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Introduction:  Mars may have formed via runaway 

growth within ~1 Myr after the start of the solar system 

[1] or its accretion may have been more protracted and 

involved large impacts, similar to the histories of the 

larger terrestrial planets [2]. Determining which of 

these models is correct is critical for understanding the 

early evolution of Mars. For instance, if Mars accreted 

within the first Myr of the solar system, heating by de-

cay of 
26

Al would have been a major heat source caus-

ing melting and early differentiaton. In contrast, if ac-

cretion of Mars was more protracted, then the energy 

brought in by large impacts would have been another 

important heat source.  

The decay of 
182

Hf to 
182

W (half-life ~9 Myr) is 

well-suited to date core formation in planetary objects 

[3]. Application of Hf-W chronometry to Mars can 

therefore distinguish between the two aforementioned 

scenarios for the formation of Mars, provided Hf-W 

ages can be determined with sufficient precision. Re-

ported Hf-W ages for Mars however range from <1 

Myr  up to ~12 Myr [4-7]. This range in ages is almost 

entirely due to different assumptions regarding the 

Hf/W ratio of the bulk Martian mantle. Here we pre-

sent an improved determination of the Hf/W ratio of 

the bulk Martian mantle and use this to better constrain 

the Hf-W age of Mars.  

Methods: Determining the Hf/W ratio of the bulk 

Martian mantle. Available trace element data for Mar-

tian meteorites suggest that Th and W have similar 

incompatibilities. The Th/W ratio of the Martian man-

tle (1.00±0.18, based on a compilation of Th and W 

abundances in Martian meteorites)  can thus be used to 

infer its Hf/W ratio, provided its Hf/Th ratio is known. 

It is generally assumed that refractory lithophile ele-

ments (such as Th and Hf) occur in chondritic relative 

proportions in planetary mantles. The available Hf and 

Th data for chondrites however reveal variations in the 

Hf/Th ratios among carbonaceous chondrites [8]. Little 

data exist for ordinary chondrites. These variations 

translate to large uncertainties in the estimated Hf/W 

ratio of the bulk Martian mantle and hamper a reliable 

determination of Hf-W ages for Mars. To better con-

strain the Hf/Th ratios in chondrites and the Hf/W ratio 

of the bulk Martian mantle we developed analytical 

techniques for Hf and Th concentration measurements 

by isotope dilution.   

Precise determination of Hf and Th concentrations 

in chondrites. About 1 g aliquots from 3-5 g whole-

rock powders were dissolved in precleaned 60 mL 

Savillex vials at ~200°C on a hotplate using HF-HNO3-

HClO4. After digestion the samples were dried and 

redissolved in 6 M HCl-0.06 M HF. At this step total 

sample dissolution was achieved. A ~10% aliquot of 

the sample was spiked with a mixed 
180

Hf-
183

W-
229

Th 

tracer that was calibrated against pure Hf, W, and Th 

metals. Total spike-sample equilibration was achieved 

in 6 M HCl-0.06 M HF on a hotplate over night. After 

drying the samples, Hf, W, and Th were separated us-

ing standard ion exchange techniques. All isotope dilu-

tion measurements were performed on a Nu Plasma 

MC-ICPMS at ETH Zurich.  

Results: Our new Hf and Th concentration data for 

9 ordinary chondrites (all falls) are shown in Fig. 1 and 

compared to previously published data for carbona-

ceous chondrites [8]. The Hf/Th ratios in the ordinary 

chondrites range from ~3.4 to ~4.5, similar to the range 

observed for carbonaceous chondrites. There are no 

systematic variation among the different groups of or-

dinary chondrites but there is variability in Hf/Th 

within each group of chondrites (Fig. 1). Most of the 

variability in Hf/Th ratios is caused by variations in Th 

contents. In contrast, Hf contents are rather constant 

within each group of ordinary chondrites. 

Fig. 1: Hf/Th ratio in chondrites measured by isotope dilu-

tion. The accuracy of our Hf/Th measurements for ordinary 

chondrites is estimated to be ±2% or better. 

Discussion: There are at least two endmember in-

terpretations for the origin of the observed variations in 

Hf/Th ratios among chondrite groups. They may reflect 

different proportions of solar nebula components ac-

creted to the chondrite parent bodies, but they may also 

be due to open system behaviour of Hf and Th during 
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parent body evolution (e.g., thermal metamorphism). 

The Hf/Th variations within each of the groups of or-

dinary chondrites provides evidence that redistributions 

have occurred. The variations within the ordinary 

chondrite groups do not allow precise Hf/Th ratios to 

be defined for each group. Bovedy and Bremervörde 

display the lowest Hf/Th ratio in our data set and ex-

cluding these two samples (which might be justified 

because they contain foreign clasts) results in a much 

narrower range of Hf/Th in the ordinary chondrites 

investigated here (average Hf/Th=4.1±0.4, 2σ). This 

value is identical to the Hf/Th ratios reported for CV 

but significantly higher than those of CI chondrites [8].

The Hf/W ratio of the bulk Martian mantle. There 

is evidence from O, N, and Cr isotopes that the compo-

sition of bulk Mars may be best represented (or domi-

nated) by H chondrite-like material [9-12]. This is also 

consistent with Mg, Al, and Si abundance in Martian 

rocks [13]. Thus, to determine the Hf/W ratio of the 

bulk Martian mantle, the Hf/Th ratio of H chondrites 

may be most appropriate. Here we use Hf/Th=4.1±0.4 

derived from our new Hf-Th data for ordinary chon-

drites as the currently best estimate for the Hf/Th ratio 

of the bulk Martian mantle. The Th/W ratio of 

1.00±0.18 for the bulk Martian mantle then translates 

to a Hf/W ratio of 4.1±0.8.    

The 
182

W anomaly of the bulk Martian mantle. To 

date core formation, the 
182

W anomaly of the Martian 

mantle relative to the W isotope composition of the 

bulk planet must be known. New W isotope data for 

ordinary chondrites reveal that there are variations in 

the W isotopic composition of different chondrite 

groups. The εW values of H chondrites (εW is the devia-

tion of 
182

W/
184

W from the terrestrial standard value in 

parts per 10,000) are slightly more negative than those 

of carbonaceous chondrites (εW = -1.9±0.1) and have 

an average εW of ~-2.5 [14]. It is currently unclear 

however if these low εW values could reflect open sys-

tem behaviour of W isotopes during parent body evolu-

tion. The variations in εW among chondrites therefore 

impose some uncertainty on the size of the 
182

W anom-

aly in the Martian mantle. We therefore calculated core 

formation ages relative to εW values of both –1.9 and –

2.5 (Fig. 2).   

Hf-W age for the accretion of Mars. Fig. 2 shows 

Hf-W core formation ages as a function of the Hf/W 

ratio in the Martian mantle. Here we assumed that core 

formation occurred instantaneously although core for-

mation in reality may be a protracted process. Thus, 

although the instantaneous core formation model age 

does not provide a realistic age of core formation, it 

corresponds to the earliest time core formation can 

have ceased. It thus provides a maximum age of accre-

tion and as such important information to distinguish 

between the two aforementioned models for the forma-

tion of Mars. Fig. 2 shows that using our new estimate 

for the Hf/W ratio of the Martian mantle, the earliest 

time core formation in Mars could have ceased is >2 

Myr, suggesting a protracted accretion history of Mars, 

similar to those of the larger terrestrial planets.  

Fig. 2: Core formation timescale as a function of mantle 

Hf/W ratio. The grey area indicates our new estimate of the 

Hf/W ratio in the bulk Martian mantle. We used εW ~2.3 

for the bulk Martian mantle [4, 5]. 

Conclusions and outlook: Our study shows that 

with new high precision concentration data the uncer-

tainties in the Hf-W age of Mars can significantly be 

reduced, such that Hf-W ages can be used to distin-

guish between the two contrasting models for the for-

mation of Mars. More Hf-Th data for chondrites, how-

ever, are needed to better constrain the effects of parent 

body processes on Hf and Th abundances and to iden-

tify potential variations in Hf/Th among different 

chondrite groups. Once the Hf/Th systematics of chon-

drites are fully understood, these data will significantly 

improve our understanding of the formation and early 

evolution of Mars. 
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