.48 vol% sulfides plus 
minor metal (Wilbur et al., 2022). The Norton County aubrite is a 
fragmental impact breccia, with higher abundance of Fe-Ni metal 
(~0.85 vol%) and sulfide (~2.3 vol%) (Wilbur et al., 2022). Three 
fragments of Norton County aubrites yield an average δ60/58Ni value of 
+0.106 ± 0.101‰. The ungrouped achondrite (NWA 8409), is paired to 
a more extensively studied NWA 7325 (Archer et al., 2019). These 
meteorites are cumulate olivine gabbros initially thought to be derived 
from the planet Mercury, but now is believed to originate from a highly 
reduced, small parent body unsampled by any other achondrites (Barrat 
et al., 2015; Goodrich et al., 2017; Koefoed et al., 2016; Yang et al., 
2020). Two fragments of the NWA 8409 give an average δ60/58Ni value 
of − 1.637 ± 0.145‰. 

We evaluate the role of core formation in the aubrite parent body 
(AUPB) on the Ni isotopic variations in aubrites. Different types of 
enstatite chondrites (EH3, EH4, EH5, EL4, and EL6) have a homoge
neous δ60/58Ni value of +0.22 ± 0.07‰ (Wang et al., 2021), which we 
assume to be the initial Ni isotopic composition of the AUPB. Core for
mation in the AUPB took place at relatively low temperatures of <1600 
K (Ray et al., 2021; Righter and Drake, 1997), which would permit to 
larger metal-silicate Ni isotope fractionations relative to that on Earth. 
In addition, due to the low differentiation pressure and highly reduced 
environment (down to IW-6), Ni strongly partitioned into the core of 
AUPB with a high DNi

metal/silicate of ~850 (Cartier et al., 2022). All these 
factors would lead to larger Ni isotope fractionation during the core- 
mantle differentiation of AUPB according to the mass balance model 
above. However, the δ60/58Ni values of Pena Blanca Spring aubrite and 
NWA 8409 are too low to be the sole results of metal-silicate segregation 
(Fig. 4). Other processes must have modified the Ni isotopic systematics. 

Igneous differentiation with equilibrium isotope fractionation be
tween silicate minerals and melt is unlikely to explain the abnormally 
low δ60/58Ni values of the aubrites and NWA 8409. Terrestrial perido
tites, komatiites, and oceanic basalts (MgO > 5%) have δ60/58Ni values 
typically varying in a much smaller range (Gall et al., 2017; Klaver et al., 
2020; Saunders et al., 2022; Saunders et al., 2020; Sheng et al., 2022; 
Wang et al., 2021), suggesting that partial melting of the mantle and 
fractional crystallization in ultramafic to mafic rocks do not lead to 
significant Ni isotope fractionations. This is because major mantle sili
cate minerals such as olivine, orthopyroxene, and clinopyroxene have 
similar Ni–O coordination environments with nearly identical Ni–O 
bonding lengths that are comparable to those in the silicate melts (e.g., 
2.106 Å for Ni–O in olivine, 2.085 Å for Ni–O in orthopyroxene, and 
2.070 Å for Ni–O in clinopyroxene; 1.98–2.06 Å for Ni–O in melts) 
(Ganguly and Domeneghetti, 1996; Klaver et al., 2022; Lager and 
Meagher, 1978; White et al., 1971), giving rise to limited Ni isotope 
fractionation during melting and crystallization of these minerals. Only 
the sulfide minerals have a longer Ni-S bonding length (e.g., 2.26 to 
2.39 Å; Liu et al., 2018) than the Ni–O bonding in silicate minerals, and 
thus prefer light Ni isotopes (Fig. 3) (Gueguen et al., 2013; Hofmann 

Fig. 4. Mass balance calculation on the Ni isotopic variation in planetary 
mantle caused by core-mantle differentiation. The mass balance model assumes 
that the mass ratio between planetary core and mantle ranges from 0.82: 0.18 
(dotted) to 0.18: 0.82 (solid), and the isotope fractionation factor 103lnametal- 

silicate in the range of − 0.02‰ to +0.10‰. The gray bar represents the range of 
Ni isotope values of primitive achondrites. The dashed and solid boxes repre
sent the range of HEDs and aubrites (and NWA 8409), respectively. The ranges 
of DNi

metal/silicate for core-mantle differentiation of Vesta parent body and AUPB 
are from Cartier et al. (2022). 
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et al., 2014; Liu et al., 2018; Wang et al., 2021). Experimental and 
theoretical calculations predict that the major components of meteor
ites, silicate, metal, and sulfide, have distinct Ni isotopic compositions at 
equilibration, with the enrichment of heavy Ni isotopes in the order of 
metal > silicate > sulfide (Fig. 3). Terrestrial sulfide-rich komatiites 
have significantly low δ60/58Ni values (down to − 1.04‰) that are 
negatively correlated with the sulfide contents (Gueguen et al., 2013; 
Hofmann et al., 2014). This hints the potentially important role of sul
fides in accounting for the light Ni isotopic signatures in aubrites and 
NWA 8409. 

Sulfides host a significant portion of Ni in aubrites (Wilbur et al., 
2022; Yang et al., 2020). Sequential leaching of the non-magnetic 
fraction of the two aubrites show that the δ60/58Ni values of leachates 
(presumably the sulfide fraction) are − 1.066 ± 0.025‰ for Pena Blanca 
Spring aubrite and − 0.081 ± 0.047‰ for Norton County aubrite, 
whereas those of the residues (presumably the silicate fraction) are 
+0.090 ± 0.030‰ and +0.170 ± 0.012‰, respectively. Although the 
phase-separation protocols above cannot guarantee perfect magnetic 
and non-magnetic separation nor does the sulfide and silicate separa
tion, and additionally kinetic isotope fractionation during acid leaching 
cannot be excluded, the isotopic results of such exercise are consistent 
with natural observation and theoretical prediction that sulfide fraction 
is isotopically much lighter than the silicate fraction (Gueguen et al., 
2013; Hofmann et al., 2014; Liu et al., 2018; Wang et al., 2021). Sig
nificant enrichment of light Ni isotopes in sulfides of the aubrites can be 
achieved via multiple ways. For instance, sulfide-silicate isotopic ex
change during igneous differentiation by analogy to the terrestrial Ni- 
sulfide deposits can produce isotopically light sulfides (Gueguen et al., 
2013; Hofmann et al., 2014). Low-temperature sulfidation of metals or 
silicate by sulfur-rich gas under highly reduced conditions could also be 
responsible for the enrichment of light Ni isotopes in the sulfides. 
Alternatively, chemical diffusion of Ni from the Fe-Ni metal (e.g., 
kamacite) to troilite during cooling can possibly introduce light isotopes 
to the sulfides. Yet, we are unable to discriminate these processes 
without a detail in-situ isotopic study on metal, sulfide and silicate 
fractions. Previous studies of mass-dependent transitional metal isotopes 
also found extreme values in aubrites, further pointing towards the 
sulfide effect. Aubrites have lighter isotopic compositions of Zn (δ66/ 

44Zn) (Moynier et al., 2011) and Fe (δ56/54Fe) (Wang et al., 2014b), and 
heavier isotopic composition of Cr (δ53/52Cr) (Zhu et al., 2021b) 
compared to the chondritic values, consistent with theoretical calcula
tions and sequential leaching experiments showing that the sulfide 
fraction is enriched in lighter Zn and Fe isotopes, and heavier Cr isotopes 
relative to the silicate and metal (Moynier et al., 2011; Moynier et al., 
2017; Wang et al., 2014b; Zhu et al., 2021a). Aubrites have the highest 
sulfur contents (~1 wt%) among all different types of achondrites, 
which may be a consequence of the high sulfur solubility of the silicate 
melts following differentiation of the highly reduced AUPB (Namur 
et al., 2016). Beside troilite, aubrites contain many rare sulfide phases 
(of typical lithophile elements such as Mg, Ca, Mn, Ti) that were formed 
under extremely reducing conditions and are distinctive compared to 
those in other meteorite types (Lin, 2022). While the Ni isotope frac
tionation between these sulfide phases has not been determined yet, the 
complexity of sulfide mineralogy and formation mechanism in aubrites 
would likely lead to highly Ni isotopic heterogeneity among sulfide 
phases. Although whether the distribution of Ni and other transitional 
metal isotopes among sulfide, silicate and metal occurred in a manner of 
equilibrium or kinetic way is currently unknown, the high sulfide 
abundance in the aubrites provides an important sink of light Ni-Zn-Fe 
isotopes and heavy Cr isotopes in the mantle of AUPB. 

Previous studies suggested that the aubrite parent bodies experi
enced an extensive postaccretion processing, including core formation, 
late addition of chondritic materials, and potentially a global disruptive 
collision and subsequent reassembly to form a “rubble pile” asteroid 
(Keil et al., 1989; Okada et al., 1988; van Acken et al., 2012). Such 
mechanical mixing of materials from different areas of the original 

parent body or from chondritic materials, with varying proportions of 
sulfides and metals, can possibly explain the large Ni isotopic variations 
in the studied aubrites. We did not analyze the Ni isotopic composition 
of metal fractions in the aubrites. However, since Ni is strongly parti
tioned into the metal during core-mantle differentiation of the highly 
reduced AUPB, the core-forming mass balance model above predicts that 
the metal fraction of the AUPB should have a Ni isotope value similar to 
the chondritic value, whereas the sulfur-rich silicate fraction of the 
AUPB can be variably isotopically light. The enrichment of Fe-Ni metals 
in the Norton County aubrite would have dominated the Ni budget 
(Wilbur et al., 2022), leading the bulk-δ60/58Ni approaching chondritic 
value. These Fe-Ni metals in Norton County can be from different depths 
within the AUPB and remixed with the sampled silicate mantle portion 
or they can be added during late accretion (Ray et al., 2021; van Acken 
et al., 2012). Nevertheless, we acknowledge that all above hypotheses 
are not mutually exclusive given the limited dataset. The origin of the 
abnormally low δ60/58Ni value in highly reduced achondrites is still 
enigmatic. 

We notice that, in a recent study, Zhu et al. (2023) reported very high 
Ni isotopic values for Norton County and Pena Blanca Spring aubrites, 
+0.57 ± 0.06‰ and +0.26 ± 0.01‰, respectively. By contrast, none of 
our bulk-analyses nor phase separation have observed δ60/58Ni values up 
to +0.57‰. A simple explanation for this discrepancy may be sample- 
scale heterogeneity, but our four duplicates of Norton County aubrite 
and two duplicates of NWA 8409 show that these meteorites have 
relatively homogenous Ni isotopic compositions (Fig. 1). Nevertheless, 
sample-scale Ni isotopic heterogeneity is still possible given the het
erogeneous distribution of μm-sized particles to nodules of sulfides and 
metals in aubrites which are the main hosts of Ni, and if such high, 
super-chondritic Ni isotope value is caused by a kinetic isotope frac
tionation process operated among different phases in aubrites. Future Ni 
isotopic analyses coupled with detailed mineralogy and geochemistry 
study on more aubrites are needed to address this issue. 

4.2.2. Origin of the Ni isotope fractionation in HEDs 
The HEDs also display large magnitude of Ni isotopic variations, with 

no systematical difference between different types of HEDs (Fig. 1). The 
three orthopyroxenitic diogenites have δ60/58Ni varying from − 0.522‰ 
to +0.107‰, and the basaltic eucrite has a δ60/58Ni of − 0.049 ±
0.055‰. The howardite, as a polymict breccia composed of eucrites and 
diogenites, has a chondritic δ60/58Ni value of +0.244 ± 0.055‰. One 
prominent feature is that low-Ni/Co samples have generally light Ni 
isotopic compositions, whereas samples with high Ni/Co ratios have δ60/ 

58Ni approaching the chondritic value (Fig. 5). Crystal fractionation of 
olivine and pyroxene can slightly change the melts’ Ni/Co ratio, but 
cannot fractionate Ni isotopes (Sheng et al., 2022). Separation of low- 
δ60/58Ni sulfides during igneous differentiation would have lowered the 
Ni/Co ratio and simultaneously shifted the δ60/58Ni to higher values. 
Therefore, the positive δ60/58Ni – Ni/Co relationship observed for the 
HEDs requires other explanations. 

Previous studies found that the HEDs (mainly eucrites and dio
genites) have HSE contents spanning nearly four orders of magnitude 
with nearly chondritic patterns, a phenomenon that was attributed to 
late accretion of chondritic materials following a short-lived magma 
ocean phase (Dale et al., 2012; Day et al., 2012b). This process could 
have also influenced the moderate siderophile element of Ni. The HEDs 
have a limited range for Co (3 to 30 μg/g) but a much wider range for Ni 
(0.1 to 150 μg/g) (Mittlefehldt, 2015). A compilation of Ni and Co 
concentrations in HEDs suggests that the entire range of Ni/Co can be 
explained by involvement of as little as 0.5% chondritic materials 
(Mittlefehldt, 2015). Chondritic materials have high Ni (>1 wt%) and 
bulk Ni/Co ratio of around 20 (Campbell and Humayun, 2003; McDo
nough and Sun, 1995; Ringwood and Seifert, 1986), whereas the pristine 
igneous lithologies in HEDs have several magnitudes lower Ni and Ni/Co 
ratio of < 2 (Mittlefehldt, 2015). Thus, chondritic additions at any stages 
after core formation (e.g., late accretion, late-stage post-crystallization 
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impact liberation and contamination) could elevate the Ni/Co ratio of 
the HEDs and meanwhile shift the δ60/58Ni towards the chondritic value. 
The howardite sample (Sariçiçek), which is composed of lithified brec
cias and solidified melt particles formed by hypervelocity meteoroid 
impacts on the surface (Unsalan et al., 2019), is likely to contain the 
impactor component, leading to a high Ni/Co of 9.4 and a chondritic 
δ60/58Ni value of +0.244 ± 0.029‰ (Fig. 5). The three diogenites (NWA 
8119, NWA 7831, and Tatahouine) and a eucrite (Camel Donga), show 
no clear evidence of either terrestrial or meteoritic contamination (Dale 
et al., 2012), but they display large Ni isotopic variations from − 0.522‰ 
to +0.107‰. Therefore, it is likely that the positive correlation between 
δ60/58Ni and Ni/Co ratio resulted from late accretion after planetary core 
segregation. Late accretion on Vesta parent body may be regional rather 
than a global effect (Day et al., 2012b), and thus the Ni isotopic het
erogeneity may record different magnitude and frequency of late ac
cretion. According to a simple mixing calculation by assuming the 
diogenite (NWA 8119, δ60/58Ni = − 0.522 ± 0.029‰) as the pristine 
endmember, the estimated proportion of chondritic contributed Ni 
ranges from 0.1 to 1.5 %. The chondritic δ60/58Ni values, high Ni con
tents (1373–3689 μg/g), and high Ni/Co ratios (10.9–23.5) of the 
angrite and ureilites, may suggest that their parent bodies have suffered 
a similar and universal late accretion event as inferred from the HSEs 
(Dale et al., 2012). 

The above scenario implies that the primitive silicate mantle of Vesta 
is likely isotopically sub-chondritic, with the δ60/58Ni value located 
somewhere at − 0.50‰ or even lower (Fig. 5). Core-mantle differentia
tion in Vesta took place at very low pressure and low temperature, with 
DNi

metal-silicate well above 2000 (Cartier et al., 2022). Applying metal- 
silicate isotope fractionation factor (Δ60/58Nisilicate-metal) of +0.10‰ to 
the core-forming mass balance model can reasonably produce the δ60/ 

58Ni of the silicate portion as low as − 0.50‰ (Fig. 4). Therefore, the data 
of differentiated achondrites suggest that, core-mantle differentiation on 
small asteroid parent bodies, because of their large Δ60/58Nisilicate-metal 
and high DNi

metal-silicate, was able to generate significant Ni isotope frac
tionation. Late accretion on these early formed planetesimals or bodies 
as a consequence of planetary growth can modify the Ni isotopic sys
tematics of mantle and crustal rocks. 

4.3. Nickel isotopic variations in lunar meteorites 

A similar picture emerges from the lunar meteorite samples. The 
high-Ni/Co lunar feldspathic breccias have chondritic δ60/58Ni values 
whereas the low-Ni/Co lunar basalts have generally lower Ni isotope 
values, together forming a similar trend as that of HEDs in the δ60/58Ni 
vs Ni/Co plot (Fig. 5). 

There is vast evidence that the brecciated lunar rocks suffered me
teoritic contamination (e.g., Day, 2020; Fischer-Gödde and Becker, 
2012). The meteoritic materials striking the Moon have high Ni (>1 wt 
%) and bulk Ni/Co ratio of around 20 (Campbell and Humayun, 2003; 
McDonough and Sun, 1995; Ringwood and Seifert, 1986), whereas lunar 
parent melts are thought to have lower Ni (~40–60 ppm) and low Ni/Co 
ratio of ~1 (Day, 2020). Numerous brecciated Apollo samples and lunar 
meteorites have high Ni/Co ratios approaching the chondritic value for 
the bulk rock and metal grains therein, indicating the presence of 
exogenous meteoritic materials (Day, 2020). The studied lunar breccia 
meteorites have high bulk-rock Ni/Co ratios (6.1–12.1), and metal 
grains from selected breccia samples also show high Ni/Co of 11.8–14.1 
(Supplementary Fig. S5), indicating potential impact contamination. 
Although the six breccia samples contain varying proportions of domi
nantly anorthite, olivine and pyroxene, they have homogeneous chon
dritic Ni isotopic compositions which can be explained by meteoritic 
contamination (Fig. 5). 

By contrast, lunar mare basalts have low Ni/Co ratios (<2, see 
compilation in Day, 2020), which are commonly thought to result from 
endogenous processes with none or negligible meteoritic contamination 
(Day, 2020; Ringwood and Seifert, 1986). Brenan et al. (2019) suggested 
that the lunar basalts can be universally contaminated with 0.01–1% of 
HSE-rich lunar megaregolith materials that contain impact debris, 
whereas Ni/Co is relatively insensitive to regolith contamination. 
Conversely, Day and Paquet (2021) suggested that the HSE systematics 
in mare basalts are inconsistent with assimilation of impact- 
contaminated regolith materials. Rather, they may be generated from 
residual metal- and sulfide-free sources (Day, 2018), and the variations 
in HESs are consistent with limited late accretion to the lunar mantle and 
crust (Day and Paquet, 2021). Studied lunar basalt meteorites have low 
Ni/Co ratios ranging from 0.9 to 2.4, which, according to both studies, 
likely suggests that they are of endogenous origin. 

The studied lunar basalt meteorites have sub-chondritic δ60/58Ni 
values varying from +0.023‰ to +0.228‰. The Apollo lunar mare 
basalts analyzed by Saunders (2018) show even larger Ni isotopic var
iations (from − 0.203‰ to +0.348‰). Lunar igneous differentiation is 
unlikely to explain the Ni isotopic variations in lunar basalts and the co- 
variation between Ni/Co and δ60/58Ni. Olivine and pyroxene crystalli
zation or accumulation can cause small variation in Ni/Co of the melts 
or cumulates, because both prefer Ni relative to Co during igneous 
processes. However, none of these can produce Ni isotope fractionations 
larger than ±0.05‰ (Sheng et al., 2022). And, if any, the melts would 
have lower Ni/Co and higher Ni isotope values, owing to the preference 
of heavy Ni isotopes in the melts relative to olivine and pyroxene (Klaver 
et al., 2022; Sheng et al., 2022). HSEs in sulfide and metal from mare 
basalts indicate removal of <0.1% of sulfide and metal during fractional 
crystallization of parental melts (Day and Paquet, 2021). Sulfide and 
metal are isotopically lighter and heavier, respectively, compared to the 
silicate (Fig. 3). The role of sulfide and metal separation on the Ni iso
topic composition of lunar basaltic rocks needs further study. However, 
mass-balance calculation suggests that removal of <0.1% of either sul
fide or metal cannot produce significant Ni isotopic variations in the 
evolved melts. A lack of correlation of Ni isotope value against sulfide or 
metal modal proportion in the Apollo samples may further support this 
idea (Saunders, 2018). Therefore, by analogy to the HEDs, the co- 
variation of δ60/58Ni against Ni/Co in lunar samples indicate chon
dritic addition, likely achieved during the late accretion after core for
mation, and that the primitive silicate mantle of Moon is sub-chondritic 
in Ni isotopes. Nevertheless, placing a precise constraint on the average 

Fig. 5. Variation of δ60/58Ni as a function of Ni/Co in HEDs, lunar rocks, 
angrite and ureilites. The two curves correspond to mixtures between hypo
thetical lunar pristine melt (solid) or Vestan pristine melt (dashed) and a 
chondritic component. The gray box represents the chondritic composition, 
with [Ni] = 11400 μg/g, [Co] = 505 μg/g, and δ60/58Ni = +0.23‰ (Ringwood 
and Seifert, 1986; Wang et al., 2021). The hypothetical lunar pristine melt is 
assumed to have [Ni] = 40 μg/g, [Co] = 40 μg/g, and δ60/58Ni = +0.02‰, 
while the hypothetical Vestan pristine melt is assumed to have [Ni] = 10 μg/g, 
[Co] = 10 μg/g, and δ60/58Ni = − 0.50‰. 
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Ni isotopic composition of the Bulk Silicate Moon (BSM) is challenging, 
not only because of the limited dataset of lunar basalts, but also the 
possibility of Ni isotopic heterogeneity of the lunar mantle. 

4.4. Nickel isotopic perspective on the formation of Earth-Moon system 

The lunar core takes up of only ~2% of the lunar total mass and the 
DNi

metal/silicate is generally lower than 500 (Righter, 2011), which predicts 
that lunar core-forming process is unlikely to produce significant Ni 
isotope fractionation between core and mantle according to the mass 
balance model (Fig. 4). Therefore, it is likely that the bulk Moon is sub- 
chondritic in Ni isotopes. This has important implications on the Moon- 
forming giant impact as we will discuss. 

According to the canonical model, the Moon-forming giant impact 
contributed ~10% of Earth’s total mass (Canup and Asphaug, 2001). 
Prior to the giant impact, core-mantle differentiation in the proto-Earth 
occurred at high temperature of >2500 K and high pressures that 
correspond to DNi

metal-silicate of <35 (Righter, 2011), leading to limited Ni 
isotope fractionations between silicate mantle and metallic core (Fig. 4). 
Given that the Earth accreted mainly from enstatite-like chondrites in 
the early accretion stages, the BSE of the proto-Earth is thought to have 
chondritic δ60/58Ni values. 

However, the present BSE has a sub-chondritic δ60Ni value of +0.10 
± 0.07‰ (Klaver et al., 2020; Wang et al., 2021). Due to the moderate 
siderophile nature, the Ni in the BSE was mostly derived from late-stage 
impactors, as that from earlier stages was largely segregated into the 
core (Dauphas, 2017). Therefore, Wang et al. (2021) proposed that this 
sub-chondritic Ni isotopic signature of the BSE was established during 
Earth’s late stages of accretion. The Moon-forming impactor was the 
primary contributor of late-stage accretion additions to the Earth. Ac
cording to the heterogeneous accretion model (Rubie et al., 2011; Zhou 
et al., 2022), the Moon-forming giant impact added >20% of the BSE’s 
present Ni, while the following late veneer contributed <5% of the Ni 
budget of the BSE. Therefore, the Moon-forming impactor, Theia, was 
likely the major cause of the sub-chondritic Ni isotopic composition of 
BSE. 

Our results of differentiated achondrites imply that core-mantle 
differentiation on small planetary bodies can potentially produce large 
Ni isotope fractionation, with the planetary mantle enriched in light Ni 
isotopes. Therefore, Theia was likely a differentiated planetary body 
with its mantle enriched in light Ni isotopes which were later introduced 
to the Earth’s mantle via a core-merging giant impact (Wang et al., 2021; 
Zhou et al., 2022). Although both HEDs and highly reduced aubrites 
possess light Ni isotopic signatures (Fig. 1), the aubrite may provide the 
best candidate of meteorite analogy to the hypothesized Theia’s mantle 
composition. Enstatite chondrite or enstatite chondrite-like differenti
ated planetary body are thought to be the main building blocks of the 
Earth, because of the similarities of nucleosynthetic isotopic composi
tions of a number of elements, including nickel (Dauphas, 2017). By 
contrast, other differentiated rocks from carbonaceous or ordinary 
chondrite-like parent bodies are characterized by different nucleosyn
thetic Ni isotopic compositions (Nanne et al., 2019; Wang et al., 2021). If 
Theia formed, differentiated and evolved under highly reduced condi
tions similar to that of AUPB or Mercury, it would have high sulfur and 
light Ni isotopic composition for its mantle. 

We speculate that, following the main stages of Earth’s accretion, the 
collision between the proto-Earth and a differentiated, Mars-sized 
impactor, yielded sub-chondritic Ni isotopic compositions for both 
BSE and BSM. Subsequent accretion of chondritic materials through late 
veneer has a limited effect on the Ni isotopic system of the BSE, but late 
accretion on the Moon have shifted the δ60/58Ni to chondritic value to 
various degrees. However, linking the nature of Theia and early formed 
small, differentiated planetary bodies to achondrite records can be 
obscured by late accretion, which was spatially and temporally wide
spread in the inner Solar System. 

5. Conclusions 

We measured the mass-dependent Ni isotopic compositions of a 
comprehensive set of achondrites and lunar rocks, and reached the 
following conclusions.  

(1) The primitive achondrites display high Ni contents and invariant 
Ni isotopic compositions that fall within the chondritic range. 
Given incomplete core-mantle differentiation of primitive 
achondrite parent bodies, the chondritic Ni isotopic compositions 
are likely due to the retention of metal, which dominated the Ni 
budget and obscured any possible Ni isotope fractionation caused 
by metal-silicate-sulfide segregation processes.  

(2) The differentiated achondrites show large Ni isotopic variations. 
The highly reduced aubrites and an ungrouped achondrite (NWA 
8409) have the lowest δ60/58Ni values. Acid leaching experiments 
demonstrate that the sulfide fraction is a significant host of light 
Ni isotopes in aubrites. The most extreme Ni isotope values of 
aubrites may be due to large Ni isotope fractionation accompa
nied by silicate-sulfide-metal separation during differentiation of 
the parent bodies, and subsequent global disruptive collision and 
reassembly with variably high proportions of sulfides enriched in 
the mantle. The Ni isotopic compositions of the HEDs are posi
tively correlated with the Ni/Co, which is caused by late accre
tion of chondritic materials after planetary core segregation. 
Thus, the pristine endmember of the HEDs has a sub-chondritic Ni 
isotopic composition, as a result of low-pressure and low- 
temperature core-mantle differentiation on their likely limited- 
sized parent body, Vesta. 

(3) The lunar breccia meteorites have high Ni/Co ratios and ho
mogenous chondritic Ni isotope values, which are thought to be 
caused impact contamination of chondritic debris. The mare 
basalt meteorites have lower Ni/Co ratios and are systematically 
isotopically lighter. The positive correlation between Ni isotope 
value and Ni/Co ratio indicates that late accretion on Moon can 
shift the δ60/58Ni approaching the chondritic value. Although the 
limited data set prevent us from placing a firm constraint on the 
average Ni isotopic composition of the BSM, it is likely sub- 
chondritic in Ni isotopes. We suggest that the Moon-forming 
impactor, Theia, was likely an aubrite-like differentiated plane
tary body whose mantle was enriched in light Ni isotopes. 
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Cook, D.L., Leya, I., Schönbächler, M., 2020. Galactic cosmic ray effects on iron and 
nickel isotopes in iron meteorites. Meteorit. Planet. Sci. 55, 2758–2771. 

Creech, J., Baker, J., Handler, M., Lorand, J.-P., Storey, M., Wainwright, A., Luguet, A., 
Moynier, F., Bizzarro, M., 2017a. Late accretion history of the terrestrial planets 
inferred from platinum stable isotopes. Geochem. Perspect. Lett 3, n1. 

Creech, J., Moynier, F., Bizzarro, M., 2017b. Tracing metal–silicate segregation and late 
veneer in the Earth and the ureilite parent body with palladium stable isotopes. 
Geochim. Cosmochim. Acta 216, 28–41. 

Dale, C.W., Burton, K.W., Greenwood, R.C., Gannoun, A., Wade, J., Wood, B.J., 
Pearson, D.G., 2012. Late accretion on the earliest planetesimals revealed by the 
highly siderophile elements. Science 336, 72–75. 

Dauphas, N., 2017. The isotopic nature of the Earth’s accreting material through time. 
Nature 541, 521. 

Day, J.M.D., 2015. Planet formation processes revealed by meteorites. Geology Today 
31, 12–20. 

Day, J.M.D., 2018. Geochemical constraints on residual metal and sulfide in the sources 
of lunar mare basalts. Am. Mineral.: J. Earth Planet. Mater. 103, 1734–1740. 

Day, J.M.D., 2020. Metal grains in lunar rocks as indicators of igneous and impact 
processes. Meteorit. Planet. Sci. 55. 

Day, J.M.D., Paquet, M., 2021. Temporally limited late accretion after core formation in 
the Moon. Meteorit. Planet. Sci. 56, 683–699. 

Day, J.M.D., Walker, R.J., Ash, R.D., Liu, Y., Rumble III, D., Irving, A.J., Goodrich, C.A., 
Tait, K., McDonough, W.F., Taylor, L.A., 2012a. Origin of felsic achondrites Graves 
Nunataks 06128 and 06129, and ultramafic brachinites and brachinite-like 
achondrites by partial melting of volatile-rich primitive parent bodies. Geochim. 
Cosmochim. Acta 81, 94–128. 

Day, J.M.D., Walker, R.J., Qin, L., Rumble III, D., 2012b. Late accretion as a natural 
consequence of planetary growth. Nat. Geosci. 5, 614–617. 

Dhaliwal, J.K., Day, J.M.D., Corder, C.A., Tait, K.T., Marti, K., Assayag, N., Cartigny, P., 
Rumble III, D., Taylor, L.A., 2017. Early metal-silicate differentiation during 
planetesimal formation revealed by acapulcoite and lodranite meteorites. Geochim. 
Cosmochim. Acta 216, 115–140. 

Fischer, R.A., Nakajima, Y., Campbell, A.J., Frost, D.J., Harries, D., Langenhorst, F., 
Miyajima, N., Pollok, K., Rubie, D.C., 2015. High pressure metal–silicate partitioning 
of Ni Co, V, Cr, Si, and O. Geochim. Cosmochim. Acta 167, 177–194. 

Fischer-Gödde, M., Becker, H., 2012. Osmium isotope and highly siderophile element 
constraints on ages and nature of meteoritic components in ancient lunar impact 
rocks. Geochim. Cosmochim. Acta 77, 135–156. 

Gall, L., Williams, H.M., Halliday, A.N., Kerr, A.C., 2017. Nickel isotopic composition of 
the mantle. Geochim. Cosmochim. Acta 199, 196–209. 

Ganguly, J., Domeneghetti, M.C., 1996. Cation ordering of orthopyroxenes from the 
Skaergaard intrusion: implications for the subsolidus cooling rates and 
permeabilities. Contrib. Mineral. Petrol. 122, 359–367. 

Goodrich, C.A., 1992. Ureilites: A critical review. Meteoritics 27, 327–352. 
Goodrich, C.A., Kita, N.T., Yin, Q.-Z., Sanborn, M.E., Williams, C.D., Nakashima, D., 

Lane, M.D., Boyle, S., 2017. Petrogenesis and provenance of ungrouped achondrite 
Northwest Africa 7325 from petrology, trace elements, oxygen, chromium and 
titanium isotopes, and mid-IR spectroscopy. Geochim. Cosmochim. Acta 203, 
381–403. 

Gueguen, B., Rouxel, O., Ponzevera, E., Bekker, A., Fouquet, Y., 2013. Nickel Isotope 
Variations in Terrestrial Silicate Rocks and Geological Reference Materials Measured 
by MC-ICP-MS. Geostand. Geoanal. Res. 37, 297–317. 
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