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Introduction: Extinct radionuclides have proven 

to be particularly important as they can help establish 

the context of solar system formation, the relative 

chronology of early formed solids, the timescale of 

nucleosynthetic process, and the thermal history of 

planetary bodies [1-4]. Iron-60 has been focus of much 

work because it cannot be produced by particle irradia-

tion in the solar protoplanetary disk and a high 
60

Fe/
56

Fe ratio in meteorites (>3×10
-7

) would tie the 

birth of the solar system to the explosion of a nearby 

supernova [5]. The initial 
60

Fe/
56

Fe ratio in the solar 

system has been a subject of debate [6-15]. We recent-

ly reported measurements of 
58

Fe/
54

Fe and 
60

Ni/
58

Ni 

isotope ratios in whole rocks and constituents of dif-

ferentiated achondrites (ureilites, aubrites, HEDs, and 

angrites), unequilibrated ordinary chondrites 

Semarkona (LL3.0) and NWA 5717 (ungrouped type 

3.05), metal-rich carbonaceous chondrite Gujba (CBa), 

and several other meteorites (CV, CI, EL, H, LL 

chondrites), demonstrating that the 
60

Fe/
56

Fe initial 

ratio in the solar protoplanetary disk was (11.5 ± 2.6) × 

10
-9

 and that 
60

Fe was homogenously distributed 

among large planetary objects.  

Because metal-silicate partitioning can fractionate 

the Fe/Ni ratio, 
60

Fe-
60

Ni systematics can be used to 

establish the time of core formation in planetary bodies. 

Here we report Ni isotope measurements of HED and 

SNC meteorites to establish the timescale of core for-

mation on Vesta and Mars.  

Vesta: To calculate the age of core formation of 

Vesta, a two stage model was used. From t=0 (CAI 

formation) to tcore, the parent-body evolves with 

chondritic composition. At tcore, it differentiates into a 

mantle (high Fe/Ni ratio) and a core (low Fe/Ni ratio). 

The mantle then differentiates into distinct reservoirs 

leading to additional Fe/Ni and Mn/Cr fractionation, an 

event that is recorded by bulk rock isochron. A 2-stage 

model age of core formation can be calculated by 

building a 2-point isochron between the bulk planetary 

object with chondritic composition and the mantle. 

      The Fe/Ni ratio of the bulk mantle of HEDs was 

estimated by [16] based on MgO-Ni and MgO-FeO 

correlations to be ~2,000 (
56

Fe/
58

Ni~2,700). Using this 

ratio and the bulk HED isochron presented in [15], we 

obtain a ε
60

Ni value of 0.23 ± 0.13 for the bulk mantle 

of Vesta. The bulk Fe/Ni ratio of Vesta is taken to be 

chondritic ~17 (
56

Fe/
58

Ni~22; [17,18]). The HEDs 

cannot be tied to any chondrite groups, so we take the 

average ε
60

Ni value of all chondrite measurements 

published so far (-0.08±0.06; [19-22]).  

       Using these parameters, we obtain a 
60

Fe/
56

Fe ini-

tial ratio at the time of core formation in Vesta of 

(4.49±2.04)×10
-9

. This estimate is robust as the 
60

Ni-

excess in the bulk mantle of Vesta is well resolved. 

Using a 
60

Fe/
56

Fe initial ratio in the solar 

protoplanetary disk of (11.5±2.6)×10
-9

, we calculate a 

time of core formation of        
     Myr after CAI (Fig. 

1). It is the first solid estimate of the time of core for-

mation on Vesta and is consistent with results of a 

thermal model of radioactive heating of Vesta by 
26

Al-

decay suggesting a time of core formation of 4.6 Myr 

after CAI [23]. For comparison, the 
182

Hf-
182

W system 

gives a very uncertain age of 3±6 Myr for core for-

mation in the HED parent-body [24]. 

 
Figure 1: ε60Ni isotope evolution of the mantle of Vesta 

(58Fe/56Ni=2696, [16]) for different model ages of core for-

mation. The estimated Ni isotopic composition of the bulk-

mantle of HEDs (ε60Nimantle-ε
60Nichondrite) constrains core 

formation on Vesta to have occurred 3.6±1.9 Myr after CAIs 

[15] . 

Mars: Using Hf-W-Th systematics in SNC meteor-

ites and chondrites, Dauphas and Pourmand [25] 

showed that Mars accreted very rapidly and reached 

about half of its present size in only        
     Myr or 

less, indicating a stranded planetary embryo origin for 

Mars. Because 
60

Fe (t1/2=2.62 Myr) has a shorter half-

life than 
182

Hf (t1/2=8.9 Myr), it is very well suited for 

investigating processes that took place in the first few 

million years of solar system formation. To constrain 

the accretion timescale of Mars, we measured 5 typical 

SNC meteorites (Shergotty, Chassigny, Nakhla, 

Zagami, Lafayette). The Ni isotopic composition of 

Martian meteorites is constant and identical to the ter-

restrial value. Igneous processes that fractionated 

Fe/Ni ratios in different SNC meteorites occerred late, 

after complete decay of 
60

Fe, so no correlation is found 

between ε60
Ni and 

56
Fe/

58
Ni. The average of ε60

Ni (-

0.01±0.02) of SNC meteorites is interpreted to reflect 

the Ni isotopic composition of the bulk martian mantle, 
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To calculate the time of core formation on Mars, we 

also need to know the ε60
Ni value of the bulk planet. 

Based on the oxygen isotope mixing models and other 

constraints, Lodders & Fegley estimated that Mars was 

made of 85.4±0.4% H-, 10.9±0.4% CV-, and 3.6±2.8% 

CI-chondritic material [17,26]. ε60
Ni in bulk chondritic 

parent materials for Mars therefore can be calculated 

from mass balance using the Ni isotopic compositions 

of these end-members, some of which were not well 

constrained. In order to address this issue, we have also 

measured the Ni isotopic compositions of 6 H-

chondrites and 5 C-chondrites, all of which are falls. 

ε60
Ni values of H- and CI chondrites are identical 

to the terrestrial value, while CV chondrites show 
60

Ni 

deficit (-0.095±0.035), which is consistent with previ-

ous work [20-22]. The Fe/Ni ratio in the core and man-

tle are taken to be 400 and 10.6 [16, 17].

During runaway and oligarchic growth, the mass of 

an embryo can be parameterized as 

MMars(t)/MMars=tanh
3
(t/τ) [4]. If Mars had accreted rap-

idly at the formation of solar system (τ=0), our preci-

sion should allow us to resolve a ε60
Ni excess of +0.2 

in SNC relative to chondrites (Fig. 2). Instead, we find 

that SNC meteorites have the same Ni isotopic compo-

sition as chondrites, which constrains the accretion 

timescale of Mars to τ>1 Myr (Fig. 2.), consistent with 

the previous estimate based on 
182

Hf-
182

W [27]. 

Constrants on the growth of large planetary bodies are 

scarce and this is a major development in our under-

standing of the chronology of Mars. 

Conclusion: Using a new estimate of the initial 
60

Fe/
56

Fe ratio in the solar system [15], we present the 

first chronological application of the 
60

Fe-
60

Ni decay 

system to establish the time of core formation on Vesta 

at        
     Myr after condensation of CAIs. We also 

constrain the timescale of Mars' accretion to >1 Myr 

after CAI formation. Combining our results with 
182

Hf-
182

W systematics and results from statistical simula-

tions of oligarchic growth, planetesimal sizes and disk 

mass in the Mars forming region as well as the thermal 

evolution of early Mars can be constrained (see the 

discussion in companion abstract [27]). 

 
Figure 2: ε60Ni isotope evolution of the mantle of Mars 

(58Fe/56Ni=548;[16]). The chondritic Ni isotopic composi-

tion of the bulk mantle of Mars constrains accretion time-

scale of Mars to τ>1 Myr after CAIs . 
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