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Processes and timescales of martian mantle 
differentiation remain enigmatic

Sm-Nd chronometry: ‘Late’ differentiation at ~60 Ma
Hf-W chronometry: ‘Early’ differentiation at 20-30 Ma

Global (e.g. magma ocean) or more localized 
differentiation processes?



ε142Nd vs. ε182W data of martian meteorites

Kruijer et al. (2017)
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Fig. 3. Coupled ε182W vs. ε142Nd systematics of martian meteorites. The coupled ε182W–ε142Nd data are shown together with model results for magma ocean crystallization
(see Supplementary Material). Dotted line shows ε182W–ε142Nd composition of the enriched (lower left quadrant) and the depleted mantle end member (upper right quadrant) 
after magma ocean crystallization of a primordial mantle. Solid curved lines represent mixing lines between end member sources formed at different times after Solar System 
formation (i.e., at 20, 25, 30, 40 and 60 Ma). Grey horizontal and vertical lines show the 182W and 142Nd compositions of the bulk martian mantle as inferred in this study. 
Existing data for nakhlites are not plotted because their source(s) had a more complex history, involving more than two stages of evolution (Righter and Shearer, 2003;
Kleine et al., 2004; Foley et al., 2005; Debaille et al., 2009). As a consequence, no meaningful age information can be deduced for the nakhlites using the two-stage model 
illustrated here. Note that one sample (EETA 79001) plots outside the field of possible differentiation ages, either reflecting that ε182W and ε142Nd were not determined on 
the same lithologies, or that crustal contamination modified ε182W and ε142Nd to different degrees (Andreasen et al., 2015).

spread in ε182W is much larger than found for shergottites by 
previous studies (Fig. 2b; Foley et al., 2005; Kleine et al., 2004; 
Lee and Halliday, 1997). In particular, in contrast to earlier work, 
we find that different groups of shergottites exhibit distinct ε182W
values. The enriched shergottites have a uniform ε182W of 0.37 ±
0.05 (95% conf., n = 5), whereas the depleted shergottites exhibit 
more elevated and more variable ε182W from ca. +0.8 to +1.8. 
The larger range of ε182W values not only reflects the higher pre-
cision of our measurements compared to previous investigations, 
but also the more diverse sample suite examined here that in-
cluded several meteorites for which 182W data had not previously 
been reported, such as NWA 7635, Tissint, NWA 8159 and NWA 
7034 (Fig. 2).

Both the terrestrial rock standards and some martian sam-
ples exhibit small deficits in measured ε183W (Tables S1, S2). 
These offsets have been observed in several previous studies and 
are attributed to a small mass-independent fractionation affecting 
only 183W that is induced during sample preparation (e.g., Budde 
et al., 2015; Cook and Schönbächler, 2016; Kruijer et al., 2012;
Willbold et al., 2011), most likely by a nuclear field shift effect 
induced during incomplete dissolution of W in Savillex beakers 
(Cook and Schönbächler, 2016). Nevertheless, this 183W-effect does 
not modify ε182W values normalized to 186W/184W, which is the 
normalization used throughout this study.

The ε142Nd compositions shows a similar spread as observed 
in previous work (Borg et al., 1997, 2016; Caro et al., 2008;
Debaille et al., 2007; Foley et al., 2005) (Tables 1, S3). However, 
ε142Nd values obtained for ALH 84001 and NWA 7034 (ca. −0.30 
and ca. −0.45), are the lowest values determined so far for martian 
meteorites; these unradiogenic 142Nd compositions are consistent 
with derivation of these samples from the most enriched sources 
known on Mars. The non-radiogenic Nd isotope data (i.e., isotope 
ratios not affected by radioactive decay) collected in this study and 
also in Borg et al. (2016) show considerable scatter (Fig. S1), mak-
ing it difficult to reliably assess as to whether the Nd isotopic com-

position of Mars is different from that of the Earth. Nevertheless, 
when mean values and their associated 95% conf. limits are calcu-
lated (N = 16, Table S3), hints of small excesses become apparent 
for ε148Nd (+0.05 ± 0.02) and ε150Nd (+0.14 ± 0.10), but not for 
ε145Nd (+0.02 ± 0.03). The larger scatter of these data compared 
to previous work (Burkhardt et al., 2016) reflects the shorter du-
ration and lower intensity of the Nd measurements of the present 
study, caused by the smaller mass of sample available. While this 
is inconsequential for resolving the large 142Nd variations among 
martian meteorites, it makes detecting small nucleosynthetic Nd 
isotope anomalies more difficult.

4. Discussion

4.1. Origin of 182W variations and Hf–W age of core formation

Utilizing the Hf–W system to date core formation on Mars 
requires knowledge of the ε182W composition of the bulk mar-
tian mantle, that is, the martian mantle composition set solely 
by core formation. Previous studies have estimated this value us-
ing the co-variation of ε182W and ε142Nd (Kleine et al., 2004;
Foley et al., 2005; Mezger et al., 2013). Because silicate differentia-
tion leads to correlated 182W–142Nd variations, the ε182W of sam-
ples having the ε142Nd of bulk Mars should represent the ε182W
of the bulk martian mantle (Kleine et al., 2004; Foley et al., 2005). 
Despite demonstrating significant variations in 142Nd isotopic com-
positions, previous data for shergottites did not show large 182W 
variations (Foley et al., 2005; Kleine et al., 2004), yielding precise 
estimates of the ε182W of the bulk martian mantle, with values be-
tween 0.34 ± 0.07 and 0.45 ± 0.15 (Foley et al., 2005; Kleine et al., 
2004). By contrast, the results obtained in the present study reveal 
significant ε182W variations among shergottites (Fig. 1) that show 
a general positive trend with ε142Nd (Fig. 3). In particular, mete-
orites with the most enriched source characteristics (as given e.g. 
by La/Sm) and lowest ε182W also show low ε142Nd (NWA 7034, 

Isotopic 
heterogeneities 
preserved over ~4.5 
billion years

Was the martian 
mantle ever 
homogeneous?



Questions and approach

When did large-scale differentiation of 
the martian mantle commence?

Was the martian mantle ever 
isotopically homogeneous?

Here we address these questions using 
Cr isotopes



Cr isotope systematics of martian meteorites

53Mn → 53Cr (t1/2 = 3.7 Ma)

Mn/Cr fractionation during:  
- volatility related processes  
- core formation 
- silicate differentiation

54Cr is a nucleosynthetic tracer



Cr isotope systematics of martian meteorites

53Mn → 53Cr (t1/2 = 3.7 Ma)

Mn/Cr fractionations may 
occur during silicate 
fractionation

Finding 53Cr variations on Mars would provide 
evidence for differentiation within <20 Ma



Samples and analytical methods

‣Shergottites (1 enriched, 1 intermediate, 2 depleted), Nakhla

‣Cr separated by ion exchange chromatography

‣53Cr/52Cr and 54Cr/52Cr analyzed on Triton TIMS at LLNL

‣Fractionation correction  by normalizing to 50Cr/52Cr = 0.00518

‣Precision: ~0.1 ε-units on 53Cr/52Cr; ~0.3 ε-units on 54Cr/52Cr  
 



Results: ε54Cr vs. ε53Cr of martian meteorites
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No 53Cr heterogeneity within the martian mantle

1. Mn/Cr variations in martian mantle too small?  

2. Martian mantle differentiation occurred after  
   extinction of 53Mn? 



No 53Cr heterogeneity within the martian mantle
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Origin of 53Cr excess in martian meteorites

1. Mn/Cr fractionation during core formation? 

2. Volatility induced Mn/Cr fractionation?



Origin of 53Cr excess in martian meteorites

Mars plots on bulk 
Mn-Cr isochron

Volatility induced 
Mn/Cr fractionation 
at ~4567 Ma

0 0.2 0.4 0.6 0.8 1
–0.4

–0.2

0

0.2

0.4

55Mn/52Cr

ε5
3 Cr

T = 4567±2 Ma

St. Aubin chromite

Earth’s mantle
CV

CO

EBP
Mars

EL
H

EH

L LL

Data sources: This study and Trinquier et al. (2008); Qin et al. (2010); Palme & O’Neill (2014)



Conclusions

‣No 53Cr heterogeneities among martian meteorites

‣Consistent with both Sm-Nd and Hf-W chronometry  

‣Mars has small excess in ε53Cr relative to Earth

‣Reflects inner solar system wide volatiliy induced  
  Mn/Cr fractionation at ca. 4567 Ma

‣Do 54Cr heterogeneities exist on Mars?



Sm-Nd chronometry of martian meteorites

fact that the 147Sm/144Nd ratio used in the
147Sm/144Nd–142Nd/144Nd isochron calculation is derived
from the measured 143Nd/144Nd ratio that represents the
x-axis on the 143Nd!142Nd isochron diagram. Further-
more, ages derived for individual samples using Eq. (2)
are only independent if the 142Nd/144Nd ratio used in the
equation is defined by terrestrial or chondritic materials.
On the other hand, ages calculated from Eq. (2) will agree
with those defined by the isochrons if the 142Nd/144Nd ratio
used in the equations is assumed to be the same as the initial
142Nd/144Nd values defined by the isochrons. Thus, the
average of the three-stage model ages determined on indi-
vidual samples is 4504 ± 42 Ma, assuming that Mars had
a bulk planet 142Nd/144Nd ratio of 1.141830 (Table 2).

The most significant difference between the various age
calculations of source region formation is associated with
how sensitive each age is to the values of variables used
in the equations. As noted earlier, the ages determined on
the source regions of individual shergottites are extremely
sensitive to the 142Nd/144Nd ratio assumed for the bulk pla-

net, whereas the isochron ages are independent of this
parameter. If the bulk planet is assumed to have a
present-day 142Nd/144Nd ratio that differs by more than
"3 ppm, the ages calculated for individual shergottites shift
outside analytical uncertainty associated with the isotopic
measurements. The strong dependence of three-stage model
ages determined for individual shergottites on the assumed
142Nd/144Nd ratio of the bulk planet, combined with obser-
vations that suggest that the chondritic ratio may be a poor
proxy for other planetary bodies (Borg et al., 2011, 2013,
2014; Marks et al., 2014b) illustrates the main weakness
of using this approach to calculate differentiation ages.
Ages calculated using Eq. (2) are also sensitive to the
147Sm/144Nd value used to represent the shergottite source
composition. For example, an uncertainty on the
147Sm/144Nd ratio of the shergottite source of 1%, corre-
sponds to an uncertainty in age of "10 Ma. In contrast,
the ages determined using the isochron methods are not
dependent on the isotopic composition of the bulk planet
and are less sensitive to uncertainty in the 147Sm/144Nd
ratios than are ages calculated for individual meteorites.
For example, a 1% uncertainty in the 147Sm/144Nd ratio
of the shergottite source region corresponds to "1 Ma
uncertainty on the 147Sm/144Nd–142Nd/144Nd and
143Nd–142Nd isochron ages.

Finally it is important to note that both the
147Sm/144Nd–142Nd/144Nd and 143Nd–142Nd isochron
methods are applicable to age determinations from mineral
isochrons of any planetary sample demonstrating evidence
for live 146Sm. However, unlike the case for whole rock iso-
chrons, these age determinations are not calculated using
the same measured parameters and so are independent of
each other. This stems from the fact that the 147Sm/144Nd
of the mineral fractions is measured, not calculated from
their 143Nd/144Nd ratios as is done for the shergottite whole
rock isochrons. The 147Sm/144Nd versus 142Nd/144Nd min-
eral isochron ages require the 147Sm/144Nd ratios to be
determined, whereas 143Nd/144Nd versus 142Nd/144Nd iso-
chron ages are defined without even measuring the
147Sm/144Nd ratios. This is demonstrated in Table 5 in
which ages calculated from Eq. (4b) using only Nd isotopic
measurements of mineral fractions are compared to
147Sm–143Nd and 146Sm–142Nd mineral isochron ages we
have recently published for lunar samples and an Allende
CAI Al3S4. Because the ages derived from Eqs. (3) and
(4b) depend on different measured parameters, the Nd-Nd
isochron approach can potentially be applied to materials
with recently disturbed Sm/Nd ratios.

4.1.6. 142Nd/144Nd ratio of bulk Mars
Whereas limited fractionation of Sm/Nd in geologic

environments allows the 147Sm/144Nd ratios of bulk planets
to be fairly well constrained by the analysis of chondritic
meteorites, the bulk 142Nd/144Nd ratio appears to be more
variable in planetary materials (e.g., Boyet and Carlson,
2005; Andreasen and Sharma, 2006; Boyet et al., 2010;
Gannoun et al., 2011). The present-day 142Nd/144Nd ratio
of bulk Mars can be estimated from the Sm!Nd isochron
diagram presented in Fig. 2 assuming the isotopic systemat-
ics of the shergottites are representative of the bulk planet

Fig. 3. An e142Nd!e143Nd isochron plot used to determine the age
of formation of the shergottite source regions. The measured bulk
meteorite e142Nd value is plotted against the e143Nd value of the
present-day source region calculated from the initial 143Nd/144Nd
of the meteorite. An isochron regressed through the data (thick
solid line) yields a slope of 0.01636 ± 52 (MSWD = 0.57), which
corresponds to an age of 4504 ± 6 Ma (Eq. (4b)). A slope of 0.0364
± 0.0014 is calculated from the regression of the
142Nd/144Nd-143Nd/144Nd plot. Vertical dashed lines are Nd
isotopic growth curves calculated at different ages using
147Sm/144Nd of 0.17, 0.1967, 0.23, 0.26, and 0.29. Thin solid lines
are model isochrons calculated at common ages using different
147Sm/144Nd ratios. These isochrons are spaced at 50 Ma intervals
starting at 4200 Ma, excluding 4500 Ma, but including 4567 Ma.
The present-day initial 142Nd/144Nd value determined by the y-
intercept is 1.141830 ± 2 and is consistent with the value deter-
mined from Fig. 2. The relationship of the present-day martian
142Nd/144Nd values to bulk Earth (open star) suggests that the Nd
isotopic composition of Mars and Earth are very similar, and it
remains possible that the shergottite source region represents a
mixing relationship between the terrestrial Nd isotopic composition
and the chondritic Nd isotopic composition. Chondritic Nd
isotopic composition (solid star) is from Boyet and Carlson (2007).

160 L.E. Borg et al. /Geochimica et Cosmochimica Acta 175 (2016) 150–167

Borg et al. (2016)

146Sm → 142Nd (t1/2 ≈ 103 Ma) 
147Sm → 143Nd (t1/2 ≈ 106 Ga) 

Sm/Nd fractionation during 
silicate differentiation 

Sm-Nd isochron age: 
~60 Ma after CAIs
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Fig. 4. Timescales of martian mantle differentiation inferred from Hf–W systematics. 
Shaded areas denote the range in ε182W measured for martian meteorites from en-
riched (ALH 84001, NWA 7034) and the most depleted mantle sources (NWA 7635, 
Tissint). Model curves show the possible range in ε182W of enriched (solid lines) 
and depleted (dashed lines) mantle sources produced by magma ocean crystalliza-
tion as a function of differentiation time. These model ε182W compositions were 
calculated using the range in Hf/W obtained for enriched (180Hf/184W = 1.2–1.8) 
and depleted (180Hf/184W = 12–23) end member sources from the magma ocean 
model (see Supplementary Material). The ε182W composition of the bulk martian 
mantle (gray shaded bar) is shown for reference.

ilmenite (Borg and Draper, 2003; Debaille et al., 2008), yielding a 
bulk 180Hf/184W ratio of only ∼14. Thus, for the modeled range of 
180Hf/184W ratios in the shergottite sources, the large 182W vari-
ations observed among the shergottites require source formation 
much earlier than previously inferred solely based on 142Nd sys-
tematics. Of note, using different bulk martian mantle ε182W com-
positions (from +0.25 to +0.5), crystallization sequences and/or 
cumulate packages yields very similar silicate differentiation ages 
for Mars (see Supplementary material, Fig. S2). Furthermore, us-
ing individual cumulate packages as the depleted end member 
composition in the magma ocean model (Fig. S3, Table S5) yields 
differentiation ages that are consistent with those derived when 
the weighted mean cumulate compositions is used (Fig. 3). Thus, 
the differentiation ages for the martian mantle inferred here do 
not depend on a particular magma ocean model or bulk composi-
tion.

Further evidence for an early differentiation of Mars comes 
from the incompatible trace element-enriched nature of the 
sources of ALH 84001 and NWA 7034. These meteorites exhibit 
lower ε182W and ε142Nd than the bulk martian mantle and so 
must derive from sources with Hf/W and Sm/Nd ratios below those 
of the bulk mantle (Figs. 3, 4). Note that although NWA 7034 is a 
breccia that contains a meteoritic component added during im-
pacts on the martian surface (Humayun et al., 2013), the effect 
of this meteorite contamination is very small, <0.03 ε182W (see 
Supplementary Material). Thus, the low ε182W of NWA 7034 can-
not reflect meteorite contamination, but instead indicates deriva-
tion from a source (or sources) characterized by low-Hf/W ratios. 
Since the 180Hf/184W of the bulk martian mantle is only 4.0 ± 0.5
(Dauphas and Pourmand, 2011), there is only a very limited range 
of possible Hf/W ratios for the sources of ALH 84001 and NWA 
7034, and so the inferred source formation ages are essentially in-
dependent on the partition coefficients and bulk mineralogy used 
for modeling magma ocean crystallization. This makes the forma-
tion ages for the ALH 84001 and NWA 7034 sources of ∼25–40 Ma
quite robust (Figs. 3, 4). Note that because NWA 7034 is a breccia, 
its isotopic composition may not reflect derivation from a single 

source (Nyquist et al., 2016). Consequently, the bulk sample of 
NWA 7034 measured here could potentially represent a mixture of 
components with lower and higher ε182W and ε142Nd than that 
measured for the bulk sample. If this is the case, then the compo-
nent with lower ε182W and ε142Nd would require an even earlier 
source formation time than the bulk sample. Thus, W isotope anal-
yses of individual clasts from NWA 7034 may allow even more 
precise determination of the timing of crust formation on Mars.

An important observation from the new isotopic data is that the 
martian meteorites analyzed here do not define a single mixing 
array in ε142Nd vs. ε182W space (Fig. 3). Such 182W–142Nd sys-
tematics can potentially be explained by variable mixing between 
intermediate magma ocean differentiation products (i.e., individual 
cumulate packages) formed contemporaneously (Table S5; Fig. S3). 
However, mixing lines for some individual cumulate packages fail 
to reproduce the alignment of the data in 142Nd–182W space, and 
also cannot explain the 142Nd–182W composition of ALH 84001 
(Fig. S3, see Supplementary Material). Instead, rather than by in-
stantaneous differentiation, the 182W–142Nd systematics are most 
easily explained by a more prolonged interval of differentiation 
between ∼20 and ∼40 Ma after Solar System formation (Fig. 3). 
For instance, the combined 182W–142Nd systematics of ALH 84001 
appear to require source formation at ∼20–25 Ma after CAI for-
mation, whereas the source of NWA 7034 appears to have formed 
later at ∼40 Ma after CAIs.

It is noteworthy that combined 147Sm–143Nd and 176Lu–176Hf 
systematics have been used to argue that the source of ALH 84001 
contains trapped residual liquid of a magma ocean (Lapen et al., 
2010), whereas the source of NWA 7034 is thought to be mar-
tian crust rather than residual liquid of a magma ocean (Agee 
et al., 2013; Humayun et al., 2013; Nyquist et al., 2016). Thus, 
one possibility to account for the disparate 182W–142Nd system-
atics of ALH 84001 and NWA 7034 is that the formation age of 
the ALH 84001 source inferred here records the timing of the fi-
nal stage of magma ocean crystallization at ∼20–25 Ma after Solar 
System formation, whereas the later formation age of the NWA 
7034 source at ∼40 Ma inferred here reflects crust formation by 
means of re-melting of the mantle, perhaps triggered by cumu-
late overturn (Debaille et al., 2009; Elkins-Tanton, 2005). Similarly, 
re-melting and cumulate overturn in the mantle also provides an 
explanation for the slightly younger source formation ages of some 
depleted shergottites (DaG 476, SaU 005) and augite basalt NWA 
8159 in comparison to the most depleted shergottites Tissint and 
NWA 7635 (Figs. 3, 4). A corollary of the above is that the initial 
solidification of the martian mantle must have preceded these re-
melting and crust formation events, and so regardless of whether 
the enriched sources reflect trapped liquid of a magma ocean or 
martian crust, our results indicate that magma ocean crystalliza-
tion on Mars occurred ≤20–25 Ma after Solar System formation.

This age for magma ocean crystallization is similar to the 
∼23 Ma source formation age of nakhlites as inferred from their 
182W–142Nd composition (Debaille et al., 2009; Foley et al., 2005). 
The nakhlites are thought to derive from deep mantle sources 
comprised of cumulates formed during the onset of magma ocean 
solidification (Debaille et al., 2009). Thus, these data considered to-
gether suggest that deep and shallow regions of the magma ocean 
crystallized about contemporaneously at ∼20–25 Ma, followed by 
crust formation until at least ∼40 Ma after Solar System forma-
tion (Fig. 5). Finally, the differentiation timescales for Mars inferred 
here are also consistent with 129I–244Pu–Xe systematics of martian 
meteorites that indicate an early I/Pu fractionation related to inten-
sive, large-scale magmatic activity in the martian mantle within 
∼35 Ma of Solar System formation leading to degassing into the 
atmosphere (Marty and Marti, 2002).

Kruijer et al. (2017)

182Hf → 182W (t1/2 ≈ 9 Ma) 

Hf/W fractionation during 
silicate differentiation 

Large 182W variations 
require differentiation at 
~20–30 Ma after CAIs



54Cr heterogeneity on Mars?
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