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Introduction:  Calcium (Ca) is the seventh most 
abundant element by mass in the Solar System [1,2], 
and the fifth most abundant in rocky planets like Earth, 
and due to its numerous isotopes (40Ca, 42Ca, 43Ca, 
44Ca, 46Ca and 48Ca) it promises to be a cosmochemical 
tracer with a considerable potential. Here we present 
measurements of mass-dependent Ca isotope composi-
tion, 44Ca/40Ca and 44Ca/42Ca ratios, of numerous ter-
restrial materials (basalts, dunite, mantle pyroxenes, 
accessory apatites), igneous rocks from Moon, Mars 
and Vesta, as well as three calcium-aluminum rich 
inclusions (CAIs) extracted from the Allende chon-
drite. CAIs represent the oldest objects formed in the 
Solar System [3] and thus knowledge of their Ca iso-
tope composition, combined with data from other 
planetary objects, is critical for a better understanding 
of the origin and evolution of the Solar System and the 
Earth's formation. 

Analytical Method: Rocks and minerals were 
dissolved in a mixture of concentrated HF-HNO3 acid 
at 120 °C. Samples were then treated three times with 
concentrated HNO3 and once with 6N HCl, in order to 
avoid the formation of CaF2, and finally re-dissolved 
in 2.5N HCl from which two aliquots have been taken. 
One for mass-dependent and the other for non-mass-
dependent Ca isotope analysis, the latter being dis-
cussed in a parallel LPSC submission [4]. Sample ali-
quots were mixed with a 43Ca-48Ca double spike prior 
to chromatographic clean-up on cation exchange col-
umns filled with BioRad AG50W-X12 resin [5].  

For mass spectrometry, approximately 5 μg of pu-
rified Ca was loaded on a triple-filament assembly 
with rhenium ribbons. The Ca isotope abundances 
were measured with the IsoProbe-T TIMS using a two-
sequence method. The first sequence collected masses 
40 to 44 (40Ca, 41K, 42Ca, 43Ca and 44Ca) and the sec-
ond 44 to 48 (44Ca and 48Ca). The mass-dependent Ca 
isotope variations, expressed as δ44/40Ca relative to 
NIST915a, were determined by a 43Ca-48Ca double 
spiking technique using an offline data reduction with 
an exponential law [6]; where δ44/40Ca = 
[(44Ca/40Ca)SAMPLE/(44Ca/40Ca)NIST - 1]*1000. The long-
term (over two years) external reproducibility of 
δ44/40Ca values based on repeat measurements of 
NIST915a (n = 46) and IAPSO seawater (n = 16) is 
estimated at ±0.13‰ (2sd), (Fig. 1).  

Major and trace element abundances were meas-
ured with a quadrupole ICP-MS in solutions prepared 
from bulk samples.  
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Figure 1. The long-term reproducibility of δ44/40Ca in NIST915a 
and seawater (IAPSO) as measured by IsoProbe-T (Harvard). 
 

Sample Descripton: Based on petrology and 
chemical composition the studied CAIs have been 
classified as forsterite-bearing Type B inclusions with 
the Group I (sample SJ103) and Group II REE patterns 
(samples SJ101 and SJ102) [7]. As to meteorites and 
extra-terrestrial igneous rocks, we analyzed two Mar-
tian basaltic samples (Nakhla and Zagami), one lunar 
anorthosite (60025), and one basalt from Vesta (Juvi-
nas). Terrestrial samples include six Hawaiian basalts, 
one dunite (DTS-1), mineral separates from mantle 
xenoliths (clino- and orthopyroxenes) [8], and acces-
sory apatites from the Precambrian greenstone-granite 
complex [9].  

Results: Analyzed samples show no detectable 
non-mass dependent Ca isotope anomalies, with the 
exception of a small 48Ca excess (~4 epsilon units) in 
SJ103 CAI, and also an indication of a possible 43Ca 
deficiency of a similar magnitude in lunar anorthosite 
[4]. These anomalies are however negligible for our 
measurements of mass-dependent Ca isotope varia-
tions (δ44/40Ca), as the addition of 43Ca-48Ca double 
spike to a sample further dilutes these non-mass de-
pendent isotope effects by a factor of ~10. That said, 
the corresponding shift in measured δ44/40Ca values 
due to the above non-mass dependent effects (~4 epsi-
lon units on 43Ca and 48Ca) is about 0.05‰, which is 
within our current analytical precision of ±0.13‰ 
(2sd), (Fig. 1). 

The average δ44/40Ca of terrestrial basalts of 0.96 
±0.11‰ (n = 6) is identical with that of mantle clino-
pyroxenes, from San Carlos and Kilbourne Hole peri-
dotites, which yielded an average of 1.01 ±0.08‰ (n = 
14) (Fig. 2). The basaltic achondrite from Vesta (Juvi-

2266.pdf41st Lunar and Planetary Science Conference (2010)

mailto:jfarkas@eps.harvard.edu


nas) also shows an identical value of 1.01 ±0.10‰ (n 
= 2). Two basaltic meteorites from Mars, Nakhla and 
Zagami, yielded δ44/40Ca values of 0.89 ±0.14‰ (n = 
2) and 0.87 ±0.14‰ (n = 2), respectively. In contrast, 
terrestrial dunite (DTS-1) shows much heavier δ44/40Ca 
of 1.59 ±0.09‰ (n =3), in agreement with previously 
published value [10]. A heavy Ca isotope enrichment 
is also observed for the mantle orthopyroxenes from 
San Carlos and Kilbourne Hole peridotites, which 
yielded δ44/40Ca of 1.40 ±0.07‰ (n =5) and 1.73 
±0.09‰ (n = 4), respectively [8]. Accessory apatite 
separated from the Early Precambrian (~2.7 Ga) igne-
ous rocks with strong mantle affinities (initial 87Sr/86Sr 
of 0.701, cf. [9]) shows much lighter δ44/40Ca of 0.71 
±0.11‰ (n = 2). 

As to the CAIs (Fig. 2), the δ44/40Ca of SJ101 and 
SJ102 inclusions (Group II REE pattern) shows an-
omalously light values of -3.79 ±0.21‰ (n = 3) and -
3.46 ±0.16‰ (n = 4), respectively. SJ103 CAI with 
the Group I REE pattern gives δ44/40Ca signature of -
1.10 ±0.09‰ (n = 7).  

 
 
Figure 2. Three isotope plot (δ44/40Ca versus δ44/42Ca) of mass-
dependent fractionation in Allende CAIs and geological mate-
rials from various objects of the inner Solar System. All sam-
ples plot along a theoretical mass-dependent fractionation line 
(based on the exponential law), indicating that the measured 
Ca isotope abundances are not compromised by any isobaric 
interferances or other analytical artifacts. 
 

Conclusions: All studied CAIs are significantly 
enriched in light Ca isotopes compared to igneous ma-
terials from terrestrial planets (Fig. 2), which is in 
agreement with previous studies [11]. In particular, the 
δ44/40Ca signature of Group II CAIs is approximately 
5‰ lighter compared to the average composition of 

basaltic rocks from Earth, Moon and Vesta (Fig. 2), 
but the CAI with Group I REE pattern shows only half 
of that light Ca isotope enrichment. The extremely 
light Ca isotope composition of the Group II CAIs and 
their REE pattern (depleted in super-refractory ele-
ments) points to a loss of ultra-refractory component 
with very heavy Ca isotope composition prior to, or 
during, the CAIs formation. The considerably light 
δ44/40Ca of the Group I CAI (SJ103) also suggests 
some loss of Ca due to incomplete evapora-
tion/condensation which, however, did not signifi-
cantly affect its refractory elemental budget, as the 
latter shows a flat REE pattern and close-to-solar ratios 
of the super- to moderately refractory elements.  

The mass-dependent Ca isotope composition of 
basaltic materials from Earth, Mars and Vesta shows a 
remarkably uniform δ44/40Ca signature with an average 
of ~0.90 ±0.13‰ (n = 9). However, results on mineral 
separates (clino- and orthopyroxene) from mantle per-
idotites indicate that Ca isotopes can also be signifi-
cantly fractionated during high-temperature igneous 
processes, most likely due to mineral-specific parame-
ters such as Ca-O bond strength [8]. The importance of 
such high-temperature and mineral-specific Ca isotope 
effects is further corroborated by the analysis of acces-
sory igneous apatite, sample MN10 [9], which crystal-
lized from syenite produced by igneous differentiation 
of a mantle derived magma [9]. Since the δ44/40Ca sig-
nature of this apatite is 0.3‰ to 1‰ lighter compared 
to δ44/40Ca of the mantle-derived clinopyroxene and 
orthopyroxene, respectively (Fig. 2). Consequently, an 
extra caution needs to be exercised in future studies of 
the bulk Ca isotope composition of differentiated plan-
ets [8], as variable proportions of major rock forming 
minerals in analyzed samples might bias these esti-
mates.  
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